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Abstract

Carbon nanotubes are a promising material for various applications due to their unique collection
of properties. However, carbon nanotube material as such is inert and insoluble, which hampers
the true realization of its potential. In order to enhance the applicability of carbon nanotubes, their
surface must be modified. This work concerned the chemical modification of single-walled carbon
nanotubes (SWNT) by the Birch reduction, which is based on the reduction of the SWNT surface
with the valence electron of alkali metal solvated in liquid ammonia. The reduction generates a
SWNT anion, which reacts with electrophiles resulting in the covalent attachment of functional
groups to the tube surface. In this work, aryl halides or alcohols were used as electrophiles to yield
arylated or hydrogenated SWNTs, respectively.

At first, the goal was to modify SWNTs as a filler material for polystyrene. The use of five
halogenated ethenylphenyl derivatives as electrophiles revealed that the structure of electrophile
affected the success of functionalization and the solubility of SWNTs in polystyrene-toluene
solution. The most successful functionalization and solubilization of SWNTs were achieved with
1-chloro-4-ethenylbenzene.

In the second part, liquid ammonia was replaced with a new solvent, 1-methoxy-2-(2-
methoxyethoxy)ethane (diglyme) in order to avoid the restrictions, hazards and inconvenience of
its handling. The work concentrated on the study of alkali metal reduction of SWNTs in diglyme
by the use of arylation with 4-iodobenzoic acid or 4-chlorobenzoic acid and hydrogenation as
model reactions. Li, Na or K was used as an alkali metal while naphthalene or 1-tert-butyl-4-(4-
tert-butylphenyl)benzene was used in order to enhance the solvation of electrons. As a result,
functionalization was simplified and enhanced. Electrophile affected the functionalization in such
a way that arylation was significantly more successful than hydrogenation. The effect of alkali
metal and electron carrier varied with electrophile. The most successful hydrogenation was
achieved with the complex of Li and 1-tert-butyl-4-(4-tert-butylphenyl)benzene while arylation
was the most successful with the complex of K and naphthalene. The solubility of SWNTs in
water, ethanol, methanol and dimethylformamide was clearly improved by arylation whereas
hydrogenation led to moderate improvement.

Keywords: alkali metal, arylation, Birch reduction, carbon nanotube, functionalization,
hydrogenation, solubilization
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Tiivistelmä

Hiilinanoputket ovat ainutlaatuisten ominaisuuksiensa vuoksi lupaava materiaali moniin sovel-
luksiin, mutta liukenemattomuus ja epäreaktiivisuus haittaavat niiden tehokasta hyödyntämistä.
Käytettävyyttä voidaan parantaa kemiallisella modifioinnilla. Tässä työssä yksiseinäisiä hiili-
nanoputkia modifioitiin Birch-pelkistyksellä, joka perustuu putken pinnan pelkistykseen neste-
mäiseen ammoniakkiin solvatoituneella alkalimetallin valenssielektronilla. Pelkistyksessä hiili-
nanoputkesta muodostuu anioni, joka reagoi elektrofiilin kanssa johtaen funktionaalisten ryhmi-
en kovalenttiseen sitoutumiseen putken pintaan. Tässä työssä hiilinanoputkia aryloitiin käyttä-
mällä aryylihalideja elektrofiilinä tai vedytettiin käyttämällä alkoholia.

Aluksi tavoitteena oli hiilinanoputkien modifiointi sellaiseen muotoon, että niitä voitaisiin
käyttää polystyreenin täyteaineena. Viittä aryylihalidia käyttämällä havaittiin, että elektrofiilin
rakenne vaikutti funktionalisoinnin määrään ja putkien liukoisuuteen polystyreeni-tolueeni-liu-
okseen. 1-Kloori-4-etenyylibentseenillä saavutettiin onnistunein arylointi ja paras liukoisuus.

Työn toisessa osassa luovuttiin ammoniakin käytöstä siihen liittyvien rajoitteiden ja haittojen
vuoksi. Keskityttiin hiilinanoputkien alkalimetallipelkistyksen tutkimiseen uudessa liuottimes-
sa, 1-metoksi-2-(2-metoksietoksi)etaanissa (diglyymi). Mallireaktioina käytettiin arylointia 4-
jodibentsoehapolla tai 4-klooribentsoehapolla ja vedytystä alkoholilla. Ammoniakin korvaami-
nen diglyymillä yksinkertaisti ja tehosti funktionalisointia. Reaktiot suoritettiin eri alkalimetal-
leilla (Li, Na tai K). Naftaleenia tai 1-tert-butyyli-4-(4-tert-butyylifenyyli)bentseeniä käytettiin
elektronien solvatoinnin parantamiseksi. Elektrofiilin rakenne vaikutti funktionalisointiin siten,
että aryylihalidi johti huomattavasti onnistuneempaan funktionalisointiin kuin alkoholi. Alkali-
metallin ja elektroninkantajamolekyylin vaikutus vaihteli elektrofiilin mukaan. Litiumin käyttö
1-tert-butyyli-4-(4-tert-butyylifenyyli)bentseenin kanssa johti onnistuneimpaan vedytykseen.
Kaliumin käyttö naftaleenin kanssa johti onnistuneimpaan arylointiin. Hiilinanoputkien liukoi-
suus vaihteli elektrofiilin mukaan. Arylointi paransi selkeästi hiilinanoputkien liukoisuutta
veteen, etanoliin, metanoliin ja dimetyyliformamidiin. Vedytyksen vaikutus liukoisuuteen oli
vähäisempi.

Asiasanat: alkalimetalli, arylointi, Birch-pelkistys, funktionalisointi, hiilinanoputki,
liukoisuuden parantaminen, vedytys
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Abbreviations 

AFM atomic force microscopy 

CNT carbon nanotube  

DMF dimethylformamide 

EFTEM energy-filtered transmission electron microscopy 

e.g. exempli gratia 

EtOH ethanol 

FTIR Fourier transform infrared 

HiPco high-pressure carbon monoxide conversion method 

HRTEM high-resolution transmission electron microscopy 

ID/IG ratio of intensities of the D-band and G-band in Raman spectrum 

i.e. id est 

i-PrOH 2-propanol 

IR infrared 

MeOH methanol 

MS mass spectroscopy 

MWNT multi-walled carbon nanotube 

NMR nuclear magnetic resonance 

PS polystyrene 

PTFE polytetrafluoroethylene 

RBM radial breathing mode 

SI international system of units 

SWNT single-walled carbon nanotube 

TEM transmission electron microscopy 

TGA thermogravimetric analysis 

TG-FTIR thermogravimetric analysis coupled with Fourier transform infrared 

spectroscopy 

TG-MS thermogravimetric analysis coupled with mass spectroscopy 

THF tetrahydrofuran 

UV-vis-NIR ultraviolet-visible-near infrared 

XPS x-ray photoelectron spectroscopy 
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1 Introduction 

The ever-growing demand for portable, compact and energy efficient 

technologies has driven scientists to challenge the boundaries of bulk material 

science. Miniature devices can be created by the manufacturing and application of 

materials on a very small scale. These materials are known as nanomaterials. 

Nano- is a SI prefix. Nanometer refers to one billionth of a meter and it 

denotes a factor 10-9 or 0.000 000 001 m. Materials named with a nano-prefix 

have a structure in which at least one dimension is at the scale of nanometers i.e. 

nanoscale. Nanoscience is the study of structures and materials in nanoscale, 

while nanotechnology is the manipulation of matter with at least one dimension 

sized from 1 to 100 nanometers.  

The properties of nanomaterials are significantly different and more versatile 

than those of bulk materials and with slight structural alterations their material 

properties can be sculptured for diverse applications.  

David Allan Bromley, a Physicist and Former Assistant to President H. W. 

George Bush for Science and Technology (1989-1993), wrote in his letter to 

President Clinton as an endorsement to the National Nanotechnology Initiative 

that Nanotechnology is the sixth truly revolutionary technology introduced in the 

modern world after the Industrial Revolution of the mid-1700´s, the Nuclear 

Energy Revolution of the 1940´s, the Green Revolution of the 1960´s, the 

Information Revolution of the 1980´s, and the Bio Technology Revolution of the 

1990´s.  Nanotechnology brings indeed radical changes in the way the chemicals 

and appliances used in everyday life are manufactured and used by enabling the 

building of intelligent and compact products atom by atom from the molecular 

level up rather than sculpturing from a large junk of material [1]. 

The consideration of the interactions among atoms in the nanometer scale 

brings new challenges to the characterization and controlling of nanomaterials. A 

cornerstone to the evolution of nanotechnology has been the invention of new 

microscopes with higher resolution than light microscopes. The scanning 

tunneling microscope, atomic force microscope (AFM) and transmission electron 

microscope (TEM) have enabled scientists to see and work at an atomic level [2–

4]. These inventions have been so important, that the Nobel Prize in Physics in 

1986 was awarded to Ernst Ruska "for his fundamental work in electron optics, 

and for the design of the first electron microscope" and jointly to Gerd Binnig and 

Heinrich Rohrer "for their design of the scanning tunneling microscope".  
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Synthesis of new nanomaterials is among the most active research fields in 

nanotechnology and especially, new organic nanomaterials have drawn much 

attention. In 1996 Robert F. Curl Jr., Sir Harold Kroto and Richard E. Smalley 

won the Nobel Prize in Chemistry for their discovery of fullerenes in 1986 [5]. 

Recently in 2010 Andre Geim and Konstantin Novoselov won the Nobel Prize in 

Physics "for groundbreaking experiments regarding the two-dimensional material 

graphene.”  

Carbon nanotubes (CNTs) have turned out to be a prominent candidate for 

replacing or improving the properties of currently used polymeric or ceramic 

materials [6–8]. However, there is some controversy in when carbon nanotubes 

were first discovered [9,10]. It is believed that the first observations of tubular 

structure of nano-sized carbon filaments were reported by Soviet scientists in the 

1950´s once the TEM microscope had reached sufficient resolution. Out of other 

early observations related to hollow carbon fibers, the first was presumably 

reported in 1976 by Morinobu Endo [11]. However, it was until 1991 that the 

awareness and interest of the entire scientific community was raised when Sumio 

Iijima reported his finding of a multi-walled carbon nanotube [12]. Formation of 

single-walled carbon nanotubes was first reported by Iijima and Ichihashi [13] 

and Bethune [14] in the same issue of Nature in 1993.  

When carbon nanotubes were rediscovered by Iijima, extensive research 

activity immediately emerged in resolving their fundamental properties and 

exploring the possibilities to utilize them. After 3 decades of enthusiastic activity 

in carbon nanotube research, CNTs persistently keep on drawing attention to the 

unique combination of their physical, chemical and structural properties. Carbon 

nanotubes have gained immense interest trough scientific community. Although 

new materials are constantly discovered and evolved, CNTs hold the most 

appealing answers to several crucial problems of currently used materials.  

The significance of carbon nanotube technology can be demonstrated by e.g. 

the number of carbon nanotube vendors. The nanotechnology portal Nanowerk 

has provided an overview of the commercially most significant manufacturers and 

suppliers of carbon nanotubes, which includes 69 vendors. Moreover, the number 

of manufacturers could be expected to multiply by taking small manufacturers 

such as research laboratories in to consideration [15]. 

The high length/diameter aspect ratio and surface area combined with 

outstanding mechanical, electrical and thermal properties as well as low density 

makes carbon nanotubes an exceptionally versatile material. Carbon nanotubes 

are expected to offer a solution to various otherwise unfeasible obstacles, varying 
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from finding new and effective vehicles for drug delivery [16] to pursuing a goal 

for keeping alive a prediction known as the Moore´s law which originated in 1965 

that the number of transistors [17] in a circuit would double every two years.  

Present and future interest lies in compact, flexible and transparent electronic 

devices for portable and even wearable applications. The combination of for 

instance excellent electrical conductivity, good thermal stability and long one-

dimensional structure of carbon nanotubes can be exploited in many ways. For 

instance, transparent and flexible transistors based on CNTs find use in rollable 

display applications [18] while light weight, mechanically durable, electrically 

conducting and thermally stable yarns made of CNTs can be used in 

manufacturing intelligent textiles [19]. 

1.1 Carbon nanotubes 

The intense research activity around carbon nanotubes is induced by their unique 

combination of physical and chemical properties which in turn originates from 

their molecular structure. However, there are some critical features to carbon 

nanotubes, which need to be addressed in order to design commercial applications 

based on carbon nanotubes. The inert nature of CNTs and the inhomogeneity of 

the commercial CNT material lead to the heterogeneous dispersion and 

aggregation into large bundles of possibly tens of individual tubes with 

miscellaneous properties. Therefore, the utilization of the excellent properties of 

carbon nanotubes remains inefficient and so far, many of the applications have 

been demonstrated only in research laboratories with a careful selection of CNTs 

with appropriate properties. 

It should be noted, that carbon nanotubes are a relatively new material and 

their health and environmental effects are not yet fully understood. While the 

discussion and empirical assessment of the risks related to their use is on-going 

[20–23], CNTs should be considered as hazardous material and handled with care. 

Structure of carbon nanotubes 

Carbon nanotube is a one-dimensional allotropic form of carbon [24,25] 

constructed by sp2 hybridized carbon atoms, which are arranged into a vast web 

of hexagonal aromatic rings [12]. The molar mass of a carbon nanotube can be 

tens of billions of atomic mass units. It is usual to see carbon nanotube described 

in the literature as a long and narrow graphene layer rolled up into a hollow 



20 

cylinder. Depending on the synthesis method and further treatment, the heads of 

CNTs can either be open or closed [12,26] resembling fullerenes cut in half. Due 

to their mutual resemblance with graphitic structure of graphene and fullerene 

carbon nanotubes have been called e.g. fullerene tubules and graphitic tubules 

during the early years of CNT research (Fig. 1) [27]. 

Fig. 1. The sidewall of a carbon nanotube resembles a graphene layer, and the heads 

of a carbon nanotube resembles a half of a fullerene. 

Carbon nanotubes may be formed as single-walled or as multi-walled structures 

where one or more cylindrical graphene sheets are concentrically grown in a 

longitudal direction with respect to the nanotube axis, respectively [28,29]. The 

two forms are called single-walled carbon nanotubes (SWNT) and multi-walled 

carbon nanotubes (MWNT), although a double-walled form has established its 

Roll

Graphene layer Carbon nanotube

Fullerene
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place as a separate class of CNTs and has been named as double-walled carbon 

nanotubes (Fig. 2). 

Fig. 2. Carbon nanotube can be constituted of a single wall or multiple walls. 

The detailed atomic structure of carbon nanotubes is usually described by using a 

single-walled carbon nanotube as a model, because multi-walled carbon 

nanotubes consist of many nested SWNTs [30]. Furthermore, double-walled 

carbon nanotubes can be used to model MWNTs. However, it should be noted 

that MWNTs are constructed of SWNTs with various structures and the overall 

electronic and structural properties of a single MWNT are a complex result of the 

synergy of all the walls [31]. 

The atomic structure i.e. the atomic arrangement of the graphene layer 

compared to the longitudinal axis of a carbon nanotube is described by a chiral 

vector 

 C = na1 + ma2 ≡ (n, m), (1) 

where a1, a2 are unit vectors and n, m are integers. A chiral angle ϕ 

determines the orientation of vector C. The index (n, m) denotes the length and 

orientation of the circumferential vector C in the hexagonal carbon lattice. To 

   Single-walled 

carbon nanotube

   Multi-walled 

carbon nanotube
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simplify, vector C determines the diameter and chirality of SWNTs (Fig. 3) 

[12,30,32]. 

The structure of a single graphitic layer can be classified as armchair, zigzag 

or chiral using the chiral angle θ = 30º − ϕ, which is the angle between the vector 

C and the zigzag direction (Fig. 3, Fig. 4). If θ = 30º (ϕ = 0º), n equals m and the 

tube is classified as “armchair”. If θ = 0º (ϕ = 30º), m = 0 and the tube is called 

“zigzag”. All other tubes 0º < ϕ < 30º are “chiral” [30,32]. 

Fig. 3. Chiral vector C(8,5)=8a1+5a2 is presented by the integers (n,m) = (8,5) and unit 

vectors a1 and a2. (8,5) SWNTs are chiral. 

(0,0) (8,0)
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Fig. 4. Carbon nanotubes can be classified as three main types: zigzag, chiral or 

armchair. 

The atomic structure determines the physical properties of carbon nanotubes. For 

instance, the maximum force that the CNT structure can persist in a pulling test 

without breaking (tensile strength) and the force that is needed to stretch CNTs, or 

in other words, the resistance of CNT to deformation (Young´s modulus), are 

dependable on the chirality and diameter of carbon nanotube [33,34]. 

Electronic properties are also greatly affected by the index (n, m) [30,32,35–

40]. SWNT is metallic when 

 (n – m) = 3q, (2) 

where q = integer. The tube is semiconducting when 

 (n – m) ≠ 3q. (3) 

There are some exceptions to the prediction of electronic properties with small 

diameter tubes. A pronounced curvature of the surface of a narrow nanotube 

induces the increased misalignment of electron orbitals which in turn causes 

irregularity in the hybridization of the molecular orbital and energies of the 

resulting electronic bands and band gaps [41,42]. 

Zigzag

Armchair

Chiral
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Although the ideal surface of carbon nanotube is entirely constructed of sp2 

hybridized carbon atoms, which are arranged into hexagonal rings, the real 

structure contains a variable amount of malformations with different sizes and 

shapes. Additional atoms, called adatoms, can be covalently attached to the 

nanotube surface [43]. Stone-Wales defects are an example of hexagon-heptagon 

pair defects and are comprised of two pairs of five-membered and seven-

membered rings [44]. There can be one or more carbon atoms missing from the 

hexagon web leading to holes, also called vacancies [45]. Monovacancies are 

formed when one atom is missing from the graphitic structure while divacancies 

are a result of two monovacancies joint together. Vacancies can migrate in the 

graphitic surface resulting in larger or smaller holes [45,46]. 

Defects in the carbon nanotube structure can alter the theoretical physical and 

chemical properties of CNTs by for example reducing the Young´s modulus [47]. 

One interesting feature induced by the defects is that the migration of vacancies 

and adatoms can lead to the self-healing of CNT in certain conditions [48,49]. 

Defects can be used as an advantage. The properties of CNTs can be tailored 

towards applications by the intentional and controlled degradation of the CNT 

structure [50]. 

The diameter of single-walled carbon nanotubes generally varies from 0.7–2 

nm, but SWNTs having a diameter below 0.7 nm [51–54] or more than 2 nm also 

exist [55,56]. Multi-walled carbon nanotubes consist of many concentric layers 

with approximately 0.34 nm spacing between the layers [12,57]. The diameter of 

MWNTs usually varies from few nanometers to several tens of nanometers, but 

MWNTs with a significantly larger diameter of 100-200 nm have also been 

manufactured. When the diameter of MWNT exceeds 25 nm, the cylinderic 

structure flattens into a honeycomb structure due to the van der Waals attraction 

between the concentric tubes [58]. The diameter of the innermost layer of MWNT 

can vary from 0.3 nm [51,59] up to 10–50 nm [60]. MWNT with a hollow 

structure may find interesting uses as, for instance, a nanoreactor for nanowire 

production [61] or nanoinjector for delivering cargo into cells [62]. 

The electronic structure of carbon nanotube enables the effective transport of 

electrons along the nanotube structure and that way gives the material high 

thermal [63] and electrical conductivity [30]. Because the length of carbon 

nanotubes is in micrometers and the diameter in nanometers, carbon nanotubes 

have a high length/diameter aspect ratio and surface area [13]. Due to the sp2 

hybridization of carbon atoms the CNT structure is flexible and durable giving it 

excellent mechanical strength and stiffness [64]. The high surface area combined 
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with its electrical and mechanical properties makes carbon nanotubes a versatile 

material for instance as a filler material for the reinforcement of polymers [65], 

field-emitter for field emission displays [66] and electrode material for 

supercapacitors [67]. The development of flexible, light-weight and high-

performance materials is possible by the use of low CNT loadings, because the 

density of CNTs is low and the combined properties of carbon nanotubes are 

superior to the currently used materials, such as the transparent and conducting 

but brittle indium tin oxide widely used in displays and solar cells. 

Production of carbon nanotubes 

The mechanism behind carbon nanotube growth is under debate and is believed to 

be dependent on the reaction conditions. However, two main explanations have 

been proposed: tip-growth mechanism and base-growth mechanism. In general, if 

the interaction between the catalyst and substrate is poor, the CNT grows in 

between the catalyst and the substrate in a “tip-growth mechanism”. When CNTs 

are grown from a catalyst with strong interaction with the substrate, the CNT 

grows leaving the catalyst lying on the substrate following a “base-growth 

mechanism”. 

Carbon nanotubes are produced most commonly by the arc discharge method 

[12–14,68,69], laser ablation [70–72] and chemical vapor deposition (CVD) 

[28,73,74], although CNTs can be obtained by other methods. One of the most 

widely used commercial SWNT material is synthetized by the catalytic growth of 

SWNTs from high-pressure carbon monoxide conversion (HiPco), which is one 

variation of the CVD method [29,75]. 

Currently used large-scale synthesis methods of carbon nanotubes result in 

CNT material with various lengths, diameters and chiralities i.e. (n, m) indexes. 

However, CNTs with a single (n,m) index are needed to fully exploit their 

properties in applications such as photovoltaics, field-effect transistors and 

sensors. 

There are various methods to tune the production of SWNTs towards the 

narrow distribution of the tube diameter and a predetermined chirality. As an 

example, cloning strategies are based on the use of a single pre-selected carbon 

nanotube cut into a very short fragment, which acts as a precursor for the growth 

of a longer tube with a desired chirality and diameter [76–78]. The diameter and 

chirality of CNTs can also be controlled through e.g. vapor pressure adjustment 

[79], catalyst engineering and end-cap engineering [80]. Ultra-long CNTs can be 
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obtained e.g. by an increase of the active life time of the catalyst [81]. Despite the 

progress made with the various methods, a truly effective and affordable way to 

produce SWNTs with defined structure and properties in large-scale remains 

elusive for now. 

It is also possible to sort carbon nanotubes by their diameter, chirality or 

length after synthesis. For instance, the separation of metallic and semiconducting 

tubes [82] has been widely experimented by selective chemical modification 

using diazonium chemistry [83–86]. Long CNTs have been prepared by for 

instance the extension of MWNTs via extracting inner shells like Russian dolls 

[87]. On the other hand, if short CNTs are needed, for instance the oxidation of 

CNTs with acids can be used to cut the CNTs [88]. 

Impurities are generally present in the as-prepared carbon nanotube material. 

Most common impurities are catalyst particle residues and amorphous carbon. In 

order to purify the commercial CNT material, various methods have been 

developed, with acid treatment being the most common way [89]. 

Reactivity of carbon nanotubes 

Isolated individual carbon nanotubes are difficult to obtain because the van der 

Waals interactions caused by the interaction between the π-electron clouds of the 

tubes cluster them into bundles with approximately 0.34 nm spacing between the 

tubes. The bundling reduces the interaction of the tubes with their environment 

and leads to poor solubility [13,70,90]. The poor solubility of carbon nanotubes 

can also be demonstrated by the surface energy of carbon nanotubes, which is 

higher than the surface tension of many common organic solvents [91]. It should 

be noted that carbon nanotubes are very large molecules, which cannot be 

expected to truly dissolve. Instead, carbon nanotubes form dispersion. However, 

solubility and dispersion are both used in literature to discuss the interaction of 

the tubes with solvents or other media. 

Due to bundling, the innermost tubes in the bundles are unattainable. The 

separation of individual tubes is highly important, because it is required for the 

investigation of the fundamental properties of carbon nanotubes, the processing of 

the tubes and the efficient utilization of their unique combination of properties. 

The isolation and solubility of carbon nanotubes can be improved by non-

covalent or covalent modification of the tubes. The non-covalent modification is 

typically based on the mechanical separation of tubes by ultrasonication, or the 

adsorption of molecules to the nanotube surface. For example, sodium dodecyl 
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sulfate is a surfactant, which is water soluble due to the anionic sulfate group and 

can adsorb on the nanotube surface with its aliphatic tail (Fig. 5). Sodium dodecyl 

sulfate (1), sodium dodecylbenzene sulfonate (2) or other surfactant molecules 

can decrease the π-π interaction between carbon nanotubes and therefore, isolate 

individual tubes, by the steric or electrostatic repulsion between the surfactant 

molecules. The dispersion of carbon nanotubes in water or organic solvents, 

polymers or other media can be improved by the careful selection of the adsorbed 

molecules. However, the non-covalent modification can lead to the less effective 

improvement of the interaction between the tubes and their surroundings. For 

instance, in CNT based composites the load transfer from the matrix to carbon 

nanotubes is compromised by the weak interactions between the CNT surface and 

the non-covalently attached molecule which cause the CNTs to slide away from 

the matrix [65]. In addition to this, the subsequent removal of the dispersant from 

the nanotube material may be insufficient. 

Fig. 5. Sodium dodecyl sulphate (1) and sodium dodecylbenzene sulfonate (2) can be 

used for the dispersing of carbon nanotubes. 

Covalent modification is based on the utilization of the reactivity of the tubes. 

The carbon nanotube surface is aromatic and therefore a highly stable structure. 

The surface is curved, especially at the closed end of the tube. The curvature 

causes a slight pyramidization of the bonds between adjacent carbon atoms. In 

addition, the π-orbitals in bonds which do not lie in the longitudinal direction are 

twisted so that they are not perfectly aligned. The pyramidization of the bonds 

and twisting of the molecular orbitals enable the tubes to react in chemical 

reactions [41,92–95]. 

The diameter and chirality of carbon nanotubes affect the reactivity of the 

tubes [41,92–95]. Single-walled carbon nanotubes are more reactive than multi-

walled tubes since the diameter of SWNT is smaller and hence, the surface is 
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more curved than in MWNT. There are also differences in the reactivities between 

armchair and zigzag or metallic and semiconducting CNTs due to the varying 

amount of bonds which are not in the longitudinal direction and are therefore 

subjected to twisting. The structure-dependent reactivity enables the separation of 

carbon nanotubes by their structure.  

The disruption of the sp2 hybridized bond structure can increase the 

pyramidization and twisting phenomena. Therefore, the generation of defect sites 

can be used to make carbon nanotubes more reactive. In fact, the reaction can be 

exclusively limited to the defected areas, because of the promoted reactivity [96-

99]. 

A chemical reaction of carbon nanotubes can lead to the covalent attachment 

of functional groups to the tube surface i.e. carbon nanotube becomes 

functionalized. Carbon nanotubes can in some extent adopt the properties of the 

attached functional group. The functionalization of CNTs with appropriate 

functional groups can improve their compatibility with polymers, solvents and 

inorganic compounds, which leads to the isolation of individual CNTs from 

bundles and the formation of a homogeneous dispersion. If necessary for the 

application of carbon nanotubes, the functional groups can be removed and the 

original structure of CNTs restored [100] after the integration into the polymer 

matrix or other media. [100–103] 

Fig. 6. Fluorination of SWNTs is performed by the reaction of elemental fluorine with 

SWNTs. Defluorination can be performed by the reaction of fluorinated SWNTs (3) with 

hydrazine, or by heating. 
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The reactivity of carbon nanotubes is low and therefore the reaction of carbon 

nanotubes requires the use of highly reactive compounds. For instance, elemental 

fluorine is very reactive. It readily reacts with carbon nanotubes leading to the 

functionalization of CNTs with fluorine atoms i.e. the fluorination (Fig. 6) [104-

111]. The fluorination of SWNT is extensive, because the estimated ratio of 

fluorine and carbon in fluorinated SWNTs 3 can be as high as 1/2. The 

fluorination has improved the dispersion of SWNT in alcohols and epoxide 

composites. 

Fig. 7. The reaction of SWNTs with aryl diazonium salts yields in arylated SWNTs (4). 

The diazonium salt can be prepared a) prior to the reaction or b) in situ. In addition, 

the arylation of SWNTs with disubstituted aryl groups has been performed in oleum 

[116]. 

Aryl diazonium salts are highly reactive and their use in the functionalization of 

carbon nanotubes with aryl groups has been widely studied [112–122]. The aryl 

diazonium salts used in the preparation of arylated SWNTs (4) has been generated 

electrochemically, without solvent or in water with or without dispersants, in 
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concentrated sulfuric acid, oleum or ionic liquids (Fig. 7) This method has been 

shown to be selective in regard to the chirality of the tubes. 

In addition to the improved solubility, an enhanced reactivity of CNTs can be 

obtained by the attachment of functional groups, which can further react. For 

instance, fluorinated SWNTs (3) are reactive in further reactions with alkyllithium 

reagents [107], terminal diamines [123] or diols [124]. 3 also undergo Diels-Alder 

cycloaddition with various dienes [125]. 

Carboxylated CNTs (5) can be obtained by a treatment with acids (Fig. 8) 

[88,96,97,126–128]. 5 reacts with thionyl chloride to form an acyl chloride, which 

further reacts with for instance amines [88,129-134] and alcohols [132–137] to 

form esters and amides, respectively. The amidation or esterification improves the 

solubility of CNTs in water, organic solvents and polymers. 
 

Fig. 8. Treatment of carbon nanotubes with acids can yield in carboxylated carbon 

nanotubes (5). 

Chemical modification based on highly reactive compounds, such as fluorine 

[138,139] or acids [88] can lead to the disruption of the tube structure. Severe 

disruption can result in the cutting [88,138,139] of the tube into short fragments, 

and cause undesirable changes in the electronic and material properties [70,88]. 

In addition, the dispersion of carbon nanotubes has been improved by various 

less harsh chemical modification methods. For example, cycloaddition reactions 

have turned out to be a mild way to functionalize and solubilize CNTs. Carbon 

nanotubes are constituted of six fused aromatic rings, which has enabled their 

functionalization by the 1,3-cycloaddition with azomethineylides [140–148], the 

[2+1] cycloaddition [149] of carbenes [150–153] and nitrenes [150,151,154–157] 

and the Diels-Alder cycloaddition [158–162]. Finally, the Birch reduction has 

resulted in the effective functionalization of carbon nanotubes without 
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compromising their inherent structure and consequently, the improved 

compatibility of CNTs with polymers and solvents. 

1.2 Background of the research 

1.2.1 Carbon nanotube-polystyrene composites 

Polystyrene (PS, 6) is one of the most common plastics available because of its 

good material properties (Fig. 9). Due to its moldability and affordable and 

diverse availability, polystyrene is widely used in disposable dishes, food 

containers and other products within the food industry and also in CD and DVD 

casings, in addition to TV, radio and other electrical device housings. Even though 

polystyrene is brittle and its dielectric constant is low, it has found use in 

capacitors as a dielectric material due to its relatively good dielectric strength. 

 

Fig. 9. Polystyrene (6) is prepared by polymerization of styrene (ethenylbenzene). 

High-impact polystyrene (7) is prepared by polymerization of styrene and 1,3-

butadiene, while acrylonitrile butadiene styrene (8) is prepared by polymerization of 

styrene, acrylonitrile and 1,3-butadiene. 
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The properties of polystyrene can be altered by adding copolymers during the 

polymerization procedure or with filler materials. In order to enhance the impact 

resistance and toughness of polystyrene, high impact polystyrene is made by 

polymerization of styrene with 1,3-butadiene (7) and acrylonitrile butadiene 

styrene (8) is produced by adding acrylonitrile and 1,3-butadiene in the 

polymerization step (Fig. 9). 

The possibility of the exploitation of CNTs for the enhancement of the 

electrical, thermal and mechanical properties of polystyrene has been quite 

diligently investigated. The insertion of MWNTs in their pristine unmodified 

form can be used to improve the properties of polystyrene [163–165]. The 

dispersion of MWNTs into the PS matrix can be enhanced by sonication 

[166,167], or by simply mixing with 6 at an elevated temperature [163]. For 

instance, the elastic modulus and break stress of 6 can be increased by 36–42% 

and 25%, respectively, with a small amount of unmodified MWNTs (1 wt%) 

[163]. Furthermore, the Young´s modulus, stiffness, strength, electrical 

conductivity and dielectric constant of 6, high impact polystyrene (7) and 

acrylonitrile butadiene styrene (8) can also be improved by adding unmodified 

MWNTs [164,165]. The improvement of properties of polystyrene and its 

derivatives is progressively dependent on the amount of MWNTs [164,165]. For 

instance, whereas the electrical resistivity can be decreased by a small amount of 

MWNTs (0.05 vol%), a substantially larger amount of MWNTs (up to 25 vol%) is 

required to achieve an improvement in the strength and stiffness [164]. 

The use of unmodified MWNTs is problematic, since the interfacial adhesion 

between unmodified MWNTs and polystyrene matrix is poor while the bundled 

and unaligned MWNTs tend to slide away from each other or break in pulling 

tests. Furthermore, structural defects and impurities in the unmodified MWNT 

material can reduce the favourable effect of MWNTs to properties of the 

composite. The strength and other properties of the host matrix can be improved 

by using high concentrations of MWNTs, when there are more interactions 

between MWNTs and the matrix. By purifying the MWNTs by thermal annealing 

or other techniques, the surface adhesion between the nanotubes and the matrix 

can be improved. [65,164,168] 

Due to the poor interactions between pristine carbon nanotubes and polymer 

matrices, special attention has been given to improving the dispersion and 

alignment of CNTs into the polystyrene matrix. The dispersion of CNTs into the 

polystyrene matrix has been improved by non-covalent or covalent modification 

of CNTs. 
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Surfactants, such as sodium dodecylbenzene sulfonate (2, Fig. 5) have been 

employed in assisting the homogeneous dispersion of carbon nanotubes in 

polystyrene [169,170]. 

Polymers, such as polystyrene-g-(glycidyl methacrylate-co-styrene) (9) [171] 

and poly(phenylene ethylene) (10) [172] were noncovalently adsorbed on the 

CNT surface. Sonication, vigorous shaking and/or heating were used in 

facilitating the adsorption [171,172]. The resulting polystyrene-g-(glycidyl 

methacrylate-co-styrene) functionalized SWNTs (11) showed significant 

exfoliation [172] in polystyrene and a low content of poly(phenylene ethylene) 

functionalized SWNTs (12) (0.05–0.1 wt%) improved dramatically the electrical 

conductivity of polystyrene with a low SWNT content [92]. MWNTs were coated 

with polypyrrole (13) [173] by an inverse microemulsion polymerization. The 

polypyrrole functionalized MWNTs (14) dispersed well in polystyrene and the 

resulting composite exhibited a high dielectric constant, low dielectric loss and 

high energy density [173]. 

Carbon nanotubes have been covalently coated with polymers containing 

polystyrene moieties to improve the dispersion of CNTs in polystyrene, other 

polymers, water [174] and organic solvents. Poly(styrene sulfonic acid) (15) was 

grafted onto the MWNT surface via radical polymerization and the resulting 

poly(styrene sulfonic acid) functionalized MWNTs (16) were applied in the 

polymerization of aniline yielding in an electrically conducting composite 

consisting of well dispersed MWNTs [95]. Polystyrene [175] and its copolymers 

[132], such as polystyrene-g-(glycidyl methacrylate-co-styrene) (17) [172] and 

poly(styrene-co-p-(4-(4´-vinylphenyl)-3-oxabutanol (18) [135] were attached to 

the CNT surface through estherification of carboxyl groups of oxidized CNTs 

yielding in functionalized CNTs 19, 20 and 21, respectively. In addition, 

polystyrene and its co-polymers were grafted to the MWNT surface by attaching 

vinyl groups to the MWNT surface through amidation of acid groups [132] and 

further reacting them with styrene through a free-radical reaction leading to 

polymerization of styrene [176–178]. Radical polymerization of styrene to the 

SWNT surface was performed using benzoyl peroxide as an initiator [179]. 

Finally, the Birch arylation by the use of 1-bromo-4-ethylenebenzene as the 

arylating reagent has resulted in poly(ethylenephenyl) i.e. 

polystyrenefunctionalized single-walled carbon nanotubes (22) [180,181]. 

Besides the functionalization of carbon nanotubes with polystyrene or other 

polymers, polystyrene composites containing uniformly percolated SWNT 
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networks can be formed by the diazotization of SWNTs, which yielded in 4-(10-

hydroxydecyl)benzoate functionalized SWNTs (23, Fig. 10) [182]. 

The dispersion of multi-walled carbon nanotubes and double-walled carbon 

nanotubes in a polystyrene-butadiene copolymer cross-linked by sulfur curing 

was improved by functionalizing CNTs with thiol groups yielding in thiolated 

CNTs (24, Fig. 10) [168]. As a result, the Young´s modulus i.e. the slope of the 

stress/strain curve measured for the matrix was enhanced. 

Dodecyl groups were attached to the SWNT surface by estherification of 

oxidized SWNTs yielding in dodecylated SWNTs (25, Fig. 10) [183]. The 

dodecylation enabled a more than twofold enhancement of the tensile strength of 

polystyrene compared to the use of pristine SWNTs. 

 

Fig. 10. Covalently functionalized carbon nanotubes 23–25 have shown an improved 

dispersion in polystyrene. 
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1.2.2 Functionalization of carbon nanotubes with acid groups 

The functionalization of carbon nanotubes with acid groups is a versatile way to 

improve the reactivity and solubility of CNTs with water, organic solvents and 

polymers. There are various ways to attach acid functionalities to the carbon 

nanotube surface. 

The treatment of carbon nanotubes in acids is generally used for purification 

of CNTs (Fig. 8) [89]. During acid treatment, carbon nanotubes are cut into short 

fragments [88]. As a result, carboxylic acids among other oxygen containing 

moieties [128] are attached to the open ends and defect sites along the tube 

surface [88,126,127]. The structure of the attached oxygen containing moieties is 

unpredictable. More refined ways of attaching acid groups to the nanotube surface 

are overviewed in this chapter. 

Reactions with benzene-1,3,5-tricarboxylic acid (26), 3,5-diaminobenzoic 

acid (27) or 4-substituted benzoic acids (28) through the Friedel-Crafts acylation 

was used to attach substituted phenyl groups to the CNT surface yielding in 

functionalized CNTs 29, 30 or 31, respectively (Fig. 11) [184–186]. The phenyl 

group of 28 was substituted by ethers, amino, hydroxyl or nitro groups or various 

halides. The substituents of phenyl group were available for further reactions. 
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Fig. 11. Carbon nanotubes 29–31 functionalized by the Friedel-Crafts acylation with 

phenyl groups containing carboxyl or other substituents. 

There are only a few methods where carbon nanotubes were functionalized with 

unsubstituted benzoic acid so that the acid group stays available for further 

derivatization (Fig. 12) [187–189]. Carboxylphenyl groups were attached to the 

sidewalls of single-walled carbon nanotubes by multi-step methods based on the 

diazotization of 4-aminobenzonitrile leading to the functionalization of SWNTs 

with benzonitrile molecules, which were further manipulated with either aqueous 

potassium hydroxide or by the Willgerodt-Kindler reaction resulting in 4-

carboxyphenyl functionalized SWNTs 32 [189]. A more simple procedure based 

on the Birch reduction in liquid ammonia enabled the direct attachment of 4-

carboxyphenyl groups to the tube surface [187,188]. 
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Fig. 12. Carbon nanotube 32 functionalized with 4-carboxyphenyl groups. 

Single-walled carbon nanotubes have been functionalized with aliphatic 

carboxylic acids (Fig. 13). 2-Carboxyethyl and 3-carboxypropyl functionalized 

SWNTs (33 and 34, respectively) were obtained via free radical reactions with 

succinic or glutaric acid peroxide, respectively [190–192]. The reaction using free 

radicals was quite time consuming because it took on average 10 days. Based on 

the Birch reduction the functionalization of carbon nanotubes with aliphatic 

carboxylic acid groups could be simplified and fastened. For instance, 5-

carboxypentyl functionalized SWNTs (35) were obtained in approximately 24 h 

via the Birch arylation of SWNTs in liquid ammonia using 6-bromohexanoic acid 

as the arylating reagent [99,193,194]. In addition, 2-carboxyethyl, 3-

carboxypropyl and 9-carboxynonyl functionalized SWNTs (33, 34 and 36, 

respectively) were yielded by replacing liquid ammonia with tetrahydrofuran 

(THF), which simplified the functionalization procedure [192,195]. The 

functionalization by the Birch reduction was effective and controllable, because 

the success of functionalization and the solubility of SWNTs could be enhanced 

by a repetitive method by the alternating addition of Na and nucleophile to the 

reaction mixture [196]. 

Recently, a new method based on the Birch reduction was used to directly 

attach carboxyl groups to the nanotube surface [197]. The benefit of this method 

was that the amount of carboxyl groups could be controlled by the reaction 

conditions and that the functionalization was selective towards semiconducting 

tubes, which could enable the separation of semiconducting and metallic tubes. 

Furthermore, carbon dioxide was used as the source of carboxyl group, which 

considerably simplified the purification of the carboxylated SWNTs 37. 
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Fig. 13. Carbon nanotubes 33–36 functionalized with aliphatic carboxylic acid groups. 

1.3 Objective of the research 

The planning of this work was based on the enabling of the effective utilization of 

the properties of carbon nanotubes in the development of novel high-performance 

applications. In order to obtain this goal the inherently inert and insoluble carbon 

nanotubes must be modified into a more susceptible form. 

In this work, the Birch reduction was chosen as the method to chemically 

modify single-walled carbon nanotubes [150,187,193,196,198–202]. The Birch 

reduction is based on the reduction of the SWNT surface with the valence 

electron of alkali metal solvated in liquid ammonia. The reduction generates a 

SWNT anion, which is reactive towards electrophiles, such alcohols or aryl 

halides. The reaction of the SWNT anion can lead to the direct covalent 

attachment of functional groups, such as aryl groups, to the nanotube surface. The 

functional group enables the modified interaction between SWNTs and their 

surroundings and therefore, the improved solubility and reactivity of SWNTs. 

With the careful selection of the electrophile, the nanotube surface can be tailored 

towards applications. 
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Fig. 14. Functionalization of SWNTs with 1-chloro-4-ethenylbenzene (38), 1-chloro-

ethenylbenzene (39), 1-chloro-2-ethenylbenzene (40), 1-chloro-4-(1-methylethenyl)- 

benzene (41) or 1-(chloromethyl)-4-ethenylbenzene (42) by the Birch arylation yielding 

in arylated SWNTs 43–47, respectively. 

This work can be divided in two parts. In the beginning, the goal was to modify 

single-walled carbon nanotubes into a form in which they can be utilized as a 

filler material for the improvement of properties of one of the most commonly 

used polymers in everyday life, polystyrene. In order to improve the compatibility 
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of SWNTs with polystyrene, SWNTs were functionalized by the Birch reduction 

with the monomer of polystyrene i.e. ethenylphenyl group. Five different 

ethenylphenyl derivatives, 1-chloro-4-ethenylbenzene (38), 1-chloro-3-

ethenylbenzene (39) and 1-chloro-2-ethenylbenzene chloride (40), 1-chloro-4-(1-

methylethenyl)benzene (41) and 1-(chloromethyl)-4-ethenylbenzene (42), were 

used as the electrophile yielding in the following functionalized SWNTs 43–47, 

respectively (Fig. 14). The various electrophiles were used in order to study the 

effect of the structure of the functional group on the success of functionalization 

and the compatibility of SWNTs with polystyrene. The assumption was that both 

the electrophilicity of the aryl halide and the steric hindrance caused by the 

ethenyl group would affect the success of the reaction between the large SWNT 

surface and the electrophile.  

Aryl halides 38–40 were selected to study the possible correlation between 

the position of the halogen atom in the aromatic ring of ethenylbenzene and the 

reactivity of the anionic SWNTs (48) towards the corresponding aryl halide. It 

was assumed that closer the ethenyl group was to the chlorine the less reactive the 

aryl halide would be towards the anionic SWNTs. Furthermore, 42 was chosen in 

order to study if an extra carbon atom between the halogen atom and the aromatic 

ring of ethenylphenyl group would enhance the functionalization of SWNTs. 

41 was selected to investigate the effect of the bulkiness of the ethenyl group 

of ethenylbenzene on the success of the functionalization and on the dispersion of 

functionalized SWNTs in polystyrene and toluene. It was assumed that the 

bulkiness of the attached group would enhance the separation of individual 

SWNTs. 

It was assumed that out of the five electrophiles, 4-ethenylphenyl group 

would be optimal for the improvement of the dispersion of SWNTs because it is 

an analogue to the polystyrene. 

The functionalized SWNTs (43–47) were analysed by Raman and Fourier-

transformation infrared (FTIR) spectroscopies, thermogravimetric analysis (TGA) 

and energy-filtered transmission electron microscopy (EFTEM). Evaluation of the 

success of functionalization was primarily based on the detection of the changes 

of the ratio of the intensities of the D-band and G-band in the Raman spectrum of 

SWNTs i.e. the ID/IG ratio. The compatibility of ethenylphenyl functionalized 

SWNTs with polystyrene was assessed by the study of the dispersion of 

functionalized SWNTs in polystyrene and toluene. Polystyrene with two molar 

masses, 200 000 Da (A) or 2 000 000 Da (B), was used in order to study the effect 

of the length of the polystyrene chain on the dispersion of SWNTs. 
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Due to the restrictions and challenges encountered during the beginning of 

this research related to the use of liquid ammonia, the research was redirected. In 

the second part, it was decided to study the alkali metal reduction of SWNTs in 

another solvent in order to avoid the hazards and the inconvenience of handling 

liquid ammonia. 1-Methoxy-2-(2-methoxyethoxy)ethane (diglyme, 49) was 

chosen as an alternative new media for the alkali metal reduction of SWNTs, 

because it is a stable solvent and it can chelate alkali metal cations (M+) (Fig. 15).  

 

Fig. 15. Functionalization of SWNTs by alkali metal reduction in diglyme. Metallic Li, 

Na or K were used with or without an electron carrier, naphthalene (56) or 1-tert-butyl-

4-(4-tert-butylphenyl)benzene (57), in order to generate a SWNT anion 50a–l, which 

was allowed to react with ethanol (EtOH) or 2-propanol (i-PrOH) and water yielding in 

hydrogenated SWNTs 53a–k, or with 4-iodobenzoic acid (51) yielding in arylated 

SWNTs 54a–i, or with 4-chlorobenzoic acid (52) yielding in arylated SWNTs 55a–b. 

Hydrogenation and arylation were used as the model reactions for the application 

of diglyme in the ammonia-free alkali metal reduction of SWNTs (Fig. 15). The 

SWNT anion (50a–l) was allowed to react with ethanol or 2-propanol (i-PrOH), 

or with 4-iodobenzoic acid (51) or 4-chlorobenzoic acid (52) to yield 
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hydrogenated SWNTs (53a–k) or 4-carboxyphenyl functionalized SWNTs (54a-i 

or 55a,b), respectively. Hydrogenation was chosen because it has been previously 

performed by the conventional Birch reduction and in other solvents than liquid 

ammonia. Furthermore, it was found interesting to compare the effect of arylation 

and hydrogenation on the structure and dispersion of SWNTs. The 

functionalization with 4-carboxyphenyl groups was also found to be interesting, 

because it could enable further derivatization of SWNTs by e.g. ester or amide 

formation. 51 and 52 were chosen as electrophiles in order to investigate the 

effect of the leaving group i.e. halide, on the success of functionalization. 

The study concentrated on the optimization of the reaction conditions in 

diglyme. Therefore, the reaction was performed with Li, Na or K yielding in the 

generation of SWNT anions 50a–k. Based on the reduction potential of the alkali 

metal, the success of functionalization was assumed to vary in regard to the alkali 

metal. An electron carrier molecule, naphthalene (56) or 1-tert-butyl-4-(4-tert-

butylphenyl)benzene (57), was used in order to improve the solubility of alkali 

metals and solvation of electrons. Based on the enhanced mobility of electrons, 

the electron carrier was assumed to enhance the functionalization. For reference, 

the reactions were also performed without the electron carrier. It was assumed 

that SWNTs themselves may act as electron carriers in their near regime due to 

their aromatic structure. In addition, the melting point of Na and K was lower 

than the boiling point of diglyme, which was assumed to enhance the mobility of 

electrons in boiling diglyme. 

For reference, the hydrogenation and arylation of SWNTs were performed in 

liquid ammonia yielding in hydrogenated SWNTs 58 and arylated SWNTs 59. 

The functionalized SWNTs were analysed by Raman and FTIR spectroscopy, 

while EFTEM was used as complementary analysis method. Some of the products 

were additionally analysed by TGA. The main interest was to study the effect of 

the various reaction conditions on the structure of SWNTs by Raman 

spectroscopy. Specifically, the success of functionalization was primarily 

evaluated by the magnitude of the ID/IG ratio of the Raman spectrum. Because the 

success of functionalization and the ID/IG ratio were highly sensitive to the quality 

of the SWNT material i.e. the purity and amount of defects, chirality and size 

distribution, parallel reactions were performed in all reaction conditions and 

numerous spectra were collected from various samples of each product. 

Furthermore, various control experiments were performed during the entire 

research yielding SWNTs 60a–m.  
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In order to investigate the effect of the functionalization on the interactions of 

SWNTs with their environment, the dispersion of 4-carboxyphenyl functionalized 

SWNTs in selected solvents was studied. 

This monograph thesis is organized as follows: Chapter 2 introduces the 

Birch reduction as the functionalization method of carbon nanotubes. Analysis 

methods used in the characterization of functionalized carbon nanotubes are 

overviewed in Chapter 3. The strategy for the functionalization is presented in 

Chapter 4. Chapter 5 contains the results and discussion of this work. Chapter 6 is 

a summary of the contents of this thesis. Finally, in Chapter 7 the experiments are 

described in detail. 
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2 Functionalization of carbon nanotubes via 
the Birch reduction, alkylation and arylation 
in liquid ammonia or other solvents 

The functionalization of carbon nanotubes based on the Birch reduction is a good 

way to chemically modify the tubes without risking their inherent properties, such 

as the high length/diameter aspect ratio. For instance, the treatment of MWNTs in 

ethylenediamine did not cut the tubes [203]. In addition to this, octylation in 

NH3(l) did not cause any significant reduction in the tube length [204]. The 

functionalization of MWNTs with aryl or alkyl groups by the Birch reduction did 

not lower their electrical conductivity, which indicated that this method can be 

used to improve the interaction between MWNTs and their environment without 

significantly compromising their electrical properties [188]. 

The functionalization via the alkali metal reduction can improve the solubility 

of CNTs. For instance, alkylated [201,205] and arylated [187] SWNTs were 

soluble in solvents, such as chloroform, THF and dimethylformamide (DMF). 

Furthermore, a zwitterion of aminophenyl functionalized SWNTs prepared by 

sulfonation showed a moderate improvement of the solubility (50 mg/l) and 

according to TGA, debundling of SWNTs occurred due to the functionalization. 

[187] Arylation and alkylation also improved the solubility of MWNTs in various 

solvents, although the highest solubilities were only 15-120 mg/l [188,206]. 

The dispersion of CNTs in polymer matrices can be improved by the 

functionalization by alkali metal reduction. The functionalization of MWNTs with 

ethylenediamine led to the improved solubility in DMF and formation of uniform 

dispersion of MWNTs in polyamide composite [207]. SWNTs functionalized with 

polystyrene [180] dispersed well in unsaturated polyester resin [181]. 

CNTs functionalized via the alkali metal reduction can be further derivatized 

by various methods in order to improve their applicability in various uses. For 

instance, the hydrogenated SWNTs obtained in Li/NH3 solution were 

functionalized with epoxides using dimethyldioxirane [208]. SWNTs 

functionalized with both hydrogen atoms and epoxide rings were further 

functionalized with various functional groups by ring-opening reactions of 

epoxides with nucleophiles, such as amines or alcohols. 

A confined clustered pattern of covalently attached hexanoic acid groups by a 

repetitive functionalization procedure in NH3 was used to prepare Co3O4-CNT 

heterostructures, which were used as an anode material in lithium ion batteries 
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[194]. The CNT-heterostructures were able to improve the performance of lithium 

ion batteries. 

SWNTs functionalized with clustered hexanoic acid groups were also 

functionalized with thin CuO layers [209]. CuO-functionalized SWNTs were used 

as an anode material in lithium ion batteries and the material showed a lower 

resistance than pure CuO. 

The confined functionalization of SWNTs with hexanoic acid groups 

enhanced the binding energy of localized excitations called trions to a level 

beyond any other known values suggesting that this material could be exploited in 

photonics or electronics [99]. 

Magnesium nanoparticles, which have found a role in batteries, hydrogen 

storage and other applications, have been uniformly attached to the SWNT 

surface by using Grignard reagent and Li/naphthalene solution [210]. 

Interestingly, some negative health effects of MWNTs have been decreased 

by functionalization of MWNTs with octyl groups in Li/NH3, which could 

hypothetically enable a safer use of SWNTs, for example, in instance drug 

delivery [204]. 

2.1 The Birch reduction, alkylation and arylation 

Alkali metals (M), such as lithium, sodium and potassium, readily dissolve in 

liquid ammonia (Equation 4). They are eager to give up a single valence electron 

as they dissolve. The solution contains metal cations (M+) and electrons (e-) 

which are solvated between NH3 molecules [211]. 

 	 	  (4) 

The solvation of electrons can be observed as a blue solution, and as such, the 

solvated electrons make the solution electrically conducting and highly reductive. 

The reduction of aromatic rings, alkynes and carbonyl compounds using a 

metal-ammonia solution and a hydrogen source, such as ethanol, is called the 

Birch reduction [212]. Although, the reaction was discovered by Wooster and 

Godfrey in the 1930´s [213,214], it bears the name of A.J. Birch who is 

considered as the true developer of the reaction [215–220]. The original Birch 

reduction is performed by using sodium metal in liquid ammonia in the presence 

of ethanol. The hydrocarbon and alcohol are added to NH3 prior to sodium. Later, 

Wilds and Nelson improved the reaction by adding the alcohol last and by 

replacing sodium with lithium [221]. 
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The mechanism, regioselectivity and stereochemistry of the Birch reduction 

have been widely studied [214]. As a simplified overlook on the mechanism of 

the Birch reduction of aromatic compounds, the reaction of benzene in lithium-

ammonia solution can be viewed. The benzene ring receives an electron from the 

solution resulting in a formation of a radical anion which is in equilibrium with 

the starting compound (Fig. 16). 

Fig. 16. Formation of a radical anion from benzene in a lithium-ammonia solution. 

The radical anion is very basic and is protonated in the presence of alcohol (ROH) 

to form a radical. The radical receives another electron from the solution to form 

an anion (Fig. 17). 

Fig. 17. Formation of a monoanion from benzene. 

The anion is then protonated to give two products of which the conjugated diene 

is a thermodynamically more stable, but the unconjugated diene is more favoured, 

kinetic product (Fig. 18). 
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Fig. 18. Protonation of an anion with alcohol (ROH). 

If an electrophile such as alkyl or aryl halide (R-X) is added to the solution 

containing the anion, alkylation or arylation occurs, respectively (Fig. 19). 

Fig. 19. Alkylation and arylation of the unconjugated anion by an alkyl or aryl halide 

(R-X), respectively. 
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liquid ammonia also narrows down the scope of possible derivatization processes 

due to the basicity of ammonia. 

Consequently, researchers have sought for alkali metal reduction conditions 

that avoid the use of liquid ammonia. In addition to ammonia, small amines can 

solvate electrons and make electrons available for reduction. Benkeser et al. have 

reduced various aromatic compounds with metallic lithium using amines with low 

molecular weight, such as ethylenediamine [222,223]. 

Donohoe et al. have reported on the ammonia-free reductions of electron- 

deficient hetero- and carbocyclic aromatic compounds with lithium metal in 

tetrahydrofuran (THF) [223–227]. Replacement of liquid ammonia with THF has 

enabled the use of electrophiles, which may react with ammonia under the 

conventional Birch conditions. Electron solvation in THF is less efficient than in 

NH3 and can be improved by the use of naphthalene (56) or 1-tert-butyl-4-(4-tert-

butylphenyl)benzene (57) as an electron carrier. The ability of the electron carrier 

to solvate electrons affects the yield in the ammonia-free alkali metal reduction. 

The use of 57 has resulted in higher yields than 56. This can be explained by the 

more negative redox potential of 1-tert-butyl-4-(4-tert-butylphenyl)benzene than 

that of naphthalene [228–231]. 

2.2 The Birch reduction, alkylation and arylation of carbon 

nanotubes 

Polyaromatic compounds are readily reduced in a solution of alkali metal and 

liquid ammonia [214]. As previously mentioned, carbon nanotubes are 

constructed from fused aromatic benzene rings. It has been shown that CNTs can 

be reduced with metallic lithium, sodium or potassium in anhydrous ammonia and 

subsequently treated with alcohol [150,198] or reacted by nucleophilic 

substitution with alkyl halides [201] or aryl halides [187] (R-X) leading to 

functionalization of SWNTs with hydrogen atoms or alkyl or aryl groups (R), 

respectively (Fig. 20). 
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Fig. 20. The Birch reduction of a single-walled carbon nanotube. 

When a carbon nanotube is treated with metallic lithium in liquid ammonia, a 

single electron reduction occurs and a [CNT]-[Li]+ salt is formed (Fig. 20). 

Treatment of CNTs in a solution of alkali metal in ammonia or other solvents has 

turned out to be an efficient way to debundle [122,205,232] carbon nanotubes and 

make isolated nanotubes susceptible for interaction with their environment. The 

debundling effect is supposedly attained when the reduced nanotubes gain 

negative charge by exposition to alkali metal in reducing media and begin to rebel 

each other due to electrostatic repulsion. The reactivity of CNTs can be enhanced, 

since molecules can also approach the innermost tubes of bundles [187,201,202]. 

CNTs spontaneously dissolve in an alkali metal solution, for instance in 

Li/naphthalene/THF, which alter their electronic structure as they are doped from 

p- to n-type [233–236]. The exfoliation and doping by alkali metals is reversible 

and the CNTs can return to their original, neutral, pristine state by oxidation with 

air [233–237]. 

The reaction of the carbon nanotube anion with electrophiles, such as aryl or 

alkyl halides or sulfides is not fully understood, but it is assumed to proceed 

through another single-electron transfer. An electron is transferred from the CNT 

anion to the aryl or alkyl halide or sulfide to form a halide radical anion which 

decomposes to a carbon-centered free radical and halide or sulphide and reacts 

with the CNT surface [238]. 

The substituent of the aryl or alkyl group affects the success of 

functionalization [187]. The success of functionalization of CNTs was higher, 

when the electrophile contained an electron donating group, such as the amino 

group in phenylamine, instead of an electron withdrawing group, such as the 

carboxyl group in benzoic acid. This suggested that an increased electron density 

in the molecule stabilized the carbon-centered radical. 
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According to studies where SWNTs were functionalized with various groups 

in THF using Li and 1-tert-butyl-4-(4-tert-butylphenyl)benzene (57), the more 

bulkier the attached group was, the less functionalization occurred [239]. The 

reaction between the large SWNT surface and the electrophile could be hampered 

by the steric hindrance caused by the bulkiness of the electrophile. 

The solvation of electrons in ammonia-free alkali metal reductions of carbon 

nanotubes can be improved by the use of a molecule, which can carry electrons 

[234,236,240]. Naphthalene is the most common electron carrier compound used 

in the ammonia-free alkali metal reduction of SWNTs [210,241–243]. However, 

when silylation of carbon nanotubes with trimethylchlorosilane was performed by 

the use of naphthalene, 1-tert-butyl-4-(4-tert-butylphenyl)benzene or 

hexamethylphosphoric triamide as the electron carrier, the functionalization was 

the most successful with 1-tert-butyl-4-(4-tert-butylphenyl)benzene and the least 

successful with hexamethylphosphoric triamide [240]. The amount of electron 

carrier did not increase the extent of functionalization. 

The use of naphthalene in the reduction of carbon nanotubes is somewhat 

contradictory because naphthalene is a polyaromatic compound and can therefore 

adsorb on the nanotube surface by van der Waals interaction [244]. The wide use 

of naphthalene at the risk of inefficient removal from the nanotube material after 

reduction is supported by its high reduction potential. However, the reduction 

potential of naphthalene is lower than that of 1-tert-butyl-4-(4-tert-

butylphenyl)benzene. Biphenyl and other polyphenyl structures can also adsorb 

on nanotubes and lead to difficulties in its removal. On the other hand, 1-tert-

butyl-4-(4-tert-butylphenyl)benzene has a sterically hindered structure, which can 

be assumed to decrease its adsorption on the nanotube material. The adsorption of 

naphthalene or other polyaromatic compounds to nanotubes may be taken as an 

advantage because it can improve the solubility of SWNTs and that way improve 

their reactivity [228,229]. 

It has been observed, that the success of functionalization of CNTs varies 

with different alkali metals. Based on the ability of the alkali metal to give up its 

valence electron, the rate and yield of the reduction could be expected to increase 

in the order of Li < Na < K. However, it has been reported that both the rate and 

yield of the Birch reduction decreases in the order of Li > Na > K [212,228,245]. 

Furthermore, Na has been a less effective metal in the hydrogenation of SWNTs 

than Li or K [237]. This can be explained by the reduction potential of the alkali 

metal, which increases i.e. becomes more negative in the order of Na (-2.713 V) < 

K (-2.924 V) < Li (-3.045 V) making Li the strongest reductant. In addition to the 
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reduction potential, the amount of the alkali metal has also affected the extent of 

the functionalization [195,243]. 

There are indications that various alkali metals lead to various amounts of 

1,2- and 1,4-addition of alkyl groups to the SWNT surface. When SWNTs were 

functionalized with dodecyl groups using Li, Na or K in liquid ammonia, the 

nuclear magnetic resonance (NMR) spectra and the thermal stability of 

dodecylated SWNTs depended on the alkali metal used in reduction [205]. 

Occasional structural defects such as pentagons, heptagons and vacancies are 

present in a pristine CNT surface and therefore, the reactivity of CNTs is 

pronounced around defect sites. The functionalization of CNT with alkylcarboxyl 

groups has been shown to propagate from defects along the pristine CNT surface 

[221]. 

The application of the Birch reduction on carbon nanotubes has been studied 

mainly with single-walled nanotubes since they are generally more reactive than 

multi-walled tubes. Furthermore, multi-walled [188,198,203,206,207] and 

double-walled [193] carbon nanotubes were functionalized by this procedure, 

which indicated that the Birch reduction is applicable to all curvature profiles of 

carbon nanotubes. 

An increased curvature of the carbon nanotube surface in small diameter 

tubes enhances the reactivity of the tubes. Single-walled carbon nanotubes with a 

smaller diameter were more reactive in reduction with sodium and subsequent 

alkylation with butyl iodide than tubes with a larger diameter [200]. The preferred 

reactivity of small diameter tubes was detected in the functionalization of carbon 

nanotubes with alkylcarboxyl groups, too [196]. 

It has been shown that the alkali metal cation can enter the tube if the 

diameter of single-walled carbon nanotubes is higher than the size of the alkali 

metal cation. In small diameter tubes the extent of hydrogenation is lower than in 

tubes having a diameter large enough for the cation to enter the tube. Therefore, 

the effect of curvature of the tube surface to its reactivity can truly be used as a 

tool to study the selectivity of the reaction only above a critical diameter [246]. 

There are indications of the selectivity of the Birch reduction towards carbon 

nanotubes with certain chiralities. Butylation in NH3 was observed to be more 

successful with metallic tubes than semiconducting tubes [200]. No significant 

diameter or chirality preference was observed with hydrogenation [200]. A 

preferable method for functionalizing semiconducting SWNTs with acid groups 

by the Birch reduction was also developed by using NH3 and THF as solvents and 

CO2 in attaching acid groups to the SWNT surface [197]. The diameter- and 
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chirality-selectivity of the alkylation can be used in the enrichment of CNTs with 

a specific structure [193,196,197]. However, when reactions were performed 

using K/naphthalene in THF, no selectivity towards any type of SWNTs was 

observed [195,243]. 

2.3 Functionalization procedures based on the Birch reduction of 

carbon nanotubes 

Various functionalization procedures based on the alkali metal reduction of 

carbon nanotubes has been studied. The functionalization procedures generally 

differ from one another by the order of adding reagents and solvents as well as 

using various amounts of CNTs, alkali metal, NH3 and other reagents. 

An evolution of the quality of pristine carbon nanotubes can be observed, 

when the reports on for instance hydrogenation of SWNTs in liquid ammonia are 

compared. The quality of the starting material is important, since it can affect the 

success of functionalization and interpretation of analytical data. 

The first hydrogenation of SWNTs was performed on SWNTs which were 

synthetized by the electric arc discharge method resulting in the average diameter 

of 1.4 nm. SWNTs were used without purification and had a high impurity 

content (30–50%) [150]. A few years later, the Birch reduction of both MWNTs 

and SWNTs was reported [198]. A great improvement compared to the first 

method was made by using SWNTs with smaller average diameter (1.3 nm) and 

purifying the CNTs prior to functionalization [177]. MWNTs were prepared by 

the electric arc discharge method and purified by repetitive sonications in a 

sodium dodecyl sulphate-water solution and isolation by filtration. SWNTs were 

prepared by laser ablation (Tubes@Rice) and purified by suspending in an 

aqueous solution followed by filtration and annealing in a vacuum at 800 or 950 

ºC [198,199]. Later, hydrogenation of Super Purified HiPco SWNTs was reported 

[200]. This material had a high purity and average diameter of 1.0 nm. HiPco 

SWNTs would be expected to be more reactive than the materials used in earlier 

studies. 

Furthermore, the purification procedure of functionalized carbon nanotubes 

has evolved as the overall knowledge and experience in the research field of CNT 

modification has enhanced. For instance, the first hydrogenated SWNTs were 

merely isolated by filtration and washed with various solvents [150,198]. 

Purifications have also been performed by extractions followed by filtration and 
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washing with various solvents [200,201]. Later on, it was observed that sonication 

was needed in order to facilitate the removal of impurities [194]. 

A critical parameter, which has developed the functionalization procedure 

towards a more facile and diverse method, has been the replacement of liquid 

ammonia with other solvents. 

Hydrogenation in liquid ammonia 

The first hydrogenation reaction of single-walled carbon nanotubes (1.6 mmol of 

C, 1 equiv.) was performed by preparing the SWNT anion with a large excess of 

lithium (77.8 mmol, 49 equiv.) in 100 ml of liquid ammonia [150]. The reaction 

time was quite long, since the mixture was kept at -78 ºC for 24 h and then 

ammonia was refluxed for 36 h. Ethanol was slowly added to the mixture and 

stirring was continued for 5 h. Water was then added after ammonia was allowed 

to evaporate off. In this method, ethanol and water were diluted with ether but 

later on, undiluted alcohol and water were used. SWNTs were isolated by 

filtration and washed with water, ethanol and ether. Finally, SWNTs were dried in 

a vacuum for 24h. Functionalization was confirmed by Raman and FTIR 

spectroscopies. 

Hydrogenation of both MWNTs and SWNTs has been performed by a 

repetitive method, where a rather small amount of ammonia (20 ml) was 

condensed, evaporated and once again condensed to a mixture of SWNTs or 

MWNTs (200 mg, 16.7 mmol of C, 1 equiv.) and small amount of lithium (100 

mg, 14.4 mmol, 0.8 equiv.) [198]. The mixture was stirred at -53 ºC for 1 h before 

the first batch of NH3 was evaporated by heating to ambient temperature. After 

fresh liquid ammonia was condensed to the mixture, methanol was slowly added. 

Once the solution became colorless, NH3 was slowly evaporated off. CNTs were 

washed with methanol, water, dilute HCl and again with water and methanol, and 

dried in a vacuum at ambient temperature. The resulting hydrogenated SWNTs 

and MWNTs were characterized by thermogravimetric mass spectroscopy (TG-

MS), electron spin resonance spectroscopy and d.c. transport measurements. TG-

MS implied that the average hydrogen content was the same for both MWNTs 

and SWNTs. TEM images suggested that hydrogenation occurred even on the 

inner tubes of MWNTs. 

The hydrogenation procedure based on the previous studies [198] was refined 

by decreasing the amount of SWNTs (50 mg, 4.2 mmol of C, 1 equiv.) and 

increasing the amount of lithium (150 mg, 21.6 mmol, 5.2 equiv.) and methanol 
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(20 ml) to insure that enough lithium ions and hydrogen atoms were present in the 

solution [199]. Furthermore, the evaporation and re-addition of NH3 were skipped 

altogether. The chemical composition and thermal stability of the hydrogenated 

SWNTs were studied by TG-MS. In addition, NMR and Raman spectroscopies 

were used to confirm that covalent bonding occurred on the nanotube surface. 

Based on TG-MS, the alteration of reaction conditions did not seem to 

significantly change the outcome of hydrogenation [199].  

Functionalization of SWNTs has also been performed by replacing lithium 

with sodium [200]. SWNTs (30 mg, 2.5 mmol of C, 1 equiv.) and a very small 

amount of sodium (23 mg, 1.0 mmol, 0.4 equiv.) were added to 100 ml of NH3 

and the mixture was stirred at -78 ºC for 1 h under nitrogen. NH3 was allowed to 

evaporate off overnight. Ultrasonication in 100 ml of ethanol for 15 min was used 

to prepare hydrogenated SWNTs. The dispersion was diluted with water (100 ml) 

and acidified with concentrated HCl (1 ml). The mixture was transferred into a 

separation funnel where the hydrophobic SWNTs were dispersed in cyclohexane 

(100 ml) and purified by water extraction until the pH of the water phase became 

neutral. SWNTs were isolated by filtration, washed with ethanol, methanol and 

water, and dried in a vacuum overnight at 50 ºC. The success of hydrogenation 

was studied by ultraviolet-visible-near infrared (UV-Vis-NIR), near infrared and 

Raman spectroscopies. When hydrogenation was compared to a butylation 

reaction where 1-iodobutane was added to the reaction mixture prior to ethanol, 

SWNTs were decorated by hydrogen atoms in a lower degree than in the case of 

butyl groups suggesting that hydrogenation was not as favourable as butylation 

[200]. 

Alkylation and arylation in liquid ammonia: the Billups reaction 

Although the first alkylations and arylations of carbon nanotubes via the 

formation of lithium salt in NH3(l) were performed by Borondics et al. in 2005 

[199], Billups et al. reported a larger series of alkylation [201] and arylation 

reactions [187] of SWNTs in the presence of lithium in liquid ammonia and 

hence, the reaction type is called the Billups reaction. In situ polymerization of 

methyl methacrylate onto the SWNT surface has been performed in Billups 

reaction conditions [202]. The effect of alkali metal to the reaction has been 

investigated [205] along with the selectivity of the reaction towards certain types 

of SWNTs [200]. Furthermore, the method has also been successfully applied to 

the modification of MWNTs [188]. 
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The first alkylations and arylations were performed using Li according to the 

hydrogenation procedure [198,199] but methanol was replaced with a large excess 

of methyl or butyl iodide or benzyl bromide (20 equiv.) dissolved in THF or 

diethyl ether. The success of functionalization was proved by TG-MS and Raman 

spectroscopy. The Raman analysis indicated that methylation was not as 

successful as hydrogenation. According to TG-MS studies the methylation 

reaction was more successful than butylation and benzylation, the reactivity of 

benzyl bromide being the weakest. Interestingly, when Na was used instead of Li 

in the formation of SWNT anion, butylation was more successful than 

hydrogenation [198–200]. 

The alkylation of raw and purified [247] HiPco SWNTs was studied with 

various alkylating agents, such as 1-iodododecane [201]. The raw HiPco SWNTs 

contain residual iron catalyst particles which can interfere with the Birch 

reduction and alkylation by reacting with lithium. The alkylations were performed 

by condensing ammonia (60 ml) on top of SWNTs (20 mg, 1.6 mmol of C, 1 

equiv.) under argon. A large excess of lithium (231 mg, 33 mmol, 21 equiv.) was 

added in small pieces. Alkyl iodide (6.4 mmol, 4 equiv.) was then added and the 

mixture was stirred overnight and NH3 was allowed to evaporate off. The flask 

was cooled on an ice bath and methanol (10 ml) and subsequently water (20 ml) 

was added slowly. The solution was acidified with HCl (10%). SWNTs were 

extracted into hexanes and washed several times with water [73], and isolated 

with filtration and washed with ethanol and dried in a vacuum oven at 80 ºC 

overnight. The alkylation improved the solubility of SWNTs and its success was 

proved by FTIR and Raman spectroscopies and TG-MS. High resolution 

transmission electron microscope (HRTEM) images showed some band-like 

matter which was twisted around dodecylated SWNTs. One explanation is that 

actual dodecyl molecules were observed in the HRTEM images. An interesting 

difference in between purified and raw SWNTs which were dodecylated was 

observed with atomic force microscopy (AFM). AFM images of dodecylated raw 

SWNTs suggested complete debundling as a consequence of functionalization. 

However, bundling was observed, if SWNTs were purified prior to 

functionalization which suggests that the removal of impurities, such as catalyst 

particles, enhances bundling [201]. 

Arylation reactions of SWNTs in liquid ammonia using various aryl halides, 

such as 4-iodophenylamine, iodobenzene and 4-iodobenzoic acid, were performed 

in a similar way as alkylations [201] but the amount of Li was reduced to half 

(120 mg, 17.3 mmol, 11 equiv.). Furthermore, isolation and purification of 
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arylated SWNTs was performed without extractions using only filtration and 

washing with water and ethanol. The success of arylation was observed by Raman 

and attenuated total reflectance FTIR spectroscopy and TGA. Functionalization of 

SWNTs was most successful with arylating agents containing electron-donating 

groups, such as amino group in phenylamine, in the aryl ring. An electron 

donating group can stabilize the aryl radical which forms during the reaction 

[201,238]. As in the case of alkylation, debundling was observed also for aryl 

functionalized SWNTs [187]. 

Alkylation [201] and arylation [187] reactions were also performed on 

MWNTs suggesting that this functionalization procedure is applicable to various 

CNT curvatures [188]. 

By adjusting the procedure of the Birch reduction, the location of attached 

functional groups on the SWNT surface can be controlled. By using repetitive 

methods, where Na and 6-bromohexanoic acid were alternately added to SWNTs 

in NH3, the attachment of 6-hexanoic acyl groups onto the SWNT surface was 

confined into small regions suggesting that the functionalization reaction 

propagated from the initial reaction site [194,196,248]. 

Functionalization by in situ polymerization by the Birch reduction 

Poly(methyl methacrylate) and polystyrene were successfully grafted onto the 

nanotube surface by polymerization initiated by the lithium salt of the nanotube 

[180,202]. 

The polymerization of methyl methacrylate onto the surface of HiPco 

SWNTs was achieved by treating SWNTs (20 mg, 1.7 mmol of C, 1 equiv.) in 60 

ml NH3 with a small amount of Li (~10 mg, 1.4 mmol, 0.8 equiv.) which was 

gradually added until a slightly blue color remained. A large excess of methyl 

methacrylate (3.2 g, 32.0 mmol, 19 equiv.) was added via a syringe and the 

mixture was allowed to stand overnight while NH3 was evaporated off. The 

subsequent treatment of SWNTs was performed similarly as in the Billups 

arylations and alkylations but ethanol and chloroform were used in washing 

[187,201]. The modified SWNTs showed the adaptation of the solubility of 

poly(methyl methacrylate) and dispersed well in chloroform, THF and acetone. 

Functionalization and polymerization were proved by Raman and FTIR 

spectroscopies and TGA coupled with FTIR (TG-FTIR) [202]. 

Functionalization of SWNTs with polystyrene was performed by treating 

SWNT (10.2 mg) in 70 ml of NH3 at -78 ºC with various amounts of Li and 4-
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bromoethenylbenzene [180]. The extent of functionalization with polystyrene was 

increased by multiple additions of the monomer. Furthermore, too high amount of 

Li decreased the amount of covalent bonding of polystyrene onto the SWNT 

surface. However, SWNTs were functionalized by short polystyrene chains 

suggesting that the increasing amount of monomer did not lengthen the attached 

polymer chain. 

Functionalization in ethylenediamine: the Benkeser reaction 

The Benkeser reaction [222,223] has been applied to hydrogenation [150,203], 

alkylation [249] and arylation [249] of carbon nanotubes. However, the removal 

of ethylenediamine from nanotubes has turned out to be problematic. In fact, 

ethylenediamine itself is directly grafted to the nanotube surface [150] even when 

alkali metal is not present [207]. 

The functionalization of single-walled carbon nanotubes with hydrogen 

atoms was attempted by treating SWNTs (18 mg) with lithium (300 mg) in 100 

ml of ethylenediamine added in two equal portions for a 24-hour interval (100 ºC, 

48 h) under Ar. Water (10 ml) diluted with ether (10 ml) was added dropwise to 

the reaction mixture at room temperature, followed by a mixture of water (100 

ml) and ethanol (100 ml). The mixture was sonicated for 5 min and the insoluble 

SWNTs were isolated by centrifuging at 12 000 rpm and decanting the 

supernatant. SWNTs were purified by sonication for 5 min in water and ethanol, 

washing twice with ethanol, water and ether. SWNTs were isolated by filtration 

and dried under vacuum at room temperature. The success of functionalization 

was evaluated by elemental analysis, FTIR and Raman spectroscopies. The 

resulting SWNT material (50 mg) contained 46.22% of C, 2.71% of H, 8.32% of 

N and 8.32% F according to elemental analysis. The used SWNT material 

contained 10-30% of impurities, such as amorphous carbon. The presence of 

nitrogen atoms in the product suggested that either the removal of 

ethylenediamine was unsuccessful or a reaction between ethylenediamide and 

SWNTs or amorphous carbon occurred resulting in the bonding of nitrogen 

functionalities to carbon atoms [150]. 

Multi-walled carbon nanotubes were treated in ethylenediamine without 

heating. MWNTs (30 mg) and distilled ethylenediamine (40 ml) were stirred 

under Ar at room temperature for 20 min and metallic lithium (100 mg) was 

added gradually in order to maintain the blue color of the solution. Tert-butanol 

(2.5 ml) was added dropwise and the mixture was stirred at room temperature for 
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10 h. Ethanol (30 ml) was slowly added and MWNTs were isolated by filtering. 

MWNTs were washed with ethanol, acetone and deionized water and dried 

overnight in a vacuum at 80 ºC. According to Raman and FTIR spectroscopies, 

TGA and TEM, nitrogen containing groups were attached to the MWNT surface 

along with hydrogen. Raman spectroscopy suggested that while some covalent 

bonding occurred in the reaction, no covalent bonding occurred without lithium. 

Nevertheless, it seemed that some hydrogen atoms or nitrogen containing groups, 

such as amide groups, were introduced to the nanotube material even without 

lithium. According to TEM images, MWNTs were not cut during chemical 

treatment, but some disorder (waving) especially in the outer sheet of MWNTs 

[198] indicated that a covalent bonding of atoms occurred leading to lengthening 

of C-C bonds [203]. 

The reaction of SWNTs and MWNTs with ethylenediamine was further 

studied. These reactions were performed under nitrogen. Lithium (50 mg, 7.2 

mmol, 1.7 equiv.) was added to dry ethylenediamine (60 ml, 0.9 mol, 214.3 

equiv.) in small portions at room temperature. A blue color appeared soon after 

the fast dissolution of Li. Upon a small increase in the temperature (< 40 ºC), the 

blue color disappeared indicating that Li-ethylenediamine was formed. MWNTs 

(50 mg, 4.2 mmol of C, 1 equiv.) were then quickly added under strong stirring 

(1200 rpm). The suspension was stirred at room temperature overnight and then 

heated for 4.5 h at various temperatures (20, 40, 55 or 70 ºC). The reaction 

mixture was bubbled with air for 2 h prior to cooling to 15 ºC followed by the 

addition of methanol (15 ml) and water (50 ml). CNTs were isolated by filtration, 

purified by washing with water (3 x 50 ml) and methanol without the aid of 

sonication. CNTs were dried in a vacuum desiccator for 48 h. The reaction of 

SWNTs (13 mg, 1.1 mmol, 1 equiv.) was performed by using 21 mg of Li (3.0 

mmol, 2.7 equiv.) in 60 ml ethylenediamine (0.9 mol, 818.2 equiv.) and heating at 

55 ºC for 10 h while keeping all other details similar to the procedure applied to 

the functionalization of MWNTs. The samples were stored under nitrogen. 

According to Raman and X-ray photoelectron spectroscopy (XPS) analysis and a 

lack of blue color when preparing Li-ethylenediamine in wet ethylenediamine, the 

functionalization reaction was sensitive to moisture. Raman spectroscopy and 

XPS indicated that covalent bonding of nitrogen had occurred. Functionalized 

CNTs contained nitrogen and hydrogen according to FTIR and XPS 

determinations even when the reaction was performed without lithium. SWNTs 

functionalized with ethylenediamine showed an improvement in the solubility in 
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DMF. The functionalized CNTs distributed uniformly to a polyamide matrix 

[207]. 

Functionalization in tetrahydrofuran 

The reduction of carbon nanotubes with lithium in THF has been performed by 

preparing a complex of Li and naphthalene in situ [199,210]. An alkylation 

reaction was performed by suspending SWNTs (50 mg, 4.2 mmol of C, 1 equiv.), 

Li (150 mg, 21.6 mmol, 5.1 equiv.) and an excess of naphthalene (4 g, 31.2 mmol, 

7.4 equiv.) in 40 ml THF. The mixture was stirred for an hour while a deep green 

color was observed. Methanol, methyl or butyl iodide or benzyl bromide was 

added which resulted in hydrogenated, methylated, butylated or benzylated 

SWNTs, respectively. Methyl, butyl and benzyl groups were identified with TG-

MS studies, but some competitive hydrogenation was also observed. Compared to 

the functionalization performed in NH3, slightly lower content of alkyl or aryl 

molecules were observed [199]. 

Hydrogenation of SWNTs was performed by using the complex of Na with 

naphthalene prepared in situ and by using THF as a solvent as well as a hydrogen 

source. SWNTs (5 mg, 0.4 mmol of C, 1 equiv) were treated with naphthalene 

(100 mg, 0.78 mmol, 1.9 equiv.) and Na (100 mg, 4.35 mmol, 10 equiv.) in 100 

ml of dried THF. Reactions were also performed using Li and K. The mixture was 

sonicated for 30 min and stirred for 12 h. The formed suspension was 

centrifugated and washed with THF repeatatively until the supernatant was clear. 

Finally, SWNTs were dried. Functionalization was proved by Raman and FTIR 

spectroscopies, temperature programmed desorption apparatus and electron spin 

resonance. According to the analysis by temperature programmed desorption 

apparatus, the attachment of hydrogen atoms onto the SWNT surface varied 

between methods based THF and liquid ammonia. When THF was used as a 

solvent, more hydrogen was attached to the SWNTs than in the traditional Birch 

reduction. Na was the least effective alkali metal to hydrogenate SWNTs while 

hydrogenation was found to be reversible by heating [241]. 

The complex of Na and naphthalene was also prepared prior to adding to 

SWNTs and the resulting SWNT anion was isolated prior to the reaction with 

electrophiles, but the procedure was time consuming and required a use of a 

glovebox. Naphthalene (160 mg, 1.25 mmol, 0.1 equiv.) was dissolved in dry 

THF and sodium (28 mg, 1.22 mmol, 0.1 equiv.) was added. The mixture was 

stirred at room temperature until a green color appeared and sodium disappeared. 
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SWNTs (148 mg, 12.3 mmol of C, 1 equiv.) were added and the mixture was 

stirred overnight at room temperature. SWNTs were isolated by filtration and 

washed with THF until the filtrate became colorless. SWNTs (25 mg) were then 

put in dimethyl sulfoxide (8 g) and the mixture was stirred at room temperature 

for 24 h, followed by centrifugation for 1 h and decanting of the black supernatant 

to isolate the soluble SWNT anions. The reaction between the SWNT anion and 

large excess (10 equiv) of 1-iodododecane or 2-methoxyethyl-2-bromoacetate 

was performed by stirring the mixture at room temperature for 48 h. 

Functionalized SWNTs were then isolated by filtration, washed with dimethyl 

sulfoxide, ethanol and diethyl ether and dried in a vacuum. It was observed that 

more than the used functionalization method, the structure of the attached group, 

especially the presence of oxygen atoms, affected the Raman spectrum and can 

hamper the interpretations related to the radial breathing mode (RBM) region in 

regards to the selectivity of the reaction towards certain types of tubes [242]. 

Functionalization of SWNTs and MWNTs with 10-decanoic acyl groups were 

performed by preparing the complex of K and naphthalene prior to the reaction 

using stoichiometric amounts of K and naphthalene in THF. Various amounts of 

the reductant solution were added to MWNTs and when a green color dissapeared 

the tubes were isolated by filtration and washed with THF. Tubes were rapidly 

and spontaneously dissolved in dimethyl sulfoxide with a maximum contentration 

of 0.7 mg/ml for MWNTs [195]. 10-Bromo-decanoic acid was added and the 

individual mixtures containing MWNTs and SWNTs were stirred for 24 h and 72 

h, respectively. SWNTs were then filtered, washed and dried. It was observed that 

by changing the amount of K the success of functionalization can be adjusted 

[195,243]. 

Furthermore, 1-tert-butyl-4-(4-tert-butylphenyl)benzene was used as an 

electron carrier in alkylations using various alkyl bromides. HiPco SWNTs (8 mg, 

0.67 mmol of C), and 1-tert-butyl-4-(4-tert-butylphenyl)benzene (160 mg, 0.6 

mmol, 0.9 equiv) were sonicated in 32 ml of anhydrous THF. The mixture was 

added to Li (138.8 mg, 6 mmol, 10 equiv) and sonication was continued for 60 

min resulting in the appareance of a green color. Alkyl bromide (2.6 mmol, 3.9 

equiv) was added and the mixture was sonicated for 30 min. Ethanol, HCl and 

water were added until the pH remained neutral. SWNTs were isolated by 

filtration and washed with dichloromethane, methanol and THF. It was observed 

that more bulky the attached group was, the less functionalization occurred [239]. 

By studying the reaction of the SWNT anion prepared by using Li and 

naphthalene, 1-tert-butyl-4-(4-tert-butylphenyl)benzene or hexamethylphosphoric 
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triamide as an electron carrier with various amounts of trimethylchlorosilane, 

methyl methacrylate and methyl N-acetamidoacrylate monomers it was observed 

that the increasing amount of monomer increased the length of the polymer. An 

increase in the amount of the electron carrier instead did not lead to a more 

successful functionalization [240]. 

Methods using NH3 as a solvent with THF were utilized in functionalizing 

SWNTs with carbonyl compounds. Carboxylations based on the Birch reduction 

have a great advantage over conventional oxidation in that the structural integrity 

of the carbonyl group remains intact. HiPco SWNTs (5 mg, 0.42 mol of C, 1 

equiv.) were dispersed in 100 ml THF using sonication (30 min). Ammonia (100 

ml) was condensed to the dispersion followed by the addition of Li (14.56 mg, 

2.08 mmol, 5 equiv). The mixture was stirred for 1 h yielding a blue-black 

dispersionmmonia was allowed to evaporate off. The dispersion was sonicated for 

30 min and a carbonyl compound (2 equiv. related to Li) was added. The mixture 

was stirred overnight. SWNTs were purified and isolated by extractions using 

water and cyclohexane, filtration and washing with THF, 2-propanol, ethanol and 

water. This method yielded hydroxyl or keto-functionalized SWNTs, which were 

soluble in N-methyl-2-pyrrolidone and other solvents [197,250]. 

Carboxylic acid groups were attached onto the SWNT surface by the above 

manner by bubbling CO2 gas to the dispersion after removal of ammonia in order 

to introduce acyl groups onto the SWNT surface [251]. The use of liquid 

ammonia is unpreferable in this reaction, since it reacts with carbon dioxide to 

form urea. A selective functionalization of semiconducting SWNTs could be 

obtained by adjusting the reaction conditions, especially using additional 

sonication. Furthermore, by using additional sonication and elevated pressure, the 

extent of functionalization could be increased. Functionalized SWNTs showed a 

high solubility to THF. 

Single-walled carbon nanotubes have been brominated by the reaction of the 

SWNT anion with elemental bromine. The bromination has enabled the reaction 

of SWNTs with nucleophiles in nucleophilic substitution. For instance, the 

reaction with water has yielded in hydroxylated SWNTs [251]. 
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3 Analysis of functionalized carbon nanotubes 

Currently available commercial carbon nanotube materials often contain a 

miscellaneous assortment of tubes with various defects, atomic structures, sizes 

and chiralities. The heterogeneity of the CNT material makes it impractical to 

analyze the exact chemical structure of individual carbon nanotubes in bulk. One-

tube studies have been performed with several analytical methods, but a reliable 

generalization to bulk material remains unfeasible. Analytical data may vary 

between several samples and measurements. While the selectivity of 

manufacturing processes of CNTs is being developed, the chemical 

functionalization of current CNT materials should be studied with repetitive 

experiments and the analysis data of CNTs should be collected from several 

adjacent samples in order to gain a general profile of the material. 

An essential difference between the studies of the Birch reduction of carbon 

nanotubes is the used nanotube material, which varies by diameter, length and 

chirality distribution as well as the purity of the material. The quality and 

chemical structure of the CNT material greatly affect the functionalization 

reaction and therefore, the gained analytical data. Hence, the qualities of the 

pristine CNT material should be taken into consideration when truly comparing 

the success of different procedures. 

Several analytical methods have been employed in evaluating the structure of 

carbon nanotubes, the quantity and structure of the molecules in the CNT material 

as well as the nature of interactions between CNTs and adjacent molecules. 

Generally, the purity, the overall structure of the tubes and the success in 

debundling of the CNT bundles has been evaluated with transmission electron 

microscopy. The chemical structure has been evaluated by elemental analysis via 

pyrolysis and characterization of evolved gases (TG-MS or TG-FTIR), FTIR, 

XPS or other methods. Raman spectroscopy has been used to prove the covalent 

bonding of the molecules and atoms onto the CNT surface. The selectivity of 

reactions has been mainly evaluated using the UV-vis-NIR spectrum or RBM-

band of the Raman spectrum. 

3.1 Raman spectroscopy 

Raman spectroscopy is one of the fastest, easiest, most effective and therefore a 

generally used tool for the characterization of carbon nanotubes and detecting 

changes in the covalent bond structure of CNTs. The method is non-destructive 
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and there is no need for sample preparation. Micro-Raman analysis can be 

obtained from very small samples down to one single nanotube. The Raman 

resonance of CNTs reacts to the changes in the sp2 hybridized structure of CNT 

and therefore, covalent bonding to molecules or the formation of defects can be 

detected. 

To simplify, Raman analysis is based on the inelastic scattering of light from 

the sample. When the sample is irradiated with monochromatic light from a laser, 

the photons which hit the sample are absorbed to a higher virtual energy level. 

Most of the photons are instantly scattered elastically back to the initial energy 

level (Rayleigh scattering). However, some of the photons interact with the 

vibrational energy levels of the molecules in the sample prior to the scattering 

(Raman scattering). Due to the interaction, the scattered photons have a higher or 

lower energy than the incident photons. Therefore, the energy change of the 

scattered photons depends on the vibrational modes of the sample and thus, gives 

information about the structure of the sample. The Raman spectrum is plotted as 

the amount of the scattered photons emitted at each wavenumber. 

Raman signals relevant in the study of the carbon nanotube structure and 

covalent bond formation are found at 50–3000 cm-1 [252,253]. The most 

informative peaks are the signals at around 150–200 cm-1, 1350 cm-1 and 1600 

cm-1. There are also other less relevant signals, such as the so-called G´-band at 

the high end of the spectrum (2700 cm-1), which is an overtone of the D-band.  

The radial breathing mode (RBM) is located at the lowest end of the Raman 

spectrum of CNTs. It is usually located at around 100–300 cm-1. The RBM-band 

originates from the vibrations of the carbon atoms in the radial direction i.e. the 

radial expansion-contraction of the nanotube. In order to be detected by Raman 

spectroscopy, a carbon nanotube has to have an electronic resonance with the 

excitation or emission wavelength. The RBM-band can be utilized in the 

determination of the electronic structure and diameter of the tube, since there is a 

dependence between the structure of CNTs and the excitation wavelength. 

However, because the shape and location of the RBM-band is dependent on the 

excitation wavelength due to the structure dependent resonance of CNTs, the use 

of various excitation wavelengths is required in order to gain a complete picture 

of the sample. Regarding the study of the selectivity of chemical modification, it 

has been observed that more than the used functionalization method, the structure 

of the attached group affects the Raman spectrum and can hamper the 

interpretations related to the RBM area in regards to the selectivity of the reaction 

towards certain types of tubes [242]. 
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Sharp and strong signals at around 1600 cm-1 result from the tangential 

vibrations of the graphitic features of SWNTs and are called the G-band. The G-

band can consist of several peaks but the two most intense signals are assigned as 

G+ and G- peaks. These originate from atomic displacements along the 

longitudinal axis (G+) and circumferential direction (G-). Metallic and 

semiconducting SWNTs can be identified based on the lineshape of the G- peak, 

which is broader and located towards lower wave numbers with metallic tubes 

[253]. 

The informational value of the G-band is closely dependent on the 

observations made with a signal called the D-band. The D-band is situated at 

around 1350 cm-1 and it is induced by defects in the sp2 hybridized structure of 

CNT. An increase in the intensity of the D-band compared to the intensity of the 

G-band is generally interpreted as an indication for the presence of amorphous 

carbon, the formation of defects or covalent bonding between carbon nanotubes 

and functional groups, atoms or molecules [254]. 

The magnitude of the D-band growth taken as proof of the covalent bonding 

greatly varies, but if the intensity of the D-band of the product is close to the 

intensity of the G-band, vast changes in the sp2
 hybridization of carbon atoms to 

sp3 hybridization can be assumed to have occurred [198,199]. 

The defunctionalization of CNTs has been studied by comparing the Raman 

spectra of the functionalized CNT and CNTs treated at elevated temperatures. For 

instance, Raman features of dodecylated SWNTs were almost perfectly restored 

by thermal treatment during TGA suggesting that the functional groups can be 

removed and the pristine SWNT structure recovered [201]. 

The magnitude of the growth of the D-band has been used in comparison of 

the success of functionalization. For instance, the growth of the D-band was 

observed in the Raman spectrum of arylated SWNTs giving direct evidence of the 

covalent functionalization. However, because a more intense growth was 

observed in the Raman spectrum of alkylated SWNTs, the alkylation of SWNTs 

was considered more successful [187,201]. 

Changes in the RBM area have been used in determing the selectivity of the 

reaction. For instance, in the Raman spectrum of hydrogenated SWNTs a 

moderate growth of the D-band was observed, but no significant changes were 

seen in the RBM area suggesting that although the covalent bonding occurred, no 

changes occurred in the diameter distribution and electronic structure of the 

SWNT material. Complementary analysis methods can support or contradict the 

assumptions made on Raman spectra.  UV-vis-NIR spectrum of the hydrogenated 
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SWNTs discussed above showed a reduction in the absorbance of small diameter 

nanotubes and an increase in the absorbance of large diameter tubes suggesting 

either differences in the solubility or reactivity between large and small tubes 

[200]. In another study, a substantial decrease in the intensity of the G-band at 

1593 cm-1 and the peak at 180 cm-1 in the RBM region suggested that some 

changes in the electronic structure of the hydrogenated SWNTs occurred due to 

functionalization [150]. 

When comparing the spectra of pristine, phenyl or aniline functionalized 

SWNTs, changes occurred in the RBM area suggested a different diameter and 

chirality distribution of the nanotube material possibly due to selective reactivity 

[187]. 

The Raman spectra of SWNTs functionalized with poly(methyl methacrylate) 

showed that a large peak at 266 cm-1 in the RBM area had greatly diminished 

after functionalization. In contrast, a smaller peak at 234 cm-1 had enlarged in the 

spectrum of polymethyl methacrylate functionalized SWNTs. Changes in the 

RBM area were taken as an indication of the debundling due to functionalization. 

Further proof of this debundling was obtained by HRTEM images, which showed 

individual tubes and narrow bundles coated by a twisted chain-like matter [201]. 

3.2 Fourier-transform infrared spectroscopy 

Fourier-transform infrared spectroscopy is based on infrared (IR) irradiation of a 

sample. The wavelength range of the infrared radiation in the electromagnetic 

spectrum is approximately 700 nm–1 mm, which corresponds to wavenumbers 

14000–10 cm-1. Wavenumbers are the generally used units in IR spectroscopy. 

The adjacent regions in the electromagnetic spectrum are visible light at the high 

end and microwaves at the low end of the wavenumber range. IR spectrum can be 

divided into the near-infrared region (14000–4000 cm-1), mid-infrared region 

(4000–400 cm-1) and far-infrared region (10–400 cm-1). 

When passing through the sample part of the IR radiation is absorbed by the 

sample and a part is passing through i.e. transmitted. The wavenumber of the 

absorbance corresponds to the energy of the vibration and gives information of 

the structure and bonding of the molecule. The most useful information is gained 

by using mid-infrared irradiation sources, since the energy of the radiation at mid-

infrared region corresponds to fundamental vibrational energies of bonds in 

molecules. 
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The initial data collected by the spectrometer is in a form of an interferogram. 

A mathematical process called Fourier-transformation is applied to transform the 

raw data into a relation of intensity of peaks and wave numbers i.e. the IR 

spectrum. 

FTIR can be used for the detection and identification of organic molecules 

even in low concentrations. However, the concentration of attached molecules in 

functionalized carbon nanotubes is usually very small, which makes the 

distinguishing of the relevant peaks challenging and the quantitative measurement 

of functional groups unattainable. The transmission spectrum is generally 

measured from a KBr pellet, which contains the sample to be investigated. Due to 

the high absorption of CNTs, the amount of CNTs should be kept very low (<0.1 

mg). The optimization of CNT concentration in the KBr pellet is critical, since it 

dramatically influences the sensitivity of the measurement. If the concentration of 

CNTs is too high, the pellet is black and the incoming irradiation is totally 

absorbed by the pellet. If the CNT content is too low, the signals of CNTs are 

weak and functional groups are unobservable. Optimization of a small sample 

size is demanding because it is based on visual evaluation due to the difficulties in 

their weighing in small quantities. Finally, it should be noted that the 

interpretation of the FTIR spectral data of CNTs can be somewhat ambiguous and 

should be regarded with caution. 

For instance, hydrogenation of CNTs has been exhibited by the observation 

of new peaks at around 2900 cm-1 in the FTIR spectrum associated to stretching 

of the C-H bond [150,203]. Futhermore, alkylation, such as the functionalization 

with dodecyl groups, has been shown by new sp3-hybridized C-H stretching peaks 

at 2919 and 2840 cm-1 and a signal at 1529 cm-1, which can be assigned to C=C 

double bonds which were assumed to be activated in the SWNT structure by the 

bonding with dodecyl groups [138,201]. 

Sp2-hybridized C-H stretching was detected at 3100 cm-1 in the FTIR 

spectrum of aryl functionalized SWNTs indicating the presence of phenyl groups 

[187]. The absorption at 2980 cm-1 has also been observed in arylated SWNTs, 

which was taken as an indication of the attachment of hydrogen atoms to the 

SWNT surface in addition to aryl groups [187]. 

CO2 and other gaseous species, which contained aliphatic C-H groups and 

C=O groups have been observed in the FTIR spectrum of the pyrolysis products 

of polymethyl methacrylate functionalized SWNTs at 2390–2290 cm-1, 3000–

2800 cm-1 and 1900–1700 cm-1, respectively. C-H and C=O vibrations can be 

assigned to methyl methacrylate [202]. 
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3.3 Thermogravimetric analysis 

The amount of covalently bonded molecules in the SWNT sample can be 

estimated with thermogravimetric analysis by annealing the organic material and 

recording the loss of mass. The composition of the annealed components can be 

identified with e.g. a mass spectrometer or FTIR spectrometer attached to the 

TGA instrument. However, the actual covalent bonding between CNT and 

adjacent molecules cannot be reliably assessed alone with TGA, XPS or FTIR 

spectroscopy. To avoid misinterpretation of the adsorption of impurities as the 

actual covalent functionalization, elemental analysis, FTIR spectroscopy and 

TGA should be used as complementary tools. 

TGA has been used in order to evaluate the amount of attached groups, but 

also to give additional proof of covalent bonding and identification of the attached 

groups. In addition, comparison of the success of various functionalization 

methods can be done by TGA. 

For instance, hydrogenated CNTs were analysed with TG-MS. In contrast to 

no measurable mass loss up to 900 ºC in pristine MWNTs and SWNTs, 

decomposition of hydrogenated MWNTs and SWNTs was detected at 100-700 ºC 

resulting in a total mass loss of around 5%. The hydrogenated CNTs contained 

residual methanol, which was used as the hydrogen source, since a mass loss was 

observed at low temperatures up to 450 ºC in both hydrogenated SWNTs and 

MWNTs. The amount of possible residual electrophile, methanol, could be 

decreased by the heating of hydrogenated SWNTs at 250 ºC for 4 h prior to TG-

MS analysis. H2 gas and methane gas, which were taken as proof of 

hydrogenation, evolved at 400–700 ºC with a ratio 97:3 for MWNTs and 90:10 

for SWNTs. Methane gas was presumed to be originated from the decomposition 

of the CNT structure. The diameter of SWNTs and inner tubes in MWNTs is 

smaller than the outer walls of MWNTs while the stability of CNT increases with 

the diameter, suggesting that the hydrogenated SWNTs break easier than MWNTs 

at elevated temperatures. The formation of methane is sterically restricted inside 

MWNTs by the small space between the concentric tubes and only hydrogen can 

evolve from the sheets inside MWNTs. Calculations based on the TG-MS results 

suggested that the hydrogen content of MWNTs and SWNTs was equal, namely 

C11H [198]. 

In another study, hydrogenated SWNTs were preheated at 350 ºC for 3 h in 

order to remove most of the solvent. Whereas pristine SWNTs did not contain any 

volatile products, hydrogenated SWNTs decomposed at 400–600 ºC with the 
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maximum rate at 500 ºC, yielding in hydrogen gas and a small amount of methane 

gas in accordance to previous results. The stoichiometry evaluated by TG-MS 

was C31H, which corresponds to much lower hydrogen content than in the above 

mentioned study. However, comparison of the results of the two studies was 

hampered by the use of different temperatures and time of heating of the sample 

prior to TG-MS studies and different compounds in the calibration of the mass 

spectrometer [198,199]. 

Methyl, butyl or phenyl groups in methylated, butylated or phenylated 

SWNTs have also been identified with TG-MS, respectively. Before TG-MS 

analysis, the functionalized SWNTs were heated at 200 ºC for 12 h in order to 

remove any residual solvents and other reagents. While no mass loss was 

observed for pristine SWNTs, the decomposition of all modified SWNTs was 

observed as three overlapping steps at 350, 500 and 600 ºC. The maximum 

decomposition rates of all products were at around 350 ºC. Hydrogen gas evolved 

at around 500 ºC in all functionalized SWNTs which indicated a competing 

hydrogenation of SWNTs during the alkylation or arylation [199]. Despite 

preheating, methylated SWNTs contained some residual diethyl ether which was 

the solvent for methyl iodide. However, diethyl ether evolved at a high 

temperature around 300–400 ºC indicating strong interaction with SWNTs. 

Methane of the methylated SWNTs evolved in two steps at 350 ºC and 600 ºC. 

Methane evolving at the lower temperature was likely to originate from methane 

functionalities attached to the SWNT surface. The methane evolution at 600 ºC 

was also observed with hydrogenated SWNTs and may have been due to the 

decomposition of CH groups on the SWNT surface [198]. According to the TG-

MS studies, the methylation of SWNTs was more successful than butylation and 

benzylation, the reactivity of benzyl bromide being the weakest (Table 1) [199]. 

TGA has been used in the evaluation of the effect of a halide on the 

functionalization. For instance, butyl groups of butyl functionalized SWNTs 

preprared by using butyl bromide released at around 200 ºC. A larger amount of 

butyl groups evolved from SWNTs yielded from the reaction using butyl iodide. 

This can be explained by the fact, that iodine is a better leaving group than 

bromine. TGA has also been used in the evaluation of the effect of the structure of 

the attached group to the reaction. The larger the attached group was, lower its 

content was (Table 2) [201].  
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Table 1. Stoichiometry CnR of functionalized SWNTs evaluated by TG-MS. Mass 

spectrometer was calibrated with TiH2 to avoid overestimation of the functional 

groups [199]. 

R  CnR 

  

 
C16R 

 

C56R 

 

C91R 

Table 2. Stoichiometry of the functional groups (CnR) of alkylated SWNTs evaluated by 

TG-MS. R is the attached group and R-X is the corresponding alkyl halide [201]. 

R R-X CnR 

   

 

1-Iodododecane C20R 

 

1-Iodobutane C17R 

 

1-Bromobutane C25R 

 

2-Iodobutane C26R 

 

2-(3-Iodopropoxy)oxane C35R 

 

2-Iodoacetamide C28R 

The effect of aryl substituents on the functionalization of SWNTs has also been 

elucidated by TGA. According to TGA, the functionalization of SWNTs was 

more successful with aryl groups containing an electron donating group, such as 

amino and tert-butyl groups, than an electron-withdrawing group, such as the 

carboxyl group (Table 3) [187]. 

TGA is a valuable method to detect unwanted effects of functionalization 

procedures, such as the ineffective removal of solvents or reagents or side 
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reactions. For instance, CNTs were treated in ethyldiamine in an attempt to attach 

hydrogen atoms to the tube surface. However, nitrogen containing gases were 

detected along with the gases related to hydrogenation, which could indicate that 

the CNT material contained nitrogen containing impurities, such as residual 

ethyldiamine, or CNTs were functionalized with nitrogen containing groups 

[203,207]. 

Table 3. Stoichiometry (CnR) of arylated SWNTs evaluated by TG-MS under argon 

[187]. 

R  CnR 

  

 

C21R 

 

C16R 

 

C15R 

 

C32R 

 

C54R 

3.4 Electron microscopy 

The development of the electron microscope has enabled magnification above 50 

million times and an atomic resolution below 50 pm [4,255,256]. Transmission 

electron microscopy has made it possible to observe CNTs and their atoms, which 

are too small to be seen with an optical microscope [13]. TEM is based on the use 

of an electron beam, which is transmitted through a thin sample. The thickness of 

the sample has to be in tens or 100 of nanometers to enable detection of the 

transmitted electrons. A high vacuum is also required to avoid electron scattering 

from molecules in air. The electron beam interacts with the sample as it passes 
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through and an image is formed from the interaction of the transmitted electrons. 

The image is then magnified and focused onto an imaging device, such as a 

fluorescent screen, or it can be detected by a camera. 

TEM is generally used as a tool to evaluate the purity of a CNT material. 

Amorphous carbon and catalytic particle impurities appear in TEM images as 

grey matter and black spots, respectively [13,14]. The length and diameter of 

individual tubes and tube bundles can be evaluated by TEM to see for instance if 

the chemical treatment has cut or isolated the CNTs [12–14,70]. By using a high 

resolution TEM the tube surface morphology can be closely studied to see if the 

treatment has altered or damaged the surface structure or if the tubes are coated 

with a substance. EFTEM is based on the use of electrons of particular kinetic 

energies to form the image, which enables an increase of contrast in TEM images. 

Determination of the nature of bonding between the surrounding material and 

CNTs and the chemical structure of the substance can be done by Raman 

spectroscopy, FTIR spectroscopy, XPS and other methods. 

As an interesting example for the analysis of functionalized CNTs, TEM 

images of hydrogenated SWNTs can be discussed. Images showed disorder in the 

initially straight tube surface which was seen as a waving of the nanotube surface. 

Interestingly, TEM images of MWNTs showed waving of all concentric tubes 

suggesting that hydrogen was attached not only to the outermost surface of the 

MWNT but to the inner tubes, too. This waving was likely caused by lengthening 

of bonds when hydrogen atoms attached to the nanotubes surface and changed the 

hybridization of carbon atoms from sp2 to sp3 [198]. 

HRTEM images of dodecylated SWNTs have showed a band-like twisted 

morphology around SWNTs which originated presumably from dodecyl 

molecules [201]. 

A confined way of functionalized CNTs with hexanoic acid groups has been 

visually shown by TEM [248]. SWNTs decorated with Co3O4 exhibited a bead-

on-string architecture [194]. CuO-functionalized SWNTs showed a starlike 

necklace architecture [209]. 

3.5 Scanning probe microscopy 

Whereas TEM gives 2-dimensional images, a scanning probe microscope can be 

used to gain 3-dimensional images of CNTs. In scanning probe microscopy, such 

as scanning tunnelling microscopy or atomic force microscopy, the sample 

surface is imaged using a physical probe that scans across the sample. Scanning 
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tunnelling microscopy, which is based on the measurement of a small tunnelling 

current between the probe and the sample, has been used mostly in the early 

studies of the atomic structure of CNTs [30]. Atomic force microscope [3] 

consists of a cantilever with a sharp tip i.e. the probe at its end used to scan the 

sample surface. The radius of curvature of the tip is in nanometers. When the tip 

is brought close to the sample surface, the forces between the tip and the sample 

makes the cantilever deflect. The deflection of the cantilever is then detected. 

AFM can operate in air at a standard temperature and pressure or even in a liquid, 

which has enabled the imaging of CNTs dispersed in a solvent. AFM can be used 

to image bulky sample, for instance CNT containing composite materials. 

However, as a tool to analyse CNTs, TEM has out ruled scanning probe 

microscopy, since by using the latter the acquisition of images is slow and the 

sample sizes small due to the scanning process. Furthermore, the resolution and 

accuracy of the scanning probe microscopy image is sensitive to various issues, 

such as the vibration and drift of the sample and the size, shape and other 

properties of the scanning tip. 
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4 Strategy for the functionalization of single-
walled carbon nanotubes 

4.1.1 On the choose of carbon nanotube material 

In this work the chemical modification of particularly single-walled carbon 

nanotubes was investigated. SWNTs have smaller diameter than MWNTs and are 

therefore expected to be more reactive. The plan was to investigate the 

functionalization of SWNTs in the form they were received from the 

manufacturer without further purification. 

The so-called P2-SWNTs chosen for this study were manufactured by the arc 

discharge method and purified by the manufacturer leading to a high purity (> 

90%, with metal content of 4–8%) and low functionalization with acyl or other 

groups [257]. Residual metal impurities and mainly amorphous carbon were 

detected in EFTEM images and FTIR and Raman spectra of P2-SWNTs during 

this study. Occasionally weak signals related to COOH-groups were also 

observed in FTIR. Amorphous carbon can lead to the misinterpretation of results, 

since the evaluation of the success of functionalization is primarily based on the 

growth of the D-band in the Raman spectrum which also relates to the presence of 

amorphous carbon. Like most commercial SWNT materials, P2-SWNT was a 

mixture of various structures and in general, the ratio between metallic and 

semiconducting SWNTs was 1:2. 

SWNTs prepared by the HiPco method were also considered as a potential 

material for this work since they have a smaller average diameter (0.8–1.2 nm) 

than P2-SWNTs and a lower amorphous carbon content. Furthermore, their 

functionalization by the Birch reduction has been previously studied [196,201–

202]. However, HiPco SWNTs contain 15–35% of iron left from the synthesis. 

Iron compounds, such as iron oxide, catalyzes an otherwise slow decomposition 

of the metal-ammonia solution to metal amide (M+NH2
−) and hydrogen gas. 

Hence, the metal is consumed and so interferes with the functionalization reaction 

of SWNTs in Birch reduction conditions (Equation 5). In regard to the iron 

impurities, for instance, the use of instruments, such as spatulas, made of steel 

was avoided. 

 2 2 → 2   (5) 
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4.1.2 Functionalization in liquid ammonia 

The Birch reduction, alkylation and arylation of carbon nanotubes have been 

performed in various ways as discussed in Chapter 2.3. In this research, a one-pot 

Birch reduction procedure was used to limit the access of oxygen and moisture to 

the reaction flask, to prevent the leakage of ammonia gas into the air and to 

minimize the loss of reagents, especially SWNTs which were used in small 

quantities. 

In order to choose the concentration of SWNTs in NH3 and the amount of Li 

and aryl halide, existing literature was studied. The concentration of carbon 

nanotubes in NH3 had been as high as 150–200 mg / 20 mL [198,199] but also 

much lower (20 mg / 60 ml [187,201,205] or 30 mg / 100 ml [200]). In this study, 

it was assumed that the appropriate concentration of SWNTs in liquid ammonia 

was approximately 50 mg / 100 ml. 

The amount of Li had varied from less than 1 equiv. [198,200] to 5 equiv. 

[205] or to a larger excess (10.8 equiv. [187] or 20.6 equiv. [201]) in relation to 

the amount of carbon atoms in SWNTs. In this study 10 equiv. of Li was used in 

order to have a sufficient amount of electrons present in the solution to react with 

SWNTs. Furthermore, possible residual water or oxygen was assumed to react 

with the excess Li. 

The amount of aryl or alkyl halide had varied from less than 1 equiv. [188] to 

4 equiv. [187,201,205] or large excess (20 equiv.) in relation to the amount of 

carbon atoms in SWNTs [199,202]. In this study, 4 equiv. of aryl halide was used 

to ensure a sufficient amount of aryl halide molecules in the reaction mixture. The 

use of a larger excess of an aryl halide was found impractical, because of its 

difficult removal from the product. 

Hydrogenation of single-walled carbon nanotubes was performed by the 

typical arylation procedure without the addition of the arylating reagent. 

Methanol had been generally used in the quenching of the reaction and as the 

electrophile in the hydrogenation of carbon nanotubes [198,201]. However, 

ethanol was chosen in this study, because it is less toxic [187,200,202]. 

4.1.3 Functionalization in diglyme 

Besides liquid ammonia, alkali metal reductions can be performed by using amine 

or ethereal solvents, which can chelate the Li+, Na+ and K+ cations and this way 

leave the anionic carbon nanotubes active for further reactions. Tetrahydrofuran 
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has been often used in ammonia-free alkali metal reduction of carbon nanotubes 

[210,240–243]. Reactions using THF as a solvent can be performed conveniently 

even at room temperature. However, THF is a highly flammable solvent with a 

low boiling point (66 ºC). Furthermore, ethylenediamine has been used as a 

solvent but its use can lead to complications, namely the inefficient removal of 

the amine or functionalization of CNTs with nitrogen containing groups 

[150,249]. 

Glycol ethers, generally called glymes, are known to solvate alkali metal and 

other small cations. Glymes have been used as solvents in alkali metal reductions, 

such as the etching of fluoropolymers with alkali metal reductants [258] or in the 

synthesis of gold nanoparticles [259]. The simplest glyme, 1,2-dimethoxyethane 

(monoglyme), has a good affinity to sodium and can be easily complexed with the 

complex of sodium and naphthalene. Monoglyme also dissolves the complex of 

sodium and naphthalene well. However, it has a low flash point (-2 ºC), it is 

unstable at temperatures above 0 ºC and reacts with sodium resulting in the 

formation of methyl vinyl ether. 

Diglyme was chosen in this study, since it has a high boiling point (162 °C) 

and flash point (57 ºC) together with an excellent stability in a wide pH range, 

which enables the functionalization of carbon nanotubes in a wide temperature 

range. In addition, it allows a relatively easy and safe separation of diglyme and 

diglyme-soluble impurities from the reaction mixture by filtration. It is also more 

stable than monoglyme in alkali metal reduction conditions. Diglyme has not 

been previously applied as a solvent in the alkali metal reduction of carbon 

nanotubes. It should be noted that diglyme like other ethers can form peroxides, 

which was taken into consideration when working with it. 

The application of diglyme as a solvent for the functionalization of SWNTs 

by alkali metal reduction was studied by the generation of the SWNT anion in 

various conditions and its reaction with ethanol or 2-propanol to yield 

hydrogenated SWNTs or with 4-iodobenzoic acid or 4-chlorobenzoic acid to yield 

arylated SWNTs. Functionalization with the 4-carboxyphenyl group was selected 

in this study, because it is a versatile way to improve their reactivity and solubility 

in various solvents, while the two halides were chosen to investigate the effect of 

the leaving group on the functionalization. Hydrogenation and the reaction of the 

SWNT anion with 4-iodobenzoic acid were performed in liquid ammonia in order 

to evaluate the effect of the solvent. 

THF and other ethereal solvents are less effective in the solvation of electrons 

than ammonia. Therefore, various compounds have been used to improve the 
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solvation of electrons in ammonia-free alkali metal reduction of carbon nanotubes 

[234,236,240]. 

In this study, naphthalene (56) or 1-tert-butyl-4-(4-tert-butylphenyl)benzene 

(57) was used to improve the solubility of alkali metals and solvation of electrons 

in diglyme. Naphthalene is the most common electron carrier compound used in 

the ammonia-free alkali metal reduction of SWNTs [210,241–243]. Because 1-

tert-butyl-4-(4-tert-butylphenyl)benzene is a better reductant [229] than 

naphthalene, it could be expected to lead to more functionalization than 

naphthalene [240]. 

The aromaticity of naphthalene makes its use in these reactions impractical, 

since it adsorbs on the carbon nanotube surface [244] and therefore, causes 

difficulties in its removal from SWNTs. It was assumed that 1-tert-butyl-4-(4-tert-

butylphenyl)benzene [239,240] would adsorb less than naphthalene to the SWNT 

surface due to the bulkiness caused by the tertiary butyl groups. The bulkiness 

was assumed to hamper the π-π interactions between the aromatic rings of 1-tert-

butyl-4-(4-tert-butylphenyl)benzene and SWNTs. Anyhow, it was expected that 

the removal of both electron carriers would be challenging due to their aromatic 

structure, naphthalene being more difficult to remove. For reference, the reactions 

were also performed without electron carrier. It was assumed that SWNTs 

themselves may act as electron carriers due to their aromatic structure. However, 

the success of functionalization was expected to significantly improve by the use 

of the electron carrier. 

The adsorption of naphthalene and other aromatic compounds can be used in 

advance, because they have been shown to improve the solubility of carbon 

nanotubes [244]. By enabling the reaction of the innermost tubes isolated from 

the bundles, the functionalization of SWNTs was expected to increase related to 

the functionalization without the electron carrier. 

Lithium [210,239,250] has been generally used in the functionalization of 

carbon nanotubes by ammonia-free alkali metal reduction but the reactions have 

also been performed using sodium [241,242] and potassium [243]. In this study, 

the reactions were performed by using lithium, sodium or potassium in order to 

investigate the dependence of the success of the functionalization of SWNTs on 

the alkali metal [228,245]. 

Stock solutions of alkali metal complexes of naphthalene or 1-tert-butyl-4-(4-

tert-butylphenyl)benzene may be prepared with a slight excess of alkali metal and 

used for several days if adequately protected. However, these reagents are highly 

sensitive to air and moisture. In this study, alkali metal complexes were prepared 
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in situ under a protective gas. Moreover, dry conditions were necessary to avoid 

the possible protonation of the nanotube salt before the addition of 4-iodobenzoic 

acid. Furthermore, alkali metals were used in excess (~10 equiv. related to the 

amount of carbon atoms in SWNTs) in case some residual water or oxygen was 

present in the reaction mixture. 

The concentration of SWNTs in diglyme and the amount of alkali metal and 

electrophile was the same as in the functionalization studies based on the use of 

liquid ammonia as a solvent. The amount of the electron carrier was optimized 

during the functionalization studies. 
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5 Results and discussion 

5.1 Generation of a single-walled carbon nanotube anion 

The functionalization of single-walled carbon nanotubes was performed in either 

anhydrous ammonia or diglyme in various conditions. The SWNT anions 

generated in the used reaction conditions are listed in Table 4 (Fig. 21). 

 

Fig. 21. Generation of a SWNT anion 48 in liquid ammonia (A) and a SWNT anion 50a–l 

in diglyme in various conditions (B). 
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Table 4. SWNT anions were generated in liquid ammonia or in diglyme by the use of 

Li, Na or K with or without an electron carrier, naphthalene (56) or 1-tert-butyl-4-(4-tert-

butylphenyl)benzene (57). 

SWNT anion Solvent M Electron carrier 

48 NH3 Li None 

    

50a Diglyme Li None 

50b Diglyme Li 56 

50c Diglyme Li 56 (1 equiv.) 

50d Diglyme Li 56 (10 equiv.) 

50e Diglyme Li 57 

    

50f Diglyme Na None 

50g Diglyme Na 56  

50h Diglyme Na 57 

    

50i Diglyme K None 

50j Diglyme K 56 

50k Diglyme K 57  

    

50l Diglyme (rt) Li None 

5.1.1 Generation in liquid ammonia 

In a typical reaction, single-walled carbon nanotubes were weighed in a 250 ml 3-

necked round-bottom flask. Ammonia was condensed over the SWNTs but they 

did not spontaneously disperse in the liquid ammonia. An excess of metallic 

lithium was added and a deep blue color appeared indicating the successful 

dissolution of electrons. The dark reaction mixture containing the SWNT anion 

48 was stirred at below -33 °C for an hour prior to the subsequent arylation (Fig. 

21A, Table 4). In the case of hydrogenation, the stirring was continued overnight 

at -33 ºC allowing ammonia to evaporate off. 

5.1.2 Generation in diglyme in various conditions 

In a typical reaction, anionic SWNTs (50b, 50e, 50g, 50h, 50j and 50k) were 

prepared by adding the electron carrier (5 equiv. of 56 or 1 equiv. of 57) to the 

mixture of anhydrous diglyme and SWNTs (Fig. 21B, Table 4). For reference, the 

reactions were also performed without the electron carrier yielding in SWNT 
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anion 50a, 50f and 50i. Subsequently an excess of freshly cut Li, Na or K was 

added. The mixture was allowed to reflux for 24 h prior to the reaction with 4-

iodobenzoic acid (51) or 4-chlorobenzoic acid (52), or 48 h prior to the 

hydrogenation with ethanol or 2-propanol. 

The generation of SWNT anion was considerably simplified by the 

replacement of liquid ammonia with diglyme, because the time-consuming and 

dangerous liquefaction and handling of anhydrous ammonia could be left out. 

The debundling of SWNTs was observed even in the absence of the electron 

carrier, because 50f and 50i formed a dark dispersion during the reflux. 

Furthermore, the refluxing of the mixture containing 50b–e, 50g, 50h, 50j or 50k 

led to the formation of a black dispersion. The debundling could be explained by 

the intercalation of the Na+ or K+ ions between the tubes and the electrostatic 

repulsion between the negatively charged SWNT anions [195,205,232]. 

Li, Na and K were insoluble in pure diglyme at room temperature. However, 

in boiling diglyme metallic Na and K were in a liquid form, which was assumed 

to enhance the reactivity of alkali metals and the mobility of electrons. Although 

the melting point of Li is higher than the boiling point of diglyme, Li particles 

were refined into small particles during the reflux. The use of a co-solvent was 

considered when the electron carrier was not applied, but it was found interesting 

to see, if any changes in the SWNT structure would be observed even without it. 

It was thought that the melting of an excess of alkali metal would enhance the 

mobility and the amount of electrons in the mixture and enable the radical 

reduction of SWNTs. As a proof of the solvation of electrons a green or turquoise 

color was observed around the melted alkali metal in the mixture containing 50f 

or 50i. 

The electron carrier (56 or 57), which readily dissolved in diglyme, was 

presumed to enhance the solubility of the alkali metal and the solvation of 

electrons. Indeed, the entire mixture turned green or turquoise by the addition of 

the alkali metal. The dissolution of Na and K and the color change were obtained 

already at room temperature in a mixture containing 5 equiv. of naphthalene or 1 

equiv. of 1-tert-butyl-4-(4-tert-butylphenyl)benzene. Although the change of 

color was not observed when Li was used with 1 or 5 equiv. of naphthalene, an 

increase of the amount of naphthalene to 10 equiv. resulted in a visible color 

change. In general, the dispersion of isolated SWNT anions was black or 

brownish black, which made the monitoring of color changes challenging. The 

color change might have been weak in the mixture containing a low concentration 

of the complex of Li and naphthalene and therefore, difficult to observe. The 
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color disappeared during the refluxing and the mixture retained its black color as 

the electron transfer ceased. 

5.2 Hydrogenation of single-walled carbon nanotubes 

Single-walled carbon nanotubes were hydrogenated by the reaction of the anionic 

SWNTs 48 or 50a–k with ethanol (EtOH) or 2-propanol (i-PrOH) and water (Fig. 

22, Table 5). Hydrogenation was performed in liquid ammonia or diglyme in 

order to compare the success of hydrogenation in diglyme to the conventional 

Birch reduction. Hydrogenation was performed in diglyme in various conditions 

in an attempt to optimize the reaction conditions.  

 

Fig. 22. Reaction of SWNT anion 48 or 50a–k with alcohol and water yielded in 

hydrogenated SWNTs 58 or 53a–k, respectively. 
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Table 5. Hydrogenated SWNTs were prepared in liquid ammonia by the conventional 

Birch reduction, or in diglyme by the use of Li, Na or K with or without an electron 

carrier, naphthalene (56) or 1-tert-butyl-4-(4-tert-butylphenyl)benzene (57). 

SWNTs M Electron carrier Alcohol 

58 Li NH3 (solvent) EtOH 

53a Li None EtOH 

53b Li 56 (5 equiv.) EtOH 

53c Li 56 (1 equiv.) EtOH 

53d Li 56 (10 equiv.) EtOH 

53e Li 57 EtOH 

53f Na None i-PrOH 

53g Na 56 (5 equiv.) i-PrOH 

53h Na 57  i-PrOH 

53i K None i-PrOH 

53j K 56 (5 equiv.) i-PrOH 

53k K 57 i-PrOH 

5.2.1 Hydrogenation in liquid ammonia 

After the evaporation of ammonia, the reaction mixture containing the anionic 

SWNTs 48 was cooled on an ice bath and ethanol and water were slowly added 

(Chapter 5.1.1). H2(g), EtOLi and LiOH formed in the reaction between ethanol 

and Li. The mixture was acidified with HCl. SWNTs were then filtered, and 

purified by washing several times with ethanol, toluene, acetone, ethyl acetate 

and/or dichloromethane and repetitive sonication in order to facilitate the removal 

of impurities. Finally, hydrogenated SWNTs 58 were dried in a vacuum (Fig. 

22A, Table 5). 

Raman spectroscopic analysis 

A weak D-band was observed in the spectrum of pristine SWNTs originating from 

defect sites in the nanotube structure (Fig. 23, bottom). The starting material may 

also have contained amorphous carbon. 

An increase of the intensity of D-band related to the intensity of G-band 

(ID/IG) was interpreted as a proof of the covalent bonding between carbon 

nanotubes and functional groups [254]. The intensities of the bands were 

evaluated by their heights. Approximately, a 7-fold growth in the ID/IG ratio of 

hydrogenated SWNTs 58 compared to pristine SWNTs was observed in the 
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Raman Spectrum, which suggested that the structure of SWNTs was altered due 

to hydrogenation (Fig. 23, Table 6).  

 

Fig. 23. Compared to pristine SWNTs (bottom) a growth of the D-band could be 

observed in the Raman spectrum of hydrogenated SWNTs 58 obtained by 

conventional Birch reduction. 

Table 6. Ratio R between the ratio of the intensities of the D-band and G-band (ID/IG) in 

the Raman spectrum of hydrogenated SWNTs 58 and pristine SWNTs showed that the 

conventional Birch reduction resulted in a 6.94-fold growth of the ID/IG ratio. (R = 

(ID/IG)FUNCT/(ID/IG)PRISTINE) 

SWNTs ID/IG R 

Pristine SWNTs 0.02052  

58 0.14234 6.94 

Fourier-transform infrared spectroscopic analysis 

A signal of OH stretching at around 3400 cm-1 could be observed in the IR 

spectrum of pristine SWNTs, which suggested the presence of residual water (Fig. 

24) [260]. KBr powder in addition to pristine and all modified CNTs were dried 

in a vacuum before IR measurements were performed in dry conditions or in a 

vacuum. The humidity of KBr should not be visible in the FTIR spectra of 
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SWNTs, due to the subtraction of the KBr baseline. However, even a trace of 

humidity can be seen in the spectrum, because the intensities of bands of SWNTs 

and functional groups are low.  

 

Fig. 24. Differences could be observed in the FTIR spectrum of pristine SWNTs 

(bottom) and hydrogenated SWNTs 58. 

Despite the purification conducted by the manufacturer, residual amorphous 

carbon could be detected in the FTIR spectrum by multiple bands at 2910-2930 

cm-1 corresponding to the C-H stretching of CH2- and CH3-species. In addition, 

the signal at around 1400 cm-1 can be assigned to C-H bonds in the saturated and 

unsaturated aliphatic species of amorphous carbon (Fig. 24). 

The purification based on the acid treatment can damage the nanotube 

structure and lead to the attachment of oxygen containing groups to the defect 

sites along the nanotube sides and ends. The signal at 1050–1070 cm-1 in the 

spectrum of pristine SWNTs can correlate C-O stretching of ethers, esters, 

alcohols and phenols (Fig. 24). Occasionally, very weak signals at around 1730 

cm-1 and 1200 cm-1 could be observed in pristine SWNTs, suggesting that the 

material contained some carboxyl groups. However, in general, there were no 

signals around 1650–1900 or 1200 cm-1. 
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Although oxygen containing and other functional groups have vibrations at 

around 1650–1000 cm-1, for instance, signals at around 1620–1660 cm-1 and 540–

1300 cm-1 can also correlate to C=C stretching of an aromatic ring of carbon 

nanotubes [261,264,269]. Moreover, the signal at 1050–1160 cm-1 can be 

assigned to aromatic or aliphatic C-H bonds [261] of carbon nanotubes, or 

amorphous carbon. Furthermore, the signals at around 900 cm-1, 800 cm-1, 550–

600 cm-1 and 460 cm-1 can be assigned to the vibrational modes of C=C bonds of 

pristine SWNTs ( Fig. 24) [174,261–264]. 

The signal at around 3100-3600 cm-1 changed due to hydrogenation (Fig. 24), 

such that it significantly widened towards lower wave numbers and had a doublet-

like feature. The peak assigned to C-H stretching at around 2900 cm-1 shifted to 

higher wavenumbers and merged with the signal at 3100–3600 cm-1. Aromatic  

C-H species are active at higher wave numbers than saturated aliphatic C-H 

[260]. The upshift of the C-H signal in the spectrum of hydrogenated SWNTs 

indicated that hydrogenation of SWNTs occurred when alcohol and water were 

added [150,198]. A signal assigned to the backbone of SWNTs at around 1410–

1450 cm-1 increased dramatically with hydrogenated SWNTs and it was 

accompanied by a slight downshifting of the peak (Fig. 24). This suggested that 

hydrogenation occurred and the SWNT structure dramatically changed. Because 

the signal could also be assigned to the scissoring of the C-H species in alkanes, 

the destruction of the SWNT structure might have occurred leading to the 

formation of amorphous carbon, too. Finally, the spectrum of hydrogenated 

SWNTs showed a dramatic diminishing of the signal at 1060 cm-1, which could 

be assigned to the SWNT structure, or the C-O stretching characteristic of 

alcohols and ethers (Fig. 24). 

Thermogravimetric analysis 

Pyrolysis of pristine SWNTs at 30–800 ºC in a N2 atmosphere resulted in a 

gradual evolution of residual water at around 100 ºC. The mass losses at around 

350 ºC and above 600 ºC were presumably the cause of degradation of 

carbonaceous impurities, such as amorphous carbon. The total mass loss of 

pristine SWNTs was 10.2% (Fig. 25, Table 7). 

Hydrogenated SWNTs 58 contained about 10% of humidity, which evolved at 

100 ºC. Pyrolysis of hydrogenated SWNTs has been shown to lead to the 

evolution of hydrogen at 400–800 °C and methane at 400–600 °C, which 
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originated from the fragmentation of hydrogenated nanotubes, and methanol, 

which was used as the hydrogenating reagent, at a low temperature range up to 

450 °C [198]. In this study, the pyrolysis of 58 led to major mass loss at around 

200–250 °C, which could be residual ethanol, and a smaller mass loss at around 

400–500 °C, which could be assigned to hydrogen and methane originating from 

the decomposition of hydrogenated SWNTs [198]. The amount of hydrogen could 

not be truly quantified, because the pyrolysis gases were not characterized with 

mass spectroscopy (MS) or FTIR spectroscopy. However, by the deduction of 

humidy and ethanol from the total mass loss of 58, the amount of fragments of 

hydrogenated SWNTs could be evaluated to be approximately 5%, which was 

comparable with literature (Fig. 25) [198]. 

Fig. 25. TGA gram of hydrogenated SWNTs 58 showed an increased mass loss 

compared to pristine SWNTs during pyrolysis in a N2 atmosphere at 30–800 ºC. 

Table 7. Mass loss (%) of hydrogenated SWNTs 58 was higher than the mass loss of 

pristine SWNTs. 

SWNTs Solvent Metal Total mass loss, % 

Pristine SWNTs   10.2 

    

58 NH3(l) Li 29.2 
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5.2.2 Hydrogenation in diglyme 

After the reflux for 48 h, the reaction mixture containing the anionic SWNTs 

50a–k was cooled on an ice bath followed by the slow addition of ethanol or 2-

propanol and water (Chapter 5.1.2). Reactions of Li, Na and K with the alcohol 

were quite mild, but the reaction of Na and K with water was vigorous leading to 

bubbling with the evolution of H2. The mixture was acidified with HCl. 

Hydrogenated SWNTs (53a–k) were isolated and purified by filtration, washing 

with ethanol, water and toluene, and repetitive sonication in ethanol until the 

initially brownish or yellow filtrate became colorless and clear, which indicated 

that the impurities had been removed. Finally, hydrogenated SWNTs (53a–k) 

were dried in a vacuum (Fig. 22B, Table 5). 

The amount of naphthalene (56) used in literature varied from one equiv. 

[210] or less [242,243] to a large excess related to SWNTs [199]. However, it has 

been suggested that the increase of the amount of naphthalene does not 

necessarily lead to a higher functionalization [240]. In an attempt to determine the 

appropriate amount of 56, the hydrogenation of SWNT anions 50b–d was 

performed (Table 4, Table 5). The green color, which indicated the solvation of 

electrons, could only be observed with 10 equiv. of 56. The color change may 

have also occurred in the mixture containing less 56 but remained undetected due 

to the dark color of the CNT dispersion. As the amount of 56 was increased, the 

purification of SWNTs became more difficult. The increase of the intensity of the 

D-band in the Raman spectrum of SWNTs along with visual observation of the 

color changes were used in evaluating the sufficient amount of 56 required. 

The amount of 1-tert-butyl-4-(4-tert-butylphenyl)benzene (57) was chosen in 

regard to literature [226,239] and the experience gained by using naphthalene 

(56). 

Raman spectroscopic analysis 

The reaction of SWNT anions 50a–k with alcohol resulted in either no growth or 

moderate growth of the ID/IG ratio in the Raman spectrum of 53a–k compared to 

pristine SWNTs (Fig. 26, Table 4, Table 8). The lack of proper changes of the 

ID/IG ratio suggested that the hydrogenation did not proceed well in diglyme. 

However, slight differences were observed in the growth of the ID/IG ratio in 

relation to the alkali metal and electron carrier. 
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Fig. 26. A slight growth of the D-band at 1350 cm-1 could be observed in the 

normalized Raman spectrum of hydrogenated SWNTs 53e compared to pristine 

SWNTs (bottom). Raman spectra of 53a–53d and 53f–53k were similar with 53e, but the 

D-band was smaller. 

Table 8. Ratio R between the ratio of the intensities of the D-band and G-band (ID/IG) in 

the Raman spectrum of hydrogenated SWNTs 53a–53k and pristine SWNTs showed 

that hydrogenation in diglyme resulted in a small growth of the D-band, which varied 

by the reaction conditions. In addition, an upshift of the RBM band occurred due to 

hydrogenation. (R = (ID/IG)FUNCT/(ID/IG)PRISTINE) 

SWNTs M Electron carrier RBM shift, cm-1 ID/IG R 

Pristine SWNTs    0.02052  

      

53a Li None 4 0.01949 0.95 

53b Li 56 (5 equiv.) 1 0.02551 1.24 

53c Li 56 (1 equiv.) 2 0.01982 0.97 

53d Li 56 (10 equiv.) 2 0.03349 1.63 

53e Li 57 2 0.04391 2.14 

      

53f Na None 3 0.02650 1.29 

53g Na 56 (5 equiv.) 1 0.02214 1.08 

53h Na 57  3 0.02467 1.20 

      

53i K None 3 0.02431 1.18 

53j K 56 (5 equiv.) 4 0.02280 1.11 

53k K 57  3 0.02859 1.39 
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The D-band did not grow in the spectrum of 53a related to pristine SWNTs, 

which suggested that the SWNT anion 50a generated with metallic Li did not 

react with ethanol (Table 8, Fig. 27A). However, a small growth of the ID/IG ratio 

was obtained without the electron carrier if Na or K was used in the generation of 

SWNT anion 50f and 50g, respectively (Table 8 and Fig. 27A, SWNTs 53f and 

53i, respectively). This indicated that hydrogenation was possible even without an 

additional electron carrier. 

An enhanced hydrogenation could be expected by the use of an electron 

carrier. Similarly as without an electron carrier (Table 8 and Fig. 27A, SWNTs 

53a), the use of 1 equiv. of naphthalene (56) with Li did not induce a growth of 

the D-band (Table 8 and Fig. 27A, SWNTs 53c). Although, it has been suggested 

that the increase of the amount of naphthalene (56) does not necessarily enhance 

the functionalization [240], in this work the magnitude of the ID/IG ratio grew as 

the amount of naphthalene increased (Table 8 and Fig. 27A, SWNTs 53b and 

53d). It could be concluded that an excess amount of 56 was needed for the 

improvement of the hydrogenation of SWNTs. Although the highest ID/IG ratio 

and a visual color change in the reaction mixture was obtained by using 10 equiv. 

of 56, 5 equiv. of 56 was thought to be sufficient for further functionalizations 

performed in this work, because the removal of 56 from the SWNTs 53b–d 

became increasingly challenging based on the handling and EFTEM imaging of 

SWNTs. 

The ID/IG ratio was lower when Na or K was used with 56 than without an 

electron carrier (Table 8, Fig. 27B and C, SWNTs 53f, 53g, 53i and 53j). This 

indicated that the use of 56 with Na or K hampered the hydrogenation of carbon 

nanotubes. 

The alkali metal complexes of 1-tert-butyl-4-(4-tert-butylphenyl)benzene 

(57) were expected to be better reductants than the complexes of 56, while a 

lower amount than 5 equiv. was assumed to be sufficient for the enhancement of 

hydrogenation. [229,230] Similarly as with 5 equiv. of 56, difficulties could be 

expected in the removal of 57 due to its aromatic structure. Therefore, it was 

decided to use 1 equiv. of 57. As a demonstration of the superiority of 57 a more 

intensive growth of the ID/IG ratio was obtained with 1 equiv. of 57 than with 1-10 

equiv. of 56 (Table 8, Fig. 27). [229,240]  

Similarly, as was observed with naphthalene (56), the use of 1-tert-butyl-4-

(4-tert-butylphenyl)benzene (57) did not straightforwardly increase the D-band 

growth. Although, the ID/IG ratio was higher when Li or K was used with 57 than 

without an electron carrier (Table 8, Fig. 27A and C, SWNTs 53e and 53k), a 
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lower ID/IG ratio was obtained when Na was used with 57 than without an electron 

carrier (Fig. 27B). It could be concluded that the use of 57 with Na hampered the 

hydrogenation of carbon nanotubes.  

Fig. 27. Higher ID/IG ratio was obtained with electron carrier 57 than with 56 when A) Li, 

B) Na or C) K was used as an alkali metal in the hydrogenation of SWNTs in diglyme. 

However, the electron carrier did not straightforwardly increase the ID/IG ratio of 

SWNTs compared to the absence of an electron carrier. 

Without electron carrier the ID/IG ratio followed a trend Li < K < Na, which 

indicated that the success of the hydrogenation was inversely dependent on the 
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reduction potential of the alkali metal (Table 8 and Fig. 28 A, SWNTs 53a, 53f 

and 53i) [237]. However, by the use of electron carrier 56 or 57 the ID/IG ratio 

followed a faint trend concerning the alkali metal: Na < K < Li (Table 8 and Fig. 

28B and C, SWNTs 53b, 53e, 53g, 53h, 53j and 53k). 

Fig. 28. The ID/IG ratio in the Raman spectrum of pristine SWNTs and hydrogenated 

SWNTs 53a–53k in relation to the used alkali metal (Li, Na or K) when an electron 

carrier was A) not used, B) naphthalene (56) or C) 1-tert-butyl-4-(4-tert-

butylphenyl)benzene (57) for the hydrogenation of SWNTs in diglyme. When an 

electron carrier was used, the highest ID/IG ratio was obtained with Li (B and C). When 

an electron carrier was not used, the highest ID/IG ratio was obtained with Na (A). 

0,020

0,025

0,030

0,035

0,040

0,045

0,050  Li

(53e)

 K

(53k)

ID/IG

(Pristine
SWNTs)

Na

(53h)

ID/IG

0,020

0,022

0,024

0,026

 Li

(53b)

 K

(53j)

(Pristine
SWNTs)

Na

(53g)

0,018

0,020

0,022

0,024

0,026

0,028

ID/IG

(Pristine
SWNTs)

  Li

 (53a)

  K
       
(53i)

 Na

(53f)

A

B

C



95 

Overall, the most significant growth of the ID/IG ratio was observed in the Raman 

spectrum of 53e (Table 8). This suggested that SWNT anion 50e generated with 

Li and 57 was the most reactive in the hydrogenation (Table 4). 

Some consideration was also given to the location of the RBM signal at 

around 150–200 cm-1. However, a complete characterization of the diameter or 

chirality distribution of the sample could not be done, because at the excitation 

wavelength 488 nm the RBM signal of P2-SWNTs was a singlet. Furthermore, 

hydrogenation caused an upshift of the RBM peak (Table 8). The upshift may 

indicate the increased bundling of the tubes or changes in the SWNT structure 

[252,253,265]. 

Fourier-transform infrared spectroscopic analysis 

The growth of the C-H signal at around 2920 cm-1 [241], the diminishing and 

down-shift of the signal at around 1650 cm-1, the appearance of an asymmetric 

doublet with a sharp maximum at 1385 cm-1 and a signal at 1380–1500 cm-1, and 

the intensification of the signals at 800 cm-1, 600 cm-1 and 470 cm-1 in the IR-

spectrum of 53a indicated that the SWNT structure altered due to hydrogenation 

with metallic Li without an electron carrier although it could not be shown by 

Raman spectroscopy (Fig. 29). 

The slight growth of the signal at 2920 cm-1, the diminishing and down-shift 

of the signal at 1650 cm-1, the intensification of the signals at 1430–1440 cm-1 and 

800 cm-1, and the change of the shape of the signal at 1060 cm-1 to a saw-like 

feature in the spectrum of 53b–d suggested that changes occurred in the SWNT 

structure due to hydrogenation with Li and naphthalene (56) (Fig. 29).  

Indications on the alteration of the SWNT structure due to hydrogenation 

with Li and 1-tert-butyl-4-(4-tert-butylphenyl)benzene (57) were given by the 

change of the C-H signal at around 2850–2950 cm-1 into a triplet and the 

intensification of the signals at around 500–600 cm-1 and 800 cm-1 in the IR 

spectrum of 53e (Fig. 29). 

The signal at around 2920 cm-1 intensified, the signal at 1630 cm-1 shifted 

towards lower wavenumbers, the signal at around 1400 cm-1 changed into an 

asymmetric doublet with a sharp maximum at 1385 cm-1 and the signal at 800 cm-

1 intensified in the spectrum of 53f suggesting that the structure of the tubes was 

altered by the hydrogenation by the use of metallic Na (Fig. 29).  

The intensification of the signal at around 2920 cm-1 could be observed in the 

spectrum of 53g suggesting that hydrogenation occurred by the use of Na and 56 



96 

(Fig. 29). In addition, the signal at 1630 cm-1 shifted towards lower wavenumbers, 

and the singlet signal at around 1400 cm-1 intensified, which could correlate to 

changes in the SWNT structure or the presence of residual naphthalene (Fig. 29).  

Fig. 29. Differences could be observed in the FTIR spectra of pristine SWNTs and 

hydrogenated SWNTs 53a, 53b and 53e–53k. Spectra of 53c and 53d were excluded 

due to their resemblance with the spectrum of 53b. 

Interestingly, the signal at around 2920 cm-1 diminished in the spectrum of 53h, 

which yielded from hydrogenation using Na and 1-tert-butyl-4-(4-tert-

butylphenyl)benzene (57) (Fig. 29). Because the signal can correlate to 

amorphous carbon, 53h may have contained less amorphous carbon than pristine 

SWNTs. The signal at 1630 cm-1 shifted towards lower wavenumbers, the signal 

at 1060 cm-1 diminished and turned into a doublet, while the signals below 700 

cm-1 intensified, which suggested an alteration of the SWNT structure (Fig. 29). 
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The signal at 2920 cm-1 turned into a triplet in the spectrum of 53i, which 

suggested that the hydrogenation took place with metallic K (Fig. 29). The signal 

at 1630 cm-1 diminished, an asymmetric doublet with a sharp maximum at 1385 

cm-1 appeared and the signals at 800 cm-1 and below 700 cm-1 intensified, which 

indicated that the SWNT structure altered (Fig. 29).  

Some increase in the intensity of the signal at 2920 cm-1 was observed in the 

IR-spectrum of 53j, which suggested that the hydrogenation took place with K 

and naphthalene (56) (Fig. 29). The signals at 1630 cm-1 remained unchanged, but 

an asymmetric doublet with a sharp maximum at 1385 cm-1 appeared which could 

indicate the alteration of the SWNT structure (Fig. 29). 

In the spectrum of 53k obtained with K and 1-tert-butyl-4-(4-tert-

butylphenyl)benzene (57) the signals related to the SWNT structure diminished 

(Fig. 29). 

Fig. 30. Comparison of FTIR spectra of pristine SWNTs and hydrogenated SWNTs 

regarding the electron carrier, when the alkali metal was A) Li, B) Na or C) K; or 

regarding the alkali metal, when the electron carrier was D) not used, E) 56 

(naphthalene) or F) 57 (1-tert-butyl-4-(4-tert-butylphenyl)benzene). Spectra of 53c and 

53d were excluded due to their resemblance with the spectrum of 53b. 
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Regardless of the used reaction conditions, a weak shoulder of the peak at 1630 

cm-1 appeared at 1720–1730 cm-1 accompanied by a weak peak at around 1260 

cm-1 suggesting that oxidation occurred in addition to hydrogenation. 

Comparison of IR spectra of hydrogenated SWNTs in relation to the alkali 

metal (Li, Na or K) showed that the most intense IR signals were observed when 

an electron carrier was not used in the hydrogenation (Fig. 30A–C, SWNTs 53a, 

53f and 53i). A resemblance could be observed between the IR spectra of 

hydrogenated SWNTs 53a, 53f and 53i obtained without an electron carrier (Fig. 

30D). Similarly, the spectra of 53e, 53h and 53k obtained by the use of electron 

carrier 57 (Fig. 30F), or the spectra of 53b, 53g and 53j obtained by the use of 

electron carrier 56 (Fig. 30E) resembled each other. This indicated that the 

residual electron carrier might have hampered the monitoring of hydrogenation by 

FTIR spectroscopy. 

Thermogravimetric analysis 

Pyrolysis of hydrogenated SWNTs 53a at 30–800 ºC in an N2 atmosphere 

indicated that 53a contained about 5% of humidy, which evolved at around 100 

ºC. The main mass loss of 53a at 400-550 ºC could be assigned to hydrogen and 

methane originating from the decomposition of hydrogenated nanotubes (Table 9, 

Fig. 31) [198]. 

Table 9. Mass loss (%) of hydrogenated SWNTs 53a was higher than with pristine 

SWNTs. 

SWNTs Solvent Metal Mass loss, % 

Pristine SWNTs  None 10.2 

    

53a Diglyme Li 25.0 

By the deduction of the humidity from the total mass loss of 53a the amount of 

hydrogen and methane could be evaluated to be approximately 20% (Table 9). 

TGA suggested that a higher amount of hydrogen and methane was obtained by 

the hydrogenation in diglyme than by the hydrogenation in liquid ammonia, 

which was in contrast with earlier studies related to the hydrogenation of graphite 

(Table 7) [199]. However, hydrogenation of SWNTs by a reaction with THF in the 

presence of Na and naphthalene has led to differences in the bonding of hydrogen 

atoms to the SWNT surface compared to the conventional Birch reduction, which 
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were detected by TG-FTIR as differences in the thermal stability of hydrogenated 

SWNTs [241]. Therefore, it is possible that hydrogen atoms were bonded to the 

surface of 53a differently than to the surface of 58. 

Fig. 31. TGA grams of hydrogenated SWNTs 53a showed an increased mass loss 

compared to pristine SWNTs during pyrolysis in an N2 atmosphere at 30–800 ºC. 

Dispersion studies 

The solubility of hydrogenated SWNTs (53j) was studied in water, ethanol 

(EtOH), methanol (MeOH), THF, DMF and dichloromethane (Table 10). 

Typically, 2.5 mg of the SWNT sample was added in 5 ml of solvent, which 

correlated to a maximum solubility of 0.5 mg/ml. Mechanical mixing and 

ultrasonic irritation (20 min) were used in order to facilitate the debundling of 

SWNTs. The stability of the dispersion was visually evaluated. The insoluble 

matter was separated by centrification (5000 rpm, 5 min) and 1 ml of the 

supernatant was then collected by pipetting. The appearance of the supernatant 

was evaluated in the course of one week. The solvent was evaporated off and the 

remaining content of the solubilized SWNTs was quantified by weighing the 

residual sample. 

It should be noted that the solubility was evaluated from a small amount of 

SWNTs and therefore, the measured value for solubility was approximate. 

According to EFTEM, the precipitates of supernatants contained SWNTs and 
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impurities, which were likely to distort the overall measurement of soluble 

SWNTs. Therefore, the visual observation of the color and stability of the 

dispersion was taken as the main indicator of the improvement in the solubility of 

SWNTs. 

Table 10. Solubilities of pristine SWNTs and hydrogenated SWNTs 53j in selected 

solvents. 

SWNTs Solvent Appearance of the 

supernatant 

Solubility (mg/ml) 

Pristine Water Clear and colorless 0 

EtOH Clear and colorless 0 

MeOH Clear and colorless 0 

DMF Black 0 

TFH Clear and colorless - 

Dichloromethane Clear and colorless - 

    

Hydrogenated SWNTs 

(53j) 

Water Light grey 0.2 

EtOH Dark grey 0.1 

MeOH Light grey 0.2 

DMF Dark grey 0.1 

TFH Grey - 

Dichloromethane Clear and colorless - 

Pristine SWNTs did not spontaneously disperse into the selected solvents. During 

sonication, pristine SWNTs quickly formed a black dispersion in all the selected 

solvents. Once the sonication ceased, the aggregation started in water, methanol, 

ethanol, THF and dichloromethane leading to clear and colorless supernatants. It 

has been previously demonstrated that SWNTs are able to form dispersions in 

DMF [266]. Here again, pristine SWNTs formed a stable, black dispersion in 

DMF, but large particles were visible. Once the solids were removed by 

centrifugation, the content of the solubilized pristine SWNTs in DMF was below 

0.1 mg/ml. This suggested that the solubility of SWNTs in DMF was poor and 

that the black color of the dispersion could be obtained by the homogeneous 

dispersion of a small amount of SWNTs. 

The mere mixing of hydrogenated SWNTs 53j in the solvents did not induce 

a black color, although in some samples small amount of SWNT particles were 

floating in the DMF, THF and dichloromethane. The dispersions were unstable 

and therefore, it was concluded that the chemical modification of SWNTs alone 

could not induce a spontaneous dispersion in the selected solvents. 
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Sonication enhanced the debundling of SWNTs, because during the 

sonication hydrogenated SWNTs 53j formed a black dispersion in water, ethanol, 

methanol and DMF. Black or grey dispersion was also observed during the 

sonication in THF or dichloromethane, but SWNTs aggregated soon after 

sonication had ceased leading to a clear and colorless or light grey dispersion. 

Therefore, it was concluded that the solubility of SWNT in THF or 

dichloromethane could not be improved by hydrogenation or functionalization 

with carboxyphenyl groups. 

Although SWNTs are non-polar, the solubility of hydrogenated SWNTs 

increased as the polarity of the solvent increased (water > methanol > ethanol). 

The dispersion of 53j in water or methanol was not stable. As soon as the 

ultrasonic activation ceased SWNTs began to aggregate. The color of the 

supernatant in water or methanol was light grey (Fig. 32 a) and c)). Due to the 

light color of the supernatant a low measured solubility was expected. However, 

the solubility of 53j in water and methanol was 0.2 mg/ml, which indicated that 

40% of the tubes were solubilized (Table 10). 

 

Fig. 32. Supernatant of pristine SWNTs (on the left) and hydrogenated SWNTs 53j in a) 

water, b) ethanol, c) methanol and d) DMF. 

When comparing the dispersion of hydrogenated SWNTs in water, methanol or 

ethanol, the aggregation of SWNTs was slower in ethanol than in water or 

methanol. The color of the ethanol supernatant was dark grey (Fig. 32 b)). 

Although the ethanol supernatant was darker than the water or methanol 
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supernatant, the ethanol solubility of 53j was estimated to be only 0.1 mg/ml, 

which meant that 20% of the tubes were solubilized (Table 20). 

In DMF, hydrogenated SWNTs formed a black dispersion, which was stable 

for at least a week (Fig. 32). The black dispersion of 53j resembled the dispersion 

of pristine SWNTs because both contained large particles. Some improvement in 

the solubility was observed by the hydrogenation because 20% (0.1 mg/ml) of 53j 

were solubilized in DMF (Table 10). 

In summary, the recorded solubility of 53j in water or methanol was higher 

than in ethanol and DMF (Table 10). However, the dispersion of 53j in water or 

methanol was merely light grey, whereas the dispersion was dark grey in ethanol 

and black in DMF (Fig. 32). 

The inverse correlation between the color of the supernatant and the weight 

of solubilized 53j in water, methanol, ethanol and DMF suggested that SWNTs 

were individually dispersed in DMF and ethanol more effectively than in 

methanol or water. It is possible that the hydrogenated SWNTs were able to stay 

between the water or methanol molecules even in large bundles due to hydrogen 

bonds with water and methanol molecules and therefore, the recorded content of 

solubilized SWNTs was higher than in reality. In addition, it should be noted that 

the functionalization might have altered the absorption of SWNTs, which could 

hamper the estimation of the solubility of SWNTs based on the color of the 

dispersion. 

Energy-filtered transmission electron microscopic analysis 

In order to evaluate the purity and structure of hydrogenated SWNTs, a thin layer 

of SWNT-networks was deposited on a shell-structured copper grid by 

mechanical brushing of solid SWNT powder and imaged with EFTEM. Various 

magnifications were used to gain an overall image of the materials. 

Pristine SWNTs existed in long bundles, which were smooth on the surface. 

Although the purification methods used by the manufacturer led to a high purity 

(> 90%, with metal content of 4–8%), amorphous carbon and metal catalyst 

residues were observed in the EFTEM images of pristine SWNT material as grey 

matter and black dots, respectively (Fig. 33). 
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Fig. 33. EFTEM images of pristine SWNTs. 

Hydrogenated SWNTs 53a, 53f and 53i obtained without an electron carrier 

resembled pristine SWNTs (Fig. 33) and contained amorphous carbon and metal 

particles. In addition, a film-like impurity was observed (Fig. 34). 

 

Fig. 34. EFTEM image of hydrogenated SWNTs 53a showed a film-like impurity. A 

similar impurity was observed with 53f and 53i. 

Hydrogenated SWNTs 53c, which were prepared with Li and 1 equiv. of 

naphthalene (56), resembled pristine SWNTs, but an increase of grey matter 

resembling amorphous carbon could be seen with EFTEM (Fig. 35). The grey 
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matter might have been residual 56. However, the use of 5 or 10 equiv. of 

naphthalene clearly increased the amount of impurities, which were observed by 

EFTEM as grey matter, film-like impurity, coating of SWNTs, which indicated an 

insufficient removal of 56, and large black dots along the SWNT surface in part 

of the sample of 53b and 53d, respectively (Fig. 36, Fig. 37, Fig. 38). Dots were 

also observed along the surface of hydrogenated SWNTs 53g in part of the 

sample, but otherwise the material was similar to pristine SWNTs (Table 5). Dots 

or coating were not observed with 53j. 

 

Fig. 35. EFTEM image of hydrogenated SWNTs 53c showed some increase in 

impurities. 

Fig. 36. EFTEM image of 53b shows coating of SWNTs. Similar coating was observed 

with 53d. 
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Fig. 37. EFTEM image of 53d shows a film-like impurity. A similar impurity was 

observed with 53b, 53e, 53h and 53k. 

Fig. 38. EFTEM image of 53d shows black dots along the SWNT surface. Similar dots 

were observed with 53b and 53 g. 

SWNTs (53e, 53h and 53k) resulting from the hydrogenation using Li, Na or K 

and 1-tert-butyl-4-(4-tert-butylphenyl)benzene (57) contained a slightly increased 

amount of grey impurities and some film-like impurity, which was presumably 

residual 57, but otherwise the material resembled pristine SWNTs (Fig. 39). Black 

dots characteristic to the functionalization based on the use of 56 were not 

observed. Therefore, it was possible that the black dots observed with 53b, 53d 

and 53g originated from the residual naphthalene, which had adsorbed on the 

SWNT surface as thick particles. 

EFTEM was utilized in the confirmation of soluble SWNTs by taking an 

EFTEM image from the residue of the supernatant after the evaporation of 
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solvents. EFTEM images of the precipitate, which was separated from the 

supernatant of hydrogenated SWNTs (53j) in DMF or ethanol, showed that the 

precipitate included SWNTs, but amorphous carbon and a film-like impurity was 

present, too. This indicated that although the solubility of SWNTs was truly 

improved, the measured solubility was probably distorted by the soluble 

impurities. Based on EFTEM analysis, it was found preferable to evaluate the 

solubility of SWNTs based on visual observation. 

 

Fig. 39. EFTEM images of 53e, 53h and 53k showed a) long nanotubes (53h), b) a film-

like impurity (53h) and c) an increase of impurity, which was observed as grey matter 

resembling amorphous carbon (53k). 

5.2.3 Conclusions 

Based on Raman spectroscopy more functionalization was obtained by 

hydrogenation in liquid ammonia than in boiling diglyme (Table 6, Table 8). 
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Raman and FTIR spectroscopy indicated at best, the hydrogenation of the anionic 

SWNTs 50a–k in diglyme resulted in a low amount of functionalization (Table 8). 

One explanation is that the alcohol was not electrophilic enough to react with the 

anionic SWNTs 50a–k [200]. The handling of negatively charged nanotubes at 

ambient conditions may oxidize the tubes leading to a low degree of 

hydrogenation [267]. It could be concluded that liquid ammonia was a better 

solvent for hydrogenation than boiling diglyme. 

FTIR spectroscopy indicated that oxidation occurred in addition to 

hydrogenation. Because Raman spectroscopy showed only small increase of sp3 

hybridization in the sp2 hybridized structure of SWNTs, it could be that 

hydrogenation and oxidation of defect sites or amorphous carbon occurred, too. 

Even though the success of hydrogenation was low in boiling diglyme, some 

differences were observed in relation to the alkali metal and electron carrier 

(Table 8). This indicated that the success of hydrogenation in diglyme could be 

altered by the method used for the generation of a SWNT anion. 

When an electron carrier was not used, the hydrogenation was successful 

with Na and K, whereas the reduction of SWNTs with Li did not lead to 

hydrogenation (Table 8). One explanation was that Li was in a solid state in 

boiling diglyme, which degreased the mobility of electrons and therefore, 

hampered the formation of the SWNT anion and the subsequent hydrogenation. It 

was also possible that the SWNT anion formed with Li was not nucleophilic 

enough to react with ethanol. An enhancement of hydrogenation could be 

expected by the increasing negative value of the reduction potential of the alkali 

metal, but in reverse, the hydrogenation became more successful in the order of 

Li < K < Na (Table 8). However, since hydrogenation occurred in some extent 

even without an electron carrier, it seemed possible that SWNTs themselves could 

act as an electron carrier. 

The electron carrier was expected to ease the generation of the SWNT anion 

by enhancing the mobility of electrons and therefore, make the hydrogenation 

more successful. However, based on Raman spectroscopic analysis the use of 

naphthalene (56) with Na or K led to a slightly lower success of functionalization 

that the use of metallic Na or K without an electron carrier (Table 8). It is possible 

that the Birch reduction of naphthalene itself competed with the hydrogenation of 

the tubes. In contrast, the use of 56 with Li enhanced the functionalization 

compared to the use of metallic Li without an electron carrier (Table 8). One 

explanation is that despite the competitive reaction of naphthalene with Li, the 
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solubility of Li was greatly improved by naphthalene, which enhanced the 

hydrogenation of SWNTs. 

It has been suggested that an increase in the amount of naphthalene (56) does 

not necessarily enhance the functionalization [240]. In this work, the magnitude 

of the ID/IG ratio grew as the amount of naphthalene increased (Table 8, SWNTs 

53b and 53d). It could be concluded that an excess amount of 56 was needed for 

the improvement of the dispersion of SWNTs, the solubility of alkali metal and 

the solvation of electrons making the generation of the SWNT anion and further 

hydrogenation possible. Although the highest ID/IG ratio was obtained by using 10 

equiv. of 56, the removal of 56 from the SWNT material became increasingly 

challenging based on the EFTEM imaging of SWNTs. An amount of 5 equiv. was 

thought to be sufficient, since a detectable growth of the D-band and a visible 

color change was obtained by that amount, too. 

Similarly as with 56, the use of 1-tert-butyl-4-(4-tert-butylphenyl)benzene 

(57) did not lead to a straightforward enhancement of the hydrogenation. 

Although the hydrogenation based on the use of Li or K was enhanced with 57, 

hydrogenation less successful with Na and 57 than with metallic Na (Table 8). 

These results indicated that the use of 56 with Na or K, or the use of 57 with Na 

hampered the hydrogenation of carbon nanotubes. 

The complex of Li and naphthalene (56) or 1-tert-butyl-4-(4-tert-

butylphenyl)benzene (57) could be assumed to lead to the higher degree of 

hydrogenation than with the complexes of Na or K, because the lithium 

complexes of these electron carriers have higher reduction potentials [228]. In 

accordance with the assumption, the success of functionalization based on the use 

of electron carrier 56 or 57 followed a faint trend concerning the alkali metal: Na 

< K < Li (Table 8) [237]. 

1-Tert-butyl-4-(4-tert-butylphenyl)benzene (57) was assumed to be a better 

reductant than naphthalene (56) [229]. In this work, hydrogenation was slightly 

more successful when the SWNT anion was generated with the alkali metal 

complexes of 57 than with 56 (Table 8), which was in the accordance with 

previous studies [240]. 

As a remark, the sensitivity of the reaction towards humidity and oxygen was 

demonstrated by the comparison of the two parallel hydrogenation reactions 

yielding in 53d (Table 5). Observations of the mixture reveled that its green color 

disappeared sooner from one of the parallel reaction mixtures. Comparison of the 

D-bands of the Raman spectra showed that the ID/IG ratio grew less when the 

color had disappeared sooner. This indicated that residual water was present in the 
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reaction mixture or lithium was oxidized during the cutting and transfer to the 

reaction vessel. 

Small improvement of the solubility of SWNTs in water, ethanol or methanol 

was obtained by hydrogenation. However, the dispersions were merely grey and 

furthermore, the dispersion of hydrogenated SWNTs (53j) in water and ethanol 

was unstable. Therefore, it was concluded that the hydrogenation was not an 

efficient way to improve the solubility of SWNTs. 

5.3 Arylation of single-walled carbon nanotubes by the reaction 

with various ethenylphenyl derivatives in liquid ammonia 

Single-walled carbon nanotubes were arylated by the reaction of SWNT anion 48 

with various ethenylphenyl derivatives (38–42) (Chapter 5.1, Fig. 14, Table 11). 

Table 11. Arylated SWNTs 43–47 were prepared by the use of ethenylphenyl 

derivatives 38–42 as electrophile. 

SWNTs Electrophile 

43 

1-chloro-4-ethenylbenzene (38) 

44 

1-chloro-3-ethenylbenzene (39) 

45 

1-chloro-2-ethenylbenzene (40) 

46 

1-chloro-4-(1-methylethenyl)benzene (41) 

47 

1-(chloromethyl)-4-ethenylbenzene (42) 

Cl

CH2

Cl

CH2

Cl

CH2

Cl

CH2

CH3

Cl

CH2
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In a typical arylation, an electrophile (38–42) was added to the mixture containing 

the anionic carbon nanotubes 48 in liquid ammonia and the mixture was stirred 

overnight allowing NH3 to evaporate. The reaction mixture was cooled on an ice 

bath and ethanol and water were slowly added followed by acidification with 

HCl. SWNTs were filtered and purified by washing several times with ethanol, 

toluene, acetone, ethyl acetate and/or dichloromethane, and by repetitive 

sonication until no starting materials were observed in the filtrate as color changes 

or in silver nitrate tests. Finally, arylated SWNTs (43–47) were dried in a vacuum 

(Fig. 14, Table 11). 

The addition of an electrophile to the reaction mixture induced a color 

change. For instance, when 1-chloro-4-ethenylbenzene (38) was added, the blue 

color of the mixture turned orange or brown suggesting that a reaction occurred. 

With 39 the mixture turned viscose and a white solid formed, which also 

indicated that a reaction occurred. With 40 and 41 the color of the mixture 

remained blue for a long period of time, which suggested that the electron transfer 

was slow. 

5.3.1 Raman spectroscopic analysis 

Compared to pristine SWNTs an increase in the intensity of the D-band related to 

the G-band (ID/IG ratio) was observed in the Raman spectrum of 43–47 (Fig. 40, 

Table 12). Therefore, it could be concluded, that the functionalization occurred 

with all of the used electrophiles. 

Table 12. Ratio R between the ratio of the intensities of the D-band and G-band (ID/IG) 

in the Raman spectrum of arylated SWNTs 44–47 and pristine SWNTs showed that 

arylation with various ethenylphenyl derivatives resulted in a small growth of the D-

band, which varied by the used an electrophile. (R = (ID/IG)FUNCT/(ID/IG)PRISTINE) 

SWNTs Electrophile ID/IG R 

Pristine SWNTs  0.02052  

    

43 1-chloro-4-ethenylbenzene (38) 0.07344 3.58 

44 1-chloro-3-ethenylbenzene (39) 0.04271 2.08 

45 1-chloro-2-ethenylbenzene (40) 0.04190 2.04 

46 1-chloro-4-(1-methylethenyl)benzene (41) 0.04077 1.99 

47 1-(chloromethyl)-4-ethenylbenzene (42) 0.07723 3.76 
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Fig. 40. Raman spectra of pristine SWNTs, 4-ethenylphenyl (43), 3-ethenylphenyl (44), 

2-ethenylphenyl (45), 4-(1-methylethenyl)phenyl (46) and 1-methyl-4-ethenylphenyl 

functionalized SWNTs (47) resembled each other but the relative intensity of the D-

band increased due to arylation. 

The ID/IG ratio varied with the used electrophile, such that the ID/IG ratio of 44 and 

45 had grown in average 2 fold related to pristine SWNTs (Table 12). Therefore, a 

distinct difference in the reactivity of the SWNT anion with ethenylphenyl 

chloride substituted with an ethenyl substituent at the 2- or 3-position could not 

be shown by Raman spectroscopy. However, the 4-position of the ethenyl 

substituent enhanced the success of functionalization compared to 2- or 3-

positions, because the ID/IG ratio of 43 and 47 grew on average 3.6 and 3.8 times 

larger, respectively related to pristine SWNTs (Table 12). As a conclusion, 

functionalization could be enhanced by the increasing distance between the 

chlorine atom and ethenyl group.  

Based on the comparison of the ID/IG ratio of 43 and 46, the additional methyl 

group attached to the ethenyl group decreased the success of arylation (Table 12). 

The RBM band of the various ethenylphenyl functionalized SWNTs had 

shifted to higher wavenumbers by ca. 5 cm-1 whereas no upshift was observed in 

the samples of the control experiments suggesting that the upshifting originated 
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from the functionalization. The upshift of RBM signal could have originated from 

either the increase in bundling or decrease in the average diameter distribution in 

the SWNT material [252,253,265]. 

5.3.2 Fourier-transform infrared spectroscopic analysis 

Comparison of the FTIR spectra of pristine SWNTs, 4-ethenylphenyl (43), 3-

ethenylphenyl (44), 2-ethenylphenyl (45), 4-(1-methylethenyl)phenyl (46) and 1-

methyl-4-ethenylphenyl functionalized SWNTs (47) showed only small changes 

in the signals at around 3600–3100 cm-1 and 2920–2910 cm-1 related to O-H and 

alkyl or aromatic C-H vibrations (Fig. 41). 

The signal at 1660-1630 cm-1 assigned to C=C stretching of the aromatic ring 

[261,264,269] was diminished in the spectrum of 43–47 (Fig. 41). The presence 

of the phenyl ring of the ethenylphenyl group could not be reliably shown with 

the analysis of this peak. It may be that possible changes in the signals at 3600-

3100 cm-1, 2920–2910 cm-1 or 1660–1630 cm-1 were masked by the signals of 

humidity and C=C bonds of SWNTs.  

The signals at 1450-1410 cm-1 and 1060 cm-1 seemed to be prone to changes 

due to the modification of the SWNT structure. The diminishing of the signal at 

1060 cm-1 suggested that the functionalization changed the aromatic [261] or 

aliphatic C-H, or possible C-O bond structure in SWNTs 43–47 (Fig. 41). The 

growth of the signal at around 1450–1410 cm-1 in the spectra of SWNTs 43, 44, 

45 and 47 indicated changes in the backbone of the tubes (Fig. 41). By 

comparison of the spectra for 43-45 an intensification of the peak at 1450–1410 

cm-1 could be seen as the chlorine atom was close to the ethenyl group of 

ethenylphenyl (Fig. 41). 

The growth of the peaks at around 900–700 cm-1 in the spectra of 44–47 

could be assigned to the aromatic ring of the ethenylphenyl group or to changes in 

the structure of SWNTs (Fig. 41). As a conclusion, FTIR spectroscopy indicated 

that the functionalization altered the structure of SWNTs. 
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Fig. 41. Differences could be observed in the FTIR spectra of pristine SWNTs, 4-

ethenylphenyl (43), 3-ethenylphenyl (44), 2-ethenylphenyl (45), 4-(1-

methylethenyl)phenyl (46) and 1-methyl-4-ethenylphenyl functionalized SWNTs (47). 

5.3.3 Thermogravimetric analysis 

Pyrolysis of arylated SWNTs 43–47 in a N2 atmosphere from 30 ºC to 800 ºC led 

to a considerably larger loss of mass than the pyrolysis of pristine SWNTs (Fig. 

42, Table 13). 

A small amount of mass of 44–47 was lost at around 200 ºC which suggested 

the presence of residual aryl halide 39–42, respectively (Fig. 42). The amount of 

aryl halide 38 was miniscule in 43. Because the majority of mass loss occurred at 

around 200 ºC, residual 38 was the predominant pyrolysis product when the 

reaction with 38 was performed without Li (SWNTs 60d) (Fig. 42A). 
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Fig. 42. TGA grams of A) SWNTs 43, B) SWNTs 44, C) SWNTs 45, D) SWNTs 46 and E) 

SWNTs 47 showed a major mass loss at around 400–500 ºC whereas mass loss was 

not observed with pristine SWNTs, or when the reaction with 38 was performed 

without Li (SWNTs 60d) (A). Polystyrene (molar mass 2 000 000 Da) decomposed at a 

slightly lower temperature (420 ºC). 
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Table 13. Mass loss (%) of pristine SWNTs was lower than the mass loss (%) of SWNTs 

43-47 functionalized with ethenylphenyl derivative 38–42, respectively.  

SWNTs Electrophile Mass loss, % 

Pristine SWNTs None 10.2 

   

43 1-chloro-4-ethenylbenzene (38) 67.8 

44 1-chloro-3-ethenylbenzene (39) 55.9 

45 1-chloro-2-ethenylbenzene (40) 44.7 

46 1-chloro-4-(1-methylethenyl)benzene (41) 20.8 

47 1-(chloromethyl)-4-ethenylbenzene (42) 51.9 

The most significant mass loss of 43–47 occurred at 300–600 ºC, but mass loss 

was not observed at that temperature range without the use of Li in the 

functionalization (Fig. 42A). Degradation of covalently attached polystyrene from 

SWNTs has been previously observed in the same temperature range 

[175,176,180] and therefore, it could be concluded that ethenylphenyl species 

were covalently attached to the nanotube surface of 43–47, when Li was present 

in the reaction mixture. 

The decomposition of polystyrene (molar mass 2 000 000 Da) occurred at a 

slightly lower temperature than the decomposition of 43–47, which indicated that 

the ethenylphenyl species in 43–47 were more thermally stable than polystyrene 

(Fig. 42). The higher evolution temperature could be a result of the covalent bond 

between ethenylphenyl species and the SWNT surface, and the good thermal 

conductivity of the SWNT surface [175,176,180]. This gave additional proof of a 

successful functionalization. 

Degradation of 44, 45 and 46 continued above 700 °C (Fig. 42B–D). It is 

possible that the functional groups might have bonded to the SWNT surface in 

various ways, the fragmentation of ethenylphenyl species varied, or part of the 

carbon nanotubes degraded. 

In this work effluent gases were not characterized with MS or FTIR. 

Therefore, the amount of attached species in 43–47 could not be reliably 

determined based on TGA alone. For instance, butane was the major 

decomposition product of butylated SWNTs around 300–600 ºC but the parallel 

evolution of a small amount of methane and hydrogen indicated that 

hydrogenation occurred during butylation, too [199]. Nevertheless, the 

functionalization degree of polystyrene functionalized SWNTs has been 
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previously evaluated by the chromatographic quantification of the molecular 

weight of polystyrene and TGA of functionalized SWNT separately [176,268]. 

In this work, gel-permeation chromatographic and gas-chromatography-mass 

spectrometric (GC-MS) analysis of the mixture of 1-chloro-4-ethenylbenzene (38) 

and lithium in liquid ammonia showed that mainly the ethenylbenzene monomer 

and only a small amount of small polymers (2-5 units) were present in the 

reaction mixture. As a conclusion, the functionalized SWNTs contained mainly 

monomers of the corresponding aryl halide 38–42 [180]. 

Consequently, the ratio of carbon atoms and ethenylphenyl groups (nC/nE) 

was estimated based on the assumption that the mass loss of 43–47 at around 

300–600 ºC primarily originated from the degradation of aryl groups covalently 

bonded to the SWNT surface (Table 14). 

Table 14. The ratio of carbon atoms and functional groups (nC/nE) was estimated by 

dividing the ratio of the mass loss at around 300–600 ºC and the molar mass of the 

corresponding assumed pyrolysis product (nF=dm400–500 ºC/ME) with the ratio of the 

mass residue and the molar mass of carbon (nC=mresidue/MC). 

SWNTs Assumed evolution product nC/nE 

Pristine SWNTs None - 

   

43 

ME = 104.15 g/mol 

5 

44 

ME = 104.15 g/mol  

9 

45 

ME = 104.15 g/mol  

19 

46 

ME = 118.18 g/mol  

70 

47 

ME = 118.18 g/mol  

12 

Based on the nC/nE ratio, the functionalization of SWNTs 43 was the most 

successful, because every 5th carbon atom was functionalized in SWNTs 43, and 
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the functionalization of SWNTs 46 was the least successful, because every 70th 

carbon atom was functionalized in SWNTs 46 (Table 14). The nC/nE ratio was in 

good accordance with the D-band growth in the Raman spectrum of 43–47, 

because in general, as the amount of functionalized carbon atoms increased the D-

band grew more (0). 

Fig. 43. Ratio of carbon atoms and ethenylphenyl species (nC/nE, upper diagram) 

evaluated by TGA decreased as the D-band growth (Ratio R, lower diagram) increased 

in the Raman spectrum of 43–47. 

5.3.4 Dispersion of arylated single-walled carbon nanotubes in a 

mixture of toluene and polystyrene 

In order to evaluate the effect of the ethenylphenyl functionalization on the 

compatibility of SWNTs with polystyrene, the dispersion of pristine SWNTs, 4-

ethenylphenyl (43), 3-ethenylphenyl (44), 2-ethenylphenyl (45), 4-(1-

methylethenyl)phenyl (46) and 1-methyl-4-ethenylphenyl functionalized SWNTs 

(47) was studied in a mixture of polystyrene and toluene. Toluene was selected as 

the solvent, because it dissolves polystyrene. In order to study the effect of the 

length of the polystyrene chain, polystyrene of two molar masses, 200 000 Da (A) 

and 2 000 000 Da (B) was used. In order to study the effect of sonication on the 
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dispersion, the dispersion was prepared by varying the sonication time. In 

addition, the order of adding polystyrene and SWNTs in toluene was varied in an 

attempt to optimize the separation of individual SWNTs. 

Two different preparation methods were used in the making of dispersion. 

First, SWNTs (1 mg) and polystyrene (100 mg) were simultaneously dispersed in 

toluene (10 mL) and the suspension was subsequently sonicated in an ultrasonic 

bath for a total of 6 h. In the second experiment set, SWNTs (1 mg) were firstly 

sonicated in toluene (2 mL, 2 h) and then added to a PS-toluene solution (100 

mg/8 mL) for additional sonication (4 h). All samples were shaken and allowed to 

stand for 17 h (rt). The quantity of soluble SWNTs was not estimated, but the 

color and stability of the dispersion were evaluated visually by taking pictures 

frequently after the dispersion was left to stand. 

Neither pristine nor functionalized SWNTs dispersed in toluene 

spontaneously (without sonication). However, some indications of an 

improvement of the solubility of functionalized SWNTs were obtained during 

their purification after functionalization. When the functionalized SWNTs were 

washed with toluene and DMF, they dispersed better in the solvent than pristine 

SWNTs. However, SWNTs treated without alkali metal, aryl halide or without 

both alkali metal and aryl halide did not show an improvement of the solubility 

during purification, which suggested that the improved solubility was attained by 

the actual functionalization. 

Sonication of single-walled carbon nanotubes and polystyrene in toluene 

During the first attempts to study the dispersion of functionalized single-walled 

carbon nanotubes in polystyrene, SWNTs and polystyrene were simultaneously 

added in toluene and the mixture was sonicated. The variation of the sonication 

time from 2 h up to 6 h did not induce a significant improvement of the color or 

stability of the dispersion. 

At first, pristine SWNTs seemed to disperse better in the polystyrene solution 

(both A and B) than most of the functionalized SWNTs 43–47. However, the 

dispersion of pristine SWNTs was unstable and the aggregation began in minutes. 

It is possible that the fine particles of pristine SWNT material could disperse well 

into the viscose polystyrene-toluene solution but the aggregation was rapid due to 

the lack of functional groups on the SWNT surface, which could enhance the 

interactions between SWNTs and polystyrene and therefore, keep them evenly 

dispersed. 
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3- And 2-ethenylphenyl, 4-(1-methylethenyl)phenyl and 1-methyl-4- 

ethenylphenyl functionalized SWNTs (44, 45, 46 and 47, respectively) formed a 

colorless dispersion in B and a greyish dispersion in A where the tubes begun 

aggregating in minutes. This indicated that the compatibility of SWNTs with 

polystyrene could not be properly improved by the functionalization with 3- and 

2-ethenylphenyl, 4-(1-methylethenyl)phenyl and 1-methyl-4-ethenylphenyl 

groups. The modified SWNT material was harder and heavier than the pristine 

material, which was assumed to hamper their solubility. 

However, 4-ethenylphenyl functionalized SWNT (43) formed a black 

dispersion in polystyrene of both molar masses (A and B). The black color 

remained for at least an hour and the dispersion was grey after 17 h. This 

indicated that the compatibility of SWNTs and polystyrene could be most 

efficiently enhanced by the functionalization with 4-ethenylphenyl groups. 

Sonication of single-walled carbon nanotubes in toluene 

In order to improve the debundling of functionalized SWNTs from the hard and 

heavy particles, the SWNTs were dispersed in toluene prior to the addition of 

polystyrene. 

The sonication of pristine SWNTs or 4-(1-methylethenyl)phenyl 

functionalized SWNTs (46) in toluene for 2 h led to the formation of black 

dispersions. However, severe aggregation began in less than 10 minutes and the 

solutions were clear and colorless in 1 h. A significant improvement in the 

dispersion stability and color could not be obtained by a prolonged sonication 

(total 6 h). This indicated that the solubility of SWNTs in toluene could not be 

improved by the 4-(1-methylethenyl)phenyl functionalization. 

3-Ethenylphenyl, 2-ethenylphenyl and 1-methyl-4-ethenylphenyl 

functionalized SWNTs (44, 45 and 47) were able to form merely grey dispersions 

while a phase separation began in 10 min. 44 and 45 aggregated into small 

particles. In 1 h the solution was greyish and after 17 h the grey color had 

disappeared. 47 formed large flake-like aggregates and after 1h the solution was 

clear and colorless. The stability or color of the dispersion could not be obtained 

by a prolonged sonication (total 6 h). It could be concluded that the solubility of 

SWNTs in toluene could not be improved by the functionalization with 2-

ethenylphenyl, 3-ethenylphenyl or 1-methyl-4-ethenylphenyl groups. In fact, it 

seemed that the isolation of functionalized SWNTs was hampered by the 

functionalization. It is possible that the adsorption of the functional groups was 
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intense due to their aromatic structure and led to an increased bundling of 

functionalized SWNTs. 

In contrast, 4-ethenylphenyl functionalized SWNTs (43) formed a black 

dispersion. The phase separation was slow and the solution remained grey after 

17 h.  This indicated that the functionalization of SWNTs with 4-ethenylphenyl 

groups enabled the improved solubility in toluene. 

Dispersion of sonicated single-walled carbon nanotubes in polystyrene-

toluene solution 

SWNTs which had been previously dispersed in toluene by sonication (2 h) were 

added to a solution of polystyrene and toluene. The dispersions were visually 

monitored for 17 h. Similarly as in toluene, pristine, 4-ethenylphenyl (43) and 4-

(1-methylethenyl)phenyl functionalized SWNTs (46) formed black dispersions in 

the solution of polystyrene and toluene whereas the dispersions of 3-

ethenylphenyl (44) and 2-ethenylphenyl (45) and 1-methyl-4-ethenylphenyl 

functionalized SWNTs (47) were merely grey. 

Although the dispersion of pristine, 43 and 46 was black regardless of the 

length of the polymer chain, variation of the color in regard to the polymer chain 

length was observed in the dispersions of 44, 45 and 47. Despite the mere grey 

color, the dispersions of 44, 45 and 47 were slightly darker in the solution of B 

than in the solution of A. This might have been due to a better interaction of 3-

ethenylphenyl, 2-ethenylphenyl and 1-methyl-4-ethenylphenyl groups with the 

longer polymer chains. 

The stability of the dispersion varied with the chain length of polystyrene. 

Pristine SWNTs began to separate from solution A in less than 10 min but the 

dispersion remained stable for at least 10 min in solution B. This indicated that 

the increase of the polystyrene chain length enhanced the stability of the 

dispersion of pristine SWNTs. However, the overall stability of the dispersion of 

pristine SWNTs was poor and after 17 h SWNTs had totally aggregated regardless 

of the molar mass of polystyrene. 

Furthermore, 46 begun to aggregate in the solution of A in less than 10 min 

but in the solution of B the overall aggregation was slower and after 17 h the 

dispersion still remained dark grey. This indicated that the 4-(1-

methylethenyl)phenyl functionalization had enhanced the interactions of SWNTs 

with polystyrene. Moreover, by increasing the length of the polystyrene chain the 

dispersion stability could be enhanced. 
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The phase separation of 43 was slow, but compared to pristine SWNTs or 46 

a similar effect of the polystyrene chain length was observed. After 17 h the color 

of the dispersion containing A was dark grey and in the solution of B the color 

was black. Based on these results, it could be concluded that 4-ethenylphenyl 

functionalization was the most effective way to improve the compatibility of 

SWNTs with polystyrene. 

Sonication of sonicated single-walled carbon nanotubes in polystyrene- 

toluene solution 

A mixture of pristine SWNTs or functionalized SWNTs (43-47) and polystyrene 

in toluene was sonicated for 4 h. This resulted in the formation of dark grey or 

black dispersion for pristine, 4-(1-methylethenyl)phenyl (46) or 4-ethenylphenyl 

functionalized SWNTs (43). 

The aggregation of pristine SWNTs began in 5 min for the solution A and in 

10 min for the solution of B, which suggested that the dispersion stability slightly 

increased by the increasing length of the polystyrene chain. However, a stable 

dispersion of pristine SWNTs in the polystyrene-toluene solution could not be 

obtained. 

Dispersions of 3-ethenylphenyl (44) and 2-ethenylphenyl (45) and 1-methyl-

4-ethenylphenyl functionalized SWNTs (47) were dark grey regardless of the 

polystyrene chain length. The color slowly disappeared in 17 h. The aggregation 

of 4-(1-methylethenyl)phenyl functionalized SWNTs began in 5 min in the 

solution of A, but in the solution of B the aggregation preceded slowly and the 

solution remained dark grey after a week. This indicated that an improvement of 

the compatibility of SWNTs with polystyrene could be obtained by the 2-

ethenylphenyl and 3-ethenylphenyl and 1-methyl-4-ethenylphenyl 

functionalization. 

Dispersion of 43 in the solution of A remained grey after a week, although 

aggregation began in 10 min. The enhancement of the stability of the dispersion 

by the increasing length of the polystyrene was again demonstrated, because the 

dispersion of 43 in B remained black after a week, which made the dispersion the 

most stable. Based on visual evaluations, 4-ethenylphenyl functionalization was 

the most efficient way to improve the compatibility of SWNTs with a mixture of 

polystyrene and toluene. 
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5.3.5 Energy-filtered transmission electron microscopic analysis 

SWNTs (43-47) functionalized with various ethenylphenyl derivatives were long 

and smooth and mainly existed in bundles resembling pristine SWNTs (Fig. 44, 

top left). This suggested that the tubes were not damaged or cut during 

functionalization. However, a coating and a film-like matter were observed, 

which suggested the arylating agent was not completely removed (Fig. 44, middle 

and bottom). In addition, black dots were found along parts of the surface of 44 

(Fig. 44 top right). It is possible that some tubes were damaged during 

functionalization with 1-chloro-3-ethenylbenzene.  
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Fig. 44. EFTEM images of 43–47 showed SWNTs, which resembled pristine SWNTs 

(top left). EFTEM image of 44 showed black dots along the surface of tubes (top right). 

EFTEM image of 45 showed a coating on the SWNTs (middle left and right) and a film-

like impurity (bottom left and right), which were also observed with 43, 44, 46 and 47. 

5.3.6 Conclusions 

Based on Raman spectroscopy, functionalization with 4-ethenylphenyl or 1-

methyl-4-ethenylphenyl groups was more successful than the functionalization 
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with 3-ethenylphenyl and 2-ethenylphenyl groups (Table 12, SWNTs 43, 47, 44 

and 45, respectively). This indicated that further the chlorine atom was situated 

from the ethenyl group the more functionalization occurred. 

Although, the distance between the chlorine atom and ethenyl group in 1-

chloro4-(1-methylethenyl)benzene was the same as in 1-chloro-4-ethenylbenzene, 

Raman analysis of 4-(1-methylethenyl)phenyl functionalized SWNTs (46) and 4-

ethenylphenyl functionalized SWNTs (43) indicated that the functionalization was 

more successful with 43. It could be assumed that the reaction was reduced by the 

additional methyl group of the ethenylphenyl derivative. 

These findings could be explained by the effect of the substituents on the 

electrophilicity of the ethenylphenyl derivative. The ethenyl group is electron 

donating and by increasing the electron density it made the aryl halide more 

nucleophilic and less electrophilic, and therefore, less reactive towards 

nucleophilic SWNT anions. The closer the electron donating group was to the 

chlorine — the less willing to leave the chloride ion became. 

In addition, functionalization might have been affected by the steric 

hindrance of the structure of aryl halide. The closer to the chlorine atom the 

ethenyl group of aryl halide was, the less accessible the Cl-C bond became for the 

attack of the anionic SWNT. 

When comparing Raman, FTIR and TGA data of functionalized SWNTs 43-

47, somewhat inconsistency was observed with FTIR and Raman data. In general, 

the closer the chlorine was situated to the ethenyl group of ethenylphenyl the 

more changes were observed in the FTIR spectrum of SWNTs suggesting that 

more functionalization occurred, but Raman spectroscopy suggested the opposite. 

Although TGA showed only a small amount of residual aryl halide, it is likely 

that impurities hampered the FTIR analysis of 43–47. TGA and Raman 

spectroscopy were in good accordance, since the amount of attached species 

evaluated by TGA increased a higher D-band was observed in the Raman 

spectrum. 

When the success of the functionalization with various ethenylphenyl 

derivatives was compared to the hydrogenation in liquid ammonia based on 

Raman spectroscopy, hydrogenation seemed to be more successful than arylation 

using ethenylphenyl derivatives (Table 6, Table 7, Table 12 and Table 13). 

It was assumed that the functionalized SWNTs would imitate the dispersion 

properties of the attached group. In accordance with the assumption, the 

dispersion of SWNTs in toluene or in the mixture of polystyrene and toluene was 
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predominantly determined by the structure of the attached molecule instead of the 

extent of the functionalization. 

 For instance, 4-ethenylphenyl functionalized SWNTs (43) were more 

successfully functionalized than 4-(1-methylethenyl)phenyl functionalized 

SWNTs (46), but both functionalizations improved the dispersion of SWNTs in 

toluene and the mixture of polystyrene and toluene leading to a black and stable 

dispersion. The 4-ethenylphenyl group is an analogue of the structure of 

polystyrene and therefore, could be expected to improve the dispersion of 

SWNTs. It is possible that the bulkiness of 4-(1-methylethenyl)phenyl caused by 

the methyl group at the ethenyl group enabled the separation of SWNTs from 

bundles and therefore, a better dispersion. 

3-Ethenylphenyl (44) and 2-ethenylphenyl functionalized SWNTs (45) were 

as successfully functionalized as 46. Although SWNTs 46 showed an improved 

dispersion in toluene and mixture of polystyrene and toluene, 44 and 45 did not 

disperse well. It is possible that the dispersion of 44 and 45 was hampered 

because of the ethenyl groups were close to the SWNTs surface and that the 

ethenylphenyl group could not interact properly with the polystyrene or toluene. 

1-Methyl-4-ethenylphenyl functionalized SWNTs (47) were slightly more 

functionalized than 43, but 47 did not disperse well in toluene or the mixture of 

polystyrene and toluene. It is possible that the additional carbon between the 

aromatic ring of the 1-methyl-4-ethenylphenyl group and the anionic SWNT 

surface might have caused the ethenylphenyl group to collapse onto the nanotube 

surface and therefore, a reduction in the interaction between SWNTs and 

polystyrene and toluene. In addition, it is possible that π-π interactions between 

SWNTs and 1-methyl-4-ethenylphenyl groups might have caused more bundling 

of SWNTs. 

The dispersion of SWNTs 43–47 in a mixture of toluene and polystyrene with 

a molar mass of 200.000 or 2.000.000 Da showed that when SWNTs were 

dispersed in toluene by sonication prior to their introduction to polystyrene, the 

dispersions were darker and more stable in polystyrene with the higher molar 

mass. On the contrary, when SWNTs were introduced to polystyrene without prior 

sonication in toluene, the SWNTs dispersed better in the shorter polystyrene. One 

explanation for this phenomenon could be that when the SWNTs were brought 

into contact with polystyrene without first separating the tubes from bundles, the 

longer and larger polystyrene chains were not able to reach the inner tubes in the 

bundles as effectively as the shorter chains. The long polystyrene chains wrapped 

around the entire bundles leading to a less homogeneous and stable dispersion 



126 

than in polystyrene with shorter chains. When SWNTs were first separated from 

large bundles into smaller ropes or individual tubes, the longer polystyrene chains 

were also able to wrap around individual tubes and moreover, the wrapping of the 

longer polymer chains was more extensive than with the shorter chains leading to 

a better dispersion. 

Overall, out of the five functionalization methods based on the use of 

ethenylphenyl derivatives, the functionalization of SWNTs with 1-chloro-4-

ethenylbenzene (43) was the most successful way to attach ethenylphenyl groups 

to the nanotube surface through covalent bonding and to improve the dispersion 

of SWNTs in a mixture of polystyrene and toluene. Although hydrogenation was 

more successful than any of the ethenylphenyl functionalizations, it led to less 

soluble SWNTs. It was concluded, that in the solubilisation of SWNTs, the 

structure of the functional group was more important than the success of 

functionalization. 

5.4 Arylation of single-walled carbon nanotubes by the reaction 

with 4-iodobenzoic acid or 4-chlorobenzoic acid in various 

conditions 

Single-walled carbon nanotubes were arylated by the reaction of SWNT anion 48 

or 50 with 4-iodobenzoic acid (51) or 4-chlorobenzoic acid (52) yielding in 4-

carboxyphenyl functionalized SWNT 59, 54a–i or 55a–b (Fig. 45, Table 15). The 

arylation was performed in liquid ammonia or diglyme in order to compare the 

success of hydrogenation in diglyme to the conventional Birch reduction. 

Arylation was performed in diglyme in various conditions in an attempt to 

optimize the reaction conditions. 
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Fig. 45. Arylation of SWNTs with 4-iodobenzoic acid (51) in the conventional Birch 

conditions yielded in SWNTs 59. Arylation with 51 in diglyme yielded in SWNTs 54a–i 

and the arylation with 4-chlorobenzoic acid (52) in diglyme yielded in SWNTs 55a–b. 

When the arylation was performed in diglyme with 51, the alkali metal (M) was Li, Na 

or K whereas with 52 the alkali metal (M) was Li. 
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Table 15. Arylated SWNTs 54a–i, 55a–b and 59 yielded from the reaction with 4-

iodobenzoic acid (51) or 4-chlorobenzoic acid (52) in various conditions. 

SWNTs M Electron carrier Aryl halide 

54a Li None 51 

54b Li 56 51 

54c Li 57  51 

    

54d Na None 51 

54e Na 56 51 

54f Na 57  51 

    

54g K None 51 

54h K 56 51 

54i K 57  51 

    

55a Li None 52 

55b Li None 52 (rt) 

    

59 Li Solvent (NH3) 51 

5.4.1 Arylation in liquid ammonia 

4-Iodobenzoic acid (51) was added to the mixture containing anionic carbon 

nanotubes 48 in liquid ammonia and the mixture was stirred overnight allowing 

NH3 to evaporate (Chapter 5.1). The reaction mixture was cooled on an ice bath 

and ethanol and water were slowly added followed by acidification with HCl. 

SWNTs 59 were filtered and purified by washing several times with ethanol, 

toluene, acetone, ethyl acetate and/or dichloromethane and repetitive sonication. 

Finally, arylated SWNTs (59) were dried in a vacuum (Fig. 45, Table 15). 

Raman spectroscopic analysis 

Growth of the ID/IG ratio related to pristine SWNTs in the Raman spectrum of 

arylated SWNTs 59 indicated that the reaction of the SWNT anion 48 with 51 led 

to the functionalization of SWNTs (Table 4, Fig. 46, Table 16). 
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Fig. 46. Normalized Raman spectra of pristine SWNTs (bottom) and arylated SWNTs 59 

obtained by arylation with 4-iodobenzoic acid (51) in liquid ammonia resembled each 

other but the intensity of the D-band was slightly higher with SWNTs 59 than with 

pristine SWNTs. 

Table 16. Ratio R between the ratio of the intensities of the D-band and G-band (ID/IG) 

in the Raman spectrum of arylated SWNTs 59 and pristine SWNTs showed that 

arylation with 4-iodobenzoic acid (51) in liquid ammonia resulted in a small growth of 

the D-band. (R = (ID/IG)FUNCT/(ID/IG)PRISTINE) 

SWNTs Aryl halide M Electron carrier RBM shift, 

cm-1 

ID/IG R 

Pristine SWNTs     0.02052  

       

59 51 Li Solvent (NH3) 2 0.03322 1.62 

Fourier-transform infrared spectroscopic analysis 

Slight differences in the FTIR spectrum of pristine SWNTs and arylated SWNTs 

59 at around 400-1800 cm-1 suggested that the structure of nanotubes may have 

altered due to arylation (Fig. 47). A new signal in the spectrum of 59 at 1712 cm-1 

indicated the presence of carboxyl groups, which could have originated from the 

4-carboxyphenyl groups. 
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Fig. 47. Slight differences could be seen in the FTIR spectra of pristine SWNTs 

(bottom) and arylated SWNTs 59. 

Thermogravimetric analysis 

Pyrolysis in a N2 atmosphere from 30 ºC to 800 ºC led to a higher total mass loss 

with arylated SWNTs 59 than with pristine SWNTs (Table 17).  

Table 17. Mass loss (%) of pristine SWNTs was lower that the mass loss of SWNTs 59, 

which were functionalized by the reaction with 4-iodobenzoic acid (51) in liquid 

ammonia. 

SWNTs Electrophile Solvent Mass loss, % 

Pristine SWNTs None None 10.2 

    

59 51 NH3 18.6 

The mass loss at around 200–250 ºC might have originated from the evolution of 

residual 4-iodobenzoic acid (51) in 59, but the evolution of fragments of aryl 

groups in SWNTs 59 could have begun at that temperature range, too (Fig. 48) 

[187,190]. The evolution at around 350–600 ºC could be assigned to the 

fragmentation of aryl functionalities of 59 (Fig. 48). Characterization of pyrolysis 
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gases with MS or FTIR would be required for the identification of the pyrolysis 

products, such as the fragments of 4-carboxyphenyl species, or possible side 

products of the reactions of 51 [187]. In addition, methane and hydrogen 

evolution should not be overlooked due to the possible hydrogenation during 

arylation [199]. Nevertheless, by assuming that the fragmentation of aryl groups 

of SWNTs 59 occurred primarily at 350–600 ºC, SWNTs 59 could be assumed to 

contain 8% of functional groups related to arylation.  

Despite the parallel evolution of side products and residual aryl halide, the 

amount of 4-carboxyphenyl groups has been evaluated by the mass loss at 200–

500 ºC [187].  Therefore, by considering the mass loss at the aforementioned 

tempertures to originate from aryl groups of 59, the amount of aryl groups of 59 

was 12% which was close in agreement to a previously published amount of 14% 

(argon atmosphere).  

 

Fig. 48. TGA grams of arylated SWNTs 59 showed a mass loss at 200–600 ºC in two 

steps whereas a significant mass loss was not observed with pristine SWNTs. 

Energy-filtered transmission electron microscopic analysis 

According to EFTEM imaging, SWNTs 59 existed as several micrometers long 

bundles and individual tubes, which indicated that the overall structure of SWNTs 

had remained intact. Dark spots and grey matter were observed in the EFTEM 
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images resembling the appearance of amorphous carbon and metal catalyst 

particles in the pristine SWNT material (Fig. 33). 

5.4.2 Arylation in diglyme 

In a typical functionalization reaction, an excess of 4-iodobenzoic acid (51) or 4-

chlorobenzoic acid (52) (4 equiv.) was added to the reaction mixture containing 

the SWNT anion 50a–b, 50e–50k (Chapter 5.1). Refluxing was continued for 

another 24 h. 51 and 52 dissolved in the solution of diglyme, SWNTs and 

naphthalene (56) or 1-tert-butyl-4-(4-tert-butylphenyl)benzene (57) at room 

temperature or by the assistance of heating. However, the alkali metal in the 

mixture caused the formation of a strong solid, which indicated that side reactions 

occurred. The mixture was cooled on an ice bath and ethanol or 2-propanol and 

water were slowly added. The reaction of Li, Na and K with alcohol was quite 

mild, but their reaction with water was vigorous leading to the evolution of H2. 

The mixture was then acidified with HCl. SWNTs were filtered, repetitively 

sonicated in ethanol and washed several times with ethanol, water and toluene 

until the filtrate was clear and colorless. Finally, the functionalized SWNTs (54a–

i, 55a–b) were dried in a vacuum (Fig. 45, Table 15). 

Raman spectroscopic analysis 

A clear growth of the ID/IG ratio in the Raman spectrum of functionalized SWNTs 

54a–54i indicated that all the SWNT anions 50a–b and 50e–k prepared in 

diglyme in various conditions reacted with 51 resulted in the functionalization of 

SWNTs (Table 4, Fig. 49, Table 18). However, the reaction conditions affected 

the extent of the functionalization. 
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Fig. 49. A growth of the D-band at 1350 cm-1 can be observed in the Raman spectrum 

of arylated SWNTs 54a–54i compared to pristine SWNTs. Variations in the intensity of 

the D-band with SWNTs 54a–54i suggested that the success of arylation with 4-

iodobenzoic acid (51) depended on the reaction conditions in diglyme. 
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Table 18. Ratio R between the ratio of the intensities of the D-band and G-band (ID/IG) 

in the Raman spectrum of arylated SWNTs 54a–I, 55a, 55b and pristine SWNTs showed 

that arylation with 4-iodobenzoic acid (51) or 4-chlorobenzoic acid (52) in diglyme 

resulted in a growth of the D-band, which varied by the reaction conditions. In 

addition, an upshift of the RBM band occurred due to arylation. (R = 

(ID/IG)FUNCT/(ID/IG)PRISTINE) 

SWNTs Aryl halide M Electron carrier RBM shift, 

cm-1 

ID/IG R 

Pristine SWNTS     0.02052  

       

55a 52 Li None 3 0.02896 1.41 

55b 52, rt Li None 2 0.03127 1.52 

       

54a 51 Li None 5 0.03228 1.57 

54b 51 Li 56 2 0.07527 3.67 

54c 51 Li 57  2 0.08654 4.22 

       

54d 51 Na None 3 0.20331 9.91 

54e 51 Na 56 0 0.14547 7.09 

54f 51 Na 57  3 0.16593 8.08 

       

54g 51 K None 5 0.08886 4.33 

54h 51 K 56 5 0.42423 20.67 

54i 51 K 57  3 0.21389 10.42 

Whether the functionalization of SWNTs by the reaction with 4-iodobenzoic acid 

(51) was performed in boiling diglyme or liquid NH3 a 1.6-fold growth of the D-

band could be observed in the Raman spectrum of 53a and 59, respectively (Table 

16, Table 18). This indicated that diglyme was a good replacement for liquid 

ammonia.  

Compared to the conventional Birch reduction the enhancement of the 4-

carboxyphenyl functionalization was attainable by the alteration of reaction 

conditions in diglyme. Without electron carrier the success of functionalization 

followed the same order as hydrogenation in regard to the alkali metal: Li < K < 

Na (Table 8, Table 18, Fig. 50A). This indicated that the nucleophilicity of the 

SWNT anion and therefore, the success of functionalization could be increased by 

the use of a metallic alkali metal with low reduction potential. Impressively, up to 

a 10-fold growth of the ID/IG ratio related to pristine SWNTs could be obtained 

even without an electron carrier (Table 18, SWNTs 54d). 
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Fig. 50. Comparison of the ID/IG ratio in the Raman spectrum of pristine SWNTs and 

arylated SWNTs 54a–54i when an electron carrier was A) not used, B) naphthalene (56) 

or C) 1-tert-butyl-4-(4-tert-butylphenyl)benzene (57) in the arylation of SWNTs in 

diglyme showed that whether an electron carrier was used or not, the least growth of 

the ID/IG ratio was obtained with Li. 

When Li or K was used with naphthalene (56) or 1-tert-butyl-4-(4-tert-

butylphenyl)benzene (57), a considerably larger growth of the ID/IG ratio was 

observed than without an electron carrier (Table 18, Fig. 51A and C). This 

indicated that the functionalization could be enhanced with electron carrier 56 or 

57. However, the use of an electron carrier with Na decreased the growth of the 
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ID/IG ratio compared to the use of metallic Na (Fig. 51B). Similarities could be 

observed with hydrogenation (Table 8). This indicated that metallic Na made 

SWNTs more reactive towards 51 than its complexes with electron carrier 56 or 

57. 

Fig. 51. Growth of the D-band in the Raman spectrum of arylated SWNTs 54a–54i when 

the alkali metal was A) Li, B) Na or C) K. 

The alkali metal complexes of 1-tert-butyl-4-(4-tert-butylphenyl)benzene (57) 

were assumed to lead to more functionalization of SWNTs than the complexes of 

naphthalene (56) [237]. In accordance with the assumption, the ID/IG ratio grew 
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more when Li or Na was used with 57 than with 56 (Fig. 51A and B, Table 18). 

However, more growth of the ID/IG ratio was obtained with the complex of K and 

56 than the complex of K and 57 (Fig. 51C, Table 18). 

When 56 or 57 was used as an electron carrier, the ID/IG ratio grew in the 

order of Li < Na < K (Table 18, Fig. 50B and C). It seemed that the 

functionalization became more successful as the difference of the 

electronegativities of alkali metals and carbon increased. It might be that the 

reaction of SWNTs with 4-iodobenzoic acid in the presence of an electron carrier 

was enhanced by the increased strength of the ionic bond between the SWNT 

anion and the alkali metal cation. 

When the reaction of SWNT anion 50a was performed with 4-chlorobenzoic 

acid (52) instead of 4-iodobenzoic acid (51) (Table 4), a slightly lower ID/IG ratio 

was observed in the spectrum of 55a than in the spectrum of 54a, respectively 

(Table 18). This suggested that more functionalization occurred by the reaction 

with 51 than with 52 presumably because iodine is a better leaving group than 

chlorine. 

The functionalization of SWNTs by the reaction with 52 at room temperature 

or at the boiling point of diglyme caused a similar growth of the D-band in the 

Raman spectrum of 55b and 55a (Table 18). Therefore, it was possible that the 

refluxing might not have been necessary and the reaction could be simplified. On 

the other hand, this could indicate that the functionalization can be performed in a 

wide temperature range. 

As a summary, the increase of the ID/IG ratio was the most significant when 

the reaction between SWNTs and 51 was performed by the generation of a SWNT 

anion with K and 56 (Table 18, SWNTs 54h). The least increase was observed 

when the SWNTs anion was generated with metallic Li without an electron carrier 

(Table 18, SWNTs 54a). This indicated that 54h were the most successful 

functionalized SWNTs and 54a were the least successful functionalized SWNTs. 

The RBM peak upshifted due to the functionalization with 51. In general, the 

upshift was more intense due to the functionalization with 51 than due to 

hydrogenation, which could indicate an increase of bundling or structural changes 

of the tubes (Table 8, Table 18) [252,253,265]. 
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Fourier-transform infrared spectroscopic analysis 

Differences were observed in the FTIR spectrum of pristine SWNTs and arylated 

SWNTs 54a–i, which yielded from arylation with 4-iodobenzoic acid (51) in 

diglyme in various conditions (Fig. 52). 

Fig. 52. Differences could be observed in the FTIR spectra of pristine SWNTs (bottom) 

and arylated SWNTs 54a–i yielded from the reaction with 4-iodobenzoic acid (51) in 

various conditions. 

Indications on the success of arylation with metallic Li were given by the growth 

of the signal at 2920 cm-1 assigned to C-H bonds and its change into a triplet, 
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together with slight changes at around 1650 cm-1, the appearance of an 

asymmetric doublet with a maximum at 1385 cm-1 and the intensification of the 

signals at 800 cm-1, 560 cm-1 and 470 cm-1 in the spectrum of SWNTs 54a (Fig. 

52). The new signals at 1720 cm-1 and 1260 cm-1 indicated the presence of 

carboxyl groups assigned to the 4-carboxyphenyl groups.  

Similarities in the IR spectra of 54a, 54d and 54g yielded from the arylation 

with 51 by the use of metallic Li, Na or K could be observed (Fig. 53D). Overall, 

the most intense signals were observed in the IR-spectrum of SWNTs yielded 

from the use of metallic Li, Na or K as a reductant (Fig. 53A-C). 

 

Fig. 53. Comparison of FTIR spectra of pristine SWNTs and arylated SWNTs 54a–i 

yielded from the use of A) Li, B) Na or C) K as the alkali metal showed the most 

intense signals when an electron carrier was not used. Similarities could be observed 

between the spectra of SWNTs functionalized D) without an electron carrier, E) with 

naphthalene (56) or F) with 1-tert-butyl-4-(4-tert-butylphenyl)benzene (57). 

Arylation with 4-carboxyphenyl groups based on the use of Li and naphthalene 

(56) led to the diminishing of the C-H signal at 2920 cm-1, the appearance of an 

asymmetric doublet with a maximum at 1385 cm-1 and the intensification of the 
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signal at 800 cm-1 (Fig. 52, SWNTs 54b). Carboxyl groups could be detected by 

new signals at 1720 cm-1 and 1260 cm-1.  

The arylation with Li and electron carrier 57 led to the diminishing of signals 

at 2920 cm-1 and below 1500 cm-1 (Fig. 52, SWNTs 54c). Similar phenomenon 

was observed with other arylated SWNTs obtained by the use of electron carrier 

57 or 56 (Fig. 53E and F). It is possible that the absorption of an electron carrier 

hampered the detection of relevant peaks in those regions. However, carboxyl 

groups could be detected as weak signals at 1720 cm-1 and 1260 cm-1. 

The peak at around 1700 cm-1 was most intense in the spectrum of 54h, 

which was prepared by the use of K and 56. The peak at 1260 cm-1 was most 

intense, when metallic Li, Na or K was used as a reductant (SWNTs 54a, 54d and 

54g). It is possible that the amount of acid groups was higher in those cases than 

in other functionalized SWNTs, or the peaks were not covered by for instance the 

signals of the electron carrier. (Fig. 52, Fig. 53) 

It should be noted that carboxyl groups were also detected with hydrogenated 

SWNTs and SWNTs obtained by control experiments. Since the ID/IG ratio did not 

significantly increase in those cases, oxidation of defect sites or amorphous 

carbon may have occurred during hydrogenation and control experiments. 

Thermogravimetric analysis 

The mass loss (%) of arylated SWNTs 55a at 30–800 ºC in a N2 atmosphere was 

higher than with pristine SWNTs or arylated SWNT 59 obtained by conventional 

Birch arylation (Table 19). 
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Table 19. The total mass loss (%) of pristine SWNTs and SWNTs functionalized by the 

reaction with 4-iodobenzoic acid (51) in liquid ammonia or 4-chlorobenzoic acid (52) in 

boiling diglyme or at room temperature. 

SWNTs Electrophile Solvent Total mass loss, % Mass loss at 200–

500 ºC, % 

Pristine SWNTs None None 10.2 3 

     

59 51 NH3 18.6 12 

     

55a 52 Diglyme 21.7 10 

     

55b 52 Diglyme (rt) 10.1 4 

In this study, pyrolysis gases were not characterized with MS or FTIR to prove 

the evolution of the fragments of 4-carboxyphenyl species of 55a, or to reveal 

other possible pyrolysis products related to for instance the side reactions of 51 

[187], or the hydrogenation of SWNTs [199]. However, mass loss at around 100–

200 ºC indicated the presence of impurities, such as humidy, residual diglyme 

and/or 5-chlorobenzoic acid (52) (Fig. 54A). The predominant mass loss at 

around 300–550 ºC could be assigned to the fragmentation of aryl functionalities 

in 55a (Fig. 54A) [187]. Another mass loss above 600 ºC in the TGA gram of 55a 

might have been due to the variety in the bonding of functional groups to the 

SWNT, or the advanced fragmentation of SWNTs (Fig. 54A).  

By assuming that the fragmentation of aryl groups of SWNTs 59 occurred 

primarily at 300–550 ºC, or at 200–500 ºC as previously recorded [187] SWNTs 

55a could be assumed to contain 10% of aryl species, which was slightly lower 

than with SWNTs 59, and a previously recorded amount of 14% (argon 

atmosphere) (Table 19) [187]. TGA analysis of SWNTs 59 and 55a was in 

accordance with Raman spectroscopy and suggested that the arylation in liquid 

ammonia yielded in a higher amount of aryl species than the arylation in boiling 

diglyme. 

Although the ID/IG ratio in the Raman spectrum of 55b was slightly higher 

than the ID/IG ratio of 55a, and a small mass loss was observed with 55b at around 

350–550 ºC, the reaction at room temperature did not lead to an increased mass 

loss compared to pristine SWNTs (Table 19, Fig. 54B). 
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Fig. 54. TGA grams of pristine SWNTs and arylated SWNTs 55a yielded from the 

arylation with 4-chlorobenzoic acid (52) in boiling diglyme showed an increased mass 

loss compared to pristine SWNTs and SWNTs 60g reacted with 52 without Li (A). An 

increase in the mass loss was not observed with arylated SWNTs 55b yielded from 

arylation at room temperature (B). 

Dispersion of single-walled carbon nanotubes functionalized by reaction 

with 4-iodobenzoic acid 

The solubility of pristine SWNTs and 4-carboxyphenyl functionalized SWNTs 

(54b, 54e and 54h) was studied in water, ethanol, methanol, THF, DMF and 

dichloromethane in a similar way as with hydrogenated SWNTs shown in Chapter 

5.2.2 (Table 20). The chosen solvents dissolved benzoic acid, although its 

solubility in water was poor at room temperature. The solubility of 54b, 54e and 
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54h, which were obtained by the formation of SWNT anion by Li, Na or K in the 

presence of the electron carrier 56 in diglyme, respectively, was studied in order 

to investigate the effect of the extent of functionalization on the solubility of the 

corresponding nanotubes. 

Table 20. Measured solubilities of pristine SWNTs and 4-carboxyphenyl functionalized 

SWNTs (54b, 54e and 54h) in selected solvents. 

SWNTs Solvent Appearance of the 

supernatant 

Solubility (mg/ml) 

Pristine Water Clear and colorless 0 

EtOH Clear and colorless 0 

MeOH Clear and colorless 0 

DMF Black 0 

TFH Clear and colorless - 

Dichloromethane Clear and colorless - 

    

4-Carboxyphenyl 

functionalized SWNTs (54b) 

Water Black 0 

EtOH Black 0.2 

MeOH Black 0 

DMF Black 0.9 (12.5mg/5ml) 

TFH Clear and colorless - 

Dichloromethane Clear and colorless - 

    

4-Carboxyphenyl 

functionalized SWNTs (54e) 

Water Black 0 

EtOH Dark grey 0.2 

MeOH Black 0 

DMF Black 0.3 

TFH Light grey - 

Dichloromethane Clear and colorless - 

    

4-Carboxyphenyl 

functionalized SWNTs, 

(54h) 

Water Black 0.1 

EtOH Dark grey 0.2 

MeOH Black 0.3 

DMF Black 0.2 

TFH Clear and colorless - 

Dichloromethane Clear and colorless - 

The mere mixing of 4-carboxyphenyl functionalized SWNTs (54b, 54e and 54h) 

in the solvents did not induce a black color, although in some samples small 

amount of SWNT particles were floating in DMF, THF and dichloromethane. 

However, the dispersions were unstable. Therefore, it was concluded that the 
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chemical modification of SWNTs alone could not induce a spontaneous 

dispersion in the selected solvents. 

Sonication enhanced the debundling of SWNTs, such that during the 

sonication 4-carboxyphenyl functionalized SWNTs (54b, 54e and 54h) formed a 

black dispersion in water, ethanol, methanol and DMF. Black or grey dispersion 

was also observed during sonication in THF or dichloromethane, but SWNTs 

aggregated soon after sonication ceased leading to a clear and colorless or light 

grey dispersion. Therefore, it was concluded that the solubility of SWNT in THF 

or dichloromethane could not be improved by the hydrogenation or 

functionalization with 4-carboxyphenyl groups. 

Benzoic acid and pristine SWNTs were insoluble in cold water, but 4-

carboxyphenyl functionalized SWNTs (54b, 54e and 54h) formed a black 

dispersion in water (Fig. 55). The dispersion was stable for at least a week. The 

carboxyphenyl groups were attached to a large network of aromatic rings in the 

functionalized SWNTs and could be thought to improve the interaction of SWNTs 

with water through the hydrogen bonds between the carboxyl groups and water 

molecules. The black and stable dispersion was obtained regardless of the alkali 

metal or electron carrier used in the generation of the SWNT anion. Based on 

visual observation the dispersion of SWNTs did not vary by the success of 

functionalization and instead, the solubility seemed to be primarily determined by 

the structure of the functional group. However, only SWNTs 54h reduced with K 

prior to the functionalization with carboxyphenyl groups showed some 

improvement in the measured water solubility (0.1 mg/ml) (Table 20). When 

comparing the success of functionalization in regard to the alkali metal, the most 

successful functionalization was obtained with K (Table 18). Therefore, the 

measured solubility of SWNTs in water increased as the success of 

functionalization increased.  
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Fig. 55. Supernatant of pristine SWNTs and 4-carboxyphenyl functionalized SWNTs 

54b, 54e and 54h in water. 

Although hydrogenated SWNTs 53j formed only a grey dispersion in water, their 

measured water solubility was higher than the solubility of 4-carboxyphenyl 

functionalized SWNTs (54b, 54e and 54h) (Table 10, Table 20). It may be that 

hydrogenated SWNTs were dispersed in bundles rather than individual tubes, or 

that the absorption of SWNTs was altered due to functionalization. Anyhow, 

visual observations indicated that the solubility of SWNTs was more effectively 

improved by the functionalization with 4-iodobenzoic acid (51) than by 

hydrogenation. 

In addition to water, 54b, 54e and 54h dispersed well in ethanol and 

methanol. SWNTs formed a stable dispersion, which was black or dark grey in 

ethanol and black in methanol (Fig. 56, Fig. 57). 54b, 54e and 54h showed 

similar behaviour in methanol as in water. The dispersion in methanol was black 

regardless of the success of functionalization. However, the measured solubility 

seemed to be dependent on the success of functionalization. An improvement in 

the solubility in methanol was only observed with 54h (Table 20), which was the 

most successful functionalized product based on Raman spectroscopy (Table 18). 

The solubility in ethanol was 0.2 mg/ml regardless of the alkali metal used in 

reduction, which suggested that the success of functionalization did not affect the 

solubility of SWNTs in ethanol (Table 20). The solubility of 54b, 54e and 54h in 

ethanol and methanol was higher than in water, which could be explained by the 

higher solubility of benzoic acid in ethanol and methanol than in water (Table 20). 
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As could be expected with the non-polar SWNTs, the solubility of SWNTs 

typically decreased as the polarity of the solvent increased. 

 

Fig. 56. Supernatant of pristine SWNTs and 4-carboxyphenyl functionalized SWNTs 

54b, 54e and 54h in ethanol. 

Fig. 57. Supernatant of pristine SWNTs and 4-carboxyphenyl functionalized SWNTs 

54b, 54e and 54h in methanol. 

Similarly as was observed with hydrogenated SWNTs, 4-carboxyphenyl 

functionalized SWNTs (54b, 54e and 54h) formed black dispersions in DMF, 

which were stable for at least a week (Fig. 58). Functionalization with 

carboxyphenyl groups was a more effective method than hydrogenation to 

improve the solubility of SWNTs in DMF, because at least 40% of 54b, 54e and 

54h were solubilized in DMF (Table 10, Table 20). Solubility studies indicated 



147 

that the solubility of 4-carboxyphenyl functionalized SWNTs in DMF increased 

as the success of functionalization decreased (Table 18, Table 20). The most 

improvement in the solubility was observed with by the reduction with Li and 

naphthalene (56) because the whole sample of 54b was dispersed (0.5 mg/ml). 

Further experiment performed by the dispersing of 12.5 mg of 54b in 5 ml of 

DMF showed that the maximum solubility of SWNTs was 0.9 mg/ml. Based on 

the solubility studies the reduction by lithium and 56 and further functionalization 

with benzoic acid was the most successful method to debundle and solubilize 

SWNTs in DMF.  

 

Fig. 58. Supernatant of pristine SWNTs and 4-carboxyphenyl functionalized SWNTs 

54b, 54e and 54h in DMF. 

Energy-filtered transmission electron microscopic analysis 

SWNTs 54a, 53d and 53g yielding from the reaction with 51 using Li, Na or K 

without an electron carrier resembled pristine SWNTs, but in some areas severe 

coating and an increase in grey matter resembling amorphous carbon was 

observed (Fig. 59). This indicated that impurities remained in the product. 
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Fig. 59. EFTEM images of 54a showed coating of SWNTs (a) and b)), and an increase 

of impurities resembling amorphous (c) and d)). 

The EFTEM images of 54b, 54e and 54h, which yielded from the reaction with 

51 using Li, Na or K and naphthalene (56), indicated an increase of impurities 

seen as grey matter, (Fig. 60 a)). Film-like impurities were also observed in the 

EFTEM images of 54e (Fig. 60 b)) while severe coating of nanotubes was 

observed with SWNTs 54b (Fig. 60 c)). Additionally, some black dots were 

observed on the SWNT surface of 54h (Fig. 60 d)). As a conclusion, the removal 

of 56 and possibly 51 and other residual reagents or side-products was 

incomplete. 

54c, 54f and 54i, which yielded from the reaction with 51 using Li, Na or K 

and 1-tert-butyl-4-(4-tert-butylphenyl)benzene (57) resembled pristine SWNTs, 

but in addition, they contained a slightly increased amount of impurities, such as 

grey matter and a film-like impurity (Fig. 34, Fig. 61 a) and b)). Therefore, the 

removal of 57 and 51 was concluded to be incomplete. 
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Fig. 60. EFTEM imaging of 4-carboxyphenylfunctionalized SWNTs showed a) long 

nanotubes with impurities (SWNTs 54b), b) a film-like impurity (SWNTs 54e), c) severe 

coating at various locations of SWNTs 54b and d) black dots along the surface of 

SWNTs 54h. 

Fig. 61. EFTEM images a) and b) of 54f and 54i showed long SWNTs and an increase in 

the amount of impurities. Similar observations were made with 54c. 
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EFTEM images of the precipitates separated from the supernatant of arylated 

SWNTs in DMF or ethanol showed that the solubility of SWNTs was truly 

improved, since the precipitate included SWNTs. However, grey matter resemling 

amorphous carbon and a film-like impurity was also present. Therefore, the 

measured solubility was likely to be distorted by soluble impurities. Based on 

EFTEM analysis, it was preferable to evaluate the solubility of SWNTs based on 

visual observation.  

5.4.3 Conclusions 

According to Raman spectroscopic analysis functionalization by the reaction with 

4-iodobenzoic acid (51) led to the covalent functionalization of SWNTs in all of 

the used reaction conditions (Table 16, SWNTs 59 and Table 18, SWNTs 54a–i). 

The generation of a SWNT anion with metallic Li in liquid ammonia or boiling 

diglyme led to a comparable success of arylation of SWNTs. As a conclusion, 

liquid ammonia could be replaced with diglyme without compromizing the 

success of functionalization. Furthermore, functionalization in diglyme could be 

significantly improved by the use of an electron carrier and by the replacement of 

Li with another alkali metal. 

The alkali metal and electron carrier affected the success of the 

functionalization. When an electron carrier was not applied, the success of 

functionalization followed a trend: Li < K < Na related to the used alkali metal 

(Table 15, SWNTs 54a, 54d and 54g). The result was similar as with 

hydrogenated SWNTs (53a, 53f and 53i) and it was opposite to the increase of the 

reduction potential of the alkali metals. It could be concluded that the generation 

of the SWNT anion with Li was less effective than with Na or K when the 

electron carrier was not applied. The solid state of Li may have hampered the 

effective transfer of electrons. Nevertheless, some growth of the D-band in the 

Raman spectrum was obtained with Li, which indicated that there were solvated 

electrons available for the reduction of SWNTs. It could be concluded that 

SWNTs themselves can act as the electron carrier (Table 8). 

Based on the observed color changes in the SWNT anion generation, both 

electron carriers, naphthalene (56) and 1-tert-butyl-4-(4-tert-butylphenyl)benzene 

(57), improved the solubility of all used alkali metals, the solvation of the 

electrons and therefore, availability of electrons in the reaction. Raman 

spectroscopy indicated that the electron carrier improved the functionalization 

when Li or K was used (Table 15). In regard to the use of K, the highest amount 
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of functionalization was observed by using electron carrier 56. However, when 

Na was used, functionalization was most successful without an electron carrier 

and lowest with 56, which suggested that the use of an electron carrier, 

particularly naphthalene, with Na hampered the functionalization. With Li or Na, 

more functionalization was obtained by the use of 57 than with the use of 56, 

which indicated that with those alkali metals 4,4´di-tert-butylbiphenyl was a 

better electron carrier for the reaction. 

Although the reduction potential of alkali metal complexes of 56 or 57 

increased in the order of Na < K < Li, when the electron carrier 56 or 57 was used 

the success of functionalization evaluated by the growth of the ID/IG ratio 

increased as you go downwards in the periodic table. One explanation could be 

that the increased difference of the electronegativities of carbon and alkali metal 

enhanced the reaction. 

As a summary, the most successful arylation was obtained by the use of K 

and naphthalene (56) in the generation of the SWNT anion. This indicated that the 

complex of K and naphthalene was the most effective reducing reagent in the 

arylation of SWNTs. The use of metallic Li led to the least successful arylation 

indicating that metallic Li was the least effective reducing agent in this reaction.  

In general, the functionalization of SWNTs yielded the introduction of 

carboxyl groups according to FTIR, but the signals assigned to carboxyl groups 

were weak. In addition, carboxyl groups were observed with hydrogenated 

SWNTs 53a–k, or by treatment in pure boiling diglyme, with 56 or 57 without an 

alkali metal and aryl halide (Chapter 5.5, SWNTs 60e, 60h and 60i, respectively). 

It is possible that oxidization of the defect sites or open ends initially present in 

SWNTs, or the oxidation of amorphous carbon occurred during functionalization. 

Therefore, it was concluded that the use of FTIR for detecting carboxyl 

functionalities of SWNTs was not completely reliable. 

According to Raman spectroscopy, the arylation of SWNTs was slightly more 

successful with 4-iodobenzoic acid (51) than with 4-chlorobenzoic acid (52) 

(Table 18, SWNTs 54a and 55a). This could be explained by the fact that iodide is 

a better leaving group than the chloride ion [201]. 

Although, TGA indicated that arylation did not occur at room temperature 

(Fig. 54, SWNTs 55b), Raman spectroscopy indicated that the reaction of SWNT 

anion 50l with 52 at room temperature was as successful as in boiling diglyme 

(Table 18, SWNTs 55a and 55b). This suggested that the refluxing was not 

necessarily needed and therefore, the modification procedure could be simplified 
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while the performance of functionalization was possible over a wide temperature 

scale. 

According to existing literature, the functionalization of carbon nanotubes 

with phenyl groups substituted with electron donating groups, such as NH2, OH, 

methyl or a methoxide substituent, was more successful than the functionalization 

with phenyl groups or phenyl groups substituted with electron withdrawing 

groups [187,188]. It is possible that the electron donating group stabilized the aryl 

radical generated from the aryl halide. In this work, Raman spectroscopy 

indicated that the functionalization with 51 was less successful than the 

functionalization with ethenylphenyl derivatives 38–42 (Table 12, SWNTs 59 and 

Table 16, SWNT 43–47). The carboxyl group was an electron-withdrawing group, 

which made 4-iodobenzoic acid less reactive than 1-chloro-4-ethenylbenzene and 

other ethenylphenyl derivatives, which had an electron-donating ethenyl group.  

According to Raman spectroscopic analysis, the arylation of SWNTs by the 

reaction with 51 in boiling diglyme was more successful than hydrogenation 

(Table 8, SWNTs 53a–k and Table 18, SWNTs 54a–i). An opposite result was 

obtained in liquid ammonia, because hydrogenation was more successful than 

arylation (Table 6, SWNTs 58 and Table 16, SWNTs 59). In literature, butylation 

of SWNTs has been more successful in liquid ammonia than hydrogenation based 

on Raman spectroscopy [200]. However, TGA analysis has shown that 

hydrogenation can be more successful than alkylation or arylation depending on 

the used alkyl or aryl halide [199]. 

4-Carboxyphenyl functionalized SWNTs (54b, 54e and 54h) formed a black 

or dark grey and stable dispersion in water, ethanol and methanol, and the color of 

the dispersions in especially water and methanol did not significantly vary with 

the used alkali metal or electron carrier (Fig. 55). However, the measured 

solubility of SWNTs in water and methanol enhanced as the success of 

functionalization increased. The solubility of 4-carboxyphenyl functionalized 

SWNTs 54h in water, ethanol or methanol increased as the polarity of the solvent 

decreased, which can be explained by the non-polar structure of SWNTs. In this 

work, the highest solubility was recorded with the 4-carboxyphenyl 

functionalized SWNTs 54h in DMF (0.9 mg/ml), which were obtained by the use 

of lithium and 56. 
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5.5 Control experiments 

In order to study the effect of the various components of the modification 

procedure on the Raman and FTIR spectrum and the appearance of SWNTs by 

EFTEM and to verify the detections and conclusions based on the spectroscopic 

measurements, various control experiments were performed. SWNTs 60a–m 

resulting from the control experiments are listed in Table 21. 

Table 21. Control experiments yielded SWNTs 60a–m. 

SWNTs Reaction 

solvent 

Electron 

carrier 

Electrophile Other 

60a None None None Sonication of pristine SWNTs in various solvents 

60b None None None Sonication of pristine SWNTs in ethanol 

60c NH3(l) None None  

60d NH3(l) None 38  

60e Diglyme None None  

60f Diglyme None 51  

60g Diglyme None 52  

60h Diglyme 56 None  

60i Diglyme 57 None  

60j Diglyme 56 51  

60k Diglyme 57 51  

60l Diglyme 56 Ethanol Sonication of 53c in ethanol and toluene 

60m Diglyme 56 Ethanol Sonication of 53c in toluene 

5.5.1 Sonication of pristine single-walled carbon nanotubes 

Ultrasonication is widely used in facilitating the detachment of individual tubes 

from bundles and ropes and enabling the removal of impurities from the nanotube 

sample. Exposure to ultrasonic irritation can cause disruption of the nanotube 

structure if the solvent is unstable under sonication or the sonication period is too 

aggressive or too long [269–272]. 

SWNTs (43-47) functionalized with various ethenylphenyl groups were 

purified by sonication in various solvents, including dichloromethane. 

Dichloromethane can decompose in an ultrasonic field leading to the formation of 

Cl radicals, which in turn can cause severe defecting and cutting of the SWNT 

structure [269]. In order to study the effect of sonication in ethanol, toluene, 

acetone, ethyl acetate and dichloromethane, pristine SWNTs were ultrasonicated 
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and washed several times with the selected solvents, and dried in a vacuum (Table 

21, SWNTs 60a).  

Ethanol was chosen as the solvent for the sonication of 4-carboxyphenyl 

functionalized SWNTs (54a–i and 55a–b), since it is stable under ultrasonic 

irradiation. It is also a relatively harmless solvent and all reagents were well or 

fairly soluble in it. Furthermore, 54a–i and 55a–b were sufficiently dispersed in 

it. In order to study the effect of the ultrasonication in ethanol, pristine nanotubes 

were repetitively sonicated in ethanol (6*30 min), washed with ethanol between 

the sonications and dried in high a vacuum (Table 21, SWNTs 60b). It was 

assumed that the sonication would not cause significant changes in the nanotube 

structure. 

Raman spectroscopic analysis 

The sonication of pristine SWNTs in various solvents caused a small increase in 

the intensity of the D-peak of SWNTs 60a (Table 22). However, the ID/IG ratio did 

not significantly grow in the Raman spectrum of 60b, which was obtained by the 

sonication in ethanol (Table 22). Furthermore, mere sonication did not induce a 

movement of the RBM peak in the Raman spectrum of pristine SWNTs. 

Table 22. Ratio R between the ratio of the intensities of D-band and G-band (ID/IG) in 

the Raman spectrum of SWNTs 60a or 60b and pristine SWNTs showed that whereas 

the sonication in ethanol did not result in the growth of the D-band, a small growth 

was caused by the sonication in various solvents including dichloromethane. (R = 

(ID/IG)FUNCT/(ID/IG)PRISTINE) 

SWNTs Sonication solvent ID/IG R 

Pristine SWNTs  0.02052  

    

60a Various solvents 0.02716 1.33 

60b Ethanol 0.02123 1.03 

Fourier-transform infrared spectroscopic analysis 

Repeated sonication of pristine SWNTs in ethanol according to the typical 

purification procedure did not induce significant changes in the IR spectrum of 

60b. 



155 

Energy-filtered transmission electron microscopic analysis 

EFTEM imaging of 60a and 60b showed that the appearance of SWNTs did not 

alter during the sonication in ethanol or other solvents. SWNTs 60a and 60b 

existed in long and smooth bundles while amorphous carbon and other impurities 

were present to the same extent as in the as-received pristine material. This 

suggested that the purification did not decrease or increase the purity. 

Conclusion 

Based on Raman spectroscopy the sonication of SWNTs in various solvents, 

which was used for the purification of ethenylphenyl functionalized SWNTs 43-

47, might have damaged the tubes to a small extent. One of the solvents used for 

the sonication media was dichloromethane, which is unstable under ultrasonic 

irradiation. It is possible, that the instability of dichloromethane caused some 

damage to the nanotube structure. 

Raman and FTIR spectroscopies and EFTEM imaging indicated that the 

structure of SWNTs did not change due to the sonication in ethanol. Therefore, it 

was concluded that the sonication procedure used for the purification of 

hydrogenated and 4-carboxyphenyl functionalized SWNTs was safe and was not 

likely to cause misinterpretations in later Raman studies. 

5.5.2 Treatment of single-walled carbon nanotubes in pure liquid 

ammonia 

In order to study the effect of the treatment of single-walled carbon nanotubes in 

liquid ammonia, SWNTs were treated according to the typical arylation procedure 

described in Chapter 5.3 without lithium and aryl halide. 

Raman spectroscopic analysis 

The treatment of SWNTs in pure liquid ammonia caused a small increase in the 

intensity of the D-peak related to pristine SWNTs in the Raman spectrum of 

SWNTs 60c (Table 23). Although some changes presumably occurred in the tube 

structure, these changes were smaller than expected due to the actual 

functionalization (Table 6, Table 12, Table 16).  
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Table 23. Ratio R between the ratio of the intensities of the D-band and G-band (ID/IG) 

in the Raman spectrum of SWNTs 60c and pristine SWNT showed that a small growth 

of the D-band was caused by the treatment of SWNTs in pure liquid ammonia. (R = 

(ID/IG)FUNCT/(ID/IG)PRISTINE). 

SWNTs Reaction solvent Metal Electrophile ID/IG R 

Pristine SWNTs    0.02052  

      

60c NH3(l) None None 0.02718 1.32 

Fourier-transform infrared spectroscopic analysis 

Slight changes were observed in the FTIR spectrum of 60c, which yielded from 

the treatment of SWNTs in pure liquid ammonia. For example, the –OH pocket 

was clearly visible and had narrowed, the C-H stretching signal at around 2900 

cm-1 had decreased while the C-H signal at 1450–1410 cm-1 had slightly 

increased. Since a small growth of the ID/IG ratio was observed in the Raman 

spectrum, changes in the FTIR spectrum may have resulted from an alteration of 

the SWNT structure. 

Energy-filtered transmission electron microscopic analysis 

SWNTs 60c treated with the reaction solvent NH3 resembled pristine SWNTs, 

which indicated that the treatment was not harmful to SWNTs (Fig. 33).  

Conclusion 

According to Raman and FTIR spectroscopic analysis and EFTEM imaging of 

60c, the treatment in pure liquid ammonia caused small changes in the SWNT 

structure and some increase in the amount of impurities in SWNTs. It is possible 

that changes in the SWNT structure were caused by the sonication in various 

solvents, because comparable growth of the D-band was observed in the Raman 

spectra of 60a and 60c (Table 22, Table 23). 
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5.5.3 Treatment of single-walled carbon nanotubes with 1-chloro-4-

ethenylbenzene in liquid ammonia 

Various aromatic compounds have been widely used in the functionalization of 

carbon nanotubes despite their recognized adsorption and therefore, possible 

difficulties in their separation from nanotubes. Furthermore, aryl halides have 

been used in the Birch reduction of carbon nanotubes both in ammonia and 

organic solvents [187,188]. In order to study the removal of 1-chloro-4-

ethenylbenzene (38) from a single-walled carbon nanotube surface, SWNTs were 

treated with 1-chloro-4-ethenylbenzene according to the typical arylation 

procedure described in Chapter 5.3 in liquid ammonia without lithium which 

yielded SWNTs 60d. 

Raman spectroscopic analysis 

A small increase in the intensity of the D-peak was observed in the Raman 

spectrum of 60d, which suggested that some changes occurred in the structure of 

SWNTs by the treatment with 1-chloro-4-ethenylbenzene (38) (Table 24). 

However, the D-band did not grow as much due to the actual functionalization 

(Table 12).  

Table 24. Ratio R between the ratio of the intensities of the D-band and G-band (ID/IG) 

in the Raman spectrum of SWNTs 60d and pristine SWNT showed that a small growth 

of the D-band was caused by the treatment of SWNTs with 38. (R = 

(ID/IG)FUNCT/(ID/IG)PRISTINE) 

SWNTs Reaction solvent Electrophile ID/IG R 

Pristine SWNTs   0.02052  

     

60d NH3(l) 38 0.02561 1.25 

Fourier-transform infrared spectroscopic analysis 

Slight changes were observed in the FTIR spectrum of 60d. For example, the –

OH pocket was clearly visible and had narrowed whereas the C-H stretching 

signal at around 2900 cm-1 had decreased but slightly increased at 1450–1410  

cm-1. Since a small growth of the ID/IG ratio was observed in the Raman spectrum, 

changes in the FTIR spectrum may have resulted from an alteration of the SWNT 

structure.  
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Thermogravimetric analysis 

Pyrolysis of SWNTs 60d at 30–800 ºC in a N2 atmosphere resulted in a major step 

of the evolution at around 200 ºC, which was presumably 38, due to its boiling 

point being at 192 ºC (Fig. 42A). A small mass loss occurred at around 350–400 

ºC and at 500 ºC, but the total mass loss of 60d was comparable with pristine 

SWNTs (Table 28). Based on the TGA determination, residual aryl halide 

remained but covalent functionalization did not occur without the generation of 

the SWNT anion. 

Table 25. Mass loss (%) of SWNTs 60d was not significantly higher that the mass loss 

of pristine SWNTs. 

SWNTs Solvent Electrophile Mass loss, % 

Pristine SWNTs None None 10.2 

    

60d NH3 1-chloro-4-

ethenylbenzene (38) 

11.3 

Energy-filtered transmission electron microscopy 

The EFTEM images of SWNTs 60d treated with aryl halide 38 without other 

reagents did not show significant changes in the appearance of SWNTs 60d 

related to pristine SWNTs. Anyhow, in part of the sample of 60d black dots were 

found along the tube surface, which indicated that adsorption in a confined way 

may have occurred (Fig. 44, top right). Because a slight growth of the ID/IG ratio 

was observed in the Raman spectrum of 60d, it is possible that some alteration of 

the SWNT structure occurred. 

Conclusion 

Based on FTIR and TGA, SWNTs 60d contained only a trace of residual 38. 

Therefore, the adsorption of 38 did not significantly hamper its removal from 

SWNTs after functionalization. Based on Raman spectroscopy, the treatment 

slightly changed the structure of SWNTs 60d. More intense changes were also 

observed in the tube structure of arylated SWNTs 43. It was concluded that the 

generation of the SWNTs anion with Li was crucial to the reaction with 38. 
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5.5.4 Treatment of single-walled carbon nanotubes in pure boiling 

diglyme 

In order to study the effect of a long stirring period on single-walled carbon 

nanotubes at a relatively high temperature (>162 ºC, 48 h), SWNTs were treated 

according to the typical arylation procedure described in Chapter 5.4.2 without an 

alkali metal and 4-iodobenzoic acid (Table 21, SWNTs 60e). Pristine SWNTs did 

not disperse spontaneously to pure refluxing diglyme. 

Raman spectroscopic analysis 

The D-band did not grow related to the G-band in the Raman spectrum of 60e 

(Table 26). Therefore, Raman analysis did not indicate an alteration of the SWNT 

structure by the treatment of SWNTs in pure boiling diglyme. 

Table 26. Ratio R between the ratio of the intensities of the D-band and G-band (ID/IG) 

in the Raman spectrum of SWNTs 60e and pristine SWNT showed that the treatment of 

SWNTs in pure boiling diglyme did not cause a growth in the D-band. (R = 

(ID/IG)FUNCT/(ID/IG)PRISTINE). 

SWNTs Reaction solvent Electron carrier Electrophile ID/IG R 

Pristine SWNTs    0.02052  

      

60e Diglyme None None 0.02120 1.03 

Fourier-transform infrared spectroscopic analysis 

In the spectrum of 60e signals at around 3400 cm-1, 1620 cm-1 and 1100 cm-1 

remained unchanged. The triplet at around 2910–2950 cm-1 had slightly grown, 

which suggested an increase of the hydrocarbon content. Furthermore, the signal 

at around 1440 cm-1 had grown, which indicated that changes occurred in the 

SWNT structure. Small signals at around 1730 cm-1 and 1260 cm-1 related to 

carboxyl groups appeared suggesting that carboxyl groups were added to the 

SWNT material during the reflux. It was possible that defect sites or amorphous 

carbon was oxidized. However, these signals were occasionally observed in the 

IR-spectrum of pristine SWNTs, too. Nevertheless, because a growth of the ID/IG 

ratio was not observed in the Raman spectrum of 60d, mere treatment in boiling 

diglyme did not cause substantial damage or other changes in the SWNT 

structure.  
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Energy-filtered transmission electron microscopy 

SWNTs 60e resembled pristine SWNTs, which indicated that the treatment in 

pure boiling diglyme for a long period of time was not harmful to SWNTs. 

However, a film-like matter and an increase of grey material were observed in the 

EFTEM images of 60e, which suggested the presence of a residual solvent 

(diglyme) and possibly an increased amount of carbonaceous impurities, such as 

amorphous carbon. However, an increase in the amount of amorphous carbon was 

not detected by Raman spectroscopy (Table 26). 

Conclusion 

Raman analysis of 60e indicated that the mere treatment in refluxing diglyme did 

not damage or otherwise change the SWNT structure and that diglyme was a safe 

solvent for the functionalization. Judging from the FTIR and EFTEM results, 

residual diglyme was present in 60e. In addition, FTIR indicated the presence of 

acid groups. It is possible that oxidation of defect sites and amorphous carbon 

existing in the pristine nanotube material may have occurred.  

5.5.5 Treatment of single-walled carbon nanotubes with 4-

iodobenzoic acid or 4-chlorobenzoic acid in boiling diglyme 

The aromatic structure of reagents was assumed to cause their adsorption 

[273,274] to the SWNT surface and therefore, difficulties in the removal of 

aromatic reagents were expected due to this adsorption. In order to study the 

adsorption of 4-iodobenzoic acid (51) or 4-chlorobenzoic acid (52) to the single-

walled carbon nanotube surface and to demonstrate the importance of the 

generation of the SWNT anion, SWNTs were treated according to the typical 

arylation procedure described in Chapter 5.4.2 without an alkali metal yielding in 

SWNTs 60f or 60g, respectively. SWNTs were stirred in a pure refluxing diglyme 

for 24 h and 4-iodobenzoic acid (51) was added to the mixture. 51 and 52 

dissolved in boiling diglyme but SWNTs did not form a homogeneous dispersion. 

Raman spectroscopic analysis 

When alkali metal and electron carrier were absent from the reaction mixture, the 

treatment with 4-iodobenzoic acid (51) did not cause a significant growth of the 
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ID/IG ratio of 60f and 60g (Table 27). Therefore, it could be concluded that a 

reaction between 51 and SWNTs did not occur without the formation of the 

SWNT anion. 

Table 27. Ratio R between the ratio of the intensities of the D-band and G-band (ID/IG) 

in the Raman spectrum of SWNTs 60f or 60g and pristine SWNT showed that the 

treatment of SWNTs with 51 did not cause a significant growth the D-band. (R = 

(ID/IG)FUNCT/(ID/IG)PRISTINE). 

SWNTs Reaction 

solvent 

Metal Electron 

carrier 

Electrophile ID/IG R 

Pristine 

SWNTs 

    0.02052  

60f Diglyme None None 51 0.02323 1.13 

60g Diglyme None None 52 0.02011 0.98 

Fourier-transform infrared spectroscopic analysis 

FTIR spectrum of SWNTs 60f, which were treated with (51), showed the 

characteristic peaks from the spectrum of SWNTs. However, the C-H signal at 

around 2920 cm-1 grew and a sharp signal at around 1380 cm-1 had appeared 

possibly originating from OH-vibrations of the carboxyl group. In addition, a 

small signal at 1730 cm-1 indicated the presence of carbonyl groups. Slight 

changes in FTIR spectrum accompanied by the lack of significant changes of the 

ID/IG ratio in the Raman spectrum of 60f indicated that some unreacted 4-

iodobenzoic acid (51) was left after purification. 

Thermogravimetric analysis 

Thermal degradation of SWNTs 60g begun at a lower temperature range (at 200 

ºC) than the degradation of pristine SWNTs, which indicated the presence of 

residual 52 (Fig. 54). However, the treatment of SWNTs with 4-chlorobenzoic 

acid (52) did not result in the growth of mass loss compared to pristine SWNTs 

(Table 28). Therefore, it could be concluded that the adsorption of 52 did not 

significantly hamper its removal from SWNTs. 
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Table 28. Mass loss (%) of pristine SWNTs and SWNTs 60g were equal. 

SWNTs Solvent Electrophile Mass loss, % 

Pristine SWNTs None None 10.2 

    

60g Diglyme 4-Chlorobenzoic acid 

(52) 

10.5 

Energy-filtered transmission electron microscopy 

EFTEM images of SWNTs 60f treated with aryl halide 51 did not show 

significant changes in the appearance of SWNTs 60f related to pristine SWNTs, 

which led to the conclusion that the structure of SWNTs was not altered by the 

treatment without the generation of a SWNT anion. Anyhow, a film-like impurity 

was observed in part of the sample, which might have been a residual solvent 

similar to what was found in SWNTs treated with pure diglyme. 

Conclusion 

Raman analysis of 60f and 60g indicated that a reaction between SWNTs and 4-

iodobenzoic acid (51) or 5-chlorobenzoic acid (52) did not occur without the 

generation of a SWNT anion (50a–i). TGA of 60g showed a trace of residual 52, 

and EFTEM imaging and FTIR analysis of 60f indicated that some 51 may have 

remained after the purification. Overall, the removal of 51 and 52 from SWNTs 

was not significantly hampered due to their adsorption on the SWNT surface. 

5.5.6 Treatment of single-walled carbon nanotubes with naphthalene 

in boiling diglyme  

The polyaromatic structure of naphthalene (56) is likely to cause difficulties in its 

separation from the carbon nanotube material due to its adsorption on the 

nanotube surface. However, the adsorption of 56 can be utilized to improve the 

dispersion of carbon nanotubes and subsequently enhance the reduction [244]. 

In order to study the effect of the adsorption of naphthalene (56) on its 

removal from the nanotube material, and the ability of 56 to improve the 

dispersion of SWNTs in diglyme, SWNTs were treated with 56 (5 equiv.) in 

refluxing diglyme according to the typical arylation procedure described in 
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Chapter 5.4.2 without an alkali metal and 4-iodobenzoic acid (51) yielding in 

SWNTs 60h (Table 21). When 56 was introduced to SWNTs, SWNTs were 

readily dispersed in the refluxing diglyme forming a homogeneous black 

dispersion. 

Raman spectroscopic analysis 

The ID/IG ratio in the Raman spectrum of 60h did not grow related to pristine 

SWNTs, which indicated the treatment of SWNTs with electron carrier 56 did not 

alter the structure of SWNTs (Table 29). 

Table 29. Ratio R between the ratio of the intensities of the D-band and G-band (ID/IG) 

in the Raman spectrum of pristine SWNT and SWNTs 60h showed that the treatment of 

SWNTs with electron carrier 56 did not cause a growth in the D-band. (R = 

(ID/IG)FUNCT/(ID/IG)PRISTINE). 

SWNTs Reaction 

solvent 

Metal Electron 

carrier 

Electrophile ID/IG R 

Pristine 

SWNTs 

    0.02052  

       

60h Diglyme None 56 None 0.01958 0.95 

Fourier-transform infrared spectroscopic analysis 

FTIR spectrum of SWNTs 60h showed a slight growth of the triplet at around 

2920 cm-1 together with the appearance of new signals at 1500 cm-1 and 1380  

cm-1. These signals can be assigned to naphthalene (56). The signal assigned to 

SWNTs at around 1600 cm-1 had downshifted to 1580 cm-1, which may have 

suggested some alteration to the SWNT structure. 

A new signal at around 1700 cm-1 accompanied by another new signal at 

around 1200 cm-1 indicated the presence of carboxyl groups. Since the ID/IG ratio 

had not grown in the Raman spectrum of 60h, it was possible that amorphous 

carbon or defect sites in SWNTs were oxidized. 

Energy-filtered transmission electron microscopy 

SWNTs 60h existed as long individual and bundled SWNTs similar to pristine 

SWNTs, which indicated that the structure of SWNTs did not significantly alter. 
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Catalyst particles and amorphous carbon were observed as in pristine SWNTs, but 

the amount of grey impurities resembling amorphous carbon increased indicating 

that the removal of naphthalene was incomplete.  

Conclusions 

SWNTs were readily dispersed in refluxing diglyme containing naphthalene (56) 

which formed a homogeneous black dispersion. Because pristine SWNT did not 

spontaneously disperse in diglyme, it was concluded that the dispersion of 

SWNTs could be improved with 56. In fact, a similar improvement in the 

dispersion of SWNTs was observed in other modification experiments where 

naphthalene was used. As a conclusion, naphthalene improved the dispersion of 

SWNTs in diglyme. 

Residual 56 could be observed in the EFTEM images and FTIR spectrum of 

60h, which indicated that naphthalene adsorbed on the SWNT surface, to an 

extent which hampered its complete removal from the nanotube material by the 

selected purification procedure. 

According to Raman and FTIR analysis of 60h oxidation of amorphous 

carbon or defect sites already present in pristine SWNT material may have 

occurred. 

5.5.7 Treatment of single-walled carbon nanotubes with 1-tert-butyl-

4-(4-tert-butylphenyl)benzene in boiling diglyme 

In order to investigate the removal of 1-tert-butyl-4-(4-tert-butylphenyl)benzene 

(57) (1 equiv.) from the nanotube material, SWNTs were treated with 57 

according to the typical arylation procedure described in Chapter 5.4.2 without 

alkali metal yielding in SWNTs 60i (Table 21). In addition, the effect of 57 on the 

dispersion of SWNTs in diglyme was evaluated. SWNTs were not fully dispersed 

in the solution. 

Raman spectroscopic analysis 

The ID/IG ratio had not changed in the Raman spectrum of 60i, which indicated 

that the treatment of SWNTs with electron carrier 57 did not alter the structure of 

SWNTs (Table 30). 
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Table 30. Ratio R between the ratio of the intensities of the D-band and G-band (ID/IG) 

in the Raman spectrum of pristine SWNT and SWNTs 60i showed that the treatment of 

SWNTs with electron carrier 57 did not cause a growth of the D-band. (R = 

(ID/IG)FUNCT/(ID/IG)PRISTINE). 

SWNTs Reaction 

solvent 

Metal Electron 

carrier 

Electrophile ID/IG R 

Pristine 

SWNTs 

    0.02052  

       

60i Diglyme None 57 None 0.02121 1.03 

Fourier-transform infrared spectroscopic analysis 

The treatment of SWNTs with 1-tert-butyl-4-(4-tert-butylphenyl)benzene (57) did 

not induce significant changes in the signals at around 2920 cm-1, 1630 cm-1 and 

1090 cm-1. New signals at around 1420 cm-1 and 1360 cm-1 could be assigned to 

residual 57. A new signal at around 1700 cm-1 accompanied by a new signal at 

around 1200 cm-1 indicated the presence of carboxyl groups. Since the ID/IG ratio 

of the Raman spectrum did not grow, a possible explanation is that amorphous 

carbon or defect sites in SWNTs were oxidized. 

Energy-filtered transmission electron microscopy 

SWNTs 60i existed as both long individual and bundled SWNTs similar to 

pristine SWNTs. Amorphous carbon and catalyst particles were also observed as 

in pristine SWNTs. Therefore, it was concluded that the structure of SWNTs did 

not significantly alter due to the treatment with the electron carrier. However, 

some film-like impurity was present in 60i, which indicated that the removal of 

57 was incomplete. 

Conclusion 

SWNTs did not disperse well in diglyme in the presence of 1-tert-butyl-4-(4-tert-

butylphenyl)benzene (57) (1 equiv.) suggesting that 57 was not effective in 

improving the dispersion of SWNTs. 

Electron carrier 57 is a bulky molecule due to the tertiary butyl groups (Fig. 

15). The bulkiness was assumed to cause steric hindrance between the nanotube 
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surface and the aromatic rings of 57 so that compared to naphthalene (56), its 

adsorption on the carbon nanotube surface would be less effective. Therefore, it 

was assumed that compared to 56 the removal of 57 from SWNTs would be 

easier. However, residual 57 could be observed in the EFTEM images and FTIR 

spectrum of 60i, which indicated that its adsorption on the SWNT surface 

hampered its complete removal from the nanotube material. Therefore, it was 

concluded that in contrast with the initial assumption the bulkiness of the electron 

carrier did not sufficiently decrease its adsorption and ease its removal from the 

nanotube material. 

FTIR analysis of 60i suggested that carbonyl groups were introduced to the 

nanotube material similar as in 60h yielding from the treatment with naphthalene. 

However, according to the Raman analysis of 60i the treatment did not damage, 

or lead to the addition of amorphous or covalent bonding to nanotubes. It was 

possible that amorphous carbon or defect sites already present in pristine SWNT 

material were oxidized. 

5.5.8 Treatment of single-walled carbon nanotubes with naphthalene 

or 1-tert-butyl-4-(4-tert-butylphenyl)benzene and 4-iodobenzoic 

acid in boiling diglyme 

Single-walled carbon nanotubes were treated with naphthalene (56) or 1-tert-

butyl-4-(4-tert-butylphenyl)benzene (57) and 4-iodobenzoic acid (51) in refluxing 

diglyme according to the typical arylation procedure described in Chapter 5.4.2 

without alkali metal yielding in SWNTs 60j or 60k, respectively. The assumption 

was that the treatment without an alkali metal would not lead to the 

functionalization of SWNTs, because the generation of the SWNT anion was not 

performed. It was also presumed that since the removal of 56, 57 or 51 

individually from 60f–h was incomplete, reagent residues would be observed in 

this case, too. 

Raman spectroscopic analysis 

The ID/IG ratio did not significantly grow in the Raman spectrum of SWNTs 60f 

or 60j yielded from the treatment with 51, or electron carrier 56 and 51, 

respectively. However, a small growth of the D-band was observed with 60k, 

which yielded from the treatment with 51 and electron carrier 57. It could be 
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concluded that in general, the reaction between 51 and SWNTs did not occur 

without the formation of the SWNT anion. (Table 31) 

Table 31. Ratio R between the ratio of the intensities of the D-band and G-band (ID/IG) 

in the Raman spectrum of pristine SWNT and SWNTs 60j and 60k, showed that the 

treatment of SWNTs with electron carrier 56 and electrophile 51 did not cause a 

growth of the D-band, but a small growth was observed when electron carrier 57 was 

used instead of 56. (R = (ID/IG)FUNCT/(ID/IG)PRISTINE). 

SWNTs Reaction 

solvent 

Metal Electron 

carrier 

Electrophile ID/IG R 

Pristine 

SWNTs 

    0.02052  

       

60j Diglyme None 56 51 0.02043 1.00 

60k Diglyme None 57 51 0.02527 1.23 

Fourier-transform infrared spectroscopic analysis 

A new peak appeared at around 1700 cm-1 in the FTIR spectrum of 60j and 60k, 

respectively, which suggested that carbonyls were present. However, due to a lack 

of proper changes of the ID/IG ratio in Raman spectrum, the carbonyl signal may 

have originated from residual 51. Furthermore, some changes occurred in the 

region 1300–1500 cm-1 leading to a main signal at around 1330–1400 cm-1 

probably as a result of various signals related to the C–H bonds of residual 

reagents present in the material. It is also possible that oxidation of amorphous 

carbon or defect sites already present in the pristine SWNT material took place. 

Energy-filtered transmission electron microscopy 

The appearance of SWNTs 60k, which yielded from the treatment with electron 

carrier 57 and 4-iodobenzoic acid (51), was similar to pristine SWNTs containing 

long individual and bundled SWNTs along with amorphous carbon and catalyst 

particles (Fig. 33). Therefore, the treatment did not seem to alter the structure of 

SWNTs and the removal of aromatic reagents was sufficient. In addition, 60j 

resembled pristine SWNTs. However, part of the sample of 60j contained black 

dots and a film-like matter, which indicated that the removal of presumably 

naphthalene (56) was incomplete. 
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Conclusion 

EFTEM and FTIR studies suggested that some impurities remained after 

purification of 60j and 60k. Based on the Raman analysis, the structure of 

SWNTs 60j did not alter, and only small structural changes occurred in 60k. FTIR 

analysis of 60j and 60k indicated the presence of carbonyl groups, which may 

have originated from residual 51. However, carboxyl groups were also observed 

with 60h or 60i. Based on Raman and FTIR analysis, oxidation of defect sites or 

amorphous carbon present in the pristine SWNT material may have taken place. 

5.5.9 Removal of naphthalene 

The removal of naphthalene (56) from hydrogenated SWNTs 53c was studied by 

the use of ultrasonication in 1) ethanol (6*30 min, 53c), 2) ethanol (6*30 min) 

and toluene (3*30 min) yielding in SWNTs 60l or 3) toluene (6*30 min) yielding 

in SWNTs 60m (Table 5, Table 21). 56 was soluble in ethanol and toluene. 

When SWNTs were sonicated in ethanol (6*30 min) and washed with ethanol 

and toluene between the sonication periods, the separation of SWNTs 53c by 

filtration was quick and facile. An additional sonication step in toluene (3*30 

min) caused a severe adhesion of SWNTs (60l) to the filter and walls of the glass 

filtering funnel and slow filtration. Futhermore, the removal of 60l from the 

polytetrafluoroethylene (PTFE) filter was challenging since the tubes were tightly 

attached to the surface of the filter. With 60m, which were sonicated only in 

toluene, the filtration was fast and the tubes were readily removed from the filter. 

Anyhow, the adhesion of nanotubes to the glass walls of the filtering funnel 

severely hindered the filtration. 

Raman spectroscopic analysis 

The ID/IG ratio of the Raman spectrum for 53c, 60l or 60m did not significantly 

grow in relation to pristine SWNTs (Table 32). Therefore, it was concluded that 

regardless of the used solvent, the structure of SWNTs remained unaltered and 

that ethanol and toluene were safe solvents for the sonication of SWNTs. 
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Table 32. Ratio R of the ratio between the intensities of the D-band and G-band (ID/IG) 

in the Raman spectrum of hydrogenated SWNTs 60l or 60m, and pristine SWNT 

showed that the alteration to the sonication procedure did not change the ID/IG ratio. (R 

= (ID/IG)FUNCT/(ID/IG)PRISTINE). 

SWNTs Sonication media ID/IG R 

Pristine SWNTs  0.02052  

    

60l Ethanol and toluene 0.02156 1.05 

60m Toluene 0.02089 1.02 

Fourier-transform infrared spectroscopic analysis 

No significant changes were observed in the spectra of 53c, 60l and 60m, which 

suggested that the difference in the efficiency of the solvent in the removal of 56 

could not be shown by FTIR spectroscopy. Based on the FTIR spectra of 53c, 60l 

and 60m, sonication in the selected solvents was not harmful and did not cause 

any alteration to the SWNT structure. 

Energy-filtered transmission electron microscopy 

The EFTEM images of 53c and 60l did not show any significant difference in the 

nanotube structure, but a slightly increased amount of impurity was seen as a grey 

matter, which could have been residual 56. Therefore, it was concluded that the 

additional sonication step in toluene (3x30 min) did not enhance the removal of 

naphthalene. EFTEM images of 60m showed a clear increase in amorphous 

carbon and a film-like impurity, which could be toluene or 56. Based on EFTEM, 

the use of only toluene as an ultrasonication media was not as efficient as ethanol 

in the removal of naphthalene from SWNTs. 

Conclusions 

Raman and FTIR spectra of SWNTs of 53c, 60l and 60m did not indicate an 

alteration to the SWNT structure. Based on EFTEM images of 53c, 60l and 60m 

toluene was not as efficient ultrasonication media as ethanol in the removal of 

naphthalene from SWNTs. According to the results gained by the various 

purification experiments, ethanol was chosen as the media for ultrasonication 

whilst ethanol and toluene were used for washings. 
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6 Summary 

Carbon nanotubes are a promising material for various applications due to their 

unique collection of properties. However, carbon nanotube material as such is 

inert and insoluble, which stands in the way of the true realization of its potential. 

In order to enhance the applicability of carbon nanotubes, their surface must be 

chemically modified.  

This research concerned the chemical modification of single-walled carbon 

nanotubes by the Birch reduction. The Birch reduction is based on the reduction 

of the SWNT surface with the solvated electron of an alkali metal in liquid 

ammonia. The reduction generates a SWNT anion, which is reactive towards 

electrophiles, such as aryl halides. The reaction of the SWNT anion leads to the 

covalent attachment of functional groups, such as aryl groups, to the nanotube 

surface i.e. SWNTs become functionalized. The importance of the generation of 

SWNT anion to the reaction of SWNTs and electrophile was demonstrated in this 

research, because the generation method of SWNTs anion greatly affected the 

success of functionalization. Furthermore, the treatment of SWNTs with an 

electrophile without alkali metal did not lead to functionalization. 

Functionalization was verified with Raman and FTIR spectroscopy. The 

success of functionalization was primarily evaluated by the ratio of the D-band 

and G-band in the Raman spectrum of SWNTs. The composition, purity and 

overall structure of SWNTs were evaluated with EFTEM and TGA. The effect of 

the functionalization on the dispersion of SWNTs was studied in selected solvents 

or polymer matrices. 

This research contained two parts. In the beginning, the improvement of the 

inherently poor dispersion of single-walled carbon nanotubes in polystyrene was 

desired in order to enable the preparation of mechanically, thermally and 

electrically improved polystyrene composite materials. For that account, SWNTs 

were functionalized by the Birch arylation in liquid ammonia with the monomer 

of polystyrene i.e. ethenylphenyl group. 

One objective was to investigate the effect of the structure of the functional 

group on the success of functionalization. Therefore, the functionalization of 

SWNTs was performed with five electrophiles, 1-chloro-4-ethenylbenzene, 1-

chloro-3-ethenylbenzene, 1-chloro-2-ethenylbenzene, 1-chloro-4-(1-methyl-

ethenyl)benzene and 1-(chloromethyl)-4-ethenylbezene. These functionalizations 

resulted in 4-ethenylphenyl, 3-ethenylphenyl, 2-ethenylphenyl, 4-(1-methyl-
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ethenyl)phenyl and 1-methyl-4-ethenylphenyl functionalized SWNTs, 

respectively. 

The structure of the aryl halide affected the functionalization in such a way 

that the decreasing electron density of the aryl halide seemed to enhance the 

functionalization. The effect of the electron density was demonstrated by the 

increase of the success of functionalization as the distance between the ethenyl 

group and the C-Cl bond of the aryl halide increased and by the decrease of the 

success of functionalization by the addition of methyl substituent to the 

ethenylphenyl group. Out of the five electrophiles, 1-chloro-4-ethenylbenzene 

was the most effective in the functionalization of SWNTs.  

Another objective was to investigate the correlation between the success of 

functionalization and the dispersion of functionalized SWNTs in polystyrene and 

toluene.  

In this study, the structure of the attached group primarily determined the 

compatibility of SWNTs with polystyrene and toluene. Although the 

functionalization of SWNTs with 4-ethenylphenyl or 4-(1-methylethenyl)phenyl 

groups led to different degrees of functionalization, they both significantly 

improved and stabilized the dispersion of SWNTs in a polystyrene-toluene 

solution. Similarly, although the functionalization with 3-ethenylphenyl or 2-

ethenylphenyl groups was less successful than the functionalization with 1-

methyl-4-ethenylphenyl groups, they all led to only a slight improvement in the 

dispersion. This can be explained by the orientation and bulkiness of the 

ethenylphenyl group on the SWNT surface. In 2-ethenylphenyl and 3-

ethenylphenyl groups the ethenyl substituent was close to the SWNT surface, 

which might have hampered the interaction between the functional group and 

polystyrene. The additional carbon atom between the aromatic ring of 1-methyl-4-

ethenylphenyl group and the SWNT surface might have caused the collapse of the 

functional group to the SWNT surface, which in turn, might have enhanced the 

bundling of SWNTs and restricted their interaction with polystyrene. The 

additional methyl substituent of the 4-(1-methylethenyl)phenyl group probably 

induced steric hindrance, which enabled the separation of individual SWNTs from 

bundles and therefore, better dispersion in polystyrene. In summary, 1-chloro-4-

ethenylbenzene was the most effective electrophile in the functionalization of 

SWNTs with ethenylphenyl groups and in the improvement of the compatibility 

of SWNTs with polystyrene. 

The effect of the chain length of polystyrene on the dispersion of 

functionalized SWNTs was investigated by the dispersing of the five different 
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ethenylphenyl functionalized SWNTs in two polystyrene materials, polystyrene 

with low (200.000 Da) or high (2.000.000 Da) molecular mass. Without the 

separation of the tubes from the bundles by sonication the functionalized SWNTs 

formed a darker, more homogeneous and stable dispersion in polystyrene with 

low molar mass. The dispersion of SWNTs could be adjusted by the method used 

in preparation of the dispersion, because the debundling of SWNTs by sonication 

in toluene prior to the addition to polystyrene-toluene solution led to a darker and 

more stable dispersion with polystyrene with the higher molar mass. It is possible 

that the long polystyrene chains could not reach the inner tubes in the bundles as 

effectively as the shorter chains and so, wrapped around the entire bundles 

leading to inhomogeneous and unstable dispersion. The separation of SWNTs 

from large bundles into smaller ropes or individual tubes enabled the wrapping of 

a longer polystyrene chain around individual tubes and moreover, the wrapping 

was enhanced by the increasing length of polystyrene. As a conclusion, although 

the dispersion of SWNTs was primarily determined by the functionalization of 

SWNTs, the dispersion quality could be further controlled by the structure and 

molecular mass of the polymer. 

The latter part of this work concentrated on the investigation of the alkali 

metal reduction of SWNTs in diglyme in order to avoid the restrictions, hazards 

and inconvenience of handling liquid ammonia. Hydrogenation with ethanol or 2-

propanol, and arylation with 4-iodobenzoic acid or 4-chlorobenzoic acid were 

used as the model reactions for the application of diglyme as a replacement for 

liquid ammonia. The research concentrated on the study of the alkali metal 

reduction of SWNTs in various conditions. Metallic Li, Na or K was used as the 

alkali metal with or without an electron carrier, naphthalene or 1-tert-butyl-4-(4-

tert-butylphenyl)benzene.  

Regardless of the reaction conditions in diglyme, more functionalization was 

obtained by the hydrogenation in ammonia than in diglyme. This indicated that 

diglyme was not an effective solvent as liquid ammonia for the hydrogenation of 

SWNTs. 

However, diglyme turned out to be a good replacement for liquid ammonia in 

the arylation with 4-iodobenzoic acid, because comparable degrees of 

functionalization were obtained by the replacement of liquid ammonia with 

boiling diglyme. The functionalization in diglyme could be greatly improved by 

the replacement of Li with Na or K and the use of an electron carrier, naphthalene 

or 1-tert-butyl-4-(4-tert-butylphenyl)benzene.  
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The extent of functionalization could be optimized by the correct choice of 

alkali metal and electron carrier. In summary, the use of the complex of K and 

naphthalene led to the most successful arylation with 4-iodobenzoic acid whereas 

the use of the complex of Li and 1-tert-butyl-4-(4-tert-butylphenyl)benzene led to 

the most successful hydrogenation. 

Based on Raman spectroscopy arylation at room temperature was as 

successful as in boiling diglyme, which suggested that the temperature had no 

influence on the functionalization. Therefore, the use of diglyme could enable the 

functionalization of SWNTs in a wide temperature range. 

In conventional Birch conditions the hydrogenation of SWNTs was more 

successful than arylation with the 4-chlorobenzoic acid or various ethenylphenyl 

derivatives. On the contrary, in diglyme in various conditions arylation with 4-

iodobenzoic acid was more successful than hydrogenation. Therefore, it is 

possible that the solvent may prefer certain type of functionalization. 

Arylation with 4-iodobenzoic acid in the conventional Birch conditions was 

less successful than arylation with various ethenylphenyl derivatives. However, 

the functionalization with 4-iodobenzoic acid could be enhanced beyond the 

amount of ethenylphenyl functionalization by the replacement of liquid ammonia 

with diglyme and the optimization of the reaction conditions in regard to the 

alkali metal and electron carrier. In conclusion, diglyme was an effective and 

versatile solvent for the functionalization of SWNTs by the alkali metal reduction. 

Similarly, as was observed with the ethenylphenyl functionalization, the 

functional group had an effect on the solubility of SWNTs. Arylation of SWNTs 

with 4-iodobenzoic acid was a more effective way to improve the solubility of 

SWNTs than hydrogenation, because the solubility of SWNTs in water, ethanol, 

methanol and DMF was clearly improved by the arylation whereas only moderate 

improvement was obtained by the hydrogenation. In addition, the enhancement of 

the solubility seemed possible by the increase of the extent of functionalization, 

because the most successful functionalization and overall, the highest solubility of 

SWNTs in the selected solvents was obtained with the complex of K and 

naphthalene. In conclusion, this work showed that the functionalization of 

SWNTs improved their interaction with their surroundings and the control of the 

solubility is possible by the correct choice of the functional group and the 

adjustment in the amount of functional groups. 

In summary, SWNTs were successfully functionalized with various aryl 

groups or hydrogen atoms via the Birch reduction in liquid ammonia or diglyme. 

The success of functionalization could be improved by the replacement of liquid 
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ammonia with diglyme and the adjustment of the reaction conditions. In addition, 

the performance of the reaction could be simplified by the use of diglyme instead 

of liquid ammonia. With the careful optimization of the reaction conditions, 

SWNTs can be modified by the alkali metal reduction towards specific 

applications. 
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7 Experimental 

7.1 General 

Single-walled carbon nanotube material (average diameter 1.4 nm, length 500 

nm–1.5 µm) used in this study was produced by the arc discharge method using 

Ni–Yt catalysts and purified by air oxidation and subsequent acid treatment to 

obtain high purity and low functionality material (product P2, Carbon Solutions 

Inc., Riverside, CA). According to the manufacturer the ratio of semiconducting 

to metallic SWNTs was 2 to 1, the amorphous carbon and other carbonaceous 

impurity content was less than 10% and the metal content was 4–7 wt% (TGA in 

air).   

Anhydrous ammonia (AGA or Linde) was dried by distillation by condensing 

and re-condensing or by letting the gas run slowly through a KOH/NaOH column. 

An ethyl acetate/N2 bath was used to reach low temperature. 1-chloro-4-

ethenylbenzene (Aldrich, 97%), 1-chloro-3-ethenylbenzene (Aldrich, 98%), 1-

chloro-2-ethenylbenzene (Aldrich, 97%), 1-(chloromethyl)-4-ethenylbenzene 

(Aldrich, 90%), 1-chloro-4(methylethenyl)benzene (Aldrich, 98%), anhydrous 1-

methoxy-2-(2-methoxyethoxy)ethane (diglyme) (Sigma-Aldrich, 99.5%), 4-

iodobenzoic acid (Fluka, puriss. ≥97%; Aldrich, 98%), 4-chlorobenzoic acid 

(Aldrich, 99%), naphthalene (Fluka, puriss. ≥99%), 1-tert-butyl-4-(4-tert-

butylphenyl)benzene (Fluka, ≥98%), Li, Na, K, KBr (Sigma-Aldrich, FTIR 

Grade, ≥99%) and other chemicals were used as received. Lithium was used as 

granules or pieces cut from a large lithium bar in a glovebag charged with a 

protective gas. 

All reactions were performed in dry conditions. The glassware and needles 

were dried in an oven at 80 ºC for 24 h. The balloons, needles and syringes were 

flushed with a protective gas at least three times. All parts used in the reaction 

system were stored in a desiccator.  

The reactions were performed in round-bottom flasks, which were connected 

to a vacuum-protective gas-manifold via a number of 3-way glass stopcocks. 

When liquid ammonia was used as a solvent, the reaction flask was also 

connected to a NH3 gas inlet. Balloons filled with a protective gas were then 

attached to the stopcocks in order to keep the system isolated from air and yet 

open to avoid an increase of pressure due to the ammonia gas flow. The reactions 

were performed under a protective gas (Ar or N2). The reaction flask was 
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evacuated and flushed 3 times with a protective gas prior to the addition of 

reagents. Alkali metals were cut in a glove bag (Ar atmosphere) and anhydrous 

diglyme was taken from the septum-sealed container with a gas tight syringe 

under argon stream. This was then added to the reaction flask through a septum 

against an inert gas stream.  

The SWNTs were filtered with a Millipore filtration system using PTFE 

filters (47 mm, pore size 0.2 μm). Ultrasonications were performed with Branson 

1510 or Branson E-module (model no ATH-1012-12) ultrasonic baths or a 

Hielscher UP50H ultrasonic processor. Centrifications were performed in glass 

test tubes (10 ml) using a Hermle Z 200A-centrifuge with a maximum spinning 

speed of 6000 rpm and relative centrifugal force of 4185 x g.  

Raman spectra were collected from solid samples using a Horiba Jobin-Yvon 

LabRAM HR800 UV-vis μ-Raman System together with a high magnification 

microscope objective (100 times). The excitation source was an argon laser (488 

nm, 2.54 eV) with a power range of 600 mW–3 W. To avoid structural damage, 

the laser power was kept as low as possible and neutral filters were used to reduce 

the power to approximately 6 mW. Acquisition time of 1s or 10s was used. 

Multiple (minimum of 15) individual Raman spectra were collected from 

different locations of each SWNT product in order to increase the reliability of the 

measured data. Ratio of the intensities of the D-band and G-band was calculated 

from each spectrum, an average was calculated and values with the highest 

deviation were discarded. The intensities of the bands were evaluated by their 

heights. Shifting of RBM peak was evaluated by the change in distance from the 

G-band related to pristine SWNTs. Normalization [1,0] was used to enable visual 

spectral comparison.  

FTIR spectra (4000–400 cm-1) were measured with a Bruker IFS 66 

spectrometer with a deuterated triglycine sulfate detector or via a Bruker Vertex 

V80 vacuum spectrometer with a mercury cadmium telluride detector by using 

KBr pellets. Globar was used as the mid-infrared source. FTIR spectra of SWNT 

powders were collected using KBr pellets. The amount of SWNTs was kept low 

(< 0.1 mg) to avoid suppression of the IR beam due to high absorption of SWNTs. 

TGA studies were performed with a Perkin Elmer TGA7 analyzer under an 

inert atmosphere with a nitrogen flow of 10 mL/min. The following program was 

used: isothermic stabilization at 30 °C for 10 min, 30–800 °C with 10 °C/min 

gradient, isothermic stabilization at 800 °C for 30 min and cooling to 30 °C with 

10 °C/min gradient. Average initial sample weights were 6 mg (3–15 mg). 
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EFTEM imaging was carried out using a LEO 912 Omega Energy-Filtered 

Transmission Electron Microscope with 0.34 nm resolution and 60–120 kV 

acceleration voltage. Powder samples were mechanically brushed on a shell 

structured G150 copper grid to bring out thin layers of SWNT-networks from the 

bulk sample for visual observation. Various magnifications were used to gain the 

overall image of the materials. 

In order to study the polymerization of 4-chlorostyrene in liquid ammonia in 

the presence of metallic lithium, samples (2–3 mg) were dissolved in 1 mL of 

THF and filtered through a 0.45 µm Acrodisc GHP Membrane High Performance 

Liquid Chromatography (HPLC) filter (Waters, Milford MA, USA). Agilent 1100 

HPLC system (Agilent Technologies, Santa Clara California, USA) including 

degasser, pump, autosampler and column oven were used to run the 

chromatograms. Columns were Waters Styragel HR5E and HR1 (Waters 

Corporation, Milford, USA) connected in series. Injection volume was 30 µl with 

a flow rate of 0.5 mL/min. Although the column temperature was not controlled, 

the ambient temperature was 23 ˚C. Agilent 1050 diode array detector at a 

wavelength of 280 nm was used for detection. The molar mass was calibrated 

using polystyrene standards (Mw: 434000, 177000, 42300, 9000 and 1240 Da and 

Mn: 420000, 174000, 41400, 9590 and 1210 Da) obtained from the Polymer 

Standards Service – USA Inc. (Warwick, USA). 

7.2 Hydrogenation 

7.2.1 Hydrogenation in liquid ammonia 

SWNTs (12.01 g/mol C, 50 mg, 4.2 mmol, 1 equiv.) were added to a dry 250 ml, 

3-neck, round-bottom flask in an inert atmosphere. Liquid ammonia (100 ml) was 

condensed into the flask at <-33 ºC using an ethyl acetate/liquid nitrogen cold 

bath. An excess of metallic lithium (~10 equiv.) was then added and a blue color 

appeared. The reaction mixture was stirred at -33 °C for 1 h. To allow the slow 

evaporation of NH3, the mixture was stirred at -33 °C overnight. SWNTs were 

then quenched on an ice bath with a slow addition of ethanol (25 ml) followed by 

water (50 ml). The mixture was acidified with HCl (~10%). SWNTs were filtered 

(PTFE, 0.2 μm), ultrasonicated (Hielscher, UP50H ultrasonic processor) and 

washed several times with ethanol, toluene, acetone, ethyl acetate and/or 
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dichloromethane. Finally, the hydrogenated SWNTs 58 were dried in a vacuum 

for 24 h.  

Raman [cm-1 (ID/IG, change)]: 170, 1354 (0.14234, 6.94), 1595, 2695. 

7.2.2 Hydrogenation in diglyme 

SWNTs (12.01 g/mol C, 50 mg, 4.2 mmol, 1 equiv.) were added to a dry 100 ml, 

2-neck, round-bottom flask in an inert atmosphere. Anhydrous diglyme (50 ml) 

was added via a syringe through the septum. An excess of metallic lithium, 

sodium or potassium (~10 equiv.) and naphthalene (56, 5 equiv.) or 1-tert-butyl-4-

(4-tert-butylphenyl)benzene (57, 1 equiv.) were added. The mixture was refluxed 

(>162 °C) for 48 h. The reaction mixture was then allowed to cool to room 

temperature. The mixture was quenched on an ice bath with a slow addition of 

ethanol or 2-propanol (25 ml) followed by the addition of water (50 ml). The 

mixture was acidified with HCl (10%). SWNTs were filtered, ultrasonicated in 

ethanol (6*50 ml) and washed several times with ethanol until the filtrate was 

clear and colorless. Finally, the hydrogenated SWNTs 53a–k were dried in a 

vacuum for 24 h. 

Hydrogenation using Li 

Functionalization was performed by the typical functionalization method using Li 

without an electron carrier which yielded hydrogenated SWNTs 53a. 

Raman [cm-1 (ID/IG, change)]: 167, 1352 (0.01949, 0.95), 1593, 2693. 

Hydrogenation using Na 

Functionalization was performed by the typical functionalization method using 

Na without an electron carrier which yielded hydrogenated SWNTs 53f. 

Raman [cm-1 (ID/IG, change)]: 167, 1352 (0.02650, 1.29), 1593, 2693. 

Hydrogenation using K 

Functionalization was performed by the typical functionalization method using K 

without an electron carrier which yielded hydrogenated SWNTs 53i. 

Raman [cm-1 (ID/IG, change)]: 167, 1352 (0.02431, 1.18), 1593, 2693. 
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Hydrogenation using Li and naphthalene (56) 

Functionalization was performed by the typical functionalization method using Li 

and 56 which yielded hydrogenated SWNTs 53b. 

Raman [cm-1 (ID/IG, change)]: 162, 1349 (0.02551, 1.24), 1591, 2688. 

Hydrogenation using Na and naphthalene (56) 

Functionalization was performed by the typical functionalization method using 

Na and 56 which yielded hydrogenated SWNTs 53g. 

Raman [cm-1 (ID/IG, change)]: 162, 1349 (0.02213, 1.08), 1591, 2689. 

Hydrogenation using K and naphthalene (56) 

Functionalization was performed by the typical functionalization method using K 

and 56 which yielded hydrogenated SWNTs 53j. 

Raman [cm-1 (ID/IG, change)]: 165, 1351 (0.02280, 1.11), 1591, 2692. 

Hydrogenation using Li and 1-tert-butyl-4-(4-tert-butylphenyl)benzene (57) 

Functionalization was performed by the typical functionalization method using Li 

and 57 which yielded hydrogenated SWNTs 53e. 

Raman [cm-1 (ID/IG, change)]: 166, 1350 (0.04391, 2.14), 1594, 2693.  

Hydrogenation using Na and 1-tert-butyl-4-(4-tert-butylphenyl)benzene (57) 

Functionalization was performed by the typical functionalization method using 

Na and 57 which yielded hydrogenated SWNTs 53h. 

Raman [cm-1 (ID/IG, change)]: 167, 1352 (0.02467, 1.20), 1594, 2693. 

Hydrogenation using K and 1-tert-butyl-4-(4-tert-butylphenyl)benzene (57) 

Functionalization was performed by the typical functionalization method using K 

and 57 which yielded hydrogenated SWNTs 53k. 

Raman [cm-1 (ID/IG, change)]: 167, 1351 (0.02859, 1.39), 1593, 2693. 
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7.3 Functionalization of SWNTs with various ethenylphenyl 

derivatives 

SWNTs (12.01 g/mol C, 50 mg, 4.2 mmol, 1 equiv.) were added to a dry 250 ml, 

3-neck, round-bottom flask in an inert atmosphere. Liquid ammonia (100 ml) was 

condensed into the flask at <-33 ºC using an ethyl acetate/liquid nitrogen cold 

bath. An excess of metallic lithium (~10 equiv.) was then added and a blue color 

appeared. The reaction mixture was stirred at -33 °C for 1 h. Aryl halide (2 ml, 

15.2 mmol, 3.6 equiv.) was added and the mixture was stirred at -33 °C overnight 

to allow the slow evaporation of NH3. SWNTs were quenched on an ice bath with 

a slow addition of ethanol (25 ml) followed by water (50 ml). The mixture was 

acidified with HCl (~10%). SWNTs were filtered (PTFE, 0.2 μm), ultrasonicated 

(Hielscher, UP50H ultrasonic processor) and washed several times with ethanol, 

toluene, acetone, ethyl acetate and/or dichloromethane. Finally, the functionalized 

CNTs 43–47 were dried in a vacuum for 24 h. 

7.3.1 Functionalization with 1-chloro-4-ethenylbenzene (38) 

Functionalization was performed by the typical functionalization method which 

yielded 4-ethenylphenyl functionalized SWNTs 43. 

Raman [cm-1 (ID/IG, change)]: 169, 1351 (0.07344, 3.58), 1592, 2690. 

7.3.2 Functionalization with 1-chloro-3-ethenylbenzene (39) 

Functionalization was performed by the typical functionalization method which 

yielded 3-ethenylphenyl functionalized SWNTs 44. 

Raman [cm-1 (ID/IG, change)]: 168, 1353 (0.04271, 2.08), 1594, 2692. 

7.3.3 Functionalization with 1-chloro-2-ethenylbenzene (40) 

Functionalization was performed by the typical functionalization method which 

yielded 2-ethenylphenyl functionalized SWNTs 45. 

Raman [cm-1 (ID/IG, change)]: 168, 1353 (0.04190, 2.04), 1595, 2694. 
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7.3.4 Functionalization with 1-chloro-4-(1-methylethenyl)benzene (41) 

Functionalization was performed by the typical functionalization method which 

yielded 4(1-methylethenyl)phenyl functionalized SWNTs 46. 

Raman [cm-1 (ID/IG, change)]: 167, 1352 (0.04077, 1.99), 1594, 2694. 

7.3.5 Functionalization with 1-(chloromethyl)-4-ethenylbenzene (42) 

Functionalization was performed by the typical functionalization method which 

yielded 1-methyl-4-ethenylphenyl functionalized SWNTs 47. 

Raman [cm-1 (ID/IG, change)]: 170, 1353 (0.07723, 3.76), 1595, 2695. 

7.4 Functionalization of SWNTs with 4-iodobenzoic acid (51) 

7.4.1 Functionalization in liquid ammonia 

SWNTs (12.01 g/mol C, 50 mg, 4.2 mmol, 1 equiv.) were added to a dry 100 ml, 

3-neck, round-bottom flask in an inert atmosphere (Ar). Anhydrous ammonia 

(100 ml) was condensed into the flask at < -33 ºC using an ethyl acetate/liquid 

nitrogen cold bath. An excess of metallic lithium (~10 equiv.) was then added and 

a blue color appeared. The reaction mixture was stirred at -33 ºC for 1 h.  4-

Iodobenzoic acid (4.0 g, 16.1 mmol, 4 equiv.) was added and the mixture was 

stirred at -33 °C overnight to allow the slow evaporation of NH3. SWNTs were 

quenched on an ice bath with a slow addition of ethanol (25 ml) followed by 

water (50 ml). The mixture was acidified with HCl (10%). SWNTs were filtered 

(PTFE, 0.2 μm), sonicated in ethanol and washed several times with ethanol, 

toluene and water until filtrates were clear and colorless. Finally, the 

functionalized SWNTs 59 were dried in a vacuum for 24 h. 

Raman [cm-1 (ID/IG, change)]: 166, 1351 (0.03322, 1.62), 1593, 2692.  

7.4.2 Functionalization of SWNTs in diglyme without electron carrier 

SWNTs (12.01 g/mol C, 50 mg, 4.2 mmol, 1 equiv.) were added to a dry 100 ml, 

2-neck, round-bottom flask in an inert atmosphere. Anhydrous diglyme (50 ml) 

was added via a syringe through the septum. An excess of metallic lithium, 

sodium or potassium (~10 equiv.) was added. The mixture was refluxed 

(>162 °C) for 24 h.  4-Iodobenzoic acid (~4 equiv.) was then added and the 
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mixture was refluxed for another 24 h. The reaction mixture was allowed to cool 

to room temperature. The mixture was then quenched on an ice bath with a slow 

addition of ethanol or 2-propanol (25 ml) followed by the addition of water (50 

ml). The mixture was acidified with HCl (10%). SWNTs were filtered, 

ultrasonicated (6*30 min) in ethanol (6*50 ml) and washed several times with 

ethanol, water and toluene until filtrates were clear and colorless. Finally, the 

functionalized SWNTs 54a, 54d and 54g were dried in a vacuum for 24 h. 

Functionalization using Li 

Functionalization was performed by the typical functionalization method using Li 

which yielded 4-carboxyphenyl functionalized SWNTs 54a. 

Raman [cm-1 (ID/IG, change)]: 168, 1352 (0.03228, 1.57), 1593, 2694. 

Functionalization using Na 

Functionalization was performed by the typical functionalization method using 

Na which yielded 4-carboxyphenyl functionalized SWNTs 54d. 

Raman [cm-1 (ID/IG, change)]: 206, 1338 (0.20331, 9.91), 1592, 2680. 

Functionalization using K 

Functionalization was performed by the typical functionalization method using K 

which yielded 4-carboxyphenyl functionalized SWNTs 54g. 

Raman [cm-1 (ID/IG, change)]: 168, 1351 (0.08886, 4.33), 1593, 2693. 

7.4.3 Functionalization in diglyme using naphthalene (56) 

SWNTs (12.01 g/mol C, 50 mg, 4.2 mmol, 1 equiv.) were added to a dry 100 ml, 

2-neck, round-bottom flask in an inert atmosphere. Anhydrous diglyme (50 ml) 

was added via a syringe through the septum. An excess of metallic lithium, 

sodium or potassium (~10 equiv.) and naphthalene (5 equiv.) were added. The 

mixture was refluxed (>169 °C) for 24 h.  4-Iodobenzoic acid (~4 equiv.) was 

added and the mixture was refluxed for another 24 h. The reaction mixture was 

allowed to cool to room temperature. The mixture was then quenched on an ice 

bath with a slow addition of ethanol or 2-propanol (25 ml) followed by the 

addition of water (50 ml). The mixture was acidified with HCl (10%). SWNTs 
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were filtered, ultrasonicated (6*30 min) in ethanol (6*50 ml) and washed several 

times with ethanol, water and toluene until filtrates were clear and colorless. 

Finally, the functionalized SWNTs 54b, 54e and 54h were dried in a vacuum for 

24 h. 

Functionalization using Li 

Functionalization was performed by the typical functionalization method using Li 

which yielded 4-carboxyphenyl functionalized SWNTs 54b. 

Raman [cm-1 (ID/IG, change)]: 162, 1348 (0.07527, 3.67), 1590, 2689. 

Functionalization using Na 

Functionalization was performed by the typical functionalization method using 

Na which yielded 4-carboxyphenyl functionalized SWNTs 54e. 

Raman [cm-1 (ID/IG, change)]: 160, 1345 (0.14547, 7.09), 1590, 2684. 

Functionalization using K 

Functionalization was performed by the typical functionalization method using K 

which yielded 4-carboxyphenyl functionalized SWNTs 54h. 

Raman [cm-1 (ID/IG, change)]: 165, 1349 (0.42423, 20.67), 1591, 2693. 

7.4.4 Functionalization in diglyme using 1-tert-butyl-4-(4-tert-

butylphenyl)benzene (57) 

SWNTs (12.01 g/mol C, 50 mg, 4.2 mmol, 1 equiv.) were added to a dry 100 ml, 

2-neck, round-bottom flask in an inert atmosphere. Anhydrous diglyme (50 ml) 

was added with a syringe through the septum. An excess of metallic lithium, 

sodium or potassium (~10 equiv.) and 1-tert-butyl-4-(4-tert-butylphenyl)benzene 

(1 equiv.) were added. The mixture was refluxed (>169 °C) for 24 h.  4-

Iodobenzoic acid (~4 equiv.) was added and the mixture was refluxed again for 24 

h. The reaction mixture was allowed to cool to room temperature. The mixture 

was quenched on an ice bath with a slow addition of ethanol or 2-propanol (25 

ml) followed by the addition of water (50 ml). The mixture was acidified with 

HCl (10%). SWNTs were filtered, ultrasonicated in ethanol (6*50 ml) and washed 
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several times with ethanol until the filtrate was clear and colorless. Finally, the 

functionalized SWNTs 54c, 54f and 54i were dried in a vacuum for 24 h. 

Functionalization using Li 

Functionalization was performed by the typical functionalization method using Li 

which yielded 4-carboxyphenyl functionalized SWNTs 54c. 

Raman [cm-1 (ID/IG, change)]: 165, 1350 (0.08654, 4.22), 1593, 2694. 

Functionalization using Na 

Functionalization was performed by the typical functionalization method using 

Na which yielded 4-carboxyphenyl functionalized SWNTs 54f. 

Raman [cm-1 (ID/IG, change)]: 167, 1350 (0.16593, 8.08), 1594, 2694. 

Functionalization using K 

Functionalization was performed by the typical functionalization method using K 

which yielded 4-carboxyphenyl functionalized SWNTs 54i. 

Raman [cm-1 (ID/IG, change)]: 164, 1347 (0.21389. 10.42), 1591, 2691. 

7.5 Functionalization of SWNTs with 4-chlorobenzoic acid (52) 

SWNTs (12.01 g/mol C, 50 mg, 4.2 mmol, 1 equiv.) were added to a dry 100 ml, 

2-neck, round-bottom flask in an inert atmosphere. Anhydrous diglyme (50 ml) 

was added with a syringe through the septum. An excess of metallic lithium, 

sodium or potassium (~10 equiv.) was added. The mixture was refluxed 

(>162 °C) for 24 h.  4-Chlorobenzoic acid (~4 equiv.) was then added and the 

mixture was again refluxed for 24 h. The reaction mixture was allowed to cool to 

room temperature. The mixture was quenched on an ice bath with a slow addition 

of ethanol or 2-propanol (25 ml) followed by the addition of water (50 ml). The 

mixture was acidified with HCl (10%). SWNTs were filtered, ultrasonicated 

(6*30 min) in ethanol (6*50 ml) and washed several times with ethanol, water 

and toluene until the filtrates were clear and colorless. Finally, the functionalized 

SWNTs (55a) were dried in a vacuum for 24 h. 

Raman [cm-1 (ID/IG, change)]: 166, 1351 (0.02896, 1.41), 1593, 2694. 
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7.5.1 Functionalization at room temperature 

Functionalization was performed by the typical functionalization method but at 

room temperature which yielded 4-carboxyphenyl functionalized SWNTs 55b. 

Raman [cm-1 (ID/IG, change)]: 165, 1351 (0.03127, 1.52), 1593, 2693. 

7.6 Control experiments 

7.6.1 Control reactions in liquid ammonia 

Reaction without alkali metal and aryl halide 

The reaction was performed by the typical functionalization method without Li 

and aryl halide which yielded SWNTs 60c. 

Raman [cm-1 (ID/IG, change)]: 164, 1351 (0.02718, 1.32), 1593, 2691. 

Reaction without alkali metal 

The reaction was performed by the typical functionalization method using 1-

chloro-4-ethenylbenzene (38) without Li which yielded SWNTs 60d. 

Raman [cm-1 (ID/IG, change)]: 164, 1353 (0.02561, 1.25), 1593, 2693. 

7.6.2 Control reactions in diglyme without electron carrier 

Reaction without alkali metal and 4-iodobenzoic acid 

The reaction was performed by the typical functionalization without alkali metal 

and aryl halide which yielded SWNTs 60e. 

Raman [cm-1 (ID/IG, change)]: 165, 1351 (0.02120, 1.03), 1592, 2691. 

Reaction using 4-iodobenzoic acid (51) without alkali metal 

The reaction was performed by the typical functionalization method using 4-

iodobenzoic acid (51) without alkali metal which yielded SWNTs 60f. 

Raman [cm-1 (ID/IG, change)]: 166, 1351 (0.02323, 1.13), 1593, 2694. 
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Reaction using 4-chlorobenzoic acid (52) without alkali metal 

The reaction was performed by the typical functionalization method using 4-

chlorobenzoic acid (52) without alkali metal which yielded SWNTs 60g. 

Raman [cm-1 (ID/IG, change)]: 163, 1350 (0.02011, 0.98), 1592, 2691. 

7.6.3 Control reactions in diglyme using naphthalene (56) 

Reaction without alkali metal and aryl halide 

The reaction was performed by the typical functionalization method using 56 

without alkali metal and aryl halide which yielded SWNTs 60h. 

Raman [cm-1 (ID/IG, change)]: 162, 1349 (0.01958, 0.95), 1590, 2689. 

Reaction with 4-iodobenzoic acid without alkali metal 

The reaction was performed by the typical functionalization method using 56 and 

4-iodobenzoic acid (51) without alkali metal which yielded SWNTs 60j. 

Raman [cm-1 (ID/IG, change)]: 162, 1349 (0.02043, 1.00), 1590, 2688. 

7.6.4 Control reactions in diglyme using 1-tert-butyl-4-(4-tert-

butylphenyl)benzene (57) 

Reaction without alkali metal and 4-iodobenzoic acid 

The reaction was performed by the typical functionalization method using 57 

without alkali metal and aryl halide which yielded SWNTs 60i. 

Raman [cm-1 (ID/IG, change)]: 165, 1351 (0.02121, 1.03), 1571, 1593, 2693. 

Reaction with 4-iodobenzoic acid without alkali metal 

The reaction was performed by the typical functionalization method using 57 and 

4-iodobenzoic acid (51) without alkali metal which yielded SWNTs 60k. 

Raman [cm-1 (ID/IG, change)]: 165, 1351 (0.02527, 1.23), 1593, 2693. 
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7.6.5 Optimization of the amount of naphthalene (56) 

SWNTs (12.01 g/mol C, 50 mg, 4.2 mmol, 1 equiv.) were added to a dry 100 ml, 

2-neck, round-bottom flask in an inert atmosphere. Anhydrous diglyme (50 ml) 

was then added with a syringe through the septum. An excess of metallic lithium 

(~10 equiv.) and naphthalene (1, 5 or 10 equiv.) was added. The mixture was 

refluxed (>162 °C) for 48 h. The reaction mixture was allowed to cool to room 

temperature. The mixture was quenched on an ice bath with a slow addition of 

ethanol or 2-propanol (25 ml) followed by the addition of water (50 ml). The 

mixture was acidified with HCl (10%). SWNTs were filtered, ultrasonicated 

(6*30 min) in ethanol (6*50 ml) and washed several times with ethanol, water 

and toluene until filtrates were clear and colorless. The functionalized SWNTs 

were dried in a vacuum for 24 h. 

Hydrogenation using Li and 1 equiv. of 56 

The reaction was performed by the typical hydrogenation method using Li and 1 

equiv. of 56 which yielded hydrogenated SWNTs 53c. 

Raman [cm-1 (ID/IG, change)]: 163, 1351 (0.01982, 0.97), 1592, 2692. 

Hydrogenation using Li and 10 equiv. of 56 

The reaction was performed by the typical functionalization method using Li and 

10 equiv. of 56 which yielded hydrogenated SWNTs 53d. 

Raman [cm-1 (ID/IG, change)]: 163, 1350 (0.03349, 1.63), 1591, 2690. 

7.6.6 Purification and sonication of SWNTs 

Sonication of pristine SWNTs in various solvents 

Pristine SWNTs were ultrasonicated in ethanol, toluene, acetone, ethyl acetate 

and dichloromethane and filtered between ultrasonications which yielded SWNTs 

60a. SWNTs were dried in a vacuum (80 ºC, 24 h). 

Raman [cm-1 (ID/IG, change)]: 166, 1352 (0.02716, 1.33), 1594, 2692. 
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Sonication of pristine SWNTs in ethanol 

Pristine SWNTs were ultrasonicated in ethanol (6*50 mL, 6*30 min) and filtered 

between ultrasonications which yielded SWNTs 60b. SWNTs were dried in a 

vacuum (80 ºC, 24 h). 

Raman [cm-1 (ID/IG, change)]: 162, 1350 (0.02123, 1.03), 1591, 2690. 

Purification of hydrogenated SWNTs 53c by sonication in ethanol followed 

by sonication in toluene 

Hydrogenated SWNTs 53c were ultrasonicated in ethanol (6*50 mL, 6*30 min) 

and in toluene (3*50 mL, 3*30 min), filtered between ultrasonications and dried 

in a vacuum (80 ºC, 24 h) which yielded SWNTs 60l. 

Raman [cm-1 (ID/IG, change)]: 163, 1351 (0.02156, 1.05), 1592, 2691. 

Purification of hydrogenated SWNTs 53c by sonication in toluene 

Hydrogenated SWNTs 53c were ultrasonicated in toluene (6*50 mL, 6*30 min), 

filtered between ultrasonications and dried in a vacuum (80 ºC, 24 h) which 

yielded SWNTs 60m. 

Raman [cm-1 (ID/IG, change)]: 163, 1351 (0.02089, 1.02), 1592, 2691. 
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