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ABSTRACT

In this dissertation, the synthesis and chara@Bom of side-chain fullerene-containing
polymers has been accomplished and reported (ch@pt&his was achieved by first
synthesizing a gg-cyclohexadiene cycloadduct, followed by its polyination with

norbornene via a ring opening metathesis polymgozag ROMP) procedure using the
Grubbs’ second generation catalyst. For companmoposes, 1,4,5,6,7,7-hexachloro-5-
norbornene-endo-2,3-heptylimide monomer was als@olgmerized with Go-

cyclohexadiene cycloadduct. The novel materialsewsraracterized using FT-IR, UV-
VIS, NMR spectroscopic techniques as well as TGA B$C analyses. The complex
1,4,5,6,7,7-hexachloro-5-norbornene-endo-2,3-hegpigeé was also characterized by
single crystal X-ray diffraction. The resulting pmdymers revealed that the main

fullerene features were retained in the polymers

In the second part of this dissertation, carbonesgsh (CSs) with high purity were
synthesized by the CVD method using acetyleneaslzon source (chapter 4). The CSs
were characterized using Raman spectroscopy, TGAT&M and data revealed their
graphitic and crystalline nature. Successful fuor@lization of CSs with cyclopentadiene
(CS-GHg) and cyclohexadiene (CSsids) was achieved by way of a Diels-Alder type
cycloadditon. The functionalized CSs showed goddlsiity in organic solvents such as
chloroform, dichloromethane and DMF. Boron-dopedboa spheres were also
synthesized and characterized, with special attentiaced on the diameters of carbon
spheres obtained in the presence of the boron eo@hbaracterization of the CSs
synthesized was performed by means of Raman speopy, TEM, and laser ablation
mass spectrometry analysis. The average diametérshell thickness of the carbon
spheres are greatly influenced by the boron inaatpm into the CSs, resulting in CSs

with a larger diameter.
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CHAPTER 1
INTRODUCTION

1.1 Background to the study

Nanoscience is the study of how materials behavenviheir sizes are reduced to the
nanoscale, while nanomaterials are the materiasahe employed in nanotechnology.
Nanotechnology is generally the application of glé@m science and engineering for
use in the fabrication of new materials and devidégse products make abundant use of
physical properties associated with small scalesidiechnology has also been defined
as the design, production, characterization, araliGgtion of structures, devices, and
systems by controlled manipulation of size and shap the nanometer (nm) scale
(atomic, molecular, and macromolecular scale) fratduces structures, devices, and

systems with at least one novel or superior prggéit

Over the past decade, nanomaterials have beerulijecsof massive interest [2]. They
can be made by a ‘top down’ approach, producing &nall structures from larger
pieces of material, for example by etching struesunto bulk materials such as silicon as
in the fabrication of silicon chips. They can als® made by a ‘bottom up’ approach,
atom by atom or molecule by molecule, harnessimgcjocovalent, non-covalent or
metallic bonds. In this approach one can use ssimably, in which the atoms or
molecules arrange themselves into a structure altieeir natural properties [1]. Crystals
grown for the semiconductor industry and polymeeexamples of products formed by
self-assembly. An alternative to self-assemblyoisise tools to move each molecule or
atom individually. Although molecule manipulatios difficult and not suitable for
industrial applications, the discovery of the séagrnunneling microscope (STM) and
atomic force microscope (AFM) have been essentiatife development of nanoscience

and nanotechnology research.

Nanomaterials, noteworthy for their very small teatdimensions, have the potential for

wide-ranging industrial, biomedical, and electroagplications. Nanomaterials can be



ceramics, metals, polymeric materials, or compositaterials [2]. Their important
characteristic is a very small feature dimensiothi range of 1-100 nm. There are two
principal factors that cause the properties of naaterials to differ significantly from
other materials: greatly increased surface areagaadtum size effects [1]. These factors
can enhance properties such as reactivity, streagthelectrical conduction. Materials
reduced to the nanoscale can show extremely diffesptical, electrical and magnetic
properties when compared to what they exhibit omacroscale, enabling unique
applications for the nanomaterials. For instancanaerial such as gold, which is
chemically inert at usual scales, can serve as wwefgfol chemical catalyst at the
nanoscale [2]. Copper nanoparticles smaller thannB0 are considered super hard
materials that do not show the same malleabilitg anctility as bulk copper [2].
Nanocomposites based on polymeric materials are algportant in explaining
nanomaterial behaviour. For instance, the addiifosmall amounts of 2 % by volume of
silicate nanopatrticles to a polyamide resin inaggsase strength of the resin by 100 %
[2]. Addition of nanoparticles improves the mecltahiproperties and thermal stability,
in some instances allowing use of polymer-matrirat@mposites at temperatures at an
additional 100°C above normal service conditions [2]. Polymer-bdasanocomposites
can also be used in anti-corrosion coatings on Is)etfain-film sensors and packaging
films. Processing and forming of light material®rge of the main reasons for the rapidly
growing applications of carbon nanomaterials. Luggight materials with high strength

and stiffness are likely to find applications incaaft and spacecraft components.

One of the most important aims of nanotechnologyadays is the development of new
or enhanced materials [1]. Scientists throughoet world have been attracted to the
study of the structure, texture and diversity afimas carbon materials due to their wide
range of applications [3, 4]. Among the materidiattcan be used as additives are
carbon-based nanomaterials. These include fulleréig), carbon spheres (CSs), carbon
nanotubes (CNTs), carbon onions, carbon beads andfibers. These nanomaterials
have promising applications in nanotechnology, dmssng, electronics, polymer
composites, hydrogen storage, catalysis, electr@ieb drug delivery, due to their
exceptional characteristics [5]. Carbon nanomdte@déso reveal a rich polymorphism.



Discovery of a new carbon material morphology le@adsew potential application fields.
In particular, it is expected that the original aaretric morphologies of CNTs could
have an important potential impact in applicativeas such as molecular electronics or
high-strength composite materials [6]. Reports hasleown that once carbon

nanomaterials are added to a polymer the strerfgilpolymer can be enhanced [7].

Doping of heteroatoms into carbon nanostructuress aahother dimension to these
structures’ characteristics. Doping nitrogen or domorinto carbon layers affects the
electronic structure, catalytic activity and eleat conductivity properties of the doped
materials. For example Kirgt al. [8] showed that an enhanced carbon nanotube growth
resulted from nitrogen incorporation into a carbmemotube wall which reduced the
elastic strain energy to form a tubular graphigdr of a carbon nanotube. The enhanced
carbon nanotube growth by incorporation of nitrogedue to a decrease in the activation
energies required for nucleation and growth oftthmilar graphitic layer [8]. Blase and
the co-workers [9] reported that electron microscapd electron diffraction patterns
revealed that B-doping considerably increased ehgth of carbon nanotubes and led to

a remarkable preferred zigzag chirality.

The preparation of carbon-containing polymeric mate is noteworthy for several
reasons. For instance, when a small amounteggf ©NTs or CSs are introduced into a
polymer system, many properties of the polymer sash photoconductivity [10],
mechanical properties [11], optical limiting propes [12], etc. are enhanced. Another
reason to synthesize carbon-containing polymerienas is to overcome the drawbacks
of carbon nanostructures for large-scale applioatiaue to their insolubility or near
insolubility in most common solvents, and theirdency to aggregate very easily [13].
These problems can be overcome by first functiaimagi the carbon materials with
organic groups to give soluble derivatives thateasy to analyse and characterize [14-
23].



1.2 Objectives

The objectives of this project are as follows:

(i)

(ii)

(iii)

(iv)

(v)

To synthesize ag-cyclohexadiene monomer.

To polymerize the resulting monomer with norborndeevatives via a Ring
Opening Metathesis Polymerization (ROMP) in thespree of the Grubbs’
second generation catalyst.

To perform the synthesis and functionalization @rbon spheres with
cyclohexadiene or cyclopentadiene.

To carry out the synthesis of boron-doped carbdrerss using acetylene as
the carbon source and B MeOH as the boron source.

To characterize the new carbon-containing matetsiisg techniques such as
thermal analysis, nuclear magnetic resonance s@ecipy, infrared
spectroscopy, ultra-violet visible spectroscopy,ssapectrometry, Raman

spectroscopy and transmission electron microscopy.

1.3Outline of the dissertation

Below is an outline of this dissertation:

Chapter 2 (Literature review): This chapter gives a reviewtlo¢ literature related to

carbon nanomaterials such as carbon nanotubesyenéls, carbon spheres, etc. The

properties and applications of these carbon narenmalt are discussed.

Chapter 3 (The synthesis of g-containing polymers): This chapter describes the

research work done on fullerenesfC The introduction, experimental, results and

discussion, and conclusion to the synthesis gfcGntaining polymers are presented in

this chapter.

Chapter 4 (Synthesis, functionalization and doping of carlspiheres): In this chapter,

the research done on carbon spheres is presenrtednffoduction, experimental, results



and discussion, and conclusion to the synthesigingoand functionalization of carbon

spheres are presented in this chapter.
Chapter 5 (Conclusions and recommendations): In this chagi@nclusions are drawn

based on the results obtained with respect to rifi@li objectives. It also represents

recommendations for future studies.
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CHAPTER 2
LITERATURE REVIEW

2.1 Carbon nanomaterials

Carbon is found freely in nature in three allotoporms: amorphous, graphite and
diamond. Carbon can share electrons with up to thiierent atoms. Carbon has an
affinity for bonding with other elements as wellagh itself. Carbon-carbon bonds are
strong and stable. This allows carbon to form mdiffgrent compounds of varying size
and shape. The shapes of molecules may be undensyomoking at the hybridization
adopted by each of the atoms in a molecule. Wheronas bonded to four other atoms
with no lone electron pairs, the hybridization [§ and the arrangement is tetrahedral.
When carbon is bonded to three other atoms (twglesihonds, one double bond) the
carbon is sphybridized and the structure results in a flajdrial arrangement with 120°
angles between bonds. A carbon atom bound to tler @toms (two double bonds or
one single plus one triple bond) is sp hybridizad torms a linear arrangement with an
angle of 180° between bonds. The physical promedfecarbon vary widely with the
allotropic form. For example, graphite is opaquiack, very soft and slippery, while
diamond is highly transparent, the hardest mat&nalvn and has a high melting point.
Also, diamond has a very low electric conductivithile graphite is a very good
conductor of electricity. All forms of carbon arelids under normal conditions and

highly stable, requiring a high temperature to t¢akc

Amorphous forms of carbon such as soot, charcodlamtivated carbon are materials
consisting of very small particles of graphite. Tamorphous form has a variety of
carbon atoms arranged in a non-crystalline, irrguljlassy state, which is basically
graphite with the carbon atoms not held in a cilysga macrostructure. Graphite
comprises of a two-dimensional network of-&gbridised carbon atoms and a sheet of
linked hexagonal rings. Each carbon atom is boridgdnally to three others. There are
strong covalent bonds between carbon atoms inlegeh and only weak Van der Waals

forces exist between layers. On the other handna is comprised of a three-



dimensional network of Sghybridised carbon atoms. Each carbon atom is hbnde
tetrahedrally to four others, making a three-dinmama network of puckered six-
membered ring of atoms. Other allotropes have la¢sm discovered, such as fullerenes.
Many different carbon shapes have been made sudiuds/balls, carbon nanotubes
(CNTSs), carbon nanobuds, nanofibres, aggregatedatid nanorods, lonsdaleite, glassy
carbon, carbon nanofoam, and linear acetylenicorafb]. Some allotropes of carbon are
shown inFigure 2.1 [1]. The buckyballs are large molecules made sba@a bonded
trigonally forming spheroids. CNTs are structuradiynilar to buckyballs, except that
each carbon atom is bonded trigonally in a cunfegksthat forms a hollow cylinder. All
these carbon nanomaterials are potentially usefntl aan be employed in

nanotechnology.

Figure 2.1: Some forms of carbon: (a) diamond; (b) graphitg;lensdaleite; (d)-(f)
fullerenes (Go, Csaa, Cro); (g) amorphous carbon (h) carbon nanotubes @igaken from
reference [1]).



Various forms of carbon such as carbon nanofib?es3], carbon onions [4-6], carbon
trees [7], carbon spheres [8-13], ordered mesoatatbons [14], carbon nanowalls [15]
and carbon capsules [16], have been synthesizedstaied by scientists around the
world. Carbon nanotubes and other carbon structanregotential candidates for use in
conductive and high-strength composites [17], dtelivery [18], nanotweezers [19], gas
storage media [20], semiconductor devices [21], feldl emission displays [22]. A
variety of methods have been established for bbéh synthesis of different carbon
structures and to study their morphology [23].

In this dissertation the focus has been on spHecardon materials namely, fullerenes

and solid carbon spheres. These compounds willdoeissed separately.

2.2 Fullerenes

2.2.1 Historical Introduction

In 1970, Eiji Osawa of Toyohashi University of Tedlogy predicted the existence of
Ceo. He observed that the structure of a corannulecutd was a subset of a soccer-ball
shape, and he made the hypothesis that a fulsbafye could also exist and that it would
be ‘superaromatic’ [24]. In 1985 these predictiovere shown to be correct. Since the
initial discovery of the existence of polyhedrattman clusters, the fullerenes, in 1985 by
Kroto et al. [25] and the subsequent development of preparatie¢thods for their
fabrication at the beginning of the 1990s [26], ttieemical properties and numerous
chemical methodologies to functionalize these umoom molecules has been
investigated. Kroto, Smalley and Curl were awartlel 1996 Nobel Prize in chemistry
for their roles in the discovery of this class ofrgpounds. The word “fullerene” is now
used to refer to the whole class of hollow closedec molecules consisting of only

carbon atoms.

Fullerenes have received much attention by sctsntismany fields. Motivation for this

attention has been provided by a range of playdremists for the molecular nature of



the solid phase and the synthesis of a huge faafilgovel compounds that can be
prepared from fullerenes, materials scientists generating sources of monodisperse
nanostructures that can be assembled in films gradlat forms and whose properties can
be controlled by doping and intercalation, and dewngineers because of fullerenes’
potential use in optical limiting and switching dms and in photoconductor applications
for niche photoresistor purposes [27]. Some pateapplications for fullerenes include:

superconductors, lubricants, catalysts due to thgin reactivity, drug delivery systems,

pharmaceuticals and targeted cancer therapies,oddr storage, optical devices,

chemical sensors, photovoltaics, polymer additipedymer electronics such as Organic
Field Effect Transistors (OFETS), and antioxidaatsl cosmetics, to ‘mop up’ free

radicals [28]. Since the commercial availability Gfo, research on this new form of

carbon has expanded at a rapid rate.

2.2.2 The structural features of fullerenes

Carbon shows a variety of stable forms ranging ftonee dimensional semiconducting
diamond, to two dimensional semimetallic graphitepne dimensional conducting and
semiconducting carbon nanotubes and to zero dimealsifullerenes. All these
compounds show many interesting properties. Fenles and carbon nanotubes have sp
hybridised carbon atoms. Structural features ofefahes are similar to graphite.
However, fullerenes are molecules of discrete sapng, they are spherical because they
have pentagonal rings that prevent the formatiorshidets and hence encourage the

formation of 3-D structures.

Fullerene, also known as Buckminsterfullereng, ¢ composed entirely of carbong,C
was named after Richard Buckminster Fuller becatisiee similarity of the shape ofs&
to the geodesic dome he designed [24); € the smallest stable, and also the most
abundant fullerene, with icosahedral) (fymmetry. With the success in synthesizing
macroscopic quantities of fullerenes, a numbertbéofullerenes such as,{the second
most abundant fullerene, withsppsymmetry), Gs, Cze, Crs, Cgo and G4 (low abundant

fullerenes) have been isolated and characterizZgjd f2common feature noted for all the
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higher fullerenes, including ¢g and Gy, is that they all have isolated pentagons. The
higher fullerenes all have very low symmetry [30he lower symmetry of these higher
fullerenes results in the formation of a large nemtf potential structural isomers which
are difficult to separate. As a result, the workel@n fullerene chemistry has focused on
Ceo and Go [31]. Because of their exceptional propertiesucttire and versatility,

fullerenes have proven to be ideal materials fowotechnology studies.

2.2.3 The synthesis of fullerenes

The first production of fullerenes was developed3myalley and co-workers in the early
1980s [32] and consisted of laser vaporization gfaphite rod, followed by entrainment
of the ablated species in a molecular beam. Theopimozed species were then mass
analyzed by time-of-flight mass spectrometry (TOFMB 1990, an inexpensive and
efficient method to synthesize large quantitiefutierenes was discovered by Kratchmer
and Huffman [26 (a)-(b)]. The method they used yotlsesize fullerenes employed the
passage of a large current between two graphitdretkes in a helium atmosphere. The
resulting carbon plasma arc between the electrodeted into a sooty residue from
which various fullerenes could be isolated as delutvell-defined solids. The major
species were identified asdand Go through mass spectrometry and by comparison of
the infrared spectrum with hypothetical predictidas Cso, Which had previously been
proposed to account for cluster beam observati@hs33]. The IR spectrum observed by
Kratchmer and Huffman showed four sharp strong gtems (1429, 1183, 577 and 528
cm™), which at elevated He pressures originated frg@s. Taylor and co-workers [29,
34] confirmed the structure ofgeand Go by using mass spectrometry which showed
strong peaks at/z 720 and 840, corresponding t@e@nd Go. They also ran th&’C
NMR spectra of the purified material, which fogg@nd Go gave a single line and five

lines respectively.
In fullerene production mixtures ofgf; C7o and higher fullerenes are always formed.

Fullerene purification is the most important keyfadlerene science and determines the

prices and the success of practical applicationdutiérenes. The first purification
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method for Gy was by high performance liquid chromatography (BPlfrom which
small amounts could be generated at large exp@ngeactical method for purification of
soot enriched in § and G starts with extraction in toluene followed byrtion with a
paper filter. Toluene is evaporated and the resitlne toluene-soluble soot fraction)
redissolved in toluene and subjected to columnrolatography. & elutes first with a

purple colour and ¢ next showing a reddish-brown colour [35].

2.2.4 The properties of Go

2.2.4.1 The structure of Go

The structure of the gg molecule is that of a truncated icosahedron, whesembles a
round soccer ball. The fullerene is made of twdmgyagonal and twelve pentagonal rings
[24]. The sixty carbon atoms ing&are located at the vertices of a truncated icataime
where all carbon sites are equivalent, and thisoissistent with the observation of a
single line in the'*C NMR spectrum [29]. A schematic diagram of g @wolecule is

shown inFigure 2.2

Figure 2.2: Schematic diagram of asgmolecule (figure taken from reference [36]).

Cso has 30 reactive bonds within the hexagonal rings, and none ofpgr@agons make
contact with each other. ThesdOmolecule has two bond lengths, the (6,6) ring lsond
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(between two hexagons) are shorter than the (6)§)bonds (between a hexagon and a
pentagon) [24, 27, 37, 38]. This is because to leavéond in a pentagonal ring would
lead to higher local curvature on the fullerend &t would also increase ring strain [24,
27, 37]. The two bonds on the pentagonal edgesglactron-poor single bonds and one
bond joining two hexagons is an electron-rich deubbnd [27]. The X-ray diffraction
bond length values are 135.5 pm for the (6,6) i 146.7 pm for the (5,6) bond [35].

2.2.4.2 The solubility of Go

The solubility of fullerenes decreases with inchegssize [24]. In polar and H-bonding
solvents G is basically insoluble. It is sparingly soluble atkanes and the solubility
decreases with the number of atoms. Toluene atmcatisulphide are common solvents
used for the fullerenes [37, 39]. Fullerene-conteymmaterials are generally more soluble
than the parent molecule [24]. The organic dernaibn of Go has produced an
increasingly high number of compounds which, whigaining most of the original

properties of fullerene, are easier to handle [39].

2.2.4.3 The reactivity of Go

Fullerenes are not very reactive due to the stghifithe graphite-like bonds. To increase
its reactivity, researchers have been able to lattative groups to the surfaces of
fullerenes [40]. As mentioned beforegoQwith I, symmetry, has only one type of carbon
atom and two types of C-C bonds: those at (6,8) jimctions and those at (6,5) ring
junctions. The characteristic reactions of full@emre redox reactions, radical additions,
nucleophilic additions, carbene additions, cycloaolds and polymerizations [35]. The
strong electron withdrawal by the fullerene cagek@safullerenes very unreactive
towards most electrophiles. Substitution reactiaresnot possible with fullerene since it
contains no H atoms that could be substituted. Wewesubstitution reactions do occur
on derivatives of g containing additional groups. Addition reactiomms Gso usually
occur at thet bonds in the hexagonal rings. Theoretical work de®onstrated that the
bonds at the (6,6) ring junctions idWill be more reactive than those at the (6,5) ring
junctions [41, 42]. The nucleophilic addition atgpring junctions decreases angle strain

by changing sphybridized carbons into 3ybridized ones. This change in
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hybridization decreases the bond angles from 2i80sg orbitals to ~109.5in sp’
orbitals. This allows for the bonds to bend lesemwhlosing the sphere and therefore the
molecule becomes more stable. Generally, nuclecphadditions give covalent
monoadducts as the major products; higher additioosur more slowly as the
electrophilicity of G derivatives becomes increasingly reduced with easing
reduction in the conjugated fullerene chromophat8].[ However, the addition of a
nucleophile in a stoichiometric amount to a (6,6nd of fullerene has been shown to
lead to a complex mixture containing one produamnohoaddition together with several
multiple addition products. Prato [39] reported ttitiae monoadduct can usually be
purified by chromatography. A mixture of diadductn contain up to eight different
positional isomers, with the number of possiblaniecs increasing with the number of
additions. Isomers inside each family of adductmdteto possess the same
chromatographic properties, and this makes theratpa a very complex operation.
Hence, addition conditions are usually optimizead tbe maximum yield of the
monoaddition product, with little attention givemrnore highly functionalized fullerenes
[39]. It is not surprising that nucleophilic addii reactions can take place readily
because of the high electrophilic reactivity ofléusénes. Multiaddition products are no
less useful than monoadducts if they can be sy selectively and in high yield.
Richly functionalized fullerenes show interestinggerties such as biochemical activity
(e. g. DNA cleavage, etc.) [44-48] and photocheimigactionality (e. g. photovoltaics,
etc.) [49, 50].

Addition reactions have the largest synthetic pideim Cgso chemistry. Fullerene, with
its electron affinity (2.8 eV) [33], is a reacti2a component in cycloaddition reactions
such as the Diels-Alder addition, and reacts alaotron deficient dienophile with a
number of electron rich dienes, including aromatnd non-aromatic systems [33, 42,
51]. Cycloadditions to fullerenes are popular foeit ability to control the reaction so
that only one addend attaches to the cage, makiaignical analysis of the products quite
easy [24]. Other cycloaddition reactions such a2]1[2+2], [3+2], [6+2], [8+2] and
[4+2] (Diels-Alder) cycloadditions have been showm be useful tools for the

modifications of fullerenes [52]. Here thgdQvith a relatively low lying LUMO always
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reacts as a dienophile. Cycloaddition @f @ quadricyclane [53], é to cyclopentadiene
[52] and Go to cyclooctatetraene [54] have successfully gistgble cycloaddition

products.

2.2.5 Reactions of g

Researchers have been able to increase the readtfviullerenes by attaching active
groups to their surfaces, for the purpose of obtgirspecific chemical or physical
properties of the fullerenes. Redox reactions leadalts. On the other hand, addition
reactions can lead to covalent exohedral fullerenendohedral fullerenes,

heterofullerenes, quasi-fullerenes and open cdtgrdnes [37].

Other atoms can be trapped inside fullerenes tm fioclusion compounds known as
endohedral fullerenes. When the atom trapped inside metal, they are known as
metallofullerenes [55]. Endohedral fullerenes offewide range of new possibilities in

nanomaterials science since they show electronictstres generally different from those
of the empty parent cage. In addition, they areallgstable under ambient conditions
[56]. In biomedical sciences they have been ablentapsulate metals with magnetic or
radioactive properties for the generation of magnetsonance imaging agents and
radiotracers [57]. Heterofullerenes are fulleremeghich one or more carbon atoms of
the cage are substituted by hetero-atoms, for ebeang boron atom [58]. Quasi-

fullerenes are fullerenes containing ring systertgerothan pentagonal and hexagonal
rings [24, 37]. Open cage fullerenes are fulleremesvhich one or more bonds are
removed chemically exposing an opening [59]. Inropage fullerenes it is possible to
insert into it small molecules such as hydrogetiuheor lithium. The first such open

cage fullerene was reported by Prato and co-woiiket995 [60].

Exohedral fullerenes, in which molecules are fornbgda chemical reaction between
fullerenes and other chemical groups, are the wesatile of all species of fullerenes
[61]. Exohedral fullerenes include organometallidldrene complexes, halogenated

fullerenes, fullerene-based polymers and ordinargamic molecules attached to
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fullerene. In organometallic chemistry a fulleresets as a ligand to a metal. Fullerene
samples suitable for X-ray diffraction studies hden difficult to obtain, in general,
due to the poor crystal quality of the productswdwer, organometallic derivatives in
which a metal complex is bonded to the outer serfaicthe fullerenes have produced
crystalline samples of good quality. The first exdenof an organometallic derivative of

Cso Was reported in 1991 by Fagan and co-workers [62].

2.2.6 Fullerene polymeric derivatives

Fullerene and its derivatives have a number oféstéeng electronic [63], magnetic [64],
and chemical properties [65]. It has been showh ttfeunique properties of the parent
Ceo are retained in its derivatives [39, 66]. Thugs-€dntaining polymeric derivatives are
expected to possess similar physical, electromtical, and catalytic properties to the
parent Go [66]. A number of studies on polymer containinjétene have been carried
out for the purpose of embedding fullerenes in cositp materials [67]. Fullerenes have
been incorporated into polymers by various methdtsse include the use of 1,3-dipole
cycloaddition to azido-substituted polystyrene [6&ddition to amino-containing
polymers [69] or by attaching the fullerene covéienand reversibly to a

cyclopentadiene-functionalized polymer resin [69].

The incorporation of gg into polymers is an important area of researcle dédmbination

of a fullerene with its unique geometrical and #lauic properties with the well known
properties of polymers allows for the features ofeav class of composite materials with
unique properties [56, 70]. Some literature repdréve shown that these materials
demonstrate outstanding structural, electrochenandl photophysical properties which
are currently under intensive study [56]. For ins® electroactive and photoactive
polymers or polymers with nonlinear optical propetcan be prepared by this approach.
The resulting materials can be used for surfacéirpaphotoconducting devices, or to
generate novel molecular networks [39, 71]. It aB® been shown that introducing,C
into polymers affects the mechanical behavioursiterstrength and fracture toughness of

the polymers [72].
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Depending on the relative spatial arrangement efftlierene unit in the polymer chain,
various kinds of polymeric fullerenes can be pregdaside-chain polymers, main-chain
polymers, fullerene-end-capped polymers, immohiliZaellerenes on solid surfaces,
crosslinked polymers, fullerodendrimers, star-skldipderene polymers, etc [56, 73, 74]
(Scheme 2.1

Because of their structure, three-dimensional feiles and polymers are useful scaffolds
for the production of high molecular weight struetsi Consequently, combination of
polymers and fullerenes has led to the synthesia efide range of new materials
showing appealing features. These are based guodsbility of improved properties by
modification of the chemical nature of the compdeeor chemical bonding between
them [74].
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Scheme 2.1Different kinds of polymeric fullerenes: (a) maihain fullerene polymer;
(b) immobilization of fullerenes on solid surfacés) star-shaped fullerene polymers; (d)
fullerene-end-capped polymers; (e) cross-linkedymeks; (f) side-chain fullerene

polymers; (g) fullerodendrimers [73].
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(a) Main-chain fullerene polymers

These are fullerenes that are found inblekbone of the polyméEScheme 2.1a
They are sometimes referred to as ‘pearl necklaceh-chain polymers. The polymer
may consist of directly or indirectly linked fullames, linked by a small ‘spacer’ between
its fullerenes [75]. The first example of main-ahalso polymers was prepared by
Benincori et al. via electrochemical polymerization [76]. Subsetdlye many papers
have been published on the preparation of suchmpaly [77].Scheme 2.2shows the
synthesis of the main-chain polymer, poly(4,49-casbisphenylene-trans-2-
fullerenoibisacetamide). This polymer was prepafniedthe polycondensation of trans-2-
fullerenobisacetic acid and 4,49-diaminobenzophenorthe presence of large excess of

triphenyl phosphate and pyridine [77(b)].

@O
Me),SCHCOOEt

1) NaH
EtOOC

Ceo(

Q
O
> N ¢ N—
(PhOY, Pyridine WP, LGl < aYaaUs i

O

NMP =N-methyl-2-pyrrolidone

Scheme 2.2The synthesis of & main-chain polymer [77(b)].

Very few examples of copolymers containingy @ the main chain of the polymer are
known. This is because of the low regioselectivaynd in the double addition on the
Ceo, resulting in the formation of the regioisomericxtare and also the cross-linked
products, by multiple additions on thespQunits. There are two different synthetic
approaches to prepare main-chain polymers: (1rtieaction betweenggand a proper

symmetrical difunctionalized monomer and (2) pohlydensation between agL

bisadduct (or a mixture) and a difunctionalized oroer [74]. The first polymer of the
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latter kind was reported in 1992 by Loy and Assitilqugh thermogravimetric analysis

revealed that the dgxylylene copolymer was generally cross-linked [78]

(b) Immobilization of fullerenes on solid surfaces

Immobilization of fullerenes on solid sarés constitutes another important kind of
polymeric fullerene. Fullerene-containing thin fdnon solid surfaces are of interest
because of the possibility of transferring the ueigproperties of fullerene to bulk
materials by surface coating [73]. This can beirath by immobilization of amine
groups on indium tin oxide surfaces followed by thaction of the amine groups with
Ceo [79]. Another method is to covalently attach aigyrterminated, self-assembled
monolayer of G to a silicon oxide surface [80]. Pragb al. [81] reported the use of
silicon alkoxide-functionalized fullerenes in theeparation of high-performance liquid
chromatography (HPLC) stationary phases, which wtested with simple aromatic
compounds revealed high efficiency both in orgaamd water-rich media. The silicon

alkoxide group actually assures chemical graftogiica Scheme 2.3[81].

Scheme 2.3Grafting of Gy onto a silica surface [81].

(c) Star-shaped fullerene polymers

Star-shaped fullerene polymers, also knewrflagellenes’, are polymers in which
the fullerene is the star centre. They consistwad to ten long and flexible polymer
chains covalently attached to a fullerene unit wagbologies similar to that of sea stars or
resembling the shape of flagellate-unicellular proe [74]. ‘Living’ anionic
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polymerization allows better control of the moleoulweights as well as their
distributions and has been the method mostly usethé preparation of polystyrenesC
star polymers. The polymers with the formulg(@S) (PS = polystyrene, x = 1-10),
were found to be highly soluble and melt processatniaking them amenable to spin-
coating, melt extrusion and solvent casting [74)]. 76s0-CcOntaining star-shaped
copolymers have also been made by the reaction eeetwGy-fullerenols and
diisocyanated urethane polyether prepolymer, fadidviby quenching with 1-dodecanol
(Scheme 2.4[82].

O

X

i) Cgo(OH)y, (x =10-12
OCNNHOCO—[(CH2)4O]44—NHOCO NCO ) CeolOf (X ):

if) CH3(CH,),,0H

Scheme 2.4The synthesis of aggcontaining star polymer [82].

(d) Fullerene end-capped polymers

Fullerene end-capped polymers, also knasvitelechelic’, are polymers terminated
by a fullerene unit. In fullerene end-capped polggnthe Go units are located at the
terminal positions of the polymer chain. By intrathg one or two g moieties at the
end of the chain it has been possible to modifyhyarophobicity of the parent polymer,
thus radically changing its behaviour in blendd$deflonor or H-acceptor polymers [74].
Goh et al. reported the preparation of mono- and ki-€nd-capped poly(ethylene
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glycol)s (PEG) [83].Scheme 2.5shows the synthesis of bigg&end-capped PEG, which
showed H-bonding interactions, forming an interpody complex with a number of H-
donating polymers such as poly(p-vinylphenol) [8Bply(vinyl chloride) [84] and
poly(acrylic acid) [85]. In addition, films of bi+4gend-capped PEG were tested in
mechanical measurements. They showed good mecha@nagzerties stemming from a

network-like structure owing to the strong aggremgabdf Gy, [86].

i o) N C
0 _~_OH -SOCk Ng/\/< N S
HO 0 ii) NaN; n
n

Scheme 2.5The synthesis of a biggend-capped poly(ethylene glycol) [83].

(e) Cross-linked polymers

Cross-linked polymers, also known as stestbfullerenes, are random polymers
irradiating from a fullerene spheroid. They are md&dm random and quick reactions
that take place with the help of goCage, in three dimensions. Additionally, careful
control of the addition reactions to multiply raaet Cso double bonds is necessary, or
else the dimensionality of the final products cacrease significantly [74]. Cross-linked
polymers can have multifunctionalized fullerened lawe known to be imperfectly
characterized polymers. Under elevated presswyeens and its derivatives have been
widely used as a co-monomer to react witjy @a both free-radical polymerization [87,
88] and ‘living’ anionic polymerization [89], to pduce cross-linked dg-containing
polymers. Another important class of polymers whiels been used in the preparation of
Cso-containing cross-linked networks is representedhgy polyurethanesScheme 2.6
shows a Gg-containing cross-linked polymer synthesized frartbefenols, Go(OH)10-12

and a suitable diisocyanate-functionalized prepely[@0]. Thermal mechanical analysis
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of the resulting polymer showed that the use défahols as cross-linkers improved the
properties of polyurethane elastomers as well agdhsile strength at break. It was also
found that fullerene-containing cross-linked posthianes showed optical limiting

properties in a film with a modulation in the tremgance that depended linearly on the

amount of fullerene present in the material [91].

Scheme 2.6The synthesis of §-containing cross-linked polymer [90].

(f) Side-chain fullerene polymers

These are polymers bearing pendant fulkeseThey are also known as ‘pendant’,
charm-bracelet’ or on-chain polymers. The fulleeenmeay be attached in a regular
manner to a polymeric backbone chain to give a gendhain effect [75]. The syntheses
of Cgo side-chain polymers and main-chain polymers haenbwidely developed and

generate processable fullerene-based materials. different synthetic methods have
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been used to prepare side-chain fullerene polynfgysdirect introduction of either g
or a Go derivative monomer into a previously prepared pwy (non-covalent
immobilization), and (2) synthesis of a¢G@lerivative which can be directly polymerized
or copolymerized together with other monomer(s)].[7Phe second method may be
favourable in cases where, (1) the fullerene uhdutd be more strongly bound, (2)
heterogeneous mixtures ofdand the polymer tend to undergo phase separatid) a
perfect tuning of the material properties is ddsed92]. The first effort to make side-
chain fullerene polymers was by Wudl and co-worker$992 Gcheme 2.Y[93]. They
first prepared a low molecular weight bis-hydroxpftenylmethanofullerene and then
obtained a gp-containing polyester as well as polyurethane vigodycondensation
reaction. These two novel materials had a low degfgpolymerization due to the large
steric hindrance of theggunit. In addition, the materials were insolublennst common

organic solvents. [73, 74].
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Scheme 2.7The preparation of polyester and polyurethaggd@rivatives [93].

The cycloaddtion reaction is another important rodtfor preparing side-chain fullerene
polymers. Kraus and Miullen prepared @-€ontaining polymer by introducing fullerene
into the side chain of poly(dimethylsiloxane). Tpr@duct was reported to have excellent
film forming capabilities [94]. Another interestingass of Go-side-chain polymers is
based on the use of organometallic catalysts. Pratoal. used Mo(CH-
Bu)(NAN[OCMe(CR),], as a catalyst for a ring opening metathesis palizagon
(ROMP) between a norbornene-modifiedo@nd an excess of norbornene [66] (see
Scheme 3.2and3.3 in Chapter 3). This methodology will be described in detailthe

next chapter as it provides the background for nafdhe work performed in this thesis.
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(9) Fullerodendrimers

Fullerodendrimers are constructed fromga c@re and repeatedly branched side
chains that are characterized by their structumgegion, i.e. highly symmetric and
monodispersed macromolecules. Fullerodendrimers loan synthesized using the
technique used to prepare the polymers shown Sicheme 2.3 Generally,
fullerodendrimers are more soluble in organic solsethan polymers [74, 95]. A
fullerene-containing liquid crystalline dendrimeasvprepared by Dardel al. (Scheme
2.8) [96]. They synthesized this dendrimer by the fddireaction of mesomorphic
malonate-based dendrimers witk,an addition, fullerodendrimers, have also beeadus

for the delivery of drugs [96].

- O Oren

Scheme 2.8Synthesis of gy-containing dendrimer. [96].
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2.2.7 Characterization Techniques used for §-based materials

(i) Mass spectrometry (MS)

Mass spectrometry presents knowledge ef molecular weight and certain
structural features of a compound. In MS, a sanspiejected into a mass spectrometer,
where it is vaporized and then bombarded with ambeé high-energy particles (for
example electrons). The energy of the electron bemmbe varied, but a beam of about
70 eV is commonly used. When the electron beam th#smolecule, it displaces an
electron out of the compound. This gives a molecida (M"). Because the energy of
the electron beam is greater than the energy medjuo break most of the bonds in an
organic compound, the electron beam causes matte aholecular ions to break apart to
give radicals, cations, and other radical catiofg].[ The technique identifies and
guantifies molecules based on their mass to chaafes (Vz). A mass spectrum
comprises of a plot of the relative abundance chdeagment against its/z value. The
peak in the mass spectrum with the largest value/pfs called the molecular ion. The
base peak is the one with the greatest abundankces @ssigned a relative abundance of
100 %.

(i) Ultra-violet / visible (UV/Vis) spectroscopy

UV/Vis spectroscopy is a technique used ¢ualitative and quantitative
determination of compounds in solution as well atids using diffuse reflectance
spectroscopy (DRS). The technique gives informatidoout conjugatede electron
systems. UV/Vis spectroscopy involves the absonptad electromagnetic radiation;
ultraviolet light with wavelength ranging from 180 400 nm and visible light ranging
from 400 to 780 nm [97]. The absorption of energyaaesult of an electronic transition
causes an absorption band in the UV/Vis spectrume. amount of energy absorbed by

the compound is directly related to concentratibthe compound in the solution.
(iii) Infrared spectroscopy (IR)

Infrared spectroscopy is one of the teghes used to identify functional groups

that are present in a molecule [98]. IR spectrogcopolves the twisting, bending,
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rotating, and vibrational motions of atoms in a ewoille. Upon interaction with infrared
radiation, portions of the incident radiation abs@bed at particular wavelengths. The
multiplicity of vibrations occurring simultaneougbyoduces a highly complex absorption
spectrum, which is uniquely characteristic of tlhdtional groups consisting of the

molecule and the overall formation of the atomsvakl [99].

(iv) Differential Scanning Calorimetry (DSC)

DSC is a thermoanalytical technique usedneasure the temperatures and heat
flows associated with transitions in materials &sretion of temperature and/or time. By
monitoring the difference in heat flow between saenple and reference, DSC is able to
measure the amount of heat absorbed or releasadgdsuch transitions. Both the
reference and the sample are kept at very neaglyséime temperature throughout the
experiment. DSC data give information about physacal chemical changes that involve
endothermic and exothermic processes, or chandesaincapacity, and is widely used to
characterize the thermophysical properties of pelgnUsing this technique it is possible
to determine the melting temperature (Tm), cryxiation temperature (Tc), glass
transition temperatures (Tg or softening) and tlarstability of a sample. Glass
transitions may occur when the temperature of aorphous solid is increased. These
transitions appear as a step in the baseline afeterded DSC signal. This is due to the
sample undergoing a change in heat capacity; nodlophase change occurs. As the
temperature increases, an amorphous solid will rnecéess viscous. Tc is due to
transition from amorphous solid to crystalline dplihis is an exothermic process and
results in a peak in the DSC signal. As the tenipegaincreases the sample eventually
reaches its melting temperature, which resultsnireredothermic peak in the DSC curve
[100].

(v) Thermogravimetric Analysis (TGA)

TGA is a thermal analysis technique tatsed to measure changes in the mass of
a sample as a function of temperature and/or ttma controlled atmosphere. TGA is
commonly used to determine polymer degradation &atpres, residual solvent levels,

absorbed moisture content and the amount of inaxgéron-combustible) filler in
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polymer or composite material compositions [1012]16rom TGA curves, data on the
kinetics and thermodynamics of the various chemieaktions, reaction mechanisms,
reaction intermediates and final reaction prodactsobtained [99]. In TGA, a sample is
loaded into an aluminium cup that is supported wramalytical balance located outside
the furnace chamber. The balance is zeroed andatigle cup is heated according to a
predetermined thermal cycle. The sample is contislyoweighed while being heated to

higher temperatures and the mass loss is recosdaduection of temperature.

(vi) Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectroscopy is the absorption of tetenagnetic radiation used to determine
the structure of an organic compound. In NMR spsciopy, the distinctive absorption of
energy by certain spinning nuclei in a strong mégrfeeld, when irradiated by a second
and weaker field perpendicular to it, permits idegdtion of atomic configurations in
molecules. Absorption occurs when these nuclei igud&ransitions from one alignment
in the applied field to an opposite one. The amooinenergy required to cause a
particular nucleus to realign depends upon suckofacas field strength, electronic
configuration around the particular nucleus, amggmt, type of molecule, and
intermolecular interaction. The result is often thescription of complete sequences of
groups or arrangement of atoms in the molecule. [BB¢refore, NMR spectroscopy is a
useful tool for identification and characterizat@imolecules.

2.3 Carbon spheres

2.3.1 Introduction

The diverse range of structures and morphologiescasbon with wide technical
applications is made possible due to the many coatibns of sp, spand sp
hybridizations [103]. The discoveries of fullererjidS] and the elongated fullerenes, the
carbon nanotubes, in arc-discharged carbon bydijim 1991 [104], have stimulated
intense research activities and an interest irhéurtdevelopments in the nanotechnology

and nanoscience of carbonaceous structures sireemthterials have unique size
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dependent properties [105, 106]. Most of the diemed carbons observed are believed to
be due to the presence of/sg mixed carbons. The increase in thé sprbon ratio
tends to establish the graphitic structure thatodias the electronic character, as
confirmed by high conductivity and large diamagsmti[107]. CNTs are one of the
strongest and lightest materials known, both iimgernf tensile strength and elastic
modulus. This extraordinary strength results froxm ¢ovalent spbonds formed between
the individual carbon atoms and that is strongantthe bonds formed from sparbons
found in diamond [108]. The strength and flexilyildf CNTs makes them of potential
use in controlling other nanoscale structures, wisieggests they will have an important

role in nanotechnology engineering.

Spherical carbon structures have become incregsingortant due to their excellent
properties [109, 110] and potential applicationsnmiany industrial fields [111-114].
Because of their intrinsic properties such as tEtgength, high thermal resistance and
light weight, spherical carbon structures couldubed in high strength composites [115],
wear-resistant materials [116], photonic crystalatalysts supports [117], anodes in
secondary lithium ion batteries [118, 119] or asadeorbent [120, 121]. These spherical
materials with different structures ranging frorgy @d carbon onions to carbon spheres
(CSs) have closed or unclosed graphene layers.[E@9nentioned before, graphite has
carbons with three-fold coordinated $gybridization forming strong intra-layers bonding
within the hexagonal carbon-rings, and has weakbaturatedi-bonding with adjacent
layers perpendicular to the hexagonal network,ontrast to diamond [122].¢0n the
other hand, is believed to be chemically inert bseaof the weakly unsaturated
bonding normal to the surface. Carbon spheres kawdar properties to graphite or
fullerene, which allow them to be used to fabricdigemond films, lubricating materials
and special rubber additives [122]. However, thexean increasing need for the
production of CSs in large quantities under mildaitons for cost-effective production.
Serp and co-workers have classified carbon strestinto three categories according to
size: (i) theC, family and the well graphitized onion like strues ranging between 2
and 20 nm; (ii) the CSs with diameters betweenhGam1 pum; and (iii) the carbon beads

with diameters of one to several microns [112, 12, 123].
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The carbon spheres, also called fullerene sook ha&en reputed to be found as major
products in the fullerene synthesis [124]. Fullererarbon spheres were identified by
lijima [125] using high-resolution transmission @h®n microscopy (HRTEM). Ugarte
[126] reported that CSs with diameter of a few maaters were obtained from soots that
contain tubular and polyhedral graphitic particlesmed under intense high-energy
electron-beam irradiation in a high-resolution sassion electron microscopy. Carbon
spheres can also be produced as a by-product dilmengreparation of CNTs or carbon
nanofibers, where metal catalysts are employed, [122, 128].

Carbon spheres can be of two types; hollow or s@lid carbon spheres (~210 nm
diameter) have been prepared by Wang and Kang [123, 129] using the thermal
decomposition of methane in the presence of a ma&tdé catalyst. They claim to have a
selective process to produce either carbon spla¢re500 °C or completely pure CNTs at
950 °C. Govindaragt al. have prepared CSs from the pyrolysis of metharsehpdrogen
atmosphere at 1140 °C without a catalyst [130].nC@taal. have also used toluene as a
feedstock for the production of CSs without anyalyests. Serget al. have also reported
on the production of CSs using a chemical vapoyosiéon process [112]. Recently,
Kroto and co-workers reported on the large-scafeh®sis and characterization of CSs
prepared by the direct pyrolysis of hydrocarbonthwivo to eight carbon atoms [103].
They employed a double furnace apparatus, wheréytecarbon was introduced into
the lower temperature vaporization furnace (250, ‘@)d the feedstock vapour was
carried through the system in argon and underwgnaiysis at temperatures between 900
and 1200 °C.

2.3.2 Production methods for carbon spheres

As there is an emerging need for the productiohigh purity carbon spheres in large
guantities, many kinds of preparation methods Hzeen developed [124, 131]. Carbon
spheres have been produced by the methods simil#tose used to produce carbon
nanotubes [111, 113, 118, 127, 128, 132]. Methods sis chemical vapour deposition
(CVD) [112, 122], arc plasma [113], mixed-valencede-catalytic carbonization [115],
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reduction of carbides with metal catalysts [133]d gyrolysis of carbon sources and
catalyst [127] have been reported for the fabricatf carbon spheres. Of these, the
CVD method is the most popular and cost-effectare] is hence used for the large scale
synthesis of high quality carbon spheres. The Gfaireed by Alili and co-workers from
CVD methods were all made with uniform dimensiond & high purity, without any
other by-products being detected [134]. Generdlig, preparation of CSs using a CVD
method involves a carbon-containing gas such akanet acetylene, etc., as the carbon
source. Use of an energy source, such as a plasmaesistively heated coil, provides
the energy for transforming the gaseous carbon cutds. The molecules are then
converted into reactive carbon atoms which thefuskf onto the growing carbon surface,
forming carbon spheres. It has been reported thvataled growth and continuous mass
production of CSs with uniform diameters is acheJ®y varying the flow-rate and

composition of the carrier gas [115].

2.3.3 Growth mechanism for carbon spheres

Li et al. reported that the growth of carbon spheres resfutisn the thermal
decomposition of a carbon precursor into carbomatdollowed by the precipitation of
the carbon deposits [135]. The carbon spheres@mpased of curling graphitic flakes
and are believed to exhibit many dangling bondthatsurfaces [111, 114]. To form a
graphitic CS the atomic structure of each flake tnmesone of the known graphite carbon
rings, and the graphitic lattice must be modulatedccommodate the curvature of the
sphere [114]. There are three different types apugitic carbon rings that initiate larger
growth Figure 2.3) [111, 114]. These are a flat hexagonal layergatgggonal carbon
ring which causes the hexagonal network to curweard, forming a surface with
positive curvature and a heptagonal carbon ringlvforces the hexagonal lattice to be

curved outward, forming a negative curvature [11114].
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Carbon sphere

(a) Hexagonal (zero curvature) (b)tRganal (positive curvature) (c) Heptaganalgative curvature)

Figure 2.3: (a) Hexagonal, (b) pentagonal, and (c) heptagoadion ring structures in

graphitic flakes (figure taken from reference [1)14]

It is believed that carbon spheres are nucleated &« pentagonal carbon ring, growth of
which gives a quasi-icosahedral spiral shell carparticle [136], Figure 2.4, [114]).

The geometrical configurations of the graphitickla can be qualitatively constructed
using the combination of pentagonal, heptagonalremxégonal rings and the variation in
size of these graphitic flakes can create any ¢urgaequired to meet the geometry of

the inner layers [114].

(2] () PremeeZR  rey

Figure 2.4: (a) Nucleation of a pentagon, (b) growth of a gi@ssahedral shell, and (c)
formation of a spiral shell carbon particle. (d)o@th of a large size carbon sphere

(figure taken from reference [114]).
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2.3.4 Doping of carbon nanostructures

As mentioned before, doping of heteroatoms intdaarnanostructures adds another
dimension to these structures’ characteristics.ippf heteroatoms into graphite-like
carbon structures is believed to modify the elegtrstructure and thereby modify their
electrical conductivity properties [137]. For exdmpN-doped CNTs may lead to the
formation of electron-excesstype semiconducting nanotubes [137-139]. Thisus t
the lone pairs of electrons, conjugating with thledodalizedzn-system of the standard
graphene sheet. Electron deficiency in graphite alan be achieved by incorporating
boron, which acts as acceptor, into the latticeD[1841]. Other effects may arise in
boron-doped carbon materials such as: (a) boronontt acts as an acceptor by
increasing the number of hole-carriers in the vadelmand, but it also acts as a scattering
centre, therefore reducing carrier mobility; (b tiamagnetic susceptibility decreases,
due to the larger effective mass of charge carr{ejsbecause the Fermi level intercepts
the valence band, the electronic density of stat@eases, therefore leading to enhanced
paramagnetic susceptibility [142, 143].

Boron-doping also influences significantly the dieémission performance of CNTSs.
Charlier and co-workers demonstrated that B-dopdsks show great potential as
building blocks for stable and intense field enosssources, thus opening new avenues
in vacuum microelectronics [144]. B-doped CNTs nhegd to electron-deficient p-type
semiconducting nanotubes [137-139]. Provided the can control, at the nanometer
level, the position and distribution of heteroatsath as B (or N) in CNTSs, various types
of nanostructured junctions with controlled elentco properties could be possibly
prepared [145]. Ma&t al. reported that B-doping results in the improvemangraphite
crystallinity, and therefore a decrease in thel tmtanber of accessible active surface sites

for oxygen [146].
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2.3.5 Functionalization of carbon nanostructures

A number of studies have been done on the fundtmai®mn of carbon materials.
Cycloaddition reactions are a very useful methadtfie functionalization of € [147,
148]. Recently, Cioffiet al. reported the functionalization of single wall aamb
nanohorns via 1,3-dipolar cycloaddition [149]. Theyentioned that the organic
functionalization of single wall carbon nanohornaybe advantageous for the use of
nanohorns in materials science and may increase sbkibility in water for possible
biomedical applications. CNTs are unreactive amdefore not suitable for direct use in
various applications. It is therefore essentiafitst functionalize CNTs before they are
used for applications. It was demonstrated thafuhetionalization of CNTs [150, 151]
via 1,3-dipolar cycloaddition [152] allows an inase in their solubility in organic
solvents as well as their processing ability [158hough chemical functionalization
disturbs the extendedconjugation of CNTs and thus reduces the eledtaoaductivity

of isolated nanotubes, it has been shown that eatvd&linctionalization can improve the
electrical properties of the composites [154, 155]their paper, Kang and Wang [111]
demonstrated high chemical activity of spheres.yTieported that the carbon atoms at
the edge of the curling graphitic flakes must haamgling bonds with unpaired %sp

orbitals, and these sites are expected to be chdynactive.
2.3.6 Characterization techniques used for carborperes

(i) Transmission electron microscopy

Transmission electron microscopy (TEM)aigechnique that is used to produce
images of a sample by illuminating the sample witheam of electrons. TEM works on
the same principle as a light microscope excefitdaletrons are used instead of light to
observe the finer details of a specimen. The adgenof TEM is that it gives much
higher resolution compared to light microscopy ¢fer allowing detailed study and
comparison of specimens. TEM is useful in deterngrthe morphology (size, shape and
the arrangement of particles in a specimen), diam&tngth and other characteristics of

the carbon-based nanomaterials and other compo&aasple preparation is important,
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as the sample has to be thin. Since the sampleniatbeam of electrons is able to pass

through the sample and the transmitted electroodyme an image of the sample.

(i) Raman spectroscopy

Raman spectroscopy is one of the importar@thodologies that has been
extensively used as a non-destructive technique characterize the complex
microstructure of carbon-based materials. It isyva@nsitive to structural disorder that
breaks the graphitic lattice translational symmedsy it measures features in small
crystals [156]. It is also sensitive to the lengttsengths and arrangements of chemical
bonds in a material, but less sensitive to the eb@ncomposition. When monochromatic
light is scattered by molecules, a small fractibthe scattered light is observed to have a
frequency different from that of the irradiatinght; this is known as thRaman effect
[157]. The Raman effect arises when a beam of sgtemonochromatic light passes
through a sample that contains molecules that calergo a change in molecular
polarizability as they vibrate. The position of thands is modified according to the
carbon forms. For CNTs the characteristic peaksfawed in three spectral regions;
namely the radial breathing mode (RBM), the tangéninode (G-band), and the
disorder-induced mode (D-band) corresponding toetk@tation of related vibrational
modes [158, 159]. The RBM peaks in the range 12D-@%* are characteristics of
single-wall CNTs and they correspond to atomic atimns of the carbon atoms in the
radial direction. The G-band, characterized by peak around 1580 chindicates
graphitic features. The D-band, characterized bpeak around 1345 chshows
disordered features in graphitic sheets. The stratquality of a carbon material can be
determined by thé&/lg ratio, i.e. the ratio between the intensitieshef peaks G and D.

The lower thdpl/lg ratio, the more graphitic the structural qualifyttee material [160].

(iif) Thermogravimetric analysis
The details on the use of TGA are desdrineSection 2.2.7 TGA can be used to
study the thermal stability of the CSs and to aomfihe functionalization of the carbon

spheres.
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CHAPTER 3
THE SYNTHESIS OF Cg-CONTAINING POLYMERS

3.1 Introduction

Research in fullerene chemistry is driven by thedn® functionalize fullerenes and tune
their properties. Since fullerene is not very stduladding a suitable functional group to
a fullerene can enhance its solubility [1]. By thddition of a polymerizable group, a
fullerene-containing polymer can be obtained. As/musly stated, when a small amount
of a carbon nanomaterial such asods introduced into a polymer system,
photoconductivity, mechanical and optical limitipgoperties of the polymer can be
improved. Furthermore, ggcontaining polymers can possess many of the ptieger

associated with thegg[2-4]. Over the past decades polynorbornene rHeascttd a great

deal of attention because of its industrial applices as a noise- and vibration-
dampening agent and a specialty elastomer [5]. iflseease in the production of

substituted polynorbornenes has grown as a rektliese properties, as well as the facile

functionalization and polymerization associatechwiite bicyclic monomer [6-8].

Polymers can be made from cyclic olefins such aboraene and cyclopentene. Ring
opening metathesis polymerization (ROMP), a terimexb by a chemist Robert Grubbs,
is a type of olefin metathesis polymerization thetduces industrially useful products.
The driving force for the ROMP reaction is the e€lof ring strain in cyclic olefins [9,
10]. A wide variety of catalysts used in ROMP reats have been discovered. These
include a wide range of metals, from a Ryéltohol mixture to the Grubbs’ catalyst [11,
12]. In a ROMP reaction, the initiator is usuallyretal-carbene species (a compound
with a carbon atom double bonded to a metal atdke, rholybdenum, ruthenium, or
tungsten). The metal-carbene reacts with the dobbiel of a ring structure forming a
highly strained metallacyclobutane intermediatee Flrained ring then opens giving a
complex in which a metal is attached to a carboaircltontaining a carbon-carbon

double bond. The propagation step is via the readaif the new carbene with the double
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bond on the next monomer [13]. The mechanism ®RBOMP reaction is shown below
(Scheme 3.1[10].

R

Mg L R R
4\& —_— ‘ & —_— M
T .
(L) |
M = Metal

Scheme 3.1The mechanism of the ROMP reaction.

The choice of a catalyst plays a vital role in aNR®Dreaction. For example, if the
catalyst is too active, it can metathesize theramstd olefinic bonds in the growing
polymer chain, thereby reducing the molecular weighd increasing the molecular
weight distribution (polydispersity) [10]. Anoth@nportant issue in ROMP catalysis is
the substituent effect. The addition of substitaettt the ring system can cause the
formation of more complex or more functionalizedypeer products. In addition, some
substituents can react with some of the commonysaga For example, the first Grubbs’
catalyst was poisoned by nitrile or amine group4] [And many common Mo or W
metathetical catalysts are affected by oxygenatenimogeneous groups. Ruthenium
carbene complexes that are not affected by thesetidmal groups have now been
discovered. The most widely used organometallicglerfor the ROMP reaction is the
Grubbs’ second generation catalyfiglre 3.1). Due to its remarkable tolerance to
functional groups and its stability towards air andisture [15], the Grubbs Il catalyst
allows the polymerization of highly functionalizeahd sterically hindered monomers to
proceed. Finally, functionalized norbornenes haveved to be easily prepared and
highly reactive in the ROMP reaction [16]. The a@arbmaterials can undergo reactions
such as ROMP with functionalized norbornene dereatmonomers [17]. The
norbornene-based monomers are popular as they eapddily prepared from Diels-

Alder reactions with cyclopentadiene.
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P(Cy)s
Figure 3.1: The Grubbs’ second generation catalyst suitabROMP reactions.

The first Gg-containing polymer synthesized via a ROMP proceduas reported in
1995 by Zhang and co-workers [17]. They synthesaé&igh molecular weight polymer
from the copolymerization of agizquadricyclane adduct and norbornene with a Schrock
catalyst Scheme 3.2 and 3)317].

Scheme 3.2Preparation of gg-quadricyclane cycloadduct [17].
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Scheme 3.3ROMP of Gg-quadricyclane cycloadduct-norbornene polymer [17].

In this chapter, the syntheses afContaining polymers are reported. Thg @olecule

1 was first functionalized with 1,3-cyclohexadierz to obtain a novel §-
cyclohexadiene cycloadduBisee page 53. This co-monomer was then polymeriziéd w
norbornene4 using the Grubbs’ second generation catalifgjure 3.1) via a ROMP
approach. As mentioned beforeso@erivatives have been incorporated into norbornene
polymers. 1,4,5,6,7,7-Hexachloro-5-norbornene-ed@sdicarboxylic anhydride
(CoH.ClgO3) 7 is a chlorinated hydrocarbon used in the synthesisome flame

retardants and polymers [18]oHClsOs is slightly soluble in water and nonpolar organic
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solvents such as benzene and easily soluble ihtlsligolar organic solvents such as
methanol. This easily available compound was fenciized with cycloheptylamine to
obtain the 1,4,5,6,7,7-hexachloro-5-norbornene-eh8eheptylimide (GH150.ClgN)

10. To our knowledge there has been no attempt tseutCieH150,ClgN in Cgo-based
polymers. In addition, the fact that this novel gmund is so strained and there would be
significant relief of ring strain on opening of thesed ring by ROMP, led us to look into
its synthesis and its copolymerization with thg-G/clohexadiene cycloadduct for the
purpose of comparison withgg&cyclohexadiene cycloadduct norbornene polymer. The
new materials were characterized and their electramd thermal properties were
studied.

3.2 Experimental

3.2.1 Chemicals and materials

Fullerene [Go (99.5 %)], cyclohexadiene, carbon disulfide, cbform, Grubbs second
generation catalyst, potassium bromide, dichlorberet, 1,4,5,6,7,7-hexachloro-5-
norbornene-2,3-dicarboxylic anhydride, cycloheptyilae, acetic anhydride, sodium
acetate, ethyl vinyl ether and methanol were pusetidrom the Sigma-Aldrich Chemical
Company. Toluene was purchased from Merck and lejdivac acid was purchased
from the Association Chemical Enterprises (Pty) LTANI chemicals were used as

received and all reactions were performed undéiragen atmosphere.
3.2.2 Measurements

3.2.2.1 Infrared spectroscopy

IR spectra of the £g-based materials were recorded on a Bruker VecRolF@urier
Transform Infrared Spectrometer as KBr pellets @ sample and 200 mg KBr). The
mixture was pressed using an evacuable die atmirffipressure to produce a transparent

disk. The percentage transmittance over the rahg8®4000 crit was recorded.
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3.2.2.2 Mass spectrometry
Mass spectra were collected using a VG70-SEQ im&ni in a positive ion mode using

FAB ionization. Approximately 1 mg of sample wapglied for analysis.

3.2.2.3 Ultra-violet / visible spectroscopy

Ultraviolet and visible spectra of the samples web¢ained on a Varian 50 CONC
UV/Visible spectrophotometer. Samples of 10 mg bé& tcompound dissolved in
dichloromethane were placed in a cuvette. The teiwveas then placed in the instrument
and absorbances were recorded. The band positierexpressed in terms of wavelength

(nm).

3.2.2.4 Nuclear magnetic resonance spectroscopy

Samples were analysed using a Bruker Avance 30rspeeter, 300 MHZH operating
frequency and 75.75 MHZC operating frequency. Spectra were recorded in DS
(1:1) against a tetramethylsilane (TMS) internansiard. Approximately 10 mg of
sample was supplied for analysis. The operatingpezature was 300K. Chemical shifts
(6) are expressed in units of ppm. The following abtations are used in the assignment
of chemical shifts: s (singlet), d (doublet), tigket), g (quartet), m (multiplet), mm
(multiplet of multiplets).

3.2.2.5 Differential Scanning Calorimetry

A Mettler Toledo DSC 822e was used to analyse thgnpers. Polymers (5-10 mg) were
analysed in a 40 pl aluminium sample pan with aamd analysed over a range of
temperatures (25-200 °C). A heating rate of 5 °@/mas used with a nitrogen flow of 60

ml/min. Peak positions were recorded in units @rde Celsius (°C).

3.2.2.6 Thermogravimetric Analysis
TGA experiments were performed on a Perkin EImgrisPL TGA analyzer under a;N
atmosphere in the temperature range 25-800 °C haating rate of 10 °C/min. Peak

positions are recorded in units of degree Celsius.
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3.2.2.7 Crystal structure determination

Intensity data were collected on a Bruker SMART @Q&D area detector diffractometer
with graphite monochromated Mookradiation (50 kV, 30 mA). The collection method
involved o-scans of width 0.3°. Data reduction was carriedusing the prograraint+
[19]. The crystal structure was solved by directthnods usingsheixte [20]. Non-
hydrogen atoms were first refined isotropicallylldeved by anisotropic refinement by
full-matrix least-squares calculation based Ffnusing sHeLxtL. Hydrogen atoms were
first located in the difference map, then positmeometrically and allowed to ride on
their respective parent atoms. Further crystalrafidement data are given Appendix

B. Diagrams were generated usamgLxTtL [20], pLaToN [21] andorTeP3[22].

3.2.3 Synthetic procedures

3.2.3.1 The synthesis of &-cyclohexadiene cycloadduct (3)

The Go-cyclohexadiene cycloadduc® was synthesized according to a literature
procedure [23] in which one equivalent of botky € (0.500 g, 0.694 mmol) and 1,3-
cyclohexadien (0.056 g, 0.70 mmol) in toluene (30 ml) were stirat 60°C to give a
purple solution. After stirring for 5 days the re@an mixture changed to a brown colour
and the solvent was removed under reduced pressiwgiwe a brown solid. This solid
was purified using column chromatography (Si®luene) to afford the unreactedoC
and the expected 1:1 cycloadduct in 28 % vyield %7 %ield based on consumedyC
Scheme 3.4demonstrates the synthesis &f FAB mass spectrometry showed the
expected molecular ion peak @tz 801 for the 1:1 cycloadduct together with thg C
peak atm/z 721 @Appendix Al). The structure was also supported by the IR aibisor at
528 cm', a characteristic feature of a 6,6-cycloaddudEgf The use of 5 equivalents of
2 at both 60°C and 80°C (48 hours) increased the product yield (74 % a8d%,
respectively), but gave a product that showed lmotimo and disubstitution. The mass
spectra Figure 3.2 and Appendix A3 of these products show a mixture of

monoaddition and bisaddition of addends occurring@junctions of .
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'H NMR: 6.10 ppm (2H, s, C=K); 2.53 ppm (2H, m, C-B); 1.25 ppm (4H, d, C-B,,
Jun = 6.8 Hz).FAB MS: m/z 721, Go. m/z 801, monoadductyvz 881.2, bisadduct.

Scheme 3.4The synthesis of §-cyclohexadiene cycloaddugt3aand3b).

3.2.3.2 The synthesis of polynorbornene (5)

Norbornene (1.00 g, 10.6 mmal)was stirred in toluene (35 ml) for 15 min under a
nitrogen atmosphere at room temperature. Grubbatdlyst (10.0 mg, 11.8 umol) was
added to the solution and the reaction mixture lstisto stir for a further 45 min. The
polymerization was terminated by adding a few dropsthyl vinyl ether (~2-3 drops)
and the solution was poured into an excess of MEZA ml) containing a few drops of
1 M HCI to precipitate the crude polymer. MeOH when removed using a rotary
evaporator. The resulting polym&rshown inScheme 3.5)was dried in a vacuum oven
at 35 °C to constant weight and was found to bamrehite in colour (0.960 g, yield: 96
% based on norbornene). Thie/trans ratio for polymer5 was found to be 59/41 by
integrating thecis and trans olefinic proton resonances at 5.21 and 5.35 ppm,

respectively.

5

Scheme 3.5The synthesis of polynorbornebaising ROMP. = (a) toluene, Grubbs Il
catalyst; (b) ethyl vinyl ether, MeOH, 1M HCI.
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3.2.3.3 Copolymerization of Gy-cyclohexadiene cycloadduct (3) with norbornene (4)

The polymerization reaction was carried out on dam@tio of 100:1 of norbornenkto
Cso-cyclohexadiene cycloadducB. Norbornene (1.00 g, 10.6 mmol) andg;C
cyclohexadiene adduct (0.0849 g, 0.106 mmol) wéreed in a mixture of 1.1 GS
CHCI3 (30 ml) for 15 min under a nitrogeaimosphere at room temperature. Grubbs I
catalyst (10.0 mg, 11.8 umol) was added and thetioramixture was left to stir for a
further 1 hour. The reaction mixture was termindigddding a few drops of ethyl vinyl
ether (~2-3 drops) and the solution was poured amoexcess of MeOH (200 ml)
containing a few drops of 1 M HCI to precipitates torude polymer. MeOH was then
removed using a rotary evaporator. The resultingagmer was dried in a vacuum oven
at 35 °C to constant weight and was found to giligha brown rubbery material in good
yield (0.933 g, 86 %). This reaction was repeatéti warying monomer ratios ef to 3

to give the products in good yields: 300:1 (0.8238@ % yield), 500:1 (0.834 g 82 %
yield), 700:1 (0.789 g, 78 % yield) and 1000:1 {®8&), 81 % yield) molar ratios. The
obtained polymers6@A-E in Scheme 3.pwere found to be dark to light brown in colour,
with the colour being indicated by the amount gf-&/clohexadiene cycloadduct used in

the reaction.
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A (100:1)
B (300:1)
C (500:1)
D (700:1)
E (1000:1)

Scheme 3.6The synthesis of §-containing norbornene copolyméa-E using ROMP.
| = (a) toluene, Grubbs Il catalyst; (b) ethyl viegher, MeOH, 1M HCI.

3.2.3.4 The synthesis of 1,4,5,6,7,7-hexachloro-6rbornene-endo-2,3-heptylimide
(10)

1,4,5,6,7,7-Hexachloro-5-norbornene-2,3-dicarbaxghhydride7 (5.00 g, 13.5 mmol)
and cycloheptylamin8 (1.72 ml, 13.4 mmol) were stirred in toluene (25 at 90 °C for
24 hours under a nitrogeatmosphere. The reaction mixture was then cooleam
temperature. Acetic anhydride (13.00 ml, 13.75 myraad sodium acetate (0.917 g, 6.74
mmol) were added to the resulting mixture which waen stirred at 90 °C for a further
24 hours. Upon cooling a white crystalline matraxried throughout the solution. The
solvent was subsequently removed under reducedyeesThe product was then washed
with distilled water and left to dry. The producasvdissolved in hexane and then filtered
into a glass beaker. An undissolved white powdsraiaed on the filter paper and white

crystals (0) formed (5.55 g, 85 % vyield) in the beaker aftes hexane had evaporated.
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Scheme 3.7llustrates the synthesis of compoul@ The crystal structure determination

details are given iection 3.2.2.7 and crystallographic data are giverAppendix B.

'H NMR: 3.92 ppm (1H, s, NG4); 3.33 ppm (2H, s, O=C-&); 2.40-1.85 ppm (12H,
mm GH o).

13C NMR: 171.25 ppm (C=0); 131.19 ppm (C=C); 104.62 ppmCazl); 79.78 ppm
(Cl»-C); 55.20 ppm (-G=-Cl); 51.72 ppm (C-N); 35.44 ppm (C-C); 31.91 ppmQyE
28.39 ppm (C-C).

FAB MS: m/z 466, GeH150.CleN*; mViz 369.9, GH,0.CleN*; miz 272, G*°CIs*'CI*.

ﬁ%&o

Scheme 3.7The synthesis of 1,4,5,6,7,7-hexachloro-5-norboerendo-2,3-heptylimide
10. | = toluene, 90 °C, Natmosphere for 24 hourH; = acetic anhydride (Ci€O),0,
sodium acetate (GJEOONa3H,0), 90 °C, 24 hours.

3.2.3.5 Polymerization of 1,4,5,6,7,7-hexachlorofirbornene-endo-2,3-heptylimide
(10)

1,4,5,6,7,7-Hexachloro-5-norbornene-endo-2,3-hapige (1.00 g, 2.15 mmoll0 was
stirred in toluene (35 ml) for 15 min under a nifed atmosphere at room temperature.

Grubbs Il catalyst (10 mg, 11.8 pmol) was addethéosolution and the reaction mixture
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was left to stir for a further 45 min. The polynetion was terminated by adding a few
drops of ethyl vinyl ether (~2-3 drops) and the 8oluwas poured into an excess of
MeOH (200 ml) containing a few drops of 1 M HCI peecipitate the crude polymer.

MeOH was then removed using a rotary evaporatage.rébulting polymerl(l) was dried

in a vacuum oven at 35 °C to constant weight and fwand to be a cream white fine
powder (0.96 g, 96 % yield).

Cl cl o Cl Cl. Cl Cl

Cl
Cl = —

Cl cl

11

Scheme 3.8The synthesis of norbornene derivative polydieusing ROMPI = (a)
toluene, Grubbs Il catalyst; (b) ethyl vinyl ethkreOH, 1M HCI.

3.2.3.6 Copolymerization of Gg-cyclohexadiene cycloadduct (3) with 1,4,5,6,7,7-
hexachloro-5-norbornene-endo-2,3-heptylimide (10)

The copolymerization reaction was carried out andar ratio of 100:1 of 1,4,5,6,7,7-
hexachloro-5-norbornene-endo-2,3-heptylimideto Gso-cyclohexadiene cycloaddu8t
The co-monomer&0 (1.00 g, 2.15 mmol) an8 (0.0172 g, 0.0215 mmol) were stirred in
a mixture of 1.1 C8 CHCk (30 ml) for 15 min under a Natmosphere at room
temperature. Grubbs Il catalyst (10 mg, 11.8 pymal$ added and the reaction mixture
was left to stir for a further 1 hour. The reactioixture was terminated by adding few
drops of ethyl vinyl ether (~2-3 drops) and the 8oluwas poured into an excess of
MeOH (200 ml) containing a few drops of 1 M HCI peecipitate the crude polymer.
MeOH was removed using a rotary evaporator. Theltieg co-polymer was dried in a

vacuum oven at 35 °C to constant weight and gakgh&brown powder in good vyield
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(0.956 g, 94 %). This reaction was repeated witltyimg monomer ratios 010 to 3 to

give the products in good yields: 300:1 (0.905 @,% vyield), 500:1 (0.872 g, 87 %
yield), 700:1 (0.842 g, 84 % yield) and 1000:1 €18, 86 % yield) molar ratios. The
obtained polymersl1@QA-E in Scheme 3.p were found to be dark to light brown in

colour, with the colour being determined by the amtoof Go-cyclohexadiene
cycloadduct used in the polymerization reaction.

Cl

Cl 0]
Cl
Cl
Cl
cicl, ¢l ¢
Cl
12 (10:3)
A (100:1)
B (300:1)
C (500:1)
D (700:1)
E (1000:1)

Scheme 3.9The synthesis of §-containing norbornene derivative copolymé&@A-E

using ROMPI = (a) toluene, Grubbs Il catalyst; (b) ethyl viegher, MeOH, 1M HCI.
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3.3 Results and Discussion

3.3.1 The synthesis of gg-cyclohexadiene cycloadduct (3)

The Go-cyclohexadiene cycloaddu@® was synthesized by a Diels-Alder reaction
between G 1 and cyclohexadien2 (Scheme 3.3 The use of 5 equivalents ?fat both
60 °C and 80°C gave a mixture of monoadduct prodBetand diadduct produ@b in
good yield. This was confirmed by the mass spect(bigure 3.2 which showed a
mixture of monoadditiorBa (m/z = 801) and bisadditio®b (m/z = 881.2) products.
Addition occurred at the 6,6 junctions 0§,CThe presence ofggin the materials was
confirmed by the observed IR absorption at 528" cencharacteristic feature of a 6,6-
cycloadduct of G Attempts to separate the mixture of monoadduat hisadduct
products were performed. No separation of complexas observed by thin layer
chromatography (TLC) or column chromatography. Thlesbecause a mixture of
diadducts can contain up to eight different posdioisomers, with the number of
possible isomers increasing with the number of teatth. Isomers inside each family of
adducts tend to possess similar chromatographipepties, and this makes the
separations a very complex operation [2]. FromNMR spectra, there was no difference
in the ratio of monoadduct versus bisadduct at BOtAC and 80 °C. Only by FAB MS a
monoadduct and bisadduct could be distinguishee. tOLthe problems of isolation and
characterization in relation to the number of plolesregioisomers which significantly
increase with the number of additions [24], onlye throduct synthesized using 5

equivalents oR at 60°C was used as the co-monomer for polymerizatiocticaas.
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Figure 3.2: The mass spectrum of 1:3&tyclohexadiene cycloaddu8tat 60 °C, for 48
hours.m/z 721, Go. m/z 801, monoadductivz 881.2, bisadduct.

3.3.2 The synthesis of new copolymers (5) and (6)

The Gg-cyclohexadiene cycloadduB8tand norbornené were premixed in varying molar
ratios and copolymerized by way of a ROMP approaith catalytic amounts of Grubbs

Il catalyst to produce a series of rubbegg-Containing copolymer6A-E (Scheme 3.1

in good vyields (78-86 %). The polymers were foduadoe readily soluble in Ci&l,,
CHCI;, CS, THF and toluene. The polymers were also foungetaark to light brown in
colour, with the colour being proportional to thenaunt of Go-cyclohexadiene
cycloadduct used. The norbornene polyfievas synthesized so as to compare it with
the Gy-containing norbornene copolymers. The solubilifytlds polynorbornene was

also good in common organic solvents such agGHCHCE and toluene.
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Scheme 3.10:The synthesis of polynorbornerte and Cgo-containing norbornene
copolymers6A-E using ROMPI = (a) toluene, Grubbs Il catalyst; (b) ethyl viegher,
MeOH, 1M HCI.

3.3.2.1 Infrared spectroscopy

Figure 3.3 shows the FT-IR spectra of the polynorbornBn€sy-containing copolymers
6A-E, Csomoleculel and Ge-cyclohexadiene cycloaddu8t As can be seen, the spectra
show the presence of the polynorbornene and theactesistic peak at ~528 ¢hdue to
the functionalized g cage in the polymers. The peak due #g 8 only observed in
polymers with relatively low norbornene content.eTheak intensity at ~528 ¢m

increased with an increase of thg €ontent in the polymer [25-27].
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Figure 3.3: FT-IR spectra of the §g-containing norbornene copolymeia-E: mole ratio
of 4:3(A) 100:1, (B) 300:1, (C) 500:1, (D) 700:1, (E) 10D, (F) Go 1, (G) Gso
cyclohexadiene cycloaddugtand (H) polynorborneng

3.3.2.2 Differential scanning calorimetry

In the DSC analyses, the glass transition temperat(Tg) for the g-containing
norbornene polymerSA-E and the polynorborneng were determined using a heating
rate of 5 °C mift under a N atmosphere. The DSC thermograms show that the tfgeo
copolymers increased modestly with increasing ipomation of (o in the polymer
(Figure 3.4, Table 3.). This relationship can be explained in termshaf inodification
of the plasticizing and reinforcing abilities ofethGs in the polymer [28]. Similar
observations about the relationship between thandthe amount of 4 in other Go-
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based polymers have been reported in the litergture25, 28-30]. Tang and co-workers
proposed that when an amount @f @ polymers is increased many polymer chains may
be linked by the g5 molecules, therefore increasing the Tg of the pely[28]. Since a
higher Tg is usually observed upon addition @f © a polymer [17], Prato suggested
that fullerenes may be used as additives for irstngathe thermal stability of a material

2.
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Figure 3.4: DSC thermograms showing Tg peaks of thgc@ntaining norbornene
copolymers6A-E: mole ratio o#4:3 (A) 100:1, (B) 300:1, (C) 500:1, (D) 700:1, (E)
1000:1 and (H) polynorbornee
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Table 3.1: Tg of Gsg-containing norbornene copolyméA-E and polynorborneng

Polymer Mole ratio 4:3 Tg (°C)
6A 100:1 58.5
6B 300:1 58.3
6C 500:1 56.5
6D 700:1 56.4
6E 1000:1 56.4

5(H) 1:0 49.8

3.3.2.3 Thermogravimetric analysis

Thermal stability tests were performed by thermegnatric analysisFigure 3.5 and
Table 3.2 show a comparison of the mass losses gf§-cGntaining norbornene
copolymers6A-E and polynorbornen® upon heating in a nitrogen atmosphere at a
heating rate of 10 °C mith In each case, the decomposition temperature et@smined

by measuring the derivatives of the TGA curves. tAs amount of g in the G-
containing polymers increased the thermal stabilftthe polymers decreased compared
to the polynorbornend. The TGA data showed that thegs€ontaining polymers were
thermally less stable than the polynorborn&n&imilar observations by Prato and co-
workers on the stability of otherggbased polymers have been reported in the litexatur
[17]. The TGA curves of the ggcontaining polymers also showed that they contain
about 5-20 % of the material remaining and this tmaylue to the presence of Rughd
Cso.
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Figure 3.5: TGA curves of the gg-containing norbornene copolymegé-E: mole ratio
of 4:3 (A) 100:1, (B) 300:1, (C) 500:1, (D) 700:1, (E)ad1 and (H) polynorbornerte

Table 3.2: Thermogravimetric analysis ofggcontaining norbornene copolymesé-E

and polynorborneng

Polymer Mole ratio of 4:3 Decomposition

temperature(°C)
6A 100:1 415.9
6B 300:1 423.3
6C 500:1 424.6
6D 700:1 424.8
6E 1000:1 427.5
5(H) 1:0 434.9
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3.3.2.4 Ultra-violet / visible spectroscopy

UV-vis spectroscopy measurements on tggdontaining norbornene copolymesa-E,

Cso 1, Cso-cyclohexadiene cycloaddu8tand polynorborneng in toluene were made and
the data obtained are presenteffigure 3.6 (data summarized ihable 3.3 The UV-vis
spectra of the gg-containing norbornene copolyme6A-E show that the electronic
properties of G areretained in the copolymers, with typical absorpsiorear 438 nm
which are absent in the polynorbornémerhe shoulder observed at 438 nm for all the
copolymers is characteristic of a 6-6 ring fusiord also previously observed to be
characteristic of g monoadducts [31]. The characteristic peak of tegderivative at
438 nm in the UV-vis spectra further indicates thg§ has probably been covalently
attached to the copolymers. Such UV-vis spectra Hmen observed in many fullerene
derivatives and gg-containing polymers. The observed spectral featurave been
attributed to the scattering of UV light by clusteof Gy in solution [32, 33].
Furthermore, as the amount otcdn the copolymers increases, the fullerene peak
intensity also increaseBigure 3.6).
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Figure 3.6: UV-visible spectra recorded in toluene of thgyr-Containing norbornene

copolymers6A-E: mole ratio of4:3 (A) 100:1, (B) 300:1, (C) 500:1, (D) 700:1, (E)

1000:1. (F), Go 1 (G) Gso-cyclohexadiene cycloaddu8tand (H) polynorborneng

Table 3.3:UV-visible Amax Of the Gg-containing polymer§A-E and polynorborneng

Polymer Mole ratio of 10:3 Amax (NM)
6A 100:1 437.3
6B 300:1 436.5
6C 500:1 436.5
6D 700:1 436.5
6E 1000:1 436.5
3(F) Cso-cyclohexadiene 438.5, 506.3
cycloadduct
G Cso 408.2, broad peak 460-650
5(H) 1:0 NO Amax
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3.3.3 The synthesis of 1,4,5,6,7,7-hexachloro-5-bornene-endo-2,3-heptylimide
(10)

The norbornene derivativewas functionalized according to a procedure useddrgas

et al. [34]. The intermediate product was then cyclizedhe endo-imide using acetic
anhydride as dehydrating age8tcheme 3.). The final product was dissolved in hexane
and gavel0 as white crystals in high yield. The solubility this norbornene derivative
was good in organic solvents such as toluene artdadomethane. The structure of the
product was confirmed by NMR and**C NMR spectroscopy, FAB mass spectrometry
(Figure 3.7) and X-ray crystallography~{gure 3.9).

FAB mass spectrometry of the product was perforassag low-resolution FAB MS and
resulted inm/z 466 for GeH150.ClsN*, mVz 369.9 for GHO.ClgN™ and nvz 272 for
Cs>°Cls*’Cl*. High-resolution FAB MS was also used for exactsnaeasurements of
ions and gavevz 466.0175 for the molecular ion¢El150.ClgN*. Crystal data, structure
refinement, torsion angles, bond lengths and arayleshown iAppendix B. The bond
lengths C-C (average 1.53 A), C-N (average 1.44) C-Cl (average 1.74 A) show a
single bond character and C-O (average 1.20 A)Gu@1(1.33 A) reveal a double bond
character, indicating bond distances consisterit thi¢ typical C-C, C-N, C-Cl, C=0 and
C=C bonds.
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Figure 3.7: The mass spectrum of 1,4,5,6,7,7-hexachloro-5aradne-endo-2,3-
heptylimidel0.
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Figure 3.8: The crystal structure of 1,4,5,6,7,7-hexachlonoeBbornene-endo-2,3-
heptylimidel0. Thermal ellipsoids are drawn at the 50 % proligdivel.
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3.3.4 The synthesis of new copolymers (11) and (12)

The monomerl0 was copolymerized with theggcyclohexadiene cycloadduBtvia a
ROMP approach with catalytic amounts of Grubbsaliatyst to produce a sequence of
novel Go-containing copolymer$2A-E (Scheme 3.11showing only the polymers based
on the monoadduc3a) in good yields (84-94 %). The copolymers werenfbuo be
slightly soluble in CHCIl,, CS, CHCk, THF and toluene. This solubility behaviour
shows the advantage of having a polymer bondeddéo€improved processability. The
polymers were also found to be dark to light browncolour, with the colour being

proportional to the amount ofs&cyclohexadiene cycloaddugtused.
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Scheme 3.11:The synthesis of norbornene derivative polyrigrand Go-containing
norbornene derivative copolymefd®A-E using ROMP.I = (a) toluene, Grubbs I
catalyst; (b) ethyl vinyl ether, MeOH, 1M HCI.

3.3.4.1 Infrared Spectroscopy

Figure 3.9 shows the FT-IR spectra of the norbornene devigapolymerl1l, Cego
containing polymerd2A-E, Cso moleculel and Go-cyclohexadiene cycloaddu8t The
presence of g and the norbornene derivative polymer were corddanby the FT-IR
data. The presence ofswas confirmed by the observed peak ~528'ame to the

functionalized Go cage in the polymer. The weak peak due ¢§p i€ only observed in
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polymers with relatively low norbornene derivatiwentent. The peak intensity at ~528

cm* weakly increased with an increase of thg @ntent in the polymer [25-27].

S 528.4

T T T T T T T T T T T
3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 3.9: FT-IR spectra of the 4g-containing norbornene derivative copolyma&gA-
E: mole ratio 0f10:3 (A) 100:1, (B) 300:1, (C) 500:1, (D) 700:1, (E)am01, (F) Go 1,
(G) Gso-cyclohexadiene cycloaddu8tand (H) norbornene derivative polynigk

3.3.4.2 Differential scanning calorimetry

In DSC analyses the glass transition temperaturgs for the Gg-containing polymers
12A-E and the norbornene derivative polymérwere determined using a heating rate of
5 °C mini* under a N atmosphere. The DSC thermograms showed that thef Tige
copolymers slightly increased with increasing ipmoation of Gp in the polymer

(Figure 3.10, Table 3.4 Similar observations about the relationship lestwthe Tg and
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the amount of g in other Gg-based polymers have been reported in the litexdtLi,
25, 28-30]. This relationship can be explained enmis of the modification of the
plasticizing and reinforcing abilities of the;ddn the polymer [28]. In their paper, Tang
and co-workers suggested that when an amounts@fnCpolymers is increased many
polymer chains may be linked by thgo@nolecules, therefore increasing the Tg of the
polymer [28]. Since a higher Tg is usually obserugpdn addition of & to a polymer
[17], Prato proposed that fullerenes may be useaddsgives for increasing the thermal
stability of a material [2].

Heat flow (mW)

90l - - -
40 60 8 100 120 140 160 180 200

Temperature (°C)

Figure 3.10: DSC thermograms showing Tg peaks of thg-@@ntaining norbornene
derivative copolymerd2A-E: mole ratio 0f10:3 (A) 100:1, (B) 300:1, (C) 500:1, (D)
700:1, (E) 1000:1, (H) norbornene derivative polyme
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Table 3.4:Tg of Gsg-containing norbornene derivative polymé&gA-E and11

Polymer Mole ratio of 10:3 Tg (°C)
12A 100:1 131.7
12B 300:1 1314
12C 500:1 131.1
12D 700:1 130.6
12E 1000:1 129.5

11 (H) 1:0 126.3

3.3.4.3 Thermogravimetric analysis

The thermal stability of the polymers was studigdTiiSA under a Natmosphere at a
heating rate of 10 °C mih The decomposition temperature was determinedéyeak
maximum as determined from the derivatives of thes. As can be seen frdAigure
3.11 and Table 3.5as the amount of gin the Gg-containing polymers increased the
thermal stability of the polymers increased comganeth the norbornene derivative
polymer 11. The TGA showed that theggcontaining polymers were thermally more
stable than the norbornene derivative polyrherAs seen fronfFigure 3.11 the TGA
curves do not approach zero. About 9-20 % of thtern& is left and this may be due to

the presence of Ry@nd fullerene.
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Figure 3.11: TGA curves of the gg-containing norbornene derivative copolym&gA-
E: mole ratio 0f10:3 (A) 100:1, (B) 300:1, (C) 500:1, (D) 700:1, (E)QmO1, (H)
norbornene derivative polyméd.

Table 3.5: Thermogravimetric analysis of gEcontaining polymers12A-E and
norbornene derivative polyméd

Polymer Mole ratio of 10:3 Decomposition

temperature (°C)
12A 100:1 301.5
12B 300:1 286.4
12C 500:1 284.8
12D 700:1 283.2
12E 1000:1 278.2
11 (H) 1:0 273.8
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3.3.4.4 Ultra-violet / visible spectroscopy

UV-vis spectra of the §g-containing norbornene derivative copolym&A-E, Cso, Cso-
cyclohexadiene and the norbornene derivative palyidevere recorded in toluene and
are presented iRigure 3.12(data summarized ifiable 3.6. The UV-vis spectra of the
Cso-containing norbornene derivative copolymdrdA-E and the Cgo-cyclohexadiene
cycloadduct3 show some significant differences in comparisomw@, but do not show
any differences between the samples.

Very characteristic for the spectra of the Dielslétl cycloadducts of 4 are bands with
Amax Near 438 and 506 nm in thegLyclohexadiene cycloaddu@ and the Go-
containing norbornene derivative copolym&gA-E. These are absent in the norbornene
derivative polymerll [35, 36]. The shoulder observed at 438 nm fottedl copolymers

is highly characteristic of a 6-6 ring fusion ofp@onoadducts. The above observations
together with the peak broadening beyond 510 nthenUV-vis spectra further indicate
that Go has been covalently attached to the copolymers 332 Such UV-vis spectra
have been observed in many fullerene derivatives @jg-containing polymers. The
observed spectral features have been attributdgbtecattering of UV light by clusters of
Cso [32, 33]. The broadening of the absorption bandsesponding to £ in the
copolymers can also be attributed to a range ofltaiistributed derivatives found in
these materials [37]. In addition, as the amounCg&fin the copolymers increases, the

fullerene peak intensity also increaseg(re 3.12.
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Figure 3.12: UV-visible spectra recorded in toluene of thg-Containing norbornene
derivative copolymerd2A-E: mole ratio 0f10:3 (A) 100:1, (B) 300:1, (C) 500:1, (D)
700:1, (E) 1000:1, (F), & 1, (G) Gso-cyclohexadiene cycloaddu8tand (H) norbornene

derivative polymed 1.

Table 3.6: UV-visible Amax Of the Gg-containing polymersl2A-E and norbornene

derivative polymed 1

Polymer Mole ratio of 10:3 Amax (NM)
12A 100:1 438.5, 506.3
12B 300:1 438.5, 506.3
12C 500:1 438.9, 506.3
12D 700:1 438.5, 506.4
12E 1000:1 438.5, 506.4
3(F) Cso-cyclohexadiene 438.5, 506.3
cycloadduct
G Cso 408.2, broad peak 460-650
9(H) 1:0 NOAmax
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3.4 Comparison between the gg-containing norbornene copolymers
(6A-E) and the Gy-containing norbornene derivative copolymers (12A-
E)

Norbornene and a norbornene derivative containhigrine were chosen as monomers
to copolymerize with the 4-cyclohexadiene cycloadduct to obt&i-E and 12A-E
copolymers, respectively. The solubility behaviofirall the synthesized polymers was
reasonably good in different organic solvents awtdlly unlike Go, demonstrating the

dramatic effect of polymer attachment on the sdiylof fullerene derivatives.

The characterization by FT-IR showed a strong [fe&28 cm') due to the incorporated
Cso's in the6A-E copolymers, whereas a very weak peak due to ghev&s observed in
the 12A-E copolymers. It is noted that it is not possibleptove that there is actual
covalent incorporation from the ggcyclohexadiene cycloaddu@ into the 12A-E
copolymers. Since the 1,4,5,6,7,7-hexachloro-5-moriéne-endo-2,3-heptylimid€l0)
contains a hindered substituted double bond it may be possible to obtain an

interaction of3 with the polymer.

The relative amount of g in the Gg-containing norbornene derivative copolymaga-

E affected the polymers’ thermal properties by insieg the decomposition and the
glass transition temperatures, as compared to noehe derivative polymerll.
However, the gg-containing norbornene copolyme8#\-E were thermally less stable
than the polynorborneng Pure Go is thermally stable below 600 °C [38], aGA-E
copolymers decomposed completely above 400 °C, eslset2A-E copolymers
decomposed at about 300 °C. Therefore, it can beleded that thé&A-E copolymers
(Figure 3.6) were thermally more stable than th2A-E polymers Figure 3.10. The
DSC thermograms dA-E and 12A-E showed that the Tg of the copolymers slightly
increased with increasing incorporation @p @to the polymer.
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3.5 Conclusion

In this report, a route to incorporation ofp@to the main chain norbornene-containing
polymers using ring opening metathesis polymeratith a Grubbs second generation

catalyst was demonstrated based on the chemis@yafyclohexadiene cycloaddition.

The Go-cyclohexadiene cycloadduBtwas synthesized. This can be related to the facile
reaction between the low LUMO energy ofoCthe dienophilic nature of the 6,6 double
bond and the electron rich diene (cyclohexadiette)s known that Gy shows very
limited solubility in any medium, especially polsolvents. The prepared polymers were

more soluble in common organic solvents.

FT-IR and UV-vis techniques showed the incorporatid the Gy into all synthesized
polymers. The UV-vis spectra of all the;e€ontaining copolymers showed that the
electronic configuration of §-cyclohexadiene is retained in the polymers, with
shoulders on the typical absorptions close to 480and 700 nm. The presence g C

affects the polymer properties.

In this study it has been shown that solubility bagn improved and also the original

electronic and thermal properties afy@re retained in all the synthesized copolymers.
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CHAPTER 4

SYNTHESIS, FUNCTIONALIZATION AND DOPING OF CARBON
SPHERES

4.1 Introduction

As mentioned before, carbon spheres (CSs) havdlexicproperties, similar to those of
fullerenes. Due to these high strength, thermaktasce and other intrinsic properties,
CSs have been found promising for applicationshie preparation of diamond films,
lubricating material, rubber additives, etc. Thes@&n be prepared without the use of a
catalyst using the popular, cost-effective anddasgale synthesis of high quality CSs,
called the CVD method. For example, Aili and co-keys obtained CSs with uniform
dimensions and in high purity, without any othergrgducts being detected from a CVD
method [1].

In this chapter preliminary functionalization of £8as been explored. Two approaches
were used. The first was to do post chemical fonetization of the CSs. In the second

approach, functionalization (doping) was perfornreslitu.

The organic functionalization of carbon nanostruesupermits the solubilization of
carbon nanomaterials in organic solvents, such thetr solution properties and
processing abilities can then be studied. Succlessfialent functionalization of single-
walled CNTs and multi-walled CNTs has been repoifé®é]. Herein we report the
functionalization of CSs with cyclopentadiene orcclopexadiene. These were chosen
because they provide a simple methodology to dheechemical reactivity of the CSs.

Very little functionalization has been reported@8s to date.
Carbon nanostructured materials (e.g. CNTs) arevkrto have potential applications in

many fields: electronics, sensors, polymer compssihydrogen storage, catalysis and

electrodes, due to their exceptional structureh@tmolecular and nanoscale levels [7].
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The doping of carbon nanostructures adds anotimeerdiion to the structures’ catalytic
activity and conductivity properties [8, 9]. It wasported that doping CNTs with
nitrogen may lead to n-type semiconducting materjaD], while boron-doped CNTs
may lead to electron-deficient p-type semicondyctianotubes [11-13]. In this study,
boron-doped CSs were also prepared and their greperompared with undoped CSs.

No reports have appeared on the boron-doping oft@€8ate.

4.2 Experimental

4.2.1 Chemicals and materials

Acetylene, BE in methanagl cyclopentadiene, cyclohexadiene, chloroform, meathan
sodium sulphate, were purchased from Sigma-Ald@tiemical Company and used as

received.

4.2.2 Synthetic procedures

4.2.2.1 Synthesis of carbon spheres

In this study the synthesis of CSs was achieveditgct pyrolysis of a hydrocarbon gas,
acetylene (gH,), in a tubular quartz reactor (51 cm X 1.9 cm,imhich was placed
horizontally in a furnaceRigure 4.1). The furnace was electronically controlled anel th
experimental conditions (reaction temperature, ihgatate and gas flow rate) were
controlled. The front end of the quartz tube wasnexted to a glass manifold that
allowed free flow of N and GH, (as a carbon source) gases at atmospheric pressure
through the tube. A quartz glass wool plug was gdam the end of the quartz tube,

situated outside the furnace.
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Figure 4.1: The furnace used for the synthesis of carbon ggher

Prior to synthesis the tube was flushed with fdk 20 minutes at a flow rate of 100
ml/min as the reactor was brought to 800 °C. Thegds was replaced with,8, and
passed through the reactor for 2 hours at a canseanrate of 100 ml/min. This resulted
in formation of a sooty deposit on the inner wélthee quartz tube in the hot region of the
reactor. The reactor was then cooled to room teatpes in a nitrogen atmosphere. The
soot was collected, weighed (yield: ca. 2 g) andratterized using high resolution
transmission electron microscopy (HRTEM) (PhilipMZD0 TEM) at 197 kV, TGA
(Perkin Elmer, Pyris 1 TGA analyzer) and Raman specopy (Jobin-Yvon T64000
micro-Raman spectrometer). No catalyst was useleirsynthesis of the carbon spheres.
Unlike products obtained from CNT synthesis, thes @@re very pure and thus required

no post-reaction process to remove amorphous rabéeri catalyst.
4.2.2.2Functionalization of carbon spheres
A second batch of CSs was synthesized under simdladitions as irSection4.2.2.1

Pure carbon spheres were functionalized separatélyp cyclopentadiene and
cyclohexadiene by way of a Diels-Alder type cycldiéidn. Carbon spheres (250 mg)
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were added to each diene (3 ml) with constantisgirat room temperature for 3 days
under an Ar atmosphere. After 2 hours the colouthef reaction mixtures changed to
dark brown. Chloroform was added to the reactiortunes and after stirring for a few
minutes, the mixtures were filtered. After separatof the insoluble material, the
solvent was removed under reduced pressure. Théingsresidues were extracted with
dichloromethane, washed several times with deidmneater, dried over N8O, and the
solvent was removed. The resulting materials wateddin an oven affording CS-
cyclopentadiene or CS-cyclohexadiene (15 mg (0.él) and 10 mg (0.4 % yield) in
the respective reactions. The functionalized CSsewbaracterized using TEM (JEOL
100s Electron Microscope), TGA (Perkin Elmer, PyLisSTGA analyzer) and Raman
spectroscopy (Jobin-Yvon T64000 micro-Raman spewtter).

4.2.2.3 Synthesis of boron-doped carbon sphefes

The furnace shown iRigure 4.1was also used for the synthesis of boron-dopeabocar
spheres. Experimental conditions such as reactimperature, reaction time, heating rate
and gas flow rate were the same as used in théesistof the pure carbon spheres. In
this study GH, was used as a carbon source and iBfnethanol as a boron source. No
catalyst was used. A blank run was recorded with,Cand MeOH. The ¢H, was
bubbled through a closed flask containing MeOH. T$s produced were the same size
and gave the same yield as those produced freiy @ the absence of MeOH. The
reaction was repeated by bubblingHz through 1.3 M BEin MeOH to achieve B-doped
CSs. The resulting CSs were characterized usinly fggolution transmission electron
microscopy (HRTEM) (Philips CM200 TEM) at 197 k\Wjwepped with a LaBemitter,

an Oxford ISIS EDX super ultra-thin windowed dete@nd a Gatan Model 678 Imaging
Filter (GIF). Raman spectroscopy was performed dokan-Yvon T64000 micro-Raman
spectrometer equipped with a liquid nitrogen coalkdrge coupled device detectaf
samples were measured after excitation with thrferent laser wavelengths (488 nm,
514.5 nm and 647nm).

1K. C. Mondal, A. Strydom, Z. Tetana, S. D. Mhlanlyh,J. Witcomb, J. Havel, R. Erasmus, N. J. Coyille
Mater. Chem. Phys., 2009 114, 973.
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The presence of boron in the carbon spheres wasndeed by using laser-ablation
inductively coupled plasma optical emission spengtyy (LA-ICP-OES) and Matrix-
assisted Laser Desorption lonization time-of—flightALDI-TOF) mass spectrometry.
The LA-ICP-MS system consists of a UP-213 Laserafibh System (New Wave
Research) and ICP-MS spectrometer Agilent 750@&sefihe laser was operated at the
5th harmonic frequency (213 nm). Experimental dakions used were: repetition rate
20 Hz, laser spot diameter 55 mm, laser irradidrc8 J.crif, raster 1 X 1 mm (3 raster
count). The carbon sphere powder and calibratioxturés were directly applied to
double-sided tape on a glass slide and ablated timtoICP-MS spectrometer. For
calibration, a mixture of activated carbon (ALDRICBlarcoG60, 100 mesh powder) and
boric acid (p.a. Lachema Brno) in the content ranfeB = 0 — 1.5 % was used
(sensitivity < 0.05 %) [14].

4.3 Results and Discussion

4.3.1 Synthesis of carbon spheres

In this study, pyrolysis of acetylene was carriedt @ make carbon spheres at
atmospheric pressure in a flow reactor made oftguabe that was heated (800 °C) in a
furnace. Characterization included HRTEM, TGA arahfn spectroscopy, which were

used to determine the sphere morphology and piepert

4.3.1.1TEM studies

High resolution transmission electron microscopyRTHEM) was used to examine the
morphology of the carbon spheres. In general, Hiprepared products are dark black
powders, soft, and light in weight. The HRTEM imagadicate that the final products
consist of a large quantity of carbon spheres aedcarbon spheres have nearly perfect
spherical morphology whose surface is very smonthcean. Multiple conglomerates of
the carbon spheres are abundant and chains oflikeaat:cretions of the carbon spheres
are observed in TEM investigationBidure 4.2 (a)and4.2 (b)). These carbon spheres
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have diameters of 350-700 niFigure 4.2 (a)shows the HRTEM images of the carbon
spheres andrigure 4.2 (b shows the selected area of the electron diffvacpattern

(insert). The TEM images show consecutive light dack concentric contrast areas on
an individual sphere, revealing the core/shell getynof the carbon sphere. An electron
diffraction pattern taken from a selected areahef shell, displays rings which indicate

that the shell is crystalline in nature. The umfothickness of the outer shell of these

carbon spheres was found to be about 25 nm.

Figure 4.2(a): TEM images of the CSs. Figure 4.2(b): HRTEM image of
Insert showing the HRTEM image of selected area of electron
selected area of the CSs. diffraction pattern of the CSs.

4.3.1.2TGA analysis

The thermal stability of the carbon spheres wasssesl by TGA. TGA experiments
provide information with regard to the defects whbe experiment is done in air,
because carbon spheres are very sensitive to oxggire 4.3 shows typical curves of
carbon spheres, heated to 900 °C in air andthdosphere. When heated to 900 °C jn N
about 5 % weight loss of CSs was detected, suggettat these CSs had a relative high
thermal stability in an Natmosphere. When heated in air, the carbon splsti@sed
stability below 580 °C and the weight loss bega6Cfi °C. This weight loss below 580

°C may be due to the loss of the amorphous carbloa.steepness of the slope may also
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be indicative of lattice defects which enable oxyde permeate the carbon spheres
facilitating rapid oxidation [15].
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Figure 4.3: TGA curves of carbon spheres in agdimosphere and in air.

4.3.1.3Raman spectroscopy

Raman spectroscopy measurements were taken at & 53i¥ laser excitation
wavelength. A typical Raman spectrum of CSs is shaw Figure 4.4, where a
prominent peak at 1593.0 €nand another peak at 1341.3"tmwan be clearly detected.
The peak at 1593.0 ¢hn(G-band) corresponds to angEnode of graphite and is related
to the vibration of spbonded carbon atoms in a two-dimensional hexagdattale, such
as in a graphite layer. The peak at 1341.3 ¢Brband) is associated with the vibrations
of carbon atoms with dangling bonds in disorderephite planes [16, 17]. Other weak
bands at around 1046 &nand 1230 cm were also observed. The origin of these two
weak peaks is not understood currently. FurtherptbeeD band has a much wider width

in the present observation. The valudgfs is indicative of the graphitization degree of
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the carbon material. Generally, thg/lg ratio would decrease as the content of the
amorphous carbon decreases [18]. The intensity ddtithe D to G banddd/lg) was
determined by measuring the area under the cuives(p/lg) was calculated to be 0.56,
and this lowlp/lg value showed the good crystallinity of the CSslidating promising

application of CSs in electronics.
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Figure 4.4: Typical Raman spectrum of pristine carbon spheres.

4.3.2Functionalization of carbon spheres

The carbon spheres were functionalized with cyaltgdiene and cyclohexadiene under
an Ar atmosphere. The reactions did not go to cetigpl. The insoluble material which
might contain functional groups, but not enougtbéosoluble, was separated from the
soluble material and afforded low vyield of funcidized CSs. Unlike the pristine CSs
which are known to present poor solubility in comma@rganic solvents, the
functionalized CSs were found to be soluble in giftrm, dichloromethane and DMF.

These materials were characterized using Ramarrepegpy, TGA and TEM. The
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TEM results did not differentiate between the pmistand the functionalized CSs. They

both had the same size and morphology.

4.3.2.1 Raman spectroscopy of pristine carbon sphes (CSs) and those

functionalized with cyclopentadiene (CS-GHg)

Figure 4.5 shows the Raman spectra (using the 514.5 nm &graitine) of pristine CSs
and CSs functionalized with cyclopentadiene. Thenmgarison shows that for
functionalized CSs there is a slight shift of theddd the G-bands. THg/lg ratio for the
pristine and the functionalized CSs were found ¢o0b78 and 1.23, respectively. This
implies that the functionalized CSs were slightlpren disordered as compared to the
pristine CSs. This was proposed to be due to @ poration of the functional groups on
the CSs.

1609.0
CS-CH,

1376.4
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Figure 4.5: Raman spectra of pristine carbon spheres andidunadized carbon
spheres (CS-Es).
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4.3.2.2 TGA analysis of CSs functionalized with §H¢

The covalent functionalization of the CSs was coméid by TGA under a Natmosphere.
Figure 4.6 shows that the functionalized CSs could be thdyntfunctionalized (i. e.
removed from the surface). Compared to the prigiiBs under a Natmosphere, which
showed good stability of CSs, the functionalizedsG8owed a large weight loss as a

function of temperature. This weight loss was du¢hermal defunctionalization of the
functionalized CSs.
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Figure 4.6: TGA curve of the pristine carbon spheres and faneatized carbon
spheres (CS+Eg) in a N, atmosphere.

4.3.2.3 Raman spectroscopy of carbon spheres furatialized with cyclopentadiene,
before and after TGA

The functionalized CSs were analysed by TGA, foddwby Raman spectroscopy to

confirm the removal of the functional group on @8s. The Raman specti@dure 4.7)
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show the D- and G-bands of the CSs functionalizéti WsHs before and after TGA
analysis. From the spectra it can be seen thahdidfumalization of the CS+Els occurred
after the TGA experiment. The spectrum is simitathie one for the pristine CSs, but

with Ip/lg values now equal to 0.79.

CS-C5H6 before TGA

CS-C5H6 a\her TGA

1600.6

1335.6

I T T T 1
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Figure 4.7: Raman spectra of pristine CSs and functionalizedan spheres (CSs8s),
before and after TGA.

4.3.2.4 Raman spectroscopy of pristine carbon sphes (CS) and those

functionalized with cyclohexadiene (CS-gH5s)

Carbon spheres were also functionalized using Yi¢8hbexadiene. The Raman spectra
(Figure 4.8) of pristine carbon spheres and spheres funcimethiwith cyclohexadiene
show characteristic features with the G-band matense than the D-band. The spectrum
of the pristine CSs shows prominent peaks at ah886 and 1593 cif) indicating the
non-graphitic and graphitic nature of the carboheses, respectively. The comparison
shows that for functionalized CSs there was a sbgift of the D- and the G-bands. The

In/l ratio for the pristine and the CSH materials were found to be 0.78 and 1.09,
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respectively. This implies that the functionalize8s were more disordered as compared

to pristine CSs, due to the introduction of thectiomal groups on the CSs.

1597.3

T T T T T T T T T T T
1200 1300 1400 1500 1600 1700

Raman shift (cm™)

Figure 4.8: Raman spectra of pristine carbon spheres andifunatized carbon spheres
(CS-GHg).

4.3.2.5 TGA analysis of CSs functionalized with §Hg
Figure 4.9shows the TGA curves of the pristine CSs and tlfrsetionalised with gHg,
heated to 800 °C in a)Natmosphere. The TGA curves show good stabilitpristine

CSs while a large weight loss, due to thermal dsfanalization of CS-gHg is

observed. The presented results confirm the funalipation of the CSs.
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Figure 4.9: TGA curves of pristine CSs and functionalized carspheres (CS+Elg) in

a N\, atmosphere.

4.3.2.6 Raman spectroscopy of carbon spheres furanialized with cyclohexadiene,
before and after TGA

The CS-GHg were analysed by TGA followed by Raman spectrosdopgonfirm the
removal of the functional group on the CSs. The RaispectraKigure 4.10 show the
D- and G-bands of the CSds, before and after TGA analysis. The measukgts |
values for the CSs and the CgHg were found to be 0.78 and 0.77, respectively.
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Figure 4.10: Raman spectra of pristine CSs and functionalizadban spheres (CS-
CsHg), before and after TGA.

4.3.3 Synthesis of boron-doped carbon spheres

In this study, boron-doped carbon spheres werehegited by bubbling £, through

1.3 M BF; in MeOH, in a flow reactor made of quartz tubet tlvas heated (800 °C) in a
furnace. As mentioned in the experimentaégtion4.2.2.9, a blank run was recorded
with C;H, and MeOHand the carbon spheres produced were the samargizgave the
same yield as those produced fromHE in the absence of MeOH. Thus, the CSs
synthesized in the presence of boron are compardtetCSs synthesized in the absence
of MeOH (reported irSection4.2.2.). The presence of boron in boron-doped CSs was
determined by both MALDI-TOF MS and LA-ICP-OES. Thmount of boron present
was measured at 0.13 + 0.03 %. Other charactaizétichniques used for boron-doped
carbon spheres are discussed below. The physipabegnce of the boron-doped CSs is

similar to that of CSs without boron.

LK. C. Mondal, A. Strydom, Z. Tetana, S. D. Mhlaniya J. Witcomb, J. Havel, R. Erasmus, N. J. Ceyill
Mater. Chem. Phys., 2009 114, 973.
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4.3.3.1TEM studies

TEM images of carbon spheres with and without basouarce are presented kigure
4.11 The CSs without boron source were found to haameters in the range 350-700
nm. On the other hand, the diameter of the borgreddCSs were in the range of 650-
800 nm, of which about 90 % were found to havesilzes of 650-700 nm. This means
that the boron-doped CSs are more uniform in $iae undoped CSs. The TEM images
of both CSs without boron sourcEigure 4.11A and an insert) and boron-doped CSs
(Figure 4.11Band an insert) show a light and dark contrastriapa the carbon sphere,
clearly revealing the core/shell geometry of theboa sphere. The uniform thickness of
the outer shell of the undoped carbon spheres easlfto be about 25 nm. On the other
hand, the uniform thickness of the outer shellh& boron-doped CSs was found to be
about 11 nm. This implies that the boron modifies anly the average diameter but also
the wall thickness of the carbon spheres, and plysghysical properties of the carbon

spheres.

o
)
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B "1&9._;\:‘__’_,) ] { l..(:ll'l pm® .l__ )
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Figure 4.11: TEM image of carbon spheres without boron soufdeafid boron-doped

carbon spheres (B). Insert showing the HMTEM imagkethe selected portion of the
carbon sphere.
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4.3.3.2Raman spectroscopy

The boron-doped and undoped CSs were studied byaRapectroscopy. Raman spectra
of the boron-doped carbon spheres showing the DGabdnds are presentedkigure
4.12 Measurements were taken at 488, 514.5 and 64lasen excitation wavelengths.
The spectra show prominent peaks at about 1345(Enband) and 1597 ¢i(G band),
indicating the graphitic nature of the carbon spheA weak band at around 1046tm
was observed for both doped and undoped carborresphée 514.5 nm laser excitation.
Another weak band was observed at around 1221, B2#61234 cm in all laser

excitation wavelengths. This kind of band was al®served for the undoped carbon

spheres.
647 nm Laser
1597
1345.4
1226
1046.8 514 nm Laser
1601.6
1221.6
/ 488 nm Laser
_v____u_*___m_w_)__,m,w"
1 I 1 I I I 1 I ] I 1
800 1000 1200 1400 1600 1800 2000

Raman shift (cm™)
Figure 4.12: Raman spectra of the boron-doped carbon spherds different laser

excitation wavelengths
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It has been observed that the positions of the ot @-band of carbon spheres shift
slightly towards the red sideTdble 4.1) typically in the 488 and 514.5 nm laser
excitation wavelengths for the boron-doped carljgreses. This is similar to the results
proposed by Mia@t al. [19], who reported that a decrease of the carlpbere diameter
leads to a blue shift of the D- and G-band pos#idrhese results are consistent with the
TEM results Figure 4.11) which showed an increase in diameter of the bolaped
carbon spheres. It can be observed fiiable 4.1that the intensity of the D-band laser
excitation line has increased after boron incorpomnainto the CSs. Usually thi/ls
ratio increases on (i) increasing the amount of rpmaus carbon in the material and/or
(i) decreasing the graphite crystal size [14]. Bwand width increase of the CSs after
the boron incorporation into the graphitic lattiCBable 4.1) indicates a decrease in
graphitization after boron incorporation. Theseuhss were observed at all laser
wavelength excitations. The D-band position betw#845.4 and 1335.5 ¢hchanged
with change of laser excitation from 488 to 647 ‘caifter boron incorporatioriT@ble
4.1). Kastner and co-workers [20] observed similaee& on their boron-doped carbon
nanotubes. Laser excitation results in a resonanbancement of the contribution from
regions near to the observed D-band. These diffeseare consistent with the presence
of boron atoms in the carbon framework, which redtie ordering of the carbon atoms
[21, 22]. Furthermore, a co-worker [14] measured #lectrical conductivity of the
boron-doped and undoped CSs. The electrical comilyctmeasurements revealed
behaviour in both boron-doped and in undoped C8&isafe generally associated with 3-
dimensional, semiconducting amorphous materialg. diactrical conductivity of the B-
doped CSs was found to be lower than that of trdoped CSs by about two orders of
magnitude [14]. This effect could be attributedatbigher degree of charge localization

which is impeding the charge transport in B-dop&s$ Compared to the undoped ones.
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Table 4.1: Raman spectra data with different laser excitatiavelengths of the boron-

doped and undoped carbon spheres

Laser
wavelength Undoped carbon spheres Boron-doped carbon spheres
(nm)
G- D-band G-band G- D-band G-band
I/l | ban position position | Ip/lg | ban position position
width (cm™) (cm™) width (cm™) (cm™)
(cm™) (cm™)
488 0.62| 42.2 1338.0] 1597.q 0.4149.2 1339.3| 1601.4
514 0.56] 44.5 1341.3 1593.0 0.6 56.9 1345.4| 1597.0
647 0.47] 58.7 1351.9 1595.4 0.49 56.0 1335.5| 1592.4

4.4 Conclusion

Carbon spheres with high purity and diameters &-330 nm and good features have
been synthesized by the CVD method using acetyésna carbon source. No catalyst
was used. Characterization of the CSs by Ramariregeopy and TGA are indicative of
the graphitic nature of the carbon material. In@8s spand sp bonding coexist and the
CSs exhibit a low degree of graphitization. The @®se chemically and structurally
stable up to 900 °C in an inert atmosphere, orvibd00 °C in air. The HRTEM data

confirmed the core-shell structure and the cryisialhature of the CSs.

The results on the successful functionalization Gffs with cyclopentadiene and
cyclohexadiene under Ar atmosphere were evalualiedvas shown that all the
functionalized CSs were more disordered than tistipe CSs. The Raman analysis on
CS-GHg after TGA revealed that defunctionalization at 700 under nitrogen
atmosphere did occur. The Raman spectrum of the&C4Ez-after TGA analysis was
found to be similar to the Raman spectrum of thstipe CSs. Similar TGA and Raman

analyses results were noted for the GB{Samples. All the functionalized CSs showed
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good solubility in common organic solvents suchchkroform, dichloromethane and
DMF.

Finally, a novel method was successfully develofmegrepare a high yield of boron-
doped CSs (with low B content) and with diametarthe range of 650-700 nm. This was
achieved by bubbling £, through 1.3 M BEgin MeOH at 800 °C without any catalyst.
The LA-ICP-OES and MALDI-TOF mass spectrometry ofbagons revealed the
incorporation of boron into the carbon spheressBbidy demonstrates that the average
diameter and the shell thickness of the CSs aheein€ed by the boron content. The D-
and the G-bands positions were shifted towardsatieside after B doping. The approach

described in this work is a feasible method toitate boron-doped carbon spheres [14].
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

5.1.1 On fullerenes

The Diels-Alder reaction, the [4 + 2] cycloadditioeaction, is still one of the most
important tools used by organic chemists to cowostrnew molecular systems.
Dienophilic properties of the fascinatingsoxChave been widely exploited in such
cycloaddition reactions. In particular, this apmiodhas been fruitful in synthesizing a
Cso-cyclohexadiene monoadduct, though a¢-€/clohexadiene diadduct was also
obtained. The cycloaddition product had improvetlilsibty characteristics relative to
the unsubstituted fullerene in most organic solserthe synthesis of the complex
1,4,5,6,7,7-hexachloro-5-norbornene-endo-2,3-hepigeé was successful. The crystal

structure of the complex was confirmed by singlestal X-ray diffraction.

In this work, novel Gy-containing norbornene copolymers with varying, Contents
were prepared via ROMP in the presence of Grubbsbrsd generation catalyst. The
resulting copolymers were characterized using speobpic and thermal techniques. The
spectroscopic techniques showed successful incatiporof the G into the copolymers.
The thermal techniques showed that the fulleremtéetds affected the polymer’s thermal
properties by increasing the glass transition aecbohposition temperatures, compared
to polynorbornene6A-E) and norbornene derivative polymei®A-E). The amount of
fullerene present in the polymer had a major eftecthe solubility of the polymer. The
solubility behaviour showed the advantage of havangpolymer bonded to
cyclohexadiene cycloadduct for improved procesggbilso, the resulting copolymers

revealed that the main fullerene features weremetiain the polymers.
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5.1.2 On carbon spheres

Carbon spheres (CSs) with high purity, high yiehdl gyood features were successfully
synthesized by the CVD method usingHZ as a carbon source. The CSs were
characterized using Raman spectroscopy, TGA and Tigthods. The consistency of
their spheroidal geometry, chemical purity, thermstdbility, and the availability of
macroscopic quantities makes these CSs promising materials for application
exploration. The low intrinsic mass of these stiue$ suggests that their possible use as
components in composite materials for aerospacdicappn may be worthy of
investigation. The abundance of defects makes thigirly reactive, indicating catalyst
support applications and the possibilities of fartaurface chemical modification uses in
a wide range of chemical or biological systems.

Functionalization of the CSs was done using cycitgutiene and cyclohexadiene using a
Diels-Alder strategy as in the first part of theg#rtation. The synthesized materials were
obtained in low yields. Characterization by Ramamecsroscopy and TGA analysis
revealed that the functionalized CSs were more rdesed after functionalization.
Defunctionalization was achieved at high tempeeatas indicated by TGA results,
implying that the CSs were covalently attachedytdapentadiene and cyclohexadiene.
The results showed that the functionalized CSs weyee disordered as compared to the
pristine CSs. The CSs showed good solubility inaarg solvents such as chloroform,

dichloromethane and DMF.

Finally, boron-doped CSs with high yield and withrdeters in the range of 650-700 nm
were successfully prepared usingHg as a carbon source, ands;BfR MeOH as a boron
source. Characterization by LA-ICP-OES and MALDIHOmass spectrometry
confirmed the doping of boron into the CSs. TEM Igsia implied that the boron
modified not only the average diameter, but algovtlall thickness of the carbon spheres
and possibly the physical properties of the cadqumeres. The approach described in this

work is a feasible method to fabricate boron-dogedbon spheres.

103



5.2 Recommendations for future work

5.2.1 On fullerenes

In this study, it has been not been possible tarsé@ the monoadduct and the diadduct
in the Go-cyclohexadiene cycloaddition reaction. While istieeen demonstrated that the
Diels-alder cycloaddition is an efficient tool fapnstructing new molecular systems
using conventional routes, it is recommended thatiecowave approach be used to
synthesize the §cyclohexadiene cycloadduct. Microwave assistedamigy synthesis
has numerous advantages over conventional technotegharkable decreases in the
times necessary to carry out reactions (up to tlmekers of magnitude), improved
isolated vyields of products (when thermal decontpwsiis associated with the
conventionally heated reactions) and, sometime$gctsf of chemo-, regio- and

stereoselectivity are also achieved [1].

Fullerene derivatives are known to posses thetahdi produce electroactive polymers.
Characterization of the ggbased polymers using cyclic voltammetry is neagssa
confirm the electroactive property in the polymedsher physical properties of the£
containing polymers such as strength, photocondtictimechanical properties and

optical limiting phenomena can be investigated.

Finally, gel permeation chromatography techniquesggiired to determine the molecular
weight distributions of the synthesized polymers.

5.2.2 On carbon spheres

It is evident from this research work that the CWi2thod is at the moment the best
approach for low cost and large scale synthesibig quality carbon spheres. The

functionalization of carbon materials gave solutéevatives that are easy to analyse and
characterize, in low yield. Numerous novel matersgich as these organic functionalized

CSs derivatives can be synthesized, with a widéetyaiof properties related to the
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attached functional group. It is recommended thatrhal Diels-Alder approach be used
to drive functionalization reactions to go to coetmn and to improve the yield of the

functionalized CSs.

Studies on the synthesis of boron-dopes CSs us@YD method were successful. It is
recommended that the electrical and thermal trahgpperties in CSs be further
investigated. Indeed the critical parameter willthe amount and type of boron-doping
into the CSs. This could be achieved by the usetbér volatile boron-containing

complexes, including carboranes. Our study has exparp this area of research and
many of the experiments used to dope carbon naestaén in principle be applied to
CSs.
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APPENDIX A

SCAN GRAPH. Flagging=Low Resolution M/z.
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Appendix Al. The mass spectrum of 1:kk&yclohexadiene cycloadduct at 60 °C, for 5
days.
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SCAN GRAPH. Flagging=Low Resolution M/z.
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Appendix A2. The mass spectrum of 1:5#£&yclohexadiene cycloadduct at 80 °C, for
48 hours.

108



APPENDIX B

Table 1: Crystal data and structure refinementfar zkl1a.

Identification code 6m_zkla

Empirical formula C1l6 H15CI6 N O2

Formula weight 465.99

Temperature 173(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)

Unit cell dimensions a=11.5554(2) A a=90°.
b=13.1210(2) A B=113.3070(10)°.
c =13.6705(2) A y=90°.

Volume 1903.56(5) &

Z 4

Density (calculated) 1.626 Mgfn

Absorption coefficient 0.913 mrh

F(000) 944

Crystal size 0.20 x 0.19 x 0.08 Mm

Theta range for data collection 1.62 to 28.00°.

Index ranges -15<=h<=14, -17<=k<=17, -18<=I<=18

Reflections collected 30508

Independent reflections 9175 [R(int) = 0.0271]

Completeness to theta = 28.00° 100.0 %

Absorption correction None

Max. and min. transmission 0.9305 and 0.8384

Refinement method Full-matrix least-squares én F

Data / restraints / parameters 9175/525 /580

Goodness-of-fit on & 1.028

Final R indices [I>2sigma(l)] R1 =0.0314, wR2 ©126

R indices (all data) R1 =0.0366, wR2 = 0.0752

Absolute structure parameter -0.03(4)

Largest diff. peak and hole 0.665 and -0.531-2.A
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Table 2: Atomic coordinates ( x 40and equivalent isotropic displacement parameters

(A2x 103) for 6m_zkla. U(eq) is defined as one third & tlace of the orthogonalized

Uil tensor.
X y z U(eq)

c() 7509(3) 1209(3) 9612(3) 26(1)
cE) 6164(4) 805(3) 9117(3) 28(1)
c@) 6060(4) -128(3) 8412(3) 32(1)
c(a) 5781(5) 134(4) 7259(3) 37(1)
c(5) 6529(4) 1001(4) 7085(4) 30(1)
C(6) 7877(4) 1094(5) 7860(3) 33(1)
c() 8046(6) 1697(5) 8867(5) 32(1)
C(1A) 7050(12)  1627(8) 9309(9) 28(1)
C2A) 6701(13) 519(8) 9348(9) 31(1)
C3A) 5725(13) 140(12)  8282(10) 34(2)
C(4A) 6189(14) 3313)  7392(12) 33(2)
C(5A) 6912(15) 951(14)  7214(14) 31(2)
C(6A) 8166(15)  1099(16)  8126(13) 31(2)
C(7A) 8168(19)  1829(18)  9015(17) 30(2)
C(1B) 2725(15)  3968(13)  7886(10) 39(1)
C(2B) 2021(7) 3032(5) 8559(6) 46(1)
C(3B) 2273(7) 2925(7) 9340(6) 48(1)
C(4B) 919(6) 2644(5) 8635(6) 55(1)
C(5B) 169(7) 3392(6) 7836(7) 55(1)
C(6B) 432(7) 3457(7) 6843(6) 54(1)
C(7B) 1647(6) 4002(6) 6805(6) 46(1)
c(1c) 2700(17)  3957(15)  7905(11) 40(1)
C(20) 3083(8) 3271(7) 8891(7) 47(1)
C(3C) 1866(7) 2992(8) 9072(8) 49(1)
C(4C) 619(7)  3405(6) 8535(7) 53(1)
C(5C) -36(8) 3139(7) 7316(7) 59(2)
C(6C) 340(6) 3881(6) 6660(7) 45(1)
C(7C) 1738(6) 3538(7) 6871(7) 48(1)

110



C(019)
C(021)
C(022)
C(023)
C(024)
C(025)
C(026)
C(027)
C(028)
C(029)
C(030)
C(031)
C(032)
C(034)
C(035)
C(037)
C(040)
C(044)
0(3)
O(4)
O(1)
0(2)
N(1)
N(2)
Cl(01)
Cl(02)
CI(03)
Cl(04)
CI(05)
CI(06)
Cl(07)
Cl(08)
CI(09)
CI(10)
Cl(11)
Cl(12)

7209(2)
9351(2)
6908(3)
4166(2)
4307(2)
5556(2)
6334(2)
5705(2)
4372(2)
5646(2)
5393(2)
9834(2)
8993(2)
8378(2)
4579(2)
7933(2)
8184(2)
8705(2)
6211(2)
9109(2)
3925(2)
4327(2)
3882(2)
7578(2)
6235(1)
2824(1)
7900(1)
3195(1)
5614(1)
11151(1)
8978(1)
7756(1)
6343(1)
9767(1)
10464(1)
6981(1)

3254(2)
3194(2)
2836(2)
5755(2)
4837(2)
5319(2)
5541(2)
4257(2)
5244(2)
4495(2)
6034(2)
3546(2)
4184(2)
1724(2)
3646(2)
4284(2)
2507(2)
4189(2)
3223(2)
1020(2)
5924(1)
2786(1)
4279(2)
1952(2)
3539(1)
6456(1)
5480(1)
4080(1)
7331(1)
3085(1)
4722(1)
4049(1)
6115(1)
5203(1)
2667(1)
5355(1)

11491(2)
12816(2)
10375(2)
5960(2)
5606(2)
7825(2)
6454(2)
7401(2)
8040(2)
6261(2)
6869(2)
11984(2)
11334(2)
11502(2)
7397(2)
11719(2)
12232(2)
12936(2)
9564(2)
11761(2)
8372(1)
7113(2)
7778(2)
10472(2)
5693(1)
5573(1)
7404(1)
4724(1)
7186(1)
11889(1)
10200(1)
13671(1)
5295(1)
13496(1)
13980(1)
11272(1)

27(1)
27(1)
34(1)
23(1)
22(1)
22(1)
24(1)
22(1)
24(1)
22(1)
22(1)
26(1)
28(1)
31(1)
23(1)
29(1)
24(1)
31(1)
50(1)
49(1)
32(1)
33(1)
24(1)
35(1)
32(1)
33(1)
33(1)
31(1)
34(1)
46(1)
47(1)
48(1)
34(1)
49(1)
48(1)
56(1)
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Table 3: Bond lengths [A] and angles [°] for 6rkla.

C(1)-N(2)
C(1)-C(2)
C(1)-C(7)
C(1)-H(1)
C(2)-C(3)
C(2)-H(2A)
C(2)-H(2B)
C(3)-C(4)
C(3)-H(3A)
C(3)-H(3B)
C(4)-C(5)
C(4)-H(4A)
C(4)-H(4B)
C(5)-C(6)
C(5)-H(5A)
C(5)-H(5B)
C(6)-C(7)
C(6)-H(6A)
C(6)-H(6B)
C(7)-H(7A)
C(7)-H(7B)
C(1A)-C(2A)
C(1A)-C(7A)
C(1A)-N(2)
C(1A)-H(1A)
C(2A)-C(3A)
C(2A)-H(2A1)
C(2A)-H(2A2)
C(3A)-C(4A)
C(3A)-H(3A1)
C(3A)-H(3A2)
C(4A)-C(5A)
C(4A)-H(4A1)
C(4A)-H(4A2)

1.503(4)
1.525(5)
1.527(6)
1.0000
1.533(5)
0.9900
0.9900
1.518(5)
0.9900
0.9900
1.503(5)
0.9900
0.9900
1.503(5)
0.9900
0.9900
1.532(5)
0.9900
0.9900
0.9900
0.9900
1.515(12)
1.521(14)
1.521(11)
1.0000
1.530(13)
0.9900
0.9900
1.519(14)
0.9900
0.9900
1.539(13)
0.9900
0.9900
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C(5A)-C(6A)
C(5A)-H(5A1)
C(5A)-H(5A2)
C(BA)-C(7A)
C(BA)-H(6A1)
C(BA)-H(6A2)
C(7A)-H(7A1)
C(7A)-H(7A2)
C(1B)-N(1)
C(1B)-C(2B)
C(1B)-C(7B)
C(1B)-H(1B)
C(2B)-C(3B)
C(2B)-H(2B1)
C(2B)-H(2B2)
C(3B)-C(4B)
C(3B)-H(3B1)
C(3B)-H(3B2)
C(4B)-C(5B)
C(4B)-H(4B1)
C(4B)-H(4B2)
C(5B)-C(6B)
C(5B)-H(5B1)
C(5B)-H(5B2)
C(6B)-C(7B)
C(6B)-H(6B1)
C(6B)-H(6B2)
C(7B)-H(7B1)
C(7B)-H(7B2)
C(1C)-N(1)
C(1C)-C(7C)
C(1C)-C(2C)
C(1C)-H(1C)
C(2C)-C(3C)
C(2C)-H(2C1)
C(2C)-H(2C2)

1.505(13)
0.9900
0.9900
1.546(14)
0.9900
0.9900
0.9900
0.9900
1.460(18)
1.497(11)
1.510(10)
1.0000
1.534(9)
0.9900
0.9900
1.522(9)
0.9900
0.9900
1.469(9)
0.9900
0.9900
1.507(10)
0.9900
0.9900
1.594(9)
0.9900
0.9900
0.9900
0.9900
1.50(2)
1.514(12)
1.533(11)
1.0000
1.564(9)
0.9900
0.9900
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C(3C)-C(4C)
C(3C)-H(3C1)
C(3C)-H(3C2)
C(4C)-C(5C)
C(4C)-H(4C1)
C(4C)-H(4C2)
C(5C)-C(6C)
C(5C)-H(5C1)
C(5C)-H(5C2)
C(6C)-C(7C)
C(6C)-H(6C1)
C(6C)-H(6C2)
C(7C)-H(7C1)
C(7C)-H(7C2)
C(019)-C(022)
C(019)-C(040)
C(019)-C(037)
C(019)-H(019)
C(021)-C(031)
C(021)-C(044)
C(021)-C(040)
C(021)-Cl(11)
C(022)-0(3)
C(022)-N(2)
C(023)-C(024)
C(023)-C(030)
C(023)-CI(02)
C(024)-C(029)
C(024)-CI(04)
C(025)-C(028)
C(025)-C(027)
C(025)-C(030)
C(025)-H(025)
C(026)-C(030)
C(026)-C(029)
C(026)-CI(09)

1.440(10)
0.9900
0.9900
1.573(10)
0.9900
0.9900
1.499(9)
0.9900
0.9900
1.589(9)
0.9900
0.9900
0.9900
0.9900
1.527(4)
1.534(3)
1.554(3)
1.0000
1.524(3)
1.544(4)
1.555(3)
1.745(2)
1.196(3)
1.372(4)
1.333(3)
1.515(3)
1.697(2)
1.517(3)
1.692(2)
1.512(3)
1.544(3)
1.559(3)
1.0000
1.552(3)
1.555(3)
1.759(2)
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C(026)-CI(03)
C(027)-C(035)
C(027)-C(029)
C(027)-H(027)
C(028)-O(1)
C(028)-N(1)
C(029)-CI(01)
C(030)-CI(05)
C(031)-C(032)
C(031)-CI(06)
C(032)-C(037)
C(032)-CI(07)
C(034)-0(4)
C(034)-N(2)
C(034)-C(040)
C(035)-0(2)
C(035)-N(1)
C(037)-C(044)
C(037)-CI(12)
C(040)-H(040)
C(044)-CI(10)
C(044)-CI(08)

N(2)-C(1)-C(2)
N(2)-C(1)-C(7)
C(2)-C(1)-C(V)
N(2)-C(1)-H(1)
C(2)-C(1)-H(1)
C(7)-C(1)-H()
C(1)-C(2)-C(3)
C(1)-C(2)-H(2A)
C(3)-C(2)-H(2A)
C(1)-C(2)-H(2B)
C(3)-C(2)-H(2B)

H(2A)-C(2)-H(2B)

C(4)-C(3)-C(2)

1.763(2)
1.527(3)
1.564(3)
1.0000

1.206(3)
1.376(3)
1.748(2)
1.750(2)
1.323(3)
1.689(2)
1.517(3)
1.697(2)
1.206(3)
1.377(4)
1.509(3)
1.192(3)
1.393(3)
1.551(4)
1.740(2)
1.0000

1.766(2)
1.766(3)

107.6(3)
109.9(3)
117.5(4)
107.1
107.1
107.1
111.7(3)
109.3
109.3
109.3
109.3
107.9
113.8(4)
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C(4)-C(3)-H(3A)
C(2)-C(3)-H(3A)
C(4)-C(3)-H(3B)
C(2)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
C(5)-C(4)-C(3)
C(5)-C(4)-H(4A)
C(3)-C(4)-H(4A)
C(5)-C(4)-H(4B)
C(3)-C(4)-H(4B)
H(4A)-C(4)-H(4B)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5A)
C(6)-C(5)-H(5A)
C(4)-C(5)-H(5B)
C(6)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
C(5)-C(6)-C(7)
C(5)-C(6)-H(6A)
C(7)-C(6)-H(6A)
C(5)-C(6)-H(6B)
C(7)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
C(1)-C(7)-C(6)
C(1)-C(7)-H(7A)
C(6)-C(7)-H(7A)
C(1)-C(7)-H(7B)
C(6)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(2A)-C(1A)-C(7A)
C(2A)-C(1A)-N(2)
C(7A)-C(1A)-N(2)
C(2A)-C(1A)-H(1A)
C(7A)-C(1A)-H(1A)
N(2)-C(1A)-H(1A)
C(1A)-C(2A)-C(3A)

108.8
108.8
108.8
108.8
107.7
115.9(3)
108.3
108.3
108.3
108.3
107.4
116.8(4)
108.1
108.1
108.1
108.1
107.3
113.8(4)
108.8
108.8
108.8
108.8
107.7
116.3(4)
108.2
108.2
108.2
108.2
107.4
116.3(12)
103.6(8)
101.2(10)
111.6
111.7
111.6
112.6(11)
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C(1A)-C(2A)-H(2A1)
C(3A)-C(2A)-H(2A1)
C(1A)-C(2A)-H(2A2)
C(3A)-C(2A)-H(2A2)
H(2A1)-C(2A)-H(2A2)
C(4A)-C(3A)-C(2A)
C(4A)-C(3A)-H(3A1)
C(2A)-C(3A)-H(3A1)
C(4A)-C(3A)-H(3A2)
C(2A)-C(3A)-H(3A2)
H(3A1)-C(3A)-H(3A2)
C(3A)-C(4A)-C(5A)
C(3A)-C(4A)-H(4A1)
C(5A)-C(4A)-H(4A1)
C(3A)-C(4A)-H(4A2)
C(5A)-C(4A)-H(4A2)
H(4A1)-C(4A)-H(4A2)
C(BA)-C(5A)-C(4A)
C(BA)-C(5A)-H(5A1)
C(4A)-C(5A)-H(5A1)
C(BA)-C(5A)-H(5A2)
C(4A)-C(5A)-H(5A2)
H(5A1)-C(5A)-H(5A2)
C(5A)-C(6A)-C(7A)
C(5A)-C(6A)-H(6A1)
C(7A)-C(6A)-H(6A1)
C(5A)-C(6A)-H(6A2)
C(7A)-C(6A)-H(6A2)
H(6A1)-C(6A)-H(6A2)
C(1A)-C(7A)-C(6A)
C(1A)-C(7A)-H(7A1)
C(BA)-C(7A)-H(7A1)
C(1A)-C(7A)-H(7A2)
C(BA)-C(7A)-H(7A2)
H(7A1)-C(7A)-H(7A2)
N(1)-C(1B)-C(2B)

109.1
109.1
109.1
109.1
107.8
115.6(12)
108.4
108.4
108.4
108.3
107.4
116.1(12)
108.3
108.3
108.3
108.3
107.4
112.0(13)
109.2
109.2
109.2
109.2
107.9
115.7(14)
108.4
108.3
108.4
108.3
107.4
111.2(11)
109.4
109.4
109.4
109.3
108.0
111.7(12)
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N(1)-C(1B)-C(7B)
C(2B)-C(1B)-C(7B)
N(1)-C(1B)-H(1B)
C(2B)-C(1B)-H(1B)
C(7B)-C(1B)-H(1B)
C(1B)-C(2B)-C(3B)
C(1B)-C(2B)-H(2B1)
C(3B)-C(2B)-H(2B1)
C(1B)-C(2B)-H(2B2)
C(3B)-C(2B)-H(2B2)
H(2B1)-C(2B)-H(2B2)
C(4B)-C(3B)-C(2B)
C(4B)-C(3B)-H(3B1)
C(2B)-C(3B)-H(3B1)
C(4B)-C(3B)-H(3B2)
C(2B)-C(3B)-H(3B2)
H(3B1)-C(3B)-H(3B2)
C(5B)-C(4B)-C(3B)
C(5B)-C(4B)-H(4B1)
C(3B)-C(4B)-H(4B1)
C(5B)-C(4B)-H(4B2)
C(3B)-C(4B)-H(4B2)
H(4B1)-C(4B)-H(4B2)
C(4B)-C(5B)-C(6B)
C(4B)-C(5B)-H(5B1)
C(6B)-C(5B)-H(5B1)
C(4B)-C(5B)-H(5B2)
C(6B)-C(5B)-H(5B2)
H(5B1)-C(5B)-H(5B2)
C(5B)-C(6B)-C(7B)
C(5B)-C(6B)-H(6B1)
C(7B)-C(6B)-H(6B1)
C(5B)-C(6B)-H(6B2)
C(7B)-C(6B)-H(6B2)
H(6B1)-C(6B)-H(6B2)
C(1B)-C(7B)-C(6B)

109.1(9)
119.4(9)
105.3
105.1
105.0
120.4(11)
106.7
107.7
106.4
107.8
107.1
104.1(6)
110.9
110.9
111.0
111.0
109.0
117.7(6)
107.9
107.9
107.8
107.9
107.2
115.9(6)
108.3
108.3
108.3
108.4
107.4
123.3(7)
106.5
106.5
106.5
106.5
106.5
110.6(8)
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C(1B)-C(7B)-H(7B1)
C(6B)-C(7B)-H(7B1)
C(1B)-C(7B)-H(7B2)
C(6B)-C(7B)-H(7B2)
H(7B1)-C(7B)-H(7B2)
N(1)-C(1C)-C(7C)
N(1)-C(1C)-C(2C)
C(7C)-C(1C)-C(2C)
N(1)-C(1C)-H(1C)
C(7C)-C(1C)-H(1C)
C(2C)-C(1C)-H(1C)
C(1C)-C(2C)-C(3C)
C(1C)-C(2C)-H(2C1)
C(3C)-C(2C)-H(2C1)
C(1C)-C(2C)-H(2C2)
C(3C)-C(2C)-H(2C2)
H(2C1)-C(2C)-H(2C2)
C(4C)-C(3C)-C(2C)
C(4C)-C(3C)-H(3C1)
C(2C)-C(3C)-H(3C1)
C(4C)-C(3C)-H(3C2)
C(2C)-C(3C)-H(3C2)
H(3C1)-C(3C)-H(3C2)
C(3C)-C(4C)-C(5C)
C(3C)-C(4C)-H(4C1)
C(5C)-C(4C)-H(4C1)
C(3C)-C(4C)-H(4C2)
C(5C)-C(4C)-H(4C2)
H(4C1)-C(4C)-H(4C2)
C(6C)-C(5C)-C(4C)
C(6C)-C(5C)-H(5C1)
C(4C)-C(5C)-H(5C1)
C(6C)-C(5C)-H(5C2)
C(4C)-C(5C)-H(5C2)
H(5C1)-C(5C)-H(5C2)
C(5C)-C(6C)-C(7C)

109.6
109.8
110.8
109.7
108.2
111.0(14)
107.9(11)
117.2(11)
106.6
106.7
106.9
108.1(10)
109.0
109.7
110.1
109.7
108.2
127.8(7)
105.4
105.3
105.4
105.4
106.0
114.9(7)
108.6
108.5
108.4
108.5
107.5
110.9(7)
109.4
109.5
109.4
109.5
108.1
102.8(7)
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C(5C)-C(6C)-H(6C1)
C(7C)-C(6C)-H(6C1)
C(5C)-C(6C)-H(6C2)
C(7C)-C(6C)-H(6C2)
H(6C1)-C(6C)-H(6C2)
C(1C)-C(7C)-C(6C)
C(1C)-C(7C)-H(7C1)
C(6C)-C(7C)-H(7C1)
C(1C)-C(7C)-H(7C2)
C(6C)-C(7C)-H(7C2)
H(7C1)-C(7C)-H(7C2)
C(022)-C(019)-C(040)
C(022)-C(019)-C(037)
C(040)-C(019)-C(037)
C(022)-C(019)-H(019)
C(040)-C(019)-H(019)
C(037)-C(019)-H(019)
C(031)-C(021)-C(044)
C(031)-C(021)-C(040)
C(044)-C(021)-C(040)
C(031)-C(021)-CI(11)
C(044)-C(021)-CI(11)
C(040)-C(021)-CI(11)
0(3)-C(022)-N(2)
0(3)-C(022)-C(019)
N(2)-C(022)-C(019)
C(024)-C(023)-C(030)
C(024)-C(023)-CI(02)
C(030)-C(023)-CI(02)
C(023)-C(024)-C(029)
C(023)-C(024)-CI(04)
C(029)-C(024)-CI(04)
C(028)-C(025)-C(027)
C(028)-C(025)-C(030)
C(027)-C(025)-C(030)
C(028)-C(025)-H(025)

111.1
111.0
111.3
111.4
109.1
112.6(11)
109.9
108.5
109.7
108.5
107.6
104.3(2)
113.8(2)
103.11(18)
111.7
111.7
111.7
99.12(19)
106.95(19)
100.80(19)
116.46(18)
116.80(18)
114.51(16)
126.6(3)
125.2(3)
108.2(2)
107.9(2)
127.20(19)
124.65(17)
107.18(19)
128.45(19)
123.85(17)
104.93(18)
112.59(18)
102.85(17)
112.0
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C(027)-C(025)-H(025)
C(030)-C(025)-H(025)
C(030)-C(026)-C(029)
C(030)-C(026)-CI(09)
C(029)-C(026)-CI(09)
C(030)-C(026)-CI(03)
C(029)-C(026)-CI(03)
CI(09)-C(026)-CI(03)
C(035)-C(027)-C(025)
C(035)-C(027)-C(029)
C(025)-C(027)-C(029)
C(035)-C(027)-H(027)
C(025)-C(027)-H(027)
C(029)-C(027)-H(027)
O(1)-C(028)-N(1)
O(1)-C(028)-C(025)
N(1)-C(028)-C(025)
C(024)-C(029)-C(026)
C(024)-C(029)-C(027)
C(026)-C(029)-C(027)
C(024)-C(029)-CI(01)
C(026)-C(029)-CI(01)
C(027)-C(029)-CI(01)
C(023)-C(030)-C(026)
C(023)-C(030)-C(025)
C(026)-C(030)-C(025)
C(023)-C(030)-CI(05)
C(026)-C(030)-CI(05)
C(025)-C(030)-CI(05)
C(032)-C(031)-C(021)
C(032)-C(031)-CI(06)
C(021)-C(031)-CI(06)
C(031)-C(032)-C(037)
C(031)-C(032)-CI(07)
C(037)-C(032)-CI(07)
O(4)-C(034)-N(2)

112.0
112.0
92.57(16)
113.89(16)
114.22(16)
114.38(16)
113.09(16)
108.22(12)
104.73(18)
113.62(19)
103.12(17)
111.6
111.6
111.6
125.8(2)
125.5(2)
108.67(19)
99.96(17)
106.19(18)
100.90(17)
115.78(16)
116.47(16)
115.39(16)
99.45(17)
107.80(18)
100.70(17)
115.81(16)
116.20(16)
114.82(16)
107.7(2)
128.3(2)
123.77(18)
107.6(2)
128.0(2)
124.22(19)
125.1(3)
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O(4)-C(034)-C(040)
N(2)-C(034)-C(040)
0(2)-C(035)-N(1)
0(2)-C(035)-C(027)
N(1)-C(035)-C(027)
C(032)-C(037)-C(044)
C(032)-C(037)-C(019)
C(044)-C(037)-C(019)
C(032)-C(037)-CI(12)
C(044)-C(037)-CI(12)
C(019)-C(037)-CI(12)
C(034)-C(040)-C(019)
C(034)-C(040)-C(021)
C(019)-C(040)-C(021)
C(034)-C(040)-H(040)
C(019)-C(040)-H(040)
C(021)-C(040)-H(040)
C(021)-C(044)-C(037)
C(021)-C(044)-CI(10)
C(037)-C(044)-CI(10)
C(021)-C(044)-CI(08)
C(037)-C(044)-CI(08)
CI(10)-C(044)-CI(08)
C(028)-N(1)-C(035)
C(028)-N(1)-C(1B)
C(035)-N(1)-C(1B)
C(028)-N(1)-C(1C)
C(035)-N(1)-C(1C)
C(022)-N(2)-C(034)
C(022)-N(2)-C(1)
C(034)-N(2)-C(1)
C(022)-N(2)-C(1A)
C(034)-N(2)-C(1A)

126.6(3)
108.3(2)
125.7(2)
126.6(2)
107.66(19)
99.44(19)
107.5(2)
100.40(19)
115.62(18)
117.17(18)
114.64(17)
105.2(2)
114.2(2)
103.26(18)
111.3
111.3
111.3
92.93(18)
113.63(18)
114.28(18)
114.06(18)
113.34(18)
108.18(13)
114.00(19)
122.0(8)
124.0(8)
121.8(9)
124.2(9)
114.0(2)
128.3(2)
117.7(3)
99.1(5)
146.9(5)

Symmetry transformations used to generate equivatems:



Table 4: Anisotropic displacement parameter®&(A03)for 6m_zkla. The anisotropic
displacement factor exponent takes the formZfaZa*2Ull+ .. + 2 h k a* b* U2]

yll u22 u33 u23 ul3 ul2
C@) 26(2) 25(1) 30(1) -6(1) 14(1) -3(1)
C(2) 26(2) 31(2) 29(1) -6(1) 15(1) -7(1)
C(3) 36(2) 29(2) 34(2) -4(1) 16(1) -10(1)
C(4) 43(2) 38(2) 32(2) -9(1) 16(2) -9(2)
C(5) 37(2) 30(1) 26(2) -5(1) 15(2) -1(2)
C(6) 36(2) 38(2) 35(2) -3(2) 23(2) -3(2)
C(7) 30(2) 31(2) 37(2) -8(1) 17(2) -11(1)
C(1A) 27(2) 28(2) 32(2) -5(2) 14(2) -6(2)
C(cA)  31(2) 30(2) 32(2) -4(2) 15(2) -6(2)
C(3A) 34(3) 34(3) 33(2) -4(2) 14(2) -7(2)
C(4A) 35(3) 33(2) 31(2) -8(2) 15(2) -4(3)
C(BA) 35(3) 33(3) 30(3) -2(2) 19(3) -5(3)
C(6A) 30(3) 34(3) 34(3) -4(3) 17(3) -8(3)
C(7A) 28(3) 30(3) 33(3) -6(3) 16(3) -8(2)
c(aB) 31(2) 46(2) 46(2) -1(2) 24(2) -6(2)
C(2B) 47(2) 45(2) 55(2) 2(2) 31(2) -8(2)
C(3B) 50(3) 45(2) 61(3) 0(2) 35(2) -5(2)
Cc@4B) 51(2) 45(2) 82(3) 8(2) 39(2) -8(2)
C(GB) 39(2) 56(3) 76(3) 0(3) 30(2) -5(2)
C(6B) 34(2) 62(3) 65(2) 1(2) 18(2) -10(2)
C(7B) 31(2) 49(2) 56(2) 2(2) 14(2) -3(2)
C(1C) 32(2) 48(2) 47(2) -1(2) 24(2) -7(2)
C(2C) 48(2) 49(2) 54(2) 4(2) 31(2) -11(2)
C(3C) 49(2) 50(2) 65(3) 4(2) 40(2) -12(2)
C@4C) 47(2) 49(2) 79(3) 1(3) 42(2) -2(2)
C(C) 41(2) 58(3) 77(3) 1(3) 20(2) -12(2)
C(6C) 28(2) 51(3) 58(2) -1(2) 20(2) -9(2)
C(7C) 32(2) 57(3) 55(2) -5(2) 19(2) -7(2)
C(019) 19(1) 30(1) 28(1) 2(1) 5(1) -2(1)
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C(021)
C(022)
C(023)
C(024)
C(025)
C(026)
C(027)
C(028)
C(029)
C(030)
C(031)
C(032)
C(034)
C(035)
C(037)
C(040)
C(044)
0(3)
O(4)
O(1)
0(2)
N(1)
N(2)
Cl(01)
Cl(02)
CI(03)
Cl(04)
CI(05)
CI(06)
Cl(07)
Cl(08)
CI(09)
CI(10)
Cl(11)
Cl(12)

24(1)
26(1)
19(1)
19(1)
18(1)
21(1)
18(1)
23(1)
21(1)
24(1)
20(1)
26(1)
30(1)
22(1)
22(1)
23(1)
29(1)
38(1)
46(1)
34(1)
35(1)
21(1)
40(1)
36(1)
27(1)
19(1)
30(1)
39(1)
31(1)
47(1)
57(1)
37(1)
52(1)
36(1)
40(1)

26(1)
48(2)
28(1)
26(1)
26(1)
24(1)
23(1)
31(1)
22(1)
18(1)
24(1)
24(1)
27(1)
28(1)
22(1)
23(1)
29(1)
68(2)
27(1)
35(1)
25(1)
30(1)
36(1)
27(1)
38(1)
38(1)
36(1)
21(1)
36(1)
52(1)
50(1)
36(1)
38(1)
51(1)
31(1)

26(1)
23(1)
22(1)
20(1)
20(1)
26(1)
25(1)
17(1)
26(1)
27(1)
34(1)
31(1)
39(1)
21(1)
41(1)
25(1)
35(1)
29(1)
76(2)
32(1)
41(1)
25(1)
32(1)
42(1)
32(1)
41(1)
24(1)
45(1)
78(1)
41(1)
49(1)
36(1)
56(1)
37(1)
96(1)

1(1)
1(1)
6(1)
0(1)
1(1)
0(1)
3(1)
4(1)
-3(1)
-3(1)
-2(1)
3(1)
-4(1)
6(1)
4(1)
0(1)

-10(1)

11(1)
-5(1)
-2(1)
-1(1)
5(1)

-11(2)

-6(1)
6(1)

-3(1)
-5(1)
-5(1)
3(1)

17(1)

-20(1)

4(1)

-21(1)

14(1)
15(1)

3(1)
4(1)
9(1)
8(1)
5(1)
10(1)
8(1)
7(1)
13(1)
11(1)
9(1)
10(1)
18(1)
8(1)
9(1)
7(1)
11(1)
-4(1)
28(1)
19(1)
17(1)
12(1)
18(1)
24(1)
10(1)
10(1)
7(1)
18(1)
29(1)
16(1)
33(1)
22(1)
20(1)
7(1)
24(1)

-4(1)

-17(1)

1(2)
-5(1)
0(1)
-3(1)
2(1)
3(1)
-1(1)
-3(1)
-3(1)
-5(1)

-11(1)

1(1)
4(1)
-5(1)
-9(1)

-12(1)

-1(1)
5(1)
-5(1)
1(2)

-19(1)

1(1)
12(1)
-3(1)

-10(1)

-4(1)
4(1)
-8(2)

-16(1)

-8(1)

-22(1)

-6(1)
14(1)
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Table 5: Hydrogen coordinates ( x#.@&and isotropic displacement parameter@xA

103)
for 6m_zkla.
X y z U(eq)

H(1) 8067 621 9968 31
H(2A) 5598 1348 8685 33
H(2B) 5885 616 9691 33
H(3A) 6860 -514 8709 38
H(3B) 5383 -578 8435 38
H(4A) 5935 -480 6908 45
H(4B) 4875 303 6900 45
H(5A) 6091 1645 7101 36
H(5B) 6520 932 6360 36
H(6A) 8366 1432 7499 40
H(6B) 8230 402 8069 40
H(7A) 8959 1812 9274 38
H(7B) 7647 2373 8649 38
H(1A) 6301 2045 8869 34
H(2A1) 6360 434 9903 37
H(2A2) 7470 96 9552 37
H(3A1) 5410 -531 8399 40
H(3A2) 5003 618 8045 40
H(4A1) 5453 -101 6720 39
H(4A2) 6744 -573 7542 39
H(5A1) 7047 846 6549 37
H(5A2) 6398 1574 7125 37
H(6A1) 8771 1361 7838 38
H(6A2) 8477 425 8450 38
H(7A1) 8960 1739 9653 35
H(7A2) 8136 2543 8770 35
H(1B) 2545 4525 8306 46
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H(2B1)
H(2B2)
H(3B1)
H(3B2)
H(4B1)
H(4B2)
H(5B1)
H(5B2)
H(6B1)
H(6B2)
H(7B1)
H(7B2)
H(1C)

H(2C1)
H(2C2)
H(3C1)
H(3C2)
H(4C1)
H(4C2)
H(5C1)
H(5C2)
H(6C1)
H(6C2)
H(7C1)
H(7C2)
H(019)
H(025)
H(027)
H(040)

3839
2661
2676
2306
937
472
314
-734
-308
440
1898
1445
2325
3688
3491
1769
2084
667
82
206
-962
320
-218
1783
1950
6439
6307
6522
7876

2965
2441
2382
3573
2004
2495
4073
3226
3794
2748
3655
4719
4588
3632
2644
2246
3109
4156
3151
2441
3155
4590
3825
2784
3774
3291
5509
3931
2183

8978
8070
9869
9720
8257
9104
8175
7624
6296
6598
6276
6579
8071
9522
8780
8965
9839
8612
8894
7195
7090
6900
5896
6890
6274
11654
8479
7860
12746

55
55
57
57
66
66
66
66
65
65
56
56
48
56
56
59
59
64
64
71
71
54
54
57
57
33
26
27
29
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Table 6: Torsion angles [°] for 6m_zkla.

N(2)-C(1)-C(2)-C(3)
C(7)-C(1)-C(2)-C(3)
C(1)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-C(5)
C(3)-C(4)-C(5)-C(6)
C(4)-C(5)-C(6)-C(7)
N(2)-C(1)-C(7)-C(6)
C(2)-C(1)-C(7)-C(6)
C(5)-C(6)-C(7)-C(1)
C(7A)-C(1A)-C(2A)-C(3A)
N(2)-C(L1A)-C(2A)-C(3A)
C(1A)-C(2A)-C(3A)-C(4A)
C(2A)-C(3A)-C(4A)-C(5A)
C(3A)-C(4A)-C(5A)-C(6A)
C(4A)-C(5A)-C(6A)-C(7A)
C(2A)-C(1A)-C(7A)-C(6A)
N(2)-C(L1A)-C(7A)-C(6A)
C(5A)-C(6A)-C(7A)-C(1A)
N(1)-C(1B)-C(2B)-C(3B)
C(7B)-C(1B)-C(2B)-C(3B)
C(1B)-C(2B)-C(3B)-C(4B)
C(2B)-C(3B)-C(4B)-C(5B)
C(3B)-C(4B)-C(5B)-C(6B)
C(4B)-C(5B)-C(6B)-C(7B)
N(1)-C(1B)-C(7B)-C(6B)
C(2B)-C(1B)-C(7B)-C(6B)
C(5B)-C(6B)-C(7B)-C(1B)
N(1)-C(1C)-C(2C)-C(3C)
C(7C)-C(1C)-C(2C)-C(3C)
C(1C)-C(2C)-C(3C)-C(4C)
C(2C)-C(3C)-C(4C)-C(5C)
C(3C)-C(4C)-C(5C)-C(6C)
C(4C)-C(5C)-C(6C)-C(7C)
N(1)-C(1C)-C(7C)-C(6C)

-167.2(3)
68.3(5)
-89.5(5)
44.5(6)
36.5(6)
-86.0(5)

-171.8(4)
-48.4(7)
66.7(7)

-91.3(17)

158.7(10)

69.7(18)

-48.6(19)

68.0(18)

-92.1(18)
40(2)

150.9(15)
44(2)

141.6(11)

-89.5(18)
77.4(10)
-63.3(9)
77.7(10)
-75.8(11)
168.5(10)
38(2)
27.6(14)
176.3(11)
-58(2)
-8.7(16)
66.3(13)
-85.3(9)
74.9(9)
-140.6(12)
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C(2C)-C(1C)-C(7C)-C(6C)
C(5C)-C(6C)-C(7C)-C(1C)
C(040)-C(019)-C(022)-0O(3)
C(037)-C(019)-C(022)-O(3)
C(040)-C(019)-C(022)-N(2)
C(037)-C(019)-C(022)-N(2)
C(030)-C(023)-C(024)-C(029)
CI(02)-C(023)-C(024)-C(029)
C(030)-C(023)-C(024)-CI(04)
CI(02)-C(023)-C(024)-CI(04)
C(028)-C(025)-C(027)-C(035)
C(030)-C(025)-C(027)-C(035)
C(028)-C(025)-C(027)-C(029)
C(030)-C(025)-C(027)-C(029)
C(027)-C(025)-C(028)-0O(1)
C(030)-C(025)-C(028)-0(1)
C(027)-C(025)-C(028)-N(1)
C(030)-C(025)-C(028)-N(1)
C(023)-C(024)-C(029)-C(026)
CI(04)-C(024)-C(029)-C(026)
C(023)-C(024)-C(029)-C(027)
CI(04)-C(024)-C(029)-C(027)
C(023)-C(024)-C(029)-CI(01)
CI(04)-C(024)-C(029)-CI(01)
C(030)-C(026)-C(029)-C(024)
CI(09)-C(026)-C(029)-C(024)
CI(03)-C(026)-C(029)-C(024)
C(030)-C(026)-C(029)-C(027)
CI(09)-C(026)-C(029)-C(027)
CI(03)-C(026)-C(029)-C(027)
C(030)-C(026)-C(029)-CI(01)
CI(09)-C(026)-C(029)-CI(01)
CI(03)-C(026)-C(029)-CI(01)
C(035)-C(027)-C(029)-C(024)
C(025)-C(027)-C(029)-C(024)
C(035)-C(027)-C(029)-C(026)

94.8(18)
-81.8(10)
-177.5(3)
-65.9(3)
2.2(3)
113.8(2)
-1.1(2)

-175.20(17)

170.76(17)
-3.3(3)
0.3(2)

-117.61(18)

119.46(18)
1.5(2)
-179.3(2)
-68.1(3)
-0.3(2)
110.9(2)
-33.7(2)
153.97(17)
70.8(2)
-101.5(2)

-159.67(16)

28.0(3)
51.42(19)

-66.3(2)
169.35(15)
-57.38(19)

-175.07(15)

60.55(19)
176.91(16)
59.2(2)
-65.2(2)
44.5(2)
-68.2(2)
148.39(19)
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C(025)-C(027)-C(029)-C(026)
C(035)-C(027)-C(029)-CI(01)
C(025)-C(027)-C(029)-CI(01)
C(024)-C(023)-C(030)-C(026)
CI(02)-C(023)-C(030)-C(026)
C(024)-C(023)-C(030)-C(025)
CI(02)-C(023)-C(030)-C(025)
C(024)-C(023)-C(030)-CI(05)
CI(02)-C(023)-C(030)-CI(05)
C(029)-C(026)-C(030)-C(023)
CI(09)-C(026)-C(030)-C(023)
CI(03)-C(026)-C(030)-C(023)
C(029)-C(026)-C(030)-C(025)
CI(09)-C(026)-C(030)-C(025)
CI(03)-C(026)-C(030)-C(025)
C(029)-C(026)-C(030)-CI(05)
CI(09)-C(026)-C(030)-CI(05)
CI(03)-C(026)-C(030)-CI(05)
C(028)-C(025)-C(030)-C(023)
C(027)-C(025)-C(030)-C(023)
C(028)-C(025)-C(030)-C(026)
C(027)-C(025)-C(030)-C(026)
C(028)-C(025)-C(030)-CI(05)
C(027)-C(025)-C(030)-CI(05)
C(044)-C(021)-C(031)-C(032)
C(040)-C(021)-C(031)-C(032)
Cl(11)-C(021)-C(031)-C(032)
C(044)-C(021)-C(031)-CI(06)
C(040)-C(021)-C(031)-CI(06)
Cl(11)-C(021)-C(031)-CI(06)
C(021)-C(031)-C(032)-C(037)
CI(06)-C(031)-C(032)-C(037)
C(021)-C(031)-C(032)-CI(07)
CI(06)-C(031)-C(032)-CI(07)
C(025)-C(027)-C(035)-0(2)
C(029)-C(027)-C(035)-0(2)

35.6(2)
-85.2(2)
162.06(15)
35.5(2)

-150.19(17)

-69.0(2)
105.3(2)
160.82(16)
-24.9(3)
-51.80(19)
66.18(19)

-168.63(15)

58.49(18)
176.47(15)
-58.3(2)

-176.82(16)

-58.8(2)
66.4(2)
-47.0(2)
65.4(2)

-150.67(19)

-38.3(2)
83.7(2)

-163.89(15)

-35.1(2)
69.2(2)

-161.26(18)

149.96(19)
-105.7(2)
23.8(3)
0.5(3)
175.09(19)

-173.85(19)

0.8(4)
179.0(2)
67.2(3)
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C(025)-C(027)-C(035)-N(1)
C(029)-C(027)-C(035)-N(1)
C(031)-C(032)-C(037)-C(044)
CI(07)-C(032)-C(037)-C(044)
C(031)-C(032)-C(037)-C(019)
CI(07)-C(032)-C(037)-C(019)
C(031)-C(032)-C(037)-CI(12)
CI(07)-C(032)-C(037)-CI(12)
C(022)-C(019)-C(037)-C(032)
C(040)-C(019)-C(037)-C(032)
C(022)-C(019)-C(037)-C(044)
C(040)-C(019)-C(037)-C(044)
C(022)-C(019)-C(037)-CI(12)
C(040)-C(019)-C(037)-CI(12)
O(4)-C(034)-C(040)-C(019)
N(2)-C(034)-C(040)-C(019)
O(4)-C(034)-C(040)-C(021)
N(2)-C(034)-C(040)-C(021)
C(022)-C(019)-C(040)-C(034)
C(037)-C(019)-C(040)-C(034)
C(022)-C(019)-C(040)-C(021)
C(037)-C(019)-C(040)-C(021)
C(031)-C(021)-C(040)-C(034)
C(044)-C(021)-C(040)-C(034)
CI(11)-C(021)-C(040)-C(034)
C(031)-C(021)-C(040)-C(019)
C(044)-C(021)-C(040)-C(019)
CI(11)-C(021)-C(040)-C(019)
C(031)-C(021)-C(044)-C(037)
C(040)-C(021)-C(044)-C(037)
CI(11)-C(021)-C(044)-C(037)
C(031)-C(021)-C(044)-CI(10)
C(040)-C(021)-C(044)-CI(10)
Cl(11)-C(021)-C(044)-CI(10)
C(031)-C(021)-C(044)-CI(08)
C(040)-C(021)-C(044)-CI(08)

-0.3(2)
-112.1(2)
34.2(2)

-151.22(19)

-69.9(3)
104.6(2)
160.60(19)
-24.8(3)
-46.3(3)
66.0(2)
-149.8(2)
-37.4(2)
83.7(2)

-163.95(18)

177.02)
-2.5(3)
64.5(3)
-115.0(2)
0.2(2)
-119.0(2)
120.1(2)
1.0(2)
46.5(3)
149.6(2)
-84.1(2)
-67.1(2)
36.0(2)
162.29(17)
51.9(2)
-57.4(2)
177.84(17)
-66.2(2)

-175.58(16)

59.7(2)
169.13(16)
59.8(2)
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Cl(11)-C(021)-C(044)-CI(08)
C(032)-C(037)-C(044)-C(021)
C(019)-C(037)-C(044)-C(021)
CI(12)-C(037)-C(044)-C(021)
C(032)-C(037)-C(044)-CI(10)
C(019)-C(037)-C(044)-CI(10)
CI(12)-C(037)-C(044)-CI(10)
C(032)-C(037)-C(044)-CI(08)
C(019)-C(037)-C(044)-CI(08)
CI(12)-C(037)-C(044)-CI(08)
O(1)-C(028)-N(1)-C(035)
C(025)-C(028)-N(1)-C(035)
O(1)-C(028)-N(1)-C(1B)
C(025)-C(028)-N(1)-C(1B)
O(1)-C(028)-N(1)-C(1C)
C(025)-C(028)-N(1)-C(1C)
0(2)-C(035)-N(1)-C(028)
C(027)-C(035)-N(1)-C(028)
0(2)-C(035)-N(1)-C(1B)
C(027)-C(035)-N(1)-C(1B)
0(2)-C(035)-N(1)-C(1C)
C(027)-C(035)-N(1)-C(1C)
C(2B)-C(1B)-N(1)-C(028)
C(7B)-C(1B)-N(1)-C(028)
C(2B)-C(1B)-N(1)-C(035)
C(7B)-C(1B)-N(1)-C(035)
C(2B)-C(1B)-N(1)-C(1C)
C(7B)-C(1B)-N(1)-C(1C)
C(7C)-C(1C)-N(1)-C(028)
C(2C)-C(1C)-N(1)-C(028)
C(7C)-C(1C)-N(1)-C(035)
C(2C)-C(1C)-N(1)-C(035)
C(7C)-C(1C)-N(1)-C(1B)
C(2C)-C(1C)-N(1)-C(1B)
0(3)-C(022)-N(2)-C(034)
C(019)-C(022)-N(2)-C(034)

-64.9(2)
-51.9(2)
58.0(2)

-177.20(17)

65.7(2)
175.61(17)
-59.6(2)

-169.71(17)

-59.8(2)
65.0(2)
179.1(2)
0.1(3)
-0.4(5)
-179.4(5)
-1.3(6)
179.7(5)
-179.2(2)
0.2(3)
0.3(6)
179.6(5)
1.2(6)
-179.5(5)

-125.0(11)

100.8(12)
55.6(12)
-78.5(12)
-47(100)
179(100)
125.7(11)

-104.6(13)

-54.6(13)
75.0(14)
23(100)
153(100)
175.6(3)
-4.1(3)
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0(3)-C(022)-N(2)-C(1)
C(019)-C(022)-N(2)-C(1)
0(3)-C(022)-N(2)-C(1A)
C(019)-C(022)-N(2)-C(1A)
O(4)-C(034)-N(2)-C(022)
C(040)-C(034)-N(2)-C(022)
O(4)-C(034)-N(2)-C(1)
C(040)-C(034)-N(2)-C(1)
O(4)-C(034)-N(2)-C(1A)
C(040)-C(034)-N(2)-C(1A)
C(2)-C(1)-N(2)-C(022)
C(7)-C(1)-N(2)-C(022)
C(2)-C(1)-N(2)-C(034)
C(7)-C(1)-N(2)-C(034)
C(2)-C(1)-N(2)-C(1A)
C(7)-C(1)-N(2)-C(1A)
C(2A)-C(1A)-N(2)-C(022)
C(7A)-C(1A)-N(2)-C(022)
C(2A)-C(1A)-N(2)-C(034)
C(7A)-C(1A)-N(2)-C(034)
C(2A)-C(1A)-N(2)-C(1)
C(7A)-C(1A)-N(2)-C(1)

-6.6(4)
173.7(2)
-5.5(5)
174.8(4)
-175.2(2)
4.3(3)
6.7(4)
-173.8(2)
6.7(8)
-173.8(7)
-60.1(4)
68.9(5)
117.6(3)
-113.3(4)
-62.4(8)
66.7(9)
-131.0(8)
108.2(12)
47.2(13)
-73.6(13)
47.2(8)
-73.6(13)

Symmetry transformations used to generate equivatems:
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Table 7: Hydrogen bonds for 6m_zkla [A and °].

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)
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