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Abstract

The Diels-Alder (DA) reaction is employed to functionalize Single-Walled Carbon Nanotubes
(SWCNTs) by means of a library of end functional polymers. Given the dienophilic character
of the SWCNTs, the functionalization with a specific polymer chain terminus was conducted
for the first time in a one pot [4+2] cycloaddition reaction, under ambient conditions, without
any catalyst and pre-treatment of the SWCNTs. These mild conditions are enabled by the high
reactivity of the cyclopentadienyl (Cp) moiety, reacting as diene, localized at the terminus of
the polymer chains. The polymerizations of the different monomers — (methyl)methacrylate,
N-isopropylacrylamide, 3-hexylthiophene — occurred under living conditions leading to well-
defined polymer chains and chain termini. The polymer chain-end transformation was in-
depth characterized prior to the functionalization of the SWCNTSs, after which analytic
methods unambiguously evidenced the covalently bonded nature of the polymer chains and
enabled to accurately determine their grafting density at the surface of the SWCNTs. A first
‘proof-of-principle’ with Cp functional poly(methyl)methacrylate (M, = 2900 g'mol”, P =
1.2), synthesized via ATRP (Atom Transfer Radical Polymerization), illustrates the success of
the SWCNT functionalization with Cp end-capped polymer chains. In that case, the grafting
density reached 0.0293 chainnm™.  Subsequently, Cp end-capped poly(N-
isopropylacrylamide) (M, = 5400 g'mol”', P = 1.1) was synthesized via RAFT (Reversible
Addition Fragmentation chain Transfer) polymerization and a sequential chain-end
transformation to Cp. The grafting density of the resulting PNIPAM functionalized SWCNTs
was evaluated to be close to 0.0288 chain-nm'z; the functionalized SWCNTSs showed thermo-
responsive properties. Thirdly, the Cp driven functionalization of SWCNTs was additionally
carried out with a conjugated polymer, i.e. poly(3-hexylthiophene) (M, = 6500 g-mol™, D =
1.2) generated via GRIgnard Metathesis (GRIM). The grafting density of polymer chains at
the surface of the SWCNTs was estimated to be close to 0.0510 chain-nm™. Finally, in an
approach to increase the polymer grafting density on the SWCNTs surface, a pre-
functionalization of the SWCNTs with a newly synthesized pyridine based dithioester,
employed as diene for a hetero Diels-Alder (HDA) reaction, enabled to increase the grafting
density of polymer strands on the SWCNTs to 0.0774 chainnm® with Cp end-capped
poly(methyl)methacrylate (M, = 2700 g-mol™”, B = 1.2). Thus, the present thesis introduces
novel, mild, efficient avenues for the functionalization of SWCNTs with highly defined
polymer strands of variable chemical constitution, leading to high grafting densities, while

leaving the SWCNTSs primary structure largely intact.
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Chapter 1 — Introduction

1.1. Motivation

Whereas the effects of nanoparticles were applied by humanity thousand years ago,’ the
contemporary interest for the phenomena induced by nano-objects led to the recent emergence
of nanotechnology, exploring the properties of systems organized at the nanometric scale.
While the Nobel Prizes for Chemistry in 1996 were awarded to Curl Jr., Sir Kroto and
Smalley for their discovery of fullerenes, and in Physics to Geim and Novoselov in 2010 for
their groundbreaking experiments on graphene, one is often astonished by the proximity of
such carbon nanostructures in everyday life — fullerenes are e.g. present in candle soot.”> While
recent interest focused on the properties of graphene — an interest reinforced by the
accumulated knowledge over decades on fullerenes, carbon nanotubes and other carbon
nanostructures — significant efforts are made to chemically modify these structures for
specific applications. With the aim to promote the transfer of carbon nanostructures,
especially Single-Walled Carbon Nanotubes (SWCNTs) to concrete applications, the
investigations in the present thesis are guided by the desire to employ a modification reaction
that leaves the primary structure of the SWCNTSs as much as possible intact.

Many reviews and articles describe the properties of the carbon nanotubes (CNTs) and
their applications. Alongside their particular nanometric size and cylindrical shape, one can
compile the following characteristics which make SWCNTs, such as graphene, unique
materials. SWCNTs have a high current capacity (10° A-cm™), a high thermal conductivity

(3500 W-m™K™), an axial Young’s modulus in the range of 1—1.8 TPa, and a fracture stress
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Chapter 1

of 50 GPa, which is to 50 times larger than for steel wires.” Therefore, multiple applications
based on these nanomaterials were developed in many research areas, such as CNT fibers,*”

9,10

. 6 . 8 . . .
supercapacitors,” electrodes’ and batteries,® electrochemical sensors,”'* and in the medical

11,12

domain with drug delivery and bioelectronic devices.”” Introduced in polymer

matrices,'*'> CNTs enable to enhance the properties of the nanocomposite materials:

1617 electrically,'® or both simultaneously.

mechanically,

However, without any treatment of the CNTs, a composite material displays poorer
properties than one could expect, firstly because of the presence of Van der Waals forces®
which lead the CNTs to form bundles®' and not to disperse homogeneously into the material;
secondly, because of incompatible interfacial energies between the CNTs and the polymer

d.*** Physico-

matrix, especially when an enhancement of the mechanical properties is targete
chemical processes are often employed in order to solve these issues. Among the most
popular, sonication can be used to disrupt the bundles,* surfactants or wrapping molecules
around the CNTs surfaces can decrease the differences between the interfacial energy of the
CNTs and the polymer matrix or the solvent.”> Other engineering procedures such as melt-
mixing or in situ polymerization®**’ are employed to better the properties of the generated
composite materials. A chemical pre-functionalization, for example oxidation, can enhance
the solubility®® of CNTs in polar solvents and enable a further functionalization to anchor
small molecules or polymers at the surface of the SWCNTSs. >

In other words, efficient and facile strategies are required for a covalent modification of
CNTs with suitable polymer strands and for good embedding of the CNTs into the polymer
matrices. Ideally, one would envisage a functionalization process that requires no prior
treatment of the employed CNTs, as well as leaving the CNTs’ structure as much as possible
intact. In the past, several strategies for the covalent functionalization of CNTs have been
suggested. These strategies are described in several reviews’' and include, among others:
oxida‘[ionfz’33 ﬂuorina‘[ion,34 free radical addition,35 addition of carbenes and nitrenes,36
1,3 dipolar cycloaddition,’” Bingel reaction,” nucleophilic addition®” and alkylation.** All
these strategies require relatively demanding reaction conditions as the chemicals involved
can be highly sensitive to atmospheric exposure (moisture, air) and several synthetic steps are
required in order to functionalize the CNTs. Moreover, typical acid based pre-treatments are
often highly detrimental to the properties of the CNTs that one wishes to impart within their
embedding into polymer matrices.* Although a wide range of all these covalent strategies

have been explored to control the chemical nature of the CNT surface of, there still exists a

genuine challenge to develop facile and direct surface functionalization of pristine CNTs.

.



1.2. Overview

Therefore, the investigations performed herein were conducted to explore the potential
of a simple reaction, for the grafting of well defined polymer chains onto carbon nanotubes:
the Diels-Alder (DA) reaction. Specific interest is focused on polymer chains of different
chemical composition able to react with the surface of SWCNTs in a one pot reaction,

conducted under mild conditions, without any catalyst and pre-treatment of the SWCNTs.

1.2. Overview

In order to investigate a wide spectrum of possible applications of polymer
functionalized SWCNTs, three polymers were chosen: poly(methyl)methacrylate (PMMA)
useful for the compatibilization of SWCNTs into thermoplastic matrices, the thermo-
responsive  poly(N-isopropylacrylamide) (PNIPAM) and the conjugated poly(3-
hexylthiophene) for energy harvesting purposes. These polymers were prepared via
polymerization techniques able to guarantee an exceptionally high chain-end fidelity of the
polymer chains. For each kind of polymer, a specific chain terminus was attached to the
polymer chain for its high reactivity in [4+2] cycloadditions, namely the cyclopentadienyl
(Cp) moiety.

Installed either directly or indirectly via Atom Transfer Radical Polymerization
(ATRP), Reversible Addition Fragmentation chain Transfer (RAFT) and GRIgnard
Metathesis (GRIM) polymerization, respectively, the bromine chain end-group of the polymer
chains was transformed in each case into a Cp moiety, imparting a diene character to the
polymer chains. The polymer chain terminus transformation was characterized via a
combination of 'H Nuclear Magnetic Resonance (NMR) spectroscopy and soft ionization
mass spectrometry.

The reactions between the SWCNTs and the Cp end-capped polymers were performed
in a solvent at ambient temperature or at elevated temperature (80 °C). The success of the
reaction was investigated via complementary analytic methods in bulk, e.g.
Thermogravimetric Analysis (TGA) and Elemental Analysis (EA), and at the surface with X-
Ray Photoelectron Spectroscopy (XPS), while systematic control experiments with non-
functional polymer chains were conducted. Supplementary analytic methods such as High
Resolution Transmission Electron Microscopy (HRTEM) for imaging the SWCNTs, Fourier
Transform Infrared (FTIR) spectroscopy, Dynamic Light Scattering (DLS) and ultraviolet
(UV) spectroscopy were additionally employed.

Regardless of the degree of functionalization of the SWCNTSs with the different Cp end-
capped polymer chains in the above cited conditions, the analytic results were further

evaluated to arrive at grafting densities, i.e. the concentration of polymer chains at the surface
-3
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of the SWCNTs. In addition, an alternative route to polymer SWCNT functionalization was
explored via pre-functionalization of the SWCNTs with a dithioester moiety, sustainable for a
hetero Diels-Alder (HDA) reaction with Cp end-capped polymer chains.

Consequently, the current thesis is structured (see Scheme 1.1) according to the nature
of the polymer chains employed to functionalize the SWCNTs as follows: PMMA in the first
part, PNIPAM in the second part and P3HT in the third part. The exploration of a pre-

functionalization approach and the subsequent HDA reaction is reported towards the end of

A
Diels-Alder

¢

PNIPAM-Cp

the thesis.

() Hetero
I ™ Diels-Alder

)

Scheme 1.1. Thesis overview depicting the four studied SWCNT/polymer hybrid materials
generated via Diels-Alder and hetero Diels-Alder ligation.



1.3. Objectives

1.3. Objectives
Following these intentions, the proposed investigations in the present thesis tend to
satisfy the following objectives:
- Perform the synthesis of highly defined Cp end-capped PMMA, PNIPAM and P3HT
and characterize the chain end-group fidelity for each polymer in-depth
- Assess the success of the DA reaction between SWCNTs and the functional polymer
chains
- Quantify the grafting density of the polymer chains localized at the SWCNTs surface
in order to describe the morphology of the obtained polymer/SWCNT hybrid materials
- Compare the grafting density between the direct DA reaction and the HDA strategy
involving a SWCNT pre-treatment
- Verify the properties of the functionalized SWCNTs, especially in the case of their

functionalization with thermo-responsive polymer chains.
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Chapter 2

In the present chapter, some synthetic and structural characteristics of carbon
nanostructures with a focus on SWCNTs, as well as the principle of the DA reaction are
introduced. Considering these two topics, the role of the DA reaction, which is a fundamental
reaction for the synthesis of carbon materials, is highlighted, and a state-of-the-art on previous
and present works reporting the functionalization of carbon materials involving the DA
reaction is given. Finally, the last part describes relevant polymerization techniques for the

modular ligation of SWCNTSs via a ‘grafting to’ strategy applied in the present work.

2.1. Carbon materials

Carbon (Z = 6) is one primordial element, present in the nature, for the construction of
organic molecules essential for life. From its ancestral use as energetic source (wood, coal),
this element plays an essential role in new materials’ discovery as evidenced from with the
development of human technologies in the last centuries. Alongside the metallurgic
importance of carbon for the fabrication of steel and cast iron, the diversity of the chemical
bonding of this element underlines the fascination for carbon by the scientists. From the well-
known carbon hybridization sp, sp’ and sp’, one can also distinguish unusual configurations
such as the platonic hydrocarbons (CsHg cubane42, CyoHao dodecahedrane“) and carbon
clusters, e.g. Cy, Cy, Ci0.** As variation from the common allotropic forms such as diamond
(sp’ hybridization) and graphite (sp’ hybridization), amorphous carbon allotropes raise the
researchers’ attention since 20 years, with the discovery of fullerenes, carbon nanotubes and
graphene and their applications.

From their synthesis via graphite laser ablation,” arc vaporization®® or flash vacuum
pyrolysis of corannulene,””*® different forms of fullerenes can be synthesized. Within the
wide fullerene family,” Cgo represents one of the most studied fullerenes and appears in
several recent applications (see section 2.4). The icosahedral sphere is constituted of 12
pentagonal and 20 hexagonal faces. Each carbon is bonded to three carbon atoms in a sp’
configuration, although the curvature of the fullerenes leads to a mixture with the sp’
configuration.”® Graphene can be described as a single graphitic plane and is constituted of
sp’ carbon atoms. The synthesis of these 2D carbon nanostructures results from the
exfoliation of graphite, from the CVD process or from the graphitization of SiC crystals.”’
Carbon nanotubes (CNTs) represent the cylindrical forms of a rolled graphene sheet.
Constituted from a single graphene sheet (SWCNTSs) or from concentric cylinders (Multi-
Walled Carbon Nanotubes, MWCNTs), CNTs are commonly synthesized in the gas phase via
chemical vapor deposition (CVD), laser ablation or arc discharge.52 The synthesis of the

CNTs leads to a sample containing nanotubes with a diameter varying in the range from
-8-



2.2. Diels-Alder reactions

0.7nm (diameter of the end-cap, a hemi-fullerene derived from Cgp) to 1.6 nm™ for
SWCNTs, and 5-30 nm for MWCNTs, and with different length (from hundreds of
nanometers to some micrometers).> Despite the difficulty to accurately control the gas phase
process, many efforts are made to synthesize SWCNTs with a very well-defined diameter
(refer to section 2.3 for further details). Yet, a well-defined diameter does not ensure the
purity of the sample from a chiral and electronic point of view. Theoretically, a 1 nm (with an
approximation of £0.04 nm in the diameter) SWCNT can be described as the result of the
rolling of the graphene sheet in 8 different fashions. These fashions are mathematically
defined via a chiral vector Cy, with two coordinates (7, m). The chiral vector Cy, is the result of
the linear combination of the two unit vectors a; and a, from the hexagonal graphene lattice
(see Figure 2.1)°> These coordinates determine the structure of the SWCNTSs: the (n, n)
vectors form armchair SWCNTs, the (n, 0) vectors constitute the so-called zig-zag SWCNTs,
and any other (n, m) combination describes chiral SWCNTSs. The indices n and m also give
access to the electronic properties of the SWCNTSs: if n — m = 3r (r integer), the SWCNT is

metallic, otherwise the SWCNT is a semi-conductor.>®

Figure 2.1. Representation of the graphene sheet and the chiral vector Cy, of the SWCNTs. a;
and a, are unit vectors (norm ac.c\3 = 2.46 A). The configuration (n, m) represents the
armchair SWCNTs, (n, 0) the zig-zag SWCNTSs, and any other (n, m) pairs chiral SWCNTs.

2.2. Diels-Alder reactions

DA processes are conjugation reactions between a molecule containing a conjugated 7-

system of two double bonds (diene) and an alkene (dienophile). The reaction involves 4
9.
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electrons from the diene and 2 electrons from the dienophile — the DA reaction is also called
[4+2] cycloaddition — and is thermodynamically favored due to the formation of two c-bonds.
The DA cycloaddition is a unique thermal controlled reaction, which can operate in a reverse

>738 or photochemically.’”*® The simplicity of

fashion via a retro-DA process (rDA), thermally
the DA reaction does not reflect its diversity, since many aspects influence the mechanism of
this reaction such as stereochemistry, regiospecificity and kinetics (solvent effects,
temperature and pressure  effects).’’ Such as the Cu(l)-catalyzed azide-alkyne

62,63

cycloaddition, as well as the Michael-type thiol-ene and thiol-yne reactions,”* the DA

reaction, under certain conditions, belongs to the ‘click’ reaction category. Its potential ‘click’

character®>%®

is also prevalent in its hetero variant (HDA reaction, in which hetero atoms such
as nitrogen, oxygen and sulfur are involved).®” The ‘click’ concept was introduced by
Sharpless™ in 2001 describing innovative orthogonal reactions which are quantitative, highly
selective, proceed under mild conditions and have a high atom economy.” A wide range of
research groups extended this concept, which was originally defined for small molecules, "
to polymer chemistry, >’ for which, concretely, the design of macromolecular architectures
with a specific functionality placed at a well-defined position is of crucial importance.”*"
Driven by the simplicity of these modular orthogonal conjugations, numerous innovations
have been specifically developed for the functionalization of surfaces. Indeed, under the so-
called ‘click’ conditions, a polymer strand equipped with a specific functionality can react
orthogonally with a specific counter functionality, which is attached to another polymer chain,
a surface’® or a biomolecule.”” The implementation of such polymer functionalization onto
nanomaterials enables to ease the handling of such nanometric materials and imparts them
with additional properties.”

The work performed in the present thesis is driven by these attracting aspects of the DA
reaction. Firstly, the main advantage of the thermodynamically driven equilibrium concerns
the absence of catalyst (e.g. copper) or radicals such as in the azide-alkyne cycloaddition or
radical variant of the thiol-ene reaction. Moreover, this equilibrium involves a thermally
driven retro DA reaction (rDA), which is mainly employed for the generation of self-healing

79,80

materials,””"" with a theoretically infinitive numbers of reactants / products cycles. A further

thermodynamic aspect is the ability to displace this equilibrium with more suitable systems®'

82.83 \whilst

to the product side at mild conditions (e.g. at ambient pressure and temperature),
the simplest example for a [4+2] cycloaddition between ethylene and butadiene molecules
involves high pressure and high temperature.* Finally, the recent design of diene-dienophile

pairs with high affinity enabled to the generation of complex surface designs. The design of
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specific RAFT agents, sulfonyl, pyridinyl or phosphoryl based, reacting as electron deficient
dienophiles with highly reactive dienes, such as cyclopentadienyl or sorbic acid moieties®*
imparts ‘click’ character to the HDA chemistry. These recent developments of HDA reaction,
for which the dienophiles are free or located at the terminus of a polymer chain, and the
dienes are located at the terminus of the polymer chain or at a surface, make this reaction a
strategy of choice for readily decorating complex surfaces with polymers or proteins on gold
nanoparticles,®” cellulose® or microspheres.*

Among all these above cited aspects, which highlight the high potential of the DA
reaction, the DA reaction and its derivatives (HDA, rDA) may embody a breakthrough in the
functionalization of SWCNTs, especially by their capability to simply decorate SWCNTSs
with polymer strands. The interest in the DA reaction and SWCNTs requires to review to
what extent this reaction has been employed in the context of SWCNTs and other carbon
materials (MWCNTs, fullerenes and graphene). In the following, the most recent
investigations for understanding the synthetic approaches towards these carbon materials
involving the DA reaction are explored in a first part (section 2.3.). In a second part, the
necessity of functionalizing these carbon materials with polymer strands by citing concrete
applications to functionalized carbon materials and the resulting properties (section 2.4.) is
highlighted. Finally, the developed chemical systems reacting with the carbon materials via
the DA reaction, being a small molecule or a polymer strand (section 2.5.) is described. For
this particular point, two functionalization strategies are distinguished, e.g. ‘grafting from’
and ‘grafting to’. Finally the question whether the DA process can be a suitable reaction for

the functionalization of the SWCNTs, and to what extend its ‘click’ character could be

employed in the realization of a simple SWCNT functionalization approaches is explored.

2.3. Use of Diels-Alder reactions for the synthesis carbon materials

In the past 20 years substantial efforts were made to produce carbon materials in
controlled processes at large scales in order to achieve very well-defined nanostructures with
a high degree of purity and at reasonable costs, especially for CNTs and graphene.”””' For
CNTs, many post-synthetic strategies were developed to purify (e.g. via acidic treatment,”*”
or annealing’) and selectively isolate the CNTs (via chromatography’ or via employing
surfactants’®) obtained from gas phase processes.”’ Purity, e.g. the quality of the synthesized
CNTs, is primordial to design materials or systems with tailored properties.”® From a
synthetic process perspective, many efforts are being undertaken not only to reduce the
amount of catalyst and amorphous carbon associated with the generation of CNTs, but also to
101

control the dispersity of the CNTs population in terms of diameter,”'?” helicity (chirality),
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length'® or absence of defects.'” Inspired by the advantages (e.g. purity) of the synthetic

alternates provided by flash vacuum pyrolysis of corannulene,*’**

over the graphite laser
ablation*® or arc vaporization®® for the synthesis of fullerenes, organic strategies employing
synthetic templates were recently developed to control the quality and to selectively
synthesize CNTs with a unique diameter and chirality, directly in the gas phase. Recently, a
so called ‘polymer approach’ (refer to Figure 2.2) based on the successive DA reactions for

the synthesis of CNTs has been introduced.'**'*
~

Diels-Alder
— >

ellmlnatlon :
ﬁ
—_—
etC etc.

Figure 2.2. ‘Polymer approach’ for the synthesis of SWCNTs via successive DA reactions of
nitroethylene on a CNT end cap and subsequent elimination reactions. Reproduced with
permission from Ref.104 (Schrettl et al). Copyright 2012, Wiley-VCH.

A deeper investigation into the underpinning mechanism will allow the application of
DA reactions for the controlled synthesis of a variety of carbon nano-architectures. Scott
et al."®'"7 have reported a DA reaction of 7,14-dimesitylbisanthene (perylene), with diethyl
acetylene derivatives, evidencing the possibility of an elongation of planar polyaromatic
hydrocarbons. The same research group has employed semi-empirical quantum calculations
(AMI and B3LYP/6-31G*) predicting the growth of cylindrical polyaromatic hydrocarbons
through successive DA reactions between end-capped or belt polyarenes and acetylene
followed by dehydrogenation (re-aromatization).'”® However, Li et al.'®''* have proposed a
self-assembly ~ mechanism  for  low-temperature = SWCNT  growth  from the
[6]cycloparaphenylene precursor through ethynyl radical addition. These authors have
employed non-equilibrium quantum chemical molecular dynamics (QM/MD) simulations and
density functional theory (DFT) -calculations which predicted that the self-assembly

mechanism is energetically more favorable as compared to the DA based growth mechanism.
-12-
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These reports suggest that the exact nature of the CNTs growth is still a subject of scientific
debate. A similar evolution for the synthesis of graphene from gas phase procedures to
organic synthesis as for the synthesis of CNTs is also observed. Graphene sheets are
conventionally synthesized from graphite exfoliation (mechanically or chemically),"'"''* or
obtained from the unzipping of CNTs.'"® Currently, new procedures are being developed with
large polyaromatic hydrocarbons condensed into graphene nanoribbons via successive DA
reactions between cyclopentadienone and phenyl-substituted alkyne (dendritic polyphenylene,
DDP), and subsequent dehydrogenation.”‘"115 Other examples for synthesizing large
polyaromatic  hydrocarbons employing DA reactions include the reaction of
cyclopentadienone with aryne precursors''® and the domino cycloaddition of arynes.''” These

recent investigations evidence that the DA reaction will play a fundamental role for the

development of a more targeted synthesis of carbon nanostructures.

2.4. Applications of carbon materials: Necessity of functionalization

In addition to the development of less expensive and more selective synthetic
procedures for the synthesis of carbon nanomaterials, scientists are also exploring their
application potential in a variety of fields ranging from electronics and communications, to
optics, chemistry, energy and biology. In the following, selected examples from various
application domains are described in which carbon nanomaterials are being used either alone
or are incorporated into polymer based composites. In addition, efforts of employing their
surface functionalization as a means for achieving superior mechanical, thermal, electrical, or

optoelectronic properties are highlighted.

2.4.1. Mechanical, thermal and electrical reinforcement of polymer matrices
The high electrical and thermal conductivities and the superior mechanical properties of
CNTs have stimulated significant efforts to prepare polymer/CNTs nanocomposites aiming at
synergistically combining the merits of the each individual component. For mechanical
reinforcements, polymer/CNTs nanocomposites are widely studied and display enhanced
mechanical properties of polymer matrices as reported by Logakis er al'' for

poly(methyl) methacrylate (PMMA) and MWCNTs.'" Additional properties such as

120,121 122

conductivity and thermoelectric properties ““ of CNTs nanocomposites are of interest for

their application as sensors.'> The absence of chirality in a graphene sheet, contrary to CNTs,
extends the properties of carbon based systems to wider research domains, e.g. graphene
displays a super capacitance'** induced by reversible oxidation — reduction cycles, and a high

125

heat transfer. ™ To date, the embedding of graphene in polymer matrices is exploited for
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similar applications'*® as for CNTs based composites. Depending on the degree of oxidation
of graphene, Zhang et al. have incorporated variable amounts of graphene into PMMA (refer
to Figure 2.3) showing that a lower content of graphene is required when the degree of

oxidation is higher.'*

2 Graphene-13.2

|
0—1 LB —*

| Graphene-9.6

$,=0.62, v=2.74

Electrical conductivity logs (S/m)
&

124 \ 40 35 -I3'.0( 2§ 20 15
1 0g(¢-¢

-14 S ¢
1 Graphene-5.0
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Figure 2.3. Electrical conductivity of graphene/PMMA composites as a function of graphene
content characterized by different C/O ratios (5.0, 9.6 and 13.2 via XPS). Reproduced with
permission from Ref. 126 (Zhang et al.). Copyright 2012, Elsevier.

Concerning the mechanical reinforcement and the enhanced electrical properties gained
by the incorporation of carbon materials into polymer matrices, the discussion of carbon
materials functionalization can be divided into covalent or non-covalent functionalization.
Further dimensions in this context are the nature of the functionalizing molecule, i.e. a
polymer or a small molecule, and the degree of functionalization. As suggested by Bose and

127,12
Rahmat,'?"!%

the degree of carbon nanomaterial functionalization must be carefully
controlled since an unnecessarily high degree of functionalization can lead to the loss of the
intrinsic properties. Nevertheless, for the mechanical reinforcement of polymer matrices, the
functionalization of CNTs with small molecules and with polymer chains increases the
interactions between the CNTs and the polymer matrix. For example, Selvin et al.'® have
investigated the influence of phenol functionalization of MWCNTs on the mechanical
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properties of an isotactic poly(propylene) matrix. These authors have reported superior
mechanical properties, namely Young’s modulus, maximum stress and elongation at break, of
the polymer matrix by the incorporation of functionalized MWCNTs as compared to the non-

functionalized MWCNTS (Figure 2.4).
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1 —A— CNTO.1
40 + # —x— CNT1
- 4 r A o —a—f-CNTO.1
> TEER —#— f-CNT1

30
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W
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Figure 2.4. Stress-strain plots of isotactic poly(propylene) composites of 0.1 to 1.0 wz.-% of
untreated and phenol functionalized MWCNTSs. Reproduced with permission from Ref. 129
(Selvin et al.). Copyright 2012, Wiley-VCH.

2.4.2. Photovoltaics and photo-devices

The surface functionalization of carbon nanomaterials, with small molecule or polymer
for the improvement of the opto-electronics properties, is an active area of research.'*%'!
Functionalization generally increases the solubility of carbon nanostructures in solvents
leading to a better processability. This is especially the case for fullerenes underlined by the
popularity of (6,6)-phenyl-Cg;-butyric acid methyl ester (PCBM) since 1995 in
photovoltaics."** Due to their superior opto-electronic properties, the use of CNTs and
graphene is expected to increase for the development of solar cells and photo-devices
compared to the presently used Cgo."*>'** CNTs display useful properties when incorporated
136,137

into solar cells, e.g. CNTs are electron acceptors,'>” trigger ultrafast charge separation,

and display high photocurrent mobility."*® The optoelectronic properties achievable via
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combination of fullerenes and CNTs may well lead to polymer-free all-carbon photovoltaic
devices."*” Based on the predictable carrier multiplication behavior of graphene,'** complex
photo-devices combining graphene with the other carbon nanostructures may even become
relevant in the future.'*""'** C¢o or CNTs/conjugated polymer derived hybrid photo-devices are

of interest based on their convenient solution based processing.'****

2.4.3. Biomedical — Disease diagnostics and treatment
The properties associated with carbon nanostructures, such as near infrared
fluorescence, the ability to quench fluorescence, provision of photo-acoustic imaging, the
ability to form field effect transistors, and well defined Raman scattering spectra, have
attracted substantial interest within the biomedical related research community (Figure 2.5).
Consequently, an enormous wealth of literature is available highlighting the potential of these

materials for (bio)sensing and imaging applications (Figure 2.5).'*’

There are especially no
concerns regarding the use of carbon materials for in vitro applications, however the scientific
opinion regarding the in vivo toxicity of these materials is rather divided.'** Nevertheless, as a
result of several investigations, there seems to be a consensus that appropriate surface

functionalization can lead to the required non-toxicity and biocompatibility.'*’

These findings,
along with the results showing convenient internalization of carbon nanomaterials into the

cells,'*® have even triggered the exploration of carbon nanomaterials potential for drug/gene

delivery in addition to tissue engineering applications.'*’
a b

100

Photoacoustic Signal (a.u.)

Figure 2.5. Left images (a-d): Real time multiplexed detection of genotoxins in live
mammalian cells. (a) NIR fluorescence of lysosomal stain Lysotracker in 3T3 cells. (b) DNA-
SWCNT photoluminescence (green) showing partial co-localization with Lysostracker
emission. Photoluminescence of DNA-SWCNT (green) overlaying visible 3T3 cells (grey) in
the presence of Fe2+ before (¢) and after (d) introduction of H,O,. Adapted and reproduced
with permission from Ref. 145 (Heller et al). Copyright 2009, Nature. Right images:
Photoacoustic detection of SWCNTs in living mice. The mice were injected subcutaneously
with SWCNTs at concentrations of 50-600 nM. One vertical slice in the 3D photoacoustic
image (green) was overlaid on the corresponding slice in the ultrasound image (grey).
Reproduced with permission from Ref. 145 (Zerda et al.). Copyright 2008, Nature.
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2.5. Diels-Alder functionalization of carbon materials: ‘State-of-the-art’

In addition to the scientific efforts focused on the controlled synthesis of carbon
nanostructures, the development of convenient surface functionalization strategies is of
paramount importance from the application perspective. In this context the tendency of
carbon nanostructures to undergo DA reactions is attracting increasing attention. Compared to
other functionalization strategies, the DA reaction based surface modifications are simple,
capable of working under ambient conditions, applicable to all the graphitic carbon allotropes
and require no surface pre-treatment or catalyst."”® In the following sections, the theoretical
studies predicting and simulating the tendency of carbon nanostructures (fullerenes, CNTs,
and graphene) to undergo DA reactions are summarized. The examples of DA reactions of
carbon nanostructures with the small molecules are also included (refer to Scheme 2.1 and
Table 2.1 for the reactions with the compounds 1 to 29, and Scheme 2.2 and Table 2.2 for
the reactions with the compounds 30 to 43b) followed by an up-to-date overview of the recent
literature related to the DA reactions assisted functionalization of carbon nanostructures with

polymer chains.

2.5.1. Small molecules

From a chemical point of view, carbon nanostructures display a rather unique reactive
behavior and understanding their reactivity is a requirement for employing them efficiently.
In the case of fullerenes, the C-C bond at the 6,6-ring junction between two annulated six-
membered ring is more reactive (electron donor and electron acceptor character) than the C-C
bond at the 5,6-ring junction common to a five-membered and a six-membered ring. This
renders fullerene reacting more like a dienophile, and being a less reactive diene molecule
than cyclopentadiene (Cp) and anthracene.'”"'>* The reaction of all the reactive bonds of the
fullerene will lead to a hexa-substituted fullerene derivative. DA reaction can occur between
Cyo and different dienes. The reactions with dienes such as acenes'> have been widely studied

(compounds 1-6 in Scheme 2.1). In particular, the effect of acene length (anthracene,'>*'>

156 157

pentacene®), the functionality’’ and the number of adducts has been investigated.'>>'>®!®

Intermediate dienes such as o-quinodimethanes (Intl), produced in situ from the ring opening

of benzocyclobutenes (compounds 8-12b),"””'®° by the decarboxylation of norbornadiene-7-

163

one (13),'°"'° through the elimination of bis(bromomethyl)-anthraquinone (14),'® or via the

thermolysis of sulfolenes'®* and sultines'®

(respectively compounds 15a-b and 16a-b) which
are thermally (temperature superior to 100 °C) generated leading to unstable dienes, and for
which the driving force of the reaction is the gain of aromaticity once reacted with Cg. Hetero
Diels-Alder (HDA) reactions based on similar systems were also conducted by ring opening
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of benzothiet (17) to generate in situ o-thioquinone methide (a hetero diene).'*® Using the
same strategy, in situ generated butadienes (Int2, Int3) obtained from the decomposition of
cyclic sulfur based compounds react efficiently with fullerenes: 1,2-diaza-1,3-butadienes
(Int2) from the thermolysis of thiadiazoldioxides (18a-e),'” 1,3-butadienedicarboxylates
(19a-c),'®  (2-phenylsulfonyl)-1,3-butadiene and  2-nitro-1,3-butadiene'®® from the
decomposition of the corresponding sulfolene (20a-b). Contrary to these examples, stable
dienes derived from 1,3-butadiene require a lower reaction temperature and do not generate
side-products. The reaction between Cgy and stable dienes similar to 1,3-butadiene was
described by Kriutler etal. with 2,3-dimethylbutadiene (24) and myrcene (25),'° 2,3-
dipropylbutadiene (26) and cyclohexa-1,3-diene (27) compounds.'”' Introducing electron
donating or withdrawing groups into the 1,3-butadiene backbone (compounds 21a-23), the
DA reaction enabled decorating the surface of Cg with electron withdrawing or donating
functionalities.'® HDA reactions of linear 1,3-butadiene based structures were also performed
with thioacrylamide (compound 28).'” Five-membered ring compounds such as Cp and furan
are more reactive towards fullerenes as dienes in the DA reaction than butadiene,'” or pyrrole

174

and indole (compound 33 in Scheme 2.2)." ™ For less reactive dienes, the reaction must be

heated to high temperatures (180 °C).'” In case of Cp (30),'> furan (32) and furan derivatives

(1,3-diphenylisobenzofuran 31),'®

the reaction occurs at ambient temperature, with a higher
reactivity predicted'”® and observed'”’ for Cp. Under microwave heating, the chiral a-oxo
imines (36) and a-diimines (37) were employed in a more recent application178 evidencing the
ability of conducting HDA reactions on fullerenes. A recent example was published by Ray et
al. regarding the anthracene assisted immobilization of fullerenes as a monolayer on silicon
oxide substrates (refer to Scheme 3, structure 7) to design organic field effect transistors
(OFET) and sensors.'” In a more recent publication, the DA reaction of fullerenes with o-
quinodimethane (generated from dimethoxybenzocyclobutenyl acetate, 11) led to
functionalized Cgp and C;p with increased solubility and development of new systems for
photovoltaics with low band gap. This system is reported to exhibit a higher photovoltaic
performance when compared to the [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM) based

1
system.'*
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Scheme 2.1. Dienes (acenes, o-quinodimethanes, butadienes) reacting via DA reaction with
carbon materials. The o-quinodimethane model intermediate (Intl) is generated by 8-17, and
the butadiene model intermediates Int2 and Int3 from 18a-e and 19a-20b respectively. The
yields and reaction parameters with specific carbon materials are collated in Table 2.1.
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Table 2.1. Summary of reaction conditions and yields of DA reactions of carbon materials
with dienes (acenes, o-quinodimethanes, butadienes).

Dienes Carbon Conditions Yield® Ref.
material®  Solvent® T /°C Time
(P W)°
Acenes® 1 Ceo Toluene 70 72 h 13% 154a
1 Naphthalene 200 48 h 39% 154b
1 Toluene (800) 15 min 35% 154c
1 CsHs 80 12h 25% (24%) 155
1 A - 1h 55% (19%) 156a
2 A - 1h 19% (15%) 156a
3a-b, 4 & - 30,45,40 min 3a: 70%, 3b: 70%, 4: 34% 156b
5 - - 9h 30% (19%) 157
6 Toluene at. 48 h 43% 179a
7 Toluene 45 3.5 days - 179b
1 F-SWCNT  ODCB 90 3h - 186
5 Graphene  p-xylene 130 12 h - 186
o- 8 Ceo m-xylene 140 20 h 4.4% (81%) 159
Quinodimethanes’ 9 m-xylene 140 20h 15.6% (5.3%) 159
10a-d ODCB 180 48 h a43%, b 19%, ¢ 41%, d 47% 160
11 CsHsCl3 214 several h - 180
12a-b  MWCNTSs CuHzo 235 90, 100 min - 189
13 Cso Toluene 120 5h 60% 161
14 Toluene! 120 8h 83% 163
15a-g CeHsCl3 214 3h a 56%, b 47%, ¢ 52%, 164
d 41%, e 40%, f 40%, g 42%
16a-b CeHs 80 18 h a 30% (17%), b 45% (10%), 165
(800) 20 min a 39% (5%)
16a SWCNTSs oDCB (150) 45 min - 187
17 Cso ODCB* 180 5 min 21% (33%) 166
Butadienes®  18a-e Ceo Toluene® 120 60, 45, 40, a47%, b 48%, ¢ 48%, 167
180, 480 min d 36%, e 27%
19a-d OoDCB 180 30 min  a44%, b 43%, ¢ 32%, d 47% 168
20a-b ODCB 135,180 30min,8h a79%,b27 % 169
21a-e Toluene 110 8h,05h,24h  a48%, b 35%, c 30%, 169
50,80 5h,3h d 29%, e 47%
22a-C OoDCB 150 3 h, 30 min, a 68%, b 50%, 169
3h c 49%
23 OoDCB 180 8h 27% 169
24 CeHs at. 12h 23% 170
25 CeHs at. 12h 43% 170
26 CeHs 80 14 h 51.4% 171
27 Toluene 90 2h 30.3% 171
28a-d Toluene* 65 30min  a57%, b 69%, ¢ 43%, d 43% 172
24  F-SWCNTs ODCB 90 3h - 186
2la  F-SWCNTs THF 75 16 h - 186
29 SWCNTSs 1,4- 50 60 h - 190
dioxane/THF'
29 Graphene  p-xylene 50 16 h - 197

aE.SWNCT: fluorinated SWCNTs, CNTs: SWCNTs and MWCNTSs; "ODCB: o-dichlorobenzene, CqHsCls:
1,2,4-trichlorobenzene; “microwave power in brackets; dof Cqo monoadduct, bisadduct in brackets, ¢anthracene
and derivatives (1, 3a-7) and pentacene (2), ‘in situ generated o-quinodimethanes (Intl) by benzocyclobutenes
(8-12b), norbornadiene-7-one (13), bis(bromo)anthraquinone (14), sulfolenes (15a-g), sultines (16a-b),
benzothiet (17) via o-thioquinone methide; %n situ generated by thiadiazoldioxides (18a-e) via the 1,2-diazo-1,3-
butadiene intermediates (Int2), by sulfolenes (19a-20b) via the 1,3-butadiene intermediates (Int3), and
substituted 1,3-butadienes (21a-29); "in solid state and high speed vibration milling; 'UV (pressure mercury
lamp); 'addition of KI and 18C6; *hetero Diels-Alder; 'pressure 1.3 GPa.
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Scheme 2.2. Dienes (five-membered rings, imines), arynes and dienophiles (five-membered
rings, alkenes) reacting via DA reaction with carbon materials. The reactivity of arynes
(intermediate in situ generated Int4 from 42 and 43a-b) as dienes ([2+2] cycloaddition) or
dienophiles ([4+2] cycloaddition) is still an open question. The yields and reaction parameters
with specific carbon materials are collated in Table 2.2.

For SWCNTs — at first glance — the lack of ‘superaromaticity’ of the almost infinite
number of benzene rings is surprising.'®’ The reactive behavior of the CNTs is often
compared to the reactivity of fullerenes to highlight the principle of directional-curvature
theory: the curvature (or pyramidalization angle of the carbon atoms) is more pronounced in

'%2 the higher the diameter

the case of fullerenes and leads to higher reactivity than SWCNTs;
of the SWCNTs, the less reactive are the SWCNTs.'™ Independent from their chirality,
SWCNTSs react as dienophiles.'® The DA reaction of CNTs with o-quinodimethanes (dienes)
has been predicted via ab initio quantum mechanical calculation (ONIOM(B3LYP/6-
31G*:AM1)."® Based on this prediction, further DA reactions involving SWCNTs and dienes
were conducted, with similar compounds as for the case of fullerenes. The reactivity of
SWCNTs towards acenes was assessed by Zhang et al. after the fluorination of the SWCNTs.
Introducing electron withdrawing fluorine atoms (activating the sidewalls), the dienophilic
character of the SWCNTs increased and the DA reaction was possible with anthracene (1),

2,3-dimethylbutadiene (24) and 2-trimethylsiloxyl-1,3-butadiene (21a)."* As for fullerenes,

o-quinodimethanes (Intl) are also found to react with CNTs. The degradation of sultine (4,5-
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benzo-1,2-oxathiin-2-oxide, 16a) under microwave'®’ or the thermal degradation of

benzocyclobutenes (12a-b)"*® at 235 °C thermal degradation of benzocyclobutenes (12a-b)'*
at 235 °C under an inert atmosphere was performed to generate reactive intermediates, o-

quinodimethanes, which react as dienes at the surface of SWCNTs and MWCNTs.

Table 2.2. Summary of reaction conditions and yields of DA reactions of carbon materials
with dienes (five-membered rings, imines), arynes, and dienophiles (five-membered rings,
alkenes).

Dienes Carbon Conditions Yield® Ref.
material Solvent* T /°C Time
(P /W)
Five-membered 30 Ceo Toluene a.t. 12h 68% (28%) 155
rings? 31 CeHe at. 16 h - 163
30, 32 Toluene a.t. 24 h - 177
33 ODCB 180 12h 35% 175
34  MWCNTs DMSO 50 96 h - 192
34 CNTs - 75 24 h - 193
35 MWCNTs Anisole 80 48 h - 193
Imines® 36 Ceo CeHs 80 72 h 44-47% 178
(600) 20 min 78-83%
37 CeHs 80 72 h 39-41% 178
(600) 20 min 59-63%
Dienophiles
Five-membered 38  MWCNTs - 130 40 h - 191
rings’ 1,4-dioxane/THF 110 48 h -
39 DMSO 50 96 h - 192
38 Benzyl ether 75 48 h - 193
40 Toluene 75 24 h - 193
40 SWCNTs THF 75 24 h - 193
38 Graphene - 120 3h - 197
Alkenes® 41 Graphene 1,4- a.t. 3h - 197
dioxane/H,CCl,
Arynes”
42 SWCNTs ODCB/THF 80 4h - 196
43a-b  SWCNTs ODCB/CH;CN’ 70 16 h - 196
43a  Graphene CH;CN 45 24 h - 198

“ODCB: o-dichlorobenzene, C¢H;Cly: 1,2.4-trichlorobenzene; “microwave power in brackets; ‘of Cg
monoadduct, bisadduct in brackets; dcyclopentadiene (30); furan derivatives (31-35); ‘a-oxo imines (36), a-
diimines (37); ‘maleic anhydride (38); maleimide derivatives (39, 40); ®tetracyanoethylene; "in situ generated
arynes (Int4) from benzenediazonium-2-carboxylate (42) and 2-(trimethylsilyl)triflate (43a-b); 'CsF, 16C8;
/CsF.

Similar to fullerenes, the reactivity of CNTs with butadiene based compounds has been
assessed, however, it requires high pressure (1.3 GPa) and a Cr(CO)s catalyst to boost the
reactivity of SWCNTs towards the DA reaction based cycloaddition with electro-rich diene,
i.e. 2,3-dimethoxy-1,3-butadiene (29)."" In this example, the use of an electron acceptor, e.g.
a dienophile, was not successful. Nevertheless, the reactivity of carbon nanotubes as dienes
has been explored. Without any pre-functionalization, maleic anhydride (38) was employed as

dienophile in the molten state or in solution to functionalize MWCNTSs, which reacted as
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dienes."! The maleimide based derivative (39) was also employed as dienophile in a reaction

with MWCNTS to increase the solubility.'*”

Under milder conditions, Abetz et al. reported
furan based dienes (34, 35), and dienophiles such as maleic anhydride (38) and
ethanolmaleimide (40) to functionalize CNTs in all cases at 75 °C.'”> The last example
highlights a still open issue regarding the reactivity of CNTs with in situ generated arynes
(Int4). Whereas arynes are known to react in a [2+2] cycloaddition with Ceo,"* they can also
undergo a [4+2] DA cycloaddition when reacted with dienes.'” Functionalizing SWCNTs
with arynes is possible; however it is presently not clear whether a [2+2] cycloaddition occurs
at the surface of the SWCNTSs leading to a cyclobutene moiety, or a [4+2] cycloaddition
leading to a norbornadiene moiety. The diameter of the SWCNTSs (more or less pronounced
curvature) has been proposed to influence the type of cycloaddition occurring with different
compounds (42, 43a-b)."°

The reactivity of graphene towards DA reactions is not completely understood.
Contrary to fullerenes and CNTs, the dienophilic character of graphene is still debated. The
reactivity of graphene may be only controlled by the reactivity of the bay regions. Sarkar
et al. have characterized the ambivalent character, being a diene or a dienophile, of graphene
via infrared and Raman spectroscopy. Given that the valence band is located at the Fermi
level, graphene reacted as diene with tetracyanoethylene (41) at ambient temperature and
maleic anhydride (38) at 120 °C, and as dienophile with 2,3-dimethoxybutadiene (29) at
50 °C and 9-methylanthracene (5) at 130 °C."" These examples emphasize the ambivalent
reactivity of graphene, which is of interest for the future understanding of the reactivity of
these materials. As for the DA reaction between SWCNTSs and arynes, Zhong et al. have
reported the functionalization of graphene with arynes which were generated in situ from 2-

(trimethylsilyl)aryl triflate (43a) and caesium fluoride.'”

Despite Raman and infrared
characterization evidencing the success of the surface functionalization, the nature of the
cycloaddition, [2+2] or [4+2], involved is still unknown. This last example illustrates the
fundamental role of the DA reactions in the synthesis and functionalization of graphene. On
the one hand arynes can be employed to functionalize graphene via DA cycloadditions, while
on the other hand they are involved in the synthesis of graphene precursors via the same
cycloaddition reaction (refer to the earlier section of this review addressing the synthesis of

carbon materials via DA reactions).

2.5.2. Polymers (‘grafting from’ and ‘grafting to’ approaches)
In the realm of attaching polymers to carbon materials, the well-known ‘grafting from’
and ‘grafting to’ approaches can also be implemented via DA reactions for carbon materials
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surface functionalization. The ‘grafting from’ strategy implies the reaction of carbon materials
with a diene bearing a functional group which is capable of directly undergoing a surface
initiated polymerization or requires further modifications for transformation into an
appropriate functionality suitable to initiate a polymerization. The ‘grafting from’ strategy
does not allow perfect control over polymer chains which are grafted at the surface while in
the case of the ‘grafting to’ approach pre-synthesized and well-defined polymer chains can be
employed for surface functionalization. In most cases where the ‘grafting to’ approach is
applied, the synthesis of well-defined polymer is followed by an end-group transformation. In
the context of DA cycloaddition assisted functionalization of polymers onto the surface of
carbon materials, a diene or dienophile end-group is installed at the terminus of the polymer.
The ‘grafting from’ approach involving a pre-functionalization of the carbon materials
via a DA reaction is mainly employed for CNTs. In a recent review by Sakellariou et al.

1 . .
% three main classes of dienes

addressing the surface initiated polymerization of CNTs,
undergoing DA cycloaddition are highlighted. An acene, more precisely 1-aminoanthracene,
was heated with SWCNTs at 120 °C and subsequently reacted with 2-bromomethylpropionyl
bromide leading to the SWCNTs functionalized with the atom transfer radical polymerization
(ATRP) initiator.*® A subsequent surface initiated polymerization of styrene led to the
separation of metallic (m) and semi-conductive (s) SWCNTs, since 1-aminoanthracene
appeared to selectively functionalize s-SWCNTSs. In another report from Sakellariou et al.,”!
the surface of MWCNTs was functionalized with 4-hydroxyethyl benzocyclobutene and 1-
benzocyclobutene-1'-phenylethylene via DA cycloadditions at 235 °C. The functionalization
involved the in situ generation of o-quinodimethanes via the thermal degradation of functional
cyclobutenes and subsequent DA reaction with MWCNTs. These authors have grafted a
library of functional benzocyclobutenes at the surface of MWCNTs via DA [4+2]
cycloadditions. The hydroxy group of 4-hydroxyethyl benzocyclobutene was employed to
initiate the ROP (ring opening polymerization) of ethylene oxide from the surface of
MWCNTs. 1-Benzocylcobutene-1'-phenylethylene functionalized MWCNTs were employed
to initiate the anionic polymerization of styrene with sec-BuLi. In both cases, the ‘grafting
from’ polymerization was carried out after the degradation of benzocyclobutenes at high
temperature to react with the surface of the MWCNTs. In a similar fashion, MWCNTs were
simultaneously functionalized with ROP and ATRP initiators. These so called binary
functionalized CNTs were simultaneous functionalized with polymers (poly(e-caprolactone)
and polystyrene) via ROP and ATRP, leading to polymer grafted MWCNTs capable of

forming Janus type structures.””> Employing the same strategy and further modification of the
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4-hydroxybenzocyclobutene with trichlorocyclopentadienyl-titanium, the living coordination
polymerization of L-lactide, e-caprolactone and n-hexyl isocyanate was performed at the
surface of MWCNTs.2” Due to the limited information about the molecular weight and the
polydispersity of the polymer functionalized at the surface of carbon materials via the
‘grafting from’ approach, the estimation of reliable grating densities is difficult and is seldom
reported (refer to Table 2.1 and Table 2.2). Milder conditions (75 °C) employing furan
derivatives have been published by Abetz et al.'”® These authors have reported a ‘grafting
from’ approach based functionalization of MWCNTs with ATRP initiator via DA reaction
employing an ATRP initiator functionalized furan molecule. Subsequently, the
polymerization of styrene was initiated from the surface of the MWCNTs.'”* The examples of
‘grafting from’ and ‘grafting to’ based approaches for functionalization of polymers at the
surface of carbon nanostructures are summarized in Scheme 2.3 and in Table 2.3.

In the context of employing the DA reaction as ‘grafting to’ approach for carbon
materials surface functionalization, the synthesis of diene end-capped polymers is the main
research focus. In addition, polymers with pendant diene groups are also being explored.
Contrary to elevated temperatures (200 °C) necessary for conducting benzocyclobutene
degradation, the choice of highly reactive dienes enables the functionalization of fullerenes,
CNTs and graphene, at ambient to moderately high temperatures (80 °C). A ‘grafting to’
approach employing furan derivatized polymers has been reported where the
copolymerization of styrene (St), furfuryl methacrylate (FMA) and boron-dipyrromethene
methacrylate (BODIPY-MA) lead to a polymer with pendant furan groups.”** The
functionalization of MWCNTs with P(St-co-FMA-co-BODIPY-MA) polymer was carried out
via DA reactions with the pendant furan groups at 100 °C for 48 h. The grafted MWCNTs
were soluble in THF and high resolution transmission electron microscopy (HRTEM)
revealed a 3 nm thick layer of polymer surrounding the MWCNTs (refer to Scheme 2.3 and
Table 2.3).
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Scheme 2.3. Polymer functionalization of fullerenes, CNTs and graphene via DA reaction
performed via ‘grafting from’ and ‘grafting to’ approaches. Five-membered ring
functionalities react under mild conditions (ambient temperature to 80 °C).
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Table 2.3. Reaction conditions and grafting densities for the surface functionalization of
CNTs with polymers via ‘grafting to’ and ‘grafting from’ approaches.

‘Grafting from’ Carbon Conditions Grafting Ref.
Anchoring moiety Polymer* material ~ Solvent T /°C”  Time  density”
Anthracene PS (ATRP) SWCNTs Diethylene 120- 24 h - 200
glycol 200
4-Hydroxy- PEO (ROP) MWCNTs Tetradecane 235  60-90 min - 201
benzocyclobutene
1-Benzocylcobutene- PS (anionic) MWCNTs Tetradecane 235 60-100 min - 201
1'-phenylethylene
4-Hydroxy- PS, PMMA, PLLAY, PCLY, MWCNTs Tetradecane 220 50 min - 202
benzocyclobutene (ATRP, ROP)
1-Benzocyclobutene- PLLA, PCL, HIC MWCNTs Tetradecane 235 60 min - 203
(ethoxy)dichlorocyclo- (coordination)
pentadienyltitanium
Furfuryl-2-bromo- PS (ATRP) MWCNTs  Anisole 80 48 h 0.2 203
isobutyrate
‘Grafting to’
End-functionality Polymer
Furan P(St-co-FMA-co- MWCNTs Toluene 80 48 h - 204

BODIPY-MA)" (ATRP)
“type of polymerization in brackets; “a.t. is ambient temperature; in mmol-g’; “poly(L-lactide); °poly(e-caprolactone);
poly(n-hexyl isocyanate); *measured for furfuryl-2-bromo-isobutyrate ATRP initiator by TGA; "copolymer of styrene,
furfuryl methacrylate (FMA) and BODIPY-MA.

To date, polymers end-capped with Cp groups have been demonstrated to be most
efficient towards DA reaction, as suggested by their ‘ultrafast’ (within 1 minute) conjugation
to form block polymers with suitable ene-carrying chain termini.’”> Nebhani et al. have
compared the reactivity of anthracenyl and Cp groups end-capped poly(ethylene)glycol (PEG)
towards pristine Cg. The reaction between Cp end-capped PEG and Cgy was complete within
5 minutes at ambient temperature, whereas the reaction of Cgy with the anthracenyl terminated
PEG required higher temperature and longer reaction times.*® The high reactivity of the Cp
end-capped polymer demonstrated for dienophilic end-capped polymers and for the fullerenes
has been extended to SWCNTs and graphene. PEG-Cp has been successfully functionalized
onto the graphene sheets which then displayed water solubility. >’

From Table 2.3, only one example is reported for the functionalization of CNTs with
polymer strands via DA reaction® in a ‘grafting to’ approach. However, this work was
performed on a triblock copolymer, the diene moieties were incorporated by polymerizing
furfuryl based monomers (possible creation of a network), and MWCNTs were studied,
reducing the ability to determine accurately the grafting density — accurate grafting density
calculations being impossible due to the very broad diameter distribution of the MWCNTs.
Thus it is proposed to deepen these previous investigations by extending the DA strategy to
simpler macroarchitectures and SWCNTs — relatively easier to characterize than MWCNTs.

Such as for the ligation of fullerenes and graphene with PEG terminated by a Cp moiety,”***"’
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and convinced by the possibility of functionalizing SWCNTSs with polymer strands using the
DA reaction under mild conditions in a ‘grafting to’ approach, the present thesis aims at
synthesizing different polymers (PMMA, PNIPAM and P3HT) with Cp terminus (more
reactive than furan moiety at ambient conditions) and to investigate their reactivity with
SWCNTs. The three following polymerization techniques were employed for the generation
of well-defined linear polymer strands: ATRP for PMMA, RAFT polymerization for
PNIPAM, and GRIM polymerization for P3HT, in order to, on the one hand be able to assess
the chain terminus transformation into Cp, on the other hand to facilitate the in-depth
characterization of the hybrid material and perform quantification, i.e. evaluation of the

grafting density on the hybrid material.

2.6. Polymerization techniques

The employed polymerization techniques differ fundamentally in their basic
mechanisms. While ATRP is based on a persistent radical effect, RAFT polymerization is
governed by a degenerative chain transfer process. GRIM is not a radical polymerization
method, since the polymerization is based on the reactivity of Grignard reagent and is
formally a polycondensation (release of magnesium halide). However, a chain growth
mechanism has been evidenced™ and the term quasi-living for GRIM polymerization is more
appropriate. As emphasized by the relatively brief introduction of their polymerization
mechanisms in the following section, these techniques enable to synthesize polymer strands
with well-defined termini based on the monomers relevant for the present thesis. In the
following, the key points governing CLRP and GRIM polymerization are highlighted.*"

ATRP and RAFT polymerization belong to the controlled/living radical polymerization
processes (CLRP), a sub-classification of living polymerizations such as anionic
polymerization, coordination polymerization or Ring Opening Metathesis Polymerization
(ROMP). The living character of the CLRP polymerizations differentiates them from free
radical polymerizations, in which the polymerization process is often not controlled. The
uncontrolled nature of the polymerization is mainly characterized by a high tendency of the
generated radicals to terminate rapidly. Kinetically, while the propagation rate coefficient (k)
is close to 162 L-mol™s™ for styrene at 40 °C,?'” the initiation rate coefficient (ki) can be as
high as 10* L'mol™-s”, and the diffusion controlled termination rate coefficient (k) is in the
range of 10° L'mol™*s”". The mechanisms prevalent under CLRP conditions enable a reduction
in inevitably terminated material. As indicated by its name, living polymerization is based on
the principle that enables to restart a polymer chain via chain propagation. In principle, the
control of the termination process in living radical polymerization is such that the generated
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radicals after initiation react with the monomers with limited termination
(combination/disproportionation), leading to polymers chains with ideally similar length. The
chain growth continues until the monomer is completely consumed. The resulting chains are
still active or reactivable. CLRP departs from this ideal case (anionic polymerization), since
some irreversible termination takes place. Contrary to CLRP, in free radical polymerization,
radicals undergo combination and disproportionation, and the polymer chains cannot be
reactivated.

One can distinguish two main CLRPs, ones based on a persistent radical effect and
others based on degenerative chain transfer processes. Via a persistent radical effect, the
concentration of radicals is reduced by activation/deactivation cycles as in ATRP, or
combination/dissociation cycles as in Nitroxide Mediated Polymerization (NMP). In the case
of degenerative processes, e.g. RAFT, the concentration of radicals present in the reactive
mixture is close to unaltered from the conventional process, and the generated radicals
undergo equilibria which enables to prolongate the life time of each radical. In CLRP
processes, the control of the polymerization is governed by fast exchange equilibria between
the propagating radicals and the dormant species. The radical is thought to propagate during a
short period of time (~1 ms) before returning into a dormant state for a few seconds.
Undergoing a large number of equilibrium exchanges, the radical typically propagates for an
overall period of time of 1 s (comparable to the life time as in free radical polymerization),
and spends a longer time in the dormant state, extending its effective life time to hours.

Yet, reality is far from ideal, and termination still occurs in these polymerizations
techniques; this phenomenon typically leads to 5 to 10% dead material. Nevertheless, as in the
case of true (anionic) living polymerization, CLRPs are characterized by a linear evolution of
the chain length (e.g. number average molecular weight M) with conversion, a linear
evolution of In([M]y/[M]) ([M] being the concentration of the monomer) with time, and a
decrease of the polydispersity with conversion. The first criterion translates the living
principle, i.e. the number of reactivable chains remains constant during the polymerization.
Deviation from the ideal can be induced by slow initiation or chain coupling (upward
deviation) or by transfer reactions (downward deviation). The second criterion reflects the
first order kinetics, i.e. the concentration of propagating species remains constant. This
criterion is also observed for any radical polymerization under steady-state conditions (no

211

accumulation of radicals).” When living/controlled conditions are in operation, the

polydispersity is thus relatively small and the chain termini are largely preserved.
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2.6.1. Atom Transfer Radical Polymerization (ATRP)

The mechanism of ATRP is based on the reversible deactivation of the propagating
radicals reducing their effective concentration. The activation/deactivation equilibrium
consists in the transfer of an atom (halogen) via a metallic redox system. An ATRP system is
composed of a monomer (M), a halogenated initiator, a transition metal catalyst (M) and a
ligand (L), and typically a solvent. The living character of ATRP is based on the ability of the
metal-ligand complex to accept, through a redox equilibrium, a halogen atom (X) abstracted
from the dormant species (initiator, polymer chain P,-X) with a concomitant one electron
oxidation. The polymer chain radicals (P,*) propagate in the time period after their activation
and before their deactivation. The ATRP system should fulfill the following criteria: the

transition metal has two possible oxidation states (M;" and Mtnﬂ

) and has an affinity for
halogen, the complex (M;"-L) should be able to be sufficiently flexible enough to adapt to the
reversible expansion of the metal sphere coordination induced by the increase of the oxidation
state and the presence of the halogen, the ligand should strong, and finally the equilibrium

constant (Keq = Kact /kdeact) high. The equilibrium is depicted in Scheme 2.4.

kact
R-X + M{-Y / Ligand ——— R’ + X-M"™1.Y / Ligand
kdeact U
kp el
kt T~

monomer termination

Scheme 2.4. Principle of Atom Transfer Radical Polymerization (ATRP).

The choice of the ATRP system depends on the selected monomer, which co-
determines the polymerization rate: the equilibrium constant is thus adapted to the monomer.
If the equilibrium constant is too low, the polymerization may be very slow (or maybe does
not occur). In the case of a too high constant, the concentration of the radicals is high, leading
to more termination. Thus ATRP was developed in many variants and adapted to a wide
spectrum of monomers. Firstly, the above basic system may vary with the nature of the
initiator: its structure should be ideally identical to the structure of the monomer, and a
homolytic cleavage of the alkyl-halogen bond possible. Secondly, many articles report ATRP
conditions with diverse transition metals: Mo, Cr (group VI), Re (group VII), Ru, Fe (group
VIII), Rh (group IX), Ni, Pd (group X), Cu (group XI). The choice of the ligand (PMDETA,
bipyridine, MesTREN being mostly used) varies also according to its chemical composition
212

(nitrogen or phosphorus based) and its chelating properties (bidentate, tridentate).

Furthermore, the redox equilibrium can be externally influenced by the addition of
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radical or other metallic species, with different oxidation state than the initially chosen
transition metal. The control of the polymerization can be thus increased by the addition of a
deactivator which displaces the equilibrium in the direction of the reagents (deactivation).?"
Under SET (Single Electron Transfer) conditions, the Cu' species are in situ generated in the
reaction mixture through a redox equilibrium between Cu’ and Cu" species for the ready

synthesis of high molecular weight polymer chains.***

The addition of a radical source (e.g.
AIBN) provides ICAR (Initiator for Continuous Activator Regeneration) conditions in order
to continuously regenerate the activator Cu' species consumed via termination. The ICAR
technique enables to increase the molecular weight keeping the CLRP character with low

amounts of copper.’”

Generally, high molecular weights with high end-group fidelity under
classical ATRP conditions are difficult to achieve. Indeed, to generate high molecular weight,
the conversion should be very high while termination is still present (~10% of the
polymerized chains). Therefore, further conditions were investigated to achieve high
molecular weights (around 10° g-mol™) with better chain-end fidelity. This is the case for
AGET (Activator Generated by Electron Transfer) and ARGET (Activator Regenerated by
Electron Transfer) conditions where the Cu' species are slowly generated®'® or regerenated”'”
by the reduction of Cu" species via the presence of a reduction agent.

Indeed, the presence of any transition metal in the final product, even at low
concentration, may also be an issue for biological applications (toxicity, denaturation of
biomolecules) and may lead to — at an industrial scale — high costs (purification, metal
recovery). Finally, the combination of ATRP with RAFT polymerization led to an interesting
polymerization concept, enabling a dual control over the polymerization. On the one hand, the
radical concentration is dictated by the deactivation/activation process from ATRP, on the
other hand the growth of the polymer chains is controlled by the RAFT equilibria. This
innovative combination of both CLRP methods may be of interest for the design of new
macromolecular architectures and the reduction of the metal consumption as required in

- 218
conventional ATRP procedures.

2.6.2. Reversible Addition Fragmentation chain Transfer (RAFT) polymerization
Similarly to ATRP, RAFT polymerization consists in maintaining the radical species
active over a longer period of time than in conventional free radical polymerization. Contrary
to ATRP, for which the persistent radical effect is the key principle, RAFT polymerization
relies on a degenerative chain transfer process. RAFT polymerization starts as soon as an
external source of radical (initiator) decomposes, whereas the ‘initiator’ in ATRP is the
halogen terminated polymer chain.*'” RAFT polymerization requires a monomer (M), an
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initiator (I), a RAFT agent and sometimes a solvent. The initiator decomposes thermally and
the generated radicals are subsequently involved in a dual equilibrium.

The generated radicals (I*) from the initiator fragments initially start the polymerization.
The propagating chains (P,*) react with the RAFT agent (addition) to form an intermediate
radical. The formed radical fragments — at best fast — to release the primary radical (P,*),
which continues to propagate, or to release (fragmentation) the leaving R-group radical to
initiate (reinitiation) the polymerization. The extremely low concentration (generally ratio
1:100, 1:1000) of the I radicals compared to the RAFT agent concentration, e.g. the
intermediate radicals, leads to a limited influence of the I» radicals over the polymerization,
reflected in their low presence as polymer chain end-groups in the final synthesized sample.
The first sequence is the pre-equilibrium. In the case of the R-group (or Re radical) being
replaced by another polymer chain (Py,), the equilibrium is called main equilibrium as

depicted in the Scheme 2.5.

initiation
M M
Initiator I P
chain trasnfer (pre equilibrium)
Kadd kB
P + S\\(SfR Pn*S\-rS*R Pn*S\fS + R
Z K-add z kg z
M
reinitiation
. M M
R R-M Pm
K; ko
main equilibrium
Kadd k
Pm=S<.S-Pj

termination

P, + Ppn dead polymer

Scheme 2.5. Principle of Reversible Addition Fragmentation chain Transfer (RAFT)
polymerization.

In order to be efficient, the RAFT agent is designed to ease the addition of the
propagating radical to the initial RAFT agent, and also the fragmentation of the generated
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intermediate radical, according to the monomer to be polymerized. Therefore, the RAFT
agent is constituted of an R- and a Z-group. The R-group is chosen according to its ability to
fragment readily and to react with the monomer. The Z-group is the stabilizing group which
imparts stability to the intermediate radical, guiding the addition rate of the propagating
radicals to the RAFT agent. Therefore, a wide library of molecules acting as RAFT agents has
been established. The design of the RAFT agent for a specific monomer requires the fine
tuning of the R- and Z-group. Indeed, the Z-group must stabilize the intermediate radical not
more than necessary. The criteria for a good RAFT agent must be fulfilled as follows. The
C=S bond reacts rapidly favoring the addition (kaqq high), the R-S bond fragments readily (kg
high), the partition of the intermediate radical is directed to the product formation (kg > k.aqa),
the Re radical reinitiates.

For the first criterion, the reactivity of C=S is high when electrophilically activated (for
a favored addition of the radical), and the radical intermediate is stabilized. When Z is a
phenyl group, the formed radical intermediate is well-stabilized, yet its fragmentation slow.
Consequently, a phenyl Z-group, and generally speaking a stabilizing Z-group for the radical
intermediate, should be ideally associated with an R-group easily undergoing homolytic
scission. However, the choice of the R-group should be such that reinitiation is possible with
the monomer. To guarantee the reinitiation efficiency of the Re radical, the R-group should be
of the same structure as the monomer. To mimic the structure of highly substituted monomers
(such as methacrylates), the R-group should also display the same substitution pattern,
compensated with an electron withdrawing cyano group or s phenyl group (enabling the
reinitiation of the already propagated polymer chain P,). As an example for Z-group choice,
styrene forms a stable propagating radical requiring a Z-group that sufficiently stabilizes the
intermediate radical. However, the Z-group should not be too stabilizing, as a reduction in

polymerization rate may result from slow fragmentation.*****!

For acrylates and acrylamides,
the high reactivity of the propagating radical allows the use of less stabilizing Z-groups. For
high reactive monomer radicals (vinyl acetate), the addition to the RAFT agent is highly
favored and a RAFT agent with less stabilizing Z-group must be employed. The
fragmentation of the radical intermediate is then favored by electron donating groups as
present in thiocarbamates or xanthates.

Similarly to ATRP, some deviation from ideal CLRP can be observed. Inhibition of the
RAFT polymerization can be observed since RAFT agents act as radical scavengers.

Retardation by slow polymerization occurs when the fragmentation is too slow or the

reinitiation is poor. Hybrid behavior by an initial increase of molecular weight is due to slow
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addition of the propagating radicals at the beginning of the polymerization (DPniHSt >>1).2%
RAFT polymerization is an attractive method not only based on its synthetic simplicity
(simple mixture of the monomer, the initiator and the RAFT agent), but also for the wide
spectrum of polymer structures that can be derived from the employed RAFT agent. Firstly,
the polymer chain-end functionality can be guided by the structure of the RAFT agent (for
example by RAFT agents carrying an azide group, see Chapter 5). Via derivatization of the

223,224

dithioester (and trithioester), it is possible to equip the polymer chain with a thiol (by

aminolysis”>or hydrolysis**), a vinyl (by thermolysis),**’ a hydrogen atom (by reduction),”®

a peroxide (by oxidation),”” or a hydroxy group (successive oxidation and reduction).”%*"
As for ATRP, the living character of the RAFT polymerization enables to generate block
copolymers, simply by adding the second monomer to the macro-RAFT agent (previous
polymer chain) in the presence of an initiator.** Surface functionalization in a ‘grafting from’
approach can be performed when the RAFT agent is immobilized at a surface via an R* or
Z** strategy and the polymer grows from the surface, or in a ‘grafting to’ approach when a
pre-synthesized polymer is attached to the surface. In the present thesis, such an approach was

followed via a HDA reaction by activation of the C=S bond with electron withdrawing groups

(presented in section 2.2. and developed in Chapter 7).

2.6.3. GRIgnard Metathesis (GRIM) polymerization

GRIM polymerization is a chain growth polymerization such as ATRP and RAFT
polymerization. As already noted, GRIM polymerization process is not a radical
polymerization but relies on the metathesis of a Grignard reagent. Many studies have explored
the mechanisms of this polymerization.**

GRIM polymerization is also called Kumada Catalyzed Transfer Polymerization
(KTCP). The Kumada catalyst is based on nickel or palladium metal, complexed by a
phosphine ligand.**® The polymerization occurs via the C-C cross-coupling of an
organohalide with an organomagnesium compound (Grignard reagent). The polymerization
proceeds in three successive reactions:*” oxidative addition, transmetalation and reductive

elimination as proposed in the Scheme 2.6.
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Scheme 2.6. Mechanism of GRIgnard Metathesis (GRIM) polymerization.

The nickel complex (in the example Ni(dppp)Cl,) is oxidized via two additions of the
Grignard reagent as ‘nitiation’ to form a Ni(Il)-complex adduct. After the reductive
elimination of the dimer, the hypothetic associated pair dimer/Ni(0)-complex is generated.
The reduced Ni(0)-complex undergoes an oxidative addition reaction with the halogenated
dimer. After transmetalation with the Grignard agent, a further Ni(Il)-complex adduct is
produced with an additional monomer unit in a head-to-tail configuration (case of
alkylthiophene)237 with release of magnesium halide (MgX;). Subsequently, after the

reductive elimination, the associated pair is regenerated with the growing polymer chain, e.g.
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a trimer after the first cycle, and the associated reduced Ni(0)-complex. The polymerization
cycle is complete, while the associated Ni(0)-complex undergoes the next oxidative addition
with the halogen terminated polymer chain.

Depending on the initial synthesized Grignard (metal, halogen, monomer substitution),
the polymerization differs in denomination (McCullough, Rieke, or GRIM) as reported in the
literature.”® GRIM polymerization is based on a Grignard reagent synthesized with 2,5-
dibromo-3-alkylthiophene and magnesium, while the Rieke variant is based on the organozinc
compound derivate from the 2,5-dibromo-3-alkylthiophene, and the McCollough variant with
either organomagnesium or organozinc compounds derivates from 2-bromo-3-alkylthiophene.
Other couplings without Grignard reagent, yet rather with a palladium based complex and 2-
iodo-3-hexylthiophene, such as Suzuki coupling (with an organoborane) or Stille coupling
(with an organostannane) can also polymerize alkylthiophene monomers. In each case, the
regioregularity (head-to-tail) for alkyl monosubstituted thiophene lies above 96%. The main
advantage of GRIM polymerization is its simplicity compared to the other techniques
requiring cryogenic conditions or the use of highly reactive compounds. Termination occurs
either by quenching the complex (hydrogen terminated polymer chains) or by the addition of
another organomagnesium compound (vinyl, alkynyl, alkyl or aryl terminus).*’ In Chapter 6
of the present thesis, the vinyl version for the termination was preferred in order to form a
mono-capped polymer. Via the addition of vinylmagnesium (alkynyl or allyl), the associated
Ni(0)-complex is stabilized to form a m-complex and is hindered to react with the other
bromine terminus of the polymer chain,” hence providing polymer chains with a single vinyl
terminus.

The quasi-living character of such (GRIM) polymerization is illustrated in the study of
Tovu et al.*® concluding that the increase of the polymer chain length (molecular weight) is
linear with conversion, the polydispersity is rather low and the degree of polymerization is
determined by the concentration of the Kumada complex.

The GRIM polymerization technique focuses more and more interest on other
monomers, different from thiophene based monomers for the generation of conjugated240 and

**! The functionalization of the GRIM generated polymer chains is

non-conjugated polymers.
not only open to the chain end-group (hydrogen terminated or not), but also to the functional
groups present within the monomer unit.>> More complex macromolecular architectures can
also be developed such as hyperbranched macrostructures by employing a two-arm or three-
arm ‘initiator’,*** copolymers by copolymerizing different monomers,”***** block copolymers

by combining GRIM polymerization with controlled/living polymerization techniques such as
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ATRP, RAFT, NMP and cationic polymerization” with targeted end-group, or by

. . . . 246
performing modular ligation reactions.

2.7. Conclusions

The above described polymerization techniques (ATRP, RAFT and GRIM
polymerizations) enable the generation of very well-defined polymer chains under CLRP and
quasi-living (in the case of GRIM polymerization) polymerization conditions. The living
character of these polymerizations represents a fundamental aspect of the applied strategy to
functionalize SWCNTSs in a ‘grafting to’ approach and attain the objectives of the present
thesis. Indeed, the structure of the polymer chains depends, in terms of topology (linear
polymer) and chemical composition, on a well-controlled polymerization. On the one hand
the chain length and the monodipersity, on the other hand the end-group fidelity, are readily
controlled by these techniques. Once the structure of the polymer chains has been determined,
the success of the chain-end transformation of the polymer chains terminus into Cp needs to
be verified. Subsequently, the ligation of the Cp end-capped polymer chains with SWCNTSs
can be performed. Finally — based on the previous characterization of the polymer chains —
the composition (grafting density) of the hybrid material can be accurately determined as

described in the following chapters of the present thesis.
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Chapter 3 — Methods, Instrumentation and

Materials

In Chapter 3, the analytic methods employed in the current thesis are described, in a
first part for the methods dedicated to the characterization of polymer chains and organic
molecules; and in a second part for the analytic methods necessary for the characterization of
the hybrid SWCNT/polymer materials. After a succinct description of each analytic principle,

the modus operandi for each instrument is reported.

3.1. Size Exclusion Chromatography (SEC)

Size Exclusion Chromatography (SEC) was essentially employed in the present thesis to
determine the molecular weight and the polydispersity of the different synthesized polymer
chains. During SEC experiment, the polymer chains are separated according to their
hydrodynamic volume. The analyte flows in an eluent through a column containing a

247

stationary phase (porous silica or highly cross-linked organic gels),”" and the change in

refractive index of the eluent enables the recording of a weight distribution. The method

requires a calibration with polymer standards***

eluted at a specific retention time or via
universal calibration,”* e.g. a specific hydrodynamic volume corresponding to a well-defined
molecular weight. SEC is a simple and rapid method to assess the molecular of the polymer
chains (i.e. the polymer distribution).

The SEC measurements were performed on a Polymer Laboratories PL-GPC 50 Plus
Integrated System, comprising an autosampler, a PLgel 5 um bead-size guard column (50 x
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7.5 mm) followed by one PLgel 5 um Mixed E column (300 x 7.5 mm), three PLgel 5 um
Mixed C columns (300 x 7.5 mm) and a differential refractive index detector using THF as
the eluent at 35 °C with a flow rate of 1 mL-min". The SEC system was calibrated using
linear poly(methyl)methacrylate standards ranging from 700 to 2:10° g'mol”. From a
0.1 mg'mL™" sample solution 100 pL were injected. The molecular weight distribution were
corrected with the Mark-Houwink relation with K = 12.8:10° dL-g"" and a = 0.69 for PMMA
(Chapter 4 and 7),2° and for K = 5.75-107 dL-g'l, a = 0.78 for PNIPAM (Chapter 5).5!

3.2. Nuclear Magnetic Resonance spectroscopy (NMR)

'H and °C NMR spectroscopy were performed to characterize the structure and purity
of organic intermediates. The characterization of the polymerization reaction mixtures via 'H
NMR spectroscopy enabled to determine the conversion of the polymerization reaction, while
the '"H NMR analyses of purified polymer samples allowed the determination of the chain
length and the characterization of the chain end-group of the polymer chains after their
transformation. More details of the materials characterized via NMR spectroscopy are to be
found in the respective chapters.

The NMR measurements were conducted on a Bruker AM400 spectrometer at 400 MHz
for hydrogen nuclei, and 100 MHz for carbon nuclei. Samples were dissolved in CDCl; using

residual solvent peaks for shift correction.

3.3. Mass spectrometry of polymers

Contrary to SEC and NMR spectroscopy, mass spectrometry is a sensitive and accurate
methodology to access the exact mass of individual polymer chains in a sample. Electrospray
Ionization — Mass Spectrometry (ESI-MS) and Matrix Assisted Laser Desorption Ionization
(MALDI) feature different ionization principles, yet remain two complementary mass

spectrometric methods for the accurate characterization of polymer chains.

3.3.1. Electrospray lonization — Mass Spectrometry (ESI-MS)

ESI-MS is based on an electrospray process, consisting of the nebulization of the
solution containing the analyte, after its flow through a capillary needle at a high potential (3—
5 kV).?? Desolvatation takes place in the charged droplets by means of solvent evaporation
(aided by an additional gas flow) and by successive ‘coulombic explosions’. the droplets
shrink until the surface tension cannot sustain the repulsive Coulomb forces and they
disintegrate. The charged polymer chains, then in the gas phase, reach the mass analyzer
through a heated transfer capillary. In the present work, the mass analysis is performed by a

linear quadrupole ion-trap. The quadrupole ion-trap consists of four electrodes subjected to
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different voltage and high frequencies.”>® For a characteristic voltage, ions of a specific m/z
value describe a stable trajectory within the quadrupole and the complete mass spectrum is
subsequently obtained by varying the voltage. The particular design of the quadrupole ion-
trap enables to isolate specific ions, allowing further fragmentation experiments (collision
induced dissociation) to be conducted. ESI-MS is an efficient method for the characterization
of polymer chains, as long as the molecular weight does not exceed 4000 Da. The presence of
multiple charged species, however, enables to get access to higher molecular weight regimes.
The preparation of the analyte occurs in a volatile solvent dotted with cations to enhance
ionization and is very convenient. The resolution of the employed linear quadrupole ion trap
is close to 0.3 Da.

The spectra were recorded on an LXQ mass spectrometer (Thermo Fisher Scientific,
San Jose, CA, USA) equipped with an atmospheric pressure ionization source operating in the
nebulizer assisted electrospray mode. The instrument was calibrated in the m/z range
195-1822 using a standard containing caffeine, Met-Arg-Phe-Ala acetate (MRFA) and a
mixture of fluorinated phosphazenes (Ultramark 1621) (all from Aldrich). A constant spray
voltage of 4.5 kV was used and nitrogen at a dimensionless sweep gas flow-rate of 2 (approx.
3 L'min") and a dimensionless sheath gas flow-rate of 12 (approx. 1 L-min™") were applied.
The capillary voltage, the tube lens offset voltage and the capillary temperature was set to
60 V, 110 V and 275 °C, respectively. The sample was directly injected with the addition of
sodium trifluoroacetic acid at a concentration of 0.14 pug-L" from a 0.5 mg'mL™" solution in
THF:MeOH (3:2) for the PMMA samples (Chapter 4 and 7), and from a solution of
methylene chloride:methanol (3:1) for the PNIPAM samples (Chapter 5).

3.3.2. Matrix Assisted Laser Desorption Ionization (MALDI)

The ionization in MALDI requires the analyte to be incorporated into an organic matrix
sensitive to the wavelength of the laser.”>* A high amount of laser energy is absorbed by the
matrix and subsequently transmitted to the analyte which is subsequently, transferred into the
gas phase as ions. The mass analysis is often performed via a Time-of-Flight (ToF) analyzer.
In a ToF analyzer, ions are accelerated under in an electric field, and the time needed to travel

. . . . 255
a certain distance gives access to their m/z value.

The main advantage of MALDI over
ESI-MS is the ability to access high molecular weight regions (10° Da). However, several
trials for determining the optimal choice of matrix interacting with the analyte are required.
Moreover, fragmentation of the analyte can occur due to laser irradiation, while ESI-MS is an
even softer ionization method. The achievable resolutions in the sub-4000 Da mass range,

employing a ToF analyzer, are close to those observed with linear quadrupole ion traps.
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For the P3HT sample (Chapter 6), MALDI-ToF mass spectrometry was performed on
an Autoflex III Smartbeam MALDI (Bruker Daltonik, Bremen) operating at laser wavelength
of 355 nm while using DCTB as the matrix. DCTB matrix (10 mg:mL™") and the polymer
samples (2 mgmL"') were separately dissolved in THF. 5 pL matrix solution was
subsequently mixed with 2 pLL. sample solution. 1 pL of this mixture was pipetted onto the
stainless steel target. After evaporation the target was inserted in the mass spectrometer and

2000 shots were accumulated from different regions of the sample spot.

3.4. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis consists of continuously weighing a sample while it being
heated. The sample is placed in a small inert crucible, attached to a microbalance, and is
positioned into a furnace. The microbalance is equipped with a rotating pivot, used as a
galvanometer, and is electronically controlled to keep the balance in the zero position, so that
the sample remains at the same position in the furnace during its degradation. The variation of
current (or voltage) is continuously recorded to deliver the mass variation of the sample with
the temperature measured in the furnace by a thermocouple.”*®

Thermogravimetric measurements were carried out on a Q5000 thermogravimetric
analyzer from TA-Instruments. Approximately 6 mg of sample was heated at 10 K-min™ from
ambient temperature to 100 °C for 30 min, and subsequently at the same heating rate from
100 to 700 °C for the polymers (and up to 1000 °C for the SWCNTs and their derivates) in a
dynamic air atmosphere (flow rate =25 mL-min™"). The samples synthesized in Chapter 4
were heated at the same conditions, except for the isothermal step conducted at 210 °C in

order to evaporate potentially adsorbed NMP from the sample.

3.5. Elemental Analysis (EA)

The elemental composition of an organic compound for the elements carbon, hydrogen,
nitrogen and sulfur is determined from the composition of its combustion gases.”’ The
sample is placed in a furnace at high temperature to be burnt via flash dynamic combustion
under a continuous flow of an oxygen/helium mixture. The different gases resulting from the
combustion are separated by gas chromatography and analyzed by thermoconductivity. The
peak area associated with each gas in the chromatogram is subsequently compared to a
calibration substance, and the quantity of each element reported to the mass of the sample to
determine the weight percentage (wt.-%) of the corresponding element. To quantify the
oxygen content, the sample is separately pyrolyzed in the presence of a nickel-coated carbon

catalyst quantitatively converting the gases into carbon monoxide. After separation via gas
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chromatography, the quantity of carbon monoxide detected is related to the calibration
substance, and the quantity of oxygen detected is reported to the mass of the sample for the
determination of the weight percentage of oxygen in the sample.

The elemental composition of the samples was analyzed using an automatic elemental
analyzer Flash EA 1112 from Thermo Scientific, which was equipped with an MAS 200R
auto sampler. The calibration standards methionine, and 2,5-bis-5-tert-butyl-2-
benzoxazolylthiophene (BBOT), and vanadium pentoxide, tin capsules, and silver containers
were purchased from IVA Analysentechnik e. K., Germany. Helium 5.0 for the GC-TCD

analysis was purchased from Linde, Germany.

3.6. X-Ray Photoelectron Spectroscopy (XPS)

Contrary to TGA and EA, XPS is an almost destruction free method providing access to
the chemical composition of a surface, via the electronic state of the detected elements. The
method is based on the photoelectric effect induced by the exposure of matter to X-rays under
high vacuum. For XPS, soft X-rays are involved (photon energy in the range 200-
2000 eV).”** The incident X-ray ejects an electron from a core shell (for example K shell for
electron located in the 1s atomic orbital). The generated photoelectron quits the atom with a
specific kinetic energy, and is subsequently detected by an electron energy analyzer, able to
separate the electrons according to their kinetic energy and measure the corresponding
electron flux. The emitted photoelectrons without energy loss (elastic interactions) constitute
the characteristic peaks of the XPS spectrum associated with specific binding energies, while
the photoelectrons undergoing inelastic scattering (secondary electrons) constitute the
background of the spectrum. When the photoelectron is emitted, the ionized atom must relax,
either by the emission of an X-ray photon (X-fluorescence) or by the reorganization of the
electronic configuration from electrons located at higher energy levels. A higher energetic
electron from superior shells will fill the vacancy left by the photoelectron emission, and
release energy. When this energy is released as a photon, this photon can eject a second
electron, called Auger electron. The spectroscopic method associated with this phenomenon is
known as X-ray induced Auger Electron Spectroscopy (X-AES) and delivers complementary
information.

The XPS measurements were performed using a K-Alpha XPS spectrometer
(ThermoFisher Scientific, East Grinstead, UK). Data acquisition and processing using the
Thermo Avantage software is described elsewhere.”” All SWCNTs were deposited on Au
substrates and analyzed using a microfocused, monochromated Al Ko X-ray source (30—

400 um spot size). The K-Alpha charge compensation system was employed during analysis,
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using electrons of 8 eV energy and low-energy argon ions to prevent any localized charge
build-up. The spectra were fitted with one or more Voigt profiles (BE uncertainty: +0.2 eV).
The analyzer transmission function, Scofield sensitivity factors,”®® and effective attenuation
lengths (EALs) for photoelectrons®®' were applied for quantification. EALs were calculated
using the standard TPP-2M formalism. All spectra were referenced to the Au 4f;, peak at
84.0 eV binding energy, the C Is peak for hydrocarbons at 285.0 eV binding energy and the
C 1s peak for the C-C sp” bond at 284.4 eV binding energy controlled by means of the well-

known photoelectron peaks of metallic Cu, Ag, and Au, respectively.

3.7. High Resolution Transmission Electron Microscopy (HRTEM)

The observation of nanostructures requires the use of electron microscopy which
resolution is higher (around 0.3 nm) than that of conventional light microscopy (around
200 nm). The higher resolution in electron microscopy is due to a shorter wavelength
characteristic of the electrons (Broglie equation) compared to the wavelength of photons
(limit of diffraction).”®* Similarly to conventional optics, the primary electrons are observed
whether they are reflected (Reflexion Electron Microscope, REM) or transmitted
(Transmission Electron Microscopy, TEM). Whereas REM and TEM images are based on the
image of primary electrons reflected and passing through the sample respectively, Scanning
Electron Microscopy (SEM) is based on imaging secondary electrons resulting from their
interaction with the surface of the sample. During SEM, primary electrons are focused into a
sub-nanometer electron probe that is scanned across the sample. The secondary electrons are
detected in a raster (square surface) for each point of the sample, and the final image is
generated by collecting the images of each scanned point. While TEM has a resolution
generally around 0.2—0.5 nm (electron beam energy from 100 to 1000 keV), SEM is limited to

1-10 nm (electron beam energy from 1 to 30 keV).”

Environmental Scanning Electron
Microscopy (ESEM) is particularly useful for the observation of biological samples in a
specific gas atmosphere. The TEM consists basically of an electron gun, a sample chamber,
electron lenses and a vacuum system (107—10" Pa for high voltage TEM).

The source of electrons is an electron gun constituted of a filament able to emit a beam
of electrons with sufficient kinetic energy to pass through the sample. The electron sources
can be differentiated by their physical principle, their operating parameters (voltage,
temperature vacuum) and the brightness of their emission. After being accelerated in an
electric field, the electrons are focused in a first strong magnetic lens and pass through a

condenser aperture to control the convergence angle (maximum deviation angle from the

optic axis). The focused electron beam (diameter of the focusing area of a few nanometers)
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passes through the sample and is successively magnified by the objective composed of several
condensing lenses and apertures. A final lens is employed as projector to generate the
magnified image (10° times from the original) on CCD sensors protected with a fluorescent
screen. As light microscope, TEM is limited by the quality of the lenses (astigmatism,
spherical aberration), the quality of the electron source (geometry, brightness) and the quality
of the objective (chromatic aberrations). The high resolution modus for TEM (High
Resolution Transmission Electron Microscopy, HRTEM) can be used in order to increase the
resolution to 0.8 A. The diffracted electrons and the transmitted electrons interfere by their
phase and generate an electron exit wave localized below the sample. This wave is
subsequently treated by the system as an image and delivers an image with higher resolution
than conventional TEM operative modus.***

HRTEM was performed in Chapter 4 with a Philips CM200FEG instrument, at 200 kV
(large objective), the samples were prepared on copper grid with hollow polymer coverage.
HRTEM was performed in Chapter 6 with a FEI Titan 80-300 instrument at 300 kV, equipped
with a Cs (spherical aberration corrector) for high resolution condition (0.08 nm). The
SWCNT based samples were dispersed in a 10 pg'mL™" toluene dispersion via ultrasonic bath
for 5 minutes. One drop of the dispersion was immediately applied onto a copper grid with

holey polymer coverage.

3.8. Ultraviolet-Visible spectroscopy (UV-VIS)

Ultraviolet-visible spectroscopy (UV-VIS) was employed as a complementary analytic
method to DLS for the characterization of thermo-responsive functionalized SWCNTs (see
Chapter 5). The UV-VIS spectrophotometer was employed for turbidity measurements in
transmission mode, i.e. the intensity of a light beam at a specific wavelength is measured after
passing through the sample. Firstly, the spectrum of the solution and dispersion was recorded
in the range of between 800-200 nm after tempering in a quartz cuvette at different
temperatures. For generating such a spectrum, the wavelength region is scanned by splitting
the light beam via a rotating grating. The subsequent diffracted light for a specific wavelength
hits the detector at a pre-determined position and the spectrum can be recorded.’®® A
transparent range of wavelength was determined where no absorption from the sample takes
place. A specific wavelength was chosen in order to follow the evolution of the transmission
of the sample, either water solution containing the thermo-responsive polymer or the
dispersions of SWCNTs, as a function of the temperature in successive heating/cooling
cycles.

The UV-spectroscopy experiments were conducted on a Varian Cary 300 Bio
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spectrophotometer. In Chapter 5, the SWCNT based samples were added to deionized water
at a concentration of 0.01 mg'mL™" and left 24 h under refrigeration (6 °C). The solution was
dispersed while being immersed in an ice-bath with a 450 W sonifier (W-450 G. Heinemann,
24 kHz) equipped with a sonotrode (20 mm diameter) and received a total energy of 4 kJ, and
stored in the confinement of an ice-bath. After recording the all UV-Vis spectrum of the
dispersion, the absorbance to perform turbidity experiments was fixed at 600 nm. PNIPAM
solutions were prepared at 0.1 mg'mL™. All samples underwent a heating/cooling rate of
0.1 °C-min”" with 10 min equilibration time for each temperature step, from 25 °C for the
polymer solutions, and from 10 °C for the SWCNT based dispersions. The maximum
temperature was 35 °C for all samples. In Chapter 6, the absorption spectra were recorded in

chloroform from 200 nm to 800 nm with a resolution of 1 nm.

3.9. Dynamic Light Scattering (DLS)

Dynamic Light Scattering (DLS) measurements were employed for the size
characterization of particles dispersed in water (refer to Chapter 5). The principle of DLS
differs from the Static Light Scattering (SLS) principle. In the static mode, the scattered
intensity at different angles and concentrations of the analyte is measured and is dependent on
the form and structure factors. Model approximations for SLS measurements applied to
polymers enables to access to the molecular weight, gyration radius and second virial
coefficient.”*® The DLS measurement principle relies in the Brownian motion of the particles
in solution (or dispersion). The intensity of the scattered light fluctuates according to time and
is recorded. An autocorrelation function can be mathematically calculated over a period of
time and for a specific angle (fixed at 90°), and this function gives direct access to the
translation diffusion coefficient, and consequently to the hydrodynamic diameter of the
studied particles.”®’

DLS was performed with a Nicomp 380 DLS spectrometer from Particle Sizing
Systems (Santa Barbara, USA - laser diode: 90 mW, 632.8 nm), with an incident beam at 90°,
in automatic mode. The measurements were evaluated with a standard Gaussian and an
advanced evaluation method using an inverse Laplace algorithm for multimodal distribution.
The hydrodynamic diameters were evaluated via the volume weighted average values. The
thermal regulation is driven by a Peltier thermoelectric element (+0.2 °C). The same protocol
was followed as for the UV-measurements to disperse the SWCNTs and the samples were
kept immersed in an ice-bath after sonication prior to each measurement. For the SWCNT
based dispersion, deionized water was filtered with a PFTE 0.2 um filter and the flasks were

washed with acetone and ethanol to eliminate any dust. The obtained SWCNTSs dispersions
- 46 -



3.10. Fourier Transform Infrared spectroscopy (FTIR)

were not filtered after sonication, since some SWCNTSs remain on the filter that would distort
the result. In contrast, the polymeric solutions were filtered and fixed at 0.1 mg'mL" as for
the UV-measurements. The temperature region from 10 to 40 °C was inspected with an
increment of 5 °C. For a specific temperature, 5 cycles of 5 min were conducted and
averaged. The system was allowed to stabilize at each temperature for 30 min between two
temperature measurements. The complete measurement (10—40 °C) lasted approximately 7 h.
To determine if the evolution of the hydrodynamic diameter of the dispersion was not related
to instabilities, the dispersion was also tested for the same measurement time (7 h) at 10 °C.
Those conditions were also employed to verify the stability of the dispersion after 24 h when
placed in a cool place. These two measurements led to almost identical results and

demonstrated the reliability of the DLS measurements for the SWCNT based dispersion.

3.10. Fourier Transform Infrared spectroscopy (FTIR)

Fourier Transform Infrared (FTIR) spectroscopy was employed as an analytic method
for the characterization of organic compounds (see Chapter 5 and 7) and SWCNTs (refer to
Chapter 7). Although many convenient and simple techniques exist for carrying out infrared
spectroscopy experiments, the measurements were performed in transmittance mode with
samples embedded in KBr pellets. This method was employed especially for the SWCNTs
since other techniques were not feasible for these materials (Attenuated Transmitted
Reflection ATR, confocal microscopy, reflexion, Diffuse Reflectance Infrared Fourier
Transform spectroscopy DRIFT, Infrared Reflection Absorption Spectroscopy IRRAS). For
uniformity reason, other organic compounds were characterized via the same experimental
protocol. Depending on its functional group constitution and chemical bonds, the studied
molecule, or system, absorbs infrared energy delivered from an infrared source. A typical
FTIR spectrum of a sample is obtained via the comparison of the interferogramms obtained
from the source infrared beam with the transmitted signal after irradiation of the sample.
Concretely, before being detected and recorded, the interferogramm is generated as the
infrared light beam passes through a Michelson interferometer. By comparing the difference
between the incident signal and the transmitted signal after the Fourier transformation of the
obtained interferogramm, the variation of the transmittance according to the wavenumber
(equivalent to frequency) yields a typical FTIR spectrum.®

The infrared measurements were performed using a Bruker FT-IR microscope

HYPERION 3000 coupled to a Bruker research spectrometer VERTEX 80.
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3.11. Raman spectroscopy

Raman spectroscopy is complementary to FTIR spectroscopy. Generally speaking, the
Raman and FTIR spectra display at first glance several similarities, although the physical
principle and the information content are very different. Contrary to FTIR spectroscopy,
Raman spectroscopy is not an absorption spectroscopy of infrared radiation, but the inelastic
scattering of light from a molecule. Excited by a laser source, the molecule absorbs light at a
virtual level (schematically located between the fundamental and the excited electronic levels
of energy). The molecule relaxes as an electron returns to its initial energy level (Rayleigh
scattering), at a higher energy level (Stockes scattering) or at a lower energy level (anti-Stokes
scattering). The efficiency of the Raman scattering is relatively low (intensity of scattered
energy 10°—10 of the incident energy) as most of the energy is recovered in the Rayleigh
scattering or, if the laser excitation is not adapted (wavelength, power), by fluorescence.®

Typically, Raman spectroscopy is based on the variation of the polarizability of a
molecule induced by light, while FTIR spectroscopy is based on the variation of dipole
moment. An example for the complementarity of both methods is the possibility of
performing Raman spectroscopy in water whereas this is difficult for FTIR spectroscopy
(strong absorption of water). The Raman spectrometer is constituted of a laser source, a
grating and a detector. Raman spectroscopy is the method of choice for the characterization of
carbon materials, especially for SWCNTs since their diameter (radial breathing modes) and
their quality (defect band peak) can be simply determined.””® Surface Enhanced Raman
Spectroscopy (SERS) and tip-enhanced Raman spectroscopy are two emerging methods for
the characterization of CNTs. Via the participation of gold colloids or gold structured
substrate, Raman scattering can be multiplied by a factor of 10'°~10"" via SERS,*”" increasing
the quantity of information derived from the sample since CNTs also tend to absorb light.
When coupled with tools such as AFM (Atom Force Microscopy), tip-enhanced Raman
spectroscopy enables to perform local spectroscopy, directly at the surface of the CNTs,
enhancing the chance to determine their electronic properties (metallic or semi-conducting) of

"2 In Chapter 7, the Raman spectra of 0.1 mg-mL™" water

the investigated region of the tube.
dispersions were recorded on a HoloLab (Kaiser Optical Systems) equipped with a 785 nm
(1.58 eV) laser source. The final spectrum was obtained via 100 scans at a laser power of
400 mW. For the same samples, an additional Raman spectrometer (Bruker FT Raman RFS
100/S) with a Nd-YAG laser source of 1064 nm (1.17 eV) was employed at 1250 mW and the

spectra were generated after cumulating 1000 scans.
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3.12. Materials

3.12.1. Chemicals employed in Chapter 4

Methyl methacrylate (MMA, Acros) was passed through a column of basic alumina
prior to use and stored at -20 °C. Copper (I) bromide (Cu'Br, Fluka) was purified via
sequential washing with sulphurous acid, acetic acid and ethanol, followed by drying under
reduced pressure. Methyl 2-bromo-2-methylpropionate (MBMP, 2>99%, Aldrich),
copper(Il)bromide (Cu"Br, >99%, Fluka), 2,2’-bipyridyl (bpy, >99%, Sigma-Aldrich),
nickelocene (NiCp,, 99%, Strem Chemicals), sodium iodide (Nal, >99%, Fluka),
triphenylphosphine (PPh;, >99%, Merck), and tetrahydrofuran (THF, anhydrous, >99.9%,
Sigma-Aldrich) were used as received. Acetone (VWR) was purchased in the highest purity
and used as received. N-methylpyrrolidone (NMP, >98%, Fluka) was distilled under vacuum
before use. The SWCNTs were purchased from He Ji Ltd. (diameter: 1-2 nm, length: 10—
50 um). SWCNTs were used as received with a content of SWCNTSs up to 90 wr.-% and less
than 1.5 wr.-% ashes (characteristics from the supplier). Dispersions of SWCNTs were

filtered using a PTFE-membrane (0.2 pm pore size, Sartorius).

3.12.2. Chemicals employed in Chapter 5

N-isopropylacrylamide (NIPAM, 98%, TCI) was recrystallized from n-hexane and
stored at -20 °C. 2,2'-Azobis(2-methylpropionitril (AIBN, 98%, Acros) was recrystallized
from ethanol before use. 1,4-Dioxane (>99%, Acros) was freshly passed through a column of
basic alumina before use. Copper (I) bromide (Cu'Br, Fluka) was purified via sequential
washing with sulphurous acid, acetic acid and ethanol, followed by drying under reduced
pressure. N, N,N',N",N"-pentamethyldiethylenetriamine (PMDETA, > 99%, Acros),
nickelocene (NiCp,, 99%, ABCR), sodium iodide (Nal, >99%, Fluka), triphenylphosphine
(PPhs, >99%, Merck), N-maleimide (=99%, Sigma Aldrich), tetrahydrofuran (THEF,
anhydrous, >99.9%, Sigma-Aldrich) and N,N-dimethylformamide (DMF, >99%, Sigma
Aldrich) were used as received. N-methylpyrrolidone (NMP, 99%, Acros) was distilled under
vacuum before use. All other solvents were purchased from VWR in the highest available
purity and used as received. SWCNTs were purchased from Carbon Solutions Inc. (diameter:
1.4 nm) and used as received with a content of SWCNTSs up to 90 wt.-% and less than 4—
8 wt.-% ashes (supplier information). Dispersions of SWCNTs were filtered using a PTFE-

membrane (0.2 pm pore size, Sartorius).

3.12.3. Chemicals employed in Chapter 6
2,5-Dibromo-3-hexylthiophene (>97.0%) was purchased from TCI, Deutschland
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GmbH. Dry THF, [1,3-Bis(diphenylphosphino)propane]dichloronickel(Il) Ni(dppp)Clz (99%)
was obtained from Acros Organics, Geel Belgium. Triethylamine (TEA, 99%), zinc chloride
(ZnCly, >99%), tert-butylmagnesium chloride (2 M ether solution), and vinylmagnesium
bromide (1 M THF solution) were obtained from Sigma-Aldrich, Schnelldorf, Germany. 9-
Borabicyclo[3.3.1]nonane (9-BBN) monomer (97%, 0.5 M THF solution) and 2-
bromopropionyl bromide (97%) were obtained from Alfa Aesar GmbH & Co KG, Karlsruhe,
Germany. 35% aq. H,O, solution was obtained from Carl Roth + Co. KG, Karlsruhe,
Germany. Bis(cyclopentadienyl)nickel (NiCp,, Nickelocene, 99%) was purchased from
ABCR GmbH & Co KG, Germany. Sodium iodide (Nal) was obtained from Fisher Scientific
UK Limited. Triphenylphosphine (PPhs, >99%) was obtained from Merck Schuchardt OHG,
Hohenbrunn Germany. PS (M, = 3100 g'mol”, = 1.1) with dithioester end-groups was
synthesized according to a previously published RAFT procedure.*® N-methylpyrrolidone
(NMP, 99%, Acros) was distilled under vacuum before use. SWCNTs were purchased from
Carbon Solutions Inc. (diameter: 1.4 nm) and used as received with a content of SWCNTs up
to 90 wt.-% and less than 4-8 wt.-% ashes (supplier information). Dispersions of SWCNTs

were filtered using a PTFE-membrane (0.2 um pore size, Sartorius).

3.12.4. Chemicals employed in Chapter 7

Methyl methacrylate (MMA, Acros) was passed through a column of basic alumina
prior to use and stored at -20 °C. Copper(I) bromide (Cu'Br, Fluka) was purified via
sequential washing with sulphurous acid, acetic acid and ethanol, followed by drying under
reduced pressure. Picolylchloride hydrochloride (98%, Aldrich), phenylsulfinate sodium
(technical grade, 85%, Aldrich), 1,8-diazabicycloundec-7-ene (DBU, >99%, Fluka),
tetrapropylammoniumbromide (98%, Sigma-Aldrich), p-bromomethylbenzoic acid (97%,
ABCR), diisobutylaluminum hydride in hexane (DIBAL-H, 1 rnol-L'l, Acros), elemental
sulfur (powder, Sigma-Aldrich), potassium fert-butanolate (95%, Sigma-Aldrich),
N,N,N',N",N"-pentamethyldiethylenetriamine (PMDETA, >99%, Acros), nickelocene (NiCp,,
99%, ABCR), sodium iodide (Nal, >99%, Fluka), triphenylphosphine (PPhs, >99%, Merck),
N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC, 2>99%. Sigma-
Aldrich), 4-dimethylamino pyridine (DMAP, >99% Sigma-Aldrich), and trifluoroacteic acid
(TFA, 99%, ABCR) were used as received. N-methylpyrrolidone (NMP, 99%, Acros) was
distilled under vacuum before use. Anhydrous toluene (water content < 30ppm) was
purchased from Sigma-Aldrich. For the esterification, dichloromethane was purchased in the
highest purity from VWR and distilled over phorsphorus pentoxide (=97%, Fluka) prior to
use. All other solvents were purchased in the highest available purity from VWR and used as
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received. SWCNTs (>90%) were purchased from He Ji Ltd. (diameter: 1-2 nm, length:
10-50 um) and used as received (< 5 wt.-% ashes). Dispersions of SWCNTs were filtered

using a PTFE-membrane (0.2 um pore size, Sartorius).

-51 -



Chapter 3

_52.-



Chapter 4 — ‘Proof of principle’: SWCNT's
functionalization with cyclopentadienyl

end-capped poly(methyl)methacrylate

Diels-Alder cycloaddition
on carbon nanotubes
at ambient temperature
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4.1. Introduction

While the characterization of Cp end-capped PMMA polymer chains is a relatively
straight forward task (via SEC, NMR spectroscopy and ESI-MS), evidencing the success of
the functionalization of CNTs with polymer strands is not as straight forward as in the case of
functional fullerenes (characterization of the adduct possible via ESI-MS), as polymer-
functionalized SWCNTSs do not spontaneously dissolve in any solvent system and can thus

273 .
The characterization

not be analyzed via e.g. soft ionization mass spectrometric techniques.
approach taken in the current thesis combines quantitative (surface analysis) methods to prove
the successful [4+2] cycloaddition of Cp-capped polymers onto the SWCNTs. TGA was
conducted to observe changes in the thermal response profiles and to estimate the grafting
density of polymer chains attached onto the SWCNTs. Complementary to TGA, EA and XPS
enable the determination of the elemental composition (throughout the bulk and the surface)
of the sample and enable the comparison of the grafting density estimated via these three
methods. In addition, HRTEM was performed to visualize the modified surface of the
SWCNTs after the [4+2] cycloaddition and to deduce the thickness of the grafted polymer
layer. PMMA was initially chosen as it can be readily prepared with a pre-selected chain
length and narrow polydispersity via ATRP, featuring a bromine chain terminus, which is
readily switchable to a highly [4+2] active Cp entity in a quantitative fashion as recently
demonstrated by Inglis er al.*”* Most importantly, PMMA contains oxygen atoms which can
be readily distinguished from SWCNTs (constituted only of carbon atoms) by XPS and EA.
Chapter 4 is divided in two parts. In the first part (section 4.2), the synthesis and the
characterization of PMMA-Cp is described and the quantitative presence of the Cp group at
the terminus of the polymer chains is evidenced. In the second part (section 4.3), the hybrid
material PMMA-Cp/SWCNTs, and a control sample, are characterized via the above cited
and already discussed (refer to Chapter 3) techniques to quantitatively assess the success of
the DA reaction of Cp-end functionalized PMMA with SWCNTs under ambient conditions

without the use of any catalyst as depicted in Scheme 4.1.
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1) dispersion in NMP
2) 24h, ambient temperature (2a)
24h, 80 C (2b)

SWCNT 2a, 2b

Scheme 4.1. Synthetic pathway for the direct [4+2] functionalization of SWCNTs with Cp-
capped PMMA (PMMA-Cp, 1) at ambient temperature (product 2a) and at 80 °C
(product 2b).

4.2. Synthesis

4.2.1. Polymerization and Cp-transformation

The synthesis of Cp-capped PMMA-Cp was performed according to the procedure
described by Inglis er al.”’* and requires the synthesis of the bromine terminated polymer
PMMA-Br via ATRP. The list of the employed materials can be found in Chapter 3
(section 3.12.1).

The synthesis of the starting material PMMA-Br was proceeded as follows. To a dried
Schlenk tube was added copper (I) bromide, copper (II) bromide and bpy which was then
sealed with a rubber septum, evacuated and backfilled with nitrogen. To another Schlenk tube
was added methyl methacrylate (MMA) and acetone were added (50:50) and equipped with a
rubber septum. The monomer solution was then deoxygenated by three consecutive freeze-
pump-thaw cycles and subsequently transferred to the first Schlenk tube via cannula. The tube
was sealed under a nitrogen atmosphere and placed in a thermostatic oil bath held at 50 °C.
After the polymerization mixture reached the desired temperature, methyl 2-bromo-2-
methylpropanoate (MBMP) was added. The initial ratio of
[MMA]:[MBMP]:[Cu'Br]:[Cu"Br]:[bpy] was 50:2:0.105:0.0125:0.25. The polymerization
was stopped by cooling the mixture in an ice-bath and exposure to oxygen. The mixture was
passed through a short column of neutral alumina to remove the copper catalyst. PMMA-Br
was isolated by two-fold precipitation in cold hexane. The obtained polymer was
characterized via SEC (M, = 2700 g-mol'l, D=1.18).

The Cp transformation of PMMA-Br to obtain PMMA-Cp was conducted as follows. A
solution of bromine terminated polymer PMMA-Br (0.18 mmol), triphenylphosphine (PPhs,
0.36 mmol, 2 eq) and sodium iodide (Nal, 1.08 mmol, 6 eq) in anhydrous THF (2.0 mL) was
prepared under a nitrogen atmosphere. Separately, a stock solution of nickelocene (NiCp,) in
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anhydrous THF (0.18 mol-L™") was prepared under a nitrogen atmosphere. The NiCp, solution
(2.0 mL, 4 eq) was subsequently added to the polymer solution and allowed to stir overnight
at ambient temperature. At the end of the reaction, the mixture was passed through a short
column of basic alumina to remove the precipitated nickel (I) bromide and the polymer was
recovered by precipitation. The resulting polymer was dissolved in chloroform and washed
three times with distilled water. The obtained PMMA-Cp was isolated by successive
precipitations in cold hexane. The obtained polymer was characterized via SEC (M, =
2900 g'mol”, P =1.17).

The obtained bromine terminated polymer PMMA-Br and the Cp-capped polymer
PMMA-Cp were characterized by SEC. The SEC traces in Figure 4.1 depict the narrow
distribution of the initial polymer chains PMMA-Br synthesized via ATRP. After the chain-
end transformation, the molecular remains unchanged, which also guarantees the absence of
any chain coupling that could potentially occur between two Cp moieties, leading to a

doubling of the molecular weight.

Retention time /min
Figure 4.1. SEC traces of PMMA-Br (dot line) and PMMA-Cp (continuous line).

4.2.2. Chain-end fidelity
"H Nuclear Magnetic Resonance spectroscopy (NMR)
The chain-end fidelity of the Cp end-capped polymer (PMMA-Cp) is demonstrated by
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'H NMR spectroscopy via the appearance of two signals allocated to the Cp group in the
spectrum of PMMA-Cp (Figure 4.2). The protons e and f located at between 2.9 and 3.1 ppm
and between 6.0 and 6.7 ppm, respectively evidence the successful transformation of the

bromine end-group into a Cp end-group at the polymer chain terminus.

PMMA-Br o
a e a+d
\O Br
b " °
(\) N
i b+c
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Figure 4.2. "H NMR spectra of the starting material PMMA-Br (top) and the final PMMA-Cp
(bottom) after the end-group modification.

Mass Spectrometry (ESI-MS)

A detailed characterization of the initial and final polymer chains is performed via ESI-
MS for the determination of the end-groups for each polymer chains. From the ATRP process,
the main species present in the sample (and are of interest) are species II (see Scheme 4.2),
being the bromine terminated polymer chains PMMA-Br, while further species (III, IV, V)
are generated during the ATRP process.””

From the ESI-MS spectra in Figure 4.3, while bromine capped PMMA-Br is the main
product (II), three minor species (III, IV and V) are identified. During the transformation to
PMMA-Cp, only PMMA-Br reacts to generate the cyclopentadienyl capped polymer. Side
products are not bromine terminated, hence they remain in the sample and can be still

identified in the ESI-MS spectrum of PMMA-Cp at the same m/z. Via the transformation and
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according to the ESI-MS spectra (see Figure 4.3), PMMA-Br is completely transformed to
PMMA-Cp, leading to an effective mass change of 13.88 Da. Moreover, the isotopic pattern
changed from the PMMA-Br (II species) peak featuring the characteristic bromine isotopic
pattern ("Br and *'Br), to the PMMA-Cp (I species) peak with the characteristic carbon

isotopic abundances (**C and *C).

n n n
0 ? o o ? o) 0 ? o

I (PMMA-Cp) I (PMMA-Br) i
Ay ”WC’
n n
o} (‘) o O o c‘) o _O
v v

Scheme 4.2. Expected species during the ATRP process for the synthesis of PMMA-Br (1),
and after elimination of Br (IIT), HBr (IV) and CH3Br (V).
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Figure 4.3. ESI-MS spectra of PMMA-Br (II) and PMMA-Cp (I) polymer obtained via direct
source infusion. Signals marked with an asterisk represent double charged species (*) and
triple charged species (**). Minor side products from ATRP process (III, IV, V) are also
identified.

Peak identification was conducted according to the exact mass of the ATRP starting

molecule (2-methyl 2-bromo-2-methylpropanoate, MBMP) and the number of monomer units
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incorporated in the polymer chain (see Table 4.1). Only sodium adducts were observed and

the analysis led to the identification of up to three times charged ions for PMMA-Br (II for

single charged species, II" for double charged and IT"™" for triple charged species).

Table 4.1. Identification of the charged species present in PMMA-Br sample. The main
product is identified as the bromine terminated polymer chains (ITI) with the corresponding
double (IT") and triple (Il ") charged species, as well as minor side products (IIL IV, V).

n’  Species Formula m/z exp. m/zth.  Am/z
8 1 [C4sH73015BrNa]™  1003.12 100339 0.27
111 [CaoH75020Na]" 1009.68  1009.50  0.18
v [CsoHgoO2Na]" 1023.48  1023.51  0.03
\Y% [CsoHs2020Na]” 102548  1025.53  0.05
9 1 [CsoHgiO2BrNa]™ 110324  1103.44  0.20
111 [Cs4HgsO2oNa]" 1109.60  1109,55  0.05
v [CssHggOxNa]" 1123.60 1123.57  0.03
\Y% [CssHooO2;Na]" 1125.56  1125.58  0.02
10 1 [CssHgoOBrNa]™ 120328 120349  0.21
18 I [CosHis303sBrNa, " 1013.92  1013.87  0.05
19 I [CioH161040BrNay]*"  1064.44  1064.48  0.04
20 I [CiosH16004BrNay*"  1114.44 111451  0.07
21 I [CiioH17704BrNay]*"  1164.44  1164.53  0.09
28 II"  [CusHa:0ssBrNas’™  1017.36  1017.48  0.12
20 I [CisoH24106BrNas]** 105136 1051.16  0.20
30 17 [CissHaueOeBrNas]®™  1084.08  1084.51  0.43
31 17 [CieoH257064BrNas]*"  1117.48  1117.86  0.38
32 I [CiesHaesOesBrNas]*™ 115112 1151.21  0.09
33 I [Ci7oH27306sBrNas]™  1184.48 118457  0.09

“number of monomer units.

From the ESI-MS spectrum of PMMA-Cp, excellent agreement between the

theoretically expected and experimentally observed species is found (see Table 4.2). As for

the bromine capped polymer, sodium adducts are observed in the ESI-MS spectrum (species

I" for the double charged ions). The side products IIL, IV and V, not terminated by a bromine

group, remain inert towards the Cp transformation and are observed at unchanged m/z ratios.
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Table 4.2. Identification of the charged species present in the PMMA-Cp sample. The main
product is identified as the Cp terminated polymer chains (I) with the corresponding double
(I') and triple (I'") charged species (not observed in the ESI-MS spectrum), the non bromine
terminated polymer chains (II1, IV, V) remaining still present in the sample.

n’  Species Formula m/zexp. m/zth.  Am/z
8 I [CsoH73015Na]” 989.59  989.51  0.08
9 I [CssHgsO0Na]" 1089.60  1089.56  0.04
10 I [CooHosO2oNa]" 1189.64 1189.61  0.03
18 I’ [CiooH15s03sNa ] 1007.08  1007.01  0.07
19 I [CiosH16604Na2]*"  1057.04  1057.12  0.08
20 I’ [Cii0H17404Na, " 1107.57  1107.57  0.00
21 I [Ci11sH12044Na " 1157.60  1157.59  0.01
28 I [CisoH23s0ssNas]”™  1013.18  1013.12  0.06
29 I [CissHasO0Nas]™  1046.68  1046.54  0.14
30 I [CieoH25406Nas]P™ 1079.84  1079.89  0.05
31 I [CiesH22064Nas]™ 111324 111323 0.01
32 I [Ci70H270066Nas]™  1146.32  1146.58  0.26

331 [Ci7sH27s06sNas]*™  1179.68  1179.94  0.26

“number of monomer units.

By means of 'H NMR spectroscopy and mass spectrometry (ESI-MS), the targeted Cp-
capped polymer chains PMMA-Cp were characterized and based on the quantitative
transformation of ATRP synthesized starting product PMMA-Br, bromine terminated, with a
narrow distribution according to SEC measurements. Side products generated during the
polymerization were identified, yet their concentration remains rather low ensuring a high
purity of the polymer chains PMMA-Br, and thus consequently of the Cp terminated polymer
chains PMMA-Cp, which are further reacted with the SWCNTs, as described in the following

section 4.3.

4.3. Characterization of PMMA-Cp functionalized SWCNTSs

In this section, the synthesis of two PMMA-Cp/SWCNT hybrid materials differing in
their reaction conditions (ambient temperature for sample 2a and 80 °C for sample 2b) is
reported. The characterization is referenced to a control sample (3) generated by the mixture
of non reactive PMMA-Br polymer chains with SWCNTSs under the same conditions as for
the PMMA-Cp modified SWCNTs. In order to in-depth characterize the obtained hybrid
material, e.g. to estimate accurately the grafting density of the polymer chains at the surface

of the SWCNTs, the same analytic methods (TGA, EA and XPS) were employed to
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characterize the Cp-capped polymer chains PMMA-Cp (noted for convenience 1 in the
following) as the pristine SWCNTs.

4.3.1. Synthesis of the hybrid material PMMA-Cp/SWCNT

The lists of all materials employed can be found in Chapter 3 (section 3.12.1). In a
100 mL round bottom flask 25 mg of SWCNTs were dispersed in 50 mL of distilled NMP in
an ultrasonic bath. After 30 min of dispersion, 250 mg PMMA-Cp (1) was added and the
mixture was stirred overnight at ambient temperature (sample 2a). The dispersion was
subsequently filtered and washed with 100 mL THF and dried under vacuum. Sample 2b was
synthesized under the same conditions, except that the dispersion was heated at 80 °C after
the ultrasonic treatment. The round bottom flask was capped with dried CaCl, to ensure no
absorption of moisture. A control sample (3) was prepared under exactly the same reaction
conditions (including the washing procedure) as sample 2a by replacing the PMMA-Cp
polymer by its polymeric precursor PMMA-Br.

4.3.2. Results and discussion
Thermogravimetric Analysis (TGA)

The thermogravimetric analysis of the studied samples in air atmosphere (see
Figure 4.4) depicts noticeable differences between the non-modified SWCNTs, the control
reference (sample 3) on the one hand, and the PMMA-Cp modified SWCNTs 2a and 2b on
the other hand. Whereas non-modified SWCNTSs remain stable until degradation commences
at 350 °C, the PMMA-Cp modified SWCNTs start to degrade at lower temperature in two
steps.

The analysis of the first derivative curves of the TGA traces gives access to the
degradations that the samples undergo with increasing temperature. Figure 4.5 depicts the
first derivative curves obtained for each sample.

The maximal temperature T3, for which the weight loss is maximal and the final
temperature 7t of the observed degradation were obtained graphically from the first derivative
of the thermogravimetric profile of the samples. This analysis indicates for 2a and 2b that the
initial degradation sets in at 210 °C with a maximal temperature (73, for which the weight loss
is maximal) at 325 °C, while the subsequent degradation step has a similar maximal
temperature 7, compared to non-modified SWCNTs (see Table 4.3).

Such a behavior is to be expected when a covalent attachment to the SWCNTs surface
has indeed occurred: the tethered polymer strands on 2a and 2b should feature a similar

degradation temperature as the pure polymer sample PMMA-Cp (1), indicating identical
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maximal (7},) and final (7¢) temperatures characteristic for the polymer degradation part.
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Figure 4.4. Thermogravimetric analysis in air atmosphere employing a heat flow of
10 °C'min” of non-modified SWCNTs, 1 PMMA-Cp, 2a SWCNTs modified with
PMMA-Cp at ambient temperature, 2b SWCNTs modified with PMMA-Cp at 80 °C, 3
control sample (SWCNTs mixed with a non-DA reactive PMMA-Br at ambient temperature
and subjected to the same washing procedure as 2a and 2b). Once the temperature reached
100 °C, the sample was equilibrated for 30 minutes at 100 °C for SWCNTSs and 1, as well as
at 210 °C for 2a, 2b and 3 to evaporate residual solvent (NMP).

However, the overall degradation profile of 2a and 2b is indeed strongly altered when
compared to the virgin SWCNTs (where no degradation is observed in the sub-350 °C
region), providing evidence — underpinned by the below discussed control sample degradation
profile — for a successful functionalization of SWCNTs via a [4+2] cycloaddition with
PMMA-Cp. The final temperature degradation (7f) represents the temperature at which the
first degradation stops. Considering the weight loss at 7%, a further analysis of the obtained
TGA curves allows the quantification of the amount of polymer chains grafted onto the
surface of the SWCNTs. With observed weight percentages of 12.3% and 18.2% for 2a and
2b respectively, the amount of polymer on the surface of the SWCNTs after washing is

relatively high. Further underpinning these results, the thermogravimetric profile of the
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Figure 4.5. Derivatives of the thermogravimetric profiles in air atmosphere, with a heat flow
of 10 °C'min" for non-modified SWCNTs, 1 PMMA-Cp, 2a SWCNTs modified with
PMMA-Cp at ambient temperature, 2b SWCNTs modified with PMMA-Cp at 80 °C, 3
SWCNTs mixed with PMMA-Br at ambient temperature. Once the temperature reached
100 °C, the sample was equilibrated for 30 minutes at 100 °C for SWCNTSs and 1 as well as
at 210 °C for 2a, 2b and 3 to evaporate residual solvent (NMP).

Table 4.3. Quantitative grafting results obtained via TGA® of non-modified SWCNTs,
PMMA-Cp (1), SWCNTs modified with PMMA-Cp (2a)” and (2b)".

T T T wit.-%
°C  PC /°C at T
SWCNTs? 350 600 545 4.5
1 140 400 290 1.9
’s 200 410 325 87.7
410 650 565 10.1
2 200 410 325 81.8
410 650 570 8.8
200 410 325 93.5
: 410 600 545 4.5

“TGA conditions: air atmosphere, heat flow of 10 °C-min”', after 30 minutes isothermal step at 100 °C for
SWCNTs and 1, and at 210 °C for 2a, 2b and 3; ®at ambient temperature; “at 80 °C; “non-modified SWCNTSs;
“initial temperature for degradation; /final temperature for degradation; $temperature of maximal weight loss
(from first derivative); “number of carbon atoms covered by one polymer chain grafted on the surface of
SWCNTs.
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control sample 3 displays slight degradation, probably due to a small amount of PMMA-Br
adsorbed at the surface of the SWCNTs. However, samples 2a and 2b display a much
stronger degradation, unambiguously evidencing the covalent attachment of PMMA-Cp at the
SWCNT’s surface. The strongly altered thermal degradation profile observed in the profiles
of the SWCNTs that have undergone a DA reaction with PMMA-Cp, compared to the control
sample, provides direct proof for not an adsorption of the polymer chains onto the surface of
the SWCNTs, but rather a covalent functionalization.

For a better understanding and comparison of the grafting density onto nanoparticles,
these experimental values must be expressed in commonly used units for the grafting density.
Moreover, a mathematical treatment must take into account the amount of impurities, the
molecular weight of the polymer chains and the specific surface area of the graphene sheet.
After the estimation of the amount of degraded polymer after the first reaction finishing at 7%

(Xpolymer at T in wt.-%) and of the amount of residue at 700 °C (Xresidue at 700°c I Wt.-%), the

loading capacity (a1) in mol-g” was calculated based on the weight loss at Tj, the polymer
chain molecular weight M, and by assuming the rest of the samples is constituted purely of
carbon. Based on the above procedure, the grafting density (3) in chains'm™ was calculated
according to the polymer chain molecular weight M, and the theoretical specific surface of the
SWCNTs (1315 m*g").?” The third calculable parameter is the grafting density expressed as
periodicity (o3) for which the number of polymer chains (also based on the molecular weight
M,) is reported relative to the area of one graphene hexagon (4hexagon = 5.25 A?),7¢ delivering
the number of carbon atoms covered by one polymer chain (since one hexagon is constituted
by two carbon atoms, according to the structure of graphene). The periodicity represents the
surface occupied by the polymer chains for the specific application of CNTs grafting.
Expressed by the number of carbon atoms covered by a single polymer chain, this value
subsequently allows for a qualitative analysis with reference to the structure of the SWCNTs.

In summary, the different grafting densities are given by the set Equation 4.1.

X polymer at Ty

o] = (mol-g™) (Eq. 1)
My '(100 ~Xpolymer at Ty~ Xresidue at 700°C)
o1-Ny ) 2
09 =——(chain'm Eq.2
2="5315 ¢ ) (Eq. 2)
o3 (carbon atoms) (Eq. 3)

Ahexagon 02

Equation 4.1. Equations determining the grafting density from the thermogravimetric
analysis. Na represents Avogadro’s number.
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According to Table 4.6, where all quantitative grafting data from all three methods are
compiled, a higher grafting ratio results for the sample reacted at 80 °C 2b compared with that
of the sample reacted at ambient temperature 2a, with 0.040 and 0.025 chainnm™
respectively. A maximum theoretical grafting density can be calculated, assuming that every
unsaturated carbon double bond reacts with a polymer chain, implying that the periodicity is
reduced by one polymer chain every 2 carbon atoms of the SWCNTs, leading to a grafting
density of 41.62 mmol-g” or 19 chains'nm™ with an estimated specific surface area of the
SWCNTs (or graphene sheet) of 1315 m*g™.*”> This maximum theoretical grafting density
value can be calculated after the complete reaction of all unsaturated carbon double bonds
with a PMMA-Cp polymer chain. In this model, one polymer chain is covalently linked with
two carbon atoms, and — according to the graphene structure of the SWCNTs — the occupied
surface can be approximated by a hexagon. By definition, the periodicity a3 = 2 leads to
Equation 4 and 5 (refer to Equation 4.2) using the same notation:

3 1315
~ NA- Anexagon

o] (mol-g'l) (Eq. 4)

o) (chain'm™) (Eq. 5)

~ Anexagon

Equation 4.2. Equations determining the maximum theoretical grafting density for one
polymer chain linked with one single carbon double bond. The employed terms refer to the
equations 1 and 2 (see Equation 4.1).

These theoretical values are, however, somewhat unrealistic and do not take into
account the steric demand of a polymer chain after the reaction onto the SWCNT surface. The
ideal grafting density should take into account the morphology of the polymer chains and be
based on the radius of gyration (Ry). For this, the Kuhn length b (17 A) and the Flory
coefficient C., (9.0) were taken from literature?”’ and applied to PMMA-Cp using the same
formalism. The resulting approximation leads to a value of 5.71 monomer units (N). The
mean-square radius of gyration and the radius of the corresponding disk are calculated
according to Equation 6 and 7 (refer to Equation 4.3), and delivered a theoretical radius of
gyration (Rg) of 1.66 nm, which can be exploited to deliver more reasonable theoretical

grafting densities.
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2
N-b
(Rg)=—— (Eq. 6)
R%. . =2-(RE) (Eq. 7)

Equation 4.3. Expression of the gyration radius as radius of the corresponding disk (polymer
equivalent freely joined chain based on an interactions model) to determine a theoretical
length of the PMMA-Cp polymer chain.

The surface of the disk (radius of 2.35 nm) can be subsequently substituted in the
expressions of 1 and a3 to determine the maximum value of the theoretical grafting density
for one polymer chain corresponding to the estimated grafting density &, (0.058 chain'nm™).

The values of 1 and a3 are determined employing Equation 8 and 9 (refer to Equation 4.4):

131 ]
o1 = (mol-g") (Eq. 8)
Na-7-Rysk
2-7T-R2.
on = disk b
3 (carbon atoms) (Eq. 9)
Ahexagon

Equation 4.4. Expressions determining the grafting density of an ideal polymer chain onto
SWCNTs. The employed terms refer to Equation 4.1.

Consequently, the theoretical grafting ratio is evaluated to be as one polymer chain
every 659 carbon atoms (0.126 mmol-g™ or 0.058 chain'nm™) which is not far removed from
the experimentally found values for the two studied samples (50 for 2a and 67% for 2b of the
theoretical grafting density). The somewhat smaller grafting density obtained experimentally
may be explained by the presence of SWCNT bundles not completely dispersed after

ultrasonic dispersion before the functionalization with the polymer.

Elemental Analysis (EA)

In order to confirm the grafting density deduced via TGA, elemental analysis was
performed on all the samples. With high accuracy, the results for PMMA-Cp are in excellent
agreement with the stoichiometry of the polymer (see Table 4.4). The presence of other
elements for non-modified SWCNTSs indicates the presence of adsorbed molecules from the
air and some impurities in the sample. Measurements of the sulphur content were performed,
yet this element was not detected, since it is not involved in the synthetic procedure. The

content of hydrogen for the carbon nanotubes based samples (SWCNTs, 2a and 2b) is very
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low. For this reason, the elemental analysis leads to slight fluctuations in the carbon and
oxygen content. Nevertheless, one can observe a significant presence of oxygen content in the

functionalized SWCNTs.

Table 4.4 Elemental analysis results of non-modified SWCNTs, PMMA-Cp 1, SWCNTs
modified with PMMA-Cp (2a)" and (2b)”.

wt.-%
C H N O
SWCNTs ¢ 854 1.7 08 22

1 583 77 1.0 302
2a 746 1.8 18 7.0
2b 73.6 19 22 77

“at ambient temperature; bat 80 °C; “non-modified SWCNTSs; “number of carbon atoms covered by one polymer
chain grafted on the surface of SWCNTs.

The grafting ratio of polymer on the SWCNTSs can be estimated from the ratio between
carbon and oxygen atoms. The variable grafting densities (61, 62 and a3) were determined by
the same procedure as described above for the TGA. It should be noted that the key data for
the grafting density calculation are the carbon and oxygen contents in 2a and 2b. Therefore,
the calculated carbon (C%) and oxygen (O%) contents (excluding the nitrogen, sulphur and
hydrogen contents) from non-modified SWCNTSs and polymer PMMA-Cp were employed to
calculate the grafting density (6co) in wt.-%. According to the following Equation 9 (refer to
Equation 4.5), the results provide a slightly underestimated grafting density (6¢o) for 2a and
2b, since the oxygen content (0%) from non-modified SWCNTSs was directly used and not
recalculated according to the composition of the sample. This leads to an error of close to 1%
for (6co).

O% Sample = O% SWCNTs

oCco = . 100 (wt.-%) (Eq.9)
O% PMMA-Cp

Equation 4.5. Equation for determining the grafting density from elemental analysis.

As the hydrogen content remains very low, the hydrogen contribution was estimated
from the amount of polymer (based on the stoichiometry of the (methyl)methycrylate
monomer unit) according to 6co. Taking into account the carbon, oxygen and theoretical
hydrogen contents, a second value for the grafting density is subsequently delivered. From

this value, the other grafting densities (61, 62 and 63) can subsequently be expressed using
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Equation 4.1. Therefore, the grafting density in wz.-% for the SWCNTs modified with
PMMA-Cp at ambient temperature (2a) was calculated to be 19.2%, and at 80 °C (2b) 22.1%
(see Table 4.6 where all grafting data are compiled). Close inspection of the numbers collated
in Table 4.4 reveals two facts: (i) the order of magnitude for the grafting ratios is similar to
those obtained via TGA and (ii) the same trends are observed with regard to the reaction
conditions (0.025 chain'nm™ (TGA) versus 0.038 chain'nm™ (EA) for ambient temperature,
and 0.040 chainnm™ (TGA) versus 0.045 chainnm™ (EA) for sample reacted at 80 °C).

X-Ray Photoelectron Spectroscopy (XPS)

Further investigations with XPS (see Figure 4.6) provide information about the
elemental composition and chemical binding states of the samples in a non-destructive
manner. For more clarity, the detailed C 1s spectra for each sample are reported in the column
in the middle to display the deconvolution peaks for the Cls signal of the PMMA-Cp
modified SWCNTs 2a and 2b.

C1s ‘ C1s c-C sp2
(SWCNTSs) (SWCNT

-

C1s
(1)

Ci1s
(2a)

Relative intensity /a.u.

C1s
(2b)

™ W A &a it o
280 540 538 536 534 532 530 528 526

Binding energy leV

294 292 290 288 286 284 282 280

Binding energy leV Binding energy leV

Figure 4.6. XPS spectra of non-modified SWCNTs, 1 PMMA-Cp, 2a SWCNTs modified
with PMMA-Cp at ambient temperature, 2b SWCNTs modified with PMMA-Cp at 80 °C.
The C 1s signal from modified SWCNTs (C-C sp” at 284.4 eV) is represented. The O s
peaks at 532.3 eV (-O-C=0) and 533.7 eV (-O-CH3) are attributed to PMMA and indicate the
successful functionalization in 2a and 2b). The peak at 531.1 eV is probably due to surface
contamination or reaction residuals (observable at 531.1 and 532.8 eV from SWCNTs). For
more clarity, the detailed C 1s spectra for each sample are reported in the medium column.
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The presence of O 1s peak components attributed to PMMA-Cp directly proves the
successful functionalization of the SWCNTs. The XPS quantification together with the

binding energy assignments are compiled in Table 4.5.

Table 4.5. Assignments of binding energy and comparison of atomic bond contribution after
the deconvolution of the XPS spectra of non-modified SWCNTs, 1 PMMA-Cp, SWCNTs
modified with PMMA-Cp (2a)" and (2b)”.

Atom B.E : at.% Entity
/eV. SWCNTs® 1 2a 2b

Cls 2844 85.9 - 838 802 C-C sp’
285.0 - 258 06 1.8 -CH,, -CHj3 sp’
285.7 - 21.1 05 1.4 -CH,-C(CH;)-COOCH;
286.8 - 132 03 09 -OCH3
289.1 - 128 03 09 0=C-OCH;
290.7 7.1 -39 47 T-m*

Ols 5323 - 137 22 26 0=C-OCHj
533.7 - 128 08 1.5 OCH;

“at ambient temperature; "at 80 °C; ‘non-modified SWCNTs. The C 1s peak at 531.1 eV for the PMMA-
modified samples (2a with 1.6 at.-% and 2b with 0.6 at.-%) is probably due to surface contamination
(observable at 531.1 and 532.8 eV from SWCNTs, respectively 0.6 at.-% and 0.9 at.-%).

Non-modified SWCNTs as well as PMMA-Cp (sample 1) were measured as reference
samples in order to facilitate the interpretation of the XPS spectra obtained for the PMMA-Cp
modified SWCNTs (2a and 2b). The C 1s binding energy at 284.4 eV, as well as the peak

278,2 .
78279 and is therefore

shape found for the SWCNTs, are in a good agreement with literature
used as a template to fit the C Is spectra of the PMMA-Cp modified SWCNTs samples 2a
and 2b. Additionally, the n-n* transition, well-known for graphitic and aromatic compounds
(sp® hybridization), is found at 290.7 eV. A negligible amount of contamination is indicated
by weak O 1s components (peaks at 531.1 and 532.8 eV, respectively 0.6 at.-% and 0.9 at.-%)
and is due to atmospheric contact of the samples prior to the XPS measurements. In the case
of PMMA-Cp (sample 1), the C 1s spectrum shows four components consistent with the
known structure of PMMA. Aliphatic carbon (-CH,, -CH3) with a C 1s signal at 285.0 eV,
quaternary carbon (—CH,-C(CH3)-COOCHj3) at 285.8 eV, methoxylic carbon (-OCHj3) at
286.8 eV, and carboxylic carbon (O=C-OCHj3, 289.1 ¢V) were identified. The corresponding
O 1s components were measured at 532.3 eV (O=C-OCHj3) and 533.1 eV (-OCHs;). The

binding energies as well as the stoichiometry correspond excellently with former

measurements performed on PMMA.**
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Considering these results, the deconvolution of the spectra of the modified SWCNTSs
samples 2a and 2b evidences that the reaction with PMMA-Cp through the formation of the
norbornene entity at the surface of the SWCNTs occurred. However, the differentiation of
C-C peaks from aliphatic carbons (primary, secondary and quaternary) of the polymer
backbone remains difficult, since the tail of the SWCNT component dominates the high
energy shape of the C 1s multiplet (see Figure 4.6). Consequently, the quantitative
contribution of each identified entity cannot be employed to determine the grafting density. In
contrast, the O 1s peaks (532.3 eV and 533.7 eV) indicate directly the uptake of PMMA-Cp
as the respective O 1s components are not detectable in the spectra of non-modified
SWCNTs. However, compared to the PMMA-Cp reference data, the intensity of the
carboxylic component (peaks at 531.1 eV) for the PMMA-Cp modified SWCNTSs samples 2a
and 2b is higher and is probably due to atmospheric contamination as already observed for the
non-modified SWCNTs.

The atomic amount of oxygen atoms estimated for the modified SWCNTs 2a and 2b (3
and 4.1 at-% respectively) 1is sufficiently significant to conclude a successful
functionalization of the SWCNTSs with the polymer PMMA-Cp and to calculate the grafting
density of the samples (see Table 4.6). Based on the same consideration as for TGA
measurements with the specific area of the SWCNTs, the grafting ratio was calculated
according to the increase of oxygen content of the modified SWCNTs compared to the non-
modified ones. The grafting densities (o1, 62 and 63) were determined by the same procedure
as employed for the thermogravimetric results. As for the elemental analysis, the grafting
density (o) was firstly expressed in at.-% and subsequently converted into wt.-%. The
different signals for oxygen and for carbon were respectively summed up to yield the atomic
content in oxygen and in carbon to be treated separately according to the signal assignment.
The result was subsequently converted into wt.-% after adding the contribution of hydrogen
from the polymer based on the stoichiometry of the (methyl)methycrylate monomer unit and
the oxygen signals of the samples identical to PMMA-Cp reference spectrum. Based on the
grafting density (¢) in wt.-%, the other grafting densities (o1, 62 and 63) can be expressed
using the Equation 4.1.

Pleasingly, the same order of magnitude for the grafting ratios observed by XPS as for
TGA and EA measurements evidences a successful functionalization of SWCNTs with
cyclopentadienyl end-capped poly(methyl methacrylate) through [4+2] DA cycloaddition. To
allow a better comparability of all results, Table 4.6 summarizes the grafting ratios and

densities obtained by the three independent techniques, as well as provides average values.

-70 -



4.3. Characterization of PMMA-Cp functionalized SWCNTs

However — as discussed above — the quantitative grafting ratios obtained via XPS appears to

be the most reliable.

Table 4.6. Grafting densities of PMMA-Cp functional SWCNTs (2a)” and (2b)” based on
TGA, EA and XPS results for C and O atomic content.®

Grafting density
wt.-% of polymer ~ mmol-g” chainnm®  Periodicity *

2a TGA 12.3 0.055 0.025 1523
EA 19.2 0.082 0.038 1015

XPS 13.0 0.052 0.024 1615
Average 14.8 0.064 0.029 1384

2b TGA 18.2 0.086 0.040 968
EA 22.1 0.098 0.045 850

XPS 17.9 0.075 0.034 1108
Average 20.1 0.086 0.039 975

“at ambient temperature; “at 80 °C; ‘the calculation proceeded by considering the reference (non-modified
SWCNTSs), the polymer (PMMA-Cp), and the theoretical graphene sheet specific surface area (1315 grm™);
“humber of carbon atoms covered by one polymer chain grafted on the surface of SWCNTs.

High Resolution Transmission Electron Microscopy (HRTEM)

In order to further support the above quantitative results of the described chemical and
physical analysis, HRTEM was performed on th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>