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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 welldefined polymer chains and chain termini. The polymer chain-end transformation was indepth characterized prior to the functionalization of the SWCNTs, 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 (Mn = 2900 g·mol-1, Ð =
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

chain∙nm-2.

Subsequently,

Cp

end-capped

poly(N-

isopropylacrylamide) (Mn = 5400 g·mol-1, Ð = 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-2; the functionalized SWCNTs showed thermoresponsive properties. Thirdly, the Cp driven functionalization of SWCNTs was additionally
carried out with a conjugated polymer, i.e. poly(3-hexylthiophene) (Mn = 6500 g·mol-1, Ð =
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-2. Finally, in an
approach to increase the polymer grafting density on the SWCNTs surface, a prefunctionalization 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 chain∙nm-2 with Cp end-capped
poly(methyl)methacrylate (Mn = 2700 g·mol-1, Ð = 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 SWCNTs 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,1 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.2 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 SWCNTs 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 (109 A·cm-2), a high thermal conductivity
(3500 W·m-1·K-1), an axial Young’s modulus in the range of 1–1.8 TPa, and a fracture stress
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of 50 GPa, which is to 50 times larger than for steel wires.3 Therefore, multiple applications
based on these nanomaterials were developed in many research areas, such as CNT fibers,4,5
supercapacitors,6 electrodes7 and batteries,8 electrochemical sensors,9,10 and in the medical
domain with drug delivery11,12 and bioelectronic devices.13 Introduced in polymer
matrices,14,15 CNTs enable to enhance the properties of the nanocomposite materials:
mechanically,16,17 electrically,18 or both simultaneously.19
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 forces20
which lead the CNTs to form bundles21 and not to disperse homogeneously into the material;
secondly, because of incompatible interfacial energies between the CNTs and the polymer
matrix, especially when an enhancement of the mechanical properties is targeted.22,23 Physicochemical processes are often employed in order to solve these issues. Among the most
popular, sonication can be used to disrupt the bundles,24 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.25 Other engineering procedures such as meltmixing or in situ polymerization26,27 are employed to better the properties of the generated
composite materials. A chemical pre-functionalization, for example oxidation, can enhance
the solubility28 of CNTs in polar solvents and enable a further functionalization to anchor
small molecules or polymers at the surface of the SWCNTs.29,30
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 reviews31 and include, among others:
oxidation,32,33 fluorination,34 free radical addition,35 addition of carbenes and nitrenes,36
1,3 dipolar cycloaddition,37 Bingel reaction,38 nucleophilic addition39 and alkylation.40 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.41 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.
-2-

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 thermoresponsive

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 1H 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 XRay Photoelectron Spectroscopy (XPS), while systematic control experiments with nonfunctional 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 SWCNTs with the different Cp endcapped 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 prefunctionalization approach and the subsequent HDA reaction is reported towards the end of
the thesis.

Diels-Alder
PMMA-Cp

O

P3HT-Cp

O

S

N
S

Hetero
Diels-Alder

PMMA-Cp

Scheme 1.1. Thesis overview depicting the four studied SWCNT/polymer hybrid materials
generated via Diels-Alder and hetero Diels-Alder ligation.
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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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Diels-Alder
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N
O
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diene polymer
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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 SWCNTs 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 wellknown carbon hybridization sp, sp2 and sp3, one can also distinguish unusual configurations
such as the platonic hydrocarbons (C8H8 cubane42, C20H20 dodecahedrane43) and carbon
clusters, e.g. C2, C4, C10.44 As variation from the common allotropic forms such as diamond
(sp3 hybridization) and graphite (sp2 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,45 arc vaporization46 or flash vacuum
pyrolysis of corannulene,47,48 different forms of fullerenes can be synthesized. Within the
wide fullerene family,49 C60 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 sp2
configuration, although the curvature of the fullerenes leads to a mixture with the sp3
configuration.50 Graphene can be described as a single graphitic plane and is constituted of
sp2 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.51
Carbon nanotubes (CNTs) represent the cylindrical forms of a rolled graphene sheet.
Constituted from a single graphene sheet (SWCNTs) or from concentric cylinders (MultiWalled 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-
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0.7 nm (diameter of the end-cap, a hemi-fullerene derived from C60) to 1.6 nm53 for
SWCNTs, and 5–30 nm for MWCNTs, and with different length (from hundreds of
nanometers to some micrometers).54 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 Ch with two coordinates (n, m). The chiral vector Ch is the result of
the linear combination of the two unit vectors a1 and a2 from the hexagonal graphene lattice
(see Figure 2.1)55 These coordinates determine the structure of the SWCNTs: 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 SWCNTs. The indices n and m also give
access to the electronic properties of the SWCNTs: if n – m = 3r (r integer), the SWCNT is
metallic, otherwise the SWCNT is a semi-conductor.56
a1
(n,0) zig-zag

a2

Ch = na1 + ma2

(n,n) armchair

Figure 2.1. Representation of the graphene sheet and the chiral vector Ch of the SWCNTs. a1
and a2 are unit vectors (norm aC-C·√3 = 2.46 Å). The configuration (n, m) represents the
armchair SWCNTs, (n, 0) the zig-zag SWCNTs, and any other (n, m) pairs chiral SWCNTs.

2.2. Diels-Alder reactions
DA processes are conjugation reactions between a molecule containing a conjugated πsystem 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 σ-bonds.
The DA cycloaddition is a unique thermal controlled reaction, which can operate in a reverse
fashion via a retro-DA process (rDA), thermally57,58 or photochemically.59,60 The simplicity of
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).61

Such

as

the

Cu(I)-catalyzed

azide-alkyne

cycloaddition,62,63 as well as the Michael-type thiol-ene and thiol-yne reactions,64 the DA
reaction, under certain conditions, belongs to the ‘click’ reaction category. Its potential ‘click’
character65,66 is also prevalent in its hetero variant (HDA reaction, in which hetero atoms such
as nitrogen, oxygen and sulfur are involved).67 The ‘click’ concept was introduced by
Sharpless68 in 2001 describing innovative orthogonal reactions which are quantitative, highly
selective, proceed under mild conditions and have a high atom economy.69 A wide range of
research groups extended this concept, which was originally defined for small molecules,70,71
to polymer chemistry,72,73 for which, concretely, the design of macromolecular architectures
with a specific functionality placed at a well-defined position is of crucial importance.74,75
Driven by the simplicity of these modular orthogonal conjugations, numerous innovations
have been specifically developed for the functionalization of surfaces. Indeed, under the socalled ‘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 surface76 or a biomolecule.77 The implementation of such polymer functionalization onto
nanomaterials enables to ease the handling of such nanometric materials and imparts them
with additional properties.78
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
materials,79,80 with a theoretically infinitive numbers of reactants / products cycles. A further
thermodynamic aspect is the ability to displace this equilibrium with more suitable systems81
to the product side at mild conditions (e.g. at ambient pressure and temperature),82,83 whilst
the simplest example for a [4+2] cycloaddition between ethylene and butadiene molecules
involves high pressure and high temperature.84 Finally, the recent design of diene-dienophile
pairs with high affinity enabled to the generation of complex surface designs. The design of
- 10 -
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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 moieties85,86
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,87 cellulose88 or microspheres.89
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 SWCNTs
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.90,91 For
CNTs, many post-synthetic strategies were developed to purify (e.g. via acidic treatment,92,93
or annealing94) and selectively isolate the CNTs (via chromatography95 or via employing
surfactants96) obtained from gas phase processes.97 Purity, e.g. the quality of the synthesized
CNTs, is primordial to design materials or systems with tailored properties.98 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
control the dispersity of the CNTs population in terms of diameter,99,100 helicity (chirality),101
- 11 -
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length102 or absence of defects.103 Inspired by the advantages (e.g. purity) of the synthetic
alternates provided by flash vacuum pyrolysis of corannulene,47,48 over the graphite laser
ablation45 or arc vaporization46 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.104,105

Diels-Alder
-H2

elimination
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.106,107 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
(AM1 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).108 However, Li et al.109,110 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),111,112 or
obtained from the unzipping of CNTs.113 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.114,115 Other examples for synthesizing large
polyaromatic

hydrocarbons

employing

DA

reactions

include

the

reaction

of

cyclopentadienone with aryne precursors116 and the domino cycloaddition of arynes.117 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 et al.118 for
poly(methyl) methacrylate (PMMA) and MWCNTs.119 Additional properties such as
conductivity120,121 and thermoelectric properties122 of CNTs nanocomposites are of interest for
their application as sensors.123 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 capacitance124 induced by reversible oxidation – reduction cycles, and a high
heat transfer.125 To date, the embedding of graphene in polymer matrices is exploited for
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similar applications126 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.126

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
Rahmat,127,128 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.129 have
investigated the influence of phenol functionalization of MWCNTs on the mechanical
- 14 -
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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 nonfunctionalized MWCNTS (Figure 2.4).

Figure 2.4. Stress-strain plots of isotactic poly(propylene) composites of 0.1 to 1.0 wt.-% of
untreated and phenol functionalized MWCNTs. 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.130,131
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-C61-butyric acid methyl ester (PCBM) since 1995 in
photovoltaics.132 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 C60.133,134 CNTs display useful properties when incorporated
into solar cells, e.g. CNTs are electron acceptors,135 trigger ultrafast charge separation,136,137
and display high photocurrent mobility.138 The optoelectronic properties achievable via
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combination of fullerenes and CNTs may well lead to polymer-free all-carbon photovoltaic
devices.139 Based on the predictable carrier multiplication behavior of graphene,140 complex
photo-devices combining graphene with the other carbon nanostructures may even become
relevant in the future.141,142 C60 or CNTs/conjugated polymer derived hybrid photo-devices are
of interest based on their convenient solution based processing.143,144
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).145 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.146 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.147 These findings,
along with the results showing convenient internalization of carbon nanomaterials into the
cells,148 have even triggered the exploration of carbon nanomaterials potential for drug/gene
delivery in addition to tissue engineering applications.149
a

b

c

d

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) DNASWCNT 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 (c) and after (d) introduction of H2O2. 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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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.150 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 sixmembered 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.151,152 The reaction of all the reactive bonds of the
fullerene will lead to a hexa-substituted fullerene derivative. DA reaction can occur between
C60 and different dienes. The reactions with dienes such as acenes153 have been widely studied
(compounds 1-6 in Scheme 2.1). In particular, the effect of acene length (anthracene,154,155
pentacene156), the functionality157 and the number of adducts has been investigated.155,156,158
Intermediate dienes such as o-quinodimethanes (Int1), produced in situ from the ring opening
of benzocyclobutenes (compounds 8-12b),159,160 by the decarboxylation of norbornadiene-7one (13),161,162 through the elimination of bis(bromomethyl)-anthraquinone (14),163 or via the
thermolysis of sulfolenes164 and sultines165 (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 C60. 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).166 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),167 1,3-butadienedicarboxylates
(19a-c),168

(2-phenylsulfonyl)-1,3-butadiene

and

2-nitro-1,3-butadiene169

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 C60 and stable dienes similar to 1,3-butadiene was
described by Kräutler et al. with 2,3-dimethylbutadiene (24) and myrcene (25),170 2,3dipropylbutadiene (26) and cyclohexa-1,3-diene (27) compounds.171 Introducing electron
donating or withdrawing groups into the 1,3-butadiene backbone (compounds 21a-23), the
DA reaction enabled decorating the surface of C60 with electron withdrawing or donating
functionalities.169 HDA reactions of linear 1,3-butadiene based structures were also performed
with thioacrylamide (compound 28).172 Five-membered ring compounds such as Cp and furan
are more reactive towards fullerenes as dienes in the DA reaction than butadiene,173 or pyrrole
and indole (compound 33 in Scheme 2.2).174 For less reactive dienes, the reaction must be
heated to high temperatures (180 °C).175 In case of Cp (30),155 furan (32) and furan derivatives
(1,3-diphenylisobenzofuran 31),163 the reaction occurs at ambient temperature, with a higher
reactivity predicted176 and observed177 for Cp. Under microwave heating, the chiral α-oxo
imines (36) and α-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.179 In a more recent publication, the DA reaction of fullerenes with oquinodimethane

(generated

from

dimethoxybenzocyclobutenyl

acetate, 11) led

to

functionalized C60 and C70 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-C61-butyric acid methyl ester (PCBM) based
system.180
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Scheme 2.1. Dienes (acenes, o-quinodimethanes, butadienes) reacting via DA reaction with
carbon materials. The o-quinodimethane model intermediate (Int1) 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).
Conditions
Yieldd
Ref.
Solvent
T /°C
Time
(P /W)c
e
Acenes
1
C60
Toluene
70
72 h
13%
154a
1
Naphthalene 200
48 h
39%
154b
1
Toluene
(800)
15 min
35%
154c
80
12 h
25% (24%)
155
1
C6H6
1h
55% (19%)
156a
1
-h
1h
19% (15%)
156a
2
-h
30, 45, 40 min 3a: 70%, 3b: 70%, 4: 34% 156b
3a-b, 4
-h
9h
30% (19%)
157
5
-i
6
Toluene
a.t.
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
8
C60
m-xylene
140
20 h
4.4% (81%)
159
om-xylene
140
20 h
15.6% (5.3%)
159
Quinodimethanesf 9
10a-d
ODCB
180
48 h
a 43%, b 19%, c 41%, d 47% 160
214
several h
180
11
C6H3Cl3
235
90, 100 min
189
12a-b MWCNTs
C14H30
Toluene
120
5h
60%
161
13
C60
120
8h
83%
163
14
Toluenej
214
3h
a 56%, b 47%, c 52%,
164
15a-g
C6H3Cl3
d 41%, e 40%, f 40%, g 42%
16a-b
C6H6
80
18 h
a 30% (17%), b 45% (10%), 165
(800)
20 min
a 39% (5%)
16a
SWCNTs
ODCB
(150)
45 min
187
17
C60
ODCBk
180
5 min
21% (33%)
166
g
k
18a-e
C60
Toluene
120
60, 45, 40,
a 47%, b 48%, c 48%,
167
Butadienes
180, 480 min
d 36%, e 27%
19a-d
ODCB
180
30 min
a 44%, b 43%, c 32%, d 47% 168
20a-b
ODCB 135, 180 30 min, 8 h
a 79 %, b 27 %
169
21a-e
Toluene
110 8 h, 0.5 h, 24 h
a 48%, b 35%, c 30%,
169
50,80
5 h, 3 h
d 29%, e 47%
22a-c
ODCB
150
3 h, 30 min,
a 68%, b 50%,
169
3h
c 49%
23
ODCB
180
8h
27%
169
24
C6H6
a.t.
12 h
23%
170
25
C6H6
a.t.
12 h
43%
170
26
C6H6
80
14 h
51.4%
171
27
Toluene
90
2h
30.3%
171
65
30 min
a 57%, b 69%, c 43%, d 43% 172
28a-d
Toluenek
24
F-SWCNTs
ODCB
90
3h
186
21a
F-SWCNTs
THF
75
16 h
186
29
SWCNTs
1,450
60 h
190
dioxane/THFl
29
Graphene
p-xylene
50
16 h
197
a
F-SWNCT: fluorinated SWCNTs, CNTs: SWCNTs and MWCNTs; bODCB: o-dichlorobenzene, C6H3Cl3 :
1,2,4-trichlorobenzene; cmicrowave power in brackets; dof C60 monoadduct, bisadduct in brackets, eanthracene
and derivatives (1, 3a-7) and pentacene (2), fin situ generated o-quinodimethanes (Int1) by benzocyclobutenes
(8-12b), norbornadiene-7-one (13), bis(bromo)anthraquinone (14), sulfolenes (15a-g), sultines (16a-b),
benzothiet (17) via o-thioquinone methide; gin situ generated by thiadiazoldioxides (18a-e) via the 1,2-diazo-1,3butadiene intermediates (Int2), by sulfolenes (19a-20b) via the 1,3-butadiene intermediates (Int3), and
substituted 1,3-butadienes (21a-29); hin solid state and high speed vibration milling; iUV (pressure mercury
lamp); jaddition of KI and 18C6; khetero Diels-Alder; lpressure 1.3 GPa.
Dienes

Carbon
materiala

b
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COO-

CN
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41

Int4

40
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OTf

SiMe3
R
43a R = H
43b R = OC6H13

39

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.181 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
the case of fullerenes and leads to higher reactivity than SWCNTs;182 the higher the diameter
of the SWCNTs, the less reactive are the SWCNTs.183 Independent from their chirality,
SWCNTs react as dienophiles.184 The DA reaction of CNTs with o-quinodimethanes (dienes)
has been predicted via ab initio quantum mechanical calculation (ONIOM(B3LYP/631G*:AM1).185 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).186 As for fullerenes,
o-quinodimethanes (Int1) are also found to react with CNTs. The degradation of sultine (4,5- 21 -

Chapter 2
benzo-1,2-oxathiin-2-oxide, 16a) under microwave187 or the thermal degradation of
benzocyclobutenes (12a-b)188 at 235 °C thermal degradation of benzocyclobutenes (12a-b)189
at 235 °C under an inert atmosphere was performed to generate reactive intermediates, oquinodimethanes, 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).
Carbon
material

Dienes

Five-membered
ringsd

Iminese

30
C60
31
30, 32
33
34
MWCNTs
34
CNTs
35
MWCNTs
36
C60
37

Dienophiles
Five-membered
38
ringsf
39
38
40
40
38
41
Alkenesg
Arynesh

a

Solvent

Toluene
C6H6
Toluene
ODCB
DMSO
Anisole
C6H6
C6H6

MWCNTs

Conditions
T /°C
(P /W)b
a.t.
a.t.
a.t.
180
50
75
80
80
(600)
80
(600)

1,4-dioxane/THF
DMSO
Benzyl ether
Toluene
SWCNTs
THF
Graphene
Graphene
1,4dioxane/H2CCl2

130
110
50
75
75
75
120
a.t.

Yieldc

Ref.

12 h
16 h
24 h
12 h
96 h
24 h
48 h
72 h
20 min
72 h
20 min

68% (28%)
35%
44-47%
78-83%
39-41%
59-63%

155
163
177
175
192
193
193
178

40 h
48 h
96 h
48 h
24 h
24 h
3h
3h

-

191

Time

178

192
193
193
193
197
197

42
SWCNTs ODCB/THF
80
4h
196
43a-b SWCNTs ODCB/CH3CNi
70
16 h
196
43a
Graphene
CH3CNj
45
24 h
198
a
ODCB: o-dichlorobenzene, C6H3Cl3 : 1,2,4-trichlorobenzene; bmicrowave power in brackets; cof C60
monoadduct, bisadduct in brackets; dcyclopentadiene (30); furan derivatives (31-35); eα-oxo imines (36), αdiimines (37); fmaleic anhydride (38); maleimide derivatives (39, 40); gtetracyanoethylene; hin situ generated
arynes (Int4) from benzenediazonium-2-carboxylate (42) and 2-(trimethylsilyl)triflate (43a-b); iCsF, 16C8;
j
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)6 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).190 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 MWCNTs, which reacted as
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dienes.191 The maleimide based derivative (39) was also employed as dienophile in a reaction
with MWCNTs to increase the solubility.192 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.193 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 C60,194 they can also
undergo a [4+2] DA cycloaddition when reacted with dienes.195 Functionalizing SWCNTs
with arynes is possible; however it is presently not clear whether a [2+2] cycloaddition occurs
at the surface of the SWCNTs leading to a cyclobutene moiety, or a [4+2] cycloaddition
leading to a norbornadiene moiety. The diameter of the SWCNTs (more or less pronounced
curvature) has been proposed to influence the type of cycloaddition occurring with different
compounds (42, 43a-b).196
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.197 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 SWCNTs 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.198 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.
addressing the surface initiated polymerization of CNTs,199 three main classes of dienes
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.200 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-SWCNTs. In another report from Sakellariou et al.,201
the surface of MWCNTs was functionalized with 4-hydroxyethyl benzocyclobutene and 1benzocyclobutene-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(ε-caprolactone)
and polystyrene) via ROP and ATRP, leading to polymer grafted MWCNTs capable of
forming Janus type structures.202 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, ε-caprolactone and n-hexyl isocyanate was performed at the
surface of MWCNTs.203 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.193 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.193 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.204 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’
Anchoring moiety
Polymera
Anthracene
PS (ATRP)
4-HydroxyPEO (ROP)
benzocyclobutene
1-BenzocylcobutenePS (anionic)
1'-phenylethylene
4-HydroxyPS, PMMA, PLLAd, PCLe,
benzocyclobutene
(ATRP, ROP)
1-BenzocyclobutenePLLA, PCL, HICf
(ethoxy)dichlorocyclo(coordination)
pentadienyltitanium
Furfuryl-2-bromoPS (ATRP)
isobutyrate
‘Grafting to’
End-functionality
Polymer
Furan
P(St-co-FMA-coBODIPY-MA)h (ATRP)

Carbon
Conditions
Grafting Ref.
material
densityc
Solvent T /°Cb
Time
SWCNTs Diethylene 12024 h
200
glycol
200
MWCNTs Tetradecane 235 60-90 min
201
MWCNTs Tetradecane

235 60-100 min

-

201

MWCNTs Tetradecane

220

50 min

-

202

MWCNTs Tetradecane

235

60 min

-

203

MWCNTs

Anisole

80

48 h

0.2g

203

MWCNTs

Toluene

80

48 h

-

204

a

type of polymerization in brackets; ba.t. is ambient temperature; cin mmol·g-1; dpoly(L-lactide); epoly(ε-caprolactone);
poly(n-hexyl isocyanate); gmeasured for furfuryl-2-bromo-isobutyrate ATRP initiator by TGA; hcopolymer of styrene,
furfuryl methacrylate (FMA) and BODIPY-MA.
f

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.205 Nebhani et al. have
compared the reactivity of anthracenyl and Cp groups end-capped poly(ethylene)glycol (PEG)
towards pristine C60. The reaction between Cp end-capped PEG and C60 was complete within
5 minutes at ambient temperature, whereas the reaction of C60 with the anthracenyl terminated
PEG required higher temperature and longer reaction times.206 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.207
From Table 2.3, only one example is reported for the functionalization of CNTs with
polymer strands via DA reaction204 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,206,207
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and convinced by the possibility of functionalizing SWCNTs 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 evidenced208 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.209
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 (kp)
is close to 162 L·mol-1·s-1 for styrene at 40 °C,210 the initiation rate coefficient (ki) can be as
high as 104 L·mol-1·s-1, and the diffusion controlled termination rate coefficient (kt) is in the
range of 108 L·mol-1·s-1. 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 Mn) with conversion, a linear
evolution of ln([M]0/[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
accumulation of radicals).211 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 (Mt) 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 Pn-X) with a concomitant one electron
oxidation. The polymer chain radicals (Pn•) 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 (Mtn and Mtn+1) and has an affinity for
halogen, the complex (Mtn-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.
k act
R-X

M tn -Y

/ Ligand

X-Mtn+1 -Y / Ligand

R
k deact
kp

kt

monomer

termination

Scheme 2.4. Principle of Atom Transfer Radical Polymerization (ATRP).
The choice of the ATRP system depends on the selected monomer, which codetermines 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, Me6TREN being mostly used) varies also according to its chemical composition
(nitrogen or phosphorus based) and its chelating properties (bidentate, tridentate).212
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).213
Under SET (Single Electron Transfer) conditions, the CuI species are in situ generated in the
reaction mixture through a redox equilibrium between Cu0 and CuII species for the ready
synthesis of high molecular weight polymer chains.214 The addition of a radical source (e.g.
AIBN) provides ICAR (Initiator for Continuous Activator Regeneration) conditions in order
to continuously regenerate the activator CuI species consumed via termination. The ICAR
technique enables to increase the molecular weight keeping the CLRP character with low
amounts of copper.215 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 105 g·mol-1) 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 CuI species are slowly generated216 or regerenated217
by the reduction of CuII 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
conventional ATRP procedures.218
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.219 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 (Pn•) react with the RAFT agent (addition) to form an intermediate
radical. The formed radical fragments – at best fast – to release the primary radical (Pn•),
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 R• radical) being
replaced by another polymer chain (Pm), the equilibrium is called main equilibrium as
depicted in the Scheme 2.5.
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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 (kadd high), the R-S bond fragments readily (kβ
high), the partition of the intermediate radical is directed to the product formation (kβ > k-add),
the R• 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 R• 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 Pn). 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.220,221 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 (DPninst >>1).222
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
dithioester (and trithioester),223,224 it is possible to equip the polymer chain with a thiol (by
aminolysis225or hydrolysis226), a vinyl (by thermolysis),227 a hydrogen atom (by reduction),228
a peroxide (by oxidation),229 or a hydroxy group (successive oxidation and reduction).230,231
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.232 Surface functionalization in a ‘grafting from’
approach can be performed when the RAFT agent is immobilized at a surface via an R233 or
Z234 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.235
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.236 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:208 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)Cl2) is oxidized via two additions of the
Grignard reagent as ‘initiation’ to form a Ni(II)-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(II)-complex adduct is
produced with an additional monomer unit in a head-to-tail configuration (case of
alkylthiophene)237 with release of magnesium halide (MgX2). 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.238 GRIM polymerization is based on a Grignard reagent synthesized with 2,5dibromo-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 2iodo-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).239 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 π-complex and is hindered to react with the other
bromine terminus of the polymer chain,239 hence providing polymer chains with a single vinyl
terminus.
The quasi-living character of such (GRIM) polymerization is illustrated in the study of
Iovu et al.208 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
non-conjugated polymers.241 The functionalization of the GRIM generated polymer chains is
not only open to the chain end-group (hydrogen terminated or not), but also to the functional
groups present within the monomer unit.235 More complex macromolecular architectures can
also be developed such as hyperbranched macrostructures by employing a two-arm or threearm ‘initiator’,242 copolymers by copolymerizing different monomers,243,244 block copolymers
by combining GRIM polymerization with controlled/living polymerization techniques such as
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ATRP, RAFT, NMP and cationic polymerization245 with targeted end-group, or by
performing modular ligation reactions.246

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 SWCNTs 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 SWCNTs
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
stationary phase (porous silica or highly cross-linked organic gels),247 and the change in
refractive index of the eluent enables the recording of a weight distribution. The method
requires a calibration with polymer standards248 eluted at a specific retention time or via
universal calibration,249 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 μm bead-size guard column (50 ×
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7.5 mm) followed by one PLgel 5 μm Mixed E column (300 × 7.5 mm), three PLgel 5 μm
Mixed C columns (300 × 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-1. The SEC system was calibrated using
linear poly(methyl)methacrylate standards ranging from 700 to 2·106 g·mol-1. From a
0.1 mg·mL-1 sample solution 100 µL were injected. The molecular weight distribution were
corrected with the Mark-Houwink relation with K = 12.8·10-5 dL·g-1 and α = 0.69 for PMMA
(Chapter 4 and 7),250 and for K = 5.75·10-5 dL·g-1, α = 0.78 for PNIPAM (Chapter 5).251

3.2. Nuclear Magnetic Resonance spectroscopy (NMR)
1

H and 13C NMR spectroscopy were performed to characterize the structure and purity

of organic intermediates. The characterization of the polymerization reaction mixtures via 1H
NMR spectroscopy enabled to determine the conversion of the polymerization reaction, while
the 1H 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 CDCl3 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 Ionization – 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).252 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.253 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 iontrap 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-1) and a dimensionless sheath gas flow-rate of 12 (approx. 1 L·min-1) 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 µg·L-1 from a 0.5 mg·mL-1 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.254 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
a certain distance gives access to their m/z value.255 The main advantage of MALDI over
ESI-MS is the ability to access high molecular weight regions (105 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-1) and the polymer
samples (2 mg·mL-1) were separately dissolved in THF. 5 µL matrix solution was
subsequently mixed with 2 µL sample solution. 1 µL 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.256
Thermogravimetric measurements were carried out on a Q5000 thermogravimetric
analyzer from TA-Instruments. Approximately 6 mg of sample was heated at 10 K·min-1 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-1). 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.257 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).258 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.259 All SWCNTs were deposited on Au
substrates and analyzed using a microfocused, monochromated Al Kα X-ray source (30–
400 µm 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,260 and effective attenuation
lengths (EALs) for photoelectrons261 were applied for quantification. EALs were calculated
using the standard TPP-2M formalism. All spectra were referenced to the Au 4f7/2 peak at
84.0 eV binding energy, the C 1s peak for hydrocarbons at 285.0 eV binding energy and the
C 1s peak for the C-C sp2 bond at 284.4 eV binding energy controlled by means of the wellknown 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).262 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).263 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 (10-7–10-8 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 (106 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 Å. 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.264
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 μg·mL-1 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.265 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-1 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-1. All samples underwent a heating/cooling rate of
0.1 °C·min-1 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.266 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.267
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 µm filter and the flasks were
washed with acetone and ethanol to eliminate any dust. The obtained SWCNTs dispersions
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were not filtered after sonication, since some SWCNTs remain on the filter that would distort
the result. In contrast, the polymeric solutions were filtered and fixed at 0.1 mg·mL-1 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.268
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 10-3–10-4 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.269
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.270 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 1010–1011 via SERS,271 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
the investigated region of the tube.272 In Chapter 7, the Raman spectra of 0.1 mg·mL-1 water
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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3.12.1. 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 (CuIBr, 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,

≥99%,

Aldrich),

copper(II)bromide (CuIIBr, ≥99%, Fluka), 2,2’-bipyridyl (bpy, ≥99%, Sigma-Aldrich),
nickelocene (NiCp2, 99%, Strem Chemicals), sodium iodide (NaI, ≥99%, Fluka),
triphenylphosphine (PPh3, ≥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 µm). SWCNTs were used as received with a content of SWCNTs up to 90 wt.-% and less
than 1.5 wt.-% ashes (characteristics from the supplier). Dispersions of SWCNTs were
filtered using a PTFE-membrane (0.2 µm 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 (CuIBr, 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 (NiCp2, 99%, ABCR), sodium iodide (NaI, ≥99%, Fluka), triphenylphosphine
(PPh3, ≥99%, Merck), N-maleimide (≥99%, Sigma Aldrich), tetrahydrofuran (THF,
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 SWCNTs up to 90 wt.-% and less than 4–
8 wt.-% ashes (supplier information). Dispersions of SWCNTs were filtered using a PTFEmembrane (0.2 µm 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(II) Ni(dppp)Cl2 (99%)
was obtained from Acros Organics, Geel Belgium. Triethylamine (TEA, 99%), zinc chloride
(ZnCl2, ≥99%), tert-butylmagnesium chloride (2 M ether solution), and vinylmagnesium
bromide (1 M THF solution) were obtained from Sigma-Aldrich, Schnelldorf, Germany. 9Borabicyclo[3.3.1]nonane (9-BBN) monomer (97%, 0.5 M THF solution) and 2bromopropionyl bromide (97%) were obtained from Alfa Aesar GmbH & Co KG, Karlsruhe,
Germany. 35% aq. H2O2 solution was obtained from Carl Roth + Co. KG, Karlsruhe,
Germany. Bis(cyclopentadienyl)nickel (NiCp2, Nickelocene, 99%) was purchased from
ABCR GmbH & Co KG, Germany. Sodium iodide (NaI) was obtained from Fisher Scientific
UK Limited. Triphenylphosphine (PPh3, ≥99%) was obtained from Merck Schuchardt OHG,
Hohenbrunn Germany. PS (Mn = 3100 g·mol-1, Đ = 1.1) with dithioester end-groups was
synthesized according to a previously published RAFT procedure.86 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 µm 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 (CuIBr, 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 mol·L-1, Acros), elemental
sulfur

(powder,

Sigma-Aldrich),

potassium

tert-butanolate

(95%,

Sigma-Aldrich),

N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA, ≥99%, Acros), nickelocene (NiCp2,
99%, ABCR), sodium iodide (NaI, ≥99%, Fluka), triphenylphosphine (PPh3, ≥99%, Merck),
N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC, ≥99%. SigmaAldrich), 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 µm) and used as received (≤ 5 wt.-% ashes). Dispersions of SWCNTs were filtered
using a PTFE-membrane (0.2 µm pore size, Sartorius).
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Chapter 4 – ‘Proof of principle’: SWCNTs
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 polymerfunctionalized SWCNTs do not spontaneously dissolve in any solvent system and can thus
not be analyzed via e.g. soft ionization mass spectrometric techniques.273 The characterization
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 et al.274 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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Scheme 4.1. Synthetic pathway for the direct [4+2] functionalization of SWCNTs with Cpcapped 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 et al.274 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 freezepump-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-2methylpropanoate

(MBMP)

was

added.

The

initial

ratio

of

[MMA]:[MBMP]:[CuIBr]:[CuIIBr]:[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 (Mn = 2700 g·mol-1, Ð = 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 (PPh3,
0.36 mmol, 2 eq) and sodium iodide (NaI, 1.08 mmol, 6 eq) in anhydrous THF (2.0 mL) was
prepared under a nitrogen atmosphere. Separately, a stock solution of nickelocene (NiCp2) in
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anhydrous THF (0.18 mol·L-1) was prepared under a nitrogen atmosphere. The NiCp2 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 (II) 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 (Mn =
2900 g·mol-1, Ð = 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 chainend 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.

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

4.2.2. Chain-end fidelity
1

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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1

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.
c
O
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Br

O

n
b

O

O

O
O
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O

O
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Figure 4.2. 1H 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 ESIMS 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.274
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 (79Br and

81

Br), to the PMMA-Cp (I species) peak with the characteristic carbon

isotopic abundances (12C and 13C).
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Scheme 4.2. Expected species during the ATRP process for the synthesis of PMMA-Br (II),
and after elimination of Br (III), HBr (IV) and CH3Br (V).

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 II** 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 (II) with the corresponding
double (II*) and triple (II**) charged species, as well as minor side products (III, IV, V).
na
8

Species

1003.39

0.27

III

1009.68

1009.50

0.18

+

1023.48

1023.51

0.03

1025.48

1025.53

0.05
0.20

III

1109.60

1109,55

0.05

+

1123.60

1123.57

0.03

II

*

II

*

II

*

33

+

1103.44

II

32

[C50H82O20Na]

1103.24

18

31

+

+

*

30

[C50H80O20Na]

[C50H81O20BrNa]

II

29

[C49H78O20Na]

II

10

28

Δm/z

1003.12

V

21

m/z th.

+

IV

20

m/z exp.

[C45H73O18BrNa]

V

19

+

II
IV

9

Formula

II

**

II

**

II

**

II

**

II

**

II

**

[C54H86O22Na]
[C55H88O22Na]

+

[C55H90O22Na]

1125.56

1125.58

0.02

+

1203.28

1203.49

0.21

2+

1013.92

1013.87

0.05

2+

1064.44

1064.48

0.04

2+

1114.44

1114.51

0.07

2+

1164.44

1164.53

0.09

3+

1017.36

1017.48

0.12

3+

1051.36

1051.16

0.20

3+

1084.08

1084.51

0.43

3+

1117.48

1117.86

0.38

3+

1151.12

1151.21

0.09

3+

1184.48

1184.57

0.09

[C55H89O22BrNa]

[C95H153O38BrNa2]

[C100H161O40BrNa2]
[C105H169O42BrNa2]
[C110H177O44BrNa2]
[C145H233O58BrNa3]
[C150H241O60BrNa3]
[C155H249O62BrNa3]
[C160H257O64BrNa3]
[C165H265O66BrNa3]
[C170H273O68BrNa3]

a

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 III, 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 (III, IV, V) remaining still present in the sample.
na

Species

Formula

m/z exp.

m/z th.

Δm/z

8

I

[C50H78O18Na]+

989.59

989.51

0.08

9

I

[C55H86O20Na]+

1089.60

1089.56

0.04

10

I

[C60H94O22Na]+

1189.64

1189.61

0.03

18

I*

[C100H158O38Na2]2+

1007.08

1007.01

0.07

19

I*

[C105H166O40Na2]2+

1057.04

1057.12

0.08

20

I*

[C110H174O42Na2]2+

1107.57

1107.57

0.00

21

I*

[C115H182O44Na2]2+

1157.60

1157.59

0.01

28

I**

[C150H238O58Na3]3+

1013.18

1013.12

0.06

29

I**

[C155H246O60Na3]3+

1046.68

1046.54

0.14

30

I**

[C160H254O62Na3]3+

1079.84

1079.89

0.05

31

I**

[C165H262O64Na3]3+

1113.24

1113.23

0.01

32

I**

[C170H270O66Na3]3+

1146.32

1146.58

0.26

33

I**

[C175H278O68Na3]3+

1179.68

1179.94

0.26

a

number of monomer units.

By means of 1H NMR spectroscopy and mass spectrometry (ESI-MS), the targeted Cpcapped 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 SWCNTs
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 SWCNTs 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 CaCl2 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 SWCNTs 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 Tm for which the weight loss is maximal and the final
temperature Tf 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 (Tm for which the weight loss
is maximal) at 325 °C, while the subsequent degradation step has a similar maximal
temperature Tm 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 (Tm) and final (Tf) temperatures characteristic for the polymer degradation part.

Figure 4.4. Thermogravimetric analysis in air atmosphere employing a heat flow of
10 °C·min-1 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 SWCNTs 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 (Tf) represents the temperature at which the
first degradation stops. Considering the weight loss at Tf, 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-1 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 SWCNTs 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 TGAa of non-modified SWCNTs,
PMMA-Cp (1), SWCNTs modified with PMMA-Cp (2a)b and (2b)c.
Ti e
/°C

Tf f
/°C

Tmg
/°C

wt.-%
at Tf

SWCNTsd

350

600

545

4.5

1

140

400

290

1.9

200

410

325

87.7

410

650

565

10.1

200

410

325

81.8

410

650

570

8.8

200

410

325

93.5

410

600

545

4.5

2a
2b
3
a

-1

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; bat ambient temperature; cat 80 °C; dnon-modified SWCNTs;
e
initial temperature for degradation; ffinal temperature for degradation; gtemperature of maximal weight loss
(from first derivative); hnumber 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 Tf
(xpolymer at

Tf

in wt.-%) and of the amount of residue at 700 °C (xresidue

at 700°C

in wt.-%), the

loading capacity (σ1) in mol·g-1 was calculated based on the weight loss at Tf, the polymer
chain molecular weight Mn and by assuming the rest of the samples is constituted purely of
carbon. Based on the above procedure, the grafting density (σ2) in chains·m-2 was calculated
according to the polymer chain molecular weight Mn and the theoretical specific surface of the
SWCNTs (1315 m2·g-1).275 The third calculable parameter is the grafting density expressed as
periodicity (σ3) for which the number of polymer chains (also based on the molecular weight
Mn) is reported relative to the area of one graphene hexagon (Ahexagon = 5.25 Å2),276 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.

σ1 =

x polymer at T f
M n ⋅ ⎛⎜100 − x polymer at T − x residue at 700°C ⎞⎟
f
⎝
⎠

σ ⋅N
σ 2 = 1 A (chain·m-2)
2
Ahexagon ⋅ σ 2

(Eq. 1)

(Eq. 2)

1315

σ3 =

(mol·g-1)

(carbon atoms)

(Eq. 3)

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 chain·nm-2
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-1 or 19 chains·nm-2 with an estimated specific surface area of the
SWCNTs (or graphene sheet) of 1315 m2·g-1.275 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 σ3 = 2 leads to
Equation 4 and 5 (refer to Equation 4.2) using the same notation:

σ1 =
σ2 =

1315
(mol·g-1)
N A ⋅ Ahexagon
1
Ahexagon

(chain·m-2)

(Eq. 4)

(Eq. 5)

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 〈Rg〉. For this, the Kuhn length b (17 Å) and the Flory
coefficient C∞ (9.0) were taken from literature277 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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N ⋅ b2
2
〈 Rg 〉 =
6

(Eq. 6)

R 2 = 2 ⋅ 〈 R g2 〉
disk

(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 σ1 and σ3 to determine the maximum value of the theoretical grafting density
for one polymer chain corresponding to the estimated grafting density σ2 (0.058 chain·nm-2).
The values of σ1 and σ3 are determined employing Equation 8 and 9 (refer to Equation 4.4):

σ1 =

1315
N A ⋅π ⋅ R2
disk

(mol·g-1)

2 ⋅π ⋅ R2
disk (carbon atoms)
σ3 =
Ahexagon

(Eq. 8)

(Eq. 9)

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-1 or 0.058 chain·nm-2) 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 SWCNTs 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)a and (2b)b.
wt.-%
C

H

N

O

85.4

1.7

0.8

2.2

1

58.3

7.7

1.0

30.2

2a

74.6

1.8

1.8

7.0

2b

73.6

1.9

2.2

7.7

SWCNTs

c

a

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

The grafting ratio of polymer on the SWCNTs can be estimated from the ratio between
carbon and oxygen atoms. The variable grafting densities (σ1, σ2 and σ3) 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 SWCNTs and polymer PMMA-Cp were employed to
calculate the grafting density (σCO) in wt.-%. According to the following Equation 9 (refer to
Equation 4.5), the results provide a slightly underestimated grafting density (σCO) for 2a and
2b, since the oxygen content (O%) from non-modified SWCNTs was directly used and not
recalculated according to the composition of the sample. This leads to an error of close to 1%
for (σCO).

σ CO =

O% Sample − O% SWCNTs
O% PMMA− Cp

⋅ 100 (wt.-%)

(Eq. 9)

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 σCO. 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 (σ1, σ2 and σ3) can subsequently be expressed using
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Equation 4.1. Therefore, the grafting density in wt.-% 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-2 (TGA) versus 0.038 chain·nm-2 (EA) for ambient temperature,
and 0.040 chain·nm-2 (TGA) versus 0.045 chain·nm-2 (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 C1s signal of the PMMA-Cp
modified SWCNTs 2a and 2b.

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 sp2 at 284.4 eV) is represented. The O 1s
peaks at 532.3 eV (-O-C=O) 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)a and (2b)b.
B. E.
/eV

SWCNTs

C 1s

284.4

O 1s
a

at.-%

Atom

c

Entity

1

2a

2b

85.9

-

83.8

80.2

C-C sp2

285.0

-

25.8

0.6

1.8

-CH2, -CH3 sp3

285.7

-

21.1

0.5

1.4

-CH2-C(CH3)-COOCH3

286.8

-

13.2

0.3

0.9

-OCH3

289.1

-

12.8

0.3

0.9

O=C-OCH3

290.7

7.1

-

3.9

4.7

π-π*

532.3

-

13.7

2.2

2.6

O=C-OCH3

533.7

-

12.8

0.8

1.5

OCH3

b

c

at ambient temperature; at 80 °C; non-modified SWCNTs. The C 1s peak at 531.1 eV for the PMMAmodified 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
shape found for the SWCNTs, are in a good agreement with literature278,279 and is therefore
used as a template to fit the C 1s spectra of the PMMA-Cp modified SWCNTs samples 2a
and 2b. Additionally, the π-π* transition, well-known for graphitic and aromatic compounds
(sp2 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 (-CH2, -CH3) with a C 1s signal at 285.0 eV,
quaternary carbon (–CH2-C(CH3)-COOCH3) at 285.8 eV, methoxylic carbon (-OCH3) at
286.8 eV, and carboxylic carbon (O=C-OCH3, 289.1 eV) were identified. The corresponding
O 1s components were measured at 532.3 eV (O=C-OCH3) and 533.1 eV (-OCH3). The
binding energies as well as the stoichiometry correspond excellently with former
measurements performed on PMMA.280
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Considering these results, the deconvolution of the spectra of the modified SWCNTs
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 SWCNTs 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) is sufficiently significant to conclude a successful
functionalization of the SWCNTs 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 nonmodified ones. The grafting densities (σ1, σ2 and σ3) were determined by the same procedure
as employed for the thermogravimetric results. As for the elemental analysis, the grafting
density (σ) 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 (σ) in wt.-%, the other grafting densities (σ1, σ2 and σ3) 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.
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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)a and (2b)b based on
TGA, EA and XPS results for C and O atomic content.c
Grafting density
2a

2b

wt.-% of polymer

mmol·g-1

chain·nm-2

Periodicity d

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

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

a

at ambient temperature; bat 80 °C; cthe calculation proceeded by considering the reference (non-modified
SWCNTs), the polymer (PMMA-Cp), and the theoretical graphene sheet specific surface area (1315 g·m-2);
d
number 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 the modified and non-modified samples. The
HRTEM observations of the functionalized SWCNTs (see Figure 4.7) reveals the presence of
an approximately 3 nm thick uniform surrounding layer on the surface of the SWCNTs with a
diameter of 1 nm, whereas no comparable structure was observed for the non-modified
SWCNTs, macroscopically underpinning the functionalization of SWCNTs with PMMA-Cp
evidenced by the above quantitative methods. HRTEM observations also enable to justify the
comparison of XPS quantification with the results observed by elemental analysis, since an
overall 6.8 nm diameter for the covalently modified SWCNTs is observed and corresponds to
the XPS sampling depth of 5–10 nm. From the theoretical value obtained by approximating
the polymer chain with a disk of radius 2.35 nm, it can be postulated that the polymer chains
wrap the cylindrical surface of the SWNCTs and do not stand as rods at the surface.
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bundle

6.8nm
1.1nm

SWCNT

20nm

20nm

Figure 4.7. HRTEM pictures of non-modified SWCNTs (left) and 2b SWCNTs modified
with PMMA-Cp at 80 °C (right).

4.3.3. Conclusions
The [4+2] cycloaddition of Cp end-capped PMMA to SWCNTs was performed under
mild conditions, without catalyst and at ambient temperature as well as at 80 °C. The chainend fidelity of the polymer chains was guaranteed initially via the synthesis of well-defined
bromine terminated PMMA-Br polymer strands via ATRP. The facile access to well-defined
and quantitatively Cp capped macromolecules via an efficient bromine to cyclopentadiene
switch makes the method especially appealing. The functional polymer PMMA-Cp was
characterized via 1H NMR spectroscopy and mass spectrometry (ESI-MS) and the presence of
the Cp terminus at the chain-end evidenced. The grafting reaction was quantitatively
evidenced by macroscopic measurements (TGA, EA), with spectroscopic tools (XPS) and
observed at the nanoscopic scale (HRTEM). The grafting density of the polymer chains at the
surface of the SWCTNs was estimated on the non pre-treated SWCNTs via the above three
independent methods (average grafting density of 0.064 mmol·g-1 (0.029 chain nm-2) for
samples reacted at ambient temperature and 0.086 mmol·g-1 (0.039 chain nm-2) for samples
reacted at 80 °C). In addition, HRTEM images confirmed the presence of an amorphous
polymer layer (~3 nm) around the SWCNTs after functionalization.
Based on these first successful investigations, it was possible to evidence that the DA
reaction between the Cp capped PMMA polymer chains and the SWCNTs occurred, and to
determine the grafting density via three independent methods. Based on these very
encouraging results, an alternative monomer (N-isopropylacrylamide, NIPAM) was chosen to
conduct the same DA ligation for the functionalization of SWCNTs and to equip them with
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specific properties, especially of a thermo-responsive nature (see Chapter 5).
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Chapter 5 – SWCNTs functionalization
with thermo-responsive cyclopentadienyl
end-capped poly(N-isopropylacrylamide)
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ambient
temperature

Thermo-response

ΔT

0.0288 chain·nm-2

PNIPAM-Cp
individual
SWCNT

SWCNT
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5.1. Introduction
Chapter 5 focuses on the functionalization of SWCNTs via ambient temperature DA
chemistry with PNIPAM as stimuli-responsive polymer, to afford water dispersible SWCNTs
with thermo-responsive properties, potentially suitable for carbon nanotube dispersion in
highly polar polymer matrices.
A range of articles describes the functionalization of SWCNTs or MWCNTs with
PNIPAM or alternative thermo-responsive polymers, underlining the importance of
combining CNTs with stimuli-responsive materials. Indeed, enhancing the mechanical
properties of materials via the incorporation of fillers or nano-fillers, such as CNTs, appears
to be intertwined with the development of mechanically intelligent materials, as recently
summarized by Hsu et al. on thermo-responsive and mechanically-adaptive polymer
nanocomposites.281 Being able to react to a thermal stimulus, the combination of PNIPAM
and CNT composites opens new fields of application. For example, Zhang et al. developed a
very impressive actuator, sensitive to heat, by enhancing the thermal response of PNIPAM
hydrogels when mixed with MWCNTs.282 The first study evidencing the properties of
PNIPAM and CNTs appeared in 2004 from Kong et al. and was essentially focused on the
covalent attachment of CNTs to PNIPAM.283 After an acidic treatment of the MWCNTs, a
‘grafting from’ approach was followed via the attachment of an atom transfer radical (ATRP)
initiator to polymerize the monomer. Leading on from there, other research groups developed
similar strategies,284 including the reversible addition fragmentation chain transfer (RAFT)
polymerization of monomers from CNT surfaces,285,286,287 including the formation of block
copolymer architectures.288
Despite these numerous examples, seldom are past studies describing a ‘grafting to’
approach and – even more importantly – a non-destructive method for functionalizing CNTs
with polymers, let alone with PNIPAM (see section 2.5.2). Adronov and co-workers
performed a pseudo ‘grafting to’ approach employing azide end-capped PNIPAM via a [3+2]
Huisgen cycloaddition,289 however the MWCNTs were pre-functionalized with an alkyne
moiety. Only one article presents a ‘grafting to’ approach of PNIPAM leaving the SWCNTs
intact via a [2+1] nitrene cycloaddition.290 The functionalization occurs by heating at 160 °C,
and the relatively high temperature may cause the polymer to degrade. On the contrary, the
‘grafting to’ method firstly enables a precise characterization of the synthetic polymer before
being attached to the carbon material, as well as an efficient control of the grafting density: a
detailed pre-characterization is not possible when employing the ‘grafting from’ approach,
since the grafted polymer strands remain inaccessible for detailed molecular analysis (unless
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cleaved) and may even be interconnected and form a network when free radical
polymerization is involved. Secondly, the main advantage of using the DA reaction remains,
as noted earlier, in employing carbon nanotubes without any pre-treatment – the CNT surface
acts as a dienophile (see section 2.5).
Preparing PNIPAM with a reactive diene end-group, e.g. Cp, requires exquisite control
of the polymerization and efficient successive reactions leading to the desired chain termini.
In terms of providing well-defined polymer structures with high end-group fidelity, RAFT
polymerization has advantages over ATRP when polymerizing NIPAM. The polymerization
of NIPAM by ATRP has raised the interest of polymer chemists since 1999.291 The main
difficulty in maintaining the living character during the polymerization of NIPAM or
(meth)acrylamide based monomers in general via ATRP is associated with a cyclization
reaction due to the elimination of the bromine end-group. Many strategies were developed to
overcome the elimination issue. Firstly, a halide exchange strategy enables the incorporation
of a chlorine atom as end-group, instead of a bromine atom, leading to a stronger halogencarbon bond, minimizing the risk of cyclization and elimination.292 Secondly, the use of an
alternative ligand such Me6TREN enabled the control of the polymerization up to reasonable
conversions.293,294 Yet all of these techniques involve a terminal chlorine atom, which is less
labile than a bromine atom, thus leading to less intramolecular cyclization.295 The most
efficient route to introduce Cp at the terminus of a polymer chain is via the substitution of a
bromine atom using nickelocene.274 A chlorine atom cannot be employed in this procedure,
thus disallowing the use chlorine based ATRP as a base material for the Cp-capped PNIPAM.
Thus, an alternative approach for the preparation of high end fidelity PNIPAM-Cp had
to be identified. Although halides are not being introduced during the polymerization, the
RAFT process of (meth)acrylamide based monomers is well-developed and modular
strategies enable the modification of the introduced end-group.296 These advantages led to
perform the sequence described in Scheme 5.1 to synthesize a Cp-capped PNIPAM. Initially,
PNIPAM with an azide end-group (P1) is synthesized, subsequently conjugated with a
bromine functional alkyne (2-propynyl 2-bromo-2-methylpropanoate) to afford the
brominated polymer (P2). Next, P2 is subjected to a nucleophilic substitution via the
nickelocene-process274 to yield the desired Cp end-capped PNIPAM (P3). The synthesized
Cp-terminal PNIPAM polymer is subsequently dissolved in a dispersion of SWCNTs at
ambient temperature (condition a) or 80 °C (condition b) to lead to the PNIPAMfunctionalized SWCNTs (P3a-SWCNT and P3b-SWCNT).
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Scheme 5.1. Synthetic route to cyclopentadienyl end-capped PNIPAM (P3) and its
intermediates carrying azide (P1) and bromine (P2) end-groups. PNIPAM with an acidic endgroup is employed as reference (P4). The functionality of P3 was assessed with N-maleimide
leading to P3-m. P3a-SWCNT and P3b-SWCNT were reacted with P3 in Nmethylpyrrolidone (NMP) at ambient temperature (a.t.) and at 80 °C, respectively.
After each synthetic step, the successive PNIPAM (P1-3) as well as the non-DA
reactive PNIPAM (P4) were characterized via 1H NMR spectroscopy, SEC, ESI-MS and
FTIR spectroscopy (section 5.2). The diene character of the polymer P3 was further verified
via ESI-MS by reacting with N-maleimide (P3-m) in section 5.2.3. The PNIPAM
functionalized SWCNTs were characterized via TGA, EA and XPS to quantify the grafting
density, and compared with a reference (P4-SWCNT), as well the synthesized polymers to
ease the interpretation and the grafting density evaluation (refer to section 5.3). Finally, in
section 5.3.3, the thermo-sensitive product P3a-SWCNT was characterized via ultraviolet
(UV) turbidity measurements to determine the thermo-responsive nature of the dispersion, as
- 78 -

5.2. Synthesis and characterization of PNIPAM-Cp
well as via DLS to evaluate the hydrodynamic diameter of the hybrid materials as a function
of temperature.

5.2. Synthesis and characterization of PNIPAM-Cp
5.2.1. Polymerization and end-group transformation
The list of the employed materials can be found in Chapter 3 (section 3.12.2). The details
of synthesis and characterization of 2-dodecylsulfanylthiocarbonylsulfanyl-2-methylpropionic
acid (DMP), 2-dodecylsulfanylthio-carbonylsulfanyl-2-methylpropionic acid 3-azidopropyl
ester (DMP-N3), synthesized according to literature,297,298 and 2-propynyl 2-bromo-2methylpropanoate299 can be found in the appendix section (Synthesis A1.).
Synthesis of NIPAM with azide end-group (P1)
NIPAM (12 g, 0.106 mol), DMP-N3 (0.711 g, 1.59·10-4 mol) and AIBN (26.1 mg,
1.58·10-4 mol) were weighed in a 200 mL Schlenk flask. 57.6 mL of 1,4-dioxane was added
and 0.1 mL of toluene added as marker for determining the conversion by 1H NMR
spectroscopy. The solution was subjected to five freeze-pump-thaw cycles prior to heating in
an oil bath at 70 °C. The polymerization was stopped after 2 h at 70% conversion (determined
by 1H NMR spectroscopy) and the mixture dried under vacuum. The polymer was
precipitated in cold ether three times, dried and dialyzed in water for three days in the dark
with frequent changes of water. The residual solution was freeze-dried for 48 h in the dark
(Mn(target) = 5800 g·mol-1, Mn(NMR) = 5300 g·mol-1, Mn(SEC) = 5100 g·mol-1, Ð = 1.11, see
Figure 5.1).
Synthesis of PNIPAM with bromine end-group (P2)
1.2 g (0.226 mmol, 1.0 eq) of dry P1 was dissolved in 5 mL dry DMF, with PMDETA
(19.6 mg, 0.113 mmol, 0.5 eq) and 2-propynyl 2-bromo-2-methylpropanoate (60.3 mg,
0.294 mmol, 1.3 eq) and purged with nitrogen for 30 min. The solution was transferred via
canula to Cu(I)Br (16.2 mg, 0.113 mmol, 0.5 eq) under a nitrogen atmosphere. The reaction
was stirred for 24 h at ambient temperature. Once dried under vacuum, the residue was
precipitated in cold ether and dialyzed for three days to eliminate the copper. The solution
was freeze-dried for 48 h yielding a white powder. (Mn(SEC) = 5400 g·mol-1, Ð = 1.11, see
Figure 5.1).
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Synthesis of PNIPAM with Cp end-group (P3)
Immediately after freeze-drying, 1.0 g (0.189 mmol, 1 eq) of P2 was weighed into a
Schlenk flask and PPh3 (99.0 mg, 0.377 mmol, 2 eq) and NaI (169.7 mg, 0.754 mmol, 6 eq)
were added and evacuated overnight. The mixture was dissolved in 5 mL of dry THF and
NiCp2 (142.5 mg, 0.252 mmol, 4 eq) was subsequently transferred to the P2 mixture via
canula after dissolution in dry THF under a nitrogen atmosphere. The reaction was left
overnight until the solution turned purple. The solution was passed over a short column of
neutral alumina, precipitated in cold ether and dialyzed for three days. The residual solution
was freeze-dried for 48 h (Mn(SEC) = 5400 g·mol-1, Ð = 1.13, see Figure 5.1).
Synthesis of PNIPAM with DMP (P4)
The polymerization of NIPAM was performed with DMP as described for P1 and was
conducted to 70% of conversion (determined by 1H NMR spectroscopy) to a similar
molecular weight as P1 (Mn(NMR) = 6200 g·mol-1, Mn(SEC) = 5800 g·mol-1, Ð = 1.15, see
Figure 5.1).
Measurements performed via SEC on the different polymers enable to determine the
polydispersity and indicate the molecular weight of the synthesized polymers. However, the
overlay of the SEC traces Figure 5.1, show a slight evolution in the retention time from the
successive end-group transformation from PNIPAM P1 (azide end-group), P2 (bromine
terminated), finally P3 (Cp-terminated).
An increase in retention time corresponds to an increase in the hydrodynamic volume of
the polymer, caused by the introduction of the 2-propynyl 2-bromo-2-methylpropanoate
moiety and by a probable gain of rigidity at the end-chain from the introduced triazole group.
These first observed shifts in retention time support the transformation from P1 to P2 (see
Figure 5.1), which is fully confirmed by the

1

H NMR spectroscopy and ESI-MS

characterization (section 5.2.2). The polydispersity index (Ð) remains almost unchanged
when going from P1 to P3. The reference polymer with the acidic end-group P4 was
synthesized with similar molecular weight and Ð. The molecular weight of the starting
polymer P1 and the reference polymer P4 can also be determined via 1H NMR spectroscopy
and the analysis of the spectra returns similar values as those obtained via SEC (Mn(NMR) =
5300 g·mol-1 and Mn(SEC) = 5100 g·mol-1 for P1, Mn(NMR) = 6200 g·mol-1 and Mn(SEC) =
5800 g·mol-1 for P4). The NMR molecular weight was determined considering the ratio of the
integral signal of the protons of the methyl end-group (denoted g in P1, see Figure 5.2) to the
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methyl proton associated with the polymer chain (denoted k in P1, see Figure 5.2). The 1H
NMR spectrum of P4 is depicted in Figure 5.3 and the estimation of the molecular weight
was carried out in a similar fashion (with protons denoted i and e).

Figure 5.1. SEC traces of PNIPAM with different end-group (azide, P1, straight line),
(bromine, P2, dashed line), (Cp, P3, dotted line), and (acidic, P4, dash-dotted line) in THF.

5.2.2. Chain-end fidelity
1

H Nuclear Magnetic Resonance spectroscopy (NMR)
As previously mentioned, the main advantage of the ‘grafting to’ approach is the ability

to characterize the polymer, and in particular its sequential end-group modification. The
additional peaks of species, observed in the 1H NMR spectra for each synthetic step, confirm
the success of the end-modification. From Figure 5.2, the signal of the aliphatic protons a and
c proves that the expected azide end-group of P1 is present (Figure 5.2, top). For P2
(Figure 5.2, middle), the appearance of the new signals from the protons denoted m, n and o
confirms the attachment of the 2-propynyl 2-bromo-2-methylpropanoate. The success of the
final reaction to synthesize the desired Cp-capped PNIPAM P3 is confirmed by the presence
of the p and q protons associated with the cyclopentadienyl group (Figure 5.2, bottom). The
1

H NMR spectrum of P4 is depicted in Figure 5.3, the estimation of the molecular weight

was carried out in a similar fashion (with protons denoted i and e).
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Figure 5.2. 1H NMR spectra of PNIPAM with different end-groups (azide, P1, top),
(bromine, P2, middle), and (Cp, P3, bottom).
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Figure 5.3. 1H NMR overview spectrum of PNIPAM P4.
Fourier Transform Infrared spectroscopy (FTIR)
Furthermore, FTIR spectra additionally evidence the disappearance of the azide
end-group from P1 when ligated with the alkyne to generate P2 (Figure 5.4). The FTIR
spectrum of P3 was also recorded, yet no particular change in the spectrum compared to P2
was observed. The FTIR spectrum of P4 is shown in the appendix section (Figure A1).
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-N3

Figure 5.4. FTIR spectra of PNIPAM with different end-group (azide, P1), (bromine, P2),
and (Cp, P3) in KBr pellets with recognizable azide peak for P1 at 2096 cm-1 (zoomed part of
the spectra).
Mass Spectrometry (ESI-MS)
A final characterization of the synthesized polymers was performed via ESI-MS. The
spectra depicted in Figure 5.5 display the change of the m/z ratio for the polymers P1, P2 and
P3.
The peaks from the ESI-MS spectrum of P1 (Figure 5.5, top) are separated by
56.54 m/z corresponding to the monomer unit of the polymer in its doubly charged state
(single charge 113.08 m/z). Table 5.1 summarizes the theoretical m/z values expected for the
doubly charged polymer species with an indication of the number of monomer units
incorporated into the polymer chain, as well as the obtained experimental values.
The difference between the theoretical and the experimental values (Δ) remains below
0.24 m/z proving that the structure of polymer P1 is the same as in Scheme 5.1. The isotopic
pattern with a high resolution and the corresponding simulation are depicted in Figure 5.6
(spectra top left) at 2960.54 m/z. The m/z shift observed for P2 (Figure 5.5, middle) of 101.99
corresponds exactly to the addition of 2-propynyl 2-bromo-2-methylpropanoate doubly
charged (203.98 m/z single charged). The comparison between the experimental and
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theoretical m/z values is also within an acceptable error range (Δ below 0.34, see Table 5.1).

Figure 5.5. ESI-MS spectra of doubly charged PNIPAM with different end-groups (azide,
P1), (bromine, P2), and (Cp, P3). All spectra are recorded via direct infusion.
In Figure 5.6 (spectra top right), the detailed isotopic pattern at 2949.54 m/z and the
simulated signal are represented, being in excellent agreement with each other. Finally, the
success of the last reaction for exchanging the bromine end-group to Cp is observed in the
ESI-MS spectrum of P3 (Figure 5.5, bottom) by a negative m/z shift of -6.94. Calculating the
replacement of a bromine (78.92 m/z) to a Cp (C5H5, 66.05 m/z), the m/z shift for single
charged species should be -12.87 m/z, and for doubly charged species -6.44 m/z. The
difference of 0.5 m/z between the experimental and theoretical values is acceptable,
considering the deviation observed earlier (Δ = 0.25 for P1, or 0.34 for P2). Considering the
theoretical and experimental m/z values, the deviation remains below 0.40 m/z, indicating that
the transformation of P2 to P3 is successful. Moreover, the simulation of the isotopic pattern
at 2942.66 m/z for P3 is in accordance with the detailed spectrum obtained in the same range
(see Figure 5.6, spectra down left).
A similar study was conducted for P4, and the ESI-MS spectra as well as the
summarizing table can be found in Figure A2 and Table A1 in the appendix section
respectively. The detailed zoom ESI-MS spectrum Figure 5.6 (observed and simulated
spectra bottom right) depicts the accuracy of ESI-MS as a very effective mass spectrometry
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method to characterize the different PNIPAM polymer chains.
Table 5.1. Summary of ESI-MS data for PNIPAM with different end-groups (azide, P1),
(bromine, P2), and (Cp, P3). All spectra are recorded via direct infusion and the detected
species are doubly charged.
Species n a

P1

P2

P3

a

Formula

m/z
th.

exp.

Δ

46

[C296H543N49O48S3Na2]2+

2847.53

2847.45

0.08

47

2+

2904.07

2903.82

0.25

48

2+

[C308H555N51O50S3Na2]

2960.61

2960.54

0.07

49

[C314H566N52O51S3Na2]2+

3017.15

3016.91

0.24

44

[C291H530N47O48S3BrNa2]2+

2836.43

2836.09

0.34

45

2+

2892.97

2892.91

0.06

46

2+

[C303H552N49O50S3BrNa2]

2949.51

2949.54

0.03

47

[C309H563N50O51S3BrNa2]2+

3006.06

3006.00

0.06

44

[C296H535N47O48S3Na2]2+

2829.49

2829.09

0.40

45

2+

[C302H546N48O49S3Na2]

2886.03

2885.91

0.12

46

[C308H557N49O50S3Na2]2+

2942.58

2942.66

0.08

47

[C314H568N50O51S3Na2]2+

2999.12

2998.82

0.30

[C302H544N50O49S3Na2]

[C297H541N48O49S3BrNa2]

number of monomer units.
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Figure 5.6. ESI-MS isotopic pattern of doubly charged PNIPAM with different end-groups
(upper spectra) and the respective simulated isotopic pattern (lower spectra): P1 (azide, top
left spectra), P2 (bromine, top right), P3 (Cp, bottom left) and P4 (acidic end-group, bottom
right). The spectra are recorded via direct infusion.

5.2.3. Model ligation of PNIPAM-Cp with N-maleimide (ESI-MS)
Ligation of P3 with N-maleimide (P3-m)
1 mg of P3 (0.1886 µmol, 1.0 eq) was dissolved in an excess of N-maleimide (0.1 mg,
1.03 µmol, 10 eq) in dry THF and left to react at ambient temperature for 2 h. The mixture
was subsequently dried and analyzed directly via ESI-MS.
The final proof evidencing the ability of Cp-capped PNIPAM P3 to react in a DA
reaction can be found in the ESI-MS spectrum of the obtained product when reacting P3 with
N-maleimide (P3-m. see Figure 5.7, spectrum at the bottom). The diene capped polymer (P3)
reacts with the dienophile (N-maleimide), leading to a positive shift of 97.02 m/z (single
charged species, 48.51 for doubly charged species). The observed m/z shift is, however,
48.00 m/z probably due to experimental error (Δ below 0.25, see Table 5.2) or the elimination
of one maleimide proton.
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Figure 5.7. ESI-MS spectra of doubly charged PNIPAM with Cp end-group conjugated with
N-maleimide (P3-m) in THF. All spectra are recorded via direct infusion.
Table 5.2. Summary of ESI-MS data for PNIPAM with Cp end-group clicked with Nmaleimide (P3-m).
Species

na

Formula

m/z
th.

P3-m

a

exp.

Δ

42

[C288H516N46O48S3Na2]2+

2764.91 2765.16

0.25

43

[C294H527N47O49S3Na2]2+

2820.95 2820.91

0.04

44

[C300H538N48O50S3Na2]2+

2877.50 2877.55

0.05

45

[C306H549N49O51S3Na2]

2+

2934.04 2934.00

0.04

46

[C312H560N50O52S3Na2] 2+

2990.58 2990.82

0.24

number of monomer units.

According to the characterization performed via 1H NMR spectroscopy and ESI-MS,
the modification of the end-groups from P1 to P3 is successful, and the diene character of the
Cp-capped PNIPAM P3 is proven. The reaction with N-maleimide is similar to the
functionalization performed on the SWCNTs surface reacting as dienophile, and the Cpcapped PNIPAM as diene. The results described below describe and quantify the grafting of
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P3 onto the surface of untreated SWCNTs under very mild conditions, e.g. in solution, at
ambient temperature and without catalyst.

5.3. Characterization of functionalized PNIPAM-Cp SWCNTs
5.3.1. Synthesis
Functionalization of SWCNTs (P3a-SWCNT and P3b-SWCNT)
30 mg of SWCNTs were dispersed in 300 mL NMP in an ultrasonic bath and purged
with nitrogen for 1 h. 300 mg of Cp-terminated PNIPAM (P3) was added. The mixture was
stirred at ambient temperature (P3a-SWCNT) for 24 h under a nitrogen atmosphere. The
dispersion was filtered over a PFTE 0.2 µm membrane, rinsed with 100 mL THF and dried
under vacuum. The same procedure is performed to generate P3b-SWNCT at 80 °C instead
of ambient temperature.
Preparation of SWCNT reference (P4-SWCNT)
The same procedure as P3a-SWCNT was followed, with P4 instead of Cp terminated
PNIPAM (P3).
The reaction between the Cp-capped PNIPAM (P3) and the SWCNTs was conducted
after dispersion of the SWCNTs in N-methylpyrrolidone, at ambient temperature and at
80 °C, leading to the products P3a-SWCNT and P3b-SWCNT respectively. These two
products were characterized via TGA, EA and XPS to determine the grafting density. The
same characterization was performed for the SWCNTs treated under the same conditions as
P3a-SWCNT (ambient temperature) with P4, which does not feature a Cp-function (product
denoted P4-SWCNT). For each method, the polymers P1, P2, P3 and P4, the pristine
SWCNTs (p-SWCNT), the treated SWCNTs with P3 (P3a-SWCNT and P3b-SWCNT), and
the reference sample P4-SWCNT were characterized.
5.3.2. Results and discussion
Thermogravimetric Analysis (TGA)
Figure 5.8 depicts the thermogravimetric profiles of all samples (except the polymer P2
for clarity). The thermogravimetric profile of P2 can be found in the appendix (Figure A3),
as well as the derivative curves obtained from the TGA traces for the rest of the samples
(Figure A4). The same procedure for analysis was carried out as in Chapter 4 (section 4.3.2).
The summary of the identified degradation points for the polymers and for the SWCNTs can
be found in the appendix (Table A2 and Table A3).
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Figure 5.8. Thermogravimetric profiles of PNIPAM with different end-groups (azide, P1),
(Cp, P3) and (acid, P4), as well as pristine SWCNTs (p-SWCNT), functionalized with Cpterminated PNIPAM at ambient temperature (P3a-SWCNT), and at 80 °C (P3b-SWCNT).
All samples are measured in air atmosphere with a heat flow of 10 °C·min-1, undergoing a
preliminary isothermal step at 100 °C for 30 minutes.
The degradation profiles for the polymers P1, P3 and P4 are similar: their degradation
occurs at approximatively the same temperatures. For P3, the successive temperatures of
maximal degradation Tm obtained from the derivative of the thermogravimetric profile are
245, 345, 380 and 510 °C. For P4, only three temperatures of maximal degradation (Tm) can
be identified at 235, 375 and 540 °C. One should note that the penultimate degradation
finishes between 425–440 °C for all polymers. At these temperatures p-SWCNT starts to
decompose (Tm = 685 °C for the first transformation). At higher temperatures, a residue of
13 wt.-% is observed, probably due to catalyst residues. When considering the treated
SWCNTs, one can observe that degradations occur below 430 °C, implying that organics are
present. At higher temperature, for P3a-SWCNT, P3b-SWCNT and P4-SWCNT, a
degradation at similar Tm (respectively 390, 395 and 375 °C) as for P3 (Tm = 380 °C) is
observed, due to the presence of the polymer. Then, above the temperature range of 545–
580 °C, the last degradation (Tm = 700 °C) occurs as for p-SWCNT. These first observations
via TGA reveal the presence of polymer in the three samples of SWCNTs treated with the
polymers P3 and P4, yet the quantity (wt.-%) of polymer present in the different samples
- 90 -

5.3. Characterization of functionalized PNIPAM-Cp SWCNTs
varies as depicted in Table 5.3.
Table 5.3. Determination of the grafting density based on the thermogravimetric analysis of
SWCNTs functionalized with Cp-end-capped PNIPAM (P3) at ambient temperature
(P3a-SWCNT), at 80 °C (P3b-SWCNT) and SWCNTs mixed with PNIPAM with acidic
end-group (P4-SWCNT).
Sample

Grafting density

wt.-%
at Tf a

mmol·g

molecule·nm-2

Periodicitye

P3a-SWCNT

83.9b

0.0601

0.0275

1384

P3b-SWCNT

c

0.0515

0.0236

1616

P4-SWCNT

86.2
94.6

d

-1

0.0215

a

9.83·10
b

-3

3880
c

weight percentage before the final degradation temperature Tf; Tf = 410 °C; Tf = 410 °C; dTf = 420 °C; enumber
of C atoms of the SWCNTs surrounded by a polymer chain.

The grafting density is calculated by considering the quantity of sample that degrades
below Tf in the range 410–420 °C (final degradation temperature of the penultimate
degradation of the considered samples). For P3a-SWCNT and P3b-SWCNT, the residual
weight percentage due to the polymer degradation is close to 83.9 and 86.2%, respectively.
For the reference sample P4-SWCNT, the weight percentage is 94.6%: as expected, a very
low amount of polymer on the surface of the SWCNTs is observed, probably due to polymer
chains adsorbed at the SWCNTs’ surface. For a better understanding, the grafting density can
be expressed in alternative units (see Table 5.3). The grafting density expressed in
molecule·nm-2 corresponds to the number of polymer chains present at the surface of the
SWCNT and the periodicity represents the number of carbon atoms the polymer chains are
(on average) separated from each other. The periodicity is related to the surface of one
hexagon (6/3 = 2 carbons) of the honeycomb constituting the tubes. From these grafting
density values, it is obvious that the presence of functional polymer is three times higher than
for the reference sample (for details for grafting density calculations, refer to Chapter 4)
Elemental Analysis (EA)
In addition, EA was performed on the samples (refer to Table 5.4) to evaluate the
composition of the polymers (P1, P3 and P4), and the SWCNT samples (p-SWCNT,
P3a-SWCNT, P3b-SWCNT and P4-SWCNT).
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Table 5.4. Elemental analysis results for PNIPAM with different end-groups (azide, P1), (Cp,
P3), (acid, P4), and pristine SWCNTs (p-SWCNT), SWCNTs functionalized with P3 at
ambient temperature (P3a-SWCNT), at 80 °C (P3b-SWCNT), and mixed with P4
(P4-SWCNT).
Sample

wt.-%
C

H

N

O

S

P1

55.04

9.17 10.13 11.94

1.98

P3

51.28

7.80

9.19 10.22

2.10

P4

59.86

10.25 10.57 16.54

1.25

p-SWCNT

79.14

0.55

0.58

4.14

0.00

P3a-SWCNT 75.30

5.34

2.30

5.74

0.87

P3b-SWCNT 78.19

5.10

2.09

4.57

0.37

P4-SWCNT

0.4

0.41

0.11

0.85

84.99

The untreated p-SWCNT sample contains some oxygen, hydrogen and nitrogen, which
may originate from the air, from the amorphous carbon or catalyst residues. Because of these
impurities, the mass balance is 84.14% for p-SWCNT, and for all the treated SWCNT
samples within the same approximate range. The significant increase of the hydrogen,
nitrogen, oxygen and sulfur content for P3a-SWCNT and P3b-SWCNT reveals the presence
of PNIPAM. The reference sample P4-SWCNT displays an increase of the sulfur content, yet
a very low level of hydrogen, nitrogen and oxygen. This discrepancy might be due to the
ability of the polymer P4 to attach to impurities and remove them from the sample. The low
content of the other atoms, the same order as for p-SWCNT, leads to the conclusion that no
polymer is detectable in the reference graft sample − a very gratifying result. Therefore, only
the grafting density for P3a-SWCNT and P3b-SWCNT can be calculated (see Table 5.5).
Table 5.5. Determination of the grafting density based on elemental analysis of SWCNTs
functionalized with Cp-end-capped PNIPAM (P3), at ambient temperature (P3a-SWCNT)
and at 80 °C (P3b-SWCNT).
Sample

Grafting density
wt.-% x.-% mmol·g-1 chain·nm-2 Periodicitya

P3a-SWCNT 23.17 27.78

0.0628

0.0288

1324

P3b-SWCNT 20.27 25.30

0.0520

0.0238

1602

a

number of C atoms of the SWCNTS surrounded by a polymer chain.

The nitrogen content was employed to estimate the grafting density in a similar fashion
as described in Chapter 4 (refer to section 4.3.2). The sulfur content is too low in the samples
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and would lead to some uncertainty, as for oxygen, since this element is already present in the
pristine SWCNTs due to impurities. The grafting density obtained from the nitrogen content
is very similar to the values deduced via TGA. The weight content via TGA may be less
accurate than the EA, since the degradation of the polymer occurs in two steps as observed
above (see Figure 5.8). An interesting tendency is observed while comparing these two
methods. For P3a-SWCNT (reaction at ambient temperature), the grafting density seems to
be slightly higher than for P3b-SWCNT (reaction at 80 °C). In fact, one could expect the
reverse, as the temperature would displace the DA equilibrium to the products. However,
PNIPAM is thermo-responsive and will collapse in the solvent (NMP) below this
temperature, thus decreasing the possibility for the polymer chain to diffuse to the surface of
the SWCNTs.
X-Ray Photoelectron Spectroscopy (XPS)
Complementary to bulk characterization methods such as TGA and EA, XPS was
employed to characterize the surface of the SWCNTs. XPS enables the characterization of
surfaces to a depth of approximatively 10 nm. Thus, no perturbation from impurities, e.g.
catalyst used to generate the SWCNTs, occurs and the elemental composition at the surface of
the SWCNTs can be accurately determined. The XPS-spectra of P3a-SWCNT (see
Figure 5.9, third spectrum from the top) and P3b-SWCNT (see Figure 5.9, fourth spectrum
from the bottom) reveal the presence of nitrogen, which is not present in pristine p-SWCNT
(see Figure 5.9, top) at the same binding energy (399.8 eV) as for the PNIPAM P3 (see
Figure 5.9 second spectra from the top), indicating that the polymer is located at the surface
of the SWCNTs.
Small quantities of nitrogen (in a noisy signal) are detected for P4-SWCNT (see
Figure 5.9, bottom) confirming, as in TGA and EA, the presence of only very limited
amounts of P4 adsorbed at SWCNTs’ surface. The binding energy assignment for the
different chemical groups and the quantification of each sample represented in Figure 5.9 are
depicted in Table 5.6. XPS-spectra of the polymers P1, P2 and P4 can be found in the
appendix (Figure A5) and each atom (except hydrogen) constituting the polymer was
identified at the corresponding binding energy already referenced in the literature300 as for P3.
The deconvolution of the C 1s signal for the SWCNT based samples was performed in a
similar fashion as in the XPS measurements in Chapter 4 (section 4.3.2). The relative
abundance of each atom was quantified also for these polymers (see appendix, Table A4).
The data for those three polymers are similar to the data obtained for P3.
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Figure 5.9. XPS spectra of pristine SWCNTs (p-SWCNT, top), Cp end-capped PNIPAM
(P3, second spectra from the top), functionalized SWCNTs at ambient temperature
(P3a-SWCNT, third spectra from the top) and at 80 °C (P3b-SWCNT, fourth spectra from
the top), and the reference sample with non functional PNIPAM (P4-SWCNT, bottom) for
each characteristic atom (carbon, oxygen, nitrogen and sulfur). For a better visualization, all
spectra were normalized to maximal intensity.
The increase in the nitrogen signal can be employed to estimate the grafting density of
the samples P3a-SWCNT, P3b-SWCNT and the reference P4-SWCNT, since nitrogen is
not detected in the non modified p-SWCNT, in contrast to oxygen. Nevertheless, the increase
of oxygen is very significant for the samples P3a-SWCNT and P3b-SWCNT compared to
the references p-SWCNT and P4-SWCNT, confirming the presence of PNIPAM. The higher
amount of oxygen for P3a-SWCNT than for P3b-SWCNT confirms the result from the
nitrogen amount, e.g. a higher grafting density for P3a-SWCNT is observed. Since hydrogen
cannot be identified by XPS, the content of carbon, oxygen and sulfur in the sample attributed
from the polymer were firstly determined, according to the results obtained for P3 by XPS
- 94 -

5.3. Characterization of functionalized PNIPAM-Cp SWCNTs
(see Table 5.6).
Table 5.6. Assignment of binding energy and comparison of the bond contribution after the
deconvolution of the XPS spectra of pristine SWCNTs (p-SWCNT), Cp end-capped
PNIPAM (P3), functionalized SWCNTs at ambient temperature (P3a-SWCNT) and at 80 °C
(P3b-SWCNT), and the reference P4-SWCNT (non functional PNIPAM).
Peak

B. E. a
/eV p-SWCNT

Entity

at.-%
P3

P3a-SWCNT P3b-SWCNT P4-SWCNT

S 2p3/2 163.5

0.15

0.60

0.50

0.22

0.17

S-C

168.5

0.05

0.07

0.08

-

-

S=C

284.4

92.0

-

85.2

87.1

86.7

C-C sp2

285.0

-

50.1

2.00

2.00

3.5

CH2, CH3 sp3

286.1

-

13.5

0.5

0.5

1.0

C-N, C-O

287.9

-

11.0

0.4

0.4

0.8

C=O

290.0

5.5

-

2.3

3.2

4.8

π-π*

399.8

-

10.1

1.1

1.0

0.3

N-C

401.9

-

0.4

-

-

-

N+-H

531.4

1.2

11.7

4.5

3.2

1.4

O-C

533.3
binding energy.

1.0

1.7

1.1

1.5

1.0

O=C

C 1s

N 1s
O 1s
a

The hydrogen content was subsequently calculated from the composition of the
monomer, based on the atomic composition attributed to the polymer and to the SWCNTs.
From the atomic percent, the grafting density was deduced in the already defined units (see
Table 5.7). From the atomic content, the amount of P3 present at the surface of the SWCNT
is slightly higher when the reaction is performed at ambient temperature (P3a-SWCNT) than
at 80 °C (P3b-SWCNT, respectively 23.49 and 22.50 at.-%) confirming the results obtained
by TGA and EA. Gratifyingly, the content of PNIPAM in the reference sample remains
extremely low (0.3 at.-%, or 0.0167 mmol·g-1). In contrast to TGA and EA, lower grafting
densities are obtained via XPS, yet are of the same magnitude. For TGA and EA, for which
very similar grafting densities are observed, the quantitative combustion of the sample
(necessary for these two methods) may be influenced by the presence of impurities, leading to
fluctuation in the composition. The weight content of polymer in the sample is strongly
dependent on the amount of residue after the combustion. In contrast, due to its specificity,
XPS delivers values not affected by the presence of impurities, yet may be associated with a
larger error for quantification. The presence of the PNIPAM on the surface of the SWCNTs
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was also evidenced by the thermo-sensitive behavior of the functionalized SWCNTs, which is
discussed below.
Table 5.7. Summary of calculated grafting densities from TGA, EA and XPS for grafting
experiments carried out at ambient temperature (P3a-SWCNT) and 80 °C (P3b-SWCNT)
without the presence of any catalyst.
Sample

Method

Grafting density
wt.-%

P3a-SWCNT

TGA

18.6

-

0.0601

0.0275

1384

EA

23.17

27.78

0.0628

0.0288

1324

XPS

15.23

23.49

0.0372

0.0171

2235

TGA

15.7

-

0.0515

0.0236

1616

EA

20.27

25.30

0.0520

0.0238

1602

XPS
13.91 22.50 0.0305
0.0140
number of C atoms of the SWCNTs surrounded by a polymer chain.

2730

P3b-SWCNT

a

x.-% mmol·g-1 chain·nm-2 Periodicity b

5.3.3. Thermo-response of PNIPAM-Cp functionalized SWCNTs
UV-Absorbance
The evaluation of the Lower Critical Solution Temperature (LCST) of aqueous
solutions of P1 and P3 (0.1 mg·mL-1), and the behavior of p-SWCNT and P3a-SWCNT
based dispersions (0.01 mg·mL-1) was employed by following their absorption at 600 nm
while increasing the temperature (Figure 5.10).
The upper part of Figure 5.10 depicts the turbidity curves for P1 and P3 as a function
of temperature within a heating/cooling cycle. A more significant hysteresis between the
heating and the cooling cycle is observed for P3 than for P1. The presence of a longer organic
section in P3 may induce the delay in returning to a clear solution. Moreover, while the LCST
of PNIPAM is typically close to 32 °C,301 P1 and P3 display a lower LCST at close to 29 °C,
probably due to the dodecyl end-chain.302,303
The most important information from Figure 5.10, however, comes from the
comparison between the p-SWCNT and P3a-SWCNT dispersions, where the thermoresponsive behavior the PNIPAM modified SWCNTs is evidenced. After sonication, the
p-SWCNT dispersion is instable, as microscopic particles are optically recognizable within
5 min and these sediment to the bottom of the flask. While varying the temperature, no
evolution of the relative absorption is observed. On the contrary, the P3a-SWCNT dispersion
leads to a stable, clear and gray dispersion when kept within the confines of an ice-bath (over
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24 h, see DLS section). Once the temperature increases, the solution becomes increasingly
more transparent, which is also evident by inspecting the images embedded within the graph.

Figure 5.10. Evolution of absorbance with the temperature at 600 nm of PNIPAM with
different end-group (azide, P1), (Cp, P3) dissolved in water (0.1 mg·mL-1), functionalized
SWCNTs with Cp-terminated PNIPAM at ambient temperature (P3a-SWCNT), and nonmodified pristine SWCNTs (p-SWCNT) dispersed in water (0.01 mg·mL-1). Heating (full
squares) and cooling (empty squares) cycles at 0.1 °C·min-1.
The pictures of the dispersion after sonication (picture on the left) and at 35 °C (picture
on the right) demonstrate the macroscopic effect of the functionalization, namely as the
temperature increases, the polymer chains collapse onto the CNTs surface and the dispersion
is destabilized, leading to the aggregation of the functionalized SWCNTs, recognizable by
their flotation at the air interface. The overall effect is a clearer solution. An identical behavior
involving PNIPAM functionalized nano- and micro-objects, including microspheres304,305 and
CNTs306 has been reported previously in excellent agreement with the current results.
Dynamic Light Scattering (DLS)
Dynamic Light Scattering (DLS) and Static Light Scattering (SLS) are frequently
employed for the evaluation of aqueous CNT dispersions, e.g. to assess the influence of the
sonication,307 of wrapped polymer,308 of surfactant,309 or of the solvent.310 The combination of
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both methods enables the evaluation of the length of the CNTs via the relation between
hydrodynamic radius and the radius of gyration.311,312 Specifically the work of Gigault et al.
features a complete study of SWCNT dispersions in water, stabilized with a surfactant, by
selectively dissociating individual SWCNTs from aggregates via field-flow fractionation
coupled with DLS and SLS.313 In here, a similar rationale is followed for evaluating the
thermo-responsive behavior PNIPAM/SWCNT hybrids via DLS.
Due to the instability of the p-SWCNT and P4-SWCNT dispersion (see previous UVspectroscopy section), the samples could not be assessed via DLS. The visual recognition of
parts in the clear solution just after sonication already suggests the presence of microscopic
particles which very significantly scatter light and saturate the DLS system. Even diluted, the
dispersion could not be characterized. However, the PNIPAM functional SWCNTs could be
readily assessed. Figure 5.11 depicts the evolution of the hydrodynamic diameter (Dh) of two
populations of particles observed in the dispersion based on P3a-SWCNT (0.01 mg·mL-1).

Figure 5.11. Evolution of the hydrodynamic diameter (Dh) of individually dispersed
SWCNTs (top) and aggregates (bottom) population from P3a-SWCNT dispersion in water
(0.01 mg·mL-1) with the temperature via DLS.
Comparable results to those of Gigault et al. are obtained since two populations of
particles are observed. The mild sonication methods employed in the present study (ultrasonic
bath for the functionalization and a sonifier for the dispersion) contribute to this dispersion
state. A total exfoliation of the SWCNTs would require more mechanical energy, which
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would not guarantee the absence of degradation of the SWCNTs (shortening).307 The diameter
of both populations is comparable to the values obtained in the literature, e.g. individual
SWCNTs and aggregates are recognizable at 52 nm and 169 nm, respectively, after sonication
at 10 °C. For comparison, the dispersion measured over 7 h at 10 °C, such as the 24 h
dispersion (also measured for 7 h at 10 °C) used for references, returns Dh-values between 50
and 90 nm for the smaller population, and 200 and 300 nm for the aggregates. These
fluctuations are due to the difficulty to sonicate the samples at exactly the same energy and
experimental error (10%). The values obtained at 15 °C for the P3a-SWCNT dispersion (89
and 297 nm) are within this range. However, as the temperature is increasing from 20 °C to
40 °C, the hydrodynamic diameter for both populations increases steadily to 152–169 nm and
0.9–1 µm, respectively. The volume weighted quantification of the two populations (see
Figure 5.12) reveals an inversion of the population from 60% of individual SWCNTs at 10–
15 °C to 30% at 35–40 °C (respectively 40% to 70% for aggregates).

Figure 5.12. Evolution of the population in volume percent of individual SWCNTs (filled
squares) and aggregates (white squares) with temperature from the 0.01 mg·mL-1 water
dispersion of PNIPAM functionalized SWCNTs (P3a-SWCNT sample).
Individual SWCNTs aggregate to larger particles at 20 °C, before the LCST of P3 is
reached, and already present aggregates of microscopic particles, revealing the presence of
PNIPAM (P3) at the surface of the SWCNTs. Moreover, the presence of individual P3 could
not be observed due to complete covalent attachment of the polymer to the SWCNTs. The
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hydrodynamic diameter of P3 was evaluated to vary from 5 nm to 120 nm, with a transition
between 25 and 30 °C. These observed phenomena are in good agreement with the UVspectroscopic results, for which the LCST of P3 was determined at 29 °C and the aggregation
of the P3a-SWCNT in dispersion starting over 20 °C, which is in accordance with the
observation from the UV-measurements.
5.3.4. Conclusions
The synthesis of Cp end-capped PNIPAM was successfully performed via the
combination of a RAFT process and a copper catalyzed alkyne/azide ligation reaction. The
analytic methods employed evidenced a high end-group fidelity of the diene functional
thermo-responsive polymers, able to undergo an efficient DA ligation: the Cp-functional
PNIPAM displayed a diene character while reacting with a dienophile (N-maleimide). The
functionalization of SWCNTs with the diene-functional PNIPAM occurred via a DA reaction,
and the presence of polymer at the surface was evidenced via three methods (TGA, EA and
XPS). The grafting density was estimated to be closed to 0.0628 mmol·g-1 (0.0288 chain·nm2,
or one chain every 1384 carbon atoms). The functionalized SWCNTs displayed thermoresponsive behavior and precipitated at 20 °C in aqueous dispersion. The evolution of the
dispersion was followed via DLS, showing individual SWCNTs (50–90 nm hydrodynamic
diameter) and aggregates (200–300 nm diameter). Over 20 °C, the individual SWCNTs
aggregated to 152–169 nm diameter particles, and even larger aggregates (microscopic
particles).
The herein demonstrated functionalization of SWCNTs is the method of choice to
modify SWCNTs under very mild conditions (ambient temperature, no catalyst) and offers
the possibility to transform end-groups from RAFT-polymers in a very simple manner. The
current study proved the efficiency of Cp end-capped polymers (PNIPAM) to react with
SWCNTs and provide SWCNTs with macroscopic observable properties, thermo-response.
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The results reported in Chapter 6 have been produced in collaboration with Dr. Basit Yameen (KIT).
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6.1. Introduction
Organic optolectronics/solar cells,314 offering low cost, easy to process, light weight,
flexible, reliable and environmentally benign energy production technology, is one area where
the optoelectronic properties of CNTs are set to play a vital role.315 On the other hand, the
development of conducting polymers for electronic and photovoltaic devices is being
extensively explored.316 These semiconductor devices function are based on the photovoltaic
effect, which involves the generation of excitons (electron-hole pairs) after photon absorption
and their dissociation for current collection. In conducting polymers, the excitons are short
lived and tend to recombine before the charge collection at the electrodes.317 The dissociation
of excitons can be promoted at the interface of a heterojunction between semiconductor
materials of different electron affinities.318 Conducting polymers (electron donor - D) and
fullerenes (electron acceptor - A) are extensively employed to generate heterojunctions.319
However, the desired optimum morphology for the active layer of the photovoltaic cells is
predicted to be an interpenetrating network containing vertically aligned domains carrying the
charges to the electrodes,320 making CNTs a natural choice and holding promise for
improving photovoltaic effects. On the part of conducting polymers, the highly fluorescent
P3HT is one of the most widely studied materials in the context of conducting
polymers/CNTs bulk heterojunction (BHJ) systems. Several studies in recent years have
predicted an improvement of charge separation efficiency for P3HT/CNT based BHJ systems
as compared to fullerene based systems (refer to Chapter 2, section 2.4.2).321 However, this
improvement remained naturally connected to the de-bundling of CNTs allowing a better
contact between P3HT (D) and the CNTs (A) surface. A rationally designed surface
functionalization of CNTs is key to provide the required BHJ systems. Both non-covalent
supramolecular interaction and covalent functionalization are being explored in this field. The
non-covalent CNTs surface functionalization strategies exploit the Van der Waals/π-π
interactions322 resulting in physical adsorption of conducting polymers at the surface of
CNTs, whereas the covalent functionalization strategies exploit various surface chemical
reactions to covalently graft chemical moieties at the surface of CNTs.138,315 Due to its
chemical robustness, covalent functionalization is generally preferred over non-covalent
adsorption which is prone to desorption under stress. Kuila et al.323 have reported an improved
photovoltaic cell performance when P3HT was covalently functionalized at the surface of
CNTs. Similarly, the studies of Kumar et al.,324 Boon,325 Niu et al.,326 Sadhu et al.,327 and Le
et al.328 have reported the improved photovoltaic characteristics achieved by the
functionalization of CNT surfaces with P3HT. In all these examples the P3HT chains are
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grafted onto the surface of pre-functionalized CNTs via intricate, multi-step prefunctionalization treatments, involving the oxidation of CNTs often under extremely
aggressive conditions.
The former investigations in Chapter 4 and 5 provide substantial and unambiguous
evidence that the DA reaction with Cp end-capped PMMA and PNIPAM efficiently occurred
on non-modified SWCNTs under mild conditions. Alongside the in-depth characterization of
the SWCNT/hybrid material, the thermo-response of such a material reveals additional
properties the polymer chains impart onto the SWCNTs. Thus, the aim of the present section
is to design an unprecedented conducting polymer with a highly reactive diene Cp end-group
suitable for subsequent direct ligation with non-modified SWCNTs, and for a long term
perspective to introduce an important new aspect to the design of CNT/conducting polymer
based photovoltaic units at lower costs and via simplified production.
In collaboration with Dr. Basit Yameen (KIT), a novel Cp end-capped P3HT via an in
situ chain end-capping strategy was synthesized and characterized developed by McCullough
et al.208,239,329 The Cp end-capped P3HT was fully characterized employing 1H NMR
spectroscopy and MALDI-ToF mass spectrometry. The reactivity of the Cp end-groups was
demonstrated by synthesizing P3HT-b-PS block copolymers via HDA ligation (section 6.2).
Exploiting the DA reactivity of SWCNTs towards dienes, the new Cp end-capped P3HT
was directly covalently grafted onto the surface of pristine SWCNTs and the resulting P3HT
functionalized SWCNTs were fully characterized via TGA, EA, XPS and HRTEM (refer to
section 6.3) as already described in Chapter 4 and 5. The results reported here are of
paramount importance, on the one hand in the context of pioneering the synthetic design of
Cp capped conducting polymers which are highly suitable for DA based modular ligation, and
on the other hand for the direct ligation of conducting polymer onto the surface of pristine
SWCNTs.

6.2. Synthesis and characterization of P3HT-Cp
The synthetic strategy employed to generate the Cp-capped P3HT conducting polymer
was based on the in situ end functionalization using the GRIM polymerization developed by
McCullough et al.208,239,329 The GRIM method generally yields region-regular head-to-tail
coupled P3HT with a predominant chain-end composition of H/Br. Exploiting the chain
growth mechanism of GRIM polymerization, McCullough et al. have further developed a
simple route to various end-capped P3HT polymers simply by adding a pertinent Grignard
reagent (RMgX), leading to P3HT with a predominant chain-end composition of Br/R with a
small fraction of an H/R combination. In the present section (refer to Scheme 6.1), P3HT with
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a Br/Vinyl chain-end combination (P-Vinyl) was prepared by adding vinylmagnesium
bromide at the end of the polymerization. The terminal vinyl groups were transformed into
hydroxyl ethyl groups by subjecting them to hydroboration using 9-BBN followed by
oxidation with H2O2 in the presence of NaOH. The hydroxyl end-capped P3HT (P-OH) was
subsequently reacted with 2-bromopropionyl bromide to give P-Br with a chain-end
constitution of aromatic-Br/aliphatic-Br.208 Capitalizing on the NiCp2 assisted ambient
temperature transformation of aliphatic bromo to Cp groups,274 the terminal aliphatic-Br
groups of P-Br were quantitatively transformed into Cp groups (Scheme 6.1, route A,
although the transformation leads to a mixture of 1-, 2-, and 5-substituted cyclopentadienes,
only the chemical structure for the 1-isomer is presented for reasons of brevity). For the sake
of comparison, a P3HT polymer with a chain-end constitution of Br/H (P-0) was additionally
prepared employing the same GRIM method (Scheme 6.1, route B).
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Scheme 6.1. (A) Synthesis of Cp end-capped P3HT (P-Cp) by a combination of in situ end
functionalization employing GRIM polymerization and NiCp2 assisted transformation of the
terminal aliphatic bromo group into a Cp group. (B) Synthesis of a reference P3HT sample
(P-0). The terminal bromo groups of the P-0 remained inert during reaction with NiCp2.
For clarity, the synthesis and the results obtained from 1H NMR spectroscopy and
MALDI-ToF mass spectrometry are detailed for the last synthetic step transforming the
bromine terminated polymer chains P-Br into the Cp end-capped polymer chains P-Cp. The
synthesis of P-Vinyl and P-OH have previously been reported in the literature, and thus the
results of their characterization are reported in the appendix, e.g. the detailed 1H NMR spectra
in Figure A6 and the mass spectra in Figure A7. For the same reason, the synthesis and the
results for the reference sample P-0 are reported in the appendix (refer to Figure A8 for the
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1

H NMR spectrum, and Figure A9 for the MALDI-ToF spectrum).
6.2.1. Polymerization and end-group transformations
The list of the employed materials can be found in Chapter 3 (section 3.12.3).

Synthesis of vinyl terminated P3HT (P-Vinyl) and the reference polymer (P-0)
4 g (12.3 mmol) of 2,5-dibromo-3-hexylthiophene was dissolved in 120 mL of dry THF
under N2(g) atmosphere. To this solution 6.12 mL (12.2 mmol) of a 2 M ether solution of tertbutylmagnesium chloride was added and the reaction mixture was stirred under reflux for
90 min in a N2(g) atmosphere. The reaction mixture was subsequently cooled to ambient
temperature and 332.4 mg (0.613 mmol) of Ni(dppp)Cl2 were added. The polymerization was
allowed to proceed for 10 min followed by the addition of 2.46 mL (2.46 mmol) of 1 M THF
solution of vinylmagnesium bromide. The polymerization reaction was further stirred for
5 min before it was poured into methanol to precipitate the polymer. The precipitated polymer
was collected and subjected to sequential Soxhlet extractions with methanol, hexanes and
chloroform. P-Vinyl (Mn = 5700 g·mol-1, Đ = 1.1) was collected from the chloroform extract
by evaporation of chloroform via a rotary evaporator and drying overnight under vacuum at
ambient temperature. A reference P3HT sample referred to as P-0 was prepared in a similar
fashion without the end-capping with vinylmagnesium bromide (Mn = 6200 g·mol-1, Đ =
1.09). The P-0 polymer was used to prepare the reference sample blends of P3HT/SWCNT
for comparison.
Synthesis of hydroxyl terminated P3HT (P-OH)
680 mg (0.119 mmol) of P-Vinyl was dissolved in 80 mL of dry THF under N2(g)
atmosphere. To this solution 4.75 mL of 0.5 M THF solution of 9-BBN were added. The
reaction mixture was stirred at 40 °C for 24 h. Subsequently, 1.2 mL of 6 M aq. NaOH
solution were added. The reaction mixture was cooled to ambient temperature followed by the
addition of 1.2 mL of 35% aq. H2O2 solution and was stirred for a further 24 h at 40 °C. At
the end of the reaction the polymer was recovered by precipitation in a methanol water
mixture (2.5:1). The precipitates were filtered, washed with water and subjected to Soxhlet
extraction with methanol for 24 h. P-OH (Mn = 6400 g·mol-1, Đ = 1.1) was collected by
extraction in chloroform.
Synthesis of aliphatic bromo terminated P3HT (P-Br)
540 mg of P-OH (0.085 mmol) was dissolved in 50 mL of dry THF and stirred at 40 °C
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for 15 min. To this solution 3.91 mL (28.05 mmol) of TEA were added followed by the
dropwise addition of 2.67 mL (25.5 mmol) of 2-bromopropionyl bromide at 40 °C. The
reaction mixture was stirred at 40 °C for 24 h after which it was cooled to ambient
temperature and filtered. The filtrate was concentrated and precipitated in methanol. The
precipitates were collected and subjected to Soxhlet extraction with methanol for 24 h. The
P-Br was collected by extraction with chloroform and the chloroform was removed on a
rotary evaporator. The obtained P-Br (Mn = 6500 g·mol-1, Đ = 1.1) was subsequently dried
under vacuum at ambient temperature.
Synthesis of Cp terminated P3HT (P-Cp)
The synthesis of P-Cp was adapted from the method developed by Inglis et al.274 and a
representative synthesis is described here. The reaction was performed at ambient temperature
in a dry glove box under N2(g) atmosphere. 527 mg (0.081 mmol) of P-Br (Mn =
6500 g·mol-1, Đ = 1.15) was dissolved in 21 mL of dry THF. To this solution, 72.74 mg
(0.485 mmol) NaI and 42.43 (0.162 mmol) of TPP were added and the solution was stirred for
5 min. 61.11 mg (0.324 mmol) of NiCp2 was separately dissolved in 1.8 mL of THF and was
transferred to the solution of P-Br containing NaI and PPh3. The reaction was stirred at
ambient temperature for 6.5 h. The reaction mixture was subsequently passed through a short
basic alumina column, concentrated and precipitated in methanol. The precipitates were
collected by centrifugation and were dissolved in chloroform. The chloroform mixture was
washed three times with water, concentrated and precipitated in methanol. The precipitates
were collected by centrifugation and dried overnight under vacuum at ambient temperature to
give P-Cp (Mn = 6500 g·mol-1, Đ = 1.2).
Synthesis of P3HT-b-PS via HDA Ligation
24.8 mg (Mn = 6500 g·mol-1, Đ = 1.2, 3.8·10-3 mmol) of P-Cp, 11.86 mg (Mn =
3100 g·mol-1, Đ = 1.1, 3.8·10-3 mmol) of RAFT polymerized PS and 1.2 equivalent of ZnCl2
were dissolved in 70 µL of THF. The solution was stirred at 50 °C for 24 h. The reaction was
cooled to ambient temperature and the polymer was recovered by precipitation in methanol.
The obtained block copolymer was dissolved several times in the minimum volume of THF
and precipitated in acetone. The precipitates were collected via centrifugation and dried under
vacuum at ambient temperature.
An overlay of the SEC traces of P-Br and P-Cp is depicted in Figure 6.1. The two
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chromatograms and are essentially identical except a very small shoulder that appeared on the
higher molecular weight side for P-Cp. The small shoulder can be attributed to the DA
coupling reaction between the Cp end-groups of P-Cp. The overall SEC data for P-Br (Mn =
6500 g·mol-1, Đ = 1.1) and P-Cp (Mn = 6500 g·mol-1, Đ = 1.2) are almost identical and both
polymers have narrow dispersities.

Figure 6.1. Overlay of SEC traces of P-Br and P-Cp.

6.2.2. Chain-end fidelity
1

H Nuclear Magnetic Resonance spectroscopy (NMR)

The 1H NMR data for the transformation steps leading to the P-Br stage were in
complete agreement with those reported in the literature208 (refer to Figure A6 in the appendix
for the 1H NMR spectra of P-Vinyl and P-OH). The successful transformation of the
aliphatic-Br of P-Br to Cp end-groups was evidenced by the appearance of proton resonances
characteristics of the Cp group274 at 6.0–6.5 ppm and 2.9 ppm in the 1H NMR spectrum of
P-Cp. The resonance for the proton at the α-position to the aliphatic-Br group was also

shifted from 4.3 ppm in P-Br to 3.5 ppm in P-Cp. Additionally, the doublet for the methyl
protons at β-position to aliphatic-Br group was shifted up-field, being obscured by the
aliphatic signals from the hexyl substituents of P3HT. The 1H NMR data thus fully
corroborate the successful end-group transformation (refer to Figure 6.2). The presence of
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distinguishable end-groups enabled the estimation of Mn values by the NMR end-group
analysis. The consistent Mn values of P-Vinyl (7800 g·mol-1), P-OH (8100 g·mol-1), P-Br
(8000 g·mol-1), and P-Cp (8600 g·mol-1) reflect a high end-group fidelity during the endgroup transformation depicted in Scheme 6.1.
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Figure 6.2. 1H NMR spectra of P-Br (top) and P-Cp (bottom) with resonance assignment to
the respective protons revealing the successful transformation of the terminal aliphatic bromo
group into a Cp group.
Mass Spectrometry (MALDI-ToF)

In addition to

1

H NMR spectroscopy, MALDI-ToF mass spectrometry analysis

additionally confirms the quantitative end-group transformation. An overlay of the MALDIToF mass spectra of P-Vinyl, P-OH, and P-Br is provided in the appendix (refer to
Figure A7). The MALDI-ToF mass spectrum for the P-Cp is depicted in the Figure 6.3.

The m/z values for the major peak series in Figure 6.3 correspond to the P-Cp
molecules as expected (refer to Scheme 6.1, route A) with a Cp group at one end of the chain,
while the other end of the chain is capped with the bromo group. It is worthwhile noting that
only the aliphatic-Br end-groups of P-Br were transformed into the Cp groups while the
bromo groups directly attached to the thiophene ring did not react with the NiCp2. The
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transformation of the bromo end-groups of the P-0 (Mn = 4000 g·mol-1, Đ = 1.1) into a Cp
group under similar conditions did not occur (product 2) which evidences the inertness of
bromo groups directly attached to thiophene rings towards NiCp2 under the applied condition.

C6H13
X

(

O
S

)

n

O

Figure 6.3. MALDI-ToF mass spectrum of P-Cp. The major peak series corresponds to P-Cp
with X=Br while the minor peak series represents P-Cp with X=H. For both series the
difference between two consecutive peaks matches the mass of P3HT repeat units. For a
detailed peak assignment refer to Table 6.1.

In the MALDI-ToF mass spectrum of P-Cp, as depicted in Figure 6.3, the difference of
166.3 Da between the consecutive major peaks (marked with a point •) matches the mass of
the P3HT repeat units well. In addition to the major peak series, a minor peak series, as
marked by the asterisks in Figure 6.3, was observed. A difference of 166.3 Da between the
consecutive minor peaks confirmed that they also originated from P3HT molecules and the
mass difference between the consecutive minor and major peaks matched the mass of a
bromine atom which reflected on the P-Cp molecules with H/Cp chain-ends constitution.
This is in accord with the results reported by the McCullough et al., where quenching the
GRIM polymerization with vinylmagnesium bromide results in P3HT with majority chainends constitution of Br/Vinyl and a minor fraction of H/Vinyl chains end constitution.208,239,329
The combination of the chain-end constitutions is subsequently carried over into all the endgroup transformations as depicted in Scheme 6.1 (route A).
A comparison of MALDI-ToF mass spectra of P-Br and P-Cp is presented in
Figure 6.4 along with the chemical structures of the P-Br (P-BrBr refers to Br/Br and P-BrH
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refers to H/Br chain-end constitution) and P-Cp (P-CpBr refers to Br/Cp and P-CpH refers to
H/Cp chain-end constitution) polymers.
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Figure 6.4. Top: Chemical structures of the P-Br (P-BrBr refers to Br/Br and P-BrH refers to
H/Br chain-end constitution) and P-Cp (P-CpBr refers to Br/Cp and P-CpH refers to H/Cp
chain-end constitution) polymers. Bottom: MALDI-ToF mass spectra of P-Br and P-Cp. A
shift of peaks by -13.88 Da (78.92 (Br) – 65.04 (C5H5) = 13.88 Da) confirms the quantitative
transformation of the terminal aliphatic bromo group to a Cp group.

The absence of P-BrBr species in the P-Cp MALDI-ToF mass spectrum and a shift of
the peaks by -13.9 Da (78.92 (Br) – 65.04 (C5H5) = 13.88 Da) confirmed the quantitative
transformation of only the terminal aliphatic bromo groups of P-BrBr into the Cp groups. The
transformation is clearly observable for P-BrBr species, however, in the case of the
transformation of the P-BrH species, the P-CpH peaks overlaps with a small peak (marked as
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PT) already present in the P-Br mass spectrum in the same region. A 166.3 Da difference

between consecutive PT peaks shows their origin from the P3HT, however, the exact endgroup nature of the PT is unclear at this stage. Nevertheless, one can clearly observe the
disappearance of the P-BrH peaks, confirming their quantitative transformation. Furthermore,
the peak shift of -13.9 Da during the transformation of P-Br to P-Cp confirms the inertness of
the bromo group which is directly attached to the thiophene ring towards the NiCp2
transformation procedure under the applied conditions. The MALDI-ToF mass spectrum data
for P-Br and P-Cp are summarized in Table 6.1.
Table 6.1. A summary of MALDI-ToF mass spectrometry data for different chain-end
constitutions of P-Br and P-Cp.

a

Species

na

Formula

m/z th.

m/z exp.

Δ m/z

P-BrBr

15

[C155H218Br2O2S15]+

2749.11

2749.41

0.30

P-BrH

16

[C165H233BrO2S16]+

2837.28

2837.63

0.35

P-BrBr

16

[C165H232Br2O2S16]+

2915.20

2915.30

0.1

P-BrH

17

[C175H247BrO2S17]+

3003.37

3003.77

0.40

P-CpH

15

[C160H223BrO2S15]+

2735.23

2735.27

0.04

P-CpBr

16

[C170H238O2S16]+

2823.41

2823.59

0.18

P-CpH

16

[C170H237BrO2S16]+

2901.32

2901.40

0.08

P-CpBr

17

[C180H252O2S17]+

2989.49

2988.99

0.50

number of monomer unit

A close agreement between the theoretical and the experimental m/z values fully
corroborates the chain-end constitution (refer to Figure 6.5 and Figure 6.6, showing close
agreement between the experimentally measured MALDI-ToF and the simulated mass spectra
for P-Br and P-Cp). To avoid any interference from PT and considering the quantitative
nature of the P-Br to P-Cp transformation, the end-group fidelity was estimated at the P-Br
stage. A comparison of area under the peaks associated with P-BrBr, P-BrH, and PT in the
MALDI-ToF mass spectrum of P-Br revealed an end-group fidelity of 90%. These data –
jointly with NMR data – evidence the efficacy of the synthetic approach for the introduction
of a Cp moiety at the terminus of a P3HT chain.
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Figure 6.5. Comparison between the experimentally measured and the simulated mass
spectrum of P-Br.

Figure 6.6. Comparison between the experimentally measured and the simulated mass
spectrum of P-Cp.
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After characterizing the P-Cp polymer and ascertaining the nature of the end-groups,
the reactivity of the Cp end-groups as a diene in a DA reaction was demonstrated. For this
purpose, PS carrying dithioester based electron deficient dienophile end-groups was
synthesized by employing benzyl (diethoxyphosphoryl)dithioformate as chain transfer agent
according to the RAFT procedure previously established.86 The suitability of electrondeficient dithioester end-capped polymers for block copolymer synthesis via [4+2] HDA
cycloaddition reactions has been previously established (refer to section 2.2).85,86 The HDA
cycloaddition coupling reaction was performed between Cp (diene) end-capped P3HT P-Cp
and RAFT polymerized electron deficient dithioester (dienophile) end-capped PS (refer to
Scheme 6.2). The reaction was performed in THF in the presence of ZnCl2 at 50 °C for 24 h.

P -Cp

+

O

C6H 13

O
P

S

O

m

S

ZnCl2, THF
2 4h at 50 C

X

O

O

S

X=H/Br

O

S

O
P

O

S
m

n

P3HT-b-P S

PS

Scheme 6.2. Schematic representation of the P3HT-b-PS synthesis via HDA ligation.

The SEC analysis of the reaction mixture clearly showed the formation of block
copolymer. The corresponding SEC traces of reacting polymers and formed block copolymer
are depicted in Figure 6.7 and their molecular weights are collated in Table 6.2.
Table 6.2. SEC data for the P-Cp, RAFT synthesized PS with dithioester end-groups,
P3HT-b-PS synthesized via HDA ligation.

Sample

Mp /g·mol-1

Mn /g·mol-1

Mw /g·mol-1

Đ

P-Cp

6300

6500

7600

1.2

PS

3300

3100

3500

1.1

P3HT-b-PS

8700

7800

9100

1.2

The resulting block copolymer was also characterized by 1H NMR spectroscopy. Before
the 1H NMR spectroscopic analysis, the block copolymer sample was repeatedly precipitated
from its THF solution into acetone. Such a procedure removed any traces of unreacted PS
which is readily soluble in acetone. The 1H NMR spectrum of the purified P3HT-b-PS formed
by the [4+2] HDA cycloaddition reaction clearly showed the signals for the aromatic proton
resonances originating from the PS block (refer to Figure A10 in the appendix). These results
support the suitability of the terminal Cp groups of P-Cp to undergo DA reactions.
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Figure 6.7. Overlay of SEC traces of P-Cp, RAFT synthesized PS with dithioester endgroups, and P3HT-b-PS synthesized via HDA ligation.

The so far discussed characterization data for the P-Cp augmented by the example of
block copolymer formation clearly evidences the presence of DA active Cp groups at the end
of P3HT chains. The P-Cp was subsequently reacted with pristine SWCNTs (SWCNT-1) in
order to demonstrate the unprecedented one-step facile and direct surface functionalization of
pristine SWCNTs with P3HT via DA ligation. The surface DA ligation was carried out at
80 °C for 24 h. For the purpose of comparison, a reference sample (SWCNT-0) was prepared
by mixing P-0 – P3HT lacking a Cp end-group – with the p-SWCNT under the identical
conditions. Both the SWCNT-1 and SWCNT-0 samples were extensively washed with THF
– until the washings were colorless – before the characterization. The resulting
P3HT/SWCNTs covalent hybrid materials were successfully characterized by employing
TGA, EA, XPS, and HRTEM.

6.3. Characterization of P3HT-Cp functionalized SWCNTs
6.3.1. Synthesis
Ligation of cyclopentadienyl end-capped P3HT with SWCNTs and reference sample
(SWCNT-0 and SWCNT-1)

35 mg of pristine SWCNTs (p-SWCNT) were dispersed in 350 mL NMP in an
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ultrasonic bath and nitrogen purging for 1 h. 350 mg of Cp end-capped P3HT (P-Cp) were
added to the mixture and degassed for 15 minutes. The mixture was allowed to stir at ambient
temperature for 24 h under inert atmosphere at 80 °C to generate the sample SWCNT-1. The
reference sample (SWCNT-0) was prepared by mixing of SWCNTs and non-functional
P3HT (P-0) under the identical conditions.
6.3.2. Results and discussion
Thermogravimetric Analysis (TGA)

The thermogravimetric profiles of the SWCNT based samples (p-SWCNT, SWCNT-0
and SWCNT-1), cyclopentadienyl end-capped P3HT (P-Cp) and the non-functional P3HT
(P-0) are depicted in Figure 6.8.

Figure 6.8. Thermogravimetric profiles of non-modified SWCNTs (p-SWCNT),
cyclopentadienyl end-capped P3HT (P-Cp) and functionalized SWCNTs with P-Cp
(SWCNT-1). Profiles of the non-functional P3HT (P-0) and the reference sample SWCNTs
mixed with P-0 (SWCNT-0) are also shown. A heating rate of 10 °C·min-1 was applied,
following a 30 minutes isothermal step at 100 °C.

The analysis of the TGA data was performed using the first derivative profiles to
identify the successive degradation of the samples (same procedure as described in Chapter 4,
section 4.3.2). Each degradation is characterized by an initial temperature (Ti), a final
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temperature (Tf), and a temperature corresponding to the maximum rate of weight loss (Tm).
In the appendix, the derived profiles are depicted in Figure A11 and a summary of the
degradation characteristics is available in Table A5. The non-modified SWCNTs
(p-SWCNT) start to decompose at 440 °C until a weight of 14.6% (catalytic residue) at
820 °C. The polymer samples (P-Cp and P-0) displayed decomposition from 100 °C to
630 °C in several steps in a similar fashion. At 410 °C, a residual weight of 85.0% for the
P-Cp, and 85.4% for the P-0 was observed. A subsequent degradation until 495 °C led both

polymers to a similar residual weight percentage, 49.7% for P-Cp and 50.4% for P-0, before
further degradation occurred at higher temperature. The fact that the polymers are not
completely degraded before the SWCNTs have started to degrade (Ti = 440 °C) made it
difficult to precisely quantify the functionalization of the SWCNTs bonded to P3HT polymer
chains. The TGA profiles of the SWCNTs functionalized with the polymer (including the
reference sample) revealed the onset of degradation for all the samples at temperatures below
Ti (440 °C) of the pristine SWCNTs, evidencing the presence of the polymer in all
polymer/SWCNT based samples. Comparing the TGA thermograms of SWCNT-0 and
SWCNT-1, one can clearly notice a higher overall weight loss in the case of SWCNT-1. The

TGA thermograms of the SWCNTs modified with P-Cp (SWCNT-1), showed a significantly
higher degradation when heated to 440 °C (Ti for pristine SWCNTs). For SWCNT-1, a
weight loss of 37.2% was observed at 440 °C, while at the same temperature a lower weight
loss of 21.8% was observed for the SWCNT-0. The wrapping of SWCNTs with the P3HT via
Van der Waals/π-π interaction accounts for the presence of polymer in SWCNT-0 sample and
most of the P3HT/CNTs hybrid materials reported in literature are based on this physical
interaction.330,331,332 The onset of SWCNTs degradation before the complete degradation of
P3HT made quantification of grafting density impossible. Nevertheless, the TGA experiments
clearly evidenced a higher amount of polymer in case SWCNTs functionalized with Cp endcapped P3HT.
Elemental Analysis (EA)

In order to provide complementary information regarding the presence of the polymer
chains for the SWCNTs functionalized or mixed with P3HT, their elemental composition was
determined for carbon, hydrogen, nitrogen, oxygen and sulfur. The results of the elemental
analysis are collated in Table 6.3.
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Table 6.3. Elemental composition of non-modified SWCNTs (p-SWCNT), cyclopentadienyl
end-capped P3HT (P-Cp), functionalized SWCNTs with P-Cp (SWCNT-1), and the
reference samples: non-functional P3HT (P-0) and the SWCNTs mixed with P-0
(SWCNT-0). The amount of P3HT incorporated in the hybrid samples expressed as grafting
density in wt.-% is indicated.

Sample

C

H

N

O

S

Grafting density
/wt.-%

p-SWCNT

79.1

0.6

0.6

4.1

0

-

P-Cp

69.5

8.2

0.3

0.9

14.3

-

P-0

67.2

7.7

0.4

1.1

14.6

-

SWCNT-1

70.1

2.3

0.9

3.7

3.9

27.3

SWCNT-0

50.9

1.4

0.7

6.9

0.8

8.1

For the p-SWCNT, the carbon content was found to be 79.1 wt.-% of the composition.
Beside carbon, some oxygen (4.1 wt.-%) was also detected. The mass balance was not
complete which was attributed to some catalytic residue present in the sample from its
production process. The elemental compositions of P-Cp and P-0 reflected a difference
mainly between the carbon, hydrogen and sulfur atoms, whereas the nitrogen and oxygen
contents are not relevant and may be due to air contamination. The compositions did also not
exactly correspond to the expected theoretical values. The sulfur content is about 5 wt.-%
lower than the theoretical value (see Table 6.4).
Table 6.4. Comparison of the theoretical elemental composition of cyclopentadienyl endcapped P3HT (P-Cp) and non-functional P3HT (P-0) with the experimentally obtained values
via EA.

Sample

at.-%
C

P-Cp
P-0

H

wt.-%
S

C

H

S

Experimental

40.5 55.5

4.0

72.6

8.4

19.0

Theoretical

40.3 56.6

3.1

75.6

8.9

15.5

Experimental

55.5 39.0

5.5

75.4

4.5

20.1

Theoretical

41.1 55.6

3.3

75.1

8.6

16.3

For P-0 and P-Cp, the mass balance was not closed. The presence of bromine atoms at
the chain-end, as evident in MALDI-ToF mass spectrometry data discussed earlier, explains
the deviation of the experimental EA results from the theoretical values. Bromine, as other
halogens, acted as a combustion inhibitor, leading to an incomplete combustion of the sample
and to errors in the elemental composition. Quantifying the amount of P3HT polymer chains
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for SWCNT-1 and SWCNT-0 was thus not reliable. However, the analysis of the EA data
corroborated the same trend as observed in TGA. Firstly, the sulfur and hydrogen contents
increased unambiguously after functionalization with P-Cp. The SWCNT-1 showed sulfur
and hydrogen contents of 3.9 and 2.3 wt.-%, respectively. The presence of P3HT was also
observed in SWCNT-0, yet in a smaller amount than SWCNT-1. The grafting densities in
weight percentage (wt.-%) for the SWCNT-0 and SWCNT-1 based samples are presented in
the Table 6.3. Keeping in mind the limitations discussed above (mass balance not complete,
presence of bromine as combustion inhibitor) these values must be handled with care.
However, one can qualitatively conclude a higher grafting density in case of SWCNTs
functionalized with Cp end-capped P3HT as compared to the reference sample where P3HT
was physically adsorbed at the surface of the SWCNTs.
X-Ray Photoelectron Spectroscopy (XPS)

Contrary to TGA and EA, which are bulk characterization techniques, XPS offers the
possibility to characterize the surface of a sample. Complementary to EA, the elemental
composition can also be assessed via XPS. In addition, the same element present in different
chemical environments can also be detected. Figure 6.9 depicts the high resolution XPS scans
for the carbon (C1s), sulfur (S2p) and bromine (Br3d) signals obtained for the p-SWCNT,
P-Cp, SWCNT-1, P-0, and SWCNT-0.

The C1s carbon signal at 284.4 eV is representative the graphitic carbon atoms of
p-SWCNT (refer to the XPS measurement performed in section 4.3.2 and 5.3.2). A small

amount of sulfur (0.2 at.-%) was also detected in the case of p-SWCNT (refer to Table 6.5).
XPS spectra for both polymers (P-Cp and P-0) showed the presence of bromine. Via
the Br3d3/2 signal at 70.3 eV,333,334 originating from the bromo end-groups of P-Cp and P-0.
The presence of sulfur signals (S2p3/2 signal at 163.9 eV)335 and the signal for the carbon
atoms from hydrocarbon (C1s signal at 285.0 eV)336 correlate with the composition of the
repeat unit for P-Cp and P-0 (3-hexylthiophene-2,5-diyl). A small fraction of the
deconvoluted C 1s signal represented by the peak located at 287.0 eV have been assigned to
C-Br and C-O.334 Another small constituting peak of deconvoluted C1s signal at 283.8 eV
could not be attributed unambiguously, however, such a signal may be attributable to carbide
species which may have originated from contamination.337 The atomic composition for the
carbon, sulfur and bromine contents as determined by XPS are in complete agreement with
the theoretical composition for both the polymers (P-Cp and P-0), reflecting on the higher
accuracy of XPS analysis than EA (refer to Table 6.6).
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Figure 6.9. XPS spectra of non-modified SWCNTs (p-SWCNT), cyclopentadienyl endcapped P3HT (P-Cp), functionalized SWCNTs with P-Cp (SWCNT-1). The reference
samples, non-functional P3HT (P-0) and the SWCNTs mixed with P-0 (SWCNT-0) are
depicted. For a better visualization all spectra are normalized to the maximum intensity, and
the signal S2p for p-SWCNT is enlarged by a factor of 5.
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Table 6.5. Assignment of binding energies and comparison of the bond contribution after the
deconvolution of the XPS spectra of non-modified SWCNTs (p-SWCNT), cyclopentadienyl
end-capped P3HT (P-Cp), functionalized SWCNTs with P-Cp (SWCNT-1), and reference
samples: non-functional P3HT (P-0), and the SWCNTs mixed with P-0 (SWCNT-0) are
represented.

Peak

B. E.a
/eV

Entity

at.-%
p-SWCNT

P-Cp

P-0

SWCNT-1

SWCNT-0

Br3d5/2

67.7

-

-

-

0.1

0.2

Br-

Br3d3/2

70.3

-

0.3

0.2

0.2

0.2

Br-C

S2p3/2

163.9

0.2

8.5

9.2

3.7

2.8

S-C

C1s

283.8

-

2.8

2.4

-

-

C carbide

284.4

93.3

-

-

85.2

85.6

C-Cgraphite

285.0

-

85.5

85.4

9.9

10.2

C-C, C-H

287.0

-

2.9

2.8

-

-

C-O, C-Br

290.6

6.5

-

-

0.9

1.0

π-π*

a

binding energy.

Like p-SWCNT, the C1s signal for SWCNT-0 and SWCNT-1 is dominated by the
peak for graphitic carbon at 284.4 eV. The presence of hydrocarbons signals at 285.0 eV
reflects on the presence of the P3HT polymer chains in SWCNT-0 and SWCNT-1 samples.
However, the presence of P3HT in both samples, SWCNT-1 and SWCNT-0, is more evident
by the appearance of the signals for sulfur and bromine atoms at the characteristic binding
energies of 163.9 eV for S2p3/2, and at 67.7 and 70.3 eV for Br3d5/2 and Br3d3/2 respectively.
Table 6.6. Comparison of the theoretical elemental composition of cyclopentadienyl endcapped P3HT (P3HT-Cp) and non-functional P3HT (P-0) with the experimental values
obtained via XPS.

Sample
P-Cp
P-0

at.-%
Br

S

C

Experimental

0.3

8.5

91.2

Theoretical

0.2

8.9

90.9

Experimental

0.2

9.2

90.6

Theoretical

0.1

9.1

90.8

The sulfur content was found to be 3.7 at.-% for SWCNT-1, whereas the sulfur content
for SWCNT-0 was 2.8 at.-%. The detection of the signal located at 67.7 eV for the Br3d5/2
peak may be associated with the formation of bromide ions (Br-) via decomposition during the
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XPS analysis.338 Based on similar considerations as in Chapter 4 (section 4.3.2) for the
grafting density via XPS, the amount of atoms (C, H, O, S) introduced from the P3HT
polymer chains to the SWCNTs was estimated from the respective atomic percentages
(at.-%). The known molecular weights (Mn) of the polymer samples (P-Cp and P-0) enabled
the estimation of loading capacity in mmol·g-1. From the theoretical specific area of the
SWCNTs (identical to a graphene sheet), the area occupied by the polymer chain at the
SWCNT surface can be evaluated in chain·nm-2. The periodicity, i.e. the average number of
carbon atoms at the SWCNTs surface per polymer chain, was determined by considering the
surface of a hexagonal ring constituted by 2 residual carbon atoms (each carbon atom being
shared between three rings, 6/3 = 2). Table 6.7 summarizes the grafting density expressed in
three different units for SWCNT-1. The amount of polymer physically adsorbed at the
surface of the reference sample (SWCNT-0) is also included as mmol·g-1 (loading capacity).
Table 6.7. Grafting density estimated via XPS for the modified SWCNTs with
cyclopentadienyl end-capped P3HT (SWCNT-1), and the reference sample (SWCNTs mixed
with non-functional P3HT SWCNT-0).

Sample

at.-%

wt.-%

Grafting density
mmol·g-1

a

chain·nm-2 Periodicitya

SWCNT-1

39.2

46.2

0.111

0.0510

748

SWCNT-0

28.4

32.2

0.0617

-

-

Number of carbon atoms per polymer chain.

As already observed via TGA and EA, the reaction of P-Cp with the SWCNTs via DA
reaction led to a higher amount of polymer grafted at the surface of SWCNTs. In the
SWCNT-1 sample, the estimated atomic percentage due to the elemental composition of the

P3HT chain determined via XPS reads 39.2% and corresponds to a 46.2 wt.-% of polymer in
the sample. The obtained grafting density can be calculated in alternative units, leading to
0.111 mmol·g-1 which is equivalent to 0.0510 chain·nm-2. These numbers led to a periodicity
of one polymer chain every 748 carbon atoms for SWCNT-1. The calculation of such
numbers is irrelevant in the case of SWCNT-0 as the P3HT is only physically adsorbed at the
surface of SWCNTs. However, the amount of P3HT adsorbed at the surface of SWCNTs in
case of SWCNT-0 is reported in Table 6.7 as mmol of P3HT per gram of SWCNTs. A
comparison of the data provided in Table 6.7 revealed that the amount of polymer in
SWCNT-1 sample was 2 times higher than the reference sample SWCNT-0. The analysis

thus confirmed the efficient grafting of P3HT at the surface of SWCNTs via a DA reaction
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employing Cp end-capped P3HT polymer compared to the physical wrapping effect in case of
the reference sample. Compared to the grafting densities obtained for the SWCNTs surface
functionalization with the Cp end-capped PMMA (0.064 to 0.086 mmol·g-1 for Mn =
2900 g·mol-1) in Chapter 4, and PNIPAM (0.0520 to 0. 0628 mmol·g-1 for Mn = 5400 g·mol-1)
in Chapter 5, the grafting density observed for P-Cp is 2 times higher (0.111 mmol·g-1). A
comparatively higher supramolecular affinity between P3HT and SWCNTs can lead to an
enhanced proximity of reactive Cp end-groups on the surface of SWCNTs which may account
for the higher grafting density in case of P-Cp.
In order to further characterize and differentiate the reference sample SWCNT-0 from
SWCNT-1, the samples were analyzed with HRTEM.

High Resolution Transmission Electron Microscopy (HRTEM)
Figure 6.10 depicts representative HRTEM images of the non-modified SWCNTs (top,

left side, p-SWCNT), the SWCNTs functionalized with Cp end-capped P3HT (top, right side,
SWCNT-1) and the reference sample (SWCNTs mixed with non functional P3HT, bottom,
SWCNT-0).

The single-walled nature of the SWCNTs was observed in all cases, with a tube
diameter ranging between 1.0 and 1.6 nm. The p-SWCNT expectedly exhibited a surface free
from any amorphous carbon. In the case of SWCNT-1, the surface of the individual SWCNTs
was covered by an amorphous layer (thickness estimated by 2.1 nm) of P3HT polymer. The
amorphous layer of P3HT was also found wrapping the SWCNTs in the reference sample
SWCNT-0; however, in case of the SWCNT-0 the sample was predominantly constituted by

bundles of SWCNTs wrapped by the amorphous P3HT. On the other hand, microscopic
agglomerates were detected in SWCNT-0 which appeared to be coated with the polymer film
(refer to Figure A12 in the appendix). Beside those aggregates the polymer layer also
appeared to have covered the entire copper grid, which led to critical conditions for the
HRTEM experiments. Such a behavior of the reference sample suggests that the nonfunctional P3HT may be initially physisorbed at the surface of the SWCNTs, such the
subsequent ultrasonic treatment for the HRTEM sample preparation resulted in the desorption
of the polymer chains from the surface of the SWCNTs, leading to a polymer film covering
the copper grid.
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Figure 6.10. HRTEM images of non-modified SWCNTs (p-SWCNT, top, left), SWCNTs
functionalized with P-Cp (SWCNT-1, top right side), and the reference sample of SWCNTs
mixed with non-functional P3HT P-0 (SWCNT-0, bottom).

A UV-VIS spectroscopic analysis of the chloroform extract after ultrasonication of both
samples (SWCNT-0 and SWCNT-1) underpins the covalently bound nature of the P3HT in
SWCNT-1, as substantial amounts of P3HT leached from the SWCNT-0 and only limited

P3HT leaching was observed in the chloroform extract of SWCNT-1. The UV-VIS
absorption spectra after sonification evidence that the amount of detached P3HT is
substantially lower in the SWCNT-1 sonicated sample compared to the SWCNT-0 sample
(refer to Figure A13 in the appendix). A combination of limited ultrasound assisted retro DA
reaction339 and slight physisorption of polymer in addition to the covalent grafting accounts
for the P3HT observed in the chloroform extract of SWCNT-1. Contrary to the SWCNT-0
sample, the SWCNT-1 sample did not display any aggregation during the HRTEM analysis,
highlighting the effective de-bundling of SWCNTs by covalent grafting of polymer chains at
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the surfaces of the SWCNTs via the DA reaction between the Cp terminus of the P3HT
polymer and surface of the SWCNTs. Furthermore, the covalent attachment resulted in a
stable dispersion of SWCNT-1 in chloroform without any sign of aggregation over a period
of 5 days whereas the dispersion of SWCNT-0 in chloroform showed a clear aggregation
after 12 h (refer to Figure A14 in the appendix).
6.3.3. Conclusions

For the first time, the scope of the DA reaction was demonstrated between Cp-capped
P3HT and SWCNTs’ surface as a facile mean for the covalent functionalization of SWCNTs
with conducting P3HT polymer. In situ end-group capping using the GRIM method and
subsequent end-group transformations led to the unprecedented Cp-capped P3HT. The
reaction of an aliphatic bromo group terminated P3HT with NiCp2 selectively and quantitative
transformed only the terminal aliphatic bromo group into the Cp group. The inertness of
bromo groups directly attached to the thiophene ring exclusively led to P3HT with Cp groups
only at one end of polymer chain. The terminal Cp groups were reactive towards dithioester
based dienophiles under HDA reaction conditions which was demonstrated by the preparation
of a P3HT-b-PS block copolymer. The DA ligation of Cp-terminated P3HT produced
P3HT/SWCNTs molecular hybrid materials, where individual SWCNTs were functionalized
with P3HT, thus addressing the bundling issue intrinsically associated with CNTs. The
synthesized SWCNT/P3HT hybrid material was found to contain 2 times more P3HT than the
reference sample featuring a grafting density of the polymer chains at the surface of the
SWCNTs to be close to 0.111 mmol·g-1, in other units, 0.0510 chain·nm-2 and a periodicity of
1 P3HT chain per 748 carbon atoms of SWCNTs. HRTEM revealed individual SWCNTs
wrapped with P3HT whereas in the reference sample P3HT was adsorbed on the bundles of
the SWCNTs.
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7.1. Introduction
The ligation of SWCNTs via DA reactions with Cp end-capped PMMA polymer chains,
featuring molecular weights (Mn) of close 3000 g·mol-1, the grafting densities evaluated via
TGA, EA and XPS, gave similar values, congruent with those observed in the literature.340
Recently, the Adronov group evidenced for the first time that the molecular weight of the
polymer strands governs the grafting density of pre-functionalized SWCNTs by a power of
law.341 In their study, SWCNTs were pre-functionalized with an alkyne moiety precursor and
the degree of functionalization evaluated to be close to one functional group every 150 carbon
atoms. The ligation of the pre-functionalized SWCNTs occurred via a 1,3-cycloaddition with
azide terminated poly(styrene) strands synthesized via ARGET polymerization. The living
character of the polymerization delivered well-defined polymer strands with molecular
weights (Mw) varying from 2000 g·mol-1 to 176 000 g·mol-1, and the grafting densities of the
modified SWCNTs were determined via thermogravimetry. For the studied system, a power
law expressing the grafting density as a function of the molecular weight was established. The
molecular weight of selected polymer strands is a limiting factor for grafting SWCNTs due to
steric hindrance.
The investigations conducted in this chapter demonstrate that a pre-functionalization of
SWCNTs with DA reactive groups leads to an increase in the grafting density of the polymer
strands of a given molecular weight (PMMA, Mn = 2700 g·mol-1), compared to the direct
grafting systems studied in the previous chapters. However – and importantly – such a
strategy involves an at least partly destructive step compared to the previous direct
functionalization route employing virgin SWCNT material. In the current section, the
synthetic route is depicted in Scheme 7.1 in which the polymer strands react with prefunctionalized SWCNTs via a HDA reaction under similar conditions.
The mild acidic treatment employed was inspired by numerous studies considering the
purification342 and functionalization32,343 of the SWCNTs for their better dispersibility in
solvents344 or compatibility in thermoplastic matrices.345 Yet the main disadvantage of such a
preliminary treatment remains the destruction of the SWCNTs (shortening),346 the loss of the
SWCNTs intrinsic properties (mechanical and electrical)279,347 and the difficulty to implement
such a treatment (multiple filtration – centrifugation – neutralization cycles) on a larger scale.
In the present chapter, oxidized SWCNTs (o-SWCNT) were esterified with a pyridinyl based
dithioester (Dithio-OH) employed as a dienophile. The reactivity of the dithioester for a
HDA-reaction with a cyclopentadienyl end-capped PMMA (PMMA-Cp) was performed as a
model reaction in solution, and subsequently translated to the esterified SWCNTs
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(1-SWCNT) with Dithio-OH to lead to polymer functionalized SWCNTs via a HDAreaction (2-SWCNT) after the addition of PMMA-Cp.
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Scheme 7.1. Functionalization of SWCNTs (p-SWCNT) with PMMA-Cp via a HDA
reaction. Oxidized SWCNTs (o-SWCNT) are esterified with a pyridine based dithioester
(dienophile, Dithio-OH) affording 1-SWCNT, reacting in a HDA reaction with a
cyclopentadienyl end-capped polymer (diene, PMMA-Cp) and generating 2-SWCNT.

The oxidation of the SWNTs was initially characterized via Raman spectroscopy. To
determine the grafting density, the characterization of the SWCNTs after each synthetic step
was performed via FTIR spectroscopy, TGA, EA, and finally via XPS. The end-group
characterization of the polymer (PMMA-Cp), and the resulting product (PMMA-HDA) after
the HDA-reaction with the dithioester (Dithio-OH) was carried out via ESI-MS.
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7.2. Synthesis and characterization of pyridine based dithioester
The list of the employed materials is summarized in Chapter 3 (section 3.12.4). The
synthetic route defined above requires the synthesis of Dithio-OH, a new pyridine based
dithioester featuring a hydroxy group.
Synthesis of 2-picolyl phenyl sulfone

The synthesis was performed as described in the literature.348,349 A mixture of
picolylchloride (6.60 g, 40 mmol, 1 eq), phenylsulfinate sodium (9.86 g, 60 mmol, 1.5 eq),
DBU (6.08 g, 40 mmol, 1 eq) and tetrapropylammoniumbromide (2.14 g, 8 mmol, 0.2 eq) was
refluxed overnight in 40 mL acetonitrile, and subsequently dried under vacuum. The mixture
was dissolved in dichloromethane (40 mL) and washed with brine (100 mL). The organic
phase was dried over MgSO4 and under vacuum affording a brown solid. Yield 66%.1H NMR
(400 MHz, CDCl3, δ): 8.39–8.35 (ddd, J = 4.88, 1.83, 0.92 Hz, 1H), 7.75–7.59 (m, 3H), 7.59–
7.51 (tt, J = 7.30, 2.14 Hz, 1H), 7.48–7.36 (m, 3H), 7.27–7.18 (ddd, J = 7.50, 5.00, 1.20 Hz,
1H), 4.52–4.56 (s, 2H, CH-SO2).
Synthesis of p-bromomethylbenzoic methylester and p-bromomethylbenzyl alcohol

The synthesis of the title compounds was performed according to a modified literature
procedure.350 p-Bromomethylbenzoic acid (5 g, 23.0 mmol, 1 eq) and sulfuric acid (1.4 mL)
were mixed in methanol (56 mL) and refluxed for 5 h. After drying under vacuum, ice water
(200 mL) was carefully added and filtered. The residue was washed with 200 mL ice water
and extracted in a diethylether : ethyl acetate (1:1) solution (100 mL), neutralized with a
saturated solution of sodium carbonate (100 mL) and dried over Na2SO4. A yellowish oil was
collected after drying under vacuum and identified as p-bromomethylbenzoic methylester.
Yield 81%. 1H NMR (400 MHz, CDCl3, δ): 8.00–7.28 (m, 4H, Ar H), 4.56–4.31 (s, 2H, CH2Br), 3.87–3.80 (s, 3H, O-CH3). To an ice cooled solution of DIBAL-H (25%) in n-hexane
(50 mL, 2.7 eq), dry toluene (8 mL) was added under inert atmosphere. A solution of pbromomethylbenzoic methylester (3.04 g, 13.4 mmol, 1 eq) in dry toluene (35 mL) was
slowly added to the DIBAL-H solution. The mixture was allowed to react for 4 h in an ice
bath (0 °C). Water was carefully added and the solution was filtered. The organic phase was
separated, diluted with 100 mL dichloromethane and extracted twice with 100 mL water.
After drying over MgSO4 and under vacuum, the organic phase led to brownish white
crystals. The solid was recrystallized from n-hexane until white crystals formed. Yield 27%.
1

H NMR (400 MHz, CDCl3, δ): 7.47–7.21 (m, 4H, Ar H), 4.73–4.58 (s, 2H, CH2-(OH)),
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4.48–4.41 (s, 2H, CH2-Br), 1.63–1.47 (broad, 1H, OH).
Synthesis of 4-((pyridine-2-carbonothioylthio)methyl) benzyl alcohol (Dithio-OH)

A mixture of 2-picolyl phenyl sulfone (1.00 g, 4.29 mmol, 1 eq), elemental sulfur (S8,
0.43 g, 12.93 mmol, 3 eq) and THF (5 mL) was cooled with an ice bath at 0 °C. Potassium
tert-butanolate (1.45 g, 12.93 mmol, 3 eq) was added, the solution turned red and was stirred
overnight. A solution of p-bromomethylbenzyl alcohol (2.58 g, 12.93 mmol, 3 eq) dissolved
in THF (9 mL) was added, and the mixture stirred for a subsequent 6 h. The solution was
dried and dissolved in 45 mL from a THF : HCl (2 mol·L-1) (1:1) solution, and 125 mL of
dichloromethane. The organic phase was washed five times with water (50 mL) until the
aqueous phase remained slightly yellowish. After being dried over Na2SO4 and evaporated
under vacuum, a red oil was obtained. A small amount of cold dichloromethane (5 mL) was
added and the solution filtered to separate a yellowish solid residue. The solution was passed
over silicagel mixed with a dichloromethane : diethylether (6:1) solution and a reddish
solution was collected and dried under vacuum. A silicagel column (n-hexane : diethylether
1:6) enabled to separate a pink colored solid appearing with an appearance as cotton wool.
Yield 21%. 1H NMR (400 MHz, CDCl3, δ): 8.56–8.49 (ddd, J = 4.73, 1.68, 0.83 Hz, 1H, Py
Hα), 8.27–8.21 (dt, 8.1, 1 Hz, 1H, Py Hγ), 7.76–7.69 (td, J = 7.83, 1.77 Hz, 1H, Py Hβ), 7.43–
7.37 (ddd, J = 7.58, 4.67, 1.14 Hz, 1H. Py Hδ), 7.34–7.21 (m, 4H, Ar H), 4.61–4.58 (s, 2H,
CH2), 4.47–4.44 (s, 2H, CH2), 2.06–1.78 (t, J = 14.61 Hz, 1H, OH);

13

C NMR (100 MHz,

CDCl3, δ): 224.8 (C=S), 155.3 (Py Cε), 146.8 (Py Cα), 139.3 (Ar C4-(CO)), 136.0 (Py Cγ),
133.4 (Ar C1-(CS)), 128.6 (2 Ar C2), 126.2 (2 Ar C3), 125.8 (Ar Cβ) 121.3 (Py Cδ), 64.0 (COH), 40.2 (C-S); IR (KBr): ν = 3286 - 3000 (OH, v), 2908 (m), 2856 (νs(OCH2); m), 1666,
1577, 1515, 1454, 1429, 1429, 1419, 1394, 1353, 1290, 1267, 1243, 1211, 1147, 1106, 1060,
1010, 991, 927, 892, 840, 827, 781, 727, 713, 692, 669 cm−1. Anal. calcd for C14H13NOS2: C
61.1, H 4.8, N 5.1, O 5.8, S 23.3; found: C 61.3, H 4.9, N 4.9, O 5.5, S 22.7.

7.3. Model for HDA reaction with PMMA-Cp (ESI-MS)
Synthesis of PMMA-Cp and ligation with Dithio-OH (PMMA-HDA)

The synthesis of PMMA-Cp was performed as already described in the literature274
from ATRP synthesized PMMA (bromine terminated, PMMA-Br) and Chapter 4 (Mn =
2700 g·mol-1, Ð = 1.2 from SEC in THF, see Figure A15 in the appendix). 200 mg of
PMMA-Cp (74 µmol, 1 eq) and 21.1 mg of Dithio-OH (81.4 µmol, 1.1 eq) were dissolved in

chloroform and purged with nitrogen. 5 µL (65 µmol, 1.1 eq) of TFA was added and the
reacting mixture turned brown. The solution stirred for 24 h. The synthetic sequence is
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illustrated in Scheme 7.2.
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PMMA-Cp and Dithio-OH.

The ligated PMMA-HDA was characterized via ESI-MS to verify the dienophilic
character of the pyridine based hydroxy dithioester with the Cp end-capped PMMA.
Scheme 7.3 depicts the chemical structures of the identified molecules in the ESI-MS

spectrum (Figure 7.1).
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Scheme 7.3. Identified species via ESI-MS in the PMMA-Cp spectrum (I-V), and in the
PMMA-HDA spectrum (Ia, Ib, III and V) based on the synthetic route depicted in
Scheme 7.2.

The preliminary characterization of PMMA-Br and PMMA-Cp was conducted in a
similar fashion as described in Chapter 4 (section 4.2.2). The Cp end-capped PMMA-Cp is
clearly identified in the ESI-MS spectrum (see Figure 7.1, top) via the presence of singly
charged (peaks noted I) and doubly charged (peaks noted I*) species. Side products from the
polymerization process are also identified (peaks II, III, IV and V). Similarly to the study
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conducted in Chapter 4 (section 4.2.2), the assignment of peaks according to their m/z is
summarized in Table A6 for the singly charged species and in Table A7 for the doubly
charged species in the appendix.

Figure 7.1. ESI-MS spectra of PMMA-Cp (top), after its HDA reaction with Dithio-OH
(PMMA-HDA, bottom). The m/z shift results from the successful reaction between
PMMA-Cp and Dithio-OH (with a loss of one sodium ion). The resulting product
PMMA-HDA (Ia, bottom) is able to esterify with trifluoroacetic acid employed for ionization
(Ib, bottom).

From the ESI-MS spectrum of PMMA-HDA (see Figure 7.1, bottom), a shift of
+ 252.7 m/z is observed. While the molecular weight of the dithioester (Dithio-OH) is
275.04 g·mol-1, the ionization does not occur via a sodium ion adduct but proceeds via the
protonated form of the pyridine moiety (peak Ia). A resulting m/z shift (+ 275.39 – 22.99
(sodium adduct) + 1.01 (proton) = 253.41 m/z) is subsequently obtained, leading to an
experimental error of Δm/z = 0.71. An esterification of the alcohol end-group occurs with
trifluoroacetic acid and shifts the m/z values to 96.99 m/z (+ 113.99 – 17.00 = 96.99 m/z) with
the loss of one water molecule (refer to the corresponding structures in Scheme 7.3 and the
assignment of the peaks in Table 7.1). The corresponding peak (Ib) is identical to the Ia
species, i.e. a protonated species, yet not a sodium adduct. The reaction in chloroform is
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modeling the reaction that occurs at the surface of the pre-functionalized 1-SWCNT in the
presence of PMMA-Cp. The main advantage of performing such a test reaction is the
possibility to isolate the ligated polymer chains from chloroform, since the SWCNT ligation
conditions involve NMP featuring a high boiling temperature (202 °C). At this temperature,
even under vacuum distillation condition, the product would be affecting and possibly
destroyed.
Table 7.1. Summary of the identified species in the ESI-MS spectrum of PMMA-HDA
spectrum (Ia, Ib).

Species

na

Formula

m/z exp.

m/z th.

Δm/z

Ia

12

[C84H124O27NS2]+

1642.36

1642.78

0.42

13

[C89H132O29NS2]+

1742.36

1742.83

0.47

14

[C94H140O31NS2]+

1842.27

1842.89

0.53

15

[C99H148O33NS2]+

Ib

1942.27

1942.94

0.67

+

12 [C86H123O28NS2F3]

1738.27

1738.77

0.50

13 [C91H131O30NS2F3]+

1838.27

1838.81

0.54

14 [C96H139O32NS2F3]+

1938.36

1938.87

0.51

a

number of monomer units

The ligation between Dithio-OH and PMMA-Cp being evidenced by ESI-MS, the
pristine SWCNTs (p-SWCNT) were pre-functionalized in two steps, firstly via oxidation
(o-SWCNT), secondly via esterification with Dithio-OH to form the SWCNT-precursor
2-SWCNT.

7.4. Two step functionalization of oxidized SWCNTs
7.4.1. Synthesis
Oxidation of SWCNTs (o-SWCNT)

In 200 mL nitric acid (8 mol·L-1), 100 mg of SWCNTs were dispersed in an ultrasonic
bath for 1 h, before being heated under reflux for 8 h. After cooling, the solution was diluted
in deionized water before centrifugation. The clear supernatant was removed and the residue
dispersed again in water. The operation was repeated four times, until the pH of the solution
reached 6. The dispersion was subsequently filtered over a PTFE membrane and rinsed with
deionized water, and the solid residue dried under vacuum, leading to o-SWCNT. The
oxidation process was followed via Raman spectroscopy (refer to section 7.4.2).
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Esterification of o-SWCNT with Dithio-OH (1-SWCNT)

75 mg o-SWCNT were dispersed via an ultrasonic bath in 750 mL freshly distilled
dicholoromethane and purged with nitrogen. 429.6 mg of Dithio-OH (1.56 mmol, 1 eq),
299.5 mg EDC (1.56 mmol, 1 eq) and 19.1 mg DMAP (0.156 mmol, 0.1 eq) were added
under a nitrogen atmosphere and the mixture was stirred for 2 days. The dispersion was
filtered over a PTFE membrane, the solid residue rinsed with 100 mL dichloromethane and
dried under vacuum. The quantity of Dithio-OH was evaluated (after analysis of the sample
o-SWCNT) and 10 eq of Dithio-OH relative to the COOH groups present at the surface of

the SWCNTs were employed.
Ligation of PMMA-Cp with Dithio-OH functionalized SWCNT (2-SWCNT)

35 mg of freshly synthesized 1-SWCNT were dispersed in 350 mL freshly distilled
NMP in an ultrasonic bath and purged with nitrogen. 1.97 g of PMMA-Cp (0.73 mmol, 1 eq)
and 61 µL of TFA (0.80 mol, 1.1 eq) were added under nitrogen atmosphere. The dispersion
was stirred for 24 h, filtered over a PTFE membrane and rinsed with 100 mL of THF, and the
residual black solid dried under vacuum.
7.4.2. Results and discussion

The characterization of the different SWCNT based materials was conducted in a
similar fashion as in the previous chapters, by employing TGA, EA and XPS. Additionally,
FTIR measurements were additionally conducted to characterize the intermediate products.
Raman spectroscopy was performed, especially to determine the degree of oxidation of the
SWCNTs in a very convenient way, preliminary to any further characterization.
Raman spectroscopy

Typical Raman spectra351 were obtained from the SWCNTs at different time of the
oxidation process (refer to the appendix section, Figure A16 and Figure A17), and several
peaks could be identified.
From the first order resonance peaks (peak intensity not dependent on the laser power),
the radial breathing mode (RBM, below 500 cm-1) and the G-band (1500–1600 cm-1)
corresponding to tangential vibration modes were identified. The second order resonance
peaks (dependent on the laser excitation) are represented by the D-band (defect band
corresponding to sp3-hybridization and the hexagonal structure, between 1250–1400 cm-1),
the G’-band (the overtone of the D-band, only representing the hexagonal deformation, close
to 2600 cm-1) and two minor peaks. The intermediate frequency modes (below 900 cm-1) and
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M-band (1700 cm-1) and iTOLA (combination of optical and acoustic mode) band
(1900 cm-1) were also observed.
The evolution of the peak area of the D-band (noted ID) towards the G-band (noted IG)
is representative of the defect induced by the acidic treatment.32 The analysis was performed
with two set-ups in order to carefully follow the evolution of the ID/IG ratio since the
intensity of the D-band is dependent from the laser wavelength, and the SWCNTs present in
the sample resonate differently according to the laser wavelength.352 Consequently, the above
cited wavenumber regions for the characteristic peaks (second order peaks and RBM modes),
as well as their intensity, is varying with the laser excitation. The non-modified p-SWCNT
sample displays in the solid state a very typical spectrum for SWCNTs (refer to Figure A16,
at a laser wavelength of 1064 nm). Figure A16 (1064 nm laser wavelength) and Figure A17
(785 nm laser wavelength) also display the spectra obtained from the oxidized SWCNTs in
dispersion with increasing reaction time. The ID/IG ratio was determined for each spectrum
after a Lorentzian fitting of the G-band and the D-band (see Figure 7.2).

Figure 7.2. Evolution of the intensity ratio (ID/IG) of the defect D-band and G-band as a
function of oxidation time with nitric acid. The values were obtained after Lorentzian fitting
of the peaks for the dispersions in water with a 1064 nm (squares, scale on the left side) and
785 nm (circles, scale on the right side) laser excitation wavelength.

After only 4 h acidic treatment, the SWCNTs were dispersible in water and allowing the
Raman spectra to be measured. From an ID/IG ratio evaluated in the solid state (1064 nm) for
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the p-SWCNT at 0.50, the ID/IG ratio increased with the duration of the acidic treatment.
(refer to Figure 7.2). After 8 h, the oxidation was stopped, indicating sufficient
functionalization.
Since the preliminary oxidation of the SWCNTs was successful, further characterization
and quantification of the different SWCNT hybrid materials was conducted.
Fourier Transform Infrared spectroscopy (FTIR)

From the recorded FTIR spectra of the pristine SWCNT (p-SWCNT, refer to the
complete spectrum similar to spectra already published in the literature,353 in the appendix,
Figure A18) to the PMMA-Cp (see spectrum in the appendix, Figure A19) modified

SWCNTs (2-SWCNT), the evolution of the C=O band at 1718 cm-1 compared to the
normalized peak at 1631 cm-1 (corresponding to the aromatic deformation C=C stretch in a
vibration within the benzene ring and the C-C stretching vibration as described in the
literature354) is depicted in Figure 7.3.
Further evidence for the successful oxidation of p-SWCNT (Figure 7.3, top),
complementary to Raman spectroscopy, is revealed by the increase of the C=O band (refer to
Figure 7.3, second spectrum from the top) at 1724 cm-1. A slight increase of the peak for
1-SWCNT (Figure 7.3, third spectrum from the top) is observed after the esterification of
o-SWCNT with Dithio-OH. After the HDA reaction with PMMA-Cp, for which the C=O

band located at 1724 cm-1 is a predominant peak (see spectrum in the appendix, Figure A19),
the band at 1718 cm-1 for the final product 2-SWCNT increases significantly (refer to
Figure 7.3, bottom) revealing the presence of PMMA at the surface of the SWCNTs.

- 135 -

Chapter 7

Figure 7.3. FTIR transmission spectra of pristine SWCNTs (p-SWCNT), after oxidation
(o-SWCNT) and esterification (1-SWCNT) with the pyridine based Dithio-OH as well as
after the HDA reaction (2-SWCNT) with PMMA-Cp. The increasing intensity of the peak at
1718 cm-1 supports the presence of the -C=O bond through the functionalization with
PMMA-Cp.
Thermogravimetric Analysis (TGA)

In order to quantify the presence of the polymer strands, TGA was performed as in the
precedent chapters, for each SWCNT based product as well as for Dithio-OH and
PMMA-Cp. Figure 7.4 depicts the temperature profiles recorded under air atmosphere for

each sample. The pristine SWCNTs (p-SWCNT) start to degrade at 350 °C (Ti, initial
temperature) until 600 °C (Tf, final temperature) with a maximum of degradation located at
545 °C (Tm) (all TGA data are collated in Table A8 in the appendix). The associated
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characteristic temperatures (Ti, Tm, Tf) and the corresponding weight loss were determined via
the derivative profiles displayed in the appendix (refer to Figure A20).

Figure 7.4. Thermogravimetric profiles of pristine SWCNTs (p-SWCNT), after oxidation
(o-SWCNT) and esterification (1-SWCNT) with the pyridine based Dithio-OH, as well as
after the HDA reaction (2-SWCNT) with PMMA-Cp. All samples are measured under air
atmosphere, with a heat flow of 10 °C·min-1, after an isothermal step at 100 °C for 30
minutes.

After oxidation, o-SWCNT initially degrades at a lower temperature (Tm = 225 °C) than
p-SWCNT, revealing the presence of COOH groups (5.1 wt.-%) and confirming the results

obtained via FTIR spectroscopy. Due to a second degradation at higher temperature than for
p-SWCNT (Tm = 610 °C) and less amounts of residue (3.9 wt.-% for o-SWCNT instead of

4.5 wt.-% for p-SWCNT), the SWCNTs were evidently purified by the acidic treatment. The
organic adducts (Dithio-OH and PMMA-Cp) degrade at lower temperature than the SWCNT
based samples. For PMMA-Cp, the degradation is complete below 400 °C, and for
Dithio-OH the degradation occurs in three steps (Tm = 230 °C for the first degradation,

460 °C for the second, 570 °C for the last degradation) and is complete at Tf = 670 °C (refer to
the appendix, Table A9). The presence of Dithio-OH in 1-SWCNT after the esterification of
the oxidized SWCNTs is evidenced by additional degradation steps at temperatures below
350 °C and a weight loss of 10.1 wt.-% at 390 °C, which is higher than for o-SWCNT.
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Considering the temperature profile of 2-SWCNT (the HDA product of the reaction between
PMMA-Cp and 1-SWCNT), a higher weight loss (16.1 wt.-% at 460 °C) than for 1-SWCNT

is observed, which can be attributed to the presence of PMMA-Cp. One could expect that the
different chemical treatments (oxidation, esterification, HDA reaction) would be sequentially
identifiable in the last sample via TGA. However, it is understandable that this cannot be the
case since the different additional organic groups do not degrade separately at the surface of
the SWCNTs, especially for Dithio-OH, which degradation is completed at higher
temperatures than PMMA-Cp and the introduced COOH-groups on the o-SWCNT.
Moreover, such a behavior does not enable any quantification of the different functional
groups added towards the samples p-SWCNT and o-SWCNT, as the final degradation for
Dithio-OH (Tf = 670 °C) occurs in the same range as for the SWCNT based samples (Tf

included between 650–680 °C). Nevertheless, TGA provides unambiguous evidence that
PMMA-Cp is present after the HDA-reaction with the modified SWCNTs, and thus it was

employed to quantify the efficiency of the acidic treatment (see below).
Elemental Analysis (EA)

In order to characterize more precisely and quantify the grafting density of the final
product (2-SWCNT), the characterization of the samples was carried out in bulk via EA and
at the surface via XPS. Firstly, the composition by carbon, hydrogen, oxygen, sulfur and
nitrogen was determined via EA and the results can be found in Table 7.2 for the SWCNT
based samples. The elemental compositions for Dithio-OH and PMMA-Cp are summarized
in Table A10 in the appendix.
Table 7.2. Elemental composition of pristine SWCNTs (p-SWCNT), after oxidation (oSWCNT), the esterification with Dithio-OH (1-SWCNT) and after the HDA reaction with
PMMA-Cp (2-SWCNT).

Sample

C
H
N
O
S
/wt.-% /wt.-% /wt.-% /wt.-% /wt.-%

p-SWCNT

85.4

1.7

0.8

2.2

0

o-SWCNT

86.9

0.8

0.8

2.7

0

1-SWCNT

79.1

1.1

1.6

1.6

1.5

2-SWCNT

78.4

3.9

1.2

4.9

1.0

For p-SWCNT, the presence of hydrogen, nitrogen and oxygen can be interpreted as
carbonaceous impurities in the sample. The presence of catalyst is revealed by the incomplete
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mass balance of 90.1%. A slight increase of the O/C ratio for o-SWCNT (0.031 and 0.025 for
p-SWCNT) confirms the success of the oxidation. The introduction of sulfur (1.5 wt.-%), and

an increase of the nitrogen content evidences the presence of Dithio-OH in the sample 1SWCNT after the esterification. A most significant change in the content of oxygen and

hydrogen towards the carbon content is observed for 2-SWCNT and can be attributed to the
presence of PMMA. It is noticeable that the sulfur content in 2-SWCNT remains in the same
order of magnitude as for 1-SWCNT, proving that the dithioester is still present (i.e. no
degradation via ultrasonic treatment or hydrolysis).
X-Ray Photoelectron Spectroscopy (XPS)

XPS enables to characterize more deeply the observations made via EA, since elements
can be detected at low concentration and the different oxidation states of each element (in the
present case carbon, oxygen, sulfur and nitrogen) can be determined. Figure 7.5 depicts the
XPS spectra obtained for the SWCNT based samples after the successive treatments. The
XPS spectra of the pristine p-SWCNT, Dithio-OH and PMMA-Cp are depicted in
Figure 7.6.

Figure 7.5. XPS spectra of SWCNTs after each functionalization step for each constituting
atom (C, O, S and N): after oxidation (o-SWCNT, top), after esterification with Dithio-OH
leading to 1-SWCNT (middle), after HDA reaction with PMMA-Cp leading to 2-SWCNT
(bottom). For a better visualization, all spectra are normalized to maximal intensity.
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Figure 7.6. XPS spectra of reference materials for each constituting atom (C, O, S and N):
pristine SWCNTs (p-SWCNT, top), Dithio-OH (middle), and PMMA-Cp (bottom). For a
better visualization, all spectra are normalized to maximal intensity.

For the SWCNT based samples, similar peaks for C 1s were recorded and were identical
to those reported in the literature.279,355 The sequential chemical modifications are highlighted
by the contribution of other elements (i.e. oxygen, sulfur and nitrogen). The O 1s spectrum for
p-SWCNT reveals the presence of oxygen due to impurities (531.6 and 533.4 eV). A signal at

similar energy is observed for o-SWCNT, whereas sulfur and nitrogen could not be detected.
The detailed assignment and quantification for the SWCNT based samples is summarized in
Table 7.3, and for Dithio-OH and PMMA-Cp (characterization performed in the same

fashion as in Chapter 4, section 4.3.2) in Table 7.4 and Table A11 (in the appendix),
respectively. As already determined by EA, the XPS measurements confirm that the oxygen
content for the o-SWCNT sample is higher than for p-SWCNT. The binding energy observed
for the O 1s peaks reveals the presence of COOH groups (O=C at 531.6 eV, O-C at 533.4
eV),356,357 corroborated by the corresponding C 1s peak at a binding energy of 288.5 eV.
The characterization of Dithio-OH yields the expected chemical information regarding
the present sulfur (162.7 eV for S=C, 164.2 eV for S-C)336,358 and nitrogen from the pyridinyl
group (399.7 eV).359 Higher binding energies detected in the sulfur signal (167.2 eV) might be
caused by a partial oxidation of the dithioester. The XPS spectra for 1-SWCNT after
esterification show similarities to the spectra obtained for Dithio-OH, as sulfur and nitrogen
are detected.

- 140 -

7.4. Two step functionalization of oxidized SWCNTs
Table 7.3. Assignment of binding energies and comparison of the band contribution after
deconvolution of the XPS spectra of pristine SWCNTs (p-SWCNT), after oxidation (oSWCNT) and esterification (1-SWCNT) with the pyridine based Dithio-OH as well as after
the HDA reaction (2-SWCNT) with PMMA-Cp.

Peak

B.E.a p-SWCNT o-SWCNT 1-SWCNT

2-SWCNT

Entity

/eV

/at.-%

/at.-%

/at.-%

/at.-%

284.4

90.4

83.4

74.0

71.8

C-C sp2

285.0

-

-

5.0

6.2

CH2/CH3 sp3

286.2

-

-

4.6

-

C-O/C-N/C-S

286.4

-

2.1

-

4.2

C-OH/C-O

288.5

-

2.3

1.6

5.4

O=C-OH/S=C-S

290.7

5.0

5.8

5.1

2.1

π-π*

531.6

2.7

3.5

3.2

4.9

O=C

533.4

1.9

2.9

4.0

4.8

O-C

S 2p3/2 162.4

-

-

0.3

163.5

-

-

0.5

399.7

-

-

1.4

-

N(pyridine)

-

-

0.3

-

N+-H

C1s

O 1s

N 1s

401.9
a
binding energy.

0.6

S=C
S-C

Table 7.4. Assignment of the binding energies and comparison of the band contribution after
deconvolution of the XPS spectra of the pyridine based Dithio-OH. The spectra are
referenced at 285.0 eV for C-C sp3.

Peak

B.E.a Dithio-OH

Entity

/eV

/at.-%

285.0

52.4

C-H/C-C sp3

286.0

13.6

C-N/C-S

286.8

8.2

S=C-S

532.4

16.0

O-C

S 2p3/2 162.7

2.3

S=C

164.2

4.2

S-C

167.2

1.0

S(oxidized)

2.3

N(pyridine)

C1s

O 1s

N 1s 399.8
a
binding energy.

The appearance of protonated nitrogen is revealed by the peaks located at 401.9 eV. The
significant increase of the oxygen contribution in the sample 2-SWCNT is attributed to the
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PMMA strands located at the surface of the SWCNTs, evidencing, as for FTIR spectroscopy,
TGA and EA, the successful HDA-reaction with Dithio-OH functionalized SWCNTs. One
should note that sulfur is still present in the sample, however represented in a much noisier
signal as for 1-SWCNT, probably due to the presence of a polymer layer at the surface of the
SWCNTs. Therefore, the deconvolution of the S 2p3/2 signals was not exploitable to
differentiate the S=C peak at 162.4 eV and the S-C peak at 163.5 eV. In the case of
2-SWCNT, the weak nitrogen content is not quantifiable due to the insufficient XPS

detection limit.
Evaluation of the grafting density

In order to precisely characterize the different synthetic steps as proposed in
Scheme 7.1, the three described methods (TGA, EA, XPS) enabled to qualitatively evidence

the success of the synthetic route. In the last part of the present chapter, the data are analyzed
to estimate the grafting density after each chemical modification of the SWCNTs, compared,
and the efficiency (conversion) of the HDA-reaction evaluated. From the different methods, a
wt.-% or atomic concentration (x.-%) of the additional groups at the surface of the SWCNTs
was determined. For TGA, a similar analysis was performed as already described in Chapter 4
(section 4.3.2). The oxidation of the SWCNTs was readily evaluated by the described method.
Yet a further analysis for 1-SWCNT and 2-SWCNT was not possible due to an overlap of the
temperature profiles with Dithio-OH. For EA and XPS, the contribution of oxygen for
o-SWCNT towards p-SWCNT enables to evaluate the efficiency of the oxidation. The

estimation of the carboxylic group content resulted in the same order of magnitude for the
functionalization via the three employed analytical methods (one carboxylic group every 35–
49 carbon atoms, refer to Table 7.5).
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Table 7.5. Characterization data of SWCNTs after oxidation (o-SWCNT) and esterification
with Dithio-OH (1-SWCNT) analyzed via TGA, XPS and EA.

Sample

Method

o-SWCNT

1-SWCNT

Grafting ratio
/wt.-%

/x.-%

/mmol·g-1

/molecule·nm-2

/C atoms

TGA

5.1

-

1.70

0.778

49

EA

5.07

2.9

1.833

0.840

45

XPS

8.3

6.4

2.070

0.948

40

TGA

-

-

-

-

-

EA

7.18

9.21

0.299

0.137

278

XPS

9.3

12.4

0.370

0.170

225

For 1-SWCNT, the evolution of the sulfur content enabled the determination of the
grafting density of Dithio-OH molecules located at the surface of the SWCNT via XPS and
EA. The conversion of the esterification can be estimated to be close to 15%. The difficulty to
disperse the SWCNTs in dichloromethane and perform the esterification under mild
conditions (via EDC coupling) may explain the low conversion of the reaction.
However, XPS (0.370 mmol·g-1) and EA (0.299 mmol·g-1) deliver very similar results
for the loading capacity. A further difficulty occurs while determining the grafting density of
2-SWCNT as the introduced atoms (carbon, oxygen and hydrogen) from the PMMA strands

are already present in the sample. However, based on the results for 1-SWCNT, one can
evaluate the elemental composition – and thus the grafting density – resulting for a complete
(100% conversion) of the HDA reaction. The comparison between the experimental
compositions and the theoretical values is illustrated in Table 7.6.
Table 7.6. Comparison between the experimental composition obtained via XPS and TGA,
and the theoretical composition to be expected for the 100% grafting of 1-SWCNT with
PMMA-Cp via the HDA reaction.

Method

Source

C

H

N

O

S

XPSa

Experimentalc

89.7

-

-

9.7

0.6

Theoreticald

77.8

-

0.3

21.2

0.7

Experimental

87.7

4.3

1.4

5.5

1.1

Theoretical

79.8

4.0

1.0

14.2

1.0

EAb
a

b

c

d

in x.-%; in wt.-%; values obtained from 2-SWCNT; based on sulfur content and 100 % conversion of the
HDA reaction.

Considering the oxygen content determined via XPS and EA, one can observe lower
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values (approximately 45% from XPS, 39% for EA) obtained experimentally compared to the
theoretically expected numbers. The uncertainty of EA originates in the hydrogen content,
since the mass balance is not 100% (due to impurities) and thus may induce experimental
errors. The fact that the HDA reaction does not occur in a complete fashion can be explained
by dispersion issues of the SWCNTs (although well dispersible in NMP) and by the high
dilution (and the localization) of the reagent Dithio-OH in the mixture. However, from the
estimated conversion, the grafting density of polymer strands at the surface of SWCNTs is
higher than the values obtained via the direct – no pre-treatment required – DA reaction
between SWCNTs (dienophile) and PMMA-Cp (diene) at ambient temperature. In the first
case, the grafting density can be evaluated via XPS characterization of being close to
0.169 mmol∙g-1 (0.115 mmol∙g-1 from EA, average value XPS and EA 0.142 mmol∙g-1),
0.0774 chain∙nm-2 (0.0527 chain∙nm-2 from EA), or – in terms of the periodicity – one
polymer chain every 493 carbon atoms (724 carbon atoms from EA). In the case of the direct
reaction performed at ambient temperature between SWCNTs and PMMA-Cp (of identical
molecular weight), the grafting densities are a factor of approximately 2 lower (average value
0.064 mmol∙g-1, 0.029 chain∙nm-2, one polymer chain every 1384 carbon atoms).
7.4.3. Conclusions

The HDA reaction with Cp terminal PMMA chains was performed on prefunctionalized SWCNTs decorated with an electron deficient pyridine based dithioester. The
sample characterization via FTIR spectroscopy and TGA qualitatively evidenced the presence
of polymer strands on the SWCNTs surface. The complementary quantitative study
employing EA and XPS enabled the determination of the elemental composition of the prefunctionalized SWCNTs and the final polymer modified SWCNTs. After estimation of the
conversion of the HDA reaction, a comparison of the currently shown synthetic pathway
(involving a pre-treatment via oxidation of the SWCNTs) and a previously introduced direct
and non-destructive ambient temperature DA approach evidences that the HDA route leads to
approximatively two times higher grafting densities. Which approach is ultimately taken will
depend on the desired application: higher grafting densities (pre-functionalization for HDA
reaction) versus a more intact SWCNT structure (direct DA reaction).
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8.1. Concluding remarks
In the present thesis, the successful functionalization of SWCNTs via a DA reaction by
the use of a variety of highly defined polymer chains with a Cp end-group was pioneered for
the first time. After a detailed characterization of the polymer end-group, the SWCNTs were
functionalized in a one-pot reaction at ambient temperature (and at elevated temperature
80 °C) in a solvent (N-methylpyrrolidone). By means of several analytic methods (TGA, EA
and XPS) and a systematic control study with non-functional polymer chains, the presence of
covalently bound polymer chains on the SWCNT surface was evidenced and quantified.
In Chapter 4, after the polymerization of the monomer by ATRP and the Cp end-group
transformation, Cp end-capped PMMA was reacted with SWCNTs leading to a grafting
density of 0.0293 chain·nm-2 at ambient temperature and 0.0396 chain·nm-2 at 80 °C of the
polymer chains at the surface of the SWCNTs. The use of Cp end-capped PNIPAM in
Chapter 5, after RAFT polymerization of the monomer and the sequential chain-end
transformation to Cp, led not only to a successful functionalization of the SWCNTs with a
0.0288 chain·nm-2 grafting density, yet also to SWCNTs displaying thermo-responsive
behavior over 20 °C, in which individual SWCNTs with a 52–90 nm hydrodynamic diameter
aggregated to 152–169 nm hydrodynamic diameter particles. The conjugated polymer P3HT,
obtained by GRIM polymerization and a subsequent chain-end transformation to Cp reacted
in Chapter 6 with SWCNTs to form polymer/SWCNT hybrid materials with a higher grafting
density than with non-functional polymer chains. Whereas the non-functional polymer chains
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are known to wrap around SWCNTs and consequently led to a loading capacity of
0.0617 mmol·g-1, the Cp functional polymer chains functionalized the SWCNTs with an
approximatively doubled grafting density of 0.0510 chain·nm-2 at 80 °C (loading capacity
close to 0.111 mmol·g-1). The observed increase of grafting density may result from a
combined ‘wrapping and DA reaction’ effect. Finally, in Chapter 7, an even higher grafting
density was obtained by means of a pre-treatment of the SWCNTs with a new dithioester
susceptible to react via a HDA reaction with Cp end-capped PMMA chains. Although the
complexity of this synthetic procedure and its somewhat destructive nature towards SWCNTs
are drawbacks, the grafting density of the polymer/SWCNTs materials was higher with
0.0774 chain·nm-2 than the grafting density obtained via the direct DA reaction with Cp endcapped PMMA 0.0293 chain·nm-2, with the pre-treated SWCNTs being reacted under the
same conditions (ambient temperature) as for the DA reaction.

8.2. Outlook
In the present thesis, the DA reaction and its hetero form (HDA reaction) were applied
to SWCNTs by exploiting the dienophilic character of the SWCNTs to react with three Cp
end-capped polymers. The nature of these employed polymers covers a wide spectrum of
applications – PMMA is used as thermoplast, PNIPAM is useful for its thermal properties and
water solubility, P3HT is employed in photovoltaics – and required to adapt the end-group
transformation as a function of the employed polymerization techniques (ATRP, RAFT
polymerization and GRIM polymerization) to obtain the Cp terminus.
The simplicity of the DA reaction – once the specific end-group is attached to the
polymer chains – offers the unique opportunity to functionalize not only SWCNTs, but also
fullerenes, MWCNTs, graphene and other carbon allotropes showing a dienophilic character,
with a wide spectrum of Cp end-capped polymer chains. Particularly in the case of graphene,
depending on its ability to react as diene or dienophile, the end-group modification of
polymer chains (or even small molecules) to a diene or dienophile may be of great interest for
diverse applications.
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Synthesis A1.

The following provides the synthesis and the characterization of the materials employed
in Chapter 5.
Additional materials

1-Dodecanethiol (≥99%, Acros), Aliquot 336 (Sigma Aldrich), carbon disulfide (≥99%,
VWR), 3-bromo-1-propanol (≥97%, Acros), sodium azide (≥99.5%, Sigma Aldrich), oxalyl
chloride (≥98%, Acros), triethylamine (≥99%, Acros), 2-bromo-2-methylpropionyl bromide
(≥98%, Acros), propargyl alcohol (≥99%, Alfa Aesar) were used as received.
Synthesis of DMP, DMP-N3 and 2-propynyl 2-bromo-2-methylpropanoate

2-Dodecylsulfanylthiocarbonylsulfanyl-2-methylpropionic acid (DMP) was synthesized
according to literature.297 1H NMR: 0.81 (t, 3H), 1.11-1.37 (m, 18H), 1.56-1.68 (m, 8H), 3.21
(t, 2H), 13.05 (s, 1H).

13

C NMR (δ, ppm): 220.8 (S-C=S); 178.8 (C=O); 55.6 (-S-C(CH3)2-

CO); 37.1 (-CH2-CH2-S-C=S); 31.9 (-C(10)H2-CH2-S); 29.6 (-C(3)H2-CH2-S); 29.6
(-C(4)H2-CH2-S); 29.5 (-C(5)H2-CH2-S); 29.4 (-C(6)H2-CH2-S); 29.1 (-C(7)H2-CH2-S); 29.0
(-C(8)H2-CH2-S); 28.0(-C(9)H2-CH2-S); 27.9 (-C(2)H2-CH2-S); 25.1 (-S-C(CH3)2-CO); 22.7
(-C(11)H2-CH2-S); 14.1 (CH3-C11H22-S-C=S). IR (KBr) (wavenumber, cm-1) for DMP: 2917
and 2856 (C-Cs), 1718 (C=O), 1070 (C=S), 1172 and 816 (C-Cb).Elemental analysis,
calculated: C = 56.00, H = 8.85, O = 8.78, S = 26.38; experimental: C = 55.18, H = 8.80,
O = 8.80, S = 26.52.
The synthetic route described by Gondi et al.298 was used for the synthesis of 2dodecylsulfanylthiocarbonylsulfanyl-2-methylpropionic acid 3-azidopropyl ester (DMP-N3)
and of the intermediate 3-azidopropanol. 1H NMR (δ, ppm) for DMP-N3: 4.15-4.21 (t,
J=6.10 Hz, 2 H), 3.31-3.41 (t, J=6.69 Hz, 2 H), 3.23-3.30 (t, J=7.60 Hz, 2 H), 1.85-1.94 (quin,
J=6.10 Hz, 2 H), 1.57-1.68 (m, 2 H), 1.19-1.42 (m, 18 H), 0.84-0.93 (td, J=6.80, 1.30 Hz,
3 H).

13

C NMR (δ, ppm) for DMP-N3: 220.8 (S-C=S); 172.9 (C=O).; 62.8

(-CH2-CH2-O-C=O); 55.9 (-S-C(CH3)2-CO); 48.2 (-CH2-CH2-N3); 37.0 (-CH2-CH2-S-C=S);
31.9 (-C(10)H2-CH2-S); 31.6 (-CH2-CH2-N3); 29.6 (-C(3)H2-CH2-S); 29.5 (-C(4)H2-CH2-S);
29.4 (-C(5)H2-CH2-S); 29.3 (-C(6)H2-CH2-S); 29.1 (-C(7)H2-CH2-S); 28.9 (-C(8)H2-CH2-S);
28.0

(-C(9)H2-CH2-S);

27.9

(-C(2)H2-CH2-S);

25.3

(-S-C(CH3)2-CO);

22.7

(-C(11)H2-CH2-S); 14.1 (CH3-C11H22-S-C=S). IR (KBr) (wavenumber, cm-1) for DMP-N3:
2923 and 2854 (C-Cs), 2096 (C-N=N=N), 1735 (C=O), 1064 (C=S), 1155 and 814 (C-Cb).
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Elemental analysis for DMP-N3, calculated: C = 53.65, H = 8.33, N = 9.39, O = 7.15,
S = 21.41; experimental: C = 51.00, H = 7.10, N = 8.93, O = 7.71, S = 23.61. 1H NMR (δ,
ppm) for 3-azidopranol: 3.71-3.61 (t, J = 6.00 Hz, 2H, -CH2-CH2-OH), 3.42-3.23 (t,
J = 6.56 Hz,

2H,

-CH2-

CH2-N3),

2.38

(br-s,

1H,

OH),

1.82-1.69

(quin,

2H,

HO-CH2-CH2-CH2-N3).
The same procedure as Luetdke et al. was followed for the synthesis of 2-propynyl 2bromo-2-methylpropanoate.299 1H NMR (δ, ppm): 4.76-4.8 (d, J=2.53 Hz, 2 H), 2.51-2.56 (t,
J = 3.00 Hz, 1 H), 1.93-1.99 (s, 6 H). 13C NMR (δ, ppm): 170.9 (C=O), 76.9 (-C≡C-H), 75.5
(H-C≡C-), 54.9 (C-O), 53.5 (Br-C-(CH3)2), 30.7 (CH3-C). IR (ATR) (wavenumber, cm-1):
3296 (alkyn C-Hs), 2975 (C-Cs), 1732 (C=O), 1153 (C-Cb).
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Figure A1. FTIR spectrum of PNIPAM with acidic end-group (P4) in a KBr pellet.

Figure A2. ESI-MS spectrum of doubly (denoted P4) and triply (denoted P4*) charged
PNIPAM with acidic end-group (P4). The spectrum is recorded via direct infusion.
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Table A1. Summary of ESI-MS data for PNIPAM with acidic end-group (P4). The spectrum
was recorded via direct infusion.

Species n a

m/z

Fomula

theoretical experimental
3145.25

3144.82

0.43

2+

3201.80

3201.73

0.07

2+

3258.34

3258.18

0.16

2+

3314.88

3314.45

0.43

3+

80 [C497H912N80O82S3Na3]

3159.95

3160.45

0.50

81 [C503H923N81O83S3Na3]3+

3197.64

3197.81

0.17

82 [C509H934N82O84S3Na3]3+

3235.34

3235.73

0.39

83 [C515H945N83O85S3Na3]3+

3273.03

3273.45

0.42

84 [C521H956N84O86S3Na3]3+

3310.73

3310.36

0.37

52 [C329H604N52O54S3Na2]
P4

53 [C335H615N53O55S3Na2]
54 [C341H626N54O56S3Na2]
55 [C347H637N55O57S3Na2]

P4*

a

Δ

2+

number of monomer units.

Figure A3. Thermogravimetric profile and its derivative of PNIPAM with bromine end-group
(P2) with recognizable subsidiary degradation at 130 °C due to bromine elimination. Sample
measured under ambient atmosphere with a heat flow of 10 °C·min-1, with a preliminary
isothermal step at 100 °C for 30 minutes.
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Figure A4. Derivatives of thermogravimetric profiles of PNIPAM with different end-group
(azide, P1), (Cp, P3) and (acid, P4), and pristine SWCNTs (p-SWCNT), functionalized with
P3 at ambient temperature (P3a-SWCNT), at 80 °C (P3b-SWCNT), and mixed with
PNIPAM with acidic end-group (P4-SWCNT). All samples measured under ambient
atmosphere with a heat flow of 10 °C·min-1, with a preliminary isothermal step at 100 °C for
30 minutes.
Table A2. Summary of thermogravimetric analysis of PNIPAM with different end-group
(azide, P1), (bromine, P2), (Cp, P3) and with acidic end-group (P4).

Sample

P1

P2

Ti a
/°C

Tf b
/°C

Tm c
/°C

wt.-%
at Tf

Ti a
Sample
/°C

Tf b Tm c
/°C /°C

wt.-%
at Tf

150

265

235

94.7

170

270 245

94.3

265

440

350

22.2

270

355 345

67.2

440

620

520

2.7

355

425 380

31.6

100

160

130

99.1

425

580 510

4.1

160

260

240

93.5

170

270 235

95.9

260

430

380

17.8

270

435 375

17.3

430

550

460

0.8

435

590 540

1.3

a

P3

P4

Ti: initial temperature for degradation; bTf: final temperature for degradation; cTm: temperature of maximal
weight loss (from first derivative). All samples measured under air atmosphere with a heat flow of 10 °C·min-1,
with a preliminary isothermal step at 100 °C for 30 minutes.
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Table A3. Summary of thermogravimetric analysis for pristine SWCNTs (p-SWCNT),
SWCNTs functionalized with P3 at ambient temperature (P3a-SWCNT), at 80 °C
(P3b-SWCNT), and SWCNTs mixed with PNIPAM with acidic end-group (P4-SWCNT).

Sample

Ti a
/°C

Tf b
/°C

Tm c
/°C

wt.-%
at Tf

p-SWCNT

430

640

600

57.2

100 190 170

97.0

640

810

685

13.8

190 270 220

93.5

100

240

160

95.4

P3b-SWCNT 270 360 325

89.1

240

355

320

88.3

360 410 395

86.2

355

410

390

83.9

410 560 500

62.6

410

545

495

63.6

560 850 700

12.6

545

815

700

13.8

100 240 200

99.2

240 420 375

94.6

420 635 580

51.6

635 810 705

10.7

P3aSWCNT

Sample

P4-SWCNT

a

b

Ti a
/°C

Tf b Tm c wt.-%
/°C /°C at Tf

c

Ti: initial temperature for degradation; Tf: final temperature for degradation; Tm: temperature of maximal
weight loss (from first derivative). All samples measured under air atmosphere with a heat flow of 10 °C·min-1,
with a preliminary isothermal step at 100 °C for 30 minutes.

- 152 -

Appendix

Figure A5. XPS spectra of PNIPAM with different end-groups (azide, P1, top), (bromine, P2,
middle) and with acidic end-group (P4, bottom) for each characteristic atom (carbon, oxygen,
nitrogen and sulfur). All spectra referenced at 285.0 eV for C-C sp2.
Table A4. Assignment of binding energy and comparison of the bond contribution after the
deconvolution of the XPS spectra of PNIPAM with different end-groups (azide, P1),
(bromine, P2) and with acidic end-group (P4) for each characteristic atom (carbon, oxygen,
nitrogen and sulfur). All spectra are referenced at 285.0 eV.

Atom Binding energy
/eV
S 2p3
C 1s

N 1s
O 1s

Entity

at.-%
P1

P2

P4

163.5

0.51

0.45

0.38

S-C

168.5

-

0.02

0.1

S=C

285.0

49.3

51.9

49.7

CH2, CH3 sp3

286.1

13.3

13.5

14.0

C-N, C-O

287.9

10.9

10.8

11.7

C=O

399.8

10.2

10.1

10.9

N-C

401.9

-

0.4

0.3

N+-H

531.4

12.9

12.1

11.3

O-C

533.3

0.4

0.6

0.9

O=C
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Figure A6. 1H NMR spectra of P-Vinyl and P-OH.

Figure A7. MALDI-ToF mass spectra of P-Vinyl, P-OH and P-Br.
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Figure A8. 1H NMR spectrum of P-0.

Figure A9. MALDI-ToF mass spectrum of P-0.
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Figure A10. 1H NMR spectrum of P3HT-b-PS.

Figure A11. First derivatives of the thermogravimetric profiles of non-modified SWCNTs
(p-SWCNT), cyclopentadienyl end-capped P3HT (P-Cp) and functionalized SWCNTs with
P-Cp (SWCNT-1). The reference samples, non-functional P3HT (P-0) and the SWCNTs
mixed with P-0 (SWCNT-0) are represented. A heating rate of 10 °C·min-1 was applied
initially, following a 30 minutes isothermal step at 100 °C.

- 156 -

Appendix
Table A5. Observed thermogravimetric transformations for non-modified SWCNTs
(p-SWCNT), cyclopentadienyl end-capped P3HT (P-Cp), functionalized SWCNTs with
P3HT-Cp (SWCNT-1), as well as the reference samples: non-functional P3HT (P-0), and
SWCNTs mixed with P-0 (SWCNT-0).

Sample

Ti a
/°C

Tf b
/°C

Tm c
/°C

wt.-%
at Tf

Sample

Ti a
/°C

Tf b
/°C

Tm c
/°C

p-SWCNT

440

640

590

71.6

SWCNT-1

100

240

-

640

820

690

14.6

240

370

355

82.8

100

355

330

91.6

370

460

400

62.8

355

410

-

85.0

460

570

520

38.7

410

495

455

49.7

570

800

715

10.8

495

630

540

8.2

100

195

-

99.5

100

360

320

93.2

195

440

375

78.2

360

410

-

85.4

440

560

505

58.5

410

495

455

50.4

560

800

670

17.0

495

630

540

3.6

P-Cp

P-0

a

SWCNT-0

wt.-%
at Tf
99.2

b

initial temperature for degradation; final temperature for degradation; c temperature of maximal rate of weight
loss (from first derivative).

Figure A12. HRTEM pictures of coated agglomerate (left) and contamination induced by
electron beam (right) of the reference sample (SWCNT-0).
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Figure A13. UV-VIS spectra of a 0.005 mM CHCl3 solution of P-Cp, P-0 and extracts from
the dispersions prepared by 1 minute ultrasonication of 1 mg of SWCNT-0 and SWCNT-1 in
320 μL of CHCl3.

Figure A14. Digital photograph of the dispersions prepared after 1 minute ultrasonication of
1 mg of SWCNT-1 (left) and SWCNT-0 (right) in 10 mL of CHCl3 after 5 days.
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Figure A15. SEC traces of the starting material PMMA-Br (Mn = 2700 g·mol-1, Ð = 1.14),
the Cp-end capped PMMA-Cp (Mn = 2700 g·mol-1, Ð = 1.17), and after the HDA reaction
with Dithio-OH (PMMA-HDA, Mn = 2900 g·mol-1, Ð = 1.16).
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Table A6. Summary of the identified species from the ESI-MS spectrum of PMMA-Cp
(I-V).

n

14

Species

Formula

m/z exp. m/z th.

Δm/z

IV

[C75H120O31Na]+

1539.48 1539.77

0.29

I

[C80H126O30Na]+

1589.56 1589.82

0.26

[C75H121O30BrNa]+ 1605.36 1603.7

0.66

II
III

[C79H126O32Na]+

1609.51 1609.81

0.30

V

[C80H130O32Na]+

1625.48 1625.84

0.36

IV

[C80H128O33Na]+

1639.48 1639.82

0.34

+

1689.59 1689.88

0.29

[C80H129O32BrNa]+ 1705.44 1703.75

0.69

I
15

16

17

II

[C85H134O32Na]

III

[C84H134O34Na]+

1709.56 1709.86

0.3

V

[C85H138O34Na]+

1725.75 1725.9

0.15

IV

[C85H136O35Na]+

1739.64 1739.88

0.24

I

[C90H142O34Na]+

1789.56 1789.93

0.37

[C85H137O34BrNa] 1805.56 1803.81

0.75

II

+

III

+

[C89H142O36Na]

1809.64 1809.92

0.28

V

[C90H146O36Na]+

1825.84 1825.95

0.11

IV

[C90H144O37Na]+

1839.92 1839.93

0.01

I

[C95H150O36Na]+

1889.75 1890.00

0.23

Table A7. Summary of the identified doubly charged species in the ESI-MS spectrum of
PMMA-Cp (I*).

n Species

Formula

m/z exp.

m/z th. Δm/z

31

I*

[C165H261O64Na2]2+ 1656.33 1656.35 0.02

32

I*

[C170H269O66Na2]2+ 1706.25 1706.37 0.12

33

I*

[C175H277O68Na2]2+ 1756.51

34

I*

[C180H285O70Na2]2+ 1806.33 1806.43 0.10

35

I*

[C185H293O72Na2]2+ 1856.41 1856.45 0.04
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Figure A16. Raman spectra of pristine SWCNTs (p-SWCNT) in solid state, and of oxidized
o-SWCNT after 4 h and 8 h acidic treatment. The spectra are recorded in water dispersion
with a 1064 nm laser excitation after purification, and normalized on the G-band peak
intensity.
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Figure A17. Raman spectra of oxidized o-SWCNT after 4 h and 8 h acidic treatment. The
spectra were recorded in water dispersion with a 785 nm laser excitation after purification,
and normalized to the G-band peak intensity.
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Figure A18. FTIR spectrum of the pristine SWCNTs (p-SWCNT) in a KBr pellet. The
identified peaks agree well with those reported in the literature.353

Figure A19. FTIR spectrum of PMMA-Cp in a KBr pellet.
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Figure A20. First derivatives of the thermogravimetric profiles of the pristine SWCNTs
(p-SWCNT), after oxidation (o-SWCNT) and esterification (1-SWCNT) with the pyridine
based Dithio-OH, and the HDA reaction (2-SWCNT) with PMMA-Cp. All samples are
measured under an air atmosphere, with a heat flow of 10 °C·min-1, after an isothermal step at
100 °C for 30 minutes.
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Table A8. Summary of the degradation observed via thermogravimetric analysis of pristine
SWCNTs (p-SWCNT), after oxidation (o-SWCNT) and esterification (1-SWCNT) with the
pyridine based Dithio-OH and after the HDA reaction (2-SWCNT) with PMMA-Cp.

Ti a
/°C

Tf b
/°C

Tm c
/°C

wt.-%
at Tf

p-SWCNT 350

600

545

4.5

o-SWCNT 100

305

225

94.9

305

650

610

3.9

1-SWCNT 100

280

245

94.5

280

350

315

91.4

350

390

370

89.9

390

650

610

8.4

2-SWCNT 100

390

315

87.9

390

460

440

83.9

460

680

620

Sample

a

b

16.3
c

initial temperature of degradation; final temperature of degradation; maximum temperature of degradation.

Table A9. Summary of the degradation observed via thermogravimetric analysis of the
pyridine based Dithio-OH, and cyclopentadienyl end-capped PMMA-Cp.

Sample

Ti a
/°C

Tf b
/°C

Tm c
/°C

wt.-%
at Tf

Dithio-OH

100

360

230

32.2

360

495

460

17.4

495

670

570

0.44

140

400

290

1.9

PMMA-Cp
a

b

c

initial temperature of degradation; final temperature of degradation; maximum temperature of degradation.

Table A10. Elemental composition of Dithio-OH and cyclopentadienyl end-capped
PMMA-Cp.

Sample

C
H
N
O
S
/wt.-% /wt.-% /wt.-% /wt.-% /wt.-%

Dithio-OH exp.

61.3

4.9

4.9

5.5

22.7

Dithio-OH th.

61.1

4.8

5.1

5.8

23.3

PMMA-Cp

58.3

7.7

1.0

30.2

0
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Table A11. Assignment of the binding energies and the comparison of the band contribution
after deconvolution of the XPS spectra of PMMA-Cp. The spectra referenced at 285.0 eV for
C-C sp3.

Peak
C1s

O 1s
a

B.E.a

PMMA-Cp

/eV

/at.-%

285.0

26.3

-CH2/-CH3 sp3

285.8

21.1

-CH2-C(CH3)-COOCH3

286.8

13.7

-OCH3

289.3

12.5

O=C-OCH3

532.1

13.4

O=C-OCH3

13.0

-O-CH3

533.4
binding energy.
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