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Chapter 1
Introduction

1.1 The 1D Carbon Allotrope: Structure and Properties

Carbon nanotubes (CNTs) belong to the family of synthetic carbon allotropes and
are characterized by a network of sp2 hybridized carbon atoms. The one dimen-
sional (1D) carbon nanotubes [1, 2] can thus be queued between their zero
dimensional relatives fullerenes [3, 4] and the two dimensional (2D) relative
graphene [5, 6]. The structure of nanotubes has first been described as helical
microtubules of graphitic carbon in 1991 by Iijima who generated the novel
material by an arc discharge evaporation process originally designed for the
production of fullerenes [1]. Since then, extensive research has shed light into the
structure and properties of this highly remarkable carbon allotrope [7–13]. CNTs
are theoretically constructed by rolling up a graphene sheet into a cylinder with the
hexagonal rings joining seamlessly (Fig. 1.1a) [14]. Commonly, nanotubes are
classified as single-walled carbon nanotubes (SWCNTs) consisting of one cylinder
and multi-walled carbon nanotubes (MWCNTs) being comprised of an array of
cylinders concentrically nested (Fig. 1.1b).

Depending on the way the graphene sheet is rolled up, a huge diversity of
SWCNT structures can be constructed differing in length, diameter and roll-up
angle which defines the orientation of the hexagonal carbon rings in the honey-
comb lattice relative to the axis of the nanotube. The shape of a SWCNT is always
a cylinder so that this carbon allotrope can be considered as one dimensional
nanostructure due to the long periodical unit.

The structure of a SWCNT is specified by the so-called chiral vector Ch which
corresponds to a cross section of the nanotube perpendicular to the axis as sche-
matically presented in the unrolled honeycomb lattice in Fig. 1.2. The chiral vector
Ch can be expressed by the real space unit vectors of the graphene lattice a1 and a2

and the integer parameters n and m (1.1).

Ch ¼ na1 þ ma2 ð1:1Þ

C. Backes, Noncovalent Functionalization of Carbon Nanotubes, Springer Theses,
DOI: 10.1007/978-3-642-27582-1_1, � Springer-Verlag Berlin Heidelberg 2012
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Accordingly, the structure of a carbon nanotube is classified by the integer
parameters n and m denoted as chiral indices. Figure 1.2 thus exemplarily depicts
the construction of a (4,4)-SWCNT with the unit cell represented as blue rectangle.
The length of the cylindrical structure is a multiple of the modulus of the trans-
lational vector T, the circumference is defined by the modulus of the chiral vector
Ch. The chiral angle h is defined as the angle between the chiral vector Ch and the
unit cell vector a1 with values of h spanning from 0� to 30� due to the hexagonal
symmetry of the graphene layer.

The (n, m)-chirality defines the structure of the SWCNT, but contains no
information about the so-called helicity of the nanotube. The symmetry of a
SWCNT is primarily classified as being chiral or achiral. The mirror image of an
achiral SWCNT is super imposable to the original structure, while left- and right-
handed species can be distinguished in chiral nanotubes. The majority of SWCNTs
is chiral meaning that two enantiomers of a specific (n, m)-SWCNT exist (not
considering differences in length). The achiral SWCNTs are limited to chiral
angles of 0� (zigzag nanotubes with m = 0) and 30� (armchair SWCNTs with
n = m).

Details on the theoretical calculation of the electronic structure of SWCNTs
shall not be discussed within this thesis, as a number of textbooks are concerned
with that subject [7, 9–12]. The outcome however, is of tremendous impact and
significance, as the density of states of the different (n, m)-SWCNTs can be cal-
culated. This results in the electronic classification of SWCNTs as exhibiting
either semiconducting, or metallic character. In other words, the electronic prop-
erties of SWCNTs depend on the chiral vector and therefore the way the graphene
sheet is rolled up into the cylinder.

(a)

(b)

Theoretical construction 
of a CNT

SWCNT MWCNT

Fig. 1.1 a Schematic representation of the theoretical construction of a carbon nanotube by
rolling up a graphene sheet. b Representation of a single-walled carbon nanotube (SWCNT–left)
and a multi-walled carbon nanotube (MWCNT–right) [15]

2 1 Introduction



The electronic structure of a SWCNT can be derived from that of 2D graphene
by using periodic boundary conditions: [16] the wave vectors associated with the
direction normal to the tube axis become quantized while the wave vectors along
the tube axis remain continuous assuming an infinite tube length. Hence, the
energy dispersion relations are cross sections of those of 2D graphene. Graphene
can be regarded as a zero-energy gap semiconductor with the p and p*-states being
degenerate by symmetry in the K-points. If for a particular (n, m)-nanotube the
cutting line passes through a K point, the 1D energy bands have a zero energy gap
and therefore are considered as being metallic in first approximation. All metallic
CNTs fulfil the equation

n�mð Þ ¼ 3q ð1:2Þ

with q being an integer. Thus, all armchair (n, n)-CNTs are metallic and zigzag (n,
0)-CNTs are metallic when n is a multiple of three. This equation also implies that
one-third of SWCNTs exhibit metallic character, while two-thirds exhibit semi-
conducting character, as indicated by the red and blue circles in Fig. 1.2. In
addition, the finite curvature of the SWCNT results in the mixing of p/r bonding

Fig. 1.2 Schematic representation of the unrolled graphene layer of a carbon nanotube with the
unit cell vectors a1 and a2 which define the chiral vector Ch. The colored rectangle displays the
unit cell of the (4,4)-SWCNT. Metallic or quasi-metallic (n, m)-SWCNTs are indicated by the red
circles, semiconducting species by the blue circles, respectively
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and p*/r* anti-bonding states leading to a movement of the graphene band
crossing away from the K-point. Thus, small energy gaps in the order of meV are
introduced in metallic SWCNTs except for the symmetrical achiral (n, n)- arm-
chair SWCNTs. Therefore, SWCNTs fulfilling Eq. 1.2 are regarded as quasi
metallic or tiny-gap semiconductor if n = m.

The characteristic 1D electronic density of states (DOS) of three (n, m)-
SWCNTs are displayed in Fig. 1.3 as representatives of metallic armchair (10, 10),
quasi metallic (12, 6) and semiconducting SWCNTs (13, 3). The DOS of semi-
conducting SWCNTs is zero at the Fermi level EF located at E = 0, but non-zero
for metallic SWCNTs. Owing to the 1D nature of the nanotubes, the DOS becomes
singular by folding the 2D energy bands of the graphene layer into the 1D bands of
the SWCNT with an increasing energy separation at decreasing number of energy
bands. As a consequence, spikes in the DOS of 1D objects arise (van Hove
singularities, vHS) which dominate the optical properties of SWCNTs and are thus
of importance for their characterization as will be outlined in Sect. 1.4.

Of equal importance pertaining to semiconducting SWCNTs is the result that their
energy gap depends on the reciprocal nanotube diameter, e.g. the band gap increases
from larger to smaller diameter SWCNTs, while being independent on the chiral angle.

Apart from their outstanding electronic properties providing the foundation for
multiple applications as nanowires, field-effect transistors and electronic devices
[8, 17, 18], carbon nanotubes surmount any other compound class in their
mechanical properties [11, 13]. The exceptionally high tensile modulus (640 GPa)

Fig. 1.3 Electronic 1D density of states for a metallic, armchair (10,10)-SWCNT, a quasi-metallic
(12,6) SWCNT and a semiconducting (13,3)-SWCNT
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and tensile strength (&100 GPa) together with the high aspect ratio (300–1000)
make nanotubes an ideal candidate for reinforcing fibers and polymers [19, 20].

However, in order to tap the full potential of nanotubes in electronics,
photonics, as sensors or in composite materials, two major obstacles have to be
overcome, e.g. separation according to diameter and/or chirality on the one hand
and uniform dispersability in a solvent or matrix on the other hand. Responding to
a growing interest, progress in the diameter control during carbon nanotube pro-
duction has been achieved [21]. However, up to now, the as-produced material
contains nanotubes of differing lengths, diameters and chiralities, therefore
including semiconducting and metallic nanotubes, as well as a varying amount of
impurities. This inhomogeneity still forms the bottleneck for nanotube-based
technological progress. Furthermore, the strong intertube van der Waals interac-
tions of 0.5 eV/lm, which render nanotubes virtually insoluble in common organic
solvents and water also constrict any application [22, 23].

Among the efforts to increase processability of this unique material, chemical
and especially noncovalent functionalization represents a corner stone, as it is
nondestructive meaning it does not alter the intrinsic properties of CNTs.
Furthermore, tailoring of the surface properties of carbon nanotubes is accessible,
boosting solubility in a variety of solvents and providing the foundation for
nanotube sorting, as will be summarized in Sects. 1.2 and 1.3, respectively.

1.2 Solubilization of Single-Walled Carbon Nanotube

Solubilization and dispersion of SWCNTs is addressed by noncovalent function-
alization (among others), e.g. modification of the nanotube surface properties by
adsorption of either commercially available detergents or designed molecules. In
the following, the term dispersion refers to homogenously distributed nanotubes in
a colloidal state also including small bundles, while solution implies that the
nanotubes appear individualized, e.g. the carbon nanotube bundles are exfoliated.

The most widespread noncovalent functionalization method to obtain nanotubes
dispersed and dissolved in aqueous media is their encapsulation in surfactant
micelles. In general, surfactants can be described as molecules with a hydrophilic
region usually referred to as polar head group and a hydrophobic region denoted as
tail. Due to this amphiphilicity they tend to adsorb at interfaces and self-organize
into supramolecular structures.

Three adsorption mechanisms of surfactants onto SWCNTs have been proposed
as depicted by Fig. 1.4. In analogy to the epitaxial adsorption of surfactants on
graphite, specific self-alignment as cylindrical micelles (Fig. 1.4a) or hemimi-
celles (Fig. 1.4b) has been suggested [24, 25]. More recently, structureless random
adsorption has been favored [26]. In this case, no preferred arrangement of the
head and tail groups stabilizes the dispersion/solution (Fig. 1.4c).
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According to the unzippering mechanism proposed by Strano et al. [27],
nanotubes are isolated from bundles by ultrasonication in the presence of a
surfactant (Fig. 1.5). During the first step, the energy input by ultrasonication
provides high local sheer forces, resulting in dangling ends in the nanotube
bundles (Fig. 1.5b) which become adsorption sites for surfactants preventing the
loosened tubes from reaggregation (Fig. 1.5c). Due to the movement of the
partly individualized nanotubes relative to the bundle, the surfactant continu-
ously progresses along the nanotube length resulting in the isolation of the
individual tube (Fig. 1.5d). Hereby, an equilibrium is established between free
individuals and bundled aggregates limiting the concentration of stably indi-
vidualized SWCNTs.

The exfoliation of SWCNTs is specifically important for their characterization. A
cornerstone in nanotube characterization has been laid by O’Connell et al. who have
first reported on the observation of nanotube fluorescence across the bandgap of
semiconducting SWCNTs [24]. This subject will be further discussed in Sect. 1.4.2.

Surfactants are usually classified according to the nature of the head charge, e.g.
anionic, cationic, non-ionic and zwitterionic. A variety of nanotube surfactants
(Scheme 1.1) has been investigated including the most common detergents sodium
dodecyl benzene sulfonate (SDBS) [28–32], sodium dodecyl sulfate (SDS) [24, 25,
28, 32–34], lithium dodecyl sulfate (LDS) [35], the bile salts sodium deoxycholate
(SDC) [29, 31, 32, 36, 37], sodium taurodeoxycholate (STDC)[29] and sodium
cholate (SC)[29, 31, 32, 36, 37] as representatives of anionic surfactants, dode-
cyltrimethylammonium bromide (DTAB), tetradecyl trimethyl ammonium
bromide (TTAP), hexadecyltrimethylammonium bromide (HTAB) among cationic
surfactants [38] and TritonX-100 [28, 29], Tween-20, Tween-40 and Tween-60 as
non-ionic surfactants [38].

As briefly summarized in the section above, the results concerning the
adsorption mechanism of detergents on the SWCNT scaffold partly appear
contradictionary, nicely demonstrating that the supramolecular arrangement on the
SWCNTs and thus the resulting dispersion efficiency and stability is highly
sensitive to the environment and the dispersion parameters, e.g. ultrasonication

Fig. 1.4 Adsorption of surfactants: a SWCNTs encapsulated in a cylindrical micelle by an
aligned adsorption of the amphiphiles, b hemimicellar adsorption, (c) random adsorption.
(Reprinted with permission from Wiley VCH: [192])
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power and time [39], centrifugation or precipitation conditions, temperature,
presence of salts etc. Furthermore, it has been shown that the concentration of the
nanotube [40], as well as the detergent [41, 42] has a tremendous impact on both,
the quality of the dispersion and the general dispersion behavior. The composition
of the pristine nanotube material (amount of impurities, diameter distribution, etc.)
constitutes a further impediment towards comparability [39].

In a systematic study, the effects of purification, sonication time and surfactant
concentration on the dispersability of SWCNTs in an aqueous solution of SDBS
have been investigated [30]. It has been revealed that the purification method has
an impact on the surface properties of the nanotubes, e.g. the point of zero charge
(PZC). However, the introduced positive or negative charges on the nanotubes,

(a) (b)

(c) (d)

Fig. 1.5 Mechanism of nanotube exfoliation from bundles with the aid of a surfactant and
ultrasonication according to the unzippering mechanism [27]. (Reprinted with permission from
Wiley VCH: [192])
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being dependent on the pH, only influence the interaction with the negatively
charged SDBS molecules at pH values far from the PZC, indicating that the
nanotube-detergent interactions are hydrophobic in nature. Further adsorption
studies have shown that, at saturation, the detergent molecules cover the nanotubes
as monolayer with the tails oriented vertically on the surface (tails on configura-
tion) [30]. This indicates that the nanotubes are rather dispersed by adsorption of
the SDBS molecules than by enclosing the SWCNTs in cylindrical micelles. It has
also been pointed out that the sonication time plays a key role in nanotube
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dispersion and dissolution, as dispersion remained ineffective without the aid of
sonication. Finally, the investigations have unveiled that nanotubes can be dis-
persed in an aqueous solution of SDBS below the critical micelle concentration
(cmc) of SDBS further underlining that the formation of micelles is not a
requirement for dispersability. A dispersion efficiency maximum is reached at
SDBS concentrations [SDBS] = 2.5 mM (0.87 wt%) under the experimental
conditions chosen by the authors.

Additionally to the readily available detergents, bifunctional polycyclic
aromatic compounds are also excellent candidates for the dispersion/dissolution of
nanotubes. In principle, a strong and specific interaction with the nanotube can be
ensured via p-p-stacking which is, in many cases, favorable over the non-specific
hydrophobic interaction being exploited by detergents. Water solubility is
provided by solvophylic moieties covalently attached to the aromatic backbone of
the dispersant (Fig. 1.6).

Pyrene derivatives, especially trimethyl-(2-oxo-2-pyrene-1-yl-ethyl)-ammo-
nium bromide Pyrene1 are prominent examples nicely underlining the effective-
ness of this concept. It has been demonstrated that Pyrene1 is capable of
dispersing and individualizing both as-produced and purified SWCNTs under mild
experimental conditions [43, 44]. Since it has been found that Pyrene1 is an
excellent nanotube solubilizer, the pyrene moiety has widely been applied as
noncovalent anchoring group, for instance, for fullerenes, proteins, porphyrins and
metal nanoparticles (ref. [45] and references therein).

Pyrene1

Br

N
O

-

Additionally to the pyrene moiety, other anchoring groups such as naphthalene,
[46] or porphyrins have been used [47, 48] to induce dispersion in aqueous media
and to allow the construction of nanotube-based donor–acceptor hybrids [48–50].

Fig. 1.6 Concept of
nanotube dispersion
by polycyclic aromatic
compounds equipped with
a solvophylic moiety.
(Reprinted with permission
from Wiley VCH: [192])
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Until recently, only limited research has thus far focused on the dispersion of
nanotubes in organic solvents compared to water-based systems. Since carbon
nanotubes are hydrophobic, they are expected to be wetted by organic solvents as
opposed to aqueous media. However, pristine CNTs are colloidally dispersed only
in a limited number of solvents, e.g. o-dichlorobenzene (ODCB)[51–55], N-methyl-
2-pyrrolidone (NMP)[56–60], N, N-dimethylformamide (DMF)[56–61] and N,N-
dimethylacetamide (DMA) [57, 60]. Even though dispersion in such solvents is
convenient, it is important to note that the stability of the dispersion is usually poor
being accompanied by the formation of nanotube aggregates within hours or days.

Within the past years, Coleman and co-workers gained remarkable insights in the
dispersion of nanotubes in solvents in the absence of any dispersant [62]. Considering
nanotubes as large solute molecules, standard solution theory can be applied. Thus,
SWCNTs would be soluble when their enthalpy of mixing D�Hmix is negative. Since
the enthalpy of mixing can also be expressed by the Hildebrand solubility parameters
(Hildebrand-Scatchard expression), it can be concluded that dispersion is favored
when the solubility parameter of the solvent matches that of the SWCNTs (the
solute). The Hildebrand solubility parameter, however, only takes into account the
dispersive contributions and not the polar and hydrogen bonding interactions which
are manifested in the Hansen solubility parameters. The unambiguous consequence
is that the energetic cost of dispersion is minimized when all three Hansen parameters
of the solvent match those of the solute. Commonly, in solubility theory, a dispersion
can be considered a solution when the free energy of mixing D�Gmix is negative. For
many systems, a large entropy of mixing D�Smix which contributes to the free energy
of mixing results in a negative free energy. Since nanotubes are large and rigid, the
entropy of mixing is comparatively small so that the enthalpy of mixing D�Hmix is the
crucial factor to determine the solubility. Inspired by the finding that SWCNTs can be
debundled by dilution in NMP [63], this solvent has been chosen for further inves-
tigations and the development of a detailed thermodynamic analysis [64] paving the
way towards true solutions of SWCNTs in rather common solvents. An extensive
solvent screening then allowed estimating the Hansen solubility parameters of
pristine SWCNTs and further developing the solubility model [65]. Based on these
theories, new solvents for nanotubes have been proposed and investigated [66].
Significantly, N-cyclohexyl pyrrolidone and 1-benzyl-2-pyrrolidinone have been
described as highly promising solvents with dispersion and exfoliation rates
approaching those of the common detergent SDBS. However, it has been pointed out
by the authors, that the model still remains imperfect, as some solvents with the
correct Hansen parameters are not capable of dispersing SWCNTs which is in
marked contrast to solubility theory so that a deeper understanding of solvent-
nanotube interactions still needs to be created.

Similarly to the concept of dispersion of nanotubes in aqueous media by the
addition of dispersants, the dispersability of nanotubes in organic solvents can also
be increased by designed additives. However, one main driving force for disper-
sion in aqueous media, namely the hydrophobic effect, is not exploited in this case.
Nonetheless, some examples exist, for example porphyrin derivatives which have
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also shown to promote successful dispersion of nanotubes in nonaqueous media
[67–74].

Additionally to the monomeric dispersion additives described above, natural
[75–81] or synthetic polymers [19, 45, 82–85] are commonly applied for the
dispersion of SWCNTs in aqueous and organic media. However, the use of
polymeric materials is associated with one major drawback, as the complete post-
process removal of the dispersant is not possible so that this topic is not further
discussed within this thesis.

As has already been mentioned, SWCNT dispersion and solubilization does not
only overcome one of the major hurdles in nanotube research, but it also provides
the foundation to address the next step towards SWCNT-based technology, e.g.
efficient SWCNT sorting according to diameter and/or chirality. Since exfoliation
and individualization of nanotubes is a pre-condition for any separation approach,
the success of the sorting technology ultimately depends on the quality of the
dispersion.

1.3 Post-Production SWCNT Separation

1.3.1 Overview of Sorting Approaches

Even though the extraordinary potential of carbon nanotubes as new super materials
especially in CNT-based electronics had been recognized soon after their discovery,
integration of millions of nanotubes in functional circuits can thus far be merely
considered a vision, as nanotube samples with defined electronic classification, or
preferably single chirality with defined length are a prerequisite. Despite recent
progresses in the field of controlled nanotube production [21], it is reasonable that
this goal may not be achieved by controlled synthesis alone by considering the
following aspects: SWCNTs are grown from metal catalyst particles widely defining
their diameter. However, the futility of the exact chirality control by predefined
catalyst particle size during synthesis can be imagined by recognizing that the
diameter difference between a (10,10)-metallic and a (9,11)-semiconducting
SWCNTs is merely 0.03 Å. Furthermore, the high temperatures during nanotube
production presumably induce thermal vibrations allowing variations in the SWCNT
diameters even for identically sized catalyst particles. Thus, the development of post-
synthetic separation techniques such as electrophoresis, chromatography, density
gradient ultracentrifugation and selective interaction is deemed necessary and has
received considerable attention in nanotube research [86–88].

Among electrophoretic techniques, alternating current (a.c.) dielectrophoresis
holds most promise, as nanotube separation by electronic type may be accom-
plished. It has been demonstrated that metallic nanotubes are selectively deposited
between the electrodes in an a.c. field, when a nanotube dispersion in an aqueous
solution of sodium dodecyl sulfate is applied [89]. Upon subjecting nanotubes to
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an external electric field, a dipole moment is induced resulting in a translational
motion along the field gradient which depends both on the dielectric constant of
the nanotubes ep and solvent medium eS. The static dielectric constant for semi-
conducting HiPco nanotubes has been calculated to be lower than 5, while that of
metallic SWCNTs has been estimated to be around 1000 [90]. Since the dielectric
constant of the solvent, in this case an aqueous solution of sodium dodecyl sulfate,
is around 80, semiconducting nanotubes exhibit a negative dielectrophoretic force,
e.g. they move towards the low electric field region, while the elctrophoretic force
in the case of metallic nanotubes is positive so that they move towards the high
field region. By investigating the deposited material by incident-light dark-field
microscopy it has been shown that the Rayleigh scattered light is polarized per-
pendicular to the electrode revealing the alignment of the nanotubes.

Even though dielectrophoretic separation is capable of sorting SWCNTs by
electronic properties, the method suffers from the disadvantage of limited through-
put. Furthermore, the fact that SWCNTs are deposited simultaneously to the sepa-
ration strongly constrains the flexibility. Nonetheless, dielectric spectroscopy on
SWCNT suspensions allows rapid and accurate determination of both the dielectric
properties of the surfactant encapsulated SWCNTs, as well as the proportions of
metallic and semiconducting nanotubes [91]. Several attempts have focused on up-
scaling the original separation setup by using larger electrodes [92] or making use of
dielectrophoretic field flow-fractionation [93]. However, electrophoresis will cer-
tainly not fulfill the criteria of nanotube separation in bulk quantities.

Chromatographic techniques are well established in chemistry and biology to
separate materials on the molecular scale. Thus, it is not surprising that evaluating
the suitability of chromatographic techniques for the separation and purification of
nanotubes has commenced soon after their discovery. However, attempts seemed
to be little fruitful until the first chromatography-based separation has been
reported in 2003 [76]. The approach relies on the supramolecular aggregation of
DNA that enables SWCNT sorting by ion exchange chromatography. When
nanotubes are wrapped with an appropriate single-stranded DNA, the electrostatics
of the SWCNT-DNA hybrid in the ion exchange column is dependent on the
nanotube diameter or the electronic properties [76]. The optical properties of the
separated SWCNTs in the respective fractions are so striking that they can be
observed as distinguishable colors by the naked eye. As the initial results have
been convoluted by differences in lengths, an improved sorting with the aid of size
exclusion chromatography has been subsequently developed [77]. In a ground-
breaking study, it has recently been demonstrated that single chirality sorting of 12
different (n,m)-SWCNTs can be achieved by utilizing the appropriate DNA
sequence [94]. The major obstacle for this methodology, however, is the utilization
of designed DNA sequences on the one hand and the low throughput similarly to
electrophoretic sorting on the other hand. Furthermore, DNA cannot be removed
from the SWCNT sidewall after separation, as it wraps around the SWCNT
scaffold due to its polymeric nature. Finally, the majority of work has been carried
out with SWCNTs of diameters smaller than 1.2 nm so that the proof of wide-
spread applicability of this technique is still lacking.
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In a different approach, it has been revealed that surfactant encapsulated
semiconducting SWCNTs exhibit an enhanced adsorption towards agarose gel
[95]. Thus, metallic SWCNTs could be squeezed from a frozen block of agarose
gel where a mixture of SWCNTs has initially been loaded [96]. This methodology
certainly holds great potential, as it appears to be easily scalable. However, in
order to further improve sorting efficiencies and separation yields, a deeper
understanding in the underlying interactions will be necessary.

In the following sections, the two remaining separation techniques based on
noncovalent interactions, e.g. density gradient ultracentrifugation and selective
dispersion shall be discussed in-depth, as they hold most promise and are directly
related to the subject of this thesis.

1.3.2 Density Gradient Ultracentrifugation

Density gradient ultracentrifugation (DGU) in general exploits subtle differences
in the buoyant density of the material to be separated. In principle, the sample is
loaded into an aqueous solution with a known density gradient established by a
gradient medium such as iodixanol, nycodenz or sucrose. Upon applying a
centrifugal force, the species travel towards their respective isopycnic points, e.g.
the position where their density is equal to that of the gradient. The spatially
separated bands can then be fractionated.

If differences in the buoyant density were merely related to the diameter of the
nanotube, larger diameter SWCNTs would have lower densities than smaller
diameter nanotubes. However, as described by a hydrodynamic model [97], the
thickness and hydration of the surfactant coating, as well as the eventual filling of
the nanotubes with water [98], strongly alters the buoyant density. The choice of
the surfactant is a crucial aspect for the nanotube sorting criteria by DGU. When a
surfactant is chosen which uniformly coats all nanotubes equally, the sorting is
related to the diameter. In this case, the density increases with increasing diameter
(Fig. 1.7). If nanotubes are dispersed in a surfactant, or a combination of surfac-
tants that exhibit preferences for some (n, m)-species, separation by properties
beyond geometrical aspects, e.g. sorting by electronic structure may be achieved.

In a first report, enrichment of DNA-wrapped HiPco [99] and CoMoCAT [100]
SWCNTs by diameter has been described. [101] Further works focusing on
SWCNTs dispersed in conventional detergent solutions have demonstrated the
versatility of the DGU approach [102–112]. Multiple possibilities for sorting of
CoMoCAT, laser ablation and arc discharge SWCNTs according to diameter or
electronic properties exist up to now, so that merely a few shall be summarized
here. For example, sodium cholate encapsulated CoMoCAT nanotubes can be
sorted by diameter as evidenced by the evolution of visibly colored bands [102].
Due to the high optical purity of the fractions, investigations concerning the
photoluminescence quantum yields could be carried out revealing that the quantum
yields exceed 1 % which is by a factor of 5 higher than previously reported for
aqueous nanotube dispersions [103, 104].

1.3 Post-Production SWCNT Separation 13



Electronic type specific separation has been achieved by the use of surfactant
mixtures of SC and SDS. Most remarkably the position of the metallic and
semiconducting fractions, respectively can be tailored by changing the ratio of the
two surfactants, e.g. semiconducting nanotubes have a lower density when sodium
cholate is the main surfactant [102, 113], while metallic nanotubes show a lower
density with SDS as main surfactant and SC as co-surfactant [105, 109, 110, 114,
115]. The metallic fractions have been applied to the preparation of colored
semitransparent conductive coatings with colors varying between cyan, magenta
and yellow, depending on the composition of the starting material [105, 109, 110,
114, 115]. The semiconducting counterparts allowed the fabrication of thin film
nanotube transistors [113, 116, 117]. Furthermore an assignment of the
(n,m) indices is possible by the use of an aberration corrected transmission electron
microscopic study [109].

Fig. 1.7 Concept of density gradient ultracentrifugation of SWCNTs. (a) Prior to ultracentri-
fugation surfactant encapsulated nanotubes are injected into an approximately linear density
gradient. In the centrifugal field, the nanotubes move to their respective isopycnic points in the
centrifuge vial resulting in their separation according to diameter (or electronic properties).
(Reprinted with permission from Wiley VCH: [192])
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As has been mentioned above, the sorting of SWCNTs according to their
electronic type in DGU has been attributed to inequivalent binding of two sur-
factants as a function of nanotube polarizability and therefore their electronic
properties. This principle has been confirmed by electronic type specific sorting of
narrowly distributed (n, m) SWCNTs by iterative centrifugation steps in a SDS-SC
surfactant mixture without the aid of a density gradient [106]. However, an
adsorption model that accounts for the different surfactant arrangement on metallic
and semiconducting SWCNTs has not yet been proposed. Nonetheless, progress
towards understanding the role of co-surfactants in DGU based separations has
recently been achieved [118]. Diameter sorting of SWCNTs produced by the
alcohol catalytic chemical vapor deposition [119] has been improved by a modified
co-surfactant DGU, where SWCNTs were initially dispersed in SDC and loaded
into a gradient containing SDS. The refined separation resulted in the formation of a
full rainbow of colored layers after DGU. It has been attributed to the co-adsorption
of SDS to the SWCNT surface which is already partly occupied by SDC. As the
packing density of SDC on the nanotube scaffold presumably varies with the
diameter of the SWCNTs, the co-adsorption enhances the variation in the buoyant
density as a function of tube diameter. Even though this explanation is highly
reasonable, the investigation by alternative characterization methods is deemed
necessary. Furthermore, the model does not account for differences in the buoyant
density in SDS-SC co-surfactant DGU for sorting according to electronic type.

The density gradient medium commonly chosen for SWCNT-DGU is iodixanol
which has the disadvantage of being equipped with iodine atoms potentially acting as
electron acceptors. Furthermore, iodixanol is an expensive reagent and a rather large
molecule causing problems when removing the gradient medium from the nanotube
sample. Consequently, other gradient media deserve some attention. Recently, it has
been demonstrated that electronic-type sorting also occurs in sucrose as gradient
medium when temperature and surfactant concentration is adjusted [108].

Even though significant progress in DGU-based separations has been achieved,
the sorting of the commonly used HiPco SWCNTs has shown to be difficult. The
major challenge in (n, m)-sorting of HiPco SWCNTs is related to the presence of
multiple species that differ only slightly in diameter and have thus nearly equal
buoyant densities. Sorting according to electronic type without modification of the
standard procedures has also been problematic, but has been overcome by the use of
a three component surfactant mixture comprised of SDC, SC and SDS [120]. As
HiPco SWCNTs can conveniently be characterized by Raman spectroscopy (as will
be outlined in Sect. 1.4.3), the improved sorting technique enabled the first bulk
characterization of the separated material by Raman spectroscopy. Recently, two
significant variations of the commonly used DGU procedure have been reported
which are potentially capable of overcoming the obstacle of the separation of HiPco
SWCNTs by (n, m)-type. One approach exploits the higher packing density of SDS
on the nanotubes with increasing electrolyte concentration [111, 121]. For this
purpose, varying amounts of NaCl have been added prior to DGU which resulted in
the separation of HiPco SWCNTs according to their electronic type, as SDS pre-
sumably preferentially adsorbs on metallic SWCNTs [122]. The second approach
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utilizes a nonlinear density gradient directly addressing the problem of isolating
specific chiralities in the regime of diverse chiralities and similar diameters [123].
The successful improvement of the DGU sorting performance relied on the use of
carefully chosen nonlinear gradients resulting in spatially spreading the bands of
interest. Experimental conditions have hereby been optimized by the construction
of a device capable of measuring the SWCNT fluorescence in the centrifugation
vial without the need for fractionation. Thus, highly polydisperse HiPco SWCNT
samples have successfully been enriched in 10 different (n, m)-species. It also
enabled the SWCNT separation according to helicity, e.g. left and right handed
species of the same chirality. The sorting according to helicity has previously been
observed for CoMoCAT and arc discharge SWCNTs with the aid of SC as chiral
surfactant in a linear gradient, even though with lower performance and flexibility
with respect to the (n, m) chirality [124].

Finally, it is worthwhile mentioning that DGU on functionalized SWCNTs has
revealed that the density of the covalently functionalized nanotubes is altered
allowing separation of functionalized from nonfunctionalized SWCNTs which is
an important step for precise reaction control [125]. Length sorting of nanotubes in
DGU has also been reported by exploiting the transient motion regime, as opposed
to the equilibrium regime which is approached for diameter and electronic-type
sorting [126, 127].

Due to the combination of comparatively low cost, scalability, easy operability
and especially flexibility with respect to the SWCNT pristine material and sorting
criteria, the DGU approach has evolved to the most commonly used technique
among researchers to separate as-grown SWCNTs to satisfy their needs in
extensively probing and utilizing the properties of this highly potent material.
However, the major drawback of DGU is still the low yield which can be traced
back to insufficient exfoliation and individualization efficiencies of commercially
available surfactants. Another critical issue is related to the deeper understanding
of the supramolecular arrangement of the dispersants on the SWCNT surface
which will hinge on the ability to tune the efficiency of sorting.

1.3.3 Selective Dispersion

Additionally to the design of separation techniques, focus has been laid on the
exploration of selective interaction of various molecules with SWCNTs according
to electronic type, diameter and/or chirality. Most frequently, as differences
between various (n, m)-SWCNTs can be amplified by selective interaction they are
used to aid the separation process. However, selective interaction does not nec-
essarily result in enrichment of certain nanotube species without the additional use
of the well established separation techniques described above—a scenario that
would be considered as selective dispersion. Since the sorting techniques rely on
special equipment and are often characterized by a low throughput, especially in
the cases of electrophoresis and chromatography, the ideal separation scenario
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would indeed involve selective dispersion. The sparingly known examples shall be
summarized in the following.

Selective interaction of SWCNTs produced by different techniques with fluo-
rene based polymers has been extensively investigated [128–131]. Hereby,
different polymers have been shown to discriminate between nanotube species
either by diameter or chiral angle. Upon dispersion of the nanotubes in toluene/
polymer solutions, significant alterations of the nanotube photoluminescence
features have been observed reflecting selective interaction depending on the
polymer structure. Based on the optical properties of the nanotube dispersions, it
has been concluded that PFO (poly(9,9-dioctylfluorenyl-2,7-diyl) [128–131], and
PFH-A (poly[(9,9-dihexylfluorenyl-2,7-diyl)-co-(9,19-anthracene)])[129] prefer-
entially individualize SWCNTs with high chiral angle ([24.5�), while PFO-BT
(poly[9,9-dioctylfluorenyl-2,7-diyl)-co-1,4-benzo-{2,1’-3}-thiadiazole)])[128,
129, 131] exhibits diameter selective exfoliation in the range of 1.02–1.06 nm.

However, the selective interaction is dependent on the solvent used for the
dispersion. It has furthermore been revealed that overall solubilization follows the
opposite trend to selective interaction, as more flexible conformations of the
polymers allow more nanotubes to be dispersed, while at the same time reducing
the selectivity [131]. Additionally, PFO has been used as extracting agent for
semiconducting SWCNTs in toluene assisted by ultracentrifugation allowing the
fabrication of improved nanotube based field-effect transistors (FET) [132].

Among biomolecules, a variety of additives have been suggested to promote
selective interactions with specific SWCNTs. For example, SWCNTs can be
threaded by large-ring cyclodextrins providing water solubility on the one hand
and partial discrimination with respect to diameter on the other hand [133]. In a
similar approach, diameter sorting has been achieved by reversible cyclization of
designed peptides [134]. Artificial peptides containing thiol groups on the N and C
terminus are capable of solubilizing and encircling SWCNTs within a certain
diameter range (depending on the size of the peptide) by controlled formation of
disulfide bonds with the advantage of avoiding dissociation of the peptide by the
introduction of a covalent bond. Furthermore, individually suspended SWCNTs in
aqueous media by adsorption of phosphatidylcholine are enriched in smaller
diameter nanotubes [135].

Selective noncovalent functionalization of semiconducting nanotubes has been
realized by porphyrin chemistry involving 5,10,15,20-tetrakis(hexadecyloxyphe-
nyl)-21H, 23H-porphyrin (THPP) [136]. Upon redispersing noncovalently func-
tionalized SWCNTs in THF, it has been shown that the suspended nanotubes are
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enriched in semiconducting species, while the precipitate is enchriched in metallic
SWCNTs after repeated extractions.

Recently, the interaction of the common redox cofactor flavin mononucleotide
with SWCNTs has been investigated [137, 138]. Due to cooperative hydrogen
bonding between adjacent flavin moieties adsorbed on the SWCNT via p-p-
stacking interaction, a helical ribbon organizes around the nanotube backbone, as
has been demonstrated by high resolution transmission electron microscopy. Most
interestingly, a strong chirality dependency in the interaction has been unveiled by
replacing the flavin dispersant with SDBS. This strongly selective interaction was
exploited for the enrichment of the (8,6) nanotubes (85 % enrichment value). For
this purpose, an appropriate amount of SDBS was added to nanotubes dispersed in
a solution of flavin mononucleotide to yield replacement of the flavin moieties on
all chiralities except for the (8,6) nanotube. Since it has previously been reported
that SDS suspended SWCNTs can be precipitated out of solution by addition of
NaCl [139], all nanotubes being enclosed in SDBS micelles could be flocculated
by the addition of NaCl to yield a nanotube sample highly enriched in a single
chirality to remain in suspension.

Another approach to achieve diameter selective enrichment of SWCNTs is
presented in the concept of selective dispersion of the nanotube material by
tweezer-shaped molecules consisting of an anchor moiety shaped like a folded
ribbon to ensure diameter dependence (Fig. 1.8). To allow the dispersion of the
SWCNTs (commonly in water), the tweezer should also be equipped with solv-
ophyilc moieties, either on the tweezer branches (Fig. 1.8a), or on the rigid
bridging unit (Fig. 1.8b).

In principle, a rigid unit bridging two aromatic anchor groups such as pentacene
(Tweezer 2) [140] or dihydronaphthopentaphene (Tweezer 3)[141] results in the
formation of tweezer-type molecules capable of selectively interacting with the
SWCNT scaffold. Responding to a growing interest, the experimental results have
furthermore been supported by density functional theory calculations [142]. The
nanotweezer principle has been expanded to the extraction of optically pure
SWCNTs with the aid of chiral diporphyrins (Tweezer 1) [143–145]. Thus, left
and right-handed mirror images of chiral nanotubes can be separated yielding
nanotube dispersions being distinguishable by circular dichroism after removal of
the chiral extracting agents. Variation of the tweezer pattern recently resulted in a
simultaneous discrimination of handedness and diameter enabling the enrichment
of a single enantiomer of the (6,5)-SWCNT [146].

1.4 Characterization of Carbon Nanotubes

In addition to the development of dispersion and separation scenarios, researchers
have been challenged by the search for reliable SWCNT characterization
techniques enabling the detailed investigation of pristine and processed nanotube
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samples. Some of the most important characterization techniques shall be sum-
marized in the following.

1.4.1 Absorption Spectroscopy

UV/Vis/nIR absorption spectroscopy has proven to be a powerful tool in SWCNT
characterization, as a high information density related to the physical and elec-
tronic properties of the SWCNT sample is accessible by a readily available and
inexpensive technique. In a first approximation, the optical transitions between the
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van Hove singularities (see Sect. 1.1) are probed which are directly related to the
chirality of the SWCNT. Thus, absorption spectroscopy in principle allows for the
determination of the composition of the material and the distribution of the (n,m)-
species in the bulk sample [147]. A typical absorption spectrum of HiPco
SWCNTs dispersed in an aqueous solution of SDBS (1 wt%) after ultracentrifu-
gation is displayed in Fig. 1.9. The metallic M11 transitions arise in the UV/Vis
region from 350-620 nm partly overlapping with the second semiconducting S22,
ranging from 550-900 nm. In the nIR region, the first semiconducting S11 tran-
sitions are observed.

It has furthermore been revealed by experiment [148] and theoretical calcula-
tions [149] that the optical transitions are excitonic in nature, e.g. that bound
electron-hole pairs are formed after the excitation. This process is the foundation
for the SWCNT nIR fluorescence which will be discussed in Sect. 1.4.2 [24]. Quite
surprisingly, the formation of bound dark excitons has also been revealed for
metallic SWCNTs [150]. As a consequence, the experimentally observed optical
transitions are lower in energy than the energy gap between the van Hove sin-
gularities determined by tight binding calculations.

Despite the possibility of (n, m)-assignment, the determination of the relative
(n, m)-distribution is not straight forward. One major drawback is associated with
broadening, red-shift and loss of optical absorption features upon bundling of the
nanotubes [24]. In principle this can be traced back to the introduction of allowed
states below the excited states in the DOS, or from a more chemical point of view,
due to the mixing of orbitals in nanotube bundles. Consequently, the transition
energies are highly susceptible to the environment of the nanotubes by bundling
effects, as well as of covalent or noncovalent functionalization. Significantly, the
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metallic transitions are less affected than the semiconducting transitions imposing
tremendous problems in determining the (n, m)-distributions of a given sample
[151]. The ability to produce samples comprised of exclusively individualized
SWCNTs by DGU has partly overcome the problems in determining the (n, m)-
distributions and enabled to propose a new procedure to estimate the metallic to
semiconductor ratio in SWCNT dispersions on the foundation of absorption
spectroscopy [115].

Nonetheless, optical absorption spectroscopy has evolved to a highly important
characterization technique, as it is, first of all, the quickest possibility to determine
the dispersion efficiency of a given solvent or surfactant system [56, 63].
Commonly, the nanotube dispersion is centrifuged to remove coarse aggregates
and insoluble material and the supernatant after centrifugation is analyzed. The
ratio of the initial SWCNT concentration to the SWCNT concentration in the
supernatant after centrifugation can be regarded as dispersion efficiency. The
nanotube concentration in the supernatant can either be calculated from the
extinction coefficient of the SCWNT sample [152, 153] or from the ratio of the
SWCNT absorbance at a specific wavelength prior to and after centrifugation [63,
154]. The second methodology, however, should only be applied to highly
homogenous dispersions where an alteration of the absorption spectra due to
scattering effects can be excluded.

Finally, it is worth mentioning that absorption spectroscopy on SWCNTs can be
used to evaluate the purity and individualization degree of the sample by deter-
mining the ratio of the integrated resonant features arising from the excitonic
transitions to the integrated area of the non-resonant background attributed to
amorphous and bundled material (resonant ratio) [155, 156].

Throughout this thesis the absorbance is expressed as optical density per cm of
path length (OD/cm-1).

1.4.2 Emission Spectroscopy

The ability to produce stable SWCNT dispersions containing individualized
nanotubes by the aid of surfactants has first enabled the study of the nanotube nIR
fluorescence in 2002 [24]. Hereby, the optical excitation of the S22 transition by
visible light is followed by rapid electronic relaxation into the S11 level prior to
emission. The formation of bound excitons results in nIR fluorescence [157] with
exciton mobilities of 140–240 nm (depending on the surfactant coating) [158].
Even though excitonic transitions are also induced in metallic SWCNTs, no nIR
fluorescence is observed, as the excitons follow a radiationless decay path due to
the absence of a band gap [150]. As a consequence, SWCNT nIR fluorescence is
absent in metallic SWCNTs, as well as in bundled SWCNTs due to the electronic
communication between neighbouring nanotubes in a bundle [24]. Only small
bundles not containing metallic SWCNTs still exhibit nIR fluorescence with
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characteristic emission vs. excitation peaks arising from an exciton energy transfer
from large band gap tubes to smaller band gap tubes [159].

Due to the chirality dependent variations in the electronic properties and
directly related to that, the optical characteristics of SWCNTs, the measurement of
excitation vs. emission profiles of SWCNT dispersions has been established as
powerful technique to investigate the (n, m)-distribution of bulk samples. A typical
contour plot of HiPco SWCNTs dispersed in an aqueous solution of SDBS (1 wt%)
after ultracentrifugation is presented in Fig. 1.10. Owing to the extensive inves-
tigations of the group of Bruce Weisman, the various excitation vs. emission peaks
can precisely be assigned to the chirality of the SWCNT, as also marked in
Fig. 1.10 [24, 160].

However, apart from the obstacle that only semiconducting SWCNTs can be
probed, another serious drawback arises, as the SWCNT nIR emission is highly
sensitive to the dielectric environment around the nanotube and may by quenched
or altered by the presence of oxygen [161], metal ions [162] or aromatic
compounds adsorbed on the nanotube surface [129, 131, 137, 163]. Consequently,
it has been demonstrated that shielding the nanotubes from the environment by a

Fig. 1.10 Typical excitation-emission profile of HiPco SWCNT dispersed in an aqueous
solution of SDBS (1 wt%) after ultracentrifugation. Commonly, the peaks are transferred to a 2D
contour plot at the top of the image. The (n, m) indices of the most abundant nanotubes species in
the sample are marked in the contour plot
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homogenous surfactant coverage results in highly fluorescent SWCNT samples
[164, 165]. Additionally, lengths effects have a large impact on the optical
response of SWCNTs (both emission and absorption)[166] due to the high exciton
mobilities [158].

Nonetheless, emission spectroscopy is the most frequently used technique in the
characterization of noncovalently functionalized SWCNTs, especially with regard
to the determination of the (n, m)-distribution (of the semiconducting components)
within the sample.

1.4.3 Raman Spectroscopy

Even though Raman spectroscopy is the most important and versatile technique for
the characterization of covalently functionalized SWCNTs [167], it is of less
significance for the investigation of noncovalently functionalized SWCNTs. Thus,
it shall only be briefly discussed within this section.

First of all, it is important to note that Raman spectroscopy on CNTs is based on
a resonant Raman scattering process, e.g. the Raman signals are strongly enhanced,
when the excitation energy matches the energy of an optical transition (see DOS
Sect. 1.1 and absorption spectroscopy Sect. 1.4.1). Thus, only the dipole allowed
optical transitions occurring between the matching van Hove singularties of the
valence and the conduction band excited by the given laser energy are detected.
Accordingly, Raman spectroscopy of an ensemble of SWCNTs is sensitive to the
subset of nanotubes where the resonant condition is fulfilled resulting in a strong
dependency of the Raman spectra on the excitation wavelength [168, 169]. The
excitation energies in relation to the SWCNT diameter are summarized in the so-
called Kataura plot which has first been established from theoretical calculations
[170] and subsequently revised by experimental studies [160, 171–174].

A typical Raman spectrum of a bulk sample of HiPco SWCNTs recorded at an
excitation wavelength of 633 nm is displayed in Fig. 1.11. In the low energy
region of the spectrum (150–350 cm-1 shift from the elastically scattered light)
the so-called radial breathing modes (RBMs) evolve (green color code in
Fig. 1.12) arising from the symmetrical vibration of all atoms radially in phase
normal to the SWCNT axis. These modes are only dependent on the diameter of
the SWCNT and not on the chirality of the nanotubes. The wavenumber xRBM is
inversely related to the SWCNT diameter d according to Eq. 1.3:

xRBM ¼
A

d
þ B ð1:3Þ

For the constants A and B, different values have been reported. In the case of the
diameter assignment in the inset in Fig. 1.11, the values of A = 204 cm-1 and
B = 27 cm-1 have been used which have been established from measurements on
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free standing SWCNTs [175]. Upon combining the information obtained from the
resonant excitement at the given laser energy and the energy of the respective
RBM which is directly related to the diameter of the nanotubes, (n, m)-assignment
of the RBM signals is in principle possible by the aid of the Kataura plot.

The tangential, or high energy modes in the Raman spectra (blue color code),
are commonly the most intense bands and form the so-called G-mode originating
from the tangential E2g vibrations in the graphitic honeycomb lattice which is
typically observed at around 1580 cm-1. The G-mode comprises six vibrational
modes of different symmetry each of them exhibiting characteristic diameter
dependency [176–178]. A detailed discussion is omitted within this thesis [167].

The third dominant band in the Raman spectra of SWCNTs (and graphite) is the
defect induced D-mode at 1300–1400 cm-1 which is in first approximation
associated with the introduction of sp3 carbon atoms in the sp2 honeycomb lattice
such as kinks, ends, oxidative defects or anchor points for covalently attached
functional groups. Thus, the ratio of the D- to G-mode with respect to the
as-produced material can in principle be used to estimate the degree of function-
alization of covalently derivatized SWCNTs rendering Raman spectroscopy the
most important and versatile characterization technique for covalent SWCNT
chemistry. However, the origin of the D-mode, as well as the use of the D/G-ratio
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for the determination of the degree of functionalization in covalent SWCNT
chemistry is still a source of discussion as summarized in a review article related to
that subject [167]. Additionally, a number of peaks with lower intensity arise in the
intermediate region between the RBMs and the D-mode (interfrequency modes,
IFM) [179]. However, they are not commonly used for the bulk characterization of
nanotubes, neither in covalent SWCNT chemistry, nor in SWCNT dispersion and
separation.

Especially with regard to the possibility of a (n, m)-index assignment on the
foundation of the Kataura plot, Raman spectroscopy is thus a highly potent
characterization technique for the determination of the bulk composition of the
SWCNT material. It is therefore also important for the investigation of sorted
SWCNTs (for examples by the techniques described in Sect. 1.3). However,
Raman spectroscopy is less frequently used in this research area compared to
absorption and emission spectroscopy due to the following major drawbacks
associated with this technique.

1. Even though information about metallic SWCNTs can be extracted which are
not captured by emission spectroscopy, the complete determination of the
material composition according to the (n,m)-species by Raman spectroscopy is
a tedious task. Due to the resonant nature of the Raman scattering on SWCNTs,
a precise evaluation of all (n, m)-species is only accessible, when the excitation
of the sample is screened from 400–900 nm. In practice, this is time consuming
on the one hand and the experimental prerequisite, e.g. a laser source with
tunable energy, is not readily available on the other hand.

2. Furthermore, it has been shown that environmental effects such as sample
morphology have a tremendous impact on the Raman spectra [180, 181]. As has
already been mentioned in Sect. 1.4.1, the optical transitions of the SWCNTs
are broadened and red-shifted in SWCNT bundles compared to individual,
deaggregated SWCNTs. Accordingly, the resonant enhancement of SWCNTs
at a fixed laser energy varies with the degree of bundling and debundling in the
sample. Practically, this effect is often a source of data misinterpretation in
Raman spectroscopy, as the available laser energies are often restricted so that
changes in the Raman RBM region may be assigned to changes in the (n, m)-
distribution, even though they might be produced by differences in the sample
morphology. Even though the morphology of the SWCNT sample can be
examined by microscopic techniques such as atomic force microscopy (AFM,
see Sect. 1.4.4) the correlation of the Raman spectra to the morphology is not
straight forward.

1.4.4 Atomic Force Microscopy

Atomic force microscopy (AFM) has evolved to a standard technique in the
characterization of especially noncovalently functionalized and dispersed
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SWCNTs, as information on the sample morphology and an impression on the
quality of the sample can be extracted.

AFM is a scanning-tip technique capable of resolving height differences below
1 nm by detecting small forces (smaller than 1 nN) between the sample surface
and a flexible cantilever that is scanning over the surface. The reflection of a laser
focused on the top side of the cantilever is detected by a photodiode. The signal is
directly related to the motion of the cantilever, e.g. either directly to the topog-
raphy (contact mode) or the oscillation of the cantilever due to adhesion or
repulsion with the surface (noncontact mode).

As described by the Lennard Jones potential (Fig. 1.12), the interaction force
between two objects is a function of their distance. In AFM contact mode the
regime of the repulsive forces is exploited by keeping the cantilever deflection
fixed so that a constant force is applied. Thus, the AFM probe directly follows the
topography. In semicontact or noncontact mode, the cantilever oscillates close to
its resonance frequency. The changes in oscillation are then converted to the
topographic information to yield the corresponding height image. Alternatively,
the changes in oscillation according to their adhesive or repulsive nature can be
expressed in the so-called phase imaging mode, where the contrast of the image
predominantly arises from changes in the material’s composition [182, 183].
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Fig. 1.12 Schematic representation of the force regime in the Lennard Jones potential exploited
for contact (red) and noncontact (green) AFM imaging and the illustration of the respective
scanning modes
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In the case of CNTs, the sample is commonly deposited onto a silicon wafer
from solution/dispersion by spincasting, dropcasting or dipcoating. Most fre-
quently, the height images recorded in semicontact mode are analyzed, as scanning
in contact mode may result in manipulation of the nanotube morphology—an
observation that has been used to investigate mechanical properties of CNTs [184].
AFM analysis has tremendously gained in importance for SWCNT characteriza-
tion, as it not only allows to obtain an impression on the sample purity, e.g. to
estimate the amount of spherical contaminants, but it is also frequently used for the
determination of the degree of individualization of the SWCNTs in the sample
by statistical AFM analysis [63, 64, 153, 154, 185–187]. Even though, measure-
ments are carried out on air-dried samples, the effects of surface adhesion and
drying effects are negligible [63, 185] so that the determination of the height of
the rod-like SWCNTs enables to draw conclusions of the bundle size distribu-
tions of the SWCNTs in the dispersions. In the case of samples with predomi-
nantly individualized SWCNTs, analysis of the SWCNT length is also possible
[126, 127, 188].

1.4.5 Zeta Potential

Since the stabilization of nanotubes by ionic surfactants in an aqueous dispersion
relies on the electrostatic repulsion between adsorbed surfactant molecules, a
SWCNT-surfactant complex may be regarded as classical colloidal system. Gen-
erally, the electrostatic repulsion is quantified by the potential in the vicinity of the
SWCNT surface, e.g. the zeta potential f.

The zeta potential is defined as the potential of a solid surface at the shear plane
of the surrounding liquid [189]. A solid surface binds one or more layers of liquid
molecules and ions more or less tightly, as illustrated in Fig. 1.13 for a negatively
charged particle. Around the particle an electrical double layer is formed (Stern
layer) with strongly bound ions. This inner layer is surrounded by a diffuse layer of
loosely bound ions and solvent molecules which are slipped off from the surface,
when the particle moves. The potential at the hydrodynamic slipping plane is
defined as the zeta potential.

For electrostatic reasons, colloidal particles exhibiting zeta potentials greater
than 15 mV or smaller than -15 mV are expected to be stable so that maximizing
the zeta potential would ultimately be related to increasing the stability of the
dispersion. Since the zeta potential scales with the level of charging on a surfactant
coated surface, this would mean that increasing the packing density of surfactants
on the surface is highly favorable. Based on preliminary research on the zeta
potential of aqueous nanotube dispersions [190], Coleman and co-workers [35]
have been able to relate the zeta potential of detergent coated SWCNTs to the
quality of the dispersion. By a detailed AFM analysis on nanotubes dispersed in
SDBS, SDS, LDS, TTAP, SC and fairy liquid (a common kitchen surfactant) they
have quantified the quality of the dispersion by four parameters: the saturation
value (at low concentration) of the root-mean-square bundle diameter, the
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maximum value of the total number of dispersed objects per unit volume of
dispersion, the saturation value (at low concentration) of the number fraction of
individual tubes and the maximum value of the number of individual nanotubes
per unit volume of dispersion. They have included the four parameters in a metric,
allowing quantification of the quality of the dispersion. The dispersion quality
metric scales very well with the zeta potential decreasing in the following order:
SDS [ LDS [ SDBS [ TTAB [ SC [ fairy liquid.

In a preliminary study, White et al. [190]. have demonstrated that the zeta
potential of a dispersion of nanotubes in SDS augments with increasing the SDS
concentration (for a fixed nanotube concentration). Furthermore they have shown
that the zeta potential is increased when reducing the chain length of the detergent.
Both observations are consistent with the zeta potential scaling with the total charge
density in the vicinity of the nanotube. Typical values of the zeta potential in the
study range from -20 mV for the SC solution to -72 mV for the LDS dispersion
(for a nanotube concentration of 0.065 g/l) [35]. It has clearly been outlined that the
dispersion quality can presumably be significantly improved by using surfactants
coating the nanotubes to give hybrids with magnitudes of the zeta potential of
100 mV and higher.
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Fig. 1.13 Schematic illustration of the definition of the zeta potential as the potential on the
hydrodynamic slipping plane of the diffuse zone of counterions surrounding the Helmholtz
double layer around a charged particle
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Since the zeta potential is directly related to the movement of the particle in an
electrical field, it is experimentally determined by measuring the electrophoretic
mobility by laser Doppler velocimetry [191]. In principle, the frequency of the
scattered light (which is dependent on the movement of the particles in an elec-
trical field) of an incident laser beam is combined with the frequency of the
reference beam passing through the cell without being scattered. Due to con-
structive and destructive interference of the two beams, an intensity signal is
created which is directly proportional to the speed of the particles (Fig. 1.14).

The zeta potential f is related to the measured electrophoretic mobility l
according to the Smoluchowski approximation (Eq. 1.4):

l ¼ femV

4pgD
ð1:4Þ

where V is the applied voltage, g is the viscosity of the solution, em is the dielectric
constant of the medium and D is the electrode separation. Despite the fact that the
Smoluchowski approximation is only rigorously valid for spherical particles, it is
applied for the analysis of SWCNTs [35, 190] due to default of a description for
cylindrical particles such as nanotubes.

1.4.6 Hurdles in Nanotube Characterization

Due to the polydispersity and insolubility of as-produced SWCNTs, no standard
characterization techniques of the toolbox of organic chemists, such as nuclear

Fig. 1.14 Schematic representation of the experimental setup for the determination of the zeta
potential by the electrophoretic mobility of the particles with laser Doppler velocimetry
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magnetic resonance spectroscopy, mass spectrometry or elemental analysis can
conveniently be applied to the precise analysis of nanotubes. Furthermore, dif-
ferent questions arise in nano science compared to traditional organic chemistry so
that alternative characterization techniques are sought for.

The methodologies described above only present a cross-section of available
scenarios for the investigation of noncovalently or covalently functionalized
nanotubes presented in literature. Numerous other techniques such as thermo-
gravimetric analysis, photoelectron spectroscopy, IR spectroscopy, transient
absorption spectroscopy, tip enhanced Raman spectroscopy, tip enhanced near
field optical microscopy, scanning electron microscopy, transmission electron
microscopy, scanning tunneling microscopy, dynamic light scattering and small
angle neutron scattering among others may be used. Accordingly, a manifoldness
of analytical techniques exists and may be applied to nanotube characterization.
However, it is exactly this diversity that renders nanotube characterization and
evaluation of dispersion, sorting or functionalization sequences highly challeng-
ing, as no standard protocol for the precise analysis has yet been established.

Taken as individual methods, every characterization technique has its own
limitations and restrictions. The greatest hurdles have already been addressed in
the sections above and shall be summarized and discussed in the following.
Absorption spectroscopy is a readily available and versatile characterization
technique for high quality SWCNT dispersions. The ratio of the resonant peaks to
the non-resonant background can in principle be taken as a measure for the degree
of nanotube bundling. However, the presence of amorphous carbon impurities in
the sample also contributes to the nonresonant background thus convoluting the
precise analysis. The (n,m)-assignment by optical absorption spectroscopy is also
problematic due to the occurrence of multiple overlapping bands. Furthermore,
environmental effects such as bundling or the influence of adsorbed species due to
van der Waals, p-p-stacking or charge transfer interactions result in changes in the
transition energies of the nanotubes which are reflected by peak broadening and
peak shifting.

The latter effect is even more critical in the characterization of SWCNTs by
their nIR emission, as fluorescence spectroscopy is highly sensitive to the
dielectric environment of the nanotubes. Additionally, only individualized semi-
conducting SWCNTs can be probed in emission spectroscopy so that no complete
bulk characterization of the dispersion is possible, especially with regard to the
metallic nanotube species.

The metallic SWCNTs can efficiently be analyzed by Raman spectroscopy.
However, a precise Raman analysis involves screening the excitation wavelength
due to the resonant nature of the scattering process. Furthermore, Raman spectra
are commonly recorded from the solid material and are thus strongly dependent on
the sample morphology.

The SWCNT morphology can be analyzed by AFM, at least on samples
deposited on wafers. Since AFM is a scanning technique, the morphology can only
be probed locally on the wafer. The wafers are usually not homogenously covered
by the nanotubes so that an impression on the sample morphology can only be
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obtained when multiple images are recorded. Thus, the characterization is rather
time consuming, especially due to the fact that areas of interest are not easily
spotted.

Last, but not least, zeta potential can be used to investigate the quality of
nanotube dispersions. However, no information on the (n,m)-distribution is
obtained and only little research on the zeta potential of solubilized nanotubes has
thus far been carried out. Additionally, no approximation for the calculation of the
zeta potential from the electrophoretic mobility in the case of cylindrical objects
has been developed.

Considering these aspects, it is obvious that a complete picture of the nanotube
sample with regard to dispersion quality, underlying interactions and material
composition is only accessible when the information of multiple characterization
techniques are combined. However, up to now, no direct correlation to unify
different spectroscopic and microscopic techniques is available for the bulk
characterization without the need for expensive equipment (such as tip enhanced
Raman spectroscopy).

Thus, in order to shed light into the structure-property relationship of SWCNT-
surfactant complexes, the quality of the SWCNT dispersions and the investigation
of nanotube sorting efficiencies, it is unambiguously necessary to improve the
reliability and comparability of SWCNT characterization.
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Chapter 2
Proposal

Despite their unique physical, mechanical and electronic properties single-walled
carbon nanotube-based technology has commenced slowly. This can be traced
back to two major hurdles namely their poor solubility in common solvents on the
one hand and the polydispersity of the as-produced material with regard to
diameter, length and chirality on the other hand. SWCNT solubilization can
conveniently be achieved by the aid of surfactants noncovalently anchored to the
SWCNT surface. The resulting dispersion can be subjected to sorting scenarios
recently developed. However, up to now, separation efficiencies and yields are
poor as sorting is restricted to individualized SWCNTs. Individualization rates by
common surfactants are below 25% (after mild centrifugation) so that novel
SWCNT surfactants with superior properties are sought for.

Accordingly, the major focus of this thesis is directed towards the evaluation of
novel SWCNT surfactants with perylene bisimide (PBI) anchor groups. The
desired amphiphilicity that can be considered as prerequisite for an efficient
SWCNT dispersion in aqueous media, is generated by peripheral derivatization
with Newkome-type dendrimers. The dispersion and individualization efficiencies
of a variety of perylene bisimide derivatives are to be compared on the foundation
of SWCNT absorption and nIR emission spectroscopy, as well as statistical AFM
analysis. Since the PBIs are commonly equipped with carboxylic acid function-
alities, the influence of the pH value and the counterion is another point which has
to be addressed. In order to establish structure property relationships and to elu-
cidate packing densities of the surfactants on the SWCNT scaffold and the
underlying interactions, the characterization is to be expanded to alternative
methods such as zeta potential measurements, IR spectroscopy, X-Ray photo-
electron spectroscopy (XPS) and the hydrodynamic characterization of the
SWCNT-PBI complexes by analytical ultracentrifugation.

On the foundation of these findings, potential selective interactions of the PBI
dispersants with certain SWCNT species are to be investigated. For this purpose, a
characterization routine based on the techniques outlined in Sect. 1.4 is to be
developed. The gained insights and the acquired methodologies are then to be
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applied to structural variations of the p-surfactants such as cationic PBIs or pyrene
derivatives.

In the second part, the designed surfactants shall be applied for SWCNT sep-
aration. Focus is not only to be laid on the use of already established techniques,
but also on the design and development of novel separation scenarios accessible by
the p-surfactants.

Another obstacle directly related to the polydispersity and poor solubility of the
SWCNTs is presented in the characterization of this 1D carbon allotrope. Since no
standard protocols can be followed, commonly evidence from multiple charac-
terization techniques is cumulated to gain a comprehensive picture of noncova-
lently (or covalently) derivatized SWCNTs. Hereby, it is highly challenging to
correlate the information obtained from the manifold spectroscopic and micro-
scopic techniques. Accordingly, the improvement of SWCNT characterization and
the development of reliable analytical protocols is another topic which is
addressed by this thesis.
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Chapter 3
Results and Discussion

3.1 SWCNT Surfactant Design: Solubilization
by Aromatic Amphiphiles

3.1.1 The Versatility of Perylene Bisimide Derivatives

In the first section, the suitability of seven different perylene bisimide derivatives
(1–7) with respect to nanotube dispersion and exfoliation in water has been
investigated (Scheme 3.1) [1, 2]. The syntheses of these systems is described in the
literature [2, 3]. As outlined by numerous studies [4–12], the inclusion of poly-
cyclic aromatic units in nanotube dispersion additives enhances the interaction
with the aromatic nanotube scaffold in comparison to classical detergents where
the interaction is limited to van der Waals attraction.

In general, solubility of the perylene derivatives has been ensured by peripheral
derivatization with first and second generation Newkome-type dendrimers, except
for 7 being equipped with two sulfonic acid groups. The perylene derivatives may
be classified as bolaamphiphilic 1, 2, 7 or amphiphilic 3, 4, 5, 6 depending on their
substitution pattern. The amphiphile 4 equipped with a first generation Newkome-
type dendrimer does not exhibit sufficient water solubility and was therefore
excluded from the study on SWCNT dispersion [3].

In order to evaluate the importance of the dendritic substituents for nanotube
dispersion, the symmetric sulfonic acid perylene derivative 7 has also been sub-
jected to the analysis of SWCNT dispersion. Furthermore the solubilization of
nanotubes by the amphiphile 8 was investigated consisting of a second generation
Newkome-type dendrimer and a C14-alkyl chain to underline the necessity of the
perylene unit for efficient dispersion of nanotubes. To allow comparison with
previous works concerned with nanotube dispersability and solubilization, the
commonly used surfactant SDBS [13–19] has been chosen as reference, as it is has
shown to yield highly stable nanotube dispersions with very little preference for
certain nanotube diameters [20] or chiralities [14, 19].
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3.1.1.1 Overview of SWCNT Dispersability

In a typical nanotube dispersion experiment, HiPco SWCNTs were added to an
aqueous solution of the surfactant at constant surfactant concentrations of
0.1 g L-1 for the designed systems (above the critical micelle concentration in all
cases), followed by sonication (30 min) and mild centrifugation (30 min, 15 krpm)
in order to remove coarse aggregates and insoluble material. The supernatant after
centrifugation containing the stably dispersed nanotubes was then subjected to
spectroscopic and microscopic characterization. Significantly, SWCNTs are not
dispersable by a buffered aqueous solution of 8 demonstrating the importance of
the perylene unit as aromatic anchor to the nanotube surface. Furthermore, it is
important to note that a buffered aqueous solution of 7 is also not capable of
dispersing SWCNTs, as the negative charges of the sulfonic acid groups are
located too close to the perylene core which results in insufficient interaction of the
anchor group with the nanotubes. Thus, 7 and 8 were excluded from further
studies.

In the case of 1, 2, 3, 5 and 6, the nanotubes are homogenously dispersed for a
nanotube to perylene (SWCNT:Per) ratio of approximately 2:1 by weight as
determined by the stepwise addition of a perylene stock solution to nanotubes
dispersed in a buffer solution (pH = 7). The presence of the characteristic
SWCNT transitions in the absorption spectrum with a ratio SWCNT:3 = 3.4:1
reveals that this ratio is sufficient to induce SWCNT dispersion (Fig. 3.1a).
However, as only individualized semiconducting SWCNTs exhibit nIR emission,
the absence of SWCNT fluorescence at this ratio (Fig. 3.1b) indicates that a higher
concentration of the perylene dispersant is required to also promote exfoliation of
the SWCNT bundles. The nIR fluorescence of the SWCNTs is detected at
SWCNT:3 ratios lower than 2:1 (blue trace in Fig. 3.1b). Accordingly, individu-
alization starts at a SWCNT:3 ratio of 2:1 [1].

Since the threshold concentration of the perylene dispersant necessary for the
efficient SWCNT solubilization slightly varies as a function of substituent and pH,
a ratio of SWCNT:Per = 1:1 by weight was chosen in the following comparative
study in all cases which is well above the minimum perylene concentration for
efficient individualization. Figure 3.2 depicts the supernatant solutions of nano-
tubes dispersed in buffered aqueous solutions of the five perylene derivatives after
centrifugation for pH = 7 (phosphate buffer) and pH = 10 (borate buffer),
respectively. As indicated by the different colors of the vials in Fig. 3.2, the
amount of nanotubes remaining in the supernatant after centrifugation is dependent
on the structure of the perylene derivative on the one hand and the buffer medium
(pH) on the other hand. For quantification of the amount of nanotubes stably
dispersed, the solutions were subjected to UV/Vis/nIR absorption spectroscopic
studies.

UV/Vis/nIR absorption spectroscopy is a highly versatile tool for SWCNT
characterization, as it can be used to calculate the nanotube concentration in a
given sample on the basis of the optical density of the dispersion. The concen-
trations of nanotubes in the supernatant dispersions after centrifugation in buffered
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Fig. 3.1 a UV/Vis/nIR absorption spectrum after the addition of a 0.1 wt% buffered aqueous
solution of 3 to SWCNTs in buffer (pH = 7, [SWCNT] = 0.1 g L-1); the total amount of 3
added corresponds to a concentration of [3] = 0.029 g L-1. The homogeneity of the dispersion is
reflected by the presence of the characteristic SWCNT transitions. The region below 600 nm is
omitted due to the absorption of the perylene core. b As recorded fluorescence spectra
(kexc = 660 nm) of the addition of a 0.1 wt% buffered aqueous solution of 3 to SWCNTs in
buffer (pH = 7, [SWCNT] = 0.10 g L-1); the total amount of 3 added corresponds to a
concentration of [3] = 0.065 g L-1. Individualization of the nanotubes starts to occur when the
concentration of 3 exceeds 0.047 g L-1
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aqueous solutions (pH = 7 and 10) of the perylene derivatives are summarized in
Table 3.1. They have been calculated from the absorption coefficient of the
nanotubes at 740 nm which was determined to be 435 L mol-1 cm-1

(3625 L g-1 m-1) for an aqueous dispersion of HiPco SWCNTs in SDBS-phos-
phate buffer (pH = 7) and 476 L mol-1 cm-1 (3967 Lg-1 m-1) for an aqueous
dispersion of HiPco SWCNTs in SDBS-borate buffer (pH = 10), respectively.

It is important to note that the initial concentration of SDBS is by a factor of
100 higher than the concentration of the perylenes, as nanotube dispersion has
shown to be highly effective for SDBS concentrations of 1 wt% (10 g L-1) [16].
A direct comparison of the actual exfoliation power of the perylenes with SDBS is
therefore not possible. However, the experiment with SDBS can be used to set up a
benchmark for nanotube dispersion. As outlined by Table 3.1, the concentration of
nanotubes after centrifugation in the case of the perylene derivatives 1, 3 and 5 is
approximately equal with about 31–34% of nanotubes being stably dispersed after
centrifugation. For the sterically demanding bolaamphiphile 2 the nanotube

(a)
pure Per
pH = 7
pH = 10

(b)
HiPco-Per
pH = 7

(c)
HiPco-Per
pH = 10

1 2 3 5 6

1 2 3 5 6

1 2 3 5 6

Fig. 3.2 Photograph of a buffered aqueous solutions of the perylenes 1, 2, 3, 5 and 6 and b HiPco
SWCNTs dispersed in aqueous solutions of the perylene derivatives after centrifugation at
pH = 7. c at pH = 10, respectively. The initial concentration of SWCNTs was 0.1 g L-1 with a
SWCNT:Per ratio of 1:1 by weight. (Reproduced with permission from Wiley–VCH, Ref. [2])

Table 3.1 Calculated nanotube concentrations in the supernatant of SWCNT-Per after centri-
fugation and the corresponding dispersion efficiencies in %. In all cases, the initial nanotube and
perylene concentration, respectively, is 0.1 g L-1. The concentration of SDBS is 10.0 g L-1

1 2 3 5 6 SDBS

[SWCNT]/g L-1 pH = 7 0.033 0.023 0.034 0.031 0.018 0.068
(33%) (23%) (34%) (31%) (18%) (68%)

pH = 10 0.066 0.039 0.073 0.073 0.033 0.069
(66%) (39%) (73%) (73%) (33%) (69%)
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concentration in the supernatant is reduced by a factor of 1.4. The smallest per-
ylene derivative 6 bearing only one first generation dendrimer shows the lowest
dispersion capability with 18% of the nanotubes remaining after centrifugation
(factor of 1.8 lower compared to 1, 3 and 5).

Most interestingly, the nanotube concentration in the supernatant is dependent
on the buffer medium. At pH = 10, the concentration of the nanotubes stably
dispersed in the buffered solutions of the different perylene derivatives is increased
by a factor of 2. Significantly, for SDBS the concentration of the nanotubes
remaining in the supernatant after centrifugation is approximately equal. At
pH = 10, the concentration of nanotubes dispersed in 3 and 5 even exceeds the
concentration of nanotubes in SDBS despite the 100 times lower concentration of
the perylene surfactant underlining the high dispersion capability of the perylene
derivatives.

At first glance, it might not be surprising that the nanotube dispersability is
increased at higher pH for the perylene derivatives, as it is tempting to argue that a
higher pH leads to complete deprotonation of the carboxylic acid functionalities in
the substituents of the perylene derivatives [21]. Thus, an increase in pH would
result in an increased net charge of the dispersant which ultimately leads to
increased dispersion efficiency if the same surfactant packing density on the
nanotube surface is assumed. However, multiple effects may contribute to the
different dispersion behavior at pH = 7 and pH = 10, respectively, so that a well-
grounded discussion is postponed at this point.

3.1.1.2 Optical Properties of the SWCNT: Surfactant Dispersions

The intensity of the nanotube absorption yields information on the total amount of
SWCNTs dispersed, covering bundled and exfoliated SWNTs. However, bundled
nanotubes tend to exhibit broadened and red-shifted optical nanotube transitions
[22]. As revealed by Fig. 3.3a, nanotubes dispersed in aqueous solutions of the
perylene derivatives (pH = 7) show reasonably well resolved absorption features
indicating the presence of exfoliated nanotubes [22]. The absorption spectra nor-
malized to the minimum of the corresponding SWCNT-Per dispersions at pH = 7
and pH = 10, respectively, are virtually identical as exemplary shown for
SWCNT-2 (Fig. 3.3b). Compared to nanotubes dispersed in a solution of SDBS,
the nanotube transitions in general appear broadened and red-shifted, being either
indicative for a lower degree of exfoliation or an alteration of the excitonic states
due to an increased accessibility of the nanotube to the aqueous environment
[23, 24] or p-p-stacking interactions with the perylene unit [4, 5].

In this regard, it is interesting to note that the transitions for SWCNT-6
(magenta trace in Fig. 3.3a) do not exhibit such a pronounced shift in comparison
to SDBS despite the low dispersion efficiency of this perylene derivative.
Furthermore, the structure of the nanotube absorption pattern is similar to the
reference of SWCNT-SDBS. Thus, the adsorption of 6 onto the sidewall of the
nanotube is presumably similar to the micellar arrangement of the SDBS
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molecules, as no p-p-stacking interaction of the perylene unit is evidenced by
optical absorption spectroscopy in the case of 6.

Absorption spectroscopy is also highly versatile for the characterization of
aqueous perylene dye solutions, as the ratio of the 0?0 (around 550 nm) to the
0?1 (around 500 nm) transition is directly related to the degree of perylene
aggregation: While monomeric PBIs exhibit normal Franck–Condon progression
with A0?/A0?1 & 1.6, aggregated PBIs have inversed intensity distributions
among their vibronic states with A0?0/A0?1 B 0.7 [25–27]. The A0?0/A0?1

transitions of the PBIs at a concentration of 0.1 g L-1 in the absence and presence
of HiPco SWCNTs are summarized in Table 3.2.

Obviously, the least sterically hindered amphiphilic perylene 6 shows the
strongest self-aggregation (A0?0/A0?1 = 0.4), followed by the bolaamphiphile
equipped with the first generation dendrimers 1 (A0?0/A0?1 = 0.5). The amphi-
philic perylenes with the second generation dendrimers 3 and 5 are also pre-
dominantly self-aggregated at the concentration investigated with A0?0/
A0?1 = 0.6. In contrast, the highly bulky bolaamphiphile 2 with two sterically
demanding substituents exhibits a low degree of self-aggregation with A0?0/
A0?1 = 1.1.
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Fig. 3.3 a Optical absorption spectra (normalized to the minimum) of SWCNTs dispersed in
aqueous solutions of the different perylene derivatives (SWCNT:Per = 1:1 by weight,
[SWCNT]i = 0.1 g L-1) compared to nanotubes dispersed in SDBS (1 wt%, [SWCNT]i =

0.1 g L-1). b Optical absorption spectra (normalized to the minimum) of SWCNTs dispersed in
aqueous solutions of Per2 at pH = 7 and pH = 10 (SWCNT:Per = 1:1 by weight,
[SWCNT]i = 0.1 g L-1). In all cases, the supernatant after centrifugation is displayed and the
spectra are offset for clarity. (Reproduced with permission from Wiley–VCH, reference 2)
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The difference in the perylene A0?0/A0?1 ratios in the presence of SWCNTs is
striking as exemplarily depicted in the case of 3 in Fig. 3.4a. In general, the ratios
A0?0/A0?1 of the perylene transitions are increased when the perylene moiety is
anchored to the SWCNT scaffold (Table 3.2). In the case of perylene 6 the ratio
is only slightly changed (from 0.4 to 0.5) indicating that this perylene derivative is
not sufficiently interacting with the SWCNT surface to induce alterations of the
perylene transitions. In the case of perylene derivative 2 carrying two bulky second
generation Newkome-type dendrimers also virtually no difference in the A0?0/
A0?1 ratios in the presence and absence of SWCNT is discernable. This can be
traced back to the less pronounced self-aggregation of the derivative in the absence
of SWCNT as described above. In all other cases, the perylene transitions
approach the normal Franck–Condon progression indicating that the perylene
derivatives adsorb onto the nanotubes as monomeric species.

It should in principle be possible to determine the amount of free perylene and
adsorbed perylene on the foundation of the perylene bands. However, a precise
quantification is not possible due to the underlying SWCNT M11 background
which convolutes the analysis. Furthermore, the actual concentration of the per-
ylene derivatives in the SWCNT supernatant dispersions is unknown, as the dis-
persants are partly removed by the centrifugation process. Since the aggregation
behavior of the perylene derivatives is dependent on the concentration of the
molecules [3] no appropriate reference experiment can be set up so that attempts to
quantify the amount of free bulk perylene are carried out. Nonetheless, the
interaction of the perylene derivatives with the SWCNT scaffold can be qualita-
tively mapped by the ratios of the perylene bands.

An influence of the buffer medium on the ratios A0?0/A0?1 of the perylene
transitions in the presence of SWCNTs can also be extracted from Table 3.2 in
cases of the amphiphilic derivatives 3 and 5. Obviously, the amount of free per-
ylene is decreased upon nanotube addition in pH = 10 compared to pH = 7 as
indicated by the higher A0?0/A0?1 ratios. Further support of this conclusion is
derived from the peak position of the perylene peaks which appear red-shifted
upon adsorption to the SWCNT surface. The perylene absorption bands are red-
shifted by 5 nm (0.021 eV) in the phosphate buffer solution (pH = 7) and 10 nm
(0.041 eV) in the borate buffer solution (pH = 10), respectively.

Table 3.2 Tabulated values of the ratios of A0?0/A0?1 of the perylene transitions in the absence
and presence of HiPco SWCNT in buffered solutions at pH = 7 and pH = 10, respectively

1 2 3 5 6

A0?0/A0?1

in the absence of HiPco SWCNTs
0.5 1.1 0.6 0.6 0.4

A0?0/A0?1

in the presence of HiPco SWCNTs
pH = 7

0.9 1.2 1.0 0.8 0.5

A0?0/A0?1

in the presence of HiPco SWCNTs
pH = 10

0.9 1.1 1.1 0.9 0.5
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In order to evaluate whether the observed increased perylene-nanotube inter-
action at pH = 10 is dependent on the use of different buffer media (phosphate and
borate buffer, respectively), or whether it is an effect induced by the change in pH,
a second sample has been prepared by adjusting the pH with a sodium hydroxide
solution to 7 and 10, respectively (Fig. 3.4b). Even though the differences in the
ratio of the 0?1 perylene transition to the 0?0 transition is not as striking as in
the case of the buffered samples, the increased p-p-stacking interaction of the
perylene to the nanotube p-surface is still reflected by the red-shift of the perylene
absorption bands (0.05 eV at pH = 7 and 0.07 eV at pH = 10).

This behavior is somewhat counterintuitive, as it implies that the amount of
adsorbed perylene is increased at pH = 10 compared to pH = 7. If the net neg-
ative charge of the perylene molecules was increased at higher pH, the Coulomb
repulsion between the adsorbed perylene molecules on the nanotube surface would
be increased which would presumably be accompanied with the opposite behavior,
namely, a decrease of the amount of adsorbed perylene at elevated pH. Even if the
counterions shield the Coulomb repulsion between adjacent molecules, this would
not account for a higher adsorption rate.

The qualitatively increased adsorption of perylene molecules onto the nanotube
sidewall at higher pH can be traced back to two possible explanations: (1) the
surface area of the nanotubes is increased due to a higher degree of debundling for
SWCNT-Per in borate buffer (pH = 10) or (2) the interaction of the perylene
moiety with the nanotube surface is stronger, as the nanotubes themselves are
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Fig. 3.4 Optical absorption spectra (normalized to the minimum at 1030 nm) of SWCNTs
dispersed in aqueous solutions of 3 at pH = 7 and pH = 10 (SWCNT:Per = 1:1 by weight,
[SWCNT]i = 0.05 g L-1). In both cases, the supernatant after centrifugation is displayed:
a buffer medium, b no buffer. (Reproduced with permission from Wiley–VCH, reference 2)
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partially negatively charged at pH values above their point of zero charge [16].
Since it has been shown in an independent study that a charge transfer from
SWCNTs to the electron poor perylene moiety takes place [28], the introduction of
negative charges on the SWCNTs could potentially strengthen this charge transfer
interaction. Both explanations shall be evaluated later on.

In summary, the dispersion ability of the perylene derivatives according to UV/
Vis/nIR absorption spectroscopy follows the order 3 [ 1 [ 5 [ 2 [ 6 at pH = 7
and 3 = 5 [ 1 [ 2 [ 6 at pH = 10. The p-p-stacking interaction of the perylene
unit is reflected in the optical absorption spectra of SWCNT-1, SWCNT-2,
SWCNT-3 and SWCNT-5 in contrast to aqueous nanotube dispersions of 6 and
SDBS.

The SWCNT-Per dispersions are furthermore an ideal system for emission
spectroscopic studies, as both the SWCNT, as well as the perylene dispersants
exhibit fluorescence. Emission spectra upon excitation of the perylene unit with
kexc = 500 nm with varying amounts of SWCNTs dispersed in an aqueous per-
ylene solution (0.1 g L-1) reveal that the emission intensity of the perylene dye is
subsequently reduced with increasing concentrations of SWCNTs as exemplarily
depicted in the case of 3 in Fig. 3.5 [1]. This is attributed to the fact that upon
increasing the concentration of SWCNTs, the concentration of free perylene
responsible for the emission is decreased, as more perylene is adsorbed on the
surface of the nanotube. In addition, an innerfilter effect [29] of the nanotubes
could also contribute to the observed decrease of emission intensity. Elimination
of the innerfilter effect in this experiment is not trivial, as the usual methodology to
overcome this problem involves dilution of the samples to the same nanotube
concentration. However, diluting the SWCNT-3 dispersions would also result in an
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Fig. 3.5 Fluorescence spectra of an aqueous solution of SWCNT-3 with kexc = 500 nm at
different SWCNT concentrations. (Reproduced with permission from Wiley–VCH, reference 2)
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alteration of the perylene fluorescence, as the emission of 3 is highly dependent on
the aggregation state of the perylene itself: A concentration dependent fluores-
cence study of 3 revealed that the emission intensity reaches a maximum at
concentrations of approximately 5 9 10-5 M. At higher concentrations however,
the fluorescence is subsequently quenched due to the self aggregation of the
perylene moieties [3].

As outlined in Sect. 1.4.2, photoluminescence spectroscopy is furthermore a
powerful tool in nanotube characterization as fluorescence is mapped from exci-
tonic band gap transitions in exfoliated semiconducting nanotubes, allowing pre-
cise (n, m)-assignments of the semiconducting nanotube species [30, 31].
However, fluorescence spectroscopy is highly sensitive to the dielectric environ-
ment around the nanotube and may be quenched or altered by the presence of
oxygen [32], metal ions [33] or aromatic compounds adsorbed on the nanotube
surface [9, 11, 12, 34].

The fluorescence spectroscopic investigation of the SWCNT-Per composites [2]
involves dilution of the dispersions by a buffer solution to the same optical density
of 0.26 cm-1 ([SWCNT] = 0.006 g L-1) to account for attenuation of the fluo-
rescence intensity by the innerfilter effect [29]. Even though it has been revealed
that nanotubes may be spontaneously exfoliated upon dilution on the time scale of
days [23, 29, 35, 36], which would also influence the fluorescence intensity, this
effect is negligible in this case, as spectra were recorded immediately after dilution
not allowing the nanotube dispersions to equilibrate with the altered surroundings.

The nIR emission of the HiPco-Per dispersions were collected at two excitation
wavelength (kexc = 660 and 785 nm) after degassing the dispersions by nitrogen.
As revealed by Fig. 3.6 and Table 3.3, the nanotube emission intensity is depen-
dent on the structure of the perylene derivative. Furthermore, the emission pattern
is strongly attenuated when compared to nanotubes dispersed in a solution of
SDBS. A detailed discussion of this fact is postponed to Sect. 3.1.3.

In contrast to absorption spectroscopy, the pH only has a minor impact on the
nanotube nIR emission. Upon comparing nanotubes dispersed in SDBS, the nIR
emission intensity and pattern is virtually identical for buffered solutions at
pH = 7 and pH = 10. The nIR emission intensity is slightly reduced for the
pH = 10 solutions. However, no changes in spectral position and or pattern are
observed.

In general, the nanotube emission intensity is decreased for SWCNT-Per
compared to nanotubes dispersed in SDBS. Similar to the red-shifted absorption
features this may be either attributed to the p-p-stacking and charge transfer
interaction of the nanotube to the perylene core or to the lack of debundling. To
elucidate this issue, the determination of the individualization degrees needs to be
determined (see Sect. 3.1.1.3).

Since the dispersants investigated all bear the same nanotube anchor group,
namely the perylene unit, it is quite surprising that the nanotube emission intensity
and pattern depends on the structure of the perylene derivative. In the case of 6, the
nanotube emission pattern strongly resembles the pattern of nanotubes dispersed in
a buffered aqueous solution of SDBS, as demonstrated by the normalized emission
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spectra presented in Fig. 3.7. This observation is in agreement with the optical
absorption spectra and indicates that 6 follows a different supramolecular aggre-
gation on the nanotube scaffold compared to the perylenes 1, 3 and 5. This can be
attributed to a reduced p-p-stacking interaction, as 6 forms highly stable micelles

7000 8000 9000 10000

λ
exc

exc exc

= 660 nm

Wavenumber / cm-1

E
m

is
si

on
In

te
ns

ity
/a

.u
.

HiPco-1, pH = 7
HiPco-2, pH = 7
HiPco-3, pH = 7
HiPco-5, pH = 7
HiPco-6, pH = 7

7000 8000 9000 10000

λ
exc

= 785 nm

Wavenumber / cm-1

E
m

is
si

on
In

te
ns

ity
/a

.u
.

HiPco-1, pH = 7
HiPco-2, pH = 7
HiPco-3, pH = 7
HiPco-5, pH = 7
HiPco-6, pH = 7

1 2 3 5 6 SDBS
0.1

1

10

λ = 660 nm

Emission at approx. 8800 cm-1 at pH = 7

Emission at approx. 8800 cm-1 at pH = 10

E
m

is
si

o
n

In
te

ns
ity

/
1

0-1
1

n
W

cm
-1

1 2 3 5 6 SDBS
0.1

1

10

E
m

is
si

o
n

In
te

n
si

ty
/1

0
-1

1
nW

cm
-1

λ = 785 nm

Emission at approx. 7800 cm-1 at pH = 7

Emission at appro

x

. 7800 cm-1 at pH = 10

(a) (b)

(c) (d)

Fig. 3.6 As recorded nIR emission spectra of SWCNTs dispersed in aqueous solutions of the
different perylene derivatives (SWCNT:Per = 1:1 by weight, [SWCNT] = 0.006 g L-1) at
pH = 7. a kexc = 660 nm, b kexc = 785 nm. In all cases, the supernatant after centrifugation was
diluted to an optical density of 0.26 cm-1 at 740 nm and degassed by bubbling nitrogen prior to
acquisition of the spectra. Spectral offset for clarity. In the bottom section the recorded emission
intensities for the major peaks (shaded areas) are plotted versus the different surfactants at
pH = 7 and pH = 10, respectively: c kexc = 660 nm, d kexc = 785 nm. (Reproduced with
permission from Wiley–VCH, reference 2)
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due to the comparatively small charged head group (First generation Newkome-
type dendrimer) so that adsorption to the nanotube sidewall via the non-polar alky
chain is presumably favored over the adsorption of the perylene core.

Furthermore, it is important to note that the nanotube emission is completely
quenched in the case of perylene 2. On the one hand, this might again reflect a
different supramolecular adsorption of perylene 2 compared to 1, 3 and 5, as 2 is
equipped with two bulky second generation Newkome-type dendrimers which
hinders its self aggregation, e.g. formation of stable and well defined micelles, as
already revealed by cryo-TEM imaging [3]. On the other hand, fluorescence
quenching may be induced by an increased net charge density in the nanotube

Table 3.3 Tabulated maximum nIR emission intensity (I) and peak position (m) for HiPco tubes
dispersed in buffered aqueous solutions (pH = 7) of the perylene derivatives and SDBS
([SWCNT] = 0.006 g L-1, [Per] = 0.006 g L-1, [SDBS] = 10 g L-1)

kexc = 660 nm kexc = 785 nm

m (cm-1) I (nW/cm-1) m (cm-1) I (nW/cm-1) m (cm-1) I (nW/cm-1)

SDBS 8899 1.83 9 10-10 8005 8.69 9 10-11 7944 1.00 9 10-10

1 8770 2.04 9 10-11 7780 1.79 9 10-11 7763 1.23 9 10-11

2 – – – – – –
3 8739 4.86 9 10-11 7839 4.32 9 10-11 7713 1.97 9 10-11

5 8738 9.34 9 10-12 7771 1.06 9 10-11 7696 6.93 9 10-12

6 8834 2.40 9 10-11 7934 1.66 9 10-11 7908 1.23 9 10-11

Fig. 3.7 nIR emission spectra (normalized to the maximum) of SWCNTs dispersed in aqueous
solutions of 6 and SDBS (SWCNT:Per = 1:1 by weight, [SWCNT] = 0.006 g L-1,
[SDBS] = 10 g L-1) at kexc = 660 nm. In all cases, the supernatant after centrifugation was
diluted to an optical density of 0.26 cm-1 at 740 nm and degassed by bubbling nitrogen prior to
acquisition of the spectra. (Reproduced with permission from Wiley–VCH, reference 2)
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surrounding, as solubilization is ensured by 18 carboxylate entities opposed to 6
for perylene 1 and 9 for perylenes 3 and 5.

In summary, nIR emission decreases in the order of 3 [ 1 = 6 [ 5 [ 2 (totally
quenched). Since the emission intensity is highly sensitive to the structure of the
perylene derivatives it is suggested that the mechanism of nanotube emission
quenching is not merely based on the p-p-stacking interaction of the perylene core,
as no pronounced changes would then be expected by the variation of the sub-
stituents in the perylene periphery. Either the aggregation state of the nanotubes
dispersed in the different perylene derivatives varies significantly (individualiza-
tion degrees), or this attenuation occurs due to changes in the dielectric medium of
the nanotubes, e.g. different charge density which influences the dynamic fluo-
rescence quenching, as shall be elucidated by the determination of the zeta
potential of the SWCNT-Per dispersions.

3.1.1.3 Exfoliation and Surfactant Packing Density

In colloidal science, the zeta potential f is defined as the electric potential at the
hydrodynamic slip plane of the diffuse zone of counterions surrounding the
Helmholtz double layer of a dispersed object (see Sect. 1.4.5). The f-potential is
often used as an index of the magnitude of electrostatic interaction between col-
loidal particles and can therefore be regarded as a measure for the stability of the
dispersion. In the case of nanotube dispersions it can directly be related to the
potential in the vicinity of the bound ions at the surface of the nanotubes. Recently,
White et al. [37] and Coleman et al. [38] have correlated the zeta potential of
surfactant stabilized nanotubes to the dispersion stability. As outlined by Coleman
et al. [38], the ideal nanotube surfactant should yield high magnitudes of the zeta
potential—either negative or positive (dependent on the head charge of the sur-
factant). Thus, if the dispersion ability is to be maximized, the surfactants need to
be highly charged, tightly packed, of low molecular weight (to maximize the
packing density) and exhibit strong binding to the nanotube in order to minimize
the fraction of free surfactant at a given concentration, shielding the repulsive
interaction between the dispersed nanotubes.

The perylene derivatives presumably fulfill three of the four criteria: they are
highly charged, can be tightly packed onto the nanotube surface and are strongly
interacting with the nanotube. However, they suffer from the drawback of high
molecular weight as opposed to the established detergents such as SDBS.
In accordance with the theoretical prediction, the experimentally determined
magnitude of the zeta potential (average of ten measurements) of the SWCNT-Per
composites (Fig. 3.8) is comparable to SWCNT-SDBS under equal experimental
conditions (sonication and centrifugation parameters, aqueous medium) [2].

Upon comparing the zeta potential for HiPco-SDBS in non-buffered opposed to
buffered media, it becomes apparent that the presence of the increased ionic
strength in the buffer medium and directly related to that the larger pool of positive
counterions significantly decreases the magnitude of the zeta potential, as the
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counter charges become partly localized at the hydrodynamic slip plane. This
phenomenon should be kept in mind when regarding zeta potential values of the
HiPco-Per dispersions which are in the same range as those of HiPco-SDBS in
buffered media.

The determination of the zeta potential in a comparative study of different
nanotube surfactants can also be used to qualitatively estimate the packing density
(number of surfactant molecules per unit nanotube) of the dispersant. Since a
dispersion of SWCNTs in the smallest PBI 6 being equipped with three carboxylic
acid functionalities yields similar values for the zeta potential with respect to the
other perylene derivatives, the packing density has to be highest for the derivative
6. The zeta potential of the nanotube dispersion in the derivative 2 with 18 car-
boxylic acid functionalities is lower in magnitude so that it can be concluded that
the PBI 2 is least densely packed on the nanotube backbone. In summary, the
packing density of the perylene molecules onto the SWCNT scaffold decreases in
the order 6 (3 COOH) [ 1 (6 COOH) [ 3 (9 COOH) = 5 (9 COOH) [ 2
(18 COOH). Most interestingly, there is no direct correlation to the nanotube
fluorescence intensity which should be inversely related to the packing density
(more perylene molecules per unit nanotube should lead to a more pronounced
quenching of the nanotube fluorescence). In fact, the nanotube fluorescence is
totally quenched when dispersed with 2, which is least densely packed.

In general, the pH only has a minor impact on the zeta potential of SWCNT-Per
dispersions. Therefore, it can be concluded that the packing density of the perylene
molecules on the nanotube surface is slightly reduced upon increasing the pH, as
the charge density is approximately equal while the net charge of the surfactant
molecules themselves is increased due to a complete deprotonation of the
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Fig. 3.8 Zeta potential of the SWCNT-Per dispersions compared to SWCNT-SDBS at pH = 7,
as well as pH = 10. The error bars are derived from the standard deviation over ten
measurements. (Reproduced with permission from Wiley–VCH, reference 2)
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carboxylic acid groups. Thus the observed increase in nanotube dispersability and
the related increase in the amount of perylene adsorbed at higher pH is attributed
to a higher degree of exfoliation, as shall further be evaluated by AFM analysis.

In summary, the zeta potential measurements yield valuable information:
(1) the charge density in the vicinity of the nanotube is similar for all the dis-
persions in the different perylene derivatives, presumably because the packing
density of the perylene derivatives is governed by inter-perylene Coulombic
repulsion, except for perylene 2 where packing may additionally be reduced due to
steric effects. On the example of 2 as nanotube surfactant, it can nicely be followed
that the nanotube emission intensity can neither be correlated with the charge
density in the vicinity of the nanotube, nor with the packing density of the perylene
molecules. It is therefore proposed that the nanotube emission properties are traced
back to variations in the supramolecular aggregation of the surfactant molecules
on the nanotube surface. (2) An increase in pH does not result in a significant
change of the zeta potential. Thus, the observation that more perylene molecules
are adsorbed on the nanotube surface at higher pH is most probably related to a
higher degree of SWCNT debundling which increases the surface area of the
nanotubes. In order to further clarify the dispersion mechanisms especially with
respect to nanotube exfoliation and the assembly of the perylene derivatives on the
nanotube sidewall, the suspensions have been subjected to an atomic force
microscopic investigation.

AFM can be applied to the determination of height distributions in nanotube
samples and directly related to that, the degree of SWCNT debundling. Since
dispersion by the amphiphilic perylenes 3 and 5 has shown to be quite similar, the
microscopic investigation focuses on a comparative study of nanotube dispersions
by 1, 2, 3 and 6. In order to determine the number fraction of individual nanotubes
NI/NT being a measure for the surfactant capability, a statistical AFM analysis of
the AFM images recorded in tapping mode has been performed with minimum 350
counts at pH 7 and 250 counts at pH 10, respectively. For the determination of NI/
NT, the number of nanotube objects with less than 1.4 nm in height has been
divided by the total number of counts of all nanotubes (individuals and bundles of
varying size/height).

As revealed by the statistical analysis of the bundle size distribution, the
number of fraction of individualized nanotubes NI/NT increases in the order
1 [ 3 [ 2 [ 6 at pH = 7 (Fig. 3.9). In the case of the supernatant of nanotubes
dispersed in a buffered aqueous solution (pH = 7) of 1, 44% of the nanotubes have
been found to be exfoliated, while for 3, NI/NT is 35%. Even though fewer
nanotubes are individualized in the case of 2 (22%), the fraction is still higher than
for nanotubes dispersed in an aqueous solution of SDBS under similar experi-
mental conditions (14%) which forms micelles with a radius of 2.97 nm [39] that
allows the inclusion of small nanotube bundles [40]. The lowest degree of indi-
vidualization (12.7%) has been observed for the system SWCNT-6, where the
dispersion can be attributed to a micellar mechanism which is based on a less
specific interaction than an individualization by the p-surfactants.
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Even though AFM is measured on dried samples, the influence of surface
adhesion and drying effects is presumably negligible [23, 36]. However, drying
effects cannot generally be excluded so that a SWCNT-Per dispersion (HiPco-3)
was vitrified and subjected to cryo-TEM imaging. Figure 3.10 depicts cryo-TEM
images of SWCNTs dispersed in a buffered aqueous solution of 3, as well as
SWCNTs dispersed in an aqueous solution of SDBS [1].
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Fig. 3.9 Histograms of the bundle size distributions of nanotubes dispersed in buffered aqueous
solutions of 1, 2, 3 and 6 ([SWCNT]:[Per] = 1:1, [Per] = 0. 1 g L-1) compared to nanotubes
dispersed in SDBS ([SDBS] = 0.01 wt%, [SWCNT] = 0.02 g L-1) derived from statistical
AFM analysis after spincasting the dispersions. a pH = 7, b pH = 10. (Reproduced with
permission from Wiley–VCH, reference 2)
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In contrast to AFM, a high concentration of SWCNTs in solution is desired in
order to facilitate the measurement. Thus, a nanotube concentration of
0.243 g L-1 for SWCNTs dispersed in a solution of SDBS and a concentration of
0.172 g L-1 for SWCNT-3 was used. As shown by previous cryo-TEM investi-
gations on nanotubes [41–45], the SWCNTs aggregates appear to be extraordi-
narily straight and long (up to several lm in length) compared to an atomic force
microscopic view, where nanotubes tend to coil up due to surface adhesion with
the wafer upon drying. The SWCNTs dispersed in SDBS appear as partly indi-
vidualized tubes, as well as of bundles of up to 20 tubes (Fig. 3.10a, b). In contrast,
the nanotubes in SWCNT-3 appear to be individualized to a higher degree
(Fig. 3.10c, d). The overall bundle size is also reduced (about 5 individual tubes).
In both cases, surfactant micelles are observed in the background.

Fig. 3.10 Representative cryo-TEM images of a, b SWCNT dispersed in SDBS
([SWCNT] = 0.243 g L-1, [SDBS]i = 10 g L-1) c, d SWCNT-3 ([SWCNT] = 0.172 g L-1,
[Per]i = 1 g L-1). The images were recorded from the supernatant after centrifugation in all
cases. The arrows in c and d serve as optical guide to the very well dispersed SWCNTs in the
perylene dispersion. (Reproduced with permission from the American Chemical Society,
reference 1)
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Besides, the sidewalls of the nanotubes are decorated with small particles of
high density. Presumably, those are iron catalyst impurities present in the pristine
SWCNT material [41, 43–45]. An investigation concerning dispersion of
SWCNTs in various surfactants by Moore et al. [42] has revealed via cryo-TEM
imaging that the amount of the catalytic impurities is drastically reduced by
ultracentrifugation. Remarkably, the amount of catalyst particles adsorbed on the
SWCNT surface appears to be strongly reduced in SWCNT-3 compared to
SWCNT dispersed in a solution of SDBS without the need for ultracentrifugation,
indicating that in the case of 3, dispersion is restricted to SWCNTs, while a
solution of SDBS also disperses a significant amount of impurities. Qualitatively,
the cryo-TEM imaging confirms the observations of the AFM study.

As has already been proposed on the foundation of the spectroscopic and zeta
potential investigations, the degree of nanotube individualization is increased by
55–58% in the solutions at pH = 10 compared to pH = 7 (Fig. 3.9b) according to
the statistical AFM analysis. In the case of SWCNT dispersion by 1, the degree of
exfoliation reaches 76% at pH = 10 with 66% of the starting material being
present in the supernatant after centrifugation as deduced from the absorption
spectra (Table 3.1). Thus, most strikingly, approximately 50% of the nanotubes in
the pristine solid material are individualized by mild ultrasonication with the aid of
the designed water soluble PBI surfactant 1. This superior exfoliation power can
be considered as a corner stone for following separation approaches, e.g. by
density gradient ultracentrifugation, where nanotube individualization is a fun-
damental prerequisite.

However, the question arises why the fraction of individualized nanotubes
increases dramatically for the perylene based surfactants at pH = 10 compared to
pH = 7, even though the charge density on the nanotube surface is approximately
equal, as concluded from the zeta potential measurements (Fig. 3.8). It is proposed
that the more efficient exfoliation can be traced back to an increased repulsion
between adsorbed perylene molecules on adjacent nanotubes in a bundle during
the sonication induced unzippering [46] (Fig. 3.11a). At pH = 10 the carboxylic
acid functionalities of the perylene derivatives are completely deprotonated [21] so
that the head groups bear a higher negative net charge. This results in a stronger
inter-perylene Coulombic repulsion. On the one hand this leads to a lower sur-
factant packing density along the nanotube which is unfavorable for the dispersion.
However, on the other hand, the sonication induced exfoliation is rendered more
effective, as the head groups of the perylene surfactants on adjacent nanotubes are
also subjected to stronger repulsive forces. Most probably, the presence of a p-p-
stacking moiety such as the perylene unit is unambiguous for the increased dis-
persion and exfoliation efficiency, as a strong interaction of the surfactant with the
nanotube scaffold can be considered as a prerequisite.

Additionally, the free perylene micelles are presumably less stable at pH = 10
when the carboxylic acid groups of the polar head are completely deprotonated
(Fig. 3.11b). This may also lead to an enhanced adsorption rate to the nanotube
backbone. Furthermore, the presence of salts in the buffered solutions (Na2HPO4

and KH2PO4 in the case of pH = 7 and KBO3 and NaCl in the case of pH = 10,
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respectively) may induce differences in the hydration shell of the dispersed carbon
nanotubes.

In the following, the puzzling issue of the SWCNT-Per emission properties is
addressed again which could not be explained by a variation in the charge density
in the vicinity of the nanotubes, packing density of the surfactants or the number of
individualized nanotubes in the samples; obviously, a significant amount of

pH = 7

pH = 10

pH = 7

TABLES
pH = 10

ESS TABLEL  S

(a)

(b)

Fig. 3.11 a Schematic representation of the proposed mechanism for the increased debundling
efficiency of the perylene derivatives at pH = 10 being based on an increased inter-perylene
Coulombic repulsion between surfactant molecules adsorbed on adjacent nanotubes during
sonication induced unzippering. b Schematic representation of the decreased micelle stability
upon increasing the charge of the polar head groups. (Reproduced with permission from Wiley–
VCH, reference 2)
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nanotubes is exfoliated when dispersed by perylene 2 even though the fluorescence
of SWCNT-2 is totally quenched (Fig. 3.6). Furthermore NI/NT also does not
correlate with the emission intensity for SWCNT-1 compared to SWCNT-3 (a
higher amount of individualized nanotubes has been observed for SWCNT-1,
although the fluorescence intensity is lower for SWCNT-1 when compared to
SWCNT-3). Since the zeta potential for the HiPco-perylene dispersions does not
significantly deviate for the different perylene derivatives, the charge density in the
vicinity of the nanotubes cannot be responsible for such a dramatic alteration of
the fluorescence.

Recently, Coleman et al. [32] and Weisman et al. [47] have been able to
demonstrate that the fluorescence intensity of an aqueous nanotube dispersion
mediated by DNA or peptides, respectively, is widely influenced by the homo-
geneity of the coverage around the nanotube. It has been proposed that less uni-
form coatings lead to accelerated exciton decay, as the nanotube surface may be
temporarily exposed to perturbations in the surrounding solution. This has been
further verified by the group of Papadimitrakopoulos [48].

In order to elucidate whether the variations in emission efficiencies is related to
the uniformity of the coating and thus the supramolecular arrangement of the
perylene derivatives, analysis of the AFM phase images was performed. AFM
phase imaging is the secondary imaging mode of an AFM operating in tapping
mode going beyond topographical data. By the aid of phase imaging, variation in
composition, adhesion, friction or viscoelasticity can be detected so that phase
imaging is a powerful tool to detect differences in materials’ properties such as
identification of different components in composite materials [49–54]. In studies
related to nanotubes, AFM phase imaging has for example been used to supply
insights in the ordered helical wrapping of single-stranded DNA strands around the
nanotube scaffold [55, 56]. In AFM phase imaging the phase lag between the
periodic signal that drives the cantilever and the oscillation of the cantilever is
mapped. The changes in the phase lag can be often related to changes in the
materials’ properties.

Figure 3.12 depicts typical AFM phase images of SWCNT-1, SWCNT-2,
SWCNT-3 and SWCNT-6 (pH = 7). Additionally to nanotubes which appear
uniformly coated, areas of not-homogenously coated nanotubes (exemplarily
marked by the arrows in Fig. 3.12) are observed which give rise to a higher
contrast in the images (black regions/aggregates) attributed to perylene aggregates
in the cases of 1, 2 and 3. The coating uniformity is therefore reflected in the ratio
of the area of perylene APer to the total area of all objects Atotal (the lower the ratio,
the more homogenous is the coating). For the determination of APer the area of the
black aggregates on the SWCNTs has been measured by grain size analysis. This
area was added to the area of the objects giving rise to a lighter contrast obtained
by shifting the analysis boundary to yield Atotal. It is important to note that analysis
is restricted to AFM images where no free perylene or buffer is mapped. Since a
significant amount of not-nanotube objects is always observed for SWCNT-6 even
after rinsing the wafers with deionized water, the analysis of the phase images
could not be performed in this case. This observation is attributed to the formation
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of highly stable perylene micelles, which remain adsorbed on the polar SiO2 wafer
surface. However, qualitatively, no phase contrast between the nanotube surface
and the free perylene is apparent being indicative for a highly homogenous cov-
ering of the nanotube backbone by the perylene derivative 6.

Comparison of the ratios APer/Atotal for SWCNT-1, SWCNT-2 and SWCNT-3
reveals that SWCNT-3 yields the lowest ratio APer/Atotal (20.4%), followed by
SWCNT-1 (33.5%) and SWCNT-2 (41.1%). Thus, it can be concluded that the
SWCNTs are most homogenously covered by the amphiphilic perylene derivative
3 and least for the bolaamphiphile 2 carrying highly bulky substituents. This is in
complete agreement with the nanotube fluorescence intensity of the SWCNT-Per
dispersions, as fluorescence intensity also increases in the order 2 \ 1 \ 3 further

HiPco-1  HiPco-

 HiPco-3  HiPco-6

1 µm 1 µm

1 µm 1 µm

2(a) (b)

(c) (d)

Fig. 3.12 Representative AFM phase images of a SWCNT-1, b SWCNT-2, c SWCNT-3 and
d SWCNT-6 (pH = 7) showing ‘‘bare’’ nanotubes and nanotubes that are inhomogenously
covered marked by the arrows. In the case of SWCNT-6, no inhomogeneities along the nanotubes
are observed. (Reproduced with permission from Wiley–VCH, reference 2)
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supporting the suggestion that less homogenous coatings lead to accelerated
exciton decays.

In an attempt to further elucidate the packing densities and homogeneity of the
surfactant coverage, dried SWCNT-Per samples have been subjected to X-ray
photoelectron spectroscopy (XPS). In photo electron spectroscopy, a solid sample is
irradiated by monochromatic light and the energy distribution of the photo emitted
electrons is detected which allows to determine the electron’s binding energy prior
to the excitation. When X-rays are used the atomic core levels are accessible so that
the surface elemental composition can be determined. This is highly versatile in
SWCNT derivatization with hetero atoms, as functionalization degrees can thus be
estimated [57–60]. Additionally, chemical shifts may be observed, as the exact
binding energy of an element is characteristic to its dielectric environment. The
binding energy is directly related to the charge on the atom, e.g. an increasing
positive charge yields increased binding energies of the core level [61]. Accord-
ingly, XPS is widely applied for the characterization of covalently functionalized
SWCNTs [57–60].

However, XPS is no standard characterization technique to gain insights in
SWCNT surfactant interactions, so that first investigations have focused on the
bolaamphiphilic perylene derivatives 1 and 2. This can be traced back to the fact
that this technique is extremely surface sensitive due to the small inelastic mean
free path of the photoelectrons in the order of a few Ångströms [61]. Sample
preparation involved dispersion of the SWCNTs in buffered aqueous solutions
(pH = 7) of 1 and 2, respectively, according to the procedure outlined above and
in the experimental section. The resulting homogenous dark red solution was
micro filtrated (cellulose nitrate, 0.2 lm pore size), washed with 50 mL deionized
water and dried under vacuum at 70�C.

The experimentally derived material compositions according to the XPS survey
spectra are summarized in Table 3.4 and compared to the calculated values of the
pure perylene derivatives. Unfortunately, the perylene derivatives in the absence of
SWCNTs were charged upon the X-ray irradiation. In order to compensate the
charging, the samples have additionally been irradiated with low energetic elec-
trons. This leads to a partial decomposition of the material on the one hand and a

Table 3.4 Composition of 1 and 2, as well as the respective HiPco-Per samples according to the
XPS survey spectra. A direct comparison of the perylene derivatives in the absence of SWCNTs
is not possible due to sample charging upon irradiation with X-rays

C1s (%) O1s (%) N1s (%)

1 calculated 71.8 23.1 5.1
1 69 22 3.8
HiPco-1 66 28 5.5
2 calculated 66.6 27.6 5.7
2 82 13 2.7
HiPco-2 70.5 23 4.8
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downshift of the binding energies on the other hand so that no direct comparison is
possible.

In both cases of HiPco-Per, only minor contributions from the SWCNTs can be
detected, as the experimentally derived surface composition matches the calcu-
lated composition of the respective perylene derivatives very closely. This nicely
reflects the surface sensitivity of the measurement and reveals that the perylene
surfactants almost completely cover the SWCNT scaffold in the dried samples.
Nonetheless, subtle differences arise which shall be discussed in the context of the
C1 s core level spectra which are depicted in Fig. 3.13.

The C1s core level spectra have to be interpreted with care and should not be
overrated due to the presence of multiple carbon species such as acid and amide
C = O, imide C = O, sp3 alkyl carbon, as well as aromatic sp2 carbon. At least
four carbon species can be clearly identified as indicated by the fitted plots in
Fig. 3.13. The carbon species with the lowest binding energy of 284.5 eV is
attributed to the aromatic carbon atoms of the SWCNTs and the perylene core. The
species with higher binding energies of 285.5, 286.5, 288 eV can be assigned to
the alkyl carbon atoms, the imide carbon atoms and the carboxyl, as well as amide
carbon atoms, respectively and accordingly unambiguously stem from the perylene
surfactants. Even though it has been reported that SWCNT doping induces shifts in
the C1s core level spectra [5, 62], this issue shall not be discussed due to the
multiple overlapping bands in the C1s spectra which cannot be completely
deconvoluted and the lack of well-grounded comparison to the perylene surfactant
material in the absence of SWCNTs as described above.

Nonetheless, valuable information can be extracted from the XPS measure-
ments. In the case of the smaller bolaamphiphilic perylene dispersant 1 only a
vanishing contribution of the SWCNT can be detected in HiPco-1 as indicated by
the surface composition summarized in Table 3.4, as well as from the SWCNT
core level peak which is manifested as shoulder in the C1s core level spectrum in
Fig. 3.13a. In the case of the sterically demanding bolaamphiphile 2, the SWCNT
surface is less homogenously covered which is reflected in a more pronounced

Fig. 3.13 XPS core level spectra of a HiPco SWCNTs dispersed by 1 and b HiPco SWCNTs
dispersed by 2. In both cases the dispersions have been microfiltrated, washed with deionized
water and dried
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SWCNT core level peak (Fig. 3.13b), as well as a higher overall carbon content
(Table 3.4). Accordingly, the XPS data nicely underline the conclusions drawn on
the foundation of the microscopic and spectroscopic investigations above.

Even though XPS demonstrates that the surfactants almost completely cover the
SWCNT scaffold in the dried state and are not removed by washing the samples,
no quantification of the SWCNT to perylene ratio is accessible due to the pro-
nounced intrinsic surface sensitivity of the measurement. However, a methodology
to precisely determine the surfactant packing density quantitatively would be
highly desirable as it would greatly facilitate the interpretation of the spectroscopic
characterization on the one hand and concomitantly provide a deeper under-
standing for a future SWCNT surfactant design on the other hand.

To further address this issue, detailed IR spectroscopic investigations have been
carried out, as will be summarized in the following. Since the perylene derivatives,
as well as the SWCNTs are expected to possess a variety of IR active phonons
depending on their chirality [63–65] which have also been observed experimen-
tally [66], it could be envisaged that the ratio of the SWCNTs to the perylene
dispersants can be quantified by IR spectroscopy.

In a first set of initial experiments, the optimal conditions for the IR spectro-
scopic investigation on SWCNTs have been set up. Attempts to measure the IR
spectra in attenuated total reflectance failed, presumably due to the high refractive
index of nanotubes. Therefore, samples have been prepared by grinding the
SWCNTs with KBr with the aid of a ball mill. It has been found that well resolved
spectra are obtained by using a nanotube concentration of 0.1 wt% of the as-
received material in KBr. In any case, 0.175 g of KBr were pressed to yield the
pellets that were immediately subjected to the measurement. A representative
background corrected IR spectrum of the pristine HiPco SWCNTs with a reso-
lution of 4 cm-1 and 1000 scans is presented in Fig. 3.14.
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Please note that a background correction is unambiguously necessary due to the
presence of optical SWCNT transitions in the IR region [66]. Despite numerous
reports on IR spectroscopy of SWCNTs [63–65, 67–69], a clear identification of
the peaks with respect to the calculated IR active phonons has not been possible
until 2005 [66]. Based on this work of Eklund et al. [66], a careful peak assignment
can be carried out. In agreement with the literature, numerous sharp peaks
attributed to A2u and E1u-active phonons arise as indicated by the blue arrows in
Fig. 3.14. Furthermore, second order combination modes marked by the red
arrows appear. The most dominant peak centered at 1170 cm-1, however, pre-
sumably cannot be traced back to IR-active modes in a perfect sp2 carbon lattice of
a nanotube, but rather C–O–C vibrations of defects in the nanotube scaffold.
Similarly, broad signals in this region have also been observed experimentally by
Eklund and co-workers [66], but have vanished after high temperature vacuum
annealing. Since IR spectroscopy in the case of this thesis is used to study non-
covalent interaction of the SWCNTs with the designed perylene based surfactants
in the bulk material, the origin of the IR active peaks on a molecular scale is not
the significant criterion—as long as the peaks stem from the pristine nanotube
material.

Bearing this in mind, samples were prepared by grinding different ratios of
perylene surfactants and pristine HiPco SWCNTs (P0343). Some representative
spectra with 1 as perylene additive are presented in Fig. 3.15. In the as recorded
spectra (Fig. 3.15a) the most characteristic peaks have been assigned. The aro-
matic and aliphatic stretching vibrations (C–H st) of the perylene derivative, as
well as the C–H deformation modes (C–H d) of the dendritic substituents are
clearly discernable. Furthermore, three characteristic C = O stretching modes
(C = O st) appear corresponding to the imide, carboxylic acid and amide func-
tionalities, respectively. Since the deformation mode (N–H d) is expected to
appear in virtually the same spectral region as the aryl C–C skeletal vibration
(arC–C) no clear identification is possible in this case. The arylic C–H deformation
modes (arC–H d) additionally are observed in the low energy region of the
spectrum.

Most importantly, all characteristic vibrations are also detected in the samples
where SWCNTs were added to the KBr prior to the pellet fabrication. As nicely
demonstrated in the normalized spectra displayed in Fig. 3.15b, the perylene
signals are superimposed onto the peaks previously attributed to the as-received
SWCNT material. By increasing the SWCNT concentration in the pellets, the
broad signal centered at 1140 cm-1 (denoted as peak 2) subsequently increases
with respect to the perylene C = O stretching vibration at 1695 cm-1 (denoted as
peak 1). Thus, it is possible to plot the intensity ratio of peak 2 to peak 1 as a
function of the SWCNT to perylene ratio. As demonstrated in Fig. 3.16, an
approximately linear relationship is deduced for both perylene 1 (Fig. 3.16a) and
perylene 2 (Fig. 3.16b).

With the aid of the calibration lines, unknown ratios of perylene surfactant to
SWCNT can in principle be determined as illustrated for a variety of cases in the
following. Samples were prepared by dispersing HiPco SWCNTs in buffered
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solutions of 1 and 2 (pH = 7) as described before. One part of the resulting
homogenous dispersion was filtrated (cellulose nitrate, 0.2 lm pore size), washed
with 50 mL deionized water and dried under vacuum at 70�C. The second part of
the dispersion was centrifuged and the supernatant (hereafter denoted as S) and the
precipitate (denoted as P) were both processed analogously. The large particles of
dried SWCNTs were pestled and afterwards grinded with KBr (SWCNT con-
centration 0.3 wt%) by ball milling prior to fabrication of the pellets which were
then subjected to IR spectroscopy.

The ratios of peak 2 to peak 1 and the ratio of the SWCNT:Per in the samples
deduced from the calibration lines are summarized in Table 3.5. To further elu-
cidate the role of the pH value upon dispersion with aid of the designed surfactants
which has already been extensively discussed within this chapter, the HiPco
SWCNTs dispersed in buffered aqueous solutions of 1 and 2, respectively, at
pH = 10 have also been analyzed.
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On the foundation of IR spectroscopy, the ratio of HiPco SWCNT to perylene 1
was determined to be 2:1—an absolutely realistic value, as it has been shown that
dispersion at higher SWCNT:Per ratios, e.g. lower perylene content is insufficient
for the dispersion of nanotubes (compare Fig. 3.1). The precipitate is characterized
by a much lower perylene content (ratio SWCNT:Per = 4:1) due to the decreased
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a perylene derivative 1 (peak
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Table 3.5 Tabulated peak ratios from the IR spectra of HiPco-1 (pH = 7 and pH = 10),
HiPco-1 S and HiPco-1 P, as well as the ratios of SWCNT:Per according to the calibration lines
depicted in Fig. 3.16

Peak 2:Peak 1 Ratio of SWCNT:Per

HiPco-1 pH = 7 2.0 3.1:1
HiPco-1 S pH = 7 1.3 1.9:1
HiPco-1 P pH = 7 2.5 4.0:1
HiPco-1 pH = 10 1.4 2.0:1
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surface area in bundles opposed to individualized SWCNTs. Surely, this obser-
vation is accompanied by the reasoning that nanotubes with a lower perylene
content are not stabilized in aqueous solution and therefore precipitate.

The dispersion in buffered media at pH = 10 (HiPco-1 pH = 10) is charac-
terized by a much higher content of perylene compared to the dispersion at
pH = 7 ((HiPco-1 pH = 7), e.g. HiPco:1 approaches the value for the supernatant
after centrifugation of the pH = 7 dispersion with 2:1. This is attributed to an
increased surface area due to the higher degree of SWCNT individualization as
deduced from the AFM analysis (Fig. 3.9). Please note that it has been found by
AFM that the amount of exfoliated SWCNTs has been increased by 55–58% in the
pH = 10 dispersions. Significantly, the amount of perylene surfactant has been
increased by 64% in the dispersion at pH = 10 (e.g. the ratio of HiPco:Per has
decreased by 55%) further emphasizing that the IR spectroscopic analysis yields
realistic ratios and can indeed by applied to the quantitative determination of the
SWCNT:surfactant ratios in the bulk material.

However, the IR spectroscopic investigation still suffers from the drawback that
it may not be applied to any SWCNT-surfactant system, as illustrated in the case of
perylene 2. It has previously been revealed in this chapter that the packing density
of the derivative 2 is drastically lower compared the structural analogue due to the
sterically and especially electro statically demanding second generation Newkome-
type dendrimers in the periphery of the perylene anchor group. Even though the
characteristic perylene vibrations can be identified in the HiPco-2 spectra, their
intensity relative to the SWCNT bands is too low to be used for quantification. An
example is depicted in Fig. 3.17b. Nonetheless, the IR spectroscopic investigation
for the quantification of SWCNT to surfactant ratios has been fruitful, especially as
it can be in principle applied to any functional group giving rise to characteristic
IR spectra.

Furthermore, it is interesting to note that the spectra obtained from grinding the
SWCNT pristine material together with the perylene derivatives in comparison to
the spectra obtained after filtrating and drying the actual dispersions are not
identical with respect to peak position and shape. Representative spectra for
HiPco-1 and HiPco-2 are depicted in Fig. 3.17a, b, respectively.

As denoted by the black arrows in Fig. 3.17, two peaks arise in the HiPco-1
spectrum at 1280 and 843 cm-1 which are not present in the spectrum of 1 or
HiPco+1. Furthermore, a slight blueshift of the SWCNT band at 1170 cm-1

appears. A similar trend is observed in the case of HiPco-2, as bands at 1284 and
843 cm-1 appear when the perylene moiety is in contact with the SWCNT scaffold
in contrast to spectra where both components have been mixed. The spectra
indicate that an interaction between the perylene moiety and the SWCNT scaffold
can be observed by IR spectroscopy. However, further investigations concerning
this subject are deemed necessary.

In summary, IR spectroscopy is a useful characterization technique, as the ratio
of nanotube to perylene in the dried samples can be determined quantitatively.
This methodology bears the advantage that it involves a readily available tech-
nique and that it is in principle applicable to any covalently or noncovalently
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bound species, as long as characteristic IR active phonons are present. However,
the situation in the dried state may not precisely reflect the packing densities in
solution, as a partial desorption and/or rearrangement on the SWCNT surface may
be induced by sample processing which involves filtration, washing and drying.
Therefore, considerable attention shall be directed towards the characterization of
the dispersions by analytical ultracentrifugation in solution (Sect. 3.1.2).

Nonetheless, the results obtained from the variety of characterization tech-
niques including absorption and emission spectroscopy, zeta potential, AFM, XPS
and IR spectroscopy nicely underline the complex situation in SWCNT dispersion,
especially with the aid of p-surfactants such as the perylene derivatives. A number
of factors such as structure of the perylene derivative, as well as sonication and
centrifugation conditions, concentration (or rather concentration ratios) of sur-
factant and SWCNTs and other environmental effects such as pH influence the
quality of the dispersion and have an impact on the dispersion efficiencies. In the
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following, another important factor for understanding SWCNT dispersion shall be
investigated, e.g. the effect of the counterions on the carboxy-terminated perylene
surfactants.

3.1.1.4 The Effect of the Counterion

It has long been known in classical colloidal sciences that the counterion influ-
ences the self-aggregation behavior of amphiphiles [70]. However, such an effect
has never been investigated in presence of SWCNTs, nor has it been studied
whether the counterion influences dispersion efficiencies or individualization rates.
It was furthermore recently shown that the counterion effects the self-aggregation
behavior of amphiphilic carboxylates into ordered micelles and superlattices in a
rather unexpected fashion, as in contrast to classical surfactants, Na+ possesses the
highest affinity to the carboxylates followed by Li+ and K+ (the ‘‘classical order’’
would be Li+–Na+–K+) [70].

Accordingly, the question arises, whether the self-aggregation of the perylene
surfactants can also be tuned by the presence of the counterion and whether an
impact on SWCNT dispersability is discernable [71]. On the foundation of the
results discussed in the previous sections, it may be postulated that a less pro-
nounced self-aggregation of the surfactant possibly increases the dispersion effi-
ciencies. Tailoring the self-aggregation by screening the counterion can be
regarded as ideal model scenario to elucidate this suggestion, as the same sur-
factant molecule can be used albeit with different self-aggregation behavior.

Focus is directed towards the bolaamphiphilic perylene derivative 1 equipped
with two first generation Newkome-type dendrimers. Water solubility of 1 is
provided after deprotonation of the carboxylic acid functionalities in the periphery
of the perylene core. Thus, commonly, buffered aqueous solutions are investigated,
where the perylene derivative is strongly self-aggregating, down to concentrations
of 10-7 M [3]. In contrast to the previous investigations, no buffer has been used in
the following, as the influence of different counterions (Na+, K+, Li+) on the
aggregation behavior at low ionic strengths was to be investigated. The stock
solutions at pH = 7 were prepared by titrating 1 in H2O (10-4 M) with six
equivalents of the hydroxide of the respective counterions. The resulting solutions
were then subjected to optical absorption and emission spectroscopy, as exempl-
arily depicted with Na+ as counterion in Fig. 3.18.

As can be followed in the absorption spectra (Fig. 3.18a), the perylene signa-
ture undergoes a dramatic change upon dilution in the non-buffered medium,
where aggregation is in general dramatically decreased compared to the buffered
medium with higher ionic strengths due to a reduction of charge screening effects.
The ratio A0?0 to A0?1 of the perylene transitions upon dilution can be fitted to an
exponential decay curve with the ‘‘decay constant’’ t being a measure for the
tendency of the PBIs to aggregate. The portion of aggregated to monomeric
species is shifted to lower A0?0/A0?1 ratios, e.g. more aggregates, at lower
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perylene concentrations with Na+ as counterions giving rise to lower decay con-
stants (Fig. 3.19).

As summarized in Fig. 3.19a, the decay constants increase in the order
Na+–Li+–K+. It can thus be concluded that the perylene aggregation proceeds at
lower perylene concentrations with Na+ as counterion, followed by Li+ and K+. In
a second series of experiments, the pH was increased to 11 by the addition of the
respective hydroxide solutions. On the one hand, this ensures a complete depro-
tonation of the carboxylic acid functionalities of 1 and concomitantly increases the
concentration of the counterions. The evolution of the ratio of the perylene A0?0

to A0?1 transitions is depicted in Fig. 3.19b. Qualitatively, the same trend is
observed as at pH = 7, namely Na+ exhibits the highest affinity to 1 followed by
Li+ and K+. The overall decay constants are decreased by a factor of 1.65 ± 0.08
in comparison to the solution at neutral pH—an observation that can be explained
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in terms of an increased concentration of the respective counterions resulting in a
stronger aggregation tendency.

An important criterion to describe the aggregation behavior of molecules into
superstructures is the critical micelle concentration (cmc) being defined as the
lowest concentration at which micelles are formed. In the case of PBIs, it can be
conveniently determined by the evolution of the perylene emission intensities at
different concentrations. The perylene emission arises predominantly from
monomeric species so that it does not follow a linear slope when aggregates are
formed. The emission intensity at 593 nm was followed (as indicated in
Fig. 3.18b), concentrations up to 10-4 M have been investigated. At high con-
centrations, the emission intensity is decreased by innerfilter effects, e.g. an
emitted photon is absorbed by neighboring perylene molecules in the solution.
However, at 593 nm the innerfilter effect is negligible, as the PBI does not absorb
light of this energy.

The PBI emission intensity with Na+ as counterion at pH = 7 is exemplarily
depicted in Fig. 3.20a. At concentrations below the cmc, the emission intensity of
1 increases linearly with the concentration (dashed line in Fig. 3.20). Above the
cmc, the data points can be fitted to an exponential decay curve (solid line).
The cmc is thus the intersection of both functions as denoted by the arrow in
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Fig. 3.20a. The results from the determination of the cmc of 1 with Na+, Li+ and
K+ at pH = 7 and pH = 11 according to the procedure described above are
summarized in Table 3.6.

Significantly, the cmc is lowest with Na+ as counterion, followed by Li+ and
K+. This observation is in complete agreement with the decay curves of the
absorption spectra where an enhanced affinity of Na+ has already been proposed
within this manuscript, as well as with the investigations on carboxylic amphi-
philes published previously [70].

Upon comparing the solutions prepared at pH = 7 and pH = 11, it is striking
that the cmc is not dependent on the ionic strength, but only on the nature of the
counterion, as it is equal in all cases for pH = 7 and pH = 11. However, similarly
to the absorption spectroscopic investigation, the decay constants of the emission
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intensity vs. concentration above the cmc are lower at pH = 11 compared to
pH = 7 indicating that the perylene aggregation proceeds more rapidly at
pH = 11 where the concentration of the respective counterions is higher
(Fig. 3.20b).

As can be concluded from the experiments analyzed above, the PBI 1 has an
increased tendency to aggregate in the presence of Na+ ions compared to the other
alkali metal ions Li+ and K+. Since the perylene derivative 1 is an excellent
SWCNT dispersant, the question arises whether the nature of the counterion not
only influences the perylene self-aggregation, but also the aggregation on the
SWCNT scaffold which ultimately influences the dispersion efficiency. To shed
light into this question, 0.05 g L-1 HiPco SWCNTs were immersed into the
5 9 10-5 M solutions of 1. The ratio of PBI to SWCNT is thus approximately 1:1
by mass and therefore similar to the conditions previously applied for the inves-
tigations in buffered media. After sonication (20 min, bath type sonicator), the
resulting dispersions have been mildly centrifuged (15 krpm, 30 min) in order to
remove coarse aggregates. The concentration in the supernatant calculated from
the extinction coefficients of HiPco SWCNTs in aqueous media as a measure for
the dispersion efficiency of the surfactant with the respective counterions are
summarized in Table 3.7. Interestingly, the counterion does not influence the
dispersion efficiency at pH = 7 at all. In all cases 50% of the pristine SWCNT
material is stably dispersed by 1 in the supernatant after centrifugation. As com-
parison to the values in buffered media (33%, Table 3.1), the dispersion efficiency

Table 3.6 Critical micelle concentrations of 1 determined as outlined in Fig. 3.20 with Na+, Li+

and K+ as counterions being a measure for the affinity of the respective counterions to the
carboxylic acid groups of 1

cmc (Na+) cmc (Li+) cmc (K+)

pH = 7 0.94 9 10-5 M 1.12 9 10-5 M 1.18 9 10-5 M
pH = 11 0.94 9 10-5 M 1.13 9 10-5 M 1.19 9 10-5 M

Table 3.7 SWCNT dispersion efficiencies of 1 with different counterions determined on the
foundation of absorption spectroscopic data. The initial nanotube concentration ci was kept
constant and the concentration in the supernatant after centrifugation cS has been calculated from
the optical density at 735 nm and the extinction coefficient of HiPco SWCNTs [2]. The initial
perylene concentration in all experiments was 5 9 10-5 M

ci(HiPco)
(g L-1)

Optical density at 735 nm
(cm-1)

cS(HiPco) Dispersion efficiency
(%)

Na+ pH = 7 0.05 0.92 0.025 50
pH = 11 0.05 0.88 0.024 48

Li+ pH = 7 0.05 0.90 0.025 50
pH = 11 0.05 1.23 0.034 64

K+ pH = 7 0.05 0.90 0.025 50
pH = 11 0.05 1.59 0.044 88
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is increased, as 1 is less prone to self aggregation and thus presumably more easily
accessible to adsorption on the SWCNT scaffold.

Therefore, one might expect that the dispersion efficiency is increased when
counterions are used which lead to a reduced perylene aggregation in comparison
to Na+, e.g. Li+ or even more pronounced K+. Even though no effect in the
concentration range has been observed at pH = 7, the influence of the counterion
becomes clearly discernable in the pH = 11 solutions. A pronounced counterion
effect is detectable when approaching higher concentrations of the counterion at
pH = 11. Thus, not only the pH value (as discussed in Sect. 3.1.1.3), but also the
counterion influences the surfactant capabilities of the perylene based additives.
Most significantly the dispersion efficiencies with Li+ as counterion are increased
to 64% and to even 88% with K+ as counterion under basic conditions with 1 as
dispersant (Table 3.7).

To conclude this chapter, it has been demonstrated that the counterion strongly
affects the self-aggregation behaviour of perylene carboxylates. On the foundation
of absorption and emission spectroscopy, it has been revealed that Na+ is more
strongly bound to the carboxylic acid functionalities of the PBI 1 compared to Li+

and K+ leading to a more pronounced self-aggregation. Thus the aggregation
behaviour of perylene carboxylates can be tuned by the presence of the respective
counterions. To demonstrate the importance of such effects, the SWCNT surfac-
tant capability of 1 in dependency of the counterion and the pH has been inves-
tigated by absorption spectroscopy. Understanding the interaction of 1 with
different counterions has thus enabled to increase SWCNT dispersion efficiencies
of the designed perylene based surfactant to 88% by using K+ as counterion, as
perylene self-aggregation is suppressed in this case.

3.1.2 Characterization of SWCNT-Surfactant Dispersions
by Analytical Ultracentrifugation

3.1.2.1 Tracing the Interactions in a Surfactant-Intercalant Approach

In an attempt to further increase the dispersion efficiencies of the designed per-
ylene derivatives, a dispersion concept originally proposed by Paik and co-workers
[72] involving the use of a small intercalant molecule additionally to the dispersant
has been applied. Since the designed perylene surfactants carry rather bulky
dendritic substituents in the periphery in order to ensure their water solubility, it is
reasonable to suggest that these large molecules cannot easily slip between adja-
cent SWCNTs in a bundle during the sonication induced unzippering. Accord-
ingly, the additional use of a small intercalant molecule such as perylene
tetracarboxylic acid dianhydride (PTCDA) which should also possess a high
affinity to the SWCNTs [73] may increase the overall dispersability, even though
PTCDA itself is insoluble in aqueous media.
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In order to evaluate this concept, dispersions have been prepared with varying
ratios of the perylene surfactant 3 and the intercalant PTCDA in buffered solutions
of pH = 7 and pH = 10, respectively [74]. HiPco SWCNTs with a constant
concentration of 0.1 g L-1 have been immersed in the aqueous solutions. The
mixtures have been sonicated (30 min, bath type) and centrifuged (15 krpm,
30 min) in order to remove coarse SWCNT aggregates and insoluble PTCDA. The
optical densities at 740 nm of the supernatant solutions are summarized in
Table 3.8.

In all cases the dispersion efficiencies were increased by the addition of
PTCDA. The efficacy of the two-component dispersant system is underlined by the
fact that up to 88% of the initial SWCNTs are stably dispersed at pH = 10 with a
3:PTCDA ratio of 3:2 (by weight). Considering that the HiPco SWCNTs used in
this study have a purity of 95%, it becomes clear that the dispersion of the
nanotubes in aqueous media is almost quantitative in this case. However, further
investigations are deemed necessary to understand the role of PTCDA in the
dispersion process. With respect to the efficacy of this novel two component
surfactant-intercalant dispersant system, it is worth noting that it has also been
applied to the dispersion of graphite to yield graphene stabilized in aqueous media.
Initial results obtained by absorption spectroscopy, AFM and Raman have been
highly promising. However, no further focus has been directed towards this
independent area of research within this thesis.

The optical absorption spectra of the HiPco-3-PTCDA dispersions (at pH = 7
and pH = 10) are displayed in Fig. 3.21. All SWCNT dispersions have been
diluted 1:1 with the respective buffered aqueous solutions of 3 ([3] = 0.15 g L-1)
prior to acquisition of the spectra. Even though no relative changes in the excitonic
SWCNT transitions are discernable, the absorption spectra yield valuable infor-
mation with regard to the perylene absorption bands.

Table 3.8 Tabulated optical densities at 740 nm (OD740 nm) of the SWCNT-3-PTCDA super-
natant dispersions after centrifugation and the corresponding calculated nanotube concentrations.
In all cases, the initial nanotube concentration is 0.1 g L-1

pH = 7 pH = 10

OD740 nm

(cm-1)
[SWCNT]/g L-1

(%)
OD740 nm [SWCNT]/g L-1

(%)

HiPco-3-PTCDA
(2:3:0)

1.4 0.039, 39 1.9 0.048, 48

HiPco -3-PTCDA
(2:3:1)

2.0 0.054, 54 2.8 0.071, 71

HiPco -3-PTCDA
(2:3:2)

2.3 0.064, 64 3.5 0.088, 88
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As already discussed extensively in Sect. 3.1.1, the peaks centered at 500 and
550 nm are attributed to the perylene 0?1 (blue shaded background in Fig. 3.12)
and 0?0 transitions (red shaded background), respectively. The intensity ratio of
the perylene transitions can qualitatively be used as measure for the degree of
perylene aggregation. A relative increase of the 0?1 transition with respect to the
0?0 indicates the presence of an increased amount of monomeric perylene spe-
cies. Since the perylene surfactants adsorb to the SWCNT scaffold as monomeric
species, such a change in the perylene transitions as discernable in the samples
where PTCDA has initially been added (red and blue traces) is indicative for an
enhanced interaction with the SWCNTs. This can be rationalized in terms of an
increased surface area of the nanotubes, as more nanotubes are efficiently dis-
persed and exfoliated by the addition of the PTCDA intercalant as indicated by the
increased dispersion efficiencies.

Furthermore, additional bands centered at 438 and 465 nm arise in the absor-
bance spectra of the SWCNT-3-PTCDA dispersions at pH = 10 (marked by the
greed shaded background in Fig. 3.21b). These may be attributed to the presence
of PTCDA adsorbed on the SWCNTs or stabilized by free surfactant 3. However,
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both explanations are strongly challenged by the observation that no such species
have been detected in the pH = 7 dispersions. Despite the extraordinary dispersion
efficiencies of this two component surfactant system, a variety of questions remain
unanswered, as a convincing resolution of the colloidal structures in the dispersion
cannot be captured from steady state absorption spectroscopy. For example, it is
not clear whether PTCDA is adsorbed onto the SWCNT scaffold or whether it is
stabilized by free surfactant micelles of 3. The absence of the absorption peaks that
may be assigned to PTCDA in the pH = 7 solutions is also a puzzling issue.

Thus it would be highly desirable to directly visualize the different colloidal
systems of the dispersion. An ideal characterization tool to elucidate the role of
PTCDA is found in analytical ultracentrifugation with a multiwavelength detector,
where full absorption spectra c(k) at each radial position r at each time step
t during the sedimentation process can be mapped. Since the different components
of the dispersion such as SWCNT-3, free bulk micelles of 3 and presumably other
colloids involving PTCDA possess unique absorption characteristics, the visuali-
zation of their distinct sedimentation profiles will allow attribution to molecular
interactions without the need for complex hydrodynamic modeling. Ideally, the
dispersion can fully be analyzed in a single experiment [74].

In order to elucidate the complex interactions in the dispersion, band sedi-
mentation in a multiwavelength analytical ultracentrifuge (MWL AUC) has been
carried out which is essentially a spectrometer/CCD synchronized to centrifugal
fractionation.1 The process, raw data and evaluation results are summarized in
Fig. 3.22. The SWCNT dispersion was placed in the sample reservoir of a vino-
grad cell. These cells open a small capillary when the pressure rises during the
increasing centrifugal acceleration. This leads to the overlayering of sample
(HiPco-3-PTCDA with an initial ratio of 2:3:2 in H2O/buffer pH = 10) onto the
solvent column of higher density (in this case a 1:1 mixture of H2O and D2O) at a
radial position of 6.33 cm. Data acquisition started as soon as the final rotational
frequency of 55,000 rpm was reached and continued for 78 min, generating 131
snapshots of the fractionation process with a radial step size of 50 lm and 45 s
intervals. The full experiment can be captured by a movie in a few seconds and
perfectly visualizes the fractionation of fast and slowly sedimenting colloids with
very distinct absorption profiles. One of the snapshots from this movie is shown in
Fig. 3.22c, where radial Range 1 is defined for the fast moving colloids which
sedimented after 7 min already half way to the bottom of the cell on the right.
Radial Range 2 defines the slowly sedimenting colloids.

In order to extract the absorption profiles of the different components individual
snapshots were chosen and the absorption c(r,k) was integrated over the radial
ranges (r) as indicated. The fast moving colloids are best captured at the very
beginning (First minute, Fig. 3.22b). The Range 1a (6.5–6.8 cm) is defined with
the integrated absorption profile in Fig. 3.22e. This profile is characteristic for the

1 Special thanks is credited to Dr. W. Wohlleben from BASF SE for providing the opportunity to
carry out the experiments on the designed MWL AUCand for the help with the data evaluation.
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main fraction of the dispersion, namely individualized CNTs encapsulated by the
perylene surfactant 3 with its 0?1 transition at 500 nm and its 0?0 transition at
550 nm, respectively. In Range 1b, colloids sedimenting faster than the individ-
ualized SWCNTs (6.8–7.1 cm) are also captured. Their absorption profile
(Fig. 3.22f) contains comparatively less surfactant in relation to SWCNTs,
attributed to a decreased accessible surface area in SWCNT bundles.

The absorption profiles of the slowly sedimenting colloids extracted from the
last scan (78th min, Fig. 3.22d) visualize that also the slowly sedimenting colloids
are composed of two discrete fractions. One fraction with an absorption peak at
500 nm does sediment (6.55–7.1 cm, range 2b), but another fraction without that
absorption component (6.3–6.55 cm, Range 2a) virtually stands still except for
some diffusional broadening. The absorption profile of Range 2b (Fig. 3.22h)
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Fig. 3.22 Process, raw data and evaluation of wavelength-resolved band sedimentation. a Initial
absorption of the CNT dispersion, whereof 15 lL are layered onto the solvent during speed-up of
the centrifugal force, which acts in radial direction. Repeated snapshots of c(r, k) are acquired by
fast radial scanning of a spectrometer; b snapshot at first minute, where only fast moving colloids
are visible, evaluated as ranges 1a and 1b; c snapshot at seventh minute, where the fractionation
of fast (Range 1) and slow (Range 2) sedimenting colloids with their distinct absorption profiles is
best visualized; d snapshot at 78th minute, where a substructure within the slow colloids appears,
evaluated as range 2a and 2b; e–h integration of the ranges, attributed to e individualized CNT
with attached surfactant and f CNT bundles with few surfactant molecules attached, g hydrolyzed
intercalant, h intercalant—surfactant micelles. (Reproduced with permission from Wiley–VCH,
reference 74)
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contains the typical absorption peaks of the perylene surfactant 3 and is hence
attributed to surfactant micelles.

The origin of the rather unexpected, but very distinct component of the non-
sedimenting Range 2a is puzzling. Its absorption profile (Fig. 3.22g) contains only
the peaks originally attributed to the intercalant PTCDA, with vanishing traces of
the surfactant 3. The observation that the absorbance peaks at 438 and 465 nm that
may be assigned to PTCDA correspond to a molecule neither associated with
perylene surfactant micelles, nor with the sedimenting CNTs strongly suggests that
this species is not the PTCDA intercalant, as PTCDA is highly self-aggregating
and not water soluble without stabilization.

It is proposed that under the basic conditions employed in the experiment
(buffer pH = 10), the anhydride functionalities are opened to yield the corre-
sponding perylene tetracarboxylic acid (PTC). PTCDA presumably initially acts as
intercalant during the sonication induced exfoliation of the nanotubes. During the
sonication process PTCDA comes in contact with the nanotube surface where it is
intermittently adsorbed by p-p-stacking interactions. As PTCDA is a rather small
molecule compared to the surfactant 3, it may also slip between the adjacent
nanotubes in large bundles therefore increasing the amount of stably dispersed
CNT material. For the pH = 7 dispersions, where no traces of PTCDA have been
detected in the stable CNT dispersions, the PTCDA intercalant is presumably
replaced by the surfactant 3 resulting in re-aggregation with the remaining bulk
PTCDA and thus sedimentation during pre-centrifugation. In the case of the
pH = 10 dispersions, the PTCDA is exposed to the basic environment while being
adsorbed on the nanotube where it is hydrolyzed to yield the perylene tetracarb-
oxylic acid. Since the experiment is carried out under basic conditions, the
carboxylic acid groups of PTC are deprotonated and thus negatively charged.
In contrast to the surfactant 3 the charges are located directly next to the aromatic
unit (perylene moiety) serving as anchor group to the CNTs so that the p-p
stacking interaction is no longer ensured resulting in desorption of the PTC. This
explanation is in line with the observation that the structurally similar perylene
derivative 7 is not capable of dispersing SWCNTs as described in Sect. 3.1.1.1.

To further evaluate this hypothesis, we have immersed the PTCDA in aqueous
media at different pH values. As depicted in Fig. 3.23a, the two main absorption
bands centered at 438 and 465 nm appear under basic conditions after sonication
for 30 min and stirring the sample for 3 days, while the anhydride functionalities
are obviously stable at pH = 7, e.g. no absorption peaks are detected after
centrifugation.

Interestingly, in an initial control experiment involving sonication of PTCDA in
a buffered aqueous solution of the perylene surfactant in the absence of nanotubes
followed by mild sonication and characterization by absorption spectroscopy, no
traces of the perylene tetra carboxylic acid have been detected. However, if the
sample was left to equilibrate for at least 24 h prior to the centrifugation step, the
peaks attributed to the perylene tetracarboxylic acid clearly evolved (Fig. 3.23b).
Obviously the presence of nanotubes increases the rate of anhydride hydrolysis, as
the PTC is discernable in the supernatant already after 30 min of sonication
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indicating that the PTCDA truly intermittently adsorbs to the SWCNT scaffold
where it is exposed to the basic environment.

In summary, dispersion efficiencies of SWCNTs could be significantly
increased by a highly efficient two-component surfactant system. The complex,
multicomponent absorption spectrum (Fig. 3.21) and the unknown underlying
interactions could not be interpreted by bulk characterization techniques.
However, in a single measurement with the MWL AUC the existence of distinct
components has been visualized and their absorption profiles during their sedi-
mentation have been extracted (Fig. 3.22e–h). Evidence was provided that
PTCDA is hydrolyzed at higher pH after executing its role as intercalant. It is
suggested that PTCDA is adsorbed on the SWCNT scaffold by p-p-stacking
interaction only intermittently. As PTCDA is a rather small molecule it may slip
between the adjacent nanotubes in large bundles therefore assisting the exfoliation
and increasing the amount of stably dispersed SWCNT material. When being
exposed to a basic environment, the PTCDA is hydrolyzed while being adsorbed
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Fig. 3.23 a As recorded
optical absorption spectra of
PTCDA (0.1 g L-1)
immersed in aqueous
solutions at different pH
values. The pH was either
adjusted by addition of HCl
or NaOH, respectively, or by
the use of a buffer solution.
In all cases, the supernatant
(S) after centrifugation is
displayed after 30 min of
sonication and 3 d of stirring
the mixture (at room
temperature) prior to
centrifugation, e.g. allowing
the system to equilibrate
(designated as eq). b As
recorded optical absorption
spectra of 1 (0.15 g L-1),
PTCDA (0.1 g L-1) and
mixtures of both in buffered
aqueous solutions at
pH = 10. In all cases, the
supernatant after
centrifugation is displayed.
The peaks centered at 438 nm
and 465 nm attributed to
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on the nanotube backbone to yield the perylene tetracarboxylic acid which in turn
desorbs from the SWCNT surface. By the use of a unique centrifuge spectrometer
recording the entire UV/Vis absorption during fractionation of *1010 colloids,
this complex SWCNT dispersion could be analyzed in a single experiment.
Beyond this application, analytical ultracentrifugation is certainly a highly potent
characterization technique for SWCNT dispersions, which can be regarded as
classical colloidal systems. In principle, this gives access to their hydrodynamic
characterization on the foundation of sedimentation experiments as will be out-
lined in the following.

3.1.2.2 Hydrodynamic Characterization of Various SWCNT-Surfactant
Systems

Even though centrifugation is widely applied in SWCNT research, quantitative
studies on the hydrodynamic properties of surfactant encapsulated SWCNTs
during centrifugation are only scarcely spread. Nair et al. have used a hydrody-
namic model to describe the motion of SWCNTs in a centrifugal field [75].
However, the study was based on the buoyant densities and the spreading of the
nanotubes close to their isopycnic points. Since the buoyant density also includes a
large hydration shell, it is not possible to draw conclusions on the mass and
volume of the surfactant layer without the hydration shell.

In an alternative approach, Hersam and co-workers [76] have characterized the
hydrodynamic properties of sodium cholate encapsulated CoMoCAT SWCNTs by
the aid of an analytical ultracentrifugation. This allowed a more direct investi-
gation, as the hydration layer which has convoluted the results of Nair et al. does
not need to be considered in this case, as its density is approximately equal to the
density of water. Thus, the sedimentation velocity of a SWCNT-surfactant com-
plex depends on the anhydrous partial specific volume.

In general, the sedimentation velocity of particles in a centrifugal field is
determined by the sedimentation and diffusion coefficients, as well as the hydro-
dynamic frictional coefficients. It can be measured by analytical ultracentrifuga-
tion where the temporal and spatial distribution of the sedimenting species can be
directly detected in situ, e.g. by absorption spectroscopy (Fig. 3.24). Other optics
such as interference, turbidity, Schlieren and X-ray are available for in situ
detection [77, 78], but absorption is most suitable for nanotube characterization.

As outlined by Hersam et al. [76], the classical technique of differential sedi-
mentation in H2O and D2O [79, 80] can be applied also to nanotubes.
The determination of the sedimentation, diffusion and hydrodynamic frictional
coefficients [81] in H2O and D2O enables the calculation of the anhydrous molar
volume of the surfactant encapsulated SWCNTs. Based on this result, conclusions
on the linear packing density of the surfactant on the nanotube surface can be
drawn. For detailed explanations on the theoretical background, please see the
corresponding Ref. [76].
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On the foundation of the study of Hersam and co-workers [76], the hydrody-
namic properties of different SWCNT-surfactant systems have been compared as
summarized in the following in order to aid the understanding of the interaction of
SWCNTs and surfactant molecules in solution which is of uttermost importance
for the design of novel, potent SWCNT dispersants. On the basis of the sedi-
mentation rates in water and deuterated water, respectively, the anhydrous specific
volumina of SWCNT dispersed in aqueous solutions of the commercially available
surfactants sodium cholate (SC) and sodium dodecy benzene sulfonate (SDBS), as
well as the three designed perylene based surfactants 1, 2 and 3 have been
determined [82].

The dispersions were prepared by immersing SWCNTs in aqueous solutions of
SC and SDBS (10 g L-1) or buffered aqueous solutions (phosphate buffer,
pH = 7) of the perylene bisimide derivatives ([Per]:[SWCNT] = 1:1), respec-
tively. Focus was directed to SWCNTs produced by high pressure carbon mon-
oxide decomposition (HiPco) and by cobalt-molybdenum catalysis (CoMoCAT).
The dispersions were mildly pre-centrifuged (30 min, 15,000 rpm) in order to
remove coarse aggregates and large SWCNT bundles. The top 70% of the
supernatant were collected and, if necessary, diluted with the respective surfactant
solution to an optical density of approximately 1 cm-1 at 740 nm. In contrast to
the study of Hersam et al. [76] the pristine SWCNT material was not sorted by
diameter via DGU.

The aqueous dispersions were loaded into two-hole Epon cells and subjected to
ultra-centrifugation at 40 krpm (25�C). The spatial and temporal distribution of the
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SWCNT-surfactant complex was followed by in situ measurements of the absor-
bance profiles. The thus determined concentration profiles c(r, t, k) are 3-dimen-
sional [30] and show the expected redistribution upon time when nanotubes are
sedimenting as exemplary depicted for HiPco-3 (H2O) in Fig. 3.25. Initially, at
t = 0 the concentration of SWCNTs is uniform along the centrifuge cell. During
centrifugation, a net sedimentation of the nanotubes occurs from smaller to larger
radii so that the top of the cell becomes depleted of nanotubes, i.e. the optical
density is reduced resulting in the development of a boundary (e.g. blue trace in
Fig. 3.25a). With increasing time, the boundary broadens and moves towards the
bottom of the cell (e.g. black trace). The temporal snapshot in Fig. 3.25b shows
perylene-encapsulated nanotubes around 6.5 cm and free perylene micelles close
to the meniscus at 6 cm, respectively. It is in fact the primordial advantage of the
analytical ultracentrifuge that due to the fractionating measurement principle small
colloids (individualized nanotubes) are characterized without any perturbation by
the larger colloids (bundles). Bundles sediment faster than individual nanotubes,
so that they are removed before detection of individualized SWCNTs starts which
sediment significantly slower.

The sedimentation coefficient s, diffusion D and the hydrodynamic frictional
f coefficients, specifically the frictional ratios f f0

-1 are obtained by fitting the
experimental c(r, t) profiles to the multi-component Lamm equation by appropriate
programs such as SEDFIT [81, 83, 84].

The sedimentation coefficient s is an instrument-independent measure of the
sedimentation speed u, reduced by the centrifugal acceleration: s = u/x2r, where
x is the rotational frequency and r the average radius of the measurement cell from
the center of rotation (r = 6.5 cm in Beckman XLI machines) [77, 78].
The frictional ratios f f0

-1 compares the frictional force acting on a solute with the
frictional force acting on a sphere of equal volume. Any deviation from f f0

-1 = 1
indicates a non-compact, non-spherical morphology [77, 78]. In order to under-
stand the uncertainties in the evaluation procedure, their mathematical basis is also
discussed beyond the use of SEDFIT in the study by Hersam et al. [76].

The evaluation first optimizes a volume-weighted distribution of sedimentation
coefficients for best fit to the experimental movie of fractionation. In this step,
SEDFIT makes use of the temporal evolution of a broadening sedimentation
boundary: polydispersity broadening scales linear with time, but diffusion broad-
ening scales with time1/2. Subsequently, a regularization procedure assesses
automatically whether small changes of the obtained best fit are statistically rel-
evant on the 0.98 confidence level, and reports as final result the average distri-
bution of all statistically indiscernible distributions [81, 84].

The distribution of sedimentation coefficients c (s) is a robust result, which is
over-determined because apparent coefficients s* can be obtained already from a
single snapshot, neglecting diffusion. Details of the shape of the c(s) distribution
are deconvoluted from diffusion, i.e. are correlated with the frictional ratios. The
frictional ratio is obtained only from a global evaluation of the shape evolution of
the sedimenting boundary among all snapshots. A 2D fit of both s and f f0

-1

multiplies the degrees of freedom and inherently optimizes the quality of the fit.
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A 2D grid of 10 values for f f0
-1 and 120 values for s is computationally affordable

with less than an hour fitting time on a standard PC. The grid spacing in s is chosen
to be logarithmic in order to enhance the resolution and the fitting penalty by
quadratic deviation in the region of the individualized nanotubes. Results on f f0

-1

depend on the rotational frequency chosen for the experiment, because the relative
influence of polydispersity and diffusion on the boundary broadening changes with
the effective duration of the experiment. The anhydrous specific volume is another
caveat. It is experimentally derived from comparison of the sedimentation coef-
ficients s in H2O and D2O, but before that, must be specified in the fit to obtain the
sedimentation coefficients. The value of was set to 0.5 cm3 g-1 in the fits, but
identical results are obtained for of 0.3 and 0.8 cm3 g-1.

A typical result is shown in Fig. 3.26. Consistently larger values of f f0
-1 for the

first peak of slowly sedimenting signals are obtained, identified with individualized
nanotubes. Integration over this peak only eliminates any contribution by bundles
in the following evaluations. Note that this option is not available in ensemble
methods such as fluorescence spectroscopy, dynamic light scattering, zeta-poten-
tial, small angle X-ray or neutron scattering etc. Over all experiments, the indi-
vidualized nanotubes exhibit f f0

-1 = 4.8 ± 1.8 (H2O) and 3.8 ± 1.6 (D2O), which
is a large difference between the averages. The average of the differences is even
larger with 40% deviation between frictional ratios fitted from H2O and D2O
experiments of the same nanotube-surfactant system. This indicates a weak reli-
ability of the shape analysis. Unfortunately, the combined uncertainty from sedi-
mentation coefficient and frictional ratio leads to an even larger average deviation
(55%) in the molar masses from H2O and D2O experiments. The reason for the
discrepancies is the stronger influence of diffusion in the D2O experiment (all at
the same rotational speed), giving SEDFIT the mathematical freedom to model
diffusion by low masses alone.

In the majority of experiments, a commercial Beckman Coulter XLA ultra-
centrifuge was used where only up to three single wavelengths can be recorded.
There, the spatial and temporal distribution of the sedimenting species at the

Fig. 3.26 2D-results of frictional ratio and sedimentation coefficient for HiPco-SC in D2O. The
individualized CNTs have a clearly extended configuration with f f0

-1 around 5, while the
entangled CNTs have a more compact morphology with lower f f0

-1. The fitting range for s was
2–120 Sv (log spacing) with f f0

-1 from 1 to 10
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wavelength 550 nm was followed. At this wavelength, both the nanotubes and the
perylene surfactants are captured in a single measurement (but not the SC or SDBS
surfactant micelles). Figure 3.27 exemplarily depicts the c(s) distributions of
HiPco-2 at three different wavelength (550, 650, 750 nm). Obviously, hardly any
difference in the regime of the sedimentation coefficients attributed to the nanotube
species (above 10 Sv) is discernable. This is to be expected for the broad absorption
spectrum of nanotubes. However, in the case of 550 and 650 nm, very slowly
sedimenting species attributed to free perylene micelles are present. Thus, at a
suitable wavelength such as 550 nm, the hydrodynamic characterization of the free
surfactant and the nanotube surfactant complexes can be carried out in one
experiment.

Table 3.9 gives an overview of the as obtained sedimentation coefficients,
anhydrous molar mass M, frictional ratios f f0

-1 and anhydrous specific volumina �v
of the SWCNT-surfactant complexes investigated.

From the sedimentation coefficients in water and deuterated water, the anhy-
drous specific volume of the SWCNT-surfactant complexes can be calculated. The
results are also summarized in Table 3.9. Based on the assumption of equivalent
surfactant adsorption in water and deuterated water (which is quite reasonable, as
surfactant adsorption on the nanotube scaffold is mainly driven by the hydrophobic
effect), the anhydrous specific volume �v can be expressed as

�v ¼ gHsH � gDsD

gHsHqD � gDsDqH
ð3:1Þ
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where g is the viscosity of the solvent, q is its density and the subscripts H and D
denote water and deuterated water, respectively.

Before discussing subtle differences in the sedimentation coefficients with
different nanotube surfactants, first of all, the sedimentation velocities in water and
deuterated water, respectively, deserve some attention. In all cases, the sedimen-
tation velocity in D2O is much slower than in H2O (Fig. 3.28). This can be
attributed to the fact that the density of dispersed individualized SWCNTs is
greater than 1 so that it matches the density of D2O (1.104 g cm-3 at 25�C) more
closely than the density of water (0.998 g cm-3). The anhydrous densities of the
individualized component of the SWCNT-surfactant dispersions are measured to
be between 1.1 and 1.8 g cm-3 (the density is inversely proportional to the
anhydrous specific volume summarized in Table 3.9).

Interestingly, the amount of bundled SWCNT species appears to be reduced in
case of the samples dispersed in deuterated water, as the peaks with higher sedi-
mentation coefficients are smaller in comparison to the main peak of the indi-
vidualized nanotubes. This is especially striking in the c(s) distribution of
CoMoCAT-SC (Fig. 3.28). This impression is further supported by the observation
that all samples in D2O have intrinsically been of higher optical density, e.g.
higher nanotube concentration after the first centrifugation step compared to the
samples prepared in water, although the initial nanotube concentration was
constant.

Upon comparing the HiPco to the CoMoCAT pristine material, striking dif-
ference appear in the c(s) distributions as exemplarily shown for SWCNT-SC
(Fig. 3.29). First of all, the s-value distribution attributed to the individualized
nanotubes is much broader for the HiPco material compared to the CoMoCAT
SWCNTs. This is not surprising, as the diameter and lengths distributions of the
HiPco samples are significantly broader, while being much narrower in case of the

Table 3.9 Tabulated data of the sedimentation coefficients s, frictional ratios f f0
-1, anhydrous

molar mass M and anhydrous specific volume �v of the systems investigated

Sedimentation
coefficient s/Sv

Anhydrous molar
mass M/kDa

Frictional
ratiof f0

-1
Anhydrous specific
volume �v/cm3g-1

CoMoCAT-
SC

H2O 13.0 750 5.4 0.56
D2O 9.2 440 3.8

HiPco-SC H2O 16.6 500 2.9 0.65
D2O 10.9 860 5.1

HiPco-
SDBS

H2O 15.4 1500 6.4 0.83
D2O 6.1 210 3.6

HiPco-1 H2O 26.6 770 2.7 0.81
D2O 11.8 440 3.0

HiPco-2 H2O 18.7 2700 4.2 0.69
D2O 11.7 510 1.3

HiPco-3 H2O 25.8 1600 7.0 0.75
D2O 14.8 1100 5.7
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Fig. 3.28 c(s) distribution
for a CoMoCAT-SC in H2O
and D2O and b HiPco-SC in
H2O and D2O derived from
fitting the experimental data
from the XLA with the model
of continuous c(s)
distribution with logarithmic
steps from 5 to 130 Sv with �v
set to 0.6 and f f0

-1 to 5.
(Reproduced with permission
from Wiley–VCH, reference
82)

Fig. 3.29 c(s) distribution
for CoMoCAT-SC and
HiPco-SC in H2O derived
from fitting the experimental
data from the XLA with the
model of continuous c(s)
distribution. (Reproduced
with permission from Wiley–
VCH, reference 82)

90 3 Results and Discussion



CoMoCAT nanotubes. Thus, HiPco SWCNTs are characterized by a broader
s-value distribution and higher sedimentation coefficients in average.

In the following, comparisons of the anhydrous specific volumina of the
SWCNT-surfactant complexes are drawn as foundation for understanding the
underlying noncovalent interactions. Regarding the classical surfactants SC and
SDBS, significant differences in the anhydrous molar volumina of the HiPco-
surfactant complexes have been determined namely the anhydrous specific molar
volume with SDBS as surfactant is larger as with SC.

The adsorption of SC has already been extensively studied in the AUC
investigation of Hersam and co-workers [76]. It has been revealed that SC is
densely packed on the nanotube surface with a linear surfactant density of
3.6 molecules per nm of SWCNT surface. The six-membered carbon rings are
believed to stack to the nanotube sidewall with the apolar side not containing
the hydroxyl functionalities facing the SWCNT surface (Fig. 3.30). Considering
the anhydrous diameter of the (6, 5)-SWCNT-SC complex which was found to be
1.8 nm and the diameter of the (6, 5)-nanotube (0.75 nm), the diameter contri-
bution of one surfactant molecule adsorbed is 0.53 nm.

In contrast to SC the adsorption of SDBS is strongly dependent on the con-
centration of the surfactant. Even though it has been demonstrated that SDBS is
capable of dispersing SWCNTs even at 0.1 cmc (cmc = 1.2 mM = 0.4 g L-1)
[13], the concentration of SDBS is most commonly kept higher (10–20 g L-1) as
the debundling is more efficient at concentrations of around 14 g L-1 (33 times the
cmc) [15]. This observation can be attributed to the fact that the orientation of the
SDBS molecules on the nanotube surface can either be in a so-called ‘‘tails on’’
conformation (Fig. 3.31a) or ‘‘head to tail’’ with the SDBS molecules being
arranged parallel to the nanotube surface (Fig. 3.31b). At low SDBS concentra-
tions the head to tail configuration is favored, while the SDBS molecules tend to
‘‘stand upright’’ at higher concentrations.

Within this thesis, a SDBS concentration of 10 g L-1 was chosen so that the-
oretically, the ‘‘tails on’’ configuration is favored. In this case the diameter of
SWCNT-SDBS is expected be approximately d(SWCNT) ? 2 (2.4 nm) ? van
der Waals distance, while it is d(SWCNT) ? 2 (0.53 nm) for SWCNT-SC
[13, 15]. This agrees well with the calculated anhydrous specific molar volume
derived from the sedimentation coefficients in water and deuterated water, as �v
(HiPco-SC) was found to be 0.63 cm3 g-1 opposed to 0.83 cm3 g-1 for HiPco-

Fig. 3.30 Schematic representation of the adsorption of sodium cholate molecules on the surface
of a (6, 5)-nanotube. (Reproduced with permission from Wiley–VCH, reference 82)
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SDBS (Table 3.9). However, it is important to note that additional to the nanotube
and SDBS concentration, the nanotube diameter and the ionic strength of the
solution also has an impact on the conformation of the detergent on the nanotube
surface [85]. Nonetheless, the determination of the anhydrous specific volume by
differential sedimentation can be regarded as versatile tool to shed light into the
adsorption behavior of various surfactants.

Concerning an analysis of the average sedimentation coefficients s attributed to
individualized SWCNTs, no significant deviations for HiPco-SC and HiPco-
SDBS, respectively, have been determined. However, they appear to be much
higher for the HiPco-Per dispersions. On the one hand, the higher sedimentation
coefficients could be attributed to a lower degree of debundling in HiPco-Per.
However, statistical AFM analysis on the HiPco-Per dispersions has revealed
superior degrees of individualization opposed to HiPco-SDBS (Sect. 3.1.1.3).
Additionally, the first peak in the c (s) distributions attributed to individualized
nanotubes has been chosen for analysis which widely eliminates the contribution
from bundled nanotubes. On the other hand, it is quite reasonable that individu-
alized SWCNT-Per complexes sediment quicker compared to SWCNT-SC and
SWCNT-SDBS, as the perylenes possess higher molecular weight. Even though
the molecular weight of the surfactant has a minor impact on the sedimentation
rates of metaloxide nanoclusters [86], the situation is different in the case of
nanotubes, as SWCNTs are characterized by very high surface areas with low
molecular weight. Thus, the molecular weight of the surfactant adsorbed even at
moderate packing densities is expected to strongly influence the sedimentation
coefficients. Thus, it is not surprising that the sedimentation coefficients in the case
of HiPco-Per are increased to values above 20 Sv in H2O.

Fig. 3.31 Schematic
illustration of the possible
adsorption mechanisms of
SDBS on a graphitic surface;
a ‘‘tails on’’ configuration,
b ‘‘head to tail’’
configuration. (Reproduced
with permission from Wiley–
VCH, reference 82)
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Furthermore, the anhydrous molar specific volumina of the SWCNT-Per
complexes deserve some attention, as they are strongly related to the packing
density (the number of surfactant molecules per nm nanotube) of the surfactant on
the SWCNT scaffold. Upon comparing the two bolaamphiphilic perylene deriva-
tives 1 and 2, striking differences appear in the anhydrous molar volumina. Even
though the bulky bolaamphiphile 2 is larger, e.g. it possesses higher molecular
weight, the anhydrous molar volume of SWCNT-2 (0.69 cm3 g-1) is strongly
reduced compared to SWCNT-1 (0.81 cm3 g-1) as summarized in Table 3.9. This
fact is attributed to a much lower packing density of the surfactant on the SWCNT
surface which has already been indicated by zeta potential measurements and IR
spectroscopy (Sect. 3.1.1.3). This observation can be understood in terms of a
much higher inter perylene Coulombic repulsion, as 2 is equipped with two second
generation Newkome-type dendrimers with 9 carboxylic acid groups on both sides
of the perylene anchor group. In contrast, 1 bears two first generation Newkome-
type dendrimers with three carboxylic acid groups on both sides of the perylene
core leading to a much reduced Coulombic repulsion. Accordingly, the perylene
surfactant 1 can be more densely packed on the nanotube surface due to the
reduced charge density of the polar head groups.

The result for the anhydrous molar volume of SWCNT-3 nicely completes the
picture. In contrast to the bolaamphiphile 2, the derivative 3 is an amphiphilic
molecule where one second generation Newkome-type dendrimer has been
substituted by an alkyl chain. Thus, the surfactant can be arranged on the nanotube
surface in such a way that the bulky head groups and the alkyl chains are alter-
nating, as schematically depicted in Fig. 3.32. Thus, the amphiphilic perylene
derivative 3 can be more densely packed on the nanotube scaffold compared to 2

-
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SWCNT-SWCNT-

Dentritic 
Head Group

Perylene

Alkyl Chain

Fig. 3.32 Schematic illustration of possible adsorption of the perylene derivatives 2 and 3. The
packing density of the amphiphile can be strongly enhanced compared to the bolaamphiphile, as
an alternating arrangement of alkyl groups and dendritic head groups is possible. (Reproduced
with permission from Wiley–VCH, reference 82)
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which is nicely reflected in the higher anhydrous molar volume (0.75 cm3 g-1).
This adsorption pattern also accounts for the observation that the perylene sur-
factant 3 covers the nanotube surface more homogenously compared to the bo-
laamphiphiles giving rise to a more intense SWCNT nIR emission (compare Sect.
3.1.1.3).

A more precise modeling of the perylene adsorption in the SWCNT scaffold on
the foundation of the hydrodynamic characterization by AUC is not practicable.
This can be traced back to the given uncertainties in the experimental values for f
f0
-1 and M which puts the application of hydrodynamic models such as the

‘smooth-surfactant-cylinder’ of Hersam et al. [76] at fray. Furthermore, those
surfactants that do not collapse flat onto the nanotube surface such as the perylene
surfactants do not match the flat cylinder model and unphysical (e.g. negative)
values for the ligand packing density appear. In contrast, the anhydrous specific
volume is a reliable result that involves little modeling and results directly from
the over-determined sedimentation coefficients.

Within this chapter it has been demonstrated that analytical ultracentrifugation,
especially with multi-wavelength analysis for selective detection of different
fractions, is a powerful tool for giving insights into the packing density and
therefore the adsorption of different surfactants on the nanotube surface. From the
experimentally determined sedimentation rates in water and deuterated water, the
anhydrous specific volume of the SWCNT-surfactant complexes has been
extracted. The difference in the diameter distributions of the pristine SWCNT
material, e.g. HiPco and CoMoCAT SWCNTs is reflected by a broadened c(s)-
distribution in the case of the more polydisperse HiPco nanotubes. A comparison
of SDBS and SC as surfactants has furthermore been related to the adsorption
mechanisms previously discussed in literature [13, 15, 76]. It has been revealed
that SDBS favors the ‘‘tails on’’ configuration for the surfactant concentration
investigated (10 g L-1). From the series of nanotube-surfactant complexes it is
concluded that hydrodynamic modeling is not universally applicable, unless data
from multiple rotational speeds are evaluated globally in order to suppress
uncertainties in diffusion coefficients.

Concerning the analysis of the HiPco-Per dispersions, further evidence has been
provided that the bulky bolaamphiphilic derivative 2 is least densely organized on
the nanotube scaffold which is reflected in a rather low anhydrous molar volume
(0.69 cm3 g-1). Among perylene surfactants, the smallest derivative 1 is most
densely adsorbed on the nanotube backbone with an anhydrous molar volume of
0.85 cm3 g-1. These findings agree well with previous discussions on the foun-
dation of zeta potential measurements and IR spectroscopic investigations. Fur-
thermore, the amphiphilic derivative 3 yields a much higher anhydrous molar
volume compared to the bolaamphiphile 2 which can be rationalized by a simple
adsorption picture where the orientation of alkyl chains and hydrophilic head
groups alternates allowing a more dense arrangement.
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3.1.3 Enhanced Adsorption Affinity of Anionic Perylene Surfac-
tants towards Smaller Diameter SWCNTs

3.1.3.1 Indications for Selective Interaction

Even though the extensive characterization described and analyzed above was able
to shed light into the dispersion efficiencies and the adsorption mechanism of the
designed perylene based surfactants, as well as the structure property relationship
of the SWCNT-Per dispersions, one issue has not been considered so far, namely a
possible selective interactions of the p-surfactants with certain (n, m)-SWCNT
species. As outlined in the introduction, selective SWCNT dispersion is to be
considered as ideal SWCNT sorting scenario owing to its simplicity and the great
potential of scalability. However, convincing examples of this separation meth-
odology are scarce, as the underlying selective interactions are not well captured
on a fundamental and molecular scale.

In the case of the perylene surfactants, selective interaction is indicated by
detailed emission spectroscopic investigations as will be discussed exemplarily
with the amphiphilic derivative 3 as dispersant [1]. As already revealed in Sect.
3.1.1, SWCNT nIR emission intensity is drastically reduced in the HiPco-Per
dispersions compared to HiPco-SDBS. Part of this fluorescence loss was attributed
to the adsorption of the p-stacking perylene core, as well as to the homogeneity of
the surfactant coverage for different perylene derivatives. The peak position of the
remaining fluorescence is additionally strongly attenuated in comparison to HiPco-
SDBS as illustrated in the 3D excitation-emission plots presented in Fig. 3.33. The
relative peak shifts in HiPco-3 (indicated by the red squares and black shaded
backgrounds in Fig. 3.33b) can be plotted as a function of SWCNT diameter to
yield the graph presented in Fig. 3.34. The SWCNT emission appears predomi-
nantly red-shifted when the perylene surfactant is adsorbed. The barthochromic
shift is much more pronounced for smaller diameter, e.g. larger band gap
SWCNTs. Thus, one may conclude that the interaction of the perylene core to the
SWCNT surface depends on the electronic properties of the SWCNT species.

Even though adsorption of an aromatic unit to the nanotube scaffold is often
accompanied with red-shifted emission and absorption [4, 9, 10, 24, 48, 87] the
nature of this shift can be attributed to an increased exposure of the nanotube to the
environment or to an alteration of the exciton binding energy by p-p-stacking
interaction with the surfactant [88]. Recently, Papadimitrakopoulos et al. have
studied the fluorescence of SWCNTs dispersed in various organic solvents by a
flavin based surfactant [48]. They were able to relate a part of the red-shifted
nanotube emission to bundling and debundling effects, uniformity of surfactant
coverage and adsorption of the aromatic compound. They have shown that the
flavin based dispersion in toluene favors a highly uniform surfactant coverage
shielding the nanotubes from the environment and therefore resulting in a superior
nanotube emission quantum yields. However, it is interesting to note that the
nanotube emission in this case was still red-shifted compared to nanotubes
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dispersed in SDBS being indicative for a contribution based on the p-p-stacking
interaction. However, this explanation would not account for the observed
dependency of the SWCNT emission shift on the nanotube diameter.

Since it has been shown by Guldi and co-workers that adsorption of the electron
poor perylene unit leads to p-type doping of the nanotubes [89] it is tempting to
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Fig. 3.33 Photoluminescence maps—with increasing intensity from blue to green to yellow and
to red—of a SWCNT-SDBS b SWCNT-3. For both samples, the dispersions were centrifuged
until an optical density of 0.4 cm-1 (at 740 nm) was reached corresponding to a nanotube
concentration of 0.01 g L-1. The peak positions in HiPco-3 are significantly shifted in
comparison to HiPco-SDBS as indicated by the red circles and white squares. (Reproduced with
permission from the American Chemical Society, reference 1)
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argue that the fluorescence is bleached and shifted due to the electron transfer from
the nanotube to the perylene unit which has previously also been well documented
by O’Connell et al. in the case of the addition of an organic acceptor molecule to a
dispersion of SWCNTs in SDS [90]. However, in their study, O’Connell and co-
workers demonstrated that the addition of the acceptor molecule to the nanotubes
dispersion results in nanotube fluorescence bleaching with the larger diameter, e.g.
smaller band gap nanotubes being affected first, as the charge transfer from the
SWCNT to the organic acceptor is more efficient in the case of the smaller band
gap nanotubes [90]. This observation ultimately indicates a stronger interaction of
the larger diameter nanotubes with the electron acceptor molecules.

In this regard, it is possible to explain the more pronounced red-shift of
SWCNT-Per complexes for smaller diameter nanotubes in two ways. On the one
hand, the increased red-shift may be attributed to a less homogenous perylene
coverage for smaller diameter nanotubes resulting in a more pronounced CNT
exposure to the aqueous environment and therefore a more pronounced red-shift.
This behavior would be related to a lower affinity of the perylene surfactant to
smaller diameter nanotubes. On the other hand, the perylene surfactant may
exhibit a stronger interaction with the smaller diameter nanotubes resulting in a
higher packing density on the nanotube scaffold. This may cause stronger red-
shifting of the nanotube emission by the enhanced p-p-stacking contribution on
smaller diameter nanotubes.

In order to elucidate and understand the rather complex emission properties in
the SWCNT-Per dispersions which are indicative for selective interaction or rather
differences in surfactant packing density in dependency of SWCNT diameter
further investigations are deemed necessary [91]. One possibility to probe relative
changes in the packing density of charged surfactants on the nanotube surface is
the determination of the zeta potential f as already presented in Sect. 3.1.1.3.
Since the interest has been directed to variations of packing density on with
different diameters, CoMoCAT and HiPco SWCNTs have been compared in the
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following. CoMoCAT SWCNTs are characterized by a smaller and narrower
diameter distribution (0.7–0.9 nm) compared to HiPco SWCNTs (0.8–1.4 nm).
The average results of ten zeta potential measurements of the HiPco and CoMo-
CAT dispersed by the aid of the perylene surfactants 1, 2 and 3 in buffered aqueous
media (pH = 7) compared to SWCNT-SDBS (in nonbuffered media) are sum-
marized in Fig. 3.35. As already discussed in context with Fig. 3.8, the zeta
potential is lower in magnitude in the buffered media due to charge screening
effects arising from the pool of counterions. Those effects shall not be discussed in
this section, as focus is directed towards differences in the zeta potential of HiPco
and CoMoCAT SWCNTs.

Upon comparing HiPco to CoMoCAT SWCNTs, only minor differences are
observed in the magnitude of the zeta potential with SDBS as surfactant. The zeta
potential of CoMoCAT is slightly reduced in magnitude presumably due to the
higher curvature allowing only a smaller amount of SDBS molecules to adsorb per
unit length nanotube. This trend is inversed for the perylene surfactants, especially
in the case of the bolaamphiphiles 1 and 2. The magnitude of the zeta potential for
nanotubes dispersed in 2 is increased from -34.7 mV for HiPco nanotubes to
-47.3 mV for CoMoCAT nanotubes. This strongly indicates that the packing of
the bolaamphiphile 2 carrying highly bulky substituents can be strongly enhanced
for smaller diameter nanotubes such as CoMoCAT. A similar behavior has been
observed for 1, although not as pronounced.

As illustrated in Sect. 3.1.2, the packing densities of surfactants can be deduced
from the determination of the anhydrous specific volume on the foundation of the
sedimentation coefficients by means of analytical ultracentrifugation. Since the
differences between the zeta potential of HiPco and CoMoCAT SWCNTs has been
most striking in the case of the bolaamphiphilic surfactant 2, the corresponding
dispersions have been subjected to AUC in water and deuterated water
(Table 3.10).
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Fig. 3.35 Zeta potential of
HiPco and CoMoCAT
SWCNTs dispersed in
buffered solutions of the
perylene derivatives 1–3
(pH = 7) compared to
SWCNT-SDBS (non-
buffered). The error bars are
derived from the standard
deviation over ten
measurements. (Reproduced
with permission from Wiley–
VCH, reference 91)
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In the case of sodium cholate as nanotube surfactant, the differences in the
anhydrous specific volumina �v of CoMoCAT and HiPco SWCNTs, respectively,
nicely account for the variations in the diameter distributions of the pristine
nanotube material. CoMoCAT nanotubes are characterized by a much narrower
diameter distribution with a mean diameter centered at 0.8 nm opposed to HiPco
nanotubes with a mean average diameter of 1.1 nm which is 38% larger in
average. Thus, the anhydrous molar volume of CoMoCAT-SC is smaller by
0.09 cm3 g-1 compared to HiPco-SC (assuming the equal packing density of
sodium cholate onto the SWCNT surface).

Most importantly, the situation is different with the perylene derivative 2 as
nanotube surfactant. In this case, the anhydrous specific volume �v of the nanotube
surfactant complex is higher for CoMoCAT nanotubes, even though their mean
diameter is lower compared to HiPco nanotubes. This striking deviation derived
for 2 as surfactant compared to SC as surfactant points towards a change in the
supramolecular arrangement of the perylene surfactants on smaller diameter
nanotubes. The adsorption geometry of the surfactant has to be altered in such a
way that more perylene molecules can be adsorbed per length unit of SWCNT in
the case of smaller diameter tubes, as has already been indicated by the zeta
potential measurements. Even though two independent characterization techniques
strongly indicate an enhanced adsorption affinity of the anionic perylene surfac-
tants on smaller diameter SWCNTs, additional proof would be desirable.

3.1.3.2 Replacement Titrations with Sodium Dodecyl Benzene Sulfonate
as Cosurfactant

It has been shown by Papadimitrakopoulos and co-workers that a replacement of a
monomeric p-surfactant can be achieved by the subsequent addition of SDBS
unveiling the selective interaction of the initial surfactant [9]. In the following this
procedure has been adapted to the designed perylene based surfactants.

The replacement can be captured by absorption and emission spectroscopy, as
the initially altered SWCNT optical transitions are recovered [9]. Interestingly, in
the case of the perylene derivatives, Raman spectroscopy can also be used to probe
the successful replacement [1]. Figure 3.36 displays the high energy region of the

Table 3.10 Tabulated data of the sedimentation coefficients s in H2O and D2O (denoted by the
subscripts H and D, respectively) and anhydrous specific volume �v of the systems investigated

Sedimentation coefficient
H2O sH (Sv)

Sedimentation coefficient
D2O sD [Sv]

Anhydrous specific
volume �v (cm3 g-1)

CoMoCAT-
SC

13.0 9.2 0.56

HiPco-SC 16.6 10.9 0.65
CoMoCAT-2 15.7 8.7 0.74
HiPco-2 18.7 11.7 0.69
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Raman spectra of the filtrated supernatant of HiPco SWCNTs dispersed in an
aqueous solution of SDBS (SWCNT-SDBS S) in comparison to the filtrated
supernatant of HiPco SWCNTs dispersed in a buffered aqueous solution of 3
before (SWCNT-3 S) and after replacement with SDBS (SWCNT-3 S SDBS) with
an excitation wavelength of 532 nm.

Raman spectra have been recorded from the solid, as the fluorescence of free
bulk perylene impedes with the acquisition in solution. Similarly, Raman spectra
from the pure perylene derivatives in the absence of SWCNTs could not be
recorded due to the strong fluorescence background. Accordingly, the detection of
the perylene Raman signals at 1309, 1389, 1465 and 1582 cm-1 not only proves
the presence of the perylene surfactant after filtration (which has also been dem-
onstrated by XPS and IR spectroscopy in Sect. 3.1.1.3), but also nicely documents
the interaction of the perylene core with the SWCNT scaffold. If there was no
communication between the perylene anchor group with the SWCNT scaffold, the
fluorescence of the perylene would not be quenched and would thus also impede
with the Raman spectroscopic investigation. Significantly, no traces of the per-
ylene surfactant are detected with 633 and 785 nm excitation, as the aromatic
anchoring group is not resonantly excited at the other two wavelengths probed.
Even though the observation that the Raman signals of the perylene moiety can be
mapped concomitantly with the SWCNTs at an excitation of 532 nm has been of
minor importance for this thesis, it has very recently been the foundation for
tracing the interactions of perylene derivatives with graphene [92]. The absence of
the perylene Raman peaks in the spectrum after addition of SDBS (blue trace in
Fig. 3.36) unambiguously evidences the successful replacement of the designed
surfactant 3 by SDBS.

In order to reveal a potential enhanced interaction of the designed perylene
surfactants to SWCNTs of smaller diameters, e.g. larger bandgaps, the replace-
ment of the dispersants 1, 2 and 3 has been followed by subsequent addition of an
aqueous stock solution of SDBS (10 g L-1) [91]. Such a subsequent replacement
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of the perylene derivative from the nanotube sidewall can experimentally by
followed by absorption (Fig. 3.37) and (nIR) emission spectroscopy (Fig. 3.38).

As described previously within this thesis (Sect. 3.1.1.2), the unbound perylene
surfactants 1 and 3 are predominantly self-aggregated in solution, e.g. they form
stable micelles giving rise to an absorption spectrum with A0?0/A0?1 B 0.7.
When adsorbed to the nanotube sidewall, the absorption pattern resembles that of
the monomeric PBIs. However, the perylene transitions are red-shifted when the
perylene molecules are associated with the nanotubes. Thus, it can be concluded
from the perylene transitions presented in the absorption spectra in Fig. 3.38 that
the concentration of free perylene is minimized in the HiPco-Per dispersions (red
traces).

The replacement of the perylene dispersants 1 and 3 from the nanotube sidewall
can nicely be followed by the changes induced in the perylene transitions, as the
pattern is subsequently switched from the ‘‘monomeric’’, that is nanotube adsorbed
signature to the self-aggregated form of the free perylene micelles upon addition of
SDBS. In the case of the bulky bolaamphiphilic derivative 2, the changes are less
clearly discernable, as unbound perylene 2 has a lower tendency to form stable
micelles with an inversed intensity distribution among the vibronic states. Thus,
only a slight blue-shift of the perylene transitions is observed during the SDBS
replacement titration.

Concerning the evolution of the SWCNT nIR emission, in general, upon sub-
stitution of the perylene surfactant by SDBS, the initially quenched nanotube
fluorescence is subsequently recovered and blue-shifted (Fig. 3.38).

To further evaluate the replacement, the evolution of three different fluores-
cence peaks (at 1025, 1125, 1250 nm) corresponding to small (diame-
ter = 0.83 nm, (7, 5)-SWCNT), medium (diameter = 0.89 nm, (7, 6)-SWCNT)
and large diameter (diameter = 0.98 nm, (9, 5)-SWCNT) nanotubes, respectively,
upon the addition of SDBS is compared in Fig. 3.39. The data points have been
fitted to a sigmoidal curve (Boltzmann fit) yielding the respective inflection points
marked by the vertical lines in Fig. 3.39. The emission of the (9, 5)-SWCNT in
recovered first, followed by (7, 6) and (7, 5). Obviously, the perylene surfactant is
first replaced from the larger diameter nanotubes (blue trace) and then from the
smaller diameter nanotubes (red trace) in the HiPco sample for all perylene
derivatives. This strongly supports the conclusion drawn from the zeta potential
measurements, e.g. that the affinity of the perylene surfactant is higher for smaller
diameter nanotubes.

As discernable in the fluorescence spectra of Fig. 3.38, the emission of the
perylene unit (onset at low wavelengths) is slightly convoluting the data, espe-
cially for HiPco-2 (Fig. 3.38b). However, as the evolution of the nanotube emis-
sion peaks are considered relative to the perylene background, the replacement
information can still be extracted.

Since the evolution of the fluorescence spectra during the replacement titration
may be strongly dependent on the preparation conditions such as nanotube con-
centration, perylene concentration and the presence of varying amounts of bundles
due to the ultrasonication and centrifugation processing, the fluorescence titrations
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Fig. 3.37 As recorded
absorption spectra of the
addition of SDBS to buffered
aqueous solutions of HiPco-
Per ([Per]i = 0.1 g L-1).
a SWCNT-1
([SWCNT] = 0.052 g L-1),
b SWCNT-2
([SWCNT] = 0.042 g L-1)
and c SWCNT-3
([SWCNT] = 0.040 g L-1).
The nanotube concentrations
have been calculated from the
optical densities at 740 nm
and the corresponding
extinction coefficient of the
HiPco SWCNTs.
(Reproduced with permission
from Wiley–VCH, reference
91)
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have been repeated with different initial perylene concentrations, but constant
initial nanotube concentrations. In the following only the nanotube concentrations
in the supernatant after centrifugation (calculated from the optical densities in the
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Fig. 3.38 As recorded
fluorescence spectra at
kexc = 660 nm of the
addition of SDBS to buffered
aqueous solutions of HiPco-
Per ([Per]i = 0.1 g L-1).
a SWCNT-1
([SWCNT] = 0.052 g L-1),
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([SWCNT] = 0.042 g L-1)
and c SWCNT-3
([SWCNT] = 0.040 g L-1).
(Reproduced with permission
from Wiley–VCH, reference
91)
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Fig. 3.39 Evolution of the
nanotube emission intensity
upon addition of SDBS to
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SWCNTs. a HiPco-1,
b HiPco-2 and c HiPco-3.
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from Wiley–VCH, reference
91)
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absorption spectra) shall be considered which vary in this series of experiments.
The inflection points (IP) of the replacement titrations as indicated in Fig. 3.39 and
the corresponding concentrations of perylene and nanotube are summarized in
Table 3.11. The corresponding spectra of the fluorescence titrations, as well as the
evolution of the fluorescence intensities can be extracted from the supplementary
information of Ref. [91].

As already mentioned above, the concentration of nanotubes in the supernatant
after centrifugation is not equal in every experiment due to the preparation of the
dispersions involving ultrasonication and centrifugation. This may also lead to
different bundle size distributions of the nanotubes in the set of experiments
performed here. One might expect that even slight fluctuations in the bundle size
distributions arising from the preparation of different samples might have a large
impact on the replacement data, as the SWCNT surface area being accessible to
the adsorption of the perylene surfactants is significantly reduced in bundles
opposed to individualized nanotubes. However, this effect is obviously negligible,
as the position of the inflection points summarized in Table 3.11 are well
reproducible.

However, the situation is different when the concentration of perylene disper-
sants is changed, at least in the case of 3. The concentration of the perylene
surfactants in the dispersions has been varied in order to elucidate whether the
concentration of free perylene not being bound to the nanotube scaffold influences
the position of the inflection point of the titration. In the case of the bolaamphi-
philic derivatives 1 and 2, the inflection point of the titration is independent on the
concentration of the perylene dispersant, whereas much more SDBS is required
(with respect to the amount of nanotubes dispersed) to induce the replacement of 3
when free perylene is present in the dispersion (compare [3] = 0.1, 0.2 and
0.5 g L-1). It may thus be concluded that the amphiphilic perylene derivative 3 is

Table 3.11 Inflection points (IP) of the replacement titrations for small (7, 5), medium (7, 6) and
large (9, 5) diameter HiPco SWCNTs as indicated in figure 3.39 and the SWCNT, as well as
perylene concentrations in the respective experiments

Per [Per]/g L-1 [HiPco]/g L-1 IP (7, 5) SWCNT IP (7, 6) SWCNT IP (9, 5) SWCNT

Mean value Mean value Mean value

1 0.1 0.052 1.81 1.88 1.75 1.82 1.74 1.81
0.2 0.021 1.96 1.89 1.89
0.5 0.024 1.87 1.81 1.79

2 0.1 0.042 1.31 1.34 1.23 1.23 1.18 1.17
0.2 0.023 1.41 1.26 1.17
0.5 0.017 1.31 1.21 1.17

3 0.1 0.043 3.25 3.35 3.15 3.15 2.93 2.93
0.1 0.054 3.00 2.71 2.31
0.1 0.049 3.77 3.59 3.54
0.2 0.016 6.58 6.49 6.42
0.5 0.0056 39.7 38.8 38.0
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interacting with the structurally similar SDBS molecules so that the SDBS is
captured in solution by free perylene micelles. Accordingly, the inflection point of
the replacement titration is shifted to higher perylene concentrations. Obviously,
this is not the case for the bolaamphiphilic perlyenes 1 and 2. The formation of
mixed micelles of the perylene dispersants with SDBS and other commercially
available detergents will be addressed in Sect. 3.1.5.

As a consequence, it is crucial to minimize the amount of free perylene
micelles, at least in the case of the amphiphile 3. Therefore the titration has been
performed three times with a perylene concentration of 0.1 g L-1. From the
absorption spectra (Fig. 3.37) it can be concluded that the perylene dispersant is
predominantly associated with the nanotube surface, as the pattern of the perylene
transitions is significantly changed compared to unbound perylene micelles.

Upon comparing the mean values of the inflection points of the titrations of the
different perylene dispersants, it is striking that the bulky bolaamphiphile 2 is
replaced fastest (as indicated by the lowest values for the inflection points sum-
marized in Table 3.11), followed by 1 and 3. This can be rationalized in terms of a
decreasing packing density of the perylene molecules on the nanotube surface in
the order 2 \ 1 \ 3, as already discussed in Sects. 3.1.1.3 and 3.1.2.2.

In any case, the replacement titrations yielded useful information of the inter-
action of the perylene dispersants with the nanotubes. Most importantly, it is
obvious that all the anionic perylene derivatives investigated are first replaced from
larger diameter nanotubes (9, 5), followed by medium (7, 6) and smaller diameter
nanotubes (7, 5). This strongly points towards an enhanced adsorption affinity of the
perylene dyes towards smaller diameter, e.g. larger band gap nanotubes. This effect
is least pronounced for the small bolaamphiphilic derivative 1, as the differences
between the inflection points in the titration of the (n, m) SWCNT are smaller
compared to the other perylene derivatives. Thus, evidence arising from three
completely independent characterization techniques (zeta potential, hydrodynamic
characterization by analytical ultracentrifugation and replacement titrations fol-
lowed by SWCNT nIR emission) can be cumulated to result in a picture of
enhanced adsorption affinity of the anionic perylene derivatives towards smaller
diameter SWCNTs.

This observation is not easy to rationalize, however, as the adsorption of the
electron poor perylene unit and the thus resulting p-type doping of the SWCNTs
would be expected to follow the opposite trend. In the following, an adsorption
hypothesis is postulated that would nonetheless account for the enhanced
adsorption affinity towards smaller diameter nanotubes (Fig. 3.40).

As presented elsewhere adsorption of the perylene unit leads to permanent p-
type doping of the nanotubes [89] (Fig. 3.40a). Hereby, larger diameter SWCNTs
are presumably more prone to the electron transfer opposed to smaller diameter
nanotubes due to their smaller band gap. Thus the larger diameter SWCNTs are
more positively charged. This may lead to an attraction of the negatively charged
dendrimer substituents in the periphery which bend towards the nanotube scaffold
(Fig. 3.40b). In contrast, this attractive force may be reduced for the smaller
diameter nanotubes. Additionally, repulsive Coulombic forces between the two
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dendrimers on both sides of the perylene moiety may cause the substituents to
point into solution, e.g. away from the nanotube surface (Fig. 3.40c). A larger area
per unit length of nanotube then remains bare so that more surfactant molecules
can be adsorbed leading to a higher packing density onto the nanotube surface.

Fig. 3.40 Schematic illustration of the possible adsorption of the perylene bolaamphiphile 2 on
larger and smaller diameter SWCNTs. In the case of larger diameter SWCNTs the packing
density of the perylene surfactant is reduced due to Coulombic attraction of the p-type doped
SWCNTs and the negatively charged Newkome-type dendrimer substituents of the perylene
surfactant. In the case of smaller diameter nanotubes, the p-type doping is less pronounced
rendering the repulsion between the dendrimers the dominant force so that the substituents point
away from the nanotube scaffold. This ultimately increases the packing density of the perylene
surfactants. (Reproduced with permission from Wiley–VCH, reference 91)
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Even though the adsorption hypothesis presented in Fig. 3.40 explains the
experimental observations and is thus quite reasonable, further experiments are
deemed necessary such as the investigation of cationic perylene derivatives, as will
be addressed in the following chapter. In principle, the elucidation of a potential
selective interaction of a perylene based surfactant with analogous structure, but
different head charge should clarify the issue of the adsorption hypothesis, as the
dendritic head group should not be attracted by the SWCNT surface in this case
and accordingly, a cationic derivative should not exhibit an enhanced adsorption
affinity towards smaller diameter nanotubes.

3.1.4 SWCNT Dispersion by a Cationic Perylene Based Surfactant

In an attempt to support the adsorption hypothesis of the anionic perylene deriv-
atives, the bolaamphiphilic cationic perylene derivative 9 has received consider-
able attention. The emphasis has been laid on potential selective interactions of the
cationic derivative with SWCNTs of certain diameters which should follow the
opposite trend, e.g. preferred arrangement on larger diameter SWCNTs.

9

In an initial set of experiments, the replacement of the cationic perylene
derivative from the SWCNT scaffold by SDBS in analogy to the experiments
described in Sect. 3.1.3.2 has been investigated. However, no replacement could
be observed by absorption or emission spectroscopy. Most importantly the
SWCNT-perylene complex precipitated upon the addition of SDBS (especially
striking above the cmc of SDBS) indicating that the charges on the SWCNT
surface introduced by the cationic surfactant have been neutralized by the anionic
cosurfactant SDBS. This extensive charge screening resulted in an aggregation of
the SWCNT-9 colloids. From the outcome of this experiment, it is obvious that the
insights gained from the anionic perylene derivative surfactants cannot be directly
transferred to the cationic system.
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Accordingly, the dispersion of SWCNTs by the perylene derivative 9 has been
extensively investigated within the bachelor thesis of Sebastian Etschel in 2010
(Department of Chemistry and Pharmacy, Friedrich-Alexander University Erlan-
gen-Nuremberg). The most important findings in context of this thesis shall be
summarized in the following.

In a first set of experiments, the SWCNT dispersion efficiencies have been
determined in aqueous media at different pH values and with different ionic
strengths (comparison of buffered and non-buffered media) as summarized in
Table 3.12. The dispersion efficiencies have been calculated from the SWCNT
concentration (or rather optical densities) in the supernatant dispersion after mild
centrifugation with an initial SWCNT:9 ratio of 1:2. In general, the dispersion
efficiencies are strongly decreased in buffered media (30% at pH = 7) opposed to
the non-buffered environment (80% at pH = 7). This can be traced back to charge
screening effects of the surfactant head charges by the pool of counterions in
solution in buffered media as has already been discussed within this thesis.

The maximum dispersion efficiency with aid of the cationic perylene-based
surfactant is reached in non-buffered aqueous media at pH = 7 with 80% of the
SWCNT pristine material being stably dispersed. At first glance this value appears
extraordinarily high in comparison to the anionic structural analogue 1 (Table 3.1
and Ref. [2]). In this context it should be noted that similar dispersion efficiencies
can be achieved with the aid of 1 under ideal dispersion conditions, e.g. basic non-
buffered aqueous environment with K+ as counterion (Table 3.7 and Ref. [71]).

Since the cationic perylene derivative 9 is equipped with permanent positive
charges in the dendritic periphery, dispersion of the SWCNTs should be in prin-
ciple independent on the pH of the surrounding aqueous medium. As discernable
from Table 3.12, the pH has a tremendous and unexpected effect on the dispersion
efficiencies with aid of the cationic perylene surfactant. The solubilization in acidic
media has shown to be rather inefficient in comparison to the scenario at neutral
pH. This behavior can be explained in terms of the introduction of positive charges
on the nanotubes at pH values below their point of zero charge. This may lead to
Coulombic repulsion with approaching cationic surfactants and therefore
decreased solubilization in acidic media. Similar results have been obtained by

Table 3.12 Tabulated data of the initial HiPco SWCNT ([HiPco]i) and perylene surfactant ([9]i)
concentrations and the SWCNT concentrations in the supernatant after centrifugation [HiPco]s

calculated from the optical densities at 740 nm in the absorption spectra

[HiPco]i/g L-1 [9]i/g L-1 [HiPco]s/g L-1 (%)

Non-buffered pH = 7 0.05 0.1 0.04 (80)
Non-buffered pH = 10 0.05 0.1 0.014 (28)
Non-buffered pH = 3 0.05 0.1 0.015 (30)
Buffered pH = 7 0.05 0.1 0.015 (30)
Buffered pH = 10 0.05 0.1 0
Buffered pH = 3 0.05 0.1 0
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Resasco and co-workers with SDBS as surfactant in basic environments (above
pH = 10) far below the cmc of SDBS [13].

Most strikingly, the dispersion efficiency of the cationic perylene surfactant 9
drops from 80% at pH = 7 to only 28% in basic media (pH = 10). Even though
the counterion and concentration of counterions has shown to play a critical role
(Sect. 3.1.1.4 and Ref. [71]) for the dispersion of SWCNTs, a larger pool of
hydroxyl counterions in the pH = 10 dispersion is not likely to have such a
pronounced effect on the dispersion efficiencies. As revealed by a variety of further
investigations (see Bachelor thesis Sebastian Etschel), the ester functionalities
linking the cationic pyridine moiety to the dendrimer of the head group are not
long-term stable in aqueous media. The ester hydrolysis is accelerated by the
presence of hydroxyl anions so that the perylene derivative 9 loses its functionality
as cationic SWCNT surfactant resulting in decreased dispersion efficiencies.
Similarly to the addition of SDBS to the HiPco-9 dispersion, the partial trans-
formation of 9 to an anionic derivative results in charge neutralization on the
SWCNT surface and therefore drastically reduced dispersion efficiencies.

Even though care must be taken when investigating the SWCNT-9 dispersion
due to the potential ester hydrolysis, the results can be considered as qualitatively
reliable when the analysis occurs immediately after preparation of the dispersions.
Thus, it was possible to deduce the optimal ratio of HiPco SWCNTs to 9 by
SWCNT nIR emission, perylene emission and absorption spectroscopy. Interest-
ingly, the ideal ratio of SWCNT:9 to yield samples with maximum SWCNT
individualization rates and minimum concentration of free bulk perylene surfactant
was found to be 1:2.4 (by mass). In comparison to the anionic analogue perylene 1
(HiPco:1 = 2:1 in buffer pH = 7 and 1:1 in buffer pH = 10) qualitatively more
perylene is adsorbed on the SWCNT sidewall in case of the cationic derivative 9
pointing towards higher packing densities and better exfoliation of the SWCNTs.
This could in principle be rationalized by a supramolecular arrangement of the
perylene derivative 9 with the dendritic arms pointing in solution similar to the
anionic derivatives with smaller diameter SWCNTs. However, a direct comparison
is not possible, as the investigations with the anionic derivatives have been carried
out in buffered media opposed to the cationic system.

The ideal preparation conditions (ratio HiPco:9 = 1:2.4, non-buffered media,
pH = 7) have been applied to further investigations focusing on potential selective
interactions of the cationic perylene derivative with SWCNTs of certain diameters
(or band gaps). Another indication towards a different adsorption behavior of the
cationic derivative 9 in comparison to the anionic derivative 1 arises from the
SWCNT emission spectra presented in Fig. 3.41. In both cases the concentration
of free perylene surfactant has been minimized in order to avoid data convolution
by emission of unbound perylene. Even though the SWCNT emission is red-
shifted in both cases with respect to the HiPco SWCNTs dispersed in an aqueous
solution of SDBS, subtle differences arise for the anionic and cationic perylene
based surfactants. For instance, the red-shift of the large diameter (9, 5)-SWCNT
(at 1250 nm in HiPco-SDBS) is more pronounced when the cationic derivative is
used as dispersant. Additionally, the signals for smaller diameter SWCNTs (with
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emission peaks below 1100 nm) are not completely quenched (or bleached) in
HiPco-9 as surfactant in contrast to HiPco-1.

This qualitative comparison points towards the desired direction, e.g. a different
adsorption geometry of the anionic in comparison to the cationic perylene dis-
persant. However, the emission spectroscopic data at this point should not be
overrated, as on the one hand, multiple factors influence the nIR SWCNT emission
(as already discussed). On the other hand, no quantitative comparison of the
HiPco-1 and HiPco-9 spectra is possible due to necessary variations in the prep-
aration conditions (ionic strengths, SWCNT concentrations in the supernatant,
perylene dispersant concentrations). Accordingly, further support is sought for.

The most convincing evidence for the enhanced adsorption affinity of the
anionic perylene derivatives towards smaller diameter SWCNTs has been found in
replacement titrations with the anionic detergent SDBS. It is quite reasonable to
assume that a successful replacement can only be promoted with like-charged
detergents, e.g. it could be endeavored that a cationic p-surfactant such as 9 can be
replaced by a cationic detergent such as DTAB. Accordingly the effect on the
optical properties of a HiPco-9 supernatant dispersion ([HiPco]i = 0.06 g L-1,
[9]i = 0.15 g L-1) upon subsequent addition of DTAB (as solid) has been
investigated.

The absorption spectra of the subsequent addition of DTAB to HiPco-9 are
displayed in Fig. 3.42. The perylene bands originally centered at 510 and 560 nm
undergo dramatic changes. Most significantly, a band arises at 530 nm (marked by
the green shaded background) which may be attributed to mixed aggregates of 9
and DTAB. A more detailed investigation concerning this subject is presented in
Sect. 3.1.5. The perylene band centered at 560 nm (marked by the grey shaded
background) which is associated with perylene moieties anchored to the SWCNT
scaffold is not altered below a DTAB concentration of 12 g L-1 (already well
above the cmc). Additionally, the energies of the excitonic SWCNT transitions are
not changed, e.g. no peak shifts are observed in the nIR region of the spectrum.
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Both observations can be explained in terms of the formation of mixed micelles of
free bulk perylene 9 with DTAB. A replacement from the SWCNT sidewall is not
indicated below a DTAB concentration of 12 g L-1.

As revealed by the absorption spectra in Fig. 3.42b, further increasing the
concentration of DTAB results in a decrease of the perylene band centered at
560 nm pointing towards a successful removal of the perylene anchoring unit from
the SWCNT sidewall. Concomitantly, the perylene band at 530 nm increases, as
the free perylene molecules may also interact with DTAB further indicating that a
replacement of the cationic perylene derivative has been achieved by the addition
of DTAB. However, it is quite surprising that no peak shifts are induced in the
characteristic SWCNT transitions, in contrast to the successful replacement of
anionic perylene derivatives by SDBS (compare Fig. 3.38). In line with the
absorption spectra presented in Fig. 3.42, no peak shift has been observed in the
SWCNT nIR emission spectra upon addition of DTAB to HiPco-9.

Despite the absence of dominant alterations of the SWCNT transition energies,
changes are induced by the addition of DTAB, as most prominent for the spectrum
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of HiPco-9 S+DTAB 86.0 g L-1. The SWCNT transitions appear significantly
broadened and the absorbance was first decreased and then increased again. Such a
behavior can be traced back to aggregation of SWCNTs which may lead to pre-
cipitation and the introduction of scattering effects in the absorption spectra.
Indeed, flocculation of the SWCNT has been observed after storing the sample at
room temperature for 1 h.

Obviously, DTAB is capable of removing the cationic perylene derivative from
the SWCNT sidewall. However, a replacement cannot be conveniently followed in
the SWCNT absorption and emission in contrast to the replacement of the anionic
perylene derivatives by SDBS, as the nanotubes where the cationic dispersant 9
has been removed are not stable in the aqueous solution. They aggregate and
finally flocculate so that no changes are captured by their optical characterization.

The reason for this aggregation is not easy to rationalize, as DTAB is a suitable
and well known detergent for the solubilization of SWCNTs. However, it has been
shown that SWCNT dispersions with the aid of a structural analogue cetyl tri-
methyl ammonium bromide are not stable in basic media [14]. A pH measurement
of the HiPco-9 S sample after addition of DTAB has revealed a pH value of 12,
even though the initial pH before the addition of DTAB was 7. The nature of this
increased pH is not clear, but the consequences are striking. On the one hand, the
increased pH may induce the precipitation of the nanotubes after the cationic
perylene derivative 9 has been removed from the sidewall and replaced by DTAB
in analogy to Ref. [14]. On the other hand, the ester of the cationic perylene
derivative may be hydrolyzed (as has been shown in the Bachelor thesis of
Sebastian Etschel) resulting in the generation of an anionic perylene derivative.
Similarly to the addition of SDBS to HiPco-9 the presence of DTAB would
neutralize the surfactant charges on the SWCNT sidewall and induce a precipi-
tation of the material.

Even though the SWCNT flocculation is quite surprising it may in principle be
exploited for the separation of SWCNTs if the underlying interaction of the
p-surfactant with the SWCNTs is selective for certain (n, m)-species and if the
ester hydrolysis is not responsible for the flocculation. This could most conve-
niently be analyzed by a water soluble cationic perylene derivative which is stable
under basic conditions in the future (for example by exchanging the ester with
amide functionalities). Further effort towards elucidating the potential replace-
ment, or rather SWCNT flocculation of HiPco-9 upon the addition of DTAB has
not been taken within this thesis.

In summary, the cationic perylene derivative 9 is a powerful surfactant for the
solubilization of SWCNTs at neutral pH, especially at low ionic strength. How-
ever, the ester functionalities are not long-term stable in aqueous solutions,
especially at elevated pH. A selective interaction of the cationic perylene deriv-
ative with certain SWCNT species could not conveniently be evidenced, as an
attempt to replace the cationic perylene surfactant with DTAB in analogy to the
replacements of the anionic derivatives with SDBS yielded complex surfactant and
cosurfactant mixtures. Changes in the optical transitions of the nanotubes could
not be followed, as the SWCNT flocculated upon the addition of DTAB. Thus, the
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adsorption hypothesis of the supramolecular arrangement of the anionic perylene
derivatives (Fig. 3.40) could not be proven by the investigations with the deriv-
ative 9 mainly due to the instability of this derivative in basic media.

The investigations presented in this chapter also pointed towards complex
interactions of the designed perylene derivatives with commercially available
detergents. Since the supramolecular arrangement of the perylene derivatives in
mixed structures with the cosurfactants may also play a significant role during the
replacements on the SWCNT surface, the elucidation of these structures and the
underlying interactions deserves some attention in the following.

3.1.5 Formation of Mixed Surfactant-Cosurfactant Structures

The perylene bisimide derivatives already introduced within this thesis represent
an ideal model substance class for the investigation of the supramolecular
arrangement with other surfactants, as their optical properties can be regarded as
fingerprint of their aggregation state so that a variety of molecules can be screened
for positive or negative interaction by absorption and emission spectroscopy. This
will be demonstrated in the following with the anionic bolaamphiphilic perylene
derivative 1, the anionic amphiphilic perylene derivative 3 and the cationic bo-
laamphiphilic derivative 9. In each case, a 10-5 M buffered aqueous solution of
the perylene derivative was mixed 1:1 by volume with an aqueous solution of
1 wt% SDBS, SDS, SC, SDC and DTAB, respectively. In some instances the color
of the solutions changed instantaneously in comparison to the reference experi-
ment (dilution of the perylene solutions with water), as summarized by the pho-
tographs in Fig. 3.43. The differences are even more striking in the fluorescence
photographs (excitation of 366 nm) displayed as second photograph in each sector
of Fig. 3.43. An increased fluorescence of the perylene derivatives points to a
decreased perylene–perylene interaction and as a consequence to a supramolecular
aggregation with the cosurfactant that has been added.

In general, the perylene derivatives are self-aggregated in buffered solutions at
the concentration investigated. Qualitatively, the same effects are observed in non-
buffered media. However, as solutions of perylene derivative 1 at a concentration
of 5 9 10-6 M also contain a significant amount of free, e.g. non-aggregated
perylene (compare Fig. 3.18 and 3.19), the changes induced by the cosurfactants
are less striking. Therefore, focus is directed towards the buffered solutions in the
screening experiments.

From the photographs presented in Fig. 3.43, it can be deduced that the bola-
amphiphilic anionic derivative 1 is not significantly interacting with the anionic
amphiphiles SDBS and SDS. However, as has already been indicated by the
replacement titrations presented in Sect. 3.1.3.2, the amphiphilic derivative 3 is
indeed forming mixed aggregates with the amphiphiles SDS and SDSB despite the
like head charges. In any case, an interaction is discernable in systems with mixed
head charges, for example the anionic perylene derivatives 1 and 3 with DTAB
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and the cationic perylene derivative 9 with SDS and SDBS. Obviously, the facial
amphiphiles SC and SDC interact with every perylene derivative investigated in a
similar fashion. In this regard it is interesting to note that the perylene-SDC
solutions turn into thixotropic liquids after being stored several days at room
temperature.

The system 9-DTAB yields a rather unexpected result, as no interaction would
be endeavored in solutions of a bolaamphiphilic perylene with a like-charged
amphiphile. It will be investigated in detail later on in this chapter.

Fig. 3.43 Photographs of the solutions of the perylene derivatives 1, 3 and 9 (5 9 10-6 M) in
the presence of the respective surfactants SDBS, SDS, SC, SDC and DTAB (5 g L-1) under
white light illumination and UV irradiation (366 nm). Color changes with respect to the reference
solutions (in the absence of a cosurfactant) indicate the formation of mixed supramolecular
aggregates
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The absorption and emission spectra (excitation of 500 nm) corresponding to
the solutions in the photographs of Fig. 3.43 are displayed in Fig. 3.44, as they
represent a spectroscopic view of the color changes and the interaction of the
perylene derivatives with the cosurfactants.

300 400 500 600 700
0.0

0.1

0.2

0.3

O
p

tic
a

lD
en

si
ty

/c
m

-1

Wavelength / nm

1 (5 x 10-6M in buffer pH = 7)
1-SDBS
1-SDS
1-SC
1-SDC
1-DTAB

300 400 500 600 700
0.00

0.05

0.10

0.15

3 (5 x 10-6M in buffer pH = 7)
3-SDBS
3-SDS
3-SC
3-SDC
3-DTAB

O
pt

ic
al

D
en

si
ty

/
cm

- 1

Wavelength / nm

300 400 500 600 700
0.0

0.2

0.4

0.6

0.8
9 (5 x 10-6M in buffer pH = 7)
9-SDBS
9-SDS
9-SC
9-SDC
9-DTAB

O
p

tic
a

lD
en

si
ty

/
cm

-1

Wavelength / nm

500 600 700 800
0.0

0.5

1.0

1.5

E
m

is
si

on
In

te
ns

ity
/1

0
4

co
un

ts

Wavelength / nm

1 (5 x 10-6 M, buffer pH = 7)
1-SDBS
1-SDS
1-SC
1-SDC
1-DTAB

exc = 500 nm

500 600 700 800
0

1

2
3 (5 x 10-6 M, buffer pH = 7)
3-SDBS
3-SDS
3-SC
3-SDC
3-DTAB

E
m

is
si

o
n

I n
te

ns
ity

/1
04

co
u

nt
s

Wavelength / nm

exc = 500 nm

500 600 700 800
0

1

2

3

4

5 9 (5 x 10-6 M, buffer pH = 7)
9-SDBS
9-SDS
9-SC
9-SDC
9-DTAB

E
m

is
si

on
In

te
ns

ity
/1

0
4

co
un

ts

Wavelength / nm

exc = 500 nm

(a) (b)

(c) (d)

(e) (f)

Fig. 3.44 Optical absorption spectra of a 1 (5 9 10-6 M) in the presence of the cosurfactants
SDBS, SDS, SC, SDC and DTAB (5 g L-1), c 3 (5 9 10-6 M) in the presence of the
cosurfactants SDBS, SDS, SC, SDC and DTAB (5 g L-1) and e 9 (5 9 10-6 M) in the presence
of the cosurfactants SDBS, SDS, SC, SDC and DTAB (5 g L-1) in buffered solutions of pH = 7.
Figures b, d and f display the corresponding emission spectra with an excitation wavelength of
500 nm
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The absorption features of the perylene derivatives have already been exten-
sively discussed within this thesis and shall therefore only be briefly described in
this chapter. In the cases where a pronounced interaction of the perylene deriva-
tives with the cosurfactants is observed, the perylene transitions are changed and
resemble the signature of the monomeric species with normal Franck–Condon
progression in the absorption spectra (Fig. 3.44a, c and e). The perylene emission
intensity is concomitantly increased and slightly blue-shifted with regard to the
reference samples in these cases (Figs. 3.44b, d and f) also evidencing reduced
perylene–perylene interaction. Please note that the optical properties and the
quantum yields of the perylene derivatives can thus be tuned and controlled by the
addition of cosurfactants. The only exception from this general trend is the solu-
tion of 1-SDC where very large aggregates are formed within minutes inducing a
pronounced scattering in the absorption spectrum (resulting in the non-zero
absorption background) and a quenching or bleaching of the perylene emission.

From the surfactant screening presented above, it appears quite surprising that
the cationic bolaamphiphile 9 exhibits a pronounced interaction with the surfactant
DTAB, while no such aggregation is discernable in the cases of the anionic ana-
logue 1-SDBS (or 1-SDS). In order to elucidate this discrepancy, the system has
been investigated in more detail. For this purpose, a stepwise addition of solid
DTAB to a nonbuffered solution of 9 was followed by absorption and emission
spectroscopy. As indicated by the absorption spectra (Fig. 3.45a), no pronounced
interaction can be traced below the cmc of DTAB (13 mM [93]). However, above
the critical micelle concentration of the cosurfactant (Fig. 3.45b), the perylene
bands undergo dramatic changes and are transformed to the pattern of monomeric
perylene bisimide derivatives (as has already been indicated in Fig. 3.44e).
Qualitatively the same evolution has been observed at higher concentrations of the
perylene derivative. However, a higher concentration of DTAB has been necessary
to complete the change to the monomeric PBI pattern.

The emission intensity of the perylene unit significantly increases by the
addition of DTAB, as exemplarily depicted in the 2D excitation-emission contour
plots in Figs. 3.46a and 3.46b. The approximately 3.5-fold increase in emission
intensity can best be mapped by the emission spectra with 530 nm excitation
presented in Fig. 3.46c. Again, the striking changes occur above the cmc of DTAB
in complete agreement with the absorption spectra.

Interestingly, the emission intensity is not only increased in 9-DTAB (above the
cmc of DTAB), but the excitation-emission maximum of the perylene moiety is
also slightly blue-shifted compared to the reference system in the absence of
DTAB (from excitation 531.5 nm and emission 543 nm to excitation 528.5 nm
and emission 531 nm). Despite the fact that the perylene emission in the aqueous
solution of 9 predominantly arises from monomeric PBIs, a clear contribution
from the self-aggregation arises which is manifested as red-shift compared to the
9-DTAB solutions where the perylene–perylene interaction has been disrupted by
the supramolecular arrangement with the cosurfactant.

Unambiguous evidence that the perylene–perylene interaction has been broken
up by the addition of DTAB arises from Figs. 3.46d, e. In the absence of DTAB,
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the perylene derivative 9 is strongly self-aggregating resulting in a significant
deviation of the absorption from the excitation spectra (at 530 nm). If the mole-
cules were not self-aggregating, the normalized absorption and excitation spectra
should be equal and both should be a mirror image of the emission spectrum—a
situation observed after addition of DTAB (Fig. 3.46e).

In order to structurally elucidate the 9-DTAB complexes, samples have been
subjected to cryo-TEM imaging. Since higher concentrations are favorable for this
microscopic technique, samples have been prepared with [9] = 10-4 M. The
subsequent addition of DTAB has been followed by absorption spectroscopy.
DTAB concentrations of 0.012 M (below cmc) and 0.16 M (above cmc) have been
chosen as representatives of the perylene 9-DTAB system above and below the
cmc of DTAB. Despite the higher concentrations, the samples are spectroscopi-
cally well comparable to the samples 9+DTAB 12.8 mM and 9+DTAB 32.4 mM
displayed in Figs. 3.45 and 3.46.

Representative cryo-TEM images of an aqueous solution of 9 and the system 9-
DTAB below and above the cmc of DTAB are displayed in Fig. 3.47. The
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spectra of the subsequent
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significant structures are indicated by the markings in Figs. 3.47a, c, e. In con-
trast to the anionic bolaamphiphilic perylene derivatives 1 and 2 [3], the cat-
ionic derivative 9 forms aligned fiber-like aggregates with a diameter of
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2.8 ± 0.5 nm (Figs. 3.47a, b). The small regions of high contrast especially dis-
cernable in Fig. 3.47b can be attributed to the fiber-like aggregates imaged along
the axis. After the addition of DTAB, rather inhomogenous spherical aggregates
with diameters of approximately 40 nm are formed (Figs. 3.47c, d). The obser-
vation that the large objects appear either spheric or ellipsoidic indicates that the
structures are vesicles. In the samples 9-DTAB above the cmc of DTAB, well
defined fiber-like micelles with a length of 15 nm are observed (Fig. 3.47e)
additionally to the small regular micelles of 4 nm diameter which can be attributed
to free DTAB micelles not interacting with perylene (Fig. 3.47f).

Even though the arrangement within these supramolecular aggregates cannot be
resolved by cryo-TEM imaging, this technique is highly versatile, as it nicely
evidences the structural changes in solution which give rise to the differences in
the optical properties of the mixed surfactant-cosurfactant systems. However, the
role of the cationic head group remains unclear.

In order to further gain insights in the nature of the supramolecular assembly of
9 and DTAB, a variety of reference experiments have been carried out including
the subsequent addition of SDBS to an aqueous solution of 9 and the subsequent
addition of DTAB to a buffered aqueous solution of the anionic perylene derivative
1. In case of the mixed head charge system 9-SDBS, the absorption cross section
of the perylene derivative decreases after the first addition step and is then sub-
sequently recovered with increasing concentrations of SDBS, slightly blue-shifted
and the contribution from the 0?0 perylene transition (at 540 nm) rises somewhat
with respect to the 0?1 perylene transition (Fig. 3.48a).

The evolution of the perylene emission followed at an excitation wavelength of
530 nm is characterized by a sudden drop in intensity after the first SDBS addition
step. The emission intensity is then recovered subsequently and slightly blue-
shifted in comparison to the spectrum in absence of SDBS (Fig. 3.48b) in analogy
to the absorption spectra.

In this regard it is interesting to note that the formation of a broad excimer
emission band as indicated in the 2D excitation-emission contour plots in Fig. 3.49
is observed at low SDBS concentrations.

Obviously, the oppositely charged SDBS molecules neutralize the charges of
the cationic perylene derivative at low SDBS concentrations resulting in an even
more pronounced self-aggregation. At higher SDBS concentrations, the system
undergoes a structural rearrangement inducing increased fluorescence intensities.

Again, the perylene fluorescence intensity is strongly increased far above the
cmc of SDBS (2.8 mM) [94] to yield a maximum emission intensity which is
higher by a factor of 3.5 pointing towards a complete breaking up of the perylene–
perylene aggregates similarly to the situation presented in 9-DTAB. It has been
known since the 1940s that it is possible to determine the cmc of detergents by
following emission quantum yields of self-aggregating fluorophores in aqueous
solutions. Accordingly, different dyes have been used to determine the cmc of
anionic and cationic detergents by using their optical properties as fingerprint for
their aggregation [94, 95]. Hereby, a dye solution can be either used to determine
the cmc of anionic or cationic detergents depending on the charge of the dye. This
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further underlines the exceptional situation presented by studying the aggregation
behavior of the cationic perylene derivative 9, as a pronounced interaction with
both anionic and cationic amphiphiles has been evidenced. Accordingly, it can be
envisaged that an interaction additional to the electrostatic forces between the head
groups plays a significant role in the aggregation of the cationic perylene deriv-
ative with DTAB.

To further evaluate the presence of this interaction beyond electrostatic effects,
the subsequent addition of DTAB to the anionic perylene derivative 1 has been
investigated. In this surfactant-cosurfactant system, both the electrostatic attraction
between the oppositely charged head groups in analogy to 9-SDBS, as well as the
‘‘DTAB-perylene’’ interaction in analogy to 9-DTAB can in principle occur.

The optical properties of the perylene derivative 1 at low DTAB concentrations
(below 6.4 mM) are characterized by the formation of strong perylene–perylene
aggregates (Fig. 3.50). In absorption spectroscopy (Fig. 3.50a) this is reflected by
a nonzero background which can be attributed to large scattering particles. In total
agreement with this observation, the perylene emission is dramatically reduced in
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intensity (Fig. 3.50b). This effect is qualitatively similar to the first addition steps
of SDBS to the perylene derivative 9 (see Fig. 3.49) and can be traced back to the
charge neutralization of the dendritic head groups in the perylene derivative due to
the addition of the oppositely charged detergent. Please note that a direct com-
parison between the two systems is not possible, as the self-aggregation behavior
of the perylene derivatives, as well as that of the cosurfactants is different. Fur-
thermore, the perylene concentration is not equal in both sets of experiments and
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the subsequent addition of DTAB to 1 has been carried out in buffered media
opposed to the experiments with the cationic derivative.

Above DTAB concentrations of 9.8 mM the perylene–perylene aggregates are
again broken up resulting in an inversion of the perylene bands in the absorption
spectra (Fig. 3.50a) to monomeric PBIs with normal Franck–Condon progression.
Furthermore, the perylene emission intensity is dramatically increased by a factor
of 7.5 compared to the pure perylene derivative solution (Fig. 3.50b). It is
important to note that the transition to the optically monomeric perylene derivative
occurs at a DTAB concentration significantly below its cmc (13 mM) which is in
marked contrast to the previous experiments. Presumably, this can be traced back
to the two independent interactions already described within this chapter occurring
concomitantly. However, the nature of the non-electrostatic perylene-DTAB
interaction is uncertain. Additional experiments such as small angle neutron
scattering and time-resolved fluorescence spectroscopy are necessary to further
elucidate this phenomenon. Unfortunately, this has been out of the scope of this
thesis.

A last set of experiments involving the study of surfactant-cosurfactant systems
has been concerned with the supramolecular assembly of the anionic perylene
derivative 1 with the cationic perylene derivative 9. Owing to the oppositely
charged head groups and the aromatic perylene cores, the structurally similar PBIs
are expected to undergo a very pronounced aggregation. In principle it can be
envisaged that the assembly of 1 and 9 can be tailored by changing the pH, as the
anionic head charges are dependent on the pH value (due to protonation and
deprotonation), while the cationic charges are pH independent. However, as
described in Sect. 3.1.4, the cationic perylene derivative is not stable in basic
media. Therefore, investigations have been restricted to neutral pH.

The supramolecular assembly of 1 and 9 at neutral pH (buffered medium) is
evidenced by absorption and emission spectroscopy (Fig. 3.51). The absorption
spectra presented in Fig. 3.51a display the profiles of 1, 9 and the equimolar
mixture of both derivatives. The dashed plot is derived from the mathematical sum
of the individual spectra (divided by 2). Significantly, it is not equal to the
recorded spectrum of the mixture indicating that the perylene derivatives are
interacting with each other. Further support is derived from emission spectroscopy.
In general, the emission intensity of 1–9 is significantly reduced pointing towards a
stronger aggregation of the perylene moieties. The normalized spectra displayed in
Fig. 3.51b furthermore reveal that the predominant emission in 1–9 arises from an
excimer band. Most strikingly, the excitation spectrum of the excimer species
(720 nm) presented in Fig. 3.51c strongly resembles the absorption spectrum of 1–
9. Thus, monomeric species only have a minor contribution to the optical prop-
erties in buffered aqueous solutions of 1–9 pointing to a very pronounced self-
assembly.

In order to obtain an impression on the structure and aggregate sizes of the
mixed PBI assemblies, a solution of 1–9 has been subjected to cryo-TEM imaging.
Only inhomogenous, large, not well defined objects with sizes exceeding 150 nm
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have been recorded so that no further attempts to resolve the underlying interac-
tions have been carried out within this thesis.

In summary, detailed optical characterization on mixed perylene surfactant—
detergent systems have laid the foundation for an in-depth understanding of the
underlying supramolecular interactions. The perylene dyes represent an ideal
model system, as their aggregation state can be qualitatively observed by
absorption and emission spectroscopy. From a screening of different perylene
derivative cosurfactant systems, it has been found that DTAB interacts with every
perylene derivative under investigation independent on its head charge or struc-
ture. A variety of experiments has been performed in order to trace this interaction
that appears to be independent on electrostatic forces. However, further investi-
gations by different and independent techniques will be necessary to complete the
picture. The very pronounced supramolecular assembly of the two structural
analogues (albeit with opposite head charges) perylene 1 and 9 has also been
captured by absorption and emission spectroscopy.
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Fig. 3.51 a Absorption spectra of aqueous solutions of 1 and 9 compared to the spectrum of the
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3.1.6 Dispersion by Pyrene Derivatives

Up to now, focus has been directed towards designed perylene based surfactants,
as it has been evidenced that the PBI derivatives are excellent dispersion and
solubilization additives for SWCNTs. For this purpose characterization protocols
have been developed and evaluated to shed light into structure–property rela-
tionships of a variety of derivatives and to establish an appropriate adsorption
hypothesis of the surfactants onto the SWCNT scaffold. However, so far no
attention has been drawn towards the nature of the aromatic anchor group. In this
regard it would be quite interesting to consider different p-systems, as the superior
exfoliation efficiencies described above may not be a feature arising from perylene
bisimide derivatives, but from p-surfactants in general.

In order to elucidate the importance of the anchor group, dispersion of HiPco,
as well as CoMoCAT SWCNTs by two amphiphilic pyrene derivatives (pyr) 10
and 11 has been investigated (scheme 3.2) [96]. The pyrene derivatives are
equipped with first or second generation Newkome-type dendrimers, respectively,
in order to provide a pronounced water solubility [97].

In a typical dispersion experiment, the SWCNT raw material (0.1 g L-1) was
immersed in the buffered aqueous solution of 10 and 11 (0.5 g L-1, pH = 7 or
pH = 10), respectively. After sonication (20 min), the homogenous mixture was
centrifuged (14 krpm, 30 min) in order to remove coarse aggregates and large
SWCNT bundles. The optical absorption spectra (Fig. 3.52) of the supernatants
reveal reasonably well resolved excitonic nanotube transitions being indicative for
well dispersed SWCNTs at low surfactant concentrations similar to the perylene
surfactants. Qualitatively, no striking differences are observed when comparing the
pH = 7 (Fig. 3.52a) and the pH = 10 (Fig. 3.52b) dispersions except for the

O

HN

COOH
COOH

COOH

10

O

HN

O NH

COOHHOOC

HOOC

N
H

O

HOOC

COOH

COOH

NH

O

COOHHOOC

HOOC

11

Scheme 3.2 Structures of the pyrene based surfactants 10 and 11. The aromatic anchor is
indicated by the rectangle, the solvophylic Newkome-type dendrimers by the circles, respectively
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Fig. 3.52 Optical absorption spectra (normalized to the minimum) of HiPco SWNTs dispersed
in buffered aqueous solutions of 10 and 11 (initial concentrations [SWCNT]i = 0.1 g L-1 and
[pyr]i = 0.5 g L-1) compared to HiPco SWNTs dispersed in SDBS (1 wt%,
[SWCNT]i = 0.1 g L-1) at a pH = 7 and b pH = 10. The spectra of the supernatants (S) after
centrifugation are displayed. c Absorbance at k = 740 nm of HiPco SWCNTs dispersed in
aqueous solutions of 10, 11 and SDBS at pH = 7 and pH = 10, respectively. (Reproduced with
permission from Wiley–VCH, reference 96)
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reduced SWCNT resonant ratio in the pH = 7 dispersions pointing towards a less
efficient solubilization at neutral pH.

The nanotube concentration in the supernatant (S) after centrifugation calcu-
lated from the extinction coefficients [2] and the optical density at 740 nm (rep-
resented in Fig. 3.52c) can be used as a measure for the dispersion efficiency of the
surfactant. As summarized in Table 3.13, the dispersion efficiency of the pyrene
surfactants is strongly enhanced at pH = 10—an observation that can be attributed
to an increased exfoliation during the sonication induced unzippering of the
nanotubes due to a higher charge density of the dendrimer head groups as already
described for the perylene derivatives equipped with Newkome-type dendrimers
(Sect. 3.1.1.1).

Significantly, the dispersion efficiency of 11 is reduced compared to 10 even
though 11 is characterized by a higher intrinsic solubility due to the nine car-
boxylic acid functionalities opposed to the three COOH groups of 10. Presumably,
11 can be less densely packed and organized on the nanotube scaffold due to the
higher inter-pyrene Coulombic repulsion between adjacent pyrene head groups
resulting in a reduced SWCNT dispersion efficiency in analogy to the scenario
presented by the bolaamphiphilic perylene derivative 2 in comparison to 1. In
general, dispersion by the pyrene derivatives 10 and 11 is less efficient compared
to the perylene derivatives (compare Table 3.1) under similar preparation
conditions.

Nonetheless, the pyrene dispersions were furthermore subjected to fluorescence
spectroscopy. In general, the nanotube emission intensity is strongly reduced
compared to nanotubes dispersed in aqueous solutions of SDBS. After diluting the
samples to the same optical density, the SWCNT emission appeared to be inde-
pendent on the pyrene derivative and the pH strongly indicating that the nanotube
emission pattern is dependent on the adsorption of the pyrene unit alone without
contributions from the substituents or the buffer medium. Please note that this is in
marked contrast to the situation extensively investigated and discussed for the
perylene derivatives in Sects. 3.1.1 and 3.1.3.

Upon comparing the nanotube emission pattern of the pyrene dispersions with
the dispersion in SDBS, a pronounced red-shift of the spectral features is dis-
cernable. Again, in contrast to the previously investigated perylene derivatives,
this red-shift is more pronounced for larger diameter nanotubes (Fig. 3.53) com-
pared to the smaller diameter nanotubes.

Table 3.13 Calculated SWCNT concentrations in the supernatant of SWCNT-pyr after centri-
fugation with initial concentrations [SWCNT]i = 0.1 g L-1 and [pyr]i = 0.5 g L-1. The con-
centration of SDBS is 10.0 g L-1

10 11 SDBS

[HiPco]/g L-1 pH = 7 0.024 0.014 0.068
(24%) (14%)

pH = 10 0.046 0.037 0.069
(46%) (37%)
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This observation may be rationalized by the hypothesis that the SWCNT-pyr
interaction is stronger for larger diameter nanotubes, as an enhanced interaction
may lead to an increased alteration of the exciton binding energy. This is in
marked contrast to the adsorption affinity of the perylene derivatives which exhibit
a more pronounced interaction with smaller diameter SWCNTs. To further probe
this impression, the diameter range of the SWCNTs has been expanded in the
region of small diameters by using CoMoCAT SWCNTs which are characterized
by a smaller and narrower diameter distribution (0.7–0.9 nm) compared to the
HiPco material (0.8–1.4 nm), e.g. the average diameter is smaller by 30% in the
CoMoCAT SWCNTs.

For the set of experiments described in the following focus has been laid on the
derivative 10 at pH = 10, as it yields the highest dispersion efficiency within the
SWCNT-pyrene systems investigated. After dispersing CoMoCAT (0.1 g L-1)
SWCNTs in 10 (0.5 g L-1), it was found that the concentration of SWCNTs in the
supernatant after centrifugation with identical parameters was 0.037 g L-1, e.g. by
22% lower compared to the HiPco material (calculated from the optical density of
0.41 cm-1 at 652 nm and the extinction coefficient of CoMoCAT SWCNTs
determined to be 1125 L g-1 m-1). Furthermore, no transitions of very small
diameter nanotubes in the region of 800–930 nm ((6, 4) and (9, 1) SWCNT) are
discernable in CoMoCAT-10 (Fig. 3.54a). However, such an indicated depletion
may also be attributed to changes in the dielectric environment of the nanotube due
to the adsorption of the pyrene derivatives. To ensure comparability with the
pristine material dispersed in SDBS, 10 was replaced by the addition of SDBS to
the CoMoCAT-10 sample. Such a replacement can be mapped by fluorescence
spectroscopy, as the original nanotube emission pattern is obtained after removal
of the pyrene surfactant from the nanotube sidewall. The transitions of the (6, 4)

Fig. 3.53 nIR emission spectra normalized to the emission maximum of HiPco SWCNTs
dispersed in aqueous solutions of 10 and SDBS ([SWNT] = 0.046 g L-1 and [10]i = 0.5 g L-1,
[SDBS] = 10 g L-1) at kexc = 660 nm after degassing with nitrogen prior to the acquisition of
the spectra. (Reproduced with permission from Wiley–VCH, reference 96)
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and (9, 1)-nanotubes are not recovered after the addition of SDBS being indicative
for depletion of the very small diameter nanotubes in the pyrene dispersed
supernatant (S) (Fig. 3.54b). Both features are clearly present in the SDBS redi-
spersed precipitate (P) of CoMoCAT-10.

In line with the absorption spectra, the fluorescence spectra at 580 nm excita-
tion (Fig. 3.55) also point towards an increased interaction of 10 with larger
diameter nanotubes leading to insufficient solubilization of the (6, 4)-SWCNT and
thus loss of the (6, 4)-SWCNT emission.

Additional evidence can be obtained from the individualization degrees deter-
mined from statistical atomic force microscopic (AFM) analysis of the CoMoCAT-
10 and HiPco-10 supernatants spin-casted on silicon wafers. In all cases, the height
of minimum 250 SWCNT objects has been determined. Figure 3.56 depicts the
histograms of the bundle size distributions of SWCNT-10. The exfoliation effi-
ciency of 10 is determined to be 20–25% on the foundation of the statistical AFM
analysis. Even though this is significantly smaller than the maximum exfoliation
efficiencies yielded by the perylene derivatives (compare Fig. 3.9), the pyrene

400 600 800 1000 1200

0.25

0.50

0.75

(9,1)

(6,4)

S22 S11
O

pt
ic

al
D

en
si

ty
/c

m
-1

Wavelength / nm

CoMoCAT-10 S
CoMoCAT-10 S SDBS

400 600 800 1000 1200

S
22

S
11

(9,1)
(6,4)

N
or

m
al

iz
ed

A
bs

or
pt

io
n

In
te

ns
ity

Wavelength / nm

CoMoCAT SDBS
CoMoCAT-10 P SDBS S
CoMoCAT-10 S SDBS

(a) (b)

Fig. 3.54 a As recorded optical absorption spectrum of the supernatant after centrifugation of
CoMoCAT SWCNTs dispersed in a buffered aqueous solution of 10 compared to the same
dispersion after addition of 0.25 mL SDBS (10 g L-1) solution to 0.75 mL of CoMoCAT-10.
b UV/Vis/nIR absorption spectra (normalized to the minimum) of CoMoCAT SWCNTs
dispersed in SDBS ([SDBS] = 10 g L-1) compared to the SDBS redispersed supernatant and
precipitate after predispersion with 10—vertical offset for clarity. ([SWCNT] = 0.027 g L-1,
[10]i = 0.5 g L-1, pH = 10). (Reproduced with permission from Wiley–VCH, reference 96)
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based p-surfactant 10 still outperforms SDBS (with individualization degrees of
approximately 15% under equal experimental conditions). Since the exfoliation
efficiency in case of HiPco SWCNT by 10 is higher compared to CoMoCAT
SWCNTs, the more pronounced dispersion efficiency of larger diameter SWCNTs
is further indicated by the AFM analysis.

Fig. 3.55 Normalized emission spectra with kexc = 580 nm of SWCNT-10 and the same
dispersion after replacement of 10 with SDBS; 0.25 mL SDBS (10 g L-1) solution was added to
0.75 mL CoMoCAT-10 with [10]i = 0.5 g L-1). The dispersions were diluted prior to
acquisition of the spectra to an optical density of 0.37 cm-1 at 580 nm corresponding to a
nanotube concentration of 0.027 g L-1. (Reproduced with permission from Wiley–VCH,
reference 96)

Fig. 3.56 Histograms of the bundle size distributions of HiPco and CoMoCAT nanotubes
dispersed in a buffered aqueous solution of 10 ([HiPco] = 0.046 g L-1, [CoMo-
CAT] = 0.037 g L-1 [1] = 0.5 g L-1) derived from statistical AFM analysis after spin-casting
the supernatant dispersions after mild centrifugation. (Reproduced with permission from Wiley–
VCH, reference 96)
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In summary, the surfactant capability of pyrene based amphiphiles equipped
with Newkome-type dendrimers has been demonstrated. The dispersion efficiency
is highest for the first generation Newkome dendronized pyrene 10 in basic media
(pH = 10). Dispersion and exfoliation efficiencies are reasonable, but significantly
lower compared to the perylene derivatives. This further underlines the extraor-
dinary potential of perylene bisimide based surfactants, presumably due to the
rather strong charge transfer interaction between the anchor group and the
SWCNT scaffold [89]. A more detailed investigation of the pyrene derivative
dispersant 10 has pointed towards the preferential solubilization of larger diameter
nanotubes, e.g. depletion of small diameter nanotubes in the CoMoCAT-10
supernatant after mild centrifugation being in marked contrast to anionic perylene
based surfactants which show enhanced adsorption towards smaller diameter
SWCNTs. This observation indirectly confirms the adsorption hypothesis of the
anionic perylene derivatives presented in Fig. 3.40.

Even though the selectivity in the SWCNT dispersability by 10 is not very
pronounced, any progress towards selective SWCNT dispersion is bound to a great
impact, as it may present the foundation for further tuning and tailoring the
interactions of SWCNTs with p-surfactants. However, a long road is yet to be
paved towards efficient and tailor-made selective nanotube dispersion so that the
most promising SWCNT separation technique, namely density gradient ultracen-
trifugation, deserves some attention in the following.

3.2 SWCNT Sorting

3.2.1 Density Gradient Ultracentrifugation

3.2.1.1 Electronic Type Sorting

In order to adjust the parameters for a SWCNT separation by density gradient
ultracentrifugation from the literature to the available set-up, electronic type
sorting of laser ablation SWCNTs by the aid of commercially available surfactants
such as SDS and SDC has been targeted. Comprehensive reviews about the
underlying principles and an overview of the literature are presented in references
[98], as well as in the introduction of this thesis (Chap. 1.3.2). In general, it is
highly favorable to tune the buoyant densities of the SWCNTs in such a way that
the desired SWCNTs have the lowest buoyant density and therefore travel to the
topmost region.

Since it has been well documented in literature that electronic type sorting of
SWCNTs is accomplished with mixtures of SC and SDS, these two surfactants
have been chosen. In independent studies, different mixtures of both surfactants
have been applied for the dispersion of SWCNTs prior to DGU. Hereby, mixtures
of SC:SDS = 4:1 (by weight) [99, 100] yielded semiconducting SWCNTs in the
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top fraction, while mixtures of SC:SDS = 2:3 (also by weight) have been used for
the spatial separation of the metallic species [101–105]. However, no example has
been presented in literature where exactly the same SWCNTs have been subjected
to DGU under equal experimental conditions, but with varying ratios of surfactant
and cosurfactant so that no direct evidence for the influence of the surfactant ratio
has been provided so far.

Exactly this question has been addressed by the experiments summarized in the
following. For a detailed description of the DGU setup, please see the experi-
mental section. Briefly, the SWCNT dispersions were prepared by sonicating
0.3 g L-1 laser ablation SWCNTs (LA) in the aqueous solutions of the respective
mixtures of SC and SDS with total surfactant concentrations of 1.5 wt%. After
mild pre-centrifugation (30 min, 15 krpm) iodixanol as density gradient medium
was added to yield a iodixanol concentration of 10 wt%. This dispersion (1.3 mL)
was layered on top of the gradient consisting of discrete layers with 60, 40 and
20 wt% iodixanol. The surfactant concentration has been kept constant throughout
the centrifugation vials. The photographs after 16 h of centrifugation at 35 krpm
are displayed in the left panels of Fig. 3.57. Visually colored bands are clearly
discernable which appear red in the case of the SC:SDS = 2:3 surfactant mixture
(Fig. 3.57a) and green in the case of the SC:SDS = 4:1 mixture (Fig. 3.57b).

Several fractions as indicated in Fig. 3.57 have been withdrawn and subjected
to absorption spectroscopy. As revealed by the absorption spectra normalized to
the minimum at 900 nm in Fig. 3.57a, the reddish fraction F1 with the surfactant
mixture SC:SDS = 2:3 is strongly enriched in metallic species as concluded from
the enhancement of the SWCNT transitions between 400 and 650 nm with respect
to the transitions attributed to semiconducting nanotubes. The opposite trend is
observed in Fig. 3.57b where a surfactant mixture of SC:SDS = 4:1 has been used
throughout the experiment. These observations are in complete agreement with the
literature and nicely demonstrate the wide applicability and flexibility of DGU
based sorting. The greenish fraction F1 of the vial in Fig. 3.57b has furthermore
been separated in two sub-fractions denoted as F1a and F1b. As indicated by the
absorption spectra, diameter sorting is discernable within this fraction with the
smaller diameter SWCNTs possessing lower buoyant densities (F1a).

A direct comparison of the metallic and semiconducting enriched fractions is
presented in Fig. 3.57c and most clearly demonstrates the efficient sorting pro-
cedure with varying surfactant-cosurfactant ratios. Valuable information con-
cerning the transitions in the regime of overlapping M11 and S22 transitions can
also be extracted from the sorted fractions as demonstrated in Fig. 3.57e. Since the
reddish fraction is enriched in metallic SWCNTs, while the greenish sub-fraction
F1a is enriched in smaller diameter semiconducting SWCNTs, it is possible to
precisely assign the SWCNT transitions between 550 and 700 nm to metallic or
semiconducting species, respectively.

The DGU experiments summarized in Fig. 3.57 nicely underscore the infor-
mation extracted from literature and furthermore demonstrate the effective trans-
formation of the sorting technique to the available set-up. Additionally, the
experiments raise a puzzling issue, as the sorting of laser ablation SWCNTs with a

134 3 Results and Discussion



F1
F2
F3

F1

F2

F1a
F1b

400 500 600 700 800 900

M
11

S22

S22

S22 M
11

M11

N
or

m
al

iz
ed

A
bs

or
ba

nc
e

/
a.

u.

Wavelength / nm

F1 SC/SDS = 2/3
F1a SC/SDS = 4/1
F1b SC/SDS = 4/1

M11

SC / SDS = 2 / 3

SC / SDS = 4 / 1

M11 S22 S11

M11 S22 S11

M11 S22 S11

400 600 800 1000 1200 1400

N
or

m
al

iz
ed

A
bs

o
rb

an
ce

/a
.u

.

Wavelength / nm

F1 SC/SDS = 2/3
F1 SC/SDS = 4/1

400 600 800 1000 1200

N
o

rm
al

iz
e

d
A

bs
o

rb
an

ce
/a

.u
.

Wavelength / nm

F1a SC/SDS = 4/1
F1b SC/SDS = 4/1
F2 SC/SDS = 4/1

400 600 800 1000 1200
N

o
rm

al
iz

ed
A

bs
o

rb
an

ce
/a

.u
.

Wavelength / nm

F1 SC/SDS = 2/3
F2 SC/SDS = 2/3
F3 SC/SDS = 2/3

(a)

(b)

(c) (d)

Fig. 3.57 Overview of the centrifugation vials after electronic type sorting DGU of laser
ablation SWCNTs by mixtures of SC and SDS as surfactants. The absorption spectra of the
respective fractions normalized to the local minimum at 900 nm are displayed on the right hand
side. The regions of the respective SWCNT transitions are indicated by the colored shaded
backgrounds. a Enrichment of metallic SWCNTs with a SC:SDS ratio of 2:3. b Enrichment of
semiconducting SWCNTs with a SC:SDS ratio of 4:1. c Direct comparison of the absorption
spectra of the two visually colored top fractions of vials a and b. d Magnified view of the region
of overlapping M11 and S22 transitions and the accessible assignment to metallic and
semiconducting SWCNTs
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very similar diameter distribution compared to HiPco SWCNTs (0.8–1.4 nm)
under standard experimental conditions in a linear density gradient has been
achieved, even though separation of HiPco SWCNTs has shown to be problematic
and only very recently been demonstrated [106].

Most interestingly, simply changing the SWCNT pristine material to HiPco
SWCNTs in the set-up described above has not resulted in effective electronic-type
sorting. This phenomenon is not easy to rationalize and strongly indicates that the
problem in efficient sorting of HiPco SWCNTs is not based on the necessity of
discriminating multiple species that differ only slightly in their buoyant density
alone, as the same difficulties would have been expected for the laser ablation
SWCNTs used in this study. This discrepancy can be rationalized by considering
that the buoyant density of surfactant encapsulated SWCNTs is also altered in case
of covalently functionalized SWCNTs as has been demonstrated by Strano and co-
workers [107]. Since HiPco SWCNTs are structurally less perfect than laser
ablation SWCNTs containing more defects or being of shorter length in average, it
is reasonable that the buoyant densities are affected resulting in a convolution of
the desired sorting scenario. However, at this stage, further investigations would be
desirable to support this idea. Even though the alteration of the buoyant densities
may result in undesired effects in the case of DGU on HiPco SWCNT, it can in
principle be exploited to separate covalently functionalized from non-functional-
ized material as will be demonstrated in the following.

3.2.1.2 DGU Sorting According to Structural Integrity

In the following the efficient separation of covalently altered SWCNTs from their
nonfunctionalized counterparts shall be outlined on the example of carboxylated
SWCNTs [108]. The underlying covalent functionalization sequence first involves
reduction of the pristine SWCNTs under Birch conditions. The negatively charged
SWCNT intermediates are then carboxylated by CO2 to yield the functionalized
raw soot after aqueous work-up. This functionalization sequence holds great
potential as it enables the direct sidewall carboxylation of SWCNTs (in contrast to
oxidation based procedures where the functional entities are predominantly
anchored at the ends) and thus opens the door towards a tremendous playground
for further derivatization reactions. Furthermore, owing to the equilibrium based
nature of this reductive functionalization procedure [109], the functionalization
degrees can be fine-tuned and tailored by external stimuli such as pressure and
time. To further complete the picture of this groundbreaking covalent derivati-
zation, it is important to underline that, additional to the advantages already
mentioned, it has been indicated that this type of sidewall functionalization
preferentially attacks semiconducting SWCNTs.

However, despite the fact that semiconducting SWCNTs exhibit are more
pronounced reactivity under carefully explored reaction conditions with tunable
degrees of functionalization, a major obstacle is still presented in the clear and
efficient separation of the functionalized from the non-functionalized material.

136 3 Results and Discussion



This not only hinges on the potential future applicability of this derivatization
sequence with regard to scalable SWCNT sorting, but furthermore strongly
complicates the characterization of the SWCNT mixture. A powerful methodology
to overcome this problem is presented in density gradient ultracentrifugation, as it
has been shown that covalently derivatized SWCNT possess significantly higher
buoyant densities in aqueous surfactant solution compared to the non-functional-
ized counterparts [107]. In order to demonstrate the versatility of the DGU
approach for the sorting of covalently functionalized SWCNTs and the benefits
arising from this separation with regard to the precise characterization of the
nanotubes, two samples with different degrees of carboxylation have been sub-
jected to DGU.

The protocol established by Strano [107] has been slightly modified in order to
separate the non-functionalized from the functionalized and the bundled material
in one DGU step. The setup is summarized in Fig. 3.58a. The SWCNTs are
dispersed in a 2 wt% aqueous solution of SDC by bath-type sonication (30 min)
and mildly pre-centrifuged (15 krpm, 30 min). An iodixanol concentration of
32.5% was then established that allows for the injection between the 30 and the
40 wt% iodixanol layer. After 17.5 h ultracentrifugation at 40 krpm, three spa-
tially clearly separated bands evolved that can be easily fractionated. The centri-
fugation vials of the as-received purified HiPco SWCNTs (AP) and two examples
of carboxylated SWCNTs with medium functionalization degrees (MF) and high
functionalization degrees (HF) in average are presented in Fig. 3.58b. As espe-
cially striking in case of the HF material, the topmost band containing the nano-
tubes that have not been covalently altered is visually colored. The red color
indicates that metallic species are strongly enriched in fraction F1 pointing
towards a selective functionalization sequence. Please also note that the SWCNT
population in the bands undergoes an intense redistribution with a decreasing
concentration of nanotubes in F1 with increasing degrees of covalent modification.

In order to (a) proof the successful sorting of non-functionalized and func-
tionalized SWCNTs, (b) illustrate the selectivity of the covalent functionalization
sequence and (c) provide a detail characterization of the carboxylated SWCNTs,
the fraction F1–F3 of the three DGU experiments have been subjected to extensive
characterization by absorption, emission and Raman spectroscopy, as well as
AFM.

The results of the as-received material are summarized in Fig. 3.59. The
absorption spectra normalized to the minimum provide the first evidence that the
defect free SWCNT travel to the top of the centrifugation vial yielding clearly
resolved peaks arising from the excitonic transitions in the nanotubes with high
resonant ratios. The second fraction is also characterized by well resolved tran-
sitions, albeit with much lower resonant ratios indicating that the SWCNTs in F2
contain a significant amount of defects. The fraction of highest buoyant density
only shows vanishing SWCNT transitions being red-shifted in comparison to
fractions F1 and F2, as the SWCNTs in this fraction are bundled.

The AFM images of the respective fractions spin casted in Si/SiO2 wafers
reveal that the SWCNTs in fraction F1 are individualized and straight. Please note
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that they are hardly discernable, as the diameter of the HiPco SWCNTs is 1 nm in
average and the surface roughness of the wafers is 0.5 nm. The nanotubes in
fraction F2 also appear as individualized species, but with kinks and inhomoge-
neities along their sidewall.

Unambiguous evidence for the successful sorting according to structural
integrity is derived from Raman spectroscopy, as the Raman D/G ration are widely
accepted as a measure of the sp3 modifications of the nanotube network (see Sect.
1.4.3). In the samples after DGU, Raman spectroscopy is especially versatile, as
contributions from amorphous material that may convolute the bulk spectra can be
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Fig. 3.58 a Schematic representation of the DGU setup for the separation of non-functionalized,
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DGU with as-received SWCNTs and carboxylated SWCNTs with medium and high function-
alization degrees, respectively
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excluded. In order to obtain representative spectra of the fractions, the solutions
have been microfiltrated and subjected to Raman spectroscopy from the solid. The
results of the AD/AG ratios for three different excitation wavelengths are displayed
in the bottom panel of Fig. 3.59. The D-band with respect to the G-band of F2 is
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Fig. 3.59 Top panel: Centrifugation vial after DGU of as-received HiPco SWCNTs. The
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of the respective fractions spin-casted on Si/SiO2 wafers. Bottom panel: Raman AD/AG ratios of
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by a factor of 2 larger in average compared to F1 further supporting the conclusion
that the structurally perfect SWCNTs have been separated from the defectous
material. The Raman spectra of the bundled SWCNTs give rise to AD/AG ratios
between F1 and F2.

The characterization of the as-received material after DGU sorting according to
structural integrity nicely underlines the versatility of this separation and the
accessible precise analysis. In this regard, it is interesting to note that this char-
acterization routine may also be regarded as potential standard protocol for purity
and integrity evaluation of as-received SWCNTs, as the multiple factors influ-
encing the bulk characterization are limited in this case. Furthermore a qualitative
impression on the amount of structurally perfect SWCNTs in a given sample is
quickly obtained. As illustrated, the as-received HiPco SWCNTs already give rise
to an intense band in fraction F2 so that it may be concluded that they contain a
significant amount of defectous SWCNTs.

In the following, the characterization protocol has been applied to the cova-
lently functionalized SWCNT samples. The overview on the material with med-
ium average functionalization degree is provided in Fig. 3.60. As revealed by the
absorption spectra, the non-functionalized material in F1 is comprised of large
diameter semiconducting SWCNTs and metallic species, as the S22 transitions and
S11 transitions attributed to small and medium diameter semiconducting nanotubes
are clearly diminished (in the region of 620–900 nm and 900–1150 nm, respec-
tively) compared to the reference material in Fig. 3.59. Accordingly, the chemical
derivatization sequence has clearly addressed small and medium diameter
SWCNTs preferentially. The absorption spectrum of the functionalized fraction F2
is characterized by the almost complete loss of the excitonic SWCNT transitions
due to the comparatively high defect density (note that transitions in defectous F2
of the as-received material are not completely quenched).

In a bulk spectrum it would be hard to distinguish between bundled SWCNTs
with also vanishing excitonic transitions, as can be concluded when comparing the
spectrum of F2 to F3 in Fig. 3.60. However, the unique sorting power of DGU
clearly rules out this potential data convolution. This is again supported by the
AFM images where no bundled SWCNTs have been observed in F2. Represen-
tative images of F1 and F2 are presented in Fig. 3.60. They closely resemble the
images of the as-received SWCNTs except for the fact that comparatively more
pronounced inhomogeneities on the SWCNT sidewall appear in F2 of the MF
carboxylated SWCNTs.

The Raman AD/AG ratios of the MF SWCNTs are summarized in the bottom
panel of Fig. 3.60. In every case, the D-band is significantly increased in F2
compared to F1. The underlying selectivity of the covalent sidewall modification
procedure is reflected by the significantly larger AD/AG ratios with 785 nm
excitation where predominantly semiconducting SWCNTs are resonantly
enhanced. The AD/AG at 785 nm is by a factor of 3 higher compared to AD/AG at
532 nm excitation where the majority of resonantly excited SWCNT exhibit
metallic character. In this regard it is interesting to note that the AD/AG ratio of F2
of the MF SWCNTs at 532 nm is equal to that of F2 of the as-received reference
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within the experimental error (0.25 in the case of AP and 0.22 in the case of MF)
indicating that no metallic SWCNTs have been attacked by the comparatively mild
functionalization conditions.

To complete the characterization sequence, the highly functionalized nanotube
material after DGU sorting according to structural integrity was analyzed

F1

F2

0.5 mµ

0.5 mµ

Medium Functionalized
HiPco

400 600 800 1000 1200

N
or

m
al

iz
ed

A
bs

or
ba

nc
e

Wavelength / nm

MF F1
MF F2
MF F3

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

532 nm
633 nm

785 nm

F1

F2 

F3A
D

/ A
G

P0261

A
D

/ A
G

MF

Fig. 3.60 Top panel: Centrifugation vial after DGU of medium functionalized HiPco SWCNTs.
The absorption spectra of the three fractions (normalized to the minimum at 900 nm) are
displayed in the center of the image. The top and bottom images are representative atomic force
micrographs of the respective fractions spin-casted on Si/SiO2 wafers. Bottom panel: Raman AD/
AG ratios of the three fractions recorded from the solid at three excitation wavelength, namely
532, 633 and 785 nm. (Reproduced with permission from Wiley–VCH, reference 108)
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(Fig. 3.61). The absorption spectrum of the non-functionalized F1 displays only
two dominant bands at 505 and 550 nm giving rise to the intense red color of the
metallic HiPco SWCNTs. The absorption spectrum of the strongly covalently
modified SWCNTs in F2 is characterized by the complete loss of excitonic tran-
sitions and thus closely resembles the spectrum of the bundled nanotubes in F3.
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Fig. 3.61 Top panel: Centrifugation vial after DGU of highly functionalized HiPco SWCNTs.
The absorption spectra of the three fractions normalized to the minimum at 900 nm are displayed
in the center of the image. The top and bottom images are representative atomic force
micrographs of the respective fractions spin-casted on Si/SiO2 wafers. Bottom panel: Raman AD/
AG ratios of the three fractions recorded from the solid at three excitation wavelength, namely
532, 633 and 785 nm. (Reproduced with permission from Wiley–VCH, reference 108)
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However, the AFM images clearly demonstrate that the nanotubes in F2 are
individualized, as all SWCNT objects exhibit heights below 2 nm. Nonetheless,
their morphology is completely different compared to the medium functionalized
HiPco SWCNTs presented in Fig. 3.60, as interwoven networks of nanotubes are
observed. This intense crosslinking can be attributed to the formation of carboxylic
acid dimers at high surface coverage along the nanotubes sidewall.

The extraordinarily high functionalization degrees of the SWCNTs in F2 of the
HF material are also manifested in the Raman AD/AG ratios summarized in the
bottom panel of Fig. 3.61 approaching 2.5 at an excitation wavelength of 785 nm
meaning that the D-band becomes the dominant feature in the Raman spectrum.
The selectivity of the underlying covalent functionalization sequence is again
reflected when comparing the AD/AG ratios of F2 at different excitation wave-
length. Again, the AD/AG ratio at 785 nm is by a factor of 2.5 higher compared to
that at 532 nm where predominantly metallic nanotubes are excited.

The fact that the F1 containing the nonfunctionalized SWCNTs is comprised of
metallic SWCNTs and the observation that the functionalization degrees of those
metallic SWCNT species that have been functionalized are much lower compared
to the semiconducting SWCNT further corroborates the very pronounced selec-
tivity. In this regard, it is also interesting to note that no SWCNTs could be
resonantly enhanced in F1 with an excitation wavelength of 785 nm.

Since the fractions F2 always contain an unknown contribution of defectous
SWCNTs which are also present in the as-received HiPco SWCNTs, a detailed
comparison of the F2 of different SWCNT samples needs to be—if at all—carried
out with care, except for an evaluation of the Raman AD/AG ratios (Fig. 3.62a).
The direct comparison of the functionalized fractions of the different materials
clearly illustrates the differences in the structural integrity owing to the covalent
functionalization sequence, as well as its underlying selectivity.

A comparison of F2 in absorption and emission spectroscopy is omitted due to
the above mentioned uncertainty in material composition of the pristine material
with respect to the presence of defectous SWCNTs. A comparison of F1, however,
appears to be uncritical in any case. Therefore, a direct comparison of the
absorption and emission spectra at 660 nm excitation of fractions F1 of the AP,
MF and HF samples is provided in Fig. 3.62b, c, respectively.

The very pronounced selectivity towards preferred derivatization of semicon-
ducting SWCNTs has already been extensively discussed and is again nicely
reflected in the absorption spectra of the non-functionalized cross-section of
SWCNTs of the as-received nanotubes compared to the MF and HF carboxylated
samples (Fig. 3.62a). The fraction F1 after DGU shows an enhanced enrichment of
metallic (or rather depletion of semiconducting) SWCNT species with increasing
bulk functionalization degrees. This trend is further indicated by the nIR fluo-
rescence intensities which drop by a factor of 40 in the MF sample and by a factor
of 65 in the HF sample, respectively, at equal optical densities at 600 nm
(0.04 cm-1) and accordingly similar SWCNT concentrations.

From the values of the nIR emission intensities tabulated in Table 3.14 relative
to the pristine material at equal SWCNT concentrations an enrichment factor of the
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metallic species in the nonfunctionalized fractions F1 can be estimated. In case of
the HF-SWCNTs no semiconducting SWCNTs remain unfunctionalized with
diameters smaller than 0.9 nm. The abundance of the (8, 6)-SWCNT with a
diameter of 1 nm is also drastically reduced and constitutes 5.2% with respect to the
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Fig. 3.62 a Direct
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SWCNTs recorded from the
solid at three excitation
wavelength, namely 532, 633
and 785 nm. b Optical
absorption spectra
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pristine material. Accordingly an enrichment factor of metallic SWCNTs in the
nonfunctionalized fraction after DGU of HF-SWCNTs greater than 95% is
estimated.

The electronic-type selectivity is furthermore accompanied with a preferred
functionalization of smaller diameter SWCNTs opposed to the larger diameter
counterparts. This phenomenon has already been well documented in literature and
follows the theoretical prediction of increasing reactivity with increasing curvature
and therefore decreasing diameter [110]. This increasing reactivity with decreasing
diameter can best be followed in the normalized emission spectra (with an exci-
tation wavelength of 660 nm), where an intense redistribution of the peaks
attributed to the excitonic transitions of different (n, m)-SWCNTs occurs
(Fig. 3.62b). Please note that no such changes have been apparent in the bulk
spectra before DGU due to the low concentration of individualized non-func-
tionalized semiconducting SWCNTs. In F1 of the MF carboxylated sample, the
peaks attributed to the nanotubes with diameters smaller than 0.8 nm (for example
the (8, 3) and (7, 5) SWCNTs) almost vanish, as they are obviously completely
functionalized. In the HF sample that has been processed under harsher reaction
conditions during the chemical functionalization, the traces of semiconducting
SWCNTs that have not been functionalized possess diameters larger than 0.9 nm
(for example the (8, 6) and (9, 5) chiralities).

In order to complete the picture of the detailed characterization, the Raman
spectra of fractions F1 and F2 of the three samples are compared in Fig. 3.63 with
an excitation wavelength of 633 nm. According to the Kataura plot, the RBM
peaks below a Raman shift of 220 cm-1 can be attributed to metallic SWCNT
species, while the region above 220 cm-1 arises from semiconducting SWCNTs.
As clearly discernable in Fig. 3.63a, the metallic and large diameter semicon-
ducting SWCNTs (larger than 1 nm in diameter) are enriched in F1 of the mod-
erately functionalized sample in comparison to the as-received HiPco SWCNTs. In

Table 3.14 Tabulated emission intensities of chosen SWCNT chiralities in the nonfunctional-
ized fraction after DGU sorting of AP-SWCNT, MF-SWCNT and HF-SWCNTs and the thus
deduced relative abundancy of the (n, m) SWCNTs with respect to the pristine material

Sample Emission
position/nm

(n, m) SWCNT
diameter/nm

Emission intensity/
nW cm-1

Relative
abundance (%)

AP-SWCNT 1033 (7, 5) 0.83 2.7 9 10-9 100
1131 (7, 6) 0.89 3.9 9 10-9 100
1186 (8, 6) 0.97 6.3 9 10-10 100

MF-SWCNT 1033 (7, 5) 0.83 1.1 9 10-11 0.4
1131 (7, 6) 0.89 6.9 9 10-11 1.8
1186 (8, 6) 0.97 4.7 9 10-11 7.5

HF-SWCNTs 1033 (7, 5) 0.83 0 0
1131 (7, 6) 0.89 7.2 9 10-12 0.2
1186 (8, 6) 0.97 3.3 9 10-11 5.2
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case of the highly functionalized SWCNTs, only one dominant RBM peak can be
detected at this excitation wavelength presumably corresponding to the (9, 9)-
SWCNT. Despite the fact that the material in fraction F1 of the HF has the same
buoyant density as the F1 of the AP and MF sample and is therefore expected to be
structurally perfect, a slightly increased D-band intensity arises. It is suggested that
this is not an intrinsic problem of the DGU sorting, but rather of the fractionation
(withdrawal of the bands from the vial) which always induced slight mixing of
bands.

In case of the functionalized fractions F2 (Fig. 3.63b), the dramatic function-
alization degrees that are accessible by this covalent functionalization protocol are
documented by the very pronounced D-band in the HF samples that exceeds the G-
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band in intensity. In this regard it is important to note that the signal to noise ratio
of this spectrum is strongly decreased, as the resonant conditions of the SWCNTs
are strongly altered by the harsh alteration of the sp2 carbon network. The RBM
peaks also almost completely vanish in this case. Therefore, it is not surprising that
no pronounced enrichment of (smaller diameter) semiconducting SWCNTs is
discernable in the RBM region of the HF sample, as the strongly functionalized
SWCNTs obviously lose their resonant conditions and are no longer completely
captured by Raman spectroscopy. In order to fully understand the underlying
physical phenomena, tip-enhanced Raman spectroscopy would be the perfect
characterization tool, but unfortunately, it has been out of the scope of this thesis.

In conclusion, the versatility of the DGU sorting according to structural
integrity of the SWCNTs has been demonstrated. For this purpose covalently
derivatized SWCNTs equipped with carboxylic acid functionalities have been
extensively characterized after their DGU separation into fractions of non-func-
tionalized and structurally altered SWCNTs. Since the underlying covalent func-
tionalization sequence is highly flexible and tunable, samples have been analyzed
that have been subjected to moderate and harsh reaction conditions yielding dif-
ferent bulk functionalization degrees.

The DGU sorting enabled the precise analysis and characterization of the
functionalized and non-functionalized SWCNTs in the bulk sample and thus
provided deep insights. In general, it could be endeavored that such a character-
ization protocol should be established in order to assess quality and structural
integrity of as-received SWCNTs. In case of the covalently modified SWCNTs the
actual AD/AG ratios of the functionalized part of the sample could be determined
without contributions from amorphous carbon impurities or non-functionalized
SWCNT counterparts. Furthermore, atomic force microscopy revealed that the
strongly altered SWCNTs tend to form interwoven networks of cross-linking
SWCNTs presumably due to the formation of acid dimers. The chemical reaction
sequence has been unambiguously shown to be selective towards the preferred
functionalization of semiconducting SWCNT species (as could already been
shown by independent techniques). The theoretically predicted diameter selec-
tivity has been also observed experimentally by the nIR emission spectroscopic
investigation of the non-functionalized fractions—an analysis that has not yielded
reliable results from the bulk samples.

Last but not least, it is worth mentioning that the DGU described above in
combination with the selective chemical derivatization constitutes an important
tool for the efficient separation of SWCNTs, as the buoyant densities of the
chemically altered and pristine SWCNTs are significantly different so that their
fractionation in clearly spatially separated bands can be easily accomplished. With
the aid of the scenario outlined above, the pristine, pure, individualized SWCNTs
can be recovered together with the individualized functionalized semiconducting
SWCNTs by a one step procedure and both materials could then be directly
subjected to further processing if desired.
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3.2.1.3 The Use of Perylene-Based Surfactants in DGU

Despite the efficient SWCNT sorting provided in Sects. 3.2.1.1 and 3.1.1.2, further
progress is deemed necessary by considering the following aspects: (a) The suc-
cess of the DGU sorting according to structural integrity completely depends on
the appropriate covalent derivatization sequences. (b) Individualization rates of
commercially available surfactants commonly applied in DGU are rather poor, at
least when compared to the perylene based p-surfactants extensively described in
Sect. 3.1. Accordingly, it may appear obvious to combine the outstanding exfo-
liation efficiencies of the perylene surfactants with the unique sorting capabilities
of ultracentrifugation. One attempt which is based on a combined cosurfactant
replacement DGU with HiPco and CoMoCAT SWCNTs dispersed by the
amphiphilic perylene surfactant 3 will be outlined in the following [111].

Prior to the density differentiation, both HiPco and CoMoCAT SWCNTs have
been dispersed in a buffered aqueous solution of 3 (0.1 wt%, pH = 7) by the aid of
ultrasonication (30 min, 80 W, 45 kHz) to yield initial SWCNT concentrations of
0.5 g L-1. The dispersions were centrifuged (15 000 rpm, 30 min) in order to
remove coarse aggregates. For the DGU experiment, a step gradient containing the
surfactant in 60, 40 and 20 wt% nycodenz, respectively, was prepared. The
nanotubes dispersed in the aqueous surfactant solution containing 10 wt% nyco-
denz were layered on top of the gradient. The vials were then centrifuged in a
Beckman Coulter ultracentrifuge equipped with a swinging bucket rotor (SW60Ti)
for 18 h at 15,000 rpm. Figure 3.64 shows the result for CoMoCAT (Fig. 3.64a)
and HiPco SWCNTs (Fig. 3.64b), respectively.

When nanotubes dispersed in 3 ([3] = 0.1 wt%) are centrifuged in a nycodenz
gradient also containing 3, no clear separation of the material in bands could be
observed (trace II, Fig. 3.64). However, density differentiation occurred with the
aid of SDS as cosurfactant. For this purpose, SDS (2 wt%) was added in the step
gradient (except for the top layer containing the nanotubes), in addition to 3. In the
case of the CoMoCAT tubes, the formation of four bands was observed, while five
bands could be identified for the HiPco material (trace III, Fig. 4.65). It is
important to note that no band formation could be observed for SDS alone under
the same centrifugation conditions (trace I, Fig. 3.64).

The clearest band formation for both HiPco and CoMoCAT SWCNTs (trace
IV, Fig. 3.64) was obtained when nanotubes dispersed in a buffered aqueous
solution of perylene 3 were added on top of a step gradient containing 2 wt% of
SDS (without perylene in the step gradient). Presumably, this procedure not only
resulted in nanotube band formation, but also in replacement of the perylene units
from the sidewall of the nanotube by SDS during the movement of the nanotubes
through the gradient, as SDS is present in large molar excess compared to 3. It
shall be mentioned that the diffusion of perylene throughout the centrifuge vial is
very slow as indicated by the dark red colour attributed to free bulk perylene in the
top one third of the centrifuge tube which is not spread all over the vial (trace IV,
Fig. 3.64).
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In order to analyze the nanotube fractions, UV/Vis/nIR absorption spectroscopy
was carried out after isolating the clearly separated bands of the right centrifu-
gation vials in Fig. 3.64. It shall be mentioned that the detection range was limited
to 600–1400 nm due to the strong absorption of the perylene core between 500 and
550 nm.

Figure 3.65a reveals that, on the one hand, fractions 3–4 (F3–4) of the
CoMoCAT material contain a large amount of SWCNTs bundles, as the resonant
ratio is significantly lower compared to the other fractions. On the other hand, F1
and F2 both show a significantly high degree of individualized tubes as can be
concluded from the higher resonant ratios compared to F3–4. An evaluation of the
enrichment and depletion of certain (n, m)-SWCNT species is challenging, how-
ever, as the nanotubes are dispersed in aqueous media containing different relative
amounts of surfactants, e.g. F1 contains free bulk perylene, while free perylene 3 is
absent in F2. Thus, the dielectric environment of the nanotube is different for F1
and F2 resulting in changes in the absorption pattern, e.g. adsorption of the per-
ylene unit results in a red-shift of the SWCNT transitions for F1.

To increase comparability, a solution of SDS was added to SWCNTs dispersed
in a buffered aqueous solution of 3 ([3] = 0.1 wt%) in order to simulate the
replacement of perylene by SDS during DGU. The peak position was shown to be
the same as for F1 mirroring the same chemical environment for both systems.
Fraction F2 exhibits similar optical absorption as pristine CoMoCAT SWCNTs
dispersed in a solution of SDS (2 wt%) further underlining the differing chemical
surrounding of the nanotubes in F1 and F2, respectively.
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Fig. 3.64 Centrifuge vials after DGU (18 h, 15 krpm) in a nycodenz gradient a CoMoCAT
SWCNTs, b HiPco SWCNTs; from left to right: 1 SWCNTs dispersed in SDS in a gradient
containing SDS ([SDS] = 2 wt%); 2 SWCNTs dispersed in 3 with [3] = 0.1 wt% throughout the
centrifuge tube; 3 SWCNTs dispersed in 3 with [3] = 0.1 wt% and [SDS] = 2 wt% throughout
the centrifuge tube; 4 SWCNTs dispersed in 3 [3] = 0.1 wt% in a gradient containing SDS
([SDS] = 2 wt%). (Reproduced with permission from the Royal Society of Chemistry, reference
111)
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In order to evaluate differences in the fractionated nanotube material, further-
more, the anionic surfactant SDBS was added to the fractions in a high excess
compared to 3 and SDS ([SDBS] = 5 wt%), as it has been shown that a solution of
SDBS is capable of replacing 3 from the nanotube sidewall. Moreover, introducing
SDBS on the nanotube sidewall is advantageous with regard to two aspects: (1) the
formation of well resolved absorption and emission feature of the nanotube is
ensured, (2) comparison to literature is possible as SDBS is commonly used. As
shown by Fig. 3.65, DGU of CoMoCAT SWCNTs with the aid of 3 leads to an
enrichment of the (6, 4) and (9, 1)-SWCNTs in the region of the S11-transitions in
F1, while fraction F2 is depleted of the (6, 5), (6, 4) and (9, 1) SWCNTs
(Fig. 3.65b).

A similar behavior is observed for the HiPco material, although the differences
in the absorption spectra are more striking (Fig. 3.66). In the case of the HiPco
tubes, F3–5 appear rather bundled as can be concluded from the low resonant ratio
as indicated by Fig. 3.66a. Again, F1 appears comparable in the structure of the
absorption to the pristine material dispersed in 3 ([3] = 0.1 wt%) after addition of
SDS, while absorption of F2 resembles HiPco tubes dispersed in SDS.
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Fig. 3.65 a As recorded UV/Vis/nIR absorption spectra of the CoMoCAT fractions F1–4 as
indicated in Fig. 3.64 compared to pristine SWCNTs dispersed in a solution of SDS
([SDS] = 2 wt%), b UV/Vis/nIR absorption spectrum (normalized to the minimum at 795 nm)
of CoMoCAT-fraction F1–2 after addition of SDBS ([SDBS] & 5 wt%) compared to the pristine
material dispersed in SDBS ([SDBS] = 1 wt%) - vertical offset for clarity. (Reproduced with
permission from the Royal Society of Chemistry, reference 111)
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After addition of SDBS, the S11-transitions of the smaller diameter nanotubes
(from 975–1175) are more dominant compared to the pristine material, as repre-
sented by the green arrows pointing upwards in Fig. 3.65b. Additionally, the
spectral features in the region from 1175 to 1250 nm are significantly decreased
indicating depletion of larger diameter tubes in F1. This is consistent with the
observation that F2 is enriched in larger diameter tubes (blue arrows in
Fig. 3.66b), while being depleted in smaller diameter tubes, as would be expected
from DGU with a uniform surfactant coating where density differentiation is
related only to the diameter as outlined by Hersam et al. [112]. However, pre-
sumably, density differentiation is more complex in our case due to an underlying
replacement.

Even though the enrichment quality of the DGU approach summarized above
may not appear groundbreaking, it is important to note that it has been one of the
first reports on fractioning as-received HiPco SWCNTs by DGU without covalent
alteration of the nanotubes, as DGU with HiPco SWCNTs has not shown to be
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Fig. 3.66 a As recorded UV/Vis/nIR absorption spectra of the HiPco fractions F1–5 as indicated
in Fig. 3.64 compared to pristine SWCNTs dispersed in a solution of SDS ([SDS] = 2 wt%),
b UV/Vis/nIR absorption spectrum (normalized to the minimum at 1000 nm) of HiPco-fraction
F1–2 after addition of SDBS ([SDBS] & 5 wt%) compared to the pristine material dispersed in
SDBS ([SDBS] = 1 wt%) - vertical offset for clarity. (Reproduced with permission from the
Royal Society of Chemistry, reference 111)
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problematic under the conditions of successful sorting with CoMoCAT or laser
ablation material as already mentioned in Sect. 3.2.1.1.

The sorting mechanism is believed to be a combination of density gradient
fractionation and replacement of the p-surfactant which preferentially occurs on
larger diameter SWCNTs due to the enhanced adsorption affinity of the anionic
perylene surfactants on smaller diameter SWCNTs (see Sect. 3.1.3). However, the
question arises whether the addition of a density gradient medium in unambiguous
when a selective interaction can be exploited as in the case of the anionic perylene
based surfactants. Since the sorting has been successful at rather low centrifuga-
tion speeds, it appears that the process has been stopped before the equilibrium has
been reached, e.g. before all the SWCNTs have travelled to their respective iso-
pycnic points. If this was the case, the addition of a gradient medium would not be
mandatory for the success of the experiment as will be analyzed in the following.

3.2.2 Cosurfactant-Replacement-Sedimentation Centrifugation

In the following, a novel SWCNT sorting procedure will be described and eval-
uated based on band sedimentation ultracentrifugation. The experimental setup is
displayed in Fig. 3.67. Since it has been shown that diameter fractioning of
SWCNTs occurs in a replacement DGU (3.2.1.3) by exploiting the selective
interaction of the designed anionic perylene based surfactants, a modification of
the scenario is proposed. For this purpose, the SWCNT-Per dispersion in aqueous
media is layered on top of a so-called race layer containing the cosurfactants
SDBS dissolved in D2O.

During ultracentrifugation the SWCNT-surfactant complexes sediment in
response to the centrifugal force. Eventually, the SWCNTs with an enhanced
affinity to the perylene based surfactant will be hold back in the perylene layer.
Especially at the interface to the SDBS containing race layer, the perylene con-
centration is expected to be increased, as the perylene molecules that have been
replaced by SDBS from the SWCNTs passing into the race layer will accumulate
at the interface which in turn decelerates the sedimentation of the preferred
SWCNT species.

In principle, the deceleration of the SWCNTs with an enhanced affinity to the
perylene derivative is then reflected in the relative spatial distributions of the
SWCNT species in the centrifuge vial. In comparison to DGU, this cosurfactant-
replacement band sedimentation ultracentrifugation (BSU)—if successful- is
expected to outperform the already established DGU technique, as it requires
much shorter centrifugation times (only a few hours), as no equilibrium needs to
be established. Furthermore, the high exfoliation efficiencies of the p-surfactants
can be exploited and the preparation of the experiment is rather uncomplicated.
The greatest advantage lies in the fact that no gradient medium is required that is
expensive and cannot easily be removed from the sorted SWCNTs after DGU.
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An example of a centrifugation vial after cosurfactant replacement BSU is
presented in Fig. 3.68. Prior to the ultracentrifugation experiments, laser ablation
SWCNTs have been dispersed ([LA]i = 0.1 g L-1) in a buffered aqueous solution
(pH = 7) of the amphiphilic perylene derivative 3 ([3]i = 0.15 g L-1) by bath-
type sonication (30 min). 1 mL of the dispersion after mild pre-centrifugation
(15 krpm, 30 min) has been layered on top of 4 mL of 1 wt% SDBS in D2O. After
ultracentrifugation at 35 krpm (2 h), the SWCNTs have spread throughout the
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Fig. 3.68 Left: centrifugation vial after cosurfactant replacement BSU of laser ablation
SWCNTs dispersed in a buffered aqueous solution of perylene 3 ([LA]i = 0.1 g L-1,
[3]i = 0.15 g L-1) layered on top of a SDBS (1 wt%)-D2O race layer. Right: Absorption
spectra normalized to 900 nm of fractions F1a–F1c as indicated beside the photograph in
comparison to laser ablation SWCNTs dispersed in a 1 wt% aqueous solution of SDBS and F1a
after replacement of perylene surfactant from the sidewall of the SWCNTs by SDBS

3.2 SWCNT Sorting 153



vial. The diffusion of the free perylene into the SDBS layer is much slower than
the sedimentation of the SWCNTs and does not lead to significant redistribution of
surfactant concentrations in the vial. The H2O/D2O interface is easily discernable
in this experiment, as the mixed aggregates of 3 and SDBS formed at the interface
(see Sect. 3.1.5) are characterized by strongly increased fluorescence intensity as
indicated by the orange color.

Prior to comparing fractions at different positions in the vial, it needs to be
ensured that the dielectric environment of the nanotube is equal in every fraction.
In the fraction F1a–1c, the perylene surfactant is bound to the nanotube scaffold
inducing red-shifted and broadened SWCNT transitions (compare Sect. 3.1.1) in
the absorption spectra (Fig. 3.68 right). In order to ensure comparability with the
SWCNT fractions of the race layer where perylene has been replaced by SDBS,
solid SDBS has been added to all perylene fractions (to establish a concentration of
1 wt%). As revealed by the absorption spectra in Fig. 3.68, the characteristic
SWCNT transitions appear at the same spectral positions as the reference sample
that has been dispersed in a 1 wt% SDBS solution. Since the fractions F1a, F1b
and F1c are virtually identical in their absorption, they have been fused for the
following characterization to F1.

The cosurfactant replacement BSU has been carried out with laser ablation
(Fig. 3.69a), CoMoCAT (Fig. 3.69b) and HiPco (Fig. 3.69c) SWCNTs in order to
evaluate the applicability to SWCNTs with different (n, m) compositions. In every
case, the SWCNTs were spread throughout the vial after 2 h of ultracentrifugation
at 35 krpm. The fractions as indicated beside the photographs of the vials in
Fig. 3.69 have been subjected to absorption spectroscopy. In the cases of fractions
F1 and F2, solid SDBS has been added prior to acquisition of the spectra to
establish a SDBS concentration if 1 wt% in order to ensure the comparability with
the higher fractions.

As clearly discernable for the laser ablation SWCNTs (Fig. 3.69a), fractions F1
and F2 are enriched in smaller diameter SWCNTs (as indicated by the orange
arrows pointing upward) giving rise to S11 transitions below 1100 nm in com-
parison to the reference material LA-SDBS (black trace). In contrast, these
SWCNT species are depleted in the higher fractions (indicated by the grey arrows
pointing downward) F3 and F4. The transitions at lower energy (above 1150 nm)
appear additionally more pronounced pointing towards an enrichment of larger
diameter SWCNTs in the higher fractions. These investigations strongly suggest
that the cosurfactant replacement BSU is indeed a possible SWCNT sorting
technique.

This is further supported by the absorption spectra of the CoMoCAT and the
HiPco fractions presented in Fig. 3.69b, c, respectively. Qualitatively the same
trend is observed, e.g. enrichment of smaller diameter SWCNTs in the lower
fractions F1 and F2 and enrichment of larger diameter SWCNTs in the higher
fractions.

It needs to be emphasized that the quality of the enrichment and depletion is
rather low compared to DGU sorting. Nonetheless, the preliminary results are
promising and provide the proof of principle of this novel separation approach.

154 3 Results and Discussion



F1

F2
F3
F4

F5

F6

F1

F2
F3
F4

F5

F6

F1

F2
F3
F4

F5

F6

600 800 1000 1200

N
or

m
a

liz
e

d
A

b
so

rb
a

nc
e

Wavelength / nm

CoMoCAT SDBS S
F1 + SDBS
F2 + SDBS
F3
F4

600 800 1000 1200
N

o
rm

al
iz

ed
A

bs
o

rb
an

ce
Wavelength / nm

LA-SDBS S
F1a + SDBS
F2
F3
F4

600 800 1000 1200

N
or

m
a

liz
ed

A
b

so
rb

a
nc

e

Wavelength / nm

HiPco SDBS S
F1a + SDBS
F2 + SDBS
F3
F4

Laser Ablation

CoMoCAT

HiPco

(a)

(b)

(c)

3.2 SWCNT Sorting 155



Future work should be concerned with the optimization of the centrifugation
conditions such as concentration of the surfactants, centrifugation speed and time.
Another problem that arises is the fractionation of the material after the centri-
fugation, as no clear spatially separated bands arise.

Furthermore, a major obstacle is constituted by the pronounced polydispersity
in SWCNT lengths, as sedimentation coefficients are strongly dependent on the
molecular weight of the particles and in the case of SWCNTs therefore the length
of the nanotubes. Accordingly, in order to improve sorting efficiencies by cosur-
factant replacement band sedimentation ultracentrifugation, the length sorting
problem of SWCNTs needs to be solved first.

3.2.3 SWCNT Length Sorting by Band Sedimentation

In order to address the problem of polydispersity of the SWCNTs with regard to
length, a novel length sorting approach has been followed that relies on the dif-
ferent sedimentation velocities. For this purpose, a similar setup as for the
cosurfactant replacement band sedimentation has been used as schematically
illustrated in Fig. 3.70. SWCNTs dispersed in aqueous surfactant solution (inde-
pendent on the surfactant) are layered on top of a surfactant-D2O race layer. The
SWCNTs are expected to spread in the race layer according to their sedimentation
velocities.

This methodology resembles that of Fagan and co-workers [113, 114] but with
the significant difference that no density gradient medium is required so that the
SWCNTs after length sorting can be directly applied to further experiments. A
great advantage of this length sorting scenario is presented in the high flexibility,
as it can in principle be applied to any aqueous dispersion (of SWCNTs, graphene
or any other colloid). Additionally, it constitutes a low-cost protocol that can easily
be set up in short time spans.

Similarly to column chromatography in organic chemistry, the success of the
separation depends on the thickness of the starting band containing the sample.
Accordingly, a rather small volume (0.3 ml) of a concentrated dispersion of HiPco
SWCNTs in an aqueous solution of 1 wt% SDBS has been layered on top of
4.7 mL of the race layer (initial concentrations of HiPco SWCNTs were 0.5 g L-1

prior to mild pre-centrifugation). A mixture of H2O and D2O (3:2 by volume)

Fig. 3.69 Left: centrifugation vials after BSU of SWCNTs dispersed in a buffered aqueous
solution of perylene 3 ([SWCNT]i = 0.1 g L-1, [3]i = 0.15 g L-1) layered on top of a SDBS
(1 wt%)-D2O race layer. Right: Absorption spectra normalized to the respective minima of
fractions F1–F4 as indicated beside the photograph in comparison to SWCNTs dispersed in a
1 wt% aqueous solution of SDBS. In case of the F1 and F2, SDBS has been added in order to
replace the perylene derivative from the SWCNT scaffold as indicated in the figure legends.
Fractions F5 and F6 contained significant amount of bundles and have been excluded from
detailed analysis. a Laser ablation SWCNTs, b CoMoCAT SWCNTs and c HiPco SWCNTs

b
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instead of pure D2O has been chosen in order to reduced the density of the race
layer and therefore accelerate the sedimentation.

A representative centrifugation vial is presented in Fig. 3.71. Fractions have
been withdrawn as indicated beside the photograph and the solutions have been
subjected to absorption spectroscopy. The resonant ratio of longer SWCNTs is
larger compared to shorter counterparts [115]. Fractions containing bundled
SWCNTs yield red-shifted transitions and reduced oscillator strengths. Accord-
ingly, suitable fractions for further analysis containing only vanishing traces of
SWCNT bundles can be chosen on the foundation of absorption spectroscopy. In
this case, fraction F4 and F6 have been subjected to statistical AFM analysis. For
this purpose the fractions have been spin-casted on SiO2 wafers and the length of
minimum 200 SWCNTs has been determined on the foundation of the atomic
force micrographs.

The result of the analysis is presented in Fig. 3.71 along with representative
AFM images of F4 and F6. The optical impression arising from the AFM images
that indicates a successful length sorting is unambiguously supported by the results
from the statistical analysis summarized in the bottom panel of Fig. 3.71. F4 as one
of the topmost fractions containing SWCNTs is mainly comprised of nanotubes
with lengths shorter than 250 nm. These species are drastically reduced in F6 where
the nanotubes exhibit lengths centered around 450 nm. No bundled SWCNTs have
been detected in both fractions so that the length analysis appears reliable.

The microscopic characterization provides the proof of principle of the length
separation of SWCNTs by a simple band centrifugation experiment, where
SWCNTs spread in a race layer according to their sedimentation velocities which
is a function of their molecular weight. Thus, bundled SWCNTs are found in
higher fractions (in this case greater than F7), while the lower fractions contain
individual SWCNTs with differing lengths. In order to minimize the overlapping
regime of individual SWCNTs and small bundles further experiments are neces-
sary to optimize the centrifugation and dispersion conditions.

SWCNT-surfactant 
H O2

Ultracentrifugation

Large Bundles

 / D O
surfactant

2H O2

(50 krpm, 4h)
Individualized 

SWCNTs

Small Bundles

Length

Fig. 3.70 Experimental setup for the length sorting of SWCNTs by band sedimentation
ultracentrifugation
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Another interesting aspect of band sedimentation ultracentrifugation shall also
be briefly mentioned in this context even though it has not yet been evaluated
experimentally. For some applications, a readily available technique to remove
excess surfactant is desired. This could also be achieved concomitantly with length
sorting (and separation of individual from bundled SWCNTs) by band sedimen-
tation, if a race layer without dispersant is used. However, the surfactant cannot be
prevented from desorbing from the nanotube scaffold upon passing through the
race layer. Thus, the flexibility would be limited to dispersants that exhibit a strong
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Fig. 3.71 Top: Centrifugation vial after band sedimentation of HiPco-SWCNTs dispersed in
1 wt% SDBS layered on top of a H2O–D2O race layer also containing 1 wt% SDBS and
representative AFM images of F4 and F6 as indicated beside the photographs. Bottom:
Histograms of the SWCNT length distributions in F4 and F6 determined from statistical AFM
analysis
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interaction with the SWCNT backbone and which are not removed upon dilution
such as polymers, and possibly p-surfactants.

In summary, band sedimentation ultracentrifugation of SWCNT dispersions
presents a powerful, flexible, low-cost, scalable approach towards the sorting of
SWCNTs according to selective interactions in a cosurfactant replacement setup
(Sect. 3.2.2) or according to sedimentation velocities and directly related to that
SWCNT lengths. The preliminary results are highly promising and are expected to
pave the road towards establishing this technique as novel SWCNT separation
methodology.

3.2.4 Selective Dispersion by a Perylene-Based Nanotweezer

Even though centrifugation based SWCNT separation approaches, as described
above, are highly versatile, the ideal separation scenario would nonetheless
involve a selective dispersion of the desired SWCNT species from as-produced
bulk SWCNT materials without the need for nanotube purification or complicated
processing. This concept has been addressed by the investigation of SWCNT
dispersion by the novel perylene-based nanotweezer 12 (Fig. 3.72) [116].

The nanotweezer 12 is equipped with two perylene bisimide moieties as
SWCNT anchor groups and a first generation Newkome-type dendrimer as solv-
ophylic moiety on each perylene branch (Fig. 3.72a). Thus, two different
adsorption mechanisms may be hypothesized as summarized in Fig. 3.72b. The
desired bidental inner adsorption of the SWCNTs presumably exhibiting selective
interactions according to the diameter of the nanotube. However, the sorting

N

N

O

O

O

O

N
H

OO

O

HO

HO

OH

O

N

N

O

O

O

O

N
H

O O

O

OH

OH

HO

O

Anchoring Groups

Solvophylic Moiety Solvophylic Moiety

SWCNT

SWCNT

Bidental Inner Adsorption Monodental Outer Adsorption

(a)

(b)

12

Fig. 3.72 a Structure of the perylene based nanotweezer 12 equipped with first generation
Newkome-type dendrimers as solvophylic moieties. b Schematic illustration of perylene-SWCNT
interaction in the desired bidental inner adsorption pattern (left) and the monodental outer
adsorption pattern (right). (Reproduced with permission from Wiley–VCH, reference 116)
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efficiency can be convoluted by the possibility of the monodental SWCNT
adsorption on the exterior perylene surface (Fig. 3.72b).

Thus, it is crucial to determine the minimum ratio of 12 in relation to SWCNT
sufficient for stably dispersing and individualizing the nanotubes, as an excess of
12 would result in the non-desired monodental adsorption. For this purpose, a
stock solution of 12 (2 g L-1) was subsequently added to SWCNTs (0.05 g L-1)
in buffered aqueous media (borate buffer, pH = 10) and sonicated for 5 min in a
bath type sonicator. After each addition step UV/Vis/nIR absorption characteristics
of the respective HiPco and CoMoCAT dispersions were determined with different
ratios of SWCNT:12 (Fig. 3.73).

The 0?1 (at 500 nm) and 0?0 (at 550 nm) bands of the perylene unit are
indicated by the orange color, whereas the semiconducting S11 and S22 nanotube
transitions are marked by the grey and red shaded background, respectively.
Absorption spectroscopy is of uttermost importance for the characterization of
perylene dye solutions, as the ratio of the 0?0 transition in relation to the 0?1
transition is directly related to the degree of perylene aggregation (see Sect. 3.1).
The unbound perylene tweezer 12 is highly self-aggregated in buffered aqueous
solution with A0?0/A0?1 B 0.5.
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Fig. 3.73 As recorded optical absorption spectra of a HiPco SWCNTs and b CoMoCAT
SWCNTs dispersed in buffered aqueous solutions (pH = 10) of 12 with different ratios of
SWCNT to 12 as indicated in the figure legend. A stock solution of 12 (2 g L-1) was added to
SWCNTs with an initial concentration [SWCNT]i of 0.05 g L-1 and sonicated for 5 min after
each addition of 12 in a bath type sonicator. (Reproduced with permission from Wiley–VCH,
reference 116)
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This observation is further corroborated by the solubilization efficiencies of 12
which can be determined from the absorbance of the SWCNT dispersions before
and after centrifugation. The optical densities in the supernatant solutions, the
dispersion efficiencies and the thus calculated actual SWCNT concentration in the
supernatant for different ratios of SWCNT:12 are summarized in Table 3.15.

As summarized in Table 3.15, the ratio of SWCNT to 12 has a dramatic impact
on the dispersion efficiency of the HiPco SWCNTs being in line with the obser-
vation that only a diminishing amount of free bulk perylene is present at a
SWCNT:12 ratio of 1:0.8. In contrast to HiPco SWCNTs, where the dispersion
efficiency increases almost linearly with increasing concentrations of the surfac-
tant, no such effect is observed for the smaller diameter CoMoCAT SWCNTs. The
fact that CoMoCAT SWCNTs are only poorly solubilised by 12 compared to the
HiPco SWCNTs in combination with the observation that a higher portion of free
bulk perylene can be detected in the CoMoCAT dispersions, points towards a
much weaker interaction of 12 with SWCNTs of smaller diameters.

In order to strengthen this hypothesis, it has furthermore been investigated
whether the HiPco-12 dispersions are enriched in larger diameter SWCNTs, or
depleted in smaller diameter SWCNTs, respectively. Since the interaction of the
perylene moiety by p-p-stacking and charge transfer strongly alters the optical
properties of the SWCNTs (Sects. 3.1.1 and 3.1.3) it is crucial to remove the p-
surfactant in order to ensure comparability with a reference system such as
SWCNTs dispersed in an aqueous solution of sodium dodecyl benzene sulfonate
(HiPco-SDBS). Since it has been demonstrated that designed perylene bisimide
(Sects. 3.1.3 and 3.2.2) and pyrene surfactants (Sect. 3.1.6) can be conveniently
replaced by SDBS, an aqueous solution of SDBS was added to the SWCNT-12
supernatant dispersions (SWCNT-12 S). As exemplarily depicted in Fig. 3.74a
removal of 12 by SDBS is evidenced by the redistribution of the perylene tran-
sitions in HiPco-12 S SDBS in comparison to HiPco-12 S, re-establishing the
perylene signature of the free self-aggregated perylene 12. Concomitantly, the
absorption pattern of the SWCNTs is changed and closely resembles that of the
reference material HiPco-SDBS. A magnified view presented in Fig. 3.74b reveals

Table 3.15 Dispersion efficiencies of 12 for HiPco and CoMoCAT SWCNTs with different
ratios of SWCNT:12. The dispersion efficiency has been calculated from the ratio of the optical
density at 740 (HiPco) and 660 nm (CoMoCAT), respectively, before and after centrifugation.
The nanotube concentration in the supernatant solution cs (SWCNT) has been calculated from the
dispersion efficiencies and the initial SWCNT concentration (0.05 g L-1)

Ratio
SWCNT:12

Optical density in the Supernatant Dispersion
efficiency

cS (SWCNT)

HiPco
(740 nm)
(cm-1)

CoMoCAT
(660 nm) (cm-1)

HiPco
(%)

CoMoCAT
(%)

HiPco
(g L-1)

CoMoCAT
(g L-1)

1:0.4 0.40 0.23 25 31 0.013 0.015
1:0.6 1.05 0.36 57 43 0.029 0.021
1:0.8 1.36 0.39 72 43 0.036 0.021
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that the dispersion HiPco-12 S SDBS is depleted in small diameter SWCNTs with
optical S11 transitions at 1000–1150 nm. Significantly, the depletion of small
diameter SWCNTs is more pronounced for lower ratios of HiPco:12 (Fig. 3.74c),
as the outer monodental adsorption of 12 onto the SWCNT scaffold strongly
convolutes the enrichment. Thus, with an increasing concentration of 12 no
diameter discrimination in the dispersion of SWCNTs occurs.

Please note that no enrichment or depletion is discernable in the case of
CoMoCAT SWCNTs, as dispersion of the small diameter nanotubes is not based
on the bidental tweezer-type interaction (for details see Ref. [116]).

The successful replacement of 12 from the nanotube sidewall after the addition
of SDBS is also derived from the emission of the perylene moieties. The as
recorded emission spectra with an excitation wavelength of 500 nm for HiPco-12
S and CoMoCAT-12 S with a SWCNT:12 ratio of 1:0.6 before and after addition
of SDBS are depicted in Fig. 3.75. In the case of the HiPco SWCNTs (Fig. 3.75a),
the fluorescence of the perylene unit is strongly decreased upon interaction with
the SWCNT scaffold. After removal of 12 from the nanotube sidewall, the fluo-
rescence of free perylene is recovered. Interestingly, the perylene emission pattern
in HiPco-12 S is significantly altered. Since the same components at virtually
identical concentrations are present in SWCNT-12 S and SWCNT-12 S SDBS,
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Fig. 3.74 Optical absorption spectra of HiPco SWCNTs ([SWCNT]I = 0.05 g L-1) dispersed in
buffered aqueous solutions (pH = 10) of 12 normalized to the local minimum at 1000 nm.
a Absorption of the supernatant (S) after centrifugation of HiPco-12 with a SWCNT:12 ratio of
1:0.6 by weight compared to HiPco-SDBS and the respective HiPco-12 supernatant solution after
addition of SDBS (S SDBS). As concluded from the perylene and SWCNT transitions, the p-
surfactant has been replaced by SDBS. b Direct comparison of the SWCNT S11 transitions of
HiPco-12 after addition of SDBS and HiPco-SDBS. c Absorption spectra of HiPco-12 S SDBS
with different ratios of SWCNT to 12. (Reproduced with permission from Wiley–VCH, reference
116)
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innerfilter effects, e.g. absorption of the emitted photons by neighboring molecules
can be ruled out as source of data convolution so that the residual perylene
emission of SWCNT-12 S most probably arises from the adsorbed tweezer mol-
ecules. The same trend is observed for CoMoCAT-12 S (Fig. 3.75b). However, as
already concluded from the absorption spectra, non-adsorbed, e.g. free perylene
moieties in CoMoCAT-1 S render the effect less pronounced.

Fig. 3.75 Emission spectra (kexc = 500 nm, perylene transitions) of SWCNT-12 S and
SWCNT-12 S SDBS (supernatant after centrifugation before and after addition of SDBS,
respectively). a HiPco SWCNTs and b CoMoCAT SWCNTs. (Reproduced with permission from
Wiley–VCH, reference 116)
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The depletion of small diameter SWCNTs in the supernatant of HiPco-12 is
furthermore evidenced by nIR emission spectroscopy (Fig. 3.76). The normalized
SWCNT fluorescence spectra of HiPco-12 S with different ratios of SWCNT:12 at
an excitation wavelength of 660 nm are displayed in Fig. 3.76a. The alteration of
the nanotube optical properties upon adsorption of 12 in comparison to the ref-
erence HiPco-SDBS is documented by the red-shifted emission and an intense
redistribution of the emission pattern. In general, the emission peaks corre-
sponding to the nanotubes with diameters larger than 0.85 nm (emission wave-
lengths greater than 1100 nm) are still well resolved, whereas the transitions of the
smaller diameter SWCNTs widely diminish. However, upon replacement of 12
from the SWCNT sidewall by the addition of SDBS, these transitions are partly
recovered (Fig. 3.76b). In complete agreement with the absorption spectra, the
HiPco-12 S SDBS dispersions are depleted in nanotubes with diameters smaller
than 0.8 nm in comparison to the reference sample HiPco-SDBS, especially at
lower concentrations of 12. Again, no enrichment or depletion has been observed
for CoMoCAT SWCNTs.

On the foundation of these findings it is proposed that nanotubes with diameters
larger than 0.8 nm are trapped inside the tweezer cavity, while smaller nanotubes
are partly solubilized by the interaction with only one perylene branch of 12. On
the one hand this leads to a decreased dispersion efficiency for smaller diameter
nanotubes. On the other hand it results in a less homogenous coverage of the
SWCNT sidewall resulting in a loss of their nIR emission features in the presence
of 12 due to the possible contact with H2O and O2 [20, 32, 33].

Further support of this conclusion is derived from molecular dynamics simu-
lations (Spartan’04; Molecular Mechanics MMFF) of the energy minimized
tweezer molecule 12 in the absence of nanotubes and in the presence of a (6, 5)-
SWCNT (diameter 0.74 nm) and a (10, 5)-SCWNT (diameter 1.03 nm), respec-
tively. The images of the respective structures are displayed in Fig. 3.77.

As qualitatively indicated by Fig. 3.77b, the (6, 5)-SWCNT with a diameter of
0.74 nm is too small to completely fill out the inner cavity of the tweezer mole-
cule. Especially the front view reveals that one perylene branch is in close
interaction with the SWCNT scaffold, while the other branch protrudes away from
the SWCNT surface so that interaction is rendered less efficient compared to larger
diameter nanotubes. In contrast, the (10, 5)-SWCNT with a diameter of 1.03 nm
(Fig. 3.77c), perfectly matches the shape of the tweezer molecule with both per-
ylene branches being in contact with the aromatic nanotube surface. This results in
a preferred interaction of 12 with SWCNTs with diameters greater than 0.8 nm, as
experimentally revealed.

Furthermore, it is proposed that the dendritic solvophylic moieties are also
oriented towards the SWCNT surface, as nanotube p-type doping by the perylene
moieties occurs [89]. Thus, the negatively charged dendrimers are attracted by the
positively polarized SWCNT scaffold leading to the possibility of a highly
homogenous coverage of the nanotubes (see Sect. 3.1.3). The SWCNT surface is
therefore shielded from the aqueous environment resulting in the detection of
SWCNT nIR emission despite the adsorption of the aromatic perylene moieties.
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Fig. 3.76 a nIR emission spectra (kexc = 660 nm, nanotube transitions) of HiPco-12 S
(supernatant after centrifugation) with different ratios of SWCNT:12 normalized to the
maximum. b nIR emission spectra (kexc = 660 nm) of HiPco-12 S SDBS (supernatant after
centrifugation and replacement of 12 with SDBS) with different ratios of SWCNT:12 normalized
to the maximum. (Reproduced with permission from Wiley–VCH, reference 116)
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In conclusion, the nanotweezer 12 is capable of dispersing up to 70% of as-
produced HiPco SWCNTs with an enhanced interaction towards larger diameter
SWCNTs. As revealed by absorption and emission (perylene UV/Vis and SWCNT
nIR) spectroscopy, SWCNTs with diameters larger than 0.8 nm are preferentially
solubilized resulting in a depletion of smaller diameter SWCNTs in the superna-
tant dispersions after mild centrifugation. These results are highly promising, as
the extraordinary surfactant capabilities of water soluble perylene bisimide

1.43 nm

a) Nanotweezer  12

b) Nanotweezer 12 in the presence of a (6,5) SWCNT (diameter 0.74 nm) 

c) Nanotweezer  12 in the presence of a (10,5) SWCNT (diameter 1.03 nm) 

bottom front side

bottom front side

Fig. 3.77 a Energy minimized structures of the nanotweezer 12 in the absence of SWCNTs.
b Interaction of 12 with a fragment (2.5 nm) of a (6, 5) SWCNT. c Interaction of 12 with a
fragment (2.5 nm) of a (10, 5) SWCNT. (Reproduced with permission from Wiley–VCH,
reference 116)
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derivatives can be combined with diameter recognition by tweezer shaped mole-
cules. However, a monodental adsorption of the SWCNTs with only one perylene
branch in the tweezer molecules decreases the effectiveness of selective dispersion
so that future work should be directed towards tweezer-type molecules, where the
outer adsorption region is shielded by bulky substituents on the bridging moiety.

3.3 Facilitating SWCNT Characterization
by Optical Microscopy

The previous chapters of this thesis have been concerned with dispersion, solu-
bilization and separation of SWCNTs based on noncovalent interactions. The
fundamental understanding of the underlying interactions has evolved to a pre-
requisite in order to improve and tune dispersability. For this purpose a variety of
analytical techniques have been used and characterization sequences probed and
developed. Despite the progress towards the precise characterization of SWCNTs
that have been interwoven with the study of novel perylene bismide dispersants
throughout Sect. 3.1 and centrifugation sorted SWCNTs in Sect. 3.2, some
drawbacks for the analysis of derivatized SWCNTs remains. One is presented in
the certainly time consuming characterization sequences, especially striking for
example in the case of statistical AFM analysis. Another obstacle is presented in
the lack of the direct correlation of the different microscopic and spectroscopic
techniques. Thus, the development of a more precise, less time-consuming and
low-cost characterization protocol that provides the foundation for correlative
microscopy and spectroscopy would be highly desirable.

Significant progress towards reaching this goal is provided by optical micros-
copy on SWCNTs as will be outlined in the following [117]. The work has been
inspired by recent investigations on graphene, where optical microscopy has
become an essential tool [118–120], as it allows for the visualization of the nano-
scaled objects by simple and readily available means. As a consequence, a variety
of microscopic and spectroscopic techniques on individual graphene flakes can
easily be applied on one and the same defined object. Moreover, the microfabri-
cation of graphene devices is considerably facilitated by light microscopic
inspection of the corresponding graphene nano-objects. Light microscopy in this
case relies on an interference contrast arising from deposited graphene flakes onto
opaque bi-layered or multi-layered substrates [118]. In a more detailed investi-
gation, it has been demonstrated that Si/SiO2 substrates with a 300 nm oxide layer
are most suitable for the visual detection of objects below the diffraction limitation
of optical microscopy [121].

The question arises whether such a highly versatile characterization tool can
also be applied to the visualization of single walled carbon nanotubes (SWCNTs)
which are below the optical detection limit of k/2 in two dimensions. As will be
described in the following, SWCNT spin-casted from dispersion on Si/SiO2
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substrates with an oxide layer thickness of 300 nm can indeed by visualized by
optical bright and dark field microscopy.

Nanotube samples were prepared by dispersing HiPco SWCNTs in an aqueous
solution of SDBS (1 wt%) by sonication (30 min, bath-type). The resulting dis-
persion was mildly centrifuged (15 krpm, 30 min) in order to remove coarse
aggregates and insoluble material, followed by spin-casting the supernatant on Si/
SiO2 wafers (SiO2 layer thickness of 300 nm). This distinct layer thickness has
been chosen, as it is most suitable for the characterization of graphene [118–120],
which can be considered as two-dimensional structural analogue of carbon
nanotubes.

Figure 3.78 displays the optical micrograph in bright field mode with normal
incident white light illumination. A mat of tubular aggregates appears which can
also precisely be investigated by scanning electron microscopy (SEM, Fig. 3.78b).
The SEM overview image with a magnification of 600 represents an exact overlay
of the respective optical bright field image in Fig. 3.78a. Higher magnification
SEM images are shown as inset in Fig. 3.78b. Furthermore, the area marked by the
red square in Fig. 3.78a has been recovered by the aid of the optical camera of an
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Fig. 3.78 Optical micrographs of HiPco-SDBS spin-casted onto a Si/SiO2 substrate (SiO2

thickness 300 nm). a Bright field image, b SEM image with different magnifications of the
respective areas, c enlarged bright field image displaying the same spot as d atomic force
microscopic image; e overlay of bright field image and AFM image; f height profile along the
black line in d; g direct comparison of AFM and SEM images from the area indicated by the blue
shaded background in Fig. 3.78d. (Reproduced with permission from Wiley–VCH, reference
117)
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atomic force microscope and subjected to AFM tapping mode imaging. The
structure and morphology strongly suggests that the objects under consideration
are bundles of SWCNTs (Fig. 3.78d). Height analysis reveals that the objects are
nano-scaled, e.g. 5–45 nm in height. Figure 3.78f exemplarily depicts the height
profile corresponding to the black line in Fig. 3.78d. The optical visualization is
highly versatile, as the visual inspection can be used for the retrieval of the sample
area under investigation. Thus, a direct comparison of AFM and SEM on the very
same sample spot, as exemplarily depicted by Fig. 3.78g, is accessible. The height
of four SWCNT bundles is indicated in the AFM image, while the width of the
same objects is marked in the SEM image. Most importantly, the width measured
in the SEM image is overestimated by a factor of 3–4 opposed to the AFM heights.
This underlines that the quantification of the bundles size distribution as a measure
for the quality of the dispersion should not be targeted with SEM.

The question arises, whether the bi-layered Si/SiO2 substrate is essential for the
optical visualization. In this regard it is important to note that no contrast from
SWCNTs, or SWCNT bundles spin-casted on Si wafers or glass substrate could be
monitored in the bright field imaging mode. In an attempt to nonetheless visualize
the nanotubes by microscopy, deposited SWCNTs (onto the bi-layered substrate
and glass, respectively) have been coated with the fluorescent perylene dye 13 (the
protected analogue of the surfactant 2) by drop-casting a solution of 13 in toluene
onto the substrates.
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As depicted in Fig. 3.79a, the fluorescence of 13 is quenched in the presence of
on observed on the bi-layered substrate (Fig. 3.79a—left) appear blacknanotubes
so that the areas yielding a blue contrast under bright field illuminati in the
fluorescence microscopic image (Fig. 3.79a—right). Similar aggregates are visu-
alized by fluorescence microscopy when the nanotubes are deposited and coated
on the glass substrate (Fig. 3.79b—right). However, no related objects are
observed in the bright field image (Fig. 3.79b—left). This unambiguously
underlines the importance of the bi-layered Si/SiO2 substrate for the visual
detection of nanotubes by optical microscopy.

In the following, the designed water-soluble aromatic surfactant 2 (which is
structurally related to the perylene dye 13) has been used as dispersant in order to
elucidate whether the visual detection can be applied to nanotube samples with a
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different morphology and distributions of individual and bundled nanotubes.
A dispersion of HiPco-2 S in borate buffer (pH = 10) has been used. For the
thorough characterization of the dispersion please see Sect. 3.1. Sample prepara-
tion again involved sonication, centrifugation and spin-casting on Si/SiO2 sub-
strates as already outlined.

Compared to HiPco-SDBS, no such well defined bundles are observed for
HiPco-2 (Fig. 3.80), as dispersion by the perylene p-surfactant is characterized by
higher degrees of nanotube exfoliation leading to smaller nanotube aggregates than
in the case of SDBS as dispersant. However, objects with a deep blue contrast also
appear marked by the red circles in Fig. 3.80. In order to prove that the contrast
arises from SWCNTs, a detailed Raman spectroscopic investigation has been
carried out.

15 mµ

Bright Field Imaging Fluorescence Imaging

Si/SiO2

Glas

15 mµ15 mµ

(a)

(b)

Fig. 3.79 Optical micrographs of HiPco-SDBS spin-casted onto a a Si/SiO2 substrate (SiO2

thickness 300 nm) and b a glass substrate. The substrates were coated with the perylene dye 13
by drop casting a solution of 13 in toluene prior to optical microscopy. The micrographs under
bright field illumination are depicted in the left panel, while the fluorescence microscopic images
of the same area are shown in the right panel. For acquisition of the fluorescence microscopic
images a 545 nm cut-off filter was used in excitation and a 570 nm long-pass filter for the
emission. Please note that the focus for acquisition of the bright field and respective fluorescence
microscopy images has not been changed. The objects in case of the glass substrate, however,
appear slightly blurred which can be traced back to difficulties in focusing due to the absence of
contrast in bright field illumination. (Reproduced with permission from Wiley–VCH, reference
117)
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The results from the Raman spectroscopic investigation (kexc = 532 nm) on
HiPco-2 are summarized in Fig. 3.81. Figure 3.81b depicts the area of the nanotube
G-band centered at 1586 cm-1 extracted from the Raman spectra which have been
recorded by line-wise acquisition of individual spectra in 0.5 lm steps. The area
investigated corresponds to the optical micrograph in Fig. 3.81a. Exemplarily, the
Raman spectra of the spots marked as 1, 2, 3 and 4 are displayed in Figs. 3.81d–g.
The Raman spectrum clearly identifies the deposits under investigation as SWCNTs
with the RBMs (150–300 cm-1), the D-band (1330 cm-1) and the G-band
(1586 cm-1) being clearly discernable. The excitation wavelength of 532 nm has
been chosen, as the resonant Raman signals attributed to the perylene moiety of the
surfactant at 1304 and 1376 cm-1 are recorded simultaneously with the SWCNTs

20 mµ

Fig. 3.80 Optical bright field micrographs of HiPco SWCNTs dispAs outlined in the
introduction, Raman spectroscopy is a powerful tool in SWCNT characterization, as the
characteristic radial breathing modes (RBMs) of the SWCNTs, which correlate to the diameter of
the nanotubes allow drawing conclusions on the diameter distribution and composition of the
material [122]. Furthermore, it is highly important for the determination of the degree of
functionalization of covalently modified nanotubes based on the D/G ratio [122]. However,
Raman spectroscopy has so far lacked structural information of the SWCNT aggregates. Thus,
the interpretation of the Raman spectra has been challenging, as alterations of the optical
nanotube transitions by bundling or functionalization give rise to redistributions in the relative
RBM intensities at one excitation wavelength [123–125]. These might be easily misinterpreted as
changes in the diameter composition of the SWCNTs and/or selective functionalization. An
optical visualization that allows for a correlation of spectroscopic and microscopic information
would thus be highly desirable
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(also see Sect. 3.1.3.2), as most clearly identified in the Raman spectrum in
Fig. 3.81d. The variations in the ratio of the peaks attributed to the perylene to the
signals arising from the nanotubes reflect that the nanotube surface is inhomoge-
nously covered by the perylene surfactant as analyzed in detail in Sect. 3.1.

The structure and morphology of the SWCNT bundle (Fig. 3.81a) is nicely
reflected by the Raman map in Fig. 3.81b, as the intensity of the Raman signal
correlates with the number of nanotubes being resonantly enhanced, resulting in
variations of the integrated G-band intensity. A map of the RBM amplitudes has
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Fig. 3.81 a Optical microscopy image of HiPco-2 deposited on a Si/SiO2 substrate with a 300 nm
layer thickness (scale bar 5 lm). The setup enables optical detection of thin-layer deposits through
interference contrast and scanning with the Raman microscope. b Raman amplitude of the G peak
(black—low count rate to white—high count rate) measured every 0.5 lm, indicating the presence
of nanotubes. c Map of the RBM region measured every 0.5 lm. The colors arise from the overlay
of three domains colored in red (155–207 cm-1), green (216–253 cm-1) and blue
(256–287 cm-1), respectively. d–g Raman spectra corresponding to the positions indicated by
the red arrows in the Raman maps of Figs. 3.81b, c recorded with an excitation wavelength of
532 nm. (Reproduced with permission from Wiley–VCH, reference 117)
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also been included in Fig. 3.81c in order to underline the versatility of the Raman
investigations on the deposited nanotubes. For this purpose the RBM region was
divided in three domains ranging from 155–207 cm-1 (large diameters),
216–253 cm-1 (medium diameters) and 256–287 cm-1 (small diameters) corre-
sponding to the red, green and blue color code, respectively. Thus, differences in
the relative distributions of the nanotubes in the bundle can conveniently be fol-
lowed, e.g. a blue pixel such as at position 2 in Fig. 3.81c corresponds to a higher
relative concentration of smaller diameter nanotubes, while a red pixel such as at
position 3 arises from an increased relative concentration of larger diameter
SWCNTs.

Additionally, the question has been addressed whether the colors in the optical
micrograph ranging from deep blue over cyan to green can be correlated with the
height of the nano-scaled objects. Therefore, exactly the same SWCNT bundle of
the Raman spectroscopic investigation has been recovered by the aid of the optical
microscope of the AFM and subjected to AFM imaging, as exemplarily depicted
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Fig. 3.82 a Optical bright field micrograph of HiPco-2 spin-casted onto a Si/SiO2 substrate
(SiO2 thickness 300 nm), b AFM tapping mode images corresponding to the areas marked by the
red squares. (Reproduced with permission from Wiley–VCH, reference 117)
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for HiPco-2 in Fig. 3.82. The height profiles of the images displayed in Fig. 3.82b
reveal that very well dispersed nanotubes with a height of 1–5 nm (position 3) can
hardly be visualized optically. Regions, where nanotube bundles with a height of
5–10 nm (position 2) are deposited, give rise to a deep blue contrast. In analogy,
the height at different spots at area 1 has been determined leading to the conclusion
that the color of the interference contrast can be roughly correlated to the mor-
phology of the SWCNTs with increasing heights from blue over cyan to green.

Finally, it has been investigated whether the dark field imaging mode of the
optical microscope is also suitable for the optical visualization of SWCNTs.
Figure 3.83 depicts the bright field image of HiPco-2 (Fig. 3.83a), which has been
extensively investigated above, in relation to the corresponding dark field image
(Fig. 3.83b). Obviously, only strongly aggregated, e.g. bundled nanotubes with a
height larger than approximately 30 nm can be precisely mapped in the dark field
imaging mode. Thus the use of dark field imaging is limited, as the contrast
intrinsically arises from objects capable of scattering the incident light.

In summary, the optical visualization of SWCNTs deposited onto Si/SiO2

substrates provides simple and efficient access to a low-cost in-depth character-
ization of SWCNT dispersions, as it enables the direct correlation of microscopic
(SEM and AFM) and spectroscopic (Raman) information. The importance of using
a bi-layered substrate has been underlined by the aid of fluorescence microcopy on
dye-coated SWCNTs deposited onto a Si/SiO2 and glass substrate, respectively.
The fluorescence quenching of the fluorescent dye by the underlying nanotubes
can conveniently be followed by fluorescence microscopy on any substrate. Only

10 mµ

10 mµ

(a)

(b)

Fig. 3.83 a Optical bright
field micrograph of HiPco-2
spin-casted onto a Si/SiO2

substrate (SiO2 thickness
300 nm), b corresponding
dark field image.
(Reproduced with permission
from Wiley–VCH, reference
117)
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in the case of the bi-layered substrate, however, the same objects as in bright field
imaging mode are detected. By the aid of this novel optical visualization, multiple
SWCNT characterization techniques can now be applied to exactly the same
region on the substrate. Thus, for example, a direct comparison of SEM and AFM
has been provided. The color of the interference contrast ranging from deep blue
over cyan to green of the SWCNTs spin-casted onto the opaque bi-layered sub-
strate roughly correlates to the height of the SWCNT bundles. The Raman
investigation outlines the versatility of the optical detection, as differences in the
morphology and the local composition of the SWCNT bundles are reflected by
variations in the Raman G-band intensity, as well as relative changes in the RBM
distributions, respectively.

It is important to point out that this strikingly simple observation is expected to
drive nanotube characterization forward significantly, especially with regard to
covalently functionalized nanotube samples, where the degree of functionalization
could now be probed locally by the Raman D/G ratios. Additionally, the optical
visualization greatly facilitates AFM measurements, as areas of interest can be
retrieved within minutes under any conventional microscope. One can also
imagine to systematically investigate the fluorescence quenching ability of nano-
tubes with different fluorescent dyes by the aid of fluorescence microscopy. Owing
to the visual bright field detection, the same area of deposited SWCNTs could be
characterized in detail by Raman and AFM analysis and then coated by the dye of
interest and subjected to fluorescence microscopy.
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Chapter 4
Conclusion

The work presented here served the purpose to gain fundamental insights in
noncovalent functionalization of single-walled carbon nanotubes. The focus was
directed towards establishing structure–property relationships of adsorbates and
nanotubes in aqueous solution in order to understand nanotube dispersion and
exfoliation, especially by designed surfactants. Up to now, despite the extraordi-
nary progresses in the development of nanotube sorting techniques [1], the effi-
ciency of nanotube separation as a foundation for their increased processability has
been restricted by the limited exfoliation efficiencies of commercially available
detergents. This is exactly the point where this work hooked in and enabled to pave
the way to improved sorting.

Within this thesis, it was demonstrated for the first time that amphiphilic per-
ylene bisimide derivatives (PBIs) are excellent candidates for dispersing nanotubes
in aqueous media especially with regard to the exfoliation efficiencies as deter-
mined by statistical atomic force microscopy (AFM) [2, 3]. I was thus able to extent
the small library of anchor groups to the SWCNT scaffold by an electron deficient
aromatic system. The novel p-surfactants are equipped with first and second gen-
eration Newkome-type dendrimers terminated with carboxylic acid functionalities
as hydrophilic moieties. The convergent synthesis [4] enabled the construction of
different surfactants bearing similar structural motives which can be classified as
being bolaamphiphilic or amphiphilic (Scheme 3.1). Therefore, an in-depth
investigation of the adsorption behavior and supramolecular arrangement became
possible and a structure–property relationship could be established for the first time.

In order to evaluate the role of the substituents in the periphery of the aromatic
anchor, the dispersion and exfoliation efficiencies of the SWCNTS by the aid of the
surfactants was investigated (Sects. 3.1.1.1 and 3.1.1.3) [3]. Interestingly, the
amphiphilic perylene derivative 6 with the rather small first generation dendrimer
head group does not adsorb on the SWCNT scaffold by its perylene core as deter-
mined from the spectroscopic signatures of the perylene dye, as well as the carbon
nanotubes. Since the nanotube features strongly resemble those of an aqueous dis-
persion in SDBS, it can be concluded that the perylene dispersant 6 adsorbs by the
branched alkyl chain and thus prefers a micellar arrangement attributed to the
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increased micelle stability due to the smaller head group bearing a maximum of three
charges combined with the amphiphilicity generated by the nonpolar tail. It is
important to note that the dispersion efficiency of the perylene derivative 6 is by a
factor of approximately two lower compared to the derivatives 1 or 3 (Table 3.1).
This points towards the importance of considering the supramolecular structure of
the perylene derivatives in aqueous solution in more detail, as the self-aggregation
behavior obviously impacts the adsorption to the nanotube backbone and, directly
related to that, the dispersion efficiency.

HO

HO

HOOC

HOOC

HOO

H

HOOC

HOOC

HO

H
N

HOOC

HOOC

OC

O
HN

OC
HOOC

C

H
N
O

C HN
O

HOOC
C

O
HN

OOC
HOOC

H
N
O

OC HN
O

HOOC

HOOC

HOOC

HOOC

N

O

OO

N

O

O
O

H
N

OOH

OOH

COOH

O

H
N

COOH

COOH

COOH

O

OO

H
N

1

2

N

O

O
3

N

6

N

O

O O

N

O

O

HOO

H

N

O

O

N

O

O

H
N

COOH

COO

COOH

O

H
N

O NH

COO
COOH

C

N
H

O

NH

O

CHOOC

OOC

H

H

COOH

COOH

COOH

OOH

The importance of environmental effects is furthermore reflected by the
dependency of SWCNT dispersion efficiencies on the pH of the buffered aqueous
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surrounding [3]. In case of all anionic perylene surfactants under investigation
(including the derivative 6 which prefers a micellar arrangement), nanotube dis-
persion and individualization was increased by approximately a factor of two in
the pH = 10 buffer solution. In a first approximation this can be attributed to a
higher effective charge density on the surfactant head group and therefore an
increased repulsion between adjacent SWCNTs in a bundle during the sonication
induced unzippering.

The dispersion efficiencies of the perylene bisimide derivatives 1 and 3 in the
borate buffer at pH = 10 in the concentration range investigated are similar to
those of SDBS, albeit with a surfactant concentration that is lower by a factor of
100. Most significantly, exfoliation capabilities of the bolaamphiphilic perylene
derivative 1 and the amphiphilic perylene derivative 3 are outstanding approaching
76% (at pH = 10). This is by a factor of five higher than the commonly used
detergent SDBS. Since nanotube individualization is the key factor for any sep-
aration scenario, improving the exfoliation will also ultimately have the potential
to enhance sorting yields.

Another critical point that was addressed for the first time within this thesis was
the effect of the cationic counterion in the periphery of the anionic perylene sur-
factants (Sect. 3.1.1.4) [5]. In line with the amphiphilic carboxylates [6] without
aromatic core, a pronounced sodium effect impacts the aggregation behavior of the
anionic perylene dyes due to a counterion affinity that increases in the order
K+ \ Li+ \ Na+. Going one step further, it was demonstrated that the counterion
plays a significant role in SWCNT dispersion due to the impact on the supramo-
lecular structure of the surfactant dye. This enabled to enhance the dispersion effi-
ciency in the presence of the appropriate counterion reaching 88% with the perylene
surfactant 1 in non-buffered aqueous media with K+ as counterion at pH = 11.

A similar improvement in nanotube dispersability was achieved by the addition
of perylene tetra carboxylic acid dianhydride (PTCDA) as intercalant (Sect. 3.1.2.1)
[7]. Due to the rather bulky substituents in the periphery, the designed surfactants
may be partly hindered from slipping between adjacent SWCNTs in a bundle
during the sonication induced exfoliation. Despite the lack of solubility of PTCDA
in aqueous solution a pronounced effect could be observed upon its addition to the
SWCNT-surfactant mixture. Boundary sedimentation experiments in buffered
aqueous media (pH = 10) in analytical ultracentrifugation with a universal spec-
trometer enabled to visualize the different components of the complex dispersion.
Based on these findings in combination with steady state absorption spectroscopy, it
is suggested that PTCDA is intermittently adsorbed onto the SWCNT surface
during sonication where it can propagate along the nanotube surface thus improving
SWCNT exfoliation and dispersability. Concomitantly, the dianhydride is exposed
to the basic environment resulting in a hydrolysis to the corresponding diacid and
desorption from the SWCNT surface. Under carefully chosen conditions, disper-
sion efficiencies by the amphiphilic perylene derivative 3 reached 88%.

In further experiments concentrating on the bolaamphiphilic perylene deriva-
tives 1 and 2, as well as on the amphiphile 3, I was able to provide experimental
evidence for the correlation of the dispersion and exfoliation with the packing
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density of the surfactant on the nanotube scaffold (Sects. 3.1.1.3 and 3.1.2.2). The
adsorption behavior of the designed perylene based surfactants was investigated by
their hydrodynamic characterization via analytical ultracentrifugation (Sect.
3.1.2.2) [8]. The results were completely in line with the investigations by zeta
potential, absorption spectroscopy, IR spectroscopy, XPS (Sect. 3.1.1.3), as well as
replacement titrations (Sect. 3.1.3.2) [9]. As summarized in Fig. 4.1a, the packing
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Fig. 4.1 a The dispersion and exfoliation efficiencies of the designed perylene based surfactants
1, 2 and 3 can be correlated to their packing density on the SWCNT scaffold. b SWCNT
fluorescence intensity is dominated by the homogeneity of the surfactant coverage which is
illustrated by AFM phase images
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density on the nanotube surface directly correlates with the dispersion and exfo-
liation capabilities.

Based on these observations, it is proposed that the amphiphilic PBI adsorbs on
the nanotube surface in such a way that the solvophylic head and the lipophylic tail
alternate to allow maximum loading (Fig. 3.32). As imaged by atomic force
microscopy the nanotubes are accordingly more homogenously covered by PBI 3
compared to the bolaamphiphiles (Fig. 3.12). As summarized in Fig. 4.1b, the
homogeneity of the SWCNT coverage directly impacts the fluorescence quantum
yields of the carbon allotrope (Sect. 3.1.1.2) presumably due to the reduced contact
with water and oxygen. In perfect agreement, the nanotube fluorescence intensity
is highest in the case of the SWCNT-3 dispersion in comparison to the other
designed perylene p-surfactants, albeit being lower than the SDBS reference due
to the charge transfer and p–p-stacking interaction contribution.

An appealing comparison to further demonstrate the extraordinary surfactant
capabilities of functional PBIs arises from the possibility to investigate structurally
related amphiphiles with pyrene as anchor group (Sect. 3.1.6) [10]. In this context,
SWCNT dispersion and exfoliation by the aid of pyrene 10 and 11 being deriv-
atized with first and second generation Newkome-type dendrimers, respectively,
was analyzed. In line with the perylene based surfactants, the bulky second gen-
eration Newkome-type dendrimer is not necessarily favorable for the adsorption on
the nanotube scaffold exhibiting lower surfactant capabilities. Accordingly, the
dispersion efficiencies are significantly lower for the larger amphiphile 11 com-
pared to the smaller derivative 10. In analogy to the PBIs, dispersion in the buffer
medium at pH = 10 outperforms efficiency in the pH = 7 buffer.
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A significant aspect that should be mentioned is the much lower surfactant
capability for the pyrene dispersants compared to the structurally related PBIs
manifested in a maximum dispersion efficiency of 46% with an individualization
rate of 26% (pH = 10, pyrene 10) under equal processing conditions (nanotube
material, initial nanotube concentration, sonication power and time, centrifugation
condition). This is again underscoring the importance of the electron deficient
perylene bisimide core that bears great potential to outperform pyrene derivatives
that have been widely applied as nanotube anchor systems [11].
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The difference between the pyrene and perylene bisimide unit and the impact on
SWCNT-surfactant interactions is furthermore reflected in different affinities
towards smaller and larger diameter SWCNTs, respectively. While pyrene exhibits
a more pronounced affinity towards SWCNTs with larger diameters (Sect. 3.1.6),
the anionic PBIs follow the opposite trend (Sect. 3.1.3). From electronic grounds,
the enhanced adsorption affinity and higher packing density of the PBIs on
SWCNTs with smaller diameter (larger band gap) that has been demonstrated by
three independent techniques (zeta potential, analytical ultracentrifugation and
replacement titrations followed by SWCNT absorption and emission spectroscopy)
is a puzzling issue. Upon considering the charge transfer interaction from the
nanotube to the PBI unit, one may predict a stronger interaction with smaller band
gap nanotubes (larger diameter). The experimental observations were rationalized
by the following adsorption hypothesis (Fig. 3.40): [9] The p-type doping induced
by adsorption of the perylene core imparts a positive charge on the nanotube
scaffold which results in a Coulombic attraction of the anionic solvophylic
moieties. Since the p-type doping should be more pronounced in the case of larger
diameter SWCNTs [12], the nanotubes possess a higher positive charge density
leading to a pronounced attraction of the dendritic substituents. This in turn
reduces the packing density on larger diameter nanotubes (despite a stronger core-
nanotube interaction), or in other words an enhanced packing density on smaller
diameter nanotubes where the solvophylic moieties presumably point into solution.

In an attempt to strengthen this adsorption hypothesis, the cationic perylene
derivative 9 was investigated (Sect. 3.1.4).

The analysis of the dispersion efficiencies and adsorption behavior was prob-
lematic due to the instability of the ester functionalities in aqueous media.
Furthermore, a replacement from the nanotube sidewall by DTAB (as cationic
analogue of SDBS) could not be precisely followed presumably due to the for-
mation of mixed supramolecular architectures of the cationic perylene derivative

186 4 Conclusion

http://dx.doi.org/10.1007/978-3-642-27582-1_3
http://dx.doi.org/10.1007/978-3-642-27582-1_3
http://dx.doi.org/10.1007/978-3-642-27582-1_3
http://dx.doi.org/10.1007/978-3-642-27582-1_3


with the cationic detergent DTAB (Sect. 3.1.5). However, if at all, an enhanced
interaction with larger diameter nanotubes was observed.

A closer inspection of the supramolecular structures formed by the perylene
bisimide surfactants 1, 3 and 9 with a variety of cosurfactants such as SDBS, SDS,
SDC, SC and DTAB (Sect. 3.1.5) revealed that a strong interaction of oppositely
charged systems (for example 1-DTAB or 9-SDBS) takes place in any case as
evidenced by absorption and emission spectroscopy. In addition, the amphiphilic
perylene derivative 3 in contrast to the bolaamphiphile 1 is interacting with anionic
amphiphiles (SDBS and SDS) despite the like head charges. In this regard, it
appeared interesting that the cationic detergent DTAB is also affecting the
assembly of the cationic bolaamphiphilic perylene derivative 9 above the critical
micelle concentration of DTAB. The study of the PBI-cosurfactant structures does
not only provide a deeper understanding for the highly versatile replacement
titrations on the nanotube scaffold, but can furthermore by exploited to tune the
emission quantum yields of the PBI fluorophores by the clever choice of additives
in aqueous solution.

Since the PBI surfactants are characterized by outstanding exfoliation effi-
ciencies in combination with the differentiation in the adsorption behavior
according to nanotube diameter, they constitute promising candidates for efficient
nanotube sorting. In the second part of this thesis, the development of alternative
SWCNT sorting routes based on ultracentrifugation (Sects. 3.2.1–3.2.3), as well as
selective dispersion (Sect. 3.2.4) was therefore targeted. Density gradient ultra-
centrifugation was successfully applied for SWCNT sorting according to structural
integrity (Sect. 3.2.1.2) [13], e.g. covalently functionalized material was separated
from the non-functionalized counterparts enabling the in-depth characterization of
the functional adducts.

Furthermore, the concept of cosurfactant replacement DGU was introduced
(Sect. 3.2.1.3) which resulted in fractionation of HiPco and CoMoCAT SWCNTs
according to diameter [14]. In the following it was evaluated whether the success of
the cosurfactant replacement DGU is dependent on the presence of a gradient
medium by setting up a cosurfactant replacement band sedimentation experiment
(Sect. 3.2.2). The proof of principle of diameter sorting of the SWCNTs was provided
owing to the underlying enhanced affinity of the anionic PBIs with smaller diameter
nanotubes. However, enrichment was not very pronounced due to the convolution by
varying SWCNT lengths and directly related to that sedimentation velocities. As a
consequence, a novel length sorting approach by band sedimentation ultracentrifu-
gation was successfully developed (Sect. 3.2.3).

In addition, the extraordinary surfactant capabilities of perylene bisimide
derivatives were combined with the encouraging results of selective nanotube
dispersion by tweezer shaped molecules (Sect. 3.2.4) [15]. To this end selective
dispersion of SWCNTs with diameters larger than 0.8 nm was demonstrated by the
designed nanotweezer 12.
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Finally, it is important to note that a number of characterization routines
allowing the precise analysis of the nanotube-surfactant complexes have been
developed within this thesis providing an understanding for the underlying inter-
actions and establishing structure–property relationships. A cornerstone towards
the improved SWCNT characterization could be laid by the optical visualization of
the 1D nano-scaled SWCNTs in bright field microscopy (Sect. 3.3) [16]. To this
end it was demonstrated that nanotubes, despite being below the diffraction limit
of k/2 in two dimensions, could be optically detected when deposited on Si/SiO2

wafers with an oxide layer thickness of 300 nm. This visualization is extremely
versatile, as it facilitates atomic force microscopic investigations significantly and
furthermore it enables the correlation of morphology (AFM) with Raman spec-
troscopy. Thus, this low-cost methodology was finally able to bridge the gap
between microscopic and spectroscopic characterization.

In conclusion, the results summarized in this thesis can be regarded as pieces in
the jigsaw puzzle towards understanding noncovalent SWCNT functionalization in
water, as a deeper understanding of the interactions of SWCNTs with highly
potent designed surfactants was generated that enabled the development of novel
SWCNT sorting scenarios (or modifications of already established scenarios).
Furthermore, methodologies for the precise analysis and characterization of
SWCNTs were established which are widely applicable.
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Chapter 5
Experimental Details

5.1 Materials and Methods

5.1.1 Materials

The purified HiPco SWCNTs (Batch P0343, residual weight 5 %) were purchased
from Unidym Inc. (U.S.). In case of the covalently functionalized SWCNTs, the
batch P0261 has been the used for further processing. Laser ablation SWCNTs
(batch R0448) were obtained from Carbon Nanotechnology Inc. (U.S.). The
purified CoMoCAT SWCNTs (batch SG65-0012, residual weight 20%) were
purchased from Southwest Nanotechnology Inc. (U.S.). All SWCNT materials
were used as received without further purification.

All other chemicals were purchased from Thermo Fisher, Sigma Aldrich or
Merck and applied without further treatment. The dispersants 1-7,[1, 2] as well as
12 [3] were synthesized by Cordula Schmidt, 8 was synthesized by Karin
Rosenlehner [2], 9 by Torsten Schunk and 10, as well as 11 by Alexander Ebel [4]
(all of them members of the group of Prof. Hirsch, Chair of Organic Chemistry II,
University Erlangen-Nuremberg).

5.1.2 Methods

5.1.2.1 Absorption Spectroscopy

Absorption spectra were recorded with a Shimadzu UVPC3100 or a Perkin Elmer
Lambda 1050 in transmission with 0.2, 0.4 or 1 cm path length in quarzglass suprasil
(Hellma) cuvettes. The pathlength of the cuvette was chosen in such a way that
the maximum absorption intensity in the region of interest did not exceed 1.5 a.u.
In the case of the aqueous detergent solution, the background of H2O was subtracted.

C. Backes, Noncovalent Functionalization of Carbon Nanotubes, Springer Theses,
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5.1.2.2 Fluorescence Spectroscopy

The SWCNT nIR emission was most commonly recorded with a Nanospectralyzer
NS1 from Applied Nanofluorescence with laser excitations of 660 and 785 nm.
Integration times were commonly 300 ms and 50 spectra were averaged.

In cases where a 3D nIR emission contour plot was desired, a Fluorolog-3 from
Horiba Scientific was used equipped with a nitrogen cooled Symphony InGaAs
diode array detector with a 600 grooves mm-1 grating in excitation and a 180
grooves mm-1 grating in emission. Typical integration times were 15 s with slit
width of 10 nm (in excitation and emission). UV/Vis emission was recorded with a
photomultiplier tube detector with 1,200 grooves mm-1 in emission.

5.1.2.3 Raman Spectroscopy

Raman spectra were recorded on a Horiba Scientific Labram Aramis confocal
Raman microscope equipped with an automated XYZ-table using 0.80 NA
objectives and laser excitations of 532, 633 and 785 nm, respectively.

5.1.2.4 IR Spectroscopy

IR spectra were obtained in transmission with KBr as matrix on a Tensor27
(Bruker). The SWCNTs were pre-grind with pistil and mortar prior to homoge-
nously distributing 0.3 wt% of functionalized SWCNTs (and 0.1 wt in the case of
the as-received material) homogenously with KBr by ball milling. Pellet were
fabricated by pressing the KBr under vacuum at 10 bar for 10 min. Commonly,
1,000 scans with a resolution of 4 cm-1 have been recorded.

5.1.2.5 Optical Microscopy

The optical microscopic images were acquired with a Zeiss Axio Imager M1 m
with white light illumination (100 W halogen lamp, HAL100) using bright and
dark-field imaging modes and 0.80 NA objectives. For the fluorescence micro-
scopic images a filter043 with BP545 nm/25 nm in excitation, FT570 nm as beam
splitter and BP605 nm/70 nm in emission has been used (filter43) upon illumi-
nation with a metal halogen lamp (HXP120). In all cases, a Zeiss AxioCam MRc5
has been used for recording the images.

5.1.2.6 Atomic Force Microscopy

AFM tapping mode images were recorded on a Solver Pro scanning probe micro-
scope (NT-MDT) equipped with a Sony Exwave HAD camera optical zoom (6.5).
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5.1.2.7 Scanning Electron Microscopy

SEM images were recorded by Nicolas Bernhard on a field emission SEM (Hitachi
S-4800). The CNT-coated Si/SiO2-wafer was fixed on an aluminium specimen-
stub using a conductive carbon adhesive (N650 Planocarbon). The specimen-stub
was then heated to 80 �C for 15 min to allow for a complete solvent evaporation.
Imaging was performed at acceleration voltages of 1.0 kV. The focal length was
varied between 7.3 (overview) and 7.5 mm (higher magnification).

5.1.2.8 Zeta Potential Measurements

Zeta potential measurements were carried out on a Malvern Zetasizer Nano system
with irradiation from a 633 nm He–Ne laser. The samples were injected in folded
capillary cells, and the electrophoretic mobility (l) was measured using a com-
bination of electrophoresis and laser Doppler velocimetry techniques. The elec-
trophoretic mobility relates the drift velocity of a colloid (m) to the applied electric
field (E); m = lE. All measurements were conducted at 25 �C.

The zeta potential f is related to the measured electrophoretic mobility l
according to the Smoluchowski approximation (Eq. 1.4).

5.1.2.9 X-ray Photoelectron Spectroscopy

XPS spectra were recorded on a Surface Science Instruments, type M-Probe, using
a monochromized Al Ka small spot X-ray gun (�hx = 1,486.6 eV). Binding energy
calibration was carried out by setting the binding energy of the Au 4f 7/2 core level
energy at 84.00 eV. The XPS measurements were carried out by Dr. Ralf Graupner
at the Department of Physics, Chair of Technical Physics, University Erlangen-
Nuremberg.

5.1.2.10 Preparative Ultracentrifugation

For preparative ultracentrifugation, a Beckman Coulter Optimamax XP tabletop
ultracentrifuge was used with a swinging bucket rotor (MLS-50) in the cases of
band centrifugation and DGU or a fixed angle rotor (TLA 100.3).

5.1.2.11 Analytical Ultracentrifugation

Experimentally, an XLA (Beckman–Coulter) analytical ultracentrifuge was used
to directly measure the redistribution of SWCNTs in a centrifugal force field. This
instrument enabled the characterization of the sedimentation and diffusion of
SWCNTs in situ at an angular velocity of 40 krpm. Dispersed SWCNTs and
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reference aqueous solutions (water and deuterated water, respectively) were loaded
into two-hole Epon cells equipped with quartz windows (d = 1.2 cm). These cells
were housed in a four-cell rotor (Ti-60, Beckman–Coulter), which was kept at a
constant temperature of 25 �C. The optical density of the SWCNT solutions at
550 nm (unless otherwise noted) was measured as a function of time and position
to track the redistribution of the SWNTs. Experiments were typically continued for
1–2 h until predominantly all the SWNTs had sedimented to the bottom of the
cells. Alternatively an analytical ultracentrifuge with a multi-wavelength detector
was used that was recently developed by BASF SE and MPI Golm, described
elsewhere [5]. In short, a vacuum-compatible UV/vis spectrometer (Ocean-Optics)
is placed inside the rotor chamber with suitable mechanotronics for radial scan-
ning. The white-light source flashes synchronized with the rotation, such that the
full absorption spectrum is recorded for each radial position at each time scan. The
design and the operating software (written in LabVIEW) are open source as part of
the Open-AUC work group [6].

5.2 Preparation of the SWCNT Dispersions

The SWCNT dispersions were in principle prepared by immersing the nanotubes
in aqueous solutions of the surfactant. After sonication (30 min in a bath type
sonicator with an ultrasonic input of 300 W) the homogenous dispersions were
centrifuged at 15 krpm for 30 min in a Sigma 4K15 centrifuge at 15 �C (unless
otherwise noted). The top 80% of the supernatant were carefully decanted and
subjected to further analysis. The exact concentrations of nanotubes and disper-
sant, as well as the pH values (buffered or non-buffered) are noted in the respective
paragraphs of the results and discussion section.

The absorption and zeta potential measurements were directly conducted from
the supernatant solutions. In case of nIR emission spectroscopy, the dispersions
were diluted with H2O (in the case of the p-surfactants) or surfactant solution (in
case of classical detergents) to the same optical density, commonly below
0.4 cm-1 at 740 nm. For the analytical ultracentrifugation experiments, the
supernatant dispersions were diluted (if necessary) with the corresponding sur-
factant solution to yield optical densities of approximately 1 cm-1 at 740 nm.

For analysis of the SWCNT samples by optical microscopy and AFM,
approximately 5–10 drops of the dispersion were spin-casted with 100 rps on Si/
SiO2 wafers (300 nm oxide layer thickness), washed with 10 mL of water and
10 mL of isopropanol and dried on air.

Raman spectra were recorded from the solid either directly from the Si/SiO2

wafers, or in case of the bulk spectra, after microfiltration (regenerated cellulose,
0.2 lm pore size) of the dispersions and washing with minimum 50 mL of water
(buckypaper). XPS was also measured from the buckypaper. For IR spectroscopy,
the dispersions were microfiltrated, the SWCNT material removed from the filter
and dried at 70 �C under vacuum prior to grinding and pellet fabrication.
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5.3 Determination of the SWCNT Absorption Coefficients

For the determination of the SWCNT absorption coefficients, 1 mg of as-received
SWCNTs were dispersed in 10 mL of 1 wt% aqueous SDBS solution (in buffered
media at pH = 7 and 10, respectively) by sonication (30 min in a bath type
sonicator). The absorption spectra were immediately measured after sonication in
order to minimize sedimentation of the coarse aggregates (please note that scat-
tering and bundling convolute the data acquisition, but cannot be avoided). The
dispersions were then subsequently diluted 1:1 with aqueous surfactant solution.
The SWCNT absorption coefficients can be derived from the slope of the plot of
the optical density at characteristic wavelengths versus the nanotube concentra-
tions (see Fig. 5.1).

The absorption cross sections of HiPco SWCNTs were determine in buffered
solutions at pH = 7 and 10, respectively at 735 nm. Commonly the S22-transition
at 660 nm is chosen as wavelength for the determination of the absorption cross
section of HiPco SWCNTs. However, this particular wavelength was not perfectly
suitable in the context of this thesis as the major focus was directed towards
perylene bisimide dispersants which have a nonzero absorption cross section at
660 nm. The slopes a of the linear relationship presented in Fig. 5.1a were
determined to be 0.0276 and 0.0252 yielding SWCNT absorption coefficients z of
36 L g-1 cm-1 (=432 L mol-1 cm-1) and 39 L g-1 cm-1 (468 L mol-1 cm-1)
in buffered media at pH = 7 and 10, respectively.

The absorption coefficient of the as-received CoMoCAT SWCNTs is significantly
lower than for the HiPco nanotubes with 11 L g-1 cm-1 (=132 L mol-1 cm-1) in
nonbuffered SDBS solution as determined from the linear relationship presented in
Fig. 5.1b.

5.4 Density Gradient Ultracentrifugation

5.4.1 Electronic Type Sorting

Density gradients were formed from aqueous solutions of the non-ionic density
gradient iodixanol (purchased as Optiprep 60 wt% in water, 1.32 g cm-3). The
linear density gradients were created directly in the centrifuge vial (Beckman
Polyclear, 5 mL volume) by layering and subsequent diffusion of four discrete
layers with decreasing iodixanol concentration from bottom to top. The nanotubes
were inserted in the top layer for both enrichment experiments of metallic and
semiconducting species, respectively. In any case the bottom layer (0.7 mL)
consisted of 60 wt% iodixanol, the second layer (1 mL) of 40 wt% iodixanol, the
third layer of 20 wt% iodixanol (1 mL) and the top layer containing the dispersed
nanotubes of 10 wt% (1.3 mL).
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In the case of the enrichment of the metallic SWCNTs a surfactant ratio of
SC : SDS = 2 : 3 with a total surfactant concentration of 1.5 wt% was used
throughout the centrifugation vial, whereas a ratio of SC : SDS = 4 : 1 with a
total surfactant concentration of 2 wt% was applied in the case where semicon-
ducting SWCNTs were targeted.

For the preparation of the top layer 0.5 g L-1 SWCNTs (laser ablation R0448)
were dispersed in the respective surfactant solutions by sonication (30 min in a
bath type sonicator). After mild pre-centrifugation(15 krpm for 30 min in a Sigma
4K15 centrifuge at 15 �C), the appropriate amount of iodixanol was added to the
supernatant dispersions to yield concentrations of 10 wt%. The mixture was then
directly used as top layer in the gradient.

The ultracentrifugation experiment was carried out in a swinging bucket rotor
(MLS-50) at 35 krpm for 16 h.

5.4.2 Sorting According to Structural Integrity

Density gradients were formed from aqueous solutions of the non-ionic density
gradient iodixanol (purchased as Optiprep 60 wt% in water, 1.32 g cm-3). The
linear density gradients were created directly in the centrifuge vial (Beckman
Polyclear, 5 mL volume) by layering and subsequent diffusion of five discrete
layers with decreasing iodixanol concentration from bottom to top of 60 wt%
(0.7 mL), 40 wt% (1.5 mL), 32.5 wt% (1 mL; layer containing SWCNTs).
30 wt% (1 mL) and 20 wt% (0.8 mL), respectively. SDC was used as surfactant
for the stabilization of the nanotubes with a concentration of 2 wt% throughout the
centrifugation vial.

For the preparation of the layer containing the nanotube material 0.5 g L-1

SWCNTs were dispersed in 2 wt% SDC solutions by sonication (30 min in a bath
type sonicator). After mild pre-centrifugation (15 krpm for 30 min in a Sigma
4K15 centrifuge at 15 �C), the appropriate amount of iodixanol was added to the
supernatant dispersions to yield concentrations of 32.5 wt%. The mixture was then
directly used as layer in the gradient.

The ultracentrifugation experiment was carried out in a swinging bucket rotor
(MLS-50) at 40 krpm for 17.5 h. The non-functionalized SWCNT material trav-
elled upward during the centrifugation, while the bundles sedimented to the very
bottom.

5.4.3 Sedimentation Replacement DGU

Density gradients were formed from aqueous solutions of the non-ionic density
gradient nycodenz (purchased as solid). The density gradients were created
directly in the centrifuge vial by layering and subsequent diffusion of four discrete
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layers with decreasing nycodenz concentration from bottom to top of 60, 40, 20
and 10 wt% (1 mL), respectively. The nanotubes were contained in the top layer
with 10 wt% nycodenz.

For the preparation of the top layer 0.5 g L-1 SWCNTs (HiPco and CoMo-
CAT) were dispersed in a buffered aqueous solution of 3 (10 g L-1, pH = 7) by
sonication (30 min in a bath type sonicator). After mild pre-centrifugation, the
appropriate amount of nycodenz was added to the supernatant dispersions to yield
concentrations of 10 wt%. The mixture was then directly used as top layer in the
gradient.

To all non-nanotube layers, SDS was added as a cosurfactant at a concentration
of 2 wt% throughout the gradient in order to induce the replacement of the per-
ylene dispersant from the nanotube sidewall.

Ultracentrifugation was performed in a swinging bucket rotor (Beckman Coulter
SW60Ti) at 15 krpm for 16 h.
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