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Chapter 1  
 

Introduction 
 

This first chapter provides an overview of the physical properties of single-walled 

carbon nanotubes (SWNTs) and an extensive description of polymer wrapping as a 

selection technique for semiconducting SWNTs. The effectiveness of this method will 

be discussed highlighting its impact on device applications, in particular transistors 

and solar cells. Finally, following a discussion on the experimental techniques, an 

outline of this thesis will be presented. 

W. Gomulya, J. Gao, M. A. Loi, The European Physical Journal B 2013, 86
S. K. Samanta, M. Fritsch, U. Scherf, W. Gomulya, S. Z. Bisri, M. A. Loi, Accounts of Chemical

Research 2014, 47, 2446.
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1.1 Single-Walled Carbon Nanotubes 

Carbon nanotubes (CNTs) are nanometer-sized carbon allotropes with a tubular 1-

dimensional (1D) structure of high aspect ratio. CNTs have shown tremendous 

application potential due to high carrier mobility,[1] outstanding mechanical and 

chemical stabilities, and unique optical properties;[2] enabling their use in electronic 

devices, such as transistors,[3] solar cells,[4] and bio/chemical sensors.[5] The first 

successful synthesis of CNTs was demonstrated by Sumio Iijima and co-workers in 

1991 during their attempts to prepare fullerene from graphite using arc-discharge 

method.[6] Based on the number of layers comprising the CNT walls, CNTs are 

categorized mainly into two types: single-walled nanotubes (SWNTs), and multi-walled 

nanotubes (MWNTs). SWNTs were discovered by Iijima and Bethune (published 

independently) in 1993.[7–9] Since their discovery significant progress has been 

achieved both in the understanding of the physical properties and exploring possible 

technological applications. In particularly, these quasi-one-dimensional objects have 

attracted tremendous scientific interest and have become one of the most investigated 

nano-objects in physics and material science over the last two decades. 

A single-walled nanotube can be pictured as a sheet of graphene rolled into a 

seamless cylindrical shape. Its diameter can vary from 0.4 to 3 nm, while its length is 

on the scale of centimeters.[2,10,11] Figure 1.1 presents the structure of the carbon 
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Figure 1.1. Buildup of carbon nanotubes from graphene sheets, the primitive vectors and an example of chiral 
vector and chiral angle. 
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nanotubes in a graphene sheet, with well-defined wrapping vectors. The rolling up of 

the graphene sheet in order to form a tube can be described using a vector C


 defined 

as:  

21 amanC


  1.1 

where 1a


 and 2a


 are the graphene lattice unit vector in real space and (n,m) are the 

translational indices of the carbon hexagonal lattice.[12] 

A variety of SWNTs species can be formed by rolling the graphene sheet in different 

directions such that the two end-points of the chiral vector are superimposed. The 

chiral angle, θ, is defined as the angle between the vectors C


 and 1a


, and based on 

hexagonal symmetry considerations, this angle can have values between 0° and 30°. 

The chiral angle allows dividing SWNTs into achiral or chiral families. Between the 

achiral structures two extreme cases can occur, for θ = 0 (n = 0) and for θ = 30° (n = 

m), which are called zigzag and armchair, respectively. All the other values of n and m 

between zigzag and armchair vectors (n ≠ m) define all possible tubes, which are chiral 

in nature. The chiral vector also describes the circumference of the nanotube, which 

has a direct proportional relation with its band gap. 

Depending on the synthesis method adopted to generate SWNTs, the diameter of 

SWNTs can present different distributions. High-pressure carbon monoxide 

disproportionation (HiPCO) process,[13] which consists of flowing CO gas with Fe(CO)5 

as catalyst, produces SWNTs with relatively small diameter, 0.7 nm-1.2 nm. The 

CoMoCAT method,[14] which differs from the HiPCO technique by the use of cobalt and 

molybdenum as catalysts, generates SWNTs characterized by diameter of ~0.8 nm. On 

the other hand, arc-discharge method produces larger tubes with diameter of ~1.5 nm 

by applying very high current to carbon rods.[15] Laser ablation technique also produces 

nanotubes with similar diameter through vaporizing carbon atoms from a graphite 

target by a high power laser in an inert atmosphere.[16] SWNTs are also known to have 

a natural tendency to aggregate in large bundles and ropes as soon as they are 

synthesized due to van der Waals interactions between their walls. 

1.2 Electronic properties of SWNTs 

The electronic properties of SWNTs derive from the electronic configuration of 

graphene, in which the bonding π orbitals form valence states and the anti-bonding π* 

orbitals form conduction states. Figure 1.2a shows the band structure in the extended 

first Brillouin zone of graphene. The unique electronic properties of SWNTs originate  
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Figure 1.2 (a) Graphene band structure. Energy diagram and DOS of m-SWNTs (b) and s-SWNTs (c). The 
sharp peaks are the van Hove singularities of the SWNTs. 

from the quantum confinement of the electrons normal to the nanotube rolling axis. 

The periodic boundary conditions around the nanotube circumference require that the 

component of the momentum ( k


) along the circumference is quantized ( jkC 2 


, 

where j is a non-zero integer).[17] This quantization leads to the formation of a set of 

discrete sub-bands for each nanotube as described by the red parallel lines in Figure 

1.2a. The crossing of these lines with the band structure of graphene determines the 

electronic structure of the nanotube. If the lines pass through the Fermi point (K or K’), 

the nanotube is a metal (m-SWNT); otherwise the nanotube is a semiconductor (s-

SWNT). 

The nature of the tube in terms of metallic or semiconducting behavior is also 

related to the values of the indices (n,m). When |n-m| = 3q (where q is an integer), the 

nanotubes are metallic or semi-metallic. In any other case, they are semiconducting. 

Theoretically, in an as-synthesized crude mixture of SWNTs there are approximately 

(b) 

(a) 

(c) 
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one-third metallic/semi-metallic SWNTs and two-third semiconducting SWNTs 

available.[18] 

The transition energy (band-gap) of semiconducting nanotubes Eg can be described 

by using a simple tight-binding model, given by the equation: 

 CNTCCCNTFg dRdE /23/4    1.2 

where νF is electron Fermi velocity, γ is the nearest neighbour interaction energy, RC-C 

is the nearest neighbour C-C distance, and dCNT is the nanotube diameter.[19] Their 

electronic states are organized in discrete bands, with a one-dimensional density of 

electronic (DOS) states known as van Hove singularities. Two examples of energy 

diagram and DOS of m-SWNT and s-SWNT are presented in Figure 1.2b and c, 

respectively. No real band gap is observed in the m-SWNT system. 

1.3 Photophysics of SWNTs 

The physical properties of individual SWNTs in an ensemble can be investigated by 

performing optical spectroscopy.[20,21] The interband optical transition of SWNTs 

depends on their structural properties, such as diameter and chiral angle as well as 

their electronic nature. In SWNTs, electron wave functions are strongly confined due to 

their 1D nature. Therefore, the Coulombic interaction between photo-excited electrons 

and holes is enhanced compared to what will occur in a 3-D material of similar 

dielectric constant. These electrostatically bound electron–hole pairs are regarded as 

excitons. Due to the strong confinement, the exciton binding energy in SWNTs is larger 

than in inorganic bulk semiconductors, and was predicted by Ando to be in the range 

between 300–500 meV,[22] in agreement with recent two photon photoluminescence 

spectroscopy measurements.[23,24] The exciton binding will obviously depend on the 

dielectric constant of the medium[25] as will be also discussed in chapter 2. Because of 

this large binding energy, excitons in SWNTs dominate the optical transitions in 

semiconducting carbon nanotubes, and they can be observed at room temperature. 

Two inequivalent energy bands near the K and K’ Fermi points create doubly 

degenerate valence and conduction bands in SWNTs, which give rise to degenerate 

pairs of excitons as shown in Figure 1.3a: two are direct excitons formed in the same 

valleys, KK and K’K’; and two are indirect excitons that are formed in different valleys, 

KK’ and K’K, which require phonons to be populated. The latter excitons never 

recombine radiatively and are therefore called dark exciton states. This four-fold valley 

degeneracy together with another four-fold spin degeneracy leads to 16 degenerate 
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Figure 1.3 (a) Band structure of SWNT in the exciton picture showing four degenerate pairs excitons. (b) One 
photon (left) and two photons (right) excitations can access the odd and even parity states, respectively. 

excitonic states, among which only one state is optically bright.[22,26] This bright state 

(1u) has odd parity and zero angular momentum. Below this bright state, there is an 

optically inactive dark state (1g), which has even parity and zero angular momentum. 

Above the bright singlet state, there are two degenerate dark states (2u and 2g) with a 

nonzero angular momentum. A single photon can couple to the 1u state, while two 

photons can be absorbed into even parity states, such as 2g, and can recombine from 

the bright state 1u (Figure 1.3b). 

The optical transition of a SWNT depends on the direction of light polarization 

because of its cylindrical structure. Only transitions between states with nearly equal 

linear momentum along the tube axis are allowed.[26] Light polarized parallel to the 

tube axis does not have any angular momentum, and thus only transitions between 

states with no angular momentum difference (Eii) are allowed for this polarization 

state. In contrast, Ei,i±1 transitions can only take place when the incident light has a 

component polarized perpendicular to the tube axis, imparting angular momentum to 

the circumference of the tube, and providing sufficient energy and momentum for 

inter-subband transitions.[26] 

The tendency to form bundles in as-grown nanotubes obstructed early optical 

studies of carbon nanotubes. Only in 2002, almost one decade after the discovery of 

SWNTs, O’Connell et al.[21] reported the first photoluminescence spectra from SWNTs 

dispersed with sodium dodecyl sulfonate (SDS) in water. Experimentally, absorption 

spectroscopy is the simplest way to characterize the interband optical transitions in 

SWNTs, especially when the SWNTs have been dispersed and isolated. Figure 1.4 

shows the absorption and the photoluminescence spectra of HiPCO SWNTs dispersed 

with sodium dodecylbenzene sulphonate (SDBS). The characteristic absorption peaks 

in the wavelength range from 1000 - 1600 nm and 600 - 900 nm correspond to the 

first and second van Hove transitions (E11, E22) of the semiconducting SWNT 
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Figure 1.4 Absorption and photoluminescence of SWNTs dispersed in SDBS/D2O. 

species, while the absorption of metallic tubes takes place in the optical range of 500-

600 nm. By looking at the absorption spectra (Figure 1.4 top), the presence of both 

semiconducting and metallic SWNTs is evident. The intensity ratio between absorption 

peaks of metallic tubes and semiconducting tubes allows a qualitative estimation of the 

population content of the two types. The PL spectrum reveals the presence of more 

than 10 types of semiconducting SWNTs in the final dispersion. 

By performing photoluminescence excitation spectroscopy (PLE), it is possible to 

study a specific PL emission depending on different excitation wavelengths. This 

technique is very effective in assigning the (n,m) indices of s-SWNTs. As an example, a 

matrix of PLE spectra of PFO wrapped SWNTs in toluene is presented in Figure 1.5.[27] 

The satellite luminescence of the highly isolated nanotubes, which are labelled as 

(E11+G) and (E11+G’) are clearly shown in the PLE map. This photoluminescence 

originates from the interaction of excitons with G-phonons, which are in-plane lattice 

vibrations. In the figure, the inter sub-band transitions, E12 and E21 are also evident.  

Time-resolved spectroscopy can offer important insights into exciton dynamics of 

SWNTs. The relaxation dynamics should be significantly different in case of metallic 

and/or semiconducting SWNTs because these components feature inherently different 

electron energy states. Several studies on SWNT ensembles show mono- or multi- 

exponential decay dynamics with time-constants ranging from 5 to 120 ps.[28,29] This 

variation is attributed to the different SWNTs species, heterogeneity in the length of 
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Figure 1.5 Photoluminescence excitation spectroscopy map of dispersed HiPCO in PFO/toluene.[27] 

the tubes, and their purity. When more homogeneous samples are measured, i.e. single 

chirality tubes like (6,4), SWNTs dispersions display mono-exponential decay time 

between 20 and 200 ps.[30] Therefore, time-resolved spectroscopy is an important 

technique to understand the level of SWNT individualization, and to clarify the purity 

of the semiconducting content in the SWNT samples by identifying the mono- or multi-

exponential behavior of the decays. 

Koyama et al. demonstrated the quenching of excitons and the decrease of the 

exciton life-time due to energy transfer between adjacent nanotubes when they are in 

bundles.[31] Similar results were obtained in experiments performed by our group, 

where bi-exponential decay times were observed for bundled nanotubes, and single 

exponential decay was observed in the case of well dispersed SWNTs.[32] 

Vibration-active modes of SWNTs give rise to four distinguishable scattering 

features in resonant Raman spectroscopy. These are: (i) the radial breathing mode 

(RBM) in the range 100-350 cm-1 corresponding to the in-phase movement of all 

carbon atoms in the radial direction;  (ii) the disorder induced D-mode  (1250-1450 

cm-1); (iii) the tangential G-modes: G- mode (~1570 cm-1) due to vibrations of carbon 

atoms along the circumferential direction and G+ mode (~1590 cm-1) due to the carbon 

atom vibration along the nanotube axis; and (iv) the G’ mode (2500-2900 cm-1) 

corresponding to a disorder overtone of D-modes.[33] The occurrence of these Raman 

bands depends on the diameter and on the types of the tube (metallic vs. 

semiconducting) and the specific coordinates. 
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1.4  State-of-the art of carbon nanotubes discrimination 
and separation 

Various methods have been developed to mass-produce carbon nanotubes. 

However, all of these methods generate mixtures of semiconducting and metallic 

species. This mixture of electronic properties limits their use in electronic devices. 

Thus, post-growth purification is required to develop SWNT-based devices. The 

methods to disperse and discriminate SWNTs are generally based on the 

functionalization of the SWNT walls. These processes can be divided into two 

categories: covalent functionalization and a non-covalent functionalization.[34] Covalent 

functionalization has been adopted since 1998[35] to increase the solubility of SWNTs, 

by modifying the sidewall or the open ends of SWNT.[36] Covalent functionalization has 

also been reported to be able to discriminate SWNTs based on their electronic 

properties. For example, selective covalent reactions of diazonium salts with metallic 

tubes has enabled the m-SWNTs dispersion in water.[37] However, covalent 

functionalization might modify the electronic properties of SWNT, for example 

functionalization with dichlorocarbene has been found to open the energy gap at the 

Fermi level of the metallic SWNTs, converting m-SWNTs to semiconducting tubes.[35] 

The main drawback of this technique is, therefore, the deterioration of the carrier 

transport by the introduction of scattering sites for charge carriers. Thus, between the 

covalent and non-covalent functionalization processes, the latter are generally 

preferred since they do not affect the physical properties of the nanotubes.[38] 

1.4.1 Non-covalent functionalization of s-SWNTs 

One of the most widely used non-covalent strategies involves the use of surfactants 

in order to disperse SWNTs in water solution. Sodium dodecyl sulphate (SDS),[21] 

sodium dodecylbenzene sulphonate (SDBS),[39] sodium cholate,[40] and many other bile 

salts have been proven as effective molecules for dispersing SWNTs in aqueous 

solution. These molecules have both a hydrophobic group (tail), which orients in the 

direction of the nanotube wall, and a hydrophilic group (head), which is in contact with 

water. Because of the nature of their interaction with the SWNTs, these surfactants do 

not show any selectivity to specific species of nanotubes. Therefore, more advanced 

techniques have been developed in order to obtain the separation of the surfactant-

dispersed SWNTs. 
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Density gradient ultracentrifugation (DGU) (see Figure 1.6a) is the first method 

which showed the isolation of semiconducting nanotubes from the metallic ones.[40] By 

using a mixture of two surfactants in different ratios followed by ultracentrifugation in 

a density gradient medium, carbon nanotubes can be sorted by diameter and band gap 

due to their density difference. The result is a multi-layer colored solution, where 

different colors indicate tubes of different band gaps. Repeated centrifugation 

processes give rise to SWNT fractions with a narrow distribution of nanotube 

diameters. This technique is already applied for commercial purposes, separating both 

semiconducting and metallic Arc Discharge SWNTs with 99% and 98% purity, 

respectively.[41,42]  

Another approach to select s-SWNTs involves gel chromatography (Figure 1.6b). 

This method is based on the specific adsorption of SWNTs in an allyl dextran-based 

gel. The gel media interacts differently with s-SWNT and m-SWNT by specific 

interactions, such as van der Waals forces.[43] Nanotubes with different curvature will 

have different surfactant coverage, thus they will exhibit a different interaction 

strength with the gel. By performing multicolumn gel chromatography, and by 

successively injecting SDS surfactant to the vertically stacked column, SWNTs with 

different diameter and chiralities can be obtained in different columns. Using this 

 

Figure 1.6 (a) Density gradient ultracentrifugation (DGU),[40] (b) multicolumn gel chromatography,[43] and (c) 
agarose gel dielectrophoresis[44] for s-SWNTs separation. 

(a) (b)

(c) 
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technique, it is possible to obtain large-scale separation of SWNT, up to the scale of 

liters.[43] 

Krupke et al. obtained discrimination of metallic and semiconducting SWNTs from 

a raw mixture using dielectrophoresis.[45] A SDS-based SWNT dispersion is placed in 

an electric field gradient generated by a microelectrode array. As a consequence, the 

metallic tubes migrate towards the electrodes due to their greater dipole moment and 

can be collected, while the semiconducting SWNTs remain in a stationary position.[46] 

A further development of this technique using agarose gel electrophoresis promotes the 

separation of s-SWNTs in large-scale (Figure 1.6c).[44] 

1.4.2 Polymer wrapping for selective sorting of SWNTs 

The concept of using molecules to wrap and select the SWNTs according to their 

electronic nature has been widely explored. DNA in particular has been an object of 

interest due to its ability to both disperse and select the s-SWNTs.[47] This preferential 

selection is based on π-stacking interactions of the nucleobases of the DNA with the π-

surface of the s-SWNTs, resulting in helical wrapping at the surface of the tubes.[48] 

Recently, π-conjugated polymers have been demonstrated to be an efficient 

dispersant for the separation of SWNTs, adopting the concept of DNA helical stacking. 

Among the large family of conjugated polymers, polyfluorene homo- and co-polymers 

show unique selectivity toward specific kinds of semiconducting nanotubes. The 

general idea of dispersing SWNTs by conjugated polymers is that the conjugated 

backbone of the polymer wraps around the nanotube wall through π-π interaction and 

the ‘hairy’ side chains of the polymer allows wrapping the SWNT wall via van der 

Waals forces, and at the same time promotes the dispersion of the hybrid in common 

organic solvents.[49] The first work to show the ability of conjugated polymer to 

selectively individualize SWNT was reported by Nish, et al. in 2007.[49] 

Poly(9,9-dioctylfluorene-2,7-diyl, PFO) shows the most pronounced selectivity in 

‘bad’ solvents such as toluene or xylene. When ‘good’ solvents such as tetrahydrofuran 

(THF) or dichlorobenzene (oDCB) are used, the selectivity of PFO towards 

semiconducting carbon nanotubes is jeopardized. In the case of chloroform, dispersed 

SWNTs showed the highest absorbance intensity, while no photoluminescence was 

observed.[50] Such results suggest a close relationship between the solubility of the 

polymer in a certain solvent with its selectivity towards semiconducting SWNTs. 

Detailed calculations were performed in order to achieve a better understanding of the 
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wrapping mechanism. The simulations performed by Gao et al. suggest that the alkyl 

tails of neighboring polymer chains zip and align driven by van der Waals interactions, 

following the zigzag motifs of the nanotube wall.[51] The solvent, toluene in this case, 

promotes the helical wrapping of the polymer chains on the wall of SWNTs, as seen in 

the molecular dynamics simulations where the calculated potential energy is lower 

compared to the case where the chain is aligned to the nanotube wall. 

After these studies, polyfluorene derivatives either modified in the backbone or in 

the side chains have been also extensively employed for this purpose. Figure 1.7 

summarizes some reported structures of polymers, which have already shown 

selectivity towards SWNTs with different chiralities or diameters. Several works have 

revealed that reducing the length of side chains, such in poly(9,9-dihexylfluorenyl-2,7-

diyl) (PFH),[49,52] results in a less effective sorting of the s-SWNTs, due to lack of the 

“zipping” mechanism. Adding an amine group to the end of the alkyl side chains 

degrades the preferential selection, favouring the presence of m-SWNTs in the final 

dispersions.[32] On the other hand, adding an ammonium ion at the end of side chains, 

such as in poly[(N,N,N-trimethylammonium)-propyl]-(2,7-fluorene dibromide) 

(PFAB), the polymer-SWNTs dispersion in water is promoted.[32] 

Fluorene-based copolymers have also attracted great interest for sorting SWNTs. In 

general, the fluorene-based copolymers show selectivity towards HiPCO carbon 

nanotubes with larger diameter. For example, poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-

co-(1,4-benzo-2,1’,3-thiadiazole)] (PFO-BT) was reported to be selective towards 

SWNTs with diameter ~1.05 nm.[49] Poly(9,9-didodecylfluorene-2,7-diyl-alt-

anthracene-1,5-diyl) (PF12-A) shows selectivity to nanotubes with larger diameter, and 

it is claimed that this large diameter selectivity is due to the anthracene unit.[53] In 

contrast to other fluorene copolymers, poly(9,9-dioctylfluorenyl-2,7-diyl and 

bipyridine) (PFO-BPy) can extract almost single chirality small diameter nanotubes 

(97% of (6,5)-SWNTs) using p-xylene as solvent.[54] This result opened the opportunity 

for extracting single chirality s-SWNTs using polymer wrapping. 

A degradable PFO copolymer, poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-1,1,2,2-

tetramethyldisilane] with selectivity for SWNTs with a diameter range from 1 to 1.2 nm 

and large chiral angles was presented by Wang et al.[55] This copolymer presents 

disilane groups, which are degradable under hydrofluoric acid (HF). The possibility of 

removing the polymer wrapped around the SWNTs is very attractive for device 

applications. However, purity is not yet satisfactory for these kind of applications. 
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Modified in the side chains

PFO[49,51] PFH[49,50] PF12[52]

PFDMA[32] PFAB[32]

Modified in the backbone

PF12-A[53] PFO-disilane[55] PFO-BPy[54]

PFO-P[49,50] PFO-BT[49,50]

Block co-polymer

porphyin:fluorene[57] F10:F5[56]

PFO-b-DNA[60]

other polymers

P3DDT[62] polycarbazole[61]  

Figure 1.7 Structure of the polymers that have been demonstrated to sort selectively s-SWNTs in terms of 
diameter or chiral angle. 
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Block copolymers have also attracted interest for nanotube separation. Ozawa et 

al.[56] reported the design of chiral block-copolymer. Solutions of SWNTs from 

polydisperse to near monodisperse, containing different chiralities and diameters, can 

be obtained by tuning the ratio of the blocks of the polymer decylfluoreneand9,9-

bis[(S)-(+)-2-methylbutyl]fluorene (F10:F5). Another block-polymer, porphyin-

octofluorene shows similar selectivity to PFO with the exception of its ability to select 

the (9,5) nanotubes.[57] 

As mentioned earlier, single-stranded DNA (ss-DNA) has been explored very early 

for the separation of SWNTs because of its structural features.[34,58] A recent study by 

M. Zheng et al. showed that ss-DNA has great selectivity for single chirality 

nanotubes.[59] Recently, we reported different utilization of DNA in combination with 

PFO. In order to exploit the potential of PFO in recognizing semiconducting carbon 

nanotubes, with the addressability of DNA, a DNA block copolymer (PFO-b-DNA) was 

synthetized.[60] This block co-polymer, which is soluble in water shows selectivity 

similar to the one obtained from PFO in toluene solution, which indicates that the 

wrapping process is dominated by the PFO part; this was also confirmed by molecular 

dynamics simulations. After the successful separation of semiconducting SWNTs, the 

pairing of the single strand DNA sequence was used to self-assemble the nanotubes in 

device structures, by using thiol-functionalized single stranded DNA (c-DNA) attached 

to the transistor source-drain electrodes to address the self-assembly of the SWNTs. 

Several polymers without fluorene units have also been reported to show selectivity 

towards SWNTs. Polycarbazoles show selectivity complementary to that of 

polyfluorene, i.e., they can extract s-SWNTs with low chiral angles.[61] A very recent 

report from Bao et al. demonstrates that polythiophenes with long alkyl side chains can 

also act as efficient nanotube dispersant.[62] The best polythiophene derivative they 

reported is regioregular poly(3-dodecylthiophene) (rr-P3DDT). 

1.5 Polymer-wrapped SWNTs for device applications 

As already mentioned in the previous section, the importance of obtaining highly 

pure semiconducting nanotubes is determined not only by the need to have isolated 

SWNTs to study their physical properties but also by their possible application in 

electronic devices. One of the main attraction of carbon nanotubes is the ballistic 

transport and the consequent very high mobility along the tubes.[63] The bandgap of 

semiconducting SWNTs makes them superior to other competing materials (i.e. 

graphene, that is a semimetal) for transistor and solar cell applications. The electrical 
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properties of carbon nanotubes have been extensively explored since the 

demonstration of the first single carbon nanotube field-effect transistors (SWNT-FETs) 

which showed excellent performances with a hole mobility of 20 cm2/V·s and 105 

on/off ratio.[3] 

1.5.1 Basic operation of SWNT-FET 

SWNT-FETs were first demonstrated in 1998 by Dekker et al.[64] In SWNT-FETs, a 

single-SWNT[64] or network of SWNTs [65] are used to connect two metal contacts, 

namely source and drain electrodes. A third electrode called the gate electrode, 

separated from the active channel by an insulating layer, is used to modulate the 

carrier concentration in the semiconductor layer by applying a bias voltage. By varying 

the voltage on the gate electrode, accumulation or depletion of charge carriers can be 

formed in the semiconductor layer close to the semiconductor/insulator interface.[66] 

The schematic structure of a SWNT-FET is illustrated in Figure 1.8a.  

Carbon nanotubes are intrinsic semiconductors and therefore they should exhibit 

ambipolar properties, i.e. equivalent hole and electron currents depending on the sign 

of the gate bias, due to the fact that the Fermi level of the nanotubes lies in the middle 

of their band-gap. When the SWNTs and the metal electrode are in contact, a band-

bending occurs at the metal-SWNT junction, creating a Schottky Barrier (SB).[67] The 

height of this barrier determines the hole and electron injection from metal to SWNT, 

and greatly depends on the line-up of the metal Fermi level with the valence- or 

conduction-band of the SWNT; for example, the injection barrier between TiC and 

SWNT is similar for both electron and hole, leading to ambipolar transport in the 

device;[68] while the Pd forms a huge injection barrier for electrons, making the device 

exhibit unipolar transport (Figure 1.8b).[69] Carrier tunneling through this SB is the 

main mechanism for the current flow in SWNT-FETs.[70] 

When a fixed negative source-drain voltage (VDS) is applied, a small off-state 

current can take place at a gate voltage of 0 V as a result of the high SB height for both 

electrons and holes. In this condition there is a balanced parasitic current due to the 

thermionic emission of both carriers (Figure 1.8d). By applying a negative gate bias, the 

Fermi level of the SWNT increases, resulting in holes accumulation at the 

semiconductor-gate dielectric interface. This mechanism leads to increase of the band 

bending at the source/SWNT interface, consequently reducing the SB width for the 

hole and increasing the probability of the hole tunneling, with a hole current flow 

between the two electrodes (Figure 1.8c).[67,71] The SB may be significantly thinned at 
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Figure 1.8 (a) Schematic of a SWNT-network FET. (b) Band alignment of SWNT in junction with different 
metal electrode. (c) A Schottky barrier is formed at the metal/SWNT interface at negative bias VDS and VG < 0, 
where holes are injected from the source electrode; (d) VG = 0, where both electrons and holes are blocked by 
the Schottky barrier; (e) and VG > 0, where electrons are injected from drain electrode. (f) Typical output and 

(g) transfer characteristics of an ambipolar SWNT-FET. 

larger gate bias, resulting in higher hole current. The application of a positive gate 

voltage generates an electron injection, analogous to a hole current (Figure 1.8e). 

Figure 1.8f shows the output characteristics, namely the drain current vs. drain bias at 

several fixed gate voltages. When the drain voltage is much smaller than the gate bias, 

the current depends linearly on both gate and drain bias. The current saturates when 

the drain bias is larger than the gate bias. Figure 1.8g shows an example of transfer 

characteristics of an ambipolar SWNT-FET. The drain current is measured as a 

function of the gate bias at a definite drain bias. The gate voltage at which the 

transistor starts to conduct holes/electrons current is called threshold voltage (VTH). 

The threshold voltage is mainly determined by the work function of the gate electrode, 

by the doping concentration of the semiconductor, and by the interface dipole and 

surface states at the semiconductor-insulator interface. 
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The characterization of a transistor is determined by several parameters, such as 

on/off current ratio, sub-threshold swing, threshold voltage, and mobility. Either the 

linear model or the quadratic model can be used to determine the mobility of a 

transistor The linear model works when the transistor operates in low source-drain 

voltage. In this mode the accumulation layer in the channel is assumed to be uniform. 

The mobility in linear model can be calculated by using the following equation: 
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where LC is the length of the transistor channel, WC is the width of the channel, VDS is 

source-drain voltage, COX is the capacitance of the gate oxide, ID is source-drain current 

and VG is the gate voltage, and ∂ID/∂VG is the slope of the transfer curve of the 

transistor. 

Another way to calculate the mobility is the application of the quadratic model. 

According to this model, the accumulation layer varies between the source and the 

drain. The drain current increases linearly with VDS voltage till a maximum value. The 

mobility value can be obtained by plotting the saturation current as a function of gate 

voltage, and calculated according to the following equation: 
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where all the parameters have been already defined in equation 1.3. 

1.5.2 Polymer-wrapped SWNTs for transistor application 

Silicon has been the dominant semiconductor since the second half of the 20th 

century. However, silicon based transistors are now approaching their limits in 

performance.[72] In 2014, transistors based on silicon with 14 nm node distance are 

produced and this appears to be very close to the limit of downscaling possibilities. The 

slow-down of the Moore's law scaling, which set the traditional silicon complementary 

metal-oxide semiconductor (CMOS) development, has created an opportunity for a 

disruptive  innovation  to  bring the semiconductor  industry  into  a  post-silicon era.  

s-SWNTs have shown great potential as conducting channel for field-effect transistors 

(FETs).[73–75] The performance of s-SWNT based FETs has been proven to be superior 

compared to that of silicon transistors; i.e. intrinsic ambipolarity and high carrier 

mobility due to ballistic transport.[2] The highest mobility ever reported was 79,000 

cm2/V·s for a very long channel transistor, and as the channel shrinks down, the 



Selecting s-SWNTs by polymer wrapping: Mechanism and Performances 

18 

contact resistance will increase. Recently, it was reported by IBM that a very short 

channel SWNT transistor (~60 nm) with sub 10 nm contact length could be made 

ohmic by using molybdenum as the contact, making it comparable to silicon based 

transistors.[76] 

The protocols used for SWNT device fabrication can be generally placed in two 

categories. In the first category, s-SWNTs are grown on a substrate by either catalytic 

chemical vapor deposition (CVD) at high temperature (~900 °C) or using plasma 

enhanced CVD at low temperature (~450 °C), then the electrodes are patterned by 

electron beam lithography.[2,77–80] In the second category, pristine s-SWNTs are 

dispersed in aqueous or organic solutions and then deposited by cheap solution-based 

methods on the substrate with pre-patterned electrodes to form random networks of 

nanotubes.[81–84] This process scheme allows for large area device preparation, which is 

certainly more suitable for further device integration and low cost electronics.  

However, many of the device characteristics show low on/off ratio, especially in the 

short channel length devices, due to the presence of residual metallic tubes in solution. 

Figure 1.9 compares to date device performances obtained with SWNTs purified by 

different post treatment techniques. At this stage, polymer-wrapped semiconducting 

carbon nanotubes are one of the most promising candidates for high performance 

solution-processed field-effect transistors.[85] So far, there have been a couple of 

reports on the preparation of s-SWNT dispersions by using conjugated polymers to 

make electronic devices. Lee et al.[62] prepared a s-SWNTs dispersion with regioregular 

poly(3-dodecylthiophene) (rr-P3DDT) and obtained FET devices with mobility as high 

as 12 cm2/V·s and 106 on/off ratio. Currently, the transistors fabricated utilizing this 

SWNT/polymer solutions can achieve mobility as high as 50 cm2/V·s[86] and on/off 

ratio as high as 108.[87] 

It also appears that the removal of the free polymer is essential to achieve high 

performing devices. The residual polymer, which does not wrap nanotubes and is 

deposited together with the random network of nanotubes in the transistor channel, 

hampers the electronic transport, resulting in low carrier mobility. Izard et al. 

performed multiple filtration and iterated rinsing to remove the residual polymer.[85] 

Bindl et al.[88,89] presented a method with multiple centrifugation steps to remove 

excess polymer from the s-SWNTs solution. Bisri et al. utilized a double step 

ultracentrifugation to enrich the semiconducting CoMoCAT nanotubes and remove the 

residual polymers.[90] Compared to the previous centrifugation method, this double 

step ultracentrifugation technique provides a new approach to obtain high purity 
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samples with the least amount of free polymers in a short time (~6 hours), allowing 

large-scale SWNT separation. 

10-1 100 101 102 103

101

102

103

104

105

106

107

108

O
n

/o
ff

ra
ti

o

Mobility (cm2/V·s)

P3DDT, Lee, 2011

DNA, Asada, 2011

DNA, Asada, 2011

PFO, Izard, 2008

DGU, Jang, 2015

Mix, Okimoto, 2010 DGU, Engel, 2008

Cao, 2008

Snow, 2005

Sun, 2011

Gel Chromatography,
Miyata, 2011

Sun, 2011

DGU, Javey, 2013

DGU, Haensch, 2013

electron

hole

P3DDT, hole
Derenskyi, 2014

PFO, Bisri, 2012

PF12, electron PF12, hole

Channel length
L ≥ 100 μm
10μm <L < 100 μm

L ≤ 10 μm

CVD-grown
Aligned network

Random network

Dielectrophoresis, Stokes, 2009

PAMDD

PF12
P12-F6SAc

this work

P3DDT, Park, 2015

DPP-based, Lei, 2015

PF1-12, Schießl, 2014

 

Figure 1.9 Comparison of transistor performances obtained with s- SWNT purified with different 
techniques.[62,73,82,85–87,90–98] 

Directed self-assembly of semiconducting SWNTs has been long sought after to 

prepare either single-strand carbon nanotubes transistors, or controlling the density of 

nanotube networks. Recently, solution-processed assembly techniques for the 

alignment of s-SWNTs, such as solvent evaporation-induced self-assembly,[73] 

dielectrophoresis,[82,99] Langmuir-Blodgett assembly,[100] and DNA-assisted self-

assembly[60] have shown great promise for the improvement of device performances 

compared to that of random network nanotubes. Kwak et al. were able to wrap s-

SWNTs by synthesizing PFO-b-DNA block copolymer and successfully self-assembling 

them onto a surface with patterned gold electrodes previously modified by the 

complementary DNA sequence to the one used in the block copolymer (Figure 1.10a). 

The self-assembled field effect transistors demonstrated ambipolar operation and a 

reliability of the self-assembly process superior to 88%.[60]  
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Lobez et al. recently described a novel strategy for the directed self-assembly of the 

SWNTs by wrapping them with polymers functionalized by phosphate ion and thiol 

groups in the side-chain of polythiophenes (Figure 1.10b).[101] In the first case, the 

SWNTs are assembled to the substrate by electrostatic forces, while in the second case, 

specific gold-thiol interactions are involved. These kind of methodologies seem very 

promising for the selective deposition of SWNT/polymer hybrids onto patterned 

surfaces, especially for device applications. Nevertheless, the real translation of such 

selective deposition toward high performance transistor devices has yet to be realized. 

FET:98%

(a) (b)

Electrostatic
Self-Assembly

Metal-Ligand
Self-Assembly

 

Figure 1.10 (a) Schematic of s-SWNT selection by PFO-b-DNA and its direct deposition to gold electrode by 
complementary DNA .[60] (b) Side chain functionalized polythiophenes used for directed self-assembly of 

SWNTs on specific surface.[101] 

1.5.3 Polymer-wrapped SWNTs for solar cell application 

Another interesting application that was recently demonstrated for polymer 

wrapped carbon nanotubes is the one in photovoltaic devices. Nowadays, solar cells are 

mostly based on single- and multi-crystalline Si, which exhibit power conversion 

efficiency (PCE) up to ~25%. However, due to the complex production techniques and 

high fabrication costs, many alternatives are currently being investigated. One of the 

prime choices to produce efficient and low-cost devices are solution-processed organic 

materials.[102] The highest PCE in organic solar cells has reached 11.1% so far.[103] The 

limited carrier mobility and narrow absorption spectra in the visible range of the 

prevalent fullerene-based acceptor materials can be considered one of the limiting 

factors. The high charge mobility of s-SWNTs makes them interesting candidates to be 

implemented in this class of solar cells.[104] 
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Figure 1.11 Type II heterojunction formed by P3HT wrapped s-SWNTs (a)[105] and s-SWNTs/PCBM (b).[89] 

SWNTs have been adopted as acceptors in the early reports of organic photovoltaics 

in replacement of PCBM. Performance improvements were expected considering the 

higher mobility and the long aspect ratio of the s-SWNTs with respect to fullerenes. 

Nevertheless, the formation of a type II heterojunction has not been certainly verified 

in these systems even if many photophysical and electrical experiments were 

conducted to confirm the possibility of charge extraction from polymer to 

nanotubes.[105–107] By wrapping the s-SWNTs walls with P3HT as illustrated in Figure 

1.11a, two main advantages are obtained: preventing the nanotubes aggregation and 

increasing the charge extraction.[105] A PCE of 0.72% with internal quantum efficiency 

up to 26% was reported for solar cells using P3HT and SWNTs as active layer.[108] 

However, the PCEs for these devices are still much lower than those obtained for 

optimized P3HT/PCBM cells (~6.5%).[109]  

An interesting property of s-SWNTs is that they can act as either donors or as 

acceptors depending on the material that it is combined with. When they are combined 

with C60 or PCBM, they act as donors as illustrated in Figure 1.11b. Ramuz et al. 

reported 0.46% PCE using a P3DDT-SWNT/C60 heterojunction.[110] In this work, a very 

thin layer (<5 nm) of s-SWNTs was used due to short exciton diffusion length. Bindl et 

al. carried out a detailed study in a planar bilayer heterojunction solar cell and found 

that the exciton diffusion length in SWNTs film is limited to ~5–10 nm due to poor 

inter-nanotube coupling.[111] Therefore, by modifying the device structure and 

morphology, an improvement of device performances can be achieved. Bulk 

heterojunctions of SWNT/PCBM are expected to improve the charge separation 

efficiency, and overcome the inter-nanotube charge carrier diffusion problem. Bindl et 

al. investigated and reported a solar cell with this structure, demonstrating peak 

external quantum efficiency up to 18% in the infrared region, and near infrared (NIR) 

power conversion efficiencies of more than 1.3%.[4] By incorporating a s-SWNT aerogel 

in a bulk heterojunction solar cell, the group of Arnold was able to optimize the solar 

cell performances with a power conversion efficiency of 1.7%.[112] This efficiency 
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improvement is attributed to the large interfacial area between the s-SWNT and 

acceptor material, resulting into 36% peak EQE in the visible and 19% peak EQE in the 

NIR.  

The interaction between the wrapping polymers and the nanotubes should be 

further investigated in order to acquire better insights into semiconducting carbon 

nanotube based solar cells and also to understand if these applications will have a real 

impact in the future. 

1.6 Experimental techniques 

In the following section, the different experimental techniques which have been 

employed in this work are presented. 

1.6.1 Absorption spectroscopy 

When light passes through a sample, some photons are absorbed by the medium, 

resulting in an attenuation of light intensity. The light intensity transmitted, I, can be 

described by the Beer-Lambert law: 

Nll eIeII    00  1.5 

where I0 is the initial light intensity, α is linear absorption coefficient, l is the path 

length of the sample, σ is the optical cross section, and N is the molecular number 

density. 

The absorbance, A, of a material is related to its transmittance, T, according to the 
following definition: 
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A can also be quantitatively related to the concentration of material 

lcA   1.7 

where ε is the molar absorptivity, l is the path length of the sample, and c is the 

concentration of the material in solution. By knowing A, l, and the optical cross section 

of SWNTs, we can calculate the concentration of the SWNTs in the solutions. 

The absorption measurements were recorded by using a double beam UV-Vis-NIR 

Spectrometer (Shimadzu UV-3600). The spectrometer is equipped with a Deuterium 

lamp for excitation in the UV range and a Tungsten lamp for excitation in the visible 
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and NIR range. A double-grating monochromator is used to select a single wavelength 

beam from the lamp spectrum. The monochromatic light is then shone through the 

sample, and the transmission is recorded by a photomultiplier tube (PMT), which 

works in the ultraviolet and visible regions, and by an InGaAs and a cooled PbS 

detector for the near-infrared region. 

1.6.2 Photoluminescence spectroscopy 

Photoluminescence (PL) measurements were conducted by exciting the samples 

with a pulsed laser. A solid-state, frequency-doubled Nd:Vanadate (Nd:YVO4) laser, 

providing single-frequency green (532 nm) output at a power of 5-5.5 Watts was used 

as a main light source for pumping a Kerr mode-locked Ti:Sapphire laser, resulting in a 

laser emission tunable in the range ~720-980 nm, with pulses of 150 fs width and 

repetition frequency of ~76 MHz. The second harmonic of the laser (~360-490 nm) 

was obtained by coupling the mode-locked laser into a nonlinear LBO crystal. 

SWNT samples were generally excited at wavelengths between 760 and 800 nm, 

while the polymers were excited at 380-400 nm. Steady state photoluminescence 

spectra were recorded in transmission mode by a Si-CCD from Hamamatsu (in the 

visible range) and an InGaAs photodetector array from Andor (in the IR range), while 

the time-resolved PL measurements were recorded by streak cameras with either a 

visible- or an NIR-sensitive photocathode (Hamamatsu Photonics) working in 

synchroscan mode (time resolution ~2 ps). All the PL spectra were corrected for the 

spectral response of the setup, and all measurements were carried out in solution 

contained in 2 mm quartz cuvettes and at room temperature. 

1.6.3 Electrical measurements 

The electrical measurements were recorded using a probe station connected to a 

semiconductor parameter analyzer (Agilent E5262A or Agilent E5270B). The output 

characteristics were generated by scanning source-drain voltage from 0 V to ± 60 V 

with 1 V increment, and the gate voltage from 0 V to 50 V with 10 V steps. The transfer 

characteristics were generated by scanning the gate voltage from ± 20 V to ∓ 50 V with 

increment of 1 V, and source-drain voltage from ± 2 V to ± 20 V with 3V or 5V steps. 

All device measurements were performed inside a dry nitrogen glovebox at room 

temperature. 
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1.7 Outline of the thesis 

This thesis focuses on studying the selection of SWNTs by exploiting the polymer 

wrapping method and its interaction mechanisms. The physical properties of the 

polymer-wrapped SWNT are investigated by optical spectroscopy and by transport 

measurements in field-effect transistor configuration.  

Chapter 2 discusses the effect of the solvent on the optical properties of SWNTs. 

Various organic solvents were used to study the solvatochromic shift of the SWNT 

photoluminescence emission as a function of the dielectric constant of the solvents. We 

found that an increase of the dielectric constant results in a red-shift of the PL peak 

and in a lower photoluminescence intensity. The homogeneity of the 

photoluminescence lifetimes shows that the semiconducting SWNT dispersions are 

stable and the nanotubes remain individualized in most organic solvents. 

In chapter 3, we investigate the importance of the temperature in the SWNTs 

selection process using polythiophene with dodecyl alkyl side chains. A comprehensive 

study about the temperature effect was carried out by varying the temperature before, 

during, and after the sonication process. We show that the polythiophene-wrapped 

SWNTs tend to form small clusters in the dispersion, which can be eliminated by 

increasing the temperature of the system after the selection processes. The pre-heating 

of the polymer solution before the sonication process is also found to be important in 

avoiding the formation of carbon nanotube clusters. Furthermore, we demonstrated 

that in order to obtain the highest concentration of SWNTs in dispersion, a precise 

temperature during the sonication, i.e. between 10 °C and 20 °C, is required. 

Chapter 4 is devoted to investigate the impact of the length of the alkyl side chains 

of the conjugated polymer in the SWNT-polymer interaction. We show that SWNTs of 

different diameters can be selected by tuning the length of the alkyl side chains of the 

polymer; i.e., an increase of the alkyl side chain length of the polymer results in the 

selection of s-SWNTs in a wider diameter range (0.8-1.6 nm). With this strategy the 

efficient selection of large diameter tubes by polymer wrapping method was reported 

for the first time. The interaction mechanism of the polymer with long alkyl side chains 

was studied by performing molecular dynamics simulations, confirming the 

importance of the van der Waals interaction between the alkyl side chains and SWNTs 

in promoting the separation of large diameter SWNTs. Field effect transistors were 

fabricated with the large diameter SWNTs showing mobility higher than 14 cm2/V·s 

with ion-gel gating. 
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In Chapter 5, new types of polymers from the polyazine and polyazomethine 

families are introduced for selecting s-SWNT. These polymers contain thiophene rings 

with didodecyl alkyl side chains as the main structure, and contain heteroatoms with 

coordinative properties, nitrogen atoms, in their backbone. The dissimilarities in 

mechanical flexibility between the polyazine and polyazomethine backbones generate 

different interaction between the polymer chains and different SWNT species. 

Polyazomethines have stronger adsorption into the SWNT wall, resulting in a higher 

extraction yield of the SWNTs. FET fabricated by using this dispersion shows high 

mobility (33 cm2/V·s) owing to the high SWNT concentration in the solutions. This 

evidence opens the path to new tailored polymers with direct coordinative atoms to 

improve the extraction yield for large-scale separation of s-SWNTs. 

Finally, in Chapter 6, we show the selection of s-SWNTs by employing 

polyfluorenes with side chains containing thiol groups. The thiol functionalization is 

aimed at promoting the direct self-assembly of SWNTs on gold electrodes. We 

demonstrate that the incorporation of thiol groups at the side chains of the polymer 

disrupts the selection of semiconducting tubes with an increase of the metallic 

population. The metallic SWNT content can be minimized by adjusting the thiol 

content in the polymer. Polyfluorene derivatives with 5% functionalization of the alkyl 

side chains give rise to high purity s-SWNT solutions. Field-effect transistors fabricated 

by direct self-assembly of the SWNTs-wrapped with the functionalized polymer on gold 

patterns show superior performances (mobility up to 1.6 cm2/V·s) with 3 orders of 

magnitude higher on-current compared to transistors fabricated with SWNTs wrapped 

with non-thiol functionalized polymers. 
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Chapter 2  
 

Effect of Medium Dielectric 
Constant on the Physical 

Properties of Single-Walled Carbon 
Nanotubes 

 

In this chapter, the photophysical properties of semiconducting single walled 

carbon nanotubes (SWNTs) in different environments are analyzed by steady-state 

and time-resolved photoluminescence (PL) spectroscopy. The PL emission of SWNTs 

shows a red shift with the increase of the dielectric constant of the environments. The 

solvatochromic shift depends on the structural properties of the nanotubes and 

reaches almost 100 milli-electron volts in the case of (7, 5) tubes. These experimental 

results allow deriving a relationship between the PL shift and the structure of SWNTs. 

Moreover, the dynamics of ‘bright’ excitons in semiconducting SWNTs and the effect 

of the medium on the decay of the excitons are discussed by using time-resolved 

spectroscopy. 

 

J. Gao, W. Gomulya, M. A. Loi, Chemical Physics 2013, 413, 35.
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2.1 Introduction 

The optical properties of SWNTs are of great importance not only because they can 

help in the understanding of their fundamental physical properties, but also because of 

the potential application of SWNTs in nano-photonic devices.[1–5] The effect of the 

environment on the photophysical properties of SWNTs has attracted specific research 

interest in the last few years. Lefebvre et al. demonstrated blue-shifted PL emission 

from suspended carbon nanotubes compared to that from dispersed SWNTs.[6] Ohno et 

al.[7] and Kappes et al.[8] compared the PL emission of suspended (or as-grown) SWNTs 

in different media and described the PL shifts as the result of dielectric screening 

effects. The study of the role of the dielectric screening in SWNT photophysics requires 

that the SWNTs are individually dispersed. In this respect, SWNTs dispersed in 

aqueous solution have been very important for the study of the exciton physics of 

carbon nanotubes.[9–11] Recently, polyfluorene homo- and co-polymers have attracted 

specific interests due to their unique selectivity towards semiconducting SWNTs. 

Moreover, the SWNTs with narrow diameter distribution obtained with poly(9,9-di-n-

octylfluorenyl-2,7-diyl) (PFO) show much higher fluorescence quantum yield than the 

aqueous counterpart.[12–15]  

In this chapter, we study semiconducting SWNTs excitons in different 

environments. SWNTs were dispersed in toluene with the aid of PFO, and then mixed 

with different organic solvents. We observed that the PL peaks of the single nanotubes 

show a red shift and the emission intensity decreases with increasing of the dielectric 

constant of the environment. The relationship between the solvatochromic shifts and 

the structural properties of SWNTs is derived. From the study of the dynamics of 

‘bright’ excitons in semiconducting nanotubes we obtain evidences of structural-

dependent fluorescence efficiency of individual carbon nanotubes.  

2.2 Solvatochromic shift of the SWNT as a function of 
dielectric constant of different solvents 

Because of the miscibility of toluene, the polymer-wrapped SWNT dispersion can 

be mixed with many organic solvents with different dielectric constants. In this work, 

we mixed a PFO-SWNT solution dispersed in toluene with several organic solvents 

with ratio of 1:9 (v/v). The solvents, their dielectric constants and refractive indices are 

listed in Table 2.1. 
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The time-integrated PL spectra of the dispersed SWNTs in various solvents are 

shown in Figure 2.1. The peak wavelength of each species of SWNTs was obtained by 

fitting the spectral profile with a Lorentzian line shape. Further analysis, i.e. the peak 

shifting and the integrated photoluminescence will be discussed later in further detail. 

Solvents Relative dielectric constant (ε) Refractive index (η) 

cyclohexane 2.02 1.43 

p-xylene 2.27 1.5 

toluene 2.39 1.5 

chlorobenzene 5.62 1.52 

chloroform 4.81 1.45 

o-dichlorobenzene 10.12 1.55 

tetrahydrofuran (THF) 7.5 1.41 

dichloromethane  9.1 1.42 

Table 2.1 Properties of the solvents in this study. 

Dispersed SWNTs mixed with
o-dichlorobenzene
dichloromethane
 tetrahydrofuran
chlorobenzene
cyclohexane
chloroform
p-xylene
toluene
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Figure 2.1 PL spectra of dispersed SWNTs in different environments. 
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Figure 2.2 shows the solvatochromic shift (ΔE11) of 5 kinds of semiconducting 

SWNTs depending on the dielectric constant of the environment. Solvatochromism 

refers to the change of fluorescence emission energy due to the change of solvent 

polarity (or dielectric constant). Dipole-dipole interaction between the fluorophore and 

solvent molecules lowers the energy of the excited state of the fluorophore. In general, 

the emission shifts towards lower energy with the increase of the solvent polarity. In 

this study, ΔE11 is defined as the difference of the optical transition energy of carbon 

nanotubes in the specific medium (E11media) with respect to that in vacuum (E11vac). The 

optical transitions in vacuum were calculated based on the equation:[9]  

23
21

11

3cos1241

d
A

dAA
E





  2.1 

where d and θ are the diameter and chiral angle of the SWNTs, respectively. The value 

A1 is 61.1 nm and A2 is 113.6 for SWNTs electronic transition in vacuum. 
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Figure 2.2 Solvatochromic shifts of SWNTs in different environments as a function of dielectric constant. 

The value of A3 depends on the structure of the SWNTs, which is 0.032 eV nm2 for 

type I nanotubes ((7, 5), (8, 6) and (9, 7)) and -0.077 eV nm2 for type II nanotubes ((7, 

6) and (8, 7)), respectively. The dielectric constant (ε) of the solvent mixtures was 

calculated by using the equation as reported by Lou et al.[16] The PL of dispersed 

SWNTs shows a red shift up to 0.095 eV with increasing dielectric constant of the 

environments. This result is in good agreement with a previous report from Ohno et 

al.[7] The second observation is that the smaller diameter nanotubes show larger shifts 

compared to the larger diameter ones, implying a strong dependence of the 

solvatochromic shifts of the PL of the SWNTs on the structure of the tubes. 
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Figure 2.3 PL intensity of SWNTs as a function of dielectric constant. The dashed lines are power law fits. 

The PL emission intensity of semiconducting SWNTs (ISWNT) in different 

environments is summarized in Figure 2.3. A clear trend with the intensity of the PL of 

the single tubes decreasing with the increase of dielectric constant of the media, with 

no dependence on the SWNT structure is observed. The dependence can be described 

using a power law ISWNT  ε-0.8 (dashed lines in Figure 2.3), which is comparable to that 

derived by Ziegler et al. (ISWNT  ε-0.5).[17] This observation can be interpreted as the 

result of a similar “solvent microenvironment” where carbon nanotubes reside in. Two 

sets of experimental data show significant deviation from the trend that corresponds to 

the SWNT dispersion mixed with CH2Cl2 and CHCl3, respectively. Recently, other 

authors reported a strongly reduced PL intensity of SWNTs dispersed in CHCl3.[10,17] 

These authors attributed the quenching either to the polarity of the solvent or to the 

presence of SWNT bundles.[18] Our results cannot be explained with only the polarity of 

the solvent. In fact, the emission of SWNTs in THF (mixed with toluene), which is 

more polar than CHCl3, does not show remarkable deviation from the trend in contrary 

with what is shown in CHCl3 (mixed with toluene). A possible alternative explanation is 

the instability of the polymer wrapped SWNTs in CHCl3. The superior solubility of PFO 

in CHCl3 compared to toluene might induce aggregation and precipitation of the 

wrapped SWNTs. It is also known that CHCl3 and CH2Cl2 are not very stable solvents, 

because they can produce radicals, thus in most commercial solvents, a stabilizer is 

added. These radicals or stabilizers can also act as recombination centers, lowering the 

PL intensity. 
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As we showed above, the solvatochromic shifts of SWNTs depends strongly on the 

structural properties of nanotubes. Based on Onsager polarity functions, the 

solvatochromic shifts of carbon nanotubes can be written as: 

),(
3
11

11 
f

R
KE


  2.2 

in which K is the fluctuation parameter, Δα11 is the change in polarizability, R is the 

SWNT radius, f(ε,η) is the Onsager polarity function, ε is the dielectric constant and η 

is the refractive index of the solvents.[19] 
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Figure 2.4 Solvatochromic shifts for SWNTs as a function of nanotube structure (α11∥ = kRa(E11vac)b), in which 
(a, b) corresponds to (a) (-2, -3);[17] (b) (-1, -2);[9] (c) (1, -2);[20] (d) (0, -1);[21] (e) (0, -2);[22] (f) (2, 0).[23] 



Chapter 2 

37 

Being a quasi-1D material, SWNTs show highly anisotropic polarizability. The 

longitudinal component (α∥) is more than one order of magnitude larger than the 

transverse component (α ).[24] As a result, the PL emission from semiconducting 

SWNTs, also the spectral shifts, is dominated by the longitudinal component. The 

change in polarizability is also primarily determined by the longitudinal component 

(Δα11  α11∥). So far, there have been several reports describing the relationship between 

the longitudinal component of the polarizability and other physical quantities. One of 

them expresses the longitudinal polarizability as: α11∥	 = kRa(E11vac)b, where k is a 

constant in a certain environment, R is the SWNT radius, E11vac is the optical transition 

energy in vacuum, a and b are integers. However, the values of a and b are still 

controversial and several values have been proposed by different authors.[10,17,20–23]  

The solvatochromic shifts of the SWNTs in 3 different environments (oDCB (mixed 

with Tol), THF (mixed with Tol), pure Tol) are demonstrated in Figure 2.4a-b and 

Figure 2.4c-f , in which (a, b) correspond to (-2, -3), (-1, -2), (1, -2), (0, -1), (0, -2) and 

(2, 0), respectively. Surprisingly, scaling relationship between the diameter of the tubes 

and the solvatochromic shifts can be derived in all the cases and no family dependent 

behavior was observed (highlighted in Figure 2.4c, (type II, (n-m = 3q+1), (7, 6) and (8, 

7) tubes) and (type I, (n-m = 3q+2), (7, 5), (8, 6) and (9, 7) tubes)). The unexpected 

agreement is probably due to a narrow diameter distribution of SWNTs species 

studied. 
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Figure 2.5 (a) Short (red) and long (blue) decay component of (7, 5), (7, 6) and (8, 6) nanotubes as a function 
of dielectric constant of the environment; (b) effective lifetime of (7, 5), (7, 6) and (8, 6) nanotubes.  

The dynamics of the ‘bright’ excitons in SWNTs in different environments was 

investigated with the aid of a high-resolution streak camera (~3 ps), sensitive in the 
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near infrared range. The measured PL decays can be accurately fitted with a bi-

exponential function:  

)exp()exp(
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Ay   2.3 

where τ1 and τ2 are the short and long decay components, and A1 and A2 are the weight 

of the two components, respectively. This bi-exponential behavior has been observed in 

the measurements of SWNT ensembles and also in individual SWNT measurements. 

The short component is dominated by the non-radiative decay due to the presence of 

“dark” excitonic state, while the long component is much closer to the intrinsic lifetime 

of carbon nanotubes.[25] Figure 2.5a shows the fitted results of the PL decays of (7, 5), 

(7, 6) and (8, 6) tubes in different media, the error bar for the lifetime data is less than 

10% in most cases. We further define an effective lifetime (τeff) using the average: 
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in which the contribution of weight (A1 and A2) are also taken into account. The 

effective lifetime of the (7, 5), (7, 6) and (8, 6) nanotubes remain almost constant at 15-

20 ps in most environments (Figure 2.5b). An exceptional case is the SWNT dispersion 

mixed with CH2Cl2, where the effective lifetime decreased to less than 10 ps. Another 

interesting observation is that the effective PL lifetime (τeff), which is proportional to 

the fluorescence efficiency of carbon nanotubes, of (7, 6) carbon nanotubes (type II) is 

always shorter (10%) than that of (7, 5) and (8, 6) tubes (type I), which indicates a 

structural-dependent PL lifetime and efficiency in SWNTs. A recent study 

demonstrates that the decay of “bright” excitons in carbon nanotube is influenced by 

the extrinsic effects such as the defect density, the length of tubes, etc.[26] However, we 

can safely exclude those effects in this study because these three kinds of nanotubes 

experienced identical treatment and were characterized in the same environments. 

Carbon nanotubes bundling, which favors energy transfer from large band-gap to small 

band-gap tubes[13] and shorten the lifetime of large band-gap tubes, does not play a role 

in this case because (7, 5) tubes have larger band gap and longer lifetime than (7, 6) 

tubes. It then leads to the hypothesis that the lower fluorescence efficiency of (7, 6) 

tubes compared to (7, 5) and (8, 6) tubes is related to the intrinsic property of carbon 

nanotubes. This finding is in good agreement with previous studies on individual 

SWNT[27,28] and demonstrates the advantage of PFO wrapped SWNTs for the 

understanding of the photophysics of SWNTs. 
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2.3 Conclusion 

The photophysical properties of semiconducting SWNTs dispersed in different 

environments having a variety of dielectric constants were studied. The PL emission 

energy of nanotubes shows red shifts with the increase of the dielectric constant of the 

media. Time resolved PL results show different effective lifetimes for different species 

of SWNTs. This is an indication of chirality-dependent fluorescence efficiency.  

2.4 Methods 

Dispersion of SWNTs. All the solvents in this study were purchased from Sigma-

Aldrich and were used as received: cyclohexane, chloroform (CHCl3), chlorobenzene, 

toluene (Tol), o-dichlorobenzene (oDCB), p-xylene, dichloromethane (CH2Cl2), 

tetrahydrofuran (THF). 

HiPCo SWNTs (< 15 wt % ash content) from Unidym were used as received. For the 

preparation of SWNT dispersions, dry nanotubes were added to 10 mL of polymer 

solution in a weight ratio of 1 mg SWNT to 3 mg polymer and the mixture was 

sonicated for 4 h in a tabletop ultrasonic bath (VWR, The Netherlands). After 

sonication, the crude solution was ultra-centrifuged at 45k rpm (16,000 g) for 1 h. The 

supernatant (≈50%) was removed and mixed with different solvents at the ratio of 1:9 

(v/v), then followed by mild sonication for 1 min in order to achieve homogeneity.  

Photoluminescence measurements. Steady-state and time-resolved 

photoluminescence (PL) measurements were performed, exciting the solutions at 760 

nm by a 150 fs pulsed Kerr mode locked Ti-sapphire laser. PL emission of SWNTs was 

measured with an InGaAs detector. The time-resolved PL of the SWNT dispersion was 

recorded by a Hamamatsu streak camera working in synchroscan mode with 

photocathode sensitive in the near infrared spectral range. All the measurements were 

performed at room temperature and the spectra were calibrated for the instrumental 

response. 
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Chapter 3  
 

Effect of Temperature on the 
Selection of Semiconducting 

Single-Walled Carbon Nanotubes 
 

We report on the investigation of the temperature effect on the selective dispersion 

of single-walled carbon nanotubes (SWNTs) by Poly(3-dodecylthiophene-2,5-diyl) 

wrapping. The interaction mechanism between polymer chains and SWNTs is studied 

by controlling the polymer aggregation via variation of the processing temperature. 

Optical absorption and photoluminescence measurements including time resolved 

photoluminescence spectroscopy are employed to study the degree of interaction 

between the polymer in different aggregation states and the carbon nanotubes. At 

low processing temperatures, results are consistent with the planarization of the 

polymer chains and with SWNTs working as seeds for polymer aggregation. The 

formation of small clusters is due to the inter-digitation of alkyl tails between 

neighboring polymer-wrapped SWNTs, as experimentally evidenced and 

investigated by molecular dynamics simulations. The interaction between the tubes 

within the clusters, which is reflected in the variation of the photoluminescence 

dynamics of the polymer, can be suppressed by warming up the sample. 

 

W. Gomulya, J. M. Salazar Rios, V. Derenskyi, S. Z. Bisri, S. Jung, M. Fritsch, S. Allard, U. Scherf,
M. C. dos Santos, M. A. Loi, Carbon 2015, 84, 66.
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3.1 Introduction  

Polymer wrapping of SWNTs is preferable to the other techniques due to the high 

selectivity, easy availability of conjugated polymers and simplicity of processing.[1] It is 

important to note that the effectiveness of the selectivity strongly depends not only on 

the structure of the conjugated polymer, but also on many other parameters such as 

solvent,[2] polymer molecular weight,[3] polymer concentration as well as the duration 

of sonication and centrifugation.[4] All these parameters have been found to have 

significant influence on the effectiveness of the s-SWNT selection, and their effects can 

be detected in the optical properties of the sample (absorption and photoluminescence) 

and transport properties (i.e. charge carrier mobility). Knowledge of how the different 

preparation parameters influence the selection mechanism is fundamental for 

understanding the polymer-wrapping mechanism and also to improve it. 

To date, the most unexplored parameter with respect to its effect on the selectivity 

for semiconducting SWNT species is the temperature. Lee et al. reported carbon 

nanotube selection using Poly(3-dodecylthiophene-2,5-diyl) (P3DDT), where the best 

P3DDT-SWNT dispersion was achieved by sonication of the mixture at 50 °C, which 

corresponds to the melting temperature of the polymer side-chains.[5] In contrast, in 

some other reported protocols it is stated that the sonication process should be done at 

low temperature.[1] These inconsistencies point to the necessity to systematically 

investigate the influence of temperature in the nanotube selection process. 

In this chapter, a systematic investigation on the effect of temperature during 

different steps of the s-SWNT selection process using P3DDT is reported. The 

interaction between polymer chains and SWNTs is investigated by optical absorption, 

steady-state and time resolved photoluminescence measurements. First, we study the 

effect of the polymer aggregation, which is indicated by the appearance of a new 

feature in the absorption spectrum of the polymer at 600 nm, during the s-SWNT 

purification process. We found the polymer aggregation can be stabilized by the 

interaction with the carbon nanotubes. The shorter lifetime of the polymer PL 

evidences the formation of small SWNT clusters in samples which originate from 

aggregated P3DDT solutions, these clusters can be destroyed with a mild temperature 

treatment. The formation of SWNT clusters by interdigitation of alkyl chains is 

supported by molecular dynamics simulations. 

In addition, we performed experiments varying the sonication temperature to 

understand the effect on the nanotubes individualization. Optimal dispersions are 
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found for temperatures ranging from 10 °C to 20 °C. Optical investigations provide 

evidence of the formation of small clusters for sonication performed at 0 °C, which also 

in this case, are destroyed by heating the sample to 50 °C. 

3.2 Effect of polymer solubilization to SWNT wrapping 
mechanism 

One important aspect in the sample preparation procedure is the solubility of the 

polymer. When polymers such as polyfluorene are solubilized in very “good” solvents 

such as chloroform or tetrahydrofuran, no s-SWNT selectivity is observed.[1,2] The best 

selectivity for s-SWNT has been observed only when the dispersion is carried out using 

“poor” solvents, such as toluene or xylene.[2] Nevertheless, if the polymer cannot be 

well dissolved, its interaction with the nanotubes will be obstructed, thus it is 

important to control the polymer solubility to obtain a good SWNT dispersion. 

Polyfluorene, which is one of the most selective conjugated polymers for s-SWNTs, is 

known to display a small feature in the absorption spectrum at 437 nm. This is the 

fingerprint of the so-called beta phase, which is due to the interaction of the alkyl side 

chains when the polymer is in a poor solvent. The formation of the beta phase is 

typically observed in Poly(9,9-di-n-dodecylfluorenyl-2,7-diyl) (PFO), but not in 

polyfluorenes with longer alkyl side chains.[6]  

Polythiophenes are known to exhibit high crystallinity (polymer aggregates) 

because of the planarization of the thiophene rings. This kind of polymer aggregation 

can be destroyed either by applying thermal energy to the solution,[7] or by dissolving 

the polymer in a superior solvent.[8] The importance of the polymer solubilization in 

the selection of s-SWNTs is investigated. Figure 3.1a shows the absorption of pristine 

P3DDT in two forms, with- (red curve) and without-aggregation (orange curve). The 

aggregation level is controlled by varying the thermal energy used in the solubilization 

of the polymer chains. Solutions prepared at 50 °C have an orange color, while those 

prepared at 10 °C are red, indicating the presence of polymer aggregates.[9–11] The color 

change derives from the red shift of the main absorption peak from 450 nm to 470 nm 

(corresponding to the π-π* transition of the thiophene ring) and by the increased 

prominence of the feature appearing between 580 nm and 600 nm (corresponding to 

the vibronic side-band transition and 0-0 transition) (See Figure 3.1a),[12] which 

indicates polymer planarization. Importantly, by increasing the temperature, the 

aggregation of the polymer can be totally suppressed. 
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Both forms of the polymer show similar ability to select single walled carbon 

nanotubes as displayed in Figure 3.1b. The absorption features in the spectra ranging 

from 700 to 900 nm and 1000 to 1600 nm correspond to E22 and E11 transitions of 

semiconducting tubes, respectively. While the metallic nanotubes have absorption in 

the range 500 to 600 nm, which cannot be observed because overlap with the polymer 

absorption. Small differences in the absorption of these two samples can be observed: 

first,  the polymer peak in the sample produced with polymer without 

aggregation(orange solution) is blue shifted, similar to the pristine polymer solution  
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Figure 3.1 (a) Absorption spectra of pristine P3DDT solution prepared at 10 °C (with aggregation) (red) and 
(without aggregation) 50 °C (orange). (b) Absorption spectra of the P3DDT-wrapped SWNT prepared with 

polymer solutions as in (a) (colors are corresponding). The gray area indicates the spectral region between 580 
nm and 600 nm, where the peak related to the formation of the aggregate is located. Inset: Full spectra of 

measurements displayed in (b). 
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(without SWNTs), as can be seen in Figure 3.1a. Second, the dispersion prepared with 

the orange solution shows an enhanced absorption peak at 600 nm (gray area in Figure 

3.1b). 

Interestingly, the aggregation signature, i.e. the 600 nm peak, cannot be avoided 

even when using the non-aggregated polymer form for the dispersion (Figure 3.1b). 

This observation is in contrast with the findings obtained with the pristine P3DDT 

polymer solution, in which the 580 - 600 nm peak can be completely removed by 

heating the solution to 50 °C.[13] In the case of the sample prepared with the non-

aggregated form, this peak indicates the planarization of the polymer chains due to the 

adsorption on the nanotube wall. For samples prepared with the aggregated polymer, 

the high intensity of the absorption feature indicating the aggregation originates from 

two contributions: the aggregation already presents in the pristine polymer, and the 

planarization of the polymer due to the interaction with the SWNT walls (vide supra).  

As a further check of this interpretation, steady state and time resolved 

photoluminescence were performed on the samples with- and without- polymer 

aggregates. The photoluminescence of the solution shows two peaks, corresponding to 

the vibronic transitions of the polymer. However, due to the strong luminescence from 

the free polymer chains that are still present in the solution, and the strong self-

absorption of the polymer, it is difficult to extract useful information from these 

measurements. Therefore, it is important to completely remove the free polymer  
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Figure 3.2 Normalized absorption spectra of polymer-wrapped SWNT dispersions after complete free polymer 
removal prepared with P3DDT with- and without-aggregation. The assignment of the chiralities follow 

previously reported literature data.[5] 
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chains still present in the solution to understand the difference between the samples 

with- and without- aggregation. The removal process is equally effective for both 

samples as shown in Figure 3.2. Here, the π-π* transition peak completely disappears 

and as replacements, the two peaks at 580 and 600 nm become prominent, indicating 

a higher planarization of the polymer chains interacting with the SWNT walls. The 

intensity of the polymer peaks in both samples is similar, proving that the higher 

intensity peak at 600 nm in the samples with aggregation (before free polymer 

removal, red spectra in Figure 3.1b) originated mainly from aggregates of the free 

polymer in solution. 

The PL spectra of these super-clean samples are identical as shown in Figure 3.3a. 

Figure 3.3b shows the PL decays (measured at 580 nm) of the P3DDT-SWNT hybrids, 

prepared from polymer solutions with- and without-aggregation. The P3DDT-SWNT  
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Figure 3.3 (a) Photoluminescence spectra (polymer component) of P3DDT-wrapped SWNT dispersions after 
complete free polymer removal, obtained from polymer solutions with- and without-aggregation. (b) Time 
resolved photoluminescence of the samples as in (a) measured at 580 nm. The dashed black lines are the 

fittings of the experimental data. 
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dispersion prepared with the orange solution shows similar behavior as the free 

polymer chains and is well fitted with a mono-exponential function with lifetime τ = 

481 ± 10 ps, while the P3DDT-SWNT hybrid prepared with the red solution containing 

aggregated polymer, shows a bi-exponential behavior with time decays τ1 = 53 ± 5 ps 

and τ2 = 436 ± 10 ps. A similar behavior has been observed by Gao et al., in PFO/SWNT 

hybrids.[14] However, what appears peculiar in the P3DDT-SWNT case is that only the 

lifetime of the two samples differs while both the absorption and the steady state PL 

are identical. 

It is important to note that the lifetime of the pristine polymer with-aggregation is 

also shorter (520 ps) than the non-aggregated one (400 ps; averaged from tri-

exponential), and this is due to the opening of non-radiative channels provided by the 

inter-chain interactions.[10] Since in our samples the free polymer has been fully 

removed, as proven by the absorption and PL spectra, it is unlikely that inter-chain 

interactions between free polymer chains could occur. We propose therefore, that in 

the SWNT wrapped with the aggregated polymer, the polymer conformation around 

the SWNT wall is different from that in the samples fabricated with the non-aggregated 

solution. This different conformation could favor the formation of small carbon 

nanotube clusters, which could also be induced by interdigitation of the P3DDT alkyl 

side chains. Once formed, these clusters increase the probability of excitation transfer 

from the polymer to the SWNTs and inter-nanotube transfers.  

To verify the plausibility of the depicted mechanism we have performed a control 

experiment. The sample obtained with the red-form of the polymer (at 10 °C) was 

measured just after centrifugation, while a second fraction of the sample was heated 

with a hot plate at 20 °C (about room temperature) and a third fraction at 50 °C. After 

heating the PL intensity increases and the lifetime becomes longer and mono-

exponential as shown in Figure 3.4a and Figure 3.4b, respectively. The fitting of the PL 

decay gives for the 10 °C sample lifetimes τ1 = 34 ps and τ2 = 406 ps; for the 20 °C 

sample τ1 = 33 ps and τ2 = 436 ps; and for the 50 °C sample τ = 498 ps. It is important 

to notice that the phenomena are not reversible by cooling the solutions which have 

been treated at higher temperature. This finding provides very strong evidence for the 

formation of small clusters of nanotubes by interdigitation of the alkyl side chains of 

P3DDT. 
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Figure 3.4 Comparison of the polymer photoluminescence spectra (a) and decays (b) in s-SWNTs wrapped 
with P3DDT after complete free polymer removal, obtained from solution with-aggregation at 10 °C (blue 

curve); after sample treatment at 20 °C for 5 minutes (green curves); after thermal treatment at 50 °C for 5 
minutes (red curve). The black dashed lines are the fittings to the experimental curves. 

3.3 The carbon nanotubes twins 

Molecular dynamics simulations are a powerful tool to investigate the precise 

microscopic mechanism leading to these surprising experimental observations. 

Therefore, our collaborators, the group of Prof. Maria Christina dos Santos, evaluated 

the possible wrapping geometries of this system using MD simulations. P3DDT 

polymer chains possess characteristics leading to an efficient wrapping on nanotubes: a 

relatively flexible backbone, aromatic rings in the main chain, and long lateral alkyl 

tails. The last feature also facilitates the wrapping around larger diameter 

nanotubes.[15] As we show below, the P3DDT-SWNT suspensions present more 

absorption peaks than the suspensions prepared with PFO,[1,14] and a similar selectivity 

as that obtained with dodecyl-polyfluorenes,[15] including species from the large 
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diameter side of the typical HiPCO diameter distribution. For this reason, we chose 

nanotubes having diameters ~1.3 nm for the simulations, which are also more difficult 

cases for polymer wrapping. 

The assembly of polymer chains around a single nanotube was carried out by 

allowing the chains to approach the nanotube, through impulse dynamics, until the 

total coverage of the nanotube surface was reached. The calculations showed that up to 

three chains can attach to nanotubes having diameters close to 1 nm, as shown in 

Figure 3.5a. This figure also evidences the tendency of P3DDT to adopt a helical 

conformation, the interdigitation of alkyl tails and the crowding of alkyl groups on the 

nanotube surface (at the left end) prevents the thiophene rings from fully adhering to 

the surface. These segments of chains not attached to the nanotube and the long alkyl 

tails that point outwards can easily bind to other polymer chains, provoking the growth 

of polymer aggregates around the nanotube, or they can bind to another nanotube. 

 

(a)

(b)

 

Figure 3.5 Assembly of P3DDT polymers on nanotubes in toluene solutions (toluene not shown for clarity). 
Carbon nanotubes are represented by the blue structures, and the polymers by overlapping spheres: yellow=S, 

gray=C, white=H. (a) (12,7) nanotube wrapped by 3 polymer chains; (b) a dyad of (12,10) and (10,9) SWNTs 
wrapped by 7 polymer chains. 
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Figure 3.5b shows a pair of nanotubes wrapped by seven polymer chains in which 

more than one chain binds to the two tubes at the same time. This is made possible by 

the alkyl tail length being long enough so as to hold small diameter nanotubes 

efficiently and at the same time to provide some degree of conformational disorder, 

offering another example of the efficiency of long saturated carbon chains in dispersing 

carbon nanotubes.[16] Interestingly, in these dyads the nanotubes are not coaxially 

aligned and there is at least one polymer layer between them, which can explain the 

variation in the dynamics of PL reported in Figure 3.3b. 

3.4 Influence of temperature during the sonication 
process 

In addition to the investigation of the temperature effects on the polymer 

aggregation and the resulting selectivity, we performed further experiments to 

investigate the effect of the temperature during the sonication process, which can play 

an important role in the final SWNT dispersion quality. In particular, when we aim at 

obtaining a dense network of s-SWNTs for fabrication of electronic devices, it is 

important to increase the SWNT concentration in the final solution without damaging 

the purity of the sample.[17,18] Figure 3.6a depicts absorption spectra of P3DDT–

dispersed carbon nanotubes at various sonication temperatures, ranging from 0 °C to 

80 °C, from which the s-SWNT concentration can be determined (Table 3.1). It is 

important to note that these are not super-clean samples (obtained with extensive 

removal of the excess polymer) but are samples as reported in Figure 3.1. Here, the 

highest SWNTs concentration are obtained by sonicating the P3DDT–SWNT solutions 

between 10 °C - 20 °C. Furthermore, the concentration of selected SWNT drastically 

drops when the sonication is performed at temperatures higher than 50 °C. This 

behavior, which is highly reproducible by careful control of the sonication bath 

temperature, is in marked contrast to what was previously reported.[5] This result is in 

agreement with a previous report showing that by long sonication a lower SWNTs 

concentration is obtained, due to the temperature increase.[19] 

The important feature evidenced by these measurements is that the peak at 600 

nm, attributed to polymer aggregation, is proportional to the concentration of carbon 

nanotubes and is independent of the sonication temperature. To quantify it, we 

calculate the relative intensity of the polymer aggregation absorption peak and the 

strongest SWNT absorption at 1147 nm, which corresponds to the (7,6) nanotube. The 
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Figure 3.6 (a) Absorption, (b) normalized  absorption spectra (to (7,6) tube), and  (c) photoluminescence 
spectra of P3DDT-wrapped SWNTs with different sonication temperatures, starting from a polymer solution 

without-aggregation. (d) Normalized PL yield of P3DDT-SWNTs sonicated at different temperature. Data for 5 
different SWNT species [(7,5), (7,6), (8,6), (9,5), (10,6)] are shown in the figure. 

Temperature (°C) s-SWNT concentration 

(μg/mL) 

Relative peak intensity 
600 nm / 1147 nm 

0 6.23 2.04 

10 21.86 1.66 

20 19.43 1.65 

30 16.20 1.62 

40 18.18 1.54 

50 16.54 1.59 

60 4.35 1.64 

70 2.27 1.59 

80 1.14 1.58 

Table 3.1 Estimation  of the s-SWNTs  concentration obtained using the  C absorption cross-section (α(E11S)   
1 × 10-18/atom);[20] and relative peak intensity of polymer and (7,6) nanotube at different sonication 

temperature as reported in Figure 3.6a. 
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relative intensity is constant for almost all samples, ~1.6 (Table 3.1), except for samples 

sonicated at 0 °C where relative intensity is doubled, showing that at this temperature 

there is more polymer aggregation in the solution. Figure 3.6b, shows the absorption 

spectra of Figure 3.6a normalized to the (7,6) tubes intensity. The increasing of the 

sonication temperature results in higher selectivity toward small diameter SWNTs, 

while the selectivity to the large diameter ones decreases. A deep microscopic 

understanding of this temperature dependent population variation would require a 

separate study. 

The photoluminescence spectra of the nanotube samples are shown in Figure 3.6c 

and the normalized PL yield (integrated PL / absorption) of several tube chiralities are 

shown in the Figure 3.6d. Individualized SWNTs are expected to have higher PL yields 

than bundles. The PL yield shows that P3DDT individualizes smaller diameter 

nanotubes better than larger ones. However, if the temperature changes there is no big 

variation of the quantum yield. Only the sample prepared at 0 °C is an exception, 

showing higher PL yield at small diameter tubes. With the exception for 0 °C, we 

conclude that the variation of temperature affects final concentration and selectivity to 

smaller diameter SWNTs, with similar quality of individualization. 
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Figure 3.7 Absorption spectra after centrifugation of P3DDT-SWNTs obtained from polymer solutions 
without-aggregation sonicated at 0 °C with and without thermal treatment at 50 °C before centrifugation. 

To explain this variation at 0 °C, we propose that the polymer aggregation leads to 

inter-chain interaction between neighboring polymer-wrapped SWNTs, that could 

induce them to precipitate during the centrifugation due to their larger mass. This 

gives rise to a lower nanotube concentration in solution, but with a higher quality of 

individualization (higher PL yield). Also in this case the formation of small wrapped-

SWNT clusters can be clarified by performing a heating treatment (50 °C, 5 minutes) 
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right after the sonication of the solution at 0 °C and before the ultracentrifugation 

process. Through this thermal treatment, we obtain 50% higher carbon nanotube 

content than the solutions that did not undergo any treatment, as shown in Figure 3.7. 

This indicates that the post-preparation thermal treatment effectively destroys the 

polymer-polymer interaction in the cluster, leaving high quality individually dispersed 

carbon nanotubes in the supernatant. 

3.5 Conclusion 

In conclusion, we have systematically investigated the effect of temperature toward 

s-SWNTs selectivity by P3DDT polymer wrapping. The interaction of the polymer 

chains with the SWNT walls stabilizes planarization of the polymer chains, which 

becomes very evident in super-clean samples where the excess polymer has been fully 

removed. These samples display different PL features depending on the state of 

aggregation of the polymer, despite of their identical absorption spectra. The shorter 

lifetime measured in super-clean samples prepared from the aggregated polymer 

solution results from the formation of small clusters and opening of new non-radiative 

channels. The formation of these clusters is confirmed by molecular dynamics 

simulations and by the fact that the interaction between tubes is suppressed when 

thermally treating the solution at 50 °C. Furthermore, we demonstrate that increasing 

the temperature during sonication results in higher level of bundling and precipitation 

of SWNTs thus lowering the final concentration, and at the same time selects better 

smaller diameter tubes. The optimal sonication temperature for obtaining dispersion 

of high concentration containing individualized s-SWNT is 10 °C – 20 °C. Sonication at 

lower temperature (0 °C), gives rise to small bundles of polymer-wrapped SWNTs 

which can be destroyed upon annealing. 

3.6 Methods 

Preparation of the semiconducting SWNT dispersion. Poly(3-

dodecylthiophene-2,5-diyl) was synthesized via GRIM method.[21] The molecular 

weight (Mn = 26,800 g/mol, MW = 29,000 g/mol) was determined by gel permeation 

chromatography (GPC) (using polystyrene standards, and THF as eluent). HiPCO 

SWNT were purchased from Unidym Inc. and used as received. To investigate the 

effect of polymer aggregation, dispersions with 1 mg SWNT, 3 mg polymer in 10 mL 

toluene were prepared. First, the polymer was dissolved in toluene and then the 

solution was sonicated with cup horn bath (Misonix 3000) at 15 W, 50 °C to fully 
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dissolve the polymer. This gives rise to a non-aggregated polymer solution of orange 

color. A second type of sample is obtained by sonication of the polymer solution at low 

temperature (10 °C), resulting in a red colored solution that shows the signature of 

polymer aggregation in the absorption spectrum. After preparation of the two types of 

polymer solutions, SWNTs were added, then the samples were sonicated with an 

ultrasonicator (Misonix 3000, output power 65 W) with cup horn bath for 2 h at 10 °C, 

followed by ultracentrifugation at 40,000 rpm (196,000 g) for 1 h in an ultracentrifuge 

Beckman Coulter Optima XE-90 (rotor: SW55Ti) to remove all the remaining bundles 

and impurities. The ultracentrifugation is performed always at 10 °C to reduce solvent 

evaporation. To investigate the effect of the sonication temperature on the selectivity of 

the nanotubes, the SWNT-P3DDT solution was prepared from non-aggregated 

(orange) polymer solutions. The temperature of the bath used during sonication was 

varied between 0 °C - 80 °C with a close circuit chiller. To keep similar cavitation with 

increasing temperature, we increase the output power of the ultrasonicator to keep the 

same power in the cup horn bath. The supernatant was carefully separated from the 

pellet for further measurement. Free polymer removal is obtained using a previously 

described procedure, in which the precipitation of the polymer-wrapped SWNTs is 

provoked by a sequence of ultracentrifugation steps.[17] The obtained pellet is 

subsequently washed and re-dispersed in toluene. The procedure is repeated several 

times until no changes in the absorption spectra are observed.  

Optical characterization of the semiconducting SWNT dispersion. 

Optical measurements were performed to check the concentration of the carbon 

nanotubes selected by the polymers. Absorption spectra were recorded by a UV-Vis-

NIR spectrophotometer (Shimadzu UV-3600). Photoluminescence (PL) measurements 

were conducted exciting the polymer solutions at 380 nm by the second harmonic of a 

Kerr mode-locked Ti-sapphire laser, delivering 150 fs pulses with repetition frequency 

of ~76 MHz. SWNTs were excited at a wavelength of 760 nm. Steady state 

photoluminescence spectra were recorded in transmission mode by a Si-CCD from 

Hamamatsu and InGaAs photodetector array from Andor, while the time-resolved PL 

measurements were recorded by a streak camera with a visible- and a NIR-sensitive 

photocathode (Hamamatsu Photonics) working in synchroscan mode (time resolution 

around 2 ps). All measurements were carried out at room temperature and the spectra 

were corrected for instrumental response. 

Molecular dynamics simulation. The binding of P3DDT polymer chains to 

SWNTs was studied through a molecular modeling technique involving alternate steps 
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of energy minimizations and molecular dynamics. Nanotubes of diameters close to 1 

nm and near-armchair chiral indices were chosen, as they are the one evidenced by the 

experiments. The classical CVFF950 force field was used.[22] Forces include bond 

stretching, bond angle and torsion angle potentials, van der Waals interactions and 

Coulomb interactions between atomic charges internally stored in this force field, as 

implemented in the package Cerius 2.[23] Polymer chains contain 20 repeat units and 

the nanotube lengths are 100 to 200 Å, with open ends. Simulations were run in the 

micro canonical NVE ensemble at T = 300 K. The initial atom velocities were set 

according to Maxwell-Boltzmann distribution plus an impulse at a given direction to 

mimic the effect of an ultrasound wave. The integration time step was 1 fs and the 

dynamics cycles lasted 50 ps. Energy minimizations and 50 ps dynamic cycles were 

repeated to a total of 1 ns simulation time. A toluene layer was included to cover the 

superstructures following a procedure previously described.[14,15]  



Selecting s-SWNTs by polymer wrapping: Mechanism and Performances 

56 

3.7 References 

[1] A. Nish, J.-Y. Hwang, J. Doig, R. J. Nicholas, Nat. Nanotechnol. 2007, 2, 640. 

[2] J.-Y. Hwang, A. Nish, J. Doig, S. Douven, C.-W. Chen, L.-C. Chen, R. J. Nicholas, J. Am. Chem. 
Soc. 2008, 130, 3543. 

[3] F. Jakubka, S. P. Schießl, S. Martin, J. M. Englert, F. Hauke, A. Hirsch, J. Zaumseil, ACS Macro 
Lett. 2012, 1, 815. 

[4] J. Gao, R. Annema, M. A. Loi, Eur. Phys. J. B 2012, 85, 1. 

[5] H. W. Lee, Y. Yoon, S. Park, J. H. Oh, S. Hong, L. S. Liyanage, H. Wang, S. Morishita, N. Patil, Y. J. 
Park, J. J. Park, A. Spakowitz, G. Galli, F. Gygi, P. H.-S. Wong, J. B.-H. Tok, J. M. Kim, Z. Bao, 
Nat. Commun. 2011, 2, 541. 

[6] D. W. Bright, F. B. Dias, F. Galbrecht, U. Scherf, A. P. Monkman, Adv. Funct. Mater. 2009, 19, 67. 

[7] K. C. Park, K. Levon, Macromolecules 1997, 30, 3175. 

[8] C. Scharsich, R. H. Lohwasser, M. Sommer, U. Asawapirom, U. Scherf, M. Thelakkat, D. Neher, A. 
Köhler, J. Polym. Sci. Part B Polym. Phys. 2012, 50, 442. 

[9] B. Ferreira, P. F. da Silva, J. S. Seixas de Melo, J. Pina, A. Maçanita, J. Phys. Chem. B 2012, 116, 
2347. 

[10] G. Rumbles, I. D. W. Samuel, L. Magnani, K. A. Murray, A. J. DeMello, B. Crystall, S. C. Moratti, B. 
M. Stone, A. B. Holmes, R. H. Friend, Synth. Met. 1996, 76, 47. 

[11] M. J. M. Wirix, P. H. H. Bomans, H. Friedrich, N. A. J. M. Sommerdijk, G. de With, Nano Lett. 
2014, 14, 2033. 

[12] S. D. D. V. Rughooputh, S. Hotta, A. J. Heeger, F. Wudl, J. Polym. Sci. Part B Polym. Phys. 1987, 
25, 1071. 

[13] J. Clark, C. Silva, R. H. Friend, F. C. Spano, Phys. Rev. Lett. 2007, 98, 206406. 

[14] J. Gao, M. A. Loi, E. J. F. de Carvalho, M. C. dos Santos, ACS Nano 2011, 5, 3993. 

[15] W. Gomulya, G. D. Costanzo, E. J. F. de Carvalho, S. Z. Bisri, V. Derenskyi, M. Fritsch, N. Fröhlich, 
S. Allard, P. Gordiichuk, A. Herrmann, S. J. Marrink, M. C. dos Santos, U. Scherf, M. A. Loi, Adv. 
Mater. 2013, 25, 2948. 

[16] J. R. Alves da Cunha, C. Fantini, N. F. Andrade, P. Alcantara, G. D. Saraiva, A. G. Souza Filho, M. 
Terrones, M. C. dos Santos, J. Phys. Chem. C 2013, 117, 25138. 

[17] S. Z. Bisri, J. Gao, V. Derenskyi, W. Gomulya, I. Iezhokin, P. Gordiichuk, A. Herrmann, M. A. Loi, 
Adv. Mater. 2012, 24, 6147. 

[18] V. Derenskyi, W. Gomulya, J. M. S. Rios, M. Fritsch, N. Fröhlich, S. Jung, S. Allard, S. Z. Bisri, P. 
Gordiichuk, A. Herrmann, U. Scherf, M. A. Loi, Adv. Mater. 2014, 26, 5969. 

[19] F. Chen, B. Wang, Y. Chen, L.-J. Li, Nano Lett. 2007, 7, 3013. 

[20] N. Stürzl, F. Hennrich, S. Lebedkin, M. M. Kappes, J. Phys. Chem. C 2009, 113, 14628. 

[21] R. S. Loewe, S. M. Khersonsky, R. D. McCullough, Adv. Mater. 1999, 11, 250. 

[22] P. Dauber-Osguthorpe, V. A. Roberts, D. J. Osguthorpe, J. Wolff, M. Genest, A. T. Hagler, Proteins 
Struct. Funct. Bioinforma. 1988, 4, 31. 

[23] Cerius 2, Version 4.10, Accelrys, Inc, San Diego, CA, 2005. 

 



 

57 

 

Chapter 4  
 

Semiconducting Single-Walled 
Carbon Nanotubes on Demand by 

Polymer Wrapping 
 

This chapter discusses the effect of the alkyl side chain length of polyfluorene in 

the selection of s-SWNTs. We observed that increasing the number of carbon atoms in 

the alkyl side chains leads to a broader selection of s-SWNTs diameters. The 

interaction mechanism of the polymer with long alkyl side chains was studied by 

performing molecular dynamics simulations, confirming the importance of the van 

der Waals interaction between the alkyl side chains and SWNTs in promoting the 

separation of large diameter SWNTs. We found that polyfluorene containing 12 

carbon atoms in the alkyl side chains shows the best selection of s-SWNTs, as 

evidenced by steady state and time-resolved spectroscopy measurements. Field effect 

transistors fabricated with this large diameter SWNTs and with ion-gel gating 

demonstrate ambipolar behavior, showing mobility higher than 14 cm2/V·s for both 

electrons and holes. 

 

W. Gomulya, G. D. Costanzo, E. J. F. de Carvalho, S. Z. Bisri, V. Derenskyi, M. Fritsch, N. Fröhlich,
S. Allard, P. Gordiichuk, A. Herrmann, S. J. Marrink, M. C. dos Santos, U. Scherf, M. A. Loi,

Advanced Materials 2013, 25, 2948.
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4.1 Introduction 

Single-walled carbon nanotubes (SWNTs) are one of the most interesting 

components of the large family of carbon materials. After more than 25 years from the 

discovery of its first nano-member, the buckyball, carbon-based materials continue to 

fascinate scientists and engineers with their properties and the continuous findings of 

new members.[1] Many of the exciting properties of the one-dimensional member of the 

family, carbon nanotube, stem from the strong relation between size, structure, and 

electronic properties. Nevertheless, these properties also lead to highly polydisperse (in 

term of diameter, helicity and length) samples that have so far limited carbon 

nanotubes applicability in technology. In the last few years, greater efforts have been 

devoted to the development of sorting techniques by which specific populations of 

carbon nanotubes can be separated and effectively used in large scale.[2,3] 

Very efficient helicity discrimination was obtained in the past few years by using the 

spontaneous wrapping of conjugated polymers such as the fluorene-based homo- and 

co-polymers around SWNTs of about 1 nm diameter, synthesized by chemical vapor 

deposition with cobalt and molybdenum oxide as catalyst (CoMoCAT) or by high-

pressure carbon monoxide (HiPCO).[4] These are self-assembled hybrid structures 

where the polymer chain is wrapped around the SWNTs, and the side chains of the 

polymer allow solubilization of the hybrid in common organic solvents. From the first 

report, many different polymer structures[5–11] have been tested with the aim of finding 

the ones that are able to discriminate SWNTs of different diameter and helicity on 

demand. However, all the polymers tested, including the most efficient poly(9,9-

dioctylfluorene-2,7-diyl) (PFO; here called PF8), have been demonstrated to be 

effective only with small (0.8-1.2 nm) diameter tubes. Initially, it was believed that the 

discrimination mechanism had to be ascribed mainly to the nature of the polymer 

backbone. Recent studies gave indications that also the side chains of the polymer have 

an important role in the wrapping and selection mechanism.[8,12]  

This chapter discusses the selection of semiconducting SWNTs in a wide diameter 

range (0.8-1.6 nm) using polyfluorene-derivatives with alkyl chains of increased length. 

By leaving the backbone of the polymer unchanged we find that SWNTs of different 

diameters can be selected by tuning the length of the alkyl side chains of the polymer. 

Semiconducting SWNT of diameters larger than 1.2 nm, for which post-synthetic 

separation methodologies did not exist to date, can now be efficiently selected. The 

high concentration, extremely important for application, of semiconducting SWNTs is 
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demonstrated by optical spectroscopy and by fabrication of highly performing network 

field-effect transistors with mobilities up to 14 cm2/V·s for holes and 16 cm2/V·s for 

electrons, and on/off ratio of 105. The role of the alkyl chain length in the sorting of 

semiconducting SWNTs is rationalized by means of molecular dynamics simulations.  

4.2 SWNT selection by polyfluorene with different alkyl 
side chains 

Two different commercially available sources of SWNTs, HiPCO (diameter between 

0.8-1.2 nm) and arc plasma jet (SO) (diameter of about 1.4 nm), were dispersed in 

toluene using polyfluorene derivatives bearing alkyl side chains of length ranging from 

6 up to 18 carbon chains. The chemical structures of the 5 polymers used in this 

experiment are shown in Figure 4.1b. The dispersion was prepared following a similar 

recipe to the one reported by Nish et al.[4] for polyfluorene (PF8)-based dispersions.  

(a)

(b)

(c)

 

Figure 4.1 (a) Chirality map of SWNTs selected by polymer wrapping. In yellow the SWNTs selected are 
underlined; the color of the dots inside the hexagons indicates which of the polyfluorene derivatives (color 

code used for the chemical structures) is able to select nanotubes. (b) Chemical structure of the polyfluorene 
derivatives used : PF6, PF8 (commonly known as PFO), PF12, PF15, and PF18. (c) Structure as obtained by 

molecular dynamics simulations of three PF12 chains wrapped around a (12,10) nanotube after 10 ns at 
constant-pressure in toluene solution. 
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Cup-horn sonication was performed for about 2 h to debundle the SWNTs. The 

suspension was then immediately centrifuged for 2 h and the supernatant portion 

removed and used for optical investigations.  

Figure 4.1a shows the chirality map of the SWNT solution as derived from the 

optical measurements. In this map, the yellow hexagons indicate the species of SWNTs 

that are successfully selected. The colors of the dots inside the yellow hexagons show 

which of the 5 polymers, according to the color code of Figure 4.1b, are able to select 

the specific tubes. Figure 4.1c displays a snapshot of the molecular dynamics (MD) 

simulation showing 3 polymer chains wrapped around a (12,10) carbon nanotube in 

presence of toluene. The chirality map shown in Figure 4.1a results from the analysis of 

the absorption spectra of the HiPCO and SO samples reported in Figure 4.1a and b. The 

absorption peaks were assigned to specific tubes by using the empirical formula:[13] 
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In Equation 2.1, E11 is the energy of the first electronic transition of a (n,m) 
semiconducting nanotube which its chiral angle and diameter are  and d, respectively. 
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Figure 4.2 (a) Absorption spectra of HiPco SWNTs (average diameter 1 nm) dispersed with different 
derivatives of polyfluorene in toluene (continuous lines, with the color code for the different polymers is given 

in the panel (b)) and dispersed with SDBS in water (dashed line). (b) Absorption spectra of SO SWNTs 
(average diameter 1.4 nm) dispersed with different polyfluorene derivatives in toluene (continuous lines, with 

color codes indicated in the legend) and dispersed with SDBS in water (dashed line). 
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The constants A1, A2 and A3 were adjusted to account for the spectroscopic data of 

SWNTs suspended in toluene solutions of PF8.[12] The fitted constants are A1 = 174.3 

nm, A2 = 1083.0, A3 = 0.020 eV·nm2 (j = 2) or A3 = -0.065 eV·nm2 (j = 1), where j = 

mod (n-m,3). 

Figure 4.2a shows the spectra of the HiPCO SWNTs selected using the 5 different 

polyfluorene-based polymers. The dispersions show an increasing optical density (OD) 

in going from shorter alkyl chain (PF8) to the longer ones. In the plot, the spectrum of 

the unsorted HiPCO SWNTs (obtained with sodium dodecylbenzene sulphonate 

(SDBS) in D2O) is shifted in the y-direction and shown for comparison. A clear 

correlation, evident from the absorbance spectra, exists between the lengths of the 

polymer side chain and both the quantity and the type of sorted SWNTs. For instance, 

PF6 is unable to wrap SWNTs and PF8 specifically selects five different 

semiconducting species.[4,14] The dispersions obtained with the three polymers with 

longer alkyl chains, namely PF12, PF15, and PF18, show a higher density of SWNTs 

(higher OD); and, at the same time a larger number of semiconducting SWNTs species 

of larger diameter (the ones appearing with absorption peaks around 1400 nm). The 

extra species that can be selected with PF12, PF15, and PF18 with respect to PF8 are: 

(11,9); (10,2); (9,5); (10,6); (9,8); (10,8); (12,5); (10,9), etc.  

To check the capability of PF12, PF15, and PF18 polymers to select large diameters 

carbon nanotubes, the experiments were repeated using SO SWNTs, which have an 

average diameter of about 1.4 nm. The absorption spectra of SO SWNTs dispersed with 

the different derivatives of polyfluorenes are shown in Figure 4.2b. The dashed black 

line represents the absorption spectrum of the SO SWNTs dispersion obtained with 

SDBS. For this class of large diameter SWNTs, the individualization with SDBS is the 

only method available to date. Differently from HiPCO tubes, for these large diameter 

SWNTs, neither PF6 nor PF8 could select any nanotube species. However, SO SWNTs 

are efficiently sorted when dispersed with PF12, PF15, and PF18. This observation 

confirms the trend evidenced for HiPCO tubes of selecting more and larger SWNTs 

with polymers with the longer side chains. It is evident that the long alkyl chain 

polymers PF12, PF15, and PF18 have not only a preference for larger tubes, but do 

allow selecting an extremely broad distribution of SWNTs species with band-gaps from 

950 nm (1.3 eV) to almost 2000 nm (0.6 eV). The yellow band in Figure 4.2 indicates 

the (10,9) SWNT that is present in both HiPCO and SO samples as evidence for the fact 

that the polymers are discriminating the kind of nanotubes independently from the 

amount of starting species.  
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Until recently, the effective separation and selection of large diameter tubes (> 1.2 

nm) has never been achieved, neither with density gradient centrifugation, nor with 

any of the non-covalent functionalization of the SWNTs sidewalls. Tange et al.[6] have 

reported the extraction of the (15,4) nanotube from the SO SWNT sample; but with low 

efficiency of the extraction process, indicated from a very small value of the absorbance 

of their sample in the E22 transition (lower than 0.01). The results displayed in Figure 

4.2b demonstrated almost 100-times more efficient extraction of the large diameter 

tubes than any other reported methods. Recently, Diketopyrrolopyrrole-based 

polymers were used to disperse similar large diameter nanotubes,[15] however, our 

dispersion obtained with PF12 shows more than 20 times higher extraction yield 

compared to that report.  

4.3 Molecular dynamics simulation and 
photoluminescence measurements 

To shine light on the selection mechanism for large diameter tubes, our 

collaborators in São Paulo University, Brazil, investigated the interaction of 

polyfluorene chains with such nanotubes through classical molecular dynamics 

simulations. Impulse dynamics was used to allow the polymer chain to adopt an initial 

directional velocity toward the nanotube. We focused on the tubes (14,7) and (12,10), 

which correspond to the highest absorption in Figure 4.2b, as well as (12,7) and (10,9). 

These pairs of tubes have similar absorption energies and diameters, but different 

chiralities. While most of the absorption peaks of the SO-SWNTs sample can be 

assigned to nanotubes close to the armchair geometry, the contribution from the other 

chiralities should not be discarded. Interestingly, the other tubes selected near the 

armchair have chiral angles close to 20. PF8 is known to wrap on the near armchair 

nanotubes, adopting a helical conformation due to the ordered -phase in toluene 

solutions.[12] Polyfluorenes having longer pendant groups do not present a -phase and 

can assemble in different geometries on the tubes.[14] We considered the following 

possibilities: the polymer can attach to the nanotube with the long molecular axis along 

the nanotube axis or form a helix; and the aromatic backbone can be parallel to the 

tube surface as in a -stacking (P-configuration), or can be perpendicular to the tube 

(T-configuration) thus exposing the pendant groups to the surface. 

Figure 4.3a illustrates the resulting geometries on tube (14,7). The polymer chains 

do not spontaneously adopt a helical conformation on this tube, as they tend to do in 

near armchair tubes. This figure shows the solvent-accessible surface calculated by the 
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Connolly algorithm[16] and by using a probe radius consistent with toluene. Structures 

to the left are in T geometry and those to the right are in the P geometry. 

In going from PF12 to PF18, corresponding to the labels A, B, and C in T geometry 

and D, E, and F in P geometry, we saw the increase of the nanotube area covered by the 

polymer chains. The red circle (1) in structure A points to the considerably large 

surface of the nanotube that remains uncovered. Another chain can attach this region, 

but it would not be strongly attached since the area is not large enough. We noticed 

during the simulations that the chains tend to cluster together and allow the inter- 

digitation of the alkyl groups. The dashed lines on B and E show that the alkyl groups 

tend to align on the network of bonds following the tube chirality. It is also apparent  
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Figure 4.3 (a) Molecular models of the optimized structures of (14,7) nanotube covered by three polymer 
chains in the T (left) and P (right) configurations. From top to bottom: PF12, PF15, and PF18. The red circles 
indicate: (1) uncovered nanotube surface; (2) alkyl tails oriented outward the nanotube surface; (3) detaching 
of polymer backbone from nanotube wall. (b) Binding energy divided by the length of the nanotube covered by 

the polymers. On the right side of figure are shown the configurations with the polymer backbone 
perpendicular (T) and parallel (P) to the tube surface. 
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that the T configuration provides a better coverage of the tube surface. The circle in D 

(2) highlights the number of lateral chains pointing outwards in P configuration and 

thus not contributing to the polymer binding. Finally, the circle (3) in F shows that the 

polymer in P configuration is sometimes detached. It is a feature that was not observed 

in near armchair tubes. 

The binding energies, defined as the difference between the energy of hybrid 

structure and the sum of energies of its isolated parts, were calculated for the final 

geometries and divided by the length of the covered surface. The results are shown in 

Figure 4.3b for tubes (12,7) and (14,7), together with an illustration of the T and P 

geometries. Given that the conjugated backbone is the same, this figure evidences the 

important role played by the lateral chain. The binding energy increases as the lateral 

chain increases. Although PF12 gives a better binding in the P geometry (the - 

interaction compensates the worse surface coverage compared to the T geometry), the 

binding energies tend to be independent of the backbone configuration when the 

lateral chain is long enough. A similar behavior was found in near armchair nanotubes 

as well: for instance, the binding energy for (12,10) nanotube wrapped by PF12 is -18.0 

kcal/mol·Å in P geometry and -16.0 kcal/mol·Å in T geometry; the difference is the 

tendency of the polymer to form a helix. The following conclusions can be drawn from 

the molecular modeling: (i) nanotube walls are better covered by the polymers when 

the alkyl chains are longer, which prevents re-bundling of nanotubes; (ii) the selectivity 

decreases as the alkyl chain increases since the polymer wrapping can adopt more 

configurations; (iii) the van der Waals interaction between alkyl chains and nanotube 

walls dominate the wrapping process when the lateral chains are long enough.  

The photoluminescence spectra of the HiPCO samples obtained with the different 

polyfluorenes confirm the high quality of the dispersions and the ability of the long 

alkyl chain polymers to select SWNTs with emission above 1400 nm such as (9,8); 

(10,8); (12,5); and (10,6) that could not be sorted with PF8 (Figure 4.4a). 

Individualized SWNTs are expected to have higher quantum yields than bundles; in the 

latter case, there is a higher chance of quenching due to migration of the 

photoexcitation. Consequently, the photoluminescence yield is one of the most 

sensitive measurements for assessing the quality of SWNT dispersions. An estimation 

of the photoluminescence yield (Figure 4.4b) of the PF-wrapped SWNTs is obtained by 

normalizing the photoluminescence intensity measured for each carbon nanotube (as 

shown in Figure 4.4a) for their absorbance (reported in Figure 4.2a). Besides for the 

(11,9) tube, all the other tubes are better individualized by PF12, with almost twice 
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higher PL yield with respect to what is obtained with the other polymers. A further 

evidence of the highest quality of the PF12-based dispersion is provided by the lifetime 

of the photoluminescence of the SWNTs. In Figure 4.4c and Figure 4.4d the decays for 

the (7,5) and (7,6) tubes are reported, respectively. For both SWNTs, the longest 

lifetime (τ1 = 6 ps; τ2 = 38 ps) is recorded with the PF12-wrapped tubes.  

By using long side chain polymers, we succeeded in obtaining dense dispersions 

with absorbance more than one order of magnitude higher than any other reported 

techniques.[8] By using this highly concentrated dispersion of SO SWNTs, dense 

networks of tubes on a substrate were prepared. AFM pictures of these networks are 

displayed in Figure 4.5a. Interestingly, the average length of the nanotubes in the 

images is larger than 1.5 μm, which is superior to 1/3 of their original length. 

Sonication is often considered as a cause of damage to the nanotubes and reducing 

their length.[2] However, our results suggest the SO tubes retained a large part of their 

total length. From these AFM images the average diameter of the SWNTs wrapped by 

the polymers was estimated to be about 3 nm (see Figure 4.5b). According to our MD 
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Figure 4.4 (a) Photoluminescence intensity of HiPCO SWNTs wrapped with different polyfluorene derivatives. 
(b) Photoluminescence yield of different SWNTs wrapped by polyfluorene derivatives. (c) Decay of the 

photoluminescence of (7,5) tubes wrapped by different polyfluorene derivatives. (d) Decay of the 
photoluminescence of (7,6) tubes wrapped by different polyfluorene derivatives. 
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simulations, the hybrid formed by the (12,10) nanotube covered by four PF12 chains in 

the T configuration, in which most of the alkyl chains are wrapped around the tube 

surface, has an average diameter around 2.8 nm, without taking account the atomic 

van der Waals radius. This MD result is consistent with the experimentally-measured 

diameter and shows that the tubes are covered with a single polymer layer. 

4.4 Large diameter s-SWNT for FET applications 

Sorting SWNTs of large diameter has enormous relevance for the fabrication of 

highly performing SWNTs-based field-effect transistors and for all the applications in 

the telecommunication-window wavelengths (C-band = 1.53–1.57 µm). In large-

diameter nanotubes, carrier scattering processes are reduced. Scattering due to defects 

is attenuated because of the dilution of the defect influence on the carrier 

wavefunctions. Moreover, the radial breathing mode (RBM) phonon energy is inversely 

proportional to the tube diameter; and for tubes in the diameter range of 1.5–2.0 nm, 

its RBM phonon energy is comparable to the thermal energy at room temperature. 

Consequently, large-diameter SWNTs are the best choice for electronic applications 

because of the reduced electron (and hole) scattering with the phonon modes.[17] 

To demonstrate the effectiveness of the nanotube sorting and purification using the 

long side-chain polyfluorenes, we used PF12 wrapped HiPCO-SWNT and the SO-

SWNT as active materials for field effect transistors. We fabricated the transistors 

following previously reported procedures,[18] in which the random network of 

nanotubes was deposited using a simple drop casting method, followed by high 

temperature annealing to remove the polymer. Both HiPCO and SO-SWNTs transistors 

were prepared from enriched solutions with similar initial nanotube concentration. 

SDBS SWNTs based transistors are not reported because of their metallic behavior. 

 In addition to conventional SiO2 dielectric, ion gel of 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI]),[19] was utilized to create electric-

double-layer (EDL) gated transistors (inset Figure 4.5c). The ion-gel gating allows 

induction of a very high carrier density accumulation (n ~ 1014 cm-2) with a very low 

driving voltage (VDS, VG < 1.5 V). Because of the high carrier density, which will bring 

the device in a regime where trap states are filled, this type of gating allows observing 

the intrinsic characteristics of the semiconductor under study.[20] 

Figure 4.5c compares the ID-VD output characteristics of the ion-gel gated FETs of 

HiPCO and SO nanotubes. The devices were driven with small voltages, up to 1.0 V of 
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Figure 4.5 (a) Atomic force microscopy (AFM) images of a randomly distributed SO SWNT network on a mica 
substrate. (b) Height profile of three different SWNTs from the AFM image showing an average diameter of 

about 3 nm. (c) ID-VD output characteristics of ion-gel gated transistors (inset) made from HiPco SWNTs 
(black curves) and SO SWNTs (red curves). (d) The comparison of the ID-VG transfer characteristics of the 
corresponding devices for both p-channel and n-channel operations. The inset shows the logarithmic scale 

plot of the transfer curve of the transistor (VDS = 0.2 V) made from SO SWNTs, from which >104 on/off ratio 
for electron is obtained. 

VDS and up to 1.5 V of VG, which was well within the electrochemical window of the ion 

gel. Both types of the devices exhibit high performance ambipolar characteristics, in 

which clear linear and saturation behaviors were observed for both hole and electron 

accumulations. The linear regime of both holes and electrons demonstrated ohmic 

behavior, despite the band mismatch of the Au electrode and the SWNTs LUMO level 

tends to induce Schottky-type injection barrier (particularly) for electrons.[18] This 

behavior can be attributed to the enhancement induced by the ion gel of the electric 

fields at the interface between Au and the SWNTs.[21] Both the HiPCO and the SO 

SWNT devices exhibit high on/off ratios (exceeding more than 104 and 105 at VDS = 0.2 

V). A very steep sub-threshold swing (SS) of 70 mV/dec is observed for hole 

accumulation in the SO SWNT FET. Values slightly larger for the electron 

accumulation 110 mV/dec are observed. For the HiPCO SWNT FET, the SS was 100 

mV/dec and 90 mV/dec for holes and electron, respectively. The values in both devices 

are very small and close to the ultimate limit (SS = 66 mV/dec), which can only be 
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achieved in an ideal transistor device with negligible charge traps operated at room 

temperature.[22] These findings indicate a remarkable coupling between the ion-gel gate 

and the SWNT film of both HiPCO and SO tubes, with virtually no significant charge 

trapping.  

To quantify the high performance of the SWNT transistors, the mobility values of 

both holes and electrons are extracted from their ID-VG characteristics (Figure 4.5d). 

We obtained the effective charge carrier mobilities using the equation 

    dndIeVWL DDSCC
1

 
in the linear region, where Lc and Wc are the device 

channel length and width, respectively; e is the elementary charge; and n is the VG-

dependent charge carrier density accumulated by the ion-gel gate. The value of n is 
estimated using the equation   Gi dVCen 1  in which Ci is the VG-dependent 

capacitance value of the ion-gel gate. The measured Ci(VG) are in the order of μF/cm2 at 

VG values within the electrochemical window (Ci(-1 V) = 3.4 μF/cm2; and Ci(1 V) = 3.0 

μF/cm2). As a consequence, the maximum value of charge carrier accumulation is as 

high as 2.5×1013 cm-2.  

We obtain hole and electron mobilities of about 5.7 cm2/V·s and 3.6 cm2/V·s, 

respectively, for HiPCO SWNT FET. For SO SWNT FET, even higher hole (14.3 

cm2/V·s) and electron (16.4 cm2/V·s) mobilities are achieved. These mobilities are 

extremely high especially considering that the network we are using is relatively sparse. 

Since the purification of both nanotube sources is done with similar amount of starting 

material, the results of device performance show that the larger diameter SO tubes 

yielded higher performance than the smaller diameter HiPCO tubes. Generally, the 

length of the tubes is considered to be a limiting factor for the achievement of high field 

effect mobility, in our case the HiPCO tubes after treatment have an average length of 2 

 1 μm, that is slightly longer than the average length of the SO tubes (1.5 μm). It 

should be noted that the quantum capacitance of carbon nanotube (0.8 pF/cm)[23] is 

far smaller than the measured capacitance of the ion-gel gate and its influence 

dominates in sparse coverage of the tube on the channel, as in the prepared transistors. 

As consequence, the effective mobility values will be much larger than those estimated 

above. Nevertheless, the combination of high carrier mobilities, high on/off ratios and 

minimum traps proves the effectiveness of the SWNT separation of both small and 

large diameter tubes using this method.  
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4.5 Conclusion 

In conclusion we have demonstrated that large diameter semiconducting carbon 

nanotubes can be efficiently separated and individualized using long alkyl chain 

polyfluorene derivatives. These polymers exhibit affinity for a number of 

semiconducting SWNT chiralities containing both in small diameter nanotubes 

(diameter between 0.8-1.2 nm) as well as in large diameter tubes (diameter of about 1.4 

nm). In both cases, polyfluorenes with long side chains allow obtaining dispersions of 

highly individualized semiconducting SWNTs with very high concentration and 

contain SWNT species that could not be selected previously. The understanding of the 

wrapping process is provided by molecular dynamics simulations, which showed that 

the long alkyl tails on polyfluorenes provide a stronger binding to the nanotube wall 

and a variety of wrapping geometries that allow more nanotube species to be 

suspended. These results are consistent with a more efficient solubilization and a less 

specific selection of nanotube chiralities as the length of the alkyl chains increases, as 

observed experimentally. 

The high quality of the sample, in terms of individualization of SWNTs and low 

defect induced with the processing in the SWNT walls, is demonstrated by the long 

photoluminescence lifetimes and the elevated photoluminescence yield measured 

especially for PF12-wrapped SWNTs. Further evidence of the exceptional quality of the 

samples is demonstrated by the high mobility and on/off ratio of the network field 

effect transistors fabricated with the PF12-wrapped SWNTs. Hole and electron 

mobilities higher than 14 cm2/V·s are obtained for SO-SWNTs network field effect 

transistors with ion-gel gating. 

4.6 Methods 

Materials. Large diameter (about 1.4 nm), high purity SWNTs processed by arc 

plasma jet (SO) were purchased from Meijo Nano Carbon Co., Ltd. High-pressure 

carbon monoxide (HiPCO) SWNTs (diameter about 1.0 nm) were acquired from 

Unidym. All SWNTs were used as received. Poly(9,9-di-n-octylfluorene-2,7-diyl) (PF8) 

was purchased from ADS and used as received. Poly(9,9-di-n-hexylfluorene-2,7-diyl) 

(PF6), poly(9,9-di-n-dodecylfluorene-2,7-diyl) (PF12), poly(9,9-di-n-

pentadecylfluorene-2,7-diyl) (PF15) and poly(9,9-di-n-octadecylfluorene-2,7-diyl) 

(PF18) were synthetized for this study. 
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Synthesis of polymers. All polyfluorenes were synthesized in a Yamamoto-type 

homocoupling reaction. A 20 mL microwave tube was charged with the 2,7-dibromo-

9,9-dialkylfluorene (500 mg, 0.91 mmol). In a glovebox bis(cyclooctadiene)nickel(0) 

(702 mg, 2.55 mmol) and 2,2’-bipyridyl (370 mg, 2.37 mmol) were added and the tube 

sealed under argon. 1,5-Cyclooctadiene (0,29 mL, 2.37 mmol) and dry THF (15 mL) 

were introduced via a syringe. Afterwards the reaction mixture was irradiated with 

microwaves (400 W) for 15 min to 120 °C. After completion of the reaction the mixture 

was diluted with chloroform and subsequently extracted with 2 N aqueous HCl, 

concentrated aqueous NaHCO3 solution, concentrated aqueous titriplex solution and 

brine. The solvent was removed by rotary evaporation. Afterwards, the residue was 

redissolved in chloroform and precipitated into cold methanol, followed by Soxhlet 

extraction with methanol, acetone, ethylacetate, and chloroform. The chloroform 

fraction was concentrated and reprecipitated into methanol to obtain the polyfluorene 

as a slightly yellow solid. The 2,7-dibromo-9,9-dialkylfluorene monomers were 

synthesized according to a procedure described in the literature.[24] 

 Mn Mw PDI 

PF10 320,000 850,000 2.60 

PF12 34,200 67,300 1,97 

PF15 351,000 1,080,000 3.08 

PF18 336,000 840,000 2,50 

Table 4.1 Molecular weight data 

Dispersion of SWNTs. For all the SWNTs dispersions 1 mg of soot and 3 mg of 

polymer were added to 10 mL of toluene. The mixture was sonicated for 2 h in the cup 

horn of a high power sonicator (Misonix 3000) used at 90 W, during sonication the 

temperature of the sample was kept constant at 12 °C. Immediately after sonication, 

the dispersion was centrifuged at 16,000 g for 2 h (Eppendorf centrifuge 5418) for the 

samples used for optical measurements and for several hours (with one step at 195 

kRPM and a second step at 368 kRPM) with a Beckman Coulter (Optima XE-90; rotor: 

SW55Ti) for samples used to fabricate field effect transistors. The upper supernatant 

was taken and used for further measurements.  

Optical absorption spectroscopy. In order to see if there was any selectivity of 

the polymers tested towards SWNTs, absorbance spectra were recorded in a 

wavelength range from 300 to 2300 nm. 2 mm and 1 cm path length quartz cells were 
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used for samples with large diameter SWNTs. All measurements were done at room 

temperature using an UV-Vis-NIR spectrophotometer Jasco V-570.  

Photoluminescence measurements. Steady state photoluminescence 

spectroscopy was carried out by exciting the sample at approximately 770 nm with a 

Ti:Sapphire laser operated in mode-locking. The duration of the pulses is about 150 fs 

and the repetition frequency ~76 MHz. The average excitation power was set to 2.0 

mW for steady state measurements and 15 mW for the time resolved spectroscopy. The 

steady state photoluminescence was recorded with an InGaAs detector from Andor 

technology. The time resolved traces were recorded with a streak camera from 

Hamamatsu with a NIR sensitive cathode working in synchroscan (time resolution 

about 2 ps). All measurements were performed at room temperature.  

AFM microscopy. The morphology of the polymer-wrapped SWNTs was 

observed by atomic force microscopy. For this purpose, mica substrates were treated 

with a Ni ion solution and then the SWNT dispersion was deposited onto the treated 

surface. Finally, a stream of N2 gas was used to dry the sample. AFM images were taken 

with a Bruker microscope (MultiMode 8 with ScanAsyst) in tapping mode with SNL-10 

probes with elastic constant k = 0.58 N/m and resonance frequency f: 40 - 75 kHz. The 

images were taken with a scan rate of 0.6 Hz 1024 sample/lines.  

Molecular modelling. Nanotube structures were generated through Nanotube 

Modeler software.[25] Nanotubes varied in length from 100 to 300 Å, open at both ends, 

and polyfluorenes contained from 16 to 20 repeat units. The hybrid structures 

composed of nanotubes and polyfluorenes were optimized by a sequence of 10 cycles of 

Impulse dynamics in the microcanonical ensemble (T = 300 K, time step of 1 fs, 

selected atomic velocities of 1 Å/ps) followed by energy minimizations. Dynamics 

cycles lasted for 5000 steps. By this technique, the initial atomic velocities are chosen 

according to Maxwell-Boltzmann distribution at a given temperature except for some 

selected part (polyfluorene chains in our simulations), which is assigned an initial 

velocity in the direction of the tube axis in the first cycle. The hybrids were built by 

adding polymer chains one by one -typically three polymer chains cover the entire 

nanotube surface, but more chains were added when needed. Calculations were carried 

out within CERIUS2 computational package [26] using the CVFF950 force field.[27]  

Transistor fabrication and characterization. The SWNT dispersion was 

drop-casted on a thermally grown SiO2 layer (230 nm thickness), on heavily doped Si 

wafer, following a previosly reported method.[18] Two droplets of SWNT dispersion (0.5 

μl/droplet) were used for the channel formation of all devices. The droplets smeared to 
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cover an area of approximately 7.1 mm2. Interdigitated pattern of 30 nm Au with 10 nm 

Ti adhesive layer deposited on top of the SiO2/Si wafer were used as source and drain 

electrodes. The transistor channel was 20 μm long. Prior to the SWNT dropcasting, the 

substrates were functionalized by using self-assembled monolayer of 3-aminopropyl-

triethoxysilane (APTES). The SWNT transistor was vacuum annealed (5 x 10-2 mbar, 

400 oC) for about 3h. Ion gel of 1-ethyl-3-methylimidazolium bis(trifluoro-

methylsulfonyl)imide (EMIM-TFSI)[19] was casted on the transistor channel and Pt foil 

was attached to form an ion-gel gated transistor. The electronic transport 

characteristics of the SWNT transistors were measured using an Agilent E5270B 

semiconductor parameter analyser. The speed of voltage sweep for the measurement of 

ion gel transistors was 10 mV/s. All steps for device fabrication and measurement were 

performed inside a dry nitrogen glovebox. The capacitance of the ion-gel gated SWNT 

transistors was measured using an electrochemical impedance analyser (Bio Logic, SP-

200), the used parameters reflected the conditions of transistor operations. 
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Chapter 5  
 

Polyazines and Polyazomethines 
with Didodecylthiophene Units for 

Selective Dispersion of 
Semiconducting Single-Walled 

Carbon Nanotubes 
 

In this chapter, we report for the first time the utilization of polyazine and 

polyazomethine derivatives with direct coordinative atoms in their backbone to 

individualize s-SWNTs. The polyazomethines show strong adsorption to the s-

SWNTs, resulting in high extraction yield of the s-SWNTs, while polyazines show the 

tendency to interact with the m-SWNTs due to unbounded electron lone pairs in 

diimine ligands and more flexible backbones of the polymer, as observed by 

absorption and photoluminescence spectroscopy. Field-effect transistors fabricated 

from polyazomethine-dispersed SWNTs show record mobility (33 cm2/V·s) for small 

diameter random network FETs. This evidence opens the path to new tailored 

polymers with direct coordinative atoms to improve the extraction yield for large-

scale separation of s-SWNTs. 

 

W. Gomulya, V. Derenskyi, E. Kozma, M. Pasini, M. A. Loi, Adv. Funct. Mater. 2015, 25, 5858
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5.1 Introduction  

Sorting SWNTs by polymer wrapping is of particular interest compared to other 

similar techniques due to the high selectivity, easy availability of conjugated polymers 

and simple processing.[1] Although significant progress has been achieved in the study 

of conjugated polymers for sorting of semiconducting SWNTs, in the last few years the 

polymers used for sorting SWNTs have been limited to polyfluorene,[1] 

polythiophene,[2] and polycarbazole[3] derivatives. Polyfluorene derivatives are known 

to allow effective selection of mainly near armchair SWNTs,[1] however, the extraction 

yield is generally very low, which hinders the mass production of s-SWNTs. Recently, it 

has been reported that the concentration yield can be improved by increasing the 

length of alkyl side chains, which allow a better interaction of the polymer chain with 

the SWNT walls;[4] or by performing multiple extraction steps.[5] Polythiophenes 

instead, are less selective,[2] but can provide a much higher extraction yield (~180 

μg/mL), which is more than 7 times higher than polyfluorene derivatives with the same 

alkyl side chain length. To date, poly-alkylthiophenes have been reported to show the 

highest extraction yield of s-SWNTs. The efficient selection of s-SWNTs with high 

purity and concentration is a fundamental requirement to achieve in future mass 

production of SWNT-based electronic devices. 

It is worthy to note that up to now the main backbone of the conjugated polymers 

able to wrap SWNTs was principally composed by carbon, or sulfur and nitrogen atoms 

inserted in the aromatic moieties like thiophene and carbazole.[3] The direct 

introduction in the semiconducting backbone of heteroatoms with coordinative 

properties like nitrogen is expected to change the interaction with SWNTs, giving new 

information on the polymer-wrapping selection mechanism and opening the way to 

new tailored materials with improved properties.  

This chapter reports the first use of conjugated polyazines and polyazomethines 

with thienylene units and hydrocarbon side chains to selectively disperse 

semiconducting SWNTs.[6] Poly(2,5-dimethylidynenitrilo-3,4-didodecylthienylene) 

(PAMDD) shows a very high extraction yield (up to 180 μg/mL), which is similar to 

P3DDT, while poly(3,4-didodecylthienylene)azine (PAZDD) has lower selectivity. The 

dissimilar wrapping efficiency of these two polymers for semiconducting SWNTs is 

attributed to the interplay between the affinity for the nitrogen atoms of the highly 

polarizable walls of SWNTs, and the mechanical flexibility of the polymer backbones. 

Both effects are lowered in PAMDD by the insertion of an extra phenyl ring, resulting 
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in a lower affinity for highly polarizable species (metallic tubes) and higher interaction 

with smaller diameter semiconducting SWNTs, which are selected with higher 

concentration. While in PAZDD the conjugated diimine ligand -C=N-N=C-, the 

versatile coordination properties,[7] and the higher backbone flexibility results in a 

large number of metallic tubes, and a much lower yield for semiconducting tubes. 

Photoluminescence measurements demonstrate the presence of metallic tubes and 

bundles in the sample selected with PAZDD and the high purity of the PAMDD 

samples. The high purity and concentration of the semiconducting SWNTs selected by 

PAMDD is further demonstrated by the fabrication of field effect transistors by blade 

coating method showing hole mobility up to 33.3 cm2/V·s and on/off ratio of 106. 

5.2 s-SWNT selection by polyazines and polyazomethines 

Polyazomethine and polyazine are known to have third-order non-linear optical 

properties, which have been widely used for waveguides.[8] They are environmentally 

stable, easy to prepare and have good thermal stability. The chemical structures of the 

two polymers investigated in this work are shown in the insets of Figure 5.1a. The 

HOMO/LUMO levels are -5.9/-3.42 eV and -6.2/-3.93 eV for PAMDD and PAZDD, 

respectively. Both polymers contain didodecylthiophene units in their backbones 

interspersed with nitrogen atoms, the only difference is the presence of the benzene 

ring between the two nitrogen atoms in PAMDD, resulting in dissimilar polymer 

backbone planarity.[6] The extra aromatic ring makes PAMDD less planar and also 

gives it a higher band gap than PAZDD.  

Figure 5.1a reports the absorption spectra of the SWNT dispersions obtained with 

the two polymers using a nanotube to polymer weight ratio 1:2. The SWNT species (as 

indicated in the top Figure 5.1a) were assigned to equation 2.1 (page 34). The values of 

the fitted parameters are listed in Table 5.1. The two polymers select the same SWNTs 

chiralities though with dissimilar proportion of the different species and a small shift in 

the peak position, which will be discussed in the following. From the absorption 

spectra, it is evident that PAMDD with respect to PAZDD, selects a larger amount of 

smaller diameter SWNTs. We can qualitatively explain this behavior as being caused by 

the fact that PAZDD has a more flexible backbone than PAMDD.[6] A more flexible 

backbone allows a larger number of conformations, which makes the interaction with a 

larger number of different kinds of SWNT species possible. As previously mentioned, 

the phenyl rings in the PAMDD makes the backbone stiffer, limiting the conformation 
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of the polymer chain and favoring higher interaction with certain SWNT species thanks 

to the increased π-π stacking. 
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Figure 5.1 (a) Absorbance of PAMDD- and PAZDD-wrapped SWNTs solutions with the assignment of the 
SWNTs chiralities. The chemical structures of the polymers are shown as insets. (b) Normalized 

photoluminescence spectra of the solutions as in (a); Inset: same PL spectra as in (b) before normalization. 

PAMDD PAZDD 

A1 111.22 122.59 

A2 1150.38 1130.15 

A3(j=1) -0.065 -0.072 

A3(j=2) 0.032 0.033 

Table 5.1 Fitted parameters used for the determination of the first van Hove optical transition frequencies of 
SWNTs as a function of their diameter and chiral angle.  
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We estimated the SWNT concentration using equation 1.7 by taking into account 

the absorption cross section (α(E11S) ≈ 1×10 −18 /atom) of individually dispersed 

nanotubes obtaining concentration of ~180 μg/mL and ~25 μg/mL for SWNT-PAMDD 

and SWNT-PAZDD, respectively.[9] It is interesting to notice that the concentration of 

SWNTs selected by PAMDD is comparable to the one obtained by poly(3-

dodecylthiophene-2,5-diyl) (P3DDT) with the same conditions, while the concentration 

selected by PAZDD is in the range of the one obtained by poly(9,9-di-n-

dodecylfluorene-2,7-diyl) (PF12) (Figure 5.2a). Overall, PAMDD selects s-SWNTs more 

than 7 times more effectively than PAZDD. Interestingly, if we consider the extraction 

capability of poly(9,9-di-n-octylfluorene-2,7-diyl) (PFO), poly(9,9-dioctylfluorene-alt-

benzothiadiazole) (F8BT) and poly(9,9-dioctylfluorene-alt-pyridine) (PFO-py), it is 

noticeable that the polymers with a stiffer backbone (i.e. those with higher number of 

aromatic rings), namely F8BT and PFO-py, are able to sort more specific nanotube 

populations.[10,11] Importantly, in the absorption spectrum of the PAZDD-SWNTs 

dispersion, a higher background is observed. This is a strong indication that this 

SWNTs dispersion contains metallic tubes or small nanotubes bundles.[12] 
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Figure 5.2 (a) Absorbance of SWNT dispersed with different polymers: PAMDD (black), PAZDD (red), P3DDT 
(green), and PF12 (blue). All samples are prepared in the same conditions with 3 mg of SWNTs and 6 mg of 
polymer in 10 ml of toluene. (b) Solvatochromic shifts for PAMDD- and PAZDD-wrapped SWNTs in toluene 

for different nanotube chiralities. 

As already reported before, nitrogen atoms have strong adsorption to metallic 

surfaces due to their electron rich nature.[13] A practical example of the interaction with 

SWNTs, is a self-assembled monolayer containing nitrogen which has been proposed 

and used intensively as a method to adsorb higher number of SWNTs on 

substrates.[2,14] Therefore, the effective interaction of nitrogen electron rich systems 

with highly polarizable objects can explain both the high yield of semiconducting 

SWNTs obtained with PAMDD and the appearance of metallic tubes in the PAZDD 
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dispersion. In the case of PAZDD, thanks to the possibility of donating from 2 to 8 

electrons through the C=N group and the nitrogen lone pairs,[15] interaction with 

metallic tubes becomes highly favorable, while in the case of PAMDD the presence of a 

phenyl ring interplayed between the C=N group makes the interaction with metallic 

species more difficult.  

Figure 5.1a also shows a clear shift between the absorption features of the same 

SWNTs selected by the two polymers (see gray dashed lines in the figure). This effect is 

generally ascribed to dissimilar effective dielectric constant of the medium 

(solvatochromism). However, solvatochromism in systems which use the same solvent 

is smaller than in this case, where the difference in the same E11 transition is in the 

order of 20-35 meV (for example, comparing Figure 2.4a and Figure 5.2b).[16] This 

large effect can be ascribed either to a different dielectric constant of the two polymers, 

or to a dissimilar coverage of the SWNTs walls in the two cases, which tunes the 

contact with toluene (ε toluene 2.4). From impedance measurements we obtained 

static dielectric constants of 2.3 and 2.2 for PAMDD and PAZDD, respectively. This 

minor difference in the dielectric constants cannot explain the experimental shift of the 

absorption peaks. A dissimilar coverage of the SWNTs walls could be justified by the 

fact that the phenyl rings in the PAMDD polymer are not co-planar with the N-N 

bonds,[17] thus resulting in a different local dielectric constant. However, this 

explanation considering the dielectric constant of toluene seems rather improbable. A 

further possible explanation is an electronic interaction between the polymer chains 

and the SWNTs; for example interaction involving charge transfer has been reported to 

generate a red-shift of the SWNT absorption peaks.[18] The formation of small bundles 

of semiconducting and metallic tubes can also be a very plausible explanation, since 

metallic species have an influence on the local screening of the excitation.  

5.3 Photoluminescence measurement of the s-SWNT 
dispersions  

The photoluminescence spectra of the nanotubes dispersed with the two polymers 

are shown in Figure 5.1b (dashed line). While the PL spectrum of SWNT-PAMDD 

shows similar peak-to-peak ratio to the absorption spectra, indicating a good SWNT 

individualization, the SWNT-PAZDD PL shows a very dissimilar intensity distribution 

with respect to the absorption, which we attribute to a strong energy transfer between 

adjacent tubes.  



Chapter 5 

81 

(a)

(b)

300 600 900 1200 1500 1800
0.0

0.5

1.0

1.5

2.0

2.5

3.0

A
bs

or
ba

nc
e 

(O
.D

.)

Wavelength (nm)

1000 1200 1400 1600

P
L 

In
te

ns
ity

 (
a.

u.
)

Wavelength (nm)  

Figure 5.3 (a) Absorption and (b) photoluminescence spectra of SWNT-PAMDD (black) and SWNT-PAZDD 
(red) dispersions before (dashed line) and after (solid line) excess polymer removal. The absorption spectra of 

the samples before polymer removal are the same reported in Figure 5.1(a). 

In order to remove the excess polymer in the dispersions, and at the same time to 

increase the SWNT concentration, we performed a second ultracentrifugation 

following the method we have previously reported.[14] The absorption spectra of the 

samples after the excess polymer removal are shown in Figure 5.3a. Both solutions 

show a reduced polymer absorption peak (475 nm and 513 nm), showing the 

effectiveness of the procedure.[19] The PL spectra of the corresponding enriched 

solutions are shown in Figure 5.3b. Interestingly, even though the absorption before 

(dashed line) and after (solid line) second centrifugation (Figure 5.3a) shows similar 

SWNTs population and relative intensity of the SWNT species, the PL spectra before 

and after enrichment (Figure 5.3b) are very different. 

Two main features can be observed in the PL spectra. First, the SWNT-PAMDD 

after enrichment shows a redistribution of the photoluminescence intensity. Since no 
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change is observed in the absorption spectrum, the redistribution of intensity is the 

result of an energy transfer from large band gap to lower band gap SWNTs. Probably, 

after the removal of the excess polymer, the polymer chains present are insufficient to 

stabilize the individual tubes causing formation of small bundles. Second, the PL of the 

SWNT-PAZDD (Figure 5.3b) enriched sample (red-solid line) is much weaker 

compared to the one before enrichment (red-dash line). Also in this case, there appears 

to be a stronger tendency of the SWNT to re-aggregate and form bundles when the 

excess polymer is removed. Furthermore, these samples show 1 order of magnitude 

lower PL yield due to the appearance of the metallic tubes in the bundles.[20]  

PL lifetime measurements can help to clarify the formation of bundles and the 

presence of metallic tubes. The PAMDD-dispersed SWNTs show a bi-exponential decay 

time with components of 6 and 29 ps (Figure 5.4a and c), which is similar to the 

exciton lifetime previously reported for SWNT-P3DDT.[19] Instead, for SWNTs selected 

with PAZDD (Figure 5.4b and d), the lifetime is extremely fast, and appears limited by 

the time resolution of the experimental setup (2 ps). This is a further strong indication 

of the fact that PAZDD favors the formation of SWNTs bundles involving metallic 

species. 
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Figure 5.4 Time resolved photoluminescence of (a) PAMDD- and (b) PAZDD-wrapped SWNTs. Decay 
dynamics of the (7,5) tubes wrapped by (c) PAMDD and (d) PAZDD. 
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Figure 5.5 Comparison of the photoluminescence decay of (7,5) tubes wrapped by PAMDD before (dashed 
line) and after (solid line) enrichment. 

Time-resolved photoluminescence measurements of SWNT-PAMDD before and 

after enrichment are shown in Figure 5.5. The lifetime of the SWNT-PAMDD sample 

after enrichment is slightly shorter (τ1 = 6 ps, τ2 = 23 ps) than the one before 

enrichment (τ1 = 6 ps, τ2 = 29 ps). This result is in agreement with our hypothesis of the 

formation of small bundles in which energy transfer from the larger to the smaller 

band-gap tubes occurs. In the case of the SWNT-PAZDD, the lifetime is already very 

short (limited by the instrumental resolution) and remained so after enrichment. 

5.4 High Performance s-SWNT FETs 

To demonstrate the quality of the semiconducting SWNTs obtained in this way, we 

utilize the inks for the fabrication of bottom gate/bottom-contact field effect transistors 

following previous reported procedures.[14,21] For comparison purpose, the 

concentrations of the two samples (PAMDD-based and PAZDD-based) were adjusted 

to the same value, which means a dilution for the high-yield PAMDD-based sample. 

Both pristine and enriched SWNT solutions were deposited by blade coating to obtain 

a network of semi-aligned SWNT in the channel. Recently, using this technique we 

have reported better device performances compared to the devices fabricated by drop-

casting.[21] 

The output curves of the FETs fabricated with both SWNT samples before 

enrichment are shown in Figure 5.6a and e. The output ID-VD curves show good 

saturation current in the hole accumulation regime. The SWNT-PAMDD FETs show an 
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Figure 5.6 Output characteristics of SWNT FETs dispersed with PAMDD (a and b) and PAZDD (e and f) before 
(dashed line) and after enrichment (solid line). Transfer characteristics for hole and electron channel for 

PAMDD (c) and PAZDD (g) SWNT-FET; blue dashed line is the gate current. Extracted threshold voltages 
from linear transfer curves for PAMDD (d) and PAZDD (h) SWNT-FET. 
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average on/off ratio as high as 106 for hole current at VDS = -5 V (Figure 5.6c; dashed 

lines); while SWNT-PAZDD FETs show more than 1 order of magnitude lower on/off 

ratio, mainly due to the higher off current as shown in Figure 5.6g (dashed line). The 

higher off current obtained in this case is an additional evidence of the presence of 

metallic tubes in the sample. It is important to underline that the FET structure 

investigated have channel length 20 μm and channel width of 10 mm. The relatively 

short channel length is fundamental to verify the presence of metallic tubes in the 

inks.[22] 

Interestingly, all devices are dominated by hole current even if they have been 

measured in inert atmosphere. In this respect, they are similar to SWNT-P3DDT -

based devices, where we have reported the trapping of electrons due to the polymer.[21] 

The hole mobility calculated from the linear operational regime of the FET transfer 

curves are 0.54 cm2/V·s and 0.18 cm2/V·s for PAMDD- and PAZDD-wrapped SWNTs, 

respectively. The mobility obtained from the SWNT-PAMDD devices is comparable to 

the one obtained with P3DDT-SWNTs in similar conditions.[21] 

After the enrichment the devices show increased performance both in the hole and 

electron accumulation regime as shown in Figure 5.6b and f. The hole current increases 

by 30 times with respect to the devices fabricated with non-enriched dispersions, while 

a higher electron current in the order of sub-micro ampere is measured. After 

enrichment, ohmic contact for hole injection can be achieved, especially for SWNT-

PAMDD devices. The better contact and higher saturation current point to the 

effectiveness of the polymer removal, which reduces the Schottky Barrier between the 

gold electrodes and the nanotubes, and also lowers the barrier between SWNTs in the 

networks.  

The transfer curves of the devices after polymer removal are shown in Figure 5.6c 

and g (solid lines). The off-current of the SWNT-PAMDD devices remains constant, 

while that of SWNT-PAZDD increases. This higher off current is due to an increased 

percolation between metallic SWNTs in the transistor channel.[23] The hole mobility 

after the enrichment improves by nearly a factor of three from 0.54 cm2/V·s to 1.47 

cm2/V·s for SWNT-PAMDD, and 1 order of magnitude from 0.18 cm2/V·s to 1.24 

cm2/V·s for SWNT-PAZDD. Again, the increase of mobility is mainly due to the lower 

amount of free polymer, which allows a better interconnection between the SWNT 

network. 

Surprisingly, the devices before enrichment show lower subthreshold swings (SS) 

compared to those after enrichment. The difference in the subthreshold swings is more 
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obvious for the electron channel, which goes from SS=2.8 V/dec to 6.2 V/dec for 

SWNT-PAMDD, and from SS = 13.5 V/dec to 18 V/dec for SWNT-PAZDD. The lower 

subthreshold swing corresponds to a reduced trap density in the channels. The traps 

are most probably located at the interface between the SiO2 substrate and the SWNT 

network. Since no surface treatment on the SiO2 substrate was performed to passivate 

OH groups, we suppose that the excess polymer may have a role in passivating those 

surface states. This charge trapping is also observed by extracting the values of 

threshold voltage of the carrier accumulation of the devices before and after 

enrichment (Figure 5.6d and h). The threshold voltage for hole accumulation is found 

to have very small shift before and after enrichment. While for the electron 

accumulation, after the enrichment, the threshold voltages shift towards positive 

voltages; ΔVTh = +25 V and +11 V for PAMDD and PAZDD, respectively. The positive 

threshold voltage shift was observed in previous reports and is due to a higher amount 

of electron traps.[14] 

For high quality semiconducting SWNTs solutions a linear relation between the 

concentration of the SWNTs and the on current of the transistor is expected; we 

therefore increased the concentration of the SWNTs in the inks (700 μg/mL; 4 times 

more concentrated than reported in Figure 5.1b). With these concentrated solutions, 

very dense and homogeneous nanotubes networks are obtained by blade coating. 

Figure 5.7c shows an example of the atomic force microscopy (AFM) micrographs 

obtained analyzing the deposited network in different regions of the substrate. 

Figure 5.7a shows output characteristics of the FETs. The devices show on current 

up to 25 mA, corresponding to current density of 25 mA/mm, which is much higher 

than what has been previously reported in the devices fabricated by SWNT obtained 

using a similar technique (SWNT-P3DDT) with 10 mm channel width.[2,21] In Figure 

5.7b, the transfer characteristics of the devices fabricated on 1 mm channel width with 

s-SWNT inks are shown. The smaller channel width (1 mm) was chosen because of the 

enormous output current, exceeding our instrumentation limit, obtained in devices 

with longer channel width.[4,14,21] The linear mobility for the SWNT-PAMDD device is 

33.3 cm2/V·s, while for SWNT-PAZDD is 3.9 cm2/V·s. The PAMDD device together 

with the high mobility displays an on/off ratio of 106, which are record performance for 

FETs fabricated by solution processable small diameter (~1 nm) semi-aligned/random 

network of SWNTs.  

This outstanding result derives from the high concentration (700 μg/mL) of the 

solution used, only achievable with very high yield extraction systems as the PAMDD, 
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 Figure 5.7 Output (a) and transfer (b) characteristics of the FET devices fabricated with high concentration 
(~700 μg/mL) PAMDD (black) and PAZDD (red). (c) AFM micrograph of a network of PAMDD-wrapped 

SWNTs in the channel of one of the field-effect transistors, sampling on different regions shows high 
homogeneity of the SWNT network. 

and with the high purity of the semiconducting nanotube ink. Importantly, the 

PAMDD-based samples have been used for the fabrication of single-SWNT FETs with 

channel length of 300 nm, leading to semiconducting SWNTs purity estimation 

superior to 99.9%.[24] 

5.5 Conclusion 

In conclusion, polyazines and polyazomethines with didodecylthiophene are 

demonstrated to be capable of selectively dispersing semiconducting SWNTs. By 

comparing two similar conjugated polymers, we have obtained new information on the 

polymer-wrapping selection mechanism and on the design rules for the polymer. Both 

these two polymers contain in the main chain the C=N group which is isoelectronic 

with the C=C linkage, assuring the semiconducting properties of the backbone, but 

with higher coordinative properties due to the different electronegativity of nitrogen 

and the presence of lone pairs increasing the affinity for the polarizable walls of the 

carbon nanotubes. PAZDD shows higher interaction with metallic species and with 

SWNT of wider diameter, due to the coordinative properties of the -C=N-N=C- linkage 

in the backbone and its flexibility. PL quantum yield, time resolved PL measurements, 

and SWNT FET devices all point to the fact that the PAZDD dispersion contains more 

bundles and a non-zero concentration of metallic SWNTs. PAMDD demonstrates 

higher extraction yield for semiconducting SWNTs compared to PAZDD, which we 

attribute to the mitigation of the nitrogen effect by the presence of the phenyl ring in 

the backbone. SWNT FETs fabricated from SWNT-PAMDD dispersions show very high 

current density compared to other reported polymer wrapped SWNT FETs; with hole 
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mobility up to 33.3 cm2/V·s and on/off ratio of 106. The finding of this new conjugated 

polymer to select high concentration (up to 180 μg/mL) SWNTs with high purity opens 

the possibility for scaling up the separation of s-SWNTs by polymer wrapping methods 

for large-scale high performance electronic device applications. 

5.6 Methods 

Preparation and characterization of the semiconducting SWNT 

dispersion. PAMDD and PAZDD were synthesized as previously described.[6] The 

molecular weights of the batch used are Mw 67,400, Mw/Mn 1.93 and Mw 16,300, 

Mw/Mn = 1.67 for PAMDD and PAZDD, respectively. HiPCO SWNTs were purchased 

from Unidym Inc. To prepare the sorted s-SWNT solution, first 6 mg of polymer were 

fully dissolved in 10 mL toluene, and afterwards, 3 mg of SWNTs were mixed in the 

solution. The sample was sonicated for 2 h at 16 °C with a cup-horn sonicator (Misonix 

3000, output power 65 W) and afterward ultracentrifuged for 1 h at 40,000 rpm 

(196,000 g) (Beckman Coulter Optima XE-90; rotor: SW55Ti). After 

ultracentrifugation, the supernatant was carefully separated for all the experiments 

conducted at low concentration. A second ultracentrifugation (5 h at 55,000 rpm 

(367,000 g)) was performed in order to remove excess polymer and to increase the 

SWNTs concentration. Here, the supernatant was discarded, and the precipitate 

(pellet) containing the enriched SWNTs was re-dispersed in the desired solvent 

quantity. Absorption spectra were recorded by an UV-Vis-NIR spectrophotometer 

(Shimadzu UV-3600) in the range from 300 nm to 1800 nm. 

Photoluminescence measurements. Photoluminescence (PL) measurements 

were performed by exciting the samples at 800 nm with a Kerr mode-locked Ti-

sapphire laser, delivering 150 fs pulses with repetition frequency of 76 MHz. Steady 

state photoluminescence spectra were measured by an InGaAs photodetector array 

from Andor, while the time-resolved PL measurements were recorded by a streak 

camera with a NIR-sensitive photocathode (Hamamatsu Photonics) working in 

synchroscan mode (time resolution around 2 ps). All spectra were corrected for 

instrumental response. 

Device fabrication and characterization. The prepared semiconducting 

SWNT dispersions were deposited on top of highly doped silicon substrate with 230 

nm of SiO2 layer. The substrates were lithographically pre-patterned with electrodes 

made with 10 nm of Ti and 30 nm of Au, defining a channel length of 20 µm and 

channel width of 10 and 1 mm. The deposition of the active materials was performed by 
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blade coating (ZAA 2300 automatic film applicator coater, Zehntner, Sissach, 

Switzerland) in order to align SWNTs along one direction.[21] After the deposition, the 

substrates were annealed for 1 hour at 120 °C to remove residual solvent. The electrical 

measurements were performed using a probe station connected to a semiconductor 

parameter analyzer (Agilent E5262A). All fabrication and characterization procedures 

were done in a nitrogen-filled glovebox. 
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Chapter 6  
 

Self-assembled Semiconducting 
Single-Walled Carbon Nanotubes 

by Polyfluorene Derivatives 
Containing Thiol Groups 

 

This chapter demonstrates the selection of s-SWNTs by employing polyfluorenes 

with side chains containing thiol groups aiming for self-deposition of SWNT onto the 

substrate. We show that the inclusion of thiol groups to the polymer disrupts the s-

SWNTs selection, with the presence of metallic tubes in the dispersion. The selectivity 

can be recovered either by adjusting the number of thiol groups in the polymer, or by 

fine tuning the polymer to SWNT ratio. We demonstrate that the polymer containing 

2.5% thiol group gives the best s-SWNT purity, as confirmed by photoluminescence 

spectroscopy measurements. Field-effect transistors fabricated by direct self-

assembly of the SWNTs/thiolated-polyfluorenes on gold patterned substrates show 

superior performances (mobility up to 16 cm2/V·s) with 3 orders of magnitude higher 

on-current compared to transistors fabricated with SWNTs wrapped with the same 

polymer without thiol functionalization.  

 

W. Gomulya, V. Derenskyi, M. Fritsch, P. Gordiichuk, S. Allard, U. Scherf, M. A. Loi,
in preparation
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6.1 Introduction  

Single-walled carbon nanotubes (SWNT) are one of the most prospective 

candidates to succeed silicon for future electronic devices “beyond Moore’s law”. The 

application of nanotubes as active material for electronic devices started in the early 

2000s, but interest in them initially declined due to difficulties in the separation of 

semiconducting species from the metallic ones. Recently, the possibility to purify s-

SWNTs has shown very remarkable progress, especially the polymer wrapping 

technique, which is the subject of this thesis. It has shown great potential owing to the 

ability to achieve near 99.9% purity.[1] After successful s-SWNT separation, current 

research concentrates on demonstrating the usefulness of carbon nanotubes by 

fabricating highly performing field-effect transistors,[2,3] light-emitting devices,[4,5] logic 

gates,[6] sensors,[7] and photovoltaics devices.[8,9] 

As already mentioned in previous chapters, it is very important to have high 

concentration and high purity s-SWNTs in order to obtain outstanding device 

performance. To achieve these requirements, optimization of the s-SWNT selection 

process parameters, such as the nature of the solvent (chapter 2), the sample 

preparation and sonication temperature (chapter 3), or the use of different polymer 

structures (chapter 4 and 5) have been intensely investigated. Another important point 

to boost the applicability of s-SWNT in electronic devices is to achieve a good control of 

the SWNT placement in specific positions, which will open the way to mass production 

of SWNT electronics. Carbon nanotubes are anisotropic nanomaterials, it is therefore 

fundamental to have them deposited in specific direction and position, i.e. 

perpendicular to the source-drain electrodes in transistor with very high precision and 

reproducibility. In order to obtain a controllable deposition, two distinct approaches 

are generally used: self-assembly into desirable structures, and special techniques to 

deposit an aligned nanotube film.[10] 

Aligned nanotube networks perpendicular to the source-drain electrodes in the 

SWNT-FET have been shown to demonstrate superior performance compared to 

random network films.[2,11–14] Here, the presence of fewer percolation channels is one of 

the main reasons for the higher performances. Several works have already been 

reported to achieve fully or partially aligned SWNT networks by blade coating [2] or by 

the Langmuir-Blodgett technique.[11] Different approaches have been developed to 

obtain a dense and aligned carbon nanotube network by self-deposition of SWNTs to 

specific areas, contact electrodes or substrates, such as solvent evaporation-assisted 
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self-assembly,[12] dielectrophoresis,[14] or by selective placement via direct self-

assembled molecules such as DNA pairs,[15] and functionalized groups that have a 

specific interaction with the substrates/electrodes.[16] 

In this chapter, we report a mechanism of directly assembling s-SWNTs to gold 

electrodes, by wrapping SWNTs by polyfluorene derivatives decorated with thiol 

functional groups that can bond covalently to the gold surface. The ideal schematic of 

the self-assembled SWNTs on the gold substrate is illustrated in Figure 6.1. We found 

that inserting a thiol group decreases the s-SWNT selection due to the lone electron 

pairs on sulfur atoms that can interact with the highly polarizable metallic tubes. A set 

of polymers with different thiol-group content were synthesized to study the effect of 

the thiols on the s-SWNT selection. We concluded that polyfluorene decorated with 

2.5% thiols at the side-chains gives the highest purity of s-SWNT. These high purity 

semiconducting tubes are further employed for self-deposition onto silicon substrates 

with pre-patterned gold electrodes. The devices fabricated by s-SWNTs wrapped with 

thiol-containing polymer show ambipolar properties with 3 orders of magnitude higher 

on-current compared to the reference devices fabricated with SWNTs selected with a 

polymer without thiol functionalization. AFM images demonstrated high-density 

network of carbon nanotubes for the sample obtained with the thiol functionalized 

polymer, indicating the effective self-assembly in the used substrate. 

 

Figure 6.1 Schematic thiol attachment to the gold substrate in SWNT-FET devices. 
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6.2 s-SWNT selection by polyfluorene derivatives 
containing thiol functional groups 

In recent years, polyfluorene derivatives have been widely investigated for 

semiconducting SWNT selection due to their capability to interact preferentially with 

nearly armchair carbon nanotubes.[17] Several approaches have been applied to modify 

the polyfluorene to obtain higher or better s-SWNTs selection, such as modifying the 

alkyl side-chains[18] or the polymer backbones.[19] Our group has reported a different 

approach of polyfluorene modification, which had the aim of promoting the self-

assembly of semiconducting carbon nanotubes onto gold substrates. This was achieved 

by synthesizing polyfluorene-DNA block copolymers, where the DNA pairs were used 

as anchoring molecules for the self-deposition.[15] However, this method shows some 

major drawbacks, which are the difficulties and high production cost to make 

sequentially controlled DNA pairs and to synthesize the block-copolymers. In order to 

obtain a cheaper way to perform direct self-assembly of the nanotubes to gold 

electrodes, different self-assembled molecules need to be considered, for example thiol 

groups, that have specific interaction with gold.[20] Therefore, we adopted polyfluorene 

derivatives decorated with thiol functional groups on their side-chains or at the end of 

the polymer chain.  

Figure 6.2a shows the absorption spectra of HiPCO SWNTs selected by 

polyfluorene derivatives containing different percentage of thiol groups. Among all, the 

reference polymer containing no thiol group, Poly{(9,9-didodecylfluorene-2,7-diyl)-

alt-{9,9-dihexylfluorene-2,7-diyl}} (PF12-F6), shows the highest concentration of s-

SWNTs. Introduction of the thiol functional group to the polymer disrupts the 

SWNT/polymer interaction, resulting in lower absorbance of the s-SWNTs dispersion. 

Furthermore, when a high concentration of thiol groups (50%) is attached to the 

polymer side-chains (PF12-F6Sac), a lower selectivity for s-SWNTs is obtained, as 

indicated by the high background absorption, which is due to the metallic SWNT 

plasmon resonances, and by the broader absorption peaks due to the overlap between 

individual nanotube peaks. Moreover, a small percentage of metallic SWNTs is also 

observed in this dispersion as indicated by several peaks in the range between 500 and 

650 nm. The presence of the metallic tubes in this high thiol concentration 

polymer/SWNT dispersion is analogous to previous reports,[21] where metallic SWNTs 

are selected by polymers containing high concentration of nitrogen atoms, due to the 

electron rich nature (lone pair) of the nitrogen atoms. The electron lone pairs on the 
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thiols (sulfur atoms) are similar to those in nitrogen atoms, which can interact with 

highly polarizable SWNT species, the metallic ones in this case. 

To reduce the metallic content in this dispersion, several different approaches can 

be utilized. The first is to reduce the number of thiol groups in the polyfluorene chain.  
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Figure 6.2 (a) Absorbance of s-SWNT dispersion with polyfluorene derivatives containing 0% (black), 2.5% 
(red), 50% (green) of thiol groups at their side-chains, and containing thiol groups as end-chains (blue). 

Dispersions are prepared with the same initial ratio. (b) Absorbance similar to sample (a) after optimization to 
remove the metallic SWNT, and after enrichment. Insets: Structures of the polymers used for the dispersion of 

the SWNTs. 
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As seen clearly in Figure 6.2a, reducing the number thiol groups to 2.5% (PF12-

F6SAc2.5%) reestablishes the selectivity for s-SWNTs. When only 2 thiol functional 

groups at the end of polymer are present (PF12-α,ωSAc), the purity of s-SWNTs in the 

supernatant solution is increased, demonstrated by lower background absorption. 

Another route to reduce the metallic content is through fine tuning of the 

polymer:SWNT ratio. It has been reported that by increasing the SWNT to polymer 

ratio, a lower concentration but higher purity s-SWNT dispersion can be realized.[22] 

The absorption spectra of enriched SWNT dispersions with these polymers after 

optimization (see experimental details) and free polymer removal are displayed in 

Figure 6.2b. The assignment of s-SWNT chiralities is displayed in the figure, according 

to the previously reported formula (equation 2.1, page 34). All polymers select the 

same species of SWNTs, indicating that the placement of the thiol functional groups at 

the side-chains does not affect the selection of s-SWNTs species. Interestingly, the 

inclusion of thiol at the end of polymer backbones modifies the distribution of selected 

s-SWNTs, i.e. this polymer selects smaller diameter tubes. The s-SWNT species 

selected by PF12-α,ωSAc are more similar to the ones selected by Poly{(9,9-

dioctylfluorene-2,7-diyl) (PF8). We hypothesized that the different selection can 

originate from (i) different steric hindrance induced by the thiol groups in the side 

chain and (ii) smaller molecular weight of the polymer. 

To verify the quality of our s-SWNT dispersions, photoluminescence measurements 

were performed on the enriched samples where the final concentration was adjusted to 

similar values (samples of Figure 6.2b). The steady state PL measurements are shown 

in the Figure 6.3a, showing that the reference sample has the highest PL intensity, 

while increasing the number of thiol groups reduces the PL intensity. The lowering of 

the steady state PL intensity can be attributed to the presence of bundles, which may 

also contain metallic nanotubes. Time-resolved spectroscopy measurements can be 

used to further elucidate the origin of this phenomenon. The exciton decay dynamics of 

(7,5) tubes are shown in Figure 6.3b. In general, the long decay component of the 

exciton lifetime of the individualized s-SWNTs is in the range of 20-30 ps, which is 

comparable to the lifetimes previously reported for highly individualized polyfluorene-

wrapped s-SWNTs,[18,23,24] demonstrating the absence of metallic carbon nanotubes in 

the dispersions. It has been reported that when metallic SWNTs are present in the 

solutions, the exciton lifetime of s-SWNTs will reduce by one order of magnitude.[25] 

The nanotubes selected by PF12-F6SAc show the shortest lifetime, in agreement with 
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the lowest steady state PL, confirming the highest number of pathways for exciton 

relaxation due to the formation of s-SWNTs small bundles. 
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Figure 6.3 (a) Steady state photoluminescence of the s-SWNT solutions, dispersed by polyfluorene with 
different concentration of thiol groups (b) Time-resolved measurement of (7,5) tubes (1050 nm) dispersed by 

polyfluorene with different concentration of thiol groups. 

6.3 Self-assembly of SWNTs onto substrates with pre-
patterned gold electrodes 

The selective deposition of s-SWNTs by specific techniques such as solvent 

evaporation-assisted self-assembly,[12] dielectrophoresis,[14] etc. have been challenging, 

due to the lack of selective deposition,[11] and the necessity of complex methods such as 

pre-patterning of the substrate with chemical species to attract SWNTs;[13,26] one 

possible approach for more controllable deposition of SWNTs is the application of 

directed self-assembled molecules. The self-assembly technique has the advantages of 

being a simple process and the attachment to the substrate/electrode is by covalent 

bonding, which is therefore highly robust, thermally stable, and chemically resistant to 
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a variety of reagents. Directed self-assembly for SWNTs has been reported using single 

strand DNA,[15] covalent functionalized groups, or ionic functionalized groups.[16] 

Self-assembled monolayers of molecules with thiol functional groups have been 

studied for a very long time, an ubiquitous example is the chemisorption of thiols on 

gold by the formation of the S-Au bond at the gold surface.[27] Other metals that show 

specific bonding with thiols are silver, copper, and palladium. For real-world 

applications of self-assembly, gold and palladium are the most attractive metal 

electrodes due to high chemical stability, low toxicity, and good compatibility for 

CMOS technology.[20] To demonstrate the usefulness of thiol groups in the conjugated 

polymers used to wrap the SWNTs, and to self-assemble them, we fabricated SWNT 

field-effect transistors using gold as source and drain electrodes.  

The sorted s-SWNTs were deposited by soaking the silicon substrate with the pre-

patterned gold in the enriched dispersion for 1 hour. Figure 6.4a and c show the 

comparison of the output curves of the SWNT-FETs fabricated by SWNTs selected by 

PF12-F6SAc2.5% and the reference polymer (PF12-F6), respectively. Both devices 

show ambipolar transport with almost symmetric electron and hole current, 

demonstrating the well-balanced electron and hole populations in the channel. The 

devices fabricated from SWNTs wrapped by thiolated polymer show 3 orders of 

magnitude higher on-current compared to that of the reference devices, demonstrating 

better SWNT attachment to the electrode/substrate during the immersion time. 

Compared to the reference devices, these devices also show better carrier injection as 

indicated by the shape of the output characteristics at low source-drain voltage. 

A noticeable reduction of currents at high gate and source-drain voltages is 

observed from the output curves of the SWNT-PF12-F6SAc2.5% sample, a similar 

effect has been reported for many ambipolar devices.[28] In such devices, the holes and 

electrons can be injected simultaneously from both electrodes. At low source-drain 

voltage, only one type of charge carrier can be present in the active layers for example 

holes (electrons) for negative (positive) gate bias. The carriers with opposite sign are 

blocked due to a high Schottky Barrier at the source/drain electrodes. When the 

source-drain voltage is further increased, the opposite carrier starts to be injected into 

the active layer due to the lowering of the barrier. At this high voltage, both carriers 

exist in the active layer, and can therefore recombine, resulting in the reduction of the 

current. Since carbon nanotubes are 1D- direct band gap materials with strong exciton 

binding energy, the electron and hole recombination might result in light emission that 

has been demonstrated by different authors.[4,5,12] 
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Figure 6.4 (a) Output and (b) transfer characteristic of SWNT-FETs dispersed by PF12-F6SAc2.5%. (c) Output 
and (d) transfer characteristic of SWNT-FET dispersed by PF12-F6; black dotted lines are the gate current. 

The transfer characteristics of corresponding SWNT-FETs fabricated by SWNTs 

selected by PF12-F6SAc2.5% and PF12-F6 are presented in Figure 6.4b and d. Both 

devices show on/off ratio around 104 and 105 at VDS = ±5 V for electrons and holes, 

respectively. Also the increase of the off-current by increasing source-drain voltage is a 

typical characteristic of ambipolar transistors.[4] Since both carriers can be injected into 

the channel simultaneously, the devices cannot be completely turned off at high drain 

voltages. The charge carrier mobilities were extracted from the ID-VG characteristics 

using equation 1.3 (page 17) in the linear region at VDS = ± 5 V. For the devices 

fabricated with PF12-F6SAc2.5%-SWNTs, we obtained effective mobilities of 9.15 

cm2/V·s and 15.97 cm2/V·s for holes and electrons, respectively. The reference devices 

show mobilities of 0.05 cm2/V·s and 0.07 cm2/V·s for holes and electrons, respectively. 

 The mobility values obtained with the self-assembled SWNTs are extremely high 

especially considering their perfect ambipolarity, and the fact that small diameter 

carbon nanotubes and a very simple device structure (and dielectric) are used. For 

comparison, these mobilities are close to those obtained by our group with ambipolar 

transistors (14 and 16 cm2/V·s) fabricated using large diameter nanotubes (1.5nm 

diameter) and ion gel as gate dielectric.[18]  
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Figure 6.5 Comparison of transfer curve before (solid line) and after (dashed line) sonication for (a) PF12-
F6SAc2.5%-SWNTs and (b) PF12-F6-SWNTs. 

To prove that the high performance of the field effect transistors fabricated with 

PF12-F6SAc2.5%-SWNTs is due to the strong attachment of the SWNTs to the 

substrate, we performed a mild sonication of the devices in toluene after electrical 

characterization. Interestingly, after sonication and re-annealing to remove the solvent, 

the electrical properties of the samples fabricated by thiol self-assembly show only a 

decrease of the on-current by 1 order of magnitude (see Figure 6.5a), while the 

reference sample shows a reduction of the on-current by more than 2 orders of 

magnitude from the already much lower starting value (Figure 6.5b). 

Atomic Force Microscopy micrographs of the SWNT networks, obtained with PF12-

F6SAc2.5%-SWNTs and PF12-F6-SWNTs dispersions, recording the transistor active 

channel (bottom regions) and the gold electrodes (top regions) are displayed in Figure 

6.6b and c, respectively. In Figure 6.6b, we clearly observe a homogenously covered 

network of highly individualized carbon nanotubes, both on the substrate and  

gold electrode gold electrode

-3 nm

3.5 nm
(a) (b)

1 μm 2 μm
 

Figure 6.6 Atomic force microscopy (AFM) images of SWNTs dispersed by 

(a) PF12-F6SAc2.5% and (b) PF12-F6 
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on the gold electrodes, having a diameter of ~3 nm (measured from the cross sections). 

On the other hand, the reference sample (Figure 6.6c) shows sparse coverage of 

SWNTs with the presence of many bundles in the channel, and even more sparse 

coverage on the gold electrodes. The thiolated sample also shows a larger number of 

SWNTs at the interface with the gold electrode, making a better contact, and therefore 

explaining the better injection and lower Schottky barrier of these samples. Another 

interesting observation is that the sample containing thiols on the side-chains of the 

polymer shows significant amounts of small dots, while the small dots are absent in the 

reference sample. The small dots in the AFM figure, which have average height of 3 to 7 

nm, most likely come from the aggregation of the alkyl side-chains of the polymers due 

to strong polarization of thiol groups, or from S-S bond formation. 

Furthermore, we performed AFM measurements of the thiolated SWNT sample 

drop casted on an ultra-flat MICA surface, where the recorded AFM pictures confirms 

the presence of the same small dots observed on the Si/SiO2 substrate (Figure 6.4a), 

which clarifies that their presence is not linked to the sample preparation method or 

the specific surface nature (MICA surface is negatively charged).  

Observed with AFM, the homogeneous SWNT network on the Si/SiO2 and gold 

electrodes proves our initial hypothesis that thiol functionalization could play an 

important role in the fabrication of homogeneous SWNT networks and also aid in 

efficient contact formation with the gold electrodes by the application of a simple 

dipping technique, which is extremely promising for large area fabrication technology.  

6.4 Conclusion 

In conclusion, we demonstrated the selection of semiconducting SWNTs by 

polyfluorene derivatives decorated with thiol functional groups, either at the alkyl side-

chains or at the end of the polymers. Due to the polarized electron lone pairs, the thiol 

group impairs the selection of semiconducting tubes. Nevertheless, the metallic 

content can be minimized by adjusting the concentration of the thiol functional groups, 

or by using different SWNT to polymer ratio. The high purity of individualized s-

SWNTs was further proved by photoluminescence spectroscopy, showing the long 

exciton lifetime for all samples after optimization of the selection procedure. The self-

assembly of the SWNT/thiolated-polyfluorene is utilized for SWNT-FETs fabrication, 

showing superior performance, indicated by 3 orders of magnitude higher on-current 

with respect to the reference sample fabricated with SWNTs selected with the non-

thiolated polymer. This superior performance is attributed to higher coverage of 



Selecting s-SWNTs by polymer wrapping: Mechanism and Performances 

102 

SWNTs and better contact between the SWNT networks and the gold electrodes, as 

demonstrated by AFM imaging. 

6.5 Methods 

Polymer synthesis. The synthesis of α,ω-Bis(4,4-phenyl-1,1-thioacetate)-

poly(9,9-didodecylfluorene-2,7-diyl) (PF12-α,ωSAc) was carried out in a 100 mL 

Schlenk-tube equipped with a magnetic stirring bar under inert atmosphere. 615 mg 

(3.94 mmol) 2,2‘-Bipyridyl und 1166 mg (4.24 mmol) bis(1,5-cyclooctadiene)nickel(0) 

were added to this tube. Under exclusion of light, 45 mL toluene, 15 mL DMF and 

0.48 mL (3.94 mmol) 1,5-cyclooctadiene were added, stirred and slightly heated. 

1000 mg of the monomer (1.54 mmol) 2,7-bibromo-9,9-didodecylfluorene and 35 mg 

of the endcapper (0.151 mmol, 10 mol%) 4-bromophenylthioacetate were added in a 

second tube, diluted in 15 mL toluene under inert atmosphere, and added to the warm 

reaction mixture. The reaction was stirred for four days at 80 °C. 

The reaction was terminated by quenching with 10 mL 4M hydrochloric acid. 

Afterwards, chloroform was added to the mixture and the solution was subsequently 

washed with 2M hydrochloric acid, saturated sodium hydrogencarbonate solution, 

EDTA, and brine. The resulting polymer solution was concentrated and precipitated 

from acidic cold methanol. As a further purification step, a Soxhlet extraction using 

methanol, acetone, ethyl acetate, and chloroform was conducted. The isolated 

chloroform solution was stirred with aqueous sodium diethyldithiocarbamate solution 

to remove catalyst residues. After separation of both phases and washing of the 

polymer solution with water, another precipitation from cold methanol was performed, 

resulting in a pale-yellow polymer yielding 59 % (462 mg, 0.92 mmol). 

Poly{(9,9-didodecylfluorene-2,7-diyl)-alt-{9,9-bis[6-(S,S’-

thioacetate)hexyl]fluorene-2,7-diyl}} (PF12-F6SAc) : was prepared by adding 503 mg 

potassium thioacetate to diluted solution of 450 mg of poly{(9,9-didodecylfluorene-

2,7-diyl)-alt-[9,9-bis(6-bromohexyl)fluorene-2,7-diyl]}. After addition, the polymer 

solution was stirred at 70 °C and after twelve hours, the solvent was removed, 

chloroform added, and the polymer precipitated from cold methanol two times. The 

filtrated yellowish polymer was dried under high vacuum yielding 77 % (333 mg, 

0.34 mmol). 

Poly[{(9,9-didodecylfluorene-2,7-diyl)-stat-{9,9-bis[6-(S,S’-

thioacetate)hexyl]fluorene-2,7-diyl}} (PF12-F6SAc2.5%) was prepared by adding 
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1000 mg (1.51 mmol) 2,7-dibromo-9,9-didodecylfluorene and 68 mg (0.11 mmol) 

2,7-dibromo-9,9-bis(6-(S,S'-thioacetate)hexyl)fluorene to a Schlenk-tube. Under inert 

atmosphere, 615 mg (3.94 mmol) 2,2‘-bipyridyl and 1166 mg (4.24 mmol) bis(1,5-

cyclooctadiene)nickel(0) were added and diluted in 15 mL anhydrous THF. 

Furthermore, 0.45 mL (3.94 mmol) 1,5-cyclooctadiene were added and the resulting 

mixture was heated in a microwave reactor at 120 °C for ten minutes. Afterwards, 

0.1 mL p-bromobenzene (0.95 mmol) were added and the reaction mixture reacted for 

five more minutes at 120 °C. The workup was done analogous to the of PF12-F6SAc 

yielding 705 mg (1.07 mmol, 87 %) pale-yellow polymer. 

 Mn Mw PDI 

PF12-F6 28,900 44,600 1,55 

PF12-F6SAc 35,000 55,000 1,58 

PF12-F6SAc2.5% 30,600 114,000 3.74 

PF12-α,ωSAc 22,400 40,800 1,82 

Table 6.1 Molecular weight data of the polymers 

Dispersion of semiconducting SWNT. The SWNT dispersion are prepared 

following the previously reported methods (chapter 3). Specifically, a mixture of 

SWNT:polymer with 3:12 weight ratio in 10 mL of toluene was sonicated in a cup horn 

bath sonicator (Misonix 3000, output power 65 W) and then ultracentrifugated at 

30,000 rpm / 110,000 g (Beckman Coulter Optima XE-90; rotor: SW55Ti). The 

supernatant is taken and used for absorption measurement. Different SWNT to 

polymer ratios were adopted to obtain the highest s-SWNTs purity for the 50% 

thiolated-polyfluorene, with the optimal ratio being the 6:6 weight ratio. A second step 

ultracentrifugation was performed at 55,000 rpm / 367,000 g to remove the excess 

(free) polymer chains, and to increase the s-SWNT concentration. 

Optical absorption spectroscopy. Absorption spectra were recorded in a 

wavelength range from 300 to 1800 nm in 2 mm path length quartz cuvette using an 

UV-Vis-NIR spectrophotometer (Shimadzu UV-3600). 

Photoluminescence measurements. Steady state and time resolved 

photoluminescence spectroscopy was performed by exciting the s-SWNT solutions with 

a mode-lock Ti:Sapphire laser at wavelength of 800 nm. The duration of the pulses is 

150 fs and the repetition frequency ~76 MHz. Steady state photoluminescence spectra 

were recorded with an InGaAs photodetector array from Andor while the time resolved 
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measurements were recorded with a streak camera with an NIR-sensitive 

photocathode from Hamamatsu Photonics working in synchroscan mode. All 

measurements were performed in transmission mode with the sample at room 

temperature. 

Device fabrication and characterization. A highly doped silicon substrate 

with 230 nm of SiO2 dielectric layer and patterned electrodes made with 10 nm of Ti 

and 30 nm of Au were used for the fabrication of field effect transistors. The patterned 

electrodes defined transistors with channel length of 20 µm and channel width of 1 

mm. The deposition of the active materials was accomplished by vertically immersing 

the substrates in the s-SWNT solution for 1 hour, afterward the substrate was rinsed by 

a short dipping in toluene. The substrates were then annealed for 1 hour at 120 °C to 

remove residual solvent. The electrical measurements were performed using a probe 

station connected to a semiconductor parameter analyzer (Agilent E5262A). All 

fabrication and characterization procedures were done in a nitrogen-filled glovebox. 

AFM microscopy. The morphology of the deposited networks of SWNT within 

the channel of the FETs were imaged by Atomic Force Microscopy. AFM images were 

taken with a Bruker microscope (MultiMode 8 with ScanAsyst) in tapping mode with 

TESP-V2 probes having elastic constant k = 42 N/m, resonance frequency in the range 

320–410 kHz, and tip radius less than 10 nm. The images were taken with a scan rate 

of 1 Hz and the resolution of 1024 lines/sample. 
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Summary 
 

Electronic devices are ubiquitous in everyday life. Almost every aspect of human life 

relies on some form of electronic devices, from a portable phone to a super computer. 

Especially in the last decade, the use of electronic devices has become pervasive. 

Nowadays, we can use our phones as small computers, owing to powerful processing 

units inside them. At present, all transistors used in integrated circuits are silicon 

based, and they have nearly reached the limit of downscaling as projected by Moore's 

law; which predicted that the number of transistors that can be packed into a given 

unit of space will double every two years. As a result, non-silicon materials, such as III-

V semiconductors or nanotubes/nanowires have been proposed to replace silicon with 

the purpose to continue to increase the computational power and decrease the 

dimensions of the microprocessors. 

Single-walled carbon nanotubes (SWNTs) have demonstrated their potential as a 

post-silicon material, due to their unique properties, such as small dimensionality 

(they can be less than 1 nm in diameter and several microns long), high carrier 

transport in 1-D, high mechanical and thermal stability, and also high chemical 

stability. The small dimensions of SWNTs could allow to overcome the limits of the 

downscaling of the current transistor generation. Carbon nanotubes also show 

balanced hole and electron transport, showing mobilities more than 100 times higher 

than that of silicon. Furthermore, the robustness of SWNTs allows device fabrication 

using the same lithographic processes used in Si-based technology. Despite all the 

advantages they have, SWNTs also possess a major drawback: the coexistence of 

semiconducting and metallic species in the as grown SWNTs remains a big challenge, 

since the latter causes significant degradation in device performance. 

Polymer wrapping-assisted semiconducting-SWNT separation, in this respect, has 

shown its ability to solve this issue, by allowing separation of semiconducting tubes 

from the metallic ones. The progress obtained in developing this purification method 

in these last 8 years has given the possibility to extract s-SWNTs with the highest 

purity (reported in this thesis as higher than 99.9%) compared to other separation 

techniques, and with a very high extraction yield, which is suitable for large scale 

production with low processing cost. The electronic devices fabricated utilizing s-

SWNT obtained by this purification process, especially field-effect transistors (FETs), 
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demonstrated superior performance compared to other SWNT-FETs. They show 

balanced ambipolar properties, high on/off ratio (more than 108), and high carrier 

mobility (up to 50 cm2/Vs for random network devices, and more than 2000 cm2/Vs 

for single carbon nanotubes devices). The investigation of the separation process, the 

discovery of new polymers that discriminate more effectively the s-SWNTs, and the 

optimization of the deposition of the s-SWNTs on a substrate in ordered arrays, are 

still desired to understand the physical mechanism of the polymer-wrapping technique 

and to further obtain better device performance. The aim of this thesis is to investigate 

the above mentioned aspects, which are extremely important to make of SWNTs the 

silicon of the future. 

In chapter 2, we explored the photophysical properties of s-SWNTs dispersed in 

different solvents with various dielectric constants. We found that an increase of the 

dielectric constant results in a red-shift of the PL peak and in a lower 

photoluminescence intensity. The homogeneity of the photoluminescence lifetimes 

shows that the semiconducting SWNT dispersions are stable and the nanotubes remain 

individualized in most organic solvents. 

Temperature is another crucial factor that determines the selection of s-SWNTs, 

which is the main subject of chapter 3. The interaction mechanism between polymer 

chains and SWNTs is studied by controlling the polymer aggregation via variation of 

the processing temperature. Optical absorption and photoluminescence measurements 

including time resolved photoluminescence spectroscopy are employed to study the 

degree of interaction between Poly(3-dodecylthiophene-2,5-diyl) in different 

aggregation states and the carbon nanotubes. The formation of small clusters of tubes 

is due to the inter-digitation of alkyl tails between neighboring polymer-wrapped 

SWNTs, as experimentally evidenced and investigated by molecular dynamics 

simulations. Furthermore, the sonication temperature plays an important role in 

determining the extraction yield of the SWNTs in the final dispersions, where the 

optimum temperature for the highest extraction yield is between 10 °C and 20 °C. 

The introduction of new conjugated polymers to disperse SWNTs is reported in 

chapter 4 and 5. We showed in chapter 4 that the alkyl side chains have a big 

influence on the selection of carbon nanotubes of different diameters. Increasing the 

number of carbon atoms from 6 to 12 in the alkyl side chains leads to a broader 

selection of s-SWNTs diameters, i.e. from 0.75 nm to 1.51 nm. The interaction 

mechanism of the polymer with long alkyl side chains was studied by performing 

molecular dynamics simulations, confirming the importance of the van der Waals 
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interaction between the alkyl side chains and SWNTs in promoting the separation of 

large diameter SWNTs. We found that polyfluorene containing 12 carbon atoms in the 

alkyl side chains shows the best selection of s-SWNTs, as evidenced by steady state and 

time-resolved spectroscopy measurements. Field effect transistors fabricated with this 

large diameter SWNTs using ion-gel gating demonstrate ambipolar behavior, and 

mobilities higher than 14 cm2/V·s for both electrons and holes. 

Inks containing a high density of carbon nanotubes are necessary to achieve high 

performance solution processable devices. Chapter 5 shows how to obtain high 

extraction yield of small diameter SWNTs by using a new type of polymer, namely 

polyazine and polyazomethine derivatives that containing heteroatoms in their main 

backbone. The polyazomethines show strong adsorption to the s-SWNTs, resulting in 

high extraction yield, while polyazines show the tendency to interact with the m-

SWNTs due to unbounded electron lone pairs in the diimine ligands and more flexible 

backbones of the polymer, as observed by absorption and photoluminescence 

spectroscopy. Field-effect transistors fabricated from polyazomethine-dispersed 

SWNTs show record mobility (33 cm2/V·s) for small diameter random network FETs. 

This evidence opens the path to new tailored polymers with direct coordinative atoms 

to improve the extraction yield for large-scale separation of s-SWNTs. 

The placement of SWNTs on substrates in a certain direction is expected to improve 

the output performance of the SWNT-FETs. In chapter 6, we exploited the 

possibilities of SWNT self-deposition onto substrate using polyfluorenes derivatives 

with side chains containing thiol groups. We show that the inclusion of thiol groups in 

each monomer of the polymer disrupts the s-SWNTs selection. However, the metallic 

nanotubes content can be reduced either by adjusting the number of thiol groups in the 

polymer, or by fine-tuning the polymer to SWNT ratio. We demonstrated that the 

polymer containing 2.5% thiol groups gives the best s-SWNT purity, as confirmed by 

photoluminescence measurements. Field-effect transistors fabricated by direct self-

assembly of the SWNTs/thiolated-polyfluorenes on gold patterned substrates show 

superior performances (mobility up to 16 cm2/V·s) with 3 orders of magnitude higher 

on-current compared to transistors fabricated with SWNTs wrapped with the same 

polymer without thiol functionalization. 

To conclude, we investigated the mechanism of semiconducting SWNT selection 

using the polymer wrapping method by varying the chemical structures of polymers 

and physical parameters of the process supported by molecular dynamics simulations. 

Highly pure and concentrated solutions have been achieved, which allowed to apply 
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these solutions for the fabrication of highly performing field effect transistors, showing 

the prospects of this nano-objects as a candidate for low-cost and high performance 

electronics.
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Samenvatting 
 

Elektronische apparaten zijn alomtegenwoordig in het dagelijks leven. In vrijwel 

alle aspecten van het menselijk leven spelen elektronische apparaten een rol, van een 

mobiele telefoon tot een supercomputer. Het gebruik van deze apparaten is in het 

afgelopen decennium gemeengoed geworden. Tegenwoordig kunnen we onze telefoons 

gebruiken als kleine computers dankzij de krachtige processoren die in deze toestellen 

gebruikt worden. De huidige transistoren in geïntegreerde schakelingen zijn gemaakt 

van silicium en deze hebben bijna de limiet van de schaalverkleining bereikt zoals deze 

in de wet van Moore wordt beschreven. Deze wet voorspelt dat het aantal transistoren 

dat binnen bepaalde afmetingen past elke twee jaar zal verdubbelen. Als gevolg hiervan 

is voorgesteld om het silicium te vervangen door materialen als III-V halfgeleiders of 

nanobuizen/nanodraden voor het verhogen van de rekenkracht en verkleinen van de 

afmetingen van de microprocessoren.  

Enkelwandige koolstofnanobuizen (SWNT’s) hebben hun potentieel als post-

silicium materiaal aangetoond dankzij de unieke eigenschappen die deze nanobuizen 

kenmerken, zoals de kleine afmetingen (ze kunnen kleiner zijn dan 1 nm in diameter 

met een lengte van meerdere micrometers), de hoge waardes voor ladingtransport in 1-

D en hoge mechanische, thermische en chemische stabiliteit. De kleine afmetingen van 

de SWNT’s zouden het overschrijden van de schaalverkleiningslimiet van de huidige 

generatie transistoren mogelijk moeten maken. Koolstofnanobuizen beschikken over 

gebalanceerd transport van gaten en elektronen, met mobiliteiten die meer dan 100 

keer hoger zijn dan die van silicium. Bovendien staat de robuustheid van de SWNT’s 

toe dat voor de fabricatie van apparaten dezelfde lithografische processen toegepast 

kunnen worden als bij de silicium-technologie. Ondanks alle voordelen zit er ook een 

groot nadeel aan SWNT’s: het tegelijkertijd voorkomen van halfgeleidende en 

metaalachtige soorten tijdens het groeien van de SWNT’s blijft een grote uitdaging, 

aangezien de laatstgenoemde soort de prestatie van het apparaat significant 

verslechterd. 

Het inwikkelen van de halfgeleidende SWNT’s (s-SWNT’s) met polymeren om deze 

te kunnen scheiden van de metaalachtige nanobuizen heeft aangetoond dit probleem te 

kunnen oplossen. De vooruitgang die in de laatste 8 jaar geboekt is in het ontwikkelen 

van deze zuiveringsmethode maakt het mogelijk om de s-SWNT’s met de hoogste 
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zuiverheidsgraad (hoger dan 99.9%, zoals vermeld in dit proefschrift) ten opzichte van  

 

andere scheidingstechnieken te extraheren. Deze methode levert ook een uitzonderlijk 

hoge extractieopbrengst op, die geschikt is voor grootschalige productie met lage 

kosten. De s-SWNT’s die door deze scheidingsmethode zijn verkregen en gebruikt 

worden in elektronische apparaten leveren vooral in het geval van 

veldeffecttransistoren (FET’s) een superieure prestatie ten opzichte van andere SWNT-

FET’s. Ze beschikken over gebalanceerde ambipolaire eigenschappen, een hoge aan-

uit-verhouding (hoger dan 108) en hoge mobiliteit van ladingsdragers (tot wel 50 

cm2/V·s voor apparaten met een willekeurige verdeling van de richting van de 

nanobuizen en meer dan 2000 cm2/V·s voor apparaten bestaande uit één 

koolstofnanobuis). Het onderzoeken van het scheidingsproces, de ontdekking van 

nieuwe polymeren die effectiever de s-SWNT’s kunnen onderscheiden en de 

optimalisatie van de depositie van de s-SWNT’s op een substraat in geordende rijen is 

noodzakelijk om het fysisch mechanisme achter het inwikkelen van SWNT’s met 

polymeren te begrijpen en om beter presterende apparaten te verkrijgen. Dit 

proefschrift heeft als doel om de bovenstaande aspecten te onderzoeken, wat uiterst 

belangrijk is om SWNT’s het silicium van de toekomst te maken. 

In hoofdstuk 2 hebben we de fotofysische eigenschappen van dispersies van s-

SWNT’s in verscheidene oplosmiddelen met verschillende diëlektrische constanten 

bestudeerd. We vonden dat een toename van de diëlektrische constante resulteert in 

een roodverschuiving van de PL piek en een lagere intensiteit van de 

fotoluminescentie. De homogeniteit van de levensduren van de fotoluminescentie 

toont aan dat de dispersies met halfgeleidende SWNT’s stabiel zijn en dat de 

nanobuizen afgezonderd blijven in de meeste organische oplosmiddelen. 

Temperatuur is een andere cruciale factor die de selectie van s-SWNT’s beïnvloedt, 

en dit is het hoofdonderwerp van hoofdstuk 3. Het interactiemechanisme tussen 

polymeerketens en SWNT’s is onderzocht door de aggregatie van polymeren te sturen 

met behulp van variaties in temperatuur tijdens het proces. Om de mate van interactie 

tussen Poly(3-dodecylthiofeen-2,5-diyl) in verschillende aggregatietoestanden en de 

koolstofnanobuizen te bestuderen is gebruik gemaakt van optische absorptie en 

fotoluminescentie, inclusief tijdsafhankelijke fotoluminescentiespectroscopie. Het 

beurtelings invoegen van alkylstaarten van aangrenzende, met polymeer omwikkelde 

SWNT’s leidt tot de formatie van kleine clusters van buizen. Dit is experimenteel 

bewezen en onderzocht door simulaties gebaseerd op moleculaire dynamica uit te 
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voeren. Verder speelt de temperatuur tijdens de sonicatie een belangrijke rol in het 

bepalen van de extractieopbrengst van de SWNT’s in de uiteindelijke dispersies, 

waarbij de temperatuur voor een optimale extractieopbrengst tussen de 10 °C en 20 °C 

moet liggen. 

De introductie van nieuwe geconjugeerde polymeren om SWNT’s te dispergeren is 

beschreven in de hoofdstukken 4 en 5. We tonen in hoofdstuk 4 aan dat de alkyl-

zijgroepen een grote invloed hebben op het selecteren van koolstofnanobuizen met 

verschillende diameters. Wanneer het aantal koolstofatomen in de alkyl-zijgroepen van 

6 naar 12 verhoogd wordt leidt dit tot een bredere selectie van de diameters van de 

SWNT’s, bijvoorbeeld van 0.75 nm tot 1.51 nm. Het interactiemechanisme van het 

polymeer met lange alkyl-zijgroepen is bestudeerd door simulaties gebaseerd op 

moleculaire dynamica, waarbij het belang van de van der Waals interactie tussen de 

alkyl-zijgroepen en de SWNT’s voor het bevorderen van het scheiden van SWNT’s met 

grote diameters is aangetoond. Met behulp van evenwichts- en tijdsafhankelijke 

spectroscopie metingen is aangetoond dat het gebruik van polyfluoreen met 12 

koolstofatomen in de alkyl-zijgroepen resulteert in de beste selectie van s-SWNT’s. Het 

gebruik van deze SWNT’s met grote diameter in veldeffecttransistoren met een 

stuurelektrode bestaande uit ion-gel leidt tot ambipolair gedrag en mobiliteiten hoger 

dan 14 cm2/V·s voor elektronen en gaten. 

Voor het behalen van hoge prestaties met apparaten die vanuit een oplossing 

kunnen worden vervaardigd is het noodzakelijk om inkten te gebruiken die een hoge 

dichtheid aan koolstofnanobuizen bevatten. In hoofdstuk 5 wordt beschreven hoe 

een hoge extractieopbrengst van SWNT’s met kleine diameters kan worden verkregen. 

Hiervoor is een nieuw type polymeer nodig, namelijk derivaten van polyazine en 

polyazomethine die heteroatomen in hun hoofdketen hebben. De sterke adsorptie van 

de polyazomethines aan de s-SWNT’s resulteert in een hoge extractieopbrengst, terwijl 

de polyazines de neiging hebben een interactie aan te gaan met m-SWNT’s. Dit wordt 

veroorzaakt door de vrije elektronenparen in de diimine-liganden en de meer flexibele 

hoofdketens van het polymeer, zoals is geobserveerd met behulp van absorptie- en 

fotoluminescentiespectroscopie. Veldeffecttransistoren met SWNT’s die gedispergeerd 

zijn in polyazomethine laten recordwaardes voor de mobiliteit zien (33 cm2/V·s) voor 

FET’s met een willekeurig netwerk van SWNT’s met kleine diameters. Dit resultaat 

maakt de weg vrij voor nieuwe, op maat gemaakte polymeren met direct coördinatieve 

atomen om de extractieopbrengst te verhogen voor grootschalige scheiding van s-

SWNT’s.  
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De verwachting is dat de prestaties van de SWNT-FET’s verbeterd worden door de 

SWNT’s in een bepaalde richting aan te brengen op het substraat. In hoofdstuk 6 

wordt de zelfassemblage van de SWNT’s op een substraat behandeld. Hiervoor is 

gebruik gemaakt van polyfluoreen-derivaten die zijketens met thiolgroepen bevatten. 

We laten zien dat het selecteren van de s-SWNT’s verstoord wordt wanneer in elke 

monomeer van het polymeer een thiolgroep wordt ingevoegd. Daarentegen kan het 

gehalte metaalachtige nanobuizen worden verminderd door het aanpassen van het 

aantal thiolgroepen in het polymeer, of door het optimaal afstellen van de 

polymeer/SWNT verhouding. Met behulp van fotoluminescentie hebben we 

aangetoond dat het polymeer met 2.5% thiolgroepen leidt tot de hoogste zuiverheid 

van s-SWNT’s. Veldeffecttransistoren die gemaakt zijn door middel van zelfassemblage 

van de SWNT’s/gethioleerde polyfluorenen op met goud bedekte substraten laten 

superieure prestaties zien (met een mobiliteit tot wel 16 cm2/V·s). Deze apparaten 

hebben een aan-stroom die 3 orders van grootte hoger is dan bij transistoren die 

gemaakt zijn met SWNT’s die omwikkeld zijn met hetzelfde polymeer zonder dat deze 

thiol-gefunctionaliseerd is. 

Ter samenvatting: we hebben het mechanisme achter het selecteren van de 

halfgeleidende SWNT’s met behulp van het inwikkelen in polymeren onderzocht. Dit is 

gedaan door de chemische structuur van de polymeren te variëren, evenals de fysische 

parameters van het proces, in combinatie met simulaties gebaseerd op moleculaire 

dynamica. Het vervaardigen van zeer pure en geconcentreerde oplossingen heeft ons in 

staat gesteld om deze te gebruiken voor de fabricatie van zeer goed presterende 

veldeffecttransistoren, wat aantoont dat deze nano-objecten kandidaten zijn voor 

goedkope en krachtige elektronica. 
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