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Chapter 1 

Introduction 

This chapter provides a brief overview of the physical properties of single-walled 

carbon nanotubes (SWNTs), of the methods for sorting semiconducting nanotubes 

and of their application in electronics. The use of SWNTs to create nano-hybrid 

systems will be discussed. Moreover, the experimental techniques used in this 

thesis will be briefly introduced and finally, the scope and the outline of this thesis 

will be described. 
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1.1  Background 

Carbon nanotubes, especially single-walled carbon nanotubes, have been termed 

“materials of the 21st century”. It is commonly stated that carbon nanotubes were 

firstly discovered in 1991 
[1]

 while the discovery of single-walled carbon nanotubes 

(SWNTs) was in 1993 
[2]

 by Sumio Iijima. This quasi-one-dimensional material has 

attracted tremendous scientific interest and has become one of the most popular 

objects in physics and material science over the last two decades.  
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Figure 1.1 The wrapping vector of graphene sheet defines the structure (chirality and diameter) of 

carbon nanotubes. The red lines indicate which are the rolling directions for zigzag and armchair 

tubes. 

A carbon nanotube can be pictured as a graphene sheet rolled into a cylinder with 

diameter in the range of 0.4 nm to 3 nm. 
[3, 4]

 The starting and ending lattice points 

dictate both the diameter and chirality of the SWNT. The (n, m) nanotube naming 

scheme can be thought as a vector Ch (Ch=na1+ma2) in an infinite graphene sheet 

that describes how to "roll up" the sheet to obtain the nanotube. a1 and a2 are the 

unit vectors of the graphene layer in real space. SWNTs can be either symmetric 

(zigzag and armchair (see red lines in Figure 1.1) or chiral. The chiral angle is in 

the range of 0° to 30° and diameters are given by d = (a0/π)(n
2
 + m

2
 + nm)

1/2
, 

where a0 is the length of the graphene primitive vector.  

With the development of several techniques to produce carbon nanotubes, this 

material has become nowadays commercially available. State of the art techniques 

for the synthesis of SWNTs include arc discharge (AD), pulsed laser vaporization 

(PLV), high pressure carbon monoxide (HiPCO) synthesis, and chemical vapor 

deposition with Cobalt and Molybdenum oxide as catalyst (CoMoCAT). Generally, 

SWNTs produced  with different techniques show different diameter distribution 
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(CoMoCAT SWNTs: 0.7-1.2 nm; HiPCO SWNTs: 0.8-1.2 nm; PLV SWNTs: 1-

1.4 nm; AD SWNTs: 1.2-1.4 nm).   

1.2  Electronic properties of SWNTs  

1.2.1  Band structure of SWNTs 

 

 

 

 

 

 

 

                                                              

 

 

 

                             

                       

Figure 1.2 The band structure (top) and Brillouin zone (bottom) of graphene. The red parallel lines 

correspond to a set of discrete energy subbands for carbon nanotube. [5]  

The electronic structure of carbon nanotubes is usually described on the basis of 

the band structure of graphene. Figure 1.2 shows the band structure (top) and 

Brillouin zone (bottom) of graphene. The valence band ( π -character) and the 

conduction band (π *-character) touch at six points that lie at the Fermi energy, but 

only two of these points are inequivalent (the K and K' points). In the case of 

SWNTs, the quantization of the circumferential momentum leads to the formation 

of a set of discrete energy sub-bands for each nanotube (see red parallel lines in 

Figure 1.2). The relation of these lines to the band structure of graphene determines 

the electronic structure of the nanotube. If the lines pass through the K or K' points, 

the nanotube is a metal: if they do not (as in Figure 1.2), the nanotube is a 

semiconductor. More simply, the electronic structure can be deduced from the 

chiral indices by a relation following which nanotubes possessing chiral indices 

satisfying (n-m)=3q (q integer) are metallic or semimetallic while all the others are 

semiconducting. 

*
π

π
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1.2.2  Density of states of SWNTs 

Figure 1.3 shows the density of states (DOS) of two types of carbon nanotubes. 

The DOS display sharp peaks which are called van Hove singularities, and are due 

to the one dimensional confinement of the electrons. The first and second transition 

for semiconducting SWNTs are abbreviated as Ejj
s
 (E11

s
, E22

s
 etc.), respectively 

(Figure 1.3 (a)). The transition energy can be described by the equation:  

 

 

where j is the index denoting the transition, ac-c is the nearest neighbor C-C distance, 

γ0 is the nearest neighbor interaction energy and dt is the nanotube diameter. 
[6]

 

However, more accurate calculations of the band energy also depend on the 

structure of carbon nanotube. Corrections are partially due to the curvature effect. 

In fact, perpendicular polarized optical transitions assigned to, for example, E12 (or 

E21) are also possible. These transitions are generally weak and are observed for 

light polarized perpendicular to the tube axis. 
[7, 8]

 The first transitions in metallic 

nanotubes are also reported in Figure 1.3 (b). 

 

 

 

 

 

 

 

 

 

 

         

Figure 1.3 Diagram showing energy versus density of state in SWNTs. The optical transitions 

associated from the van Hove singularities are indicated for semiconducting (a) and metallic tubes 

(b). 

The band structure of carbon nanotubes with different (n, m) indexes together with 

an empirical plot describing the relationship between the nanotube diameter and its 

band gap energies known as “Kataura plot” was reported.
 [9] 

 Figure 1.4 shows the 

updated version of the “Kataura plot” obtained recently by S. Maruyama. The 

Kataura plot is very useful because it allows to estimate the diameter distribution of 

a SWNT sample by measuring the energy of the absorption peaks. 
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Figure 1.4 Kataura plots (http://www.photon.t.u-tokyo.ac.jp/~maruyama/index.html).  

1.3  Optical properties of SWNTs 

In principle, the structure of an individual SWNT in an ensemble can be recognized 

with the aid of absorption spectroscopy. However, early optical studies of carbon 

nanotubes were obstructed because of their tendency to aggregate. SWNTs have a 

natural tendency to form bundles as soon as they are synthesized. In bundles their 

absorption spectrum exhibits severe inhomogeneous broadening as the result of 

mixing between the energy states of different nanotube structures. Fluorescence 

could not be observed from nanotube bundles because photoexcited carriers relax 

along efficient nonradiative channels provided by the metallic SWNTs present in 

the bundle. Only in 2002, almost one decade after the discovery of SWNTs, 

O’Connell et al. reported the first photoluminescence spectra from SWNTs 

dispersed with sodium dodecyl sulfonate (SDS) in water. 
[10]

 After this first report 

many methods have been developed to separate SWNT bundles. All these methods 

includes mainly two steps: sonication to break the bundles and centrifugation (or 

ultracentrifugation), to separate individualized nanotubes from remaining bundles. 

More details about some of the techniques used will be given in the following. 

Figure 1.5 (a) shows the absorption and photoluminescence spectra of the SWNTs 

dispersed with SDS in D2O as reported in the paper of O’Connell. 
[10]

 The 

schematic explanation of the origin of absorption and fluorescence in an individual 

SWNT is also reported in the same figure (b). 
[11]

 These first results provided a 
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simple and practical spectroscopic route to enlighten the detailed composition of 

nanotube samples.  

 

 

 

 

 

 

 

 

 

 

 

 

       

         

Figure 1.5 Absorption and photoluminescence spectra of SWNT dispersion in D2O with SDS (a); 

Schematic density of electronic states for a single nanotube structure. Solid arrows depict the optical 

excitation and emission transitions for semiconducting SWNTs (b). [ 10, 11] 

 Before these seminal experiments the optical spectra of carbon nanotubes were 

explained by a simple free electron picture of a SWNT excited state as shown in 

Figure 1.5 (b). However, this model failed to describe accurately many 

experimental observations. 
[12]

 The model does not consider electron-electron and 

electron-phonon interactions which have strong influence on the physics 

underlying the properties of one-dimensional systems.  

Wavelength (nm)Wavelength (nm)

Frequency (cm-1)

(a) (b)
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Figure 1.6 Schematic presentation of the excitonic nature of SWNT excitation. The DOS of a SWNT 

(top) showing the two-photon excitation (black arrows) and fluorescence (red arrow) in the excitonic 

picture; PL excitation spectra of SWNTs with two-photon excitation energy (black circle) and 

fluorescence emission energy (red line) corresponding to (9,1), (8,3) (6,5) and (7,5) tubes (bottom).[13] 

 The first experimental proof of the excitonic nature of SWNTs excitations was 

obtained by using two photon spectroscopy. 
[13]

 Two photon transitions obey 

distinct selection rules from those governing linear excitation processes. A 

Rydberg series of exciton states, analogous to the hydrogen atom excited states can 

be found in SWNTs. The even states are denoted as 1s, 2s, 3s and so on, and the 

odd wave functions are labeled as 2p, 3p and so on. 
[14]

 Because of the weak spin-

orbit coupling in SWNTs, all optically active excitons are singlet. One-photon 

excitation requires the final and initial states to exhibit opposite symmetry. In 

contrast, a two-photon transition is allowed only when the final state has the same 

parity as the initial state. Thus, one-photon transition access the lowest lying 1s 

exciton while the two-photon transitions access only the excited states of the 

exciton (2p state). Figure 1.6 (top panel) shows the excitonic levels for SWNTs in 

the case the excitonic model will be true. The excited exciton state (2p) can be 

populated by two-photon excitation, then relax to the 1s exciton and only then 

recombine radiatively. The experimental results in Figure 1.6 (lower panel) report 

the emission energy of the SWNT sample vs the energy of the two-photon 

excitation. The divergence of the experimental emission peaks from the red line in 

the figure indicates unambiguously the excitonic nature of the photoexcitations in 

SWNTs.  

2p

1s
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 After this first report many spectroscopic techniques have been used on the 

study of the excitonic properties of SWNTs. Steady-state spectroscopy including 

absorption (Abs), photoluminescence (PL), photoluminescence excitation (PLE) 

can provide information for the identification of SWNT species in an ensemble and 

to determine the nanotube quality. It should also be noticed that the optical 

transition energy of SWNTs are not invariable in different environments and the 

shifts are related to the dielectric constant of the environment, which is also an 

indication of the excitonic nature of the photoexcitations in SWNTs. 

 

 

 

 

 

 

 

 

 

                        

Figure 1.7 Energy diagram of the continuum state and the bright excitonic state of SWNT in the 

media with low dielectric constant (a) and high dielectric constant (b). [15] 

 The optical transition energies of individual SWNTs shift to lower energies 

with increasing of the dielectric constant of the environments. Figure 1.7 shows the 

energy diagram of the band gap renormalization and exciton binding energies of 

SWNTs in a low dielectric constant (a) and a high dielectric constant (b) media. 
[15]

 

This diagram is derived by considering a single-particle Hamiltonian with two-

particle interaction terms representing the electron-electron and electron-hole 

interactions. ESP represents the single-particle band gap. The electron-electron 

repulsive energy is EBGR and Ebind is the exciton binding energy. The optical 

transition energy (EPL) is then derived as EPL = ESP+ EBGR-EBind. The increase of 

medium dielectric constant leads to a decrease of the electron repulsive energy 

(EBGR) as well as of the exciton binding energy (EBind) due to screening effect. 

However, the reduction compensates each other and induce a relatively small 

change in EPL.  

It should be pointed out that this model can only qualitatively describe the 

energetic structure of SWNT, but fails to predict the relationship between the PL 

energy and the dielectric constant of the media in few cases. Recently, there have 

been also several attempts aiming to elucidate a scaling relationship between the 

shift of EPL in different environments and the structural properties of nanotubes. 
[16, 

17]
 A semiempirical relationship that has been proposed is:  

EEEEBindBindBindBind
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∆E11= k (E11
Vac

)
a 
R

b
 

 

where ∆E11 is the difference of optical transition energy in vacuum (E11
Vac

) and in a 

medium (E11
med

) (∆E11=E11
Vac

-E11
med

), k is constant in a certain medium, a and b are 

variables. However, the values of a, b are still a matter of debate in literature.  

 The photoluminescence efficiency of individual SWNT is generally dependent 

on the structure of the nanotube. Recently, Tsyboulski et al. demonstrated the 

difference in fluorescence quantum yields of SWNTs with different structure  by 

using single-nanotube photometry 
[18]

 which shows good agreement with the 

calculated results from Oyama et al. 
[19]

 In general, smaller diameter SWNTs show 

higher PL efficiency than larger diameter ones and type (ІІ) SWNTs (n-m=3q+2) 

show higher efficiency than type (І) (n-m=3q+1) carbon nanotubes. However, 

measured quantum efficiencies are very low, latest reports vary from less than 0.1 

% to 20 %. 
[20]

 

 Generally the low PL efficiency of SWNTs is attributed to the existence of 

optically “dark” states below the first bright exciton. 
[21]

 Figure 1.8 shows a 

schematic diagram of excitonic states and continuum bands of a semiconducting 

SWNT. One-photon optically active (bright) excitons are denoted as E11
S
 and E22

S
. 

Dark exciton (DE) lies 40-100 meV below E11
S
 state. Triplet excitonic states lie 

below singlet states (bright and dark) and are considered less important in the 

photophysics due to the weak spin-orbit coupling in SWNTs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                         

Figure 1.8 Energy diagram and relaxation pathways for semiconducting SWNTs. [22, 23] 
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 The dynamics of SWNT excitons has also been accessed with several 

spectroscopic techniques such as pump-probe spectroscopy
 [24, 25]

 and time-resolved 

photoluminescence spectroscopy. 
[26]

 The pathways and the kinetics of the exciton 

relaxation are summarized in Figure 1.8. In a semiconducting SWNT, the intraband 

relaxation occurs in ~ 40 fs, followed by a relaxation into the bright exciton (E11
S
) 

state (~ 50 fs). Photoluminescence from semiconducting SWNTs could then be 

observed. However, the existence of dark exciton states is the bottleneck for the PL 

emission and the relaxation into this dark excitonic state is considered to occur in a 

few picoseconds. The reported results on the PL lifetime of dispersed SWNTs 

show large variation that in the range between picoseconds and nanoseconds. At 

this stage of the research, it is only possible to state that such variation is most 

probably due to extrinsic effects, such as defects at the end of carbon nanotubes, 

defects on the tube walls and the influence of the external dielectric constant, etc. 
[27-29]

  

 

 

 

 

 

 

 

 

 

 

 

 

                            

Figure 1.9 Raman spectrum of a HiPCO SWNT. 

 One of the important parameters when working with carbon nanotubes and in 

particular when manipulating them is their structural integrity. Raman spectroscopy 

is the tool that is widely used for the study of the structure and optical properties of 

SWNTs. Figure 1.9 shows a typical Raman spectrum of SWNT sample grown by 

high-pressure CO synthesis (HiPCO). The important features of the carbon 

nanotubes Raman spectra are distributed in different spectral regions. The first 

spectral region of interest is the one at low energy, generally between 100 and 300 

cm
-1

 where the radial breathing modes (RBMs) are observed. These modes 

correspond to the expansion and contraction of the nanotube in radial direction. 

The energy of the ωRBM depends on the nanotube diameter d (in nanometers) and 

can be estimated as ωRBM = A/d + B, where A and B are both constants. 
[30, 31]
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Consequently, the diameter distribution of a mixture SWNTs can be deduced 

performing Raman measurements. The second range is located around 1600 cm
-1

, 

exhibits the tangential modes called G-band, which corresponds to the planar 

vibration of the carbon atoms. G modes display different line shapes depending on 

the electronic characteristics of the nanotube, i.e., if they are metallic or 

semiconducting. The profile of each G-band in semiconducting tubes is generally 

narrow and symmetric, while the G- band of metallic nanotubes displays a broad 

low-frequency mode. Moreover, the peak energy of the G-band changes upon 

doping of the nanotubes. A positive (or negative) charge on the nanotube leads to a 

strengthening (or softening) of the C-C bond and an upshift (or downshift) of G-

band.  

 The spectral range around 1350 cm
-1

 present peaks called D modes, they are 

present in all graphite-like carbon and originates from structural defects. 
[32]

 The 

ratio of the intensity G/D modes is conventionally used to quantify the structural 

quality of carbon nanotubes.  

1.4  Methods for sorting semiconducting SWNTs 

Due to the van der Waals forces SWNTs are produced in bundles and are not 

soluble in water or common organic solvents. Great effort has been made in order 

to obtain the dispersion of SWNTs in liquids and further to sort SWNTs with 

uniform structure or electronic properties. Many small molecules and 

macromolecules have been used for the separation of SWNTs. Those include 

surfactants (SDS, SDBS, DOC sodium cholate), 
[33-35]

 polymers 

(poly(vinylpyrrolidone) (PVP), poly(maleic acid/octyl vinyl ether) (PMAOVE) 
[36, 

37]
 and single-stranded DNA. 

[38]
 However, most of these dispersants show no 

selectivity, which means all kinds of SWNTs in the raw sample are present in the 

final dispersion. However, to achieve optimal performance in all conceivable 

applications, SWNTs should be monodisperse with respect to their electronic type, 

diameter and chirality.   
 

 Here we will discuss a few state of arts post-synthetic approaches for the 

sorting of SWNTs by diameter or electronic properties including density gradient 

ultracentrifugation (DGU), gel electrophoresis, chromatography (ion exchange 

chromatography and gel chromatography) and conjugated polymer wrapping. 
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Figure 1.10 SWNTs sorted by diameter following DGU. Smaller-diameter SWNTs settle at higher 

points in the centrifuge tube and larger diameter and bundled SWNTs settle at progressively lower 

points in the centrifuge tube (left). Optical absorbance spectra for different fractions (right). [39] 

 Figure 1.10 shows the effectiveness of sorting SWNTs by diameter using 

density gradient ultracentrifugation (DGU). This technique is generally used for 

purifying cells, viruses and subcellular particles in life sciences. In this method, a  

density-gradient media is intentionally formed in the centrifuge tube commonly by 

using the mixture of an aqueous solution of 60% (w/v) iodixanol and surfactant 

solution, after which the SWNTs are loaded. During ultracentrifugation, SWNTs 

sediment through the gradient until they reach their respective isopycnic points (the 

point where the SWNT density matches the density of the gradient). The net result 

is that the SWNTs will form layers in the centrifuge tube according to their 

buoyant density, which depends on the diameter of SWNTs. 
[39]

 The separation of 

metallic SWNTs and semiconducting species could also be achieved with this 

technique by using co-surfactant mixture, which is attributed to inequivalent 

binding of the two surfactants as a function of the SWNT electronic structure. 
[40]

  

 Gel electrophoresis (GEP) has also proven to be an efficient method for SWNT 

separation. Electrophoresis is a procedure which enables the sorting of molecules 

based on size and charge. Using an electric field, nanometer scale objects can be 

made to move through a matrix, e. g. gel. The nano-objects will move through the 

matrix at different rates toward the anode if negatively charged or toward the 

cathode if positively charged. The rate of the movement is determined largely by 

their mass when the charge to mass ratio of all species is uniform. This technique is 

very promising for bulk-scale separation according to electronic type. The 

drawback of GEP is the purity of sorted semiconducting SWNTs that is generally < 

95%. 
[41]

   

 Ion-exchange chromatography (or ion chromatography) is a process that allows 

the separation of ions and polar molecules based on their charge. It has been 

recently used for the separation of SWNTs wrapped with single-stranded DNA. 
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The mechanism can be explained by considering the electrostatic of the DNA-

SWNT hybrid and its interaction with the charged substrate of the ion exchange 

resin. 
[42]

 A recent study by X. Tu et al. shows that several major single-chirality 

semiconducting SWNTs species can be separated from a synthetic mixture by 

using DNA molecule with different sequence. 
[43]

 However, this DNA-SWNT 

nano-hybrid is probably more valuable for biological study than for large scale 

SWNT sorting due to the high cost of DNA molecules with specific sequence.   

 

 

 

 

 

 

 

 

 

 

                                       

Figure 1.11 Photographs of big amount of separated SWNTs via gel chromatography. [45] 

 
Selective sorting semiconducting SWNTs can also be realized by gel 

chromatography. 
[44]

 Very recently, Liu et al. 
[45]

 demonstrated a breakthrough in 

obtaining single-chirality separation of single-walled carbon nanotubes by simple 

gel chromatography with scale up to liters. Figure 1.11 shows the photograph of 

the products obtained with this method. The only negative point of this technique is 

the incapability of separating large diameter SWNTs, which are more preferred for 

device application. However, this achievement is already a big breakthrough in the 

carbon nanotube field and will certainly boost carbon nanotubes in industrial 

application.  

 Another candidate for sorting SWNTs is through non-covalent interaction with 

conjugated polymers. Among these polymers, polyfluorene homo- and co-

polymers show unique selectivity for a narrow distribution of semiconducting 

species when dissolved in organic solvents. 
[46]

 More details about this sorting 

methodology will be shown in Chapters 4 and 5 of this thesis. 

 

Metallic (6,5) (12,1)
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1.5  Application of SWNTs in electronic devices   

Both metallic and semiconducting carbon nanotubes offer great possibilities for 

electronic device applications.  

 Metallic carbon nanotubes can be incorporated as electrodes in an individual 

device or as interconnects in large scale integrated systems. There have been 

several reports on the preparation of metallic carbon nanotube networks in 

optoelectronic applications and many protocols have been introduced including 

self-assembly, spray, spin coating, layer-by-layer and Langmuir–Blodgett 

deposition. 
[47]

 Devices with metallic carbon nanotube network as electrodes show 

comparable performance to that with Indium Tin Oxide (ITO) as electrodes. 
[48]

 

Metallic carbon nanotubes can be a cheaper alternative to ITO for many 

applications.   

       Semiconducting carbon nanotubes can be used as active element in field-effect 

transistors. 

1.5.1  Field-effect transistors  

The basic structure of field-effect transistors (FETs) involves a channel made of 

semiconductor, two electrodes: a source (S) and a drain (D), an insulating layer that 

separates the channel and source and drain from a third electrode called gate (G). 

The conductance of the semiconducting channel (between source and drain 

electrodes) can be modulated by applying an electric field at the gate electrode.  

 

 

 

 

 

 

                                                                                            

                  

Figure 1.12 Schematic of a silicon MOSFET (left) and a carbon nanotube FET (right).  

The schematic structures of a silicon Metal-Oxide-Semiconductor FET (MOSFET) 

(left) and a SWNT transistor (right) are shown in Figure 1.12. The silicon 

MOSFET consists of a p-type substrate with two heavily n doped regions that serve 

as source and drain contacts. The substrate is capped with a double layer of SiO2 

serving as dielectric and a conductive matter (heavily doped silicon or metal) 

serving as gate electrode. Figure 1. 13 demonstrates the schematic of charges in the 

FET channel region (Figure 1. 13 (a)-(c)). The source-to-drain path is blocked by a 

oxide
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depletion layer between the p-type substrate and the contact region (n
+
 doped) 

when there is no gate voltage. If a sufficiently positive voltage is applied to the gate, 

a thin inversion layer of electrons forms below the gate oxide in the p-doped silicon 

and connects the n
+
 doped reservoirs. At low source-to-drain bias (Vd), the 

inversion layer is uniform and the current-voltage characteristics of the device 

shows linear behaviour (Figure 1. 13 (a)). With the increase of Vd, the inversion 

layer becomes thinner close to the drain contact until ‘pinch-off’ (Figure 1. 13 (b)). 

Further increase of Vd moves the pinch-off point toward the source (Figure 1. 13 

(c)) and the source-to-drain current remains unchanged. The general output 

characteristics of a MOSFET is shown in Figure 1. 13 (d). The dotted line marks 

the onset of current saturation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

             

Figure 1.13 Schematic of the charge in a MOSFET for different drain voltages. (a) Linear response 

region; (b) Pinch-off; (c) Channel length modulation; (d) Current-voltage characteristics of MOSFET 

at various gate voltages. The dot line marks the onset of saturation.    

 

 Semiconducting SWNTs, as a conventional semiconductor, can be used as 

active material for the fabrication of FETs. Carbon nanotube field effect transistors 

(CNFETs) were firstly demonstrated in 1998. 
[49]

 In this experiment, the 

semiconducting nanotubes bridge two electrodes and define a conducting channel 

between them (Figure 1.12 (right)). Modulation of the channel conduction and thus 

FET action, was achieved by means of the gate voltage.  
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1.5.1.1  Ambipolar Schottky CNFETs 

Much of the difference between a MOSFET and a CNFET can be explain with the 

presence of one-dimensional Schotty barriers at the contacts between the metal and 

the semiconducting SWNTs. The role of the Schottky barrier (SB), which is a 

potential barrier due to an energy mismatch of the carbon nanotube band relative to 

the metal Fermi level, is central to the discussion because it limits carrier injection. 

The SB at the contact in CNFETs can be made thin enough to allow injection or 

tunneling for either holes and electrons. Because of this, the device can be called 

ambipolar Schottky CNFETs. .  

 

 

 

 

 

 

 

 

           

Figure 1. 14 Schematic of the band structure of a Schottky barrier semiconducting SWNT in a FET 

with a fixed negative source-drain voltage. With zero gate voltage (middle); with negative gate 

voltages holes are injected from the source (left); with positive gate voltage electrons are injected 

from the drain (right).   

Figure 1. 14 shows how the application of different gate voltage (Vg) leads to the 

injection of either holes or electrons along with a fixed negative source-drain 

voltage (Vds). In the case of zero gate bias, the current from source to drain is 

blocked by the Schottky barrier (Figure 1. 14 middle). In the p-type region, holes 

are injected and start to accumulate in the tube when the gate voltage exceeds the 

threshold voltage (Figure 1.14 left). The mechanism of electron injection and n-

type behaviors is analogous to that in p-type region, but with a positive gate 

voltage  (Figure 1.14 right).  The work function of the metal used as electrodes is 

essential for the performance of Schottky CNFETs. Recent reports demonstrated 

the possibilities to make unipolar CNFETs by using high work function metal as 

Palladium 
[50]

 or to make balanced ambipolar CNFETs by using asymmetric 

electrodes as Palladium for hole injection and Scandium for electron injection. 
[51]

 

1.5.1.2  Progress in CNFETs  

The following table demonstrates the progress in carbon nanotube-based electrical 

devices in the last few decades.  
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Year Reference Description  

1998 [49] The first field effect transistor based on single-walled 

carbon nanotubes. 

2001 [52] Ambipolar electrical transport in semiconducting SWNTs. 

 

2002 [53] Carbon nanotube as Schottky barrier transistors. 

 

2003 [54] Electrically induced optical emission from CNFETs. 

 

2004 [55] Field-effect mobility in semiconducting carbon nanotubes 

reaches 79 000 cm
2
/V s. 

2005 [56] Transparent and flexible carbon nanotube transistors with 

mobility around 1 cm
2
/V s.   

2006 [57] An integrated logic circuit on a single carbon nanotube. 

 

2007 [58] Application of carbon nanotube FETs in biosensors. 

 

2008 [59] Self-aligned SWNT network for FETs.  

 

2009 [60] The role of oxygen/water couple in suppressing electron 

conduction in CNFETs. 

2010 [61] Hysteresis-free operation of suspended carbon nanotube 

transistors. 

2011 [62] DNA block copolymer doing it all: from selectivity to self-

assembly of semiconducting SWNTs. 

Table 1.1 Progress in carbon nanotube-based electronic devices. 

As we can see from this table, the field-effect mobility of CNFETs has proven to 

be higher than that of silicon MOSFETs (79000 cm
2
/V s vs 1500 cm

2
/V s). 

Integration of CNFETs into logic circuit and the application of CNFETs as sensors 

or optoelectronic devices have also been achieved. It is predictable that this 

fantastic material will further provide surprises in the foreseeable future. 

1.5.2  Photovoltaic cell 

Semiconducting single-walled carbon nanotube can also be used as active materials 

in photovoltaic devices. 
[63, 64]

 This field has been barely developed, but the studies 

by far show great promise. Dominick et al. 
[64]

 demonstrated recently a photovoltaic 

cell with semiconducting nanotube/C60 heterojuction as active layer, showing an 

external quantum efficiency (electron-hole pairs collected at the contact per 
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incident photon) higher than 12% when the cell was excited in the near-infrared 

spectral range. The power conversion efficiency of this device approaches 0.6%.  

1.6 Carbon nanotube based nano-hybrids                 

The hollow space within SWNTs (so-called pods) can be used to accommodate 

small molecules (so-called peas) creating new hybrid system.
 
The first observation 

of a carbon “peapod” composed by fullerenes inside SWNTs (C60@SWNT) was 

demonstrated in 1998 
[65]

 (see Figure 1.15). The first peapods were a by-product of 

SWNTs produced by pulsed laser vaporization of graphite in the presence of metal 

catalyst. Under these extreme reaction conditions, both fullerenes and SWNTs 

were produced, and C60 penetrated into SWNTs forming a “peapod” structured 

nano-hybrid. This first study demonstrated the possibility of encapsulating small 

molecules into the hollow space of SWNTs and triggered many following studies 

in the last decade on building new nano-hybrid system.   

 So far, there have been many reports on the encapsulation of various atoms and 

molecules inside SWNTs including: fullerenes, fullerene derivatives, alkali metal 

and metallocenes. 
[66-68]

 Experimental and theoretical investigations have shown 

that the physicochemical properties of these new materials are strongly influenced 

by their specific interactions and their confinement in the one-dimensional cavity. 
[69-72]

 Besides fullerene and its derivatives, complex organic molecules have also 

been encapsulated in SWNTs and form new class of “peapods”. 
[73-76]

 

 

 

 

 

 

 

 

                                      

 

Figure 1.15 A single-walled carbon nanotube containing a row of C60 molecules. [65]  

1.6.1  Synthesis of peapods 

 The mechanism of molecular encapsulation can be generally described as 

following: the SWNT interior commonly acts as potential well. When the 

molecules have enough kinetic energy to move to the open end of SWNTs and 

overcome the small barrier to entrance at the end, they enter into the hollow cavity 

2 nm
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of SWNTs and get trapped inside. Several methods for the synthesis of carbon 

peapods have been developed including high temperature gas phase encapsulation, 
[77, 78]

 solution phase encapsulation, 
[79]

 ozone treatment 
[80]

 and by using 

supercritical CO2. 
[81]

 It is obvious that the “matching” between the guest molecules 

and the host SWNTs is the key issue to build up such nano-hybrids. If molecular 

size is larger than the diameter of the carbon nanotube, no encapsulation can be 

achieved. In the case of very small molecules and big-diameter SWNTs, the 

interaction between the two components is weak and the molecules can easily 

escape from the interior of SWNTs without overcoming any energetic barriers.     

1.6.2  Properties of peapods 

 In highly confined system as peapods, the interaction between encapsulated 

molecules and carbon nanotube alters the properties of both components. The 

original peapods with C60 inside SWNTs show interesting structure depending on 

the diameter of the SWNTs. As the nanotube diameter is increased, a transition of 

C60 molecules phase was observed from a linear phase, to a zig-zag, followed by a 

double-stranded helix, then a two molecule layer, which can be imaged as the 

structure of several tennis balls accumulated in hard cylinders with different 

diameters. 
[82] 

Chemical reactions inside a SWNT become possible in such hybrids 

and turn out to be an efficient and controlled method for the fabrication of double-

walled carbon nanotubes. 
[83]

    

 The mechanical and electronic properties of carbon nanotubes are also altered 

by molecular encapsulation through dispersive interactions, charge-transfer, or 

mechanical strain.   

1.7  Experimental techniques 

1.7.1  Absorption 

Absorption spectroscopy refers to a spectroscopic technique in which is measured 

the absorption of a radiation from a sample as a function of the energy (or 

wavelength) of the radiation. The frequencies where the absorption occurs 

primarily depend on the electronic configuration of the materials. This technique 

provides qualitative and quantitative information about the electronic configuration 

of the system under study. The relationship between the absorbance of the sample 

and the intensity of light before (or after) passing through the sample can be 

described by the Beer-Lambert Law:  
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Where A is the absorbance, α is the absorption coefficient, l is the light path length, 

I0 is intensity of the light before passing through the sample and I is the intensity of 

the  light after passing through the sample.  

1.7.2  Photoluminescence 

Photoluminescence is a process in which the photons absorbed by the sample are 

re-emitted at lower energy. It can be described as an excitation to a higher energy 

state and then a return to a lower energy state accompanied by the emission of a 

photon. Time-resolved photoluminescence is a method where the sample is excited 

with a light pulse following the measurement of the dynamics of the decay. This 

technique can provide the temporal information combined with spectral data that 

can help determine the dynamics of the excitation involved in optical processes. In 

this work, steady-state PL spectra was recorded with charge-coupled device (CCD), 

silicon-CCD for the visible range and InGaAs one for the near-infrared range. 

Time-resolved PL was recorded with Hamamatsu streak cameras, one with 

photocathode sensitive in the visible range and the other in the near-infrared range. 

The time resolution of our setup is ~3 ps in both visible and near-infrared spectral 

region.  

1.7.3  Raman 

Raman spectroscopy is a spectroscopic technique used to study vibrational, 

rotational, and other low-frequency modes in a system. The light (normally a laser 

source) interacts with molecular vibrations, phonons or other excitations in the 

material, resulting in the energy of the laser photons being shifted up or down. The 

shift in energy gives information about the vibrational modes. In this thesis, Raman 

spectra measurements were performed with an Invia Renishaw Raman 

microspectrometer (50 objective) equipped with 488 nm and 633 nm laser sources.  

1.7.4  Transmission electron microscopy 

High-resolution transmission electron microscopy (HRTEM) is a microscopy 

technique whereby a beam of electrons is transmitted through an ultra thin 

specimen, interacting with the sample as it passes through. It provides information 

on the structural properties of the sample. In this thesis, the measurement was 

performed with an FEI Titan 80–300 high-resolution transmission electron 

microscope equipped with a CEOS-designed hexapole-based aberration corrector 

for the image-forming lens and the accelerating voltage was at 80 kV. 

)(log 0
10

I

I
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1.7.5  Electrical Characterization 

Current-voltage characteristics of the SWNT devices were recorded with a 

Keithley 4200 semiconductor analyzer in a home-built probe station under high 

vacuum (10
-6

 mbar) (or in air ambience) at room temperature.    

1.8  Outline of the thesis 

This thesis is focused on the study of nano-hybrids based on single-walled carbon 

nanotubes (SWNTs) and organic molecules. Two different kinds of nano-hybrids 

have been investigated. The first one belongs to the family of the “peapods” and 

the second one are “polymer-wrapped SWNTs”. Peapods have organic molecules 

encapsulated in SWNTs, they show unique structural and photophysical properties 

that are very promising for future nano-optoelectronics device application (chapter 

2, 3). In chapter 4 and 5 the properties of the polymer wrapped carbon nanotubes 

and the experimental parameters governing the selective wrapping are investigated. 

Moreover, in chapter 6, we present the fabrication of field effect transistors using 

the semiconducting SWNTs selected by polymer wrapping. 

 

 Chapter 2 is devoted to the study of peapod with encapsulated α-sexithiophene 

(6T) inside SWNTs (6T@SWNT), which was the first visible light-emitting 

peapod reported. We reveal the endohedral position of the guest molecules by 

Raman spectroscopy and high resolution transmission electron microscopy 

(HRTEM). Surprisingly, these are not situated in a single array in the center of the 

tube but are instead arranged in two lines along the sidewalls. Density functional 

theory (DFT) including van der Waals interactions provides the maximal binding 

energy for the molecules in cofacial arrangement. The hybrids show 

photoluminescence in the visible range while a reduced lifetime of the excited state 

is symptomatic of molecule – SWNT electronic interactions.  

 

 Chapter 3 focuses on a systematic study of the physical properties and 

electronic interactions in a series of peapods where thiophene oligomers, namely, 

α-quaterthiophene (4T), α-quinquethiophene (5T) and α-sexithiophene (6T), are 

encapsulated in SWNTs. Each type of peapods shows a considerable 

photoluminescence in the visible spectral range deriving from the limited electronic 

interaction between the SWNTs and the oligothiophenes. DFT calculations confirm 

this finding and show how the electronic structure of the hybrid depends on the 

tube diameter and molecular length. The interaction is purely van der Waals like as 



 

 

22 

 

 

 

 

 
  thesis_Gao-1.doc 

Physics of one-dimensional hybrids based on carbon nanotubes 

the tube diameters are sufficiently large to perfectly accommodate the “pea” 

molecules. 

 

 The next chapter is devoted to the selective sorting of SWNTs with 

polyfluorene derivatives. We studied the photophysics of SWNT dispersions with 

amine-functionalized polyfluorene (poly(9,9- di-(N,N-

dimethylaminopropylfluorenyl-2,7-diyl) (PFDMA)) and its ammonium salts 

[(N,N,N-trimethylammonium)-propyl]-2,7-fluorene dibromide) (PFAB) in 

different media. We found that the selectivity for SWNTs of PFDMA in toluene is 

different from that of poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO). With the aid of 

high resolution time-resolved photoluminescence measurements, we also 

evidenced the energy transfer from large energy gap nanotubes to smaller band gap 

ones in SWNT bundles.  

  

 In chapter 5, we investigate the origin of the selective interaction of PFO and 

SWNTs. By using a combined method of spectroscopic measurements and 

molecular dynamics simulations, we conclude that the mechanism responsible for 

the selectivity is the same found for the stabilization of the β-phase of polyfluorene. 

The alkyl tails of neighboring polymer chains zip and align, through van der Waals 

interactions, on similar zigzag motifs on the nanotube wall. The best coverage of 

the nanotube wall is obtained when the zipped polymer chains adopt a helical 

conformation, maximizing at the same time the π-π interactions between nanotube 

and fluorene units and the network of octyl-octyl tails and the zigzag bonds on the 

nanotube wall. The geometry that maximizes these attractive interactions for PFO 

was calculated to be the (8,6) nanotube, in agreement with experiments.  

  

 In chapter 6, we present the fabrication of field-effect transistors with PFO 

sorted semiconducting SWNTs. We report for ambipolar operation in solution 

processed SWNT transistors. A simple and highly scalable method was 

demonstrated for the preparation of semiconducting SWNT dispersion. We further 

show the effects of air exposure on the performance of the transistors, with an 

increase of the hole mobility increases with exposure to air, and a significant 

decrease of the electron mobility.  
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Chapter 2 

Encapsulation of conjugated 

oligomers in single-walled 

carbon nanotubes: towards 

nano-hybrids for photonic 

devices  

In this chapter, we demonstrate a nano-hybrid with light emitting properties in the 

visible spectral range obtained by encapsulating thiophene oligomers in SWNTs. 

By Raman spectroscopy and high resolution transmission electron microscopy 

(HRTEM) we have revealed the endohedral position of the guest molecules. 

Surprisingly, these are not situated in a single array in the center of the tube but 

are instead arranged in two lines along the sidewalls. Density functional theory 

(DFT) including van der Waals interactions provides the maximal binding energy 

for the molecules in cofacial arrangement. The hybrids show photoluminescence in 

the visible range while a reduced lifetime of the excited state is symptomatic of 

molecule – SWNT electronic interactions. We suggest this class of supramolecular 

hybrid as a promising compact and robust source of photons for the next 

generation of photonic and optoelectronic devices.
*
 

                                                      
*
 M. A. Loi, J. Gao , F. Cordella, P. Blondeau, E. Menna, B. Bártová, C. Hébert, S. Lazar, G. A. 

Botton, M. Milko, C. Ambrosch-Draxl, Adv. Mater, 2010, 22, 1635-1639. 
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Physics of one-dimensional hybrids based on carbon nanotubes 

2.1  Introduction 

Building robust optoelectronic devices at the atomic scale is one of the challenges 

faced by nanotechnology. Single-walled carbon nanotubes (SWNTs) are extremely 

robust nano-objects that exhibit unique electron transport, but their small band gap 

limits them to be only near infrared emitters. 
[1, 2] 

In contrast, organic molecules 

having outstanding photophysical properties often suffer from low stability and 

poor electrical characteristics. Exploiting the advantages of both SWNTs and 

organic molecules opens the prospective to obtain fascinating systems with one-

dimensional charge transport and light emission in the visible spectral range. A 

promising strategy to achieve this is to make use of the hollow space within 

SWNTs (so-called pods) to accommodate organic molecules (so-called peas) 

creating a new hybrid system. 
[3] 

Since the discovery in 1998 that the hollow space 

inside SWNT could be filled, various atoms and molecules have been 

encapsulated, including: fullerenes, fullerene derivatives, alkali metal and 

metallocenes. 
[4-7]

 Several experimental and theoretical investigations have shown 

that the physico-chemical properties of these new materials are strongly influenced 

by their specific interactions and their confinement in the one-dimensional cavity. 
[8-10]

 To date, few attempts 
[4-6]

 have been made to synthesize non-fullerene 

peapods. Kataura et al. 
[11] 

prepared composites with Zn-diphenylporphyrin pea, 

and more recently, Yanagi et al. 
[12] 

succeeded in encapsulating β-carotene 

molecules. However, photoluminescence has not yet been demonstrated for any 

peapods system.  

Here, we report on nano-hybrids composed of SWNTs and α-sexithiophene (6T) 

(Figure 2.1) which were obtained following a procedure based on the sublimation 

of sexithiophene 
[13]

 in the presence of SWNTs of diameters between 1.2 and 1.5 

nm in a sealed quartz tube at low pressure. Extensive washings of the resulting 

product were performed to remove exohedral molecules from the peapod sidewalls. 

Such hybrids will be referred to as 6T@SWNT.  
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Figure 2.1 Nano-hybrids and their functionality. Top: cartoon of the visible light emitting 6T@SWNT 

peapod. Bottom: schematic of the encapsulation of α-sexithiophene in SWNTs. The yellow color 

indicates the sulfur, blue the carbon, and white the hydrogen. 

2.2 Results and discussion 

HRTEM images (Figure 2.2) taken with an aberration-corrected (Cs-corrected FEI 

Titan 80-300 Cubed) microscope reveal the successful encapsulation of 6T 

molecules inside SWNTs. Surprisingly, in most cases two almost parallel chains of 

6T molecules are visible. They are accommodated along the sidewalls of the tube 

with a small tube-molecule distance in the range of 0.32-0.35 nm. In contrast, the 

spacing between the molecules varies from 0.4-0.8 nm, depending on the tube 

diameter. Image simulations based on a multislice approach 
[14, 15]

 give insight into 

the actual arrangement of the sexithiophene molecules inside the tubes. Figure 

2.2(b) shows the images for two (perfectly straight) molecules in a parallel 

alignment inside a (15,0) SWNT with 1.18 nm diameter together with the 



 

 

30 

 

 

 

 

 

 
  thesis_Gao-2 

Physics of one-dimensional hybrids based on carbon nanotubes 

corresponding atomic models. For the cases where the electron beam is parallel 

(top) and perpendicular (bottom) to the molecular plane the images are depicted for 

different defocus varying from -4 to +4 nm in steps of 2 nm. Upon comparison 

with the measured images reported in Figure 2.2 we conclude that most of the 

molecules in our sample appear in an arrangement as given in Figure 2.2(a) 

aligning with respect to the electron beam. However, some twisting of the 

molecules as well as slight tilts between them might occur.  

 

 

Figure 2.2 HRTEM images and simulations. (a) Measured TEM images of 6T@SWNT (four images 

on the left); pristine nanotube (right). (b) Atomic model of 6T molecules inside a (15,0) SWNT in two 

different projections (left) together with multi-slice simulations (right). The electron beam is assumed 

to be parallel (top) and perpendicular (bottom) to the molecular plane. The defocus varies between -4 

to +4 nm in steps of 2 nm (from left to right).  
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Figure 2.3 Calculated binding energy. (a) Schematic showing the possibilities for two molecules to be 

embedded in a SWNT and the corresponding binding energies. (b) Configurations, where two 

encapsulated chains are shifted with respect to each other by half (A), zero (B), and one thiophene 

ring (C), respectively. (c) Binding energy as a function of tube diameter for (n,0) peapods with one 

and two polythiophene chains encapsulated in the unit cell. For the latter, the two chains are 

considered at a fixed distance. The data point marked by the diamond is obtained for a larger 

interchain distance, while the crosses refer to tilted configurations. (d) Binding energy for two 

polythiophene chains encapsulated in an (18,0) SWNT as a function of the distance to the tube wall 

(dw). 

The stability of peapods was studied by total energy calculations for (n,0) 

nanotubes with either one or two polythiophene chains encapsulated. 
[16] 

For the 

latter case, we have first adopted an interchain distance dm=3.9 Å found for two 

free-standing molecules in a parallel configuration. The binding energy, Eb, was 

obtained according to the two formulas shown in the schematic, Figure 2.3(a) 

where Eb is normalized to one molecule per repeat unit. Figure 2.3(c) gives clear 

evidence that embedding two molecules is favorable for tubes with diameter larger 

CC 

BB

AA 
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d 
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than 1.1 nm (the range used in this work) while very small tubes allow the 

accommodation of only one chain per molecule. To find the actual arrangement of 

the thiophene molecules with respect to each other, we performed additional 

calculations with a tilted configuration marked by crosses. For small tubes this 

situation is not favorable, but for larger ones, the energy is less sensitive to the tilt 

angle. However, the binding energy increases by changing the interchain spacing 

as concluded from the data point indicated by the diamond. The corresponding 

energy dependence is depicted in more detail in Figure 2.3(d) showing that for an 

(18,0) SWNT the optimal distance of the polymer chain to the tube wall is roughly 

dw=4 Å, distinctly smaller than the interchain distance of dm=6.2 Å. Therefore, the 

van der Waals bond between the polymer and the tube turns out to be stronger than 

the intermolecular interaction. This also explains why the results are independent 

of the relative positions of the two chains, i.e., resulting in the same binding energy 

for configurations A, B, and C shown in Figure 2.3(d). In summary, the surprising 

features revealed by HRTEM are confirmed by theory, (i) the observation of two 

parallel molecules in the tubes, (ii) their preference to be located in the vicinity of 

the tube walls, as well as (iii) the fact that they appear shifted with respect to each 

other, thereby mimicking continuous chains observed experimentally. 
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Figure 2.4 Raman spectroscopy. (a) Raman spectra of 6T@SWNT, 6T, and SWNTs excited at 633 

nm. (b) Radial breathing mode (RBM) of 6T@SWNT and SWNTs. (c) C=C stretching modes of 

6T@SWNT and 6T. All spectra are normalized with respect to their maximum peak frequencies.  

The Raman spectra of the oligomer, the SWNTs and the 6T@SWNT excited at 633 

nm are shown in Figure 2.4. After encapsulation, the radial breathing mode (RBM) 

of the SWNT is shifted up by about 5 cm
-1

, as shown in Figure 2.4(b). Such shift 

can be ascribed to hardening and stiffening of C-C bonds 
[17]

 and is not present in 

the control experiment which was performed after mixing SWNTs and the 6T in a 

ratio 10:1. The frequency variation of the RBM is an unambiguous fingerprint of 

the  
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inclusion of peas in the hollow space of the SWNTs also reported for fullerene-

based peapods. 
[11]

 

The most intense bands of the oligothiophenes are found in the spectral region 

between 600 and 1600 cm
-1

 
[18-20]

 (Figure 2.4(a)) which are, in case of 6T, the C-S-

C deformation (698 cm
-1

), the C-H bending (1050 cm
-1

), the C-C inter-ring 

stretching (1221 cm
-1

), and the C=C stretching (1459 and 1505 cm
-1

). For 

6T@SWNT, some of them are shifted, e.g. from 698 to 704 cm
-1

 and from 1050 to 

1045 cm
-1

 as well as from 1459 to 1457 cm
-1

. Moreover, a new peak appears at 

1498 cm
-1

 (Figure 2.4(c)).  

Raman measurements also allow determining a possible charge transfer between 

the oligomer and the SWNT. In fact, the radical cation (6T
+
) has been evidenced to 

give rise to a large change of the C-C stretching from 1459 to 1440 cm
-1

. 
[21] 

Besides that, a charge transfer between the encapsulated molecules and the SWNT 

has been reported to cause a shift of the G-band and a RBM intensity reduction. 
[4, 

22] 
Here, none of these effects could be observed, suggesting that charge transfer is 

not occurring, a fact which is supported by our DFT calculations.  

For achieving tunable light emitting nano-hybrids, the question is how the SWNT 

affects the emission properties of the encapsulated oligothiophene molecules. 
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Figure 2.5 Optical spectroscopy. (a) Photoluminescence spectra of 6T@SWNT and of the washing 

solution after 18 hours of washing. (b) Photoluminescence excitation spectra of 6T@SWNT and of 

6T in solution detected at 550 nm. (c) Photoluminescence spectra of 6T and 6T@SWNT. (d) PL 

decays of 6T@SWNT and 6T at 515 nm. The excitation wavelength for all PL measurements is 380 

nm. 

In Figure 2.5 the photoluminescence excitation and photoluminescence spectra of 

6T@SWNT are reported in comparison with the corresponding spectra of the 6T 

molecule and the SWNTs in dimethylformamide (DMF) solution. In the absorption 

spectra the main feature of encapsulated 6T appears to be red-shifted compared to 

the one of the isolated molecules in solution. 
[23]

 A comparable red-shift has been 

reported previously for similar systems 
[24]

 and it is rationalized with the interaction 

of the 6T molecules with the SWNT walls. However, the different post-synthetic 

processes used to obtain the peapods solution make the comparison of the 

absorption spectra not completely reliable. In fact, a lower degree of SWNTs 

bundles in the peapods samples can change the nanotube absorption shape 

determining the apparent red-shift of the 6T signature. The photoluminescence 
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excitation (PLE) can give a more precise idea of the absorbing states. In Figure 

2.5(b) is reported the PLE spectrum of the 6T@SWNT compared with the one of 

6T in solution both spectra detected at 550 nm. The two spectra show that the main 

feature is almost super-imposed while the high energy part of the peapod spectrum 

is more pronounced with respect to that of the molecules in solution indicating a 

possible energy transfer from higher excited states of the SWNTs to the 

encapsulated 6T molecules.  

The PL emission of the hybrid compared to that of 6T in solution shows broader 

and less resolved features (Figure 2.5(a) and 2.5(c)). Being extremely sensitive to 

supra-molecular interactions, 
[25]

 the PL spectra allow for the recognition of 

different relative arrangements of molecules. In this case the interaction between 

6T molecules inside the SWNT does not appear to be important. Moreover, in view 

of the findings of theory, TEM and Raman experiments we can state that the 

interaction of the 6T molecule with the tube walls is dominant. In fact, the 

intermolecular distances found theoretically as well as by HRTEM rule out the 

interaction between the paired molecules in favor of the interaction between the 

molecules and the side walls of the tube. Here we stress the rather efficient 

emission of the peapods in the visible spectral range in contrast to previously 

reported results showing complete PL quenching. 
[24, 26] 

It is important to underline 

that 6T@SWNT has been extensively washed to remove exohedral molecules. The 

effectiveness of the washing procedure is proven by the negligible PL emission of 

the last washing solution shown in Figure 2.5(a).  

Time-resolved measurements (Figure 2.5(d)) show a shorter PL lifetime of the 

peapod being 563 ps, compared to that of the 6T molecule in the same solvent (τ = 

813 ps). Also in this case, the explanation of the faster PL decay can be found in 

the quenching by the SWNT cage. The SWNTs used for the peapods synthesis are 

composed of both semiconducting and metallic tubes. It has been proven that the 

excited state lifetime of isolated SWNTs in the range of tens to hundreds of a 

picosecond is dominated by nonradiative processes. Consequently, for SWNT 

bundles the PL quenching caused by the metallic nanotubes reaches the femto-

second range. 
[27]

 This effect can provide an additional nonradiative path for the 

encapsulated molecule. Moreover, Förster energy transfer from the 6T molecule to 

the SWNT should also be considered as a possible explanation. As already 

discussed, charge transfer between the encapsulated molecules and the SWNT 

appears to be unlikely.  

DFT calculations reveal the binding of the pea and pod to be of van der Waals 

character. This fact is also highlighted in the electronic structure where the bands 

of the peapod appear like a mere superposition of those stemming from the two 

subsystems. Therefore, one can expect the optical spectra to generally exhibit the 

same features as those of the pea plus the pod, with the actual peak positions 
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determined by the alignment of the molecular levels with the SWNT bands. A 

possible explanation for the shorter decay time could be found in weak additional 

transitions between the pea and the pod, which could alter the nature and size of 

excitons and hence provide new decay channels. 

2.3 Conclusions 

In summary, we have successfully synthesized peapods combining rigid-rod like 

molecules with SWNTs. HRTEM and optical probes show evidence of the 

encapsulation, density functional calculations confirm the experimental findings 

and provide deeper insight concerning stability and electronic properties of these 

systems. We demonstrate that such nano-hybrids, emitting light in the visible range 

of the spectrum, are a promising photon sources to be used in future opto-electronic 

devices.  

2.4 Experimental details 

Sample preparation instruments 

For low power sonications a 150 W ultrasonic cleaning bath, operating at 45 kHz, 

was used, while for high power sonications a 600 W ultrasonic processor equipped 

with a titanium microtip was employed. A centrifuge IEC CL10 (Thermo) was 

utilized for all procedures. Solvents were purchased from Sigma-Aldrich and 

oligothiophenes from TCI. 

 

Purification of SWNTs 

SWNTs from Nanocarblab (arc-discharge, 80% purity) were annealed at 1100 °C 

under vacuum (10
-6

 Torr). 

 

Encapsulation of oligothiophenes 

A suspension of SWNTs (5 mg) in toluene (1 mL) was sonicated at high power for 

10 min. Then the oligothiophenes (5 mg) were added and the solvent was 

evaporated. The resulting solid mixture was placed in a sealed quartz tube at 

reduced pressure (P = 10
-3

 Torr) and heated for 3 days (T=320 °C). The mixture 

was sonicated at low power for 10 min in toluene (15 mL), then centrifugated (10 

min, 4k rpm), and the supernatant phase removed. This washing procedure was 

repeated at least 30 times in order to remove exohedral molecules. The 

concentration of oligothiophene in the supernatant phase was checked by PL 

spectroscopy showing a negligible 6T content in the last washing. The solid residue 

was dried under N2 flow.  
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Control experiments were performed using the following procedure: A suspension 

of SWNTs (1 mg) in CH2Cl2 (1 mL) was sonicated at high power for 10 min, then 

added to a solution of the oligothiophene (0.1 mg) in CH2Cl2 (1 mL), and the 

solvent was quickly evaporated under N2 flow in order to avoid any encapsulation. 

 

HRTEM 

For the HRTEM measurements a suspension of 6T@SWNT in toluene was 

sonicated for 10 min and dropped onto a holey carbon grid. A FEI Titan 80-300 

Cubed high-resolution transmission electron microscope equipped with a CEOS-

designed hexapole-based aberration corrector for the image-forming lens was 

operated at 80 kV. Therefore the electron knock-on damage to the sample was 

reduced. The instrument is fitted with a Super-Twin lens in order to achieve sub-

Ångstrom resolution for phase contrast imaging. The specimen was kept at room 

temperature during the experiment. The Gatan US1000 CCD camera was used for 

digital recording of HR-TEM pictures. The Cs was set to 2 µm and HRTEM focal 

series were recorded. We present the images with slightly under-focused conditions 

in order to enhance the contrast of the molecule inside the SWNT. The HRTEM 

image simulations were performed with a standard multislice procedure. 

 

Theory 

All calculations were performed in the framework of DFT utilizing the planewave 

code QUANTUM ESPRESSO. A super-cell approach was adopted with twice the 

repeat unit of the SWNT along the tube axis, and a large enough vacuum size of 8 

Å perpendicular to it to prevent interactions of neighboring unit cells. In a first 

step, the structures were optimized for both, the SWNT and the polymer 

independently, employing the generalized gradient approximation (GGA), and 

using 4 k points in the irreducible wedge of the Brillouin zone. The systems were 

considered to be relaxed when all atomic forces were smaller than 1 mRy / Å. 

These geometries were taken as a starting point for the investigations of the 

combined systems. To ensure commensurability of the polymer with the SWNT, 

the former had to be stretched by 8%. The energies of all configurations were 

calculated by treating the van der Waals interactions in an ab-initio manner.  

 

Optical spectroscopy 

UV/Vis/NIR spectra were recorded with a Cary 5 Varian spectrometer. Raman 

spectra were performed with an Invia Renishaw Raman microspectrometer (50  

objective) using a 488 nm and 633 nm laser lines of an Ar and He-Ne lasers at 

room temperature with a low laser power. The measurements were carried out with 

the samples on KBr discs. 
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For time resolved and steady state PL measurements the solutions were excited by 

a 150 fs pulsed Kerr mode locked Ti-sapphire laser, frequency doubled at about 

380 nm and the steady PL emission was measured with CCD detector. The time-

resolved PL was recorded by a Hamamatsu streak camera working in synchroscan 

mode. The decays were fitted using a single exponential decay function.  

The photoluminescence excitation spectra (PLE) were recorded with a Perkin 

Elmer LS 50B spectrometer and detected at 550 nm. All measurements were 

performed at room temperature.  
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                                             Chapter 3 

Electronic interactions 

between “pea” and “pod”: 

the case of oligothiophenes 

encapsulated in carbon 

nanotubes  

Single-walled carbon nanotubes (SWNTs) are among the most important 

candidates to become active elements in future nano-electronic and photonic 

devices. However, the application of this one-dimensional material in photonics is 

limited to the near-infrared spectral range due to its intrinsic electronic structure. 

One of the most challenging strategies to achieve tunable nano-photonic devices is 

to build robust nano-hybrids with variable emission in the visible spectral range, 

while keeping the merits of pristine SWNTs. Here, we realize this goal by filling 

SWNTs (“pods”) with a series of oligothiophene molecules (“peas”). The physical 

properties of these peapods are depicted by using high-resolution transmission 

electron microscopy (HRTEM), Raman spectroscopy, and other optical methods 

including steady-state and time-resolved measurements. Visible photoluminescence 

with quantum yields up to 30% is observed for all the hybrids. The underlying 

electronic structure is investigated by density-functional theory (DFT) calculations 

for a series of peapods with different molecular lengths and tube diameters, 

demonstrating that van der Waals (vdW) interactions are the bonding mechanism 

between the encapsulated molecule and the tube. The theoretically obtained 

structural conformation excellently correlates with the spatial arrangement of the 

encapsulated molecules inside the SWNTs as is revealed by HRTEM.
*
 

                                                      
*
J. Gao, P. Blondeau, P. Salice, E. Menna, B. Bártová, C. Hébert, J. Leschner, M. Milko, C. 

Ambrosch-Draxl, M. A. Loi, Small, 2011, 7, 1807-1815. 
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3.1 Introduction 

Nano-optoelectronics is the field where the potential of single-walled carbon 

nanotubes is greater. However, despite the recent progress in nano-electronics and 

photonic devices with SWNTs as active material, 
[1-3]

 such devices are limited to 

the near-infrared region due to the intrinsically small band gaps of SWNTs. Thanks 

to their particular size and geometry, the possibility to insert molecules as peas in 

the SWNT pod allows for making them optically active in the visible region. The 

encapsulation of molecules inside carbon nanotubes not only offers the opportunity 

of tuning the properties of the new hybrids but also allows keeping the peculiar 

physical properties of SWNTs.  

After the first synthesis of organic peapods with encapsulated fullerenes (C60) in 

carbon nanotubes,
 [4] 

the hollow space of these carbon cages has attracted 

increasing interest. In the past decade, many materials, including metallofullerenes, 

metallocenes, organometallic molecules and nanocrystal, have been successfully 

confined in the nanosized inner cavity of carbon nanotube. 
[5-14]

 Up to now, 

however, only few cases of filling SWNTs with complex organic molecules have 

been demonstrated. 
[15-21] 

Recently, the very first peapods with photoluminescence 

(PL) emission in the visible spectral range have been demonstrated by our team 
[22, 

23]
 by encapsulating α-sexithiophene (6T) inside SWNTs. α-oligothiophenes are 

electron-rich and chemically stable conjugated oligomers, renowned for their 

superb optoelectronic properties and wide applications as active components in 

organic devices.
 [24-27] 

It is their linear conformation that makes them good 

candidates as guest molecules for peapod-like hybrids.  

Here we present a study of the physical properties and electronic interactions in a 

series of peapods where thiophene oligomers, namely, α-quaterthiophene (4T), α-

quinquethiophene (5T) and  α-sexithiophene (6T), are encapsulated in SWNTs. The 

filling of the SWNTs is directly observed with HRTEM and further verified by 

Raman spectroscopy. Moreover, time dependent HRTEM micrographs show the 

large mobility of the encapsulated molecules inside the SWNTs. As previously 

reported for the 6T peapod, also the rest of the series shows a considerable 

photoluminescence quantum yields deriving by the limited electronic interaction 

between the SWNTs and the oligothiophenes. DFT calculations confirm this 

finding and show how the electronic structure of the hybrid depends on the tube 

diameter and molecular length. It is shown that the interaction is purely van der 

Waals like as the tube diameters are sufficiently large to perfectly accommodate 

the peas.  
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3.2 Results and discussion 

Peapods were obtained following a vapor-phase method based on the sublimation 

of the oligothiophenes in the presence of purified SWNTs in a sealed quartz tube at 

low pressure. The resulting adducts (4T@SWNT, 5T@SWNT, 6T@SWNT, Figure 

3.1) were separated from the non-encapsulated molecules by extensive washing 

with solvent and by treatment at reduced pressure to sublimate the molecules 

adsorbed on the external SWNT walls. The details of the reaction conditions and 

the washing procedure are presented in the experimental section.  

 

  

 

Figure 3.1 Scheme illustrating the encapsulation of α-quaterthiophene (4T), α-quinquethiophene (5T) 

and α-sexithiophene (6T) into single-walled carbon nanotubes resulting in the corresponding peapods, 

labeled 4T@SWNT, 5T@SWNT and 6T@SWNT. The carbon, hydrogen, and sulfur atoms of the 

oligothiophenes are represented in blue, white, and yellow, respectively. 

Figure 3.2 shows HRTEM images of conjugated molecules inside the nanotube, 

namely 5T@SWNT, taken with an aberration-corrected transmission electron 

microscope. Since 6T-based peapods were already investigated, 
[22] 

we concentrate 

on the 5T samples that turned out to be representative for all the sample series. Not 

only the HRTEM micrographs reveal the successful encapsulation of the 
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oligomers, but as already found for 6T@SWNT,
 
show two arrays of 5T molecules 

accommodated along the sidewalls of the tube. Time dependent micrographs show 

that the distance between the 5T molecules and the tube wall varies in the range of 

0.26-0.39 nm over the period of observation. The 5T molecules bend and rotate 

inside the tube, during the observation the distance between the molecules along 

the direction perpendicular to the tube axis varies from 0.37 to 0.71 nm. The 

atomic model of a simple arrangement of two oligothiophene molecules inside a 

(16,0) SWNT with diameter 1.25 nm is depicted in Figure 3.3 together with an 

image simulation that was performed for straight 5T molecules either parallel or 

perpendicular with respect to the electron beam. The simulated defocus maps from 

-6 to +6 nm in steps of 2 nm are shown in the bottom of Figure 3.3. 

 

 

Figure 3.2 High-resolution images and molecular lengths. (a) Measured TEM images of 5T@SWNT 

during different stages of observation. The time is given in minutes on the top right side of the 

images. Black squares highlight different orientation of the 5T molecules inside the tube. (b) The 

graphs show the tube diameter, the distances between the 5T molecules and the tube wall, as well as 

the distance between two parallel molecular arrays during the time of observation. The measurements 

were performed at sites 1 and 2 marked by arrows.  
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Comparing the simulations with Figure 3.2(a) does not allow for understanding 

unambiguously the orientation of the molecules in the snapshot taken at 4.3 min 

from the beginning of the observation. The weak contrast observed could be 

assigned to both configurations. Later on, the molecules align in a configuration 

parallel to the electron beam and stronger contrast can be seen, although it is clear 

from the measured images that the molecules are bent. At the end of the 

observation (after 8.8 min), the contrast gets weaker again in one part of the 

SWNT. We conclude that a relatively long time (≈10 min) of observation at 80 

kV has no destructive effect on the peapod, and that the encapsulated molecule is 

rotating inside the SWNT.  

 

 

 

Figure 3.3 Atomic model of 5T molecules inside a (16,0) SWNT together with the corresponding 

simulation for the molecular plane parallel (left) and perpendicular (right) to the electron beam, 

respectively. The defocus varies from -6 to +6 in steps of 2 nm (from left to right). 

Raman spectroscopy is one of the most useful techniques to demonstrate the 

encapsulation of molecules inside SWNTs. In Figure 3.4, the Raman spectra 

measured for all peapods and control samples excited at 488 nm laser line are 

reported. At this excitation wavelength, the control experiment is particularly 

valuable since the oligothiophene Raman spectrum could not be measured due to 

the strong photoluminescence.  
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Figure 3.4 Raman spectra: 600 - 1700 nm spectral region (a), radial breathing mode (RBM) (b) and 

C=C stretching modes (c) of 6T@SWNT (red), control sample (mixture of molecule and SWNTs, 

dash red) and pure SWNTs (gray). Sections (d)-(f): same as (a)-(c) but for 5T (orange curves). 

Sections (g)-(i): same as (a)-(c) but for 4T (blue curves). The excitation wavelength was set at 488 

nm. All spectra are normalized at their maximum peak frequencies. 

After encapsulation, the RBM bands of the SWNT are up-shifted, as shown in 

Figure 3.4(b), 3.4(e), and 3.4(g). Such behavior is not observed for the control 

experiments where the SWNTs and the oligomers are mixed. This change can be 

ascribed to hardening and stiffening of C-C bonds and it is in good agreement with 

previously reported characterizations of fullerene-based peapod materials. 
[21, 28] 
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Indeed, the variation in frequency of the RBM is symptomatic of the inclusion of 

entities in the hollow space of the SWNTs. The technique also allows estimation of 

the filling ratio of the SWNTs with different oligomers by looking at the intensity 

of the molecular vibrations. From this analysis the highest filling ratio is obtained 

for 6T while the filling for the 4T is poor. However, it is important to underline that 

only qualitative data can be obtained in this way because of the different resonance 

conditions for the different oligomers. 

 Raman spectroscopy also allows for investigating the interaction mechanism 

between the molecules and SWNTs. In this study, excitation with a 488 nm laser 

line is resonant with the absorption of the 6T peapod. Charge transfer from the 

excited state of the molecule to the SWNT, if present, should result in the presence 

of radical cations of 6T (6T
+
). This cation has been studied by Raman spectroscopy 

and has been evidenced to give rise to a large down-shift from 1459 to 1440 cm
-1

, 
[29]

 which was not observed in the Raman spectra of our peapods. Moreover, a 

charge transfer between molecule and SWNTs always results in a shift of the G-

band and an RBM intensity reduction. 
[19]

 Again, such effects were not observed, 

which evidences that charge transfer does not occur in this peapod. 
[30]

 In addition, 

a new and symptomatic peak is detected at 1504, 1501, and 1499 cm
-1

 for 4T, 5T 

and 6T peapods respectively. Assuming that encapsulated oligothiophene 

molecules are not charged, the intermolecular interaction and the constraint from 

the tube wall are accountable for these spectral shifts. 

 In view of the possibility to use peapods as active material for optoelectronic 

devices, the investigation of the optical properties of the nano-hybrids is most 

crucial. Figure 3.5 depicts the photophysics of the three peapods. Visible 

photoluminescence emission from the encapsulated molecules is observed in all the 

samples. It is important to underline that all the peapods have been extensively 

washed from the conjugated molecules adsorbed on the external walls. The 

effectiveness of the washing procedure (>12 h vacuum washing) is proven by 

negligible PL emission of the washing solution, which testifies that the visible 

emission originates from the encapsulated molecules. 
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Figure 3.5 Photoluminescence excitation (PLE) spectra of 6T@SWNT and 6T (a); of 5T@SWNT and 

5T (c); and of 4T@SWNT and 4T (e). PL decays of 6T@SWNT and of 6T (b); of 5T@SWNT and 

5T (d); and of 4T@SWNT and 4T (f). Insets from top to bottom: PL spectra of 6T@SWNT and 6T;. 

of 5T@SWNT and 5T; and of 4T@SWNT and 4T. 

  Figure 3.5(a), 3.5(c) and 3.5(e) show the PL excitation spectra of the peapods 

together with the corresponding molecules in diluted solution. The detection 
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wavelength was set at 550 nm, 520 nm, and 490 nm for 6T, 5T, and 4T peapods, 

respectively. All the excitation spectra show that while the main feature of the 

solution and peapod spectra are superimposed, the high energy region of the 

peapod spectrum is always more pronounced. Such differences most probably 

indicate either mixing of high-energy states or energy transfer to the encapsulated 

molecules. The insets of Figure 3.5(b), 3.5(d) and 3.5(f) report the PL spectra of 

the peapods and of the isolated molecules. The peapods always exhibit less 

resolved features compared to those of the molecules. There are several possible 

explanations to for such variation. First, the dielectric constant of the solvent for 

oligothiophene molecules in solution (εsolvent~38) is much larger than that of the 

microenvironment of the encapsulated ones (εcarbon~3). Second, the interaction of 

the molecules with the SWNT walls or between neighboring molecules in this 

highly confined system could also have an impact on the PL spectra. Optical 

properties of oligothiophenes, particularly sexithiophene, are very sensitive to their 

super-molecular interaction, 
[31, 32]

 and different physical dimers can lead to large 

differences in the absorption and PL spectra. 
[33]

 However, the differences between 

the PL spectra of our peapods and those of the corresponding molecules can not be 

interpreted in terms of dimer formation. This supports the assumption that the 

overall optical properties are more influenced by the interaction between the 

encapsulated molecules and the SWNT walls rather than by intermolecular 

interactions. This finding is also in agreement with the HRTEM measurements, 

proving that the encapsulated molecules show increased spatial affinity to the 

sidewall instead to other molecules.  

 The results of time-resolved photoluminescence measurements are shown in 

Figure 3.5(b), 3.5(d) and 3.5(f). The PL lifetimes of the encapsulated molecules is 

always shorter than those of the isolated ones (563 ps (6T@SWNT) vs 813 ps (6T), 

389 ps (5T@SWNT) vs 695 ps (5T), 265 ps (4T@SWNT) vs 370 ps (4T)). 

However, the reduction of the lifetime is limited to 30% of the intrinsic value, 

indicating a rather efficient emission from the peapods. By considering the 

quantum yields (QY) of the molecules in solution, 
[34] 

it is possible to estimate the 

QY of the peapods to be 12.9% for 4T@SWNT, 19% for 5T@SWNT, 30.5% for 

6T@SWNT, respectively.  

The PL quenching of the encapsulated molecules can be rationalized with the 

interaction with the SWNT cage. The PL lifetime of isolated semiconducting 

SWNT is around tens of picoseconds dominated by non-radiative processes. 
[35] 

In 

SWNT bundles, the photoluminescence decay of semiconducting species is 

reported to be much faster due to energy transfer to those with smaller band gaps 

and to the screening by metallic ones. 
[36, 37] 

SWNTs used for the peapod synthesis 

are composed of both semiconducting and metallic nanotubes, which can provide 

additional pathways for non-radiative emission of the encapsulated molecules. The 
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occurrence of energy transfer from the molecules to SWNTs can neither be 

excluded nor be unambiguously proven at this stage.   

 The efficient light emission from encapsulated molecules inside SWNTs 

demonstrates remarkable potential for future material design. Similarly, emission 

from the inner tube of double-walled carbon nanotubes (DWNTs) has been 

reported. The photophysical properties of the inner tube, such as PL spectra and/or 

fluorescent lifetime, were observed to be modified due to the interaction with the 

external tube. 
[38, 39]

 

      The Kohn-Sham band structures of the hybrid systems with different thiophene 

oligomers as peas are depicted in Figure 3.6, demonstrating the dependence on the 

molecular length. The electronic states stemming from 2T, 4T, 6T, and 

polythiophene (pT) are highlighted by violet, blue, red, and green color, 

respectively, while gray lines represent the bands originating from the (12,0) 

SWNT. These electronic tube-like levels, which were calculated in different 

supercell geometries, are back-folded to the elementary unit cell to allow for 

comparison. The growing number of thiophene rings results in an increase of 

molecular states in the considered energy range and, consequently, a decreased 

HOMO – LUMO splitting. This finally gives rise to the band dispersion for the 

limiting case of the polymer (Figure. 3.6 left).  

      We note here again that in our calculations, the C-C bond connecting the 

individual rings of the pT was stretched in order to achieve a commensurate unit 

cell with the tube. Therefore, although the band gap of 6T is already close to the 

one of pT, the level alignment deviates from the general trend. 

 

 

Figure 3.6 Band structure of peapods, consisting of a (12,0) SWNT with 2T, 4T, 6T, and pT, 

respectively, encapsulated. The gray lines indicate the bands originating from the tube, while the 

colored lines mark the levels arising from the molecule or polymer. 
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This system, nevertheless, allows for studying the effect of encapsulation on the 

electronic properties. In Figure 3.7, we focus on the geometric arrangement of pea 

and pod, by depicting the electronic structures of peapods (green dots) with pT 

embedded in a (10,0) and a (16,0) SWNT (left and middle), while in the right panel 

two polymer chains are accommodated in the (16,0) nanotube. In addition, the 

bands of the corresponding nanotubes are shown as gray lines. PT encapsulated in 

the (10,0) tube represents an example where the tube diameter is too small to 

accommodate the guest. This results not only in a positive binding energy, 
[22] 

but 

also in structural distortions as seen in the inset. In such cases, there is also 

considerable charge transfer between the two subsystems. Consequently, the 

electronic bands of the combined system originating from the SWNT do not 

coincide with those of the pure SWNT (gray lines). In contrast, for larger tubes, 

like depicted in the two right panels, this is perfectly the case. Here, the peapod 

bands arising from the tube are basically identical with those of the pristine tubes, 

and the interaction between pea and pod is merely vdW like.  

      There are two small differences between a singly and a doubly occupied 

peapod. The first one is a band splitting of 0.06 eV arising from a very weak 

interchain interaction. Its magnitude only slightly depends on the particular 

cofacial arrangement of the chains. Figure 3.7 depicts the results for the case where 

these are shifted with respect to each other by half a thiophene ring. The second 

difference is seen in the band alignment. Compared to the SWNT with one pT 

chain inside, the polymer bands are here found somewhat higher in energy.  

Generally, one can conclude that the electronic structure of oligothiophene peapods 

highlights the weak vdW-like bonding between the two pristine systems. In all 

energetically stable cases we have studied, we find that the electronic states 

stemming from different subunits of the peapod neither change dispersion nor band 

gap. In fact, the band structure of the combined system always appears like a mere 

superposition of the respective constituents’ bands. (The mechanism behind the 

alignment is discussed elsewhere. 
[40]

) This situation impressively supports the 

findings from Raman spectroscopy that basically no charge transfer occurs between 

pea and pod.  
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Figure 3.7 Band structures of pT (green dots) embedded into a (10,0) (left) and a (16,0) SWNT 

(middle). The right panel depicts the results for two pT chains encapsulated in a (16,0) tube. For 

comparison, the bands of the pristine SWNTs are indicated by gray lines.  

3.3 Conclusions 

In summary, we have synthesized and fully characterized nano-hybrids with 

tunable electronic structure in the visible range by the encapsulation of a series of 

oligothiophenes in SWNTs. Visible photoluminescence can be observed from all 

the peapods with quantum yields up to 30%. Configuration and kinetics of the 

encapsulated molecules inside the SWNTs are demonstrated by HRTEM showing 

two arrays of molecules parallel to the SWNT walls. DFT calculations demonstrate 

vdW interaction as the bonding mechanism between the tube and the encapsulated 

molecule. This is reflected in the electronic structure as well as in the measured 

Raman spectra. Only for small tubes, a considerable tube distortion and charge 

transfer is predicted. Interaction between pea and pod seems to exist, however, in 

the excited state as evidenced by optical measurements. The hybrids investigated 

here, exhibit exciting properties which could fulfil many demands for the design of 

nano-material and, hence, are expected to play role in future nano-photonic device 

applications.  



 

  55 

 

 

 

 

 

 
thesis_Gao-3 

Chapter 3 

3.4 Experimental details 

Sample preparation instruments 

For low-power sonications a 150 W ultrasonic cleaning bath, operating at 45 kHz, 

was used, while for high-power sonications a 600 W ultrasonic processor equipped 

with a titanium microtip was employed. A centrifuge IEC CL10 (Thermo electron 

corporation) was utilized for all procedures.  

 

Purification of SWNTs 

Single-walled carbon nanotubes purchased from NanoCarblab (SWNT purity: 70 – 

80 wt%, diameter: 1.2 - 1.4 nm, length: 1 - 5 µm, batch NCL K68) were heated at 

1100°C under 10
-6

 torr to remove the carboxylic groups that could prevent the 

encapsulation of molecules. In detail, 80 mg of SWNTs were placed in a quartz 

tube (I.D. = 5 mm, L = 150 mm) which was brought to 10
-6

 torr and was sealed. 

The quartz tube was heated at 1100°C for 1 h and then let to reach room 

temperature slowly.  

 

Encapsulation of oligothiophenes 

Oligothiophenes were purchased from Tokio Chemicals Industry (TCI). 

Purification of 2,2':5',2'':5'',2'''-quaterthiophene (4T) was achieved according to 

Papagni et al. 
[41]

 To this extent, 30 mg of 4T were purified by column 

chromatography with silica gel activated coal (20:1) (10 g) as stationary phase and 

toluene as eluent. The yellow residue obtained after removing the solvent at 

reduced pressure was sublimated at 0.05 torr and 140 °C affording a pure sample of 

4T. 6.1 mg of purified 4T and 5.3 mg of annealed SWNTs were suspended in 0.5 

mL of chloroform and put in a quartz tube (I.D. = 5 mm, L = 150 mm). The solvent 

was removed by heating, and the quartz tube was brought to 10
-7

 torr and was 

sealed at 50 mm from the bottom and then heated at 140°C for 72 h. The 

carbonaceous material was recovered by opening the quartz tube, and the excess of 

4T was removed in three stages: 

1) solvent washing (20 x 7 mL of toluene, high power sonication and then 

centrifugation); 

2) dynamic vacuum washing (heating the sample for 8 h at 200 °C and 10
-2

 torr) 

followed by a solvent washing stage (18 x 7 mL of toluene, high power sonication 

and then centrifugation); 

3) dynamic vacuum washing (heating the sample for 16 h at 200 °C and 10
-2

 torr) 

followed by a solvent washing stage (10 x 7 mL of toluene, pulsed sonication then 

centrifugation). 
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The washing procedure was thoroughly followed by subjecting the washing 

solutions to fluorescence analysis. We will henceforth refer to the black powder 

obtained after the third washing stage as 4T@SWNT. 

2,2':5',2'':5'',2''':5''',2''''-quinquethiophene (5T) and 2,2':5',2'':5'',2''':5''',2'''':5'''',2'''''-

sexithiophene (6T) were purchased from TCI and were treated according to the 

above mentioned procedure in order to obtain peapods, labelled 5T@SWNT and 

6T@SWNT, respectively. 

The control experiment was performed through the following procedure: SWNT (1 

mg) in CH2Cl2 (1 mL) was sonicated for 10 min, then dried under N2 flow; 

oligothiophene (0.1 mg) in CH2Cl2 (1 mL) was added to the SWNT and quickly 

dried under N2 flow in order to avoid any encapsulation of the single molecules 

The resulting solid samples are referred as 4T+SWNT, 5T+SWNT and 6T+SWNT. 

 

HRTEM 

For the HRTEM measurements a suspension of peapods in toluene was sonicated 

for 10 min and dropped onto a holey carbon grid. A FEI Titan 80-300 high-

resolution transmission electron microscope equipped with a CEOS-designed 

hexapole-based aberration corrector for the image-forming lens was operated at 80 

kV. This way, the electron knock-on damage to the sample was reduced. The 

specimen was kept at liquid nitrogen temperature during the experiment. The Gatan 

MSC794 (1k x 1k, 14bit) CCD camera was used for digital recording of HRTEM 

pictures. The Cs was set to +15 µm and a set of HRTEM pictures were recorded 

with 2-second delay. A short movie was made from a set of images that were 

aligned for the drift correction using ImageJ software. 
[42] 

We present the images 

with slightly under-focused conditions in order to enhance the contrast of the 

molecule inside the SWNT. The HRTEM image simulations were performed with 

a standard multislice procedure. 
[43] 

 

Theory 

All calculations were performed in the framework of DFT utilizing the planewave 

code Quantum Espresso. 
[44] 

A supercell approach was adopted, where the repeat 

unit of the SWNT was doubled to accommodate polythiophene (pT) inside. To 

ensure commensurability of the polymer with the SWNT, the former had to be 

stretched by 8%. For embedding bithiophene (2T), quaterthiophene (4T), and 

sexithiophene (6T), the unit cell size had to be taken three, five, and seven times 

the length of the SWNT, respectively. A vacuum size of 8 Å in perpendicular 

directions turned out large enough to prevent interactions of neighboring tubes. The 

generalized gradient approximation (GGA) was employed, and 4 k points in the 

irreducible wedge of the Brillouin zone (BZ) were used for the self-consistent-field 

(scf) calculations. In a first step, the pristine structures were relaxed independently. 
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The geometries were considered to be relaxed when all atomic forces were smaller 

than 1 mRy / Å. These geometries served as a starting point for the investigations 

of the combined systems that were then optimized including vdW interactions 

treated in an ab-initio post-scf manner. 
[45, 46] 

 

Optical spectroscopy 

UV/Vis/NIR spectra were recorded with a Cary 5 Varian spectrometer. Raman 

spectra were performed with an Invia Renishaw Raman microspectrometer (50  

objective) equipped with 488 nm and 633 nm laser sources. The measurements 

were carried out with the samples on KBr pellets. 

Photoluminescence excitation (PLE) spectra were recorded with a Perkin Elmer LS 

50B spectrometer. For time resolved and steady state PL measurements the 

solutions were excited by a 150 fs pulsed Kerr mode locked Ti-sapphire laser, 

frequency doubled at about 380 nm and the steady state PL emission was measured 

with CCD detector. The time-resolved PL was recorded by a Hamamatsu streak 

camera working in synchroscan mode. The decays were fitted using a single 

exponential decay function. All measurements were performed at room 

temperature and the spectra were calibrated for the instrumental response.  
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                                             Chapter 4 

 Effectiveness of sorting 

single-walled carbon 

nanotubes by diameter using 

polyfluorene derivatives  

Semiconducting single-walled carbon nanotubes (SWNTs) sorted by conjugated 

polymers are of great interest for electronic and optoelectronic applications. In 

this chapter we demonstrate by optical methods that the selectivity of conjugated 

polymers for semiconducting SWNTs is influenced by the structure of their side-

chains and/or the molecular weight of the macromolecules, and that side chain 

functionalities determine the solubility in different dispersion media. Moreover, 

high resolution time-resolved photoluminescence measurements provide evidence 

of energy transfer from tubes with larger band gaps towards those with smaller 

band gaps coexisting in SWNT bundles.
*
 

                                                      
*
J. Gao, M. Kwak, J. Wildeman, A. Herrmann,  M. A. Loi, Carbon, 2011, 49, 333-338. 
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4.1 Introduction 

Because of the strong tendency of carbon nanotubes to aggregate and to form 

bundles, the first few studies on the optical properties of SWNTs had limited 

success in explaining the photophysics of these one-dimensional objects. SWNTs 

are hollow cylinders composed only of carbon atoms that have remained at the 

forefront of nanotechnology research for the last two decades. 
[1–3]

 Since the first 

result of band gap photoluminescence from SWNTs dispersed with sodium dodecyl 

sulfonate (SDS) in aqueous solution was reported, 
[4]

 many molecules and 

macromolecules, including sodium dodecylbenzene sulfonate (SDBS), 
[5]

 sodium 

cholate, sodium deoxycholate, 
[6, 7]

 and single-stranded DNA, 
[8]

 have been used for 

the same purpose. Other methods for selective separation of SWNTs include 

electrophoresis, chromatography, and density gradient ultracentrifugation. 
[9–11]

 

Recently, π-conjugated polymers have proven to be very effective in solubilizing 

specific SWNTs. Among these polymers, polyfluorene homo- and co-polymers 

show unique selectivity for a narrow distribution of semiconducting species when 

dissolved in organic solvents. 
[12]

 The photophysical properties of such 

polymer/SWNT hybrids were explored from many aspects at later stage. Recently, 

Hwang et al. reported on the polymer structure and solvent effects on the 

selectivity of SWNT dispersion. 
[13]

 Other authors have studied the interaction 

between the wrapped polymer chains and SWNTs. 
[14, 15]

 However, the mechanism 

of the unique interaction of poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO) and its 

copolymer with SWNTs is still a matter for investigation. The fact that many of the 

co-polymers used have had different backbone structures compared to that of PFO 

serves to complicate relative studies. Moreover, water-soluble polyfluorene 

derivatives may also evidence selectivity for SWNT dispersion, which might be 

helpful for the application of SWNTs in biology. However, up to now no such 

studies have been reported. It would therefore be highly desirable to gain a deeper 

understanding of the role of the backbone and side-chain structures on the 

selectivity for specific SWNT. 

In our work, we studied the photophysics of SWNT dispersion with amine-

functionalized polyfluorene (poly(9,9- di-(N,N-dimethylaminopropylfluorenyl-2,7-

diyl) (PFDMA)) and its ammonium salts [(N,N,N-trimethylammonium)-propyl]- 

2,7-fluorene dibromide) (PFAB) in different media. We found that the selectivity 

for SWNTs of PFDMA in toluene is different than that of PFO. 

New absorption and photoluminescence (PL) peaks appear in PFDMA/SWNTs 

spectra, indicating the presence of a larger number of nanotube species. SWNT 

dispersions with PFAB in D2O contain similar species to the PFDMA-based 
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dispersion in toluene, with a universal shift of the PL peaks due to the change of 

effective dielectric constant of the medium. Photoluminescence decays of dispersed 

SWNTs indicate that the intrinsic lifetime of the ‘bright’ exciton in SWNTs is in 

the range of 28–40 ps. More importantly, the PL lifetimes of carbon nanotubes 

with different band-gaps show diverse lifetimes, indicating exciton energy transfer 

in residual SWNT bundles that leads to PL quenching of nanotubes with larger 

energy band gap compared to those with smaller band gap.   

4.2 Results and discussion 

The absorption and photoluminescence spectra of diluted solutions of PFAB, 

PFDMA, and PFO are shown in Figure 4.1. All samples showed a broad absorption 

ranging from 350 nm to 400 nm with absorption maxima at 393 (PFAB), 379 

(PFDMA), and 386 nm (PFO), respectively. In the case of PFO/toluene solution, 

the main peak with no vibronic structure is assigned to the α-phase, and the 

resolved shoulder at 436 nm is due to the β-phase, as reported in previously. 
[16]

 

PFDMA has short N,N-dimethylamino side chains at the 9 position of the fluorene 

unit and shows a better solubility than PFO, which exhibits linear octyl chains. 

This is evidenced both by the faster dissolution and by the lack of shoulder in the 

absorption spectrum of PFDMA. The main absorption peak of PFAB is red-shifted 

by 14 nm compared to that of PFDMA. This spectral difference may be due to the 

charged side-chains or to the larger dielectric constant of the environment (εD2O=78 

vs εtoluene=2.4). The steady-state PL spectra of all the samples display two sharp 

bands and a weak shoulder in the range of 400-500 nm (Figure 4.1).  
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Figure 4.1 Absorption (dashed lines) and photoluminescence (solid lines) spectra of PFO (blue lines), 

PFDMA (black lines) toluene solutions and PFAB (red lines) D2O solution. The spectra are 

normalized at their maximum intensity. The chemical structures of the polymers are shown at the 

right side of the figure. 

The absorption and photoluminescence spectra of HiPCO SWNTs (H-NT) 

dispersed with the three polymers at the weight ratio of 1 to 5 are shown in Figure 

4.2. Both absorption and PL spectra reveal a large difference in the capability of 

PFDMA and PFAB to disperse SWNTs selectively in respect to PFO. It should be 

mentioned that not only the structures of the polymer but also the weight ratio of 

the polymer and SWNTs might influence the selectivity for specific carbon 

nanotube species, as was recently reported. 
[17]

 However, in our study we found that 

the selectivity of the three polymers remains constant when the weight ratio of 

SWNTs to polymer is in the range between 1:1 and 1:10. It is logical to conclude 

that the different selectivity is caused by the polymer structure and not by other 

effects.  

In the absorption spectrum of the PFO sorted SWNTs (Figure 4.2(c)), the peaks at 

wavelength higher than 900 nm are the E11 transitions of 5 different SWNT species 

corresponding to (7,5), (7,6), (8,6), (8,7), and (9,7), according to the empirical 

kataura plot. 
[18, 19]

  

PFAB proved to be effective for SWNT dispersion in D2O (Figure 4.2(a)). 

However, in this case ultracentrifugation was necessary for the separation of the 

sorted SWNTs and bigger bundles by buoyant forces.  

This is understandable by simply taking into account the density of the two 

solvents, 1.1 g/cm
3
 for D2O and 0.9 g/cm

3
 for toluene. The sonicated SWNT 

dispersion with PFAB was ultra-centrifuged at 65k rpm for 2 h, as was the SWNTs 
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dispersion in standard aqueous surfactants. 
[4]

 By using optical measurements on 

the dispersion, we found that PFAB in water shows similar selectivity for SWNTs 

as PFDMA in toluene (see Figure 4.2(a) and 4.2(b)). Moreover, the selectivity 

shown by PFAB in D2O was not dissimilar to that observed for SDBS-based 

dispersions. 

The absorption spectra of SWNT dispersions of PFAB and PFDMA (Figure 4.2(a), 

4.2(b)) show higher background intensity and less-resolved features than the PFO-

based SWNT dispersion (Figure 4.2(c)), indicating the presence of more residual 

bundles in solution. Moreover, optical transitions from metallic tubes in the range 

of 500-600 nm were observed exclusively in the dispersions with PFAB and 

PFDMA (Figure 4.2(a) and 4.2(b)). The concentration of dispersed SWNTs was 

calculated by using the value   for absorption cross section, as reported recently. 
[20]

 

The result is 0.5 µg/mL for PFO/toluene dispersion, 0.8 µg/mL for 

PFDMA/toluene dispersion, and 1.2 µg/mL for PFAB/D2O dispersion, respectively. 

In general, although the amino-substituted polymers yield higher total amounts of 

dispersed nanotubes, the selectivity of these polymers for semiconducting carbon 

nanotubes is lower than that of PFO.  

Steady-state photoluminescence measurements were used to probe individual 

SWNTs and/or small semiconducting bundles in the three dispersions (Figure 

4.2(d)-(f)). The PL spectrum of the PFO dispersed SWNTs, depicted in Figure 

4.2(f), shows the highest PL intensity and the least full width at half maximum 

(FWHM) of the single peaks. Lower PL intensity and broader peaks were found for 

PFDMA/toluene and PFAB/D2O dispersions (Figure 4.2(d) and 4.2(f)). This is a 

further indication of the presence of bundles in the solution and is therefore in 

accordance with the results of the absorption measurements.  

In the case of PFAB/D2O dispersion, the PL spectra of the SWNTs (Figure 4.2(d)) 

are red-shifted by about 8 nm compared to those dispersed with PFDMA and PFO 

in toluene (Figure 4.2(e) and 4.2(f)). Such a shift has been explained previously as 

due to the dielectric constant of the solvent. 
[21]

 In order to rule out any effects due 

to the counter ions present in the side-chain of PFAB, we studied the SWNT 

dispersion in aqueous solution using a polymer with the same structure but with a 

different counter ion, namely poly(9,9-bis{3'-[(N,N,N-trimethylammonium}-

propyl]-2,7-fluorene di-(methyl sulfonate)) (PFAS). Optical experiments showed 

identical results for dispersions with this polymer as for PFAB-wrapped SWNTs 

This comparison demonstrates that the counter ions of PFAB do not affect the 

capability of the polymer to wrap around SWNTs and leave the physical properties 

of the nanotubes unchanged.   
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Figure 4.2 Absorption and photoluminescence spectra of HiPCO SWNTs dispersion with different 

polymers and solvents. Absorption spectra of SWNTs dispersed with, (a) PFAB/D2O, (b) 

PFDMA/tol, (c) PFO/tol. PL spectra of SWNTs dispersed with, (d) PFAB/D2O, (e) PFDMA/tol, (f) 

PFO/tol.  

It is important to note that CoMoCAT SWNTs (C-NT) sorting was also obtained 

and showed analogous behavior to the HiPCO tubes (Figure. 4.3).  
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Figure 4.3 Absorption and photoluminescence spectra of Comocat SWNTs dispersion with different 

polymers and solvents. Absorption spectra of SWNTs dispersed with, (a) PFAB/D2O, (b) 

PFDMA/tol, (c) PFO/tol. PL spectra of SWNTs dispersed with, (d) PFAB/D2O, (e) PFDMA/tol, (f) 

PFO/tol.  

We conjecture that the different selectivity for SWNTs of PFDMA and PFAB with 

respect to PFO is due to their different side chain structures and molecular weights, 

which leads to dissimilar interactions of the polymers with the nanotube side-walls. 

It is necessary to stress that in addition to the difference in the chemical nature of 

the side chain, the molecular weight of PFDMA (and PFAB) synthesized via 

Pd(0)-catalyzed Suzuki coupling is much lower than that of PFO, which may also 

influence the interaction of the macromolecule with the carbon nanotube’s walls. 

On the other hand, the well-known affinity of amino groups to carbon nanotubes 

could influence the recognition capability of the PFDMA as well. 
[22]

 Further 

studies that take these possibilities into account are currently underway. 

The dynamics of the excitons in SWNTs was studied with the aid of a high 

resolution streak camera (~3 ps), sensitive in the near infrared range. Figure 4.4 

shows the spectrally and time-resolved PL of the three dispersed SWNT samples 

(Figure 4.4(a)-(c)) and the PL decays in different spectral ranges corresponding to 
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the emission of (6,5) and (7,5) tubes (Figure 4.4(d)-(f)). The PL decays of both (6,5) 

and (7,5) tubes can be fitted with a bi-exponential function, where τ1 and τ2 

represent the short and long time constants, respectively. The response of the 

instrument is also included. The first decay component, τ1, is in the range of 4-14 

ps and varies depending on the polymer used for the dispersion. For the 

PFO/toluene system, the (7,5) tube has τ1 ~ 14 ps (Figure 4.4(f)), while the decay 

of the (6,5) tubes is not considered here, due to the negligible PL intensity. For 

PFAB-wrapped tubes, the first decay component of both tubes is of 5 ps and 6 ps, 

respectively (Figure 4.4(d)), where τ1 is 4 ps for (6,5) tubes and 8 ps for (7,5) tubes 

for PFDMA-based hybrids (Figure 3(e)).  

All the dispersions were excited at 760 nm, which is a non-resonant condition for 

(6,5) and (7,5) tubes. Excited electrons relax rapidly into the lowest energy level of 

the conduction band and excitons formed due to the large binding energy [a few 

hundred millielectronvolts] in semiconducting  species. Photoluminescence can 

only be observed from ‘bright’ excitons. The first decay component in the range of 

4-14 ps is attributed to the non-radiative loss of ‘bright’ exciton towards intrinsic 

‘dark’ excitonic states, wall defects, and by inter-tube interaction in residual 

bundles. 
[23-26]

 Conversely to the first decay time, both nanotube species in all the 

dispersions show a long decay component τ2 in the range of 28-40 ps, which we 

attribute to the intrinsic lifetime of this SWNT species. This is consistent with 

previous reports regarding small diameter tubes. 
[27]

 It is important to note that the 

wrapping of the polymer around the SWNTs modifies locally the dielectric 

constant, this is especially important when using media with dielectric constant 

very different from the media of the polymer (ε∼2-2.5). 

The variation of the PL lifetime of the first decay component in the polymer 

dispersed carbon nanotubes is in agreement with an energy transfer between 

species of different band-gap, which appears to commonly occur in SWNT bundles. 
[28]

 This interaction is one of the most elusive effects in carbon nanotubes 

photophysics, in that the investigation of these effects is strongly limited by the 

quality and control of the nanotubes separation. 
[29]

 Up to now, very few studies on 

energy transfer in SWNT aggregates based on steady-state measurements such as 

high-resolution optical microscopy and photoluminescence excitation spectroscopy 

have been reported. 
[30-35]

 It is known, however, that precise information of the 

energy transfer can be obtained only with time-resolved spectroscopy. 
[36]

 

Among all the species of nanotubes in the dispersions, (7,5) and (6,5) tubes have 

larger energy band gaps, which make their emission properties sensitive to inter-

tube energy transfer when they are in bundles. As we have demonstrated above, 

SWNT dispersions with PFO/toluene solution contain almost no SWNT bundles. 

This is further evidenced by the fact that the decay time is the longest of all three 

dispersions ((7,5) tube ( τ1=14 ps, τ2=38 ps). The dispersions with PFDMA and 
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with PFAB contain small bundles, and the PL decay of the (7,5) tube are τ1=8 ps, 

τ2=35 ps and τ1=6 ps, τ2=30 ps, respectively. Moreover, in the PFDMA/toluene 

dispersion the fluorescence decay of (6,5) tubes (larger band gap tube) is faster (4 

ps) than that of (7,5) tubes (8 ps), suggesting an efficient interaction between the 

larger band-gap nanotube (6.5) and the surrounding smaller band gap nanotubes 

((7.5) and smaller band gap tubes).  

Very recently, Lüer et al 
[37]

 reported ultrafast (less than 10 fs) energy transfer in 

small SWNT bundles by transient absorption spectroscopy. Although our 

measurements have inferior time resolution (3 ps), the results obtained are in 

agreement with this recent report.  

Finally, our study demonstrates that time-resolved spectroscopy is the better tool in 

order to evaluate the quality and the separation of semiconducting SWNT 

dispersion because it allows for the observation of inter-tube energy transfer in 

small bundles. 
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Figure 4.4 Intensity matrix of spectrally and time resolved PL of nanotubes sorted with, (a) 

PFAB/D2O, (b) PFDMA/tol, (c) PFO/tol. PL decays (6,5) and (7,5) SWNTs dispersed with, (d) 

PFAB/D2O, (e) PFDMA/tol, (f) PFO/tol. The blue lines are the fitting curves with two exponential 

components. The intensity is normalized at t=0. The samples were excited at 760 nm. 

4.3 Conclusions 

We have presented the photophysics of semiconducting SWNTs sorted by 

wrapping with different polyfluorene derivatives. The side chain functionalities 

were used for achieving SWNT dispersion in different solvents. We demonstrated 

that SWNT dispersions are influenced by the molecular weight and the structure of 

side-chains of the polymer. The intrinsic lifetime of the small diameter SWNTs 

measured in ensemble was found to be in the range of 28-40 ps. Moreover, we 

provided evidence of energy transfer from tubes with larger band gap to those with 

smaller band gaps occurring in SWNT bundles. These results confirm the results of 

poor selectivity found in the steady state experiments for the PFAB and PFDMA 

and further demonstrate that time-resolved PL is a very efficient analytical tool to 

estimate the degree of individual isolation of semiconducting SWNTs in solution. 
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4.4 Experimental details 

Polymer synthesis 

Poly(9,9-di-(N,N-dimethylaminopropylfluorenyl-2,7-diyl) (PFDMA) was prepared 

via Pd(0)-catalyzed Suzuki coupling of dibromo- and diboronic acid pinacol ester- 

fluorene monomers. This polymer was quarternized by the addition of methyl 

halide to form PFAB. 

 

                

 

 

 

 

 

 

 

 

 

 

 

 

  

 

   

 

Scheme S1 Preparation of water-soluble polymers PFAB and PFAS. (a) Tetrabutylammonium 

bromide (TBAB), tetrakis(triphenylphosphine)palladium (0) (Pd(PPh3)4,), KOH, toluene, reflux, 16 h. 

(b) 1-Bromo-3,5-dimethylbenzene, Pd(PPh3)4, reflux, 2 h. (c) CH3Br (or CH3I), THF, r.t., 16 h. (d) 

AgMeSO3, H2O, 16 h. 

 

PFDMA was prepared according to a previously reported synthetic procedure with 

slight modifications for end-capping. Both the dimethylaminopropyl groups at the 

9-position of PFDMA were quarternized by adding methyl bromide (Scheme S1a) 

or methyl iodide (Scheme S1b). Synthesis of PFDMA, In a two-neck round-

bottomed flask purged with nitrogen, 2,7-dibromo-9,9’-bis(3’-(N,N-

dimethylamino)propyl)fluorene (1) (998 mg, 2.00 mmol), 2,7-bis(4,4,5,5-

tetramethyl-1,3,2-dioxaborolane)-bis(3’-(N,N-dimethylamino)propyl)fluorene  (2) 

(1.205 mg, 2.05 mmol), toluene (25 mL), KOH solution (8 mL, 20 %), and 30 mg 

of TBAB (ca. 0.1 mmol), and Pd(PPh3)4 (25 mg, 0.025 mmol) were mixed and 
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refluxed for 16 h. To the reaction mixture, 1-bromo-3,5-dimethylbenzene (18 mg, 

0.1 mmol), and Pd(PPh3)4 (3 mg, 0.003 mmol) were added and refluxed for another 

2 h. NaCN dissolved in 10 mL of water was added to the mixture and stirred for 18 

h, centrifuged, and then the aqueous layer was removed. After removal of solvent, 

the polymer was dissolved in THF and then precipitated in a 20-fold volume excess 

of water. The precipitate was washed with water and dried in a desiccator on KOH 

to yield 580 mg (43%). 

1H NMR (400 MHz, CDCl3), δ = 7.85−7.80 (d, 22H), 7.71−7.66 (m, 44H), 

7.49−7.45 (6H), 2.12−2.03 (br m, 240H), 1.03-0.92 (s, 44H). 

The molecular weight determined by 1H NMR is 4.6 kDa / mol and by GPC, Mn = 

2,117 and Mw = 2,704 with the polydispersity index 1.27 upon polystyrene 

reference. For PFO from Sigma-Adrich, Mn = 15834. 

Synthesis of PFAB, PFDMA (1.0 g) was dissolved in THF and 1 mL of MeBr (or 

MeI for the preparation of PFAI) was added and further stirred at room temperature 

for 16 h. The mixture was additionally refluxed for 1 h. The solid was filtered and 

washed with ether to yield a yellow solid (1.13 g, 77%). 

Synthesis of PFAS, To a solution of PFAI (500 mg) in warm water (40 mL), Ag-

methylsulfate (2.0 equivalent) was added, a solid of AgI was formed immediately, 

and stirred for 16 h. The reaction mixture was centrifuged and the supernatant was 

decanted. After removal of water from the mixture by rotary-evaporator, acetone 

was added to precipitate the product, filtered, and subsequently washed with to 

yield a yellow solid (800 mg). 

The molecular weight of PFDMA was found to be almost one order of magnitude 

lower than that of PFO, which was purchased from Sigma–Aldrich (The 

Netherlands) and used as received. 

 

SWNT dispersion preparation 

Two kinds of carbon nanotubes, CoMoCAT SWNT (C-NT) from Southwest 

Nanotech and HiPCO SWNT (H-NT) from Carbon Nanotechnologies, were used 

as received. The CoMoCAT SWNTs were characterized by a narrower diameter 

distribution in respect to the HiPCO SWNT (H-NT). For the preparation of SWNT 

dispersions, dry nanotubes were added to 6 mL of polymer solution in a weight 

ratio of 1mg SWNT to 1–10 mg polymer, and the mixture was sonicated for 4 h in 

a tabletop ultrasonic bath (VWR, The Netherlands). After sonication, the crude 

dispersion was centrifuged at 5k rpm for 20 min, and the aqueous dispersion was 

ultracentrifuged at 65k rpm for 2 h. The supernatant was then removed for further 

measurements.  

 

Optical spectroscopy 
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Absorption spectra were recorded with a Perkin-Elmer UV/Vis/NIR 

spectrophotometer (Lambda 900). Steady-state and time-resolved 

photoluminescence measurements were performed, exciting the solutions at 760 or 

380 nm by a 150 fs pulsed Kerr mode locked Ti-sapphire laser. The steady-state PL 

of SWNTs and polymers were measured with InGaAs and Si-CCD detectors, 

respectively. The time-resolved PL of the 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 5 

 Selective wrapping and 

supramolecular structures of 

polyfluorene-carbon 

nanotubes hybrids 

In this chapter, we report on the photophysical properties of single-walled carbon 

nanotubes (SWNT) suspensions in toluene solutions of poly(9,9-di-n-octylfluorenyl-

2,7-diyl) (PFO). Steady-state and time-resolved photoluminescence spectroscopy 

in the near infrared and visible spectral regions are used to study the interaction of 

the dispersed SWNT with the wrapped polymer. Molecular dynamics simulations of 

the PFO-SWNT hybrids in toluene were carried out to evaluate the energetics of 

different wrapping geometries. The simulated fluorescence spectra in the visible 

region were obtained by the quantum chemical ZINDO-CI method, using a 

sampling of structures obtained from the dynamics trajectories. The tested schemes 

consider polymer chains aligned along the nanotube axis, where chirality has a 

minimal effect, or forming helical structures, where a preference for high chiral 

angles is evidenced. Moreover, toluene affects the polymer structure favoring the 

helical conformation. Simulations show that the most stable hybrid system is the 

PFO-wrapped (8,6) nanotube, in agreement with the experimentally observed 

selectivity.
*
 

                                                      
*
 J. Gao, M. A. Loi, E. J. F. Carvalho, M. C. dos Santos, ACS Nano, 2011, 5, 3993-3999. 
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5.1  Introduction 

Single walled carbon nanotubes (SWNTs) are long sp
2
 carbon cylinders, often 

closed at the ends by some type of fullerene structure. The electronic structure of 

these systems depends on how the network of C-C bonds distributes along the 

cylinder axis. Formally, the classification of structures is made in terms of two 

integers (n,m), the so-called chiral indices, by which the tube diameter, perimeter, 

chiral angle, and ultimately the electronic properties are determined. 
[1] 

The chiral 

angle and diameter are given by tan θ = √3m/(2n+m) and d = (a0/π)(n
2 

+ m
2
 + 

nm)
1/2

, respectively, where a0 is the length of the grapheme primitive vectors. The 

electronic structure can be deduced from the chiral indices by a simple relation: 

nanotubes possessing chiral indices satisfying (n-m) = 3q (q integer) are metallic or 

semimetallic while all the others are semiconducting. SWNT samples are formed 

by bundles containing tubules of the various chiralities, diameters, and electronic 

structures. The effective use of these systems in nanotechnology requires the 

availability of monodisperse samples, which led in recent years to the development 

of several separation techniques. 
[2]

 In one of these techniques, SWNTs are 

dispersed in toluene solutions of the conjugated polymer poly(9,9-di-n-

octylfluorenyl-2,7-diyl) (PFO). This polymer selectively wraps on certain 

nanotubes which are separated from the bundles. The fluorescence of the isolated, 

polymer-wrapped nanotubes suspended in the solutions can be observed. 
[3, 4] 

The 

PFO selectivity privileges semiconducting nanotubes, a feature that has recently 

been used to prepare electronic devices on extended surface areas. 
[5] 

Among 

SWNT samples prepared by the high-pressure carbonmonoxide (HiPCO) method, 

the most commonly observed nanotubes through PFO wrapping are, in order of 

decreasing concentration, (8,6), (9,7), (8,7), (7,5). and (7,6). All these SWNTs have 

high chiral angles. Moreover, the selectivity depends strongly on the solvent used 

and on the nature of the side chain attached to the fluorene unit: 
[6, 7]

 (i) in solutions 

of the solvent tetrahydrofuran the PFO selectivity is lost; (ii) changing the lateral 

alkyl chain of the polymer from octyl to hexyl increases the number of SWNT 

species selected and the chirality selectivity is lost; (iii) adding polar lateral chains 

like dimethylaminopropyl or the water-soluble trimethylammonium- propyl 

bromide to the fluorine unit also broadens the number of selected SWNTs. 

Selectivity hence appears to be related to the structural properties of the PFO 

toluene system. 

 The structure of PFO chains in several solvents and in the solid state, as well as 

the way the structure affects the photophysical properties of this highly fluorescent 

polymer, have been a subject of continued interest in the literature. 
[8-10] 

Recent 
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neutron diffraction studies combined to nuclear magnetic resonance and quantum 

chemical calculations 
[10]

 revealed that at low concentrations of PFO in toluene the 

chains are mainly isolated. Aggregation phenomena start to occur at low PFO 

concentrations and are increasingly important as concentration increases due to 

interpenetration of the polymer chains. The driving force to aggregation is the van 

der Waals interaction between the octyl lateral tails that interconnect the polymer 

chains like a zipper. The stabilization of the so-called β-phase is known to be 

dependent on the size of the lateral chain, being optimum for octyl. Smaller side 

chains have to compete with backbone backbone interactions while longer side 

chains can bend and are more subjected to disorder effects. This partially ordered 

polymer phase is also dependent on the average polymer size since high molecular 

weight chains can fold and the aggregation induced by the lipid-lipid interaction of 

side chains from different portions of the same polymer backbone can occur.  

      Here we report on studies of PFO selectivity for high chiral angle SWNTs in 

toluene by steady-state and time-resolved photoluminescence spectroscopy in the 

near-infrared and visible spectral regions. We also carried out atomistic molecular 

dynamics simulations of these systems. We used conformations from the dynamics 

trajectories to calculate the emission spectrum of the polymer chains wrapping 

around the tubules and configuration averaged to compare the emission properties 

from different wrapping schemes. We conclude that the mechanism responsible for 

the selectivity is the same found for the stabilization of the β-phase. The alkyl tails 

of neighboring polymer chains zip and align, through van der Waals interactions, 

on similar zigzag motifs on the nanotube wall. The best coverage of the nanotube 

wall is obtained when the zipped polymer chains adopt a helical conformation, 

maximizing at the same time the π-π interactions between nanotube and fluorene 

units and the network of octyl-octyl tails and the zigzag bonds on the nanotube wall. 

The geometry that maximizes these attractive interactions for PFO was calculated 

to be the (8,6) nanotube, in agreement with experiment. The observed 

modifications in the wrapped-polymer luminescence as compared to the polymer in 

solution give indications about the supramolecular arrangements of the PFO 

SWNT system. 

5.2 Results and discussion 

To obtain the simulated fluorescence spectra and study how different wrapping 

geometries affect them, we devised a technique that uses a combination of classical 

molecular dynamics and quantum chemistry. For this purpose, adjustments in the 

force field (FF) parameters were made, as described in the Methods section, to 

obtain a PFO equilibrium conformation closer to that of the excited state. By this 
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approach, the fluorescence spectrum can be calculated using the methods usually 

applied to obtain the absorption spectrum in the ground state conformation. 

Although the excited state geometry is not perfectly reproduced, the resulting FF 

conformation gave a wavelength for the lowest dipole allowed excitation energy, 

λmax, quite close to that of the excited state, as shown in Figure 5.1.   

 

Figure 5.1 Ground (GS) and excited (ES) state geometrical data for bifluorene as obtained from 

B3LYP and CIS calculations, respectively. FF data are for the optimized molecule in the modified 

CVFF force field. The labels A F refer to bond lengths (Å) and φ to the torsion angle (degrees). Also 

indicated is λmax(nm), obtained via the ZINDO/S CI method.. 

 The series of nanotubes chosen for the present theoretical study have diameters 

varying from 7.5 to 10.5 Å. These cylinders can accommodate up to three PFO 

chains aligned along the nanotube axis. We also considered the possibility that 

groups of three PFO chains wrap around the tubes forming helices, as illustrated in 

Figure 5.2. Differently from previous studies, 
[3] 

we found helical arrangements in 

which the conjugated polymer backbone faces the tube wall. One of the octyl 

chains also wraps around the tubes while the other points toward the solvent. 

Typical geometries are shown in Figure 5.2. 
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Figure 5.2 (8,6) Nanotube wrapped by three PFO chains (represented as blue, red and yellow 

structures) in two geometries: chains aligned to the tube axis (top, left) and forming helices (bottom, 

left). The solvated system included enough toluene molecules (light gray structures) to cover the octyl 

side chains (right). 

The comparison between aligned and helical wrapping of PFO in SWNT was 

performed by calculating the average potential energy at 300 K and subtracting the 

total potential energy of the respective configurations in the ground state, resulting 

in the relative potential energy ∆E. These energies were plotted as a function of 

SWNT diameter and chiral angle in Figure 5.3. Error bars are also indicated and 

represent the average fluctuation from the dynamics trajectories. We note first that 

the helical wrapping is better in the sense that it allows a closer contact among the 

different parts, namely, alkyl-alkyl, alkyl-nanotube, and fluorine-nanotube 

interactions. As the formation of these PFO helices do not involve large torsion 

angles between fluorene units, the average energy increase due to torsions is 

compensated by the attractive interactions. Basically, the helical wrapping has 

much lower potential energy because it allows the zipping of the alkyl tails 

regardless of the tube diameter or chirality. Notice in Figure 5.2 that the wrapping 

geometry corresponding to chains aligned along the nanotube axis in (8,6) SWNT 

cannot perfectly attach through octyl-octyl contacts due to the relative sizes of 

alkyl tail and nanotube diameter. Given the 3-fold zipped chains, the torsions have 

to be adjusted on each tubule to accommodate the helix that allows the best 

contacts among the parts. The arrangement obviously depends on nanotube 

diameter and, more importantly, on chirality. There is a combination involving a 

diameter and a chiral angle that allows the best interaction contacts, which is 

represented by the (8,6) nanotube, as evidenced in Figure 5.3. We also note that, in 

the wrapping configurations having chains aligned to the nanotube axis, the tubes 

(8,6) and (8,7) have the lowest potential energies, however, larger than in the 

helical geometry. We also performed similar MD simulations without toluene and 
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the energy difference between these wrapping schemes is smaller, but still the 

helical wrapping is more stable. Toluene, thus, seems to favor the helical wrapping. 

 

 

Figure 5.3 ΔE = (E(300 K)-E(0)) for the PFO SWNT hybrids in toluene, for chains aligned to the 

tube axis (black) and rolling up as helices (red) as a function of (a) diameter and (b) chiral angle. 

 To test the influence of the underlying β-phase of PFO in toluene on the 

wrapping process we prepared two sets of experiments in which (i) the solutions 

are prepared at room temperature and (ii) the PFO solution is first heated at 80 °C 

for less than 1 min to destroy the chains aggregation, which is seen in the insets of 

Figure 5.4 by the vanishing of the characteristic β-phase absorption peak at ~440 

nm, and then the nanotubes are added. PFO from Sigma-Aldrich was used in all the 

experiments for SWNT dispersion. The results are shown in Figure 5.4. There is a 

clear enhancement of (8,6) nanotube selectivity upon removal of the aggregated 

phase of the polymer before the wrapping. This indicates that nanotubes must be 

working as a template to reform the polymer aggregates. Another important piece 

of information comes from the photoluminescence of the polymer wrapping on 

(7,5) and (8,6) nanotubes. According to the theoretical results, we should expect 

the PFO chains to be better accommodated on the (8,6) nanotube and thus having a 

photoluminescence spectrum closer to that of PFO in toluene. Owing to the helix 

formation in the small diameter (7,5) nanotube we should find differences related 

to the more stressed polymer structure. Experiments were carried out to measure 

the fluorescence of the PFO-nanotube hybrids in polymer-free solutions. It is very 

challenging to really isolate a single PFO-SWNT type; however, given the relative 

intensities, the luminescence of samples prepared with HiPCO nanotubes should be 

dominated by the (8,6) tube while in the CoMoCAT samples the (7,5) nanotube has 

the strongest luminescence intensity. 
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Figure 5.4 PL spectra of dispersed H-NT in PFO solutions with (black) or without (red) heat 

treatment in toluene at concentrations of 0.1 mg/mL (a) and 0.2 mg/mL (b). The PL spectra of 

dispersed nanotubes are normalized at the maximum intensity of the (8,7) tubes. Absorption spectra 

of PFO solutions are shown in the insets. 

The experimental results are shown in Figure 5.5, together with the simulated 

spectra. Figure 5.5(a) shows the PL intensity as a function of photon wavelength 

emission of the PFO-(7,5) nanotube hybrid compared to the PFO solutions in 

toluene. Although we expect that PFO chains are aggregated in both situations 

(PFO in solution and PFO attached to the (7,5) nanotube), there is more order in 

the polymer structure coiled around the nanotube. The alkyl tails that sit on the 

nanotube are more constrained in their movement, limiting the torsion between 

fluorene units. The vibronic progression is modified and reflects this new structure. 

In particular, the feature peaking at 460 nm is enhanced in the PFO nanotube 

system. Figure 5.5(b) shows our simulated spectra averaged on structures obtained 

from MD calculations. Three spectra are shown, for the configurations of coiled 

polymers (red), free polymer chains in solution (blue), and polymers aligned to 

SWNT axis (black). First we notice that the simulated spectra extend up to 500 nm 

due to size effects-the simulated chains are much shorter than the actual PFO 

chains in the experiment. However it is possible to note that polymer chain 

conformations on the nanotubes are more constrained in their movements resulting 

in a sharpened spectrum. A slight decrease of the feature peaking at 410 nm results 

from it in both the aligned wrapping and helical wrapping configurations. 

However, the coiled structures present a strong feature peaking at 450 nm which is 

due to the more stressed polymer structure coiled around a small diameter cylinder. 

Comparing with the experimental spectra, we conclude that this feature is a 

signature of the helical wrapping. 
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Figure 5.5 Steady-state and time-resolved (inset) photoluminescence of the PFO (black curves) 

interacting with CoMoCAT (a) or HiPCO SWNTs (c) after removal of the residual polymer. Red 

curves are for PFO in toluene. Simulated emission spectra of PFO structures: chains from PFO-(7,5) 

nanotube (b) and PFO-(8,6) nanotube (d). Black curves are for chains aligned on nanotube axis, red 

curves are for helical wrapping and blue curves are for free PFO in toluene. 

Figure 5.5(c) and Figure 5.5(d) show the experimental PL results and the simulated 

spectra, respectively, for the PFO-(8,6) hybrid. We notice a much less important 

modification of the spectrum when compared to the PFO solution, but with a 

decrease in the intensity of the first peak. In the simulated spectra, the helical 

conformation gives a three peaks spectrum with a first peak at lower intensity than 

the second peak, which differs from the aligned wrapping chains in that the peaks 

have practically all the same intensity. This reflects a more relaxed structure of 

PFO in the (8,6) nanotube. Although it is less evident that there is a helical 

wrapping in this case, the comparison with the fluorescence of PFO in toluene from 

different PFO samples is enlightening. Figure 5.6 displays the photoluminescence 

spectra of two diluted PFO samples from different sources, which are labelled as 

low and high molecular weight (MW). The photoluminescence decays of both 

samples are monoexponential (τ≈380 ps) indicating that single polymer chains are 

isolated in the solvent. In the low MW sample (MW 58200) the first and second 

peaks of the vibronic progression have approximately the same intensity, while 
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other peaks are much weaker. In the high MW samples (MW 40000-120000), 

where chain folding and bending are expected to occur, the vibronic peaks 

resemble those observed in the PFO-(7,5) nanotube hybrid (Figure 5.5(a)). In 

particular, the first peak corresponding to the (0-0) transition has smaller intensity 

than the (0-1) transition, which could be interpreted as being a consequence of 

torsion angles between fluorene units. Torsion angles are needed to form helices as 

well. 

 

Figure 5.6 PL spectra of low and high molecular weight PFO samples in toluene. 

  Finally, we discuss the results for the PL decay, shown as insets of Figure 

5.5(a) and Figure 5.5(c). In both PFO-(7,5) and PFO-(8,6) systems the quenching 

of the fluorescence was observed indicating that there is an electronic interaction 

between fluorene units and the nanotubes. However, it is much more pronounced in 

the PFO-(7,5) nanotube hybrid. Together with the photoluminescence spectra, our 

data evidence important differences in the polymer conformations wrapping around 

nanotubes of different diameters and/or chiralities. According to our MD 

calculations, this is due to a more constrained polymer conformation in the smaller 

diameter (7,5) nanotube, which involves larger torsion angles between fluorene 

units.. 

 Very recently, Ozawa et al. 
[11] 

demonstrated the recognition/extraction 

relationship between the copolymer (9,9-bis[n-decyl] fluorene-9,9-bis[(S)-(+)-2- 

methylbutyl] fluorene) and SWNTs, along with a molecular mechanics modeling. 

The copolymer selectivity depends on the relative amount of units containing the 

bulky methylbutyl side group. For copolymers containing more than 80% of those 

bulky units the polymers wrap preferentially at the (10,3) nanotube, whose chiral 
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angle is 12.7°. The molecular modeling was performed for the binding energy of 

the hexamer and SWNTs without considering the solvent effect, and the results did 

not allow for an interpretation of the change in selectivity. Temperature and solvent 

effects are essential ingredients to properly model these systems, as we showed. 

Moreover, we explored further our simulations and used the molecular geometries 

to obtain the fluorescence spectra of the polymers on nanotubes to compare with 

our experiments. 

5.3 Conclusions 

Our results are consistent with a PFO-nanotube interaction in toluene dominated by 

the octyl-octyl zipping mechanism that locks the polymer chains on the nanotubes, 

similarly to what has been observed in the β-phase of PFO in toluene. The 

preference manifested by this polymer to certain nanotubes depends on the tube 

diameter and chirality: the cylindrical template has to provide an appropriate 

diameter to the coiling of chains and the carbon-carbon motif of bonds has to be in 

a proper direction to allow a good contact between octyl chains and the nanotube 

wall. The fluorine-nanotube interaction plays a smaller role in the polymer 

adsorption on nanotube walls in the less constrained PFO-(8,6) nanotube system 

and consequently the modifications of the polymer PL spectrum and decay are less 

evident. Other studies have also pointed to a preference for helical wrapping of 

conjugated polymers in SWNT, 
[12, 13]

 even in the case of conformationally 

restricted polymer chains. 
[12]

 The spontaneous formation of helical patterns of 

adsorbates on cylinders driven by electrostatic interactions was theoretically 

demonstrated 
[14]

 and extended to include a competing elastic force. 
[15] 

Although 

our modelling includes more interactions, we believe that our results belong to the 

same class of phenomena. More importantly, we found that PFO selectivity is 

strongly dependent on the solvent: it may induce the formation of polymeric 

supramolecular structures in solution that are transferred to the nanotube walls. 

5.4 Experimental details 

SWNT dispersion preparation 

Poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO) was purchased from Sigma-Aldrich 

and used as received. These polymers, used to study the polymer nanotube hybrids, 

have an average molecular weight (MW) of 58200. Another PFO sample, 

purchased from American Dye Source (ADS), has typically much higher molecular 

weight (MW 40000-120000) and was used to evaluate molecular weight effects in 

absorption and photoluminescence spectra of polymer solutions in toluene. Two 
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kinds of carbon nanotubes, CoMoCAT SWNT (C-NT) from Southwest Nanotech 

(USA) and HiPCO SWNT (H-NT) from Unidym (USA), were used as received. 

The C-SWNTs were characterized by a narrower diameter distribution than the H-

SWNTs. For the preparation of SWNT dispersions, 1 mg dry nanotubes were 

added to 5 mL toluene solution with different polymer concentrations and the 

mixture was sonicated in a tabletop ultrasonic bath (VWR, The Netherlands). After 

sonication, the crude dispersion was centrifuged at 5k rpm for 20 min. The 

supernatant was then removed for further measurements. To wash out the isolated 

polymer, the solution was filtered through a Teflon membrane filter (100 nm pore 

size) and rinsed with toluene several times until no photoluminescence (PL) 

emission was detected from the filtrate. Finally, the filter was steeped in toluene 

and mildly sonicated for 10 min, yielding a SWNT-enriched solution with minimal 

polymer residue.  

 

Optical spectroscopy 

Absorption spectra were recorded with a Perkin-Elmer UV/Vis/NIR 

spectrophotometer (Lambda 900). Steady-state and time-resolved 

photoluminescence measurements were performed by exciting the solutions at 760 

or 380 nm by a 150 fs pulsed Kerr mode locked Ti:sapphire laser. The steady-state 

PL of SWNTs and polymers were measured with InGaAs and Si-CCD detectors, 

respectively. The time-resolved PL of the dispersion was recorded by Hamamatsu 

streak cameras working in synchroscan mode. All the measurements were 

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

instrumental response. 

 

Theory  

The binding of PFO to (n,m) SWNTs was studied through classical molecular 

dynamics (MD) in nonperiodic models. Simulations were run in the NVT ensemble 

at T = 300 K, using the Nosé-Hoover thermostat. The solvent toluene was used. 

Tubes (7, m) and (8, m) (m = 4,5,6,7) were investigated. Structures were built with 

open ends and have an average length of 200 Å. MD calculations were performed 

within the Open Force Field module of Cerius 2 package 
[16]

 adopting the 

CVFF950 force field. 
[17] 

Forces include bond stretching, bond angle and torsion 

angle potentials, van der Waals interactions, and Coulomb interactions between 

atomic charges obtained from density functional calculations. Some force field 

parameters have been conveniently modified as follows. CVFF attributes atom type 

“c5” to the sp
2
 carbons in a five-membered ring and atom type “c” to the sp

3
 

carbon bonded to four carbon atoms, such as the one connected to the alkyl chains 

in PFO. The use of standard CVFF parameters produces a too short B bond in 

Figure 5.1 and the angle centered in the sp
3
 carbon involving its two sp

2
 neighbors 
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is too acute, compared to the excited state geometry. Thus, our strategy was to 

widen this angle to increase the B bond and hence get closer to the excited state 

bond alternation. To accomplish this, a new harmonic term was introduced to this 

c5-c-c5 angle, with an equilibrium angle at 180° and a force constant of 135.0 

kcal/(mol rad
2
). To compensate for some distortions induced by this change, the 

force term for angles of the type c-c5-c5 was stiffened from 120.0 to 145.0 

kcal/(mol rad
2
) and the Morse potential energy constant between two bonded c5-

type atoms was increased from 70.0 to 110.0 kcal/mol. All other parameters are as 

in the original CVFF force field.  

Snapshots of the conformations from the final 50 ps of MD simulations were used 

as inputs to calculate the fluorescence spectra of the polymer chains. As a 

conjugated polymer, polyfluorene has distinct patterns of bond order alternation in 

the ground and the excited states. To account for that, we calculated the ground 

state conformation of a fluorene dimer, with methyl replacing octyl side chains, 

through density functional theory (B3LYP functional 
[18]

 with Gaussian 6-31G(d) 

basis set), also used to attribute net charges on atoms in MD calculations, and the 

first excited state conformation was obtained by means of a configuration 

interaction scheme that includes all singly excited Slater determinants (CIS) with 

the same 6-31G(d) basis set. The excitation spectrum was subsequently calculated 

using the semiempirical ZINDO/S CI method. 
[19] 

The quantum chemistry package 

Gaussian 03 
[20]

 was used. A solvent layer was included to cover the wrapped 

polymer following a procedure previously described. 
[21] 

The simulations were run 

at a time step of 1.5 fs and lasted 500 ps. The selection of polymer conformations 

at the final 50 ps of simulation took into account the average potential energy and 

its variation along the simulation. MD snapshots close to the mean potential energy 

were chosen. A total of 25 snapshots were taken resulting in 75 polymer 

conformations for each nanotube. The excitation spectra were then calculated 

through ZINDO/S-CI and averaged. Gaussian lineshapes of 2 nm of half width 

were used to produce the simulated fluorescence spectra. By this method, each 

conformation represents a particular snapshot along the vibrational movement of 

the atoms and thus the vibronic structure of the fluorescence spectrum is captured. 

A correction was applied to the spectra to smoothly cut off emissions with 

wavelengths smaller than 400 nm which are actually produced by chain segments 

closer to the ground state geometry and are part of the absorption spectra.  
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                                             Chapter 6 

 Extrinsic effects on the 

ambipolar electrical 

transport in semiconducting 

single-walled carbon 

nanotube transistors 

In this chapter, we report both hole and electron transport in field-effect 

transistors by using high purity semiconducting single-walled carbon nanotube 

(SWNT) dispersion. A highly scalable method is demonstrated for the sample 

preparation and the resulting transistors show carrier mobility in the range of 10
-3

-

10
-2

 cm
2
/V s both for holes and electrons. The on/off ratio of the device (channel 

length 5 µm) is higher than 6×10
2
 which is one of the highest reported for short 

channel FETs with SWNT networks. We further show the effects of air exposure on 

the performance of the transistors. Interestingly, the hole mobility increases with 

the exposure to air, while the electron mobility significantly decreases.
*
 

                                                      
*
J. Gao, I. Iezhokin,  M. A. Loi, submitted. 
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6.1 Introduction 

Semiconducting single-walled carbon nanotubes (SWNTs), one of the most 

important candidates for next generation semiconductor technology, have shown 

great potential as active material for field-effect transistors (FETs). 
[1-4]

 The 

protocols used for device fabrication can be generally described in two categories. 

In the first category, SWNTs are grown on a substrate by chemical vapor 

deposition (CVD) methods at high temperature (~900℃) and then the electrodes 

are patterned by electron beam lithography. The active components of the device 

can be either single tube or a network of them. 
[5-11]

 The resulting transistors show 

ambipolar behavior, which means that carbon nanotubes conduct both holes and 

electrons. In the second category, pristine SWNTs are dispersed in aqueous or 

organic solution and then deposited by solution-based methods on the substrate 

with pre-patterned electrodes. The second process scheme allows for large area 

device preparation and low temperature processing, which are certainly more 

suitable for further device integration. However, the electron transport in the device 

fabricated following this protocol, the n-type characteristic, is generally strongly 

suppressed or totally absent. 
[12-15]

 The origin of this electron transport deficiency is 

still under debate. One of the generally held views is that electron injection is 

obstructed due to the Schottky barriers at the metal/SWNTs interface. 
[16]

 Recently, 

Martel et al. demonstrated that the oxygen/water couple could electrochemically 

induce electrons transfer from semiconducting SWNTs to them and suppress 

electron conduction in SWNTs much like in organic semiconductors. 
[17]

 It is 

therefore desirable to explore the optimal condition for the fabrication of ambipolar 

FET with solution-processable SWNTs and further understand the effect on the 

electrical characteristics of air exposure and/or thermal annealing.   

In this work, we report the preparation of ambipolar FETs with high purity 

semiconducting SWNT dispersion. Solution processed FETs with randomly 

distributed SWNT network in the channel show carrier mobility in the range of 5-

8.5×10
-3

 cm
2
/V s for hole transport and 2-4×10

-3
 cm

2
/V s for electron transport. 

Moreover, the effect of the different environmental conditions on the ambipolar 

electrical characteristics of the FETs is reported. The hole mobility of SWNT FETs 

increases of 60% with exposure to air for 24 h and the threshold voltage shows a 

positive shift. On the contrary, the electron transport is suppressed with exposure to 

air and no electron transport was observed after one day in air ambience. An almost 

recovery of the mobility for holes was obtained by re-annealing in vacuum. While 

electron transport was only partially recovered, showing degraded characteristics. 
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Annealing in air converted ambipolar SWNT devices into unipolar ones and 

increased the hysteresis in transistors I-V characteristics  

6.2 Results and discussion 

The absorption spectra of the as-dispersed SWNTs (dash) and the one after 

enrichment (solid) are shown in Figure 6.1. Poly(9,9-di-n-octylfluorenyl-2,7-diyl) 

(PFO) solution in toluene has proven to be one of the most effective polymers for 

sorting semiconducting SWNTs due to the unique interaction between the polymer 

chains and semiconducting carbon nanotubes. 
[18-21] 

 

The absorption spectrum of the as-dispersed SWNTs (dash) shows almost no 

background intensity, which is generally an indication of presence of bundles and 

of metallic tubes. The peaks at wavelength higher than 900 nm are the E11 

transition of 4 semiconducting SWNT species corresponding to (7,5), (7,6), (8,6) 

and (8,7). The absorbance below 400 nm is due to the polymer chains in the 

solution with concentration close to that of the pristine solution (~0.3 mg/mL). The 

absorption spectrum of the SWNTs after enrichment (solid curve Figure 1) shows 

much higher absorbance intensity (O.D. ~ 0.2) than that of the as-dispersed one 

(O.D. ~ 0.05). By taking into account the absorption cross section 

atomcmE
S /101)( 218

11

−
×≈α  for dispersed carbon nanotubes, 

[22] 
we estimated 

the SWNT concentration to be about 0.4 µg/mL for the as-dispersed nanotubes and 

6 µg/mL for the one after enrichment. No optical transitions from metallic species 

in the spectral range of 500-600 nm were observed. The reduction of absorption 

intensity at 380 nm is remarkable and indicates that this method is highly efficient 

in removing excess polymer from the dispersion. 
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Figure 6.1 Optical absorption spectra of the as-dispersed SWNTs (dash curve) and the enriched 

SWNTs (solid curve) in toluene solution. 

So far, there have been a couple of reports on the preparation of semiconducting 

SWNT dispersion by using conjugated polymers to make electronic devices. From 

these it appears clear that the removal of the polymer is essential to achieve good 

performing devices. Izard et al. reported the separation of dispersed SWNTs from 

the excess PFO by extensive washing. 
[23] 

However, the efficiency of the separation 

and the yield of the procedure for SWNT enrichment were not mentioned in details. 

Krupke et al. reported the realization of carbon nanotube device array by using 

PFO/toluene dispersed SWNTs but no efficient method for the removal of wrapped 

polymers was presented. 
[24]

 Recently, Chan-Park et al. demonstrated a degradable 

conjugated polymer for the enrichment of semiconducting SWNTs but the 

selectivity of the polymer is not as good as that of PFO. 
[25] 

Arnold et al. presented 

a method with two-step centrifugation for the preparation of semiconducting 

SWNTs analogues to what we used in this study. 
[26] 

However, our procedure has 

the advantage of being much less time-consuming than the previously reported one.  
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Figure 6.2 Analysis of the electrical characteristics of SWNT transistors: (a) Hole mobility and 

average on/off ratio versus device channel length; (b) Electron mobility and average on/off ratio 

versus device channel length. The error bars indicate the spread of results obtained over all the 

measured devices. 

Figure 6.2 shows the electrical characteristics of bottom-contact FETs with 

randomly distributed SWNT network as channel. More than 10 devices were 

measured for each channel length. The carrier mobility is calculated by using the 

saturation regime formula for field-effect transistors as reported in the experimental 

section. The values for channel width (W: 1 cm) and length (L: 5, 10, 20 µm) are 

defined by the pattern of the electrodes. The obtained hole mobility (µh) is in the 

range of 5-8.5×10
-3

 cm
2
/V s and electron mobility (µe) is 2-4×10

-3
 cm

2
/V s. The 

device mobility remains almost constant with the increase of the channel length 

while the on/off ratio increases. The off current is in the order of 10
-10

 Ampere at 

source drain bias (Vd = -5 V) and on/off ratio of all the devices is in the range of 

10
3
-10

4
 for p-channel and 6 ×10

2
-10

3
 for n-channel, which is comparable to that 

reported for a 99% semiconducting SWNT solution. 
[1] 

This data indicates the high 

purity of the semiconducting SWNT dispersion and is in good agreement with that 

estimated from optical measurements. In fact high on/off ratio with short channel 

length are not achievable without a metallic-tube free carbon nanotube sample. 

Despite of the good on/off ratio, the overall device performance seems to be 

inferior to the one reported in the paper by Engel et al. 
[1]

 which reaches up to 20 

cm
2
/V s. However, it is important to notice that the device performance is 

determined by the SWNT coverage in the channel region and by the concentration 

of metallic tubes in the network. 
[27-29]

 For this purpose we have also calculated the 

effective mobility of the FETs by taking into account the nanotube coverage and 

not only the simple geometry of the transistor channel as for the data reported 

above. The details will be discussed below. However, out intention in the study is 

not to compete for the highest device performance but rather to understand the 
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characteristics of solution-processed SWNT transistor, also the influence of the 

environment on their transport mechanism. 

One of the important characteristics of our solution-processed FETs is their 

ambipolar character. As we discussed above, most of solution-processed SWNT 

FETs so far have shown only hole conduction (unipolar) and the generally accepted 

views for the suppression of electron conduction include: (i) large Schottky barrier 

at nanotube-electrode interface impedes electron injection; (ii) the –OH groups on 

the surface of dielectric layer act as traps for electrons; (iii) Adsorbed H2O and/or 

O2 molecules act as redox couple and induce an electron transfer from SWNTs the 

molecules, leading to the suppression of the electron conduction.  

The injection barrier could be ruled out as a major factor because the Schottky 

barrier formed at the interface between Au electrode (work function: 4.9) and 

carbon nanotubes with diameter around 0.9 nm (Fermi level: 4.5 eV) 
[30]

 is as high 

as 1 eV, and much larger than the one between Au and SWNTs with diameter 

larger than 1.1 nm, 
[31]

 indicating that the barrier is not the main factor for the 

limited electron conduction. 

Conversely, it appears that the ambipolarity of SWNT transistors benefits from the 

surface treatment on dielectrics with 3-aminopropyltriethoxysilane (APTES) that 

reduced the density of –OH group, in particular when the sample preparation is 

done in water free environment.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3 Variations of field effect mobility with exposure to ambient conditions. Solid line is drawn 

to guide the eyes.  

In order to investigate the effects of water and oxygen on the performance of 

SWNT devices, we exposed the devices to ambient environment (~70% relative 

humidity at 20℃) for up to 24 h and performed I-V measurements under the same 

conditions. We observed that ambient conditions induced an increase in hole 

transport as well as a decrease in electron conduction of the device. Hole mobility 
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increased from 7.5×10
-3

 to 1.2×10
-2

 cm
2
/V s after 24 h exposure and the threshold 

voltage (Vth) for the p-channel showed positive shifts (-4 V to 4 V). Simultaneously 

the n-channel degraded with exposure to air and no current was observed after 24 h 

with gate bias up to 60 V. Similar behavior have also been observed in single and 

double-walled carbon nanotube FETs 
[32, 33]

 and has been attributed to the effects of 

oxygen, such as the variation of the work function of electrode with exposure to air 

or the hole doping. 

A mere contribution coming from change of the work function of Au electrodes is 

hardly enough to explain the shift of threshold voltage and the tremendous 

degradation of n-channel characteristics. We therefore conclude that the 

suppression of electron conduction in ambipolar FETs is the result of the 

electrochemical interaction between adsorbed molecules (water and/or oxygen) and 

the semiconducting SWNT, as was suggested by Martel et al. 
[17] 

The electron 

density in the channel decreases due to this interaction. The hole-electron 

recombination in semiconducting carbon nanotube thus reduced, which leads to a 

positive shift of  the threshold voltage.    

Further understanding of ambience-stability of ambipolar SWNT FETs was 

obtained by re-testing the exposed device in vacuum after annealing also in 

vacuum at 130 ℃ for 2 h. In this case we observed a general recovery of the 

starting performance. The hole mobility and the threshold voltage showed a similar 

value to the initial values (µh ~ 8×10
-3

 cm
2
/V s and Vth ~ -7 V). While in the n-

range the complete recovery is almost achieved with values for the electron 

mobility lower than the starting value (1.3×10
-3

 cm
2
/V s compare to 3.1×10

-3
 cm

2
/V 

s) and a shift of the threshold voltage towards positive direction (10 V to 30 V). 

Moreover, the hysteresis in I-V characteristics of the FET after re-annealing in 

vacuum is also larger than the starting device.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

98 

 

 

 

 

 

 
  thesis_Gao-6 

Physics of one-dimensional hybrids based on carbon nanotubes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4 Output and transfer curves of the device with 20 µm channel length before (a), (c), 

respectively, and after annealing in air (b) (d), respectively. 

The effect of annealing in air on the electrical performance of SWNT devices was 

also investigated. Fresh devices without exposure to air were annealed in air at 400 

℃ for 2 h. These are the conditions which have been used by other authors for the 

removal of the polymer residue.
 [23]

 The electrical characteristics of the transistor 

(20 µm channel length) before and after annealing are shown in Figure 6.4. All 

ambipolar transistors converted into p-type only devices after the treatment and no 

mobility improvements were observed. Transfer characteristics of the devices after 

annealing in air (Figure 6.4(d)) show a hysteresis in current as high as 190 nA (gate 

bias: -10V), which is much larger than that of the fresh devices ~ 44 nA. This can 

be due to the destructive effects on the self-assembled molecules with high 

temperature treatment. Also the influence of residual impurity (e. g. polymer chains 

carbonization) should not be neglected. The sweeps in all the devices show the 

hysteresis is advancing in nature instead of retarding. This is the typical sign of the 

appearance of charge carrier traps in the dielectric layer which is commonly 
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observed in SWNT transistors. 
[34] 

This is a further prove of the necessities of 

surface modification and water-free sample preparation to obtain ambipolar 

characteristics in SWNT based transistors. 

As we discussed above, a Schottky barrier is present at the SWNT/electrode 

contact due to the mismatch between the work function of the metal and the 

conduction (or valence) band of the semiconducting nanotubes. The output 

characteristics of SWNT transistors (Figure 6.4(a) and 6.4(b)) show nonlinear 

increase of drain current at low drain voltage, which is a typical feature of injection 

problems. Another observation is that the conductance of the device after annealing 

increased compare to that of the freshly made one, but the saturation regime in the 

output curves (Figure 6.4 (b)) became less pronounced than in the pristine devices 

(Figure 6.4 (a)). We conjecture that such variation is due to a varied weight of 

contribution of the Schottky barrier present at the contact (electrode/tube) and of 

the channel resistance (tube/tube contact). In the case of fresh devices, the 

percolation of carriers between tubes is the major factor determining carrier 

transport in SWNT transistors and can be modulated by the gate bias. Annealing 

treatment indeed reduced barrier between tubes with the removal of the polymer 

increasing the drain current. However, in this case the contact problem between 

electrodes and SWNTs plays a more important role. A less pronounced saturation 

regime in the output characteristics of FETs is then expected as we observed 

experimentally.  

  

 

Figure 6.5 Representative SEM image of the device channel region. 

Figure 6.5 shows the scanning electron microscopy (SEM) image of the channel. 

The coverage of the SWNTs is in the range of 0.5-1%, indicating a much higher 

effective mobility (µeff) compared to the device mobility reported above. µeff can be 

extracted by taking into account of the coverage of SWNTs in the channel region 
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and the effective gate capacitance (Ceff) that differs from the sheet capacitance of 

the dielectric layer. 
[35]

 We estimated the effective channel width to be around 1% 

of the channel width based on the coverage of SWNTs. By taking into account the 

realistic electrostatic coupling between nanotubes and the gate electrode, we 

recalculated   using the following equation: 
[10] 

 

 

 

 

 

Where 1

0

−
Λ  stands for the density of SWNTs (3-4 tubes/µm), CQ is the quantum 

capacitance of nanotube, εox is the dielectric constant of SiO2, τox is the oxide 

thickness (230 nm) and R is the diameter of the nanotube (in average 0.9 nm). The 

effective capacitance was calculated to be 2.1 nF/cm
2
. We could therefore extract 

the effective mobility (µeff) around 6 cm
2
/V s, almost three orders of magnitude 

higher than the device mobility shown above.  

6.3 Conclusions 

Ambipolar operation has been observed in solution processed SWNT transistors. 

Device mobility in the range 10
-3

-10
-2

 cm
2
/V s in both p and n channels with 

elevated on/off ratio was obtained and demonstrate the high purity of the 

semiconducting SWNT sample used. Effects of the ambient exposure on the 

electrical characteristics of SWNT FETs were studied. Hole mobility increased 

with exposure to air and the threshold voltage of the p-channel showed a positive 

shifts. On the contrary, the n-channel characteristics degraded with air exposure 

and completely disappear after 24 h. The effect of annealing in air is to convert 

ambipolar FETs into p type only devices with a larger gate hysteresis. This work 

points out the origin of the variation of electrical behavior of solution-processed 

SWNT transistors and further shows the importance of air/water free environments 

for device preparation. 

6.4 Experimental details 

Sample preparation 

Poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO) (MW 58,200 by GPC) was purchased 

from Sigma-Aldrich (The Netherlands) and CoMoCAT SWNTs were obtained 

from Southwest Nanotech. The materials were used as received. 

The dispersion preparation consisted of a strong sonication and the 

ultracentrifugation. Dry nanotubes were added to 10 mL of polymer solution in a 
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weight ratio of 1 mg SWNT to 3 mg polymer, the mixture was sonicated for 4 h in 

a tabletop ultrasonic bath (VWR, The Netherlands). 

After sonication, the crude dispersion was ultracentrifuged at 45k rpm for 1 h 

(Rotor: MLS-50, 217 000 g). The supernatant (50%) was collected and transferred 

into new centrifuge tube for the second process in order to enrich SWNTs and to 

remove excess polymer. The solution was ultracentrifuged at 50k rpm (268 000 g) 

for 5 h. Over 90% of the dispersed SWNTs precipitated to the bottom of the 

centrifuge tube, accumulating into a little but visible black ‘mat’. The ‘mat’ was 

carefully collected and washed with toluene and further subjected to short 

sonication in toluene, yielding semiconductor-enriched SWNT dispersion.   

  

Optical Characterization 

Absorption spectra were recorded with a Perkin-Elmer UV/Vis/NIR 

spectrophotometer (Lambda 900). For the PL measurements, the SWNT dispersion 

was excited at 760 nm by a 150 fs pulsed Kerr mode locked Ti-sapphire laser and 

measured with an InGaAs detectors. The spectra were calibrated for the 

instrumental response.  

 

Device fabrication 

SWNT FETs were fabricated by drop-casting the SWNT solution on bottom-

gate/bottom-contact substrates. A heavily doped Si substrate served as the gate 

electrode with thermally grown SiO2 used as the dielectric layer (230 nm 

thickness). The source and drain electrodes consisted of 10 nm of Ti and 30 nm 

Au. All the substrates were first cleaned in an ultrasonic bath using acetone and 

isopropanol for 10 min each, and then rinsed with deionized water. Next, the 

substrates were cleaned with a UV–ozone treatment to remove organic 

contaminants from the surface. Prior to coating with the SWNT dispersion, the 

substrate-surface was modified with 3-aminopropyltriethoxysilane (APTES: 

Sigma-Adrich) in order to increase the adhesion of SWNTs. 
[36] 

After the deposition 

of SWNTs, the substrates were annealed in a vacuum oven at 150 ℃ for 2 h.  The 

device channel was imaged by mean of a scanning electron microscopy (JEOL) at 

accelerating voltage of 10 kV. 

 

I-V characterization  

SWNT FETs were measured either in vacuum or in air ambience (room 

temperature and humidity 70%) using a Keitley 4200-SCS semiconductor 

parameter analyzer. The device mobility was calculated from the drain-source 

current (ID) versus the gate voltage (VG) using the formula: 
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Where L and W are the channel length and width defined by the pattern of the 

electrodes, Ci is the capacitance per unit surface defined by the thickness of the 
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Summary 

 
“Nano-” is a prefix in the metric system denoting a factor of 10

−9
. Today 

the terms “nano-material” and “nano-technology” have become parts of our 

everyday vocabulary, as we can see examples in almost every field of 

science, engineering, as well as commercial marketing and movies.  

For decades, the field of solid-state electronics and optoelectronics has been 

dominated by silicon. However, we have to face the fact that this material 

and the current technology are approaching their limits in scalability. Either 

new nano-technologies or new materials have to be explored in order to 

continue industry’s scaling trend of Moore’s Law. Tremendous interest in 

terms of new materials goes to carbon, the most promising candidate to take 

over the position of silicon in the foreseeable future. 

Carbon is one of the most abundant elements found on the planet and 

appears in versatile forms from soot to diamond and from graphene to 

carbon nanotubes. In particular, the last two materials possess unique 

chemical, physical and electronic properties. The carbon nanotube can be 

considered one of the core members in the carbon family and has remained 

at the forefront of nanotechnology research for two decades.   

In this thesis, we present a series of studies on two kinds of SWNT-based 

one-dimensional organic-inorganic hybrids, namely “peapods” and 

“polymer-wrapped SWNTs”. We aim to understand the fundamental 

physical properties of these hybrid systems and to find applications in 

electronic and optoelectronic devices.  

The name “peapods” in this work refers to the hybrids in which organic 

small molecules (peas) are encapsulated in single-walled carbon nanotubes 

(SWNTs) (pods). We introduce the family of visible-light-emitting 

“peapods” by encapsulating thiophene oligomers in SWNTs in chapter 2 

and 3. We characterize the properties of these nano-hybrids with a series of 

comprehensive experimental techniques and gain deeper understanding of 

their structural and electronic properties based on density functional theory 

(DFT) calculations.  

In chapter 2, we present the peapods with sexithiophene inside SWNTs 

(6T@SWNT). We evidence the encapsulation of the organic molecules by 

using Raman spectroscopy and high-resolution transmission electron 

microscopy (HRTEM). Interestingly, the molecules inside SWNTs are 

arranged in two lines along the sidewall. 

The photoluminescence excitation spectrum of 6T@SWNT and of 6T in 

diluted solution show an almost super-imposed main feature at around 450 

nm, while the high-energy part of the peapod spectrum is more pronounced 



 

 

with respect to that of the molecules in solution. This special feature of the 

excitation spectra indicates a possible energy transfer from higher excited 

states of the SWNTs to the encapsulated 6T molecules. The 

photoluminescence of the peapods compared to that of 6T in solution shows 

broader and less resolved features. The photoluminescence lifetime of the 

peapods is shorter than that of the 6T molecule in the same solvent.  

Such nano-hybrids represent a promising photon source in future 

optoelectronic devices.  

A family of peapods with thiophene oligomers (quaterthiophene (4T), 

quinquethiophene (5T) and sexithiophene (6T)) encapsulated in carbon 

nanotubes are presented in chapter 3. The configuration and kinetics of the 

encapsulated molecules inside the SWNTs are demonstrated by HRTEM, 

showing two arrays of molecules parallel to the SWNT walls. The distance 

between the molecular array and the side wall remains constant (around 0.3 

nm), even though the diameter of the host carbon nanotubes varies. The 

molecules bend and rotate inside the tube during the observation, leading to 

different contrast in the time-dependent micrograph. Visible 

photoluminescence can be observed from all peapods with quantum yields 

up to 30% in the case of 6T@SWNT. DFT calculations demonstrate van der 

Waals interaction as the bonding mechanism between the tube and the 

encapsulated molecule. This is reflected in the electronic structure as well as 

in the measured Raman spectra. Only for small tubes, a considerable tube 

distortion and charge transfer is predicted. Interaction between pea and pod 

seems to exist, however, in the excited state as evidenced by optical 

measurements.  

The other hybrid objects investigated in this study are “polymer-wrapped 

SWNTs”. These nano-hybrids consist of well-dispersed SWNTs wrapped 

with conjugated polymers.  

In chapter 4 we report on the photophysics of semiconducting SWNTs 

sorted by wrapping with different polyfluorene derivatives. The side chain 

functionalities are used for achieving SWNT dispersions in different 

solvents. We observe that the quality of SWNT dispersions is influenced by 

the molecular weight and the structure of side-chains of the polymer. The 

intrinsic lifetime of the small diameter SWNTs measured in ensemble is 

found to be in the range of 28-40 ps. Moreover, we provide evidence of 

energy transfer from tubes with larger band gap to those with smaller band 

gap occurring in small SWNT bundles.  

In chapter 5, we investigate the mechanism of poly(9,9-di-n-octylfluorenyl-

2,7-diyl) (PFO)-carbon nanotube interaction in toluene, which leads to a 

selective sorting of only 5 kinds of semiconducting SWNTs. The interaction 



 
 

 

is dominated by the octyl-octyl zipping mechanism that locks the polymer 

chains onto the nanotubes, similarly to what has been observed in the β-

phase of PFO in toluene. The preference manifested by this polymer to 

certain nanotubes depends on the tube diameter and chirality: the cylindrical 

template has to provide an appropriate diameter to the coiling of chains and 

the carbon-carbon motif of bonds has to be in a proper direction to allow 

good contact between octyl chains and the nanotube wall. The fluorene-

nanotube interaction plays a smaller role in the polymer adsorption on 

nanotube walls. More importantly, we find that PFO selectivity is strongly 

dependent on the solvent: it may induce the formation of polymeric 

supramolecular structures in solution that are transferred to the nanotube 

walls. 

We explore the possibility of using PFO sorted semiconducting SWNTs in 

field-effect transistors (FETs) and demonstrate ambipolar operation in 

solution processed SWNT transistors in chapter 6. A simple and highly 

scalable solution-based method for the preparation of semiconducting 

SWNT dispersions is demonstrated.  

Carrier mobility in the range 10
-3

-10
-2

 cm
2
/V s for both holes and electrons 

is obtained. Extrinsic effects on the electrical characteristics of SWNT FETs 

are studied. The hole mobility increases upon exposure to air and the 

threshold voltage of the p-channel shows a positive shift. On the contrary, 

the n-channel characteristics degrade upon air exposure and completely 

disappear after 24 hours. Annealing in air converts ambipolar FETs into p-

type-only devices with a larger current hysteresis. This work points out the 

origin of the variation of electrical behavior of SWNT transistors and further 

shows the importance of air and water-free environments for device 

preparation. 



   

Samenvatting 

 
“Nano-” is een voorvoegsel in het metrische systeem dat een voorfactor van 

10
-9

 aangeeft. Tegenwoordig zijn de termen “nano-materiaal” en “nano-

technologie” onderdeel van onze alledaagse woordenschat geworden, zoals 

we het zien in het gebruik van de termen in bijna ieder veld van de 

wetenschap, techniek, evenals in commerciële marketing en films. 

Tientallen jaren zijn de wetenschapsvelden van de vastestofelektronica en 

opto-elektronica gedomineerd door het gebruik van silicium. Toch is het 

nodig om in te zien dat dit materiaal en de huidige technieken hun 

schaalbaarheidslimieten aan het bereiken zijn. Nieuwe nanotechnologieën 

ofwel nieuwe materialen zullen ontdekt moeten worden, zodat de industriële 

schalingswet voor transitoren op een chip, de wet van Moore, voortgezet 

kan worden. Wat nieuwe materialen betreft geniet koolstof buitengewone 

interesse en wordt gezien als de meest belovende kandidaat om silicium’s 

positie in de toekomst over te nemen. 

Koolstof  is een van de meest voorkomende elementen op deze planeet en 

heeft vele verschijningsvormen, variërend van roet tot diamant, van 

graphene tot koolstof nanobuizen. Vooral de twee laatsgenoemde materialen 

beschikken over unieke chemische, fysische en electronische 

eigenschappen. The koolstof nanobuis wordt gezien als een van 

belangrijkste leden van de koolstoffamilie en is al twee decennia een 

speerpunt van het nanotechnologieonderzoek. 

In dit proefschrift presenteren we een serie studies over twee soorten 

eendimensionale organisch-anorganische hybriden die zijn gebaseerd op 

enkelwandige koolstof nanobuizen (SWNTs). Deze hybriden noemen we 

“peapod” (erwtenpeul) en “polymer-wrapped SWNTs” (polymeer-

omwikkelde SWNTs). We pogen hun fundamentele fysische eigenschappen 

te begrijpen en ze in elektronische en opto-elektronische schakelingen toe te 

passen. 

De naam “peapods” verwijst in dit werk  naar de hybriden waarin 

organische kleine moleculen (erwten) zijn omhuld door enkelwandige 

koolstof nanobuizen (peul) (SWNTs). We introduceren de familie van 

“peapods” die zichtbaar licht uitzenden, middels het omhullen van 

thiofeenoligomeren binnen SWNTs zoals beschreven in hoofdstuk 2 en 3. 

We karakteriseren de eigenschappen van deze nanohybriden met een serie 

aan uitvoerige experimentele technieken en verkrijgen een uitgebreider 

begrip van de structurele en elektronische eigenschappen gebaseerd op 

dichtheidsfunctionaaltheorie (DFT) berekeningen. 



 

 

In hoofdstuk 2 presenteren wij nanobuis-gebaseerde peapods met 

sexithiofeen (6T) binnen SWNTs (6T@SWNT). We tonen de inkapseling 

van de organische moleculen aan doormiddel van het gebruik van 

Ramanspectroscopie en hoge resolutie transmissie electronenmicroscopie 

(HRTEM). Opmerkelijk is dat de moleculen zich verdelen in twee rijen 

langs de binnenwand van elke SWNT.  

Het fotoluminescentie-excitatiespectrum (PLE) van de 6T@SWNT en dat 

van 6T in verdunde oplossing vertonen een bijna volledig overlappende 

hoofdpiek rond 450 nm, terwijl het hoogenergetische deel van het 

peapodspectrum duidelijker te zien is vergeleken met dat van de moleculen 

in oplossing. Deze speciale eigenschap van het excitatiespectrum is een 

indicatie van een mogelijke energieoverdracht van de hoger geëxciteerde 

energieniveaus van de SWNTs naar de ingekapselde 6T moleculen. De 

fotoluminescentie (PL) van de peapods heeft bredere en minder 

gedetailleerde kenmerken dan die van 6T in oplossing. De levensduur van 

de fotoluminescentie in hetzelfde oplosmiddel is korter voor peapods dan 

voor 6T moleculen. Zulke nanohybriden zijn een veelbelovende 

fotonenbron in toekomstige opto-elektronische apparaten. 

Een familie van peapods met thiofeenoligmeren (quaterthiofeen (4T), 

quinquethiofeen (5T) en sexithiofeen (6T)) omhuld in koolstof nanobuizen 

wordt gepresenteerd in hoofdstuk 3. De configuratie en kinetica van de 

binnen SWNTs ingekapselde moleculen wordt aangetoond door middel van 

HRTEM en laat twee rijen van moleculen zien, met een oriëntatie parallel 

aan de binnenwand van de SWNT. De afstand tussen de moleculaire rij en 

de binnenwand blijft constant (rond de 0.3 nm), ondanks variatie in de 

diameter van de koolstof nanobuis-gastheren. De moleculen buigen en 

draaien binnen de buis tijdens de observatie, wat leidt tot uiteenlopende 

contrasten in de tijdsafhankelijke micrograaf. Zichtbare fotoluminescentie 

van alle peapods kan waargenomen worden met kwantumopbrengsten tot 30 

% in het geval van 6T@SWNT. DFT berekeningen tonen aan dat van der 

Waals interacties het bindingsmechanisme tussen de buis en het 

ingekapselde molecuul zijn. Dit wordt ook gezien in de elektronische 

bandenstructuur als ook in de gemeten Ramanspectra. Alleen voor smalle 

buizen wordt aanzienlijke buisvervorming en ladingsoverdracht voorspeld. 

Toch lijkt er een interactie tussen pea (erwt) en pod (peul) te bestaan, maar 

alleen in de geëxciteerde toestand, zoals aangetoond door optische 

metingen. 

De andere hybride objecten die in deze studie onderzocht worden zijn 

“polymer-wrapped SWNTs” (polymeer-omwikkelde SWNTs). Deze 



 
 

 

nanohybriden bestaan uit welverspreide SWNTs omwikkeld met 

geconjugeerde polymeren.  

In hoofdstuk 4 beschrijven we de fotofysica van halfgeleidende SWNTs 

gesorteerd door omwikkeling met verschillende polyfluoreenderivaten. De 

zijketenfunctionaliteiten wordt gebruikt voor het bereiken van SWNT 

dispersie in verschillende oplosmiddelen. We nemen waar dat de kwaliteit 

van de SWNT dispersies beïnvloed wordt door het moleculaire gewicht en 

structuren van polymeerzijketens. De gemeten intrinsieke PL-levensduur 

van smalle diameter SWNTs in SWNT bundels is 28-40 picoseconden. 

Bovendien voeren we bewijs aan van energieoverdracht van buizen met een 

grotere bandkloof naar die met een kleinere bandkloof in kleine SWNT 

bundels 

In hoofdstuk 5 onderzoeken we het mechanisme van de poly(9,9-di-n-

octylfluorenyl-2,7-diyl) (PFO)-koolstof nanobuis interactie in tolueen, 

welke tot een selectieve sortering van slechts 5 soorten halfgeleidende 

SWNTs leidt. Deze interactie wordt gedomineerd door het octyl-octyl 

ritsmechanisme dat de polymeerketens aan de nanobuizen vastkoppelt, 

vergelijkbaar met wat er met de β-fase van PFO in tolueen is geobserveerd. 

De gemanifesteerde voorkeur van dit polymeer voor bepaalde koolstof 

nanobuizen is afhankelijk van hun buisdiameter en chiraliteit: De 

cilindrische pasvorm moet een geschikte diameter vinden voor de 

spiraalomwikkeling van polymeerketens en het koolstof-koolstof karakter 

van de bindingen moet in een juiste richting staan voor goed contact tussen 

de octylketens en de nanobuiswand. De fluoreen-nanobuis interactie speelt 

een kleinere rol in de adsorptie van polymeer aan de nanobuiswanden. Van 

meer belang is dat we gevonden hebben dat de PFO selectiviteit sterk 

afhankelijk is van het oplosmiddel: Het zou de formatie van polymere 

supramoleculaire structuren kunnen induceren die naar de nanobuiswanden 

verplaatst worden. 

In hoofdstuk 6 onderzoeken we de mogelijkheid om PFO gesorteerde 

SWNTs toe te passen in veld-effect transistoren (FETs) en tonen we 

ambipolaire werking aan, in uit oplossing aangebrachte SWNT transistoren. 

Een eenvoudige en zeer schaalbare methode voor het bereiden van 

halfgeleidende SWNT dispersies wordt gedemonstreerd. Een 

ladingsdragersmobiliteit in het bereik van 10
-3

-10
-2

 cm
2
/Vs voor zowel 

electronen als gaten wordt behaald. Externe effecten op de elektrische 

eigenschappen van SWNT FETs worden bestudeerd. De gatenmobiliteit 

neemt toe met blootstelling aan lucht en de drempelspanning laat positieve 

verschuivingen zien. Daartegenover degraderen de eigenschappen van het n-

kanaal met blootstelling aan lucht en verdwijnen geheel na 24 uur. 



 

 

Tempering in lucht verandert ambipolaire FETs in puur p-type schakelingen 

met een grotere hysterese in de stroom-spanning karakteristieken. Dit werk 

licht de oorsprong van de variatie van het elektrische gedrag van SWNT 

transistoren toe en laat verder het belang zien van lucht- en watervrije 

omgevingen voor apparaatfabricage. 
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