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ABSTRACT 

Single-walled carbon nanotubes (SWCNTs) display interesting electronic and 

optical properties desired for many advanced thin film applications, such as transparent 

conductive electrodes or thin-film transistors. Large-scale production of SWCNTs 

generally results in polydispersed mixtures of nanotube structures. Since SWCNT 

electronic character (conducting or semiconducting nature) depends on the nanotube 

structure, application performance is being held back by this inability to discretely 

control SWCNT synthesis. Although a number of post-production techniques are able to 

separate SWCNTs based on electronic character, diameter, or chirality, most still suffer 

from the disadvantage of high costs of materials, equipment, or labor intensity to be 

relevant for large-scale production. On the other hand, chromatographic separation has 

emerged as a method that is compatible with large scale separation of metallic and 

semiconducting SWCNTs. 

In this work, SWCNTs, in an aqueous surfactant suspension of sodium dodecyl 

sulfate (SDS), are separated by their electronic character using a gel chromatography 

process. Metallic SWCNTs (m-SWCNTs) are collected as initial fractions since they 

show minimum interaction with the gel medium, whereas, semiconducting SWCNTs (sc-

SWCNTs) remain adsorbed to the gel. The process of sc-SWCNT retention in the gel is 

found to be driven by the packing density of SDS around the SWCNTs. Through a series 

of separation experiments, it is shown that sc-SWCNTs can be eluted from the gel simply 

by disturbing the configuration of the SDS/SWCNT micellar structure. This is achieved 

by either introducing a solution containing a co-surfactant, such as sodium cholate (SC), 

or solutions of alkali metal ionic salts. Analysis of SWCNT suspensions by optical 
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absorption provides insights into the effect of changing the metal ion (M
+
 = Li

+
, Na

+
, and 

K
+
) in the eluting solution. Salts with smaller metal ions (e.g. Li

+
) require higher 

concentrations to achieve separation. By using salts with different anionic groups 

(cholate, Cl
-
, I

-
, and SCN

-
), it is concluded that the SWCNT separation using salt 

solutions is mainly driven by the cations in the solution. 

Additionally, different methods for depositing separated SWCNTs on glass 

substrates are described. In one method, SWCNTs are first isolated from their surfactant 

by introducing organic solvents such as methanol or acetone to aqueous suspensions of 

previously separated m- and/or sc-SWCNTs. Following the induced SWCNT dissolution, 

desired nanomaterials can be redispersed directly in another solvent, such as methanol, 

for deposition on substrates. In another method, separated SWCNTs are deposited on 

glass substrates by the process of evaporation driven self-assembly. Different 

morphologies on the substrate are formed by changing the viscosity of the evaporating 

SWCNT/SDS suspensions. The results are described using the Stokes-Einstein equation 

for diffusion in one dimension. 
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CHAPTER 1: INTRODUCTION  

1.1 Structure of Single-walled Carbon Nanotubes 

A theoretical description of the structure of single-walled carbon nanotubes arises 

from its closely related two dimensional graphene. A single-walled carbon nanotube can 

be thought of as a single layer of graphene rolled up to form a tube. Depending on the 

direction at which this sheet is rolled a wide range of tubular shapes can be generated. 

The generated shapes are differentiated by their chirality and diameter (Figure 1.1).  

 
Figure 1.1 Chiral vector representation of SWCNT structure. 

 

The structure of a single-walled carbon nanotube is specified by what is known as 

the chiral vector. This vector describes how the tubular structure is formed from the flat 

graphene sheet. The mathematical expression for the chiral vector C takes into account 

the vectors of the graphene lattice a1 and a2 which form an angle of 30° on the graphene 

sheet.
1
 Since the formation of a tube includes a finite number of hexagonal unit cells 

along the circumference, the two integers n and m are introduced to account for the 

number of hexagonal cells along the vectors a1 and a2 respectively (Equation 1.1). 
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 C = n a1 + m a2 (1.1) 

The direction of the chiral vector C is perpendicular to the axis of the tube formed 

and the length of the vector corresponds to the circumference of the tube. The diameter 

and chiral angle can also be determined using the vector C as shown in equations (1.2) 

and (1.3): 

   
| |

 
  

  

 
   √              (1.2) 

   
     (    )

|  || |
 (1.3) 

where a0 is the C-C bond distance. In the example shown in Figure 1.1, the chiral vector 

is C = 9 a1 + 4 a2  or it is referred to as a (9,4) nanotube. Using equation (1.2) with a0 = 

0.146 nm gives a diameter of 0.9 nm for this nanotube and a chiral angle of 17.4°. 

Accordingly, the structure of any single-walled carbon nanotube can be described by the 

two integers (n,m). 

From a symmetry point of view, all SWCNTs are categorized as either being 

chiral or achiral. In the case of an achiral nanotube the mirror image is considered to be 

super-imposable on the original structure (Figure 1.2a&b). On the other hand in a chiral 

nanotube the mirror image of the SWCNT is different from its original structure (Figure 

1.2C).  
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Figure 1.2 Different structures for a single-walled carbon nanotube. (a) armchair, (b) 

zigzag and (c) chiral. 

 

The majority of SWCNTs with (n,m) are considered chiral meaning they possess 

left or right handedness. In the case when m = 0, the nanotube has a chiral angle of 0° and 

such nanotubes are called zigzag, which refers to the arrangement of the hexagonal cell 

on the surface of the nanotube. In another case when n = m, the chiral angle is 30
0
 and the 

nanotubes are called armchair. In both cases, the nanotubes are achiral and possess a 

super-imposable mirror image. The characteristic structural parameters for the armchair, 

zigzag and chiral nanotubes are summarized in Table 1.1. 
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Table 1.1 Summary of characteristic structural parameters for the three classes of 

SWCNTs. Adopted and modified from reference 1. 

 Description  Diameter Chiral Angle 

Armchair (n,n) √  
    
 

 
30° 

Zigzag (n,0)     
 

 
0° 

Chiral (n,m) √         
   
 

      (   
 
 
)

√        
 

 

There are two main types of bonds in a carbon nanotube. One is the sigma (σ) 

bond along the axis of the nanotubes giving them mechanical strength and making them 

one of the strongest materials known to mankind. The other type of bond is the pi (π) 

bonds which form perpendicular to the axis of the nanotubes. The electronic character of 

a carbon nanotube is governed by the perpendicular π bonds since they can cross the 

Fermi level and form bonding and anti-bonding orbitals which in turn determine if the 

carbon nanotube is metallic or semiconducting. 

The details of the theoretical derivation of the electronic band structure will not be 

presented in this thesis since that has already been described in a large number of 

textbooks and papers.
1-4

 However, the results of the theoretical work is of great 

importance to this work as it relates the electronic character of a SWCNT to both the 

diameter and (n,m) structure. 

The electronic band structure of a SWCNT is derived from that of graphene by 

applying the zone folding approximation.
5
 The band structure of graphene is determined 

using a quantum mechanical model termed “tight binding”. Electrons are free to move in 
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the graphene sheet since the valence and conduction bands meet at several points in the 

energy domain. The same points are observed in metallic SWCNTs due to the existence 

of a number of electronic states connecting the valence and conduction band. When no 

electronic states are present between the two bands, an energy gap forms making the 

SWCNT behave as a semiconductor. 

Due to the geometry of a SWCNT, a mixing of π and σ orbitals occurs which 

leads to a shift in the allowed energy bands from the graphene. Larger diameter SWCNTs 

are expected to have an electronic character similar to that of graphene. On the other 

hand, smaller diameters are expected to have a wide band gap. Additionally, using the 

relation: 

 
(   )

 
   (1.5) 

one can classify SWCNTs as metallic or semiconducting. If p is an integer then the 

nanotube is metallic, otherwise the nanotube behaves as a semiconductor. Therefore we 

can generalize that all armchair nanotubes with (n,n) are metallic as the relation in (1.5) 

gives an integer every time. For the zigzag (n,0), the nanotubes are metallic when n is a 

multiple of  3, such as (3,0) or (15,0), and otherwise a semiconductor, as in (4,0) or 

(13,0). Additionally, equation (1.5) indicates that one third of possible SWCNT species 

are considered metallic while two thirds are considered semiconducting. 

1.2 Synthesis of single-walled carbon nanotubes 

A general approach in synthesizing carbon nanotubes in the form of either multi, 

double of even single-walled structures requires a carbon source, a catalyst and an energy 

input. The most commonly used techniques to produce SWCNTs include catalytic 

chemical vapor deposition (CCVD), arc discharge, and pulsed laser deposition.
6-8
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In CCVD a carbon containing source in a gas or liquid form is fed into a chamber 

holding the catalyst particles at elevated temperatures. A large amount of work is put into 

studying the effect of changing different synthesis parameter conditions on the produced 

nanotubes samples. CVD techniques include high pressure CO decomposition (HiPco), 

cobalt molybdenum catalyst (CoMoCAT), plasma enhanced chemical vapor deposition 

(PECVD) and laser assisted chemical vapor deposition (LCVD). The wide range of 

developed techniques makes CVD the most common route by which carbon nanotubes 

can be produced, as well as, being the most suitable for large industrial scale production. 

During growth, process catalyst particles can be either floating, or deposited on a 

substrate (supported catalyst). Currently, the method of floating catalyst is used to 

produce high purity commercial quantities of single-walled carbon nanotubes using a 

HiPco process developed by the Smalley group at Rice University.
8
 The catalyst is fed 

into the chamber by decomposing a metal-based compound to a gaseous state that can be 

entrained in an inert carrier gas (e.g. nitrogen or argon). In the same manner carbon is 

introduced via the decomposition of carbon containing compounds. Clusters of carbon 

and catalyst particles form once they are in vapor form. Although different descriptions 

of the mechanism by which nanotubes grow were proposed, the model proposed by Dai 

et.al 
8
 introduced the idea of cap formation as a necessary step in the growth of carbon 

nanotubes. Later, Fan et.al
9
 supported this concept by using density functional theory 

calculations to demonstrate that the formation of a cap is the most favorable energy route. 

After the cap is formed on the catalyst, further addition of carbon atoms results in the 

growth of carbon nanotubes. This means that if more than one cap is formed on a single 

catalyst it’s possible to grow many nanotubes on the same catalyst. 
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Floating catalysts are also applicable in arc discharge and laser vaporization to 

produce single and multi-walled carbon nanotubes. An example of the floating catalyst 

technique is the HiPco process in which the produced SWCNTs typically have a range of 

diameters between 0.8 to 1.4 nm and contain approximately 30 different (n,m) species.
6
 

In the case of a supported catalyst, the process is more complicated since the 

interaction between catalyst and substrate particles is still a topic of investigation.
10

 The 

basic steps of CVD growth still apply to the supported catalyst method. That is, an initial 

formation of a cap is essential for the growth of a nanotube. During the growth, the 

catalyst particles either remain on the substrate or detach from the surface of the 

substrate. An example of a technology that exploits supported transition metal catalysts is 

the CoMoCAT process developed by Resasco’s group at the University of Oklahoma and 

subsequently commercialized by Southwest NanoTechnologies, Inc. (SWeNT).
11

 

In this technique CoMo bimetallic catalyst particles are embedded in silica based 

substrates. The process starts by first heating the supported catalyst to a high temperature, 

between 600 – 900 
o
C. If single-walled carbon nanotubes are desired then CO is 

introduced as the carbon source. However, if multi-walled nanotubes are desired then 

C2H4 is used.
7
 In the case of SWCNTs, the range of diameters that this method yields is 

similar to that of the HiPco process, between 0.8 and 1.2 nm. However unlike HiPCO, 

there are only approximately 5 to 20 (n,m) species present with (6,5) being the 

dominating chirality with a percentage of more than 40%. This composition was 

observed when the fluorescence map of both CoMoCAT and HiPco SWCNTs suspended 

in solution were presented by the Weisman group at Rice University (Figure 1.3).
6
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Figure 1.3 – Comparative fluorescence maps of SWCNTs produced via the CoMoCAT 

process (top) versus those produced by the HiPco method (bottom). Adopted from 

reference 6. 

 

For all production methods to date, the produced SWCNT samples have a range 

of diameters and chiralities. This is believed to be the result of having catalyst particles 

with different sizes, but the role of catalyst particles in the synthesis process is not limited 

to being nucleation sites; it also dictates the diameter of the carbon nanotubes growing on 

them. Ongoing research in the field is considering different approaches to control the size 

of the catalyst particles as well as their crystal structure and eventually hope to obtain 

more control over the diameter and chirality of produced samples. 
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1.3 Applications of SWCNTs 

A couple of decades after the first purposeful observation of hollow nanometer 

sized carbon structures by Ijima,
12

 carbon nanotubes are still one of the most widely 

investigated materials around the world. Researchers from many different disciplines are 

studying the properties of SWCNTs. Mechanical and aerospace engineers for example 

are interested in the exceptional strength observed by the material, where experimental 

work has demonstrated an ultimate tensile strength of 50 GPa.
13,14

 The attractive feature 

of SWCNT to mechanical applications is the low density which can allow structures 

combining high strength and low weight. The application of SWCNTs into mechanical 

structures is usually done by considering them as the reinforcing agent in 

polymer/SWCNT composites. 

The conductivity of SWCNTs differs depending on the diameter and chirality (as 

previously described). Metallic SWCNTs display extraordinary conductivity which is 

desired in advanced applications such as conductive thin films.
15

 Another emerging 

application which depends on the conductivity of SWCNTs is printable super-capacitors 

in which SWCNTs are used as the charge collector and the electrode.
16

 Semiconducting 

nanotubes on the other hand are considered for applications such as organic field effect 

transistors (OFET)
17,18

 since they display very high carrier mobility compared to 

conventional silicon. The sensitivity of SWCNTs to the surrounding environment 

qualifies them for many biological sensing applications where they can be applied as a 

chemo-resistive layer in a sensor. Biological molecules can form non-covalent bonds 

with the surface of the nanotube which then causes a change in electrical conductance. 

More recently, emerging optoelectronic applications are taking advantage of the 
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interesting properties of SWCNTs to produce energy harnessing devices.
19,20

 There are 

many ways that one can apply nanotubes in photoconductive devices. SWCNTs can be 

used to fabricate transparent conductive anodes which can be used as an alternative to 

indium tin oxide (ITO). Another possible route is to use SWCNT in the active layer of 

bulk heterojunction organic solar cells.
21

 

1.4 Obstacles of SWCNTs characterization and applications 

 The structure and size of SWCNTs are the attractive features that make them ideal 

for many applications. Most applications that are described in the previous section 

require knowledge of the diameter and chirality of the nanotubes used. In the case of 

mechanical structures, for instance, the strengthening mechanism cannot be fully 

exploited if more than one diameter is present since the interface between 

SWCNTs/matrix is believed to be diameter dependent. Moreover, in applications such as 

nano-electronics, the presence of many different chiralities can greatly impact the overall 

properties of the material. In the case of photoconductive transducers, when more than 

one chirality is used in a device, the interaction between nanotubes with different band 

gaps can result in performance degradation.
19,20

  

Although the solution to these problems might seem straightforward, it’s still not 

possible to synthesize SWCNTs with a desired diameter and chirality due to the 

difficulties of controlling catalyst size. Therefore all available synthesis methods produce 

SWCNTs with a range of diameters and chiralities. Furthermore, produced carbon 

nanotubes are usually accompanied with catalyst particles as well as carbonaceous 

impurities. This requires post-production treatment, which is usually done using chemical 
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treatments like harsh acid digestion where imperfections to SWCNT structures or 

changes in their properties can be induced.  

While researchers are showing progress in the field of selective growth, many 

have turned their attention to post-production separation. Currently, SWCNTs are 

isolated based on diameter, electronic character, and chirality. More details on post-

production separation are presented in the next section. 

The second most challenging factor that has been holding back many advanced 

applications of SWCNTs is the ability to characterize the produced samples in an 

efficient and accurate way on a large scale. Early efforts used high resolution electron 

microscopy or scanning tunneling microscopy to measure different diameters and identify 

different chiralities.
22

 However, the method is only applicable to research scale and is 

also considered very expensive considering the cost of the instruments needed. 

The most recent technique exploits the dependence of the energy band gap on the 

(n,m) indices and the ability of SWCNTs to fluoresce for identifying and quantifying 

different diameters and chiralities.
23-25

 However this technique can only be applied to 

identify semiconducting SWCNTs. In addition, conventional fluorescence experiments 

are considered time consuming and not compatible with large scale characterization. 

Another simple and convenient method is absorption spectroscopy which can be applied 

to identify both metallic and semiconducting SWCNTs generally by their diameter and 

chirality. The method allows the observation of many allowed electronic transitions in 

semiconducting SWCNTs such as the S11 (850 – 1400 nm) and S22 (450 – 750 nm) which 

refer to the first and the second allowed electronic transitions respectively. Moreover, it 

also allows for the detection of electronic transitions that take place in metallic SWCNTs, 
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namely M11 which is typically observed in the near ultra-violet region (300 – 450 

nm).
26,27

 

1.5 Overview of post-production separation methods 

The need for separation techniques has been driven by the inability of current 

techniques to synthesize a single electronic type or diameter. Although research in the 

field is still active, trying to control the diameter of a catalyst nanoparticle to a precision 

of a few angstroms, the difference between (n,m) types, is very difficult. Moreover, even 

if large scale diameter control was made possible, the prospect of having different 

chiralities with the same diameter still exists. Therefore, development of an efficient and 

cost effective post-production separation method is of great importance. 

There are different techniques by which a separation of SWCNTs based on 

diameter, chirality and electronic character can be achieved. These techniques can be 

classified into two main categories: one is physical methods which include 

electrophoresis and density gradient ultracentrifugation (DGU).
28-30

 The other category is 

separation by chemical methods which involves selective covalent or non-covalent 

functionalization of the nanotube surface.
31,32

 The common factor between all currently 

used techniques is the necessity to suspend SWCNTs into a solution to be able to separate 

them. 

1.5.1 Electrophoresis separation 

Electrophoresis is used to separate carbon nanotubes produced by different 

synthesis techniques into metallic and semiconducting fractions.
19

 The method uses two 

charged electrodes in a solution of suspended SWCNTs. The electric field from the 

electrodes creates a dipole in each nanotube with magnitude proportional to the dielectric 
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constant of the nanotube. Since the m-SWCNTs have a dielectric constant that is much 

greater than that of a sc-SWCNT, metallic species align in the direction of the field and 

move toward the charged electrodes (Figure 1.4, left).
 
This results in having separated 

and aligned metallic nanotubes on the electrodes. 

 
Figure 1.4 – (left) Example of aligned metallic SWCNTs across electrode channels of a 

dielectrophoretic separation system,
33

 (right) example of separated metallic (iii) and 

semiconducting (i) SWCNTs during a gel electrophoresis experiment.
34

 

 

Besides sorting, the main advantage of electrophoresis is the alignment of 

separated samples, however this method suffers from low material outputs making it non-

ideal for large scale separations. It is also possible to apply the electric field across a gel 

(as used for DNA or other biological molecules) to affect a separation (Figure 1.4, right). 

1.5.2 Density Gradient Ultracentrifugation 

Another promising technique is density gradient ultracentrifugation (DGU) 

developed by Hersam’s group from Northwestern University.
30

 This method exploits the 

slight difference in density between different nanotubes, and the technique has been used 

in biochemistry for a period of time to separate micro-molecules based on their densities 

before applying it to carbon nanotubes.
35

 DGU separation experiments start by loading 

suspended SWCNTs, typically by a surfactant or ss-DNA, into an aqueous solution of 
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iodixanol with known density gradient. When a centrifugal force (generally > 100,000×g) 

is applied, nanotubes with certain diameter move toward the region where their density 

matches that of the gradient (Figure 1.5). 

DGU also exploits the difference in packing density of a surfactant micellar 

structure around nanotubes with different diameters. Surfactants such as sodium dodecyl 

sulfate (SDS) will have a higher packing density with metallic nanotubes. Therefore, the 

supramolecular structure of SDS/SWCNT will have a higher density and consequently 

will be forced to move further down toward the high density medium.
36

 However, DGU 

experiments which use a mixture of surfactants indicate that the position of metallic and 

semiconducting SWCNTs can be affected by the choice of the main dispersing surfactant 

and the co-surfactant. 

 
Figure 1.5 CoMoCAT SWCNT/SC separated using density gradient (adopted from 

reference 30). 
 

In the work of Kataura’s group,
37,38

 when SDS is used as the main surfactant and 

sodium cholate (SC) as a cosurfactant, metallic nanotubes are found to have lower 

density. The mechanism can be described in terms of adsorption of co-surfactant to 

SWCNTs that are partially covered with main surfactant micelles. In the case of SDS 
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being the main surfactant, smaller diameter nanotubes will have more exposed regions 

due to the energetics of SDS wrapping which favor larger diameter SWCNTs.
39

 This 

allows more cosurfactant molecules to adsorb leading to an overall increase in the density 

of smaller diameter SWCNT/surfactant. 
36,40

  

Even though DGU is claimed to be compatible with large industrial scale 

separation, it suffers from the disadvantage of high costs since it employs iodixanol or 

similar reagents to create a density gradient medium in addition to the high cost of the 

instruments involved. Moreover, DGU is found to give low yields, as identified from the 

height of absorption peaks at wavelengths corresponding to most abundant (n,m) species 

in a sample, as well as, requiring special fractionation techniques to extract the separated 

SWCNTs from the iodixanol. 

1.5.3 Chromatography Separation  

The most promising sorting technique to date that should be suitable for large-

scale production is gel chromatography. The technique was employed by the two groups 

of Moshammer et al.
41

 and Katuara et al.
37

 The process involves sonication of SWCNTs 

in the presence of a low concentration of SDS surfactant (0.5% - 3%). The suspended 

SWCNTs are then loaded onto a column packed with a hydrogel (Sephacryl or agarose). 

Upon loading, sc-SWCNTs are retained in the column, while m-SWCNTs pass through 

the medium showing minimal to no interaction (Figure 1.6). This allows for immediate 

collection of metallic SWCNTs. The retained semiconducting SWCNTs can be released 

from the gel medium by the introduction of a cosurfactant or solution of high 

concentration of the same surfactant.
37
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Figure 1.6 SWCNT separation using gel chromatography. (a) initial loading (b) retention 

of semiconducting SWCNTs. Adopted and modified from reference 
42

. 

 

The first attempt to describe the mechanism responsible for the separation was 

made by Moshammer et al.
41

, where a proposed size exclusion mechanism was 

hypothesized. In the same work, the authors proposed that the retention of 

semiconducting species is mainly due to the formation of bundles of sc-SWCNTs in the 

gel medium. Those bundles are described to have larger size than the pore size of the 

filtration medium. Metallic nanotubes are described to be more individualized in their 

surrounding micelle structure and therefore do not form bundles, which leads to their 

elution. 

The process was then described as selective adsorption by Kataura et al.,
37

 in 

which SWCNTs with different electronic character tend to react in a different way toward 

the gel medium. In other words, SWCNTs with different electronic characters will have 

different reaction rates. Many different approaches have been developed based on the 

selective adsorption explanation.
43-45
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A modified approach that allows separation and isolation of a narrow range of 

semiconducting SWCNTs was developed by Kataura et al.
44

 This method exploits the 

difference in affinity of different (n,m) sc-SWCNTs to a specific functionality type 

prevalent on the Sephacryl medium. By overloading a gel medium with a large amount of 

unsorted SWCNT/SDS solution, SWCNTs with highest affinity will be the first to adsorb 

to the gel followed by the next highest affinity. Therefore by overloading a column with 

volume ratio of 8:1 of SWCNTs to gel, a narrow range of chiralities are adsorbed in the 

gel. The method is also extended to include multiple columns connected in series.
44

 The 

results demonstrate that smaller diameter semiconducting SWCNTs display higher 

affinity towards the gel than those of larger diameter. 

In an attempt to understand the process of single chirality separation, a kinetic 

model was developed by Strano’s research group.
46

 In their paper the authors assumed a 

finite number of binding sites that can bind to an (n,m) SWCNT. Also, the authors 

assumed that binding occurred between SWCNTs and the secondary amide group on the 

polymer. Based on their assumption they have been able to calculate the binding rate 

constant for different (n,m) chiralities. However, the proposed model does not take into 

account the difference of surfactant arrangement around different nanotubes and assumes 

the adsorption of exposed regions of semiconducting SWCNTs. 

Despite the advancement of chromatography as an ideal mechanism to separate 

metallic and semiconducting SWCNTs, the driving mechanism is still not fully 

understood. Recently, a description of the separation process by Hirano et.al 
45

 provided a 

thermodynamical insight on the mechanism driving the separation. The proposed model 

uses a Langmuir isotherm to calculate adsorption rate constant for metallic and 



 
 

18 
 

semiconducting SWCNTs. The method is commonly applied to describe the adsorption 

of gas molecules on a certain substrate. In the case of SWCNTs, the assumption remains 

that a finite number of adsorption sites exist on the gel and each can only be occupied by 

a single SWCNT. Therefore the reaction of either a metallic or a semiconducting 

SWCNT can be described by the following relations 

   
  

      
 (1.6) 

         
    

    
 (1.7) 

Where c is the final concentration of unadsorbed SWCNT, co is the initial concentration, 

α is the saturation adsorbed SWCNT per unit volume, K is the equilibrium constant, Vgel 

and Vsol are the volume of the gel and the aqueous solution respectively. Combining both 

equations (1.6 and 1.7) gives the relation  

 
      

     (    )
  

 

  
  

 

 
 (1.8) 

The left hand side of equation 1.8 can be determined experimentally and plotted 

versus the unadsorbed SWCNT concentration, thus allowing for the extraction of the 

saturation factor and equilibrium constant from the slope and intercept, respectively. In 

this case, Hirano deduced that the rate of reaction of semiconducting SWCNTs is much 

higher than that of metallic SWCNTs proving the initial hypothesis of selective 

adsorption. It is important to note that the adsorption is assumed to be between 

SWCNT/SDS and the gel. 

The rate constant is then used to determine the enthalpy of the reaction using the 

van’t Hoff equation, which relates the change in the heat of reaction to the change in rate 

constant at different temperatures. Since the change in the enthalpy is found to be 
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positive, the reaction is endothermic. In other words, the reaction needs heat for it to 

initiate. 

From a thermodynamic point of view, in order for any reaction to occur, the total 

change in free energy has to be negative. This is described using the standard Gibbs free 

energy formula in equation 1.9, 

            (1.9) 

According to equation 1.9, if the reaction is determined to be endothermic in 

nature (i.e. ΔH is positive), then the second term has to be negative in order for the 

reaction to occur. The increase in the disorder of the system might be the result of the 

movement of SDS monomers around SWCNTs when coming in close contact to the 

binding site on the gel. This description makes it possible to determine the effect of 

changing the temperature on the adsorption of SWCNTs.  

In the recent work of Kataura et.al,
47

 they demonstrate the ability to effectively 

separate SWCNT solutions to achieve enrichment in a few (n,m) chiralities by changing 

the temperature of the gel medium. The work demonstrates the dependence of adsorption 

strength of some (n,m) chiralities on the surrounding temperature. Lowering the 

temperature has shown to selectively reduce the strength of adsorption of larger diameter 

semiconducting nanotubes. Based on their findings they proposed a large scale single 

chirality separation technique by using a series of columns with different temperatures 

(Figure 1.7). 
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Figure 1.7 Temperature controlled single chirality enriched separation. Adopted and 

modified from reference 
47

. 

 

Although the method yields an effective enrichment of a single (n,m) species, it 

does not take into account the effect of surfactant orientation around SWCNTs with 

different diameters and chiralities. In addition it excludes the effect of temperature on the 

critical micelle concentration of SDS around SWCNTs. 

1.6 Research Directions 

 This thesis will explore two areas relevant to the large-scale application of 

SWCNTs. Chapter 2 will be focused on improvements in the gel-based chromatographic 

separation of SWCNTs. Efforts to reduce sample preparation procedures and complexity 

will be discussed as well as a broadened study of positive electronic type separations and 

their influence by the addition of various alkali metal salts. In Chapter 3, the focus is on 

methods for simplifying the production of SWCNT thin films for future studies in areas 

like nanoelectronics or imaging. The addition of simple organics like methanol or acetone 

can assist in removal of surfactants undesired in deposited SWCNT thin films. 

Furthermore, the use of direct evaporative deposition of SWCNT/surfactant complexes 

from aqueous suspensions is shown to yield micron to millimeter scale ordering that is 

controllable via temperature, surfactant concentration, and salt addition. 
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CHAPTER 2: ELECTRONIC SEPARATION OF SINGLE-WALLED CARBON 

NANOTUBES 

2.1 Single-walled Carbon Nanotube Solutions 

Many properties of SWCNTs such as optical absorption, fluorescence and charge 

transfer can be better understood after separating the tubes in solution. The challenge of 

solubilizing SWCNTs lies in the nanometer radial dimensions of the material along with 

very high aspect ratio; the length of a nanotube can be as long as a few centimeters where 

its diameter can be of a few nanometers. The obstacle here is overcoming van der-Waals 

forces which increase for nanotubes with larger surface area. 

Early work employed organic solvents to solubilize SWCNTs.
48,49

 In the work by 

Haddon et al.
50

 carbon nanotubes are dispersed in different organic solvents such as 

benzene and chloroform. The solubility in organic solvents was described systematically 

by Cheng et.al using Hansen parameters.
48

 The use of organic solvent can be beneficial in 

some applications such as mechanical reinforcement. However, for applications such as 

biological sensors, organic solvents can be less tolerable. Therefore a need for SWCNT 

solubilization in an aqueous medium has driven the development of an alternative 

approach. The mechanism of suspending SWCNTs in an aqueous solution is based on the 

ability of amphiphilic molecules (surfactants) to adsorb on the surface of a SWCNT. A 

simple description of a surfactant is a molecule which has both a hydrophilic head group 

and a hydrophobic tail group. 

Surfactants can be classified depending on the charge on their hydrophilic heads. 

Surfactants with negative head groups are called anionic surfactants. Examples of anionic 

surfactants used to prepare SWCNT solutions are sodium dodecyl sulfate (SDS), sodium 
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dodecyl benzenesulfonate (SDBS), sodium deoxycholate (SDOC), and sodium cholate 

(SC).
51,52

 

The use of surfactants is considered to be the most common technique, to date, 

that can be used to make stable suspensions of carbon nanotubes. The understanding of 

SWCNT/surfactant suspensions stems from the non-covalent chemistry of the surface of 

the nanotubes. The description of the process was proposed by Strano et al.
53

 Initially, 

carbon nanotubes are produced in bundles due to strong van der Waals forces between 

the SWCNTs. Therefore, initial energy input is required to break these forces. This is 

commonly done by sonication which provides sheer forces that are able to loosen the 

ends of bundled nanotubes (Figure 2.1a). Since the carbon nanotubes are hydrophobic in 

nature, the hydrophobic surfactant tails can then adsorb to the loose ends and prevent 

them from re-bundling (Figure 2.1b). As the sonication continues to provide sheer that 

gradually releases the bundled SWCNTs, surfactant molecules continue to adsorb onto 

the surface. Eventually, surfactant molecules form micelle structures on the surface of 

each SWCNT leading to their suspension (Figure 2.1d).
29
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Figure 2.1 The process of dispersion of SWCNT by sonication with the aid of 

surfactants. Adopted from reference 29. 

 

 The surfactants used in this work include: sodium dodecyl sulfate (SDS), sodium 

cholate hydrate (SC) and sodium dodecyl benzenesulfonate (SDBS). The molecular 

structure of each surfactant is shown in (Figure 2.2). The efficacy of dispersing SWCNTs 

using different surfactants has already been described by Moore et al.,
51

 in which they 

have tested various nonionic, anionic, and cationic surfactants to suspend HiPco 

nanotubes. They concluded based on observation of narrower, more distinct peaks in the 

optical absorption spectra that between different anionic surfactants tested, SDBS (Figure 

2.2c) has the strongest effect of individualizing SWCNTs in an aqueous suspension.
51
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Figure 2.2 Molecular structure of the anionic surfactants used in this work: (a) SDS, (b) 

SC and (c) SDBS. Adopted from reference 29. 
 

In order to prepare SWCNT suspensions, 2 mg of CoMoCAT SWCNTs (SG65i, 

Lot# SG65i-L39, SouthWest NanoTechnologies, Inc.) are added to 20 mL of 2 wt% 

surfactant solution. Ultrasonication is performed using a tip sonicator (Cole-Parmer, 

CP505). The power is set to allow the sonicator to run at 30% of its maximum amplitude 

(1/8” tapered microtip) yielding an output of ~12 W. The dispersion time is initially set to 

60 minutes.
54

 The samples are placed in a running water bath with temperature around 15 

o
C to avoid excess heat that can affect the ability of surfactant molecules to adsorb to the 

surface of SWCNTs.
55

 The suspensions obtained after sonication are found to be dark in 

color with no observable aggregation (Figure 2.3).      
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Figure 2.3 SWCNT/SDS suspensions before sonication (left) and after (right). 

 

 The possibility of having catalyst particles in the SWCNT/surfactant suspension 

can affect the stability as well as the properties of the SWCNTs. Another issue that might 

arise is the presence of large clusters of undispersed nanotubes and amorphous carbon. 

These impurities are removed from the suspension by using centrifugation. In this step, a 

strong centrifugal force is applied to push larger particles to the bottom of a test tube. 

Bundles of SWCNTs are expected to have higher density than individualized SWCNTs. 

Consequently, they tend to travel to the bottom of the test tube leaving individualized 

SWCNTs at the top. Centrifugation is performed using a Hettich MIKRO 220 (1195-A 

24-well angle rotor) with the conditions set to 18000 RPM, to obtain a radial centrifugal 

force (RCF) of 30790×g, and a total run time of 60 minutes to ensure removal of bundled 

undispersed SWCNTs. The top 75% of the volume of centrifuged tubes are collected in 

each step. 

2.2 Separation of metallic and semiconducting SWCNTs 

 Separation of SWCNTs is driven by the desire to understand the distinct 

properties of both metallic and semiconducting species, and to fully exploit these 

properties in advanced applications. As described in Section 1.5, there are several 
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techniques that allow for the separation of metallic and semiconducting species of 

SWCNTs. Some techniques are preferred in some instances, such as electrophoresis, 

when aligned nanotubes are desired. However, full exploitation of the properties of 

SWCNTs can only be achieved via methods that allow industrial scale separation. Gel 

chromatography shows great potential since it combines the ability to obtain large scale 

separation output as well as being a cost effective process.  

In this section, the process of separating CoMoCAT (SG-65i) SWCNTs is 

presented. The experiments described within are slightly modified from those described 

in the literature by  Kataura et al.
37

 More specifically, this work aims to reduce the total 

time and cost of the process making it more applicable to large industrial scale 

separation.  

 In this experiment, SWCNTs are dispersed in a solution containing 2 wt% SDS in 

deionized (DI) water. The mixture is sonicated for 60 minutes with an energy of ~12 

watts following a centrifugation at 18000 RPM and 30790×g. Plastic 12 mL syringes are 

used as columns. Glass fiber is used to hold the stationary medium (described in more 

detail below) and keep it from leaking with the added surfactant eluent solutions or 

SWCNT/surfactant suspensions. Throughout this thesis, a Sephacryl gel (Sigma-Aldrich, 

S200HR, Lot# 120M1877V) is used as the stationary phase. A volume ratio of 1:1 

SWCNT solution to gel is used as shown in Figure 2.4. 
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Figure 2.4 Image of loaded SWCNT/surfactant suspension on a gel medium. 

 

Metallic SWCNTs tend to pass through the stationary medium showing minimum 

to no interaction with the gel. On the other hand, semiconducting SWCNTs tend to 

adsorb strongly to the gel medium and consequently are retained. This difference in 

affinity is described by the difference in packing density of SDS micelles around 

SWCNTs with different chiralities and electronic characters.
39,56

 The effect of packing 

density was recently demonstrated by Hirano et al.
56

 The original work presented a 

mechanistic insight into the separation by testing the effect of changing the pH of the 

SWCNT suspension and the subsequent ability for the SWCNTs to adsorb to the gel. The 

authors concluded that the higher packing density of SDS around metallic SWCNTs 

limits their ability to adsorb to the gel.
45,56

 More recently, the process was described 

quantitatively by Tvrdy et al.
57

 An SDS layer is related as providing a repulsive force 

between the Sephacryl binding sites and SDS/SWCNT structures. Thus, the higher 

density of SDS monomers surrounding the m-SWCNTs creates stronger repulsion, 

preventing them from adsorbing to the gel medium. 

To release the retained SWCNTs in this experiment, a solution containing 1 wt% 

sodium cholate (SC) is used.
44

 The elution of semiconducting SWCNTs is described as 
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the result of disturbance in the SDS micelles around SWCNTs adsorbed to the gel.
57

 In 

this case, the adsorption of cholate groups onto the exposed regions of SWCNTs through 

hydrophobic-hydrophobic interaction results in reconfiguration of SDS molecules leading 

to the reduction in affinity of the supramolecular structure of SWCNT/SDS to the gel.
40

 

The obtained metallic and semiconducting SWCNT fractions are yellow and purple, 

respectively (Figure 2.5). 

 
Figure 2.5 Separated metallic SWCNTs, “yellow fraction,” and semiconducting 

SWCNTs, “purple fraction.” 

 

To compare the composition of the separated solution, optical absorption spectra 

are used to find the E11 and E22 transition peaks in the UV, visible, and NIR ranges. Each 

spectrum is measured from 240 to 1100 nm (Perkin-Elmer Lambda 25 UV-Vis) and 

normalized to 763 nm (Figure 2.6). The optical wavelength 763 nm allows for an easy 

comparison between samples with different electronic enrichment since most graphitic 

samples (SWCNTs as well as MWCNTs and graphenes) exhibit underlying absorption 

due to a C-C π-plasmon peaking in the UV and tailing off into this near infrared region, 

but there are no distinct SWCNT (n,m) species optical transitions to contend with. So, 

normalization accounts for the overall nanotube concentration differences while allowing 
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for the comparison of relative abundance of both metallic and semiconducting SWCNT 

species in different samples. 

Metallic SWCNTs are expected to have allowed optical transitions (M11) in the 

range between 350 – 490 nm. While semiconducting SWCNTs are expected to have E22 

transitions between 475 – 820 nm and E11 transitions from 820 – 1200 nm.
27

 The 

spectrum of the semiconducting fraction in Figure 2.6 shows a decrease in optical 

absorption in the region between 350 – 490 nm. This clearly indicates a successful 

enrichment of SWCNTs based on electronic type, in this case sc-SWCNTs. 

 
Figure 2.6 Absorption spectrum of metallic enriched (black) and semiconducting 

enriched (red). Spectrum is normalized to 763 nm. 
 

The separated semiconducting SWCNT fraction is expected to have a number of 

(n,m) species, with (6,5) being the most abundant followed by (7,3), (8,1), (7,5), (9,1) and 

(6,4) (Appendix A1). The first van Hove (E11) transitions of the dominant species of (6,5) 

and (7,3) are at 975 nm and 992 nm respectively.
58

 However, the measured spectrum 

shows a single broad peak. This may be due to the inability of sodium cholate to fully 

individualize species within the narrow range of diameters. 
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In the metallic enriched fraction, the observed peaks between 970 – 1100 nm are 

due to the semiconducting nanotubes that pass through the medium without adsorption, 

possibly by being trapped in small bundles.
44,59

 An increase in the optical absorption in 

the region of (M11) between 350 – 490 nm (Figure 2.6) is a clear indication of a 

successful enrichment of metallic SWCNTs.    

 

Previous work showed that even between semiconducting SWCNTs with 

different (n,m) indices, the process of adsorption becomes selective.
46,47

 Assuming there’s 

a finite number of adsorption sites on the stationary medium, one can selectively choose 

to retain a narrow range of (n,m) species with the smallest diameters simply by 

overloading a gel column.
46

 In the previous experiment the volume ratio used was kept at 

1:1 SWCNT solution / Sephacryl gel. Therefore one can argue that the volume of the gel 

is providing a sufficient number of binding sites to the majority of (n,m) species present 

in the sample.
46

 

To test the effect of overloading a gel column on the eluted semiconducting 

enriched fraction, two columns are packed with the same amount of Sephacryl gel. The 

first column was loaded with a volume ratio of 1:1SWCNT suspension to Sephacryl gel, 

and the other is loaded 8:1. In the later, a large amount of SWCNTs pass through the 

medium and the first collected fraction is dark in color with no specific electronic 

enrichment. The high pass through supports the claim that only a finite number of 

adsorption sites are available in the stationary medium. In the column loaded with a 

volume fraction of unity, metallic enriched suspensions pass through the stationary phase 

and are collected. The retained sc-SWCNTs are then eluted using 1 wt% SC solution 
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from both columns. The composition of each fraction is determined through 

interpretation of the absorption spectrum (Figure 2.7).  

 
Figure 2.7 Absorption spectra of separated SWCNTs under different loading conditions. 

Spectrum is normalized to 763 nm. 

 

The normalized spectrum in Figure 2.7 shows a noticeable increase in the E11 

absorption region (960 – 1100 nm) which correspond to the (6,5), (7,5), (10,2), (8,3) and 

(7,3) species along with other peaks at ~833 and 875 nm which correspond to the (5,4) 

and (6,4).
60

 The results show an overall enrichment of semiconducting SWCNTs in the 

sample where overloading conditions are used. The inability to eliminate a single 

chirality here is due to the presence of multiple (n,m) species with similar diameters, and 

thus column affinities, as described by the theory of Tvrdy et al.
46

 However, the results 

obtained do not agree with what was reported by Kataura when HiPco SWCNTs were 

used.
44

 This suggests that factors resulting from different production methods, such as 

average diameter, diameter dispersion, imperfections, and electronic enrichments, might 
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affect the thermodynamics of SWCNTs adsorption onto the gel. This motivates the need 

for further study in this area. 

2.3 Separation of SWCNTs using alkali metal ionic salts 

Since the publication of Kataura and co-workers,
47,59,61

 which proposed a 

selective adsorption mechanism responsible for the retention of SWCNTs to the gel, 

many techniques have been developed based on this description such as multi-column 

chromatography
44

 and temperature controlled single-chirality separation.
47

 Despite the 

successful separation by electronic type, diameter, and chirality with gel 

filtration,
42,44,47,59,61

 these methods have the disadvantage of high cost since they require 

the use of different concentrations of one surfactant or cosurfactants to release the 

retained SWCNTs in the gel medium.
51,52

 

In this section, a simple and cost effective chromatography separation technique 

that employs aqueous solutions of alkali metal ionic salts to release the retained 

semiconducting SWCNTs from a stationary gel medium is demonstrated. The release of 

adsorbed tubes is described by the interaction between metal ions with the SWCNT/SDS 

complexes by changing the orientation of SDS molecules around the adsorbed SWCNTs. 

Initially, when a pristine sample of SWCNTs is sonicated in the presence of a 

surfactant, SDS monomers tend to pack more densely around m-SWCNTs followed by 

larger diameter sc-SWCNTs (Figure 2.8).
39,62

 Since larger diameter SWCNTs trend 

toward metallic character, this packing difference is potentially a result of differences in 

the electronic interactions between the SDS monomers and the metallic-like SWCNTs 

versus the small diameter sc-SWCNTs.. The illustrated difference in packing density of 
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SDS around SWCNTs in Figure 2.8 assumes a typical low concentration of surfactant (1 

– 3 wt%) which is usually applied in physical adsorption experiments of SWCNTs. 

 
Figure 2.8 Packing density of SDS around SWCNTs. (a) Low packing density around 

smaller diameter SWCNTs, (b) high packing density around larger diameter SWCNTs. 

 

When the concentration of surfactant is increased, the configuration is altered in both 

metallic and semiconducting SWCNTs and no difference in packing density is observed 

at high enough concentrations.
43

 This explains the need to use low concentrations of SDS 

(< 2 wt%) in the initial suspension to ensure the adsorption of sc-SWCNTs which leads 

to successful separation.   

2.3.1 The effect of salt on the adsorbed SWCNTs 

The experiments in this section employ the same sample preparation steps 

described in the earlier section. Samples containing 2 mg of as produced CoMoCAT 

SWCNTs are dispersed in 20 mL of 2 wt% of SDS in DI water. Sonication time is set to 

60 minutes with a power of ~12 W. Removal of large undispersed bundles is then 

achieved via centrifugation for 60 minutes and centrifugal force of 30790×g. Plastic 12 

mL syringe columns with glass fiber are packed with 4 mL of Sephacryl-S200. Initial 

washing of the column is done using a solution of 0.5 wt% SDS in DI water. Loading 

conditions are maintained at a volume ratio of 1:1 of Sephacryl to SWCNT/SDS 

suspension. 
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In each column, metallic enriched SWCNT suspensions are collected as they pass 

through the stationary medium showing minimum interaction. On the other hand, 

semiconducting SWCNTs/SDS tend to interact strongly and adsorb to the gel. The 

difference in the affinity is attributed to the packing density of SDS micelles around 

SWCNTs with different geometry configurations.  

At the conventionally used concentrations of SDS (1 – 3 wt%) it is energetically 

favorable for the hydrophobic tails to assemble in a flat and less dense manner along the 

surface of smaller diameter SWCNTs which keeps the surfactant head groups closer to 

the surface.
43

 On the other hand, charged head groups remain at a distance away from the 

surface in metallic SWCNTS. This difference in configuration is used to describe the 

difference in affinity of SWCNTs towards the gel. If the interaction is assumed to be 

mainly due to the configuration of SDS micelles around the SWCNTs, then it is possible 

to elute the retained semiconducting SWCNTs in the gel medium just by inducing 

changes in the SWCNT/surfactant micellar structure.  

In the conventional SWCNT chromatography reported in the literature, two 

different methods are used to elute the semiconducting fraction from the gel. One method 

uses a cosurfactant as described in section 2.2. Another technique employs a higher 

concentration of the same surfactant (e.g. 5 wt% of SDS)
59

 to obtain the retained 

SWCNTs from the gel. Both approaches are described by the adsorption of surfactant 

micelles in the eluting solution onto the exposed regions of the nanotube. Thereby 

increasing the number of SDS monomers per unit area (aggregation number) and altering 

the configuration around the retained SWCNTs.
40

 This leads to an increase in the 

repulsive forces with the gel which reduces the affinity of the supramolecular to the gel.
57
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In contrast, a new approach for elution of the SWCNTs adsorbed to a Sephacryl 

gel is taken in this work. The retained SWCNTs are released from the gel by introducing 

aqueous solutions containing alkali metal ionic salts. The effect of salts on pure SDS 

micelles (i.e. no nanotubes present) has been the subject of study for a long time in 

colloidal chemistry.
63

 Previous experiments on pure SDS in water reported a decrease in 

the critical micelle concentration (CMC) as the concentration of salt is increased in the 

solution, as well as, an increase in aggregation number.
63,64

 This indicates that salts can 

be used to induce changes in the SDS configuration around SWCNTs which in turn will 

affect the overall affinity of the SWCNT/SDS to the gel.   

To test the effect of salts on the separation of SWCNTs, first, a solution 

containing 295 mM NaCl in DI water is used to elute adsorbed SWCNTs from Sephacryl 

gel. The introduction of a salt solution serves as a charge screening medium by which the 

electrostatic interaction of cations with the negatively charged sulfate group on the SDS 

micelle results in the transformation of the configuration of SDS from being randomly 

oriented to rod like structures perpendicular to the surface of the SWCNT.
60

 

Consequently, the affinity of SWCNT/SDS micelles with the gel medium is reduced and 

the retained nanotubes are eluted. The collected semiconducting fractions are purple in 

color as expected from a (6,5) enriched sample (Figure 2.9). 
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Figure 2.9 Separated yellow “metallic,” and purple “semiconducting” SWCNT fractions 

after addition of 295 mM NaCl. 

 
Although the purple color of the eluted sample is a clear indication of a successful 

separation, the abundance of each individual (n,m) SWCNT type can be determined by 

absorption spectroscopy. Absorption spectra are measured over the visible to near-

infrared range of 400 to 1100 nm (Figure 2.10). 
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Figure 2.10 Absorption spectra of a sample separated with 295 mM NaCl to yield sc-

SWCNTs (black). The separated m-SWCNT fraction (red) collected initially is shown for 

comparison. 

 

The normalized spectrum shows the distinct peaks for the E11 transitions of the 

(6,4) at 873 nm, (6,5) at 975 nm, (7,3) at 992 nm, and (7,5) at 1024 nm.
60

 The second van 

Hove (E22) transitions are also observed for the same species with (7,3) at 507 nm, (6,5) 

at 567 nm, (6,4) at 578 nm, and (7,5) at 645 nm.
65

 On the other hand, the m-SWCNT 

enriched sample displays enhanced absorbance in the M11 region (Figure 2.10).  

To understand how the method developed here differs from the conventional two 

surfactant technique, two side by side columns are tested. One is separated by a solution 

of [NaCl] (<1 wt%) and the other is separated with 1 wt% sodium cholate as a 

cosurfactant (Figure 2.11). 
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Figure 2.11 Absorption spectrum of semiconducting SWCNTs separated with NaCl 

(black) and SC (red). 

 

The absorption spectra (Figure 2.11) show more noticeable distinct peaks in the 

sample separated with NaCl. This implies that samples containing salt display higher 

degree of electrostatic repulsion between different SWCNT/SDS complexes in the 

narrow diameter range giving more individualized nanotubes in the collected fractions. 

Moreover, these non-normalized spectra indicate the total SWCNT yield is similar 

whether a salt solution or a cosurfactant is used. This can be deduced by comparing the 

height of most dominant species (6,5) in both solutions, or using the absorbance value at 

763 nm described earlier. 

2.3.2 Anions and cations in the eluting solution 

If the modification of SDS structure is mainly due to charge screening from 

charged ions, then using salts with different metal cations or different anions to elute the 

sc-SWCNTs from the gel should lead to similar results obtained with NaCl but possible 

trends related to ionic size would be revealed. To test this hypothesis, a series of 
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separation experiments are performed using the same molar concentrations of metal salts, 

but with NaI and NaSCN to understand the effect of using a salt with larger anion. 

Absorption spectra of separated samples are taken immediately after separation (Figure 

2.12). 

 
Figure 2.12 Absorption spectrum of semiconducting SWCNTs separated with NaCl 

(black), NaI (green), NaSCN (blue) and 1% sodium cholate (red). Profiles are normalized 

to 763 nm. 

 

The profiles in Figure 2.12 do not display any differences between the samples 

eluted with salts having different anions. This suggests that the main driving factor in the 

separation is the concentration of positively charged metal cations. Although the effect of 

anion structure and size is not clear, the samples containing larger anions displayed lower 

stability and displayed aggregation after a short period (< 3 days). One can suggest that in 

the samples separated with larger anions, the charge of the supramolecular structure is 

neutralized. In other words, the micelles are no longer adsorbed to the nanotubes. In 

contrast, the samples separated with NaCl displayed observable stability over a long 

period (~10 days). It is important to note that the sample separated with sodium cholate 
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contained a different molar concentration of metal ions versus NaCl. At 1 wt% of SC, the 

concentration of Na ions is much lower than 295 mM. Therefore, the elution with sodium 

cholate cannot be considered a result of reconfiguration of micelles due to Na
+
 but more 

likely the adsorption of the cholate ions on the exposed regions of SWCNTs via π- π 

interactions. 

The effect of cations on the separation is tested by using different salts such as 

LiCl and KCl. The same procedure is followed to test salts with different cationic groups. 

The collected fractions at the same molar concentration of salt are shown in (Figure 2.13) 

 

Figure 2.13 Separated metallic “yellow” and semiconducting fractions with different 

salts. LiCl (transparent), NaCl (purple) and KCl (grey aggregates). 

 

Samples separated with KCl showed immediate aggregation with gray color, 

while the samples eluted with LiCl were optically transparent (Figure 2.13). The 

difference in color between the fractions collected with different alkali metal salts 

suggests a relation between the size of the ion and the ability to elute SWCNTs from the 

medium. If the solution eluted with KCl is displaying aggregation, it is reasonable to 

assume that the concentration of metal ions required to elute SWCNTs from the gel 

depends on the size of the metal ion. Following this assumption, the concentration of KCl 

is reduced to 67 mM and the concentration of LiCl is increased to 1.179 M in the eluting 
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solution. The absorption profiles in Figure 2.14 show the spectra of the successfully 

eluted semiconducting SWCNT fractions. 

 
Figure 2.14 Absorption spectra for sc-SWCNTs collected following the addition of (a) 

1.179 M LiCl, (b) 67 mM KCl. 

 

The variation in interaction of different metal ions with the SWCNT/SDS 

micelles is similar to previous explanations in the literature describing a change in 

hydration for different metal ions. That is, the smaller Li ion is surrounded by more water 

molecules making it more difficult for the ion to get closer to and interact with the SDS 

sulfate headgroup.
66

 

2.3.3 Concentration of NaCl and (n,m) composition   

To test the effect of varying the ionic strength on the amount of SWCNTs eluted 

from the gel as well as the possibility of selective (n,m) enrichment in the semiconducting 

fractions, the concentration of NaCl in the eluting solution is varied between 45 to 513 

mM. Following the same steps described in the previous section, four identical columns 

were run, each one loaded with a volume ratio of 1:1 SWCNT/SDS suspension to 

Sephacryl. The collected sc-SWCNT fraction from each column is characterized using 

absorption spectroscopy (Figure 2.15). 
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Figure 2.15 Absorption spectra of sc-SWCNT samples separated with different 

concentrations of NaCl. 

 

The samples collected at low concentration of 43 mM are dilute and display a 

light blue color. This indicates that only a small fraction of adsorbed SWCNTs are eluted. 

The relative height of observed (n,m) peaks are considerably lower than the samples 

containing higher concentrations of NaCl. Interestingly, when the concentration is 

increased to 513 mM the peak heights of the dominant species, (6,5) and (7,3), were 

decreased (Figure 2.15). The obtained results provide a hint that a relationship between 

the concentration of NaCl and the (n,m) composition of the eluted fractions might exist. 

For instance, at high salt concentrations aggregation occurs (Fig 2.13 and 2.14b), so the 

observations here may be indicating the onset of (n,m) or diameter specific aggregation. 

This relationship is considered further in the next section. 

2.3.4 Fitting analysis of optical spectra 

The full understanding of the separation process and the investigation of 

composition of samples eluted with NaCl is achieved with peak fitting of the 

experimentally observed spectra. 
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There are many problems that arise when trying to mathematically model the 

absorption spectra of SWCNTs solutions. One is the existence of many (n,m) species 

with bandgap energies not well separated. Another problem is the difference in surfactant 

packing around SWCNTs with different diameters. This results in having different 

degrees of exposure of the SWCNTs in the suspension. Smaller diameter species are thus 

expected to be more exposed to the surrounding aqueous environment than larger 

diameter species.
39,62

 Therefore, it is reasonable not to fix the peak widths when trying to 

simulate the individual (n,m) peaks. 

Previous work by several groups, including Weisman at Rice and Strano at MIT, 

tested different mathematical functions in an attempt to reach the best fit for absorption 

spectra.
67

 Between three different spectroscopic functions: Gaussian, Lorentzian and 

Voigt, the best fit was obtained by using the Voigt function (equation 2.1). 

2
2ln(2)

V  V  + 
3/2 2 2 2

ln(2) 4ln(2)

tw eLA dt
w w x xG L c t

w wG G



 
   

    
    

   

  (2.1) 

Equation 2.1 is a convolution of a Gaussian and Lorentzian profiles where Vο 

represents the offset, A is the area, WG and WL represent the Gaussian and Lorentzian 

widths respectively, xc is the center location of the peak and t is the horizontal axis, in this 

case wavenumber.  

The goal of spectral analysis here is to compare the relative composition of sc-

SWCNT samples eluted with different fractions of NaCl. This is achieved by focusing on 

the E11 region of the spectrum (830 – 1100 nm) where the transitions of the most 

abundant species are present. 
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Unlike the model developed by Strano et al. where it only accounted for 

background plasmon absorption and individual (n,m) peaks,
67

 here, the proposed model 

also accounts for noise signals generated by the instrument. In this case, the total 

absorption can therefore be represented by 

 ( , )total n m Background noiseA A A A  
 (2.2) 

Where A(n,m) is absorption of (n,m) SWCNTs, Abackground  is the absorption due to colloidal 

graphite and its surface plasmon, and Anoise is the noise signal generated by the 

instrument. After converting the obtained experimental dataset to an energy scale (cm
-1

), 

a linear absorption background is constructed by connecting the minimum absorption 

points via a straight line (Figure 2.16). 

 
Figure 2.16 Illustration of linear baseline subtraction in the chosen region. 

 

  The effect of noise is eliminated by applying a Fourier transform filter to the 

second derivative of the measured signal to reduce the possibility of having peaks which 

(n,m) values cannot be assigned to. This also helps identify the initial center locations of 

8 different (n,m) SWCNT species at the same time (Figure 2.17). 



 
 

45 
 

 
Figure 2.17 Absorption spectrum of sample separated with 43 mM NaCl (a) location of 

different (n,m) peaks, and (b) second derivative of the spectrum. 

 

Once the noise is eliminated the total absorption can be assumed to be the sum of 

individual Voigt functions representing each (n,m) species. Assuming equal extinction 

coefficients of different SWCNTs, the spectrum of the selected region is represented as  

 
( , ) ( , )

1

k

sim n m n mA C V
 (2.3) 
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Where k is the total number of basis functions, V(n,m) represents the Voigt function used to 

curve fit the first van Hove transition of SWCNTs with (n,m) indices, and C(n,m) is the 

respective (n,m)-species relative concentration. 

An iterative process, using the curve fitting routines in OriginPro 9.1, on the 

spectra obtained with different concentrations of salt is performed. Before fitting each 

spectrum one has to set photophysical boundaries that would give reasonable results. This 

is done by fixing the baseline to zero to eliminate negative peaks and varying the peak 

widths of SWCNTs within a range of less than 500 cm
-1

 to obtain the best fit. The fitting 

process here depends on minimizing a statistical variable, 
2 ,which is mathematically 

defined as  

 

2

2

1

n obs sim

i
i

A A




 
  

 


 (2.4) 

where i  is the local variance and Aobs and Asim are the observed and simulated 

absorption signals, respectively. The value of 
2  approaches zero when the fitted signal 

agrees with the experimentally measured signal. 

The assignment of (n,m) values is done by tracking the change in the smoothed 

curvature of the spectrum (Figure 2.17b). The location of each peak is then compared 

with previously obtained experimental values.
65

 The simulated absorption spectrum of 

the sample containing 43 mM of NaCl is shown in Figure 2.18. 
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Figure 2.18 Fitted absorption spectrum showing simulated signal (red), measured signal 

(black), and individual (n,m) peaks (blue). 

 

The individual peaks had different linewidths. This is explained by the difference 

in surfactant wrapping around SWCNTs having different diameters. The values of full 

width half max (FWHM) are in the range between 200 – 350 cm
-1

. For comparison, the 

values obtained for FWHM are greater than those proposed by Strano et al.
67

 where it 

was assumed to be fixed to 200 cm
-1

 for all SWCNT species. The relative concentration 

of each species, Crel,(n,m), is then deduced using the relation 

 

( , )

,( , ) 100
n m

rel n m

sim

A
C

A
 


  (2.5) 

The denominator in equation 2.5 represents the area integral of all the simulated 

peaks. The values of Crel,(n,m) are calculated from a series of simulations for each 

experimentally observed spectrum. For different experiments, the relative concentrations 

vary slightly. Therefore, an average of four simulation experiments starting with slightly 

different guesses were conducted to determine the average Crel,(n,m) and a standard 
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deviation (% error) for the obtained values, as tabulated in Table 2.1. The relative 

concentrations are plotted on a graphene sheet map (Figure 2.19) to visually compare the 

detected (n,m) species with different diameters and chiral angles. 

Table 2.1 Relative abundance of (n,m) SWCNTs at different concentration of NaCl. 

  

[NaCl] 

43 mM 

 

[NaCl] 

128 mM 

 

[NaCl] 

256 mM 

 

[NaCl] 

513 mM 

 

   

(n,m) 

Average 

Crel,(n,m) 

(%) 

 

σ 

Average 

Crel,(n,m) 

(%) 

 

Σ 

Average 

Crel,(n,m) 

(%) 

 

σ 

Average 

Crel,(n,m) 

(%) 

 

σ 

(10,2) 2.94 0.18 3.15 0.59 0.60 0.74 0.10 0.22 

(8,1) 9.46 0.16 5.57 0.89 8.88 1.50 10.95 1.80 

(7,5) 12.17 0.34 12.24 0.44 8.13 0.36 3.68 1.50 

(7,3) 13.22 1.86 25.61 1.28 27.72 1.15 34.61 1.64 

(6,5) 32.59 0.18 32.67 1.06 37.05 0.80 31.51 2.20 

(8,3) 23.09 2.24 7.29 0.20 5.65 0.61 8.02 2.31 

(9,1) 2.74 1.02 7.41 0.28 5.46 0.82 5.14 0.30 

(6,4) 3.75 0.13 6.02 0.49 6.47 0.33 5.95 0.27 
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Figure 2.19 Relative concentration of detected (n,m) species with (6,5) being most 

abundant. 

 

The same statistical fitting procedure is followed with the samples containing 

different concentrations of NaCl.  The results are plotted in Figure 2.20. By observation, 

an increase in profile width of larger diameter species such as (10,2) and (7,5) when the 

concentration of salt is increased in the eluting solution suggests that some form of 

aggregation is taking place. This is followed by a decrease in the relative abundance of 

the mentioned species. This can also be traced by observing the change in the average 

concentration of the these species at different ionic strengths in Table 2.1. 
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Figure 2.20 (a,c,e) Fitted absorption profiles at different concentrations of NaCl, (b,d,f) 

Relative sc-SWCNT (n,m) species based on absorption simulations. 

 

2.4 Conclusions 

This work demonstrates the ability to separate single-walled carbon nanotubes by 

their electronic character using different alkali metal ionic salt solutions during gel 

chromatography. The structural arrangement of SDS micelles around SWCNT molecules 

is altered by the addition of salt ions leading to the improved elution of both m- and sc-

SWCNTs from the gel medium. Different alkali metal salts including KCl, LiCl, NaCl, 

(a) (b) 

(c) (d) 

(e) (f) 
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NaI and NaSCN were used in the separation process, and while the separation process is 

found to be driven by the concentration of cations in the eluting solution, the stability of 

separated samples is affected by the size of the anion. solutions separated with larger 

anions displayed less stability. Between the different salts, NaCl is demonstrated to give 

the best results in terms of individualizing the nanotubes as observed from the absorption 

spectrum. One can hypothesize that this is a consequence of the CMC of SDS around 

SWCNTs and the ability of Na
+
 to gradually increase the aggregation number of SDS 

without causing complete aggregation.  Modeling the experimentally observed absorption 

profiles demonstrates that aggregation starts in larger diameter SWCNTs when the 

concentration of NaCl is increased in the eluting solution. The results imply that it is 

possible to fine tune the concentration of NaCl in the eluting solution in order to 

selectively enrich a solution with specific (n,m) species.  
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CHAPTER 3: THIN-FILMS OF SEPARATED SINGLE-WALLED CARBON 

NANOTUBES 

3.1 Deposition of SWCNT films from organic solvents. 

The deposition of SWCNTs on substrates like glass is of major interest for many 

applications including biological imaging, optoelectronic fabrication and nanoelectronic 

devices.
68,69

 Significant research emphasis currently is geared toward determining a 

deposition method which can yield large area films of uniform and aligned SWCNTs. 

Several deposition techniques reported in the literature include vacuum filtration,
70

 dip 

coating,
71

 spin coating
72

 and evaporation driven self-assembly.
73

  

The main focus in this section is on extracting SWCNTs from their surfactant 

solution and dispersing them in organic solvents for deposition. The sorting methods 

described in the previous chapter yield electronically separated SWCNTs suspended in 

surfactant. The problems that arise when trying to spin coat separated SWCNTs are the 

presence of surfactant which limits their ability to deposit on glass. Another problem is 

the difficulty of deposition from an aqueous solution.
74

 Therefore, an alternative 

approach to solve the problem is to spin coat SWCNTs from an organic solution free of 

any surfactants. However, this still means that separated SWCNTs must be stripped from 

the surfactant micelles.  

Previous work by Meitl et al.
75

 demonstrated the ability to remove the surfactant 

from SWCNTs right before they are coated on a substrate. This is achieved by creating a 

diffusion layer formed by simultaneously introducing methanol and the SWCNT/SDS 

aqueous suspension onto the spinning substrate (Figure 3.1).
75,76

 The SDS micelles are 

removed by having higher affinity toward the organic surrounding. However, precise 

control of deposition conditions remains a challenge. Therefore, a slightly modified 
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approach is followed in this section to achieve highly enriched single electronic character 

SWCNTs in methanol or acetone. 

 
Figure 3.1 Illustration of a proposedprocess for  surfactant removal and SWCNT spin 

coating. Adopted and modified from reference 
76

. 

 

Following the assumption of Meitl et al. that SDS monomers have higher affinity 

towards the organic solvent,
75

 the addition of a sufficient volume ratio (3:1) of methanol 

or acetone to SWCNT/SDS suspensions is found to cause observable aggregation as 

shown in Figure 3.2a. The exposure of the SWCNT surfaces, as a result of SDS removal, 

causes them to interact with each other via van der Waals forces. When the mixture of 

SWCNT/SDS and organic solvent is subjected to a centrifugal force (1500 RPM, 

<1000×g) for a short period of 4 minutes (Figure 3.2b), SWCNTs are forced to sink 

forming aggregates at the bottom of the tube (Figure 3.2c). The success of the process is 

governed by the amount of organic solvent used to extract SDS molecules from the 

SWCNT surface. 
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Figure 3.2 The process of surfactant removal from SWCNTs: (a) addition of methanol or 

acetone to SWCNT/SDS solution, (b) centrifugation of mixture, and (c) aggregated 

SWCNTs free of surfactant. 

 

In the case when the concentration of SWCNTs is high, a repetitive process of 

organic solvent addition, centrifuging, and removing the top portion is required. The 

bundled SWCNTs are then redispersed in an organic solvent (e.g. methanol, acetone, or 

dimethyl formamide) through sonication for 30 minutes at a power of ~12 W to produce 

a suspension that is stable for 3 – 10 mins depending on the concentration of SWCNTs. 

These suspensions can then be spin coated onto glass substrates at the desired 

conditions.
72

 

SWCNTs deposited on different substrates following the described method can be 

characterized using different microscopy techniques such as atomic force microscopy 

(AFM) or scanning electron microscopy.
77

    

3.2 Vertical deposition from aqueous solutions. 

 Between different methods for depositing SWCNTs from a surfactant suspension, 

vertical deposition offers a simple and cost effective method for deposition.
78

 In this 

method, a substrate is inserted vertically into an aqueous suspension of surfactant 

wrapped SWCNTs. The water is then evaporated at a certain rate causing the 
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SWCNT/surfactant to form a highly ordered crystalline structure on the substrate. Several 

variables are controlled in this process such as the concentration of surfactant and 

SWCNTs, evaporation rate, and the angle of contact. 

The quality of the produced films is assessed with various methods that look at 

the order of the crystal. Such methods may include scanning electron microscopy (SEM) 

and atomic force microscopy (AFM), which can be used to address the domains of 

ordered structures, as well as, the thickness of the produced films.  

In the case of semiconducting SWCNT films, the existence of unique (n,m) 

optical transitions allows the use of more simple and cost effective methods such as 

absorption and fluorescence to investigate the possibility of van der Waals interaction 

between different SWCNTs. This is achieved by looking at the optical absorption profile 

where the presence of distinguishable (n,m) peaks is an indication of minimized 

interaction between SWCNTs. The present work will use absorption spectroscopy as well 

as optical microscopy to characterize SWCNT films produced with this method. 

The suspended SWCNT/SDS structures experience Coulombic forces resulting 

from the interaction of surfactant charged heads with each other and metal ions in the 

solution. Another force experienced by SWCNTs in the solution is the gravitational force. 

Even in solutions of separated SWCNTs there is a mixture of different (n,m) species 

having different buoyancies due to factors such as surfactant wrapping and SWCNT 

geometry.
79,80

 Also, suspended SWCNTs experience diffusional motion in their 

environment, which is dependent on the (n,m) species, the surfactant and its micellar 

structure with the SWCNT, and the solvent viscosity.
81,82

 Some of these factors increase 
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diffusional rates, like small diameter SWCNTs, while others, such as solution viscosity, 

decrease the diffusion. 

When the solution is subjected to a heat source, water starts to escape from the 

medium leaving SWCNT/surfactant to diffuse. If the diffusion velocity of, in these 

studies, the SWCNT/SDS complex is lower than the velocity of the interface which is 

dropping due to evaporation, the concentration of SWCNT/SDS complexes near the 

water/air interface increases. Along with diffusion and viscous forces responsible for 

controlling the SWCNT/SDS concentration profile, the Coulombic repulsion between 

SDS sulfate headgroups forces the concentrated SWCNT/SDS complexes to align into an 

ordered structure.
78

 Therefore, the presence of a charged (anionic, in this case) surfactant 

is an essential part that drives the alignment of SWCNTs near the water/air interface. A 

graphical description of the assembly is shown in Figure 3.3. 

 
Figure 3.3 Graphical description of self-assembly of SWCNTs near the air-water surface 

during the evaporative deposition process. 
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In the work of Shastry et al,
78

 large area SWCNT thin films were fabricated using 

an evaporation driven self-assembly. The authors explain the deposition of SWCNT/SDS 

complexes, on the vertically inserted substrate, by the combination of frictional and 

capillary forces between the substrate and the suspended particles. The frictional forces 

pin the particles in place, while the capillary forces can lead to de-pinning of the 

particles. The competition between diffusional forces and the accelerated evaporation at 

the contact line yields dense stripes of SWCNTs. Thus, the formation of stripes of 

SWCNTs on the surface is governed by the concentration of SWCNT/SDS complexes 

and the surface tension of the solution. In other words, increasing the concentration of 

SWCNT/SDS increases the friction between the substrate and the solution. On the other 

hand, increasing the concentration of SDS lowers the surface tension of the solution and 

requiring less force to de-pin the contact line.
78

 

In the following experiments, standard microscope glass substrates are cut to the 

desired size and cleaned with acetone and DI water. The substrates are left to dry before 

being placed vertically in a solution of separated semiconducting SWCNTs, as shown in 

Figure 3.4. The solutions used here contain either a mixture of surfactants, SDS and SC, 

or a mixture of SDS with NaCl. The evaporation temperature in all experiments is kept at 

70 °C. 
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Figure 3.4 Glass substrates in a solution of sc-SWCNTs/SDS/SC. 

 

In Figure 3.4, two sc-SWCNT films are simultaneously deposited on the two 

substrates shown. In the solution, containing a mixture of SDS and SC, the edge of the 

deposited film is defined by the meniscus formed on the substrate. This in turn is 

governed by the surface tension of the solution. As the water starts to evaporate, stripes 

defining the edge of the film are visually observed. This indicates that a thick region of 

multiple layers of sc-SWCNTs are depositing on the substrate. The high thickness of the 

deposited film is attributed to the high concentration of SWCNT/surfactant in the starting 

solution as well as the evaporation rate.  

Since the contact line is dropping with a velocity greater than the diffusion 

velocity of SWCNTs, they remain trapped near the surface of the solution forming the 

first layer of SWCNT/surfactant. If this layer is not adsorbed to the substrate, multiple 

layers can form beneath it. The layers formed near the surface are not in a bundled state 

due to the repulsive forces between micelles on the SWCNTs. This is evident by the 

absence of observable aggregation on the surface of the solution and the prepared films 
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(Figure 3.5). However, one must also consider that the elevated temperatures used in the 

evaporation process can impact the micelle structure around SWCNTs. If it is assumed 

that a behavior similar to that of pure surfactant micelles in water is taking place, then it 

is possible to hypothesize that the micelles surrounding SWCNTs are undergoing a 

transition to a lower aggregation state, meaning less SDS are adsorbed to the surface of a 

SWCNT.
83

 This indicates a need to avoid extreme evaporation temperatures that may 

result in pre-aggregation rather than the desired structured deposition. 

 
Figure 3.5 Semi-transparent SWCNT film on glass.  

To investigate the morphology of SWCNTs on the film shown in Figure 3.5, 

absorption spectroscopy provides a simple approach to test the individualization of 

SWCNTs in the solid state. This can only be applied to sc-SWCNTs since they display 

distinct (n,m) transitions in the E11 and E22 regions. In m-SWCNTs the various (n,m) 

absorption peaks are detectable as broad bands, and since multiple peaks are significantly 

overlapping with each other, it is difficult to judge the extent of their aggregation or 

individualization. In the following absorption spectrum, only the sc-SWCNT E22 region 
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between 450 – 800 nm is investigated due to the detection limitations of the instrument 

used (Shimadzu UV-2401). 

 
Figure 3.6 Optical absorption of sc-SWCNT thin film on glass substrate. 

 

Figure 3.6 shows the absorption of SWCNTs in the solid state. The results reduce 

the possibility of aggregation of the layers of SWCNTs in the solid state. This is justified 

by the ability to see distinct (n,m) transitions instead of one broad peak, for instance the 

primary (6,5) peak at ~580 nm. 

There are many reasonable explanations for the formation of cracks in the films 

prepared with the same procedure (sc-SWCNT/SDS/SC) shown in Figure 3.5. One being 

the presence of free surfactant micelles that can affect the stacking near the interface, 

resulting in imperfections in the deposited film. Another possible explanation is the 

presence of mechanical vibrations in the work station affecting the contact line. When the 

same experimental procedure is repeated for the sc-SWCNT suspensions separated with 

NaCl, no observable stripes are shown on the substrate. More interesting is that the 

SWCNTs started to aggregate in the suspension at an early stage. 
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In another experiment to test the effects of surfactant concentration on deposition, 

a sc-SWCNT suspension separated from the same initial concentration (2 mg in 2 wt% 

SDS, eluted with 1 wt% SC) is diluted with 10 mL of 1 wt% SC and sonicated for 30 

minutes at a power of ~12 W before inserting the glass substrate, as shown in Figure 

3.7a. At the same evaporation temperature (70 °C), SWCNT deposition did not start at 

the initial interface line. Moreover, as evaporation continues, SWCNTs displayed 

observable aggregation on the substrate as shown in Figure 3.7b. 

 
Figure 3.7 (a) Glass substrate in a dilute solution of sc-SWCNT/SC, and (b) aggregation 

of SWCNTs on the substrate. 

 

The aggregation of SWCNTs on the substrate when deposited from either a 

suspension of high concentration of surfactant or salt is best described by the increase in 

the diffusivity of SWCNT/surfactant complexes in the medium. This is due to the 

decrease in the viscosity of the suspension when surfactants or salts are present. These 

observations may be described using the Stokes-Einstein equation for translational 

diffusion. Following the assumption of Hobbie et al.
84

 that SWCNT/SDS structures can 

be modeled as rigid rods, the equation is written as: 

   
       (

 

 
)    

       
 (3.1) 

Where D is the mean diffusion coefficient of SWCNTs, k is the Boltzmann constant, T is 

the temperature (343 K),   is the viscosity of the solution, L is the length of the SWCNT, 
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d is the diameter of the supramolecular (SWCNT/SDS) complex, and γ is a correction 

factor.
85

 The mean diameter of the SWCNT sample is 0.78 ± 0.16 nm, with an aspect 

ratio (L/d) of ~1000 (SouthWest Nanotechnologies, SG65i, Appendix A1). 

In the deposition experiments where SWCNTs are self-assembled from a 

suspension of SDS/SC, when the concentration of SC is increased, the viscosity term ( ) 

in equation 3.1 is decreased, resulting in an enhanced diffusivity (D) of the SWCNT/SDS 

complex in the medium. Thus, SWCNTs can diffuse to the low concentration region 

faster than the drop rate of the air/suspension interface. 

 

Figure 3.8 SWCNTs/surfactant on glass substrates deposited from (a) higher viscosity 

solution, (b) solutions having high concentration of SWCNTs, and (c) solutions of lower 

viscosity. 

 

A closer look at the deposited films using optical microscopy (Figure 3.8) shows 

the bulk morphology on the micrometer scale. In the case when separated sc-SWCNTs 

are deposited from a solution of SWCNTs/SDS/SC, the deposited film in Figure 3.8a 

shows non-uniform stripes of SWCNT/surfactant with gaps having widths of ~100 μm. In 
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the films deposited from unseparated SWCNTs/SDS, the film appears to be continuous 

with few visible imperfections (Figure 3.8b). In the experiments where SWCNTs are 

deposited from solutions of high surfactant concentration (i.e. low viscosity), a closer 

look shows large aggregates of SWCNTs/surfactant on the glass surface. These 

observations are in agreement with expectations based on the application of the Stokes-

Einstein equation (3.1), the rigid rod model from Hobbie et al., and illustrated previously 

in Figure 3.3. 

3.3 Conclusions 

 For many applications of SWCNTs it is helpful to have schemes for their 

deposition as thin films. While bulk, as-produced SWCNTs have been used in early 

efforts, desired benefits in optoelectronics, for instance, require more refined SWCNT 

materials like those resulting from separations processes. Since these processes typically 

yield SWCNTs wrapped in surfactants, finding methods to remove the surfactant prior to 

thin film deposition, or to deposit the SWCNT/surfactant complexes directly (to later 

remove the surfactant) are necessary. 

In this chapter, it was shown that surfactants can be removed readily by an 

aggregation/washing process that included addition of simple organic solvents (methanol 

or acetone) to the SWCNT/surfactant suspensions followed by low-speed centrifugation, 

SWCNT material collection, and brief colloidal suspension in for instance another 

organic solvent like acetone or DMF for spin coating. It was also shown that direct 

evaporative deposition from a SWCNT/surfactant aqueous suspension can yield ordered 

thin films on a micron to millimeter scale. Earlier literature descriptions of this process 

could not properly describe or account for deposition failures. By treating the 



 
 

64 
 

SWCNT/surfactant complex as a rigid rod, this diffusion controlled process, well 

described by the Stokes-Einstein equation, can be purposefully modified by temperature, 

counter-ion addition, and/or surfactant concentration. Such demonstrations now provide a 

more comprehensive understanding of the process of SWCNT self-assembly which can 

open the door to a wide range of SWCNT applications. 
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CHAPTER 4: CONCLUSIONS AND REMARKS 

4.1 Summary of Current Results 

Most work with SWCNT gel-based chromatography separations rely on 

employing either different concentrations of one surfactant or introducing  cosurfactants. 

In both cases, surfactant monomers tend to adsorb to the exposed regions of SWCNTs 

altering their affinity toward the gel medium (typically a modified allyl dextran). 

In Chapter 2 of this work, a simple and cost effective separation method was 

presented. By introducing alkali metal ionic salts, the interaction between adsorbed sc-

SWCNTs and the gel medium is disturbed leading to the desired elution. The effect of 

changing the size of the metal cation is shown to affect the wrapping of SDS monomers 

around SWCNTs. At similar concentrations of salt, smaller cations (Li
+
) yielded little sc-

SWCNT elution while larger cations (e.g. K
+
) were found to cause aggregation. This was 

explained by the difference in hydration, that is smaller cations are surrounded by a larger 

number of water molecules making it difficult to approach surfactant headgroups. By 

testing salts having different anions, we demonstrate that the elution from gel is mainly 

driven by the positively charged metal ions. 

Absorption spectroscopy was used throughout this thesis to analyze the difference 

between samples eluted with different salt solutions. The samples obtained following the 

addition of salts displayed higher degrees of SWCNT individualization in the collected 

fractions. These findings support the work in the literature describing the effect on the 

separation process related to the SDS packing density around different SWCNTs. In the 

experiments utilizing various metal ionic salts, it is demonstrated that the separation is 

only affected by the wrapping of SDS around SWCNTs.             
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To fully understand the separation of SWCNTs, iterative peak fitting of SWCNT 

absorption spectra, collected following the addition of different concentrations of NaCl, 

is employed. A small window in the E11 region is analyzed (830 – 1100 nm). Using Voigt 

basis functions and least-squares fitting, the relative concentrations of several (n,m) 

species are calculated at the different [NaCl] levels. The results of the fitting shows how 

different (n,m) SWCNTs require different salt concentrations to reach an aggregation 

stage. Namely, larger diameter species such as (10,2) tend to aggregate at lower 

concentrations of NaCl. 

In Chapter 3, different methods for SWCNT deposition on glass substrates are 

presented. In section 3.1, separated SWCNTs are first stripped from the surfactant 

wrapping them by a repetitive addition of an organic solvent, such as methanol or 

acetone, followed by mild centrifugation at 1500 RPM, and then resuspension in a 

volatile solvent. SWCNT suspensions prepared following this procedure were stable for 

3-10 minutes depending on the concentration of SWCNTs. These suspension could then 

be readily spin coated onto a substrate. In section 3.2, separated SWCNTs are deposited 

directly on glass substrates via vertical deposition from an evaporated aqueous 

suspension. A novel approach to explain the mechanism of deposition is presented, 

wherein, the results are explained by combining Tsyboulski’s diffusion dynamics,
86

 

Hobbie’s self assembly method
84

 and Shastry’s mechanistic model.
78

 The Stokes-Einstein 

equation of diffusion for cylindrical rods is used to understand SWCNTs self-assembly 

near the air/suspension interface. The competition between drop rate of the interface line 

and the diffusion rate of SWCNT/SDS complexes is found to be responsible for SWCNT 
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concentration near the interface. The presence of Coulombic repulsion between surfactant 

micelles is found to drive the self-assembly of SWCNTs near the interface. 

4.2 Suggestions for Future Work 

In section 2.2, the effect of introducing salts to SWCNT/SDS suspensions was 

described. However, one can test a wider range of salts (including CsCl, MgCl2,  CaCl2, 

and NH4Cl) to solidify the effect of larger salt cations and consider divalent or trivalent 

metal ions in the eluting solution on the separated SWCNT/SDS fractions. These 

experiments should also provide insight on whether ionic activity is more important than 

ion size. In a manner similar to that explained in section 3.1, it is also possible to test 

whether organic solvents such ethanol, methanol, or acetone can cause SWCNTs to be 

eluted from a gel medium. This will help create a ready to be used SWCNT ink for spray 

or spin coating applications.  

Another direction that might allow scientists and engineers to better understand 

the adsorption interactions of SWCNT/surfactant complexes is to consider studying the 

thermodynamics of micelle formation on SWCNTs with different electronic character. 

This could be done using calorimetric experiments observing micelle formation and 

disintegration as a function of temperature. This will allow the determination of the 

enthalpy and entropy of micelle formation on both metallic and semiconducting 

SWCNTs. Initially, one can start by looking at previous experimental work dealing with 

pure SDS micelles in water. 

In section 3.2, the effect of controlling the hydrophobicity of the substrate was not 

investigated. A possible method might include plasma etching of the glass substrate 

which will reduce the hydrophobicity of the substrate. Moreover, by tagging the 
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nanotubes with fluorescent dye, one might be able to observe the morphology of SWCNT 

films using confocal fluorescence microscopy. 
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