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This study covers three important research topics related to the application of liquid-liquid 

interaction with single-walled carbon nanotubes (SWNTs). The first topic describes the removal 

of SWNT bundles from liquid suspensions of nanotubes. The key to this work includes the use of 

liquid-liquid interfaces to trap the SWNT bundles due to the free energy change of the system 

during the process.  

SWNTs pack into crystalline ropes that form bundles due to strong van der Waals 

attraction. Bundling diminishes mechanical and electronic properties because it could interrupt 

the electronic structure of the nanotubes. Also, the electronic devices based on as-grown 

nanotubes, which contains a mixture of individual nanotubes and nanotube bundles, make the 

electrical response unpredictable. We developed a new simple process to remove bundles by 

liquid-liquid interaction. SWNTs bundles are trapped at the interface because bundles stabilize 

the emulsions. Eliminating the use of ultracentrifugation to remove SWNT bundles enables 

large-scale production with reduced production costs and time savings.  

The second topic presented the swelling effect of the surfactant layer surrounding SWNTs 

with nonpolar solvents. Solvatochromic shifts in the absorbance and fluorescence spectra are 

observed when surfactant-stabilized aqueous SWNT suspensions are mixed with immiscible 
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organic solvents. When aqueous surfactant-suspended SWNTs are mixed with certain solvents, 

the spectra closely match the peaks for SWNTs dispersed in only that solvent. These spectral 

changes suggest the hydrophobic region of the micelle surrounding SWNTs swells with the 

organic solvent when mixed. The solvatochromic shifts of the aqueous SWNT suspensions are 

reversible once the solvent evaporates. However, some surfactant-solvent systems show 

permanent changes to the fluorescence emission intensity after exposure to the organic solvent. 

The intensity of some large diameter SWNT (n, m) types increase by more than 175%. These 

differences are attributed to surfactant reorganization, which can improve nanotube coverage, 

resulting in decreased exposure to quenching mechanisms from the aqueous phase.  

The third topic describes the further study of the solvatochromism of the SWNTs. Since 

SWNTs are encapsulated with microenvironments of nonpolar solvents, it provides a new 

method to measure the photophysical properties of nanotubes in environments with known 

properties. Fluorescence and absorbance spectra of SWNTs show solvatochromic shifts in 16 

nonpolar solvents, which are proportional to the solvent induction polarization. The 

photophysical properties of SWNTs were used to determine the relationship between the 

longitudinal polarizability and other nanotube properties, α11,|| ∝ 1/(R2E11
3). 
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CHAPTER 1 
INTRODUCTION 

 Single-walled carbon nanotubes (SWNTs) are ultrathin and impressively long 

macromolecules made of pure carbon with structures as regular and symmetric as crystals. They 

can be utilized in devices at a molecular scale and offer the possibility of shrinking devices 

further because the speed, density, and efficiency of devices all rise rapidly as the minimum 

feature size decreases. SWNTs have a tensile strength 20 times that of steel, carry 1000 times 

more current density than copper wires, and transport charges down the nanotube without 

significant scattering. [1] There are approximately 30 different (n, m) types (approx. 1/3 metallic; 

2/3 semiconducting) produced in the raw HipCo SWNT materials. The index (n, m) defines the 

length and angle (α) of the SWNT’s roll-up vector on a graphene sheet shown in Figure 1-1. [2] 

The difference between metallic and semiconducting nanotubes is only small changes in the 

angle by which the graphene sheet is rolled into a nanotube. Therefore, small changes in α lead 

to different (n, m) types, resulting in different electrical properties for both metallic and 

semiconducting types since each different (n, m) has specific energy states. 

1.1 The Electronic State of SWNTs 

Generally, all nanotubes can be described by the indices | n - m | = 3q. If q is an integer, the 

tubes are assigned as metallic or semimetallic. Otherwise, they are semiconducting nanotubes 

with geometry-dependent bandgaps. Therefore, each (n, m) type of semiconducting nanotubes 

generates near-infrared (NIR) fluorescence of a specific wavelength; the intensity of the 

fluorescence is based on the concentration of each (n, m) semiconducting tube.  

The density of electronic states (DOS) describes the number of electronic states at a 

particular energy and is used to understand the optical transitions of SWNTs. As shown in Figure 

1-2, one-dimensional materials, such as SWNTs, show sharp peaks in the DOS, which are called 
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van Hove singularities and are similar to molecular energy levels. Therefore, optical transitions 

of SWNTs occur between matching peaks in the 1D DOS. When a SWNT absorbs energy (E22), 

the electron is excited from the valence band to the conduction band. Then, after the electron 

loses energy through nonradiative relaxation to the lowest conduction band energy state, the 

electron recombines with the hole in the valence band, yielding radiative fluorescence emission 

(E11) (It is also the bandgap of SWNTs). [3] Because the energy states vary for each (n,m) type, 

E11 and E22 vary with SWNT diameter. 

1.2 Characterization of SWNTs 

Most applications employing the unique electronic, thermal, optical, and mechanical 

properties of individual SWNTs [4-7] and any separation processes will require the large-scale 

manipulation of stable suspensions at high weight fraction. Individual SWNTs suspensions will 

bring nanotube science into better contact with fundamental research on self-assembly in 

complex fluids. Unfortunately, nanotubes bundle easily and are difficult to suspend as a result of 

substantial van der Waals attractions between tubes. [8] Bundled nanotubes also perturb the 

electronic structure of semiconducting SWNTs, quenching their intrinsic fluorescence, [2, 9, 10] 

limiting all attempts to separate the tubes by size or type or to use them as individual 

macromolecular species. 

Generally, optical absorption, [11] NIR fluorescence, [2, 9, 10] and Raman spectroscopy 

[12] have been the most common measurement techniques to characterize and evaluate the 

dispersion quality of SWNT suspensions. NIR fluorescence provides direct evidence of the 

dispersion of individual SWNTs because only individual semiconducting nanotubes emit 

fluorescence radiation. [9] The Raman Radial Breathing Modes of nanotubes are sensitive to 

disturbances from their surroundings. Therefore, these modes result in an aggregation peak, 

16 



 

which is measure of the extent of dispersion. [13] In contrast, optical absorption spectroscopy 

has limited sensitivity to detect the bundling in SWNT suspensions. [14] 

The surrounding media of SWNTs can influence the optical measurements, such as 

absorption and fluorescence, by showing the characteristic peak shifts in spectra. It has been 

shown that the optical transition energy of SWNTs in various solvents and surfactants shifts to 

lower energies with increasing dielectric constant of the surrounding media. [15, 16] This 

environmentally induced energy shift is due to the rearrangement of the media molecules to 

solvate the dipoles of SWNTs, causing a change in the reaction field. Therefore, each solvent 

yields unique emission or adsorption spectra called the solvatochromic shift. Investigation of this 

solvatochromic shift should allow us to understand the photophysics of SWNTs in different 

dielectric environments and help us characterize the surfactant structure surrounding SWNTs. 

1.3 The Surfactant Structure on SWNTs 

SWNTs can be dispersed in aqueous media when coated by adsorbed surfactants. This 

simple non-covalent method is able to disperse both organic and inorganic particles since the 

hydrophilic head groups help particles with limited solubility disperse homogeneously in an 

aqueous solution. Sodium dodecyl sulfate (SDS) and sodium dodecylbenzene sulfonate (SDBS) 

are commonly used ionic surfactants to generate high quality dispersions of individual SWNTs 

due to the electrostatic repulsion. O’Connell et al. [9] have suggested that SDS forms a 

cylindrical structure around nanotubes. Others have shown that either a hemimicellar [17] or 

random distribution of SDS surfactant forms on the nanotubes without preferential arrangement 

of the head and tail groups when the surfactants adsorb on the sidewall of SWNTs . [18] Figure 

1-3 shows the schematic representation of possible adsorption structures of SDS surfactants. [18] 

Nonionic surfactants such as natural [19] and artificial polymers [15] are also used to 

produce SWNT suspensions. These two kinds of surfactant have bulky hydrophilic groups that 
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are able to prevent the aggregation of nanotubes due to the enhanced steric stabilization provided 

by longer polymeric groups. However, the real surfactant structure remains unknown whenever 

the ionic or nonionic surfactants are used. Wallace et al. [20] have suggested that the 

concentration of surfactant determines the mechanism of adsorption on the SWNTs. They have 

also suggested that the chirality of the SWNTs can influence the wrapping angle of the 

surfactants on the SWNT at low concentration. Therefore, it is clear that the concentration of 

surfactants, which affect the micelle structure, plays an important role on understanding the 

dispersion mechanism of the SWNT in the aqueous media. 

1.4 Pickering Emulsions 

Nanoparticles, such as SWNTs, can not only be suspended by the surfactant but also act as 

surfactants to stabilize the emulsions. These particle-stabilized emulsions, also known as 

Pickering emulsions, [21] are extremely stable and have been used to self-assemble nanoparticles 

at the liquid-liquid interfaces, [22, 23] to separate the particles, [24] and to prepare unique porous 

structures. [25] Figure 1-4 is the typical Pickering emulsions stabilized by Gum Arabic-

suspended SWNTs. In general, the stability of the Pickering emulsions is determined by the 

extent to which the particles are wetted by the two immiscible fluids, particle sizes, 

concentration, and mutual interaction. [26] Particles with higher hydrophilicity (having smaller 

contact angles θow) will preferentially stabilize oil-in-water emulsions, and more hydrophobic 

particles (having larger contact angles θow) will tend to stabilize the water-in-oil emulsions. 

These emulsions also provide a new route to develop large-scale purification of carbon nanotube 

suspensions, which is described further in Chapters 2 and 3. 
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1.5 Bundle Removal and Type Separation of SWNTs 

The general method for producing individually suspended nanotubes involves high-shear 

homogenization, ultrasonication, and ultracentrifugation to remove the SWNT bundles from 

individual SWNTs. [9] However, ultracentrifugation is not suitable for large-scale production 

because of its limited scale, high price, and time-consuming process. This leads to negative 

economic impacts. Therefore, a faster and higher throughput technique to remove nanotube 

bundles will be required for the successful generation of individual SWNTs for further potential 

applications. 

The mixture of metallic and semiconducting types in raw SWNTs is another drawback for 

the applications since it limits the performance of devices because devices based on as-grown 

SWNTs make the electrical response unpredictable. Separation processes offer the possibility of 

dividing the raw SWNTs material into the metallic and semiconducting nanotubes. Researchers 

[27] have shown that electrophoresis can be utilized to obtain a degree of separation. Rinzler and 

coworkers [28] have suggested that the complexation of metallic SWNTs with bromine is able to 

separate the mixture of tubes in two types. In addition, Zheng et al. [29] have developed the 

DNA-based chromatography technique to achieve separation. Recently, Density differentiation 

has also been discovered to sort SWNTs with different electronic structure. [30] Although the 

methods described above are able to separate SWNT in type, the major problem with these 

techniques is that they are only analytical-scale techniques. Therefore, a large-scale production 

of separation method will be necessary to generate specific SWNTs type. 

In order to remove the SWNT bundles and enable type separation, liquid-liquid 

interactions are utilized since it is a low-cost, time-saving and easy-to-scale-up process. As 

described in Section 1.4, solid particles adsorb at liquid-liquid interfaces stabilizing Pickering 

emulsions, which can be an appropriate method to remove SWNT bundles. In addition, the 
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interfaces have high capacities to open a new route for large-scale technique. Hence, it provides 

an opportunity to remove the bundles dispersed in the aqueous phase from individual tubes. 

1.6 Applications of SWNTs 

The development of purification and type separation techniques will open up a multitude 

of applications in the materials science, microelectronic, bionanotechnology, and medical fields. 

Individual semiconducting SWNTs with specific (n, m) types can be utilized in the construction 

of microelectronic transistors with known band gaps. Semiconducting SWNTs have been used as 

a channel through which electron flow in field-effect transistors (FETs) between two metal 

electrodes with SWNTs as shown in Figure 1-5. The gate electrode can change the conductivity 

of the nanotube channel in a FET by a factor of one million or more comparable to silicon FETs. 

Also, because of its nanoscale size, the nanotube FETs should switch reliably using much less 

power than silicon-based devices. In general, the requirement for the devices is to be made much 

smaller because they could pack more devices into the same area. However, the problem to limit 

shrinking metal wires further is that there is still no good way to remove the heat produced by the 

devices, so packing them in more tightly will only lead to rapid overheating. SWNTs could solve 

the problem since scientists have found that nanotubes could conduct heat nearly as well as 

diamond or sapphire. Therefore, nanotubes could efficiently cool very dense arrays of devices.  

Individual semiconducting SWNTs were also suggested to be utilized as biosensors to 

replace traditional dyes suffering from bleaching, degradation, and toxicity problems. [31] They 

are expected to detect single enzyme or protein molecules accurately, providing high-sensitive 

biosensing applications. Strano and coworkers [32] have developed a SWNT-based implantable 

biosensor, which is able to detect the β-D-glucose in solution phase based on their inherent 
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fluorescent properties. Therefore, the ability to synthesize or separate the SWNTs by type should 

aid the development of biosensors.  

For metallic SWNTs, it can be used as ballistic conductors because they have little 

electrical resistance which is usually a disadvantage in metal wires. Since electrons can travel 

long distances without scattering, they can maintain their quantum states. It is also appropriate to 

utilize them as optical fibers for telecommunication over long distances since the signal will not 

be decayed. Also, metallic nanotubes can transport electric current greater than 109 A/cm2, which 

will vaporize metals, such as copper or gold. [33] Metallic SWNTs can also be applied to 

photovoltaic cells since they can be as conductive transparent electrodes, which are a crucial 

component in solar cells. 
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Figure 1-1: SWNTs can be viewed as a grapheme layer wrapped into a tubular structure. The 

vector connecting two points on the plane can be described by the indices n and m. 
[2] 

 

-5

-4

-3

-2

-1

0

1

2

3

4

5

0 2 4 6 8 10

v1

c1

v2

 

Density of Electronic States

En
er

gy

c2

conduction

valence

E22
absorption

E11 
emission

e-

hole

-5

-4

-3

-2

-1

0

1

2

3

4

5

0 2 4 6 8 10

conduction

v1

c1

v2

 

Density of Electronic States

En
er

gy

c2

E22
absorption

E22
absorption

E11 
emission

E11 
emission

e-

hole

valence

 

Figure 1-2: Density of electronic states for a single nanotube. Color arrows indicate the optical 
transitions; black arrows represent the nonradiative relaxation of the electron (in the 
conduction band) and hole (in the valence band). [2] 
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A 

B 

C 

Figure 1-3: Possible adsorption structures of SDS surfactants on a SWNT: A) SWNT 
encapsulated in a cylindrical structure. B) Hemimicellar structure of SDS surfactants 
on a SWNT. C) Random distribution of SDS surfactants on a SWNT. [18] 

 

 

Figure 1-4: Toluene/water emulsions stabilized by surfactant-suspended SWNTs. [34] 
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Figure 1-5: The SWNT-based transistor. As ultrathin wires, SWNTs could free up space in 
microchips for more devices, as well as solving heat and stability problems. At a little 
over a nanometer in diameter, this SWNT makes lines drawn by state-of-the-art 
photolithography look huge in comparison. [1] 
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CHAPTER 2 
INTERFACIAL TRAPPING IN REMOVING SWNT BUNDLES 

SWNTs pack into bundles because of the strong van der Waals attractive forces. [8, 35] 

High-energy ultrasonication is often used to overcome these forces to obtain individual SWNTs 

in solution. However, many common solvents have insufficient solvation forces to suspend 

SWNTs, yielding low degrees of solubility. [36] These suspensions consist of many small 

bundles and relatively few individual SWNTs. The difficulties associated with obtaining 

individually dispersed SWNTs limits nanotube applications, [35, 37, 38] leading researchers to 

develop a multitude of functionalization schemes to achieve nanotube suspensions. [36, 38-40] 

Noncovalent functionalization routes are preferred in many applications to preserve the 

properties of SWNTs. However, researchers have noted that these approaches yield a solution 

containing individual nanotubes as well as nanotube bundles. [2] The bundling of nanotubes 

diminishes the mechanical properties in nanocomposites since the SWNTs slip past one another 

under stress. [41] Bundled nanotubes also perturb the electronic structure of semiconducting 

SWNTs, quenching their intrinsic fluorescence. [2, 9, 10] The conventional method to disperse 

individual nanotubes in aqueous solutions is by high-shear homogenization in various surfactant 

solutions [15, 19] followed by ultrasonication and ultracentrifugation. [9] However, 

ultracentrifugation is a time-consuming approach to the removal of SWNT bundles. Therefore, 

alternative routes to remove bundles from SWNT suspensions are needed for economic, large-

scale dispersion. 

 In this chapter, we describe a simple alternative approach to ultracentrifugation using 

liquid–liquid interfaces to remove nanotube bundles from the aqueous SWNT suspension. This 

technique has already been combined with density gradient ultracentrifugation [30] to 

significantly improve field-effect transistor performance. [42] The adsorption of colloidal 
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particles at interfaces was first characterized by Pickering in 1907. [21] These systems have been 

used to self-assemble particles at the interface, [22, 23] to separate particles, such as ampicillin 

and phenylglycine crystal mixtures in water/alkanol systems, [24, 43] and to prepare unique 

porous structures. [25] Pickering systems have also demonstrated the large-scale separation of 

bioparticles, achieving efficiencies greater than centrifugation. [44] Wang, Hobbie and co-

workers [45, 46] were the first to show SWNT-based stabilization of emulsions. Bare nanotubes 

were used as amphiphobic surfactants that stabilized toluene/water emulsions for months. [45] 

Later, DNA-wrapped SWNTs were shown to stabilize emulsions for the synthesis of colloidal 

particles. [46] Stabilized emulsions were also seen in length-based separations of functionalized 

SWNTs. [47] More recently, researchers have begun to use SWNT-based Pickering emulsions 

for other applications. Asuri et al. [48] demonstrated that interfacial SWNTs decreased transport 

limits and improved catalytic activity of two-phase reactions leading to increased bioreactivity. 

Others used polymerization reactions [49, 50] or nanotube interactions [51] to prepare nanotube 

capsules for supports, controlled release capsules, [51] and lubricating additives. [25]  

The method and mechanism of the interfacial trapping process are also provided for 

removing nanotube bundles from aqueous suspensions. Near-infrared (NIR) fluorescence, vis–

NIR absorbance, and Raman spectroscopy as well as atomic force microscopy (AFM) and 

rheology are used to characterize the SWNT suspensions. New approaches to improve dispersion 

quality are also discussed. The suspensions prepared by interfacial trapping have comparable 

dispersion quality to those prepared by ultracentrifugation. 

2.1 Experimental Procedure 

2.1.1 Dispersion  

Nanotube suspensions were prepared with a given initial mass (typically between 6 and 20 

mg) of raw SWNTs (Rice HPR 145.1) and mixed with 200 mL of an aqueous Gum Arabic 
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(Sigma-Aldrich) surfactant solution [19] (1 wt %) to form an initial concentration of 0.03–0.2 

mg/mL. High-shear homogenization (IKA T-25 Ultra-Turrax) for 1 h and ultrasonication 

(Misonix S3000) for 10 min aided dispersion. Control samples were ultracentrifuged at speeds 

between 20,000 and 26,000 rpm (Beckman Coulter Optima L-80 K) for 4–5 h to remove 

nanotube bundles.  

2.1.2 Interfacial Trapping 

Toluene (Acros, 99%) was added to the aqueous SWNT suspension to form a two-phase 

system. The two-phase system was then shaken vigorously for 30 s to increase interfacial area. 

Phase separation occurs within 1–2 min; however, the solutions were allowed to settle for 30–60 

min to ensure that steady state was achieved for spectroscopy. All experiments were conducted 

at an organic to aqueous SWNT suspension volume ratio of 0.1 unless otherwise indicated.  

2.1.3 Characterization  

The aqueous phase was carefully removed after interfacial trapping to prevent further 

emulsification. The aqueous phase was characterized by vis–NIR absorbance and NIR 

fluorescence spectra using an Applied NanoFluorescence Nanospectrolyzer (Houston, TX) with 

excitation from 662 and 784 nm diode lasers. A concentrated Gum Arabic SWNT suspension 

was homogenized and ultrasonicated and then incrementally diluted with 1 wt % Gum Arabic 

solution to determine the linear regions of the absorbance and fluorescence spectra (Figures A-1 

(A) and A-1 (B) in the Appendix A). Raman spectra were recorded using a Renishaw Invia Bio 

Raman with excitation from a 785 nm diode laser. SWNT suspensions were also spin-coated 

onto mica to collect AFM images on a Digital Instruments Dimension 3100. Diameter analysis 

was then performed using SIMAGIS software. [52] A minimum of 700 nanotubes were 

measured for statistically relevant results. The rheology of SWNT suspensions was examined 

using an ARES LS-1 strain-controlled rheometer (TA Instruments). A cone and plate fixture with 
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a diameter of 50 mm and an angle of 0.04 rad was used to measure the steady shear viscosity at 

rates between 1 and 100 s-1.  As an additional step in preparing the interfacial trapped samples 

for rheological characterization, the Gum Arabic solution was initially centrifuged at 26000 rpm 

for 30 min before adding nanotubes. Solutions of Gum Arabic, prior to centrifugation, showed 

variations in rheology, consistent with other reports. [53, 54] The additional processing produced 

a stable solution of Gum Arabic with a viscosity of 1.68 ± 0.05 cP as measured over the entire 

range of shear rates. For rheological characterization, SWNT suspensions were ultracentrifuged 

for 2 h to prepare similar final concentrations for analysis (determined using the extinction 

coefficient [55] and absorbance at 763 nm). 

2.2 Results and Discussion 

2.2.1 Selective Separation of Bundles  

After mixing toluene with a homogenized and ultrasonicated aqueous suspension, the 

system forms a homogeneous gray solution of emulsions. An interphase of emulsions and a bulk 

aqueous phase forms within a minute as seen in the inset of Figure 2-1. Absorbance spectra of 

the bulk aqueous phase are shown in Figure 2-1 (A). The homogenized and ultrasonicated 

sample (control) has high absorbance due to the concentration of both individual (as evidenced 

by the interband transition peaks) and bundled SWNTs. The absorbance of the suspension has 

clearly decreased after interfacial trapping while the spectral features have blue-shifted and are 

better resolved. These changes indicate the removal of nanotubes from the aqueous phase and a 

higher fraction of individual SWNTs. [56] When the control suspension is ultracentrifuged, the 

absorbance of the aqueous phase is significantly lower demonstrating that ultracentrifugation 

removes a significant portion of the nanotubes (both bundled and individual) at the relatively low 

concentrations used here.  
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Fluorescence spectra of the aqueous phase are shown in Figure 2-1 (B). For comparison, 

the spectra after homogenization and ultrasonication are shown (control) as well as the spectra 

using conventional ultracentrifugation rather than interfacial trapping. The spectra show that 

ultracentrifugation results in a decrease in fluorescence intensity indicative of the removal of 

individual nanotubes. However, the fluorescence intensity after interfacial trapping increases 

when compared to the control sample. It is also important to note that the peak positions for both 

the interfacial trapped and ultracentrifuged suspensions are identical, indicating that the 

environment surrounding the nanotube has not changed after mixing with the solvent. 

Fluorescence intensities are related to the concentration of individual nanotubes.  

Fluorescence spectra also provide a sensitive probe to the aggregation state of the aqueous phase. 

[9, 14] Typically, higher intensity peaks in the spectra indicate better dispersion quality [14] 

since energy transfer can occur between adjacent nanotubes in bundles resulting in either 

intensity changes or complete quenching of the fluorescence. [2, 10] This energy transfer 

mechanism can also occur between individual SWNTs. Several groups [57-59] have observed 

that energy transfer between SWNTs results in fluorescence changes. The fluorescence intensity 

of individually suspended SWNTs may decay as the volume fraction increases as observed in 

solid composites. [60] Concentrated SWNT suspensions could also potentially reabsorb emitted 

photons thereby reducing the measured emission intensity. However, the dilute initial SWNT 

concentration (0.03 mg/mL) is in the linear region of both fluorescence and absorbance 

measurements (see Figures A-1 (A) and A-1 (B) in the Appendix A). Therefore, the increase in 

fluorescence intensity observed in Figure 2-1 (B) is likely due to reduced quenching after 

interfacial trapping. Removal of nanotubes from the solution, especially SWNT bundles that 
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quench fluorescence, would allow more individual, semiconducting SWNTs to emit photons, 

resulting in increased fluorescence intensities. 

SWNT suspensions with a much lower concentration were used during interfacial trapping 

(0.005 mg/mL) to test whether the enhancement of the fluorescence seen in Figure 2-1 was due 

to the removal of SWNT bundles. The lower initial concentration results in fewer collisions 

between nanotubes and, thus, fewer potential quenching events. At these concentrations, changes 

to the number of quenching bundles in the suspension should have a reduced effect on the 

spectra. Figure 2-2 (A) shows that fluorescence at low concentrations has only a slight change 

after interfacial trapping, whereas the absorbance in Figure 2-2 (B) has diminished significantly. 

Since the fluorescence remains relatively constant, the clear decrease in absorbance can only be 

attributed to the removal of bundles or other carbonaceous impurities from the aqueous phase, 

suggesting that selective bundle removal occurs. 

2.2.2 Dispersion Quality 

Quantifying the fraction of individually suspended SWNTs or bundles in an aqueous 

solution remains difficult. [14] Rheology, [14, 55] fluorescence, [9, 10, 14] Raman, [14, 61] 

absorbance, [56] and small-angle neutron scattering (SANS) [14, 46, 62, 63] have already been 

successfully used to study the interactions of surfactant-coated SWNTs in aqueous solutions. 

Visual methods such as AFM are also used to obtain qualitative and quantitative information 

about the dispersion. [17, 52] The group from NIST recommended that multiple techniques be 

used to quantify dispersion. [14] Several techniques that describe the dispersion quality of the 

aqueous suspension after interfacial trapping are discussed below. A higher initial SWNT 

concentration of 0.2 mg/mL was used to investigate the dispersion quality, and the results are 

summarized in Table 2-1. 
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The relative intensity of the interband transition peaks in the absorbance spectra and their 

width are related to the dispersion quality. [9, 14, 56] Tan and Resasco [56] showed that the 

resonance ratio could be used to characterize the fraction of individual SWNTs in solution. This 

ratio is calculated by comparing the area for the resonant band with the nonresonant band 

(carbonaceous impurities and π-plasmon). The interfacial trapping method shows improved 

dispersion characteristics and improved fractions of individually suspended SWNTs. 

Figure 2-3 (A) is the Raman spectra of the SWNT radial breathing modes (RBMs). The 

peak at ~270 cm-1 represents the shift of (10, 2) nanotubes due to bundling, providing a measure 

of the extent of nanotube aggregation. [13] The homogenized and ultrasonicated suspension has 

a very intense aggregation peak in comparison to the (11, 3) nanotubes at ~234 cm-1. As seen in 

Figure 2-3 and Table 2-1, the ratio of these peaks drops dramatically after interfacial trapping, 

indicating removal of bundled SWNTs. 

Figure 2-3 (B) compares the steady values of the shear viscosities for the three different 

SWNT suspensions. The viscosity of all systems nearly matches at the highest shear rate of 100 

s-1, demonstrating that the small difference in concentration across the three systems has a 

limited impact on the results. Differences in the rheology are apparent at lower shear rates. 

Except for the lowest shear rate, the control sample has a nearly constant viscosity as a function 

of shear rate. The ultracentrifugation and interfacial trapping methods produce samples that shear 

thin. The decrease in viscosity with increasing shear rate is more pronounced for the 

ultracentrifugation sample but agrees within measurement error with the result from the sample 

prepared using interfacial trapping. The favorable comparison implies that our method produces 

a suspension of nanotubes similar in flow characteristics, and hence dispersion quality, to the 

ultracentrifugation method. 
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Parts a and b of Figure 2-4 show AFM images of the homogenized and ultrasonicated 

SWNT suspension compared to the suspension after interfacial trapping while the corresponding 

histograms of nanotube diameters are shown in Figure 2-4 (C). As expected, the homogenized 

and ultrasonicated SWNT suspension has many bundled SWNTs and some individually 

suspended SWNTs (diameters less than ~3 nm), yielding a broad diameter distribution with an 

average of 12.8 nm. After interfacial trapping, the suspension has significantly fewer bundled 

SWNTs and a sharper distribution in diameters with an average of 4.1 nm.  

The fluorescence intensity provides a measure of the concentration of individually 

suspended SWNTs but does not account for variations in total concentration (i.e. fraction of 

individual SWNTs). On the other hand, the absorbance provides an overall measure of the entire 

ensemble of individual and bundled SWNTs, providing a means of normalizing the fluorescence 

intensity. The ratio of fluorescence to absorbance (F/A), therefore, is another measure of 

dispersion quality. This ratio should be the most relevant measurement to many applications 

since it is related to the quantum yield of the nanotube suspension. Note that this ratio is not a 

quantitative measure of the fraction of individual SWNTs and it should only be used to compare 

dispersion characteristics between samples. In this study, the intensity from the (7, 6) nanotube is 

used and divided by the absorbance at the excitation wavelength (662 nm). The decrease in 

absorbance and increase in fluorescence cause the F/A ratio to improve after interfacial trapping 

as shown in Table 2-1. 

2.2.3 Improving Separation Effectiveness  

In summary, the SWNT suspension resulting from a single-step interfacial trapping 

process has improved dispersion quality in comparison to homogenized and ultrasonicated 

suspensions as shown in Table 2-1. SWNT dispersions prepared by ultracentrifugation have 

higher dispersion quality, but one of the benefits of the interfacial trapping method is that the 
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process can be easily adjusted to change separation efficiency. Figure 2-5 shows the variation of 

fluorescence emission intensity of the most prominent (7, 6) nanotube type in the spectra as a 

function of the volume ratio of toluene to the aqueous SWNT suspension (R = Vtoluene / Vaqueous). 

As seen in Figure 2-5 (A) for an initial SWNT mass concentration of 0.03 mg/mL, higher 

fluorescence intensity is observed for R ≥ 1. The higher conductivity of the solution when R > 1 

suggests that water-in-oil (w/o) emulsions are formed while oil-in-water (o/w) emulsions are 

seen for R < 1. It is also seen that the fluorescence intensity is always greater than the control for 

initial mass loadings of 0.03 mg/mL. Figure 2-5 (B) shows the fluorescence intensity from an 

initial mass loading of 0.005 mg/mL of SWNTs. As can be seen in the figure, the emission 

intensity tends to be lower than the control for o/w emulsions, whereas w/o emulsions show 

relatively constant intensity. The same trends are seen for other emission peaks and other initial 

mass loadings (not shown). 

Although the fluorescence intensity changes are relatively minor, the changes to the 

absorbance spectra in Figure 2-6 (A) are significant. The absorbance spectra for all volume ratios 

have decreased significantly after interfacial trapping when compared to the control sample in 

Figure 2-1. The interband transition peaks are noticed for all aqueous solutions, indicating good 

dispersion. The absorption decreases steadily as the volume ratio is reduced and the system shifts 

from w/o to o/w emulsions. The lowest absorption intensities are seen for o/w systems at a 

volume ratio of R = 0.5. Figure 2-6 (B) plots the F/A ratio as a function of the volume ratio. 

Higher F/A ratios are seen for o/w systems when compared to w/o systems indicating that a 

higher fraction of individual nanotubes are suspended in o/w systems via interfacial trapping. 

To further improve the quality of the suspensions, a second interfacial trapping step was 

introduced. The SWNT suspension was first mixed with toluene at a volume ratio of R = 0.1 
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since o/w emulsions were the most effective at removing bundled nanotubes from the aqueous 

phase. The aqueous phase was separated from the oil and interphase and then mixed again with 

toluene at a volume ratio of R = 0.1. As seen in Figure 2-7 (A), the second interfacial trap has 

little effect on the fluorescence intensity. However, the absorbance spectrum shown in Figure 2-7 

(B) has decreased significantly, resulting in significant changes to the fraction of bundled 

SWNTs (see Figure A-2 (A) in the Appendix A). The Raman aggregation peak has also shown 

further improvement after the second interfacial trapping step as shown in Figure 2-7 (C). It is 

important to note that changes to both Raman and absorbance spectra without changes to the 

fluorescence provide strong evidence that the interfacial trapping process is highly selective in 

the removal of bundled SWNTs from the aqueous phase. Table 2-1 summarizes the dispersion 

quality measurements for the two-step interfacial process compared to ultracentrifugation. As 

seen in the table, interfacial trapping shows better dispersion than ultracentrifugation by the F/A 

ratio and comparable dispersion quality when characterized by Raman and absorbance spectra. 

2.3 Mechanism 

Figure 2-8 shows a conceptual diagram of the overall two-phase interfacial trapping 

process based on experimental observations. First, nanotubes are homogenized and 

ultrasonicated in a surfactant solution resulting in a suspension that contains both individually 

dispersed and bundled SWNTs. An immiscible organic solvent is added to the aqueous 

suspension forming a two-phase system. This two-phase system is then mixed resulting in 

emulsions (either o/w or w/o depending on the volume ratios) as shown previously. [34] SWNT 

bundles preferentially adsorb at the emulsion interface when mixed. The emulsions then coalesce 

into a continuous phase with some emulsions being stabilized by the SWNT bundles. Finally, 

phase separation into an organic phase, an interphase of stabilized emulsions, and a transparent 

aqueous phase allows easy collection of the individually suspended SWNTs.  
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Although bundled nanotubes have been removed from the aqueous phase at all volume 

ratios (see Figures 2-5 and 2-6), the slight decrease in emission intensity for o/w systems 

indicates that individual SWNTs are removed from the aqueous phase. This conclusion is also 

confirmed by correcting the absorbance spectra for the nonresonant background (Figure A-2 (B) 

in the Appendix A). This data suggests that o/w emulsions are more effective in removing 

nanotubes from the aqueous suspension. The preferential adsorption of hydrophilic silica 

particles in o/w emulsions was also seen by Binks and co-workers. [26, 64] Adjusting the 

hydrophilicity of the particles had significant effects on the contact angle and their ability to 

stabilize the emulsions. The individual and bundled nanotubes are coated with hydrophilic 

surfactants also providing better stabilization of o/w emulsions and, hence, removal from the 

aqueous phase. In contrast, individual, Gum Arabic-coated nanotubes do not seem to stabilize 

w/o interfaces as effectively which results in nanotube bundles being the primary constituent of 

the interface. This could indicate that the system contains a small fraction of uncoated 

(hydrophobic) or poorly coated nanotube bundles that stabilize w/o emulsions. 

Selective partitioning of SWNT bundles to the interface can be understood by describing 

the initial driving force of a single nanotube by free energy minimization. These simple models 

do not account for entropic or kinetic effects but have described interfacial assembly of 

nanoparticles as small as 2.8 nm. [22, 26, 44, 64, 65] Initially, the nanotubes are dispersed in the 

aqueous phase as shown in Figure 2-9 (A). If both individual and bundled SWNTs are 

transferred to the oil–water interface upon mixing, the nanotubes will have a contact angle θ 

measured into the aqueous phase (see Fig. 2-9 (B)). On the basis of experimental evidence [49] 

and calculations, [50] SWNTs are expected to orient parallel to the interface. Therefore, the 

decrease in interfacial area for inserting a cylindrical particle of radius (RSWNT or Rbundle) and 
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length (L) between the oil and water phases is given by the expression, ΔAow = 2RL sinθ, as 

shown in Figure 2-9 (B). The position of the SWNT at the interface depends on the contact angle 

and results in a loss of particle interactions with the aqueous phase as well as increased 

interactions with the oil phase. If the interface is assumed planar and the weight of the nanotube 

is ignored, the energy change upon inserting the nanotube at the interface is 

( ) θγγγθπ sin2
360
22 owpwpo RLRLE −−⎟

⎠
⎞

⎜
⎝
⎛=Δ °                                 (2-1) 

where γpo, γpw, and γow are the interfacial tensions at the particle–oil, particle–water, and oil–

water interface, respectively. If ΔE is negative as expected for hydrophilic particles, the particle 

will be in a stable position at the interface. Substituting Young’s equation, γpo – γpw = γow cos θ, 

into equation, the energy change for inserting a nanotube at the oil–water interface is 

⎥⎦
⎤

⎢⎣
⎡ −=Δ θθπθγ sincos
180

2
oowRLE                                              (2-2) 

The contact angle will be similar for individual and bundled nanotubes because of their 

similar hydrophilicity and γow is fixed in the system. Therefore, in aqueous SWNT suspensions, 

the change in energy of inserting a particle at the interface depends on R and L. As seen in 

equation, the energy is minimized when particles with larger radius and length are at the 

interface. For example, it is estimated that ΔE is approximately –200 kT for an individual 

nanotube and –4500 kT for a bundle of the same length containing 7–10 nanotubes. Note from 

equation (2-2) that longer SWNTs will be preferentially removed from the suspension. 

Therefore, these estimates for ΔE are likely the minimum initial driving force since bundles have 

lengths longer than individual nanotubes. These calculations are in agreement with the 

experimental results presented above as well as the results of Yi et al., [51] which showed 

reduced emulsion stabilization for short-length multiwalled nanotubes. The relatively large 
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negative free energy indicates that both individual and bundled SWNTs prefer to reside at the 

interface. This explains why o/w emulsions showed decreases in fluorescence intensity in Figure 

2-5 (B) and fewer individual SWNTs in the corrected absorbance (see Figures A-2 (A) and A-2 

(B) in the Appendix A). On the other hand, there will be a competition for the limited interfacial 

sites in systems with high initial concentration, where the bundles will be preferred because of 

the greater driving force. 
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B A 

Figure 2-1. A) Absorbance and B) fluorescence (ex = 662 nm) spectra for the interfacial trapping 
process of Gum Arabic-suspended SWNTs using an initial SWNT mass concentration 
of 0.03 mg/mL. The control spectra (black lines) are the SWNTs after 
homogenization and ultrasonication. The inset shows the interfacial trapping process 
in a separatory funnel. The control sample is then either subjected to 
ultracentrifugation (green lines) or interfacial traps (red lines). The fluorescence from 
specific (n, m) types are labeled. 

 

 

B A 

Figure 2-2. A) Absorbance and B) fluorescence (ex = 662 nm) spectra of SWNTs at a 
concentration of 0.005 mg/mL. The control spectra (black lines) are the SWNTs after 
homogenization and ultrasonication. The control sample is then subjected to 
interfacial traps. 
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B A 

Figure 2-3. A) Normalized Raman spectra of the RBMs (ex = 785 nm) for Gum Arabic-
suspended SWNTs after homogenization and ultrasonication (black line), interfacial 
trapping (red line), and ultracentrifugation (green line). The suspension was prepared 
from an initial concentration of 0.2 mg/mL raw SWNTs. B) Steady values of the 
shear viscosities for the Gum Arabic-suspended SWNTs produced after 
homogenization and ultrasonication (control), interfacial trapping, and 
ultracentrifugation. The suspensions were prepared at similar concentrations to enable 
comparison. The final concentration of the control, interfacial trapping suspension, 
and ultracentrifugation samples were 0.02, 0.026, and 0.025 mg/mL, respectively. 
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B A 

C 

 

Figure 2-4. AFM images of Gum Arabic SWNT suspensions after A) homogenization and 
ultrasonication and B) after bundle removal by interfacial trapping. C) Histogram of 
nanotube diameters measured from the AFM images. The suspension was prepared 
from an initial concentration of 0.2 mg/mL raw SWNTs. 
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Figure 2-5. Fluorescence emission intensity fluctuations of the (7, 6) nanotube as a function of 
the volume ratio (R). The sample was prepared from an initial mass concentration of 
A) 0.03 or B) 0.005 mg/mL raw SWNTs. Excitation at 662 (■) and 784 nm (▲). 
Conductivity measurements suggests the formation of oil-in-water (o/w) emulsions 
(shaded area) for R < 1 and water-in-oil emulsions (w/o) for R >1. The dashed lines 
represent the fluorescence spectra for the suspension after homogenization and 
ultrasonication 

 

 

BA 

Figure 2-6. A) Absorbance spectra of Gum Arabic-suspended SWNTs and B) fluorescence to 
absorbance ratio fluctuations as a function of the volume ratio (R). The fluorescence 
intensity was measured for the (7, 6) nanotube and divided by the absorbance at the 
excitation wavelength (dashed line at 662 nm). The suspension was prepared from an 
initial concentration of 0.03 mg/mL raw SWNTs. 
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Figure 2-7. A) Fluorescence (ex = 662 nm), B) absorbance, and C) Raman RBM spectra (ex = 
785 nm) of Gum Arabic-suspended SWNTs for one-step and two-step interfacial 
trapping separations compared to ultracentrifugation. The suspensions were prepared 
from an initial concentration of 0.2 mg/mL raw SWNTs.  
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Figure 2-8. Overall process of removing SWNT bundles from aqueous suspensions via liquid–
liquid interfaces. Prior to interfacial trapping, the raw SWNTs are first homogenized 
with a high- shear mixer and ultrasonicated to coat SWNTs with surfactant (not 
shown), resulting in a mixture of individually suspended SWNTs and SWNT bundles. 
A) Toluene is added to the aqueous phase and mixed to form emulsions, B) SWNT 
bundles are trapped at the emulsion interfaces, C) creaming and coalescence of 
emulsions separates the bundled SWNTs, and D) SWNT bundles are removed from 
the bulk aqueous fluid.  
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Figure 2-9. Adsorption process of an individual or bundle of nanotubes at the interface of the oil 
and water phases. A) Prior to interfacial trapping, individual or bundled nanotubes are 
dispersed in the aqueous phase. After mixing, the nanotubes assemble at the interface. 
B) Diagram showing the end of a nanotube at the interface where R is the radius of an 
individual or bundled nanotube and θ is the contact angle measured into the water 
phase. 
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Table 2-1. Dispersion Quality Comparison of Aqueous SWNT Suspensions. 

1 Calculation based on peak near 660 nm. 

 aqueous suspension 
anaylsis control interfacial trapping ultracentrifugation two-step interfacial 

trapping 
fluorescence 

intensity weak strong strong strong 

absorbance  
features broad peaks blue-shifted and 

resolved peaks 
blue-shifted and 
resolved peaks 

blue-shifted and 
resolved peaks 

resonant  
Ratio1 0.0118 0.0397 0.0486 0.0406 

diameter 
distribution2 12.8 ± 11.9 nm 4.1 ± 3.7 nm ⎯ ⎯ 

Raman  
aggregation ratio3 0.7265 1.1868 1.8860 1.5952 

F/A Ratio4 0.0135 0.2300 0.5234 0.6077 

2 Distribution determined from AFM and SIMAGIS image analysis. 
3 Calculation based on intensity from (11, 3) nanotubes and aggregation peak (~270 cm-1). 
4      Calculation based on fluorescence intensity from (7, 6) nanotubes and absorbance at 662 nm 
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CHAPTER 3 
INTERFACIAL TRAPPING OF SWNT BUNDLES SUSPENDED WITH ANIONIC 

SURFACTANTS 

Single-walled carbon nanotubes (SWNTs) are one of the most widely researched 

nanomaterials due to their unique physical and chemical properties. [4, 5] One of their unique 

properties is the emission of near-infrared (NIR) fluorescence, [2] which enables potential 

applications of SWNTs as optical devices for bioimaging [66, 67] and biosensing. [32, 68, 69] 

However, most applications require suspensions of individual SWNTs since bundled SWNTs 

can perturb the electronic structure of individual SWNTs, quenching their fluorescence, [2, 9, 

10] or slip past one another under stress, weakening composite structures. [41] 

SWNTs are typically dispersed in common solvents [36, 70] or in water with the aid of 

surfactants. [9, 15, 71] Ultrasonication is used to separate individual SWNTs from SWNT 

bundles; however, the strong van der Waals attractive forces [8] make it difficult to isolate all 

SWNTs without significant damage. [16] Therefore, SWNT bundles still remain in the 

suspension, which can be removed by high-speed ultracentrifugation because of density 

differences between bundled and individual SWNTs. [9] However, the small mass requires high 

centrifugal forces (> 100,000g) and long processing times to achieve separation (~ 4 to 5 h). 

These requirements limit the scalability of the process. Ultracentrifugation was the only route to 

remove the remaining bundles until our group recently developed a simple and novel interfacial 

trapping (IT) process to remove SWNT bundles. [34, 72] High yields of aqueous SWNT 

suspensions were prepared using the nonionic surfactant gum Arabic. These SWNT suspensions 

were also comparable in dispersion quality to those prepared by ultracentrifugation. [72] Li and 

co-workers have used the IT process in fabricating field effect transistor (FET) devices. The IT-

based FET devices showed at least an order of magnitude improvement in on/off ratios compared 

to those devices prepared by ultracentrifugation only. [42] 
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The IT process for preparing aqueous SWNT suspensions is based on selective partitioning 

of SWNT bundles to liquid-liquid interfaces. The liquid-liquid system is mixed to form 

emulsions and increase interfacial area. As the SWNT bundles move to the interface, they help 

stabilize emulsions, known as Pickering emulsions, [21] which aid the separation. The driving 

force for the selective removal of SWNT bundles is the free energy changes associated with 

particles adsorbing at interfaces. [64, 72] Bundled SWNTs have larger radii and lengths, thereby 

taking up larger interfacial area than individual SWNTs. [72] However, the properties of the 

SWNT surface also play an important role, which is reflected in the surface tension of the 

nanotubes or contact angle (θ) of the system. The interfacial activity of particles (or emulsion 

stability) is related to the hydrophobicity/hydrophilicity of the particles with θ = 90° yielding the 

strongest driving force for particles at interfaces. [26] In other words, highly hydrophobic or 

hydrophilic surfaces will not self-assemble at interfaces. This poses problems for separating 

SWNT bundles coated with ionic surfactants. Anionic surfactants, such as sodium dodecyl 

sulfate (SDS), sodium dodecylbenzene sulfonate (SDBS), and sodium cholate (SC), are preferred 

in SWNT applications [15, 71] because of the strong electrostatic repulsion, [73] yielding 

suspensions with high fluorescence intensity. 

In this chapter, we demonstrate that bundled SWNTs coated with the anionic surfactant, 

sodium cholate (SC), can be removed from aqueous suspensions by IT. The dispersion quality of 

SC-suspended SWNT suspensions were improved by adjusting the initial pH of the suspension 

so that the surface charge on the SWNT-surfactant complex was a minimum. A two-step 

interfacial trapping process further improved the dispersion quality, providing final suspensions 

comparable to those produced by ultracentrifugation. 
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3.1 Experimental Procedure 

3.1.1 Dispersion and Interfacial Trapping 

SWNT suspensions were prepared with a given initial mass (~ 8 mg) of raw SWNTs (Rice 

HPR 177.1) and mixed with 50 mL of an aqueous SC (Sigma-Aldrich) surfactant solution (1 

wt.%) to form an initial concentration of ~ 0.16 mg/mL. To aid dispersion, the solutions were 

homogenized using a high-shear IKA T-25 Ultra-Turrax mixer for about 1 – 1.5 h followed by 

ultrasonication using a Misonix S3000 for 10 min. A portion of the initial SWNT suspension was 

then ultracentrifuged at 20,000 rpm (Beckman Coulter Optima L-80 K) for 5 h. The supernatant 

was carefully collected to remove the aggregated nanotubes. [9] The remaining portion of the 

SWNT suspension was added to toluene (Acros, 99%) at an oil to water volume ratio of 0.1 to 

form a two-phase system. In some cases, the pH of the aqueous suspension was adjusted by 

adding 1 M hydrogen chloride (HCl). The two-phase system was then shaken vigorously by a 

vortex mixer for 30 s. Phase separation started immediately but the suspensions were allowed to 

settle for 60 min to ensure steady state for spectroscopic analysis. The organic layer was then 

carefully removed to avoid further emulsification.  

3.1.2 Characterization 

Vis-NIR absorbance and NIR-fluorescence spectra were measured for each aqueous 

SWNT suspension using an Applied NanoFluorescence Nanospectrolyzer (Houston, TX) with 

excitation from 662 and 784 nm diode lasers. Raman Spectra were recorded by a Reinshaw Invia 

Bio Raman with excitation at 785 nm. The zeta-potentials of the SWNT-surfactant complex were 

recorded at different pH with a Brookhaven ZetaPlus. 
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3.2 Results and Discussion 

3.2.1 Selective Separation of Bundles 

Measuring the dispersion quality of SWNT suspensions remains challenging. 

Spectroscopic techniques, including absorbance, fluorescence, and Raman, are typically the best 

approaches [14] and were shown to be effective in evaluating the IT process based on gum 

Arabic (GA) suspensions. [72] Figure 3-1 shows spectroscopic analysis for the initial 

(homogenized and sonicated), ultracentrifuged, and IT SWNT suspensions. The Raman spectra 

(Fig. 3-1 (A)) show the initial suspension (curve 1) has a significant aggregation peak, measured 

at ~270 cm-1, as expected for a suspension that still has a significant fraction of bundled SWNTs. 

The absorbance of the initial suspension is also high (not shown). Although the fluorescence 

intensity of the initial SWNT suspension is relatively high (Fig. 3-1 (C)), it is clear that the 

dispersion quality is low once the ratio of the fluorescence intensity to absorbance (F/A) is 

calculated (Fig. 3-1 (D)). [72] The ultracentrifuged SWNT suspension (curve 2) shows 

significant improvement in dispersion quality with a reduced aggregation peak (Fig. 3-1 (A)), 

low background absorbance (Fig. 3-1 (B)), and high F/A ratio (Fig. 3-1 (D)).  

Multi-step IT was previously shown to be effective at achieving high dispersion quality of 

SWNTs suspended with GA. [72] Similarly, the first IT process (one-step, curve 3) on SC-

SWNT suspensions showed improvement to the aggregation peak (Fig. 3-1 (A)) and absorbance 

(Fig. 3-1 (B)). The fluorescence intensity increased after the one-step IT (Fig. 3-1 (C)), similar to 

the previous observations with GA-suspended SWNTs. [72] This increase in intensity is 

attributed to a reduction in quenching once bundles are removed from the suspension. Despite 

the high fluorescence intensity, the dispersion quality remains lower than the ultracentrifuged 

SWNT suspensions (Fig. 3-1 (D)). Repeated IT steps (curves 4 – 5) continued to improve the 

dispersion quality, as seen by a lower aggregation peak and lower background absorbance. The 
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significant decrease in background absorbance coupled with the relatively constant fluorescence 

intensity suggests that the IT process is selective in removing bundled SWNTs from the aqueous 

suspension, as previously observed. [72] However, even after three consecutive IT steps, the 

suspension remains lower in dispersion quality than those suspensions prepared by 

ultracentrifugation. This indicates that the IT process is inefficient at these conditions. 

3.2.2 Improving Separation Effectiveness 

The charge on the SWNT-surfactant complex was adjusted to improve the efficiency of the 

IT separation process. Figure 3-2 (A) shows the zeta potential of the SWNTs in a SC suspension 

as a function of pH. The zeta potential of the SWNTs shows a strong pH dependency. The initial 

suspension (pH = 7.9) has a large negative charge on the SWNTs in agreement with other 

reports. [74, 75] As the pH is adjusted to more acidic conditions, the charge on the SWNTs goes 

through a sharp minimum centered at pH = 6.75. The pH-adjusted aqueous SWNT suspensions 

were then mixed with toluene using the one-step IT process. Figure 3-2 (B) shows the F/A ratio 

for each SWNT suspension after IT. It is clear that pH (surface charge) on the SWNTs has an 

important effect on the separation efficiency in the IT process. The most significant differences 

are observed for the smallest diameter SWNTs (lower emission wavelength) where different pH 

could yield F/A ratios that could vary by a factor of two. The fluorescence spectra was 

deconvoluted into the individual (n, m) SWNT types. The normalized intensity of each (n, m) 

type was then plotted as a function of pH, as shown in Figure 3-2 (C) for the (6, 5), (8, 3), and 

(10, 5) SWNT types. It is clear that the efficiency of the IT process is highly correlated to the 

surface charge on the SWNTs. The suspensions with the best dispersion quality (highest F/A 

ratio) were obtained when the zeta potential was at a minimum. 

The dependence of dispersion quality or SWNT bundle removal efficiency on surface 

charge was confirmed through Raman spectroscopy, as shown in Figure 3-2 (D). The 
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aggregation ratio of the SWNT suspension (ratio of the intensity of (11, 3) SWNT to the 

aggregation peak) is presented in Figure 3-2 (E) as a function of pH. Once again, the best 

aggregation ratios match the minimum zeta-potential value at pH 6.75, which indicates the best 

dispersion quality in agreement with F/A ratio measurements. 

Prior studies have shown that mixing organic solvents with aqueous suspensions can alter 

the surfactant structure surrounding SWNTs. [76] This reorganization of surfactant can improve 

the fluorescence intensity by eliminating quenching mechanisms. Before further comparisons are 

made between the pH-adjusted IT process and ultracentrifugation, solvent-induced changes to 

the spectra must be addressed. The ultracentrifuged SC-SWNT suspension was mixed with 

toluene and then evaporated for 24 h similar to the IT processing steps. Figure 3-3 shows the 

fluorescence spectra of ultracentrifuged SC-SWNTs at each stage of the process. The consistent 

spectra throughout the process show the solvent has minimal influence on the surfactant structure 

or the fluorescence intensity. The lack of spectral changes could be due to the strong interaction 

that SC has to the sidewall of the SWNTs. [77] Therefore, any changes to the spectra observed 

during IT can be attributed to the removal of bundled SWNTs. 

Figure 3-4 compares the spectral properties of SWNTs prepared by either the pH-adjusted 

two-step interfacial trapping process (pH 6.75) or ultracentrifugation. The F/A ratio in Figure 3-4 

(A) and 3-4 (B) show that SC-SWNT suspensions prepared by IT can achieve comparable 

dispersion quality to ultracentrifugation SWNT suspensions. The Raman spectra in Figure 3-4 

(C) also show similar dispersion quality. However, the absorption spectra in Figure 4d show the 

concentration of individual SC-SWNTs in suspensions made by IT is almost double the 

concentration achieved by ultracentrifugation. This indicates that the two-step IT process has 

twice the yield of SWNTs in comparison to ultracentrifugation. To further illustrate the higher 
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throughput, the IT suspension was diluted with 1 wt.% SC until the absorbance was nearly the 

same as the ultracentrifuged SWNT suspension. As can be seen in Figures 3-4 (A) – 3-4 (D), the 

dilution has little effect on the dispersion quality. This dilution may also have added benefit to 

dispersion stability by adjusting the surface charge (pH) to higher values (see Fig. 3-2).   

Table 3-1 summarizes the dispersion quality measurements for the two-step IT process (pH 

adjusted) compared to ultracentrifugation. The table shows that the IT process has similar 

dispersion quality to ultracentrifugation, as measured by multiple characterization methods.  

Table 3-2 summarizes the processing parameters and results for the two-step IT and 

ultracentrifugation approaches to preparing SC-SWNT suspensions. As seen in the table, the IT 

process has favorable processing times, yields, and throughput. These characteristics and the 

simplicity of the process enable a fast and scalable approach to preparing SWNT suspensions 

with good dispersion quality. In addition, the IT process is more conducive to parallel 

processing, which will further improve throughput. 
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Figure 3-1. A) Radial breathing mode (RBM) of Raman spectra, B) Vis-NIR absorption spectra, 
C) NIR-fluorescence spectra (662 nm excitation), and D) Fluorescence / absorbance 
ratio (calculated from 662 nm) of SC-suspended SWNTs. (1), (2), (3), (4) and (5) 
represent the control, ultracentrifuged, one-step interfacial trapped, two-step 
interfacial trapped, and three-step interfacial trapped SC-SWNTs, respectively. 
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Figure 3-2. A) The pH-dependent changes to the zeta-potential of SC-SWNTs. B) The effect of 
pH on the intensity/absorbance ratio after interfacial trapping. The surface charge was 
adjusted by changing the pH of the suspensions prior to IT. C) The effect of surface 
charge on the intensity of (6,5), (8,3), and (10,5) SWNT types after interfacial 
trapping. All intensities are normalized to the maximum intensity. D) pH-dependent 
Raman spectra (784 nm excitation) of the radial breathing modes (RBMs) of SWNTs. 
Spectra are normalized to the G band. E) The effect of surface charge on the Raman 
aggregation ratio. 
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Figure 3-3. The effect of solvent on the fluorescence intensity of ultracentrifuged SC-SWNTs 
(662 nm excitation). The ultracentrifuged SWNTs (1) are first mixed with toluene (2). 
The toluene was then removed by evaporation (3). 
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Figure 3-4. Comparison of SC-SWNT suspensions prepared by the pH-adjusted (pH 6.75) two-
step IT process (1), ultracentrifugation (2), and dilution of the IT process (3) obtained 
from (1). The ratio of fluorescence intensity to absorbance for SWNT suspensions 
excited at A) 662 and B) 784 nm. C) Raman spectra of the SWNT RBMs. D) 
Absorption spectra of the suspensions. 
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Table 3-1. Dispersion Quality Comparison of Aqueous SWNT Suspensions. 
  aqueous suspension 

anaylsis control ultracentrifugation two-step interfacial 
trapping 

fluorescence 
intensity weak strong strong 

absorbance  
features broad peaks blue-shifted and 

resolved peaks 
blue-shifted and 
resolved peaks 

resonant  
ratio1 0.015 0.070 0.057 

Raman  
aggregation ratio2 1.00 6.25 7.22 

F/A Ratio3 0.0014 0.0358 0.0352 

 
 

 

 

 

 

1 Calculation based on ratio of resonant and nonresonant features of the absorbance peak near 660 nm. 
2 Calculation based on intensity from (11, 3) nanotubes and aggregation peak (~270 cm-1). 
3 Calculation based on fluorescence intensity from (7, 6) nanotubes and absorbance at 662 nm. 
 
Table 3-2. Comparison of the processing parameters for the pH-adjusted two-step interfacial 

trapping (pH 6.75) and ultracentrifugation methods for producing high quality SWNT 
suspensions. 

Method Processing 
Time 

SWNT 
Yield 

Throughput 
(per liter) 

Interfacial Trapping < 2 h Large 
(4~24%) 

3 ~ 10 mg/h 

Ultracentrifugation > 5 h Small 
(< 2%) 

< 1 mg/h 
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CHAPTER 4 
SWELLING THE MICELLE CORE SURROUNDING SWNTS WITH WATER-IMMISCIBLE 

ORGANIC SOLVENTS 

Single-walled carbon nanotubes (SWNTs) are tubular structures of carbon with several 

unique physical and chemical properties. [4, 5] Dispersing SWNTs in a solvent is required for 

many applications but common organic solvents offer insufficient solvation forces to suspend 

SWNTs. [36] Surfactants or polymers are often used to stabilize aqueous SWNT suspensions. 

The hydrophobic part of the surfactant non-covalently attaches to the sidewall of the nanotubes 

while the hydrophilic end extends into the water phase. The resulting surfactant shell creates a 

repulsive barrier that overcomes the strong van der Waals attractive forces needed to disperse the 

SWNTs. [8] The anionic surfactants sodium dodecyl sulfate (SDS) and sodium dodecylbenzene 

sulfonate (SDBS) are frequently used because of the high dispersion quality of the resulting 

SWNT suspensions. 

The ability to individually disperse SWNTs in solution enabled the discovery of NIR 

fluorescence of semiconducting nanotubes, [9] which correspond to the specific (n, m) type of 

each nanotube as mentioned in previous paragraph. The fluorescence emission energies of 

SWNTs are sensitive to the surrounding environment with suspended SWNTs being red-shifted 

in comparison to SWNTs in air. [78-80] The extent of the energy shift is dependent on the 

surfactant, [15] protein, [66, 67, 81, 82] or polymer that encases the nanotube. [83, 84] The first 

measurements of the photoluminescence quantum yields for dispersed SWNTs were on the order 

of 0.1% or less. [9, 10] The optically excited electronic states of SWNTs are highly mobile, [85] 

making them sensitive to extrinsic effects that can reduce the quantum yield, including sidewall 

defects, [57, 80, 85-87] protonation, [85, 88-90] surfactant inhomogeneties, [57, 86, 87, 91] 

bundles, [57-59, 92] and nanotube ends (i.e., lengths). [93, 94] Indeed, single-molecule 

spectroscopy in both aqueous solutions [86] and air [80] have observed spots along the length of 
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a nanotube, which have reduced fluorescence emission intensity. These dark spots allowed 

Cognet et al. [85] to estimate the exciton diffusion length to be ~90 nm. When the quantum 

yields are calculated on single nanotubes that have no dark spots, the quantum yields improve 

dramatically to values approaching 10%.[80, 85, 86] 

The observation of these extrinsic factors has raised questions regarding the capability of 

fluorescence spectroscopy to quantify relative (n, m) ratios. [80, 86] The difference in quantum 

yield measurements seen for bulk-scale suspensions and single-molecule analysis points to the 

importance in understanding how SWNT dispersion affects fluorescence intensities. For 

example, different quantum yields are observed for different surfactants. [91] Differences in 

fluorescence intensity between different surfactant suspensions also led to the conclusion that 

some surfactants, such as SDS, preferably disperse small diameter SWNTs. [78] The ultimate 

objective is to learn how to compensate for these differences. [86] Recently, the elimination of 

small bundles was shown to improve the quantum yields of bulk SWNT suspensions to ~1 – 

1.5%. [92] 

Understanding the importance of these extrinsic factors to the quantum yields of SWNTs 

may be compounded by an incomplete understanding of the surfactant structure surrounding the 

nanotube. In general, three models of surfactant structure have been suggested: (a) hemisphere, 

[17] (b) cylindrical, [95] and (c) randomly adsorbed surfactant structures surrounding the 

nanotubes. [18] However, there is no accepted structure for the surfactant surrounding the 

nanotubes. Wallace et al. [20] showed through coarse-grained molecular dynamics (MD) 

calculations that the surfactant structure around SWNTs was concentration dependent. At low 

concentrations, the surfactant molecules tend to orient themselves along the length of the 

nanotube. However, the surfactant extends out into the aqueous phase at higher concentrations. 
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These simulations combined with the previously observed extrinsic factors suggest that 

processing conditions may play an important role in the photophysical properties of SWNT 

suspensions. 

In this chapter, we describe the swelling of the hydrophobic core of the micelle 

surrounding the SWNTs. Mixing aqueous suspensions of SWNTs with various immiscible 

organic solvents results in solvatochromic shifts indicative of a coating surrounding the 

nanotubes. The solvatochromic shifts and changes in the fluorescence intensity are dependent on 

the surfactant coating the nanotube, allowing the spectral changes to be used to probe the 

surfactant structure around SWNTs. While the solvatochromic shifts are reversible once the 

solvent is removed, the fluorescence intensity depends on the surfactant-solvent combination 

used to swell the micelle. For SDS-coated SWNTs, the largest diameter nanotubes show 

significant increases in fluorescence intensity after some organic solvents are removed. In 

addition, these SWNTs are better protected from the fluorescence quenching effect of acid. The 

spectral changes suggest that the organic solvent is capable of reorganizing the surfactant 

surrounding the SWNT. 

4.1 Experimental Procedure 

4.1.1 Dispersion 

SWNT suspensions (Rice HPR 145.1) were prepared in both 1 wt% SDS and SDBS 

solutions followed by ultracentrifugation. Aqueous nanotube suspensions were prepared by 

mixing 20 mg of raw SWNTs with 200 mL of an aqueous SDS or SDBS surfactant solution (1 

wt. %). High-shear homogenization (IKA T-25 Ultra-Turrax) for 1.5 – 2.0 h and ultrasonication 

(Misonix S3000) for 10 min were used to aid dispersion. After ultrasonication, the mixture was 

ultracentrifuged at 20,000 rpm for 5 h (Beckman Coulter Optima L-80 K). Immiscible solvents, 

such as o-dichlorobenzene (ODCB), were added to each SWNT suspension (solvent: water 
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volume ratio of 0.5) and mixed. The mixture was shaken vigorously for 30 s with a vortex stirrer. 

After shaking, a white emulsion phase immediately started to phase separate. The 

characterization of aqueous SWNT suspensions was done after waiting for 1.5 - 2 h to reach 

steady state. The excess organic solvent was then carefully removed from the aqueous SWNT 

suspension to prevent further emulsification. SWNT suspensions prepared in pure ODCB were 

ultrasonicated and then filtered through coarse filter paper to remove the large visible aggregates 

in the suspension prior to characterization. [9] 

4.1.2 Characterization  

The aqueous phase was characterized by vis-NIR absorbance and NIR-fluorescence spectra 

using an Applied NanoFluorescence Nanospectrolyzer (Houston, TX) with excitation from 662 

and 784 nm diode lasers. Raman spectra were recorded with a Renishaw Invia Bio Raman with 

excitation from a 785 nm diode laser. 

4.2 Results 

Figure 4-1 shows the NIR fluorescence spectra for the initial aqueous SWNT suspension 

and the aqueous suspension after mixing with ODCB. In both the SDBS- and SDS-SWNT 

suspensions, the peaks have red-shifted by 0.01 – 0.1 eV (9 – 17 nm) indicating a change to the 

environment surrounding the nanotubes. The fluorescence intensity has also significantly 

decreased in both suspensions. In SDS suspensions, the fluorescence emission from the largest 

diameter SWNTs has almost completely disappeared.  

Nanotubes have limited solubility in pure ODCB without using surfactants, [36] allowing 

direct comparison to aqueous suspensions mixed with ODCB. Figure 4-2 compares the 

normalized fluorescence spectra of ODCB-suspended nanotubes to aqueous SDS- and SDBS-

suspended nanotubes after mixing with ODCB. Once the SDBS- and SDS-coated aqueous 

SWNT suspensions are mixed with ODCB, the suspensions show similar emission spectra to 

60 



 

SWNTs dispersed in pure ODCB. The smallest diameter nanotubes (larger emission energy) 

have very good agreement in peak position with nanotubes in ODCB, especially for SDBS-

coated SWNTs. The similarity in the spectra implies that ODCB molecules are in close 

proximity to the nanotubes. 

The organic solvent was removed from the surfactant-coated SWNT suspensions by room 

temperature evaporation for 24 h. Figure 4-3 (A) shows the fluorescence spectra for SDS-coated 

SWNT suspensions during evaporation of ODCB. The time dependent changes to the intensity of 

the (7, 6) and (8, 3) nanotubes are shown in Figure 4-3 (B). The smallest diameter nanotubes 

(e.g., (8, 3) SWNTs) recover their fluorescence intensity faster than the larger diameter 

nanotubes (e.g., (7, 6) SWNTs). All nanotube fluorescence intensities have reached equilibrium 

after ~20 h. The spectra for both SDS- and SDBS-suspended SWNTs return to their original 

peak positions and have intensities close to their initial values (compare Fig. 4-1 (B) for SDS-

suspended SWNTs, discussed further below). 

Spectral changes were also observed for aqueous SWNT suspensions mixed with other 

organic solvents. Figure 4-4 plots the fluorescence spectra of SDBS- and SDS-suspended 

SWNTs mixed with various organic solvents. Once again, the solvatochromic shifts and changes 

to fluorescence emission intensity were dependent on the surfactant used to suspend the SWNTs. 

For each solvent, the SDBS-suspended SWNTs in Figures 4-4 (A) and 4-4 (C) showed similar 

changes to both the solvatochromic shifts and fluorescence intensity for each (n, m) SWNT type. 

SDBS-SWNT mixtures with hexane showed a slight increase in fluorescence emission and blue-

shifts. On the other hand, mixtures of benzene with SDBS-SWNTs showed red-shifts and both 

slight increases and decreases in fluorescence intensity. Finally, chloroform mixtures with 

SDBS-coated SWNTs had similar decreases in intensity and red-shifts as the ODCB mixtures. In 
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contrast to the SDBS-coated SWNT suspensions, the SDS-SWNTs in Figures 4-4 (B) and 4-4 

(D) showed changes to the fluorescence intensity, which was dependent on the SWNT (n, m) 

type. The emission spectra for SDS-SWNTs red-shift and significantly decrease in intensity for 

hexane mixtures while benzene mixtures have small blue-shifts of the emission and significant 

increases in fluorescence intensity. The response of SDS-SWNTs mixed with chloroform was 

diameter dependent and varied slightly between different suspensions. In general, the small 

diameter nanotubes (e.g., (8, 3) SWNTs) have minor changes to both emission energy and 

intensity while large diameter nanotubes show no shifts but large decreases in intensity. Similar 

to mixtures with ODCB, the intensity of the largest diameters (e.g., (9, 5) SWNTs) almost 

completely disappeared.  

Table 4-1 summarizes the fluorescence emission of SWNT suspensions after being mixed 

with each solvent. In general, all systems that red-shift show decreases in fluorescence intensity. 

Figure 4-4 also shows that the largest diameter SWNTs have the most significant decreases in 

fluorescence emission intensity. The spectral shifts for SDBS-coated SWNTs closely mirror the 

differences in dielectric constant and polarity of the organic solvent. However, there is no 

apparent trend of the spectral changes of the SDS-coated SWNT suspensions with the solvent. 

The largest decreases in fluorescence intensity occurred when mixed with the solvent that has the 

highest dielectric constant (ODCB) and the lowest dielectric constant (hexane). The polarity also 

seems to have no influence on the fluorescence intensity since the two non-polar species showed 

the ability to either decrease (hexane) or increase (benzene) the intensity after mixing with the 

aqueous SWNT suspensions. 

The spectra for both SDBS- and SDS-suspended SWNTs exposed to immiscible solvents 

return to their original peak positions after the solvent is evaporated from the aqueous suspension 
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and have intensities close to the surfactant only SWNT suspensions, as shown in Figure 4-5. This 

is somewhat surprising for SDS-suspended nanotubes since the peaks had nearly disappeared in 

Figures 4-4 (B) and 4-4 (D) after mixing with ODCB, chloroform, and hexane. For example, the 

fluorescence spectra for SWNTs mixed with ODCB in Figures 4-4 (B) and 4-4 (D) shows the 

fluorescence of only the (8, 3), (7, 5) and (6, 5) SWNT types. After the evaporation of ODCB, 

the fluorescence emission from all SWNT (n, m) types return, as shown in Figures 4-5 (B) and 4-

5 (D). There are some minor differences in the intensity of SDBS-coated SWNTs after exposure 

to the organic solvents, which may be attributed to removal of nanotubes or impurities at the 

interface. [34, 72] On the other hand, substantial increases to the fluorescence intensity for SDS-

suspended SWNTs are observed after ODCB and chloroform have evaporated. For example, the 

large diameter SWNTs in Figures 4-5 (B) and 4-5 (D) have considerable increases in 

fluorescence emission intensity after the organic solvent is removed.  

These changes in fluorescence intensity occur without any differences to the relative ratios 

between (n, m) types in either the absorbance or Raman spectra. The absorbance spectra after the 

solvent is removed from the aqueous suspension in Figure 4-6 (A) show that, in general, the 

spectra are similar to the initial SWNT suspension. Although the SDS-SWNT suspensions 

exposed to ODCB and chloroform have minor changes to the absorbance baseline, there are no 

changes to the ratio of peak heights. The decrease in absorbance observed with chloroform 

would indicate further proof that impurities were removed from the system. [34, 72] Most 

importantly, there is no broadening or red-shifting of the peaks for any of the spectra. The radial 

breathing modes (RBMs) of the Raman spectra are dependent on the diameter of the nanotubes 

and can also indicate changes to the (n, m) types. As seen in Figure 4-6 (B), the intensity of the 

Raman RBMs for each peak is nearly identical to that observed for the initial SDS-SWNT 
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suspension. Note that the (10, 5) SWNT has the largest intensity increase in Figure 4-5d. In 

addition, there are no changes to the so-called aggregation peak (~270 cm-1) after the organic 

solvents are removed. These results indicate that the suspension has no significant changes to the 

relative concentration of nanotube (n, m) types or bundling, which could cause the changes in 

fluorescence emission seen in Figures 4-5 (B) and 4-5 (D). [34, 59, 86, 91, 96] 

4.3 Discussion 

4.3.1 Swelling Effects 

The solvatochromic shift in fluorescence emission spectra of SWNTs mixed with organic 

solvents indicates a change to the environment surrounding the nanotubes. When compared to 

SWNTs suspended in pure organic solvents, these spectra show nearly identical peak positions 

(see Figure 4-2) suggesting that organic solvents are forming a layer or a shell around the 

sidewall. Since the fluorescence, absorbance, and Raman spectra return to the initial values after 

the solvent has evaporated, the surfactant must still be present. Otherwise, there would be 

substantial bundling of the nanotubes resulting in broadened and red-shifted absorbance as well 

as quenching of the fluorescence emission. [9, 86, 91] The reversibility of both the spectral shifts 

and intensities is good evidence that the presence of the organic solvent molecules rather than 

aggregation or surfactant removal is responsible for the observed changes. Therefore, the data 

suggests that the organic solvent is swelling the hydrophobic region of the surfactant micelle 

surrounding the SWNTs, similar to the swelling of micelle cores in block copolymers, [97] as 

shown in Figure 4-7 (A). This conclusion is also supported by the consistent trend of the 

solvatochromic shift of SDBS-coated SWNT suspensions with solvent polarity (see Figures 4-4 

(A), 4-4 (C) and Table 4-1), indicating that the environment around the nanotubes is 

systematically changing when mixed with different solvents.  
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The spectral changes observed for SDS-coated SWNT suspensions when mixed with 

organic solvents are more complex. In hexane mixtures, the fluorescence intensity of SWNTs 

increases significantly in Figures 4-4 (B) and 4-4 (D). On the other hand, fluorescence emission 

decreases considerably for other solvents. The presence of the organic solvents can affect the 

fluorescence intensity; [98] however, the solvatochromic shifts and intensity changes should tend 

to follow polarity changes as observed with SDBS-SWNT suspensions. The effect of each 

solvent should also yield consistent changes to the SWNT emission spectra. In other words, if a 

solvent (e.g, ODCB) is inducing changes to the emission spectra in Figures 4-4 (B) and 4-4 (D), 

similar changes to the emission spectra should be observed in the spectra in Figures 4a and 4c. 

The lack of a consistent trend for SDS-coated SWNTs (see Figure 4-4 (B), 4-4 (D) and Table 4-

1) and the different response for each surfactant suggests that another phenomenon is responsible 

for the changes in SDS-coated SWNT suspensions.  

Researchers have observed increased fluorescence intensity due to Förster energy transfer 

between individual SWNTs. [57-59, 79] For example, the emission of large diameter SWNTs 

(smaller band gap energy) was enhanced during nanotube bundling by excitation and energy 

transfer from the larger band gap, smaller diameter SWNTs. [58] If energy transfer is responsible 

for the increased fluorescence emission of large diameter SWNTs after solvent evaporation, then 

a decrease in fluorescence intensity would be expected for the smaller diameter SWNTs. 

However, the increases in nanotube emission intensity observed after chloroform and ODCB 

exposure occur without a simultaneous decrease in intensity from other SWNTs. The lack of any 

significant changes to the Raman aggregation peak also seems to rule out Förster energy transfer 

as the cause for increased fluorescence emission of some (n, m) types. The fact that a new peak 

corresponding to the (9, 7) SWNT appears in the emission spectra in Figure 4-5 (D) strongly 
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suggests that this species is present in the initial suspension but is not fluorescing. This behavior 

often is indicative of exciton energy transfer [57-59, 79] but this SWNT type is already observed 

in the spectra for SDBS-suspended SWNTs in Figure 4-5 (C) and the Raman spectra in Figure 4-

6 (B). In fact, the spectra in Figures 4-5 (B) and 4-5 (D) after exposure to chloroform are 

strikingly similar in shape and relative intensity when compared to all of the spectra in Figures 4-

5 (A) and 4-5 (C).  

SWNTs are also susceptible to doping when the solvent is in close proximity to the 

surface. If solvent doping were responsible for the observed intensity changes after evaporation, 

then both SDS- and SDBS-coated SWNTs should have similar changes. As shown in Figure 4-1, 

both systems have a solvatochromic shift that indicates that ODCB is surrounding the SWNTs. 

However, only the SDS-SWNT suspensions show improvements to the fluorescence intensity in 

Figure 4-5. In addition, the nanotube (n, m) types which show decreases in intensity when the 

solvent is present are the same nanotube types that have increased emission after exposure to the 

solvents. For example, the fluorescence emission from the (7, 6), (12, 1), (11, 3), and (10, 5) 

SDS-SWNT suspensions in Figures 4-4 (B) and 4-4 (D) are completely quenched but then show 

the largest increases in intensity after evaporation in Figures 4-5 (B) and 4-5 (D). Without 

changes to the chemical structure of the solvent during evaporation, it is unlikely that solvent 

doping can cause this behavior. Recently, researchers showed that decomposition products of 

ODCB generated during ultrasonication could dope SWNTs. [99] However, the authors observed 

that mixing with solvents, similar to the approach in this study, does not cause decomposition or 

doping. To determine if photochemistry could initiate ODCB decomposition and doping during 

evaporation, SWNTs were also processed under natural light and dark conditions. The 

fluorescence spectra of the light and dark suspensions were identical (not shown) eliminating 
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decomposition-induced changes. Finally, Raman spectra after solvent evaporation show the G′ 

and G band do not have any shifts or width changes associated with doping. [99, 100] The G′ 

band in Figure 4-6 (C) is partially obscured by the background fluorescence but clearly shows 

that there are no shifts after solvent evaporation. [99, 100] Similarly, the G band in Figure 4-6d 

has no major changes to the shifts or width after evaporation. It does appear that ODCB may 

have a slight red-shift (~1 cm-1); however, this would indicate a small amount of n-type doping 

rather than p-type doping observed previously. [99] The lack of significant changes to the G, G′, 

and RBM modes of the Raman spectra suggest that solvent doping is not responsible for the 

changes to fluorescence emission intensity observed in Figures 4-5 (B) and 4-5 (D). [99-101]  

One plausible explanation is that the fluorescence of the large diameter SWNTs in SDS-

suspended SWNTs was quenched in the initial suspension. It is generally accepted that exposure 

of the nanotube to protons in the aqueous phase quenches the exciton. [85, 88-91] The surfactant 

shell surrounding the nanotube, therefore, provides the needed protection to prevent non-

radiative recombination of the exciton. Okazaki et al. [78] observed different ratios of the 

fluorescence emission intensities of SWNTs suspended in SDS to SWNTs in air leading them to 

conclude that SDS did not suspend larger diameter nanotubes. This conclusion is supported by 

the fact that smaller diameter SWNTs have stronger binding energies to SDS. [102] Researchers 

have observed that larger diameter SWNTs coated with SDS have a higher sensitivity to 

quenching. [91] Indeed, the initial SDS-suspensions have lower fluorescence intensities for 

larger diameter SWNTs in comparison to the initial SDBS-suspensions, as seen in Figures 4-4 

(C) and 4-4 (D). Therefore, these intensity differences could mean that the largest diameter 

nanotubes have either (1) inadequate surfactant shells to aid dispersion and are truly not present 
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or (2) incomplete or non-uniform surfactant structures surrounding the nanotubes, which quench 

the emission fluorescence.  

4.3.2 Possible Quenching Mechanism 

Wallace and Sansom [20] showed through MD simulations that surfactant coverage was 

non-uniform and the thickness varied along the length of the nanotube. In other words, the 

surfactant permeability to protons from the water could potentially be altered as the surfactant 

concentration is changed, affecting fluorescence intensity. Others have also speculated similar 

‘holes’ in the surfactant layer to help explain fluorescence behavior. [89, 91] If the permeability 

of the surfactant structure were altered, then these potential quenching spots could be removed, 

resulting in increased emission intensity. These alterations could occur by introducing solvents to 

protect the nanotube or by reorganization or redistribution of the surfactant surrounding SWNTs. 

These changes to the SDS surfactant structure should be most sensitive to the largest diameter 

SWNTs.  

To test if solvents can improve the ability of the surfactant to protect the SWNT from 

quenching protons, the pH of the aqueous phase was adjusted to control the concentration of 

protons (fluorescence quenchers) while the organic solvent was still present and after the solvent 

is evaporated. As shown in Figures 4-7 (B) and 4-7 (C), the fluorescence intensity from the (7, 6) 

and (10, 5) SWNT types in a pure SDS-SWNT suspension decrease by two orders of magnitude 

at acidic pH similar to previous observations. [89, 91] However, the aqueous SWNT suspensions 

with the organic solvents forming a shell around the nanotubes have different trends from the 

pure SDS-SWNTs. The aqueous suspension mixed with benzene shows that the SWNTs are 

more resistant to pH changes. This resistance suggests that benzene offers another protective 

layer around the nanotube, providing further support for a swelled micelle state surrounding the 

SWNTs. On the other hand, suspensions mixed with ODCB showed more susceptibility to pH 
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quenching effects across the entire pH range. Only at pH values above 10, does the fluorescence 

intensity start to recover. These results suggest that the surfactant structure has become more 

permeable to quenching by protons or water, [89, 91] indicating that the nanotube surfactant 

structure has been altered or reorganized. Once again, the trends of all SWNT suspensions after 

solvent evaporation are similar to that of pure SDS as shown in Figures 4-7 (D) and 4-7 (E), 

which indicates that the surfactant structure has been recovered to a state similar to the initial 

state. However, there are some noticeable differences in the pH response. For the (7, 6) 

nanotube, ODCB provides some improvement to quenching in pH values near neutrality while 

benzene also shows improvements with slightly better fluorescence intensity at acidic pH values. 

In contrast, the larger diameter (10, 5) nanotube in Figure 4-7 (E) shows significant improvement 

in fluorescence emission intensity. SDS-SWNT suspensions exposed to benzene show 

significant improvement at pH values between 5 and 10. ODCB exposed nanotube suspensions 

show even better protection to the quenching effects of acid. This organic solvent improves the 

fluorescence intensity across the entire pH range but most notably for the acidic pH values. 

The physisorption of surfactant molecules on nanotubes is a dynamic process, 

continuously being interchanged with free surfactant in solution. The introduction of an organic 

phase may alter this process. Indeed, surfactant molecules have slower desorption kinetics in 

emulsions than in micelles. [103] The organic phase may also enable increased mobility of the 

surfactant around the nanotubes. Depending on the interactions and their strengths, the surfactant 

reorganization may result in beneficial or detrimental effects to the fluorescence emission. These 

differences in surfactant-solvent-SWNT interactions helps explain the difference in spectra seen 

for SDS-suspensions in Figure 4-4. While benzene appears to swell the micelle, the other 

solvents open holes, enabling quenching from the aqueous phase. Upon evaporation of the 
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solvent, the surfactant structure can also be altered, which can improve the resistance to 

quenching and the fluorescence emission intensity. Table 4-2 summarizes these increases in 

intensity, which is also directly related to increases in their quantum yield since absorbance 

changes are relatively minor. The intensity increases are most significant for the largest diameter 

nanotubes. Chloroform tends to improve the fluorescence emission intensity more than ODCB. 

The largest emission increases are observed for the (11, 3), (10, 5), and (9, 7) SWNT types, 

which have a 107.1%, 179.3%, and 177.6% increase in intensity, respectively. 
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A 

B 

Figure 4-1. Comparison of NIR fluorescence spectra (ex = 662 nm) of surfactant-coated SWNT 
suspensions before (1 and 3) and after mixing with ODCB (2 and 4). A) SDBS-
suspended SWNTs and B) SDS-suspended SWNTs. 

 

 

A 

B 

Figure 4-2. Comparison of normalized NIR fluorescence spectra (ex = 662 nm) of surfactant-
coated SWNT suspensions to SWNTs dispersed in only ODCB (1). A) SDBS-
SWNTs (2) and B) SDS-SWNTs (3) after mixing with ODCB. 
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A 

B 

Figure 4-3. A) NIR fluorescence spectra (ex = 662 nm) of SDS-coated SWNT suspensions 
mixed with ODCB during solvent evaporation. B) Time-dependent recovery of (7, 6) 
and (8, 3) peak intensities of SDS-SWNTs mixed with ODCB. 
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A C

DB 

Figure 4-4. NIR fluorescence spectra of SDBS- and SDS-coated SWNT suspensions after being 
mixed with the immiscible organic solvents: hexane (2), benzene (3), ODCB (4), or 
chloroform (5). The initial surfactant-SWNT suspension (1) is plotted for comparison. 
Excitation from 662 and 784 nm lasers. 
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A C

B D

Figure 4-5. NIR fluorescence spectra of SDBS- and SDS-coated SWNT suspensions after 
evaporation of the immiscible organic solvents: hexane (2), benzene (3), ODCB (4), 
or chloroform (5). The surfactant-SWNT suspension exposed to air for 24 h (1) is 
plotted for comparison. Note that both SDS- and SDBS-coated SWNT suspensions 
showed minor changes to the emission spectra after being open to air for 24 h. 
Excitation from 662 and 784 nm lasers. 
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A C

B D

 
Figure 4-6. A) Absorbance and (b–d) Raman spectra (ex = 785 nm) of SDS-coated SWNT 

suspensions after evaporation of the organic solvent: hexane (2), benzene (3), ODCB 
(4), or chloroform (5). The surfactant-SWNT suspension exposed to air for 24 h (1) is 
plotted for comparison. The radial breathing modes (RBMs) for specific (n, m) 
SWNT types are shown in B) while C) and D) show the Raman spectrum of the G′ 
and G band of the SDS-coated SWNTs suspensions, respectively. The dashed lines 
indicate the positions of the surfactant suspensions prior to mixing with organic 
solvents. All spectra in C) and D) are offset for clarity. 
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Figure 4-7. A) Swelling of the hydrophobic core of the micelle surrounding SWNTs. B)-E) The 

effect of pH on the fluorescence intensity of the (7, 6) SWNT (ex = 662 nm) and (10, 
5) SWNT (ex = 784 nm) in SDS-suspensions after being mixed with the immiscible 
organic solvents benzene and ODCB and after evaporation of the solvent. 
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Table 4-1. Spectral changes of surfactant-coated SWNTs mixed with organic solvents. 
SDBS-SWNTs SDS-SWNTs Organic 

Solvent 
Dielectric 
Constanta

Dipole  
Moment (D)a Fluorescence 

Intensity Change
Solvatochromic 

Shift Change 
Fluorescence 

Intensity Change 
Solvatochromic 

Shift Change 
Hexane 1.89 0 small increase blue large decrease red 
Benzene 2.28 0 varied red large increase slight blue 

Chloroform 4.81 1.04 decrease red varied  varied 
ODCB 10.12 2.50 decrease red large decrease red 
water 80.1 1.85 — — — — 

a Values taken from the CRC Handbook of Chemistry and Physics 
 
Table 4-2. Fluorescence intensity changes for various SWNT (n, m) types after exposure to 

ODCB or chloroform. 
Intensity Increase (%) SWNT Diameter 

(nm) ODCB chloroform 
(7,6) a 0.895 8.3 6.0 
(9,4) b 0.916 20.6 10.1 
(8,6) a 0.966 24.9 42.4 
(9,5) a 0.976 27.9 57.5 

(12,1) b 0.995 46.0 75.9 
(11,3) b 1.014 56.8 107.1 
(10,5) b 1.050 72.4 179.3 
(9,7) b 1.103 34.6 177.6 

a Excitation from 662 nm laser 
b Excitation from 784 nm laser 
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CHAPTER 5 
SOLVATOCHROMIC EFFECTS OF SWNTS IN NONPOLAR MICROENVIRONMENTS  

Single-walled carbon nanotubes (SWNTs) have unique properties suitable for a wide 

variety of applications. [4, 5] However, characterizing the properties of SWNTs has been 

difficult because of the ensemble of nanotubes present in a suspension. [104] Further 

complicating the characterization of SWNT properties is the inability to suspend SWNTs in 

known dielectric environments, such as organic solvents. [36] Dispersing SWNTs with the aid of 

surfactants has significantly advanced SWNT characterization. For example, the unique 

photoluminescence (PL) emission of semiconducting SWNTs can identify the (n, m) types in a 

suspension. [2] However, an incomplete understanding of the surface coverage and structure of 

surfactants surrounding SWNTs makes it difficult to assess the dielectric constant of the media 

surrounding SWNTs. [105] The unknown environment surrounding SWNTs poses problems to 

characterizing and separating SWNTs through dielectrophoresis, and using SWNTs in sensing 

applications. [27, 76, 89, 91] 

The polarizability of individual SWNTs is important to many applications as well as the 

photophysical and photochemical response of SWNTs. The polarizability is highly anisotropic 

with the longitudinal component (α||) at least an order of magnitude larger than the transverse 

component (α⊥). Therefore, the longitudinal polarizability is the dominant contribution and the 

dipole moment is oriented along the nanotube axis. Several models have been developed to 

calculate the longitudinal polarizability. These simulations suggest the longitudinal polarizability 

is a function of the nanotube radius and band gap energy of SWNTs but disagree on the 

relationship. Researchers have found that the longitudinal polarizability is proportional to radius 

over band gap squared, [106] inverse band gap, [107] inverse band gap squared, [108] and radius 

squared. [109] 
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While there are several theoretical studies on polarizability, there are few experimental 

studies. [110, 111] Measuring the photophysical properties of molecules, such as solvatochromic 

shifts, can provide information about the excited states of the molecules and even their 

polarizability. Choi and Strano used solvatochromic shifts of SWNTs to determine that 

longitudinal polarizability varies with inverse nanotube radius times inverse band gap squared. 

[110] However, these measurements were based on relatively few systems including surfactant-

suspended SWNTs, which have unknown dielectric environments around nanotubes. 

The theoretical and experimental studies described above show that the exact form of the 

longitudinal polarizability remains unknown. Experimental measurement of solvatochromic 

shifts in a variety of solvents remains a good approach to study polarizability, provided that 

SWNTs can be suspended in several solvents of known dielectric constant. Our group has 

observed that mixing a suspension containing sodium dodecylbenzenesulfonate (SDBS)-coated 

SWNTs with immiscible organic solvents induces solvatochromic shifts dependent on the 

solvent. [76] The fluorescence spectra of SDBS-SWNT suspensions mixed with o-

dichlorobenzene (ODCB) showed identical shifts to the PL from SWNTs suspended in only 

ODCB (i.e., no surfactant or water). [36] The similarity in the peak positions indicates that the 

hydrophobic core of the surfactant forms an emulsion-like environment of ODCB around the 

nanotube. 

In this chapter, we describe using these new microenvironments around SWNTs to 

investigate the photophysical properties of SWNTs in a variety of solvents and mixtures. The 

solvatochromic shifts follow the expected behavior from a polarizable solute in a polarizable 

solvent. The fluorescence intensity is shown to be very sensitive to small concentrations of polar 
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components. The peak positions of known solvent environments are then used to describe the 

dielectric media in surfactant-coated SWNT suspensions. 

5.1 Experimental Procedure 

5.1.1 Dispersion 

All experiments used SDBS since this surfactant did not demonstrate any changes to the 

surfactant structure upon mixing with organic solvents, as observed for SDS-SWNT suspensions 

[76]. SWNT suspensions (Rice HPR 145.1) were prepared in 1 wt% SDBS solutions followed by 

ultracentrifugation. Aqueous suspensions of nanotubes were prepared by mixing 20 mg of raw 

SWNTs with 200 mL of a sodium dodecylbenzene sulfonate (SDBS) solution (1 wt.%). High-

shear homogenization (IKA T-25 Ultra-Turrax) for 1.5 – 2 h and ultrasonication (Misonix 

S3000) for 10 min were used to aid dispersion. After ultrasonication, the mixture was 

ultracentrifuged at 20,000 rpm for 5 h (Beckman Coulter Optima L-80 K). Immiscible solvents 

were added to each SWNT suspension (solvent: water volume ratio of 0.5) and mixed. The 

dielectric constant, refractive index, dipole moment, and induction polarization for each solvent 

is given in Table 5-1. The mixture was shaken vigorously for 30 s with a vortex stirrer. A white 

emulsion phase immediately started to phase separate after shaking. After waiting for 1.5 – 2 h to 

reach steady state, the excess organic solvent was then carefully removed from the aqueous 

SWNT suspension to prevent further emulsification. The mixtures of hexane and o-

dichlorobenzene (ODCB) were prepared by mixing different molar ratios of each solvent prior to 

their interaction with aqueous SWNT suspensions. The same solvent: water volume ratio (0.5) 

and procedures were used to mix, separate and characterize the suspension.  

5.1.2 Characterization 

The aqueous phase was characterized by vis-NIR absorbance and NIR-fluorescence spectra 

using an Applied NanoFluorescence Nanospectrolyzer (Houston, TX) with excitation from 662 
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and 784 nm diode lasers. Although the organic solvents have some absorbance bands in the NIR 

region, their affect on the spectral properties were determined to be minor. This conclusion is 

supported by the fact that no changes to the absorbance spectra of SWNTs are observed, which is 

consistent with a very small volume of solvent in the system. Likewise, the presence of solvent 

was concluded to have minimal effects on the fluorescence emission intensity. 

5.2 Results and Discussion 

5.2.1 Solvatochromic Shifts 

Figures 5-1 (A) and (B) show peak shifts of the PL spectra for the (7, 6) and (10, 5) SWNT 

types when mixed with a variety of nonpolar solvents having different dielectric constants, 

refractive index, and polarity. As seen in the figures, systematic changes are observed in both the 

intensity and peak position. These changes show that the emission energy red-shifts and the 

intensity decreases as the solvent polarity is increased from hexane to ODCB. In addition, the 

peak widths get broader in high polarity solvents, such as 3, 4–dichlorotoluene and ODCB. The 

absorbance spectra for both the E11 and E22 transitions of the (7, 6) SWNT shown in Figures 5-1 

(C) and (D) also red-shift as the solvent polarity is increased. The E22 transitions are generally 

weaker than the E11 peak shifts, in agreement with prior observations. [110] 

The peak shifts in the spectra of Figure 5-1 indicate that SWNTs are experiencing different 

environments when mixed with nonpolar organic solvents. SWNTs have no net dipole moment 

but are highly polarizable. The presence of different solvent environments around the SWNTs 

results in different reaction fields, which affect the absorbance spectra (Figures 5-1 (C) and (D)). 

The excited state of SWNTs after photon absorption forces the solvent structure to rearrange 

around the excited state SWNT dipole. The change in solvent orientation establishes slightly 

different reaction fields around the SWNTs, resulting in solvatochromic shifts of the 

fluorescence emission of SWNTs (Figures 5-1 (A) and (B)) that differ from those observed in 
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absorbance. The observed spectral changes in Figure 5-1 suggest the measured solvatochromic 

shifts are due to the formation of a solvent microenvironment encapsulating the SWNTs. 

Different ratios of hexane and ODCB were prepared and mixed with the aqueous SWNT 

suspension to verify that a microenvironment encapsulating the SWNTs forms. The polarity and 

dielectric constant of hexane and ODCB are the lowest and highest, respectively, of all solvents 

used in Figure 5-1. The fluorescence spectra for each mixture is shown in Figure 5-2 (A) for the 

(10, 5) SWNT. Pure hexane shows the highest fluorescence intensity and largest emission 

energy. As the fraction of ODCB in the mixture increases, the fluorescence intensity steadily 

decreases while the peak position red-shifts. These trends continue until the spectra converge to 

that observed for pure ODCB. In “ideal” non-associating solvent mixtures, the solvatochromic 

shift should follow a simple mixing rule, yielding a linear trend of the solvatochromic shift as a 

function of mole fraction. [112] Figure 5-2 (B) shows that the peak shift for multiple (n, m) types 

are indeed linear, demonstrating that systematic changes to the solvent environment around 

SWNTs is occurring. 

The PL intensity of each SWNT type, however, shows non-linear behavior. The 

fluorescence intensity quickly falls as the fraction of ODCB is increased. These intensity 

decreases are dependent on the SWNT diameter. For example, the fluorescence emission 

intensity of small diameter SWNTs (e.g. (8, 3) types) decrease by approximately 60% while the 

fluorescence of large diameters (e.g. (10, 5) types) decrease by 80%. These results also show that 

SWNT fluorescence emission is very sensitive to even small amounts of a more polar solvent 

(the intensity decreases by approximately 50% at xODCB ≈ 0.2). This sensitivity could have 

significant implications in understanding the fluorescence emission intensity from aqueous 

suspensions, where minor amounts of water in contact with the SWNT sidewall may 
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significantly affect fluorescence intensity. Indeed, researchers have found that better surfactant 

layers result in higher fluorescence intensity. [76, 89] 

5.2.2 SWNT-Solvent Interaction 

The solvents used for these experiments are all considered to be nonpolar because of the 

relatively low dielectric constants. [113] Therefore, the solvatochromic shifts for each solvent are 

primarily influenced by the polarizability–polarizability interactions given by [98, 112]:  

solventair
11

solvent
solvent
11

air
1111 f

a
CEEE −Δ

Δ
−=−=Δ 3βγ

α
   (5-1) 

where Csolvent is a fluctuation parameter associated with SWNT dispersion forces, Δα11 is the 

change in polarizability of SWNTs between the ground and excited states, β is a shape factor for 

the SWNT, γ is a parameter associated with the location of the SWNT dipole in the volume a3, 

and Δf is the solvent induction polarization described by the Onsager polarity functions, f (η2) = 

2(η2 – 1)/(2η2 + 1). [98, 112] Figure 5-3 shows the measured PL peak shifts from the data in 

Figure 5-1 relative to air for multiple (n, m) types as a function of f (η2). The solvatochromic 

shifts (ΔE11) are larger for the small diameter (large band gap) SWNTs. The solvatochromic 

shifts also tend to be linear as expected from equation (5-1). However, the solvatochromic shifts 

start to exhibit non-linear behavior at high f (η2). The general solvent effect models used here 

ignore higher order terms, such as dipole moments induced in the solvent molecules by the 

SWNTs and vice versa. [98, 112] These effects are expected to yield a curved relationship to the 

solvatochromic shift plots shown in Figure 5-3. [112] The largest deviations are for those 

solvents that possess a small dipole. 
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The Eii transitions for each (n, m) SWNT type from either the fluorescence or absorbance 

spectra can be used to estimate the SWNT polarizability or its functional form; however, the 

fluorescence data is used because the (n, m) peaks are better resolved. Previously, Choi and 

Strano [110] concluded that the difference in SWNT polarizability used in equation (5-1) is 

primarily determined by the longitudinal polarizability of the exciton (i.e., Δα11 ≈ α11,||). Several 

research groups have described the longitudinal polarizability of each SWNT (n, m) type by a 

function of the form, , where k is a constant, R is the SWNT radius, Eb
11

a
11 EkR=||,α 11 is the band 

gap as measured in air, and a and b are integers. [106-109] As described above, there is no 

consensus on the relationship (i.e., constants a and b) for the polarizability. If the volume 

associated with the solvent reaction field is assumed to have a radius equivalent to the SWNT 

radius, then equation (5-1) becomes: 

fERDfEkR
C

E b
11

a
solvent

b
11

asolvent
11 Δ−=Δ

−
=Δ −− 33

βγ
   (5-2) 

For simplicity, the constants Csolvent, k, β, and γ are combined into one constant Dsolvent. Since 

equation (5-2) is valid for all solvents, the measured solvatochromic shifts in Figure 5-3 can then 

be compared to this equation to determine the global variables, a and b, and the solvent specific 

variables, Dsolvent.  

All fluorescence spectra in Figure 5-1 were deconvoluted into their respective (n, m) peaks. 

Details of the deconvolution and fitting procedure are given in the supporting information. 

Briefly, the confidence level of each peak in the deconvoluted spectra was evaluated to assess its 

relative importance in regression analysis. This approach is chosen because of the disparity in 

peak intensity and overlap. For example, the fluorescence peak associated with the (7, 6) SWNT 

type typically has high intensity and little overlap with other (n, m) SWNT types while the (12, 
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2) SWNT peak often has low intensity and significant overlap. Therefore, more confidence 

should be assigned to peak parameters and solvatochromic effects for the (7, 6) SWNT type 

because of its intensity and separation from other peaks. However, the fluorescence spectra of 

other SWNT types still contains important information. To account for the varying confidence 

levels in each deconvoluted peak, weighting factors were assigned based on the relative intensity 

and amount of overlap. A constrained nonlinear optimization model was then formulated using 

the generalized reduced gradient (GRG) method. [114] An objective function (φ) was chosen to 

be the squared sum of residuals multiplied by the weighting factors (wi) where ΔE11 are the 

measured shifts relative to air or the calculated values from equation (5-1). These residuals were 

summed over all (n, m) types and solvents to obtain the final objective function: 

( )∑ ∑ Δ−Δ=
solvents all  all

2,
,

,
,

,,min
mn,

mn
calculated11

mn
measured11

mn
Overlap

mn
Intensity EEwwφ   (5-3) 

The objective function (5-3) was first solved for each solvent independently. The fluorescence 

emission data from all solvent systems was then included in the objective function to obtain the 

parameters a, b, and Dsolvent. The regression analysis shows that the global solution and 11 of 16 

single-solvent optimization solutions yield a = –2 and b = –3. These results deviate from prior 

experimental and computation results, which obtained values of a ranging from 2 to –1 and b 

from 0 to –2. [106-109] However, note that those solutions that deviate from the other results 

tend to be the most polar solvents. The changes in intensity and peak position for these systems 

induce more error in peak assignment. On the other hand, some of these systems give a and b 

constants comparable to those obtained before. [107, 110] 

The known solvatochromic shifts of SWNTs in solvents can be used to probe unknown 

environments. [98] This approach may be particularly useful in understanding the structure of 
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surfactants surrounding SWNTs, which still remains unknown. [20, 76, 105] Figure 5-4 shows 

the peak position of fluorescence emission from (7, 6) SWNTs surrounded by the surfactants SC, 

SDBS, SDS, and CTAB relative to the positions in different solvent microenvironments. The 

peak positions for SC- and SDBS-coated SWNTs are similar to those measured in alkanes and 

other low dielectric media. These results suggest that SC and SDBS molecules are oriented such 

that the hydrocarbon backbone is in contact with the nanotube sidewall and the anionic groups 

are extended away from the SWNT. On the other hand, the peak positions of SDS and CTAB 

show considerable red-shifts and have environments that are similar to the relatively high 

dielectric media of 3, 4-dichlorotoluene and ODCB. These two surfactants have long chain 

alkanes as the backbone (hexadecane and dodecane) and these systems would be expected to 

have similar peak positions as the alkane solvents and SDBS. These deviations suggest the 

surfactant structures for SDS- and CTAB-coated SWNTs differ from the SC- and SDBS-based 

systems. The red-shifts of the fluorescence spectra could indicate that the anionic groups are in 

close proximity to the nanotube sidewall [105] or that the surfactant structure does not 

adequately cover the nanotube, [76, 105] allowing significant interactions with water.  
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Figure 5-1. PL spectra (E11 emission) for the A) (7, 6) and B) (10, 5) SWNT types and C) E11 
and D) E22 absorbance for the (7, 6) SWNT type measured in microenvironments of 
various nonpolar solvents. 
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Figure 5-2. A) The PL emission spectra for the (10, 5) SWNT in a hexane/ODCB mixture at 
different mole fractions of ODCB: (1)  xODCB = 0.0; (2) xODCB = 0.2; (3) xODCB = 0.4; (4) 
xODCB = 0.6; (5) xODCB = 0.8; (6) xODCB = 1.0. The dashed line is the position of the E11 
emission energy in air. The B) peak shift (relative to air not the initial SDBS 
suspension) and C) intensity changes for multiple (n, m) types at different mole 
fractions of ODCB in a hexane/ODCB mixture. The dashed line in C) are guides to 
show the trend. 
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Figure 5-3. Solvatochromic shifts of various (n, m) SWNT types in nonpolar solvents with 

different solvent induction polarization, f (η2). 
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Figure 5-4. Comparison of the peak positions for the (7, 6) SWNT type suspended in surfactants 

and suspended in sodium dodecylbenzenesulfonate (SDBS) but surrounded by 
various nonpolar solvents. Sodium cholate (SC), sodium dodecylbenzenesulfonate 
(SDBS), sodium dodecyl sulfate (SDS), and cetyl trimethylammonium bromide 
(CTAB). 
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Table 5-1 Solvent Parameters 

Solvents Dielectric 
Constanta

Refractive 
Indexa

Dipole 
Moment 

Induction  
Polarization 

f (η2) 
hexane 1.89 1.37 0.00a 0.369 
heptane 1.92 1.39 0.00a 0.383 

cyclohexane 2.02 1.43 0.00a 0.411 
carbon tetrachloride 2.23 1.46 0.00a 0.430 

p-xylene 2.27 1.50 0.00a 0.455 
benzene 2.28 1.50 0.00a 0.455 
toluene 2.39 1.50 0.38a 0.455 

2, 6-dichlorotoluene 3.36 1.55 0.83b 0.483 
chloroform 4.81 1.45 1.04a 0.424 

1-chlorohexane 6.10 1.42 1.94a 0.404 
3-heptanol 7.07 1.42 1.71a 0.404 

1-chlorobutane 7.28 1.40 2.05a 0.390 
1, 6-dichlorohexane 8.60 1.46 2.03c 0.430 
3, 4-dichlorotoluene 9.39 1.55 3.00a 0.483 

2-heptanol 9.72 1.42 1.71a 0.404 
o-dichlorobenzene 10.12 1.55 2.50a 0.483 

a Values taken from CRC Handbook of Chemistry and Physics [115]  
b Values taken from Calderbank et al. [116]  
c Values taken from Vaughan et al. [117] 
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CHAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS 

This dissertation covers three research topics that are important to the application of 

SWNTs. The conclusions associated with the removal of SWNT bundles are presented in Section 

6.1. The conclusions associated with the nonpolar microenvironment around SWNTs are 

presented in Section 6.2. The conclusions associated with the solvatochromism of SWNTs are 

presented in Section 6.3. The recommendations for further study are presented in Section 6.4.  

6.1 Removing SWNT Bundles via Interfacial Trapping 

SWNT bundles can be removed from an aqueous suspension of individual SWNTs by 

interfacial trapping. This technique offers a simple route to achieve large-scale production of 

aqueous SWNT suspensions. The significant decrease in absorbance intensity and the Raman 

aggregation peak combined with increases in fluorescence intensity suggests that nanotube 

bundles are selectively removed from the aqueous suspension. Although the quality of SWNT 

dispersions of a single interfacial trapping step is lower than that of the established 

ultracentrifugation method, different processing conditions and multiple extraction steps improve 

the dispersion quality, making it comparable to ultracentrifugation. A simple model is developed 

to describe the changes in free energy and helps explain why SWNT bundles preferentially exist 

at the interface, yielding effective separations. 

The removal of SWNT bundles through the IT process is based on selective partitioning at 

liquid-liquid interfaces. However, the ionic groups on typical surfactants used to disperse 

SWNTs poses problems for trapping SWNT bundles at the interface. Efficient trapping of 

SWNT bundles at interfaces is achieved by adjusting the surface charge. Zeta potential 

measurements show that a minimum surface charge occurs at pH 6.75, which correlates to the 

most efficient IT separations. A pH-adjusted two-step IT process is shown to yield SWNT 
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suspensions comparable in dispersion quality to suspensions prepared by ultracentrifugation. 

Most importantly, the IT process is a simple and fast approach with double the yield of 

suspended SWNT material when compared to the conventional ultracentrifugation method. 

Further, the IT process can be easily scaled-up to provide substantial throughput. 

6.2 Nonpolar Microenvironments Around SWNTs 

The hydrophobic core of the surfactant structure surrounding SWNTs can be swelled with 

immiscible organic solvents. These swelled states could be either a continuous or discontinuous 

organic layer that results in significant changes to the fluorescence and absorbance spectra. The 

spectral shifts are reversible, disappearing once the solvent is removed. However, some 

surfactant-solvent systems show permanent increases to fluorescence emission intensity, which 

cannot be attributed to changes in concentration, dispersion, or doping. These permanent changes 

to emission intensity are attributed to surfactant reorganization, which helps eliminate 

fluorescence quenching from the aqueous phase. These results may have important implications 

in processing SWNT suspensions and analyzing the fluorescence of SWNT suspensions. For 

example, the exposure of SWNTs to small amounts of organic solvents may give the illusion that 

separation has occurred as seen in Figures 4-1 (B), 4-4 (B), and 4-4 (D). Finally, the changes in 

fluorescence attributed to surfactant reorganization suggest that changes to processing conditions 

may yield improved fluorescence intensity (quantum yields) of bulk SWNT suspensions. 

6.3 Solvatochromism of SWNTs 

We also demonstrate that multiple solvents form microenvironments around SWNTs with 

characteristic solvatochromic shifts. The shifts scale well with the solvent induction polarization, 

f (η2), as expected for interactions of a polarizable SWNT with a polarizable solvent. In addition, 

solvent mixtures follow the expected trends and also show the sensitivity of SWNT fluorescence 

to slightly polar solvents. A constrained nonlinear optimization model was used to study the 
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polarizability changes with each solvent microenvironment. The results yield a longitudinal 

polarizability of the form α11,|| ∝ 1/(R2E11
3). 

6.4 Recommendations 

Future work should focus on expanding the combination of surfactants and solvents that 

can produce high-quality dispersions of individual SWNTs by interfacial trapping. This database 

of viable surfactants and solvents will be beneficial to both industry and academia since the 

interfacial trapping method is scalable and economical. These studies may also lead to a better 

understanding of the factors that determine the formation of solvent microenvironments around 

SWNTs and how the surfactant reorganizes upon solvent evaporation. 

Another possible future work should be the sensing devices based on the unique NIR-

fluorescence properties of SWNTs. Our work has shown that the fluorescence can be improved 

after the treatment of immiscible organic solvents. Therefore, this improvement can be utilized in 

biosensing and bioimaging fields since the fluorescence are widely applied in these research 

areas. The surfactant structure can be reorganized to protect SWNTs from extrinsic quenching 

mechanism after liquid-liquid interactions to increase the quantum yields of SWNTs. The 

increased quantum yields of nanotubes should help the efficiency and accuracy of the imaging 

and sensing in medical treatment. 
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APPENDIX A 
SUPPORTING INFORMATION FOR INTERFACIAL TRAPPING OF SWNT BUNDLES 

A.1 Optical Linearity  

In order to interpret concentration changes in the spectra, the linear regions of the 

absorbance and fluorescence spectra were determined. A concentrated Gum Arabic SWNT 

suspension (1 mg/mL) was homogenized and ultrasonicated and then diluted with 1 wt% Gum 

Arabic solution. At each dilution step, the absorbance and fluorescence spectra were recorded. 

Figure A-1 (A) and Figure A-1 (B) show the absorbance at 763 nm and the intensity (by 662 nm 

excitation) of the most prominent peak corresponding to the (7, 6) SWNT type with the variation 

of the SWNT concentration, respectively. 

The initial SWNT concentration strongly affected the absorbance and fluorescence values 

obtained. These effects could possibly be due to changes in equilibrium concentrations for 

individual and bundled SWNTs. [16] Regardless of the initial concentration, the fluorescence 

spectra showed a linear relation to concentrations of ~ 0.03 mg/mL. The linear response of the 

absorbance was dependent on the initial concentration. However, all absorbance spectra was 

linear to at least 0.1 mg/mL. All spectral data presented in the manuscript are within the linear 

regions. 

A.2 Correction of Absorbance Spectra of SWNTs  

In some cases, the absorbance spectra were corrected by subtracting the non-resonant 

background to obtain the spectra of individual SWNTs. The background was determined by the 

following equation: 

bbg
kA
λ

=                                                          (A-1) 

where k and b are the empirical fit parameters. [118, 119] 
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Figure A-2 (A) represents the corrected spectra of SWNTs after single- and two-step 

interfacial trapping compared to ultracentrifugation. The spectra show that interfacial trapping 

does remove some individual SWNTs from the suspension but favors the removal of bundled 

SWNTs. By comparing the overall absorbance change between the single- and two-step 

interfacial trapping process (Figure 2-7 (B)) and the absorbance change of individual SWNTs 

(Figure A-2 (A)), it is estimated that only 15% of the total absorbance change in Figure 2-7 (B) 

is due to removal of individually suspended SWNTs. In addition, the final concentration of 

individual SWNTs in the two-step and ultracentrifuged suspensions are similar. 

Figure A-2 (B) shows the corrected spectra of SWNTs after interfacial trapping using 

different oil-to-aqueous suspension volume ratios (R). The overall concentration of individual 

SWNTs is higher for water-in-oil (w/o) emulsion systems (R > 1) than oil-in-water emulsions (R 

< 1). However, the fraction of individual SWNTs in w/o systems is lower than o/w systems as 

shown in Figure 2-6 (B). 
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A B

Figure A-1. A) Absorbance at 763 nm the (7, 6) SWNTs type as a function of nanotube 
concentration. Initial SWNT concentration of 1 mg/mL B) Fluorescence emission 
intensity the (7, 6) SWNT type (Ex. = 662 nm) as a function of nanotube 
concentration. Initial SWNT concentration of 1 mg/mL  

 

    

A B

Figure A-2. A) Corrected absorbance of ultracentrifuged, single and two-step interfacial trapped 
SWNT suspensions after subtracting the non-resonant background. B) Corrected 
absorbance of interfacial trapped SWNT suspensions at different oil-to-aqueous 
volume ratios after subtracting the non-resonant background.  

 

 

 

 

 

 

95 



 

APPENDIX B 
SUPPORTING INFORMATION FOR SOLVATOCHROMISM OF SWNTS 

B.1 Measured solvatochromic shifts 

Figures B-1 (A) and B-1 (B) show the fluorescence emission spectra of SWNTs excited 

with a 662 and 784 nm laser, respectively, in various nonpolar solvent microenvironments. All 

features of the spectra show solvatochromic shifts as well as intensity changes with each solvent 

microenvironment. Figure B-1 (C) is the absorbance spectra of SWNTs in the same solvent 

microenvironments. The spectra of SWNTs shows similar solvatochromic shifts; however, the 

E  (0.85 – 1.4 eV) transitions of the SWNTs are more sensitive to the solvents (larger shifts) 

than the E  (1.4 – 2.1 eV) transitions. Figure B-1 (D) shows the 

11

22 fluorescence emission spectra of 

SWNTs in a hexane/ODCB mixture at different mole fractions. The spectra show smooth 

changes to both the peak position and intensity. 

B.2 Deconvolution of the spectra 

SWNT fluorescence spectra contains information on the E11 interband transitions for each 

(n, m) SWNT type. All fluorescence spectra were deconvoluted into their respective bands for 

each (n, m) type using the Applied Nanospectrolyzer software (Houston, TX). The deconvolution 

routine uses Voigt profiles for each (n, m) peak. Changes to the position (E11) and width of each 

(n, m) peak were limited to 0.1% and 3%, respectively, for each iteration to prevent the 

misidentification of peaks. After several iterations, the mean standard deviation (MSD) between 

the simulated and experimental data points was smaller than 0.005 (MSD < 0.005). Figure B-2 

shows a typical simulated curve (red) compared to the experimental curve (blue) as well as the 

deconvoluted peaks corresponding to each (n, m) type. The simulated curve shows a good fit to 

the experimental curve. The peaks for each (n, m) component are shown under the simulated 

curve. The peak position of every (n, m) type of SWNTs after deconvolution is used in the 
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nonlinear optimization model described below. Note that the attached solvent characterization 

sheets show the deconvolution for all fluorescence spectra. 

B.3 Nonlinear optimization model 

The solvatochromic shifts of the interband transitions of SWNTs in each nonpolar solvent 

is given by the polarizability–polarizability interactions [98, 112]:  

solventair
11

solvent
solvent
11

air
1111 f

a
CEEE −Δ

Δ
−=−=Δ 3βγ

α
   (B-1) 

where Csolvent is a fluctuation parameter associated with SWNT dispersion forces, Δα11 is the 

change in polarizability of SWNTs between the ground and excited states, β is a shape factor for 

the SWNT, γ is a parameter associated with the location of the SWNT dipole in the volume a3, 

and Δf is the solvent induction polarization given by f (η2) = 2(η2 – 1)/(2η2 + 1). The difference 

in SWNT polarizability, Δα11, used in equation (B-1) is assumed to be the longitudinal 

polarizability of the exciton (i.e., Δα11 ≈ α11,||) [110]. The longitudinal polarizability of each 

SWNT (n, m) type is assumed to be a function of the form, , where k is a constant, 

R is the SWNT radius, E

b
11

a
11 EkR=||,α

11 is the band gap as measured in air, and a and b are integers. [106-109] 

The reaction field volume is assumed to have a radius equivalent to the SWNT radius and the 

constants Csolvent, k, β, and γ are combined into one constant Dsolvent to yield: 

fERDE b
11

a
solvent11 Δ−=Δ −3     (B-2) 

All fluorescence spectra were deconvoluted into their respective (n, m) peaks as described 

above. The E11 transitions for each (n, m) SWNT type were recorded from each spectrum in each 

solvent and subtracted from the E11 in air to give the solvatochromic shift (ΔE11). The optical 

transitions in air were based on the equation [110]:  
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where A1 and A2 are 61.1 nm and 1113.6. A3 depends on the chirality of the nanotubes expressed 

as mod ((n-m), 3) = j. For E11 transitions, A3 is –0.077 and 0.032 eV nm2 for j equal to 1 and 2, 

respectively.  

As shown in Figure B-2, there can be considerable overlap in the deconvoluted 

fluorescence spectra for each (n, m) SWNT type. For example, the (7, 6) SWNT type shown in 

Figure B-2 (A) has good intensity and little overlap with other (n, m) SWNT types. On the other 

hand, the (12, 2) SWNT type in Figure B-1 (B) shows considerable overlap with other (n, m) 

types and low intensity. Obviously, more confidence should be assigned to those peaks that are 

well resolved and give intense fluorescence emission, such as the (7, 6) SWNT type. To account 

for the varying confidence levels in each deconvoluted peak, weighting factors were assigned 

based on the relative intensity (wIntensity) and amount of overlap (wOverlap) in each solvent. This 

technique is often used in nonlinear optimization to account for the relative importance of data. 

[114, 120] As shown in Table B-2, both the intensity and overlap were broken up into three 

categories and assigned values of 1, 0.5, or 0.25. Figure B-2 shows some examples of those 

peaks associated with each category. These two weighting factors were multiplied together to get 

the weighting factors listed in Table B-1 for all SWNT types in all solvents. The general trend 

shown in the table is that the (7, 6) and (7, 5) spectra have the highest confidence while the (9, 4) 

and (12, 1) have the lowest in each solvent. 

A nonlinear optimization model was then formulated based on the fluorescence spectra 

with the objective function (φ) equal to the squared sum of residuals multiplied by the weighting 

factors (wi): 
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where ΔE11 are the measured values from Figure 5-5 subtracted from equation (B-4), or the 

calculated values from equation (B-2). These residuals were summed over all (n, m) types and 

solvents. The objective function was minimized using the generalized reduced gradient (GRG) 

method [114]. The values of all constants were constrained to values between –10 and 10 to aid 

optimization. The global parameters a and b had the additional constraints of being integers. 

Central differences were used to calculate the partial derivatives of the objective function. The 

search direction was determined at each iteration by using the conjugate method. The objective 

function was considered to converge once the relative change between iterations was less than 

10-7. A minimum of four different initial starting points for the parameters were used to obtain 

the global minimum rather than local minima.  

In addition to the solution for all solvents, each solvent was solved independently to obtain 

the parameters a, b, and Dsolvent. Table B-3 shows the results from all optimization calculations. 

Some optimization models had minima that were weak functions of the parameters a and b. In 

other words, the values of a and b could be changed by ±1 without affecting the value of the 

objective function. For example, the optimization of only heptane gave solutions of a = –2,  

b = –3 and a = –3, b = –4. However, one of these solutions coincided with the global 

optimization solution. Therefore, this data set was listed in Table B-3. Nearly all optimization 

solutions yielded solutions of a = –2 and b = –3. As seen in Table B-3, a global solution with all 

weighting factors set equal to 1 gave a different solution. However, as described above, this 

solution is discarded because of the difference in data quality for each (n, m) SWNT type. 
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A B

C D

Figure B-1. PL emission spectra of SWNTs excited at A) 662 and B) 784 nm and C) absorbance 
spectra of SWNTs in nonpolar microenvironments. D) PL emission spectra (Ex. = 
784 nm) of SWNTs in various hexane/ODCB mixture microenvironments. All 
spectra in a-c are offset for clarity and arranged by dielectric constant. 
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Figure B-2. Deconvolution of PL emission spectra for excitation at A) 662 and B) 784 nm. 

Weighting factors were assigned to each peak based on the amount of overlap with 
other peaks and the intensity. Those peaks highlighted in A) show examples of the 
three weighting factors associated with overlap while B) shows those associated with 
intensity. The green, blue, and purple curves were assigned values of 1, 0.5, and 0.25, 
respectively. 

 
Table B-1. Criterion for assigning the weighting factors for both intensity and amount of overlap 

with other peaks. 
Weighting 

Factor Area Overlap Intensity  
(662 nm excitation) 

Intensity  
(784 nm excitation) 

1 < 50% > 0.4 > 0.08 
0.5 between 50 and 100% between 0.2 and 0.4 between 0.04 and 0.08 

0.25 100% < 0.2 < 0.04 
 

Table B-2. Combined weighting factors (w = wIntensity − wOverlap) assigned for each (n,m) type as a 
function of solvent. 

solvent (6,5) (8,3) (7,5) (7,6) (10,2) (9,4) (11,1) (8,6) (9,5) (12,1) (11,3) (12,2) (10,5) (9,7) 

hexane 0.5 0.5 1 1 0.5 0.25 0.25 0.25 0.5 0.25 1 0.25 1 1 
heptane 0.5 1 1 1 0.5 0.25 0.25 0.25 0.5 0.5 1 0.25 1 1 

cyclohexane 0.5 1 1 1 0.5 0.25 0.25 0.25 0.5 0.5 1 0.25 1 1 
carbon tetrachloride 0.5 0.5 1 1 0.5 0.25 0.25 0.25 0.5 0.25 1 0.25 1 1 

p-xylene 0.5 0.5 1 1 0.5 0.0625 0.25 0.25 0.5 0.125 1 0.25 1 0.5 
benzene 0.5 0.5 1 1 0.5 0.125 0.25 0.5 0.5 0.125 1 0.25 1 1 
toluene 0.5 0.5 1 1 0.5 0.125 0.25 0.5 0.5 0.125 1 0.25 1 0.5 

2,6-dichlorotoluene 0.5 0.5 0.5 1 0.5 0.125 0.0625 0.5 0.0625 0.0625 1 0.25 0.25 0.5 
chloroform 0.5 0.5 1 1 0.5 0.125 0.25 0.5 0.125 0.125 0.5 0.25 0.25 1 

1-chlorohexane 0.5 0.5 1 1 0.5 0.125 0.25 0.5 0.125 0.125 1 0.25 0.5 1 
3-heptanol 0.5 0.5 1 1 0.5 0.25 0.25 0.25 0.5 0.25 1 0.25 1 1 

1-chlorobutane 0.5 0.5 1 1 0.5 0.125 0.25 0.5 0.125 0.125 1 0.25 0.5 1 
1,6-dichlorohexane 0.5 0.5 1 1 0.5 0.125 0.25 0.5 0.125 0.0625 0.5 0.25 0.25 1 
3,4-dichlorotoluene 0.5 0.5 1 1 0.5 0.0625 0.25 0.5 0.25 0.0625 0.25 0.125 - 0.0625 

2-heptanol 0.5 0.5 1 1 0.5 0.25 0.25 0.25 0.5 0.25 1 0.25 1 1 
o-dichlorobenzene 0.5 0.5 1 1 0.5 0.125 0.25 0.5 0.125 0.0625 0.25 0.125 0.25 - 

              
average 0.50 0.56 0.97 1.00 0.50 0.16 0.24 0.39 0.34 0.19 0.84 0.23 0.73 0.84 

A B
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Table B-3. Optimization results for all fitted parameters when solved as individual systems and collectively. 

1 D is given in meV⋅nm5⋅eV . 3

2 Minimum was weak function and also gave a possible solution of a = –3 and b = –4. The listed solution was 
chosen since it was identical to the overall optimization parameter set for all solvents. 

3 Minimum was weak function and also gave a possible solution of a = –1 and b = –2. The listed solution was 
chosen since it was identical to the overall optimization parameter set for all solvents. 

4 Optimization solution with all weighting factors set to 1. This solution is not recommended given the uncertainty in the 
deconvolution.
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 (w

i =
 1

)4

a -2 -2 -2 -2 -2 -2 -2 -2 0 -2 -2 -3 -2 -2 0 -3 -1 -3 
b -3 -3 -3 -3 -3 -3 -3 -3 -1 -3 -3 -4 -3 -3 -1 -4 -2 -4 

Dhexane 4.1 4.1                2.2 
Dheptane 3.9  3.9               2.1 

Dcyclohexane 3.6   3.6              1.9 
Dcarbon tetrachloride 3.6    3.6             1.9 

Dp-xylene 3.6     3.6            1.9 
Dbenzene 3.6      3.6           1.9 
Dtoluene 3.6       3.6          1.9 

D2,6-dichlorotoluene 3.6        13.3         1.8 
Dchloroform 3.9         3.9        2.0 

D1-chlorohexane 4.0          4.0       2.1 
D3-heptanol 3.8           2.0      2.0 

D1-chlorobutane 4.1            4.1     2.2 
D1,6-dichlorohexae 3.9             3.9    2.0 
D3,4-dichlorotoluene 3.9              14.4   1.9 

D2-heptanol 3.8               2.0  2.0 
Do-dichlorobenzene 3.9                7.5 2.0 
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