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Abstract

This thesis describes combined molecular simulations and theoretical modeling studies,

supported by experimental observations, on properties and applications of carbon nanotubes

(CNTs) and graphene sheets dispersed in aqueous surfactant solutions. In particular, the role of

the bile salt anionic surfactant, sodium cholate (SC), in dispersing single-walled carbon

nanotubes (SWCNTs) and graphene sheets in aqueous solutions was investigated. In addition, the

roles of various surfactants (SC, sodium dodecyl sulfate (SDS, anionic), and cetyl

trimethylammonium bromide (CTAB, cationic)) in controlling the extent of functionalization of

SWCNTs were investigated.

First, the surface structure of adsorbed surfactant (SC) molecules on the SWCNT surface

was studied using molecular dynamics (MD) simulations, and the interactions between two

SWCNT-SC complexes were determined using potential of mean force (PMF) calculations. I

found that the cholate ions wrap around the SWCNT like a ring, and exhibit a small tendency to

orient perpendicular to the cylindrical axis of the SWCNT, a unique feature that has not been

observed for conventional linear surfactants such as SDS. By comparing my simulated PMF

profile of SC with the PMF profile of SDS reported in the literature, I found that, at the saturated

surface coverages, SC is a better stabilizer than SDS, a finding that is consistent with the

widespread use of SC to disperse SWNTs in aqueous media.

Second, I probed the surface structure and electrostatic potential of monolayer graphene

dispersed in a SC aqueous solution. Subsequently, I quantified the interactions between two
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graphene-SC complexes using PMF calculations, which confirmed the existence of a metastable

bilayer graphene structure due to the steric hindrance of the confined SC molecules. Interestingly,

one faces a dilemma when using surfactants to disperse and stabilize graphene in aqueous

solution: on the one hand, surfactants can stabilize graphene aqueous dispersions, but on the

other hand, they prevent the formation of new AB-stacked bilayer and trilayer graphene resulting

from the reaggregation process. Finally, the lifetime and time-dependent distribution of various

graphene layer types were predicted using a kinetic model of colloid aggregation, and each

graphene layer type was further decomposed into subtypes, including the AB-stacked species and

various turbostratic species.

Third, I showed that the free energy of diazonium adsorption onto the SWCNT-surfactant

complex, determined using PMF calculations, can be used to rank surfactants (SC, SDS, and

CTAB) in terms of the extent of functionalization attained following their adsorption on the

nanotube surface. The difference in binding affinities between linear and rigid surfactants was

attributed to the synergistic binding of the diazonium ion to the local "hot/cold spots" formed by

the charged surfactant heads. A combined simulation-modeling framework was developed to

provide guidance for controlling the various sensitive experimental conditions needed to achieve

the desired extent of SWCNT functionalization.

In conclusion, molecular simulations of the type discussed in this thesis, which can be used

to complement traditional continuum-based theories, provide a powerful tool to investigate

nano-structured aqueous dispersions. The combined simulation-modeling methodology

presented in this thesis can be extremely useful in predicting material properties and optimizing

experimental procedures in order to minimize tedious and time-consuming trial-and-error

experimentation when studying other nanoscale systems of interest.
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couterions along the z-axis normal to the monolayer graphene. Note that the z-axis was shifted so
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the density of the sodium counterions was amplified 10 times for clarity. (b) Simulated

distribution profile of the angles (with a 1* interval) between the principal axis of the cholate

ions and the zigzag axis (00) of graphene. In the SC molecular structure shown, the solid black

line connecting the carbon atom in the carboxylate group with the carbon atom at the end of the

steroid ring defines the principal axis of the cholate ion. Furthermore, the three red hexagonal

rings represent the "armchair-like" cyclohexane rings in the cholate ion, while the orange
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Chapter 1

Introductions

1.1 Overview of Carbon Nanotubes (CNTs) and Graphene

Nanoscience and nanotechnology strive to understand and employ the unique properties of

nanoscale materials for the development of revolutionary technologies. Some of the nanoscale

materials with the highest potential to fulfill this goal are the two recently discovered allotropes

of carbon: carbon nanotubes (CNTs) and graphene, due to their extraordinary electrical, thermal,

mechanical, and optical properties.[1, 2]

CNTs are cylindrical tubes of sp2-hybridized carbon atoms with diameters of -1 nm (Figure 1-1).

Since their discovery in transmission electron microscope (TEM) images in 1991,[3] the physical

properties of CNTs have been extensively studied. CNTs can exist in single- (Figure 1-1-a) or

multi-walled forms (Figures 1-1-b). Despite their small diameters, CNTs vary in length from -10

nm all the way up to -1 cm.[4] CNTs are exceptionally strong and stiff; they have the largest

tensile strength and elastic modulus of any known material.[5] CNTs are extremely lightweight

as a result of the hollow tubes of low mass carbon atoms, which makes them ideal for use in

lightweight, high-strength composite materials.[6] Depending on the direction in which a

graphene sheet (a single layer of graphite, see below) is rolled up (see Figure 1-1-c), SWCNTs

can behave either as semiconductors, or as metals (see Figure 1-1-d).[7] The quasi-one-

dimensional structure of SWCNTs gives them a characteristic, spike-like electronic density of

states, resulting in sharply peaked absorption and emission spectra.[8] The orbital misalignment

induced by the curvature of the SWCNTs makes them more amenable to functionalization than

graphene, and their large specific surface area facilitates the physical adsorption of molecules

through non-covalent attractions.[9] Due to these unique chemical and electronic properties,

practical applications of SWCNTs include logic gates, field emission sources, scanning probes,

conductive films, electromechanical actuators, super-capacitors, and sensors.[10]
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Figure 1-1: Chemical structure and electronic property of CNTs. (a) A single-walled carbon nanotube (SWCNT).

Carbon atoms and the covalent bonds between them are shown in red and yellow, respectively.[ll ] (b) A

multi-walled carbon nanotube (MWCNT).[ 11] Each SWCNT is shown in a different color. (c) Conceptually rolling

up a graphene sheet (a single layer of graphite, see below) along a vector (Ch) on the sheet into a SWCNT.[11] The

graphene sheet is shown in grey. The SWCNT and the portion of graphene which is rolled to form the SWCNT are

shown in red. (d) The (n,m) SWCNT naming scheme, or chirality, can be thought of as the vector (Ch) that describes

how to "roll up" the graphene sheet to make the SWCNT.[12] 0 is the chiral angle, and ai and a2 are the unit vectors

of the honeycomb crystal lattice of graphene. The integers n and m are chiral indices which denote the number of

unit vectors along a1 and a2, respectively. SWCNTs with n = m (known as armchair nanotubes) and those with n - m

= 3j, where j= 0, 1, 2, 3..., are metallic at room temperature (labeled green). SWCNTs with n - m = 3j + 1 (labeled

pink) and n - m = 3j + 2 (labeled purple) are semiconductors with a bandgap that varies inversely with diameter.

SWCNTs with m = 0 are known as zigzag nanotubes and can be either metallic or semiconducting.
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On the other hand, the discovery of two-dimensional, one-atom-thick graphene (see Figure 1-2-a)

in 2004 using the simple "Scotch-tape method" has led to a revolution in condensed matter

physics.[13, 14] Due to the different electronic band structures of graphene relative to that of

bulk, three-dimensional graphite, graphene is generally defined as sheets consisting of fewer than

10 stacked layers of sp2 -hybridized carbon lattices.[15] Monolayer graphene is a semiconductor

having zero bandgap. The electronic dispersion is conical near the crossing of the valence and

conduction bands with vertices that meet at the K point (Dirac point) of the Brillouin zone.[16]

On the other hand, just with one additional graphene layer, bilayer graphene has an entirely

different band structure. In fact, the inversion symmetric AB-stacked bilayer graphene is also a

zero-bandgap semiconductor in its pristine form. However, a non-zero bandgap can be induced

by breaking the inversion symmetry of the two layers.[17, 18] Interestingly, the bandgap may be

tuned by applying an electric field perpendicular to the sample. [19] In contrast, trilayer graphene

is a semimetal with a band overlap which can also be controlled by applying an external electric

field. [20] As a result of these unique properties, bilayer and trilayer graphene have extraordinary

potential for next-generation optoelectronic and microprocessor applications.

cb
1W -W W - W

AB-Stacked Bilayer Turbostratic Bilayer
Graphene Graphene

Figure 1-2: (a) Chemical structure of monolayer graphene.[21] (b) AB-stacked (Bernal stacking),[22] and (c)

turbostratic bilayer graphene sheets.[22]

Micromechanically-cleaved graphene [13, 14] (obtained using the "Scotch-tape method")

provides the first platform for the investigation of the fundamental physics associated with

graphene. Mono- and few-layer graphene flakes are exfoliated by direct stamping or via an
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intermediary adhesive tape from the surface of Highly-Ordered Pyrolytic Graphite (HOPG).

Although this method provides the highest quality of graphene due to the excellent crystallinity

of HOPG, the mono- and bi-layer graphene yield is very low and the process is extremely

time-consuming. It is unlikely that this method will be amenable to large-scale production of

graphene. [23] Alternatively, large-scale graphene films have been produced based on the kinetics

of epitaxial growth on top of other crystals.[15] Annealing of single-crystalline Silicon Carbide

(SiC) substrates[24] in ultra-high vacuum was considered the most promising route to produce

graphene wafers due to the insulating substrate. However, the requirements of high-quality

substrate and processing conditions limit the use of this method. Furthermore, the graphene films

are bound to the substrate sufficiently strongly such that the subsequent transfer of the graphene

films onto other surfaces is not possible. Tremendous progress has been made using chemical

vapor deposition (CVD) for graphene growth on poly-crystalline Ni and Cu films.[25-27] This

method allows the flexibility of transferring the produced film to arbitrary substrates by

wet-etching the underlying metal film. The technique has been scaled up to roll-to-roll

production, and the production of a 30-inch graphene film on a flexible substrate for replacing

traditional indium tin oxide (ITO) conducting films has been demonstrated.[28] However, for all

epitaxial growth methods, the epitaxial multilayers tend to be "turbostratic", which means that

the Bernal stacking between graphitic layers has random disorders (see Figures 1-2-b and 1-2-c).

Slight deviations from the natural AB stacking arrangement affect interlayer interactions, and can

even induce electronic properties which are similar to those of monolayer graphene.[29] As a

result, the distinct properties of micromechanically-exfoliated bilayer and trilayer graphene

cannot be reproduced.

1.2 The Role of Surfactants in CNT and Graphene Solutions

Surfactants, or surface active agents, are chemicals exhibiting amphiphilic behavior towards a

solvent (e.g., water).[30-32] Each surfactant molecule possesses a hydrophobic (water fearing)

"tail" and a hydrophilic (water loving) "head" (see Figure 1-3). This amphiphilic character leads
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to increased activity at various types of interfaces (e.g., liquid/vapor and liquid/solid, see Figure

1-3), as well as to self-assembly into micellar aggregates (see Figure 1-3) beyond a threshold

surfactant concentration (referred to as the CMC, the Critical Micelle Concentration) in bulk

aqueous solutions. [30-32] As a result of these unique attributes, surfactants are used in many

pharmaceutical, industrial, and environmental applications, including biological separations,[33,

34] fat metabolism during digestion,[33] drug delivery,[35] enhanced-oil recovery (EOR),[36, 37]

nanomaterial dispersion and sorting,[38-40] and water purification.[41, 42] Selection of the

appropriate surfactant for a given application is often motivated by the need to: (i) control bulk

solution micellization properties (e.g., the CMC and the micelle shape and size), (ii) reduce

interfacial tensions between two phases, and (iii) stabilize aqueous dispersed systems, such as

carbon nanotubes and graphene sheets. Clearly, the ability to make a priori molecular-level

predictions of surfactant properties for applications (i) - (iii) would allow formulators in industry

to speed up the design and optimization of new surfactant formulations, and would also allow

academic and industrial researchers to obtain a better understanding of the fundamental

mechanisms behind surfactant organization phenomena in various environments (in the bulk and

at interfaces).

Liquid/Vapor
Interface

Figure 1-3: Various behaviors of surfactant molecules in bulk aqueous solutions (light blue square), and at

liquid/vapor and liquid/solid interfaces. The air represents a hydrophobic vapor phase while the CNT represents a

hydrophobic solid phase.
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The discovery of CNTs and graphene sheets offers exciting opportunities for the development of

novel materials. Uniform aqueous dispersion and solution-phase sorting of CNTs and graphene

sheets are critical challenges that must be met to successfully produce such materials,[43] since

they tend to self-associate into micro-scale aggregates (bundles in the case of CNTs,[44] see

Figure 1-4-a, and thick flakes in the case of graphene,[45] see Figure 1-4-c). In addition, they are

quite polydisperse when made using current technologies (e.g., the diameter of SWCNTs usually

varies from 0.8 to 2 nm,[1] and the thickness of graphene sheets usually varies from a single

layer up to hundreds of layers[23]). This results in products with inferior mechanical and electric

performance. Recognizing this problem, extensive and successful research has been reported in

the literature on the development of dispersion and sorting technologies based on both

mechanical (e.g., ultrasonication and ultracentrifugation in surfactant solutions, see Figures 1-4-b

and 1-4-c), and chemical (e.g., covalent chemical functionalization, see Figure 1-5)

approaches.[39, 40, 46-49]

Ultra-
sonication

PUltra- 10'
centrifugation

V' 3
W Ultrasonication

Ultracentrifugation

Figure 1-4: (a) TEM (Transmission Electron Microscope) image of the cross-section of a SWCNT bundle.[44] (b)

Schematic sktch of the exfoliation process of SWCNT bundles (cross-sectional view) into individually dispersed

SWCNTs in common bile salt surfactant (sodium cholate (SC)) solution.[39] (c) Schematic sketch of the

exfoliation proess of graphite flakes into graphene sheets of various thicknesses in a SC solution. [40]
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Furthermore, as an alternative to the 'Scotch-tape method' and the epitaxial growth method to

produce graphene (discussed in Section 1.1), exfoliation of pristine graphite in a liquid phase, as

shown in Figure 1-4-c, is easily scalable similar to many 'conducting inks', is amenable to

printing technologies, and also allows for more precise chemical modification in solution.[43, 50]

The liquid-phase production of chemically-converted graphene from graphene oxide (GO) is a

popular and 'high-yield method for graphene-based solutions. [51-54] In spite of producing

high-concentration dispersions containing large flake areas, a substantial number of defects are

introduced during the reduction process,[55, 56] which only lead to partial restoration of the

intrinsic properties of graphene.[57] Liquid-phase exfoliation of graphite in organic

solvents[58-60] and surfactant aqueous solutions[40, 45] are promising routes to produce pristine,

unfunctionalized graphene dispersions.

OH
HO - -N+=N BF,

N

Reacted

Figure 1-5: Covalent functionalization of SWCNTs with a common diazonium salt reagent, tetrafluoroborate (BF 4 -)
p-Hydroxybenzene diazonium.[49] Diazonium ions react with (extract electrons from) the SWCNT sidewall,
thereby evolving N2 gas and leaving a stable C-C covalent bond with the SWCNT surface.

Covalently functionalized CNTs (see Figure 1-5) have been utilized for a variety of

applications,[61] ranging from drug-delivery vehicles[62] to molecular sensors,[63, 64] and are

promising materials for the development of both optical[65] and mechanical[66] switches.

However, for such applications as electronic sensors and actuators, the introduction of covalent

defect sites to the highly conjugated nanotube sidewall significantly alters the electronic

properties of the nanotube, which in the case of single-walled carbon nanotubes (SWCNTs) can
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substantially hinder tube conductance.[67, 68] Additionally, in the case of semiconducting

SWCNTs, such defect sites can quench nanotube fluorescence along a length of approximately

140-240 nm,[69, 70] thereby inhibiting the use of covalently modified nanotubes for

fluorescence sensing applications. Accordingly, there is interest in developing a means of

controlling the degree of covalent functionalization, such that the majority of the properties of

pristine nanotubes are preserved. Because surfactants stabilize nanoparticles by a variety of

mechanisms, from Coulombic forces to steric exclusion and thermal fluctuations,[32] it should

be expected that these adsorbed layers will also influence the ability of a reagent molecule to

access the nanoparticle surface.

In summary, surfactants play a very important role in functional CNTs and graphene via: (i)

stabilizing CNTs and graphene in aqueous solutions for further chemical processing, species

sorting, and solution-phase applications, and (ii) controlling the functionalization (both

non-covalent and covalent) process of CNTs and graphene (note that the graphene

functionalization case is not studied here, but interesting readers are referred to Refs. [71-73]). It

is useful to explore the role of surfactants using molecular dynamics (MD) simulations (see

Section 1.3) and theoretical modeling for three reasons: (i) the structure of the adsorbed

surfactant molecules on CNTs and graphene can be studied at the molecular-level to help

understand their role in the various solution-phase applications of these two important

nanomaterials, (ii) the surfactant-induced dispersion stability can be quantified and understood to

help design dispersants that can stabilize CNTs and graphene in aqueous solutions more

efficiently, and (iii) the interactions of CNT/graphene-surfactant complexes with the diazonium

salts can be quantified and understood to help direct and control the chemical functionalization

of CNTs and graphene.

1.3 Overview of Molecular Dynamics (MD) Simulations

Computer simulations of molecular systems are used to estimate equilibrium or dynamic

properties of these systems. Computer simulations allow investigations of complex, many-body
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systems for which analytical, closed-form solutions do not exist. Two of the most popular

computer simulation methods used today are molecular dynamics (MD) and Monte Carlo (MC)

simulations. Both methods can be used to determine equilibrium properties, while the MD

method can also be used to determine dynamic properties. Frequently, properties of interest

depend on the positions and momenta of all the particles present in a system. Given this

dependence, the instantaneous value of the property of interest, A, can be expressed as A(pN(t),

rN(t)), where pN(t) represents the momenta of the N particles at time t, and r"v(t) represents the

positions of the N particles at time t. The instantaneous value of the property A may fluctuate

with time, and it is frequently useful to determine the time average value of the property, Aae,

through integration [74]:

Aave =lim A(p N) rN(t))dt (1-1)

In MD simulation, the time evolution of a system is determined by solving Newton's equations

of motion. To this end, a potential energy model (referred to as a "force field") must be used to

describe the intermolecular and intramolecular interactions of each of the system components.

The forces acting on each particle in the system are determined through differentiation of the

potential energy model. Once the force acting on each particle is known, trajectories which

describe how the positions, velocities, and accelerations of the particles respond to these forces

are computed numerically by incrementing forward in time with small time steps, and using an

integration technique such as the velocity Verlet or the leap-frog algorithm [74]. A flowchart

illustrating the computational steps involved in a typical MD simulation is shown in Figure 1-6.

The force field and simulation parameters implemented in this thesis are discussed in detail in

the Methods of Chapters 2 to 4 (Sections 2.2.1, 3.2.1, and 4.2.1). Interested readers are referred

to Refs. [74, 75]
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Figure 1-6: Sequence of steps involved in a typical molecular dynamics (MD) simulation.

At the end of an MD simulation with S time steps, averaged properties are determined as follows

[74]:

1 s

An alternative to determining a time average value of the property A of interest is to calculate the

ensemble average, or the expectation value. In this approach, a large number of replicas of the

system of interest are considered simultaneously. The ensemble average, usually determined in

an MC simulation, can be expressed mathematically as follows [74]:

(A) =fJ A(pN, rN )(pN rN) dpNdrN (1-3)

where p(pN, rN), the probability density of the ensemble, is the probability of finding a

configuration with momenta pN and positions rNv. Although only a double integral sign is shown,

in practice, the integration is carried out over all 6N momenta and positions of the particles

present in the system. Therefore, in this approach, the average value of the property A is

determined by averaging over all possible configurations of the system rather than by taking a

time average. In accordance with the ergodic hypothesis, which is one of the fundamental axioms

of statistical mechanics, the ensemble average (A) can be considered equal to the time average

27

Assigii partic
Velocities

Set particle



Aave under certain conditions. In particular, in MD simulations, the ergodic hypothesis holds by

assuming no correlation among each system trajectory frame that one outputs for studying.

Therefore, the average, or expectation value, of the property A is obtained from MD simulations

as follows [74]:

MN
(A) = Aave= A(pN(i), rN (1-4)

where M is the number of trajectory frames outputted for studying. Note that M may be equal to

the number of simulation time steps S, or it may be the number of trajectory frames outputted at

regular time steps.

1.4 Thesis Overview

The remainder of this thesis is devoted to the use of molecular dynamics (MD) simulations and

theoretical modeling to understand the role of surfactants in dispersing and sorting SWCNTs and

graphene sheets, as well as in controlling the functionalization process of SWCNTs with

diazonium salts. Each Chapter was written based on my published work in a peer-reviewed

journal. It is noteworthy that extensive computational resources were used to complete the MD

simulations presented in this thesis, in particular, for the time-consuming potential of mean force

(PMF) calculations. Every nanosecond of the simulation takes between 2 to 5 hours on a 2.4

GHz 8-core CPU processor, which varies depending on the size of the actual simulated system.

As a result, each Chapter (2, 3, and 4) presented below represents a net computer wall-clock time

of 2 to 5 months. Running each simulation in parallel on multiple 8-core processors (e.g., 2 to 4)

can significantly speed up the simulation, but the enhancement will reach a plateau due to slower

communications among the different processors which are wired through the switch.

In Chapter 2 of this thesis, I report the first detailed large-scale all-atomistic MD simulation

study of the adsorption and surface self-assembly structure of sodium cholate (SC) on a SWCNT

in aqueous solution. In addition, I carry out a series of simulations to compute the potential of
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mean force (PMF) between two parallel SC-covered SWCNTs as a function of the intertube

separation. This study can enhance our quantitative and qualitative understanding of the role of

bile salts such as SC in enhancing the dispersion stability of individual SWNTs in aqueous

solution. Moreover, this study may shed light on the future design of novel surfactants capable of

more efficiently stabilizing aqueous dispersions of nanoscaled materials.

In Chapter 3 of this thesis, I successfully combined MD simulations, theoretical modeling, and

experimental measurements to address challenges in solution-phase graphene production. First, I

probe the surface structure and electrostatic potential of monolayer graphene dispersed in a SC

surfactant aqueous solution. Subsequently, I quantify the interactions between two graphene-SC

assemblies by calculating the PMF between two SC-covered graphene sheets. Finally, the

lifetime and time-dependent distribution of various graphene layer types are predicted using a

kinetic model of colloid aggregation, and each graphene layer type is further decomposed into

subtypes, including the AB-stacked species and various turbostratic species. The kinetic model

of colloid aggregation developed here can serve as a useful tool to evaluate the quality of

graphene dispersions for subsequent substrate-transferring or functionalization processes.

In Chapter 4 of this thesis, I successfully combine MD simulations and equilibrium reaction

modeling to understand and model the extent of diazonium functionalization of SWCNTs coated

with various surfactants (SC, sodium dodecyl sulfate (SDS), and cetyl trimethylammonium

bromide (CTAB)). I show that the free energy of diazonium adsorption, determined using the

PMF calculations, can be used to rank surfactants in terms of the extent of functionalization

attained following their adsorption on the nanotube surface. The difference in binding affinities

between linear and rigid surfactants is attributed to the synergistic binding of the diazonium ion

to the local "hot/cold spots" formed by the charged surfactant heads. A combined simulation-

modeling framework is developed to provide guidance for controlling the various sensitive

experimental conditions needed to achieve the desired extent of SWCNT functionalization.

In Chapter 5 of this thesis, I conclude by: (i) providing a summary of the important findings and

conclusions of the research presented, and (ii) proposing future research directions in this area.
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Chapter 2

Role of the Bile Salt Surfactant Sodium Cholate (SC) in Enhancing the

Aqueous Dispersion Stability of Single-Walled Carbon Nanotubes: A

Molecular Dynamics Simulation Study

2.1 Introduction

As discussed in Section 1.2, since the first successful use of surfactants to disperse carbon

nanotubes, a highly water insoluble material, in aqueous solution,[76] surfactants have played a

very important role in the standard procedure used to prepare aqueous dispersions of

single-walled carbon nanotubes (SWCNTs).[38, 44, 77, 78] Specifically, this widely-recognized,

surfactant-aided dispersion process involves the application of an external energy input

(ultrasound) to separate nanotubes at the bundled end by overcoming the strong van der Waals

(vdW) attractions between them.[78, 79] Subsequently, the separated bundled ends provide new

adsorption sites for the surfactant molecules. As a result, the repulsive potential energy resulting

from the adsorbed surfactant molecules (electrostatic for ionic surfactants and steric for nonionic

surfactants) further enhances this separation process.[76, 77, 79] In the case of ionic surfactants,

the electrostatic repulsion between the surfactant-covered SWCNTs has been quantified

experimentally by measuring the zeta potential of the surfactant-SWCNT assembly using

electrophorisis.[43] Eventually, in a so-called "unzippering" fashion, individually isolated

surfactant-coated carbon nanotubes are released to the aqueous solution.[79] This process

involving the non-covalent dispersion of SWCNTs in aqueous solution is essential for many

applications of carbon nanotubes, including their use as chemical and biological sensors in

aqueous environments such as living cells.[80-82]
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In recent years, significant effort has been devoted to: (i) better understand the unzippering

mechanism, and (ii) screen through many types of surfactants for the preparation of high-weight

fraction, aqueous solutions of SWCNTs, including ranking of surfactants in terms of their ability

to solubilize unbundled SWCNTs.[38, 77-79, 83-85] In order to obtain a high-quality SWCNT

aqueous solution for practical applications, surfactants are not only required to increase the

weight fraction (or the solubility) of unbundled SWCNTs, but also to stabilize the individual

nanotubes against rebundling, thus increasing the shelf life of these colloidal dispersions. In

particular, the anionic surfactant SDS has been used extensively to separate SWCNT bundles, as

well as to stabilize individual nanotubes with the aid of ultrasonication.[76, 78]

Very recently, more attention has been devoted to bile salts, the biological detergents, which have

been shown to solubilize individual SWCNTs in aqueous solution with high weight fractions. [85]

In particular, the most common bile salt, sodium cholate (SC), has been utilized to both separate

and sort SWCNTs according to their different diameters and electronic properties with the aid of

both ultrasonication and ultracentrifugation.[12, 39] Bile salts, unlike conventional linear

surfactants like SDS, are rigid facial amphiphiles (referred to as "two-faced detergents"; see

Figure 2-1 for the chemical structure of SC). These surfactants possess a quasi-planar, slightly

bent but rigid steroid ring with a hydrophilic face (the hydroxyl groups and the charged

carboxylate group) and a hydrophobic face (the methyl groups and the tetracyclic carbon

backbone) residing back-to-back.[86] As a result of their unique chemical structure, bile salts act

as very effective dispersants of biological molecules in living cells, including fat-soluble

vitamins, bilirubin, and cholesterol.[87] Very recently, new dispersants have been synthesized

based on the "two-faced" bile salt motif in order to stabilize cylindrically-shaped integral

membrane proteins. [88] Furthermore, it is believed that, due to the slightly bent but rigid steroid

ring found in bile salts, these surfactants can very effectively accommodate the curvature of the

SWCNT surface, and as a result, can better enhance the dispersion stability of SWCNTs in

aqueous solutions.[39, 85, 89, 90]
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Figure 2-1: Schematic (top) and spatial (bottom) chemical structures of sodium cholate, a common bile salt
surfactant, showing the rigid steroid-ring backbone, the hydrophobic and hydrophilic faces of the molecule, the
hydroxyl groups (-OH), and the charged carboxylate group (-COO~). Color code: red - oxygen, light green - carbon,
and white - hydrogen.

To date, molecular dynamics (MD) simulations of surfactant adsorption and surface self

assembly on SWCNTs have focused primarily on conventional linear surfactants like

SDS,[91-93] as well as on single-tailed and double-tailed phosphatidylcholine,[94-96] using

all-atomistic or course-grained force fields to model the surfactants and carbon nanotubes. Very

recently, interactions between two SDS-coated SWCNTs were studied using MD simulations,

including elucidating the contributions from electrostatic and vdW interactions to the simulated

potential of mean force (PMF) between the two SWCNTs.[93] In addition, very recently, density

differences of SC-SWCNT assemblies when cholate ions adsorb onto SWCNTs having different

diameters have been studied using MD simulations.[97, 98] However, the surface morphology of

adsorbed SC as a function of its surface coverage have not been investigated computationally.

Note that, experimentally, increasing the surfactant concentration beyond the surfactant critical

micelle concentration (CMC) results in negligible increases in both surfactant surface coverage

at interfaces and in surfactant monomer concentration. This follows because, in general, above

the CMC, the added surfactant molecules increase primarily the micelle population.[31, 99] In
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addition, in recent MD simulations of surfactant adsorption onto solid surfaces, no desorption of

surfactant monomers from the solid surface was observed, which does not ensure

thermodynamic equilibrium of the simulated system. Recall that in a thermodynamically-

equilibrated aqueous system, where water, surfactants, and SWCNTs are present, surfactant

molecules adsorbed onto the SWCNTs should have the same chemical potential as the surfactant

monomers desorbed from the SWCNTs. Accordingly, the surfactant monomer concentration

should be nonzero to avoid unphysical chemical potential values.[100] Moreover, the mechanism

underlying the surfactant-induced stabilization of aqueous dispersions of SWCNTs is not

sufficiently well understood to permit a rational design of suitable surfactants.

With all of the above in mind, in the present study, I carried out a large-scale (up to 43,000

atoms), extended-time (up to 240 ns), and all-atomistic MD simulation to investigate the

adsorption and surface self assembly of SC, at low and high total SC concentrations, around a

SWCNT as a function of the resulting SC surface coverage. A limitation typical to all-atomistic

MD simulations is that due to the currently available computational resources, it is impossible to

simulate large enough systems to determine the adsorption isotherm of SC on SWCNTs,

including the resulting saturated SC surface coverage on the SWCNTs. Note that under saturated

SC surface coverage, SC surfactant micelles begin to form. Unfortunately, at dilute aqueous

solution conditions where there are so many water molecules in the simulation box to

accommodate surfactant monomers and micelles, the simulations become very costly

computationally. Therefore, I carried out simulations at a sufficiently high total SC concentration

to be able to reproduce the experimentally-estimated saturated SC surface coverage on the

SWCNT.[89, 101] Although based on the discussion above I expect that not all the SC

monomers will adsorb onto the SWCNT surface, the simulated surface coverage should

nevertheless be similar to the experimental value due to the small concentration of desorbed SC

monomers (typically, less than the CMC of SC at around 16.3 mM[102]). In the simulations, SC

monomers will coexist with adsorbed cholate ions present in the SC-SWCNT assembly, which is

required for the system to attain thermodynamic equilibrium. After comparing the simulated
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average SC surface coverage and average bulk SC concentration with the experimental values, I

confirmed that the simulations at high total SC concentration reproduce reasonably well the

experimental saturated SC surface coverage on the SWCNTs.[89] Details about the experimental

and simulated values are presented later. More importantly, in order to quantify the interactions

between SWCNTs coated with cholate ions, I carried out a potential of mean force (PMF)

calculation for two parallel SWCNTs, as a function of intertube separation (defined as the

distance between the cylindrical axes of the two SWCNTs), d, with each SWCNT covered with

cholate ions at a surface coverage comparable to the saturated surface coverage deduced from the

previous simulation at high total SC concentration. Subsequently, I decomposed the computed

PMF profile into contributions resulting from the two parallel bare SWCNTs and from sodium

cholate. Moreover, I rationalized the mechanism responsible for the repulsive potential energy

barrier and the attractive potential energy well in the PMF profile, resulting from sodium cholate,

in terms of the long-range electrostatic repulsion, the short-range vdW attraction, and the

short-range steric repulsion.

2.2 Methods

2.2.1 Simulation Methods

Simulations of sodium cholate adsorption and the associated surface self assembly on the

SWCNT surface in aqueous solution were carried out using the GROMACS 4.0 software

package.[103] A (6,6) single-walled carbon nanotube (with a diameter of 0.81 nm and a length of

6.16 nm, as determined based on the centers of mass of the carbon atoms) was selected as a

representative SWCNT. The simulated SWCNT is sufficiently long compared to the size of a

cholate ion (approximately 1.5 nm x 0.8 nm x 0.6 nm), which allows observation of the

adsorption pattern of the cholate ions on the SWCNT surface. The SWCNT was kept rigid

throughout the simulations, with all the carbon atoms in the nanotube treated as uncharged

Lennard-Jones (U) spheres using the LJ parameters reported by Tummala et al.[91, 92, 104]

Water molecules were modeled using the standard SPC/E model,[105] with bond lengths
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constrained using the SETTLE algorithm.[106] SC molecules, which were assumed to

completely dissociate into cholate ions and sodium counterions in water, were modeled using the

OPLS-AA force field.[107] Bond lengths in the cholate ion were constrained using the parallel

version of the LINCS algorithm.[108, 109] van der Waals (vdW) attractions and hard-core steric

repulsions were treated with a cutoff distance of 0.9 nm, which falls within the typical range of

cutoff values used in other publications.[91, 93] The vdW attractions and the hard-core steric

repulsions between different atoms were calculated from the LJ potential using the standard

geometric averaging rule which is implemented in the OPLS-AA force field.[107] Long-range

electrostatic interactions were treated using the particle mesh Ewald (PME) summation

method.[110, 111]

The equations of motion were integrated with a time step of 2 fs using the Verlet (Leap-Frog)

algorithm.[112, 113] All the simulations were conducted under the NPT ensemble (constant

number of atoms, constant pressure of 1.0 bar, and constant temperature of 298.15 K) in order to

best mimic the experimental conditions. The velocity-rescaled Berendsen thermostat was

implemented to maintain a constant temperature in the simulated system.[ 114] The pressure was

coupled to an isotropic Berendsen barostat.[115] Periodic boundary conditions were applied in

all three directions. In practice, most of the synthesized SWCNTs are uncapped (to a larger

extent when they undergo ultrasonication),[85] and therefore, in order to allow small molecules

such as water and sodium counterions to fill the nanotube, the length of the simulation box was

chosen to be about 0.9 nm longer than the nanotube length (recall that the diameter of a water

molecule is around 0.35 nm using the OPLA-AA force field). The trajectories, velocities, and

forces corresponding to all the atoms in the system were saved every 10,000 steps (20 ps) to

satisfy the ergodicity criterion for data analysis.[74]

2.2.2 Simulated Systems

To probe the adsorption and self assembly of SC on the SWCNT surface, a single (6,6) SWCNT

was confined at the center of the simulation box, with its cylindrical axis oriented along the
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z-direction. In order to quantify the effect of surfactant concentration on the adsorption

morphology, I positioned different numbers of cholate ions (15 and 25) around the nanotube.

Note that having 25 cholate ions on the 6.16 nm long (6,6) SWCNT in my simulation matches

the experimentally-reported saturated SC surface coverage on a SWCNT.[89] Different numbers

of added cholate ions correspond to different total concentrations of cholate ions, with 15 added

cholate ions corresponding to a low concentration of 75 mM and 25 added cholate ions

corresponding to a high concentration of 125 mM. Subsequently, the simulation box was filled

with water molecules. In order to maintain electroneutrality, an appropriate number of water

molecules were replaced by sodium counterions resulting from the added cholate ions. Each

system was equilibrated for 240 ns, and only the last 20 ns of simulation were used for data

analysis. The simulation was confirmed to have reached equilibrium by monitoring the SASAs

(solvent accessible surface areas) of the cholate ions and the nanotube as a function of time (see

Figure 2-Al in the Appendix). SASA was traced out by a probe sphere of radius 0.2 nm

(corresponding to the location of the first hydration shell),[116] which was rolled around the

cholate ions or the nanotube to identify their solvent (water in this case) accessible regions.[117]

Note that the region on the nanotube covered by cholate ions is not taken into account in the

SASA calculation because water molecules in this region are excluded by the adsorbed cholate

ions. As a result, I believe that the simulated SASA can nicely quantify the dynamics of

adsorption and desorption of SC on the SWCNT surface, similar to what takes place when

surfactants self assemble to form micelles.[118] The simulated system size, including the total

numbers of SC and water molecules, the total number of atoms, the size of the simulation box,

and the total simulation time, are summarized in Table 2-Al in the Appendix.

To investigate the interactions between two parallel SC-coated (6,6) SWCNTs, I calculated the

potential of mean force (PMF) by numerically integrating, in a trapezoidal manner, the forces

exerted to separate the two nanotubes at various intertube separations.[93, 119] This integration

process begins from the largest intertube separation of 3.48 nm (where the simulated force

applied to separate the two nanotubes approaches zero) and proceeds to the smallest intertube
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separation of 1.08 nm (where the force applied resulting from the hard-core steric repulsion

between the two nanotubes overshoots). The force exerted at the center of mass of each SWCNT

should include contributions from all the flexible molecules in the system, including the

adsorbed cholate ions, the sodium counterions, and the water molecules. Note that the initial

configuration of the SC-SWCNT assembly was obtained from the final configuration of the

previous SC adsorption and self-assembly simulations corresponding to a SC surface coverage

close to saturation (resulting from the 125 mM total SC concentration). In addition, note that in

order to compare my results for SC with those for SDS where no SDS monomers were

present,[93] the monomeric SC were removed to generate the initial configuration for the PMF

calculation, assuming that their contribution to the PMF results are small. In order to carry out

the PMF calculation for SC, I constructed a series of initial configurations in a manner similar to

that in the work by Xu et al. for SDS.[93] The first configuration was generated by placing two

parallel SC-SWCNT assemblies at an intertube separation of 3.48 nm, and then filling the

simulation box with sufficient water molecules and an appropriate number of sodium counterions

to maintain electroneutrality. Following that, the system was further equilibrated for 20 ps under

the NPT ensemble. The subsequent initial configurations were constructed from the preceding

final equilibrium configuration as follows: for a pair of parallel SC-SWCNT assemblies, only the

two parallel bare SWCNTs were translated as rigid entities towards each other in increments of

0.04 nm, and subsequently, the system was equilibrated for 20 ps. Note that translating only the

bare SWCNTs allowed the cholate ions to reorganize on the SWCNT surfaces to avoid collisions

when the two SWCNTs are very close to each other. More specifically, the PMF profile was

constructed by carrying out a total of 61 MD simulations with the intertube separation decreasing

from 3.48 nm to 1.08 nm. After obtaining all the initial configurations, each system was

equilibrated for 20 ns under the NPT ensemble. For the simulated systems at various intertube

separations, only the last 5 ns, corresponding to the equilibrated systems, were used for data

analysis, including the PMF calculations. The equilibration of each simulation run was verified

by the convergence of the cumulative average force (averaged from time zero to time t) as a
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function of time t, as shown in Figure 2-A2 in the Appendix. The errors in the simulated PMF

profile were estimated based on the errors of the simulated forces using the block-averaging

method, while accounting for the integration process.[120] In addition, in order to decompose the

contributions to the total PMF profile resulting from the two parallel bare SWCNTs to obtain the

net contributions of SC, APMF, to the total PMF profile (the contribution of water is negligible,

as will be discussed later), the forces required to confine two parallel bare SWCNTs at different

intertube separations in vacuum were calculated in a similar manner using MD simulations, and

the resulting PMF profile was calculated by integrating the forces.

2.3 Results and Discussion

2.3.1 Sodium Cholate Adsorption and Surface Self Assembly on a SWCNT

Representative post-equilibrium simulation snapshots of a (6,6) SWCNT in aqueous SC

solutions at total concentrations (that is, the total number of SC molecules divided by the volume

of the simulation box) of 75 mM and 125 mM are shown in Figure 2-2. A common feature

shared by both snapshots is that the cholate ions wrap around the SWCNT like a ring with the

hydrophobic faces pointing inwards and the hydrophilic faces (having oxygen atoms shown as

red spheres in Figure 2-2) pointing outwards, as has been speculated in several recent

experimental studies.[39, 85, 89, 101] Note that the precise orientations of the cholate ions with

respect to the cylindrical axis of the SWCNT will be discussed later. Having the hydrophobic

face pointing inwards tends to maximize the contact between the hydrophobic faces of the

cholate ions and the surface of the SWCNT, as driven by the hydrophobic effect.[30] This

organization of the cholate ions on the SWCNT surface can be seen more clearly by comparing

the radial distribution function (RDF) of the entire cholate ions (Figure 2-3-a) relative to the

RDF of the charged carboxylate groups (Figure 2-3-b): the charged carboxylate groups (with the

largest peak at around 1.2 nm at both 75 mM and 125 mM) are positioned farther away from the

cylindrical axis of the SWCNT than the entire cholate ions (with the largest peak at around 0.8

nm at both 75 mM and 125 mM).
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a

Figure 2-2: Representative post-equilibrium simulation snapshots of a (6,6) SWCNT in aqueous SC solutions at two

different total SC concentrations: (a) 75 mM and (b) 125 mM. The two plots on the left are side views and the two

plots on the right are corresponding front views. Water molecules are not shown for clarity. Color code: red -
oxygen, blue - sodium counterion, light green - carbon, white - hydrogen, and purple - carbon atoms in the

SWCNT.
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Figure 2-3: Simulated radial distribution functions (RDFs) relative to the cylindrical axis of a SWCNT ("r" is

measured radially from this axis): (a) RDF of the cholate ions, (b) RDF of the carbon atoms of the charged

carboxylate groups, and (c) RDF of the sodium counterions. The RDFs are plotted for low (corresponding to a total

SC concentration of 75 mM) and high (corresponding to a total SC concentration of 125 mM) SC surface coverages.

Note that the radius of the (6,6) SWCNT considered here is around 0.55 nm when excluded-volume effects are

accounted for, and explains why the three RDF profiles shown remain zero for r < 0.55 nm.
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Another interesting feature that can be seen in Figure 2-2 is that the adsorbed cholate ions prefer

to distribute in a very compact manner around the SWCNT, independent of their surface

coverage on the SWCNT surface. This is reflected in the RDF profiles in Figure 2-3-a, where the

shape of the RDF curves corresponding to the cholate ions is nearly independent of the total SC

concentration. The RDF profiles in Figure 2-3-a further indicate that this compact layer of

cholate ions is located within 1.5 nm around the SWCNT (since the two RDF curves decay to

almost zero beyond 1.5 nm), and have a thickness of around 0.9 nm (as reflected in the width of

the RDF curve in Figure 2-3-a). This finding for SC is very different than for SDS, where the

RDF becomes wider (the SDS molecules organize perpendicular to the SWCNT surface) as the

SDS surface coverage increases.[91, 93] This unique surface adsorption morphology of SC,

compared to those of more conventional surfactants possessing flexible linear tails,[91-96]

results from the rigid, steroid-ring structure of SC (see Figure 2-1).

Another common feature shared by the two side-view simulation snapshots in Figure 2-2 is that,

instead of distributing uniformly around the nanotube,[85, 89] the adsorbed cholate ions prefer to

self assemble side-by-side (see Figure 2-A3-a for zoomed-in snapshots), due to the hydrophobic

effect.[30] Note that this side-by-side SC organization tends to minimize contact between the

hydrophobic faces of the cholate ions and water, similar to what has been reported in the case of

SDS adsorption onto SWCNTs.[91] This side-by-side SC self-assembly is also facilitated by the

condensation (or binding) of positively-charged sodium counterions onto single, or multiple,

negatively-charged cholate ions (typically, onto the charged carboxylate groups, as shown in

Figures 2-S3-b and 2-S3-c). Similar to what has been reported in the case of SDS adsorption

onto SWCNTs,[91, 104] this sodium counterion condensation shields the electrostatic repulsions

between the charged carboxylate groups and effectively brings them closer to each other. This

interesting feature can also be seen in Figure 2-3-c, where the largest peak of the RDF of the

sodium counterions around the SWCNT (at around 1.5 nm) is closely located to the largest peak

of the charged carboxylate groups (at around 1.2 nm, see Figure 2-3-b), reflecting the strong

electrostatic attractions between these oppositely-charged groups. The difference in the positions
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of these two peaks, 0.3 nm, reflects the center-to-center distance between a sodium counterion

and a charged carboxylate group at contact.

As shown in Figure 2-2, as the total SC concentration increases from 75 mM in (a) to 125 mM in

(b), one can clearly observe that both the number of cholate ions adsorbed on the SWCNT

surface and the number of cholate ions in the aqueous phase away from the SWCNT increase. In

particular, the monomeric SC concentration (that is, the number of SC monomers divided by the

size of the simulation box) in Figure 2-2-b is doubled compared to that in Figure 2-2-a. In order

to relate the SC surface coverage to the monomeric SC concentration, I carried out a population

analysis at different total SC concentrations. Based on this population analysis, I found that

different total SC concentrations yield different SC surface coverages and related monomeric SC

concentrations. The time-averaged number of cholate ions adsorbed on the SWCNT surface was

computed by integrating the number density profiles (RDF times the average number density) of

the cholate ions around the SWCNT up to a cutoff distance of 1.5 nm, within which the cholate

ions are considered to be adsorbed on the nanotube, and beyond which the cholate ions are

considered as monomers. The computed average numbers of adsorbed cholate ions at 75 mM and

125 mM are consistent with the results based on a visual analysis of the post-equilibrium

simulation snapshots shown in Figure 2-2. Subsequently, the SC surface coverage was computed

based on the diameter of 0.81 nm for the 6.16 nm long (6,6) SWCNT that I simulated. In

addition, estimating the average monomeric SC concentrations at different total SC

concentrations is quite straightforward. Specifically, the average number of SC monomers is

equal to the difference between the total number of SC molecules present in the simulation box

and the average number of SC molecules adsorbed on the nanotube. Detailed results of the

population analysis discussed above are reported in Table 2-1, where I have also reported

experimental values of the saturated SC surface coverage on SWCNTs[89] and of the CMC of

SC[102] (a very good indicator of the monomeric SC concentration), in order to compare the

population analysis results at 75 mM and 125 mM with experiment.
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Table 2-1: Population Analysis Results and Relevant Experimental Data

Average

Number of

System Adsorbed

Cholate Ions

Average

Number of

Monomeric

Cholate Ions

Average
Average SC Surface Linear Packing Mnerc

Monomeric
Coverage Density of SC

Concentration
(molecules/nm 2) (molecules/nm) o C(M

1 a 13.87 1.13 0.89 2.25 5.6

2 b 21.84 3.16 1.39 (1.53 + 0.34) c 3.55 (3.60 ± 0.80) c 15.6 (16.3) d

a Sodium cholate adsorption and surface self-assembly simulations on single (6,6) SWCNTs under the low total SC

concentration of 75 mM.

b Sodium cholate adsorption and surface self-assembly simulations on single (6,6) SWCNTs under the high total SC

concentration of 125 mM.

c The numbers in parentheses are the experimental values for the saturated surface coverage of cholate ions around a

(6,5) SWCNT from Ref. [89].
d The number in parenthesis is the experimental CMC of sodium cholate from Ref. [102].

As shown in Figure 2-2-a, at the low total SC concentration of 75 mM, the majority of the

cholate ions adsorb onto the SWCNT surface, which results in an average SC surface coverage

of 0.89 molecule/nm 2 and an average monomeric SC concentration of 5.6 mM (see Table 2-1).

As shown in Figure 2-2-b, at the high total SC concentration of 125 mM, more cholate ions

adsorb onto the SWCNT surface, which results in an average surface coverage of 1.39

molecule/nm 2 and an average monomeric SC concentration of 15.6 mM (see Table 2-1). As

expected, since I chose the high total SC concentration of 125 mM to reproduce the experimental

saturated SC surface coverage, the simulated surface coverage at 125 mM (1.39 molecule/nm2)

agrees well with the experimental value of 1.53 ± 0.34 molecules/nm 2 estimated for a (6,5)

SWCNT (see Table 2-1).[89] It is interesting to recognize that, based on the simulations under

the saturated SC surface coverage, cholate ions can only partially cover the SWCNT surface,

consistent with the experimentally estimated ratio of around 70%.[89] This should be contrasted

with the SDS case, where dodecyl sulfate ions can completely cover the SWCNT surface based

on both experimental and simulation observations. [76, 91, 93] Note that the saturated SC surface
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coverage was estimated based on the linear packing density of 3.6 ± 0.8 cholate ions adsorbed

per unit length (in nm) on (6,5) SWCNTs (with a diameter of 0.75 nm, as calculated based on the

centers of mass of the carbon atoms), which was estimated based on the density of SC-SWCNT

assemblies measured using an analytical ultracentrifuge in a 46 mM SC solution.[89] For my

estimation, I have assumed that the linear packing density of SC on the experimentally-studied

(6,5) SWCNTs is the same as that on the (6,6) SWCNTs considered here due to the similar

diameters of these two SWCNTs. Although the total SC concentration studied in Ref. [89] (46

mM) is higher than the CMC of SC (16.3 mM),[102] in view of my previous discussion, the

saturated SC surface coverage should be independent of the experimental total SC concentration

beyond the CMC of SC. In addition, note that the estimated monomeric SC concentration of 15.6

mM at the simulated total SC concentration of 125 mM is similar to the experimental CMC of

SC (16.3 mM[102]), confirming that the SC surface coverage on the SWCNTs that I abtained at

125 mM reproduced reasonably well the experimental saturated SC surface coverage. Note that,

due to the limited simulation box size, if the total SC concentration in the simulation box is

further increased, the SC surface coverage on the SWCNTs would continue to increase beyond

the experimental saturated SC surface coverage (more cholate ions would adsorb onto the

SWCNTs instead of contributing to an increase in the micelle population).[31, 91, 93-96] As a

result, it is inappropriate to simulate even higher total SC concentrations. However, in future

studies, coarse-grained models may be implemented based on my simulation results (e.g., the

RDF profiles of the cholate ions, the charged carboxylate groups, and the sodium counterions

around the SWCNT) to more accurately calculate the adsorption isotherm of SC on SWCNTs.

As discussed earlier, the cholate ions prefer to wrap around the SWCNT like a ring. However,

the precise orientations of the cholate ions with respect to the cylindrical axis of the SWCNT still

need to be determined. For this purpose, I calculated the distribution of the angles between the

principal axis of the cholate ions (defined in Figure 2-4) and the cylindrical axis of the SWCNT.

As shown in Figure 2-4, for both SC surface coverages, the cholate ions prefer to orient almost

parallel to the cylindrical axis of the SWCNT (the largest peaks in the angle distribution profile
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are close to 0' and 1800), consistent with observations in recent MD simulations of SDS-coated

SWCNTs.[91, 93] In addition, Figure 2-4 shows that the cholate ions also have a small tendency

to orient perpendicular to the cylindrical axis of the SWCNT (the angle distribution profile also

exhibits a smaller peak at around 900) to accommodate their own slightly bent planar chemical

structures with respect to the curved SWCNT surface, an interesting finding that is consistent

with recent speculative experimental reports.[89, 101] Note that the perpendicular orientation of

the cholate ions can be clearly seen in Figure 2-A3-a. This multi-peak feature in the angle

distribution profile may reflect the fact that adsorbed cholate ions need to adapt both

configurations to accommodate the SWCNT circumference. This is indeed driven by the need to

form a closed ring consisting of a discrete number of cholate ions in order to wrap around the

SWCNT. This last finding suggests that the orientation of the cholate ions relative to the

cylindrical axis of the SWCNT may vary as a function of the nanotube diameter, due to the

rigidity of the cholate ions, a unique feature which has not been observed with other

conventional surfactants possessing flexible linear hydrocarbon chains.[91, 93] In the future, it

will be interesting to carry out MD simulations as a function of nanotube diameter to further

corroborate this suggestion.
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Figure 2-4: Simulated distribution profiles of the angle, 0, between the principal axis of the cholate ions and the
cylindrical axis of the SWCNT. Note that bias resulting from variations in solid angle has been removed by a
weighting factor of (1/sin 0). In the SC molecular structure shown, the dotted line connecting the carbon atom in the
carboxylate group with the carbon atom at the end of the steroid ring defines the principal axis of the cholate ion
(refer also to Figure 2-1).

2.3.2 Interactions between Two Parallel SWCNTs with Adsorbed Cholate Ions

The interactions between two parallel SWCNTs with cholate ions adsorbed at approximately the

saturated SC surface coverage were quantified using the potential of mean force (PMF) per unit

length (in nm) of the nanotube, as a function of the intertube separation, d, as shown by the solid

line in Figure 2-5-a. The simulated PMF profile exhibits a primary, long-range repulsive

potential energy barrier possessing a maximum of around 28 kJ per mole per nanometer of the

simulated SWCNTs, extending from 2.0 nm to 3.48 nm (reflected by the fact that the slope of the

PMF curve here is negative). This primary potential energy barrier prevents the SWCNTs from

approaching each other under the vdW attractions between the two SWCNTs, and as a result,

prevents coagulation of the SWCNT aqueous dispersion. The PMF profile in Figure 2-5-a also

exhibits a secondary, attractive potential energy region extending from 1.7 to 2.0 nm (reflected

by the fact that the slope of the PMF curve here is positive). The depth of this attractive energy
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well is around -23 kJ/mol/nm, which counter-balances most of the repulsive energy barrier, and

as a result, the PMF profile approaches a small minimum of 5 kJ/mol/nm at around 1.7 nm. As

the intertube separation decreases further from 1.7 to 1.5 nm, the PMF profile goes up again,

giving rise to a small repulsive energy barrier of around 10 kJ/mol/nm.
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Figure 2-5: (a) Simulated potential of mean force (PMF) corresponding to: (i) two parallel SWCNTs coated with
cholate ions (solid line), and (ii) two parallel bare SWCNTs in vacuum (dashed line), as a function of the intertube
separation, d. Note that the two PMF profiles overlap for d : 1.2 nm, (b) Net contribution of SC to the PMF profile,
APMF, corresponding to two parallel SWCNTs coated with cholate ions. The error bars (in blue) were computed
using the block averaging method discussed in the text. Note that the y-axis in (b) has been rescaled relative to that

in (a) for clarity. In addition, the designations (i) to (iv) in (b) correspond to plots (a) to (d) in Figure 2-7, where 2D
atom number density plots of the cholate ions and the sodium counterions are shown at selected intertube

separations in order to help explain the features exhibited by the APMF profile discussed in the text.

Although in their recent simulations of SDS adsorption onto SWCNTs, Xu et al. did not study

the PMF profile of two parallel SDS-coated SWCNTs at intertube separations smaller than 1.5

nm,[93] I extended my simulations to include this separation region in the case of sodium cholate.

As the intertube separation decreases from 1.5 to 1.2 nm, the PMF profile drops down sharply

(the primary attractive energy region) and reaches its minimum energy well of around -90

kJ/mol/nm, as determined by the strong vdW attraction between the two parallel bare SWCNTs

(see the dashed line in Figure 2-5-a). This reflects the fact that the separated SWCNTs will
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eventually rebundle as a result of this minimum energy well, and therefore, surfactants can only

stabilize SWCNTs in aqueous solutions temporarily through the induced repulsive energy barrier.

Finally, as the intertube separation decreases further below 1.2 nm, the PMF profile goes up

sharply, as determined by the hard-core steric repulsion between the two parallel bare SWCNTs

(note that the solid line and the dashed line overlap in this region, as shown in Figure 2-5-a).

All the features of the PMF profile discussed above for sodium cholate agree well qualitatively

with recent computational studies of grafted polymers,[121] the adsorbed cationic surfactant,

n-decyltrimethylammonium chloride (DTMAC),[122] and the adsorbed anionic surfactant,

SDS,[93, 119] on SWCNTs using mean-field theory,[121] statistical mechanics,[122] and MD

simulations,[93, 119] respectively. Comparing my PMF results for SC with those of Xu et al. for

SDS,[93] I have found, quantitatively, that SC is more effective than SDS at stabilizing aqueous

dispersions of individual SWCNTs, when the SWCNTs are covered with the saturated amounts

of each surfactant type. Specifically, (i) the simulated potential energy barrier induced by SC at

2.0 nm is 40% higher than that induced by SDS at 2.4 nm,[93] and (ii) the simulated attractive

energy well induced by SC at 1.7 nm (see Figure 2-5-a) is 50% smaller than that induced by SDS

at the same intertube separation.[93] Note that a shallower attractive energy well can still

enhance the dispersion stability based on the theory of slow colloid coagulation,[123] where the

integration of the exponential of the PMF between two colloidal particles (two SC-coated

SWCNTs in the present case) along the inter-particle distance is inversely proportional to the

coagulation rate of these two colloidal particles.

To further understand the mechanism responsible for the superior dispersion stability induced by

SC, it is instructive to decouple the contribution resulting from the two parallel bare SWCNTs

(including the vdW attraction and the hard-core steric repulsion) to the total PMF profile. To this

end, I subtracted the PMF profiles corresponding to the solid line (with SC) and the dashed line

(without SC) in Figure 2-5-a. The resulting net SC contribution, APMF, to the total PMF profile

is shown in Figure 2-5-b, where I have assumed that the contribution due to the water molecules

is negligible compared to that due to SC based on the recent studies by Xu et al in the case of

47



SDS.[93] This approximation may also be rationalized by the fact that the magnitude of the

simulated PMF induced by water molecules is quite small when two SWCNTs are present in

pure water.[124] Note that, in general, water molecules only contribute to the repulsive energy

barrier in the simulated PMF profile at small intertube separations (d < 2.0 nm considered here),

when they are confined by the surfactant-coated SWCNTs.[124] As a result, in the case of SC,

this confinement-induced water repulsion is expected to slightly reduce the net contribution of

SC to the simulated PMF profile at small intertube separations, while this water-induced

repulsive contribution should be negligible at large intertube separations. The net contribution of

SC to the PMF profile (the solid line in Figure 2-5-b) exhibits features which are similar to those

exhibited by the total PMF profile (the solid line in Figure 2-5-a). This is due to the fact that the

interaction between the two parallel bare SWCNTs is negligible until the intertube separation

decreases below 1.7 nm (see the dashed line in Figure 2-5-a).

At intertube separations greater than 2.0 nm (see Figure 2-5-b), the onset of the repulsive

potential energy barrier in the APMF profile is dominated by the long-range electrostatic

repulsion between the two parallel SC-coated SWCNTs, which behave as two parallel,

negatively-charged cylinders, mediated by the positively-charged sodium counterions. This

contribution to the potential energy barrier has been widely recognized as reflecting the

electrostatic contribution which appears in the continuum DLVO (Derjaguin-Landau-Verwey-

Overbeek) theory.[43, 99, 125, 126] Based on the Poisson-Boltzmann equation,[127] the

electrostatic portion of the DLVO potential between two SC-coated SWCNTs considered here is

approximately proportional to the effective surface charge density on the SWCNT surface, -.

Although the saturated surface coverage of SDS used in the recent MD simulations by Xu et

al.,[93] as well as observed experimentally (2.8 molecules/nm 2),[128] is twice that of SC used in

my MD simulations (1.4 molecule/nm 2 ),[89] after accounting for the effect of sodium counterion

binding, the difference between the effective surface charge densities in the SC and the SDS

cases should be greatly reduced. This expectation is consistent with the fact that the extent of

sodium counterion dissociation for a SDS aggregate (= 0.124) is much smaller than that for a SC
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aggregate (= 1.000).[129] The simulated number of sodium counterions bound to the charged

carboxylate groups in cholate ions (under high total SC concentration) is consistent with the

experimental observation of a high degree of sodium counterion dissociation associated with a

SC aggregate (see Figure 2-A4 in the Appendix for more details).

In addition to the repulsive electrostatic interaction described by the DLVO theory, other

repulsive interactions operate between two SC-coated SWCNTs.[99] In particular, the

ion-induced steric repulsion[99, 130, 131] has been reported recently to play a role in repelling

two SDS-coated SWCNTs in the simulation study by Xu et al.[93] In fact, the existence of a

concentrated ion wall can be seen in the simulated contour plot of the density profile of the

sodium counterions along the x-axis of the simulation box (which is parallel to d), as a function

of the intertube separation, d, as shown in Figure 2-6. The ion wall is defined here as a layer of

sodium counterions with a concentration of around 15 kg/m3, which is two times greater than

their bulk concentration of around 5 kg/m3 , following the same definition by Xu et al.[93] The

ion wall is present at d values ranging from 1.7 to 2.8 nm (denoted by the red color in Figure 2-6).

The existence of this ion wall can also be seen in the 2D atom number density plots (averaged

along the cylindrical axis of the SWCNT) of the sodium counterions at two intertube separations,

as shown in Figures 2-7-a and 2-7-b. The fact that the ion wall in the case of SC spans a wider

range of intertube separations (1.1 nm) than that in the case of SDS (0.9 nm)[93] may explain the

higher potential energy barrier induced by SC. Indeed, if the ion-induced steric repulsive force in

the SC case operates over a wider range of intertube separations, then, the potential energy

barrier obtained by integrating the repulsive forces over this wider range of separations will be

higher.
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Figure 2-6: Simulated contour plot of the density profile of the sodium counterions (in units of kg/m 3) along the

x-axis of the simulation box (which is parallel to d), as a function of the intertube separation, d. The density scale is

shown in the side color bar. As shown, the ion wall extends from an intertube separation of d = 1.7 to d = 2.8 nm.

The locations of the two SWCNT cylindrical axes along the x-axis are shown by the two white dashed lines.
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Figure 2-7: 2D atom number density plots of the cholate ions (left panel) and the sodium counterions (right panel)

at selected intertube separations of: (a) 2.48 nm, (b) 2.00 nm, (c) 1.68 nm, and (d) 1.32 nm. These four intertube

separations were selected in order to help explain the features exhibited by the PMF profile discussed in the text.

The atom number density scale is shown in the bottom color bars. The density plots in (a) - (d) represent front views

of the simulation box. The black rings denote the locations of the two parallel SWCNTs.

At shorter intertube separations below 2.0 nm (see Figure 2-5-b), the cholate ions on the two

SWCNT surfaces begin to contact each other (the two green rings overlap in Figure 2-7-b),

which triggers direct interactions between them. These interactions between the cholate ions on

the two SWCNT surfaces results in the oscillatory behavior of the APMF profile (for d values

ranging from 1.08 nm to 2.0 nm in Figure 2-5-b), which has been widely recognized to result

from the interplay between the short-range vdW attraction and the short-range hard-core steric

repulsion between molecules (the cholate ions in the present case) in close contact.[132] Note

that once the two layers of cholate ions interleave with each other to merge into a single layer,
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the electrostatic force acting along the x-axis responsible for repelling the two parallel SWCNTs

will no longer exist. This oscillatory behavior, reflecting the molecularity of all condensed

phases in nature, has been extensively studied experimentally in the case of liquids confined to

molecular separations by two approaching smooth mica surfaces.[133-135] As expected, the

continuum DLVO theory breaks down at molecular separations, and fails to reproduce the

oscillatory APMF profile computed using MD simulations.

The interactions between cholate ions are shown in the 2D atom number density plots of the

cholate ions at selected intertube separations to help explain the features exhibited by the APMF

profile (see Figure 2-7). Note that although the cholate ions on the SWCNT surfaces begin to

contact each other at a larger intertube separation of 2.48 nm (the two green rings begin to

overlap in Figure 2-7-a), the partially-covered SWCNT surface allows the cholate ions to

exchange between the two nanotubes to efficiently cover the empty surface without incurring

steric penalties (no red color within the intertube gap in Figure 2-7-b). As expected, if the density

of the cholate ions within the intertube gap is large (denoted by the red color in Figure 2-7-c),

then, the cholate ions are confined, and do exert a strong steric repulsive force between the two

SWCNTs. On the other hand, if the density of cholate ions within the intertube gap is small

(denoted by the green color in Figures 2-7-a and 2-7-b), then, the cholate ions have vacancies

around them that can be filled, and do exert a strong vdW attractive force between the two

SWCNTs. Therefore, the simulated oscillatory APMF profile as the intertube separation

decreases can be rationalized as follows: (i) the intertube gap begins to accommodate only a

single layer of cholate ions from d = 2.0 to 1.7 nm (see Figure 2-7-b), (ii) the two SWCNTs

begin to compress the single layer of cholate ions from d = 1.7 to 1.5 nm (see Figure 2-7-c), and

(iii) the single layer of cholate ions is squeezed out of the intertube gap, leaving a vacancy from

d = 1.5 to 1.08 nm (see Figure 2-7-d). Note that this relationship between the density of the

cholate ions and the direction of the exerted force is analogous to the relationship between the

density of cholate ions and the osmotic pressure within the intertube gap.[99] Note also that the

mechanism underlying the vdW attraction between rigid molecules is slightly different from the
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bridging attraction between flexible polymers grafted onto colloidal particles,[99] contrary to the

recent discussion in Ref. [93]. Interestingly, when there is a single layer of sparsely-packed

cholate ions located within the intertube gap from d = 1.7 to 2.0 nm, the cholate ions are able to

rotate (see Figure 2-A5 in the Appendix) in order to fill the vacancy within this fixed intertube

gap, due to their bean-like chemical structure. This unique feature of SC was not observed in the

case of SDS, because of the linear, rod-like shape of the SDS molecule. As a result, the attractive

energy well at d = 1.7 nm induced by sodium cholate is not as deep as that induced by SDS.

2.4 Conclusions

In summary, I reported the first detailed large-scale all-atomistic MD simulation study of the

adsorption and surface self assembly of the bile salt surfactant, sodium cholate, on a (6,6)

SWCNT in aqueous solution. My results on: (i) the radial distribution function of the cholate

ions around the cylindrical axis of the SWCNT, and (ii) the distribution of the principal angles of

the cholate ions with respect to the cylindrical axis of the SWCNT allow verification of previous

speculations, featuring the "two-faced", slightly-bent, rigid steroid-ring structure of bile salts. In

addition, I studied the relation between the surface coverage of the cholate ions on the SWCNT

surface and the monomeric SC concentration by considering low and high total SC

concentrations. I selected a high total SC concentration to carry out the simulations, so that the

simulated surface coverage of the cholate ions would match the experimental SC saturated

surface coverage. Subsequently, I utilized the final configuration of a single SC-coated SWCNT,

under this saturated surface coverage, to carry out a series of simulations to compute the PMF

between two parallel SC-coated SWCNTs as a function of intertube separation. The net

contribution of sodium cholate to the PMF profile, APMF, may be explained reasonably well by:

(i) the long-range electrostatic repulsion between the two SC-coated SWCNTs (as described in

the continuum DLVO theory) at large intertube separation, (ii) the short-range ion-induced steric

repulsion at large intertube separation, and (iii) the short-range vdW attraction and steric

repulsion (oscillatory force) induced by the adsorbed cholate ions at small intertube separation.
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By comparing my simulated PMF profile of SC with the PMF profile of SDS when the SWCNTs

are coated with the saturated surface coverages corresponding to each surfactant type, I am able

to show that SC is a better stabilizer than SDS (it has a higher repulsive energy barrier and a

shallower attractive energy well), a finding that is consistent with the wide-spread use of SC to

disperse SWCNTs in aqueous solution. In particular, the shallower attractive energy well induced

by SC compared to that induced by SDS is due to the rigid, bean-like chemical structure of SC

which allows this bile salt surfactant to more effectively accommodate the intertube gap.

I believe that the simulation study presented here enhances our quantitative and qualitative

understanding of the role of bile salts like SC in enhancing the dispersion stability of individual

SWCNTs in aqueous solution. Moreover, this study may shed light on the future design of novel

surfactants capable of more efficiently stabilizing aqueous dispersions of other nanoscaled

materials, such as graphene, which will be discussed in details in Chapter 3. In the case of

bile-salt analogues, such a design may include enhancing the hydrophilic face of the "two-faced"

surfactants by attaching more hydrophilic groups on the carbon backbone, or modifying the rigid

chemical structure of the "two-faced" surfactants to better accommodate the curvature of

SWCNTs.

2.5 Appendix: Supporting Tables and Figures

Table 2-Al: Summary of Simulated Systems

Number of Sodium Number of Total Number Simulation Box Simulation
System Cholate Molecules Water Molecules of Atoms Size (nm3) Time (ns)

1 a 15 10,816 34,083 6.96 x 6.96 x 6.96 240 ns
2 a 25 10,572 34,041 6.95 x 6.95 x 6.95 240 ns

3-63 b 44 13,000 43,236 8.88 x 6.91 x 6.91 20 ns each
a Sodium cholate adsorption and surface self-assembly simulations on single (6,6) SWCNTs.
b Simulations for 61 intertube separations between two parallel confined (6,6) SWCNTs carried out to calculate the

PMF.
'Averaged over the production ran of the simulation with small fluctuations from the pressure coupling.
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Figure 2-Al: Solvent accessible surface areas (SASAs) of: (a) a SWCNT and (b) the cholate ions under low and

high SC surface coverages, monitored as a function of simulation time. As shown, the fluctuations in the SASA

curves are significant at the beginning, and are dampened after about 200 ns, indicating that the system has reached

equilibrium. Therefore, data analysis was performed during the last 20 ns of the entire simulation run, as indicated

by the time period beyond the vertical dashed lines.
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Figure 2-A2: Cumulative average forces as a function of simulation time at several selected intertube separations, d.

As shown, the fluctuations in the force curves are significant at the beginning, and are dampened after about 10 ns,

indicating that the system has reached equilibrium. Therefore, data analysis was performed during the last 5 ns of

each simulation run, as indicated by the time period beyond the vertical dashed line.
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Figure 2-A3: Zoomed-in plots of representative post-equilibrium simulation snapshots of a (6,6) SWCNT in
aqueous SC solutions, showing that: (a) the cholate ions prefer to self-assemble side-by-side (perpendicular to the
nanotube axis) in order to minimize contact of their hydrophobic faces with water, (b) the side-by-side self assembly
is facilitated by the condensation of positively-charged sodium counterions onto the negatively-charged carboxylate
group of a single cholate ion, and (c) the side-by-side self assembly is also facilitated by the condensation of a
positively-charged sodium counterion onto the negatively-charged carboxylate groups of two cholate ions. Water
molecules are not shown in all the plots for clarity. Note that in (a), the sodium counterions are also not shown for
clarity, and all the irrelevant cholate ions are shown in a transparent fashion in order to highlight the relevant ones.
In addition, in (b), all the irrelevant cholate ions and sodium counterions are shown in a transparent fashion in order
to highlight the relevant ones. The color code is the same as that in Figure 2-2.

Figure 2-A4: Post-equilibrium MD simulation snapshots at intertube separations of: (a) 1.96 nm and (b) 1.68 nm,
illustrating the orientation of the steroid-ring plane of one cholate ion when only a single layer of cholate ions
resides within the intertube gap. At d = 1.96 nm, the plane in white orients perpendicular to the SWCNT surface in
order to accommodate the fixed, sparsely-packed intertube gap, while at d = 1.68 nm, the plane in white orients
parallel to the SWCNT surface.
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Chapter 3

Molecular Insights into the Surface Morphology, Layering Structure, and

Aggregation Kinetics of Surfactant-Stabilized Graphene Dispersions

3.1 Introduction

In Chapter 2, I discussed the role of surfactants in stabilizing SWCNTs in aqueous solutions.

Surfactants are also very important in the solution-phase production of graphene at the large

scale. As discussed in Section 1.1, graphene, a two-dimensional, one-atom-thick hexagonal

lattice of carbon atoms,[13] has generated considerable attention as a result of its outstanding

electronic, mechanical, optical, thermal, and chemical properties.[15] While the earliest graphene

samples were produced using micromechanical cleavage from highly-ordered pyrolytic graphite

(HOPG),[13, 14] significant effort has been devoted in recent years to develop larger scale

methods to produce graphene. Such methods involve two main approaches: direct chemical

growth of graphene on substrates (e.g., chemical vapor deposition, CVD),[27, 136] and direct

exfoliation of graphene from naturally occurring graphite flakes in various solvents.[43, 50] As

discussed in Section 1.2, the latter, solution-phase method offers several significant advantages

since it: (i) utilizes inexpensive and readily available graphite flakes, (ii) does not require

transferring the graphene from the growth substrate, (iii) employs existing technologies (e.g.,

sonication and centrifugation) for scaled-up large volume processing, and (iv) allows

solution-phase chemical functionalization of graphene.[43]

Among various available solvents, the use of water avoids the toxic polar organic solvents (e.g.,

NMP[137] and DMF[58]), and allows the use of graphene for biological applications, including

molecular sensors and transistors.[138-140] Due to the hydrophobic nature of pristine graphene,

the use of surfactants is essential to assist in the dispersion of graphene in an aqueous phase. It

was recently demonstrated that graphite flakes (from inexpensive graphite powder) can be
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exfoliated and dispersed into pristine, unfunctionalized graphene sheets in aqueous media using

the conventional linear ionic surfactant sodium dodecylbenzene sulfonate (SDBS), with the aid

of bath sonication and centrifugation. [45] The electrostatic repulsions between the

SDBS-covered graphene sheets were quantified experimentally by measuring the zeta potential

of the graphene-SDBS assemblies using electrophoresis.[45] Very recently, the bile salt

surfactant, sodium cholate (SC), has also been utilized to disperse graphene in aqueous solution

at high concentrations.[141] Moreover, Green et al. utilized horn ultrasonication and density

gradient ultracentrifugation (DGU) to isolate SC-stabilized graphene with controlled

thickness.[40] However, the graphene dispersions reported in Ref. [40] were found to be

turbostratic (non-AB stacked) after DGU, as quantified using Raman spectroscopy.

It is well known that solution-phase graphene dispersions are polydisperse with various layer

numbers and interlayer registrations (layering structure), where these characteristics determine

the electronic and optical properties.[23] For multilayer graphene, the Bernal AB-stacking found

in natural graphite is the most energetically favorable structure. More importantly, AB-stacked

multilayer, most notably, bilayer and trilayer, graphene have properties that are distinct from

those of monolayer graphene (which is a semimetal with zero bandgap). This is because bilayer

and trilayer graphene exhibit tunable bandgaps in response to applied gate bias or external

electric fields,[20, 142] thus imparting great flexibility in the design and optimization of

electronic and optical devices. However, the solution-phase exfoliated bilayer and trilayer

graphene sheets after DGU exhibit primarily a turbostratic, non-AB stacking structure, as

quantified using Raman spectroscopy.[40] This is similar to what is observed in CVD-graphene

samples and those grown on SiC,[143] and suggests disordering of the graphene sheets due to the

weak interlayer coupling. As a result, most of the multilayer graphene, except for those produced

using micromechanical cleavage, are turbostratic, where slight deviations from the AB stacking

destroys the unique electronic structures of bilayer and trilayer graphene, and renders them

electronically similar to monolayer graphene.[29] For example, theoretical analysis has predicted

that an external electric field, applied normal to the turbostratic bilayer graphene, cannot open an
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electronic bandgap.[144] Therefore, understanding the formation of the turbostratic layering

structure of multiplayer graphene is very important to improve the solution-phase exfoliation

process. If layering can be controlled during exfoliation, this would provide a viable route for the

mass-production of AB-stacked multilayer graphene on arbitrary substrates for electronic devices.

When combined with the well-developed intercalation chemistry of graphite,[145] it becomes

possible to obtain graphene dispersions with layering control. Graphene sheets from covalent

graphite intercalation compounds (GICs),[146-148] ionic GIC,[46, 149, 150] and expanded

graphite (EG)[151] have been reported. Very recently, our group successfully utilized Stage-2

and Stage-3 ionic GICs to produce AB-stacked bilayer- and trilayer-enriched graphene

dispersions with the aid of slow homogenization and mild centrifugation, respectively.[152]

Another notable approach to modify the electronic properties (e.g., opening bandgaps) of

graphene is to covalently functionalize the surface of graphene with special reactants.[73, 153]

The source for functionalization can be either from defect-free graphene from micromechanical

exfoliation,[13, 14] CVD growth,[27, 136] and solution exfoliation,[40, 45] or from reduced

graphene oxides (GOs) which are produced from graphite oxidation and have many defects (also

referred to as chemically converted graphene, CCG).[153] The extent of reaction of graphene

with the reactants, most notably, diazonium salts, is largely controlled by the amounts of

available reaction sites on the graphene surface,[73] similar to the functionalization of

single-walled carbon nanotubes (SWCNTs), which will be discussed in detail in Chapter 4.[154]

Since most of the reactions take place in aqueous media, anionic surfactants are usually added to

either disperse graphene before functionalization,[153] or to accelerate the reaction process by

concentrating the diazonium cations near the graphene surface.[73] According to the two-step

reaction mechanism proposed by Usrey et al.,[90] the only selective step in the functionalization

process of SWCNTs is not the actual reaction, but the adsorption of reactants to the available

binding sites on the surfactant-covered SWCNT surface. If I draw analogies between SWCNT

and graphene, then, the available reaction sites should be determined by the surfactant surface

coverage. In addition, the adsorption of the diazonium cations onto the ionic surfactant-covered

59



graphene surface should also be greatly affected by the sign of the charge of the surfactant

molecules due to electrostatic interactions.

In spite of the extensive experimental reports on solution-phase graphene production and

functionalization, to date, a molecular understanding of the surface morphology of monolayer

and multilayer graphene-surfactant assemblies has not been developed. In addition, the origin of

the turbostratic multilayer graphene structure following the DGU process in the work by Green

et al. has not been elucidated.[40] Furthermore, the mechanism underlying the dispersion

stability and aggregation kinetics of surfactant-stabilized graphene, produced by aqueous

solution-phase exfoliation, is not well understood. Theoretically, a simple model based on the

traditional DLVO theory has been proposed to describe: (i) the electrostatic repulsions between

graphene sheets imparted by the adsorbed ionic surfactants, and (ii) the strong van der Waals

(vdW) attractions between the graphene sheets.[43, 45] Several molecular dynamics (MD)

simulation studies of the adsorption of the conventional linear surfactant, sodium dodecyl sulfate

(SDS), on graphite, rather than graphene, have been reported.[92, 104, 155] Very recently, our

group has investigated the dispersion stability of liquid-phase-exfoliated graphene in organic

polar solvents using MD simulations and the kinetic theory of colloid aggregation.[156]

With all of the above in mind, in the present study, I carried out molecular simulations,

theoretical modeling, and experimental measurements to elucidate several important aspects of

aqueous solution-phase exfoliated graphene dispersions. First, I carried out molecular dynamics

(MD) simulations to investigate the surface morphology of the ionic surfactant sodium cholate

(SC) on a monolayer graphene sheet. The electrostatic potential around the graphene-SC

assembly was calculated using the simulated charge density profile through the Poisson equation,

as well as the theoretical Poisson-Boltzmann (PB) equation, in order to estimate the zeta

potential around the assembly as a quantitative measure of colloid stability. The computed zeta

potential was further compared to the experimental value obtained in the present study for a

SC-stabilized graphene aqueous dispersion, as well as to the value reported in the literature in the

case of SDBS-stabilized graphene aqueous dispersions. To quantify the interactions between
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graphene sheets covered with cholate ions, I subsequently carried out a potential of mean force

(PMF) calculation for two parallel graphene-SC assemblies, as a function of the intersheet

separation, d, and compared the simulated results with those predicted using the traditional

DLVO theory. Based on the simulated PMF profile, I then proposed a surfactant-stabilized

metastable structure for the exfoliated multilayer graphene sheets, which explains their

turbostratic structure. Finally, to understand the kinetics of graphene aggregation, I combined the

PMF results obtained using MD simulations with a kinetic theory of colloid aggregation to

predict the time-dependent concentration and distribution of graphene with various thicknesses

(or numbers of layers). I further decomposed each graphene layer type into subtypes, including

the AB-stacked species and various turbostratic species. To study the dispersion stability of the

graphene sheets in aqueous media, I prepared SC-stabilized graphene dispersions and monitored

the graphene total mass concentration (including all graphene layer types) as a function of time

based on the optical absorbance of the solution. Note that the initial layer number distribution of

the prepared graphene sheets was characterized based on the experimentally-obtained 2D Raman

spectra. These experimental data were also used as inputs to our kinetic model to obtain the

average collision area which is the only fitting parameter in the model.

3.2 Methods

3.2.1 Simulation Methods

Simulations of the self-assembly of sodium cholate on the graphene surface in aqueous solution

were carried out using the GROMACS 4.0 software package.[103] Monolayer graphene was

modeled as an infinite rigid sheet in the x-y plane, similar to our recent simulations of graphene

exfoliation in polar solvents.[156] The carbon atoms of graphene were treated as uncharged

Lennard-Jones (LJ) spheres with o = 0.34 nm and c = 0.223 kJ/mol.[157] Water molecules and

SC molecules were modeled using the SPC/E model[105] and the OPLS-AA force field,[107]

respectively, similar to my recent simulations of SC-stabilized SWCNT aqueous dispersions.[158]

Bond lengths and angles in water molecules were constrained using the SETTLE algorithm,[106]
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while bond lengths in the cholate ions were constrained using the parallel version of the LINCS

algorithm.[109] Lennard-Jones interactions were treated with a cutoff distance of 0.9 nm, with

those between different atoms calculated using the standard geometric averaging rule

implemented in the OPLS-AA force field.[107] Long-range electrostatic interactions were

treated using the particle mesh Ewald (PME) summation method.[110, 111] The

velocity-rescaled Berendsen thermostat was implemented to maintain a constant system

temperature of 298.15 K.[114] The semiisotropic Berendsen pressure coupling was applied,[115]

where a pressure of 1 bar is coupled only in the z direction, such that the x and y dimensions of

the simulation box can be fixed to match the size of the graphene sheet.

In the present study, 28 SC molecules were initially positioned near each side of a 56.6 nm 2

monolayer graphene sheet (i.e., a total of 56 SC molecules on both sides), which yields a surface

coverage of 28/56.6 = 0.49 molecule/nm 2 for each side of the sheet. As a point of reference, the

experimental saturated SC surface coverage on a graphite surface, based on the Langmuir plot,

was found to be around 0.38 molecule/nm 2.[159] A more rigorous simulation study involving

various SC surface coverages to estimate the saturated SC surface coverage is in progress. For

comparison with the case without SC, I also simulated a graphene sheet in water in the absence

of SC. The energy of the simulated system was first minimized using the steepest-descent

method.[103] The simulated system was then equilibrated for 250 ns, and data were collected for

another 50 ns. The simulation was confirmed to have reached equilibrium within 250 ns by

monitoring the SASAs (solvent accessible surface areas) of the cholate ions and graphene as a

function of time (see Figure 3-Al in Appendix A). The simulated system size, including the total

numbers of SC and water molecules, the total number of atoms, the size of the simulation box,

and the total simulation time, are summarized in Table 3-Al in Appendix A.

The electrostatic potential around the graphene-SC assembly, 'P(z), along the z-axis of the

simulation box, normal to the graphene surface, is related to the local charge density, p(z), via the

Poisson equation:[160]
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d 2'F(z) -p(z) (3-1)
dZ2 CEO

where so = 8.85x10- 2 C/m-V is the vacuum dielectric permittivity, and E = 78.5 is the relative

dielectric permittivity (or dielectric constant) of water at 250. Note that the charge density, p(z),

results from the partial charges assigned to all the atoms in the system according to their force

fields. In MD simulations, 'F(z) is calculated by integrating p(z) twice along the z-axis

numerically after dividing the simulation cell into many slabs along the z-axis. Details on the

calculation of the electrostatic potential can be found in a recent review.[161]

To investigate the interactions between two parallel SC-covered graphene sheets, I calculated the

potential of mean force (PMF) at various intersheet separations (along the z-axis of the

simulation box), d, from di = 0.9 nm to d2 = 3.4 nm, with an increment of 0.05 nm. For d < 0.9

nm, the two graphene sheets cannot be compressed any further in my simulations due to the

extremely long simulation time required for equilibration. For d > 3.4 nm, the average force

exerted by the two graphene sheets is very close to zero. The PMF is calculated by numerically

integrating, in a trapezoidal manner, the time-averaged force, (F(d)), exerted to separate the

two graphene sheets at various d values. Specifically,[93]

PMF(d) = f2(F(r))dr (3-2)

where r is the reaction coordinate which is the same as d. For a detailed discussion of the PMF

calculations, the interested reader is referred to my recent publications[ 156, 158]. Note that, in

the PMF simulations, the x and y dimensions of the simulation box are larger than the lateral size

of the graphene sheets (see Table 3-Al in Appendix A), in order to allow molecules which are

confined between the two graphene sheets to escape from the intersheet gap. As a result, the

graphene sheets in the PMIF calculations are no longer infinite in the x-y plane, and therefore, an

isotropic pressure coupling was applied to carry out the PMF calculations. The equilibration of

each simulation run was verified by the convergence of the cumulative average force as a

function of the simulation time, as shown in Figure 3-A2 in Appendix A.
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3.2.2 Experimental Methods

The bilayer-enriched SC-stabilized graphene dispersion, as reported in my recent work,[152] was

used for the time-dependent graphene total mass concentration measurements carried out in the

present study. The graphene solution was first decanted into 3 quartz cuvettes (to determine

statistical errors), and the solution optical absorbance was then measured using a UV/visible

spectrophotometer (Beckman Coulter DU800). The optical absorbance of the 2 wt% SC solution,

which was used to prepare the graphene solution, was also measured and used as a reference.

The correlation between the graphene total mass concentration and the optical absorbance per

unit path length (All) was determined based on the Lambert-Beer law (A = aCol, where Co is the

initial graphene total mass concentration measured using vacuum filtration, a is the absorbance

coefficient, and / = 0.01 m for the cuvette).[162] The graphene total mass concentration (in

mg/L), C(t), was monitored for two weeks based on the optical absorbance of the solution. The

zeta potential of the graphene dispersion was measured using a Brookhaven ZetaPALS

instrument at room temperature. The experimental procedures to prepare and characterize

bilayer-enriched graphene dispersion using Stage-2 graphite intercalation compounds (GICs) are

summarized in Appendix B.

3.3 Results and Discussion

3.3.1 Surface Morphology of the Monolayer Graphene-SC Assembly

Representative post-equilibrium simulation snapshots of a monolayer graphene sheet covered

with cholate ions are shown in Figures 3-1-a and 3-1-b. Similar to the surface self-assembly

structure of cholate ions on a SWCNT,[158] the cholate ions adsorb parallel to the graphene

surface, with their hydrophilic faces (having oxygen atoms shown as red spheres in Figure 3-1-c)

located farther away from the hydrophobic graphene surface, and consequently, with their

hydrophobic faces facing the hydrophobic graphene surface. This finding is consistent with the

speculation that the planar SC molecules form a stable charged encapsulation layer on each side

of the suspended graphene sheets.[40] This organization tends to maximize the contact between
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the hydrophobic faces of the cholate ions and the graphene surface, and is driven by the

hydrophobic effect.[30] Another interesting feature in the front-view simulation snapshot in

Figure 3-1-a is that, instead of distributing uniformly on the graphene surface, the adsorbed

cholate ions prefer to self-assemble side-by-side, also due to the hydrophobic effect.[30] Note

that this side-by-side SC organization (highlighted by the orange dashed ellipse) tends to

minimize contact between the hydrophobic faces of the cholate ions and water. This side-by-side

SC self-assembly is also facilitated by the condensation (or binding) of positively-charged

sodium counterions onto single, or multiple, negatively-charged cholate ions (typically, onto the

charged carboxylate groups, as shown in Figures 3-1-a and 3-1-b). Indeed, the sodium counterion

condensation shields the electrostatic repulsions between the charged carboxylate groups and

effectively brings them closer to each other.

se 1 e 0- sei

ee0 0 wo

e04- -

0e 00 6 $e'40
s 0e * 00 P , ,

00, 00k 000 e
es00 4 0 "009

'000 ~ ~~~~ O~ ' .0 6"0
004% Ae00000

b* *

0

C

Hydroxyl

Groups

4

Charged Carboxylate Group

Hydrophobic Face

Figure 3-1: Representative post-equilibrium simulation snapshots of SC-stabilized monolayer graphene: (a) top
view, (b) side view, and (c) chemical structure of the cholate ion. Water molecules are not shown for clarity. Note
that in (a) and (b), SC is shown in the volume-filled form, while the graphene sheet is shown in the stick form. The
cholate ions at the back of the graphene sheet can also be visualized in a darker fashion. Note that the orange dashed
ellipse highlights two side-by-side self-assembled SC molecules. Color code: red - oxygen, blue - sodium, light

green - carbon, white - hydrogen, and silver - graphene carbon.
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The organization of SC on the graphene surface is further quantified in the density profiles of the

water molecules, the cholate ions, and the sodium counterions along the z-axis (normal to the

graphene sheet, see Figure 3-2-a). The density profile of the cholate ions (red line in Figure 3-2-a)

indicates that they prefer to distribute in a very compact manner within 1 nm on the graphene

surface (where the density profile decays to zero beyond z = ±1 nm). Taking into account the

thickness of the graphene sheet( 0.4 nm), the result in Figure 3-2-a shows that cholate ions

aggregate as a compact layer with a thickness of 1 nm - 0.4 nm/2 = 0.8 nm, consistent with their

molecular thickness of around 0.7 nm. The sodium counterion condensation effects can also be

observed in Figure 3-2-a, where the largest peak of the density profile of the sodium counterions

around the graphene sheet (green line, z = ±0.75 nm) is closely located to the largest peak of the

cholate ions (red line, z = ±0.5 nm), reflecting the strong electrostatic attractions between these

oppositely-charged ions. The difference between these two peaks, 0.75 - 0.5 = 0.25 nm, is

consistent with the vdW radius of 0.21 nm of a sodium counterion. The unbound sodium

counterions diffuse away from the graphene-SC assembly to the bulk region (with a bulk

concentration of around 1.7 kg/m 3, measured at the z-boundary of the simulation box). Water

ordering on the hydrophobic graphene surface is well known in the literature,[163] which is

demonstrated by fluctuations (with sharp peaks representing the hydration layers) in the density

profile near the graphene surface (the blue dashed line in Figure 3-2-a corresponding to the water

density profile without SC). Interestingly, in the presence of the adsorbed cholate ions (the blue

line in Figure 3-2-a), the first and the second hydration layers, corresponding to the two closest

peaks in the density profile at each side of the graphene sheet, are suppressed (about 50% for the

first hydration layer, with the second hydration layer no longer visible) compared to the case

without SC. It is noteworthy that the third hydration layer is not affected at all, because the

cholate ions do not extend beyond the location of the second hydration layer.
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Figure 3-2: (a) Simulated density profiles of water molecules, cholate ions, and sodium couterions along the z-axis

normal to the monolayer graphene. Note that the z-axis was shifted so that the graphene sheet is located at z = 0. The

water density profile for the simulation of graphene in water, without SC, is shown as the blue dashed line for

comparison. Note also that the density of the sodium counterions was amplified 10 times for clarity. (b) Simulated
distribution profile of the angles (with a 10 interval) between the principal axis of the cholate ions and the zigzag
axis (00) of graphene. In the SC molecular structure shown, the solid black line connecting the carbon atom in the

carboxylate group with the carbon atom at the end of the steroid ring defines the principal axis of the cholate ion.

Furthermore, the three red hexagonal rings represent the "armchair-like" cyclohexane rings in the cholate ion, while

the orange pentagonal ring represents the cyclopentane ring in the cholate ion.

As discussed earlier, the cholate ions prefer to adsorb parallel to each other on the graphene

surface. However, the precise orientations of the cholate ions with respect to the zigzag or

armchair axes of graphene still need to be determined. For this purpose, I calculated the

distribution of the angles (with a 1 interval) between the principal axis of the cholate ions

(defined in Figure 3-2-b) and the zigzag axis of graphene. As shown in Figure 3-2-b, the cholate

ions orient quite uniformly on the graphene sheet (the probabilities range from 2% to 4%). In

other words, the cholate ions do not exhibit a large tendency to orient along the zigzag (00) or the

armchair (300) axes of graphene. However, they do exhibit a small tendency to orient in between

the two axes (the largest peak in the angle distribution profile corresponds to 150). Comparing

the angle distribution near 00 and 300, one can conclude that the cholate ions have a slightly

greater tendency to orient along the armchair axis than along the zigzag axis. This angular

orientation is probably due to the fact that the three cyclohexane rings in the cholate ion (see
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Figure 3-2-b) form an "armchair-like" structure (with respect to its principal axis), which favors

the orientation along the armchair axis of graphene. Furthermore, it is highly possible that the

cyclopentane ring in the cholate ion (see Figure 3-2-b) disfavors such an orientation and shifts

the peak to 150.

Finally, to confirm that the simulated surface coverage of cholate ions agrees with the

experimental saturated value, I calculated the density of a monolayer graphene-SC assembly,

pGRA-SC, by averaging the total density profile along the z-axis (including those corresponding to

the graphene sheet, pGRA, the cholate ions, pCh,,oat, the sodium counterions, psodn., and the bound

hydration shell of water molecules, pw,,,) from zi = -1.5 to z 2 = 1.5 nm (see Figure 3-2-a), as

follows:

1 j P*+ I
PGRA-SC GA + PCholate + PSodium + PWater dz (3-3)

Z2 1 zi Z

The bound hydration shell of water molecules is defined to be located along the z-axis from zi =

-1.5 to z2 = 1.5 nm. Note that z = +1.5 nm corresponds to the position where the water density

profile initially reaches its bulk value (namely, beyond z = ±1.5 nm, the water density

fluctuations begin to disappear, see Figure 3-2-a). Consistent with the buoyant density of the

monolayer graphene-SC assembly measured experimentally (1.16 g/mL),[40] the simulated

value of pGRA-SC is equal to 1.18 g/mL. Note that the experimentally-estimated saturated surface

coverage of SC on graphene, obtained by fitting the buoyant densities of the graphene-SC

assemblies comprising various graphene layers to a simple geometric model (1.35

molecules/nm 2),[40] is about two times larger than the simulated value (0.49 molecules/nm 2).

For comparison, the experimental saturated SC surface coverage on the graphite surface

estimated based on a Langmuir plot is approximately equal to 0.38 molecule/nm 2,[159] which is

significantly closer to the simulated value. In the simulation, the cholate ions only partially cover

the graphene surface with an estimated fraction of 60% of the graphene surface area, based on
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the surface area of 1.5 nm x 0.8 nm = 1.2 nm2 occupied by a cholate ion. On the other hand, the

experimentally-reported value is 94%, based on a surface area of 0.7 nm2 occupied by a cholate

ion,[40] which is smaller than the value that I estimated. I believe that this discrepancy is

probably due to the limitation of the simple geometric model proposed by Green et al.,[40]

which is based on the assumption that there are no molecules confined between multilayer

graphene sheets (see discussion in Section 3.4).

Interestingly, visual analysis of Figure 3-1-a suggests that the cholate ions adsorbed on the two

sides of the graphene sheet overlap very little with each other, with a visually estimated overlap

area of 25% over the graphene surface area. Note that the theoretical minimum overlap area

should be 2 x 60% - 100% = 20% over the graphene surface area. On the other hand, the overlap

area for cholate ions that are independently distributed on each side of the graphene sheet should

be 60% x 60% = 36% over the graphene surface area. This difference may be due to the

correlation between the cholate ions on each side of the graphene sheet resulting from

electrostatic repulsions between the negatively-charged cholate ions, which favors a smaller

overlap area.

3.3.2 Electrostatic Potential around the Monolayer Graphene-SC Assembly

The simulated electrostatic potential, 'P(z), around the graphene-SC assembly, along the positive

z-axis, is shown in Figure 3-3. For comparison, I predicted the electrostatic potential based on

the traditional Poisson-Boltzmann (PB) equation. It is quite reasonable to assume that the cholate

ions are bound tightly onto the graphene surface and do not contribute to the solution ionic

strength, since the simulated concentration of the cholate ions in the bulk solution is negligible

compared to that of the sodium counterions. This results in:[160]

we = t exp det (3-4)
dz2 se-6 kBT)

where p. = 7.12 x10 6 C/m3 is the bulk charge density of the sodium counterions based on their
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bulk concentration of 1.7 kg/m3 (obtained in Section 3.1), e = 1.60x10~' 9 C is the electronic

charge, kB= 1.38x 1023 J/K is the Boltzmann constant, and T = 298.15 K is the simulated room

absolute temperature. By solving Eq. (3-4) at the simulated boundary conditions, where P = 0

and dP/dz = 0 at the z-boundary of the simulation box, I obtain:[160]

2k T (kz
B(z)= 2 In os (3-5)

e 2

where K = re " is the inverse of the Debye-Huckel (DH) screening length (or the
E6 BT

double-layer thickness). Note that the result in Eq. (3-5) is different from that obtained using the

Gony-Chapman theory,[160] which yields the solution to the PB equation at a different boundary

condition where P (z -+ 00) = 0. Furthermore, note that due to the periodic boundary conditions

imposed by the simulation box, the predicted I(z) profile was shifted such that W(zm) = 0,

where zm.a = +3.2 nm is the boundary of the simulation box along the z-axis, in order to allow

comparison with the simulated '(z) profile.
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Figure 3-3: Simulated electrostatic potential around the graphene-SC assembly as a function of z, compared to that

predicted based on the traditional Poisson-Boltzmann (PB) equation. The water density profile is shown for

comparison purposes.
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As shown in Figure 3-3, I(z) predicted using the PB equation (the red dashed line) is always

negative due to the negatively-charged cholate ions adsorbed on the graphene surface. In the

far-field continuous aqueous media region away from the graphene suatfnre (z

Debye-Huckel screening length, 1/c = 1.6 nm), the simulated P(z) (the green line) agrees very

well with P(z) predicted using the PB equation, whose magnitude decays in an exponential

manner due to the screening effects of the positively-charged sodium counterions. However, in

the near-field region close to the graphene surface (z< 1/I = 1.6 nm), the simulated P(z)

fluctuates significantly, unlike the smooth curve obtained using the PB equation for Z 1.6 nm.

By comparing the fluctuations in the simulated water density profile (the blue dotted line) and in

the simulated I(z), one can observe a strong negative correlation between the simulated water

density and '(z) profiles (i.e., when there is a peak in I(z), there is a valley in the water density

profile, and vice versa). This results from the algorithm used to divide the z-dimension of the

simulation box into small slabs (0.05 nm in thickness) to determine the water density profile and

1(z). For water molecules which are highly ordered, there is a non-uniform distribution of mass

inside of each slab. The slabs in which more oxygen atoms (heavier than hydrogen atoms) are

located, will possess higher local densities, corresponding to the peaks in the water density

profile. Similarly, the hydrogen atoms contribute to the valleys in the water density profile. By

drawing the analogy between mass and charge and taking into account the relations between I(z)

and the local charge density, p(z), through Eq. (3-1), one can observe that the negatively-charged

oxygen atoms contribute to the valleys in I(z), while the positively-charged hydrogen atoms

contribute to the peaks in '(z). I can therefore conclude that the fluctuations observed in the

simulated I(z) profile result from the ordering of water molecules near the graphene surface, a

discrete molecular event that cannot be reproduced by the traditional PB equation where water is

treated as a continuum.[164]

In order to determine the zeta potential, C, of the graphene-SC assembly, one needs to determine

the location of the surface of shear at which C is defined.[31] Considering the surface of the

graphene-SC assembly as a negatively-charged wall due to the adsorbed cholate ions, an
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appropriate definition of the surface of shear is the outer surface of the cholate ions, where the

density profile of the cholate ions approaches zero at z = 1 nm (see Figure 3-2-a). The simulated

C is equal to -93 mV at z = 1 nm, which is about two times larger in magnitude than the C value

predicted using the PB equation (-37 mV). For comparison, the zeta potential for SC-stabilized

graphene measured in the present study is -45 ± 5 mV based on 5 different measurements, which

is similar to the reported value of -50 mV for SDBS-stabilized graphene.[45] Based on the

simulated C value, I can conclude, not surprisingly perhaps, that the traditional PB equation is not

able to accurately predict the near-field properties, including (, of graphene-SC assemblies. It is

also quite clear that the commonly used Debye-Huckel (DH) approximation to the PB equation

(which should be appropriate when I C I << kBT / e = 25.7 mV for monovalent ions),[160] cannot

be used in the case of graphene-SC assemblies for which C = -93 mV Note that charged

surfactants adsorbed on the graphene surface may facilitate the adsorption of oppositely-charged

reactants present in the solution.[73] As a result, the impact of the graphene surface charge

resulting from charged surfactant adsorption is also an important factor in determining the

functionalization selectivity of graphene, in addition to the surfactant surface coverage.

Moreover, specific binding (e.g., hydrophobic bonding, hydrogen bonding, or ring stacking)

between surfactants and reactants should also be taken into consideration in determining the

functionalization selectivity of graphene.

3.3.3 Interactions between Two Graphene-SC Assemblies

The interactions between two parallel graphene-SC assemblies were quantified using the

potential of mean force (PMF) between them, as a function of the intersheet separation, d, as

shown in Figure 3-4-a. The simulated PMF profile (the red circles) exhibits a primary,

long-range repulsive potential energy barrier possessing a maximum of around 10 kJ per mole

and per unit area (in nm 2) of the simulated graphene sheet, extending from d = 1.2 to 3.4 nm. The

PMF profile in Figure 3-4-a also exhibits a local energy minimum of -3 kJ/mol nm 2 at d = 1.05

nm. As d decreases further from 1.05 to 0.9 nm, the PMF profile goes up sharply until the point
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where the two graphene sheets cannot be compressed any further in my simulations due to the

extremely long simulation time required for equilibration.
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Figure 3-4: (a) Simulated potential of mean force (PMF) between two parallel graphene-SC assemblies as a

function of the intersheet separation, d. The fitting results to the simulated PMF data (shown in red circles) using Eq.

(3-Al) in Appendix C corresponds to the red solid line. The predicted electrostatic repulsive potential using the

DLVO theory corresponds to the blue dashed line, and is shown for comparison. Note that the arrow shows the

position of the local minimum at d = 1.05 nm in the PMF profile. (b) & (c) The contour plots of the density (in units

of kg/m 3) profiles of: (b) the sodium counterions, and (c) the cholate ions, both along the z-axis, as a function of d.

The red-color regions illustrate the existence of: a sodium ion wall in (b), and a single layer of cholate ions in (c),
both being confined by the two graphene sheets. Note that the density increases as the color changes gradually from

blue to red. Note also that the white dashed lines denote the z-axis positions of the graphene sheets, as a function of

d.
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From d = 2.2 to 3.4 nm, the onset of the repulsive potential energy barrier in the PMF profile is

due to the long-range electrostatic repulsion between the two parallel graphene-SC assemblies,

which behave as two parallel, negatively-charged plates, mediated by the positively-charged

sodium counterions. This contribution to the potential energy barrier has been widely recognized

to result from the electrostatic contribution which appears in the traditional DLVO theory.[160]

Considering that the DH approximation for low potentials is not appropriate for the case

considered here, the repulsive electrostatic potential per unit area in the DLVO theory should be

calculated under the weak-overlap approximation as follows:[160]

U(d) = 64kBTPry2 exp(- id) (3-6)
eK

where y = tanh T and the surface potential To can be calculated using the Grahame

kB 2

kB4lnI e

equation,[160] where P0 = In +1 = -83 mV, and the surface charge density
e 266OkBTw

resulting from the bound cholate ions, a = -0.08 C/m 2 . Note that this value of To is slightly

different from that of the simulated zeta potential ( = -93 mV This is due to the fact that the C

value was obtained from the monolayer graphene simulation rather than from the bilayer

graphene simulation used here. In addition, note that the calculated U(d) profile in Eq. (3-6) was

shifted such that U(d.x) = 0, where dm. = 3.4 nm is the largest intersheet separation, to allow

comparison with the simulated PMF profile.

As shown in Figure 3-4-a, the simulated repulsive electrostatic potential and that predicted using

the DLVO theory (Eq. (3-6), blue dashed line) agree very well in the far-field continuous

aqueous media region (d > 1.6 nm). In addition, the DLVO contribution to the primary potential

energy barrier is quite small, which is somewhat unexpected based on recent theoretical

reports,[43, 45] due to the fact that only the electrostatic effect was considered in these reports.
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As expected, the DLVO theory prediction deviates significantly from the simulated PMF in the

near-field region (d 5 1.6 nm) due to the neglect of the molecularity of the directly contacted

cholate ions, sodium counterions, and water molecules in the DLVO theory. As will be discussed

in Section 3.4, the major contribution to the energy barrier inhibiting graphene aggregation is the

steric repulsion exerted by the sodium counterions wall and the single layer of cholate ions

which are confined between the two graphene sheets. This finding is consistent with my recent

simulation studies on: (i) surfactant-stabilized SWCNTs,[158] and (ii) liquid-phase-exfoliated

graphene in polar solvents.[156] Note that, typically, only long-chain polymers are presumed

theoretically to contribute to the steric repulsion between colloidally-dispersed particles such as

graphene.[165] On the other hand, I demonstrate here that small surfactant molecules like SC can

also contribute greatly to the steric repulsion, as a result of their high binding affinities to the

graphene sheet.

For d < 2.2 nm, the onset of sodium counterion-induced steric repulsion[130, 131, 160] between

two graphene-SC assemblies further enhances the potential energy barrier (see Figure 3-4-a), a

phenomenon that has also been observed in the case of SWCNTs stabilized by SC.[158] In fact,

the existence of a concentrated sodium counterion wall for d < 2.2 nm is shown in Figure 3-4-b,

which illustrates the simulated contour plot of the density profile of the sodium counterions

along the z-axis of the simulation box normal to the graphene surface, as a function of d. For d <

1.5 nm, the cholate ions adsorbed on the graphene surfaces begin to establish contact with each

other (see Figure 3-4-c for a contour plot of their density profile), which results in direct

interactions between them. These interactions lead to the oscillatory behavior of the PMF profile

(for d < 1.5 nm in Figure 3-4-a), which has been widely recognized to result from the interplay

between the van der Waals (vdW) attraction and the hard-core steric repulsion between

materials.[132] This oscillatory behavior, reflecting the molecularity of all condensed phases in

nature, has been extensively studied experimentally in the case of liquids confined to molecular

separations by two approaching smooth mica surfaces.[133-135]

Although the cholate ions adsorbed on the graphene surfaces begin to contact each other at d <
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1.5 nm, the partially-covered graphene surfaces allow the cholate ions to exchange between them

to efficiently cover the empty areas on both surfaces (the merging of the two green bands in

Figure 3-4-c) without incurring steric penalties (from d = 1.2 to 1.05 nm in Figure 3-4-a). The

density of the cholate ions in the intersheet gap increases from d = 1.2 to 1.05 nm (from green to

orange in Figure 3-4-c). As the intersheet separation decreases from 1.05 to 0.9 nm, the density

of the cholate ions in the intersheet gap further increases (from orange to red in Figure 3-4-c),

and as a result, a single layer of cholate ions is confined and exerts a strong steric repulsive force

between the two graphene sheets (from d = 1.05 to 0.9 nm in Figure 3-4-a). Accordingly, the

simulated oscillatory PMF profile as the intersheet separation decreases can be rationalized as

follows: (i) the cholate ions begin to contact each other and exchange between the two graphene

surfaces from d = 1.5 to 1.2 nm, (ii) the intersheet gap begins to accommodate only a single layer

of cholate ions from d = 1.2 to 1.05 nm, (iii) the two graphene sheets begin to compress the

single layer of cholate ions for d < 1.05 nm. Note that in Figure 3-4-c, the density of the cholate

ions on the outer surface of the bilayer graphene-SC assembly (the left-most and the right-most

bands) increases (from green to orange) slightly for d < 1.5 nm, which suggests that some of the

cholate ions, originally confined between the two sheets, desorb from (or are squeezed out of)

the intersheet gap and then re-adsorb onto the outer surface.

3.3.4 Metastable Bilayer Graphene and the Turbostratic Layering Structure

Most interestingly, as a result of the local energy minimum at d = 1.05 nm (see Figure 3-4-a), the

bilayer graphene-SC assembly, featuring a single layer of cholate ions and a sodium-ion wall

confined between the two graphene sheets (see Figure 3-5-a), is metastable in the aqueous

solution. Note that my proposed "sandwich-like" bilayer graphene structure is referred to as

"metastable" because the most stable structure of bilayer graphene should occur when the two

graphene sheets contact each other directly. As reported in other simulation studies,[156, 163] the

two graphene sheets establish the global energy minimum at d = 0.35 nm, resulting from the

balance between the intersheet vdW attractions and steric repulsions. A more detailed
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characterization of the bilayer graphene structure shown in Figure 3-5-a can be obtained by

examining the simulated density profile of the cholate ions and the sodium counterions around

two graphene sheets at the local energy minimum where d = 1.05 nm, as shown in Figure 3-5-b.

The high cholate ion and sodium counterion densities at the intersheet gap greatly hinders the

aggregation of the two graphene sheets by counterbalancing the intersheet vdW attraction with

the SC-induced steric repulsion. When such steric repulsion precisely counterbalances the

intersheet vdW attraction, the two graphene sheets are locked in the normal direction. Moreover,

due to the relatively short-ranged vdW attraction between two graphene sheets (we recently

showed that it decays to almost zero when d> 1.0 nm, see Figure 2 of Ref [156]), at d= 1.05 nm,

the two graphene sheets should be able to translate freely parallel to each other. As a result, the

layering structure of the two parallel graphene sheets is turbostratic even before they are able to

re-aggregate to form AB-stacked bilayers by completely squeezing out the confined cholate ions

and sodium counterions. The local minimum in the PMF profile induced by the confined solvent

molecules was also observed in the case of liquid-phase-exfoliated graphene in polar solvents, as

shown in my recent simulation study.[156] However, the difference between the two cases may

be summarized as follows: (i) in the polar solvent case, the steric repulsion is induced by the last

confined layer of solvent molecules before desorption from the intersheet gap, due to the

stronger affinity between the solvent molecules and graphene, (ii) in the surfactant case, the

steric repulsion is induced by the last confined layer of cholate ions and sodium counterions,

rather than by the solvent (water) molecules, due to that fact that water molecules do not have

strong affinity for graphene, while the cholate ions do. In addition, the positively-charged sodium

counterions are able to associate electrostatically with the negatively-charged cholate ions.

77



1200

1000 b-Cholate Ion

a0 -Sodium Ion

600

17

S400

0

00

-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5 3
z (nm)

Figure 3-5: (a) Post-equilibrium simulation snapshot of the metastable bilayer graphene-SC assembly at an
intersheet separation of d = 1.05 nm, showing a single layer of cholate ions and a sodium counterion wall confined

between the two graphene sheets. Water molecules are not shown for clarity. The color code is the same as in Figure

3-1. (b) The simulated density profiles of the cholate ions and the sodium counterions along the z-axis, showing a
single layer of cholate ions and a sodium counterion wall (both peaked at z = 0 nm) being confined between the two
graphene sheets located at d = 1.05 nm (or at z = ±0.525 nm, as pointed out by the two arrows). Note that the other

four peaks (two peaked at z = 0.9 nm and two peaked at z +1.15 nm) show the adsorbed cholate ions and sodium
counterions at the outer surfaces of the two graphene sheets.

For multilayer graphene, the Bernal AB-stacking found in natural graphite is the most

energetically favorable structure. Nevertheless, turbostratic non-AB stacking graphene sheets

have been observed in solution-phase samples after DGU. [40] Here, I found that the existence of

a single layer of confined cholate ions and sodium counterions not only efficiently extends the

aggregation process as mentioned earlier, but also greatly disorders the AB stacking structure of

the multilayer graphene sheets. Specifically, I observe that the surfactant, or the polar solvent,

acts like a double-edged sword: it prevents the re-aggregation of both monolayer and multilayer

graphene sheets, but it also prevents the re-aggregation of two monolayer graphene sheets into

one bilayer graphene sheet (as well as into AB-stacked bilayer graphene). When the surfactants

or the polar solvents eventually completely desorb from the intersheet gaps, one would expect

that the original bilayer graphene has already re-aggregated with other graphene sheets to form

much thicker multilayer graphene sheets (although they have become AB-stacked, they are too
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thick for practical applications). In other words, surfactants or polar solvents are not able to

selectively stabilize monolayer, bilayer, or trilayer graphene sheets when they form initially as

part of the exfoliation process (see Section 3.5 for additional discussion). Therefore, I may

conclude that the simulated metastable bilayer graphene structure can explain well the

experimental observation of large populations of non-AB stacked bilayer and trilayer

graphene.[40] My explanation is also consistent with the experimental speculations that this

source of disorder may be induced during strong horn ultrasonication, as well from

re-aggregation of previously exfoliated graphene sheets covered with surfactants.[40]

To further confirm the proposed metastable bilayer graphene structure, I calculated the density

for the bilayer graphene-SC assembly at d = 1.05 nm (see Figure 3-5-a). Based on the method

(Eq. (3-3)) discussed in Section 3.1 for monolayer graphene, the calculated density for the

bilayer graphene-SC assembly is equal to 1.25 g/mL, consistent with the buoyant density of

bilayer graphene measured experimentally (1.23 g/mL).[40] This further suggests that: (i) the

bilayer graphene dispersions obtained by Green et al. using the DGU method may be composed

of the metastable, "sandwich-like" graphene proposed here, and (ii) DGU may not be a viable

approach to exfoliate graphite to yield AB-stacked graphene, probably due to the long-time

centrifugation which concentrates graphene near the isopycnic point such that the re-aggregation

is accelerated.

3.3.5 Experimental and Predicted Total Graphene Dispersion Stability

As shown in Figure 3-6-a, the correlation between the graphene total mass concentrations and

the optical absorbance per unit path length (All) was calibrated based on the Lambert-Beer law

(A = aCol). The linear regression yielded a = 0.71 L/mg-m (t 0.03 L/mg-m from the mean square

error of the regression). The time-dependent graphene total mass concentration, C(t), monitored

based on the solution optical absorbance, is shown in Figure 3-6-b. The concentration decreases

from an initial value of around 31 mg/L to a relatively stable value of around 11 mg/L within a

week. The concentration vs. time profile in Figure 3-6-b exhibits an exponential decay, similar to
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that observed in the case of graphene exfoliated in polar organic solvents,[137] with a loss of

around 65% in the graphene concentration. The initial graphene layer number distribution is

shown in Figure 3-6-d (the blue line at day zero), exhibiting a bilayer-enriched graphene solution.

To connect the initial graphene layer number distribution to the initial graphene number

concentrations, Nio, I took into account the initial graphene total mass concentration (CO = 31

mg/L) and assumed that all the graphene sheets have the same area of 1 ptm 2, which corresponds

to the average value observed by transmission electron microscopy (TEM). Therefore, the weight

of monolayer graphene (4.7x 105 mg/mol) could be obtained. Subsequently, the weight of other

multilayer graphene could be obtained by multiplying the weight of monolayer graphene by the

layer numbers.

The MD simulation results presented so far have provided a thermodynamic description of the

dispersion stability of solution-phase exfoliated graphene. However, for practical purposes, the

aggregation kinetics of graphene must be investigated to quantify the life time and the quality of

these dispersions. Recently, I developed a theoretical model that combines the PMF results from

MD simulations with the theory of slow colloid coagulation.[ 123, 156] In my study of graphene

dispersions in organic polar solvents, this model was used to correlate the simulated PMF

results[156] with the time-dependent graphene layer number distribution observed in actual

experiments.[137] In the present study of SC-stabilized graphene dispersions, I generalize this

model to correlate the simulated PMF results with the time-dependent graphene concentration

observed in our experiments. The kinetic theory of graphene aggregation is discussed in detail in

Appendix C.

80



5

0

0 5 10 15 20 25 30 35

Graphene Concentration, C (mg/L)

0.1 1 10
Time (days)

35
on

E 30

C
.0 25

20C

C 15
0
U

S10

05

40 0 1 2 3 4 5 6 7 8 9 10
Time (days)

C
0

a-

2
z

45%

40%

35%

30%

25%

20%

15%

10%

5%

0%

100 1000
1 2 3 4 5 6 7 8

Graphene Layer Numbers

Figure 3-6: (a) Measured optical absorbance (at 660 nm wavelength) per unit path length (A/l) as a function of the

total graphene mass concentration, C. Note that three different samples (corresponding to the red, blue, and green

symbols) were prepared using the same procedure. (b) Time-dependent graphene total mass concentration, C(t), as a

function of time. The red line denotes the numerical fitting results from Eqs. (3-A1)-(3-A6) in Appendix C. The

errors in the experimental results (the black markers) were obtained from the standard deviations in the optical

absorbance of the three cuvette samples. (c) Predicted time-dependent number concentrations of graphene with

various layer numbers, N(t), as a function of time. Note that 6-layer graphene is used to represent thicker multilayer

graphene. (d) Predicted distributions of graphene layer numbers as a function of time. Note that the circles are the

actual values, and each line that smoothly connects the circles is just a guide to the eye.
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In order to utilize the kinetic model described above to calculate the time-dependent number

concentration of various graphene layer types, N(t), it is first necessary to estimate the value of

Ac. The collision area, Ac, can be obtained by least-square fitting the predicted time-dependent

graphene total number concentration, Nrotai(t), to the measured graphene total mass concentration,

C(t). Specifically, Notai(t) can be calculated as the sum over the time-dependent concentrations of

all the i-layer graphene sheets, that is,

M

N,,tt= W N,(t) (3-7)
i=1

We can relate the various components of Notai(t) (in 1/m3) with C(t) (in mg/L) using the

assumption that all the graphene sheets have the same area of 1 pm 2 . The nonlinear minimization

algorithm for the least-squares fitting was carried out utilizing the interior-reflective Newton

method subroutine in the MATLAB numerical library. After incorporating Eq. (3-7) into Eqs.

(3-A1)-(3-A6) in Appendix C, as shown in the fitting curve in Figure 3-6-b, I deduced the

best-fit average collision area, Ac = 1.57 nm2 , and the rate constant of aggregation, k =

7.54x 1022 m3/s. The total least-square error of the fitting is 173.2 mg 2/L2, which corresponds to

a significant error of 3.2 mg/L (around 10%, for an initial concentration of 31 mg/L and of 30%

of a steady-state concentration of 11 mg/L) for each fitted concentration value, using solely the

single fitted parameter, Ac. A more complex model with additional fitting parameters is probably

required to replace this error, but is outside the scope of this proj ect.

Next, using the deduced Ac value of 1.57 nm 2, I predict the time-dependent graphene number

concentration of various layer types, as shown in Figure 3-6-c. Using a similar procedure, I

predicted the time-dependent graphene layer number distributions in Figure 3-6-d. In Figure

3-6-c, all the monolayer, bilayer, and trilayer graphene concentrations decrease with time in an

exponential manner. If one defines the lifetime of solution-phase graphene as the time required

for the concentration of monolayer or bilayer graphene sheets to be reduced by l/e, the lifetime

of graphene is only about 1 day. However, in the case of trilayer graphene, the lifetime is about 2

days, as a result of having both monolayer and bilayer graphene as sources. Moreover, in the
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case of thicker multilayer graphene, such as 6-layer graphene, its number concentration actually

increases to a maximum in about 2 days and then decreases, with a lifetime which is longer than

10 days (see Figure 3-6-c). This behavior results primarily from the re-aggregation of monolayer

and thinner multilayer graphene, which in general shifts the layer number distribution in the

direction of thicker layers as time evolves, as shown in Figure 3-6-d. Although the number

concentration of bilayer graphene decreases by l/e in about 1 day (see Figure 3-6-c), its layer

number distribution is still higher2( 18%) compared to other layer types up to 10 days (see

Figure 3-6-d), which may be attributed to the initial bilayer-enriched graphene solution from

Stage-2 GICs.

3.3.6 AB-Stacked and Turbostratic Graphene Dispersion Stability

As discussed in Section 3.4, for the SC-stabilized graphene dispersions considered here, the

re-aggregated graphene tends to be turbostratic with one additional SC monolayer sandwiched

between the two graphene sheets. As a result, the re-aggregated graphene sheets are intrinsically

different from the as-prepared AB-stacked graphene. It then follows that each layer-number type

graphene should consist of multiple subtypes of graphene, including the as-prepared AB-stacked

species and various turbostratic species generated after the dispersion is prepared (considering all

possible collisions). For example, as shown schematically in Figure 3-7-a, there is only one

subtype of turbostratic bilayer graphene which is generated from the re-aggregation of two

monolayer graphene. On the other hand, there are two subtypes of turbostratic trilayer graphene

which are generated from the re-aggregation of one monolayer graphene and one AB-stacked

bilayer graphene (denoted as type I), and from the re-aggregation of one monolayer graphene

and one turbostratic bilayer graphene (denoted as type II). For other thicker turbostratic m-layer

graphene, there are even more possible subtypes, but here, I will only focus on bilayer and

trilayer graphene since they are the most important graphene types for practical applications.
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Figure 3-7: (a) Re-aggregation mechanisms of turbostratic bilayer and trilayer graphene. The turbostratic bilayer

graphene results from the re-aggregation of two monolayer graphene sheets. The turbostratic trilayer graphene

results from the re-aggregation of one AB-stacked bilayer graphene and one monolayer graphene (type I), or from

the re-aggregation of one turbostratic bilayer graphene and one monolayer graphene (type II). (b) Predicted

time-dependent concentrations of AB-stacked bilayer graphene (red line) and turbostratic bilayer graphene (blue

line). (c) Predicted time-dependent concentrations of AB-stacked trilayer graphene (red line) and turbostratic trilayer

graphene (type I - blue line, and type II - green line).

In order to obtain the time-dependent AB-stacked bilayer and trilayer graphene number

concentrations, I can decompose N2(t) and Nk(t) as follows:
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N 2 (t = N 2, (t)+ N 2 ,turbo (t) (3-8)

N3 (t)= N 3A (t) +N bo (t)+ N3,,J(t) (3-9)

where the additional subscripts "AB" and "turbo" denote AB-stacked and turbostratic graphene,

respectively, and the superscripts "I " and "II " denote type I and type II trilayer graphene,

respectively. Specifically, the reaction kinetics of the generations of bilayer and trilayer graphene

subtypes can be modeled as follows:

dN 2 ,B(Q) M (-0dN t -= - kN 2, (t)N,(t) (3-10)

dN 2 trbo (t) M
dt = kN (t)N () - kN 2,urbo(t)N ,(t) (3-11)

dN3B Qt) M- kN ,(t)N, (t) (3-12)
cit

dN'tb (t)3, ( =kN(t)N2 (t) - k ,,(t)N (t) (3-13)
cit kN tNB()i=1 3

dN" (t)
3 t kN(t)N2 ,turbo(t)- QkN)"kb(t)N,(t) (3-14)
dt =

By combining Eqs. (3-8)-(3-14) with the predicted reaction rate, k 7.54x 1022 m3/s, obtained in

Section 3.5, one can calculate the time-dependent number concentrations of various subtypes of

bilayer and trilayer graphene, as shown in Figures 3-7-b and 3-7-c, respectively. In the case of

bilayer graphene (see Figure 3-7-b), Nzturbo(t) increases with time due to the re-aggregation of

two monolayer graphene, and then reaches a maximum in about 1 day due to the lack of source

monolayer graphene, which has almost completely re-aggregated with all the other species

(consistent with the life time of 1 day for monolayer graphene, as discussed in Section 3.5).

Nevertheless, the proportion of the turbostratic bilayer graphene is significantly smaller than that

of the AB-stacked graphene within 1 day (at least by a factor of 20). While the proportion of
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turbostratic bilayer graphene becomes comparable to that of the AB-stacked graphene after 10

days, it is still smaller by a factor of 4. As a result N2,B(t) N2(t) for freshly-prepared bilayer

graphene samples, and I conclude that the majority of the bilayer graphene in the solution is

AB-stacked soon after preparation. In addition, I conclude that N2,A(t)~ 80% N2(t) after 10 days

of preparation.

Similarly, as shown in Figure 3-7-c, in the case of trilayer graphene, the concentrations of the

two turbostratic subtypes, NIb u(t) and Na,,(t), increase with time due to the re-aggregation

of monolayer graphene and bilayer graphene (AB-stacked ones for type I and turbostratic ones

for type II), and then reach maxima in about 2 days (for type I) and 3 days (for type II),

respectively. However, note that the proportion of the type II trilayer graphene is much smaller

than that of the type I species (at least by a factor of 5), as a result of the negligible proportion of

its source (turbostratic bilayer graphene) compared to that of the type I species (AB-stacked

bilayer graphene). In addition, contrary to the bilayer case in which the AB-stacked species

always dominates the total composition, N3, 0 (t) exceeds N3A(t) by a small amount (less

than a factor of 2) in about 10 days, enriching the total trilayer graphene dispersion in both

AB-stacked and turbostratic species. This could probably be attributed to the high starting

AB-stacked bilayer graphene composition of the dispersion after preparation.

3.4 Conclusions

I successfully combined molecular simulations, theoretical modeling, and experimental

measurements to elucidate several important aspects of solution-phase exfoliated graphene

aqueous dispersions. I probed experimentally and theoretically the surface coverage and

electrostatic potential around a monolayer graphene-SC assembly, which exhibits a compact

adsorbed monolayer of cholate ions surrounded by screening sodium counterions and ordered

water molecules. The graphene surface is only partially covered by the cholate ions (-60%),

leaving many available reaction sites for potential reactants for functionalization. However, it is
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important to keep in mind that the graphene surface covered by charged surfactants may

facilitate the adsorption of oppositely-charged reactants present in the solution.[73] As a result,

the impact of the graphene surface charge resulting from surfactant adsorption is also an

important factor in determining the functionalization selectivity, in addition to the surface

coverage. In addition, specific binding (e.g., hydrophobic bonding, hydrogen bonding, or ring

stacking) between surfactants adsorbed on the graphene surface and reactants should be taken

into consideration.

From the potential of mean force (PMF) calculation for two parallel graphene-SC assemblies, I

found that the traditional electrostatic interaction is not the dominant contribution to the

repulsive energy barrier that inhibits graphene re-aggregation. Indeed, the dominant contribution

is the steric hindrance induced by the last layer of cholate ions and sodium counterions confined

between the two graphene sheets. Such bilayer graphene configuration corresponds to a local

minimum in the PMF profile, which defines a surfactant-stabilized metastable structure for

exfoliated multilayer graphene sheets. Such a metastable structure can explain experimental

observations of turbostratic, non-AB stacked graphene.[40] When using surfactants to disperse

and stabilize graphene in aqueous media, one faces the following dilemma: on the one hand,

surfactants can certainly stabilize graphene dispersions, but on the other hand, they prevent the

formation of new AB-stacked bilayer and trilayer graphene resulting from the re-aggregation

process. Therefore, a possible route to obtain AB-stacked bilayer- or trilayer-enriched graphene

is to pre-treat the raw graphite material to establish the corresponding layering of the graphite

sheets. Indeed, our recent attempt to produce bilayer- and trilayer-enriched graphene dispersions

using Stage-2 GICs addresses this issue nicely.[152]

By combining the PMF results with a kinetic model of colloid aggregation, I predicted the

time-dependent concentration and distribution of graphene with various layer numbers, and I

further decomposed each layer type into subtypes including the AB-stacked species and various

turbostratic species. This theoretical model can be very useful in estimating the lifetime of

graphene dispersions. In particular, the concentrations of AB-stacked bilayer and trilayer
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graphene define the quality of the graphene dispersion for electronic and optical applications.

Furthermore, the lifetime of monolayer graphene also influences the success of using

functionalization to open their bandgaps. In general, monolayer, bilayer, and trilayer graphene

are easily degradable as time evolves compared to thicker multilayer graphene, and therefore, the

subsequent substrate-transferring or functionalization processes should be carried out using very

fresh samples to increase the yields of electronic and optical graphene devices. My findings

provide fundamental insights into the manufacturing of useful graphene-based electronic and

optical devices using either functionalized monolayer graphene by controlling their surface

morphology before reaction, or AB-stacked multilayer graphene by controlling their layer

thickness before exfoliation. Future computational work may be carried out for other effective

dispersants, including surfactants (e.g., SDS, SDBS, Triton X100, and CTAB)[165] and

polymers (e.g., biocompatible block copolymers).[166]

3.5 Appendix A: Supporting Tables and Figures

Table 3-Al: Summary of Simulated Systems

Number of Number of Number of Total Number Simulation Box Simulation
System Graphene Sheets SC Molecules Water Molecules of Atoms Size c (nm) Time (ns)

1 a 1 56 10,981 38,967 7.38 x 7.67 x 6.69 300 ns

2-52 b 2 112 14,000 54,048 8.74 x 8.74 x 6.80 20 ns each

a Sodium cholate adsorption and surface self-assembly simulations on a graphene monolayer.
b Potential of mean force (PMF) simulations at 51 intersheet separations between two parallel graphene-SC

assemblies.

c Averaged over the production rn of the simulation with small fluctuations from the pressure coupling.
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Figure 3-Al: Solvent accessible surface areas (SASAs) of a graphene monolayer and the cholate ions, monitored as

a function of simulation time. As shown, the fluctuations in the SASA curves are significant at the beginning, and

are dampened after about 200 ns, indicating that the system has reached equilibrium. Therefore, data analysis was
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Figure 3-A2: Cumulative average forces as a function of simulation time at several selected inter-sheet separations,

d. As shown, the fluctuations in the force curves are significant at the beginning, and are dampened after about 10 ns,

indicating that the system has reached equilibrium. Therefore, data analysis was performed during the last 5 ns of
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3.6 Appendix B: Summary of Experimental Procedures

Briefly, the bilayer-enriched graphene dispersion in aqueous SC solutions was prepared using

Stage-2 GICs, as demonstrated in our recent report.[152] HOPG was chosen as a high-quality

graphite source, and I used the halogen intercalant ICI to form Stage-2 ionic GIC. In this scheme,

Stage-2 GICs have every 2nd layer of the graphite lattice intercalated. The Stage-2 GICs were

first treated to yield expanded graphite (EG) by removing the ICl intercalant during the "thermal

shock". The foam-like EG was then immersed in 2 wt/o SC aqueous solutions and subjected to

slow homogenization (6,800 rpm, 30 minutes), mild sonication (40 kHz, 10 minutes), and

centrifugation (2,000 rpm, 805 g, 20 minutes) to yield clear and grey dispersions. In order to

locate and isolate large flakes from poly-disperse graphene solutions for further characterization,

an on-chip separation method based on size utilizing the "coffee-ring effect" was used.[167]

Using this method, the graphene flakes are separated based on the lateral size but independently

of their thickness on a SiO 2 -Si substrate. Raman spectroscopy was used to characterize the

isolated graphene flakes deposited on the substrate. The 2D peak corresponding to specific

numbers of stacked layers in our exfoliated graphene flakes exhibits the same layering

dependence as that observed in micromechanically-cleaved graphene on the same substrate,[168]

indicating that the solution processed graphene flakes are AB-stacked.[152] Systematic statistical

analysis of the initial thickness (or layer number) distributions for large graphene flakes was

carried out using a combination of optical microscopy and Raman spectroscopy.

The Lambert-Beer plot of graphene-SC solutions was calibrated using graphite flakes as raw

materials (see Figure 3-6-a). Graphene solutions were prepared by adding 1.5 g of natural

graphite flakes (Sigma-Aldrich 332461) to 150 mL of 20 mg/mL sodium cholate aqueous

solution in a 200 mL capped round-bottomed flask. Sonication was carried out in a sonication

bath (VWR Aquasonic model 50D) for 30 minutes. After sonication, the sample was extracted

from the flask into three centrifuge tubes (Falcon 50 mL polypropylene conical tubes), and left to

stand overnight to allow thick graphite flakes to sediment out of the solution. The samples were

then centrifuged for 30 minutes at 4000 rpm (990 g) in a Hettich Universal 320 centrifuge. After

90



centrifugation, the top half of the dispersion was extracted by vacuum pipette (-8 mL) and

retained for use. A 10 mL of the graphene solution was diluted sequentially with the 20 mg/mL

SC solution to obtain solutions at 6 different graphene concentrations. The original and the

diluted solutions were decanted into 6 quartz cuvettes, and the optical absorbance was measured

using a UV/visible spectrophotometer (Beckman Coulter DU800).

The graphene concentration of the original solution was obtained by vacuum filtering the

solution (50 - 65 mL) through three layers of Millipore nitrocellulose membranes (-0.45 pm

pore size and 0.47 mm membrane diameter). After filtration, the membranes were rinsed with

100 mL Milli-Q water for ten times to get rid of the residue surfactants, and subsequently dried

under room temperature overnight. The weight of the membranes before and after filtration was

measured using a microbalance.

3.7 Appendix C: Kinetic Theory of Graphene Aggregation

To utilize the simulated PMF curve (see Figure 3-4-a) in the theoretical model, the first step

involves fitting the PMF curve to a semi-empirical analytical model. To capture the primary

features of the PMF curve, I propose the following model to describe the PMF per unit area, <D,

between two parallel graphene sheets with an intersheet separation, d:

r0 12 r (d _ -r )( -r2)2
CD(d) =6 - -2 - +pexp - )2  +$82 exp ~ 2 +aexp[-r(d -r,)]

_(d) (d 2c, 2ur2.

(3-Al)

where e and ro are the well-known parameters in the Lennard-Jones (LJ) potential that

characterize the depth and location, respectively, of the metastable energy well; i, ri, and u1

characterize the height, location, and width, respectively, of the primary energy barrier; $2, r2,

and q 2 characterize the height, location, and width, respectively, of the small, secondary energy

barrier; and a, K, and r3 characterize the magnitude, decay rate, and location of the long-range

repulsive electrostatic potential between the two SC-covered graphene sheets (see Figure 3-4-a).

Note that to account for the electrostatic interactions present in the case of SC-covered graphene
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dispersions considered here, I modified Eq. (3-1) of Ref.,[156] which results in Eq. (3-Al) used

here. The parameters in Eq. (3-Al) were obtained by least-square fitting of Eq. (3-Al) to the

simulated PMF curve in Figure 3-4-a, and are summarized in Table 3-A2.

Table 3-A2: Summary of Fitted Parameters in Eq. (3-Al). Note that e, fil, #2, and a are in units of kJ/mol-nm2, ro, ri,

or1, r2, q 2, and r3 are in units of nm, and K is in units of nm1

S r1 1 1 fa2 r2  02 a x r3

46.27 1.05 16.77 1.20 0.10 4.23 1.46 0.08 13.29 2.74 1.43

Our kinetic model considers individually-suspended graphene sheets in a solution media, and

makes the following assumptions:[156] (i) the aggregation process is diffusion controlled, (ii)

since the graphene sheets can translate freely, they are modeled as effective spheres, (iii) the

lateral size of all graphene sheets is the same, (iv) the estimated diffusivity of graphene sheets, D

= 10-12 m2 /s, is independent of its layer number, i, since the friction factor in the Stokes-Einstein

relation depends primarily on the lateral size of a graphene sheet,[31] (v) the graphene sheets

aggregate and precipitate when the number of stacking layers exceeds the maximum number of

graphene sheet layers which exist in a solution phase stably, M = 10,[156] and (vi) due to the

relatively negligible thickness of the graphene sheets, the intersheet interaction potential energy

is assumed to be independent of the number of layers in the two sheets.

Considering all possible collisions (reaction pairs), the time-dependent number concentration (in

1/m3) of monolayer graphene, Ni(t), as a function of time is given by the following consumption

term: [156]

dt = kN(t)N,(t) (3-A2)

where Ni(t) is the time-dependent number concentration of i-layer graphene, and k is the reaction

rate constant (i.e., the rate constant of aggregation in the present study). Similarly, the

time-dependent number concentration of bilayer graphene, N2(t), is modeled as the sum of the

source and consumption terms. Specifically,
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dN2 W=kNt)AI (-3=WkN (t)N(t)- kN2 (t)N(t) (3-A3)
dt

More generally, beginning with trilayer graphene, the time-dependent number concentration of

m-layer graphene, Nm(t) (3 m M), is modeled as the sum of the relevant source and

consumption terms. Specifically,

dN~ (t) 1 MI
t = kN, (t)Nm (t)- kN,(t)Nm (t) (3-A4)

dt 2

where the factor of 1/2 avoids counting the same collision twice in the source term. The rate

constant of aggregation, k, can be expressed as follows:[156]

k8= (3-A5)
oexp[V(r) IkBT dr

where r is the effective distance between two graphene sheets, ro = 1.05 nm is the distance of

closest approach at the metastable state, and V(r) is the intersheet interaction potential energy

(see below). It is noteworthy that when two graphene sheets approach, all collision angles and

areas are possible. Irrespectively of the collision angle, the graphene sheets need to overcome the

dominant energy barrier resulting from the last layer of confined molecules which includes

cholate ions and sodium counterions, as discussed in Section 3.4. Therefore, the ensemble

average of all collision angles can be viewed as an effective face-to-face collision that I have

considered in my analysis, where the radial coordinate, r, corresponds to the intersheet separation,

d, in the MD simulations. Consequently, the intersheet interaction potential energy, V(d), was

further simplified as follows:

V(d)= CD(d)x Ac (3-A6)

where CD(d) is the PMF between two parallel graphene sheets per unit area obtained utilizing the

MD simulations (see Figure 3-4-a), and Ac is the average collision area, which is the single

adjustable parameter in the kinetic model. For given values of the parameter, Ac, and the initial

number concentrations of the various graphene layer types, Nio, the time-dependent number
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concentration of various graphene layer types, N(t), can be obtained by simultaneously solving

Eqs. (3-A1)-(3-A6) numerically.
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Chapter 4

Molecular Perspective on Diazonium Adsorption for Controllable

Functionalization of Single-Walled Carbon Nanotubes in Aqueous Surfactant

Solutions

4.1 Introduction

In Chapter 2, I discussed the role of surfactants in dispersing SWCNTs in aqueous solutions. The

resulting stable SWCNT-surfactant complexes serve as a unique platform for subsequent

chemical functionalization processes which involve the selective adsorption of reagents onto the

SWCNT-surfactant complex surface. Selective adsorption of solutes onto a charged solid surface

in an aqueous medium is a generic process utilized across industries and technologies,[169-171]

which is often difficult to predict and control. Conventional continuum-based theories (e.g., the

Langmuir isotherm and the Poisson-Boltzmann equation[3 1]) neglect the atomic-scale properties

of the solute and the surface, and therefore, cannot be used to elucidate and molecularly predict

many important adsorption phenomena. Among the properties neglected, surface

heterogeneity[172] and surface-charge mobility[32] both contribute to the discrete and dynamic

nature of the adsorption process. For example, amorphous silica (SiO 2) substrates present

surfaces with high roughness and non-uniformly-distributed charges.[172] In a more complex

scenario, ionic surfactant-covered solid surfaces exhibit both surface roughness and

charge-mobility, because the surfactant molecules can diffuse freely on the surface while

adsorbed.[104, 155, 158, 173] Many solution-phase chemical processes involve the use of

surfactants to disperse and decorate solid nanoparticles, including single-walled carbon

nanotubes (SWCNTs) as discussed in Section 1.3.[174]
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The surface roughness of surfactant-covered SWCNTs results from the molecular "islands"

formed by agglomerated surfactant assemblies on the surface.[91, 93, 158] Such a surface is also

charge-mobile (in the case of ionic surfactants), since the charged surfactant head groups can

move freely on the surface.[91, 158] Studying these features at the molecular level can provide

insight into useful methods to control the functionalization of SWCNTs.[175, 176] As mentioned

in Section 1.3, there has been a significant recent interest in developing methods to functionalize

the nanotube sidewall, such that the nanotube optical and electronic properties can be modified

for a variety of applications, [61] ranging from drug-delivery vehicles[62] to molecular

sensors.[63, 64] Among various functionalization methods used, reaction with diazonium salts

(see Figure 4-1-d) represents a promising route for the covalent modification of the

SWCNT.[174] Although this functionalization method involves covalent reaction of the

negatively-charged diazonium ion with the neutral sp2 carbon atoms on the nanotube sidewall, it

has been proposed that the step which is selective towards functionalization is the non-covalent

adsorption/binding of the diazonium ion on the nanotube surface (see Figure 4-1-e for a

schematic of the two-step functionalization process).[90] Recently, I have demonstrated that by

decorating the SWCNT with different surfactants (sodium cholate (SC), sodium dodecyl sulfate

(SDS), and cetyl trimethyl ammonium bromide (CTAB), see Figures 4-1-a, 4-1-b, and 4-1-c,

respectively), one can control the extent of functionalization.[176]

With the above in mind, in the present study, I combined molecular dynamics (MID) simulations,

experiments, and equilibrium reaction modeling to understand and model the extent of

diazonium functionalization of SWCNTs coated with SC, SDS, and CTAB. A combined

simulation-modeling framework is presented that can be used to guide the control of various

sensitive experimental conditions needed to achieve the desired extent of SWCNT

functionalization.
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Figure 4-1: Chemical structures of the surfactants and the diazonium salt considered in this study: (a) sodium
cholate (SC), (b) sodium dodecyl sulfate (SDS), (c) cetyl trimethylammonium bromide (CTAB), and (d)
tetrafluoroborate (BF 4-) aryl diazonium. The bile salt SC has rigid steroidal backbones, which results in hydrophobic

and hydrophilic "faces". Therefore, SC can also be referred to as a "facial" surfactant. The rigidity of the SC
molecules leads them to form a monolayer structure on the nanotube surface.[158] The flexible linear surfactants,
SDS and CTAB, possess less rigid, hydrophobic chains, which tend to coat the nanotube in a more disordered

manner at high surface coverages.[91] (e) Schematic of the equilibrium model proposed here, showing the three
possible states of the diazonium ion during the functionalization process: (i) free in the surfactant aqueous solution,
(ii) adsorbed on the SWCNT-surfactant complex (with an adsorption constant KA), and (iii) covalently bound to the

SWCNT surface (with a reaction constant KR). Adsorbed surfactant molecules are shown as blue beads (the

hydrophilic surfactant heads) connected with red lines (the hydrophobic surfactant tails).

4.2 Methods

4.2.1 Simulation Methods

Molecular dynamics (MD) simulations of diazonium ion adsorption onto the SWCNT-surfactant

complex in aqueous solution were carried out using the GROMACS 4.0 software package.[103]
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The (6,6) SWCNT was first covered with surfactants (SC, SDS, or CTAB) which were fully

dissociated into surfactant ions and counterions (Na* in the case of SC and SDS, and Br in the

case of CTAB). Low and high surfactant surface coverages, having linear packing densities of

2.44 and 5.85 surfactants per nm of the SWCNT, respectively, as utilized in recent simulation

studies,[91, 93] were chosen to investigate coverage effects on binding affinities. For comparison,

the experimentally estimated linear packing densities of SDS[128], SC[89] , and CTAB[176] are

4.5 + 1.0, 3.6 ± 1.0, and 10 ± 1.0 molecules/nm, respectively. The equilibrated SWCNT-

surfactant configurations corresponding to these surface coverages were generated using the

same simulation method described in my recent simulation work on the SWCNT-SC assembly,

where each simulation ran for more than 100 ns.[158] The simulation parameters used in this

study and the force-field parameters for water, the SWCNT, and SC were also drawn from Ref.

[158]. Note that a thermostat of 45*C was utilized for all the simulations in order to match the

experimental conditions. The alkane tails of SDS and CTAB were modeled using the OPLS-AA

force-field,[107] with updated dihedral parameters.[177] The sulfate head of SDS and its

connection to the dodecyl tail were modeled following Lopes et al.,[178] while the

trimethylammonium head of CTAB and its connection to the cetyl tail were modeled following

Lopes and Pidua.[179] Note that the surfactant head-related force-field parameters developed by

Paidua and coworkers were specifically developed in a manner that is consistent with the use of

the OPLS-AA force field for each surfactant tail.[178, 179]

The tetrafluoroborate anion (BF4-) of the aryl diazonium salt was modeled using the force-field

parameters in Ref. [178]. The atomic charges of the positively-charged diazonium ion were not

previously available in the literature, and were generated using the quantum mechanics (QM)

software package, Gaussian 03,[180] together with the CHELPG electrostatic potential-fitting

algorithm[181] at the MP2/cc-pVTZ(-f)//HF/6-31G* level of theory. This level of theory was

selected for the purpose of maintaining consistency with the models of Lopes et al.[178, 179, 182]

The cc-pVTZ(-f) basis set was adapted from the cc-pVTZ basis set of Dunning,[183] as provided

at the Basis Set Exchange,[184, 185] by removing the d polarization function from hydrogen and
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the f polarization functions from heavier atoms.[182] All other force-field parameters for the

diazonium ion were drawn from the OPLS-AA force field. The computed partial atomic charges

of the diazonium ion are summarized in Table 4-Al in Appendix A.

The interactions between the diazonium ion and the SWCNT-surfactant complex were quantified

using the simulated potential of mean force (PMF). The case where no surfactants are present,

corresponding to the bare SWCNT in water, was also investigated for comparison. To mimic the

infinite dilution of the diazonium salt in the actual experiments, only one diazonium ion was

introduced in the simulation cell. The diazonium ion was constrained at various radial positions,

r, relative to the cylindrical axis (z-axis) of the SWCNT, and allowed to move freely on each

concentric cylindrical surface around the nanotube (see Figure 4-3). I also monitored the

coordinates of the diazonium ion as a function of simulation time (see Figure 4-Al in Appendix

A), which confirmed that the diazonium ion can move freely along, as well as around, the

SWCNT for given r values. The simulation at each r value was equilibrated for 40 ns before

recording the mean force (averaged over another 20 ns), (f(r)), that is required to constrain the

center of mass (COM) of the diazonium ion at each r value. Note that the 40 ns equilibration

time is necessary to allow the surfactant molecules to diffuse along the SWCNT surface to form

local "hot spots" around the diazonium ion when approaching the nanotube (see Section 4.3.2 for

details). The PMF, as a function of r, was obtained by numerically integrating (f(r)) along r.

Specifically, [176]

PMF(r) = J (f(r))dr +kBTln(r/d) (4-1)

where d is the largest separation distance along r, kB is the Boltzmann constant, and T= 318 K is

the temperature in degrees Kelvin. Note that kBT ln(rld) accounts for the entropy loss of the

diazonium ion resulting from the decrease in the area of the concentric surface from 2xrdL to

2nrL, where L is the length of the simulated SWCNT. Different initial diazonium ion

configurations (different molecular orientations as well as different positions on the SWCNT

cylindrical surface) were tested to ensure that the PMF results were independent of the initial
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configuration.

4.2.2 Experimental Methods

Diazonium-SWCNT functionalizations in aqueous SDS and SC solutions were carried out by

pre-heating 2 mL and 3 mL, respectively, of 15 mg[L SWCNT dispersion samples at pH = 5 to

450C, allowing them to stabilize at that temperature, and initiating the functionalization by single

additions of diazonium salt to the well-stirred vessel. The solutions were then allowed to react

for 24 hours, at which point there was negligible residual diazonium ions in solution. Due to the

repulsive interactions between the positively-charged SWCNT-CTAB complex and the

positively-charged diazonium ion, the diazonium-SWCNT reactions in the aqueous CTAB

solution took significant longer time to reach completion. The above functionalization was

carried out at 27*C and pH = 5 in 2 mL of 15 mg/L SWCNT dispersion sample, and initiated by

a single addition of diazonium salt. Samples were allowed to react for 2.5 weeks, at which point

there was little residual diazonium ions in the solution. Photoluminescence (785 nm excitation)

data were acquired using a home-built near-infrared fluorescence microscope which has been

described elsewhere.[186] Deconvolution of the photoluminescence (PL) spectra allowed for

more accurate analysis of the fractional quenching behavior of the (7,5) nanotube considered in

this study (see Appendix B).

4.3 Results and Discussions

4.3.1 Free-Energy Calculations of Diazonium Ion Adsorption

The surface self-assembly structures formed by several surfactants (e.g., SDS, SC, and SDBS

(sodium dodecyl benzene sulfonate)) on SWCNTs have been studied previously using

all-atomistic MD simulations.[91, 93, 158, 187] The simulated surface structures of the

SWCNT-surfactant complexes considered here (SC, SDS, and CTAB which is simulated for the
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first time) are shown in Figure 4-2. The simulated surface self-assembly structures are consistent

with those reported earlier for both the flexible surfactant (SDS)[91] and the rigid surfactant

(SC)[ 158] at low and high surface coverages on a (6,6) SWCNT.

a b

9
c

e

d

f

Figure 4-2: Post-equilibrium simulation snapshots of SWCNTs covered with surfactants, showing the surface

structures of the various surfactants considered here. (a) and (b) for the SC case, (c) and (d) for the SDS case, and (e)

and (f) for the CTAB case. Within each row, the side view is on the left and the front view is on the right. (a), (c),

and (e) correspond to low surfactant surface coverages, while (b), (d), and (f) correspond to high surfactant surface

coverages. Water molecules and counterions are not shown for clarity. Color code: red - oxygen, light blue - carbon,

white - hydrogen, dark blue - nitrogen, and purple - carbon in the SWCNT.

The simulated potential of mean force (PMF) profiles between the single diazonium ion and the

SWCNT-surfactant complexes are shown in Figure 4-3. For r > 1.8 nm, where the diazonium ion
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has very weak interactions with the SWCNT-surfactant complex through short-range van der

Waals (vdW) forces (reflected in the Lennard-Jones model),[158] the long-range electrostatic

interactions between the diazonium cation and the charged SWCNT-surfactant complexes

dominate. Note that the interaction force between the diazonium ion and the SWCNT-surfactant

complex is related to the slope of the PMF along r, because it is equal to the derivative of the

PMF along r (see Eq. (4-1)). By convention, the attractive force is related to a positive slope and

the repulsive force is related to a negative slope. As expected, the electrostatic forces exerted on

the diazonium cation by the negatively-charged SWCNT-surfactant (SC and SDS) complexes are

attractive, with the PMF profile exhibiting a positive slope (see the red solid and dashed lines for

SC, as well as the blue solid and dashed lines for SDS in Figure 4-3). On the other hand, these

forces are repulsive in the case of the positively-charged SWCNT-surfactant (CTAB) complex,

with the PMF profile exhibiting a negative slope (see the purple solid and dashed lines in Figure

4-3). For comparison, the force exerted on the diazonium ion by the uncharged, bare SWCNT in

water is almost zero, with a horizontal PMF profile (see the green dashed line in Figure 4-3). The

different surface charge densities corresponding to the low and high surface coverages affect the

strength of the long-range electrostatic interactions; however, these differences are negligible for

large r values where the electrostatic interactions are relatively weak.

102



14

12 N
*A

10 I

8 lm

6 IDiazonium

Ion

4

0. -

-2 -- Without Surfactants

-0-SC-Low Coverage

-4 -t #/ -e--SC-High Coverage

-.8--SDS-Low Coverage

-E-SDS-High Coverage

-8 -+-CTAB-Low Coverage

-0- CTAB-High Coverage
-10 " "

0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2 3.4

r(nm)

Figure 4-3: Simulated PMF profiles between the diazonium ion and the SWCNT-surfactant complexes

corresponding to SC, SDS, and CTAB for both low and high surface coverages. The no surfactant case (that is, the

bare SWCNT in water) is also shown for comparison. The error bars in green, corresponding to the simulated no

surfactant case, represent the typical errors in the PMF calculations for the surfactant cases simulated here (< 2 kB).

The inset shows a schematic drawing of the cylindrical axis (z-axis) of the SWCNT (the black arrow), the constraint

distance, r, between this axis and the diazonium ion (the red arrow), and the cylindrical surface on which the

diazonium ion can move freely (the black dashed lines). The simulation snapshot of the high-surface coverage

SWCNT-SC complex is used here. Water molecules and counterions are not shown for clarity. The color code is the

same as the one used in Figure 4-2.
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As the diazonium ion approaches the SWCNT-surfactant complex before establishing direct

contacts with the complex (1.2 nm < r < 1.8 nm), the strong vdW attraction between the

diazonium ion and the SWCNT-surfactant complex comes into play, and favors adsorption of the

diazonium ion. Note that the adsorption of the diazonium ion first occurs onto the coated

surfactant layers rather than directly onto the nanotube surface. This results in a local free-energy

minimum at r = 1.2 nm (for SDS and CTAB, with a vdW radius of ~ 0.25 nm for the

cross-sectional area of the linear alkyl tail) or 1.4 nm (for SC, because of its larger molecular size

as a rigid surfactant, with a thickness of ~ 0.45 nm for the bean-like molecule[158]). Note that

the adsorption discussed here is clearly seen only at high surfactant surface coverages, because at

low surfactant surface coverages the attractive and the repulsive forces are both weak. Indeed,

the PMF profiles for SC and SDS corresponding to the low surfactant surface coverages are very

similar (see the red and the blue dashed lines in Figure 4-3), reflecting a lack of molecular

discrimination between different surfactants of the same charge when the diazonium ions adsorb

on low-surface-coverage SWCNT-surfactant complexes. Interestingly, however, one observes a

much larger increase in the attraction between the positively-charged diazonium ion and the

high-surface coverage, negatively-charged SWCNT-SDS complex than in the case of the

high-surface coverage, negatively-charged SWCNT-SC complex (see the red and the blue solid

lines in Figure 4-3). This stronger attraction is surprising because the electrostatic contribution to

the PMF profile is expected to be similar for the same surfactant surface coverage (or surface

charge density), as expected from the conventional Poisson-Boltzmann equation[31] for

SWCNT-surfactant complexes with similar radii (discussed further in Section 4.3.2). The

resulting local free-energy well depth is -7.4 ± 2.0 kBT at r = 1.2 nm in the case of SDS, and -2.4

± 2.0 kBT at r = 1.4 nm in the case of SC. This clearly shows that the binding affinity of the

diazonium ion on the surfactant layer of the SWCNT-SDS complex is much stronger (by -5.0

kBT) than that on the SWCNT-SC complex.

For r < 1.2 nm (for SDS and CTAB) and r < 1.4 nm (for SC), the diazonium ion begins to push

away the adsorbed surfactant molecules in order to contact the SWCNT surface directly, which
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results in the free-energy barrier for all the surfactant cases considered within the range 1.0 nm <

r < 1.2 nm (see Figure 4-3). Direct contact of the diazonium ion on the SWCNT surface results

in the local free-energy minima observed at r = 0.8 nm (again, for all the surfactant cases

considered). For r < 0.8 nm, the repulsive force between the diazonium ion and the SWCNT

increases sharply, as clearly seen in Figure 4-3.

A quantitative measure of the free energy associated with the diazonium ion adsorption (prior to

any covalent reaction), AGA, corresponds to the lowest PMF value at which the diazonium ion

adsorbs stably onto the surfactant layer (for SDS and CTAB, both at r = 1.2 nm) or directly onto

the SWCNT (for SC, at r = 0.8 nm). This difference in the stably-adsorbed positions may be due

to the competing effects between electrostatic, vdW, and steric interactions for the different

surfactant cases. Experimentally, surfactants are typically added into the SWCNT solution at

saturation levels. Consequently, I utilized the simulated PMF profiles corresponding to the

high-surface coverage SWCNT-surfactant complexes to determine the value of AGA for SDS,

CTAB, and SC. Although it has been proposed that the covalent reaction of the diazonium ions

with the sp 2 carbons on the nanotube sidewall occurs directly on the SWCNT surface, contact of

the diazonium ions with the surfactant layers may still affect the reaction with the SWCNT. In

fact, the actual reaction pathway corresponding to the SWCNT-surfactant complex

functionalization by diazonium salts is still unknown, and therefore, the definition of the free

energy of diazonium adsorption presented here should be viewed as an approximate quantitative

measure, with additional reaction-pathway studies required in the future. The simulated AGA

values are listed in Table 4-1 for the SC, SDS, and CTAB cases. The negative AGA values for SC

(-4.8 ± 2.0 kBT) and SDS (-7.4 ± 2.0 kBT) indicate preferential adsorption of diazonium ions

onto SWCNTs. On the other hand, the positive AGA value for CTAB (1.5 ± 1.0 kBT) indicates

preferential desorption of diazonium ions from the SWCNTs. Overall, the binding affinity (KA,

see Eq. (4-3) in Section 4.3.3) of the diazonium ions on various SWCNT-surfactant complexes

ranks as follows: SDS > SC > CTAB, while the experimental extent of diazonium

functionalization (see Section 4.3.3 for the definition) is ranked as follows: SDS > CTAB > SC
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(see Figure 4-5-a). This discrepancy (the switch between CTAB and SC) indicates that covalent

reactions between diazonium ions and SWCNTs, in addition to noncovalent adsorptions, may

also be affected by the surfactants used, and will be discussed further in Section 4.3.3.

4.3.2 Understanding the Synergetic Binding Affinity

To better understand the role of surfactants in determining the ranking of the AGA values using

the simulated PMF profile, I calculated the interaction potential energies between the diazonium

ion and the SC, SDS, and CTAB molecules adsorbed onto the SWCNT surface at high surfactant

surface coverages as a function of r. The calculated potential energy profiles in Figure 4-4-a

capture the main feature of the PMIF profile in Figure 4-3, showing that the SDS curve (blue line)

lies below the SC curve (red line), which reflects the stronger interaction (having a more

negative potential energy value) between the diazonium ion and the SDS molecules than between

the diazonium ion and the SC molecules. In addition, the CTAB curve (green line) lies above

both the SC and the SDS curves, which reflects the weakest interaction (having more positive

potential energy values) between the diazonium ion and the CTAB molecules. This ranking of

the magnitudes of the potential energies (SDS > SC > CTAB) is fully consistent with that of the

predicted binding affinities based on the free energies of adsorption. This indicates that the

potential energy contribution to the free energy of adsorption is dominant, compared to other

contributions such as the solvent effect (e.g., the confinement of water molecules between the

diazonium ion and the SWCNT-surfactant complex), or the entropic effect (e.g., the orientational

entropy of water molecules around the diazonium ion and the surfactant molecules, and the

orientational entropy of the diazonium ion itself). Note that the various minima and maxima

observed in Figure 4-4-a are consistent with those in Figure 4-3, with similar features being

observed in Figures 4-4-b and 4-4-c.
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Figure 4-4: (a) Interaction potential energy between the diazonium ion and SC, SDS, and CTAB molecules

adsorbed on the SWCNT surface at high surfactant surface coverages, as a function of r. (b) The Lennard-Jones (U)
contribution to the potential energy in (a), which reflects both the vdW and the steric interactions between the

diazonium ion and the surfactant molecules. (c) The Coulombic (Coul) contribution to the potential energy in (a),
which reflects the electrostatic interactions between the diazonium ion and the surfactant molecules.
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The potential energy was further decomposed into Lennard-Jones (LJ) and Coulombic (Coul)

contributions, as shown in Figures 4-4-b and 4-4-c, respectively. Note that the vdW and steric

interactions are reflected in the LJ contribution, while the electrostatic interactions are reflected

in the Coul contribution. As shown in Figure 4-4-b, the LJ contributions to the potential energies

for SC, SDS, and CTAB are relatively close (within 5 kBT from each other), exhibiting various

overlaps for the three curves. On the other hand, in Figure 4-4-c, the Coul contributions are quite

different from each other, with positive values for the positively-charged CTAB molecules

(which repel the diazonium ion) and negative values for the negatively-charged SDS and SC

molecules (which attract the diazonium ion). The clear ranking of the binding affinities due to

the Coul contribution (SDS > SC > CTAB) is fully consistent with that of the predicted binding

affinities based on the free energies of adsorption. This finding confirms that the primary

contribution to the binding affinities of the diazonium ions with the SWCNT-surfactant

complexes is electrostatic.

We would like to better understand the unexpected, strong binding affinity between the

diazonium ion and the SWCNT-SDS complex relative to that corresponding to the SWCNT-SC

complex, with particular emphasis on the role of the electrostatic interaction, which as shown

above, are the dominant ones. As discussed earlier, SWCNT surfaces covered with surfactants

are heterogeneous, with mobile charges carried by the surfactant heads. It is therefore important

to monitor how these mobile charges distribute as a diazonium ion approaches the

SWCNT-surfactant complex. A useful way developed here to visualize the charge distribution

involves using simulated density maps of the charged surfactant head groups (carboxylate for SC,

sulfate for SDS, and trimethylammonium for CTAB) projected onto an unrolled, 2D, flat

SWCNT surface. The simulated density maps are shown in Figure 4-5, where each map has been

centered at the position of the charged diazo group (-N*-=N) of the diazonium ion, as projected

on the SWCNT surface.
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Figure 4-5: Projected density maps of charged surfactant head groups on the unrolled SWCNT surface (tube length

x tube circumference) for: SDS (top row), SC (middle row), and CTAB (bottom row). Within each plot, the

diazonium ion approaches the SWCNT-surfactant complex gradually from the left to the right, where the left subplot:

r = 3.3 nm, middle subplot: r = 1.7 nm, and right subplot: r = 1.1 in. The y-axis measures the circumference of the

SWCNT, and the z-axis measures the length of the SWCNT. Density maps are shown as contour plots with arbitrary
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units. Color bar code: lighter color corresponds to high surfactant head densities and darker color corresponds to low

surfactant head densities. The origin of each plot at y = z = 0 denotes the projected position of the charged diazo

group (-N*=N) of the diazonium ion. Each density map was averaged over the last 20 ns of each simulation.

Representative simulation snapshots showing the binding of the diazonium ion (the blue arrows) to the charged

surfactant layer on the SWCNT surface are shown at the bottom of the density maps corresponding to r = 1.1 mu.

The color code is the same as the one used in Figure 4-2. Note that the diazonium ion and the various

SWCNT-surfactant complexes are drawn in the "Licorice" and the "Surf' representation in VMD, [188] respectively,

to facilitate distinction between the two.

For r = 3.3 nm, the density maps are very similar for the three surfactants considered,

demonstrating a homogeneous distribution of the surfactant head groups. This is expected, since

the diazonium ion is not close enough to the SWCNT surface to affect the surface organization of

the surfactant molecules via electrostatic interactions. For r = 1.7 nm, the diazonium ion begins

to interact with the surfactant molecules directly through the formation of ionic bonds (attractive

for SC and SDS, and repulsive for CTAB),[176] similar to the formation of a salt bridge in the

case of counterion binding. [31] The ionic bonding is even stronger when the diazonium ion can

approach the SWCNT-surfactant complex closer to make direct contact at r = 1.1 nm, as

reflected by the increase in the extents of both the "hot spots" (high surfactant head density) and

"cold spots" (low surfactant head density). This reflects the increase in the synergistic

electrostatic interaction (attractive for "hot spots" and repulsive for "cold spots") between the

diazo group and the surfactant heads. Note, however, that ionic bonding is only apparent for the

linear surfactants (SDS and CTAB, see the r = 1.1 nm column in Figure 4-5), and not for the

rigid surfactant (SC, see the r = 1.1 nm column in Figure 5). Indeed, as shown in the r = 1.1 nm

column in Figure 4-5, the cationic diazo group attracts anionic SDS sulfate groups (brighter ring),

while it repels cationic CTAB trimethylammonium groups (appears as a dark hole in the plot,

since the origin of the density map is always occupied by the diazo group itself at small r

values).

In the case of SC (see the middle row in Figure 4-5), for r = 1.7 nrm or 1.1 nm, I did not observe

any "hot spots" for the carboxylate head groups around the diazo group, although one can
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observe a small extent of ordering of the carboxylate groups at r = 1.1 nm. Synergistic

electrostatic attractions between the cationic diazo group and the anionic SDS and SC head

groups lead to the rearrangement of these surfactant molecules on the SWCNT surface, leading

to their localization around the diazonium ion, and giving rise to the local "hot spots". This

surface rearrangement can maximize the contacts of the anionic SDS and SC molecules with the

cationic diazo group, thereby lowering the free energy of the system. On the other hand,

antagonistic electrostatic repulsions occur between the cationic diazo group and the cationic

CTAB head groups, giving rise to the local "cold spots". The finding that the linear, flexible SDS

molecules can rearrange on the SWCNT surface more readily than the bulkier, rigid SC

molecules and thereby generate a greater extent of "hot spots" formation, is consistent with my

recently reported numbers of ionic bonds formed between the diazo groups and the head groups

of SDS (- 2.4 at r = 1.1 nm) and SC (- 1.5 at r = 1.1 nm),[176] which can serve as a quantitative

measure of the local "hot spots". The three representative simulation snapshots at the bottom of

Figure 4-5 show the close binding of the diazonium ion to the charged surfactant layer (SDS, SC,

and CTAB) on the SWCNT surface at r = 1.1 nm. The diazonium ion lies in parallel to the

SWCNT surface when closely bound to the surfactant layer. Its orientation relative to the

SWCNT axis is not fixed, and it depends on the detailed self-assembly structure of the surfactant

layer.

4.3.3 Model for the Extent of SWCNT Functionalization

We have recently modeled kinetic properties, such as reaction rates associated with the

diazonium-SWCNT functionalization process, by combining a diffusion-limited model and the

Poisson-Boltzmann equation.[176] Here, I focus on modeling the equilibrium (steady-state)

extent of diazonium-SWCNT functionalization using the simulated free energies of adsorption

and experimental data. It is noteworthy that the simulated free energy of adsorption may be used

to replace the Poisson-Boltzmann equation when combined with the diffusion-limited model in
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order to predict kinetic properties, such as the aggregation rate, as I have shown recently.[156,

173] Specifically, I propose the following two-step adsorption-reaction model for the

diazonium-SWCNT functionalization process (see Figure 4-1-e), a description that is more

general than that presented in Ref. [90]. Specifically,

C + O: KA : O (Adsorption Step) (4-2)

9 A + 9 ER t KR . OR (Reaction Step) (4-3)

where C denotes the bulk concentration of the diazonium salt (in units of diazonium/water molar

ratio), 6E denotes the number of empty adsorption sites available to the diazonium ions on the

nanotube surface (in units of diazonium/water molar ratio per nm, which is a linear packing

density on the SWCNT surface), OA denotes the number of sites occupied by the adsorbed

diazonium ions, OF, denotes the number of empty reaction sites available to the diazonium ions,

and OR denotes the number of sites occupied by the reacted diazonium ions (where the units of OA,

OB, and 9 R are the same as that of 9E), KA is the adsorption constant, and KR is the reaction

constant. Unlike the previous model,[176] I assume that the adsorbed diazonium ions can react

with the carbon atoms on the SWCNT sidewall reversibly in order to investigate the equilibrium

reaction properties (e.g., OER, OR, and KR).

Knowing AGA, the simulated free energy of adsorption (i.e., the free-energy difference between

the adsorbed and the desorbed states), which can be obtained from the PMIF calculations, the

adsorption constant, KA, can be determined using Arrhenius' law, in order to relate C, O6, and OA.

Specifically,

KA - 6A e -AGAIkBT (44)
COE

The total number of available adsorption sites on the nanotube, OTA, is given by TA = OA + OA.

Since the reaction is carried out at infinite dilution of the diazonium salt, it follows that OTA >> OA,

which leads to 9A ~ TA. Using this result in Eq. (4-4), it follows that:
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SA= KATAC (4-5)

Note that Eq. (4-5) is the celebrated Henry's adsorption isotherm, where K is Henry's constant.

Note also that the bulk concentration of the diazonium salt, C, decreases as the number of

adsorbed diazonium ions, OA, increases. This observation can be expressed as follows: C = Co - I

OA, where Co is the initial concentration of the diazonium salt added to the SWCNT solution, and

1 is the total length of the SWCNTs in the solution. Note that the effect of adsorption on the value

of C cannot be neglected, because I is typically quite large. Using the expression for C in terms

of Co and I in Eq. (4-5), and rearranging results in:

0- KAGTACO 4-6)
l+KAOTAl

The total number of available reaction sites on the nanotube, Gm, is given by Om = O6 + OR.

Unlike the adsorption step, OR is not negligible relative to Om. Therefore, the reaction step

associated with the reaction constant, KR, may be modeled using a Langmuir isotherm. It is

important to recognize that the incorporation of a ceiling for reaction, Om, is essential in order to

capture the quenching saturation phenomenon as Co increases.[176] Indeed, this saturation

phenomenon cannot be simply explained by the diazonium adsorption process, as described

using the linear relationship in Eq. (4-6). Specifically,

__ 9 KG

R__R _ R R A (4-7)
R A OA (GTR R ) 1+KR A

Experimentally, the equilibrium extent of functionalization, f,,n), as a function of both the

carbon nanotube type (i.e., chirality), (m,n), and the surfactant type, i, was estimated from the

fractional quenching data in the PL spectra (the change in the PL intensity after functionalization,

normalized by the original intensity).[176] Here, as proof-of-concept, I have only investigated

one carbon nanotube species (7,5), with diameter d = 0.81 nm, and i = CTAB, SDS, and SC.

Since I am only considering a single nanotube species, differences in electronic structure, across
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nanotube species, are not relevant to the physical adsorption of the diazonium ions. As a result,

KA, KR, OTA, and OTR are only functions of the nanotube diameter, d, and the surfactant type, i.

Note that the simulated (6,6) SWCNT has almost the same tube diameter as the (7,5) SWCNT,

and therefore, can be utilized to approximate the (7,5) SWCNT disregarding the difference in

chirality. This is suggested in a recent simulation study showing that surfactants adsorbed on a

graphite surface are highly disordered without any orientation preference for chirality

angles.[155] Assuming that each diazonium ion contributes the same extent of PL quenching to

the total extent of PL quenching, I can relate the extent of functionalization considered here, f ,)

to the reacted diazonium surface coverage, OR, through a simple proportionality relationship, with

a proportionality constant P (in units of nm per diazonium/water molar ratio). Specifically,

f('5) = POR (4-8)

By substituting Eqs. (4-6) and (4-7) into Eq. (4-8), I can obtain a master equation that relates

f7 5 ) to various parameters. Specifically:

POTR OTAKRKACO AKRKACO

S 1+OTAKRKACO+ TA KAl 1/OTA+KRKACO+KAI

where A = POTR, which is equal to the saturated (or maximum) extent of functionalization,

max(f7)), as Co approaches infinity. Note that KA can be predicted using the simulated AGA

values for each surfactant type, and Co is tuned experimentally. On the other hand, estimates of A,

9 TA, and KR are not available directly from either simulations or experiments. Fortunately, I can

obtain these three unknown parameters by fitting Eq. (4-9) to the available experimental data for

the diazonium-functionalized (7,5) SWCNTs in SC, SDS, and CTAB solutions (fg , fS ,and

f B ), respectively. The resulting fitting curves for various Co values are shown in Figure 4-6-a.

Note that, in Figure 4-6-a, the Co value was converted into diazonium/carbon (one carbon atom

in the SWCNT) molar ratio, according to the carbon/water molar ratio of 2.25 x 10- 5 (for the 15
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mg/L SWCNT solution used here). Specifically, the 1 values were estimated from the total mass

of the SWCNTs (see Section 4.2.2), and the number of carbon atoms in the SWCNT per unit

length (~ 100 atoms/nm for the (7,5) SWCNT as a rough approximation).

1.2 100
C G
0 1.1 to

M 1 a

-a 0.9 0 SIC Experiment 0
C 0.8 o SDS Experiment 10

0.7 o CTAB Experiment -S Prediction
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Figure 4-6: (a) Experimental data (circles) and theoretical fitting results (solid lines) for the extents of

fuSnctionalization ( f7, f7, and fTB ) as a function of the diazonium/carbon molar ratio. The solid lines were

predicted using Eq. (4-9), and the corresponding fitting parameters are listed in Table 4-1. (b) Predicted diazonium

ion surface coverage (adsorption isotherm), OA (in units of number of diazonium ions per nm of a SWCNT), as a

function of the diazonium/carbon molar ratio, using Eq. (4-6) and the fitting parameters listed in Table 4-1.

4.3.4 Modeling Results and Discussions

The deduced fitting parameters, A, TA, and KR are listed in Table 4-1, demonstrating the ability

of Eq. (4-9) to model the concentration-dependent extent of functionalization shown in Figure

4-6-a. The nonlinear minimization algorithm for the least-squares fitting was carried out utilizing

the interior-reflective Newton method subroutine in the MATLAB numerical library. The fitted A

values (i.e., max(f 5))) are ranked as follows: SDS > CTAB > SC, consistent with the

experimental extents of functionalization shown in Figure 4-6-a. The higher A value for CTAB

than for SC indicates that although the anionic surfactant SC yields a larger diazonium binding

affinity than the cationic surfactant CTAB, diazonium ions adsorbed, and subsequently, reacted
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on the SWCNT-CTAB complex can quench the PL intensity more effectively. This effectiveness

may be due to the fact that the diazonium reaction can occur randomly along the nanotube for the

linear surfactant CTAB, while it occurs very close to a pre-occupied reaction site for the rigid

surfactant SC. As shown in Figure 4-5, CTAB (or any other linear surfactant) molecules are more

likely to restructure for the diazonium ion to adsorb randomly on the nanotube surface. On the

other hand, this is less likely for SC molecules, which leads to multiple diazonium reactions

occurring within the same PL-quenched region along the nanotube (i.e., less effectiveness per

reacted diazonium ion). This leads to the discrepancy in the rankings of the simulated KA

values and the experimental extents of functionalization for the different surfactant cases

considered, as stressed in Section 4.3.1.

Table 4-1: Summary of parameter values for A = P9TR, OTA, and KR in Eq. (4-9) by fitting to the experimental values

of Co and f(', (see Figure 4-6-a) with constants I and KA using the simulated AGA values in Eq. (4-4)

Surfactant

1Ipe 1(nm) AGA (kB7) KA A = POTR OTA KR

SC 2.26 x 1016 4.8± 2.0 1.22 x 102 0.105 7.49 x 1 0
44 9.35 x 1023

SDS 1.505 x 1016 - 7.4 ± 2.0 1.64 x 103 1.000 1.05 x 10- 9  9.22 x 1023

CTAB 1.505 x 1016 1.5 ± 1.0 2.23 x 10' 0.292 7.65 x 10-21 1.24 x 1027

The fitted OTA values are ranked as follows: SDS > SC > CTAB, consistent with the ranked KA

values in Section 4.3.1. The fitted KR values for the two anionic surfactants (SC and SDS) are

very similar (~ 1024), while the KR value for CTAB is much larger (- 1027). This KR difference

suggests that cationic surfactants may modify the electronic structure of the SWCNT upon

adsorption, which in turn, would enhance the reactivity of the SWCNT with the diazonium ions.

The fitted KR value corresponds to the free energy of diazonium-SWCNT reaction (determined

using Arrhenius' law similar to Eq. (4-4)), AGR = -55 kBT(-1.40 eV) for SC and SDS, and AGR =

-62 kBT (-1.59 eV) for CTAB, which are consistent with the QM simulated binding energy for
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the desorption process of phenyl from bare (5,5) SWCNT (-1.42 eV).[189] In addition, note that

KR is much larger than KA, which indicates that the reaction of the diazonium ion with the

SWCNT sidewall is highly favorable, a finding which is consistent with the previously proposed

irreversible reaction step.[90]

Although estimates of A = POm are not available experimentally, there is experimental evidence

that each individual reacted diazonium ion on the nanotube sidewall (referred to as a quenching

site) can quench the PL intensity (excitons generated upon photon excitation) of every 100 ~ 300

nm of nanotube.[69, 70, 190] This length along the nanotube, A, is referred to as the effective

mean quenching range of a single reacted diazonium ion.[70] Fundamentally, A can also be

referred to as the exciton diffusion range for the functionalized SWCNT, a range for which an

exciton can travel during its life time.[69] Experimental evidence based on time-dependent PL

intensities (exciton kinetics) have shown that the value of A depends on both the SWCNT

chirality[190] and the surfactant (e.g., SC, SDBS, SDC (sodium deoxycholate), and STC

(sodium taurocholate)) utilized to disperse the SWCNT.[70] From the experimentally estimated

value of A = 178 ± 20 nm per reacted diazonium ion for (7,5) SWCNTs dispersed in an aqueous

SC solution,[70] I can estimate the corresponding proportionality constant P in Eq. (4-8).

Specifically,

P = ANA.,,,. (4-10)

where Nwater is the number of water molecules in the SWCNT solution, which is about 1023 for

the 3 mL aqueous SC solution (see Section 4.2.2). In addition, based on the relation that A = POI,

I can estimate the corresponding value of Om. Specifically,

OTR = A A (4-11)
P AA ater

Using the values of A and Nwatr given above in Eqs. (4-10) and (4-11), I find that: P = 1.78 x

10 nm per diazonium/water molar ratio, and Om = 5.90 x 10-27 diazonium/water molar ratio per

nm (or ~ 6 reacted diazonium ions per 104 nm of the SWCNT). The predicted Om value is 7

117



orders of magnitude smaller than the TA value (7.49 x 10-20 diazonium/water molar ratio per nm),

which reflects the fact that very few physically adsorbed diazonium ions will eventually react

with the nanotube sidewall to form covalent bonds. If experimental values of A were available

for SDS and CTAB, I would also be able to accurately predict the corresponding P and Om

values. As an order of magnitude estimation, the values of P and 9 m should be ~ 102 nm per

diazonium/water molar ratio, and 1 to 10 reacted diazonium ions per 103 nm of the SWCNT,

respectively, regardless of the surfactant type and the SWCNT species.

Using the fitted values of A, OTA, and KR in Eq. (4-6), I can independently predict the surface

coverage (adsorption isotherm) of the diazonium ions on the various SWCNT-surfactant

complexes (see Figure 4-6-b). The predicted surface coverage profiles are consistent with the

ranked KA and TA values for SDS, SC, and CTAB. As can be seen, the predicted surface

coverages span 5 orders of magnitude (from 0.0001 to 10 diazonium ions per nm of the

SWCNT). This clearly shows the ability of the various surfactants considered to modify the

adsorption of diazonium ions. In addition, it implies that the functionalization process is

extremely sensitive to the use of surfactants. In general, the theoretical framework developed

here can also be utilized to model other surfactant types, i, SWCNT chiralities, (mn), and

experimental conditions (e.g., SWCNT and diazonium salt concentrations, ionic strengths, pHs,

and temperatures). This would require establishing a large database that contains KA values as a

function of i and (m,n) from simulations, as well as A, TA, and KR values as a function of i and

(m,n) obtained by fitting the model to the available experimental data.

4.4 Conclusions

I combined molecular dynamics (MD) simulations, experiments, and equilibrium reaction

modeling to both understand and model the extent of diazonium functionalization of SWCNTs

coated with various surfactants. The free energy associated with diazonium adsorption

determined from the PMF calculations using simulations can be used to rank surfactants in terms
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of the extent of functionalization upon their decoration on the nanotube surface. The distinct

binding affinities between linear and rigid surfactants were further investigated in detail, and

attributed to the synergetic binding of the diazonium ion to the local "hot spots" formed by the

accumulated, charged surfactant heads. Finally, a general theoretical framework was developed,

which explicitly takes into account the reversibility of the diazonium reaction and the extensive

diazonium adsorption on SWCNTs. This combined simulation-modeling framework can provide

molecular-level information on quantities involved in the adsorption and reaction of diazonium

ions with SWCNTs, which are very difficult to obtain or quantify through experiments. In

addition, it can help understand the complex functionalization process, and guide the various

sensitive experimental procedures to achieve the desired extent of SWCNT functionalization.

It is important to note that the theoretical framework presented here is not restricted to diazonium

functionalization of SWCNTs, but can be extended, in general, to model solid surfaces (e.g.,

graphene,[73, 191] graphene oxide,[192, 193] silicon,[194] silica,[172, 195] metal,[194-196]

metal oxide,[197] etc.) functionalized by any agent with complex molecular structures. The

heterogeneous nature of many solid surfaces (e.g., those with surfactant/polymer coatings,[173,

198] having amorphous structures,[172, 193] or having random defects[199, 200]) can be

modeled very well by molecular simulations. The proposed modeling framework that combines

simulations with theoretical models can be utilized in a creative way to understand, at the

molecular level, phenomena which involve physical adsorption, chemical adsorption, or

both.[201, 202]
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4.5 Appendix A: Supporting Tables and Figures

Table 4-Al: Partial atomic charges of the diazonium ion used in the molecular dynamics (MD) simulations. The
color code for the diazonium ion chemical structure is the same as in Figure 4-2 in the main text. Note that charge

symmetry was enforced to determine partial charges based on results from quantum mechanics (QM) calculations

Atom Number Partial Charges (e) Chemical Structure

1 0.032

2 0.450

3 -0.100

4 and 5 -0.0085

6 and 7 0.176

8 and 9 -0.3045

10 and 11 0.182

12 0.579

13 -0.442

14 0.646

15 and 16 -0.041

17 -0.202

18 -0.259

19 0.288

120

.dI-WI

W



8
-X

7

A 161 E 6
-Z C- 5

.C3

0

0 10 20 30 40 50 60
Simulation Time (ns)

8

7

E6
C- 05
IA

2 3

1a. 2
0
01

U
0

-1
0 10 20 30 40 50 60

Simulation Time (ns)
0 10 20 30 40 50 60

Simulation Time (ns)

a

B
-X

-Y E 6
-Z 6 5

S51W 4

0

-1
0 10 20 30 40 50 60

Simulation Time (ns)

8

7

E6
-5

U'

C3

1.2

0

-1
0 10 20 30 40 50 60

Simulation Time (ns)
0 10 20 30 40 50 60

Simulation Time (ns)

b

8-X
7

-Y -26
-z C5

-4

A 3
2

I1

0

-1
0 10 20 30 40 50 60

Simulation Time (ns)

8

7

E6

4

2 3

1-o
0

01
-1

0 10 20 30 40 50 60
Simulation Time (ns)

0 10 20 30 40 50 60
Simulation Time (ns)

C

Figure 4-Al: Representative coordinates (x, y, and z) of the charged diazo group (-N N) in the diazonium ion as a

function of the simulation time for a: (a) SWCNT-SDS complex, (b) SWCNT-SC complex, and (c) SWCNT-CTAB

complex. Left: r = 3.3 nm, middle: r = 1.7 nm, right: r = 1.1 nm, corresponding to the density maps in Figure 4-4 in

the main text. Note that zm= ~ 6 nm, xmax = ymax 7 nm, and the nanotube axis along the z-axis is located at x = y =

3.5 nmn.
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4.6 Appendix B: Deconvolution of SWCNT Fluorescence Spectra

A custom-designed MATLAB program was used to determine the fluorescence emission peak

center and intensity of each nanotube in an automated fashion (see Figure 4-A2 for

representative SWCNT fluorescence spectra and spectra deconvolution). The fluorescence

spectra were fitted using a sum of N= 9 Lorentzian lineshapes (8 nanotube peaks and 1 G-prime

peak). The fluorescence intensity at any energy, E, is a sum over the contributions of all the

species present in solution:

NC
I(E) = I -'

= 2r (E -E +f 2/4

The parameters to be estimated for the Lorentzian profile of the ith entity are outlined below:

C - area under the peak.

Ti - full width at half maximum (FWHM, meV).

Eo,, - peak center in terms of energy (meV).

Initial guesses for the peak areas were calculated from the control, or initial spectra. The area

under the ith peak was expressed as a fraction of the total area under the spectrum. This fraction

was determined from the intensity of the peak in question. The FWHM and peak center for the

G-prime peak were kept constant (11 meV and 1258.72 meV, respectively), and only its peak

area was floated. In all, 31 parameters were used to fit a single fluorescence spectrum. Each T,

(Eo,;) was constrained within a 10 meV (50 meV) window to maintain the physical validity of the

fit. For responses for which the degree of quenching is over 50%, the shifting response is set to

zero due to the difficulty in distinguishing between the actual shifting and relative intensity

change of different species.
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Figure 4-A2: Representative SWCNT fluorescence spectra and spectra deconvolution. The blue curve represents the

original spectra data, the 9 black curves represent the deconvoluted spectra corresponding to N = 9 Lorentzian

lineshapes (8 nanotube peaks and 1 G-prime peak), and the red curve represents the fitted result (i.e., the summation

of the 9 black curves) to the blue curve.
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Chapter 5

Thesis Summary, Major Conclusions, and Future Work

5.1 Thesis Summary and Major Conclusions

This thesis focuses primarily on combining molecular-level simulations, theoretical modeling,

and experiments to help understand and design functional CNTs and graphene in aqueous

surfactant solutions. In Chapters 2 and 3, the role of the anionic surfactant SC in dispersing

SWCNTs and graphene sheets in aqueous solutions was investigated, respectively. In Chapter 4,

the roles of various surfactants (SC (anionic), SDS (anionic), and CTAB (cationic)) in controlling

the extent of functionalization of SWCNTs were investigated.

In Chapter 2, the surface structure of adsorbed SC molecules on the SWCNT surface was studied

using MD simulations, and the interactions between two SWCNT-SC complexes were

determined using PMF calculations. I found that the cholate ions wrap around the SWCNT like a

ring and have a small tendency to orient perpendicular to the cylindrical axis of the SWCNT, a

unique feature that has not been observed for conventional linear surfactants such as SDS. By

comparing my simulated PMF profile of SC with the PMF profile of SDS reported in the

literature, I found that, at the saturated surface coverages, SC is a better stabilizer than SDS, a

finding that is consistent with the widespread use of SC to disperse SWNTs in aqueous media.

Indeed, the superior dispersion-induced stability of SC over SDS results from a higher repulsive

energy barrier and a shallower attractive energy well induced by SC in the PMF profile. In

particular, I found that the shallower attractive energy well induced by SC is due to the rigid,

bean-like structure of SC, which allows this bile salt surfactant to more effectively accommodate

the intertube gap.

In Chapter 3, I first probed the surface structure and electrostatic potential of monolayer

graphene dispersed in a SC aqueous solution, which exhibits 2D sheets partially covered with a
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monolayer of negatively-charged cholate ions. Subsequently, I quantified the interactions

between two graphene-SC assemblies by calculating the PMF between two SC-covered graphene

sheets, which confirmed the existence of a metastable bilayer graphene structure due to the steric

hindrance of the confined SC molecules. The traditional DLVO theory was found to be adequate

to explain the long-range electrostatic repulsions between the anionic SC-covered graphene

sheets, but was unable to account for the dominant, short-range steric hindrance imparted by the

confined SC molecules. Interestingly, one faces a dilemma when using surfactants to disperse

and stabilize graphene in aqueous solution: on the one hand, surfactants can stabilize graphene

aqueous dispersions, but on the other hand, they prevent the formation of new AB-stacked

bilayer and trilayer graphene resulting from the reaggregation process. Finally, the lifetime and

time-dependent distribution of various graphene layer types were predicted using a kinetic model

of colloid aggregation, and each graphene layer type was further decomposed into subtypes,

including the AB-stacked species and various turbostratic species.

In Chapter 4, I showed that the free energy of diazonium adsorption onto the SWCNT-surfactant

complex, determined using PMF calculations, can be used to rank surfactants in terms of the

extent of functionalization attained following their adsorption on the nanotube surface. The

difference in binding affinities between linear and rigid surfactants was attributed to the

synergistic binding of the diazonium ion to the local "hot/cold spots" formed by the charged

surfactant heads. Specifically, positively-charged CTAB heads repel positively-charged

diazonium ions (forming "cold spots"), which results in a smaller extent of functionalization. On

the other hand, negatively-charged SC and SDS heads attract positively-charged diazonium ions

(forming "hot spots'), which results in larger extents of functionalization. Furthermore, the

flexible SDS molecules can rearrange themselves to form "hotter spots" more efficiently than the

rigid SC molecules, which results in an even larger extent of functionalization. A combined

simulation-modeling framework was developed to provide guidance for controlling the various

sensitive experimental conditions needed to achieve the desired extent of SWCNT

functionalization.
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Three major conclusions can be drawn from this thesis, which may help advance the practical

implementation of CNTs and graphene:

1. Many applications of CNTs and graphene involve carrying out complex chemical processes

in an aqueous solution phase. As a result, the efficient stabilization of these hydrophobic

nanomaterials in aqueous solutions is essential for their successful implementation in

practical applications. Surfactants, being one of the most versatile aqueous dispersants

(along with amphiphilic polymers), play a key role in accomplishing this goal.

Molecular-level simulations of the type discussed in this thesis, which can be used to

complement traditional continuum-based theories, provide an invaluable tool to investigate

these nano-structured aqueous dispersions.

2. Surfactants non-covalently adsorb onto CNT and graphene surfaces to form small "islands"

of aggregates, instead of distributing uniformly on these surfaces. Ionic surfactants can

induce surface charges on the originally uncharged CNT and graphene surfaces, which can

significantly alter the physical (e.g., aggregate and layering structures, electrophoretic

mobility, and electron conductivity) and chemical properties (e.g., reactivity and

functionality) of CNTs and graphene in aqueous solutions.[158, 173, 203, 204] The ability

to a priori predict and control these properties using modeling of the type presented in this

thesis is extremely valuable.

3. The dispersion stability of CNTs and graphene in aqueous surfactant solutions is determined

by the surfactant molecular structure, the surfactant surface coverage on the CNT and

graphene surfaces (controlled by the surfactant type and its bulk concentration), and the

solution environment (e.g., pH, ionic strength, and temperature). As a result, optimizing

dispersion stability represents a challenging undertaking which typically requires tedious

and time-consuming tuning of these experimental variables.[38, 205] With this need in mind,

simulation and modeling methodologies of the type presented in this thesis can be very

useful in predicting and optimizing these experimental variables in order to minimize

trial-and-error experimentation.
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5.2 Future Work

Although this thesis has focused primarily on the ability of the bile salt surfactant, sodium

cholate, to disperse and stabilize CNTs and graphene in aqueous solutions, additional surfactant

types (including anionic, cationic, nonionic, zwitterionic, or polymeric surfactants) could be

studied. As a natural continuation of the studies presented in Chapters 2 and 3, such studies could

lead to the identification of interesting dispersion mechanisms which have not yet been identified.

For example, other research groups have already begun to investigate new types of surfactants

possessing aromatic ring structures (n-orbital) in terms of their ability to stabilize SWCNTs.[206]

Their simulation results suggest that strong 7t-n stacking between the surfactant molecules and

the SWCNT surface can enhance the stability of aqueous SWCNT dispersions.

The surface coverages of the various surfactants considered in the MD simulations presented in

Chapters 2, 3, and 4 were obtained from experimentally-estimated saturated surfactant surface

coverages reported in the literature. A more robust theoretical estimation of the saturated surface

coverage of each surfactant type is required to molecularly predict, and compare, the dispersion

stability induced by different surfactants. This estimation is theoretically challenging due to

restrictions on simulation time and size, and can be presently handled solely using coarse-grained

(CG) force fields. It is noteworthy, that the CG method was recently utilized to predict

adsorption isotherms of model, "toy" surfactants on CNTs.[207] Together with my colleague

Chih-Jen Shi (a member of the Blankschtein and Strano groups), we are utilizing the MARTINI

CG force field[208] to simulate the adsorption isotherm of SC molecules on SWCNT and

graphene surfaces.

In addition to MD simulations, other microscopic modeling and simulation techniques can be

utilized to model the adsorption of surfactants or polymers on cylindrical (CNT) or flat

(graphene) surfaces, including modeling the resulting dispersion stability. These techniques

include, but are not limited to, self-consistent-field (SCF) theory,[209, 210] statistical-mechanics

based density functional theory (DFT),[122, 211] single-chain mean-field theory,[121, 212] and

Monte Carlo (MC) simulations.[213] The implementation of these techniques requires the
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estimation of microscopic material properties as input parameters, which could lead to

inaccuracies in the predictions made, including loosing atomistic resolution of the model system.

Nevertheless, the advantage of these techniques is that they can be implemented numerically

within a much shorter time frame, although the size of the system considered is quite unlimited.

As such, these techniques should be viewed as complementary, along with macroscopic

continuum-based theories, to MD simulations for the purpose of formulating a multi-scale

computational framework to study other nanoscale systems of interest.

The study in Chapter 4 on modeling functionalization of SWCNT-surfactant complexes with

diazonium salts can be readily extended to model functionalization of graphene-surfactant

complexes. Relevant experimental studies on graphene functionalization are already being

carried out by my colleague Chih-Jen Shih. In addition, the impact of other surfactant types

(nonionic or polymeric), as well as of reagents other than the diazonium salt considered in this

thesis, on the functionalization of various interesting solid surfaces (including graphene,[73, 191]

graphene oxide,[192, 193] silicon,[194] silica,[172, 195] metal,[194-196] metal oxide,[197] etc.)

could also be investigated theoretically using the type of modeling approaches presented in this

thesis.

As a natural continuation of the study reported in Chapter 4, reactive MD simulations (e.g., using

the well-known reactive force field, ReaxFF[214]) can be utilized to study chemical reactions (or

covalent adsorptions) of reagents onto CNT and graphene surfaces. This can be combined with

classical MD simulations of the type implemented in this thesis to model physical adsorption,

chemical adsorption, or both. The advantage of reactive MD simulations over quantum

mechanics (QM) simulations for the purpose of modeling chemical reactions is that the former

can handle larger systems in aqueous environments with a reasonable accuracy and within a

shorter time frame, while the later has system-size restrictions and can be very time consuming.

Finally, surfactant/polymer-decorated or covalently-functionalized CNTs and graphene can serve

as novel functional building blocks for a wide range of nanotechnology applications, which

include but are not limited to, highly-selective and highly-sensitive molecular sensors,[81, 215,
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216] field-effect transistors for electronic devices,[16, 67, 139] electrodes for solar cells, fuel

cells, or batteries,[217-219] and fillers for nanocomposites with promising mechanical, thermal,

and electronic properties.[220-222] There is ample opportunity and need for theoretical studies

(modeling and simulations) in these emerging areas to understand and design these nanoscale

materials for various energy, environmental, and biomedical applications. As reflected in this

thesis, active dialogue and close collaboration between modelers and experimentalists can

facilitate construction of the intellectual bridge which connects theory with practical

applications.
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