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ABSTRACT

Single-walled carbon nanotubes (SWCNTS) are unique materials that exhibit chirality-
specific properties due to their one-dimensional confinement. As a result, they are explored for a
wide range of applications including single-photon sources in communications devices. Despite
progress in this area, SWCNTSs still suffer from a relatively narrow range of energies of emission
features that fall short of the ~1500 nm desired for long-distance lossless data transfer. One
approach that is frequently used to resolve this involves chemical functionalization with aryl
groups. However, this approach is met with a number of fundamental issues. First, chirality-
specific SWCNTs must be acquired for subsequent functionalization. Synthesis of such samples
has thus far eluded experimental efforts. As such, post-synthetic non-covalent functionalization
is required to break bundles and create disperse SWCNTSs that can undergo further separation,
processing, and functionalization. Second, a number of low-energy emission features are
introduced upon functionalization across a 200 nm range. The origin of such diverse emission
features remains unknown.

The research presented here focuses on computationally addressing these issues. A series
of polyfluorene polymers possessing sidechains of varying length are explored using molecular
mechanics to determine the impact of alkyl sidechains on SWCNT-conjugated polymer
interaction strength and morphology. Additionally, density functional theory (DFT) and linear-
response time-dependent DFT (TDDFT) are used to explore the effect of functionalization on
emission features. A prerequisite to these calculations involves constructing finite-length
SWCNT systems with similar electronic structure to their infinite counterparts: a methodological
approach for the formation of such systems is presented. The optical features for aryl-

functionalized SWCNTSs are then explored. It is shown that the predominant effect on the



energies of emission features involves the configuration of functionalization, with the identity of
the functional group only playing a minor role. While the qualitative effect of such
functionalization is determined, a quantitative comparison to experiment requires correction for
several sources of computational error. A model to correct for such effects is also developed.
This research not only explains the origin of the multiple emission features in functionalized
SWCNTs for the first time but also lays the groundwork for their further computational

exploration.
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Absorption and emission transitions of the Ar-H isomers calculated in various
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Optical properties of all structures in this chapter. Black vertical droplines
represent the absorption oscillators, and the solid black curve is for those lines
broadened by a Gaussian curve of linewidth 0.01 eV to simulate the absorption
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] 01T =TSSP

. (a) Natural charge on the carbon atom adjacent to functionalization versus red shift
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the asymptotically decreasing trend for the alkyl groups with varying degrees of

electron donating/withdrawing ability. ..........ccccoeviiiiiciie e

6.1. Configurations of functionalization for the different chiralities of SWCNTSs explored

T TS g Vo] (- USSR

XXX

Stabilities of (6,5) SWCNTSs functionalized with different chemical species. ...............

171

. 175

. 176

L AT77

. 178

.. 180

. 181



6.2.

6.3.

6.4.

Relative stabilities for functional configurations of different chiralities including (a)
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6.5. Regressions for emission energies of different length functionalized (5,4) systems

using CAM-B3LYP (panels a and b) and B3LYP (panels c and d). The dashed and

solid regression lines in the left panels represents the fit using the linear method and

Kuhn’s method respectively, and the formula listed is for the linear fit. The right

panels contain the least-squares linear regression between the emission energies
extrapolated for the infinite length systems versus the red-shift in the 3-unit cell long
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6.6. (a) Correlation between unit cell length and E11* energy for different functional

6.7.

configurations of aryl-functionalized (6,5) SWCNTs computed using the CAM-

B3LYP density functional. The inset represents the region centered around where

the most delocalized species intersect the y-axis. Dashed and solid lines represent

the least-squares linear regression of the data points and the fit using Kuhn’s

formula respectively. (b) Computed red-shifts for the emission of the 3-unit cell
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expected E11* (o0) values from panel (a) using a least-squares linear regression. (c)
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panels contain the leat-squares linear regression between the emission energies
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6.14. Computed energies of E11* for the six different functional configurations of aryl-
functionalized (5,4) (top) and (6,5) (bottom) SWCNTSs (a) as calculated (b) shifted
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1. INTRODUCTION

The past three decades have been met with the introduction of remarkable technologies
that connect people with information from opposing corners of the globe. Whether it’s using
Skype to video conference with distant family members, finding an incredible bargain on
Amazon.com, or being guided to our destination by the GPS in our smartphones, few
innovations have shaped modern life to the same degree as the internet. As anyone suffering
from slow data speeds or a complete network outage would certainly be aware, this vital data
connection plays a role in practically every aspect of our life in the twenty first century. Due to
this, scientists and engineers have spent the greater part of the past three decades increasing the
speed and reliability of internet.

One of the most significant advancements toward rapid increase in data transfer rates
involves the use of fiber optical technologies. Early in the days of the internet, getting data from
one place to another relied on electrical pulses travelling through wires made of conductive
copper. While this was sufficient for the short term when the internet was a barely known
concept, copper wires suffer from high cost, susceptibility to corrosion, and limitations in
theoretical bandwidth due to signal losses.! Increasing the data rate requires an increase of the
diameter of the cable and the corresponding increase in cost, weight, and rigidity.? These issues
are significantly improved using fiber optical cables to transmit data with packets of light instead
of electrons. Such fiber optical applications rely on 1530 nm to 1565 nm light as these
wavelengths are transparent to transmission materials. As such, there is significant value in
developing single-photon sources that generate such light. Single-walled carbon nanotubes
(SWCNTSs) are frequently considered for this application due to the introduction of infrared

emission features as the result of functionalization. However, functionalization introduces a



range of emission features, the origin of which are not explained. In this dissertation, the
electronic and optical changes induced by functionalization are computationally explored.
1.1. Single Walled Carbon Nanotube Structure & Properties

1.1.1. Forming a Tubule from a Graphene Sheet

A graphene sheet is a two-dimensional planar nanostructure composed of hexagonal
rings of sp? hybridized carbon atoms bound by covalent bonds®. Each carbon atom in the lattice
contains a single unhybridized pi orbital. Overlap of these orbitals enables electrons to readily
pass between carbon atoms, resulting in an extended network of electron delocalization.> A
graphene sheet can be rolled into a cylindrical shape, thereby generating a pseudo one-
dimensional structure known as a single-walled carbon nanotube (SWCNT).
1.1.2. SWCNT Chirality

Due to the presence of two distinct axes of symmetry, the layout of carbon atoms in the x
and y directions of a graphene sheet are not equivalent. A path traversing the sheet in the x-
direction follows carbon atoms in the “armchair” shape, while traversing the sheet in the y-
direction follows a “zigzag” path. Rolling a planar structure in to a tubule form involves the
superposition of two points on the plane. In the case of the formation of SWCNTSs, those points
can be located at any two carbon atoms. A large diversity of chemical structures can result from
modifying which different points are connected to form the tube. A vector is drawn between the
points to establish the “chiral vector”, which characterizes the resulting SWCNT structure. The
“chirality” of the SWCNT is then defined as the number of basis vectors a; and a, that make up
the chiral vector, where a; and a are vectors forming an angle of +30° and -30° with the x-axis
respectively (figure 1.1).* These integer numbers are widely labeled as n and m, where the

chiral vector is described as:



Ch = nai + maz (Equation 1.1)
The chirality of the SWCNT is therefore described by two chiral indices, n and m, that
completely describe a unique tubule geometry. Chiralities are generally denoted in the form
(n,m). The resulting structure is characterized as either “zigzag” for the case of n>m=0, “chiral”
for n#Fm+#0, or “armchair” for n=m. In addition to distinct chiralities, SWCNTs have a property
known as “handedness” which describes the direction in which the carbon atoms “spiral”. For
the case in which n>m, the SWCNT is denoted as “left handed”. For the case in which n<m, the

SWCNT is denoted as “right handed”.
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Figure 1.1. Schematic representing the orientation of rolling a graphene sheet to form a
SWCNT. The “chiral vector” is labeled by Ch. Figure was adapted from reference 4.



1.1.3. Diameter Dependent Electronic & Optical Properties: Particle in a 1-D Box

As with the graphene sheet, the SWCNT preserves the properties of electron
delocalization in the direction along the tube axis, while the electron confinement is enforced in
the directions perpendicular to the axis. Due to this electron confinement, electronic and optical
properties in SWCNTSs follow the model of a particle in a box. In this model, the wave function
is assumed to be confined to a box of length L with an infinite potential barrier at the edges. The
result of these constraints are wave functions resembling standing waves with nodes at the edges
of the box. The lowest energy solution has no additional nodes, while the number of nodes for
higher energy solutions contain nodes proportional to the quantum number (# nodes from 0>r>L
=n-1) In this model, the energy of the particle as well as energy spacing is therefore inversely
proportional to the square of the length of the box. This simple model can be applied to
nanomaterials to justify their electronic and optical properties, where smaller nanostructures have
larger HOMO-LUMO gaps and therefore higher energy optical features (figure 1.2).>°

Therefore, a large degree can be said about the electronic and optical properties by simply
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Figure 1.2. “Particle in a Box” model, where the wave function is considered to be confined in
a one dimensional well with edges of an infinitely high potential. The energy of each level is
described by the equation on the right, where h is Plank’s constant, m is the mass of the
particle, L is the length of the box, and n is an integer corresponding to the quantum state.
Figure was adapted from reference 5.



characterizing the tube diameter. Due to geometrical arguments, the diameter of a SWCNT is

defined by its chiral indices as:

d= (%)\/n2 + nm + m?2 (Equation 1.2)

where a is the length of the vectors a; and a.. While this gives us a lot of information pertaining
to the electronic and optical properties of SWCNTSs, it isn’t the only structural parameter that
influences their properties.
1.1.4. Chiral Angle

Another important characteristic of SWCNTs is the “chiral angle”. This is defined by:

V3

2n+m

tan(@) = (Equation 1.3)

When viewed from the side, the carbon atoms appear to “line up” along a vector that lies 8° from

the SWCNT axis. As such, the chiral angle is a readily visible parameter.
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Figure 1.3. Density of States (DOS) in the 1-D confined SWCNT systems. Figure adapted
from source 9.

1.1.5. Electronic Structure based on Chiral Indices
Due to the layout of carbon atoms in the SWCNT unit vector, they sometimes exhibit a
conducting electronic structure similar to graphene. This is the case when the relationship
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n-m=3i holds, where i is any integer.”® These are “conducting” SWCNTs as this special
relationship results in a shallow band of states between the valence and conduction bands and
therefore a diminished HOMO-LUMO gap. For all other chiralities (ie. where n-m#31i), the
HOMO-LUMO gap of the SWCNT is on the order of a couple electronvolts (eV) and therefore
they are semiconducting materials.®*® Furthermore, the electronic structure of SWCNTSs exhibits
distinct bands with a significant density of states known as “Van Hove (VH) singularities” due to
their one-dimensional confinement.®112 These VH singularities are important in considering the
optical properties of SWCNTSs.
1.1.6. Optical Properties of SWCNTSs

Since the structure of SWCNT consists of a lattice of sp? hybridized atoms with electron
density delocalized across the entire system, there exists a number of optically allowed © 2> *
transitions between Van Hove singularities exist. Angular momentum considerations dictate that
the optically allowed transitions occur between VH singularities -n to n, where 0 is the position
of the Fermi level. When irradiated with the proper wavelength of light, excitation of the
SWCNTSs predominantly occurs between the second singularity below the edge of the valence
band and the second singularity above the edge of the conduction band. This type of transition is
labeled the 2-2 transition and has an energy E22. Vibrational reorganization occurs after
absorption, generating emission between the Van Hove singularities located at the edge of the
gap. Thisisa 1-1 transition with energy E11. Due to the previously mentioned chirality
dependent electronic structure, the precise energies of excitation and emission are dependent on
the chirality as well. Typical energies of absorption energies for readily synthesized SWCNTs

are around 600 nm, while emission features range from 1000-1200 nm. 314



1.2. Practical Application & Limitations of SWCNTSs

Due to their unique chirality dependent electronic and optical properties, combined with
their remarkable thermal, mechanical, and chemical properties,’>*’ SWCNTSs have been the
subject of intense investigation since the definition of their structure in 1991.'8 Their nanoscale
dimensions and optoelectronic properties enables them to be used in various industrial
applications such as field emission display devices,'*! electronics,'®?>?3 and photovoltaic
devices.?*?" Furthermore, the transparent nature and precise energy of their frontier molecular
orbitals makes SWCNTSs useful for utilization as hole-injection layers in light emitting diodes.?®
32 In addition to the applications that take advantage of their electronic properties, SWCNTSs have
been proposed as active layers in sensors®*- partially due to their high surface-to-volume ratio
and superior electron transport properties. However, there are a number of limitations that must
be overcome for the full utilization of SWCNTS in this wide range of applications to be realized.
1.2.1. Challenges Generating Chirality Pure SWCNT Samples

SWCNTSs to be used for the aforementioned applications require their properties and
therefore chiralities be very carefully controlled. While recent advances have led to the
production of samples of a few species,* chirality specific synthesis has thus far eluded
experimental efforts. Due to the strong 7-n interactions between individual SWCNTS, they tend
to form strong bundles. As such, a potpourri of different methods have been utilized to post-
synthetically break their bundles*®*! enabling their sorting into desired chiralities. The strategies
for this frequently utilize density differentiation by centrifugation,*** size exclusion
chromatography,**-%® electrophoresis,*’ and combinations of these methods. These methods rely

on surfactants to selectively interact with, disperse, and dissolve SWCNTSs of specific chiralities



or electronic types.*® Deoxyribonucleic acid (DNA) is among the surfactants that have shown
promise for use of SWCNTSs, both in experiment**-2 and theory.>®

Another class of surfactants that receives a great deal of attention for selective dissolution
and dispersion of SWCNTSs is conjugated polymers. A vast body of literature characterizes
specific conjugated polymer systems that are able to non-covalently interact with various types
of SWCNTs.>®1 Because of this experimental success, a number of computational studies have
been performed with the goal of describing both the energetic and morphological characteristics
of such polymer — SWCNT systems.>*6062-6% A common assumption in course grained
computational studies of these systems®?® is that the predominant interactions between the
conjugated polymer and SWCNT involve 7 stacking between the polymer backbone and the
extended 7 system of the sp? hybridized carbon network in the SWCNTs. As such, the large
alkyl groups present in the polymer are frequently omitted from computational models. Such an
approximation enables simplification of the models and therefore reduction of computational
costs, but it results in the complete neglect of interactions between the sidechain alkyl groups and
the SWCNT. While these interactions are expected to be weak, they will still contribute to the
strength of interaction between the conjugated polymer and SWCNTs and therefore play a role in
both the dispersion ability and selectivity of such conjugated polymers. Because the sidechains
of conjugated polymers are expected to have some impact on their binding to various chiralities
of SWCNT, Chapter 2 of this dissertation focusses on characterizing the effect of alkyl side
groups of poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO) on its adsorption energy and morphology
in PFO-SWCNT composites. Such information is important to assess the viability of using
sidechain length as a degree of freedom in experimental efforts to sort SWCNT chiralities as

well as determine the validity of excluding such sidechains from computational models.



1.3. Tuning SWCNT Properties by Covalent Functionalization

While pristine SWCNTSs exhibit a relatively wide range of properties, sometimes further
tuning is required to optimize their performance for a given application. Covalent
functionalization of SWCNTs is commonly implemented as a strategy for manipulating the
intrinsic properties of SWCNTSs, and the effects of such functionalization have been widely
reported. There have recently been a number of experimental investigations exploring the use of
functionalized SWCNTSs for active layers light emitting and photovoltaic devices.?>"%"2
Integrating a range of SWCNT species into such a device would facilitate the adsorption of light
across the broad wavelengths of the solar spectrum due to the variety of band gaps in a normal
SWCNT film. However, efficiency of such devices has generally been below that of existing
technologies, partially because the lowest electronic transition in functionalized SWCNTSs is
generally optically dark. It has been suggested theoretically” that covalent functionalization
should brighten the lowest optical transition, which should improve efficiency in photovoltaic
devices.

Covalent functionalization with halides and alcohols changes the electronic properties of
SWCNTs.”*"® Further studies have been performed functionalizing SWCNTSs with carboxylic
acids,””"® amides,” and amines.”®® Such functionalization not only results in a change to
electronic and optical properties, but also provides reactive sites thereby providing the
framework for further synthetic modification. Additionally, carboxylate and alcohol groups are
known for their ability to form chemical bonds to other reagents, such as metal-organic
complexes, porphyrins,22 polymer chains,2*8® proteins,?® and DNA.8"8 This improves their
promise for applications in sensor devices, antibiotics, and drug delivery systems.*-8%-91 A

significant number of studies detailing oxygen functionalization have also been performed.%-%



Covalent functionalization occurs at the sidewalls and/or open ends or tips of the SWCNTs
through chemical synthesis, oxidation, and acid treatments.®®%! Due to the large strain and
weak reacting nature of sp?-hybridized carbons, SWCNTSs are more susceptible of being
functionalized on the tips or edges.'%21% Unfortunately, a precise control over positions and
concentrations of functional groups at the nanotube surface is still a challenge 9195197 and the
mechanisms by which functionalization occurs and modifies the pristine SWCNT properties is
largely unknown. First principle calculations are frequently utilized to gain detailed insights into
interactions between the functional groups and SWCNTSs and identify the resulting
optoelectronic behaviors.%’
1.3.1. Chlorine Functionalization

In the quest to functionalize SWCNTS to generate new and useful properties,
halogenation of SWCNTSs has been performed.’%®11% This is perhaps the easiest
functionalization to accomplish due to the high reactivity of fluorine with the SWCNT surface.!!
Attempts of chlorination!*?216 and bromination*'” of SWCNTSs with various techniques have also
been successful. One source of recent interest has been the functionalization of SWCNTs with
AuCls. Functionalization with AuCls results in a p-type doped system.!'811° However, the
mechanism of this functionalization is not exactly known. Some proposed mechanisms include
the adsorption of individual chlorine atoms'?° or the adsorption of an entire gold chloride
cluster.?* However, a more complete understanding of the mechanisms and regiochemistry of
functionalization of these systems is imperative.

There has been a significant amount of research computationally characterizing the
properties of chlorinated SWCNTs.114121-124 Based on these previous efforts, it has been shown

that the binding of a single Cl atom to the SWCNT sidewall creates a defect in the sp? lattice.
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This substantially increases the favorability of binding a second Cl atom to a nearby site!** with
certain sites being more favorable than others.*?* Chlorination has also been shown to shorten the
band gap of semiconducting SWCNTSs by introducing unoccupied midgap states: this is
consistent with p-type doping.t?? The exact changes to the electronic structure have been shown
to be dependent on the precise sites of chlorine functionalization at the surface of the SWCNT .4
There is limited computational research regarding the effect of chlorination on the excited state
properties of the SWCNT. To this end, Chapter 4 of this dissertation focusses on characterizing
the effects on the electronic and optical properties of chlorine functionalization of both charged
and neutral (6,2) SWCNTSs.
1.3.2. Functionalization with Aryl Groups

Recent studies have focused on functionalization with aryl-based dopants,12>95:126-130 |
these studies, absorption occurs along the pristine portion of the SWCNT at energy E11. The
exciton then undergoes vibrational reorganization and becomes trapped at the defect site, and the
subsequent emission occurs at lower energy E11*.*2"131 Such low energy emission features
dramatically increases the plausibility of using SWCNTSs in communications applications.®®
While limited computational exploration of the introduction of these low-energy optical features
has been performed,'® a clear understanding explaining the presence of a number of emission
features has not yet be achieved.

Due to the hexagonal lattice of SWCNTSs, a number non-chemically equivalent positions
for functionalization arise, allowing for the creation of multiple different functional
configurations. Previous studies have successfully characterized the effect of functionalization

along different bonds on the electronic structure local to the defect site.*?”1*® These studies have

eluded to the position-dependence of functionalization on local electronic structure and therefore
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optical properties of functionalized SWCNTSs. However, to date a study exploring the effects of
functionalization with aryl and hydrogen dopants in different positions with respect to the
SWCNT axis and in the presence of solvent has not been performed. Additionally, the effects of
such functionalization have previously been shown to be defect-based.'?” In this dissertation,
Chapter 5 focuses on relating the energy of emission features of covalently functionalized
SWCNTSs to distinct positions of the functional groups. For the first time, the diverse emissive
features of functionalized SWCNTSs is attributed to the existence of multiple functionalization
configurations that induce differing degrees of exciton localization around the defect site. This
information is valuable for establishing structure-property relationships and formulating
synthetic schemes that maximize desirable optical characteristics for specific applications.
1.4. The State of Computational Methodology for SWCNTSs

A diverse set of existing computational methods can be applied to SWCNT systems.
Perhaps the simplest methodology involves simply solving for the positions of the nuclei by
treating them as classical points and considering the forces that govern their geometrical
configurations. This is computationally inexpensive and can be done for systems of thousands of
atoms, but only provides the geometries of the system and lacks information describing its
electronic structure. Since interactions with light involve transitions between electronic levels,
the full electronic structure of the systems must be obtained where optical features are of interest.
This is much more computationally expensive and could historically be performed only on
systems consisting of a few atoms. As the result of the advent of modern computers with
thousands of processing cores, performing such calculations on systems with thousands of atoms

(such as SWCNTS) is just now becoming feasible.
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1.4.1. Classical Methods: Molecular Mechanics

The fundamentals of chemical bonding have been known for quite some time now. In the
simplest terms, molecular geometry can be described by the valence shell electron pair repulsion
model (VSEPR). In this model, it is assumed that the positive charges of the nuclei in a chemical
system repel each other and are therefore distributed in a way to fill the maximum amount of
space possible.r** A slightly higher-level model known as hybridization attributes the shapes of
molecules to the presence of electrons in orbitals with distinct shapes of their own. Each atom is
assigned a certain hybridization depending on its electron configuration, and the hybridization in
turn dictates the bond lengths, angles, and dihedral angles to adjacent atoms. By combining and
filling orbitals in the way dictated by the number of electrons, the resulting system is laid out in a
certain configuration.'** Both of these models are elegantly simple and yet very powerful to
describe the geometry of chemical systems.

In order to predict the geometries using classical molecular mechanics, a parameter set is
first developed describing the geometry about each atom considering its identity and
hybridization. The parameters describing bond lengths, angles, and dihedral angles are defined
by considering the atoms as simple balls on a spring, and the parameter set contains all the force
constants and equilibrium values for each type of atom. Additional terms are introduced to
describe phenomenon such as hydrogen bonding, Vander Waals interactions, and the formation
of cyclic structures of different sizes. The forces on all atoms in a computational system can
then be calculated from simple equations of harmonic oscillators and the parameters in this set.
The system is allowed to relax and the new forces are calculated. This procedure is repeated
until a minimum energy is obtained within a certain threshold is obtained. Because it only

requires a few algebraic operations per atom, determining geometries using this method is
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computationally efficient for even large systems. As a result, it was the methodology of choice
for optimizing SWCNTSs in the presence of surfactants in Chapter 2 of this dissertation. In order
to increase the accuracy of these calculations, the chosen parameter set was modified to provide
geometries for the surfactant molecules that match ab-initio results.
1.4.2. Electronic Structure Calculations
1.4.2.1. Basic Introduction to Quantum Chemical Calculations

The fundamental physics governing the electronic structure of a chemical system and
therefore it’s physical and bonding characteristics have been completely known for some time.
The Schrodinger equation, developed by Erwin Schrodinger in 1925 and published in 1926,
completely describes the wave function of a system consisting of electrons spatially distributed
about charged nuclei as an eigenfunction where the Hamiltonian is the total energy operator.
The eigenvalue is in turn total energy, and the wave function uniquely describes all the
observables of the system.® Despite this, the wave functions of even the smallest real systems
are far too complex to solve for explicitly. A significant challenge addressed by computational
chemistry is how a system’s wave function can be computationally approximated. Such
procedures can subsequently be used to predict the properties of real chemical systems.
1.4.2.2. Hartree-Fock & Semiempirics

The Hartree-Fock method of quantum chemical calculations is frequently used to
determine the properties of chemical systems. In this method, the number of terms in the
Hamiltonian is first reduced using the Born-Oppenheimer approximation® in which the nuclei
are assumed to be sufficiently massive and therefore fixed. The resulting “electronic
Hamiltonian” only consists of terms describing electronic kinetic energy, electron-nuclear

interactions, and electron-electron interactions. The wave function of the system is
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approximated as a superposition of weighted one-electron orbitals (the so called “basis set”).
Following the vibrational principle, the real energy of the system using this approximated wave
function will be greater-than or equal-to the real wave function. A self-consistent approach is
then utilized to solve for the coefficients to minimize the total energy of the wave function
approximating the real system. While this approach is powerful and successfully used to predict
the properties of a range of small systems, it is also expensive due to the relatively high
computational cost of the two-electron integrals describing the electron-electron interactions in
the system. As a result, the interactions are frequently parameterized from experimental or
theoretical results. The resulting semi-empirical methodology can be implemented at a much
smaller computational cost, resulting in its application to much larger system. However, is met
with limitations in the diversity of systems that can be considered with a chosen methodology.
Because electron-electron interactions must behave similarly in the system of interest as they do
in the system from which the parameters were derived, a menagerie of different semi empirical
methodologies exist. Of these, Austin Model 1 (AM1)**" and intermediate neglect of differential
overlap (INDO)'*® have been shown to accurately approximate the curvature and vibrational
effects in SWCNTSs.'*® As such, they have been used extensively for calculating the geometries
of SWCNTSs in this dissertation.
1.4.2.3. Density Functional Theory

A fundamental cornerstone of quantum mechanics is that square of the wave function is
defined as the probability of finding an electron at that position. It is therefore natural to work
with electron density (correlating to charge) in lieu of wave functions. In 1964, Hohenberg and
Kohn published a seminal paper which established two significant theorems: 1) the external

potential of an system, and therefore it’s total energy, is a unique functional of electron density,
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and, 2) the ground state energy can be obtained variationally, and the density that results in a
minimum total energy is the exact ground state density.*° The following year, Kohn and Sham
developed the formulism in which the exact ground state density is expressed as the ground state
density of a fictitious system of non-interacting particles. This allows us to treat density in the
same way as previously discussed for wave functions.*! This methodology, known as Density
Functional Theory (DFT) is one of the most utilized techniques for determining electronic
structure as the result of its improved chemical accuracy over Hartree-Fock without significant
increases in computational cost. As such, it has become the most frequently used methodology
in the field of computational chemistry. Due to the development of powerful supercomputers,
DFT can now be implemented on large systems including SWCNTSs.

Perhaps the most challenging part of applying DFT to real systems is properly describing
the terms involving electron-electron interactions and electron kinetic energy in the Hamiltonian
with a physically real density functional. A large number of approximate density functionals
have been developed for this purpose with a wide range of constructs, the basis of all of which is
the local density approximation (LDA). This model is constructed around the concept of a
uniform electron gas in a positive background charge such that the entire system is neutral. This
enables description of the energies resulting from electron density and is an appropriate
approximation where electron density is evenly distributed in space. However, for systems
where the electron density isn’t uniformly distributed, consideration of gradients in density need
to be taken into account. The generalized-gradient approximation (GGA) accomplishes this and
provides functionals more suited for molecular systems than LDA.**? Further methodologies
combine GGA and portions of density-dependent energy from Hartree Fock methods. By

combining these components in different ratios for exchange and coorelation, many so-called
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“hybrid” functionals have been developed that can be accurately used for a wide range of
chemical systems. The most commonly known and applied of these is the Becke, three-
parameter, Lee-Yang-Par (B3LYP) functional**'4 which has been shown to give accurate
results for a wide range of chemical systems**® including SWCNTs. As such, portions of this
dissertation consider it as a “benchmark” including Chapter 3 where electronic structure for a
number of systems is compared.

While B3LYP provides relatively good results, further modification of the functional has
frequently been performed in order to improve the electronic structure. This involves changing
the weights of each portion as the distance from the nucleus varies. One such functional that
implements this is the coulomb-attenuating method (CAM-B3LYP)4¢ which varies the percent
of Hartree-Fock exchange from 19% near the nucleus to 65% at greater distances. It has been
previously shown that using the CAM-B3LYP for calculations involving SWCNTs more
properly describes electron density localization along the axial direction of the tube.*?” It is
therefore the chosen functional for the majority of the DFT calculations in this dissertation.

Ground state density functional calculations have successfully been used to determine the
unique properties introduced by functionalization. In these studies, periodic boundary conditions
were used to study the stability and electronic structure of semiconducting zigzag and metallic
armchair nanotubes functionalized at the side-wall with carboxylic acid, alcohol, amine, and
alkyl functional groups.'*” It was found that these functional groups create sp® defects at the
SWCNT surface resulting in trap states introduced into the band gap of a pristine nanotube,
while methylene groups bound to metallic (9,0) SWCNT form pentagon/heptagon defects

leading to opening of the band gap and a change in its metallic to semiconductor character.
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Since DFT properly describes the uncorrelated gaps in nanomaterials with a range of

dimensionalities including 1-D systems,'43

it is reasonable to apply it to SWCNTSs for predicting
optical properties. In order to accurately predict optical properties, methodology that accurately
captures the effects from the presence of electron-hole pairs (“excitons™) needs to be
implemented. One such DFT based methodology involves solving the Bethe-Salpeter equation
(BSE). In this approach, a DFT calculations are first performed under the LDA. The resulting
Kohn-Sham energies and wave functions are used as a starting point for further calculations
describing the excitons. The BSE are then solved numerically using these two components.
Such an approach has been used successfully to describe optical excitations, recently in the case
of bi-exciton formation. 4 However, it is met with significant computational cost and
therefore the number of optical transitions that can be considered is limited. While only a few
states are required for pristine systems with a high degree of symmetry, functionalization of
SWCNTSs breaks this symmetry. As such, many more excited states are required and the less-
expensive linear-response time dependent DFT is preferred.
1.4.2.4. Time-Dependent Density Functional Theory

The first Hohenberg-Kohn theorem can be extended to the time dependent case, where a
time dependent potential uniquely corresponds to a time-dependent density. This was shown by
Runge and Gross.'®! In linear-response time dependent DFT (TDDFT), the Hamiltonian is
approximated as the sum of the Hamiltonian in the ground state plus some time-dependent
perturbation. Consequentially, the total time-dependent density can be expressed as the sum of
the ground state geometry and a time-dependent transition density. The transition density is
constructed from a superposition of transitions between the ground state orbitals, and the Kasida

equation can be solved to provide proper coefficients. The resulting solutions provide a
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description of the transitions, including their energies and dipoles. The relatively small expense
of this method make it optimal for pristine SWCNT systems, and it has frequently been
successfully applied to reproduce at least qualitative scaling behavior.*%”13 In addition, it has
been used to describe how SWCNT excitation energies are affected by functionalization. 32133
Calculations based on TDDFT have predicted that chemisorption of hydrogen and aryl groups at
the sidewall of semiconducting SWCNTSs significantly modifies the optical selection rules so that
the lowest-energy transitions become optically active.*32133152  However, such optical
brightening of the lowest energy state is highly sensitive to the position of the adsorbent.**2
These predictions agree well with the recent experimental findings of a satellite bright emission
peak in SWCNTs with sp® defects introduced via controllable chemical functionalization.!°3154
Similar results have been obtained both computationally and experimentally for oxygen-doped
SWCNTs.%
1.4.3. Approximation in the Models: Finite Computational Cells

While a number of software packages exist implementing the TDDFT formulism as
previously described, none currently utilize periodic boundary conditions. As such, the
computational cells need to be generated of finite size. TDDFT calculations of SWCNTSs
functionalized at the sidewalls®*132133152 have been mostly conducted on finite-size nanotubes of
about 10 nm in length with tips capped by hydrogen atoms and CH> groups to eliminate dangling
bonds at the tube edge. However, the appearance of mid-gap states associated with the edges is
sensitive to the ratio between H and CH> capping groups, which, in turn, has been found to
depend on the tube chirality. Unfortunately, a precise form of this dependence is still unclear and
only empirical approaches have been reported in the literature.2°** This is a major problem, as

proper capping schemes that make the finite system mimic the electronic structure of the infinite
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system are required for each capping scheme before the properties of the pristine or
functionalized systems can be accurately computed. As such, Chapter 3 of this dissertation
focusses on determining the effects of a wide range of capping groups on the electronic and
optical properties of SWCNTs. Consideration of the impact of capping groups is essential in
developing capping schemes and thereby enables accurate computations on functionalized
systems.
1.4.4. Analytical Model for Correcting for Computational Error

Finite computational models have been used to perform TDDFT on covalently-
functionalized SWCNTSs throughout this dissertation. In reality, these systems are on the orders
of micrometers in length, which is prohibitively expensive for DFT. While qualitative trends
derived from these finite-length systems may be useful towards analyzing optical features due to
chemical modifications, the value of quantitative data is compromised due to several
approximations. These include artificial localization as the result of using a finite-length
SWCNT system (“confinement error”’) and the use of an incomplete basis set and self-interaction
errors in the density functional, (collectively referred to as “methodology errors™). All these
errors tend to blueshift computed optical features relative to experiment. Ideally, energies must
be corrected to form direct comparisons between theory and experiment. One method to
accomplish this would be to introduce a constant energy shift. While this method is simple, it
does not consider the two sources of error independently. In the computed systems,
methodology errors are similar across all species whereas confinement errors depend on electron
localization. These are insignificant for species with excitons localized close to the defect site
but become substantial for species where the exciton is delocalized across the whole tube. In

latter systems, a single shift may overcorrect since it neglects species-dependent confinement
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error; a subsequent subtraction of confinement error proportional to the degree to which the
exciton is localized would be required. A proper scheme that corrects transition energies with
different degrees of exciton localization must treat confinement and methodology errors
independently. Development of such a scheme is the focus of Chapter 6. The novel scheme
developed here provides the theoretical framework for shifting optical features for all
calculations involving finite computational cells. In addition, Chapter 6 presents the properties
resulting from functionalization along different functionalization configurations for different
chiralities of SWCNT.
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2. SINGLE WALLED CARBON NANOTUBE - POLYMER SIDECHAIN
INTERACTIONS AND MORPHOLOGY
2.1. Motivation

In the quest for new materials for use in modern electronic applications, single walled
carbon nanotubes (SWCNTS) stand out due to their chirality dependent electronic and optical
properties. However, current synthetic methods are unable to produce SWCNTSs of a specific
geometry. As a result, post-synthetic separation methods are relied upon to generate samples
suitable for use in such applications. This involves covering the surface with a surfactant with
multiple structural components, one of which interacts well with the SWCNT and another that
interacts well with the solvent. One such surfactant is poly(9,9-di-n-octylfluorenyl-2,7-diyl)
(PFO) yielding octyl alkyl chains, which selectively dissolves and disperses SWCNTSs of certain
chiralities. As such, it is imperative to understand the mechanism of binding of these polymers
to SWCNTs. Additionally, the electronic structure of such composites is of computational
interest for evaluation of their performance in devices. It is commonly thought that the
predominant interaction between the SWCNT and polymer chain is the n-n stacking, while the
weaker van der Waals interactions are frequently neglected. While the sidechains are not
expected to contribute much to the electronic structure of SWCNT-polymer composites, the
current study demonstrates that their effect on the morphology of such systems is significant.
Short sidechains introduce additional van der Waals interactions to the system, while moderate
length sidechains distort the geometry of the polymer backbone resulting in destruction of n-x
stacking and therefore decrease the overall interaction. Sidechains longer than octyl induce a
shift in angle about which the polymer wraps the SWCNT and therefore decreases the binding

energy further. This new information suggests that using polymers modified to possess different
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length sidechains may be an effective strategy for introducing diameter-specific interactions and
selectivity. In this chapter, the precise morphology of the polymer with varying length
sidechains in composite systems with SWCNTSs is explored and found to be dependent on a
complex interplay between Vander Waals and n-n interactions.
2.2. Computational Methodology

2.2.1. Reparametrizing the Force Field

In order to accurately model the morphologies of SWCNT-PFO systems using molecular
mechanics, the interactions in the model must first sufficiently mimic those interactions in the
real system. This is generally accomplished by substituting parameters in an existing force field
with new values that result in agreement between the molecular mechanics calculations that
utilize them and higher level theory or experiment. In this case, reparameterization was
accomplished by optimizing the geometry of an oligomer containing five unit cells of PFO
monomer with alkyl side chains substituted by methyl groups (m=5, total length 41.4 A, figure
2.1a) in vacuum using density functional theory (DFT) and parameterizing based on the
geometry of the most central unit. This unit is sufficiently distant from the ends of the oligomer
chain that end effects shouldn’t significantly perturb the geometry. These calculations were
performed using Gaussian09 software® and the B3LYP functional®* with a 6-31G* basis set.>”
Alkyl chains were replaced with methyl (n=1) for DFT calculations because it is assumed that
this substitution won’t change the electronic structure by a significant degree and that sidechains
don’t play a significant role in perturbing the geometry of the backbone in the pristine polymer
since m-1 interactions dominate. This assumption is particularly valid when the side groups are
spaced as distantly as possible to minimize steric effects and torsional strain. As such, the initial

configuration was assembled in a head-to-tail manner to place the side chains on adjacent
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monomer units on alternating sides of the polymer backbone. Once the geometry of this system
was determined using DFT, the MM3 force field®! was reparametrized to match the geometry
of this ab-initio computed system. The Tinker software package'? was utilized for all molecular
mechanics calculations. While the default MM3 force field accurately predicted the geometry for
the majority of the system, necessary adjustment of the parameters controlling the dihedral angle
between monomer units to match the 37.5° predicted by DFT (figure 2.1c) as well as the bond

length between two sp? hybridized carbon atoms in five membered rings was performed.
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Figure 2.1. (a) A single unit of monomer for poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO)
where n represents the number of methylene groups in the alkyl side chain and m represents
the degree of polymerization, (b) the parameter used to quantify “twisting” of the polymer
backbone in the SWCNT-PFO systems. A value of zero indicates that the normal vector to
the polymer unit intersects with the axis of the SWCNT, thereby maximizing - overlap. A
value of one indicates that the polymer unit is perpendicular to the surface of the SWCNT,
and therefore the minimum distance between the vector normal to the unit and the SWCNT
axis is equal to the radius of the SWCNT + the distance between the SWCNT and the center
of mass of the polymer unit, and (c) the pentamer (m=5) optimized with DFT using the
B3LYP functional and the 6-31G* basis set from which the force field was reparametrized.
The torsion angle at the central unit of this ologimer is 37.5°.
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2.2.2. Optimization of the SWCNT-PFO Composites w/ Different Length Sidechains

With accurate parameters that adequately match DFT calculations achieved, the systems
of SWCNT-PFO composites were constructed and their geometry optimized. The SWCNTs
were generated using Tubegen software.™®> A single monomer was then placed on the SWCNT
2.5 A from and parallel to the surface. This monomer was replicated and positioned to produce a
polymer chain 40 units long with nine distinct wrapping configurations about the SWCNT at
angles of 0 degrees to 80 degrees with respect to the SWCNT axis in 10 degree increments. This
relatively large number of initial configurations was generated for each SWCNT-PFO derivative
pair in order to replicate the random geometries that would be likely be produced along a lengthy
and more computationally expensive molecular dynamics simulation, an approximation that was
successfully implemented in numerous previous studies***”. The wrapped SWCNT geometries
were optimized using molecular mechanics with the new parameter set. This was accomplished
in two steps: first by freezing the SWCNT and relaxing the geometry of the polymer about the
tube, and then relaxing both the SWCNT and polymer and allowing the system to relax to its
final geometry. This two-step process was required to first minimize the interactions deforming
the SWCNT from a “straight” geometry and thereby minimize bending of the tubes.
2.2.3. Analysis of the Binding Strengths of Polymer to SWCNT

Once the optimized geometry of the entire system was determined, the adsorption energy
(Eads) of the polymer to the SWCNT was determined for all geometries using the following
equation:

Eads = Eswent-pro— (Eswent — EprFo) (Equation 2.1)

where Eswcnt-pro i the total energy of the SWCNT-PFO system, Eswenr is the energy of the

optimized pristine SWCNT, and Epro is the energy of the isolated 40 unit long PFO chain
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optimized from the 0-degree wrapping configuration. The morphology of only the strongest
binding configuration of the SWCNT-PFO system was then characterized since these species are
expected to be most predominant in real samples and will therefore play the greatest role in
dissolving and dispersing the SWCNTSs.
2.2.4. Analysis of the Morphologies of the Systems

A number of structural characteristics are of interest in evaluating the factors contributing
to adsorption of PFO of different lengths side chains to the SWCNT surface. These include the
average distance between the SWCNT and the carbon atoms of the sp? hybridized PFO
backbone, the average distance between the SWCNT and the sp® hybridized atoms of the PFO
sidechain, the final wrapping angle of the PFO chain about the SWCNT, and the torsion angle
between PFO units in the polymer. From this data, the fraction of carbon atoms in the sidechain
interacting with the SWCNT via van der Waals interactions was defined as the number of
sidechain carbon atoms that were within a 5A distance from the surface of the SWCNT.
Additionally, a further morphological parameter of the systems was defined to characterize the
degree of “twisting” of the backbone along the SWCNT surface. This is necessary since
optimum interaction between the polymer sidechains and the SWCNT occurs when the two are
in close proximity. However, this twists the backbone away from planarity with the SWCNT
surface and therefore occurs at the cost of @ stacking. To define the twisting parameter, a vector
normal to each monomer unit within the polymer was defined. The minimum distance between
this vector and the axis of the SWCNT was then determined and divided by the distance between
the center of mass of the monomer unit and the axis of the SWCNT. As such, the value of the
twisting parameter ranges from zero to one where a value of zero implies the unit is aligned

perfectly parallel on the surface of the SWCNT and thereby maximizes 7 - w overlap and a value
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of one implies the monomer unit is aligned completely perpendicular to the surface of the
SWCNT and thereby minimizes 7 - © overlap (see figure 2.1b for a schematic representation of
this parameter). Since © — © stacking requires both planar overlap and close proximity between
the m systems, both of these criteria were evaluated to determine which units interact via this
mechanism. Utilizing the measure of distance between the sp? hybridized backbone atoms and
the SWCNT as well as the twisting on the surface, the number in monomer units of the polymer
that would be expected to interact via 7 - w interactions was determined. For this, it was assumed
that a unit interacts via 7 - 7 interactions if the distance between every atom in the monomer unit
and the SWCNT surface is less than 4 A and the twisting parameter was determined to be less
than 0.4. As such, the number of polymer units that are both perpendicular to the surface of the
SWCNT surface and within the distance expected for n-  stacking are counted.
2.3. Evaluation of the Role of Sidechains in PFO-SWCNT Binding

The profile for the adsorption energy of the PFO with varying length alkyl chains to
SWCNTs of different chiralities is complex and exhibits local maxima for binding energy with
methyl side groups and octyl side groups (figure 2.2a). For the purpose of analyzing the role of
sidechains, the discussion will focus on interactions in three distinct regimes: n < 3 (short side

chains, 3<n<8 (intermediate length side chains), and n>8 (long side chains).

45



= -0.45 (a) ® 1 ° 64
= ,
£ sl ¢ © ’ o
. tedi
£ | . © |
£ -0.55 1 % @ ' 8 ° o 5 ‘ Q e g ° (83)
% | = o o0 o C)‘ 0. 61 © (9,2
2060+ 09 O @ ' Q s ~ o ‘g1 © @9
S 065 o 8 % 888 e ol o Go
2 .0.65 - - S O o 51 © (7.6
L|C_| | Z e) (@) { O (9,9
S-0704A | é o @) ] © 86
e_ ] Coa * O- O (817)
3 -0.751 é 4 AV
< ] ]

'O'BOIIIIIIIIIIIII
o 1 2 3 4 5 6 7 8 9 10 11 12

Number of Metylene Side Groups

o

£ —
8_ 1
e —a—2
c —0— 3
> —0—4
()

~— —— 5
P

o 4 —0—6
G 7
Y {8
o —{1-9
2 1-0-10
LICJ —{ 11
i) 1-C1-12
a

o 0.8 —YT7r 77777

ﬁ 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5

Diamter SWCNT (A)

Figure 2.2. Adsorption energies per unit length of PFO to the SWCNT as a function of (a)
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correlates to the length of the alkyl sidechain on PFO.

46



2.3.1. Short Alkyl Sidechains
2.3.1.1. n=0 2> n=1 Increased Vander Waals Interactions without a Cost

In the case of very short side chains (n=0 to n=3), the adsorption energy shows a very
distinct trend where binding is more favorable for larger SWCNTSs. In these cases, trends
between binding and SWCNT chiral angle/electronic type are absent. This diameter dependence
is the result of the ability of the polymer to adopt its most favorable conformation. In the case of
small tubes, wrapping requires significant “warping” and the planar configuration of the polymer
units is disrupted. In larger SWCNTs, this effect is much smaller and therefore the energy is
more stable due to decreased deformation from the optimal polymer configuration. Additionally,
these species with very short side chains have the smallest wrapping angles. As such,
deformation from the pristine polymer geometry is minimal and the binding is the strongest.

This same effect allows composites with very short side-chains to exhibit increased
stability over systems with long sidechains. For hydrogen side groups, the torsion angle within
the polymer is much smaller than either in the pristine polymer or any of the other SWCNT-PFO
systems, consistently taking on a value of about 24° due to the absence of steric hindrance when
the PFO doesn’t yield alkyl side chains. An increase of adsorption strength is observed going
from n=0 with only a hydrogen side group to n=1 with the methyl side group; this effect is
accompanied by a significant increase in torsion angle between the polymer units to the more
favorable 32° (figure 2.3b). This change in geometry stabilizes the polymer. Additionally, the
presence of a methyl group in this system allows for interaction via van der Waals interactions
with the SWCNTSs. Because of this interaction between the SWCNT and the methyl groups on

opposite sides of the polymer backbone, the polymer chain is morphed to a less planar
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configuration. Despite this, the normal vector to the monomer units alternates from one side of
the SWCNT axis to the other going down the polymer chain (figure 2.4), resulting in a retention
of the relatively planar geometry with respect to the SWCNT surface and strong n-m interactions.
Because of this configuration, half of the methyl groups are located directionally toward the
SWCNT and therefore fall within the van der Waals interaction distance (figure 2.5b) while the
other half remain on the opposite side of the polymer backbone. As a result, the cumulative
effect of the additional van der Waals interactions simply contributes about 0.05 eV/nm polymer
to the adsorption energy. This is also the only circumstance under which a significant change in

torsion angle in the polymer is observed, and for all other side chains this effect is constant as the
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Figure 2.3. Characterization of the geometry of the PFO polymer optimized in the presence of
the SWCNT, including (a) the average wrapping angle of the PFO units and (b) the average
torsion angle between polymer units. Larger circles indicate larger diameter SWCNTSs, filled
circles indicate a chiral angle 6 > 20°, and empty circles indicate a chiral angle 6 < 20°
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torsion angle remains approximately 32° in the presence of the SWCNT. As such, further
changes to the adsorption energy profile cannot be attributed to further changes in dihedral angle
of the polymer.
2.3.1.2. n=1 2> n=3 Vander Waals Interactions Induce Twisting & Instability

Due to their increased number, more atoms in the alkyl sidechain would be expected to
interact with the SWCNT as the length of the alkyl group increases. However, the portion of
sidechain atoms interacting is actually reduced as the sidechain lengthens beyond n=1 (figure
2.5b). This is due to simple geometrical constraints: the additional atoms in the sidechain can

not interact with the SWCNT simultaneously with the atoms in the backbone. (figure 2.4). The
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Figure 2.4. Top: (8,6) SWCNT with PFO where side chains are replaced with methyl
groups. Due to the lack of steric hindrance between side groups and the SWCNT,
polymer backbone interacts with the SWCNT via n-n stacking. Bottom: SWCNT with
PFO where side chains are replaced with propyl groups. The introduction of the
relatively bulkier side groups results in twisting in the backbone and reduced n-n
stacking.
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atoms introduced by elongating the chain will be more distant to the SWCNT and (figure 2.5a)
and will therefore not be able to interact via Vander Waals interactions. Additionally, extending
the sidechain results in an additional morphological change: significant twisting in the polymer
backbone is observed as the length of the sidechain increases going from n=2 to n=3 (figure

2.6b), and as a result n-n stacking is significantly disrupted (figure 2.6¢). Furthermore, the
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Figure 2.5. Characterization of the interaction of the PFO side chains with the SWCNT,
including (a) average distance between the SWCNT surface and the atoms of the PFO alkyl
group, and (b) the fraction of carbon atoms in the alkyl group that are within range to interact
with the SWCNT surface via van der Waals interactions. Larger circles indicate larger
diameter SWCNTs, filled circles indicate a chiral angle 6 > 20°, and empty circles indicate a
chiral angle 6 <20°.
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adsorption strength in these systems is significantly reduced by about 0.2 eV/nm polymer. This

interaction also induces a slight increase in the wrapping angle from about 3° to 8° (figure 2.3a).
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Figure 2.6. Characterization of the interaction of the PFO backbone with the SWCNT,
including (a) average distance between the SWCNT surface and the PFO backbone, (b)
average closest approach distance between a vector normal to each polymer unit and the axis
of the SWCNT, and (c) the number of PFO units that are both planar to the surface and have
all backbone C atoms within pi-pi stacking range. Larger circles indicate larger diameter
SWCNTs, filled circles indicate a chiral angle 6 > 20°, and empty circles indicate a chiral
angle 6 <20°.
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The interaction between the side chains and the SWCNT for these geometries is much less
ordered than for shorter side chains: some of the units exhibit the alkyl chain on one side of the
polymer backbone interacting with the SWCNT while the other does not. However, many units
show the side chains on both sides of the polymer backbone interacting with the SWCNT,
maximizing van der Waals interactions while inducing complete disruption of n-7 stacking
(figure 2.4). For these systems, the increase in van der Waals interactions as a result of the
additional atoms in the alkyl side chain is insufficient to offset the corresponding decrease in the
portion of m-w interacting units as a result of twisting, and the net effect is an observed decrease
in the strength of adsorption.
2.3.2. Intermediate Length Sidechains
2.3.2.1. n=3 2> n=8 Little Impact on Morphology for Longer Sidechains

The twisting of the polymer backbone reaches a maximum for n=3, and further twisting
in the backbone is not observed as the length of the side chain increases (figure 2.6b).
Additionally, the distance between the SWCNT and the polymer backbone in this region is stable
(figure 2.6a), and as such the fraction of polymer units that interact via n-n interactions doesn’t
change (figure 2.6¢). Due to the consistency in morphology across this range of intermediate
length sidechains, additional destabilization from lengthening the sidechain is absent. The only
effect in this region is an increase in number of Vander Waals Interactions.
2.3.2.2. Increased number of Vander Waals Interactions Increases Adsorption

While the fraction of atoms interacting via van der Waals interactions decreases slightly
going from n=3 to n=>5, the net result of adding more atoms to the side chain is an increase in the
number of atoms undergoing adsorption through that interaction. For n=6, there is a slight

decrease in distance between the SWCNT and polymer backbone that is accompanied by an
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increase in the fraction of n-m interacting units (figure 2.6, a & ¢), resulting in a local maximum
in adsorption energy (figure 2.2a). Additionally, going from n=5 to n=8 results in both an
increase in the fraction and absolute number of atoms within the van der Waals interaction range.
As such, this increased interaction coupled with the fact that additional twisting in the backbone
is absent and therefore the constant number of -7 interacting units results in an increase in
adsorption strength to a local maximum at n=8. Since sidechains are required for processing
conjugated polymers due to their impact on solubility as well as this locally high interaction
strength with SWCNT, n=8 is likely the best candidates for using in the sorting of SWCNTSs. It
is no surprise that this length sidechain is the species that is most frequently used in experiment.
2.3.3. Long Sidechains
2.3.3.1. n=8 2> n=12: Decreased Stability Due to Increased Wrapping Angle

The changes in morphology in the region from n=3 to n=8 are minimal, and therefore the
predominant effect contributing to binding energy is the number of side chain atoms interacting
via van der Waals interactions. This marginal change in morphology throughout this region
includes only slight deviations to the wrapping angle of the polymer. However, this is not the
case when the length of the polymer sidechains are lengthened beyond octyl groups, where a
significant change in wrapping angle is observed. The further lengthening of the side chains
increases the steric interactions between adjacent units. While this steric hindrance is minimized
for the head-to-tail conformation, it still is a factor when it comes to very long sidechains.
Increasing the slope with which the polymer wraps around the SWCNT relieves this steric
hindrance: translating the monomer units circumferentially around the SWCNT allows for

retention of the torsion angle within the polymer while affording a greater volume in space for
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the alkyl groups to occupy. This morphological change results in an increase in the wrapping
angle (figure 2.3a), thereby increasing binding energies.
2.3.3.2. Binding Energy Dependence on Wrapping Angle

To corroborate the effect of increasing wrapping angle on binding energies, a trend is
generated between these two variables for the optimized geometries from different starting
configurations given a single SWCNT and polymer. These trends indicate that higher wrapping
angles result in weaker binding (positive correlation in figure 2.7). The slope indicates the
degree to which increasing the wrapping angle decreases adsorption strength, and as such the
correlation was formed for all permutations in the SWCNT/polymer series (figure 2.8). For short
side chains, changing the wrapping angle plays a less significant role in the adsorption strength
because of the lack of sidechains to destabilize the system from steric effects. However, as the

sidechains increase in length the increase in wrapping angle is accompanied by a decrease in
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Figure 2.7. Binding energy vs final wrapping angle for all optimized geometries of (9,1)
SWCNT with n=7 PFO. All geometries with stronger binding exhibit a steeper final
wrapping angle.
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binding strength. From this data, it is evident that increasing the wrapping angle results in a

decrease in binding strength, accounting for the destabilized species with long side chains and

increased wrapping angles.
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Figure 2.8. The slope of binding energy vs final wrapping angle for all geometries with
different number of side groups. For very short side groups, little dependence of wrapping
angle on binding energy is observed. For longer side chains, from n=10 to n=12, a strong

dependence of wrapping angle on binding energy is observed.

2.4. Conclusions

The adsorption strength of PFO is highly dependent on the length of their alkyl
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sidechains, and while n-n interactions provide the predominant force holding the polymer-

SWCNT complex together, the weaker van der Waals interactions between the sidechains and
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SWCNT cannot be neglected. Understanding the net effect of lenthening the sidechain on
adsorption energy requires evaluation of the complex interplay between Vander Waals
interactions and n-n stacking with the SWCNT. The former forms relatively weak interactions
but can still lead to increased binding between the polymer and SWCNT provided its
contribution is not at the expense of the latter. For very short sidechains, the n-interactions
dominate and the van der Waals interactions between the sidechain and SWCNT serve to slightly
increase the adsorption energy. However, for longer chains steric hindrance between the
SWCNT and sidechains as well as the chains themselves begins to dominate resulting in the
twisting of the polymer backbone and therefore destruction of the -t overlap. The result is
weaker binding despite the additional van der Waals interactions between the sidechain and the
SWCNT. Maximal twisting in the polymer backbone is observed for the propyl sidechain (n=3),
and further elongation results in stabilization of the binding energy due to the additional van der
Waals interactions without the expense of further destruction of m overlap. For sidechains longer
than octyl (n=8), the steric hindrance between sidechains in the polymer forces it into a
configuration that increases the angle about which the polymer wraps the SWCNT. As a result,
binding strength again decreases. The most preferential binding is observed for very short
sidechains, but due to synthetic considerations these may not be realistic. A local maximum in
binding strength is observed for the PFO with octyl chains, the most commonly used species.
While the effect of sidechains on electronic structure is minimal, the results in this chapter show
that the morphology of the polymer chain about the SWCNT is heavily dependent on the
sidechains, and therefore geometry sensitive computational models must take these effects into

account.
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3. CAPPING OF FINITE SWCNT SYSTEMS FOR ELECTRONIC
STRUCTURE CALCULATIONS
3.1. Motivation

Computational simulations involving density functional theory (DFT) and linear response
time-dependent density functional theory (TDDFT) prove invaluable for determining the
electronic structure and optical properties of single walled carbon nanotubes (SWCNTs). While
advances in technology have enabled the application of these techniques to larger and larger
systems over the past decades, the current state still limits the computations to sizes of
approximately 1000 atoms. Because of this, finite SWCNT systems must be constructed before
further calculations can be performed. The dangling bonds at the ends of these systems must be
“capped” with some chemical species in a systematic way to eliminate superfluous trap states
localized on the edges of the SWCNT system and produce electronic structure for the finite
system resembling that of its infinite counterparts. This has been historically accomplished in an
empirical manner by testing a number of capping schemes involving methylene groups and
hydrogen atoms. However, a full understanding of the effects of capping groups and more
analytic approach to developing finite SWCNT models has yet to be achieved. Toward this end,
this chapter focusses on characterizing the effects of various capping groups with different bond
character and electron withdrawing properties on the bond length, charge distribution and
electronic structure of single-walled (10,5) carbon nanotubes (SWCNTS) using semi empirical
and DFT methods. The absorption characteristics of these systems was also investigated using
linear-response time-dependent density functional theory (TDDFT). Through characterization of
the natural bond orbitals (NBOSs), it is shown that the charge distributions and bond lengths along

the edges of the finite SWCNT systems depend on the functional group. However, the precise
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electron withdrawing characteristics of the functional groups play an insignificant role in the
electronic structure: of significant greater importance is the positions and number of groups with
sp? hybridized connectivity. The number of such functional groups required displays some
chirality-dependent trends. This information is of utmost value in setting up computational
models for further acquisition of meaningful results.
3.2. The Menagerie of Capping Schemes

For a complete analysis of the role of capping groups on the electronic structure and

optical features of SWCNTs, all possible configurations must be considered. These

configurations are described in this section.
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Figure 3.1. Structural parameters for the edge-functionalized (10,5) SWCNT and different
capping schemes possible for this nanotube. Positions labeled by R; and R: are those that are
used for calculations of 14 different functional schemes shown in Figure 2. Bonds highlighted

in the same color represent the same symmetry position at the tube’s edge referred to as A1
(blue), A2 (green), and B (red).
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3.2.1. Bonds at the SWCNT Terminus
3.2.1.1. Three Distinct types of Bonds in SWCNTSs

Due to the lack of symmetry, all chiral SWCNTSs (0<n#m) have bonds that lie along three
distinct vectors with respect to the tube axis. The first vector (labelled “Vector A here) is the
chiral vector and represents the direction with which the graphene sheet would be rolled to form
the SWCNT. The other two vectors lie at £30° from the chiral vector. Following one of these
results in a path near the circumference of the tube (herein referred to as “circumferential
vector”), and the other lies in the third direction, appearing “across” the chiral vector in the
formed tube (labelled “Vector B”). Figure 3.1 contains a graphical representation the two
relevant types of bonds for capping purposes.
3.2.1.2. Possible Capping Positions

Of the three distinct types of bonds of SWCNTSs, only two are present as dangling bonds
on the cap. While bonds laying along the circumferential vector are present near the caps of the
SWCNT, valances of atoms cannot be completed by functionalizing along this direction. Bonds
laying along the chiral vector can be further divided into two distinct types. The first type
(labelled A1, highlighted blue in figure 3.1) originate from carbon atoms vicinal to functionality
along vector B. The second type of type of bond lies along the chiral vector but is separated
from other carbons containing cap functionalization by at least two atoms (labelled A,
highlighted green in figure 3.1). The third type of bond lies along vector B and is always
accompanied by an adjacent Az (labelled B, highlighted red in figure 3.1). Because the three of
these capping positions are chemically distinct, the electronic structure resulting from capping at

all three must be considered independently.
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3.2.1.3. Distance Between Capping Groups
The number of capping positions of each type that exist in a SWCNT depends on its
chirality. For all tubes of (n,m) chirality, the following relationships are used to quantify

capping positions with each distinct type:

#A1=m (Equation 3.1)
#A2=n-m (Equation 3.2)
#B=m (Equation 3.3)

Due to the presence of multiple bonds of each type, the distance between capping groups needs
to be considered. For a capping scheme using a single functional group at all positions (in this
case hydrogen atoms), this consideration is irrelevant as there is only a single capping scheme.
However, capping different positions of the same type generates chemically distinct systems
when non-equivalent groups are introduced. Capping groups can be placed on a single type of
bond in close proximity (ie two Az positions adjacent to each other) or distant from each other (ie
two Az positions with radially opposing placement). These effects need to be independently
considered due to the possibility of distance-dependent interactions between capping groups.
3.2.2. Atoms at the SWCNT Terminus
3.2.2.1. Different Capping Functionalities

Fourteen combinations of functional groups were chosen to explore the dependence of
capping with species of different electron withdrawing characteristics and bond orders (figure 2).
In order to investigate the impact of bond order, electronegativity, and inductive effects on the
electronic structure of capped tubes, the functional groups were chosen to include methylene and
hydrogen as well several alcohol, ester, carboxylic acid, and ether derivatives. The capping

schemes can be further divided into three distinct classes based on the bond order of the
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connectivity between the (10,5) SWCNT and the functional group, as illustrated in figure 3.2.
The first class of compounds consists of two functional groups, R1 and R», attached to the
nanotube edges via the double bond (compounds 1 thru 4 in figure 3.2). In Class I, the atom
bonded vicinal to the SWCNT on both functional groups is sp>-hybridized (bond order 2). In the
second class of compounds (Class I1), one functional group is attached to the nanotube edge via a
single bond and the other via a double bond (bond order 1 and 2 respectively, compounds 5 thru
7 in figure 3.2). The third class (Class I11) contains both functional groups interacting with the
nanotube edge via only single bonds (bond order 1, compounds 7 thru 14 in figure 3.2). For all
cases, all remaining dangling bonds at the nanotube’s edges are capped by hydrogen atoms as

shown in figure 3.1.
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Figure 3.2. Functional groups attached to the edge of the (10,5) SWNT. Class | compounds are
those where both functional groups, R1 and Rz, have connectivity to the SWCNT via double
bonds (sp?-connectivity), Class 11 compounds have one connectivity via a double bond and the
other via a single bond (mixed sp?-and sp3-connectivity), and Class 11l compounds have
connectivity exclusively through single bonds (sp®-connectivity).
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3.2.2.2. Prevalence of sp? Hybridized Capping Groups

In a previous studies on the electronic and optical properties of the (10,5) SWCNT, the
proper capping scheme was found to involve all hydrogen atoms with two methylene groups?.
While most capping schemes in the research presented in this chapter include up to two non-
hydrogen functional groups, further modification to the electronic structure can be accomplished
by substituting in more than two positions. This procedure produces analogues of the Class Il
functionalization scheme 7 that need to be considered in order to ensure that the optimal capping
for elimination of superfluous cap-localized trap states is captured by the fourteen schemes
previously discussed.
3.2.2.3. Differentiation Between Carbon Atoms Vicinal to Capping

For the purpose of characterization of the bond lengths and charge distributions in
systems studied here, it is necessary to differentiate the different carbon atoms in the SWCNT
vicinal to functionalization. The notation that has been adopted for this purpose is presented in
figure 3.1. The carbon atom in the SWCNT to which the functional group is directly attached is
labelled “C”. The two adjacent carbon atoms are then labelled “C1” and “C>”. These two carbon
atoms are non-equivalent for any non-zigzag SWCNT due to the presence of the distinct axis of
chirality previously discussed.

3.3. Computational Methodology

3.3.1. Generation of the Systems

Pristine SWCNTSs of diameter 9.93 A and length 23.3 A (two fundamental unit cells long,
figure 3.1) were generated using Tubegen 3.4 software.? The systems were then capped using
the fourteen different functionalization schemes previously discussed (figure 3.2). For this, all

fourteen structures were capped with functional groups R1 and R on opposing radial positions,
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as illustrated in the left panel of figure 3.1. Additionally, five geometries for capping scheme 7
are generated with the methylene group as one functional group (R1) and hydrogen as the other
(R2). The position of functionalization in these compounds is varied such that the methylene
groups is located either on opposing sides or the same side radially. Additionally, the position of
the connectivity is varied to cover the A1, A2, and B positions previously described (figure 3.2,
right panel). Additional calculations utilize increasing numbers of methylene groups (from two
to eight) on the edges of the SWCNT in the A1 and A2 positions.
3.3.2. Optimization of the Geometries of the Systems

Geometry optimization was performed using the semi-empirical Austin Model 1
(AM1)3* using Gaussian software package,’® generating the lowest energy ground state structures
of all the capped SWNTSs. Semi empirical methods are a natural choice here due to their lower
computational expense compared than DFT, while giving comparative results.® Previous studies
have shown that the AM1 semi empirical method provides fairly accurate optimized geometries
for m-conjugated systems such as SWCNTs.1"# Additionally, AM1 calculations of pristine (7,6)
SWCNTSs of ~10 nm in length capped by hydrogens have shown to reproduce the subtle structure
and the relevant vibrational effect in the ground and excited state dynamics of SWNTSs that were
observed in experimental findings.®
3.3.3. Calculation of the Electronic Structure
3.3.3.1. Justification of Chosen Basis Sets

With suitable AM1 optimized geometries obtained, single-point electronic structure
calculations were performed utilizing a minimal STO-3G*?*2 basis as well as the larger 3-21G*
16 pasis using multiple density functionals including the hybrid Becke, three-parameter, Lee-

Yang-Parr (B3LYP)'"!8 and coulomb-attenuating method B3LYP (CAM-B3LYP)* as
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incorporated into Gaussian Software package.® Significant differences in the electronic structures
obtained using STO-3G versus 3-21G basis sets are not observed, a result corroborated by
previous studies that have shown that an increase in size of the basis set beyond STO-3G is not
accompanied by significant changes in qualitative behavior of either the density of states (DOS)
or absorption spectra of various SWCNTSs. As such, all further results discussed in this chapter
are obtained using the STO-3G basis set unless otherwise specified.
3.3.3.2. Justification of Chosen Density Functionals

Previous studies of pristine SWNTSs have shown that excitons are overbound in
conjugated organic materials when pure HF exchange is used, while no excitonic effect is
observed when pure GGA density functionals are used?. Therefore, the results presented here
are obtained using B3LYP"1821-23 which uses 20% Hartree Fock (HF) exchange and the long-
range corrected CAM-B3LYP?*° that varies the HF exchange from 19% for short range
interactions and up to 65% HF exchange for long range interactions in an attempt to better
reproduce dispersion effects. For charge distribution analysis, the natural bond orbitals (NBO)
are calculated subsequent to single point energy calculation using NBO3?* as implemented by
the Gaussian software package.
3.3.4. Calculation of Excited State Properties

Time dependent DFT (TDDFT)? was used to analyze the excited state transitions in
SWCNTSs capped with the aforementioned schemes. Fifty singlet excited state transitions were
generated for the two unit-cell length systems. In order to explore length dependence on optical
properties, 25 excited state transitions were calculated for several capping structures of Class-I
for longer nanotubes of seven and nine unit cells, generating systems with the total length of 8.2

nm and 10.5 nm respectively. All excited state transitions were broadened with a Gaussian
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function of linewidth 0.05 eV to reproduce thermal broadening that occur under experimental
conditions. Finally, natural transition orbitals (NTOs)?® were generated using Gaussian-09
software® to visualize the nature of the optical transitions.
3.4. The Role of Functionalization Position

3.4.1. Electronic Structure

The (10,5) SWCNT with an all-hydrogen capping scheme (structure 14) calculated with
CAM-B3LYP has a highest occupied molecular orbital (HOMO) to lowest unoccupied
molecular orbital (LUMO) gap of 1.52 eV and will be used as a baseline for comparisons of
electronic structure throughout this section. To elucidate the dependence of the position of a
single sp? hybridized functional group, one hydrogen from scheme 14 has been replaced with
methylene forming functionalization scheme 7. This choice is dictated by both the desired bond
order (generating a Class Il capping scheme) as well as the relatively weak electron withdrawing
character of the methylene as opposed to oxygen-containing groups. Since both tube’s edges
have to be functionalized, it is natural to place the methylene on either the radially opposing
sides or the same across sides of the SWCNT, while also varying its connectivity along vectors
A or B (A1, Az, and B positions shown in figure 3.1, labelled O-A; and S-A; for
functionalization along the A1 vector on opposite sides and same sides respectively, with similar
notation for Az and B vectors). Little effect on the electronic structure is observed as a result of
placement of the methylene groups on type A1 or Az bonds or placing them on the caps at either
radially same or opposing positions (figure 3.3a). Since radially same or opposing positions are
the extremes as far as the distance between capping groups, it can be assumed that as any
functionalization with a single methylene group on either A; or Az positions anywhere on the cap

will give similar results as far as electronics is concerned. In addition, the energy gap of these
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Figure 3.3. Comparison of the electronic and geometrical parameters of the (10,5) SWCNT
capped only by hydrogens (compound 14), as a reference point, and by hydrogens and one
CH: group (compound 7) with the CH> group attached at various positions (A1, Az, and B)
along the nanotube edge, according to Figure 1. Position of the group at the other tube’s edge
is identified either by O or S, when the CH. groups are either at the opposite or the same sides
with respect to the nanotube axis. The geometries are optimized by AML1 for all structures. (a)
The energy gaps computed by AM1 and DFT using the CAM-B3LYP functional. (b) The
bond lengths between the carbon atom of the SWCNT to that the CH> group is attached (C)
and the adjacent carbon atom (Cz or Cz). (c) The NBO charge on C, Cy, and C, atoms of
SWCNT calculated by the CAM-B3LYP. (d) Highest Occupied Molecular Orbital (HOMO)
for each capping case calculated by the CAM-B3LYP. The dashed green line indicates the
average bond length and charge for the central portion of the SWCNT where perturbation by
capping groups is absent. There is insignificant difference between energies and orbital
delocalization for either the same or opposite A-positions, while B-position results in
localization of HOMO at the edges and noticeable decreasing in the energy gap.

68



structures is similar to those of structure 14 (Class I11) with the hydrogen passivation, especially
when calculated using DFT instead of semi empirics. In contrast, placing the CH2 group at the B-
position leads to a noticeable decrease in the HOMO-LUMO gap (by about 0.5 eV). This trend in
energies is well reproduced either by AM1 or DFT approaches, with AM1 resulting in a
constantly larger energy gaps (~ 2.9 eV vs. ~1.5 eV). Such an overestimation of the energy gaps
by semiempirical methods as well as the fact that the energy gap of SWCNTSs increases with a
portion of the HF exchange when DFT is used is well known®, while qualitative behaviour is not
sensitive to the method?’. In addition to just the HOMO-LUMO gap, the position of serval
orbitals below the HOMO and above the HOMO is unchanged as a result of functionalizing with
a single methylene group along either Az or Az vectors. However, a number of states are located
within the gap for functionalization along vector B independent of methodology (figure 3.4).
3.4.2. Molecular Orbitals

The similarities in energy gaps between structures 7, with CH; being at either Ay or Az
positions, correlate to nearly identical shapes of HOMOs for these species. Electronic density is
delocalized across the entire system except the region on the SWCNT cap where the methylene
groups are located (figure 3.3d). For methylene groups on opposing sides of the tube radially,
the HOMO predominantly has as a “spiral” type shape wherein the electron density is located on
central part of the nanotube but avoids the CH2 group near the ends. Where the methylene groups
are on the same side radially, the electron density is found predominantly on the opposing side of
the tube. However, functionalization with a methylene group at B-position leads to localization
of the electronic density at the tube’s edges, thus resulting in HOMO being a trap mid-gap state
and thereby decreasing HOMO-LUMO gap of the system. This trend is followed by the LUMO

and it is consistent with both DFT and AM1 calculations, shown in figure 3.3.
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Figure 3.4. Molecular orbital diagrams and ground state molecular orbitals for two units of
(10,5) SWCNT functionalized by a single sp>-hybridized CH, group (compound 7) on
different positions of the tube edge using AM1 methodology. The number listed in the
HOMO-LUMO gap of the MO diagram (the top panel) is the energy of the gap in eV.
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3.4.3. Bond Lengths at the SWCNT Edges Adjacent to Methylene Functionalization

Analysis of adjacent bond lengths near the edges quantifies double-bond like character,
bond-length alternation, and provides a solid measure of delocalization of electrons from the
functional group to the SWCNT. Due to resonance in the electron density contributed to the
SWCNT through the double bond with the methylene group, the C-C; and C-C; bonds at the
nanotube edge exhibit similar lengths of ~1.46-1.47 A for functionalization at all A; and A-
positions, figure 3.3b. This is in agreement with the delocalized character of molecular orbitals
in these cases. In contrast, the structure with the B-position shows more single-like (~1.46 A)
and double —like (~1.44 A) character of adjacent C-C bonds, which correlates with the edge-
localized character of HOMO and LUMO.
3.4.4. Charges on Carbon Atoms Adjacent to Methylene Functionalization

For all structures functionalized along an A vector, the charge on the carbon adjacent the
functional group is slightly negative (-0.1/-0.05 a. u.). However, this charge is less negative than
for a capping scheme utilizing all hydrogen atoms due to the higher electronegativity of
methylene compared to hydrogen. C: and C» (those atoms separated from the functional group
by C) contain charges that are very similar when the methylene group is bonded along the A;
vector but very different when methylene is bonded along A:. In the A: case, C1 is bonded to all
sp? hybridized carbon atoms and therefore more positively charged due to their electron
withdrawing nature. However, C. shares a bond with the less electronegative hydrogen atom and
therefore is more negatively charged (figure 3.3c). Functionalization along a B-position results
on completely neutral carbon with the methylene attached, while adjacent carbons hold similar
slightly negative charge as those in Az-position. Except for this slight difference in charge on C

atom with attached sp?-functional group, correlations between charge distributions on carbons at
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nanotube edges and the trends in energy gaps are absent. This is due to the fact that charge
results from averaged character of the total charge density distribution that is integrated over all
electronic states, while the energy gap is controlled only by electron density in two specific states
(HOMO and LUMO). None-the-less, these results readily demonstrate that all charges on
carbon atoms near the SWCNT can be justified by inductive arguments, and resonance
contribution of electrons from the methylene to the SWCNT is absent.
3.4.5. Summary the Role of Functionalization Position

Functionalizing SWCNTSs at the cap with a single methylene group demonstrates an
independence of position as long as it is placed on a dangling bond along the chiral vector. Such
functionalization at either A1 or Az positions results in only marginal differences in electronic
structure due to insignificant differences in the electron localization in the frontier molecular
orbitals. In addition, the bond lengths adjacent to functionalization become nearly equal due to
resonance. Any observed electron redistribution is the result of substitution of hydrogen with the
more electronegative methylene, and contribution of electrons through the methylene-SWCNT
bond is absent.

3.5. The Role of Prevalence of sp2-hybridized Functionality

3.5.1. Electronic Structure & Electron Density

To study the effect of increasing the number of sp2-hybridized groups capping at the
edges of the SWCNT, additional hydrogen groups were substituted with methylene. This
functionalization was performed for only A; and Az type capping locations due to the previously
demonstrated invariance in electronic structure resulting from capping at those positions. Up to
five hydrogen atoms can be replaced with methylene only on A1 or Az bonds. For the (10,5)

SWCNT, there are only five A1 bonds. Therefore, functionalization of more than five positions
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Figure 3.5. The electronic structure of (10,5) SWNT capped by different numbers of CH>
groups along A-direction and calculated by DFT within the CAM-B3LYP functional. The
number listed in the HOMO-LUMO gap of the energy diagram is the energy gap in eV. For
the compound 14 with no CH2 groups at the edge (0), the HOMO and HOMO-1, as well as
the LUMO and LUMO+1, are two-fold degenerate. Addition of the CH> groups breaks this
degeneracy.
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along vector A requires some Az bonds to be utilized. The largest HOMO-LUMO gap of all the
functionalization schemes studied was observed for functionalization with two methylene groups
placed along the A vector (figure 3.7a). This particular functionalization scheme generates
compound 1 (in Class I). Functionalization the cap of the SWCNT with more than two

methylene groups introduces mid-gap states that result in a significantly closed HOMO-LUMO
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Figure 3.6. Molecular orbital diagrams and ground state molecular orbitals for two units of
(10,5) SWCNT functionalized by different numbers of sp?-hybridized CHz groups on the caps
using AM1 methodology. The number listed in the HOMO-LUMO gap of the MO diagram is
the energy gap in eV.

74



gap. The electron density in these states is predominantly located near the caps of the SWCNT,
resulting in mid-gap states in the electronic structure. Further increasing functionalization to
four and five methylene groups introduces another one and two states into the gap respectively.
Once all A; type positions are passivated, further functionalizing with six, seven, and eight sp?
groups by placing methylene on Az groups then begins to remove these states from the gap. The
states with less electron density held near the edges disappear and the gap reopens (figure 3.5a).
These trends hold regardless of the methodology used (figure 3.5a vs 3.6a) due to similar trends
in reorganization of electron density (figure 3.5b vs 3.6b).
3.5.2. Bond Lengths & Charges on Carbon Atoms Adjacent to the Edge

As with a functionalization along the edges with a single methylene group, the C-C; and
C-C: bonds for each added methylene groups are very similar in length. There is nearly no
dependence on the number of groups at the edge. However, there is a notable difference in the
bond lengths for C-C; and C-C; between functionalization along A1 versus Az bonds (figure
3.6b). The bond lengths are most similar when functionalization occurs along Az. All
connectivity to carbon atoms involved in A functionalization involves other sp? hybridized
carbons. Due to resonance, these bonds are nearly equivalent. However, when functionalization
is performed along A1, C1 and C; are non-equivalent and therefore the bond lengths they are
involved in deviate slightly. In this case, C-C is the bond along the circumference of the
SWCNT cap is slightly shorter than the internal C-C1 bond. This effect becomes accentuated
when the cap functionalization utilizes both A: and Az type bonds (figure 3.7). Strong electron
localization is observed at the SWCNT edges (figure 3.7), contributing extra electron density
along the circumferential bonds and therefore decreasing their length. This is accompanied by a

slight increase in negative charge on these carbon atoms. Charges for functionalization along
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only A, bonds are less negative due to the adjacent more electronegative sp? hybridized carbon
atoms. Additionally, changing the number of sp? hybridized groups functionalizing along the Az

vector results in no change in localized charges due to their separation from any other dangling

bonds.
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Figure 3.7. The electronic and geometrical characteristics of (10,5) SWCNT capped by
different numbers of CH2 groups. Top panel: The HOMO-LUMO gaps computed by AM1
and DFT within the CAM-B3LYP functional. Middle panel: The averaged bond lengths
between the carbon atom of the SWCNT to that the CH2 group is attached (C) and the
adjacent carbon atom (Cz or C2). Bottom panel: The averaged charge on C, C1, and C, atoms
of SWCNT using NBO calculated by the CAM-B3LYP functional.

3.5.3. Summary of the Role of Prevalence of sp?-hybridized Functionality
Functionalization of the caps of the SWCNT along vector A reveals optimal capping for

functionalization with two methylene groups, where mid-gap states with electron density
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localized on the cap are completely eliminated. Further functionalization results in
reintroduction of trap states for up to five methylene groups, until a combination of A; and A
groups are used. This reduces the number of mid-gap states, but never to the same degree as for
two methylene groups. Functionalization with up to four methylene groups exclusively along Az
or A bonds further demonstrates the invariance in electronic structure for these two vectors.
Bond lengths and partial charges are marginally affected for all functionalization along vector A
regardless of the number of sp? hybridized groups at the cap, indicating the local effect of each
individual group is very similar. Only when taken as a whole are the differences in electronic
structure and electron delocalization significant.
3.6. The Role of the Electron Donating/Withdrawing Groups at the SWCNT Cap
To determine the degree of influence of electron donating/withdrawing groups on the

electronic structure and properties of (10,5) SWCNTs, fourteen schemes with different
combinations of such groups were formed.
3.6.1. Class-Dependent Electronic Structure & Electron Localization in Frontier MOs

Class | structures (1-4), with two sp? functional groups at each tube edge, have the largest
energy gap among the fourteen structures. Changing the nature of the groups within the class
results in negligible changes in electronic structure. Other than the aforementioned differences
in HOMO-LUMO gap due to the differences in methodology, all three methods exhibit
qualitatively similar behavior with respect to the capping classes (figure 3.8a). This is true of
the full electronic structure including the frontier molecular orbitals as well as those more
energetically distant from the gap: the molecular orbital energies within each of the of classes are
similar irrespective of the precise functionality for all three levels of theory (figure 3.8d).

Electron localization in the orbitals is consistent with previously shown results as well, even in
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the case of compound 2 with a slightly electron withdrawing nature. The presence of the oxygen
in compound two doesn’t result in electron density being withdrawn from the ring to the
functional group on the cap, and CAM-B3LYP calculations show a slightly greater degree of
delocalization than AML1 (figure 3.9). In addition, class 11 compounds exhibit the same behavior
as previously demonstrated for a single methylene group at the cap. For all compounds in class
I1, where a single functional group are connected to the SWCNT through a second order bond,
the HOMO-LUMO gap is similar. The same is true for class 11l compounds where no

connectivity occurs through second order bonds.
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Figure 3.8. The electronic structure and geometrical parameters for the edge-functionalized
(10,5) SWCNT optimized by AM1 method. (a) The HOMO-LUMO gap and (d) electronic
levels calculated by semiempirical AM1 and DFT using CAM-B3LYP and BLYP functionals
and 3-21G basis set. (b) Bond lengths for the AM1 optimized ground state geometry. (c) The
charge on C, Cy, and C> carbons at the nanotube’s edge using NBO analysis calculated by the
CAM-B3LYP functional and 3-21G basis set. The dashed green line indicates the average C-C
bond length and charge for the central portion of the SWCNT where perturbation by capping
groups is absent.
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Figure 3.9. Plots of LUMO and HOMO for the (10,5) SWCNTSs with functional groups 2

(Class 1, sp>-capping) and 11 (Class 11, sp*-capping) calculated by different methods (AM1

and CAM-B3LYP), while geometries are obtained by AM1.
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3.6.2. Interclass Trends of Electronic Structure

These trends are justifiable given the molecular orbitals of the systems (figure 3.11). For
all Class | compounds, the HOMO and LUMO each consist of two degenerate MOs. Changing
one of the methylene groups by adding the electronegative alcohol while retaining the second
order connectivity results in the formation of another other Class I compound (compound 2).
This compound exhibits a slightly destabilized HOMO, while the LUMO is destabilized by the
same degree. The net result is that no change in the HOMO-LUMO gap. This same effect is
further observed when the second methylene group is substituted by the an alcohol forming
compound 3, resulting in a further destabilized HOMO and LUMO and little net change in the
HOMO-LUMO gap.

When alcohol is substituted with methoxy in both of the functional groups with sp?
connectivity, further destabilization of the HOMO and LUMO are observed with no change in
the net gap. However, substituting either of the sp? hybridized groups with functionality of bond
order one generates a Class Il compound and results in introducing states into the gap. The
effect of changing the group is similarly insignificant, with stabilization of only the frontier
molecular orbitals. For all cases across the series, more electron withdrawing groups result in
destabilization of the HOMO and an asymmetric shift in the LUMO, resulting in unchanged gaps
(figure 3.10). Using AM1 or B3LYP, the trends in HOMO-LUMO gap with respect to
compound class are Class | > Class 11 > Class 11l for all compounds. However, for CAM-
B3LYP, the trends are Class [ > Class Il = Class III. This discrepancy between methodologies is
due to differences in electron density calculated with the different methodologies (figure 3.10).
Using AM1, class Il compounds with only a single sp? hybridized group functionalizing the cap

has a greater degree of electron localization on the cap than when calculated using CAM-
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B3LYP. This effect is vastly diminished for Class 111 compounds. As a result, the AM1 results

show a significant decrease in HOMO-LUMO gap when calculated with AM1 that is absent for

CAM-B3LYP. This trend likely further applies for B3LYP, resulting in no drop in gap for

B3LYP going from Class 1l to Class 11 structures.
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Figure 3.10. Molecular orbitals for compounds 7 (Class I1) and 14 (class I11) using AM1 and
CAM-B3LYP methods. For class Il compounds, more electron density is located near the
SWCNT edges for CAM-B3LYP than for AML1, resulting in a reduced gap. This effect is not

as significant for Class 111 compounds.
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Figure 3.11. The electronic structure of (10,5) SWCNTSs capped with fourteen different
capping groups and calculated with different methods. All different methods represent
single point energy calculations after the geometry is obtained using AM1.
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3.6.3. Bond Lengths & Local Charges: Justification of the Electronic Structure

A significant correlation between the bond order of functionalization at C and the length
of C-Cy and C-C; bonds at the edge of SWCNT is depicted in Figure 3.8(b). For compounds in
Class 1, independent on the capping group, both of these bonds exhibit a noticeable single bond
like character, resulting in their lengthening. The C-C; and C-C; bond lengths for compounds 1-4
are similar and around 1.47 A, with a slight deviation from each other for non-equivalent R1 and
R2 groups (compounds 2-4), figure 3.8(b). This bond elongation and more single-bond like
character of C-C1 and C-C», as compared to the C-C bond in the central unperturbed part of the
SWCNT (varying from 1.41 A to 1.44 A), originates from the charge distribution induced by
resonance at the sp? hybridized capping groups, as illustrated in Figure 3.12(a). Thus, in Class |
compounds the carbon atom directly adjacent to the SWCNT (C) is sp? hybridized resulting in
extended conjugation from the functional group into the six-membered ring to which it is
bonded. Electron density can be contributed through this double-like bond to the bonded “C”
atom resulting in a slightly negative charge on this atom, figure 3.8(c). The lone pair on the
adjacent oxygen in the functional groups is able to intensify this contribution through resonance
and causes a greater negative charge on “C” in compounds 2-4, while C1 and C atoms stay

nearly neutral.
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Figure 3.12. Schematic representation of hybrid resonance structures for the different types
of capping groups used as a model for the (10,5) SWCNT with various side-groups attached
at the tube’s edges.
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Similar results are observed for compounds 5-7 from Class Il, where the measurements
are taken at the carbon with the sp? hybridized functionalization. However, the carbon atoms
with the sp® hybridized groups demonstrate more double-bond-like character for both C-C1 and
C-C: bonds in compounds 5 and 6, figure 3.8(b). In contrast, For Class 11l compounds 8-14, a
large difference in bond length between C-C: and C-C; is observed indicating their non-
equivalence induced by the sp® capping groups. For these cases where the bond order between
the SWCNT and the functional group is a single bond, the adjacent C-C; bond is significantly
shortened, while C-C; is close to the average resonance C-C bond in the central portion of the
SWCNT, where perturbations by capping groups are negligible. A significant difference between
C-C1 and C-C; bond lengths induced by the sp® capping groups correlates with appearance of the
mid-gap states that decrease HOMO-LUMO gaps in class 11l compounds.

Increased double-bond-like character and the difference between C-C; and C-C; bond
lengths in compounds where an oxygen atom is bonded directly to the nanotube C atom
(compounds 5, 8-11) are also associated with a significant positive charge on C shown in figure
3.8(c). This is because the electronegative oxygen in the capping groups is withdrawing electron
density from this carbon. A slightly negative charge is observed on both C; and C; in these cases,
likely the result of the ability of the bonded oxygen to donate electrons to portions of this
conjugated ring through resonance, as illustrated in figure 3.12(b). As such, these compounds
exhibit a strong redistribution of charges between the positively charged terminal C and the
negatively charged C1 and C, resulting in a higher dipole moment on the nanotube edge with
these capping schemes. This strong dipole moment leads to stronger destabilization of both
HOMO and LUMO in these compounds compared to those in oxygen free capping groups 6, 12,

and 13, as can be seen in figure 3.11. However, this insignificantly affects the values of the
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energy gap between compounds 8-11 and 12-13, because both HOMOs and LUMOs are shifted
by nearly the same energy. Overall, there is a clear correlation between the values of the energy
gap, the bond-order of the capping group and the bond length difference between the carbon
involved in the functionalization and its adjacent carbons at the edge of SWCNT.

In addition to bond length, it is noted that for non-sp2 hybridized side groups there is
little tendency of the groups to “bend” outside the plane of the SWCNT surface as was observed
with sp? functioned groups. This is due to the absence of an unhybridized p orbital to overlap
with the pi system of the SWCNT. Additionally, very little conformational change in the
structure of SWCNT was observed after further functionalization.

3.6.4. Electronic Structure: Expanding beyond the Frontier MOs

To better understand the effect of capping groups on electron charge density, those states
at lower and higher energy than the frontier molecular orbitals are analysed for the species with
the extreme HOMO-LUMO gaps (structures 2 vs 11, differing by class and the inclusion of
methylene groups instead of the electronegative hydroxyl groups). The HOMO and LUMO
levels in compound 2 are delocalized in the middle of nanotube (figure 3.9). The 2p orbitals of
hydrogen-containing carbon atoms at the edges of SWCNT significantly contributed to the
electron density delocalization. At LUMO energy state n-n* bonding are radially elongated
whereas at HOMO the n-n* bonding are elongated along the length of carbon nanotube. The n-
n* bonding in the HOMO seem to have larger contribution compared to LUMO. Compound 2
optimized using CAM-B3LYP method has showed more delocalization of electron density
compared to optimized using AM1 method. The electron density in the nanotube has shifted
towards the localized states near the capping edges with the blue shift in the LUMO and

corresponding red shift in the HOMO. In the case of this Class t structure, the charge transfer
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occurs from the HOMO to the LUMO, first at the helix of the nanotube (delocalized state at
LUMO+3 and LUMO+4) and then shifted to the localized state at the capping edge of nanotube
(LUMO+6).

In compound 6 of class 111, the delocalized states the HOMO and LUMO have similar
behaviours and they are localized around the edges of the nanotube with small contribution from
the C atom attached to the carboxylic groups. The charge transfer shifts the state delocalized
throughout walls of the SWCNT to the delocalized states away from the gap, and the states that
resemble the frontier MOs in the Class | compound now become LUMO+6, HOMO-6. This is
more pronounced for CAM-B3LYP, likely due to the lack of HF exchange and increase of
electron exchange correlation in the functional. This shows that the electron density near the
HOMO-LUMO gap corresponds to delocalized states, while states localized on the edges for
compound two are found far into the gap. Completely localized states are not observed due to
the high contribution from the hybridized states coming from the SWCNTSs. From this, it is
concluded that changing the functionalization to generate compounds of a different class results
doesn’t only change the position of the frontier molecular orbitals but instead results in
significant modification to the electronic structure as a whole.

3.6.5. Summary of the Role of Electron Donating/Withdrawing Groups

Inclusion of different types of groups at the SWCNT caps changes the electronic
structure of the system as well as the geometries and charges near the caps. However, the
electronic structure changes only minimally if the bond order between the SWCNT and
functional group is preserved. Electrons can be donated or withdrawn due to inductive and
resonance effects respectively, but these effects only result in subtle difference in bond length

and charges at the SWCNT cap. Any changes to the electronic structure as a result of this are
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symmetrical in the HOMO and LUMO, and therefore the gap remains unchanged. The trend for
gap is Class | > Class Il > Class Il regardless of the methodology used. As such, the
predominant variable that must be regulated in the quest to generate finite SWCNT systems that
don’t have superfluous mid-gap trap states involves bond order and not precise electron
withdrawing/donating nature of capping groups.
3.7. Optical Properties

3.7.1. Dependence on Methodology

Absorption spectra and oscillator strengths of compounds 1, 2, 6 and 11 are presented in
figure 3.13. The performance of B3LYP and CAM-B3LYP functionals has been compared for
these compounds. Overall, both methods coincide in main spectral features and provide
qualitatively similar optical spectra. However, B3LYP results in red-shifted transitions as
compared to CAM-B3LYP, while these shifts depend on the capping type: 0.61 eV, 0.32 eV and
0.12 eV for compounds 2, 6 and 11, respectively. This is the expected trend correlated with the
decreased portion of the HF exchange in the density functional.?” The variance in the redshift
of each compound for B3LYP vs. CAM-B3LYP calculations follows the trend of the energy
gaps in these compounds with the largest gap for class | and the smallest gap for class 111, as
shown in figure 3.8(a).
3.7.2. Class Dependence of Optical Properties

In all cases, a few lowest transitions have a small oscillator strength followed by the
brightest transition (Sg) that we associate to the main E11 band. For class Il and 1l compounds

this transition is red-shifted and less intense as compared to those of compounds 1 and 2 from the
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Figure 3.13. Absorption spectra (in arbitrary units) of the edge-functionalized (10,5) SWCNT of
several lengths. Absorption spectra of the compound 6 of class 11 (a), 11 of class 11 (b), and 1
(c) and 2 (d) of class | computed with the TDDFT/B3LYP (dotted blue lines) and
TDDFT/CAM-B3LYP (solid blue lines). TDDFT/B3LYP spectra are blue shifted to align the
most intensive peak (Sg) for both methods. Vertical red lines denote each optical transition
calculated by CAM-B3LYP functional with the oscillator strength shown at the right Y-axis
(red), with the black arrows depicting the lowest-energy transition (S1). In four top panels (a)-

(d), the nanotube is of 2 lattice units in length. In bottom panels, the nanotube is of 9 units (e)
and 7 units (f) in length. Sg defines the brightest transition associated with the E11 main band.
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class I. The absorption spectra of compounds 1 and 2 exhibit very similar features (figures
3.13(c) and (d)), elucidating negligible effect of electron donating/withdrawing groups on the
optical properties of SWNTSs due to the similar character of the molecular orbitals for all
compounds within Class I. In contrast, the change in the bond order of the capping groups has
more dramatic effects on the energy alignment and oscillator strength of optical transitions,
resulting in more red-shifted and less intensive E1; band with more complicated spectral shapes
when sp? groups are changed by sp® capping. In all species, optically active transitions with
noticeable oscillator strengths have n-n* character, while optically inactive transitions with a
very low or zero oscillator strength have edge-localized nature, as illustrated in NTOs shown in
figure 3.13.
3.7.3. Length Dependence on Optical Properties

The absorption spectra for longer nanotubes of ~8 nm (compound 1) and ~10 nm
(compound 2) in length are calculated for several capping structures of class I (the highest
energy transition species). In these cases, the length of the tube is significantly larger than the
coherent size of an exciton (1.5-2 nm),%” which allows for eliminating the edge effects, as
compared to shorter models. Unfortunately, calculations of longer structures from Class Il and
I11 are computationally inviable because their energy gaps are nearly closed due to the edge-
localized mid-gap states, interrupting convergence of the TDDFT computations. Therefore, only
structures from Class-1 with an open HOMO-LUMO gap converge in TDDFT calculations. In
both long structures 1 and 2, the absorption spectra are red shifted compared to their shorter
counterparts, figure 3.13 (e) and (f). This is a common trend according to the increased n—
conjugated length of systems.! Additionally, the energy splitting between transitions is also

decreases with the tube length resulting in a narrow and featureless E11 band. Similar to shorter
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Figure 3.14. Natural transition orbitals (NTOs) contributing to the lowest energy (S1) and the
most bright (Sg) optical transitions for the capped SWCNTs (10,5) calculated using the CAM-
B3LYP functional and 3-21G basis set for capping structures 2, 6, and 11. Geometries are
optimized by AM1 semiempirical approach.
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tubes, a few lowest energy states are optically dark or semi-dark having negligibly small
oscillator strength. However, these lowest states are much less intense than in their short
counterparts. This is because interactions and mixing between different excitons (optically dark
and bright ones) are less pronounced in long tubes since excitons are more localized at the
central part of the tube (see figure 3.15) and much less affected by the tube ends as in short
structures. Nonetheless, the quantitative character of spectra of short tubes correlates well with
the longer ones, pointing to the validity of the models used in these studies.
3.7.4. Summary of Optical Properties

The calculated optical properties show the presence of multiple dark states at the lowest
energies, followed by a bright transition with n-n* character. The energetics of these species are
consistent with expectations from the ground-state molecular orbitals, where the bright transition
is at higher energies for CAM-B3LYP than B3LYP. This bright state has the highest energies
for Class | compounds. Additionally, changing the electron withdrawing nature of the group
within Class I doesn’t have much impact. Elongating the system results in slightly lower

transition energies, but qualitative trends are preserved.
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Figure 3.15. Molecular orbitals for compound 2 constructed with 7 unit cells of SWCNT. A
transition from HOMO to LUMO is 7=>7* in nature, with LUMO density having more
localization at the central portion of the SWCNT with negligible involvement of capping
groups.
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3.8. Conclusions

Using semi empirics and density functional theory, the relationships between capping
schemes involving various combinations of methylene, hydroxyl, and carboxylic groups attached
to the edges of (10,5) SWCNT and the resulting electronic structure has been demonstrated. The
schemes have been naturally divided into three classes differing by the bond order of the
connectivity between the nanotube and the functional group, e.g., the sp? and sp® hybridized
bonding, while having different electron withdrawing properties of ligands. It has thereby been
shown that the hybridization of the bonding atom of the capping groups, as well as the number of
functional groups bonded through an sp?-carbon, plays the predominant role in eliminating
dangling bonds responsible for the optically forbidden edge-localized mid-gap states. These
calculations reveal that for the (10,5) SWCNT, two sp? hybridized groups (methylene
derivatives) are required on the caps to completely open up the energy gap. In this case, the
HOMO and HOMO-1 (and LUMO and LUMO+1) are nearly degenerate states because of high
symmetry of the edges, while the position of the sp? groups is such that they lie along the
direction along which the orbitals are delocalized. Using only a single sp? group decreases the
energy gap, due to a significant splitting between HOMO and HOMO-1 (LUMO and LUMO-1)
states as a result of symmetry breaking. Addition of more than two sp? groups makes their
position being at odds with the tube chiral vector bringing edge-localization of frontier orbitals
and decreasing the energy gap. It has also been shown that the sp? hybridized carbon atom
directly adjacent to the SWCNT has a slightly negative charge due to redistribution of electron
density between the functional group and the six-membered nanotube’s ring to which it is
bonded. More negative charge on the sp? hybridized carbon requires a sparse distribution of sp?

capping groups along the nanotube edge to avoid generation of a strong dipole moment, which
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leads to edge-localized mid-gap states. This explains why two sp? groups is an optimal number
of the capping groups for (10,5) SWCNT to provide the most opened energy gap, since they can
be placed relatively far from each other while preserving conjugation structure of the tube’s
edge.

Variations in electron withdrawing/donating properties of the capping groups play very
little role in changing the HOMO-LUMO gaps. The strongest electron withdrawing groups
(ethers) destabilizes both the HOMO and LUMO, while relatively strong donating groups
(carboxyl groups) stabilize the frontier orbitals. In all cases, however, the HOMO and LUMO are
shifted symmetrically, so that the energy of the HOMO-LUMO gap is insignificantly affected by
the electron withdrawing or donating properties of the capping groups inside the class. In
contrast, the bond order of functionalization at the nanotube carbon governs the energy gap,
where the gap reduces and edge-localized midgap states appear in structures capped only by sp®
hybridized groups. Similarly, the optical spectra demonstrate negligible effects of electron
donating/withdrawing groups on the lowest optical E11 band, while the change in the bond order
of the capping groups significantly changes the energy alignment and oscillator strength of
optical transitions, resulting in red-shifted and less intensive E11 band when two sp? groups are
changed by sp® capping.

Consideration of these findings is absolutely essential in choosing the functional groups
for tuning the optoelectronic properties of SWCNTSs. In addition, these results provide a
guideline in computations of finite size nanotubes: one can use such a capping scheme that
completely eliminate all trap states at the edges, so that the finite SWCNT has the electronic
structure comparable to its infinite counterparts, particularly near the energy gap where optical

properties originate. Such a finite tube approach allows for calculations of optical spectra of
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SWCNTSs using TDDFT, which is a reasonably accurate and computationally efficient method
compared to other available approaches. Overall, these results constitute a very significant
contribution in the area SWCNT modelling, because a complete understanding of the role of
tube’s capping will allow for using smaller computational models and, therefore, make
computations of a wide range of phenomena in SWNTSs practical.
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4. DOPING CHARACTER OF SINGLE-WALLED CARBON NANOTUBES
FUNCTIONALIZED WITH CHLORINE
4.1. Motivation
Single walled carbon nanotubes (SWCNTSs) are the focus of intense investigation as
nanomaterial with a wide range of applications due to their chirality-dependent properties.
Despite this, the range of properties exhibited by pristine SWCNTSs is somewhat limited.
Because of this, further structural modification is required to fine-tune characteristics such as
electronic levels for use as advanced doping materials or optical transition energies for use as
active layers in telecommunications devices. A widely used strategy for accomplishing such
modifications involves sidewall chemical functionalization. Various recent experimental studies
have reported success in modifying SWCNT properties via chemical functionalization, including
functionalizing (6,2) SWCNTSs with chlorine in order to introduce doped electronic character and
(6,5) SWCNTs with aryl derivatives to introduce red-shifted emission features. Such
modifications greatly increase their utility in practical applications and generates many open
research questions. The nature of the mechanism that results in doped (6,2) SWCNTSs is
unknown. For (6,5) SWCNTSs, a number of low-energy emission features are introduced by aryl
functionalization, the origin of which is unknown. To optimize these new materials for their
respective applications requires insights into these phenomena. Providing such insights is the
goal of the computational studies presented in this and the next chapter.
This chapter focuses on evaluating the binding strength, electronic, and optical properties

of (6,2) SWCNTSs functionalized with chlorine using density functional theory (DFT) and linear-
response time-dependent density functional theory (TDDFT) for both infinite length and finite-

cell sizes with specific interest in the electronic structure that leads to p-doping. These studies
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are performed for both neutral and charged systems and demonstrate that neutral chlorine atoms
bind most favorably as pairs on the same chlorine ring producing an unoccupied midgap state
consistent with p-type doping. SWCNTSs functionalized with charged chlorine ions favor addition
of a single chlorine to minimize charge localization, and the midgap state introduced in neutral
chlorination becomes occupied with the introduction of a charge resulting in the production of an
n-doped system. This information is invaluable for assessing the viability of these materials for
use in applications where doping character is required. In addition to this work with chlorine
functionalized (6,2) SWCNTSs, the next chapter focuses on exploring how the role of
configuration of chemical functionalization of (6,5) SWCNTs with aryl derivatives using similar
techniques.
4.2. Computational Methodology

4.2.1. Generation of the Computational Cells

Pristine (6,2) SWCNTs were generated using Tubegen? software. The computational
super cell for the calculations with periodic boundary conditions was generated to be three unit
cells of SWCNT long with the introduction of 1 nm of vacuum in all dimensions perpendicular
to the tube axis to minimize interactions between individual tubes. This computational cell was
then sampled with a 1x1x1 Monkhorst-Pack k-point grid using the PBE functional®® and PAWS
basis set.*® Finite systems of two unit cells (220 atoms, ~3 nm) and five unit cells (532 atoms,
~7.5 nm) in length were also generated. The cap of the finite systems was functionalized with
one methylene group bonded along the direction of the chiral vector while the rest of the capping
positions were functionalized with hydrogen atoms, a capping scheme that has previously been
shown to eliminate edge-localized trap states.® The pristine finite SWCNTSs were then optimized

using MOPAC' software with AM18 methodology and a minimal basis set as previously
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described.® The resulting optimized SWCNTs were functionalized with either one or two

chlorine atoms initially placed about 1.5 A from the carbon atom in a perpendicular direction

from the SWCNT surface. To simulate the effect of functionalization with chlorine atoms as well

as chloride ion, each system was optimized with both a zero and a negative one charge per
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Figure 4.1. Overview of tube properties and defect arrangements. The upper left shows the
characteristics of the pristine SWCNTSs used. The bottom shows the different arrangements of
Cl pairs with respect to each other. Ortho and para arrangements have two Cl atoms bound to
the same ring, and 1,4, 1,6, and 1,8 arrangements have two Cl atoms bound to different rings.
The upper right shows the different directions of the defects on the tube: along the tube’s chiral
axis, around the circumference of the tube, or diagonally wrapped around the tube.
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chlorine adsorbed to the SWCNT surface. Geometry optimizations were performed for each
arrangement. However, energetically favorable geometries for many systems were found to
consist of isolated SWCNTs and chlorine species. This is most common for charged tubes, and
data for these arrangements was not included in this chapter. All geometry optimizations and
electronic structure calculations were performed using Gaussian092° for finite length systems and
the Vienna Ab-initio Simulation Package (VASP) 4.2114 for calculations with PBC.
4.2.2. Consideration of Multiple Binding Configurations

As mentioned in chapter 3, chiral SWCNTSs have several distinct bond-types depending
on the axis of the bond with respect to the SWCNT axis. For the purposes of this chapter, the
properties need to be characterized for functionalization with respect to different orientations to
determine which are most stable. When functionalizing the SWCNT, two chlorine atoms can be
added in three distinct orientations with respect to the SWCNT axis (figure 4.1). For each
orientation, both ortho and para arrangements are generated where both chlorine atoms are
bonded to carbon atoms that are located within the same hexagonal ring. Meta arrangements
were not examined because they are not expected to be stable.'>!® Additionally, structures where
the two chlorine atoms are placed at carbon sites on different rings were considered, including
(1,4), (1,6), and (1,8) functionalization (resulting in functionalized carbon atoms being on
adjacent rings, two rings apart, and three rings apart, respectively).
4.2.3. Methodologies Used

In order to facilitate the selection of methodology, the results for finite SWCNTSs were
compared using a number of different functionals and basis sets. Functionals that were tested
include PBE, %% PBE1,2317 B3LYP,20 and wB97XD,?*?? all as implemented by the Gaussian09

software package with the 6-31G basis set. To characterize the effect of basis set size on the
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results, STO-3G,?%?* 6-31G,%>?° and 6-31G** basis sets were compared with the constant PBE1
functional.
4.2.4. Characterization of the Systems
4.2.4.1. Binding Energies
The binding energy of chlorine to the tube was determined by the following formula:
AEbinding = [Echiorinated cNT — (Epristine cnT + N Eci)] / n (Equation 4.1)
where Echiorinated cnT IS the energy of the optimized chlorinated system, Epristine cnT IS the energy of
the optimized pristine SWCNT, Ecj is the energy of the energy chlorine atom, and n is the
number of chlorine atoms in the system. For cases with higher concentrations, the binding
energy was determined using two equations. Equation 1 determines the binding energy of n
chlorine atoms to the pristine SWCNT. Equation 2 determines the binding energy of m chlorine
atoms to a tube with (n —m) ClI atoms already bound:
AEp = (Ecnt&nci— (Ecnt + N Ecl)) /n (Equation 4.2)
AEpb = (Ecnt&nci— (Ecnt+(n—m) Cl + m Eq)) / m (Equation 4.3)
4.2.4.2. Geometries
In order to determine the degree to which the optimized geometry of the pristine SWCNT
changes in the presence of chlorine, the bond length alternation (BLA) was defined as the
difference between the average bond lengths geminal to the functionalized carbon atom and the
average of those bond lengths vicinal to the functionalized carbon atom in the SWCNT. For
ortho configurations where a single bond is geminal to two functionalized carbon atoms, this
shared bond was significantly lengthened over all other bonds and was therefore excluded from

the average.
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4.2.4.3. Electronic Structures & Optical Features

Density of states (DOS) were generated by broadening about the molecular orbitals using
a Gaussian function with linewidth of 0.001 eV. TDDFT3:% calculations were performed for
finite tubes optimized with PBE1 functional and 6-31G* basis set, with 40 states calculated for
2-unit tubes and 20 states calculated for 5-unit tubes. Simulated optical spectra were generated
by broadening about the TDDFT transitions using a Gaussian function with linewidth of 0.001
eV. The visualize the change in electron density from an optical transition, natural transition
orbitals (NTOs)* were generated for the lowest energy and most intense TDDFT transitions.

4.3. Evaluation of the Methodologies

4.3.1. Benchmarking of Basis Set and Functional

It was found that the general trend of both binding energies as well as BLA of those
chlorinated SWCNTSs calculated with PBC and those finite tubes calculated with PBE1 and 6-
31G™* was in complete agreement (figures 4.2 and 4.3). Additionally, trends in binding energies
and bond lengths between different methodologies for finite tubes were generally consistent.
Significant differences in binding character is observed between methodologies, especially with
regards to the C-Cl bond lengths. PBE1 and wB97XD functionals result in substantially shorter
C-Cl bond lengths than PBE and B3LYP functionals. The 6-31G* basis set also shows
substantially shorter bond lengths than 6-31G. As such, all further calculations and analysis was
performed with finite SWCNT systems using the PBE1 functional and 6-31G* basis set. Finite
systems were used over PBC due to the lack of substantial differences between the two types of

systems and the relative ease of calculating finite systems over PBC systems, and the PBE1
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functional was chosen over wB97XD due to the unreasonably large band gaps in wB97XD

optimized systems.
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Figure 4.2. Comparison of binding energies for different methodologies. The data for the
comparison between different functional (a,c) was computed with a consistent basis set of 6-
31G*. The data for comparison between different basis sets (b,d) was computed with PBE1
consistently. Solid points indicate that the data was for finite tubes, whereas hollow points
indicate are used for the data from calculations with PBC. Panels (a) and (b) are for neutral
systems, and panels (c) and (d) are present data from systems with a negative charge.
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Figure 4.3. Bond character of chlorinated tubes at the chlorination site with respect to

methodology. The upper part of each panel shows the average C-Cl bond length, and the lower
part shows the C-C bond length alternation. Bond length alternation is the average difference
between the C-C bonds adjacent to the chlorine defect, which are expected to be elongated, and
C-C bonds two bonds away from the chlorine defect, which are expected to be shortened.

Panels a and b describe neutral tubes, while panels ¢ and d describe charged tubes. Panels a and
¢ show how the bond character changes with different functionals, all optimized with a 6-31G*
basis set. Panels b and d show the bond character changes with different basis sets, all optimized

with the PBE1 functional.
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The qualitative differences between trends of binding energies calculated with different
functionals is marginal. However, going from 20% Hartee-Fock exchange in B3LYP to 25%
Hartree-Fock exchange in PBE1 results in significantly shortened C-ClI bond lengths (figure
4.3(a)) and the corresponding stronger binding (figure 4.2(a)). As such, further calculations were
performed with PBEL. It is worth noting that while the SWCNT systems calculated with PBC
exhibited stronger SWCNT-CI binding, the binding energies were qualitatively the same as the
systems calculated with the capped SWCNTSs (figure 4.2(a)). As such, further calculations were
performed with the capped SWCNT. When comparing the basis sets, the qualitative trends for
binding energy of different connectivity are very similar (figure 4.2(b)) with the exception of the
circumferential arrangement for the smallest basis. However, the difference in binding energies
between SWCNT-dichloride systems of different conformations is greatest for the larger basis
set 6-31G, and trends between 6-31G and 6-31G* are entirely consistent. Adding the
polarization to the basis set resulted in stronger binding energies as well as a greater transition
from sp? to sp® character for the carbon atoms bonded to the chlorine in the system, as is
evidenced by the decreasing C-Cl bond lengths and increasing C-C bond length within the
hexagonal lattice. Based on this, and since this study is focusing on the covalent
functionalization of SWCNTSs with chlorine, the larger polarized basis set was chosen, and all
further computations utilize the 6-31G* basis set.

4.4. Correlation between Binding Energies and Geometries
4.4.1. Neutral Systems: Favorable Binding Interactions on a Single Hexogonal Ring

All the neutral systems explored showed a favorable interaction between the SWCNT and

chlorine atom (figure 4.4). Binding of a single neutral chlorine atom to the sidewall of the 2-unit

(6,2) SWCNT is energetically favorable, with a binding energy of -0.81 eV. The C-Cl bond
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length is 1.91 A, and the length of C-C bonds adjacent to the carbon atom bonded to chlorine
were shown to increase by about 0.06 A due to disruption of sp? hybridization in the
functionalized species (figure 4.5(b)). When a second chlorine atom is bonded to the same

hexagonal ring of the SWCNT, the binding energy becomes substantially more favorable, with
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Figure 4.4. Binding energy of different configurations with varying distance between the two
chlorine atoms for (a) neutral chlorinated SWCNTSs and (b) charged chlorinated SWCNTSs.
Binding energy determined for finite tubes functionalized with the PBE1 functional and 6-
31G* basis set. Hollow data points are for functionalized SWCNTs of length 5 units, and
filled data points are for functionalized SWCNTSs of length 2 units. For neutral cases, the
most favorable binding occurs when two Cl atoms are bound on the same ring. For charged
cases, monochlorination is most favorable, with dichlorination only becoming favorable as the
distance between Cl atoms increases.
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binding energies between -1.0 eV and -1.3 eV per chlorine atom depending on the arrangement,
as shown in figure 4.4(a). Additionally, the C-Cl bonds become shorter, ranging from 1.83 to
1.87 A. Covalent functionalization with a single chlorine atom in a ring results in the generation
of a radical, so further functionalization is required to fulfill valency. Additionally, addition of
the first chlorine atom to the ring results in an increase of p character for all carbon atoms in the
hexagonal ring, and therefore covalently binding another chlorine atom and changing one of the
carbon atoms to sp®-like is favorable. This effect is absent in the cases where two chlorine atoms
are bound to separate rings, as with 1,4, 1,6, and 1,8 functionalization. In these cases, the
binding energy varies dramatically, ranging from -0.95 to -0.65 eV, and appears to be mostly
dependent on direction of functionalization where chiral arrangements are generally less stable
than circumferential or diagonal arrangements. In addition, the bond lengths for these cases are
significantly different than cases where two chlorine atoms are bound to the same ring, with C-Cl
bond lengths increasing to 1.88-1.91 A (figure 4.5(a)). These bond lengths are also similar to the
case of mono-functionalization, further demonstrating the effect of multiple functional groups on
the same hexagonal ring. Overall, it shown that the neutral chlorine atom is most favorably
adsorbed in pairs bound to the same ring as these species have the strongest binding. Tube length
plays an insignificant role in these neutral species where nearly identical binding energies are
observed between 2-unit and 5-unit long systems (figure 4.4(a)).
4.4.2. Charged Systems: Preferential Binding on Separate Rings

Charged systems exhibit the trends as previously described for neutral systems (figure
4.4(b)). The binding energy of a single charged chlorine atom to a 2-unit long (6,2) SWCNT is
-0.88 eV, and the stability decreases dramatically when a second charged chlorine atom is bound

to the tube (figure 4.4(b)). Slightly positive binding energies are observed for two chlorine atoms
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in close proximity to each other. This effect is reduced as the distance between chlorine atoms
increases, with negative binding energies being observed for the 1,6- and 1,8-functionalization
cases. However, as with neutral tubes, the C-Cl bond length increases in cases where two
chlorine atoms are far apart from each other (figure 4.5(c)). Mullikan charge analysis indicates
that the charge in these systems is predominantly localized on the carbon atoms where
functionalization occurs. Therefore, the binding energy of charged chlorine to the SWCNT in
the system is heavily dependent on the proximity of the negative charges as opposed to the
strength of interaction between the chlorine atoms and the SWCNT. This effect can be further
observed when comparing the longer tubes. Unlike with neutral tubes, there is a substantial
increase in stability when the length of a tube is increased for charged cases: the difference in
binding energy per chlorine atom going from 2-unit to 5-unit long SWCNTSs changes by about
-0.3 eV and -0.5 eV for the monochlorinated and dichlorinated cases respectively. This
difference is due to the increased delocalization of the negative charge as the size of the
SWCNTs increase. Overall, it can be concluded that binding of chlorine ions to CNTs likely

occurs at very low concentrations, with a very large distance between functionalization sites.
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Figure 4.5. Bond length data for all 2-unit chlorinated finite tube arrangements
optimized with PBE1 functional and 6-31G™* basis set. Panels a and b describe the bond
character of neutral chlorinated tubes, while panels ¢ and d describe the bond character
of charged tubes. Panels a and ¢ show the C-CI bond length with respect to the Cl
arrangement, and panels b and d show the C-C bond length alternation with respect to
the Cl arrangement. Bond length alternation is the average difference between the C-C
bonds adjacent to the chlorine defect, which are expected to be elongated, and C-C
bonds two bonds away from the chlorine defect, which are expected to be shortened.
The top panel shows the data for neutral cases and the bottom panel shows charged
cases. For neutral cases, the bond lengths for arrangements where Cl are bonded to
different rings are similar to the monochlorinated case, while cases where Cl are bonded
to the same ring show much smaller C-Cl bonds and generally much greater bond length
alternation. For charged cases, a similar trend appears, where dichlorinated cases
become more like monochlorinated case as the Cl separation increases. The main outlier
is the diagonal para arrangement, which shows much weaker bonding than other
arrangements with 2 Cl atoms bonded to the same ring.
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4.5. Analysis of Electronic Structure & Electron Density
4.5.1. Neutral SWCNTSs
4.5.1.1. Molecular Orbitals and Density of States
The density of states is also notably changed by functionalization of the SWCNT with chlorine
atoms. This is especially true of the ortho-Ch, para-Cir, and Para-Di cases. Figure 4.6 shows the
density of states for the strongest binding charged and neutral chlorine arrangements on both 2-
unit and 5-unit tubes. Binding a pair of neutral chlorine atoms to a 2-unit (6,2) SWCNT results in
the occupied frontier molecular orbitals entering the HOMO-LUMO gap (figure 4.7). The depth
to which they enter the gap is dependent on the specific configuration of functionalization.
Analysis of the molecular orbitals for this additional state in all arrangements reveal it is
localized around the chlorine defect. However, the exact nature of this state varies somewhat
between different arrangements, with increasing delocalization of the LUMO as the spacing
between chlorine atoms increases (table 4.1). Increasing the distance between chlorine
functionalization results in a decreased HOMO-LUMO gap (figure 4.6). The gap energies range
from 1.84 eV for the circumferential ortho arrangement to 1.25 eV for the diagonal 1,8
arrangement, compared to 2.03 eV for the pristine tube. Mono-chlorination has very little effect
on the energy of the HOMO-LUMO, decreasing it marginally to 1.93 eV and not resulting in the
introduction of any additional mid-gap states. The dramatic difference is due to the fact that the
lowest energy electron configuration for neutral monochlorinated tubes is a doublet
configuration. The electronic structure of neutral chlorinated tubes is consistent for 2-unit tubes
and infinite tubes optimized with PBC (see figure 4.7), although the size of the HOMO-LUMO

gap is smaller for the systems calculated with PBC and the PBE functional than for the finite
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Figure 4.7. (a) Density of States (DOS) for neutral dechlorinated SWCNTSs with PBC
calculated using PBE functional and PAWS basis set. The top panel is for ortho substitution,
and the bottom panel is for para substitution. For ortho substitution, the HOMO-LUMO gap
decreases from functionalization with chlorine atoms along the chiral axis. (b) For para
substitution, circumferential and diagonal functionalization results in a decreased gap. (c)
Density of States (DOS) for neutral finite tubes calculated using PBE1 functional and 6-31G*
basis set. The top panel is for ortho substitution, and the bottom panel is for para substitution.
For ortho substitution, the HOMO-LUMO gap decreases from functionalization with chlorine
atoms along the chiral axis. (d) For para substitution, circumferential and diagonal
functionalization results in a decreased gap.
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Table 4.1. Molecular orbitals for the HOMO and LUMO of the chlorinated neutral finite
SWCNTs optimized with PBE1 functional and 6-31G* basis set plotted with an isovalue of 0.02.
Notable is the significant localization of the electron density around the chlorine atoms in the
LUMO of the neutral species, showing that this state is primarily chlorine and defect character.
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systems calculated with the PBE1 functional due to the increased delocalization from the hybrid

functional. The frontier molecular orbitals from the 2-unit neutral tube clearly shows that new

states are not generated in the gap, but instead the HOMO and LUMO from the pristine SWCNT

enter the gap upon functionalization (figure 4.8). These orbitals are defect-based but are

delocalized across the entire length of the SWCNT in HOMO. However, in the LUMO electron

density resides on the defect itself and is even withdrawn onto the chlorine group due to its slight
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Figure 4.8. Molecular orbital diagram for chlorine doped SWCNTSs calculated using PBE1
functional and 6-31G* basis set. The number in each diagram indicates the band gap for each
arrangement. P doping is clearly observed for neutral chiral ortho and circumferential and
diagonal para configurations. N doping is clearly observed in all charged cases. This is
consistent in both the long capped systems (5 SWCNT units) as well as the short capped

systems (2 SWCNT units).
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electronegativity. As such, a transition from the HOMO to the LUMO would be predominantly
charge-transfer in nature.
4.5.1.2. Projected Density of States

To further validate the electron localization in the frontier molecular orbitals and through
the valence and conduction bands, projected density of states (pDOS) were generated for the
extended conjugated region of carbon atoms on the SWCNT as well as on the chlorine atoms.

Using this analysis, it is shown that the chlorine contributes to states predominantly deep in the
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Figure 4.9. Projected density of States (pDOS) for neutral finite tubes calculated using
PBEL1 functional and 6-31G* basis set. The Cl DOS was multiplied by 10 to better
illustrate the contribution of CI, due to the much larger number of carbon atoms. The left
panels are for ortho substitution, and the right panels are for para substitution. For all
configurations, the states with the strongest chlorine influence are located deep in the
valence band, although there is significant contribution to the LUMO from CI.
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valence band. However, there is always significant contribution from the chlorine atoms in the
LUMO (lowest energy state in the conduction band, figure 4.9). This contribution is highest for
species with the widest gap and lowest with the narrowest gap. For neutral chlorinated
SWCNTSs, the gap is closed the most in the cases where more electron density is located on the
SWCNT rather than the chlorine. These species also exhibit the greatest localization of electron
density around the defect site in the HOMO (table 4.1).
4.5.2. Charged SWCNTSs: The Emergence of n-Doped Behavior

In the charged systems, the defect state introduced by chlorine atom functionalization
becomes occupied and resides near the valence band (figure 4.6), dramatically reducing the size
of the HOMO-LUMO gap and causing the HOMO to be localized around the chlorine defect and
the LUMO to be localized around the edges of the tube (table 4.2). This DOS of the
functionalized charged tube resembles an n-doped system due to the proximity of the additional

occupied state and the conduction band. In 2-unit tubes, the size of the HOMO-LUMO gap

Ortho Chiral ——CNT Para Circumferential

DOS (arb. units)

Energy (eV)

Figure 4.10. Projected density of States (pDOS) for charged finite tubes calculated using
PBEL1 functional and 6-31g™* basis set. The Cl DOS was multiplied by 10 to better illustrate
the contribution of ClI, due to the much larger number of carbon atoms. The pDOS shows a
substantial CI contribution in states well below the band gap. However, there is also
significant Cl contribution in the HOMO, especially in the circumferential para
configuration.
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increases with increased separation of chlorine atoms, with a gap of 0.79 eV for the chiral ortho
arrangement and a gap of 1.45 eV for the chiral 1,8 arrangement (figure 4.6). The behavior of
charged mono-chlorinated tubes are very similar, although somewhat less pronounced, with a
HOMO-LUMO gap energy of 1.42 eV. As with neutral cases, behavior is consistent between 2-
unit and 5-unit tubes. With 5-unit dichlorinated tubes, the n-doped nature of the system becomes
very apparent, with occupied states clearly present above the gap, and a HOMO-LUMO gap of
only 0.220 eV for the chiral ortho arrangement. For all charged species, the molecular orbitals
show the emergence of a significant sub-gap as the result of the introduction of the occupied
state near the conduction band (figure 4.8). The HOMO in all cases becomes localized on the
SWCNT defect, as evidenced by both the molecular orbitals (table 4.2) as well as the pDOS
(figure 4.10). The electron density in the LUMO becomes localized distant from the defect site:

it isn’t clear if this is attributed to end group effects or not.
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Table 4.2. Molecular orbitals for the HOMO and LUMO of charged chlorinated finite tubes
optimized with PBE1 functional and 6-31g* basis set, plotted with an isovalue of 0.02. The
HOMO is localized around the Cl atoms and the sp? defect, while the LUMO is localized on the
edges of the tube. The HOMO of the charged chlorinated tubes is very similar to the LUMO of
the neutral chlorinated tubes, showing that this state introduced by chlorination becomes
occupied by the addition of a charge.
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4.6. Absorption Spectra

4.6.1. Neutral Species: Reduced Gaps > Lower Energy Emission

The absorption spectra calculated from TDDFT of the neutral chlorinated SWCNTS is
presented in figure 4.11(a). The primary absorption peak observed in pristine tubes is found at
about 1.9 eV with an oscillator strength of 0.612 for 2-unit tubes, and around 1.7 eV with an
oscillator strength of 8.99 for 5-unit tubes. This is due to the significant reduction of the HOMO-
LUMO gap, resulting in a bright n-7* of lower energy. This is a common observation in systems
where the lowest energy transitions predominantly originate from a HOMO-LUMO transition.
For dichlorinated tubes, two main changes from the spectrum of the pristine tube are observed.
First, there is a significant decrease in intensity of the brightest transition, reducing the oscillator
strength to around 0.4 for 2-unit tubes and about 1.3 for 5-unit tubes (figure 4.11(a)). Second,
there is an introduction of lower energy bright transitions due to defect-based changes in the
electronic structure. The intensity of these states is very low for the monochlorinated tube with
an oscillator strength of 0.018 for the most intense state, but is relatively bright in dichlorinated
tubes, particularly when two chlorine atoms are bound to the same carbon ring due to the same

effect.
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Figure 4.11. (a) Calculated absorption spectra of selected neutral chlorinated SWCNTSs. Peaks
were broadened about the transition using a Gaussian function with line width 0.04 eV., and (b)
Calculated absorption spectra of selected charged chlorinated tubes. Peaks were broadened about
the transition using a Gaussian function with line width 0.04 eV.
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4.6.2. Charged Species

The calculated absorption spectra for charged chlorinated tubes are shown in figure
4.11(b). The spectra are similar to those for neutral chlorinated tubes, with primary differences in
the energy and intensity of the additional red-shifted transitions. For 2-unit tubes the lowest
energy transition occurs at about 0.5 eV when two chlorine atoms are on the same ring, and
~0.8-1.0 eV when two chlorine atoms are on different rings, with oscillator strengths of ~0.25-
0.1. The energy and intensity of the lower energy transitions raises for tubes where both chlorine
atoms are located on different rings than on the same ring, a trend which is opposite of that for
neutral tubes. This is due to the presence of the midgap chlorine-localized defect state in
dichlorinated tubes at lower energy when the two chlorine atoms are attached to different rings,
decreasing the energy of the HOMO-LUMO gap when the state is unoccupied in the neutral
cases but increasing the energy of the HOMO-LUMO gap when the state is occupied in charged
cases. 5-unit charged dichlorinated tubes exhibit similar absorption properties to 2-unit tubes,
except the energy of the low energy transitions is lower (~0.2 eV) and the intensity is greater
(~0.5-1.0). Optical properties of the monochlorinated charged case are very similar to the
monochlorinated neutral case. Overall, charged chlorinated tubes exhibit fewer low intensity
transitions than neutral chlorinated tubes, reducing the applicability of their optical properties.

4.7. Effects of Increasing Cl Concentration

Higher concentrations of chlorine atoms bound to the SWCNT sidewall were tested using
multiple pairs of neutral chlorine atoms bound in the circumferential para position on a 2-unit
tube. Charged cases with higher concentration were not considered because data with charged

mono and di-chlorinated systems indicates that higher concentrations are unlikely to be stable
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Figure 4.12. (a) Binding energy of chlorine on a CNT with respect to chlorine concentration.
Binding energy was determined for tubes optimized with PBE1 functional and 6-31G* basis
set. Concentration was increased by binding multiple CI pairs in circumferential para
configuration in different locations on the tube. (b) Density of states for chlorinated 2-unit
finite tubes optimized with PBE1 functional and 6-31G™* basis set with varying surface
concentrations of chlorine. DOS was generated by broadening around the states with a
Gaussian function with a linewidth of 0.06 eV. DOS for the chlorinated tubes were shifted to
align with the first two unoccupied peaks in the pristine tube. (c) Absorption spectra for
chlorinated 2-unit finite tubes optimized with PBE1 functional and 6-31G* basis set with
varying surface concentrations of chlorine.
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due to the significant charge build up from further functionalization, and therefore optimized
geometries of these systems could not be obtained.
4.7.1. Effects of Chlorine Concentration on Binding Energy

Increasing chlorine concentration has a relatively small effect on the binding energy, with
the binding energy per chlorine atom only increasing slightly as the concentration is increased
(figure 4.12(a)). Notably, the binding of additional chlorine atoms was energetically favorable
for all concentrations observed, with binding energies for additional chlorine pairs on an already
chlorinated tube ranging from -1.19 to -1.06 eV per additional chlorine atom. Binding energies
are likely dependent on the exact position of chlorine pairs on the tube, and the arrangements
observed are likely not the most stable configurations. However, the data obtained suggests that
relatively high chlorine concentrations should be obtainable.
4.7.2. Density of States: Higher Chlorine Concentrations Closes the Gap

The density of states of selected chlorinated tubes with different chlorine concentrations
are shown in Figure 4.13. As the chlorine concentration increases, the number of mid-gap states
added from chlorination increases, resulting in a dramatically smaller HOMO-LUMO gap, down
to 0.53 eV when the chlorine concentration is 6%. Increasing chlorine concentration effectively
increases the doped electronic character of dichlorinated tubes.
4.7.3. Optical Features of Increasing Chlorine Concentration

Calculated absorption spectra for selected chlorinated tubes with different chlorine
concentrations are shown in figure 4.12(c). Increasing the chlorine concentration leads to an
increase in the number of low energy transitions, and a decrease in the energy of the first

transition as a result of closing the HOMO-LUMO gap. Overall, the optical features for
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dichlorinated tubes become more prodominant as the chlorine concentration is increased,
indicating a high chlorine concentration is likely desirable for practical applications.
4.8. Conclusions

For neutral systems, chlorine binding is most favorable with two chlorine atoms bound to
the same ring of the SWCNT sidewall, while binding two chlorine atoms to different rings gives
rise to bond character resembling that of singly chlorinated SWCNTSs. For increased
concentrations of chlorine, the binding energy per chlorine atom is slightly increased meaning
high degrees of chlorination should be possible. With charged cases, the chlorine binding energy
is most favorable for monochlorinated tubes, and is dramatically less favorable for dichlorinated

tubes due to the localization of charges on a single ring. The chlorine binding energy becomes

Neutral DOS,
Increased Concentration

DOS (arb. units)

Energy (eV)
Figure 4.13. Density of states for neutral 2-unit finite tubes calculated with PBE1 functional

and 6-31G* basis set with varying Cl surface concentrations. Higher Cl concentrations shows
an increase in midgap states.
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more favorable for dichlorinated tubes as the distance between chlorine atoms increases, and all
cases were much more favorable as the length of the tube increased. Additionally, the bond
character has almost no correlation with the binding energy of the system. Therefore, we
conclude that the favorability of chlorine binding for charged systems is primarily influenced by
the extent of charge delocalization, and chlorine ions likely bind to SWCNTs only in very low
concentrations.

Binding of neutral chlorine to the CNT causes the introduction of unoccupied midgap
states, therefore resulting in an electronically doped system. In the case of charged nanotubes,
these states become occupied therebye raising the fermi energy and creating an n-doped material.
As the chlorine concentration is increased, the number of midgap states increases, furthering the
extent of doping. The calculated absorption spectra of all cases show a decrease in the intensity
of the most intense transition and an introduction of low energy transitions. These states are
lower energy in charged systems; however, the intensity is also much lower. Overall, the neutral
chlorinated SWCNTSs look very promising for application due to ease of modifying the electronic
and absorption properties by changing the chlorine concentration. Charged systems are less
practical for these applications due to the decreased absorption intensity and the relative inability
to control properties through concentration due to the instability of systems with higher
concentrations.
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5. DEDUCING THE ORIGIN OF RED-SHIFTED OPTICAL FEATURES IN
CARBON NANOTUBES FUNCTIONALIZED WITH ARYL GROUPS
5.1. Motivation
Functionalization of single-walled carbon nanotubes (SWCNTS) has been shown to

modify their electronic and optical properties, thereby increasing the range of applications in
which they can be used. Recent experimental studies have shown that covalent aryl
functionalization of (6,5) SWCNTSs introduces of number of emission features in the infrared
region of the electromagnetic spectrum, thereby increasing their utility as single photon sources
(SPS) for telecommunications application. Despite this promise, the origin of these red-shifted
emission features is unknown. In the preceding chapter, it was shown that the electronic
structure and corresponding energies of optical features are dependent on the configuration of
functionalization for di-chlorinated species. In this chapter, the role of configuration of chemical
functionalization of (6,5) SWCNTs with aryl derivatives is explored using the same techniques.
It is shown that the specific isomer geometry — the relative position of functional groups on the
carbon-ring of the nanotube — is critical for controlling the energies and intensities of optical
transitions introduced by functionalization, while the dielectric environment and the chemical
composition of functional groups play less significant roles. The predominant effects on optical
properties as a result of functionalization conformation are rationalized by exciton localization
on the surface of the SWCNT near the dopant sp3-defect but not onto the functional group itself.
This research is seminal in explaining the origin of the multiple emission bands observed in
experiment and suggests control of functional orientation as a strategy for tuning infrared

emission energies.
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5.2. A Menagerie of Functionalization Configurations

5.2.1. Synthetic Considerations

Arylation of aromatic compounds, including SWCNTSs,*3 can be achieved using water-
soluble aryl diazonium salts. One of the possible scenarios of such a reaction with the SWCNTs
has been suggested to occur as a two-step reaction.* In this section, the plausible
functionalization configurations are presented from a synthetic point of view.
5.2.1.1. Dissociation of Diazonium Salt to Diatomic Nitrogen & an Electrophilic Aryl Species

In the first step of the reaction, the dizaonium salt dissociates into diatomic nitrogen
group (N2) and an aromatic carbocation. The nitrogen gas will bubble off the reaction mixture
and leave as a gas. The aromatic carbocation is then left behind to further react with the
SWCNT. This aromatic group is able to place the positively charged carbon at positions either
ortho (the adjacent positions) or para (the positions across the ring from) with respect to the
bromine group. However, steric constraints dictate that further addition of this species will only
occur for the intermediate para intermediate. As such, only the products generated from the
intermediate where the positive charge is placed on the ring at the position para to bromine will
be considered.
5.2.1.2. Generation of a Reactive Carbocation Intermediate on the SWCNT

In the second step of the reaction, the aryl cation is quickly physisorbed to the outer tube
surface of the SWCNT. A relatively strong interaction between the nanotube and cation via -1
stacking allows for electron transfer from the tube to the diazonium molecule forming a charge-
transfer transition complex.> The complex then decomposes in a rate-limiting step into N2 gas
and aryl radical, forming a mixture of covalently and noncovalently bound products, where the

large majority of the sample population is attributed to the covalently functionalized SWCNTSs
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by aryl derivatives.* Figure 5.1 illustrates the formation of the product at the second step of this
path: reaction of the conjugated hexagonal lattice of the SWCNT with an electrophilic species,
such as the carbocation generated in reaction with common diazonium salt derivatives, results in
carbocation species, where the positive charge can be thought of as localized on the position
adjacent to the site of addition of the aryl group (ortho configuration). Resonance can allow this

positive charge to be placed on the para- site, as well. However, localization of the positive

charge on the meta- site with respect to the aryl attachment is not feasible owing to general

m
-0 O
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N l B
/

chemical rules.

SWCNT

Figure 5.1. Reaction mechanism between a SWCNT and electrophilic species generating
reactive carbocations.

5.2.1.3. Formation of Product from Addition of Nucleophilic Species
In the final step of the reaction, the positively charged site of the carbon-ring is saturated
by either a second aryl bromide group, hydrogen, or OH" group, resulting in the products

presented in figure 5.2(b). These adducts are viable choices for functionalization of SWCNTSs in
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an aqueous environment. Due to the generation of an electrophilic carbocation with charge
localization on sites only ortho or para from the addition in step 2, only configurations with
further addition at these sites are plausible. This results in the generation of product where two

groups functionalize the SWCNT in positions either ortho or para with respect to each other.

Figure 5.2. Possible orientations of functional groups with respect to the (6,5) SWCNT axis. (a)
Ortho denotes functionalization on adjacent carbon atoms, while para refers to
functionalization in the (1,4) positions on the same hexagonal ring. Lszo, Lo, and L-3o refers to
bonds that lie along a vector 27°, 87°, and -33° from the SWCNT axis, respectively. Arf and
Ar| refer to the order of functionalization along a chosen vector. Sample representations of a
SWCNT functionalized with an aryl bromide group and a hydrogen along the ortho L3 bond in
the Art configuration (b) and two aryl bromide groups in the para Lz configuration (c).

5.2.1.4. Functionalization at the Same Hexagonal Ring
The carbocation generated in the second step of the reaction is relatively unstable, and
therefore the third step adding a nucleophilic species would be expected to happen quickly. Asa

result, the resonance stabilization that would place the charge in hexagonal rings other than the
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one where the addition of the aryl species occurred is not expected to occur. As a result, only
functionalization adding both groups on the same hexagonal ring of the SWCNT are considered
in this chapter (figure 5.2(a)).
5.2.1.5. Bridging Synthetic and Computational Considerations

In addition to the synthetic considerations, there are some theoretical reasons that
additions of functional groups to SWCNTSs must occur in pairs. Unless the system is considered
to be charged, the intermediate result of functionalization with a single aryl group in calculations
is an open shell system with a single unpaired electron. These radical species are considered to
be very unstable, and generation of a more stable closed shell system requires bonding an
additional group at a different carbon atom. As such, all functionalization in this chapter will
involve functionalization at different sites on the SWCNT.
5.2.2. Non-equivalent Bonds in Chiral SWCNTs

Due to the chiral angle present in semiconducting SWCNTSs where n>m=#0, three distinct
types of bonds emerge with differing angles with respect to the SWCNT axis. These directions
are labeled Lso, Leo, and L.30 where the subscript describes the approximate angle between a
vector lying along the bond and the SWCNT axis. In the case of the (6,5) SWCNT explored
here, these angles are more precisely 27°, 87°, and -33° for Lso, Lo, and L-3o respectively (figure
5.2(a)). For the purpose of calculating electronic and optical properties of functionalized
SWCNTs, functionalization along all three types of bonds must be considered.
5.2.3. Interchange of Two Functional Groups

One further structural modification that must be acknowledged is the possibility for the
interchange of the two functional sites in the SWCNT. Swapping two functional sites for non-

equivalent functional pairs (ie. the aryl-H configurations) results in distinct geometries for all
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chiral SWCNTSs, and as such these geometries will be considered here as well. Viewing a
SWCNT in a perspective that results in a horizontal tube axis allows every carbon atom to either
reside at the “top” or the “bottom” of a hexagonal ring. Either the top or the bottom of the
hexagonal ring is functionalized with an aryl group to generate “Ar?” and “Ar]” configurations
respectively. The remaining position is functionalized with the opposing species. It is notable
that through considering this interchange, this study implicitly considers the differences between
the functionalization of left and right handed SWCNT. Considering all these possible structure
modifications results in 12 distinct aryl-H and 6 distinct di-aryl configurations. The geometric
parameters of these configurations are summarized in figure 5.2(a).
5.2.4. Functionalization with Different Groups

In addition to modifying the position of functionalization to SWCNTSs, a number of
different chemical species can be used. To explore the inductive and resonance effects such
modifications, a series of groups were utilized. These include alkyl groups with differing lengths
as well as degrees of electron withdrawing, aryl groups that can contribute electrons to the

SWCNT through resonance, divalent species where two carbon atoms in the SWCNT are bonded

“Alkyl” “Bridging” “Divalent” “Aryl”
Br

= C H 3 = C F 3R ‘\\\H F “\\\]:

CHChanm P (O (O C O C OCO

Figure 5.3. Functional groups considered in this chapter. For monovalent non-bridging species,
a second location on the SWCNT was functionalized with a hydrogen group to maintain a
closed-shell system.
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to the same atom, and a “bridging” group where the functionalization occurs through interaction
with the SWCNT through two aryl atoms (figure 5.3). The impact of these functional groups is
known through experiment.
5.3. Computational Methodology

5.3.1. Generation & Optimizing of Functionalized SWCNT Geometries in Vaccuum

The pristine SWCNT was created with (6,5) chirality to a length of ~12 nm by generating
3 unit cells with Tubgen 3.4 software.® To fulfill the vacancies of all terminal carbon atoms, the
ends of the SWCNT were capped with hydrogen atoms in all positions according to the capping
scheme reported previously.’”® The geometry of the pristine SWCNT was then optimized
sequentially by first using UFF® molecular mechanics followed by AM1'° semi-empirics, and
finally density functional theory (DFT) with a CAM-B3LYP*! functional and 3-21G basis set in
vacuum. This methodology has been shown to be in reasonable agreement with experimental
data.'>!3 Once the pristine SWCNT geometry was optimized, this structure was then
functionalized in the positions previously described. To generate the starting geometries, the
torsion angle between the SWCNT and aryl group was adjusted such that the plane containing all
the atoms in the aryl group and a vector connecting the SWCNT carbon atoms vicinal to each
functional group were perpendicular, figure 5.2(b) and (c). The resulting functionalized
SWCNTSs were then optimized using the same step-wise methodology previously described. All

geometry optimizations were performed using Gaussian-09, version E.01 software.4
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5.3.2. Solvent Dependent Geometries: a Marginal Role

The geometries resulting from the vacuum calculations were utilized as starting points for
geometry optimization in the dielectric environment of three solvents of increasing polarity
including heptane (¢=1.9113), acetonitrile (¢=35.688), and water (¢=78.3553). The effect of the
solvent was introduced implicitly using the conductor-like polarizable continuum model
(CPCM)™ as implemented in Gaussian-09. Due to the negligible difference between both the
geometry and relative energetics of the optimized geometries in vacuum and solvent (table 5.1),

all further excited state calculations were performed using those structures optimized in vacuum.

Table 5.1. Relative total energies with respect to the lowest energy structure and corresponding
electrostatic dipole moments (shown in parenthesis) of aryl-H configurations calculated using
the CAM-B3LYP functional and STO-3G basis in vacuum and different solvents.

. . Relative Total Energy in eV (Dipole in Debye)
Configuration Vac Heptane Acetonitrile Water
Ortho | Art Lso 0.0985 (0.64) | 0.0987 (0.72) | 0.0990 (0.86) | 0.0990 (0.86)

Lo 0.3432 (0.29) | 0.3432(0.41) | 0.3430 (0.70) | 0.3430(0.72)

L-30 0.0011 (0.41) | 0.0012 (0.47) | 0.0013 (0.61) | 0.0013 (0.62)

Ar| Lso 0.0974 (0.61) | 0.0976 (0.68) | 0.0977 (0.84) | 0.0977 (0.85)
Lgo 0.3438 (0.40) | 0.3439 (0.49) | 0.3437 (0.72) | 0.3437(0.73)

L-30 0.0000 (0.33) | 0.0000 (0.40) | 0.0000 (0.59) | 0.0000 (0.60)

Para | Arf Lso 0.2459 (0.30) | 0.2457 (0.40) | 0.2455 (0.66) | 0.2455 (0.67)
Lgo 0.3160 (0.66) | 0.3135(0.78) | 0.3105 (1.02) | 0.3104 (1.03)

L-30 0.4773 (0.56) | 0.4765 (0.67) | 0.4755 (0.91) | 0.4755 (0.93)

Ar| Lso 0.2462 (0.37) | 0.2459 (0.45) | 0.2456 (0.67) | 0.2456 (0.68)
Lo 0.3164 (0.57) | 0.3138 (0.70) | 0.3107 (1.00) | 0.3106 (1.01)

L-30 0.4775 (0.60) | 0.4767 (0.71) | 0.4756 (0.93) | 0.4756 (0.94)
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5.3.3. Molecular Orhbitals

Molecular orbital diagrams were generated by extracting the energies of ground-state
orbitals directly from the Gaussian calculations. To visualize electron density, the molecular
orbitals (MOs) for the resulting geometries of both pristine and aryl functionalized SWCNTSs
were generated using CAM-B3LYP functional and 3-21G basis set results and visualized by
applying isosurface with an isovalue of 0.008 using Visual Molecular Dynamics (VMD)
software.’® The results are also compared to those calculated by STO-3G basis set.
5.3.4. Determination of Optical Properties with TDDFT

To simulate the optical characteristics, the vertical excitations for 15 states were
calculated using TDDFT from the ground state optimized geometries in vacuum and then
recalculated in the dielectric environment of the three solvents. The profiles of absorption spectra
were generated by broadening about the optical transitions using a Gaussian function of
linewidth 0.01 eV weighted by the oscillator strength of the transition. To obtain the fluorescence
spectra, the excited-state geometry is optimized,” whereby the lowest singlet excitation energy is
calculated within the linear response theory framework.*® Both the absorption and emission
spectra calculations were performed using the same functional and basis set as for the geometry
optimization. Natural transition orbital (NTO) analysis*® was then performed to obtain the
electron-hole pairs of ono-electron orbitals that contribute to each optically active transition of a
specific excited state, as implemented in Gaussian-09 software. For absorption, analysis was
performed for both the lowest energy bright states as well as the bright states representing E11 in

the pristine SWCNT. For emission, only the lowest energy bright states were of interest.
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5.3.5. Quantification of Vibrational Reorganization

The calculation of reorganization energies is accomplished using the DFT and TDDFT
calculations for each species in this chapter. Calculating the reorganization energy in the ground
state (AE1) is accomplished using single point energy calculations for each the ground and
excited state geometries:

AE, = reorganization energy in ground state = E5Y — E5Y  (Equation 5.1)

With the reorganization in the ground state, the lowest-energy transitions for TDDFT from each
the ground state geometry (Eans) and the excited state geometry (Eemis) are used to determine the
reorganization energies in the excited state.
AE, = reorganization energy in excited state = E,,s — (Eomis + AE;) (Equation 5.2)
Summation of these two quantities will give the full energy that goes into reorganization in the

system. See figure 5.4 for a schematic of these quantities.

G, G;, Geometry

Figure 5.4. Representation of the theoretical potential energy surfaces for ground and first-
excited states in the defected SWCNT systems.
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5.3.6. Calculation of Radiative Lifetimes

The method of estimation of radiative lifetimes through Einstein coefficients is frequently
used??!, This method relies on the consideration of a steady-state two level system which is
undergoing stimulated emission (both facilitated by electromagnetic radiation (ER)) and
spontaneous emission of the generated excitations. Borrowing the energy density for the ER for
Plank’s law and performing an analysis of populations using Boltzmann’s distribution, the rates
of transitions between the excited states and ground states can be aquired??. The resulting
equation describing radiative emission is given by:

7 = 4 Eome (Equation 5.3)

fijw?e?

where c is the speed of light, &9 is the permittivity of free space, me is the mass of an electron, e
is the elementary charge, and fij and w are the oscillator strength and angular frequency of the
transition respectively.
5.3.7. Determination of the Bond Character of Functionalization

Natural bond analysis®® was performed for the purpose of characterizing the bond
character in the region of functionalization. The analysis was performed as implemented by the
Gaussian09 software package on specifically the bond between the SWCNT and the functional

group for all species with different functional groups.
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5.4. Relative Stabilities and Geometries of Binding Configurations
5.4.1. Indistguishable Stabilities for Left vs. Right SWCNTSs
Different functionalization of SWCNTSs with an aryl derivative and hydrogen result in
similar total energies for all Ar{ and Ar| configurations considered (figure 5.5). The observed
difference between the total energies of Ar{ and Ar| indicates that these structures are
indistinguishable at normal conditions. Assuming the absence of environmental effects such as
the presence of surfactants, this indicates the aryl functionalization provides no selectivity

between the left- and right-handed (6,5) SWCNT.
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Figure 5.5. Relative total energies of each functionalized configuration with respect to the
lowest energy isomer for (a) aryl-H and (b) di-aryl structures optimized with the CAM-B3LYP
functional and STO-3G basis set in vacuum. Black squares represent ortho configurations,
while blue circles represent para configurations.

5.4.2. Ortho vs. Para: Relative Similarities in Binding Energies

The differences in total energies between various ortho and para isomers of aryl-H
configurations are more noticeable, with all computed energies falling within a 0.1-0.4 eV range
from the most stable ortho L.3o configuration, figure 5.6(a). When both functional groups are the

same in di-aryl structures, the most stable configuration becomes para Lgo, being different
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from ortho L.30 by ~0.05 eV, while the energy difference range between all ortho and para
isomer structures varies from 0.05 eV to 0.6 eV. In general, binding with the second aryl group
instead of hydrogen slightly increases the total energies of all ortho configurations, while it also

weakly stabilizes the para conformations, although the changes are relatively small in all cases.
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Figure 5.6. Dependence of structural and energetic changes on the functional group
conformation calculated in vacuum using CAM-B3LYP functional and 3-21G basis set. (a)
Relative total energies of functionalized isomers with respect to the most stable structure
compared between (6,5) SWCNT functionalized with an aryl bromide group and a hydrogen
(aryl-H) and two aryl bromide groups (di-aryl). (b) The averaged difference between Carbon-
Carbon bond lengths adjacent to aryl functionalization and those in the pristine SWCNT. Black
squares represent ortho configurations, while blue circles represent para configurations.

5.4.3. Basis Set Dependence: Slight Stabilization with Larger Basis w/o Change in Trends
Increasing in the basis set size, from STO-3G to 3-21G, somewhat reduces the energies
of the para configurations, while the energy of ortho structures insignificantly change both in
aryl-H and di-aryl structures as shown in figure 5.7. Overall, an increase in the basis set has a
qualitatively minor effect on both the geometry of the system. This is in agreement with prior
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calculations for OH-functionalized (9,0) nanotubes using B3LYP/3-21G that show a maximum
of 0.3% difference in bond lengths compared to B3LYP/6-31G* results.?*This minor effect on

the geometry carries over to electronic structure, as will be presented in a further section.
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Figure 5.7. Relative total energies of each configuration with respect to the lowest energy
structure for (a) Ar? aryl-H configurations and (b) diaryl configurations. The panel on the left
and right compares the results obtained by STO-3G and 3-21G basis sets, respectively. Black
squares represent ortho configurations, while blue circles represent para configurations.

5.4.4. Geometrical Characteristics as a result of Functionalization
5.4.4.1. Computed Geometrical Deviation from Pristine

For ortho configurations, the bond lengths adjacent to the aryl functional group are
elongated significantly more than for para configurations as shown in figure 5.6(b). In these
cases, the greatest elongation is observed along the axis of functionalization due to the
concurrent disruption of the sp?-hybridization from both carbon atoms in that direction. The

remaining two bonds become lengthened over the pristine SWCNT to a similar degree (table 5.2)
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leading to the sp3-defect at the conjugated structure of the nanotube. Figure 5.6(b) shows that the
average bond disruption is the most significant for ortho functionalization along Lgo, coinciding
with the highest energy among ortho structures, figure 5.6(a). Additionally, the disruption of sp?
hybridization is observed to be greater in di-aryl functionalized SWCNTSs than for aryl-H
functionalization. This is accompanied by the corresponding increase in the total energies for all
ortho functionalized species. In contrast, para configurations exhibit significantly less elongation
of bond lengths, indicating a lower degree of sp? disruption in the region local to
functionalization for both aryl-H and di-aryl structures. Additionally, the smaller elongation is
nearly uniform across all para-isomers, which coincides with a consistent energy difference
between the various para configurations (< 0.2 ¢V), as compared to those of the ortho structures
(up to 0.6 eV). However, the smaller degree of sp? distortion does not always provide the lowest
energy configuration, resulting in para isomers having in most cases larger energy than ortho
isomers, except for Lgo, where ortho structures have significant changes in the bond lengths.
Thus, some moderate sp? distortion, like in the ortho L.so configuration, efficiently stabilizes both

aryl-H and di-aryl structures.
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5.4.4.2. Experimental Expectations

It is reasonable to suggest that computation of a larger number of unit cells in the
SWCNT model, covered with a similar number of functional sites (i.e. modeling a lower
concentration of functionalization), might yield an even smaller energy difference between
various functionalization geometries. As such, it would be inappropriate to conclude that the
ortho L-3o for aryl-H and para Lo for di-aryl are the most thermodynamically probable
configurations of the defect position for (6,5) nanotube samples. Additionally, absent from these
considerations is the kinetic component, which is driven by thermal fluctuations and is affected
by solvent and surfactant molecules covering the tube surface. The latter affects collisions
between molecules during the dissociation reaction of diazonium salts into N2 gas and aryl
radical forming a mixture of covalently and noncovalently bound products.* Since it is known
that aryl diazonium salts have very complicated chemistry in solutions due to the variety of
reaction pathways with a large number of potential intermediate products, we assume that all 12

aryl-H or 6 di-aryl isomers can co-exist in experimental samples.

Table 5.2. Carbon-Carbon bond lengths (in A) adjacent to aryl functionalization structure for
Ar? aryl-H and di-aryl isomers calculated using the CAM-B3LYP functional and either the
STO-3G basis set in vacuum. The highlighted lengths indicate those bonds that underwent the
maximum elongation after functionalization.

.. Ar-H - Ar-H Di-aryl Di-aryl Di-aryl

Pristine (6,5) Lo ALrQ(I)—I L 30 |_30y |_90y |__30y

Ortho | Lso 1.442 1.594 1.541 1.549 1.619 1.547 1.549
Lo 1.436 1.550 1.635 1.554 1.562 1.668 1.561

L-30 1.442 1.556 1.537 1.596 1.551 1.545 1.621

Para | Lao 1.442 1.549 1.546 1.553 1.549 1.548 1.552
Lo 1.436 1.554 1.558 1.554 1.556 1.56 1.555

L-30 1.442 1.554 1.547 1.550 1.553 1.545 1.551
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5.4.5. Solvent Independence for Geometries & Relative Stabilities
The geometry optimizations performed in the different dielectric environment of solvents
ranging from the non-polar heptane to very polar water results in no noticeable structural and

energetic difference between defect conformations (figure 5.8 and table 5.1). This can be
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Figure 5.8. Relative total energies of each functionalized configuration with respect to the
lowest energy isomer for aryl-H configurations optimized in a dielectric environment
equivalent to (a) vacuum, (b) heptane, (c) acetonitrile, and (d) water using the CAM-B3LYP
functional and STO-3G basis set. Black squares represent ortho configurations, while blue
circles represent para configurations. The red box at the bottom of each panel represents the
amount of energy available at room temperature (298K).
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rationalized by the nonpolar character of the nanotube, while different isomer conformations of
polar functional groups result in a small electrostatic dipole moment of the entire system

(<1 Debye) in all solvents. While the total electrostatic dipole moment of the functionalized
nanotubes increases with the solvent polarity (by 0.1-0.3 Debye), its relative change between the
different conformations stays nearly the same (figure 5.9 and table 5.1), which explains the
insensitivity of the defect conformations to the solvent. As such, any difference in properties of
aryl functionalized SWCNT samples observed in different solvents is likely not due to structural
changes induced by the environment, but can be associated with a different response of the
intrinsic electronic structure that is expected to be more sensitive to dielectric effects.
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Figure 5.9. Electrostatic dipole moment and its x, y, and z components for aryl-H
configurations calculated using the CAM-B3LYP functional and STO-3G basis set in
vacuum.
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5.5. Electronic Structure Heavily Dependent on Functionalization Configuration

5.5.1. Configuration Effects on Electron Localization
The electron localization in the frontier molecular orbital in the vicinity of the defect

plays a significant role in modulating the precise energetics of the orbitals and therefore the gap
between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO). For example, the HOMO (and LUMO) of the para Lzo species exhibits electron
delocalization along the entire axis of the SWCNT and the largest energy gap among para
isomers for both aryl-H and di-aryl structures, figure 5.10. In contrast, the para L-30 species
shows significant orbital localization around the defect site and the smallest energy gap for para
isomers calculated in vacuum. For the ortho isomer, the trend is opposite, showing the most

delocalized frontier orbitals for L-3o and having the largest energy gap, while Lz exhibits the
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Figure 5.10. The ground state electronic structure comparing Art aryl-H and di-aryl
funtionalized (6,5) SWCNT in vacuum. Highest occupied molecular orbitals (HOMOs) (a) and
the electronic level diagram (b) for functional groups bounded along a vector 27° (Lso), 87°
(Loo), and -33° (L-30) from the SWCNT axis. The values placed between the HOMO and
LUMO are the HOMO-LUMO gaps in eV.
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most localized orbitals and the smallest energy gap among all ortho structures. Lgo is in the
intermediate range of orbital delocalization and the HOMO-LUMO energy for both ortho and
para structures. Overall, the degree of electron localization/delocalization correlates well with the
trends of the energy gap and almost perfectly mirrors ortho Lao, Leo, and L-30 to para L-30, Leo, and
Lso, where the lowest HOMO-LUMO gap and the strongest orbital localization is observed for
ortho Lso and para L-30, While the largest energy gap and the largest degree of delocalization
corresponds to ortho L-30 and para Lazo.
5.5.2. Origin of Configuration Dependence: Splitting of Degenerate Molecular Orbitals
Overall, all functionalized SWCNTSs have a smaller energy gap than the pristine (6,5)
nanotube as shown in figure 5.10(b). Isomer structures with the highest degree of HOMO and
LUMO delocalization (ortho L-30 and para Lso) exhibit only slight differences from the energy
gap of the pristine tube, while conformations with highly localized character of their frontier
orbitals (ortho Lso and para L-30) have a significantly reduced HOMO-LUMO gap. For a
hypothetical infinite-length pristine SWCNT, it is expected that the HOMO and LUMO would
exhibit double degeneracy. Slight deviation from this expectation is shown in the computations
of the pristine (6,5) system, likely due to end-group effects (figure 5.11(b)). However, the sp-
defect in the functionalized nanotube completely lifts this degeneracy, resulting in a large
splitting between the HOMO and HOMO-1 and LUMO and LUMO+1. As a result, the HOMO
is destabilized and the LUMO is stabilized, which decreases the HOMO-LUMO gap in all
functionalized structures compared to the pristine tube, which is the most pronounced in isomers
having more localized character in their frontier orbitals around the defect site. As with

geometries and stabilities, very little difference is observed for Art versus Ard configurations
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(figure 5.11(a)), reflecting on the similarity between the electronic structure of right handed and
left-handed chiral SWCNTs.
5.5.3. Functional Group Independence on Electronic Structure

All these trends are identical for both aryl-H and di-aryl structures. Moreover, the
substitution of H by an OH group results in no noticeable changes in the electronic structure of
the functionalized SWCNTSs, as shown in figure 5.12. It is important to note that even for
strongly localized orbitals, the charge density is spread over the part of the tube around the defect

site rather than localized on the functional group. This feature of orbital localization underscores
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Figure 5.11. Molecular orbital diagrams for 12 aryl-H conformations calculated by the
CAM-B3LYP functional and STO-3G basis set in vacuum. (a) The electronic levels in the
range of -5.0 to 1.0 eV. (b) Electronic levels at the reduced energy region with only several
frontier molecular orbitals of Art configurations. Due to functionalization, the sp>-defect at
the tube surface breaks the degeneracy of frontier orbitals of the nanotubes resulting in
destabilization of the HOMO and stabilization of the LUMO. As a result, the energy gap of
functionalized SWCNTSs is smaller than in pristine (6,5) nanotube. The decrease in the
energy gap is more pronounced in isomer structures with higher degree of localization
around the defect site.

151



the insensitivity of the frontier molecular orbitals of the SWCNT to the chemical composition of
the second functional group attached to the same carbon-ring of the tube as the 4-bromobenzene.
The position of the functional groups plays a predominant role in governing the electronic

structure, while chemical composition of the functional group is secondary.
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Figure 5.12. Comparison of the molecular orbital diagram of the pristine (6,5) SWCNT and
covalently functionalized (6,5) SWCNT by aryl bromide and hydrogen (Ar-H) and aryl
bromide and OH (Ar-OH) covalently attached to a single carbon-ring at the tube surface in
ortho Lao and ortho L.3o positions. Calculations are performed using CAM-B3LYP functional
and 3-21G basis set and compared to the similar calculations performed with extended mixed
basis with  6-31G* basis set used for OH, LANL2DZ for Br atom in aryle bromide group,
and 3-21G applied to all other atoms in the system. Neither the increase in the basis set nor
the substitution of H to OH-group results in any noticeable change in the electronic structure
of the functionalized SWCNT. Thus, the electronic structure of the SWCNT is not sensitive to
the chemical composition of the second functional group attached to the same carbon-ring of
the tube surface as the aryl bromide. Instead, the position of the functional groups (Lso vs. L.
30) has a significant effect on the molecular orbitals of the functionalized nanotubes.

152



5.5.4. Basis Set Dependence: Similar Trends

Overall, an increase in the basis set has a qualitatively minor effect on electronic structure
(figure 5.13), which agrees with conclusions from previous literature reports.*>2* The results in
this chapter demonstrate that increasing the basis set from STO-3G to 3-21G uniformly redshifts
the energy gap and excitation energies by a maximum of about 0.2 eV, regardless of isomer
geometries, figure 5.14. With the E11 absorption features shifted to match, the energies of E11*
becomes nearly indistinguishable Previous work has shown that a further increase of the basis to
6-31G and 6-31G* insignificantly affects optical transitions of pristine nanotubes.'?** Thus, the
qualitative physical picture obtained from these current calculations is not affected by the
methodology. Overall, the difference in total energies of the isomer configurations of
functionalized SWCNTSs is due to the local disruption of the sp?-hybridization in the region of
functionalization, as well as the resulting effects on electron delocalization across the entire

system.
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Figure 5.13. The ground state electronic structure diagrams for Art conformations of aryl-H
functionalized (6,5) SWCNT calculated by CAM-B3LYP functional and (a) STO-3G basis set,
(b) 3-21G basis set, and (c) the mixed basis set with LANL2DZ used for Br atom and 3-21G for
all other atoms of the system in vacuum. The stated values are the energy gaps in eV. (d) Images
of the related highest occupied molecular orbitals (HOMO) calculated by similar methods.
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Figure 5.14. Absorption spectra of the (a) pristine (6,5) SWCNT, and its functionalized
counterpart with the (b) ortho Lso, () ortho Lo, (d) ortho L-30, (€) para Lso, (f) para Leo, and
(9) para L-30 Art conformations calculated in vacuum using CAM-B3LYP and either STO-
3G (black lines) or 3-21G basis sets (blue lines). The vertical black lines correspond to the
optical transitions with the height related to their oscillator strength, which values are shown
at the right Y-axis. Spectra calculated by 3-21G were consistently blueshifted by 0.20 eV to
coinside in E11 peak with those obtained by STO-3G basis set.
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5.6. Optical Properties Arising from Functionalization
5.6.1. The Introduction of Defect-Localized Low Energy Features
The dependence of the ground state electronic structure on the sp3-defect position also
governs the optical properties of functionalized (6,5) nanotubes, as illustrated in figure 5.14. In

the absorption spectrum of the pristine nanotube calculated in vacuum, the lowest energy peak is
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Figure 5.15. Absorption spectra of the pristine (6,5) SWCNT (a), and its functionalized
counterpart in ortho Lso (b), ortho Lgo (c), ortho L-30 (d), para Lso (€), para Lgo (), and para L-
30 (g) Ar? conformations calculated in vacuum. The vertical black lines correspond to the
optical transitions with the height related to their oscillator strength, which values are shown
at the right Y-axis. The dashed line indicates the reference point for the energy of the E11
transition in the pristine SWCNT.
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observed at ~700 nm, with the main contribution being from the optically active t—m*
transitions (states 5 and 6 in figure 5.15(a)). The NTOs demonstrate exciton density delocalized
across the entire length of the SWCNT, table 5.3. This peak is assigned to the E11 band. Note
that the energy of E11 is expected to be blue shifted compared to the experimental peaks, due to
unphysical density functional, limited basis set, and the confinement effect of the finite-size tube
model.? Functionalization introduces new defect-based optical transitions at much lower energy
ranges from the original E11 band (labeled E11” in figure 5.15). The degree of red shifts of E11”
from E11 bands depends on the precise position of the sp®-defect, following the trends in their
ground state energy gaps. Thus, the greatest red shifts are observed for para L-30 and ortho Lz,
followed by para Lgo and ortho Lgo, figure 5.15(b), (g) and (c), (f), respectively. For these isomer
conformations, the lowest-energy transition is optically active and originates predominantly from
the transition between the HOMO and LUMO, demonstrating noticeable localization of NTOs
around the defect site as shown in table 5.3.
5.6.1.1. Delocalized Higher Energy States with Familiar Nodal Structure

Conversely, only slight red shifts in the lowest energy absorption peaks are observed for
ortho L.3p and para Lao, figure 5.15 (d) and (e). In these cases, however, the first two lowest
energy transitions are optically forbidden (dark states), similar to the pristine nanotube. These
dark transitions have highly delocalized n—n* character, with the orbital density spread over the
tube surface, but with some slight preferential localization over one side of the tube with respect
to the defect, Table 5.3. This preferential localization over one side of the nanotube is due to the
asymmetry of the defect position, which is not located directly at the middle of the tube. This
asymmetry in the geometry translates to the excited state orbitals. The NTOs contributing to the

optically active lowest-energy E11* band (transition 3 in figure 5.15 (d) and (e)) of ortho L3 and
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Table 5.3. Natural transition orbitals (NTOs) representing the photoexcited electron-hole pair

contributing to the lowest energy transition Sy in the E11* absorption band of aryl-H (Ar?)

structures and compared to the brightest transition in the E11 absorption band of pristine (6,5)
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para L3o exhibit localization around the defect site, similar to the optically allowed S; transitions
in other isomer conformations, table 5.3. However, in comparing this Sz exciton to the strongly
red-shifted and optically active S states in para Lso and ortho L.z, one can notice its higher
degree of delocalization. Enhanced delocalization of the Sz excitonic state in ortho L-3o and para
L3o also correlates with its slightly ‘brighter’ nature (higher oscillator strength), than Sz in para
Lso and ortho L-30 having more pronounced localization around the defect site. Highly
delocalized NTOs are observed for bright transitions at the higher-energy band for all isomer
configurations (transitions 8-12 in figure 5.15), as illustrated in table 5.4 and 5.5. These
transitions are assigned to the main E11 band because of their completely delocalized n—m*
character similar to those in pristine SWCNT. However, the functionalization splits E1z into two
less intense and blue-shifted peaks, compared to the E11 band in the pristine nanotube, figure
5.15. The degree of this splitting and relative intensity of peaks in the E11 band depends on the
defect position. The least blue-shifted peak in E11 formed by transitions Sg and Sg has its energy
and intensity nearly independent of the isomer conformations. This can be rationalized by their
NTOs being delocalized over the entire tube but having a node at the defect position, figure 5.5.
Because the exciton density has minimal contribution from the defect site, the energy of these
transitions is not so much affected by the isomer geometries. Conversely, the excitons in the
most blue-shifted peak in the E11 band (S11 and S12) have two nodes and three maxima in their
density around the defect site and close to the tube edges, making the energy and intensity of
these transitions more sensitive to the isomer conformations, as well as to the edge effects. The
nodal structure of excitons originates from the wavefunction confinement due to the finite-size
tube model. This nodal structure has the same physical meaning as a characteristic standing wave

feature related to its k-vector.'>? Thus, the delocalized excited states can be considered as

159



Table 5.4. Natural transition orbitals (NTOs) representing the photoexcited electron-hole pair
contributing to the bright transitions in the first peak in the split E11 absorption band of aryl-H
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Table 5.5. Natural transition orbitals (NTOs) representing the photoexcited electron-hole pair
contributing to the brightest transitions in the second peak in the split E11 absorption band of
aryl-H (Ar?) structures. The left column presents information on the transition number and its
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standing waves in quasi-1D structures,?® where the nodes are related to the exciton momenta, k.
Consequently, the zero-node state is associated with the k=0 exciton in the infinite nanotube
limit, which has stronger interaction with the defect at the tube center causing its dramatic red
shift. States having one or more nodes belong to the same excitonic band as the respective zero-
node exciton, but have higher values of the momentum and higher energies.
5.7. Optical Properties for Different Rotational Conformation and Solvents

Since the lowest energy optical transitions in functionalized SWCNT are localized
around the defect site, it is imperative to determine the degree of interaction between the electron
density located on the SWCNT near the defect and the electron density on the defect itself and
qualify how this interaction affects optical properties. This interaction is expected to have some
dependence on the precise rotational position of the aryl group with respect to the SWCNT axis.
To explore this effect, the potential energy surface (PES) at different rotation angles about the C-
C bond between the aryl group and SWCNT were calculated along with the absorption spectra of
aryl-H isomers with the aryl group conformations corresponding to the minimal and maximal
energies along this PES (figure 5.16). Additionally, solvent effects must be considered.
5.7.1. Most Stable Dihedral Conformations

The conformation with the aryl group is perpendicular to the SWCNT axis allows
stability in the system due to the additional space available between the ortho hydrogen atoms of
the aryl group and the SWCNT (figure 5.16(a)). Additionally, the aryl group in this position
allows for the maximum overlap due to the closer proximity of the two @ systems. For all para
configurations, this results in the minimum total energy of the system occurring when the aryl

group is perpendicular to the SWCNT axis. However, for ortho configurations the conformation
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Figure 5.16. Potential energy surface (PES) as a function of rotational angle about the C-C
bond between the aryl bromide group and (6,5) SWCNT for different aryl-H configurations
(left panels) and absorption spectra calculated for geometries corresponding to the lowest
energy (red curve) and to the highest energy (black curve) of the PES (right panels). (a) ortho
L3o,(b) ortho Lo, () ortho L-30, (d) para Lso, (€) para Lo, and (f) para L-3o Art conformations
in vacuum. Because PES of the ortho Lgo isomer in (b) shows two local minima and maxima,
four spectra are shown with the blue and green lines depicting the spectra of ortho Lgo
geometries at the second local minimum (torsion angle ~90°) and the second maximum
(torsion angle ~130°), respectively. Since all curves in right panels nearly coinside, the
absorption spectra are independent on the torsional angle between the aryl and the nanotube for
all defect structures.
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of the aryl group favors maximizing the distance between the ortho hydrogen of the aryl group
and the hydrogen atom functionalizing the SWCNT and is therefore highly dependent on the
positions of functionalization. The favored orientation for these species favors the aryl group to
be perpendicular to the vector pointing toward the hydrogen atom on the SWCNT.
5.7.2. A Significant Rotational Barrier

All potential energy surfaces for rotation about the C-C bond between the aryl group and
SWCNT are substantial but on the same order of magnitude of the energy available at room
temperature. Since the position of the aryl group and the hydrogen atom on SWCNT in the ortho
Loo configuration are located along the curvature of the SWCNT, additional space is allowed
between the two groups. As such, this is the only configuration with more than one local
minimum in the potential energy surface. Despite the relatively high rotational barriers, the
vertical excitations from geometries in either the minimum or maximum of the PES are nearly
identical. As such, the overlap between the electron density in the n systems of the SWCNT and
the aryl group has very little effect on the optical features and therefore consideration of this
rotation would be insufficient to justify any temperature dependence of experimental spectra.
This observation further validates the relative similarities of electronic structure between aryl-H
and di-aryl species.
5.7.3. Rotational Conformation has Little Influence on Optical Characteristics

The absorption spectra obtained for these different geometries in either the minimum or
maximum of the PES, are nearly identical. As such, the overlap between the exciton density in
the n-systems of the SWCNT and the aryl group has negligible effect on the optical properties.
This observation further validates the relative similarities of electronic structures between aryl-H,

aryl-OH, and di-aryl systems (figure 5.16).
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5.7.4. Insignificant Bathochromic Shifts due to Small Static Dipoles

Computation of the excitation energies in a dielectric environment of increasing polarity
reveals small bathochromic shifts for absorption in all the structures studied, figure 5.17. The
E11 absorption band of the pristine (6,5) SWCNT exhibits a red shift of ~30 meV when
computed in hexane versus vacuum. However, increasing the polarity of the solvent over the
wide range of €=1.9 for hexane to €=78.4 for water only results in a slight increase of the energy
of optical transitions, while acetonitrile (€=35.7) as solvent has a similar effect on transitions as
water. Identical trends are observed for the E11 absorption band of all functionalized nanotubes,
where the maximal shifts are not more than 30 meV in ortho L3o and para L.3o structures, and are
nearly zero for ortho L-30 and para Lso isomers.

Likewise, the bathochromic shifts for the E11" absorption band of all functionalized
nanotubes are also found to be small on comparing spectra in vacuum and water, with the largest
shifts of ~40 meV corresponding to the E11” of ortho Lo and para L-30, while nearly no shifts of
E11* are found with respect to the main E11 band for ortho L.3o and para Lso isomers , Fig. 5. As
with total energies, this negligible solvent effect can be attributed to the relatively low
electrostatic dipole moments of these systems (figure 5.9 and table 5.1). For all species, the
calculated static dipoles are less than 0.6 Debye, with the smallest dipole moments of ortho L.3o
and para Lso configurations exhibiting diminishing bathochromic shifts. As such, only small
perturbations in electronic structure and optical properties are observed as the result of the
dipole-dipole interactions with the environment. These results coincide with previous studies of
(6,2) SWCNT covalently functionalized by aryls that have also shown negligible solvent effects

on the absorption spectra of functionalized SWCNT.?
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Figure 5.17. Absorption spectra calculated using the CAM-B3LYP functional and 3-21G
basis set in vacuum (black lines) and in the dielectric environment of heptane (red lines),
acetonitrile (green lines), and water (blue lines) for pristine (6,5) SWCNT and its
functionalized counterpart with aryl-H configurations. Note that the results for acetonitrile
and water coincide, so that the green line (acetonitrile) is covered by the blue line (water) and
is not seen. The vertical black lines correspond to the optical transitions in vacuum with their
height related to the transition oscillator strength, which values are shown at the right Y -axis.
In all cases, the E11 band has diminishing bathochromic shift in different solvents. The most
red-shifted E11" band associated with the defect shows more noticeable bathochromic shift,
but still very small.
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5.8. Emission Features: Trending with Absorption

5.8.1. Emission Energies

Energetic trends in emission features of the functionalized (6,5) SWCNTSs in vacuum and
solvent are consistent with those of the lowest energy absorption band E11”, while showing just
slightly more pronounced bathochromic shifts. The magnitude of the bathochromic shifts of the
emission energy in different solvents also depends on the defect configuration in the same way
as for the transitions in the E11* absorption band. The full optical features including absorption
and emission are presented in figure 5.18. The mirroring trends between the E11” absorption
band and the emission states justifies that calculations of the lowest states in absorption spectra
provide a qualitatively correct description of the PL in SWCNTs and functionalized SWCNTS.
5.8.2. Stokes Shifts due to Vibrational Reorganization

While the trends in absolute energies of absorption and emission have been shown to be
identical, the Stokes shifts fall in the range between 5 and 168 meV, depending on the defect
conformation, and follow similar trends as found for the bathochromic shifts in varying solvents.
Negligible Stokes shifts are found for the ortho L-30 and para Lso configurations, which also
display the least redshifted emission energies with solvent. Conversely, the largest Stokes shifts
are found for the ortho Lo and para L-3o configurations, which have the most red-shifted
emission. Substantial values of Stokes shifts in the presence of ortho Lso and para L.3o defects
can be understood in terms of vibrational reorganization due to deformation of the nanotube
geometry upon exciton trapping at the defect site upon photoexcitation.?” These reorganization

energies are discussed in a further section.
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5.8.3. Exciton Localization in the Excited State

Due to the relatively small vibration reorganization energy between absorption and
emission geometries, the NTOs contributing to the emission states demonstrate similar character
as that found for the lowest energy excitons in the E11* absorption band, but with enhanced
localization around the tube center for both pristine and functionalized SWCNTSs, as illustrated in

table 5.5. Emission states for the ortho L.30 and para Lzo configurations show a low degree of
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Figure 5.18. Absorption and emission transitions of the Ar-H isomers calculated in various
solvents. (a) ortho Lsg, (b) ortho Lgo, (C) ortho L-3o, (d) para Lo, (€) para Lso, and (f) para L-3o
configurations. The black curves are absorption spectra in vacuum. Vertical lines with
symbols of black, red, green, and blue colors represent the lower energy optically active
transitions in the E11" band of functionalized SWCNTSs in vaccum, heptane, acetonitrile, and
water, respectively. The height of the vertical lines corresponds to the values of the oscillator
strength of these transitions, shown at the right Y-axis. Triangles depict the lowest energy
transitions contributing to the absorption (calculated at the ground state, GS, geometry) and
squares the emission (calculated at the optimized excited state, ES, geometry).
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exciton localization around the defect site. The NTOs contributing to the E11" absorption band
for these species show a delocalization pattern similar with those of the pristine tube,
rationalizing the negligibly small Stokes shifts in these systems. In contrast, ortho Lso and para L.
30 structures show noticeably increased localization around the defect site, compared to their
excitons in the E11" absorption band and, consequently, have the largest Stokes shifts. Such a
substantial vibrational reorganization energy between the excited and ground state of SWCNTs
in the presence of a fluorescent defect agrees well with experimental and computational reports
for (6,5) SWCNTSs functionalized with various aryl derivatives.

Table 5.6. Natural transition orbitals (NTOs) representing the photoexcited electron-hole pair

contributing to the lowest energy emission state of aryl-H (Ar?) structures and compared to the

emission state of pristine (6,5) SWCNT in vacuum. The left column represents information on

the state number and its oscillator strength. Only the NTO pairs that dominantly contribute to the
transition (>60 %) are shown.
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Similar to the absorption results, the ortho L.30 and para Lszo configurations with the least
red-shifted emission energies have two optically dark lowest energy states with the third state
being emitting. Therefore, the emission of these isomers is expected to be the least intense
among all other defect conformations due to the ‘trapping’ of the excitation in the optically
inactive lowest energy states. However, this weakly emissive peak is close in energy to the E11
main band and, therefore, would be hard to resolve in experimental samples. In contrast, the
most red-shifted emission states from ortho Lz and para L-30 are expected to be significantly
distinct from the emission peaks associated with the ortho Lgo and para Leg conformations. As
such, the experimental photoluminescence (PL) spectra of functionalized (6,5) SWCNTSs, where
defects associated with functional groups are naturally present in various isomer conformations,
is expected to have several well-pronounced emission features. These correspond to the most
redshifted E11* band of ortho Lso and para L-3o, followed by the less red-shifted E11* bands of Leo
and para Lo, and the wide main E11 band close in its energy to the E11 band or the pristine
SWCNT. These theoretical predictions agree well with recent experimental data.

5.9. Reorganization Energies & Radiative Lifetimes

5.9.1. Configuration Dependent Reorganization Energies

Previous studies have demonstrated reorganization energies in aryl-functionalized
SWCNTSs with a magnitude on the order of ~100 meV?’. These energies play a non-negligible
role in red shifting the emission spectra have significant variance dependent on the configuration
of functionalization and have been eluded to by the previously discussed stokes-shifts and
similarity between the absorption and emission excitons. The reorganization energies fall into
two very distinct “classes” for aryl functionalized SWCNTs with different functionalization

configurations (figure 5.19). For species with very little red-shift where the E11 and E11* exhibit
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practically the same energy and localization (ie. ortho L.z and para Lzo) only very small
reorganization energies are observed (<30 meV). This is due to the very similar degrees of
delocalization between the pristine SWCNT and the functionalized systems. In both cases, the
exciton is delocalized across the entire system. Since the exciton occupies nearly the entire
length of the SWCNT and therefore lies predominantly on the pristine portion in even the
functionalized case, the exciton appears very “similar” independent of functionalization. Little
vibration reorganization is involved in transforming the exciton in the pristine SWCNT to the

exciton in the functionalized species. However, species with a more significant red-shifted
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Figure 5.19. Calculated reorganization of different functionalization configurations with
respect to the SWCNT axis compared to the energetic shift of the E11* transition from the E11
transition of the pristine SWCNT. In this figure, the hexagon represents the pristine SWCNT,
filled points represent ortho, empty points represent para, squares, triangles, and circles
represent Ar-H, Ar-Ar, and Aryl bridging configurations respectively, and red, green, and
blue represent Lso, Loo, and L-3o respectively.
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emission show significantly increased vibrational reorganization on the order of 200 meV.
These substantially larger values reflect the fact that the E11 and E11* look very different. In
other words, the exciton is formed on the pristine portion of the SWCNT and subsequently is
localized on the defect site. This process is accompanied by a reduction in energy in the form of
vibrational reorganization.
5.9.2. Radiative Lifetimes: More Closely Correlated with Red Shifts

The transition dipoles of the functionalized SWCNTSs only slightly varies over all species,
where the most redshifted species have slightly lower transition dipoles. It therefore comes as no
surprise that lower transition dipoles generally result in higher lifetimes since the radiative
lifetime is inversely proportional to the oscillator strength (figure 5.20(a)). The calculated
lifetimes are more affected by the redshift from E11, and effect originating from the frequency of
the transition squared term in the denominator. Since these variables are interrelated for a given
chemical species, there is great deal of variance where those species that exhibit practically no
redshift from E11 show lifetimes of less than four nanoseconds while species with significant
redshifts have lifetimes of over 10 nanoseconds (figure 5.20(b)). Despite the functionalization
configuration dependence of lifetimes, little effect is observed as the result of changing the
functional group. Aryl-H, diary, and bridging structures form clusters of points on the curve of
redshift vs lifetime, and the trend is nearly linear. This is the natural consequence of invariance
in energies of the optical features or electron localization due to the specific chemical species of

functionalization (discussed in greater detail in the next section).
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Figure 5.20. Calculated radiative lifetime of different functionalization configurations with
respect to the SWCNT axis as a function of (a) transition dipole, and (b) redshift of emission
features. Filled points represent ortho, empty points represent para, squares, triangles, and
circles represent Ar-H, Ar-Ar, and Aryl bridging configurations respectively, and red, green,
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5.10. Role of the Chemical Species of Functionalization

It has been experimentally shown that functionalization of (6,5) SWCNTSs with different
groups of different electron withdrawing and donating character results in slight shifts of
emission features in the range from 1100 to 1200 nm. As shown previously in this chapter, little
effect is observed from functionalization with different groups as compared to changing the
configuration. The focus of this section is the justification of the experimentally observed
redshifts based on the localized structure from of changing the chemical species.
5.10.1. Functional Stabilities

Functionalization with different species results in very little changes in the overall trends
For all monovalent non-bridging species, the ortho Lzo analogue is the most stable due to the
relatively minimal disruption to sp? hybridization in those species (figure 5.21). The least table
ortho configuration is the one that puts the connectivity between the two functional groups nearly
radial with respect to the SWCNT axis (ortho Leo). However, in this trend breaks down when the
bridging species is used where this becomes the most favorable binding configuration. This is
likely due to optimal bond lengths in systems with the introduced rigidity of the bond along the
edge of the six-membered ring. Due to the angle strain required for functionalization of
positions across from the hexagonal ring to form the para species, only the ortho configurations
are energetically stable for monovalent functional groups. As a result, para species failed to
optimize using the DFT procedure.
5.10.2. Electronic Structure due to Different Functionalization

As previously discussed, the most stable HOMO and unstable LUMO results for the
pristine (6,5) SWCNT as compared to their functionalized counterparts (figure 5.22). For

practically all configurations, functionalization with methyl results in the most destabilized
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HOMO. Integrating electronegative atoms such as fluorine and bromine into the functional
group results in less destabilization of the HOMO. This effect is most pronounced where
electrons are most delocalized. For example, the integration of the triflouromethane group result
in practically no destabilization in the HOMO for ortho L.30 and para Lzo. This effect is much

less pronounced for ortho Lso and para L-so. This is the likely the result of slight changes in
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Figure 5.21. Stabilities of (6,5) SWCNTSs functionalized with different chemical species.

175



electron localization as previously discussed in the context of different functional configurations.
Electron localization as the result of functional configuration destabilizes the HOMO, but to a
lower degree where electronegative groups are present. Additionally, divalent species are met

with much less destabilization of the HOMO due to the hybridization in the connecting atom.

Despite all these effects in the HOMO, the stabilization as the result of using different groups is
very small (<0.02 eV) and almost completely negated by the symmetrical stabilization in the

LUMO. As aresult, the HOMO-LUMO gaps remain unchanged.
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Figure 5.22. The electronic structure for (6,5) SWCNTSs functionalized with different chemical
groups. (a) Represents the energies of the HOMO and LUMO for each species. The break in
the plot is at the HOMO-LUMO gap. For nearly all species, functionalization with methyl is
the highest energy in both the HOMO and LUMO (b) Difference in energies for the MO of the
species functionalized with the different species versus that functionalized with methyl.
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5.10.3. Optical Properties from Different Functionalization

As with aryl functionalized previously presented, the predominant bright optical
transition is between the HOMO and LUMO in systems functionalized with other groups. The
result is trends in optical features including absorption and emission that are identical to those
previously discussed for bromobenzene independent of chemical functionalization (figure 5.23
for ortho, figure 5.24 for para functionalized species). The only exception is for divalent species,
where optical features are significantly blue-shifted over their monovalent counterparts. Due to
the relatively small variation in the electronic structure, the range of optical features from
SWCNTs functionalized with different groups is very tight (only a few nanometers for different
species). As a result of this, it is likely that inclusion of surfactant and solvent effects would
result in the observation of significantly different trends. Due to this, the trends are not in
agreement with experiment and are of little value. However, characterization of the trends in the
context of bond character as a result of functionalization are much more useful and presented in
the next section.
5.10.4. Natural Charge and Bond Character Due to Different Functionalization

To characterize the effects of functionalization with different species, the natural bond
analysis was performed on the bond between the SWCNT and the functional group itself.
Through this technigue, the natural charge on the bonded atom as well as the bond character was
characterized. Both of these were performed for the bonding atom in the SWCNT. These
parameters were compared to the experimental redshift obtained by the Wang group who has
previously attributed redshifts to the inductive effects induced by the electronegative of the
atoms in the functional group.?® This is directly related to the natural charge on the connecting

atom as a more electron withdrawing functional group induces a less negative (or more positive)
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charge on the adjacent SWCNT atom. The natural charges for the alkyl species (from most

negative to most positive) trend CHs>CH>CF3>CFs>CF,CF3 (figure 5.25) regardless of

functionalization configuration. The trend forms an asymptotically decreasing trend from least

electron withdrawing to most electron withdrawing species, as represented by the dashed blue

lines in figure 5.25. In addition to the alkyl groups, the aromatic groups with electron

withdrawing and donating tendencies fall on the trend almost perfectly, only exhibiting slightly

stronger redshifts for the same natural charges on the binding atoms. However, the divalent
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species are not in line with the trend. For CF,, where the electronegativity is high, the values for
redshift per natural charge is higher than the trend for alkyl species. For CH2 where electron
withdrawing doesn’t play a role, it falls lower. The single bridging species with monovalent
connectivity falls on the line as well (figure 5.25). This shows that, as the Wang group already
have shown, the inductive effects play a role in red shifting emission features due to
functionalization. However, this isn’t the singular effect that must be considered since the
divalent species don’t fall directly on the trend. To deduce the origin of these discrepancies
between monovalent and divalent species requires analysis of the s-character in the must be
considered (figure 5.26). The deviations from the trend are the result of increasing s-character of
the bonded atom. This is due to the rigidity in the bond angles and distances enforced by the

requirement that a single atom in the functional group be bonded to two carbon atoms in the
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shift of the species, and (b) s character versus red shift. The dashed blue lines indicate the

asymptotically decreasing trend for the alkyl groups with varying degrees of electron
donating/withdrawing ability.
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SWCNT. This demonstrates that while inductive effects of the functional groups has a
substantial role on redshifts, their consideration alone isn’t enough. Additionally, the bond
character in the region of functionalization must be considered.
5.11. Conclusions

Synthetic considerations dictate that covalent functionalization of SWCNTSs can produce
more than one defect site, and computations require at least two carbon atoms at the SWCNT
surface be functionalized in order to avoid the formation of open-shell or charged systems. Such
functionalization can occur along three distinct directions with respect to the defect site and at
either ortho or para positions on a single ring. All isomers arising from different binding
positions of the covalently bound 4-bromobenzene at a single carbon-ring of the (6,5) SWCNTSs
result in significant distortion of the sp?-conjugation of the SWCNT and formation of an sp®-
defect on the nanotube surface. The largest disruption of the hexagonal sp>-hybridized network
from the pristine SWCNT occurs between the two functional sites oriented along bonds nearly
perpendicular to the nanotube axis, Lgo, for ortho functionalization leading to the highest total
energy of these conformations. All para configurations exhibit a noticeably lower degree of sp?
disruption than do ortho isomers. However, a smaller degree of sp? distortion does not always
provide the most stable configuration, typically resulting in para isomers having higher total
energy than ortho isomers. We conclude that a moderate sp? distortion, like in ortho L.z and
ortho Lso, is optimal for stabilization of structures. Nonetheless, the energy differences between
all these functional conformations are relatively low, indicating the plausibility of co-existence
of several different defect geometries in experimental samples.

Substitution of one of two 4-bromobenzene groups bound to a single carbon ring at the

nanotube surface by either H or OH™ groups has very similar effects on the electronic structure
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and optical response of the functionalized SWCNT. This is rationalized by the fact that the
ground and excited state orbitals associated with the defect completely originate from the
SWCNT, rather than from the functional group itself. By the same reason, the rotation of the aryl
group about the C-C bond with respect to the nanotube also has negligible effect on the optical
spectrum of the system. Overall, functionalization of the carbon ring of the nanotube by an aryl
derivative and hydrogen is a valid model for the sp3-defect on the tube surface. Swapping of the
position of the aryl group and hydrogen atom to the ‘top’ or the ‘bottom” of the hexagonal ring of
the nanotube leaves the total energies and electronic structure of functionalized SWCNTs
virtually unchanged. Thus these structures are indistinguishable at normal conditions, which
means that the aryl functionalization does not provide any selectivity between the left- and right-
handed (6,5) SWCNT absent the effects of surfactants.

While the chemical composition (-H, -OH, -aryl) of the functional group bound to the
second carbon position of the carbon ring being considered has less effect on the photophysical
properties of the nanotube, the energy and intensity of the lowest energy optical transitions are
very sensitive to the specific isomer geometry. Thus, the appearance of the red-shifted optically
allowed E11* band in absorption spectra of the functionalized SWCNTSs is the result of excition
localization around the sp® defect, which determines the degree to which the lower energy
excitons depend on the defect conformation. The isomers having the strongest localization of
their frontier orbitals around the defect exhibit the largest redshifts of their E11” band, while
structures with a smaller degree of orbital localization have the least redshift of the E11” peak,
with respect to the main E1; band of the pristine SWCNT. Optically active excitons contributing
to these peaks are delocalized over the entire nanotube, but have nodes either at the defect

position or in-between the defect and the nanotube edges. Such a nodal structure for the excitons
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has the same physical meaning as a characteristic standing wave feature related to its k-vector in
the infinitely long quasi-1D nanotube. This demonstrates that both E1; and E11” bands in
functionalized nanotubes are derivatives of the lower energy bright E11 excitonic band of the
pristine SWCNT.

Solvent effects present another important factor potentially affecting emission energies.
Very small bathochromic shifts of E11” (up to ~40 meV) and E1; (up to ~30 meV) are observed
for both absorption and emission due to the very small electrostatic dipole moments present in
the functionalized SWCNTSs. Relaxation of the excited state enhances electron and hole
localization around the tube center for both pristine and functionalized SWCNTSs. The higher the
degree of exciton trapping at the defect site the larger is the Stokes shift (ranging from 5 meV to
168 meV), following similar trends as for the bathochromic shifts in varying solvents. Therefore,
the largest Stokes shifts are observed in the isomers having the most red-shifted emission with
the most localized character of their excited charge densities (ortho Lso and para L-30), while
cases of negligible Stokes shifts correspond to configurations having the least redshifted
emission energies and the most delocalized excitonic orbitals (ortho L-30 and para Lzo). This
trend is rationalized by occurrence of a more pronounced difference in the excitonic states upon
excited state relaxation in ortho Lzo and para L-3o than for ortho L.3o and para Lz isomers.
Despite substantial vibrational reorganization between the excited and ground state of SWCNTs
in the presence of a fluorescent defect, we have observed the mirroring trends between the E11”
absorption band and the lowest energy emission states for all defect conformations. This justifies
that calculations of the lowest states in absorption spectra provide qualitatively correct
descriptions of the PL in both SWCNTSs and functionalized SWCNTSs. Thus, for saving

computational time, the optimization of the excited state can be omitted and conclusions on the
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trends in emission transitions can be made based from the lowest energy absorption peak.
Furthermore, for reduced computational expense, use of a small basis set (eg. STO-3G) is
justified, since numerically expensive simulations using the larger 3-21G basis produces the
same trends across all calculated observables apart from uniform red-shifts (~0.2 eV) for optical
transition energies.

The calculations presented in this chapter predict that in nanotube samples where defects
associated with functional groups are naturally present in the various available isomer
conformations, the PL spectra of functionalized (6,5) SWCNTSs are expected to exhibit three well
pronounced emissive peaks: the most red-shifted E11* band of ortho Lso and para L3, followed
by the less red-shifted E11* band of Lgo and para Lgo, and the wide main E11 band mixed with
E11* of ortho L-30 and para Lso isomers, with the last being very close in its energy to the E11
band of the pristine SWCNT. We note that this expectation is corroborated by recent
experimental results, displaying just such diversity in emission spectral features.?®3?
Importantly, for the first two cases, the lowest energy transition contributing to red-shifted
emission is optically allowed, in contrast to that of the pristine SWCNT. Thus, the covalent
functionalization of SWCNT allows for efficient radiative recombination of the excitons that
ordinarily would have recombined non-radiatively in pristine SWCNTSs.

In addition to resulting in redshifts in emission, functionalization along different axes
results in a significant range of reorganization energies and lifetimes. Changing the functional
groups plays a significantly smaller role in changing the optical features, but does result in
localized changes in bond character that tend to shift the emission features over a range of about

100 nm. The insights provided in this chapter help explain the mechanisms that are responsible
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for such changes in the lowest energy excitonic band make envisioned applications of SWCNTs
in optoelectronics, sensing, and imaging technologies more feasible.
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6. CHIRALITY DEPENDENCE ON FUNCTIONALIZED CARBON NANOTUBE &
ANALYTICAL SHIFT
6.1. Motivation

In the previous chapter, it was shown that functionalization of (6,5) single-walled carbon
nanotubes (SWCNTS) results in the introduction of significantly redshifted emission features in
the infrared region due to configuration-dependent exciton confinement in the vicinity of the
defect site. Such chemical modification increases their promise for use as single-photon sources
in telecommunications applications, and therefore they have recently been the subject of intense
experimental and computational interest. However, the computed energies of optical features are
higher than experiment due to the artificial confinement in finite systems as well as methodical
errors such as self-correlation in the density functional and a finite basis set size. These errors
can’t be corrected by a simple constant-energy shift to optical features of all species because the
confinement errors are expected to affect species with strong exciton localization to a smaller
degree than species with significant exciton delocalization. As such, a proper scheme for
correcting for errors needs to consider the methodology errors and confinement errors
independently and in species-dependent manner.

In this chapter, the chirality dependence of such introduction in low energy emission
features will be explored. Additionally, a scheme for analytically correcting for both
confinement and methodologies independently is developed using density functional theory
(DFT) and time-dependent density functional theory (TDDFT) to calculate the energies of
optical features on systems of different lengths. The dependence of these two variables is
correlated using a linear regression as well as Kuhn’s formula, and the dependence of SWCNT

chirality on the method is explored. Additionally, the correction is developed using two different
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density functionals that have previously been demonstrated to produce different degrees of
exciton localization. Application of this the model provides remarkable agreement with
experimental energies of optical features and will prove invaluable for further computations of
functionalized SWCNT optical features.
6.2. Computational Methodology

6.2.1. Details on the Computational Systems

All DFT and TDDFT calculations were performed using Gaussian 09! software in
vacuum. Single walled carbon nanotubes of (5,4), (6,5), (9,1) and (11,0) chirality one to four
unit-cells in length were constructed using Visual Molecular Dynamics (VMD) software?. The
dangling bonds at the end of the SWCNT computational cell were passivated with a mixture of
hydrogen and methylene groups in schemes that have been previously shown to eliminate mid-
gap trap states and properly approximate the scaling-relationships for infinite length systems.?
The pristine SWCNTSs were then functionalized with aryl and hydrogen groups in para positions
(those across the six-membered ring from each other) along the three distinct orientations with
respect to the SWCNT axis (denoted Lx, Lx+60, and Lx-s0 Where the subscript indicates the
approximate angle between the vector connecting the two functionalized carbon atoms and the
SWCNT axis*, figure 6.1)). For the purpose of comparing functionalization configurations
across different chirality tubes, the smallest and largest positive angle with respect to the axis of
the SWCNT are labeled (+) and (++), while the negative angle with respect to the SWCNT axis
is labeled (-). In the previous chapter, it was shown that for (6,5) the para functionalized
positions cover the extremes of exciton localization where for Lz is nearly completely
delocalized and exhibits practically no red-shift of E11* from E11 while L3 is localized in a

region approximately 4 nm around the defect site and exhibits a strong ~400nm nm red shift. As
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such, only para species were considered for the purpose of developing a scheme for correcting
emission energies as the result of confinement.
6.2.2. Density Functional Choice: Comparison of Localization

The geometry of all structures were optimized using range-corrected CAM-B3LYP®
density functional and a STO-3G basis set®’ as has been shown effective for predicting transition
energies of functionalized SWCNTs*®°, It is notable that while previous calculations using
B3LYP predict emission energies more consistent with experiment, CAM-B3LYP was shown to
better described the electron delocalization in SWCNTSs near the ends.® Since the objective of

the study is to predict properties explicitly considering localization, the optical properties were
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Figure 6.1. Configurations of functionalization for the different chiralities of SWCNTSs
explored in this chapter.
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calculated using both CAM-B3LYP® and B3LYP!13 density functionals. The optical properties
were calculated for the six functional configurations presented in figure 6.1 for all chiralities in
the same way as described in chapter 6.
6.2.3. Computing Length Dependence

To establish the correlation between optical features and different length unit cells,
vertical transitions were calculated for 15 excited states from the ground state optimized
geometries of all para functional configurations. This methodology is possible for systems up
~16 nm in length given the current state of computational technology. However, excited state
optimized geometries required to model emission features are significantly more expensive. As
such, all three functional configurations and pristine SWCNTSs were optimized in the excited
state using TDDFT for three unit cells only, which is the maximum size system for which
excited state geometries of functionalized systems could be attained given current computational
limitations. The emission energies were determined by calculating the vertical transitions from
the excited state geometries in the same way as described for ground state transitions.
6.2.4. Scheme for Shifting Energies of Computed Emission Features

In order to correct for confinement errors, the absorption energies need to be obtained for
infinite length systems (called E11*(0)) displaying varying degrees of exciton delocalization.
This is accomplished by establishing the relationship between E11* and the inverse length (1/L)
for the finite systems and extrapolating the values of the hypothetical infinite-length
counterparts. This extrapolation was performed using both a simple linear regression and
Kuhn’s formula for describing optical features in one-dimensional conjugated polymers. To fit
the data to curve for the linear method, the following equation for a standard linear regression

was used:
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E.," Energy = m% +b (Equation 6.1)
where E11* Energy is the lowest energy bright transition for functionalized species, N is the

length of the SWCNT system in unit cells, m is taken as the slope of the line, and b is taken as

the intercept. For fitting to the Kuhn method, the following equation was used:

Ei," Energy = A\/l + Bcos (L) (Equation 6.2)

N+1
where A and B are fitting parameters. The values for E11*(o0) are then extrapolated by
considering the limits as N goes to infinity.
6.2.5. Determining the Impact of Confinement vs. Methodology Errors

The values for E11*(o0) were correlated to the computed red-shifts for emission (E11* -
E11) for the range of species exhibiting different exciton localization. To account for the
combined effect of confinement and methodology errors, the resulting curves are shifted by a
constant energy value that results in alignment of the E11* for the infinite length computed
system with zero redshift with the experimentally observed E11 values (a proper procedure since
E11* for zero redshift is simply E11). Calculated emission values of (E11* - E11) for the finite 3-
unit cell systems can then be used to interpolate the expected E11* emission energies using the
resulting corrected correlation.

The resulting scheme for correcting optical transition energies is analyzed to determine
the relative contributions of methodology error vs confinement error affects the computed results
for each species. For the systems with the most localized excitons, it can be assumed that the
confinement error no longer plays a role in longer systems due to the invariance in transition
energies with increasing system length. The magnitude of the methodology error (AEmethodology)

can be predicted by assuming it is the sole source of error in these systems and simply finding
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the difference between the energy of the emission transitions as calculated and as shifted using
the linear method:

AEmethodotogy = E11” cqreutatea = E11 1ineqr (fOT most localized species) (Equation 6.3)

Since the methodology error is assumed to be constant across all species, it is trivial to determine

the magnitude of the confinement error (AEconfinement) fOr each species:

*

AEconfinement = E11*Calculated — E11 jinear — AEmetndology (Equation 6.4)
This method allows the degree of methodology and confinement error to be evaluated
independently.
6.3. Influence of Chirality
6.3.1. Relative Stabilities: Trends within Near-Armchair vs Near-Zigzag Chiralities

As presented for (6,5) in the previous chapter, the most stable (6,5) species is for ortho(-)
functionalization. This observation translates to the other near-armchair (5,4) species as well
(figure 6.2). For (5,4), the energies of nearly all species are destabilized, likely due to the
smaller diameter and therefore increased exciton localization. However, the trends in total
energies are identical, indicating the same chemical explanations presented in the previous
chapter apply for all near-armchair species independent of functional configuration.

For the near-zigzag and zigzag species, the ortho(+) species becomes the most stable. In
zigzag species this configuration lies nearly exactly along the SWCNT axis, allowing the aryl
group to form a conformation with the planar aryl group perpendicular to the SWCNT axis. This
configuration allows the maximum distance between the hydrogen atom functionalizing the
SWCNT and those on the edge of the aryl group, a configuration shown in chapter 6 to be the
most favorable for aryl-functionalized SWCNTSs. Nearly all species exhibit opposite trends as

compared to the near armchair species. However, as with (6,5), no functionalization
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configurations have outlandishly high total energies and can be deemed unstable. For (11,0), the
total energies suggest the equivalence of the ++ and — positions. These two functional

configurations would be expected to become chemically similar in zigzag species due to

symmetry.
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Figure 6.2. Relative stabilities for functional configurations of different chiralities including (a)
(11,0), (b) (9,1), (c) (6,5), and (d) (5,4). All values were acquired by subtracting the total
energy of the individual chirality and functionalization configuration from the lowest energy
value for that particular chirality.
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6.3.2. Optical Features: Dependence on Functionalization Configuration
6.3.2.1. Optical Features for E11: Diameter Dependence from Across Axis Localization

For all chiralities of SWCNT, the energies of the optical features is highly dependent on
the configuration of functionalization (figure 6.3). The energy of Ei1 is inversely proportional to
the diameter of the SWCNT, as would be expected for systems exhibiting confinement in the
directions perpendicular to the SWCNT axis. As such, the (11,0) chirality has E11 optical
features for pristine at about 700 nm while (5,4) E11 optical features appear at near 550 nm.
These optical features of pristine systems will be explored in much greater detail in a further
section. The (6,5) and (9,1) chiralities have the same diameter, and therefore both exhibit E11
transitions at about 640 nm. All functionalized species are met with breaking of degeneracy for
E11 as well as a slight blue shift. As with the (6,5) discussed in the previous chapter, this is an
artifact of artificial confinement due to the use of finite SWCNT systems.
6.3.2.2. E11* Optical Features: Configuration Dependence due to Localization Along the Axis

Additionally, the same range of energies is observed for the optical features of
functionalized species. As in the previous chapter, the redshift induced by functionalization is
the result of exciton localization about the defect site. This suggests similar localization as the
result of functionalization is expected for these chiralities with the same diameter. Despite this,
trends are nearly reverse between the near armchair (6,5) and near zigzag (9,1) chiralities (figure
6.4). For example, in (6,5), the para(-) species exhibits the strongest redshifts. However, for
(9,1) this species has practically no red shifts. Similar reverse trends are observed across all

functionalization configurations. Stoke shifts are also very similar to what was previously
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Figure 6.3. Full optical properties for functionalized (a) zigzag (11,0), (b) near-zigzag (9,1), (c) near-
armchair (6,5), and (d) near-armchair (5,4) SWCNTs. The black droplines represent the absorption
transitions, the blue droplines represent emission transitions, and the solid lines the simulated
absorption spectrum acquired by broadening absorption oscillators with a linewidth of 0.01 eV.
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discussed for (6,5), where more redshifted emission features exhibit Stokes shifts of ~200 nm, an
effect that is negligible for the species with no redshifts (figure 6.3).

As with total energies, the optical features are very similar for (++) and (-) functionalized species
of the zigzag (11,0) chirality due to the symmetry in the system. This applies for both ortho and

para configurations.
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Figure 6.4. Energies of emission features for functionalized (a) zigzag (11,0), (b) near-zigzag
(9,2), (c) near-armchair (6,5), and (d) near-armchair (5,4) SWCNTSs. The unshifted values are
for three unit-cells of SWCNT as calculated using CAM-B3LYP/STO-3G methodology.
Shifted values are as corrected using the scheme presented in section 7.2.4 of this chapter.

6.3.3. Conclusions of Influence of Chiralities

Chirality plays a substantial role in the relative stabilities as well as energies of the
optical features of SWCNTSs functionalized in different orientations. Given a single chirality,
trends for the properties of ortho and para features are reverse. Additionally, the near-zigzag and

near-armchair systems exhibit opposite trends. Chiralities within the class (ie. Both near zigzag
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or both near armchair) are governed by the same effects, and therefore the chiral angle is the
most important variable for predicting the trends. The diameter of the SWCNT serves to shift all
emission features by the well-established relationship of inverse length but doesn’t affect the
overall trends with respect to functional configuration.
6.4. Analytical Shift of Functionalized SWCNT Energies

In the previous two chapters and section, it has been shown that the energies of optical
transitions of functionalized SWCNTSs are highly dependent on the functional configuration and
SWCNT chirality due to exciton localization about the defect site. A lot of information has been
deduced from these calculations involving the physicality of the systems, and these calculations
have been used to predict and explain experimental observations. Dispite this, there is still a
significant mismatch between the energies predicted by the presented methodologies and
experimental observations. As such, it is important to develop a correction for manipulating the
calculated values to better match experiment. Such a correction scheme needs to consider the
errors introduced by methodology (ie errors due to using a finite basis set and inaccurate density
functional) and confinement (ie the error introduced due to using a finite computational cell)
separately since the latter errors will affect calculations involving localized excitons to a smaller
degree. In this section, the results from a novel approach for doing just that are presented.
6.4.1. Length Dependence of Computational Cells

The slopes of trends correlating length vs calculated optical features are highly dependent
on localization in the system and hence the specific functional configurations as well as the
chirality of the SWCNT and functional position. For all chiralities explored, the greatest slope is
observed for the pristine SWCNT in the absence of defect induced localization (figures 6.5-6.8,

left panels). Functionalization results in a localized exciton and, and therefore the effect of
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changing the length of the system becomes less significant and the slope decreases. Previous
reports have shown that the exciton in the Para Lso functionalization configuration in (6,5)
SWCNT is delocalized across the entire length of SWCNT (almost to the same degree as
pristine), and therefore using a small finite computational cell would introduce a large degree of
confinement error and increasing the computational length would have a significant effect on the

energies of the calculated optical features. Conversely, the Para L-3o functional configuration
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Figure 6.5. Regressions for emission energies of different length functionalized (5,4) systems
using CAM-B3LYP (panels a and b) and B3LYP (panels c and d). The dashed and solid
regression lines in the left panels represents the fit using the linear method and Kuhn’s method
respectively, and the formula listed is for the linear fit. The right panels contain the least-
squares linear regression between the emission energies extrapolated for the infinite length
systems versus the red-shift in the 3-unit cell long systems.
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exhibits strong exciton localization about the defect site, and therefore the length of the
computational cell would be expected to play a much less significant role on the energy of
optical features (figure 6.6(a)). This effect translates to other chiralities as well. The slope for
the functionalized near-armchair (5,4) system is slightly higher than (6,5) for the

functionalization configurations with the least localized excitons and slightly lower than (6,5) for
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Figure 6.6. (a) Correlation between unit cell length and E11* energy for different functional
configurations of aryl-functionalized (6,5) SWCNTs computed using the CAM-B3LYP density
functional. The inset represents the region centered around where the most delocalized species
intersect the y-axis. Dashed and solid lines represent the least-squares linear regression of the
data points and the fit using Kuhn’s formula respectively. (b) Computed red-shifts for the
emission of the 3-unit cell systems computed with the CAM-B3LYP density functional
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(c) and (d) represent the same data as panels (a) and (b) respectively when calculated using
B3LYP density functional.
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most localized cases (figure 6.5(a)). The trends of shallower slopes for the most localized
species is also observed for the near-zigzag systems as well, where the species that produces the
highest exciton localization and the greatest red shift in emission features are reverse to that of
near-armchair SWCNTSs. Due to the symmetry, the emission energies for (++) and (-)
configurations in (9,1) become nearly degenerate and the dependence on different length
SWCNTSs becomes very similar when the CAM-B3LYP functional is used. For (11,0), this

effect becomes even more pronounced and the slopes become congruent. Deviation from this
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Figure 6.7. Regressions for emission energies of different length functionalized (9,1) systems
using CAM-B3LYP (panels a and b) and B3LYP (panels c and d). The dashed and solid
regression lines in the left panels represents the fit using the linear method and Kuhn’s
method respectively, and the formula listed is for the linear fit. The right panels contain the
leat-squares linear regression between the emission energies extrapolated for the infinite
length systems versus the red-shift in the 3-unit cell long systems.
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trend is only observed from the most localized (11,0) system (figure 6.8(a)), in which case the
slope is slightly negative due to lower energy in the shortest system likely due to end-effects
where electron density is forced onto the SWCNT caps in such a short system. This deviation is
accentuated when further localization is induced from the use of the CAM-B3LYP functional
over B3LYP (figure 6.8(c)). For all chiralities, the energy of the optical features is expected to
reach saturation once the length of the unit cell reaches the exciton size. This expectation is

observed for the most localized species in all chiralities as elongation of the system beyond three
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Figure 6.8. Regressions for emission energies of different length functionalized (11,0) systems
using CAM-B3LYP (panels a and b) and B3LYP (panels ¢ and d). The dashed and solid
regression lines in the left panels represents the fit using the linear method and Kuhn’s method
respectively, and the formula listed is for the linear fit. The right panels contain the leat-
squares linear regression between the emission energies extrapolated for the infinite length
systems versus the red-shift in the 3-unit cell long systems.
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unit cells is met with insignificant changes in transition energies (figures 6.5-6.8, left panels). In
addition to slopes, the values for extrapolated energies of optical features at infinite length
systems are consistent with previously shown where localized systems produce lower energy
optical features than delocalized systems. The only deviation from these trends is observed for
CAM-B3LYP results in near-armchair systems, where the energy of pristine E11* drops below
that of Para Lo (inset of figure 6.6(a)). However, this anomaly is very small (crossover of
<0.02eV) and disappears completely when the computations are performed using the B3LYP
functional (inset of figure 6.6(c)).
6.4.2. Density Functional Dependence of Length Dependence

A recent report has demonstrated the density functional dependence in the degree of
charge localization in both anionic and cationic pristine (6,5) SWCNTSs. These systems exhibit a
maximum charge density near the central portion of the SWCNT when calculated with CAM-
B3LYP while a more evenly spread charge distribution is observed when the calculations are
performed using B3LYP!. In the present chapter, the variance in the slope of E11* energies for
different length systems using different methodologies demonstrates that these observations in
charged systems can be extended to neutral pristine small diameter SWCNTs. The slopes of the
trends for (5,4), (6,5) and (9,1) chiralities are nearly the same using either methodology
indicating the exciton is localized across the entire length of the SWCNT independent of the
methodology used. In the case of the larger zigzag (11,0), it is observed that the slope is reduced
by using the CAM-B3LYP functional due to localization. Despite this overall independence of
density functional for pristine SWCNTSs, the CAM-B3LYP slope is universally smaller than is
observed with B3LYP for functionalized systems. The difference in slopes is greatest for the

species where exciton localization about the defect site is strongest and much smaller for species
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with less localized excitons (figure 6.9). This effect is the result of a more localized exciton using
the range-corrected CAM-B3LYP density functional than for just using the hybrid B3LYP.
Since the additional delocalization using B3LYP allows the exciton to be in closer proximity to
the caps of the SWCNT than for CAM-B3LYP, greater confinement errors would be expected

using the former methodology.
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Figure 6.9. Linear fitting parameters for the different SWCNTSs of different lengths and
functionalization configurations. Solid points and lines represent the parameters acquired
from CAM-B3LYP results, and open points and dashed lines represent the parameters from
B3LYP.
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6.4.3. Linear Regression vs Kuhn

To account for confinement errors, the infinite length absorption transition energies are
extrapolated from the calculations performed from different length systems. Kuhn’s formula
(equation 2) is generally the most physical fit for this purpose. However, in the limits of small
lengths, Kuhn’s formula exhibits linear behavior and therefore a much simpler linear regression
can be used as an approximation where computations were performed on relatively short systems
without sacrificing a significant degree of accuracy. The predicted transition energies in the
current study differ only slightly using either the linear regression or a fit to Kuhn’s formula to
determine the magnitude of confinement errors (figures 6.5-6.8, left panels), with a magnitude of
only about 15 meV in the most deviant cases. Additionally, the method for performing the linear
regression becomes less important for species with excitons that exhibit strong localization due
to either functionalization configuration or computational methodology. For example, the
difference in transition energies using Kuhn’s formula versus a linear regression is most
significant for the pristine species with a completely delocalized exciton (figure 6.10). Pristine
SWCNTSs show a greater difference between using the two fitting methods for CAM-B3LYP
results, and nearly all functionalized species show a greater dependence on fitting method using
results from the more delocalized B3LYP density functional that is less pronounced in the
species with localized excitons (figure 6.10). Kuhn’s formula nearly universally predicts slightly
lower transition energies for infinite systems due to its asymptotic behavior for long lengths for
near-armchair systems (near the y-axis in figures 6.5-6.8). Due to these similarities in transition
energies predicted using either Kuhn’s formula or the much simpler least squares linear

regression, all further results will be discussed using the latter fitting method.
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6.4.4. Methodology vs. Confinement Errors

The degree to which methodology errors versus confinement errors affect the calculated
transition energies is strongly dependent on all factors governing localization about the defect
and therefore the specific density functional and functionalization configuration. The
overestimation of HOMO-LUMO gaps and transition energies using CAM-B3LYP has been
well documented and is observed in the current study regardless of chirality or configuration of
functionalization (figure 6.11). The methodology error is 0.4 to 0.6 eV for all chiralities using
this density functional. Much smaller methodology errors of 0.05 to 0.15 eV are observed when
B3LYP is used. In addition, the magnitude of confinement error is greater for all chiralities when

CAM-B3LYP is used. This accounts for about half of the total error in near-armchair systems
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Figure 6.10. Difference between predicted E11* using either a linear regression or the Kuhn

formula for correlating the effect of exciton localization on energy shifts. Black and red points
represent optical features using the CAM-B3LYP and B3LYP density functional respectively.
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with delocalized excitons and results in significant blue shifts in these systems and becomes less
important where the most red-shifted transitions are observed in systems with localized excitons.
However, when the calculations are performed using B3LYP, the difference in magnitude of the
two types of error is much less pronounced. In this case, methodology error exceeds
confinement error for the most localized cases and confinement error dominates for delocalized
systems. For the near-zigzag (9,1) and zigzag (11,0) functionalized SWCNT the methodology
error always exceeds the confinement errors, demonstrating increased localization in these
systems for all functional configurations (figure 6.11). Only a slightly reduced confinement
error is observed with the near-zigzag systems when the regression is performed with Kuhn
fitting, and differences between the breakdown of error in all other system is similar independent

of fitting technique (figure 6.11).
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6.4.5. Accuracy of 3-unit Cells vs. Extrapolated Energies

Trends for the values of the aforementioned infinite length transition energies (correlating
to exciton localization) versus the E11 to E11* red-shift in emission are performed using a simple
linear regression (figures 6.5-6.8, left panels). The y-intercepts of these trends represents the E11
transition for the infinite length pristine system (where Ei1* is red-shifted from E11 by zero) and
varies across different diameter tubes consistent with exciton confinement in the directions
perpendicular to the SWCNT axis. The (11,0) systems have the least confinement in these
directions independent of functionalization and therefore exhibits the smallest transition
energies. Conversely, the (5,4) systems exhibit the strongest confinement and have the greatest
transition energies. This method provides E11 energies that are similar to those taken directly
from the computations with three unit-cell long systems but are slightly lower due to the
increased correction for confinement (figure S9a). The experimental E1; values for the SWCNTSs
exhibit the same degree of diameter dependence as the computed results, with slight differences
on the trend depending on whether they are near-armchair or near-zigzag. This behavior is not
well captured in the computed results from three unit cells and becomes much more evident
when transition energies are extrapolated as demonstrated from the sudden shift in trends going
from (11,0) to (9,1) and from (6,5) to (5,4) (figure 6.12(a)). The difference in transition energies
predicted using the two methods is due to additional delocalization along the axial direction
allowed in the longest 4-unit cell long systems that are part of the regression, range from 0.04 to
0.14 eV independent of the density functional, and are diameter dependent where larger diameter
SWCNTs have smaller differences than larger diameters due to exciton localization (figure
6.12(b)). The slopes of the regressions reflect the degree to which confinement versus

methodology errors affect the computed results. A slope near one indicates that confinement
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error plays little role compared to methodology errors (as in the (9,1) chiral systems). As such, a

simple constant energy shift in these systems is very similar to the method presented here where

the sources of error are considered independently. As the slope decreases from one, more of the

error becomes attributed to confinement and a greater subtraction of error is required from the

constant energy shift for systems with a localized exciton (as in the near-armchair systems).

These effects are simultaneously considered by first shifting the curve to align the y-intercepts

with the experimental values for E11 and subsequently interpolating the energies of the emission
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Figure 6.12. (a) Calculated Ea11 energies for pristine SWCNTSs of different diameter and
chirality, including (11,0), (9,1), (6,5), and (5,4). Solid square points represent the energies as
calculated using three unit cell computational cells, while the open circles represent the
energies extrapolated from the infinite length linear regressions (LR) of length dependence of
E11. Blue and red points represent those calculated using CAM-B3LYP versus B3LYP
respectively. Black (x) points represent the experimental values to which all trends were
shifted for the purpose of correcting the computed values. (b) Difference between the E11 as
calculated from three unit cell long systems versus the linear regression, using either CAM-

B3LYP (open data points) or B3LYP (closed data points).
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features using calculated values for red-shifts of emission features from the three-unit cell
systems.
6.4.6. Shifted Emission Energies: Comparison with Experimental Values

Previous studies have attributed diversity of energies of emission features for
functionalized SWCNTSs to the existence of the distinct chemical configurations calculated in this
report. However, due to the combined effect of confinement and methodology errors, practically
all of the most red-shifted uncorrected emission energies calculated for functionalized SWCNTs
with CAM-B3LYP are at higher energies than the pristine E11. Due to the high methodology
errors with this method, these shifts exceed 0.5 eV for all chiralities (figures 6.13(a) and 6.14(a)).
A constant energy shift to align the experimental and computational E11 results in the calculated
emission energies of some of the functional configurations to fall within the experimentally
observed range (figures 6.13(b) and 6.14(b)). However, shifting by a constant energy results in
overcorrection for the most red-shifted emission features due to the minor role of confinement
errors in these systems as compared to the species with delocalized excitons. Due to this, proper
shifting schemes involve interpolating energies from the previously formed and corrected
regression. Implementation of this strategy results in the significantly improved agreement with
experiment regardless of if the regression is performed on infinite E11 energies extrapolated
using a linear regression or Kuhn’s formula (figures 6.13(c&d) and 6.14(c&d)). These
observations are consistent for all chiralities with the exception of (9,1), where end group affects
are likely still playing a minor role and shifting the computed emission energies. Due to the
smaller methodology errors associated with use of the B3LYP density functional, the results
calculated using this method initially deviate from experiment by a smaller degree while E11 still

exhibits a significant blue-shift from experiment of about 0.25 eV. A result of these smaller
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methodology errors is relatively good agreement with experiment using a constant energy shift.
Despite this, correcting by using the same scaling scheme as previously outlined results in
astonishingly good agreement with experiment with all emission features for different
configurations falling in the range shown by experiment. While the B3LYP has previously been
shown to predict lower degrees of charge localization and the magnitude of confinement error
exceeds methodology errors for many species, the method of correcting energies presented in
this report independently compensates for each and results in a very good agreement with
experiment for emission features of functionalized SWCNTSs. As such, the less expensive

B3LYP functional can be used in lieu of CAM-B3LYP followed by the energetic correction.
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Figure 6.13. Computed energies of E11* for the six different functional configurations of aryl-
functionalized(11,0) (top) and (9,1) (bottom) SWCNTSs (a) as calculated using the specified
methodology, (b) shifted by a constant energy value, (c) corrected for confinement errors using
linear regression to determine the effect of exciton localization on E11* values, and (d) by using a
fit to Kuhn’s formula to determine the effect of exciton localization on E11* values. Square,
triangular, and circular markers represent functionalization for different functionalization
configurations. Blue markers denote values for ortho functionalization, while red markers denote
para. The left and right columns present the results as calculated using CAM-B3LYP and
B3LYP respectively. The dashed vertical lines represent the experimental E11 values.
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Figure 6.14. Computed energies of E11* for the six different functional configurations of aryl-
functionalized (5,4) (top) and (6,5) (bottom) SWCNTSs (a) as calculated (b) shifted by a constant
energy value, (c) corrected for confinement errors using linear regression to determine the effect
of exciton localization on E11* values, and (d) by using a fit to Kuhn’s formula. The left and
right columns present the results as calculated using CAM-B3LYP and B3LYP respectively.
The area of the plots highlighted in yellow is the range of energies where emission features were
observed experimentally, and the dashed vertical lines represent the experimental E11 values.
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6.5. Conclusions

SWCNT functionalization introduces configuration dependent redshifted optical features
in all chiralities. The degree of redshift for a given configuration changes dependent on the
chirality, where the most significant redshift in ortho is observed for functionalization along the
axis for zigzag and across the axis for near-armchair. As with (6,5), para configurations exhibit
opposite trends. For all chiralities, a significant blueshift is observed in the computed energies as
compared to experimental. Adjustment of the energies requires an analytic correction taking into
account methodology and confinement errors independently. Such corrections can be applied by
computing inexpensive vertical transitions on ground state geometries of different lengths. The
length-dependent correlations on resulting absorption features can be developed by using Kuhn’s
method, but a simpler linear regression provides nearly indistinguishable results. The slopes of
such correlations are heavily dependent on the degree of electron localization about the defect
site induced by either functional configuration or choice of density functional. At long lengths,
further extending the system plays little role in decreasing the energies of transition for the most
localized systems. As such, the energy deviations from infinite length systems in these species is
solely due to methodology errors and the degree of confinement versus methodology error in all
systems can be evaluated. Methodology errors far exceeds confinement error when calculations
are performed with the CAM-B3LYP density functional due to stronger localization about the
defect site and become approximately equal in magnitude for delocalized systems when the
emission energies are calculated with B3LYP. Increasing the length of systems with delocalized
excitons beyond three unit cells results in further reduction of energies of optical features

exhibiting the role of confinement errors. Due to these species-dependent discrepancies in the
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degree of confinement error versus methodology error, a constant energy shift is insufficient for
correcting the calculated energies to better match experiment.

The energies of optical features for hypothetical infinite length systems can be
extrapolated from the length-dependent trends and subsequently correlated to the red-shift of
emission from Eaz in the computationally feasible three unit-cell long model. A constant energy
shift of this curve corrects for both types of error, while preserving the slope compensates for
overcorrection due to less confinement error in localized systems. The resulting relationship is
used to interpolate the corrected energies of emission features taking into account both types
simultaneously. This procedure generates energies of optical features for functionalized (6,5)
SWCNTSs computed using three unit-cells of that are in remarkably good agreement with
recently published experimental results, particularly when the B3LYP density functional is used.
While trends of exciton confinement and optical transition energies of different functionalization
configurations are opposite depending if the SWCNT chirality is near-armchair or zigzag, and
the effect of confinement versus methodology errors follows such trends and therefore the
correction scheme presented here works independent of chirality. Since it has previously been
shown the predominant factor generating redshifts for emission features is the functionalization
configuration and not identity of functional groups, this powerful analytical correction to such
energies is derived for each chirality and methodology but can be applied to other functionalities.
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7. CLOSING REMARKS

The contributions of this dissertation cover a wide array of areas dealing with single
walled carbon nanotube (SWCNT) functionalization. It has been shown that the sidechains in
conjugated polymers has a significant role in interacting with SWCNTS. In contrast with the
long-held belief of their insignificance and therefore their neglect in computational studies, the
length of alkyl sidechains of PFO has been shown to affect he adsorption strength of PFO.
While 7-7 interactions provide the predominant force holding the polymer-SWCNT complex
together, the weaker van der Waals interactions between the sidechains and SWCNT cannot be
neglected. Future studies involving the strength of binding of conjugated polymers to
SWCNTSs need to be mindful of these findings and must consider the complex interplay
between sterrics and favorable n-m stacking that have been demonstrated in this dissertation.
For very short sidechains, the m-interactions dominate and the van der Waals interactions
between the sidechain and SWCNT serve to slightly increase the adsorption energy. However,
as the chain elongates, sterrics begins to take effect resulting in the twisting of the polymer
backbone and therefore destruction of the n-m overlap. The result is weaker binding despite the
additional van der Waals interactions between the sidechain and the SWCNT. This indicates
that the neglect of sidechains will result in stronger binding strengths than would be observed in
experiment. Additionally, the morphology of experimental systems would not be as ordered as
predicted in simulations where sidechains are neglected. These results also suggest the
plausible utilization of sidechain length as an additional degree of freedom in efforts to solvate
and disperse SWCNTSs, thereby advancing the ability of experimental studies to sort SWCNTSs

into individual chiralities for further functionalization.
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The results presented in this dissertation regarding the effect of capping SWCNTSs are
the first to demonstrate the irrelevance of the inductive effects in specific functional groups in
modulating the electronic and optical properties. While functionalization with alcohols,
carboxylic acids, and aldehydes results in slight changes in charge density and bond lengths
along the terminated edges, these groups play very little role in changing the electronic
structure near the HOMO-LUMO gap. Connectivity to very electronegative groups results in a
high redistribution of charges along the edge but little change in electronic structure. Much
more significant changes in the electronic structure are observed when the number of sp?
hybridized methylene derivatives are bonded at the caps. This suggests that the capping
schemes used in computational studies involving finite-length SWCNT systems need only
consider the number of sp2 hybridized groups bonded at the edges. For the (10,5) SWCNT,
two methylene groups are required on the caps to open up the gap. Using only a single
methylene group opens up the gap slightly, but not to the degree of two. Additionally, adding
more than two methylene groups to the edges results in additional states with electron density
located on the edges of the SWCNT being introduced into the gap, thereby reducing it. Perhaps
the most important result in this section involved the position dependence of functionalization
with the sp? hybridized groups. The precise position of functionalization has relatively
insignificant role on the HOMO-LUMO gap providing it occurs along the axis following the
chirality of the SWCNT. However, functionalization on the other axis results in a greatly
reduced HOMO-LUMO gap in the system as a result of introduction of edge-localized states.
This information provides guidance for further computational studies involving both pristine
and functionalized SWCNTSs as a proper capping scheme is a prerequisite to high-quality

electronic structure calculations.
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With proper capping schemes designed based on the findings in the second chapter, the
remainder of this dissertation focused on calculating the electronic structure and optical
properties of functionalized SWCNTSs. Neutral systems of (6,2) functionalized with chlorine
displayed chlorine binding was most favorable with two chlorine atoms bound to the same ring
of the SWCNT sidewall while binding two chlorine atoms to different rings results in bond
character similar to a singly chlorinated SWCNT. This result is significant as it guides further
studies involving functionalization with groups other than chlorine. The binding energy per
chlorine atom is only slightly changed with an increasing chlorine surface concentration,
meaning high degrees of chlorination should be possible. With charged cases, the chlorine
binding energy is most favorable for mono-chlorinated tubes, and is dramatically less favorable
for di-chlorinated tubes. The chlorine binding energy becomes more favorable as the distance
between chlorine atoms increases, and all cases were much more favorable as the length of the
tube increased. This suggests that predominant binding mechanism likely doesn’t involve
anionic chlorine and chloride ions likely bind to SWCNTSs only in very low concentrations.
Binding of neutral chlorine to the SWCNT causes the introduction of unoccupied midgap states
resembling a p-doped system, suggesting their utility in photovoltaic applications.

The results with chlorine functionalization suggest that the orientation of addition of the
functional groups to SWCNTs may impact their electronic and optical properties. This
translates to aryl functionalized systems as well. Synthetic considerations dictate that two
monovalent species will add to the SWCNT in experiment, thereby generating multiple defect
types differing in the orientation of their functional groups. All of the resulting species are of
computational interest. Total energies suggest that they are all likely to form with no species

being energetically forbidden. The most stable orientation of the aryl group is largely the result
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of competing effects of maximal overlap of & orbitals between the aryl group up and SWCNT
versus steric hindrance in the multiple functional sites. The electronic structure is significantly
modified by functionalization, where the degenerate frontier molecular orbitals move into the
gap to different degrees dependent on the orientation of functionalization. This is the result of
restricted electron delocalization along the SWCNT axis in these states, an effect that is nearly
independent of the chemical identity of the functional group. Due to these changes in the
electronic structure, the energies of significantly red-shifted features introduced by
functionalization are dependent on the configuration for the functional group. These
calculations have justified the presence of a range of emission features in experiment for the
first time. Since these emission features are in the range required for telecommunications
applications, the importance of the results in this dissertation that explain their presence cannot
be understated.

While the calculated emission features span an energetic range that is similar to
experimental observations, the energies are significantly blue shifted due to computational
errors. While a simple constant-energy shift could be enacted, a better analytic correction was
developed in the final chapter of this dissertation that takes into account methodology and
confinement errors independently. This novel method requires only computing inexpensive
vertical transitions on ground state geometries of different lengths. The slopes of such
correlations are heavily dependent on the degree of electron localization about the defect site
induced by either functional configuration or choice of density functional. By preserving the
slope but shifting the entire correlation, the resulting curve can be used to extrapolate the
energies of emission features using only redshifts calculated with finite unit cell systems.

Additionally, the degree of methodology errors versus confinement errors in all systems can be
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evaluated. The development of this ground-breaking procedure enables direct comparison
between theoretically determined and experimental emission energies.

Probably most importantly, the results in this dissertation provide the framework for
further advancement of knowledge in the field of functionalized SWCNTs. The demonstration
of sidechain length dependence on non-covalent adsorption and covalent functional
configuration impacts on energies of emission features guides further experimental efforts in
the field. Additionally, justification of proper capping schemes and development of the
analytical shifting schemes provide tools for the complemental computational studies. As such,

the full value of these contributions will be recognized in the near future.
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