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supports (2n + m) family pattern which is consistent with previously
reported trions in unfunctionalized SWCNTS.......cccccevvviininienieree 100

Figure 4-7. Functional group dependence of E11" and Etin (6,5)-SWCNTSs. a, PL
maps of (6,5)-SWCNTs with non- (-CsHz3), partially- (-C2H4C4Fs), and
perfluorinated hexyl (-CeF13) groups. b, E11~ and Er energy shifts Vs
Taft constant(c*). Both defect PLs are clearly related to the Taft
constants while Er shows less dependence on electronic effects
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Figure 4-8. Temperature-dependence of E1;” and Er for (6,5)-SWCNTs-CgHua. a,
Integrated PL intensity and b, 565 nm emission spectra as a function of
temperature. The van’t Hoff plots are constructed from integrated PL
intensity of ¢, E1a/Exr"and d, E117/ ET. oo 104

Figure 4-9. Trion intensity of (6,5)-SWCNT-Ce¢H13 strongly depends on solution
pH. a, Integrated PL intensity as a function of pH. b, 565nm emission
spectra under different pH. pH dependence is reproducible and
reversible from acidic to basic, Or VICE VEISa. ........cc.ccovevereneieieiesiene 105
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Chapter 1 . Introduction and Overview

In this chapter, the definitions, models of excitons, and their effects on the
electronic and optical properties of semiconductors will be discussed. We will focus
on low-dimensional nanomaterials, particularly carbon nanotubes, and influence of

defects and charges on their optical and electronic properties.

1.1. Excitons in nanomaterials

1.1.1. Excitons: definitions and models

Semiconductors have a band-gap (Eg) between the valence band maximum
(VB) and the conduction band minimum (CB) (Fig. 1-1). Optical excitation of
semiconductors causes an electron (e) transition from the valance band to the
conduction band, leaving behind a “hole (h)” in the VB. The exited electron can
strongly interact with the hole due to electrostatic coulombic attraction by forming
a bound state of the e-h pair, defined as an exciton. In a perfect semiconductor, the
number of electrons remains constant in the case of optical excitation with photon
energies in an electronvolt (eV) or band gap region while it brings the system of
electrons from the ground state to excited states. Excitons are stabilized due to the
overlap of the electron and hole wave functions, resulting in an extended lifetime
(typically 10 s in semiconductors)®. The excited electron can hop back into the
VB by releasing their excess energy, defined as recombination. Excitons can be
described with various concepts such as hydrogen analogy, Frenkel model and

Wannier model.
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Figure 1-1. Schematic illustration of an exciton in a semiconductor. a,
an electron is promoted from the valence band to the conduction band
by absorption of a photon (hv) leaving behind a hole. b, the electron
and the hole are correlated by coulombic attraction screened by the

medium to form an exciton.

First, an exciton is understood as analogous to a hydrogen atom (Fig. 1-2a)*
2, The energy required for an electron to be dissociated from the nucleus of a
hydrogen atom is called hydrogen ionization energy or Rydberg energy (Ry,~ 13.6
eV). Likewise, the exciton binding energy is called Rydberg Exciton Energy (Ry*)
and the exciton radius is defined as a distance between an electron and a hole, called

exciton Bohr Radius (ao*). The exciton binding energy and radius can be

calculated,
L 1 :
R; = sr_zmie R, Exciton Rydberg Energy eq (1)
a; = aosr% Excitonic Bohr Radius eq (2)



where €, is the relative permittivity, m, is the mass of an electron, p is reduced
exciton mass, and a, is Bohr Radius. Using the material parameters for typical
semiconductors, we find?

I meV < Ry <200 meV << E; eq (3)
and

50nm > aq; > 1 nm eq (4)
This estimation shows that the exciton binding energy in semiconductors is
typically in the range of a few to hundreds of meV, which is much smaller than that
of hydrogen. It is explained by smaller effective electron and hole masses than the
free electron and proton masses in hydrogen nucleus For example, in GaAs, the

electron effective mass is m, =0.067m, and the-hole mass is m, = 0.45m, where
m, is the free electron mass in vacuum. Also, the screening of the Coulomb force

by other electrons in the semiconductor reduces the exciton binding energy by
roughly an order of magnitude less than that of hydrogen.

The interesting point is in eq (4), which shows the larger orbits of electron
and hole around their common center of mass average over many unit cells. This
type of exciton is called Wannier-Mott excitons, introduced by the Swiss physicist
Gregory Wannier and English theorist Nevil Francis Mott in 1937 (Fig. 1-2b)3. The
concept of Wannier-Mott excitons fits well with semiconducting inorganic crystals
with small energy gaps and high dielectric constants such as Ge, GaAs, and CdS.
This model describes electrons and holes as free particles having a parabolic
dispersion, which can be characterized by effective mass approximation. It allows

neglecting the periodic crystal potential and the effective masses of carriers are
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lighter than the free electron mass in vacuum m, . The Wannier-Mott excitons move

like free particles and the exciton size can extend over many unit cells and its

binding energy is only few millielectronvolts.
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Figure 1-2. Schematic exciton models. a, the hydrogen atom as an
analogy of exciton. Schematic illustration of b, Wannier-Mott (left)
model and ¢, Frenkel model (right) and their electronic structures

(bottom). Note: Figure not drawn to scale.



It should be mentioned that the first concept of excitons was introduced by
Russian theorist Yakov Frenkel in 1931* before the Wannier-Mott model. He
treated the crystal potential as a perturbation to the Coulomb interaction between
an electron and a hole which exist in one unit cell (Fig. 1-2c). Unlike the Wannier
model, this model is most effect in insulators such as salts (e.g. NaCl) and organic
crystals (e.g. anthracene), but not valid for semiconducting materials and effective
mass approximation. The binding energy of Frenkel excitons can be relatively
large, up to several hundred meVs and the motion of Frenkel excitons can be
describe as hopping from one site to another. It is useful to illustrate molecular
pictures of excitons such as singlet and triplet states from a localized exciton®.

The simple exciton pictures have given a basic understanding of excitons in
nanomaterials although there is controversy concerning these early models
introduced in the 1930s, and some appropriate corrections to the simple exciton
model have been determined?. Excitons in semiconducting carbon nanotubes
(CNTs) are believed to have both Frenkel and Wannier-Mott exciton
characteristics. Due to strong coulombic interaction in reduced dimensional
nanostructures, carbon nanotube excitons have relatively strong binding energies,
ranging from a few hundred meV to 1 eV similar to Frenkel exciton®. On the other
hand, the exciton radius extends over several nanometers like the Wannier-Mott
model from semiconducting crystals because the exciton wavefunction delocalizes

along the circumference due to reduced dimensionality and high dielectric constant.



1.1.2. Quantum confinement effects in nanomaterials

Nano-size semiconducting materials have different electronic and optical
properties from bulk materials that should be taken into account for complete
understanding of fundamental exciton properties. When the nanomaterial size is
smaller than an exciton Bohr radius (a0*), the exciton wavefunction is confined and
the energy levels of the material can split, resulting in very different electronic and
optical properties from bulk materials. This is defined as the “confinement effect””’.
This phenomenon can be explained by using the classical particle-in-a-box model.
In the absence of a defect, a particle or an excitation is described in terms of Bloch
waves and the crystal is finite by two fixed barriers, separated by a distance L. The
Bloch waves are then said to be spatially confined along the z direction.

A=2L/n, n=123... eq (5)
where A is a wavelength and L is distance between two barriers. A wavevector
k, of Bloch waves in a confined crystal is given by

k,=2n/A, = nu/L, n=1,23... eq (6)
The ground state of energy is increased by the amount of energy, referred to as the

confinement energy of the particle (AEconfinement)

h2k2 h2

AE opsi = 1
confinement om* ( 2m*

D, eq (7)
where the m* is effective mass of the free particle and & is the reduced Planck'’s
constant. Here, we can see the confinement energy is inversely proportional to the
square of the particle size, L, or exciton Bohr radius (ao). In addition to AEconfinement,
the exciton binding energy (AEexciton) alS0 need to be considered to understand the

electronic properties of excitons in semiconductors (eq (4)) because this attraction
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provides stabilizing energy resulting in a slightly lower energy gap compared to the

unbounded electron and hole. It is described as a negative energy in eq (8) from eq
1)
1 p *
AEeyciton = _sr_zm_eRy = _Ry eq (8)

This energy also strongly depends on size (see size related term, €..). Therefore, the

energy in confined nanostructures can be explained as eq (9) in a nanocrystal.

E= AEbandgap"’ AEconfinement+ AEexciton

h? 2 "
:AEg‘l'(m)(Q)_Ry eq (9)
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Figure 1-3. Schematic representation of controlling energy level
structure of semiconducting nanocrystals arising from quantum

confinement effects.



As we can see in eq (9), the energy in a confined system is substantially influenced
by the size of the particle and thus its excited state energies become quantized
resulting in photon emission at a size-dependent wavelength. Larger size
nanocrystals possess smaller band gaps than bulk materials, whereas highly
confined smaller nanocrystals have large band gaps (Fig. 1-3)%. Size engineering
through quantum confinement effects has been the central idea of material
nanomaterial engineering and motivated advance synthetic approaches to control
electronic properties.

Beside size effects, shapes and dimensionality are also critical factors for
confinement effects. Confined structures are classified by their dimensionality:
three, two-, one-, and zero-dimensional structure (3D, 2D, 1D and 0D) as shown in
Fig. 1-4. The dimensionality is closely related to energy states and excitonic
properties. In bulk 3D semiconductors, they have continuous density of states
(DOS) and their excitons can move freely in all directions. However, in QDs as a
0D structure, excitons are confined in all three dimensions, which makes them
exhibit discrete atom-like energy spectrum. For 1D semiconductors such as
quantum wires (QWSs) and carbon nanotubes (CNTS), excitons are confined in two
dimensions by moving in only one direction changing the of energy levels from
continuous to discrete. Highly confined 1D materials have very well defined and
quantized energy levels. They have a higher density of electronic states near the
edges of the conduction and valence bands, giving sharp discontinuous spikes in

their DOS. This is known at the Van Hove singularity (VHS), which presents the



optical properties and provides a highly useful tool for structure assignment that

will be discussed in Chapter 1.2.

3D bulk 2D 1D 0D

Figure 1-4. Schematic illustration of density of state (DOS) as a function
of energy for 3D bulk, 2D, 1D and 0D.

DOS

1.2. Carbon nanotube excitons

1.2.1. Structures of carbon nanotubes

Carbon nanotubes (CNTS) are tube-shaped nanomaterials with only carbon
atoms in a hexagonal structure like honeycomb, having a nanometer scale diameter
with a several hundred nanometer (or up to millimeters, depending on synthetic
process) length. Carbon nanotubes are classified by their structures: single-walled
carbon nanotubes (SWCNTSs), double-walled carbon nanotubes (DWCNTSs), and
multi-walled carbon nanotubes (MWCNTSs) (Fig. 1-5). DWCNTs are coaxial

nanostructures of only two SWCNTSs, one nested in another, and MWCNTS are



multiple nested SWCNTs. Carbon nanotubes have many excellent properties
including high electrical conductivity (4 x 10 ® Acm™ for single-walled metallic
tube, 1000 times higher than copper), thermal conductivity (> 3000 WK™ for
CNTs produced by arc discharge method, comparable with diamond) and
mechanical strength (0.2 - 1.8 TPa Young’s modulus, ~50 times higher than steel)®.
DWCNTs and MWCNTs are usually zero-gap metals and have continuous
electronic density of states due to strong interlayer interactions. Semiconducting
SWCNTSs exhibit typical sharp Van Hove singularities (VHSS), a characteristic
property of 1D materials!® . Therefore, semiconducting SWCNTs have been

considered as an ideal platform for exciton study.

SWCNT DWCNT MWCNT

Figure 1-5. Structure of SWCNT, DWCNT, and MWCNT.

The structure of SWCNTs is classified by the number of wrapping vectors
Ch=nai+ maz (Fig. 1.6) and denoted with certain (n, m) indices. Tubes having n
=m are called "armchair” (chiral angle = 30°) and if m = zero, nanotubes are called
"zigzag"(chiral angle = 0°). Those tubes having chiral angles (6©) between 0 - 30°

are called “chiral” (Fig. 1-6)'2. The electronic properties of SWCNTs strongly
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follow their chiral angles. When |n-m| =3j (j =1, 2, 3...), metallic properties are
found otherwise semiconducting properties are found for |n - m| # 3j. The armchair
is metallic, whereas zigzag and chiral can be either semiconducting or metallic. The
current synthetic methods provide a mixture of different SWCNT chiralities, rather
than a single chirality. There are several techniques that have been developed to
separate highly enriched single chirality tubes from the synthetic mixtures that will

be discussed in Chapter 1.4.

©=0° 0<® <30° ©=30°
Zigzag Chiral Armchair

Figure 1-6. Structure of SWCNTs. The (1, m) nanotube naming scheme
as a vector (Cy, = na; + ma) in an infinite graphene sheet (top). The three
different types of SWCNTs by chiral angle (8) (bottom).
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1.2.2. Optical properties of single walled carbon nanotubes

The interesting optical properties of carbon nanotubes arise from reduced
dimensionality on the nanoscale. The inherited characteristics of sharp VHSs allow
selective excitation of a specific nanotube with a certain (n, m) index in an infinite
graphene sheet (Fig 1-7a)'3. Optical transitions between i-th valence (vi) and i-th
conduction (ci) band are labeled as Eii, where i is the van Hove singularity integer.
Only transitions between same van Hove singularity integers (e.g. E11 or E22, etc),
are optically allowed, whereas crossover transitions (e.g. E12 or E21, etc) are dipole-
forbidden®*. Electronic transitions from v to ¢z (E22) or vi1 to ¢1 (E11) are relatively
sharp and are typically used for assigning nanotube types. For example, (6,5) and
(7,6)-SWCNTSs are distinguished by absorption features. The Ez2 and the Ei1
transition of (6,5)-SWCNTSs occurs at 565 nm and 980 nm, respectively, while
(7,6)-SWCNTs absorb at 585 nm and 1110 nm, respectively, resulting in
correspondingly sharp absorption bands (Fig. 1-7b). In the case of ensemble
SWCNTs, similar Ex or Ei11 absorption peaks from different chiralities bring
spectral overlapping and broadening of peaks, which make it difficult to observe
optical properties from a single chirality.

The other interesting optical properties of semiconducting CNTs emerge
from light absorption at photon energy E22 or Esz followed by fluorescence
emission at E11. The E22/Es3 excitation and the following E11 emission are plotted
as a photoluminescence (PL) map (Fig. 1-7c). This PL map can also be used to
assign the chirality of a carbon nanotube. For example, the emission PL peak arising

from excitation at 565 nm followed by emission at 980 nm, corresponds to (6,5)-
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SWCNTs, while PL peak arising from excitation at 590 nm and emission at 1110
nm is (8,4)-SWCNTs (Fig 1-7c). The emission intensity reaches the maximum
when the excitation wavelength resonates with Ez, excitation energy. The
fluorescence intensity is highly sensitive to interactions occurring from impurities
and other chiralities. The energy transfer from semiconducting to metallic or
smaller gap semiconducting tubes in bundles can substantially reduce radiative
relaxation of the photoexcited exciton. Therefore, isolating a single chirality is one

of the critical steps to investigate exciton states using optical spectroscopy.
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Figure 1-7. Electronic structure and optical properties of SWCNTs. a,
Electronic energy level of a semiconducting SWCNT as a function of
DOS. b, Absorption spectra and ¢, excitation-emission 3D map of HiPco
SWCNTs individually dispersed in 1 % SDS-water.
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1.2.3. Carbon nanotube excitons

The VHSs of SWCNTSs provide a connection between optical transitions
and molecular structures with a single particle excitation model*® . However, their
optical properties cannot be fully explained by the one electron-excitation
approximation model because of all influence of electron-electron (e-e) interaction
and exciton properties 1. In reality, the spectral PL properties should be determined
by the population with N interacting pairs to one with N-1 pairs, including the e-e
interaction or many-body system rather than recombination of a single e-h pair.
This issue was brought into the great attention due to the experimentally observed
“ratio problem”'® 8, The theoretical calculations neglecting electron-electron
interaction expect that the ratio of E22/E11 equals 2 within the simplest tight binding
model. In the single particle model, diameter dependent curvature effects can cause
this ratio to deviate from 2, while large diameters should eliminate such distortion
and restore the ratio to 2. However, in experimental results, the ratio approaches
1.7 - 1.8 15 Kane et al. explained the ratio problem with the electron-hole states
and subband electronic transitions in carbon nanotubes'®. The experimental results
using two photo excitation spectroscopy by Wang et al. unambiguously explained
the existence of subbands and the excitonic nature of the low energy transitions
below optically active states.

The excitonic states of semiconducting SWNTSs are complicated because of
the existence of subband structures, indicating ‘‘dark’’ excitonic states (optically
forbidden states) below the “bright” excitons, (optically allowed states)'” 8. A

number of subbands arise from two degenerate valleys (K and K’) in momentum
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space with electron and hole spins** %°. Intervalley mixing and singlet-triplet
splitting are caused by short-range Columbic interaction, resulting in 16 different
states including four singlet and twelve triplet states (Fig. 1-8). Only one of four
singlet states is predicted to be an optically active bright state, whereas all others
are optically forbidden dark states.

Dark excitonic states have been studied and their energetic positions
calculated at low temperatures or under strong magnetic fields. Low temperatures,
such as 4 — 6 K, enhance direct monitoring of dark states due to the increased
radiative lifetime for a single 1D exciton with a parabolic dispersion. The radiative
lifetime (t,.) in a defect-free 1D system is known to vary as 1/T2 "2, A strong
magnetic field can induce the splitting of bright and dark excitonic levels to enhance
the effect from dark states. The combination of magnetic and temperature studies
can provide more information of energy splitting patterns on nanomaterials®’ *°.
For instance, two degenerate dark singlets have been studied at low temperatures.
They are known to be located about 36 meV above the bright singlet for (6,5)-
SWCNTs® and are referred as K-momentum singlet dark excitons (Ex) because
they have center-of-mass momenta near the graphite K and K’ symmetry points.
They are experimentally observed as phonon sidebands at lower emission energy
than E11 in photoluminescence and interpreted as strong coupling between excitons
and K-point phonons?. In the lowest spin singlet dark states, sidebands appears
only a few meV below the bright singlet for SWCNTs (d = 1 - 1.3 nm)*" 22, This
state cannot be detected in the absence of a high magnetic field to split the energy

levels, or at ambient temperatures??. For the triplet dark excitons, energetic states
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are generally believed to be lower than that of bright exciton. It is difficult to
directly measure triplet states because of optically forbidden pathways except if the
enhanced spin orbit coupling induces spin flipping before recombination of
electron-hole?® 24, There are two reported experimental observations of triplet states
including the triplet-involved photocurrent with Eu-S coated SWCNTs?® or the

pump-probe and spin-sensitive photoluminescence®.

continuum

— bright

dark

Singlet Triplet

v

Figure 1-8. Excitonic states of SWCNTs. 16 different exciton states of
SWCNT including 4 singlets and 12 triplets where only the exciton

from bright singlet state can radioactively recombine.

Dark states are one of the crucial factors limiting the quantum yield (QY)
to 0.1 %7 % of photoluminescence QY for single isolated CNTs!® 2627 The
SWCNT fluorescence QY is extremely low compared to other nanomaterials, such

as quantum dots or organic dyes?. In SWCNTs, many excitons created by light
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absorption undergo scattering into dark states as the exciton population approaches
thermal equilibrium. Additional extrinsic factors also decrease and quench
photoluminescence, such as the presence of metallic tubes, exciton-exciton transfer
between mixed chiralities (< 0.05 % of QY)?, bundling of tubes, solvent effects or
defects. Recent studies involving higher quality sorted samples, in which undesired
species are removed, have reduced extrinsic factors for low QY. Intrinsic factors
still limit the optical study of SWCNTSs. Therefore, understanding and controlling
exciton states including dark states are important to enhance fluorescence QY

toward advanced applications in carbon nanotube-based material engineering.

1.2.4. Defect induced photoluminescence

Photoexcited exciton dynamics are strongly affected by defects, either
intrinsic or intentionally introduced®. Wang et al. found that defects are the most
important factors affecting fluorescence QY, rather than inherent weakness of non-
radiative decay channels®. The radiative lifetime of excitons in SWCNTSs is 110
ns, which is relatively rapid compared to optically forbidden non-radiative decay.
However, this transition time exceeds the lifetime of many other molecules,
indicating a large portion of carbon nanotube excitons can be localized and
subsequently quenched to non-radiative pathway at a defect site. For this reason,
defects in SWCNTS are generally considered undesirable and are responsible for
low quantum vyield. Lee et al. reported the transient passivation of defects to
increase QY through the addition of reducing agents to DNA-wrapped pristine
SWNTSs in aqueous solutions, supporting existing defect sites as an exciton
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quencher®t. Surprisingly, the presence of defects can bring a number of benefits,
including introduction of anchor points for chemical functional groups, charge
injection, and symmetry breaking effects, thus facilitating spectroscopic
characterization in semiconducting materials® 3234, The controlled utilization of
defects opens possible new directions toward optimization and modulation of
optical and electronic properties.

Defects induced by intentional dopants lead to a new satellite PL peak in
SWCNTs®. The new satellite PL peak appears at 10 — 15 % longer wavelengths in
oxygen doped SWCNTs, and are distinct from phonon-sidebands®. This was
explained by exciton diffusion along carbon nanotubes, followed by recombination
at oxygen-doped sites. The structure of oxygen-doped SWCNTSs are suggested to
coexist in two forms, ether and epoxide®®, where the ether form is
thermodynamically favorable, and 20 kcal/mol more stable than the epoxide
structure on the basis of PM3 calculations®. Oxygen-doped SWCNTs have been
proposed for in vivo bioimaging due to their emission in the second near-infrared
(NIR-11) window, where deep-tissue penetration is possible and autoscattering from
tissues is minimized.

This new feature is further elucidated by Zhang et al.® in the Wang Lab
through alkyl functionalized SWCNTSs by Billups Birch Reduction®®. Individually
dispersed SWCNTSs react with alkyl halide precursors to yield alkylated SWCNTSs
in Na-NHs solution at -78 °C and then the solid f-SWCNTs as a product are
dispersed in sodium dodecyl sulfate (SDS)-water for optical measurements. The f-

SWCNTSs show the propagative mode of alkylation around an initial defective spot
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that promotes subsequent addition next to the first functional group. The sp?
functional band structure is identified by scanning electron microscopy (SEM)
operated by low electron beam of 1 kV, clearly showing contrast between intact
regions and functional bands due to increased yield of secondary electrons at the
functional band region®’. However, the sidewall reaction with the Billups Birch
alkylation is limited in only alkyl groups excluding aryl groups and other alkyl
groups like perfluorinated groups because of low reactivity for Sn2 type reactions.
The harsh conditions in liquid ammonia at low temperature require extra steps
including filtration and re-dispersion, which makes it impossible to monitor the
reaction in situ.

Piao et al. reported the new, bright photoluminescence through sp® defects
with aryl diazonium salts®. This method induces extremely bright
photoluminescence up to 8-fold for (6,5)-SWCNTSs and 28-fold for (6,4)-SWCNTs
through dark exciton brightening. The attachment of strong electron-withdrawing
substituents (e.g. nitro group, -NO>) to carbon nanotubes further pushes down the
energy levels at a defect, creating the first path to harness low-lying dark excitons.
However, the reaction rate of this diazonium chemistry is low and typically takes
240 h to complete the defect planting reaction. Furthermore, the process is limited
to aryl groups and cannot be extended to alkyl diazoniums and activated aryl
diazoniums due to instability of reagents and high reduction potentials. A more
versatile defect chemistry that allows incorporation of various aryl/alkyl groups and
even divalent groups at aqueous phase will significantly broaden exciton

engineering by defects.
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1.3. Charged excitons in semiconducting materials

1.3.1. Formation of charged excitons in nanomaterials

Charge carriers are of considerable interest to explore optical and electronic
properties in semiconductors® *°. In intrinsic un-doped semiconductors, the
concentration of both carriers including electron and hole are ideally the same. In
carrier-doped semiconducting materials, excess charge carriers can lead to stable
bound states of exciton-carriers, called “trions”, with noticeable consolidation of
three particles clamped together*°. For hole-doped systems, positive trions form,
consisting of two holes and an electron (h-e-h, X*), whereas in negatively doped
systems, negative trions form, consisting of two electrons and a hole (e-h-e, X°)

(Fig. 1-9).

Figure 1-9. Schematic view of an exciton and a trion. a, An electron

(blue)-hole (red) pair, exciton, in a undoped SWCNT. b, A negatively
charged exciton - the bound state of a hole and two electrons in a
SWCNT.
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Like an exciton, the semiconductor analog of atomic hydrogen, trions have
further analogs with hydrogen ions namely H™ and H>". The concept of trion was
first introduced by Lampert in 195842, but had not been identified in bulk materials
because of the negligible binding energy of three particles in 3D materials. After
several decades, - trion were first experimentally observed in low-dimensional
materials such as quantum wells (QWs)3: 4% 43 quantum dots (QDs)*® and carbon
nanotubes (CNTs)*8, Control of carrier density in low-dimensional materials is
one of the most effective methods to modulate an extensive range of interesting
optical properties through a many-body bound state. Therefore, trions in low-
dimensional materials are attracting increasing attention for fundamental
photophysics of spin manipulation and device applications such as single-spin
devices in the area of quantum information, single-dopant transistors, and

bioapplications*" 48,

1.3.2. Optical properties of trions in semiconductors

Trions in various semiconductors have been investigated under magnetic
fields, and different carrier densities, excitation energy densities or temperatures to
understand their dynamics*®->*. Research reveals that trions and excessive charges
are localized at defect traps®®. Trions also interact strongly with triplet states,
exhibiting quantum behavior. For examples, p-doped CdTe/Cd1-xyMgxZnyTe QWs
shows the localized trions (X*) in the near-field PL at low temperature, 5 K52,
Strongly reduced scattering efficiency of quasiparticles, compared to free excitons,

account for this behavior. Cox et al. develops the trion in organic semiconductors®,
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created by high photo-carrier density. This organic semiconducting trion is
localized at deep trap sites and is formed by mixing spin states from triplet exciton-
polaron effects®. The increased trion life time with magnetic fields further supports
the spin-dependent formation of triplet excitons at trap sites and their subsequent
spin selective assembly into metastable trions. Trion formation will provide new

insights to excitonic states, spin states, and defect-incorporated effects.

1.3.3. Trions in carbon nanotubes

In semiconducting carbon nanotubes, trions are detectable even at room
temperature without external high magnetic fields due to limited screening and
highly enhanced binding energy of excitons in quasi 1D structures 444655, Several
methods are reported for experimental observation of carbon nanotube trions: hole
doping** 255 high power density*®, and electrical methods*® °6. The hole doping
methods reported the first experimentally observed positive trions in SWCNTS,
using 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (N4aTCNQ) as a hole
dopant. The p-type trion of SWCNTSs shows a large energy separation (100 — 200
meV) from a bright exciton state. The electron-hole exchange interaction originates
from the short- range Coulomb interaction** %2, All-optical method involving high
power densities (> 1 kW/cm?) were also used to generate trions*®. Santos et al.
suggested that electrons and holes are localized to avoid their spatial overlap,
followed by exciton annihilation process to generate dissociated carriers®. A
subsequent photon absorption event and the dissociated charge carrier caused the
formation of either a positive or a negative trion. Lastly, Park et al.
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electrochemically generated both positive and negative trions with isolated
SWCNT-indium tin oxide (ITO) films*. A common binding energy for the
negative and the positive trions was attributed to identical effective masses of holes
and electrons. Although all methods illustrate the creation of trions, the PL intensity
is far below those of excitons.

Recently, Brozena et al. in the Wang Lab reported defect-bound trion PL
(E7) in functionalized SWCNTSs®’. In these systems, trion PL is nearly as bright as
that of pristine excitons (E11). The separation energy is 260 meV for 5-carboxylic
hexyl group functionalized (6,5)-SWCNTSs, which is 80 meV larger than trions in
pristine (6,5)-SWCNT due to the localization at defects. The defects and charges
are created by Billups Birch alkylation with doping from excessive amount of
sodium metal in liquid ammonia or by arylation using in situ diazonium reaction in
sulfuric acid for hole-doping. The doped f-SWCNTSs are re-dispersed in surfactant-
solutions for optical measurement of trion PL.

Further studies are required to illuminate the properties of defect bound
trions, such as in situ profiles of defect photoluminescence evolution with high
concentration of trions, trion response as a function of controlled defect density,
and comparison of defect-trapped trion PL (E7) to defect-trapped exciton PL (E11
). Moreover, the bright (optically allowed) trion with the lowest energy is suggested
as a bound state of a dark (optically forbidden) exciton with spin 3/2 and an extra
electron or hole by means of the exact diagonalization of the realistic Hamiltonian
and the screened Hartree-Fock approximation. This indicates triplet-dark exciton

associated trions®®, Experimental evidence of such predicted triplet trions is still
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lacking. Defect-bound trions in carbon nanotubes can thus further reveal
complicated triplet dark states and many-body correlations in low-dimensional

structures.

1.4. Preparation of high purity semiconducting carbon nanotubes

Samples with population of identical chirality tubes is the essential
requirement for comprehensible study on excitons. Pure single chirality hasn’t been
achieved by current synthetic methods until now, while several purification
methods have developed to provide high purity of single chirality-enriched
samples®®®, Zheng et al. demonstrated high purity SWCNTSs separation with aid
of short DNA sequences that recognize particular nanotube species®®. More than 12
semiconducting carbon nanotubes were isolated from the synthetic mixture of
SWCNTSs.

Despite such powerful separation methods, SWCNT separation still suffers
from problems such as low yields and high cost. Liu et al. developed a scalable
separation with gel chromatography, which is efficient and more affordable®®.
Chirality-selective interactions with agarose gels successfully isolate 13 single
chiralities of semiconducting tubes providing unique optical spectra and solution
colors, depending on their electronic structure. Most of the metallic tubes and
remaining catalysts from nanotube synthesis are removed by gel chromatography.
This method provides a high purity of (6,5)-SWCNTSs as a major product, while a

few other chiralities also are isolated with relatively high purities.
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Recently, Ao et al. developed an advanced separation technique by using
aqueous two phases (ATP) formed by the addition of polyethylene glycol (PEG)
and polyacrylamide (PAM)® ®2 A proper DNA sequence with polymers in
aqueous two-phase system effectively modulates the partition to separate as many
as 15 single-chirality nanotube species from a synthetic mixture, resulting in a
highly simple, fast and scalable method with resulting high purity. While the gel
chromatography method is mainly used for isolating single chirality tubes in this
thesis work, the ATP method is also used to rule out effects or potential impurities

coming from purification methods.

1.5. Overview of thesis work

Excitons and defects in nanomaterials have received great attention because
they not only influence optical and electronical properties, but also play an
important role in nano-devices. The controlled utilization of defects unexpectedly
brings many benefits including symmetry breaking effects, exciton engineering,
and charge carrier localization. Therefore, developing new strategies to control
excitonic states and defects is highly desirable. In this thesis, fluorescent quantum
defects in carbon nanotubes will be introduced and discussed in depth. Chapter 2
explores the understanding of exciton engineering in semiconducting carbon
nanotubes through new defect chemistry based on alkyl/aryl halides. These well-
controlled versatile functional groups and their electronic effects at defects will be
revealed. Chapter 3 presents optical probing of pH and temperature in complex

fluids through defect photoluminescence in SWCNTSs. In Chapter 4, brightening of
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carbon nanotube trions through fluorescent quantum defects will be illustrated.
Lastly, Chapter 5 summarizes the tunable fluorescence quantum defects and

discusses current challenges and possible research directions.
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Chapter 2 . Molecularly Tunable Fluorescent Quantum
Defects

Adapted from H. Kwon, A. Furmanchuk, M. Kim, B. Meany, Y. Guo, G. C. Schatz,
Y. H. Wang. 2016. (submitted). Y.H.W. and H.K. conceived and designed the
experiments. H.K.,, M.K., and B.M. performed experiments. A.F and G.C.S
performed DFT calculations. Y.H.W. and H.K. wrote the manuscript with inputs
from all co-authors.

2.1. Introduction

The excited states of many semiconducting nanocrystals and polymers are
characterized by excitons, electron-hole pairs bound by Coulomb interactions®.
Excitons are hydrogen-atom-like quasi-particles, each carrying a quantum of
electronic excitation energy. An exciton can return to the ground state by emitting
a photon, producing photoluminescence (PL), or by falling into a “dark” state from
which the energy is lost as heat. The ability to control the fate of excitons and their
energy is crucial to imaging®® ®, sensing®, photovoltaics®®, lighting and display®’,
and many other important electronic functions.

Over the last few decades, two major classes of approaches, quantum
confinement and doping, have been developed to tailor the exciton properties
within a nanocrystal. This quantum confinement effect has motivated the
development of many innovative synthetic approaches that control the size and
shape of nanocrystals, and consequently their electronic and optical properties®®7°.
Examples include nitrogen-vacancy in diamond’* and metal ion-doped
nanocrystals’?.

In the case of single-walled carbon nanotubes (SWCNTSs), the excitonic
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properties depend on both the diameter and chiral angle of each nanotube crystal,
collectively known as chirality, which can be denoted by a pair of integers (n,m)**
15, Recent work by us? and others® has demonstrated that the optical properties of
SWCNTSs can also be modified by doping with oxygen® or incorporation of sp?
defects?® through diazonium chemistry. These defects can induce a new near-
infrared emission®®, brighten dark excitons?®, facilitate up conversion(anti-stoke
shift)’3, and stabilize trions at room temperature®’, making them particularly
interesting for emergent photonic application. However, both methods for defect
creations have thus far bound by the extremely limited chemical and optical
tunability. Particularly, oxygen doping leads to mixed ether and epoxide structures,
and diazonium chemistry works only for specific aryl groups and monovalent
bonding, and has low reaction rates. For these reasons, examples of this type of
defects are pale in comparison with the large number of quantum dots that have
been synthesized based on the quantum confinement effect. Although it has been
suggested, the prospect of using defects for materials engineering has not been
demonstrated.

In this chapter, we describe a new synthetic approach for tailoring excitons
within a single material through molecular engineering of covalently attached
surface functional groups (Fig. 2-1). We illustrate this new approach through the
synthesis of more than 30 new fluorescent nanostructures from SWCNTs of the
same crystal structure by creating molecularly tunable fluorescent quantum defects
in the sp? carbon lattice. Each of the new synthetic nanostructures may be viewed

as a diamond-in-graphene structure reminiscent of an island in an electron sea.
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Figure 2-1. The fluorescent quantum defect approach to material
engineering. a, In a quantum confinement system, the exciton
wavefunction is confined as the particle size reaches the Bohr radius of
the quasi-particle, lending the capability to control optical properties
by size engineering. b, In the proposed quantum defect systems, the
mobile excitons can be trapped and their optical properties can be
controlled by molecular engineering of the trap. ¢, The creation of a
fluorescent quantum defect by reacting a SWCNT semiconductor with
different types of alkyl iodides (R-I).

More specifically, in the case of semiconducting nanotubes, these structures can be
viewed as hybrid quantum systems that allow excitation energy (carried by the
exciton) to be channeled along a one-dimensional (1D) antenna and then harvested

using a zero-dimensional (OD) funnel. Compared with quantum confinement,
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which controls the optical and electronic gap by size engineering, these fluorescent
defects in SWCNTSs create local potential wells that can be chemically tailored with
molecular-control as shown herein. To recognize their molecular nature and the fact
that the local potential well is a result of defect-induced splitting of frontier orbitals,
we propose to call these fluorescent quantum defects. Furthermore, unlike atomic
color-center dopants, our defect-inducing surface functional groups are themselves
non-emitting and readily accessible chemically, thereby affording unprecedented

molecular control and engineering flexibility.

2.2. Experimental and theoretical calculation methods

2.2.1. Aqueous dispersions of individual SWCNT crystals

SWCNTSs (HiPco batch # 194.3 (Rice University; or COMoCAT SG65i Lot
# 000-0036, SouthWest NanoTechnologies, Inc.) were stabilized by 1 wt.% sodium
dodecyl sulfate (Sigma Aldrich, >98.5%) in deuterium oxide (D20, Cambridge
Isotope Laboratories, Inc., 99.8%) by tip ultrasonication (Misonix) at 35 W, 10 °C
in a stainless steel beaker for 2 hours, followed by ultracentrifugation with an
Optima LE-80K Ultracentrifuge (Beckman Coulter) at 170,499g for 2 hours to
remove bundled nanotubes and residual catalysts. The individually dispersed
SWCNTSs were sorted for high purity (6,5)-SWCNTSs using gel chromatography®.
The samples were diluted to an optical density of 0.1 at the E11 absorption peak of
(6,5)-SWCNTs in 1 wt% SDS in D2O. The concentrations of HiPco and
CoMoCAT were determined with a calibration curve from correlated optical

density and thermogravimetric analysis. The concentration of chirality-enriched
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solutions was calculated based on the extinction coefficient previously determined

by Zheng et al.™

2.2.2. Synthetic creation of fluorescent quantum defects in SWCNTSs

Sodium bicarbonate (EMP Chemicals, ACS grade), acetonitrile (Signal
Aldrich, 99.9%) and alkyl halides were added sequentially to each SWCNT
solution, which was kept in a capped glass vial covered by aluminum foil.
Acetonitrile was used as a co-solvent for the alkyl halide. Sodium dithionite (Sigma
Aldrich, 85%) was then added to the mixture and stirred with a magnetic stir bar at
room temperature. For aryl defects, only aryl-containing iodides are required and
the reaction was triggered by optically exciting the E2; transition of the nanotubes
for single valent groups. For the divalent aryl groups, 300-800 nm excitation was
required to develop a defect PL. The degree of functionalization was controlled by
adjusting the relative amounts of reagents. The reaction was monitored at various

times by UV-Vis-NIR absorption and fluorescence spectroscopy.

2.2.3. In situ UV-Vis-NIR absorption and photoluminescence spectroscopy

The reactions were monitored in situ using a Lambda 1050 UV-Vis-NIR
spectrophotometer (Perkin Elmer), which is equipped with both a PMT detector
and an extended InGaAs detector, and a NanoLog spectrofluorometer (Horiba Jobin
Yvon). For fluorescence spectroscopy, the samples were excited with a 450 W

Xenon source dispersed by a double-grating monochromator. Excitation-emission
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maps and fluorescence spectra were collected using a liquid-N2 cooled linear
InGaAs array detector on a 320 mm imaging spectrometer. The spectrofluorometer
was calibrated against NIR emission lines of a pencil-style neon spectral calibration

lamp (Newport).

2.2.4. Resonant Raman scattering and X-ray photoelectron spectroscopy

The SWCNTSs were precipitated out from solutions and deposited on glass
slides for Raman scattering or gold-coated silicon substrates for XPS measurement.
XPS was taken with Kratos Axis 165 at 25 °C and 175 °C under an ultrahigh
vacuum (< 1 x 10 8 Torr). Raman spectra were measured on a LabRAM ARAMIS
Raman microscope (Horiba Scientific). The samples were excited with a He-Ne
(632.8 nm) laser or a 532 nm laser at a power density of 0.014-0.14 mW pm. Each
spectrum was obtained by averaging the data collected from three different spots.
Absorption and PL spectra were fitted with VVoigt functions using PeakFit software
v4.12. No baseline correction was applied during the fitting for PL while a linear

background correction was used for the E22 absorption.

2.2.5. Theoretical calculation methods of fluorescent quantum defects

The inductive constant was calculated using equations described by
Cherkasov et al.”. The structure of alkyl functionalized (6,5)-SWCNTs was
constructed using Nanotube Modeler (JCrystalSoft) and HyperChem 8.0

(Hypercube, Inc). The distance between two atoms and the covalent radius (half of
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the bond length) was obtained from molecular structures optimized by Molecular
Mechanics.

For the density functional theory calculations, the geometries of an 8 nm (2
unit cells) long (6,5)-SWCNT with various quantum defects were optimized using
the B3LYP functional in Q-Chem 4. The nanotube ends are terminated with
hydrogen atoms to minimize end-effects and to avoid introduction of edge states
into the band gap of the nanotube. Most calculations considered two alkyl groups
(to avoid radical character) covalently attached near the center of the 8 nm
nanotube, although single, triple and higher functionalization were also considered.
The DFT level of theory with a 6-31G* basis set was used for minimization. A
Mulliken analysis was performed to reveal the charge distribution around the

created defects.

2.3. Results and discussion

2.3.1. Creation of alkylated fluorescent quantum defects

Our starting material is (6,5)-SWCNTSs that are approximately 0.75 nm in
diameter and 500 nm in length (or 125 unit cells) on average. The nanotubes are
sorted using gel chromatography® to a high level of optical purity and stabilized as
individual particles in water or deuterium oxide (D20) by 1 wt.% sodium dodecyl
sulfate (SDS). Note that our chemistry readily extends to other nanotube chiralities;
(6,5)-SWCNT is chosen for this study due to its synthetic abundance and better

established literature.
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Figure 2-2. Chemical creation of fluorescent (6,5)-SWCNT-
CF>(CF2)4CFs. a, Defect photoluminescence arises farther in the near-
infrared, 190 meV to the red of the parent nanotube excitonic emission.
b, Correlated visible near-infrared absorption (black line) and PL (red
line) spectra for (6,5)-SWCNT-CF>(CF,)4CFs. The SWCNTs are excited

at the Ex transition (565 nm). ¢, Evolution of E11 and Ei1- emission.

The (6,5)-SWCNTSs have intrinsic absorption and photoluminescence peaks
at 979 nm (E11) and 568 nm (E22), which arise from their excitonic transitions (Fig.
2-2)1. Covalent attachment of perfluorinated hexyl groups to the nanotubes
produces a bright defect PL peak (E117) at 1155 nm. The observed peak is redshifted
from the parent nanotube PL (E11) by 177 nm (AE = 190 meV), and the full width

at half-maximum (FWHM) of the peak increases from 37 meV to 69 meV. This
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new feature arises within minutes of the start of the reaction, and reaches the
maximum after 12 minutes and then plateaus in 25 minutes. The bright feature

remains stable over at least nine months under ambient conditions (Fig. 2-2c).
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Figure 2-3. Control reactions with different reagent conditions.
Emission spectra are monitored with 565 nm excitation atOh, 2 h, 24 h,

3 days and 7 days. Only the reaction condition (a) shows the strong
defect PL (E1r).
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Table 2-1. Control reactions with different reagent conditions.

Reaction | SWCNT  CH,CN CeFysl NaHCO;  Na,S,0, E,
a 1 0.2 10 20 10 strong
b 1 0.2
c 1 10
d 1 20
e 1 10
f 1 10 20 10 Weak
g 1 0.2 - 20 10
h 1 0.2 10 - 10
i 1 0.2 10 20

We have developed the new exciton-tailoring reaction that occurs in
aqueous solution upon mixing an alkyl halide with nanotubes in the presence of the
mild reductant sodium dithionite for the first time (Fig. 2-3). Alkyl halides alone
cannot generate alkyl radicals that covalently attach to the carbon lattice (Fig. 2-3c
and 2-3i). Control experiments suggest that the reaction is facilitated by acetonitrile,
which acts as a co-solvent for the alkyl halides, not required to generate defect
photoluminescence (Fig. 2-3b and 2-3f). Sodium bicarbonate serves as a base to
balance acidic byproducts of sodium dithionite (Fig. 2-3d and 2-h) as explained
with organic small molecules’™® 77,

The PL of the alkylated carbon nanotubes shows a strong dependence on
nanotube diameter, d, by AE = A/d? with A = 18.7 meV nm?, suggesting that the
new emission peak arises from brightening of dark excitons (Fig. 2-4 and 2-5)%> 8,
Notably, the (6,5)-SWCNT-(CF.)sCFs exhibits PL that is brighter than that of the

parent nanotube by more than an order of magnitude (Fig. 2-6).
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Figure 2-5. Nanotube structure-dependent defect photoluminescence.
The excitation-emission maps of a, (6,5)-SWCNT; b, (8,3)- and (8,4)-
SWCNT; ¢, (7,6)- and (8,4)-enriched SWCNTs; and d, the mixed
chirality of HiPco. Controlled sidewall alkylation induces new PL
peaks in e, (6,5)-SWCNT-CFy(CF.)«CFs5; f, (8,3)/(8,4)-SWCNT-
CF2(CF2)4CF5; g, (7,6)/(8,4)-SWCNT-CF(CF2)4sCFs; and h, HiPco-
SWCNT-CF,(CF2)4CFs. The nanotubes are stabilized in D,O by 1 wt.%
SDS.
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Figure 2-6. Emission spectra of (6,5)-pristine and (6,5)-SWCNT-
(CF2)sCFs that show the brightening PL by more than an order of

magnitude.

Correlated measurement of PL, Raman scattering, and X-ray photoelectron
spectroscopy (XPS) unambiguously confirm that the new PL originates from sp®
quantum defects due to the covalent attachment of a small number of the alkyl
groups to the sp? carbon lattice (Fig. 2-7). The formation of a covalent C-C bond
between the alkyl group and the carbon nanotube is evidenced by the rise of the
symmetry-breaking, defect-induced Raman scattering of the D phonon (~1,300
cm 1), The intensity of this Raman band with respect to the in-plane stretching
mode (Ezq) of the sp? bonded carbon lattice (G band, ~1590 cm™) increases from
0.10 to 0.98 in highly functionalized nanotubes (Fig. 2-7a). Both the Raman D/G
ratio and the XPS intensity of the perfluoroalkyl group increase in proportion to the

relative concentration of alkyl halide (Fig. 2-7a, 2-7b and Fig. 2-9). High resolution
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XPS of SWCNT-(CF,)sCF3 shows the growth of the sp® C1s peak at 285 eV as a
shoulder to the sp? C1s peak (284.7 eV), resulting in substantial peak broadening
of the C1s peak (FWHM of 1.46 eV versus 0.83 eV for the starting nanotubes) (Fig.
2-8). The fluorine (F1s) signal of the functional group remains constant at high
temperature (175 °C) in ultrahigh vacuum (< 1 x 10 8 torr), in which there are no

physisorbed molecules (Fig. 2-10).
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Figure 2-7. Correlated spectral characterization of functionalized
SWCNTs at increasing molar reactant ratios of CF3(CF)sCFal (RX) to
the mixed chirality of HiPco SWCNT carbon. a, Raman scattering. The
excitation line is 532 nm. b, XPS (taken at 25 °C). The Ols peak is
marked with an asterisk (*). ¢, PL. d, The ratio of covalently attached

function group to nanotube carbon, [R]/[C], as determined from XPS,
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increases linearly with the reactant ratio, [RX]/[C]. e, Raman D/G ratio
of SWCNT-CF»(CF)4CFs at increasing [RX]/[C].
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Figure 2-8. High resolution XPS of C 1s at 175 °C for SWCNT-
CF»(CF,)4CFs. a, Non-functionalized control. b, [C]:[RX] = 1:50. ¢, 1:500.
d, 1:2500. The nanotubes used here are a sample of mixed chirality
HiPco SWCNTs.
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Figure 2-9. High resolution XPS of F 1s at 175 °C for SWCNT-
CF,(CF.)4CFs. a, Non-functionalized control. b, [C]:[RX] = 1:50, ¢, 1:500,
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Figure 2-10. High resolution XPS of full spectra at 175 °C for SWCNT-
CF>(CF2)4CFs. a, Non-functionalized control. b, [C]:[RX] = 1:50, ¢, 1:500,

and d, 1:2500.
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We further investigated the new defect PL with different SWCNT samples

2500

such as HiPco ensemble, COMoCAT ensemble, the column-purified SWCNTSs, and

the aqueous two phase-assisted SWCNTs®! to rule out the possibility of impurity

effects (Fig. 2-5). They all show the consistent positions of defect PL for the (6,5)

chirality tubes for all tested samples. Furthermore, the correlated emission,
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absorption and Raman with (6,5)-CoMoCAT-(CF2)sCFs shows identical results of
close relationship between covalent attachment and defect PL brightening (Fig. 2-
11).

By changing the concentrations of the reagents, we are able to control the
intensity of the defect PL. The E11™ intensity of (6,5)-SWCNT-(CF2)sCF3 peaks at
a carbon-to-alkyl halide reactant molar ratio of 1 to 0.4 (Fig. 2-2). Correspondingly,
the Raman D/G ratio increased from 0.10 to 0.18, indicating that a small amount of
alkyl groups are covalently attached on the nanotubes. Consistent with Raman
scattering, the visible near-infrared absorption barely decreased. Based on XPS
(Fig. 2.7), we estimate that the attached -(CF2)sCF3 groups are at a density of one
group per 166 carbons or 1.8 nm of nanotube length on average. This density is
much higher than that produced by diazonium salts*® and may suggest distinct

reaction propagation*.

2.3.2. Tunable fluorescent quantum defects with alkylation

This synthetic quantum system provides exceptional chemical tunability of
the near-infrared PL energy (Fig. 2-12 and Fig. 2-14). We can continuously red-
shift the E11~ emission simply by increasing the number of fluorine atoms along a
six-carbon alkyl backbone (Fig. 2-12b and Table 2-1). The energy shift goes from
133 meV for -(CH2)sCHs to 190 meV for -(CF2)sCFs. A consistent trend is observed
in a series of partially fluorinated groups in which the distance between the electron
withdrawing moiety (-CFs3) and the defect site is varied by the chain length, -

(CH2)nCF3 (n = 0 - 5) (Table 2-1), resulting in the energy shift from 137 meV to
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194 meV. When the first carbon of alkyl chains that is directly attached to a
SWCNT is fluorinated, it significantly affects the energy separation indicating
strong distance effect.

The optical properties of tunable fluorescent quantum defects with alkyl
groups are strikingly different from those of nanocrystals. The size engineering of
nanoparticles result in significant change in band gaps and thus both absorption and
emission to be size-dependent. However, our alkylation on same size nanotube at
low defect density can modulate emissions that are created at defect center while
retaining similar absorption featuring through chemical engineering of the surface
(Fig. 2-13). Using this technique, the absorption of f-SWCNTSs are comparable with
that of pristine while their emissions can be efficiently tuned by changing

functionality.
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Figure 2-12. Tunable near-infrared PL from quantum defect-tailored
(6,5)-SWCNTs with six-carbon alkyl chains with increasing numbers of

fluorine substituents.
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Table 2-2. Spectral characteristics of alkyl fluorescent quantum defects

in (6,5)-SWCNTs and calculated inductive constants of the covalently

bonded alkyl groups.
(6,5)-SWCNT-R (Erlﬁ) FVI\E/lHlM 5#1) Fv%/lﬁM ( rﬁe'f/) (C‘a’;C)
(meV) (meV)

Non-functionalized 979 37 - - 0 -
-CH,CH,CH,CH,CH,CH, 981 45 1096 56 133 -0.774
-CH,CH,CH,CH,CH,CF, 980 45 1099 56 137 -0.462
-CH,CH,CH,CH,CF,CF, 980 38 1107 59 146 -0.127
-CH,CH,CF,CF,CF,CF, 983 40 1137 76 170 1.086
-CF,CF,CF,CF,CF,CF, 981 42 1155 69 190 4.867
-CH,CH,CH,CH,CH,CF, 980 45 1099 56 137 -0.462
-CH,CH,CH,CH,CF, 979 40 1104 59 143 -0.287
-CH,CH,CH,CF, 980 42 1101 55 140 -0.034
-CH,CH,CF, 980 42 1110 59 147 0.310
-CH,CF, 982 42 1114 67 150 1.244
-CF, 980 45 1158 63 194 3.961
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Figure 2-13. Correlated UV-Vis-NIR absorption and PL of (6,5)-
SWCNTs with different functional groups.
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Figure 2-14. Emission spectra of (6,5)-SWCNTs with six carbon alkyl
chains before peakfitting. Note that the additional satellite peaks are
observed and marked as asterisk (*) arising from a charged exciton

(trion).
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2.3.3. Inductive effects of alkyl defects

a b c
220 220 220
200 200 200 CFs
P o " ey
% 180 -C,H,C,Fq /// CFis | 3 180 3 180 -C,H,C,Fy
E i E E e
=, P =, ) =
W' 160 { CHyCFy 160 { CHCRs ' 160 { -CHCF,
Y yd o ® o //; -CH,CF,
B A -CH,CF =
Y 140 G Y 140 e Y 140
-C;H,CF; 2d -C;HCF;,-C,H C,Fg
-C.H,,CF -C4H,CF.
120 { “Cohis 120 ST 120 | CeHs * 7 °
-2 0 2 4 6 -2 0 2 4 6 -2 0 2 4 6
Inductive constant, c* Inductive constant, o* Inductive constant, o*

Figure 2-15. PL energy shifts versus calculated inductive constant (0*).
a, CsHiznFn (n =0, 3, 5,9, and 13). b, -(CH2),CFs (n = 0 - 5). ¢, The
combined graph of a and b.

Our experimental results and quantum chemical theory consistently suggest
that this tunability originates from inductive electronic effects associated with the
covalently attached functional group (Fig. 2-15). These inductive electronic effects
can be described by the empirical Taft constant or inductive constant (¢*), which
quantifies the electronic influence of a substituent through sigma bonding in alkyl
chains, excluding resonance effects that also occur in conjugated moieties’ &
Consistent with this inductive picture, all perfluorinated alkyl defects in (6,5)-
SWCNTs, including -CFs, -(CF2)sCFs, -(CF2)sCFs, and —(CF2);CFs, produce
similarly redshifted E11” peaks (by 190 - 194 meV), indicating comparable inductive
constants regardless of the carbon chain length (Fig. 2-16). For CFs-terminated
alkyl defects, the defect PL energy decreases exponentially with chain length (or

approximately, the distance from the defect site) (Table 2-1).
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Quantitatively, the inductive constants can be calculated from the equation

proposed by Cherkasov et al.”,
o* =7.840%; Ax;R;%/r;?

where Ay; is the difference between the electronegativities of i-th atom in the
substituent and the reaction center, R; is the covalent radius of the i-th atom, and r;
is the distance from this atom to the defect site on a SWCNT. We find that the PL
energy shifts are linearly correlated with the calculated inductive constants (6*calc)
(Fig. 2-15). This linear correlation confirms that the inductive effects associated
with the alkyl groups on the fluorescent quantum defects are responsible for the
observed energy shifts. It is a note that more than 20 different types of scales exist
for inductive constants reported. They correlate well with one another. We found
the reported inductive constants from literature for few alkyl groups used in this

study that matches with our calculated results.
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220

perfluorinated CF,
200
%
e 180 -C2H4C5F13 'C4F9
= -C,H,C,F, P
Y 160
LIJH
140 _C6H13
®-c,H, non-fluorinated
120 -
-2 0 2 6
O*
R-(6,5)-SWCNT Ey Eiw Ent o o
’ (nm) (nm) (mél\/) (ref) (calc)
I-CF, 981 1158 193 0.44 4.4766
I-CF,CF,CF,CF, 983 1158 191 0.44  4.4766
I-CF,CF,CF,CF,CF,CF, 982 1158 192 -  4.8668
I-CF,CF,CF,CF,CF,CF,CF,CF, 982 1156 190 -  5.1057
I-CH,CH,CF,CF,CF,CF,CF, 982 1133 168 -  1.0858
I-CH,CH, CF,CF,CF,CF,CF,CF,CF, 983 1137 171 - 13264
I-CH,CH, CH,CH, 980 1093 131 0.01 -0.6952
I-CH,CH, CH, CH, CH,CH, 981 1096 133 0.03 -0.7745

Figure 2-16. Energy shift Vs calculated inductive constant with non-,

partially-, and per-fluorinated alkyl groups.
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2.3.4. Creation of extended fluorescent quantum defects: aryl and divalent defects
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Figure 2-17. (6,5)-SWCNT>CF.. a, PL maps of pristine SWCNTs (left)
and divalent alkyl-functionalized SWCNTs (right). b, 565 nm excitation
emission spectra, ¢, UV-Vis-NIR Absorption spectra, d, Raman spectra

with 532 nm laser and e, Raman spectra with 632.8 nm laser. The
pristine is black solid and the f-SWCNTs are red solid line.
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We found that this sidewall chemistry is not limited to creation of
monovalent alkyl defects (-R), but is extended to alkyl divalent defects (>R) with
di-iodide precursors (Fig. 2-17). The diiodo reactions does not typically occur in
organic molecular systems™ while only few conjugated structures with highly
substituted m-bonds are reported to yield carbene-like products®l. Divalent alkyl
defects are characterized by PL, UV-Vis-NIR absorption and Raman spectra
showing distinct different optical properties from monovalent defects including

further redshifted defect PL at 1164 nm.

a 159 meV NH2 b 171 meV | NH2
> [J <> 17
B I ) En I
E., Reaction E.

Time (min)

A 30

M

900 1000 1100 1200 1300 900 1000 1100 1200 1300
Emission Wavelength (nm) Emission Wavelength (nm)

Figure 2-18. Creation of a, monovalent and b, divalent aryl defects of
aminobenzene-(6,5)-SWCNTs. The aryl defect is created by excitation
light (300-800 nm) without sodium dithionite. Single emission spectra

are obtained with 565 nm excitation light and normalized by Eu.
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In contrast to alkyl iodides, which require activation by sodium dithionite,
aryl iodides alone can react with SWCNTSs by excitation light activation (Fig. 2-
18). By shining excitation light from 300 nm to 800 nm with 5 nm increment, we
observe the development of defect photoluminescence with 159 meV energy shift
for mono-aminobenzene defect and 171 meV shift for divalent aminobenzene
defects starting from with 4-iodoaniline and 3,4-diidoaniline, respectively. We
suspect that high n-x interaction between aryl groups and carbon nanotubes leads
to physisorption of aryl groups as a first step followed by creating aryl radicals with
incident light to form covalent bond. Once the first iodide on the benzene ring
reacts, the second iodide at ortho-positions can have high possibility to interact with
SWCNTs, leading subsequent reaction on an adjacent carbon of the defect center

on rigid SWCNT structures.

2.3.5. Tunable fluorescent quantum defects through aryl and divalent groups

Larger optical tunability can be achieved by applying diiodo-containing
precursors to produce cycloaddition adducts. The divalent quantum defects
fluoresce even further into the infrared than do the monovalent defects (Fig. 2-19).
For instance, PL of (6,5)-SWCNT>CH2 occurs at 1125 nm, which is red-shifted by
31 meV more than its monovalent counterpart, (6,5)-SWCNT-CHs. In (6,5)-
SWCNT>CF», the defect PL is further shifted to 1164 nm, 200 meV to the red of
the parent nanotube PL. Divalent aryl defects, created by reaction with o-

diiodoaniline and o-diiodobenzene for instance, also produce new PL peaks that

52



redshift farther from the parent nanotube, in comparison with their monovalent

counterparts, by 171 meV and 190 meV, respectively (Fig. 2-19 and Table 2-2).

—~ 10 ]
E;-/ Ey En-
2
g 0.5
i)
£
-
% 00
900 1000 1100 1200

Wavelength (nm)

Figure 2-19. Comparison of monovalent and divalent fluorescent
quantum defects. The nanotubes are excited at 565 nm. The parent
exciton PL occurs at 979 nm while emission from the quantum defects
are systematically tunable by changing the functional group including
-CHs;, >CHy, -C¢Hs, and >CsHay. The spectra are fitted with Voigt

functions.

Table 2-3. PL spectral characteristics of (6,5)-SWCNTs covalently

functionalized with different monovalent and divalent groups.

monovalent divalent

E, E, AE E E, AE
om)  (m) (mevy) GBSWCNTR O om)  (mev)

(6,5)-SWCNT-R

H

-CH, —cH 980 1094 132 >CH, >c‘: 980 1125 163
H
F o oF

-CF, —cF 980 1158 194 >CF, °S. 980 1164 200
F

CHs <) 979 1129 168  >CgH, e 986 1162 190

-CeH,NH, <)M 980 1121 159  >CgH,NH, j@wz 980 1133 171
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Figure 2-20. Excitation-emission maps of (6,5)-SWCNTs with

chemically tailored fluorescent quantum defects.

This novel chemistry allows molecularly tunable fluorescent quantum

defects to be created with highly predictable C-C bonding points from iodine-
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containing hydrocarbon precursor (Fig 2-20 and 2-21). This highly controllable,
tunable property was unattainable with previous exciton engineering techniques
which are limited in specific types of functional groups and especially the exciton
properties with well-defined divalent defects have not been investigated due to
reactivity and stability of precursors? 3334 In Fig. 2-20, we show nine fluorescent
quantum defect systems with continuously tunable near-infrared PL and surface
functionalities. Additional structures synthesized through these studies are listed in
Table 2-3, demonstrating excellent chemical and optical tunability of this synthetic

guantum system.

5 Divalent
. Aryl Defects

Monovalent Monovalent
Aryl Alkyl
Defects Defects

Divalent
Alkyl Defects

Figure 2-21. Schematic illustration of four classes of quantum defects.
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Table 2-4. Alkyl/aryl halides used in this study and their defect PL.

EEm—
(6,5)-SWCNT

R R
T O
(6,5)-SWCNT-R

(6,5)-SWCNT-R (Irfrlﬁ) (i#]) (n?eF(/) Source of Precursor -X
Non -functionalized 979 - - -
—CH, 980 1094 132 Sigma Aldrich I
—CH,CH, CH,CH, 984 1099 132 Sigma Aldrich |
—CH,CH,CH,CH,CH,CH, 981 1096 133 Sigma Aldrich |
—CH,CH,CH,CH,CH,CH, 980 1097 135 Sigma Aldrich Br
—CH,CH,CH,CH,CH,CF, 980 1099 137 Oakwood chemical I
—CH,CH,CH,CH,CH,COOH 980 1102 140 Sigma Aldrich Br
—CH,CH,CH,CF, 981 1101 140 Santa Cruz Biotech. |
—CH,CH,CH,CH,CF, 979 1104 143 Aurum Pharmatech LLC. I
—CH,CH,CF, 981 1110 147 Sigma Aldrich I
—CH,CH,CH,CH,CF,CF, 980 1107 146 Matrix Scientific |
—CH,CF, 982 1114 150 Sigma Aldrich |
—CH,CF,CF,CF, 980 1114 152 Pfaltz and bauer I
—~NH, 980 1121 159 Sigma Aldrich |
—@N(C(I)“Is)z 984 1127 160 AstaTech, Inc. |
Oy~ 979 1121 160 Enamine LLC |
>CH, (**C) 979 1125 164 Sigma Aldrich I,
>CH, (©C) 980 1125 163 Cambrige Isotope I,
—@—o”o”ﬂ”on 979 1125 164 Hit2lead I
~n 979 1129 168 Sigma Aldrich |
> 980 1131 169 TCl I
)@NHZ 980 1133 171 Spectra Group Limited Inc I,
—CH,CH,CF,CF,CF,CF, 983 1137 170 Sigma Aldrich |
—CH,CH,CF,CF,CF,CF,CF,CF, 983 1139 173 Sigma Aldrich I
—CHF, 979 1138 177 Sigma Aldrich I
P 980 1145 182 Combiphos catalysts, INC I
—CF,CF,CF,CF,CF,CF,CF,CF, 979 1152 190 Sigma Aldrich I
3, 986 1162 190 Sigma Aldrich I,
—CF,CF,CF,CF,CF,CF, 981 1155 190 Sigma Aldrich [
—CF,CF,CF,CF, 979 1155 193 Sigma Aldrich |
—CF, 980 1158 194 Sigma Aldrich I
>CF, 980 1164 200 SynQuest Lab I,
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Figure 2-22. pH-responsive defect photoluminescence. a, monovalent

and b, divalent aminobenzene-functionalized (6,5)-SWCNTs.

By trapping excitons at localized potential wells due to the quantum defects,
we hypothesize that the exciton will respond sensitively to chemical events
occurring at the defect site due to the amplification effects of the nanotube acting
as an antenna (Fig. 2-22). The nanotube antenna harvests light efficiently and
channels the generated excitons to the defect site, where the excitons recombine to

57



produce near-infrared PL encoding the chemical information at the functional
groups. This picture is supported by titration experiments in which we detect H*
with  both monovalent, (6,5)-SWCNT-Ce¢HsNH,, and divalent, (6,5)-
SWCNT>CeHsNH> defects. We find that as the amine moiety switches between the
protonated and deprotonated states, the defect PL is shifted by ~13 meV, which will
be further explained in a great detail in next Chapter 3. This pH switching is not
observed in defects that do not contain amines, including -CeHs and »>CsHa,
confirming the localized nature and the high chemical selectivity of the fluorescent

quantum defects.

2.3.6. DFT calculation of fluorescent quantum defects

In order to substantiate the fluorination effect on alkyl quantum defects,
theoretical calculations based on density functional theory (DFT) are performed on
an 8 nm (2 unit cells) long (6,5)-SWCNT using the B3LYP functional with a 6-
31G™ basis set. The dandling bonds at the tube-ends are passivated with hydrogen
atoms to avoid end-effects and introduction of edge states into the band gap of
nanotubes. Four different types of groups including -CHs, -CFs, >CHa, and >CF>
are used for covalent attachment on a nanotube. Single- and tri- methyl groups are
treated as triple states while the rest of structures are minimized in single state. Edge
effects on this system are negligible by using long tube length (8 mm) as we can
see in the Mullikan charge distribution of pristine nanotubes at only edges while all

other atoms are neutrally charged (Fig. 2-23).
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Figure 2-23. Mulliken charge distribution in a pristine (6,5)-SWCNT
and single functional group attached SWCNTs (side view). Charges are
shown in color gradient scheme, where red, black, and green colors are

negative, zero, and positive charges, correspondingly.

A single functional group is introduced in the middle of tubes, which causes
significant disruption of perfect conjugation of electrons only around a defect (Fig.
2-23). This charge distribution solely originates from a defect, not edge effects. It

produces a specific distribution of charge depending on functional groups in CNTSs.
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For examples, methyl groups of -CFs and -CHs yield comparable charge
distributions, which is the highest negative charge at para position (Fig. 2-24). In
the case of >CH, and >CF», the highest negative charge appears at orthogonal
direction of carbon atoms to nanotube axis (Fig. 2-25). This highest charge guides
us to predict the most thermodynamically favorable site for subsequent addition of
functional groups. Due to huge number of permutations for third addition spots, we
only demonstrated up to the attachment of two functional groups. The HOMO-
LUMO gap due to the -CFs defect is 43 meV smaller than that of -CHs, which is in
good agreement with the observed redshift (62 meV) in the defect PL (Table 2-4).
This fluorine substitution effect is not limited to the most thermodynamically stable
conformation (m in Fig. 2-24), but is also observed in all the other possible
conformations. The theoretical calculation is corrugated the optical shift in terms

of fluorination effect.
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Figure 2-24. Distribution of Mulliken charges in (6,5)-SWCNTs with a
single monovalent defect (left) and the relative energy diagrams when
double monovalent defects are attached (right). a, -CHs. b, -CFs. Note
that the most thermodynamically stable structure of methyl
functionalized (6,5)-SWCNT is 1,4-para position (m), where the
Mulliken charges are highly negative.
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Figure 2-25. Distribution of Mulliken charges in (6,5)-SWCNTs with a
single divalent defect (left) and the relative energy diagrams of (6,5)-
SWCNTs with two divalent defects (right). a, >CH.. b, >CF-.

The similar theoretical study of charge localization has been done with the
SIESTA method®®. The (5,5)-SWCNTSs with single addition of CsH10COOH group
shows the high Mulliken charge density at three adjacent atoms of a defect carbon
(1,2- or ortho position)3®. Even though the slight difference of the second addition
position between (6,5)-SWCNTs-CHz and (5,5)-SWCNTs-CsH10COOH might
arise from the nature of functional groups, chirality or calculation methods, both

calculation results clearly support the charge localization around defects.
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Table 2-5. Orbital energies of simulated structures. Note that all
conformations of (6,5)-SWCNT-(CFs). (n = 1, 2) produce larger shifts in

emission energy (E11- E11) compared to their respective -CHj defects.

votel  Frowor  Erow  Euwo  Fuwes g% MU EEg
(eV) (eV) (V) (eV) o st (mev)
pristine -4.603 -4.593 -3.001 -3.000 1.592 1.603 -
k_CH; -4.599 -4.488 -3.196 -2.956 1.292 1.643 351
I_CH, -4.599 -4.534 -3.032 -2.947 1.503 1.652 149
m_CHj, -4.614 -4.520 -3.103 -2.941 1417 1.672 256
0_CH, -4.598 -4.459 -3.176 -2.949 1.283 1.649 366
k_CF; -4.634 -4.542 -3.308 -2.993 1.234 1.641 407
|_CF, -4.633 -4.592 -3.118 -2.988 1474 1.645 171
m_CF; -4.644 -4.573 -3.207 -2.979 1.366 1.664 298
0_CF, -4.607 -4.470 -3.192 -2.957 1.278 1.650 372

Figure 2-26. Bond lengths of (6,5)-SWCNT>CH,. C-C bond length
around the >CH> defect is slightly longer than that in the pristine
SWCNT (1.42 A). The circumferential C-C bond at the defect site is
increased to 2.17 A and thus is broken to adopt an opened three-

membered ring.

The calculations of (6,5)-SWCNT>CH: and (6,5)-SWCNT>CF2 suggested
the a ring-opened structure that preserves m conjugation of the nanotube (Fig. 2-
26). The breaking of one circumferential C-C bond in the nanotube is ~1.3 eV more

thermodynamically stable than the formation of three-membered-ring-like
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(cyclopropyl) adducts along the chiral directions. Mulliken analysis shows, again,
that the charges accumulate preferentially around the defect, driving the subsequent
additions of »CH> or »CF> groups along the longitudinal direction (k, s in Fig 2-25).
The ring opening structure from our calculation is consistent with previous studies
including theoretical calculations using B3LYP/6-31G* and experimental results
from confocal Raman spectroscopy for the cycloaddition of CCl> groups in (6,5)-
SWCNTs® & Li et al. found that the ring opening adduct is more
thermodynamically stable in small diameter SWCNTs with higher curvature
(distortion) of circumferential C-C bonds (-30 kcal/mol for (6,5)-SWCNT)®. They
illustrate that only zigzag tubes with smaller curvature can have adducts with three
membered-ring structures from cycloaddition. Also, confocal Raman spectroscopy
reveals that the orthogonal addition of carbene groups (-CCl2) on SWCNTSs leads
C-C bond breakage by resulting in interesting Raman signature of two main G mode
peaks, named G~ (1570 cm™) and G* (1590 cm1)83,

The frontier orbital wavefunctions of the nanotube become localized to a 2
nm region around the defect site (Fig. 2-27). This localization effect is less
pronounced for divalent defects, suggesting some degrees of tunability by
controlling the bonding structure (Fig. 2-28). In all of these systems, this
localization effect is distinctly different from defect-free carbon nanotubes, in

which the wavefunction is delocalized and excitons are highly mobile.
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Figure 2-27. Localization of charges and frontier orbital wavefunction
around a fluorescent quantum defect. a, HOMO and b, charge
distribution in a pristine (6,5)-SWCNT. The nanotube is free of defects
other than its ends, which are terminated with hydrogen atoms to
preserve the sp? hybridization. ¢, HOMO of a (6,5)-SWCNT-CFs. Inset
shows the HOMO for -CF; functionalization on a cut perpendicular to
the tube. The orbital is plotted at its iso-surface equal to 0.003. d,

Positive (green) and negative (red) charges.
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LUMO+1
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HOMO-1 (6,5)>CF, LUMO+1
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Figure 2-28. The HOMO and LUMO of pristine-SWCNTs and (6,5)-
SWCNTs with >CHy, -CH3, >CF,, and -CF.
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2.4. Conclusions

In this chapter, we show that it is possible to create a new series of quantum
systems chemically from semiconducting SWCNTSs of the same chirality through
molecular engineering of covalently attached functional groups. This new class of
synthetic quantum systems shows molecular-specific optical and electronic
properties that are distinctly different from existing nanostructures. Molecularly
tunable fluorescent quantum defects thus add an entirely new dimension to the
development of carbon nanomaterials with specific optical and chemical properties.
Given the rich molecular moieties and recent experimental advances in synthesis
and sorting of single-chirality SWCNTs>® 84 one may anticipate that a large variety
of near-infrared quantum emitters can now be rationally designed and chemically

created for applications from in vivo bioimaging and sensing.
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Chapter 3 . Optical Probing of Local pH and Temperature
in Complex Fluid through Semiconducting Carbon
Nanotubes

Adapted from H. Kwon", M. Kim”, B. Meany, Y. Piao, L. R. Powell, and Y. H. Wang,
Journal of Physical Chemistry C, 119, 3933.(2015)

*H.K., M.K. contributed equally to this work. Y.H.W., H.K., and M.K. conceived
and designed the experiments. H.K., M.K., Y.P., and L.P. performed pH and
temperature experiment and B.M. performed gel chromatography sorting
experiment experiments. Y.H.W., H.K., and M.K. wrote the manuscript with inputs
from all co-authors.

3.1. Introduction

The concentration of protons in an aqueous solution, measured as pH, and
the temperature are critical thermodynamic variables that impact processes ranging
from material synthesis to cellular dynamics or tumor cells.®>%" However, it is
challenging to quantify these parameters in complex systems such as nanoscale
reaction mixtures and complex fluid, especially when high sensitivity, selectivity,
and spatial resolution (sub-micrometers) are simultaneously required for remote
measurement.®8-% For instance, several approaches have been proposed to detect
proton concentration or temperature response; among which photoluminescence
(PL) of organic dyes and synthetic nanoparticles have emerged as promising
solutions to in vivo measurement and imaging.®>® One issue limiting the
applications of these optical sensors is the small biological penetration depth of
their visible and first near-infrared window (NIR-I, 0.75-0.9um) PL. Moreover,

when optical sensors based on PL intensity, energy shifts, and emission lifetime
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and anisotropy are compared to an external standard, it is difficult to resolve the
complex chemical environment of biological systems with high fidelity.

Over a decade, semiconducting single-walled carbon nanotubes (SWCNTS)
have attracted considerable research interest in developing innovative biomedical
imaging capabilities) owing to their remarkable photostability, NIR-1I emission
(which penetrates deeply in biological tissues with minimal autoscattering), and
availability of a rich library of structures known as (n, m) chiralities.’® However,
the chemical selectivity of unfunctionalized nanotubes is generally poor,®® % which
makes it difficult to differentiate specific chemicals such as H* in the complex

chemical environment of biological systems.

Figure 3-1. Sketch of optical probing of pH through defect

photoluminescence in a SWCNT.
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In Chapter 3, the first pH and temperature bi-functional optical nanoprobe
based on a new sensing mechanism will be discussed. It is enabled by infrared
defect PL of covalently functionalized semiconducting SWCNTs (f-SWCNTYs)
(Fig. 3-1). Covalently attaching an aminoaryl functional group to a SWCNT
introduces an sp® defect in the sp? carbon lattice, creating an optically allowed
defect state from which arises the defect PL (E11°), with a substantial red-shift from
the original E11. Protonation of the amine substituent substantially modifies the
energy level of the sp® defect state, resulting in an even further red-shifted Eqi”
emission. Therefore, this chemical event can be precisely reported as an energy
shift in the defect PL, relative to a built-in reference, E11, whose position stays
unchanged with pH (< 2 nm). When the nanotube is optically excited, the mobile
excitons can become trapped efficiently at the proton-selective sp® defect center
and are recombined locally such that the nanotube acts as a light-harvesting antenna
that amplifies the chemical information encoded by the defect PL. While our
experiments and others consistently suggest that E11~ PL occurs from the same
defect site, this speculation has yet to be experimentally confirmed and warrants
further work that may be enabled by single molecule and near-field imaging
capabilities. Furthermore, the solution temperature can be simultaneously measured
from the E11/E11” intensity ratio because in the same chemical environment the
relative population of Ei1 and Ei:r” excitons is determined solely by the local
temperature and closely follows the van’t Hoff equation.

The proposed bi-functional nanoprobe is made possible by an unexpected

finding from our team that controlled functionalization of SWCNTs with aryl
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functional groups creates a new, ultra-bright defect PL in the NIR-II. Defect PL is
also observed in oxygen doped SWCNTs?® and with alkyl functional groups,®*?°
although in the latter two cases, the PL is not as bright due to distinctly different
mechanisms. Notably, the photoluminescence of f-SWCNTSs responds sensitively
to specific chemicals and biomolecules, in stark contrast with unfunctionalized
SWCNTs. Our finding opens the possibility of covalent engineering of SWCNTSs

for optical biosensing applications.

3.2. Experimental methods

3.2.1. Creation of sp® defect sites on SWCNTs with diazonium chemistry

Aryl diazonium salts were freshly synthesized from anilines (Sigma
Aldrich) following a modified literature method®® except 4-diazo-N,N-
diethylaniline tetrafluoroborate, which was used as received from MP Biomedicals.
The diazonium salts were dissolved and diluted in 1 wt.% SDS/D0 to give 107 to
10% M solutions, which were then reacted with the SWCNTs solutions. The
reaction mixture was stirred at room temperature and protected from light by
covering the reaction vial with aluminum foil. Reaction evolution was monitored
in situ by UV-Vis-NIR absorption spectroscopy using a Lambda 1050 UV-Vis-NIR
spectrophotometer (Perkin Elmer) and by photoluminescence spectroscopy with a
NanoLog spectrofluorometer (Horiba Jobin Yvon). The spectrofluorometer was
equipped with a 450 W Xenon arc lamp and a liquid-N2 cooled InGaAs array

detector. The slit widths for excitation and emission were 10 nm and 20 nm,
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respectively. The reactions completed after 10 days or when stable Ei1

photoluminescence was established.

3.2.2. pH-dependent defect photoluminescence

The solution pH was adjusted by adding small aliquots of 0.02 M HCI and
NaOH solutions (Sigma Aldrich) and was determined by pH meter (AccumetTM
AB15+ Basic and BioBasic pH meters and Accumet TM pH/ATC electrodes,
Fisher Scientific). The pH-sensitive PL was obtained when the integrated area of

E11” was greater than that of E1s.

3.2.3. Temperature-dependent defect photoluminescence

The functionalized-SWCNT solution was heated from 15 °C to 85 °C using
a circulating water bath, and the photoluminescence was obtained in increments of
5 °C. The solution temperature was measured with the Surface Temperature Sensor
and LabQuest 2 (Vernier). The PL peaks of E11 and E11” were fitted with Voigt line
shapes using Peakfit v4.12 (SeaSolve), and then the integrated peak areas were
plotted as a function of temperature. To avoid peak fitting artifacts, we compared
different peak fitting parameters and confirm the robustness of fitting which
resulted in the same relative potential well depth between the fully protonated (pH

3.77) and the fully de-pronated states (pH 9.01).
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3.2.4. Defect photoluminescence as a pH sensor in biological medium

For the biological medium test, 0.3 mL of N,N-diethylaminoaryl f-SWCNTs
in 1 wt.% SDS-D-0 (optical density ~0.1 at E11, [C, CNT Carbon]/[Dz, Diazonium]
= 1:100) was added to 1.2 mL of 10% v/v fetal bovine serum (Sigma-Aldrich) and
DMEM media (Invitrogen) with 150 mM sodium chloride salt (EMP chemicals,
ACS grade). To determine the influence of salts, 0.2 mL of -SWCNTSs in 1 wt.%
SDS-D>0 was added to 1.3 mL sodium chloride solutions of 50, 100, 150, and 300
mM. The emission spectra of the samples were taken at 565 nm excitation with

adjusted integration time.

3.3. Results and discussion

3.3.1. The results of pH-sensitive defect photoluminescence

N,N-diethyl-4-aminobenzene functional groups are covalently attached to
the sidewalls of (6,5)-SWCNTSs via diazonium chemistry to create discrete, pH and
temperature-sensitive defect centers (Fig. 3-2). The surface density of the
functional groups is kept low, approximately one every 20-100 nm, in order to
maintain the E11 PL as an inherent reference while introducing the defect PL (E11)
as a probe. The functional density was confirmed by correlated PL, UV-Vis-NIR
absorption, Raman scattering and X-ray Photoelectron Spectroscopy?®. The
functionalized nanotubes, (6,5)-SWCNT-CsH4N(CH2CHz)2, showed two distinct,

near-infrared emission peaks at pH 7.40, including E11 emission at 979 nm as well
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as E11” emission at 1120 nm. The Ei1 peak position is independent of pH and

therefore can be used as an internal reference.

<8}
o

800 800

f-SWCNT's [r—)
N 100
T € N 200
g S 400
< < 500
g g 600
w w . 700
400 400
900 1200 1500 900 1200 1500
Emission (nm) Emission (nm)
c d
1000 0.16
Ell Ell-
800 En
0.12 1
P ]
£ 600 &
3 ¥ 0.08
£ 400 3
i g E22
200 0.04 1
0
. . . 0.00 = . . :
1000 1200 1400 300 600 900 1200
Emission (nm) Wavelength (nm)

Figure 3-2. Defect photoluminescence arises from sp3 defects.
Excitation-emission PL maps of a, pristine and b, N,N-
diethylaminobenzene functionalized (6,5)-SWCNTs. ¢, Emission
spectra at 565 nm excitation of pristine (6,5)-SWCNTs (black) and (6,5)-
SWCNT-C¢HsN(CH>CHzs)> when the Ei1/Eirintensity ratio is 1:1 (blue)
and 1:2 (red), respectively. The functionalized SWCNTs show 1.3 - 2.4-
fold enhancement of the PL. d, UV-Vis-NIR absorption spectra of
pristine (black) and (6,5)-SWCNT-CsHsN(CH2CHs), with an Eu1/Eir
intensity ratio of 1:2 (red).
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Figure 3-3. Schematic illustration of NIR-II pH sensor based on carbon

nanotube antenna-amplified defect photoluminescence. Protonation of
an aminobenzene functional group covalently attached on a (6,5)-
SWCNT modifies the energy level of the sp? defect state from which a
new photoluminescence arises. The nanotube acts as an optical antenna
that efficiently harvests light and channels the generated excitons to the
defect site, where the excitons recombine to produce near-infrared
photoluminescence encoding the chemical information at the

functional groups (red arrow).
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Figure 3-4. Defect photoluminescence of (6,5)-SWCNT-
CsHaN(CH2CHs): is strongly dependent on pH. a, The Ei1- emission of
the N,N-diethyl-4-aminobenzene functionalized (6,5)-SWCNTs
redshifts from 1117 nm to 1136 nm, as the pH changes from 9.02 to 3.97.
The E11 and Ei1- emission curves (solid lines) are fitted and plotted on

top of the original data (dotted lines). The difference is due to (6,4)-
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impurity in the solution, marked with an asterisk (*). b, The Eir-
emission responds sensitively to the pH change whereas E11 remains
unchanged. ¢, The first derivative of the relative PL energy shift of E1

and Ei1- as a function of pH determines the pK. for the nanoprobe.

On the contrary, defect PL of (6,5)-SWCNT-CsHsN(CH2CHs),
demonstrates a strong pH-dependence that closely traces the reproducible titration
curve of the aminobenzene group (Fig 3-3 and Fig 3-4). Within the pH window
from 4.5 to 8.5, E11” responds to pH change by shifting the PL peak position,
creating a working window spanning 4 pH units. In particular, this working window
completely covers the physiologic pH range for biological fluids (pH 5.5 to 8.0).
The defect PL is resolvable to changes of 0.2 pH units within pH 5.5 to 8.0 and 0.3
pH units across pH 4.0 to 8.0. This sensitivity is among the highest reported for
nanoprobes. Above pH 8.5 (or below pH 4.5), the emission vs pH curve plateaus
as expected for a fully de-protonated (or protonated) state. Taking the first-order
derivative (Fig. 3-4c), the pKa of the covalently attached aminobenzene group was
determined to be 6.28. This value is in good agreement with the pKa of N,N-
dimethylammonium benzene (pKa = 5.2); the slightly basic nature of the nanoprobe
can be attributed to the influence of the electron-rich SWCNTSs. The positive
correlation strongly suggests that the observed pH dependence originates from the
covalently attached aminoaryl functional groups on carbon nanotubes.

The pH-dependent response of the defect PL is correlated with the
equilibrium between the protonated and deprotonated forms of the amine

substituents:
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[CNT-BH'] 2 [CNT-B] + [H'] eq (1)
where [CNT-BH'] and [CNT-B] are the concentration of CNT-anchored
CsHaN"(CH2CHa)2H, CsHaN(CH2CHa)2, respectively. From the Henderson-

Hasselbalch equation,

eq (2)

pH = pKa + log (1)

[CNT-BH*]
and the fact that the concentration is directly proportional to the fluorescence

intensity in the dilute limit, the pH is determined as

pH = 6.28 + C * log (i’“ﬁ) eq (3)

E117,A
where Ig14- 5 and Ig;5- o are the integrated area of defect PL from amine and
ammonium functional groups, respectively; and C is a correction factor, which is
experimentally determined as 2.04+0.03 for (6,5)-SWCNT-CsHsN(CH2CHs)2 (Fig.
3-5). The correction factor arises from the difference in quantum yields between the
protonated and deprotonated states of the defect photoluminescence. This factor
may be dependent on the nanotube chirality, as suggested by the chirality-
dependent defect photoluminescence. Although we do not have the data points to
quantitatively define “C” for each chirality other than (6,5)-SWCNTS, this may be
an interesting question for follow-up experiments as pure samples become available

for other chiralities.
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Figure 3-5. Defect PL of (6,5)-SWCNT-CsHsN(CH2CHs)» at different pH
is a convolution of two states: protonated state (red) and deprotonated
state (blue). The solid lines are fitted peaks and the dotted lines are the

original data.

Control experiments with a series of para-substituted aryl functional groups
confirm that only amine moieties show pronounced photoluminescence pH effects
(Table 3-1). Identical pH-dependences are observed in both N,N-dimethylamino-
and N,N-diethylaminobenzene functionalized SWCNTs. In contrast, other
terminating moieties such as methoxy, bromo, and nitro, did not show pH-
responsive E11 or E11” emission. This observation can be related to the electronic
resonance and inductive effects of a substituent on the benzene ring, which is

referred to as the Hammett constant (op). For the aryl group, the protonation of
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amine to ammonium transitions the Hammett constant from -0.66 to +0.82%. This
significant change in electronic withdrawing capability lowers the energy level of
the lowest unoccupied molecular orbital (LUMO) resulting in a further redshifted
defect emission peak. In addition, a linear relationship between the energy shift (E1:
- E11) and the Hammett constant is consistent with our previous work?. In the case
of SWCNT-CsH4COOH, no significant pH dependence was observed, which is
understood by the much smaller Hammett constant difference of 0.43 between the
protonated and de-protonated forms of carboxylic acid compared to ~1.50 in the

case of the aminoaryl group.

Table 3-1. Defect photoluminescence of (6,5)-SWCNTs with various
functional groups -ArX at different pH. The pH dependence is

observed only in the aminobenzene functionalized (6,5)-SWCNTs.

(6.5)-ArX = Eyy (nm) E,," shift
(nm) pH 9.0 pH 4.0 (meV)

Pristine 971 - - -
-N(CH,CHy), 975 1116 1134 18
-N(CHa), 975 1116 1134 18
-OCH, 973 1116 1116 0
-COOH 976 1124 1124 0
-Br 973 1125 1125 0
-NO, 973 1137 1137 0
-3,5-NO, 973 1145 1145 0

The pH-responsive defect PL features a strong dependence on the chiral

structure of SWCNTs (Fig. 3-6, 3-7 and Table 3-2). The optical response to pH
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change (between pH 4.0 and pH 9.0) ranges from 18 to 33 meV for five different

SWCNT chiralities with N,N-diethylaminobenzene functional groups. In both

acidic and basic conditions, the defect PL shift shows a 1/d? dependence on the

nanotube diameter d. In general, the smaller the diameter, the larger the pH

response. Among the investigated species, the aminobenzene functionalized (8,3)-

SWCNT has the highest energy shift (33 meV). This diameter dependence is

evidence for the dark exciton brightening mechanism, which leads to the enhanced,

red-shifted E11~ photoluminescence.
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Figure 3-6. Chirality dependent pH response of N,N-
diethylaminobenzene functionalized SWCNTs. a, The energy shifts
between pH 9.0 and pH 4.0 (AE) vary from 18 to 33 meV depending on
the nanotube chirality. Defect photoluminescence of b, (6,5)/(6,4)-
SWCNT-CeHsN(CH2CHs)2and ¢, (8,3) / (8,4)-SWCNT-CsHsN(CH2CH)o.
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Table 3-2. Chirality-dependent pH response of SWCNT-
CsHiN(CH2CHs)2.

pH 9.0 pH 4.0

chirality d AE,

(n,m) (nm) Ex B Ei-En En =T By -En (meV)
(nm) (nm) (eV) (nm) (nm) (eV)

(6,4) 0.683 874 1045 -0.2321 874 1065 -0.2544 22
(6,5) 0.747 975 1117 -0.1620 975 1136 -0.1800 18
(8,3) 0.772 941 1108 -0.1986 941 1142 -0.2319 33
(8,4) 0.829 1107 1233 -0.1144 1107 1258 -0.1344 20
(7,6) 0.883 1126 1229 -0.0923 1124 1249 -0.1104 18

- (8,4)
> 100 > 200 e \
2 D ] &} | 590 nm
5 & 100 - |
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Figure 3-7. Chirality dependent pH response of N,N-

diethylaminobenzene functionalized SWCNTs at Ex excitation.
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3.3.2. Temperature-sensitive defect photoluminescence

Independent of pH-responsive energy shifts, the intensity of the defect PL
exhibits a strong dependence on temperature (Fig. 3-8). Within a broad temperature
range including the biological environment from 25 to 45 °C, the intensities of E11°
and Eqz are ruled by the statistically determined Boltzmann factor. Due to the finite
well depth of the defect state, a trapped exciton can escape with the aid of thermal
energy, ksT, resulting in redistribution of the E11~ and E11 exciton populations (Fig.
3-8b). The PL intensity ratio of E11~ and Ea: correlates directly with temperature as

described by the van’t Hoff equation:

In (IEi) =——=+C eq (4)

IE11-

where Ig;; and Ig;4- are the integrated PL intensities of the original and defect
exciton emissions, respectively; AE' is the potential well depth of the defect state;
ks is the Boltzmann constant; T is temperature; and C’ is a constant.

By monitoring the photoluminescence of (6,5)-SWCNT-CsHsN(CH2CHz)2
under constant pH while increasing temperature from 15 to 85 °C, we observed the
temperature-responsive PL (Fig. 3-8c). We note that a different temperature
calibration is required for each pH because the acid-base equilibrium of the amino
moiety is temperature dependent. Although the original exciton PL (E11) from
pristine SWCNTSs can be responsive to temperature®’, it is also susceptible to other
environmental fluctuations. In contrast, the NIR E11/E11 intensity ratio provides a
reliable measurement of local temperature because both the probe (Ei:) and
internal reference (E11) are maintained in the same chemical environment. It is a

note that the temperature dependence of defect photoluminescence has been
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previously reported by Ghosh et al.®* However, to the best of our knowledge, this

is the first report of an optical nanothermometer based on this phenomenon.
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Figure 3-8. Temperature-dependent defect photoluminescence of (6,5)-
SWCNT-CeHsN(CH2CHzs)2. a, Evolution of Ein and Eir- PL from
protonated (6,5)-SWCNT-CeHuN(CH2CH3)2  with  increasing
temperature at pH 3.77. b, Schematic illustration of thermal promotion
of an exciton from the defect state (Ei1) to the higher Ei state. The
relative exciton population is correlated with the relative energy of the
defect states. ¢, The van’t Hoff plots (the E11/Eur- integrated intensity
ratios as a function of temperature) at pH 3.77 (red) and pH 9.01 (blue).

The slope of linear regression is used to determine the relative Eir-
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energy between the protonated and de-protonated states of the
aminobenzene substituents. d, Simplified energy diagram of (6,5)-
SWCNT-CeHsN(CH2CHs)2 at pH 3.77 and pH 9.01.

Furthermore, from the evolving intensity ratio of E11/E11” over temperature,
we have constructed the van’t Hoff plots (Fig. 3-8d) to extract the potential well
depth (AE') of the defect state, as described previously by Ghosh et al.®® This well
depth is directly related to the energy difference between the LUMOs of E1; and
E11". From the van’t Hoff plots of aminoaryl (6,5)-SWCNTSs, we derived a well
depth of 103 meV for the de-protonated form and 130 meV for the protonated form.
The difference, 27 meV, is 9 meV larger than the corresponding PL emission shift.
This difference may be attributed to an asymmetric effect of protonation on the
energy levels of LUMO and HOMO, as illustrated in Fig. 3-8d. Importantly, the
ammonium groups (HR2N"), with a Hammett constant of ~ +0.82, have a deep
potential well of 130 meV, which is comparable to our experiments with nitro
groups (op ~0.778, AE’ = 138 meV). This result confirms that the pH dependence
arises from energy modulation of the defect state through changes in the local

environment of covalently attached aminoaryl groups.

3.3.3. Properties of defect photoluminescence toward biological applications

To illustrate the practical prospect of the observed phenomenon as optical
pH sensors, we measured the pH of 10% v/v fetal bovine serum in Dulbecco's

Modified Eagle's medium using N,N-diethylaminobenzene-(6,5)-SWCNTSs (Fig. 3-
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9). We found that the optically measured pH values are in good agreement with
readings from a pH meter. Previous works by Dai et al.%, Strano et al.*® and
others!® suggest that SDS can be replaced with a bio-friendly molecule such as
phospholipid-polyethylene glycol (PL-PEG) and Pluronic F68 (PF68)
Conveniently, this defect PL probe can be excited by both visible (though E2»
excitation) or the near-IR (through E1: excitation), as we have shown previously,®*

to yield E11” PL in NIR-II that reduces auto-fluorescence and photo damage.
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Figure 3-9. pH measurement in biological media through defect
photoluminescence. a, The relative PL energy shift of Ei; and Ei- as a
function of pH. b, The pH of 10% v/v fetal bovine serum in DMEM is
measured optically with (6,5)-SWCNT-CeHsN(CH2CHs),. The PL shift
between pH 3.7 (blue) and 9.0 (red) in the biological media is identical
to that obtained from aqueous solutions. The excitation wavelength is

565 nm.

Importantly, our bi-functional nanosensor measures pH by the energy
difference between the probe (E11") and an internal reference (E11) (Fig. 3-10). This
sensing mechanism is distinctly different from all previous nanotube-based optical

sensors, which is based on photoluminescence quenching of E11. From a previous
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Figure 3-10. The PL intensity of (6,5)-SWCNT-C¢HsN(CH2CHs). as a
function of pH. All emission spectra were taken at 565 nm under
identical spectral conditions. Integrated area is the sum of both Ei; and
Eir. The full width at half maximum barely changed across the pH 3-9
range, with a FWHM of 40.6 + 3 nm for Ey; and 82.9 + 3 nm for Eir,,

respectively.

work by Strano et al.,'®* the Ei1 absorption and photoluminescence becomes
diminishing at low pH. We note that in the case of aminoaryl-SWCNTSs, the PL
intensity dropped by 33% when the pH decreased from 9.02 to 4.93, as shown in
Fig. 3-10. However, the PL intensity is adequately strong for the proposed sensing
applications and can even more stable over a wide pH range by replacing SDS with
other surfactants as suggested by Duque et al.!%* The photoluminescence intensity
of E11 can also be influenced by the surrounding environment such as salts and
surfactants'®>1%, Salts can modify surfactant wrapping resulting in change in Exs
PL intensity, as previously reported by Ziegler et a.I'%. and Doorn et al.1** The PL
intensity of E11 tends to decrease at high salt concentrations (> 450 mM). However,

this salt influence becomes intrinsically irrelevant here, again, because the pH is
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measured from the energy difference between Ei1 and Ei17, not the intensity. The
photoluminescence intensity becomes a concern only when the signal is too weak.
For aminoaryl-(6,5), only when the salt concentration exceeds 300 mM, the drop in
PL intensity becomes more substantial (by 55% at pH 5.5 and ~67% at pH 9.0).
However, even under the salt level of serum (135 - 145 mEqg/L), the pH-dependent
energy shift from the fluorescent nanoprobe agrees well with the pH meter (Fig. 3-

11).
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Figure 3-11. Salt effects on pH response of defect photoluminescence
with (6,5)-SWCNT-CsHiN(CH2CHz)2. All emission spectra were taken

at 565 nm under identical spectral conditions.
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3.4. Conclusions

In Chapter 3, we show that protonation of covalently attached aminoaryl
groups on semiconducting carbon nanotubes can be probed by pH-dependent defect
photoluminescence. Switching between the protonated and de-protonated states of
the amino moiety significantly modifies the defect state of the covalently
functionalized SWCNTSs, producing energy shifts as large as 33 meV. This novel
defect sensor responds sensitively and selectively to pH changes as small as 0.2 pH
units over a wide working window (pH 4.5 to 8.5) that fully covers the pH range of
typical biological fluids. Compared to ultra-pH-sensitive nanoparticles, which are
based on pH-responsive self-assembly of fluorescent and quenching building
blocks, our nanoprobe does not require a library of nanoparticles to cover the
biologically relevant range of pH, which may be advantageous for high resolution
imaging. Our experiments further uncover a strong temperature dependence of the
defect photoluminescence that correlates the relative E11/E11 population with
temperature by the van’t Hoff equation as a tool for optical probing. Based on these
findings, the first bi-functional optical nanoprobe is proposed to offer simultaneous
pH and temperature sensing capabilities with a built-in reference. Featuring a
unique combination of high photostablility, high sensitivity, high selectivity, wide
working window, nanoscale size, and inherently low background of NIR-II
photoluminescence, this novel nanoprobe may find applications in chemical
imaging, biosensing and chemo-photothermal therapy at the cellular and even

molecular levels.
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Chapter 4. Brightening of Carbon Nanotube Trion
through Fluorescent Quantum Defects

4.1. Introduction

Trions play a critical role in semiconducting materials not only in
understanding of their optical and electronical properties including dark exciton
states and many-body correlations, but also for future nanoscale optoelectronic
applications such as solar cells and single photon emitting sources® 3°-°0:51 A trion
is composed of two electrons and a hole (e-h-e) or two holes and an electron (h-e-
h), which is conceptually analogous to the hydrogen ions (H™ and Hz*). The concept
of trion was theoretically suggested by Lampert in 1958*2, but had not been
experimentally identified for several decades due to the negligible binding energies
of the three particles in bulk materials. With the development of nanomaterials
including quantum wells (QW), and quantum dots (QD), trions have been
experimentally observed under sufficiently low temperatures (4 - 5 K), high
magnetic fields (40 -500 mT) and high excitation densities (~ 20 mW/cm?)*3 53, 107,
108.

In the case of semiconducting single-walled carbon nanotubes (SWCNTS),
the significantly enhanced exciton binding energies in quasi one-dimensional (1D)
structure makes trions detectable at room temperature**4®. Carbon nanotube trions
are generated by hole doping, high power laser excitation, or under electrically
activated conditions*4-46:57.109. 110 A yariety of spectroscopic techniques have been

used to identify trions including photoluminescence (PL), electroluminescence
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(EL), transient absorption (TA), and time-resolved PL spectroscopy. Unfortunately,
the trion PL is far weaker than that of nanotube excitons. Interestingly, Brozena et
al. has previously reported an efficient method for formation of defect-bounded
trions in SWCNTs®’. Observed trion PL is as bright as the native E1; emission
because the trion is bound by alkyl defects. However, the Billups-Birch reduction
that is used for the defect introduction occurs in liquid ammonia at -78 °C, which
hampers in situ monitoring of PL evolution, and the PL quantum yield of these
trions remains low.

Here, we report defect-induced trion PL brightening in semiconducting
SWCNTs that are chemically tailored with a series of molecularly tunable
fluorescent alkyl quantum defects. Our novel alkylation chemistry occurs in
aqueous solution, making it possible to monitor in situ the evolution of trion
photoluminescence. The trion PL is ultra-bright even at room temperature,
affording a collective quantum yield 18-fold higher than the native exciton PL from
unfunctionalized SWCNTSs. The fluorescent quantum defects in (6,5)-SWCNTSs-
CeHa3 produce two new redshifted peaks at 135 meV and 258 meV from the parent
nanotube PL (Ei1). The first peak originates from defect bound excitonic states
(E11), as previously reported by our team (see Chapter 2) and the second peak is
identified as PL from a defect-bound trion (Et). The defect-bound trions exhibit 24
meV tunability in the second near-infrared window and the band depends linearly
on defect density. Furthermore, the Et PL shows a weaker temperature dependence

when compared to E117, suggesting the localized nature of defect-bound trions. This
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study marks a significant step in the creation and photophysics of defect-bound

trions.

4.2. Experimental methods

4.2.1. Preparation of SWCNT solutions for trion photoluminescence

HiPco SWCNTs (Rice University, batch # 194.3) were stabilized by 1 wt.%
sodium dodecyl sulfate (Sigma Aldrich, >98.5 %) in D>O (Cambridge Isotope
Laboratories, Inc., 99.8%) by tip ultrasonication (Misonix) at 35 W, 10 °C in a
stainless steel beaker for 2 hours, followed by ultracentrifugation with an Optima
LE-80K Ultracentrifuge (Beckman Coulter) at 170,499¢ for 4 hours. The top three
fourths of the supernatant was carefully transferred and used for subsquent
reactions. Chirality-enriched SWCNT samples were prepared by gel
chromatography using Sephacryl™ S-200 high resolution chromatography resin
(GE Healthcare)®. The concentration of chirality-enriched solutions was calculated
based on the extinction coefficient previously determined by Zheng et al.”.

In general, sodium bicarbonate (EMP chemicals, ACS grade, 4 mol. eq. to
SWCNT carbon atoms), acetonitrile (TCL, 99.8%, 0.1 mol. eq.) and various
alkyl/aryl halides (Sigma Aldrich, 4 mol. eq.) were added sequentially to each
SWCNT solution, which was kept in a capped glass vial covered by aluminum foil
to avoid light. Acetonitrile was used as a co-solvent for alkyl halide. Sodium
dithionite (Sigma Aldrich, 85%, 4 mol. eq.) was then added to the mixture and

stirred with a magnetic stirring rod at room temperature. To increase the degree of
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functionalization, the amounts of reagents were increased proportionally to the

concentration of SWCNTSs.

4.2.2. Optical probing of pH- and temperature-response in trion PL

To monitor the temperature response of trions, the functionalized-SWCNT
solution was heated from 15 °C to 85 °C using a circulating water bath while the
photoluminescence spectra were obtained at 5 °C increments. The solution
temperature was measured with the Surface Temperature Sensor and LabQuest 2
software (Vernier). The PL peaks of E11 and E11™ were fit with Voigt line shapes
using Peakfit v4.12 (SeaSolve) software, and then the integrated peak areas were
plotted as a function of temperature.

The solution pH was adjusted by adding small aliquots of 0.02 M HCI or
NaHCOs solutions (Sigma Aldrich) in the range from 3.0 to 8.5. The pH was
determined using a pH meter (Accumet™ AB15+ Basic and BioBasic pH meters

and Accumet™ pH/ATC electrodes, Fisher Scientific).

4.2.3. Calculation of defect photoluminescence brightening

The relative PL quantum yield of Ei1 was calculated using the following

equations:
0 _ leyy AbSEZZ
CNT,Ell- —
ey AbS*EZZ
| e AbSEZZ
CDCNT,ET =

ley Abs™g,,
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Dcnr: relative quantum yield of SWCNTSs in 1 wt.% SDS/D>0 solution

| e11-: integrated emission intensity of f-SWCNT solution after reaction for E11".
| e: integrated emission intensity of -SWCNT solution after reaction for Er.

| 11: integrated emission intensity of pristine SWCNT solution.

Abs* g25: absorbance of f-SWCNT solution at the excitation wavelength.

Abs e2,: absorbance of pristine SWCNT solution at the excitation wavelength.

Absorption and photoluminescence were fitted with VVoigt functions using PeakFit
software v4.12. No baseline correction was applied during the fitting for PL while

a linear background correction was used for the E2, absorption.

4.3. Results and discussion

4.3.1. Trion photoluminescence through alkyl defects

Individual (6,5)-SWCNTSs stabilized in D20 by 1 wt.% sodium dodecyl
sulfate were functionalized with hexyl iodide (CsH13l) in the presence of sodium
dithionite (Na2S204), sodium bicarbonate (NaHCO3), and acetonitrile (CH3CN)
(Fig. 4-1), as described in Chapter 2. The hexyl group-attached SWCNTSs create a
new defect PL (E11") at 1095 nm, redshifted by 135 meV from the original excitonic
transition (E11, 980 nm). In addition, a new redshifted peak (Et) appears at 1226
nm (redshifted by 258 meV). Surprisingly, E11 PL is 8-fold brighter than E11, while

Er is 10-fold brighter.
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PL Intensity o

Figure 4-1. Defect-bound trions developed by the new alkylation
method. The 3D PL maps of a, pristine (6,5)-SWCNTs and b, the hexyl
functionalized (6,5)-SWCNTs. The new PL features at 1095 nm and
1225 nm are assigned to E1- and Er, respectively. The defect PL shows
a collective quantum yield 18-fold higher than that of the un-
functionalized SWCNTs.

In the absence of defects, a carbon nanotube exciton can diffuse along the
tubular axis until recombination as shown in Fig. 4-2a. The extremely low quantum
yield (QY, 0.1 — 7 %)?® of SWCNTs is closely related to low lying dark states. In
stark contrast to trions in pristine SWCNTSs, our aqueous alkyl-functionalized
SWCNTSs show the surprisingly bright PL from both Ei1” and trion PL (E7). It is
hypothesized that trapping of an exciton and an electron to the same defect site to
produce a trion (Fig. 4-2b). The large redshift of trion PL suggests the energy level

of the defect-bound trion is located below the dark excitons.
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Figure 4-2. Schematic energy diagram of exciton and trions in a
semiconducting SWCNT. a, An exciton diffuses along a
unfunctionalized SWCNT followed by non-radiative (dark) and
radiative (E11) or trion (Er) pathway. b, In a functionalized SWCNT, the
sp3 defect centers act as an exciton trap to harvest dark excitons

resulting in brightening of both E11- and Er.

The evolution of PL features E11, E11” and Et are monitored in situ upon

excitation of (6,5)-SWCNTs at E>>. A hexyl functional group is chosen as a
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fluorescent quantum defect because it has the brightest E+ emission among all other
functional groups measured in this study. In Fig. 4-3, we illustrate the effect of
incorporated defects by changing the molar ratio of carbon to hexyl iodide,
([C]:[RX]) from 0.06 to 4.00 while all the other reagents are kept identical. The E11
emission peak decreased with increasing defect density. For the E11, it is enhanced
and maximized when the molar ratio of reactants, [C]:[RX] is 1:0.1. More
importantly, the relative intensity of Et steadily increased with the defect density
(Fig. 4-3d and 4-4e).

We further evaluate the dependence of defect density with correlated PL,
UV-Vis-NIR absorption, and Raman spectra (Fig. 4-4). The decrease in Eu
absorption is correlated with increased Raman D mode at 1305 cm™, which
consistently supports the covalent attachment of hexyl groups (Fig. 4-4c and 4-4d).
Notably, the relative intensity of trion PL (scaled by E11 PL intensity) exponentially

increases with the Raman D/G ratio (Fig. 4-5).
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Figure 4-3. Evolution of defect PL monitored with in situ

photoluminescence spectroscopy. a, The PL intensity of Ei1, Eii- and Er

as a function of reaction time. The emission spectra of (6,5)-SWCNT are

obtained with 565 nm single excitation. The intensity of trion

photoluminescence increases with the relative RX concentration while
the intensity of Ei1- PL reached the maxima at [C]:[CsHisl] = 1:0.10. b,

The Ei1, Eir- and Er emission wavelength as a function of reaction time.

¢, The emission spectra when excited at 565 nm and d, 3D PL maps after
2 hours. The concentration of [C]:[C¢Hasl] is 0.06, 0.07, 0.10, 0.70, and
4.00 from left to right.
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Figure 4-4. Covalent functionalization of (6,5)-SWCNTs-CsHis produce

controlled defect photoluminescence. a, 565 nm emission spectra, b, 3D

excitation-emission contour maps ¢, UV-Vis-NIR absorption spectra,

and d, Raman spectra at 532 nm excitation laser of (6,5)-enriched

SWCNTs functionalized with CsHjsl at different concentrations, where
[C]:[RX]is 1, 2,4,12, 24, and 48.

We note that brightening of defect photoluminescence does not originate from

a reducing agent (sodium dithionite) itself. As reported by Lee et al.®!, a reducing

agent can increase the E11 PL quantum yield of unfunctionalized carbon nanotubes.

However, this brightening effect is transient (a few minutes) and more importantly

it does not create new defect PL features as observed in our fluorescent quantum

defect systems (see Fig. 2-3 in Chapter 2).
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Figure 4-5. Trion formation in (6,5)-SWCNT-CsHis strongly depends on
defect density. a, Raman Ip/Ic ratio as a function of molar ratio of
[RX]/[C]. As the concentration of reagents increase, the D mode in
Raman is enhanced for both 2.33 eV and 1.96 eV excitation laser. b,

Relative PL intensity over Raman Ip/Ic ratio.

The trion PL shows a strong dependence on nanotube diameter, which is
indicative of a correlation with dark excitons (Fig. 4-6 and Table 4-1). The defect
PL peaks including E1:” and Et follows similar trends of diameter-dependence with
respect to dark excitons in pristine SWCNTSs predicted by Louie et al’® (Fig. 4-6a).
Moreover, the (2n + m) family pattern shown in Fig. 4-6b matches those of free
trions in unfunctionalized SWCNTSs, although their emission energies are 23-100
meV smaller than our defect bound trions. The trion energy shifts as a function of
nanotube diameter. Particularly, (6,4)-SWCNTs-Ce¢H13 features an energy shift of
321 meV, which is the largest ever reported’®. The diameter dependence follows
that AE" = A * 1/d + B * 1/d?, where AE'=E11-Er, A is related to the trion binding

energy, and B is related to the exciton exchange term. In general, the exchange
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energy (B) can be regarded as the energy separation between triplet exciton states
and singlet states and is typically in the range of 48-70 meV. However, for our
trions, B is 170 meV nm? much larger than those from unfunctionalized
SWCNTSs*?4, This is understood as a result of large splitting between bright singlet
and defect states, and thus larger energy shifts for both defect-bound excitons (E11”

) and trions (ET).

a b
350
Ell
0 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 0
300 -
S < —
[T | R > S
é 100 100 g g 250 -
= o et
Ll m w
"', =200 A 200 ' = 200 A
ur L i
150 -
-300 { -300
. : , : 100 . . - -
21 18 15 12 09 0.7 0.8 0.9 1.0
1d? (nm?) d (nm)

Figure 4-6. Chirality dependence of Ei and Er with hexyl-
functionalized SWCNTs. a, Both Eir- (blue triangle) and Er (red circle)
energy shifts show a strong chirality dependence with respect to dark
exciton brightening. b, Er energy shift as a function of diameter. This
further supports (2n + m) family pattern which is consistent with

previously reported trions in unfunctionalized SWCNTs.
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Table 4-1. PL results of trions from chirality-enriched SWCNTs,
functionalized with CsHisl. Both Eii- and Er energy shifts are clearly

resolved in each PL peak.

(n,m) d En =Ty Er En-EBEn En-Er
(nm) (nm) (nm) (nm) (meV) (meV)
(6,4) 0.683 879 1044 1138 223 321
(6,5) 0.747 982 1102 1229 138 254
(8,3 0.772 960 1126 1231 190 284
(7,5) 0.818 1027 1174 1270 151 231
(8,4) 0.829 1117 1228 1316 100 168
(7,6) 0.883 1128 1228 1332 90 168
(11,3) 1.000 1207 1326 1386 92 133

To elucidate the nature of trions at defects, we analyzed the trion energy
separation with different florescent quantum defects (Fig. 4-7 and Table 4-2). We
observed functional group-dependent trion PL for (6,5)-SWCNTs-R, which is
slightly tunable (24 meV), but less than one third of the E1;™ tunability (61 meV).
The strong electronic inductive effects of alkyl groups can push down the energy
level of Ei11,, resulting in a large energy separation for defect-bound trions (Er).
This is in contrast to the defect-bound trions created through the Billups Birch
reduction®’, where trion PL is independent of the alkyl functional groups. The
discrepancy can be explained by the similar electronic effects of alkyl groups used
in that study (-CsH10.-CHj3, -CsH10COOH, and -CsH10NHz), which make negligible
inductive effect differences resulting in similar defect PL. In addition to energy
separation, we observed that the intensity of trion PL also depends on fluorescent

quantum defects. Even though perfluorinated hexyl groups induce high energy
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separation for trions (277 meV for (6,5)-SWCNTS), the Et intensity is less bright

compared to non-fluorinated hexyl-(6,5)-SWCNTSs.
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Figure 4-7. Functional group dependence of Eir- and Er in (6,5)-
SWCNTs. a, PL maps of (6,5)-SWCNTs with non- (-Ce¢Hzs), partially- (-
CoHyCyFo), and perfluorinated hexyl (-CeFi13) groups. b, Eir- and Er
energy shifts Vs Taft constant(o*). Both defect PLs are clearly related to
the Taft constants while Er shows less dependence on electronic effects

compared to Eir-.

Table 4-2. PL results of (6,5)-SWCNT-trions with various functional

groups.

En En =Ty
- By = -Er
(meV) (meV) (meV)

-(CF,),(CF,),CF,  4.4766 986 1168 1265 196 277 81
-(CH,),(CF,),CF;  1.0858 984 1133 1248 166 267 101

Eu B Er

(6,5)-SWCNT-R Ocalc (nm) (nm) (nm)

-(CH,),CF,CF, 0.6855 978 1112 1239 153 267 114
-(CH,),CF,CF, -0.127 980 1112 1232 150 259 109
-(CH,),CF, 0.310 980 1108 1240 146 265 119
-(CH,),CH,CF, -0.034 980 1104 1231 142 258 116

-(CH,),(CH,),CF,  -0462 980 1100 1229 138 256 118
-(CH,), (CHy),CH,  -0.774 981 1098 1227 135 253 119
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4.3.2. Temperature response of trion PL

Exciton characteristics at trap states are investigated by monitoring PL of
(6,5)-SWCNT-CeH13 as a function of temperature from 15 to 85 °C at 5 °C
increments (Fig. 4-8). The overall PL intensity is decreased by 79 % as temperature
increased to 85 °C due to thermal energy enhanced non-radiative pathways (Fig. 4-
8a and 4-8b). We construct van’t Hoff plots with the integrated PL intensity of Ei1,
E1” and Er (Fig. 4-8c and 4-8d). The potential well depth (or de-trapping energy
AE) is estimated by the slope in the van’t Hoff plot (Fig. 4-8c), which is 79.7 meV
from integrated area ratio of Ei11/E11. By the aid of thermal energy (KT), the
population of exciton is changed between defect bound exciton (Ei1) and
delocalized exciton (E11). The trap depth measurement between two energy states,
E1u and Eu, agree well with those of aryl defects reported in Chapter 3 and is
consistent with previously reported alkyl functionalized SWCNTs by Billups Birch
reduction®”. However, the slope of E11/Et shows a positive value even though Et
is supposed to be located below E11". This temperature response can be understood
as the characteristic of strongly localized trions at defects where the dimensionality

is reduced to nearly zero.
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Figure 4-8. Temperature-dependence of Ei1- and Er for (6,5)-SWCNTs-
CsHis. a, Integrated PL intensity and b, 565 nm emission spectra as a
function of temperature. The van’t Hoff plots are constructed from

integrated PL intensity of ¢, E11/E1- and d, Eir-/ Er.

4.3.3. pH-dependence of trion photoluminescence

Notably, the relative intensity of Et is more sensitively dependent on pH
compared to E11 and E11~ (Fig. 4-9). Since sodium dithionite is a mild reducing
agent, we assume it forms a negative trion. Addition of hydrochloric acid (at

aliquots of 0.02 M HCI) to the hexyl-functionalized SWCNT solution causes hole
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doping of the nanotube and reduce the population of negative trions. The pH

response of defect PL is reproducible and highly reversible.
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Figure 4-9. Trion intensity of (6,5)-SWCNT-CsHis strongly depends on
solution pH. a, Integrated PL intensity as a function of pH. b, 565nm
emission spectra under different pH. pH dependence is reproducible

and reversible from acidic to basic, or vice versa.

4.4. Conclusions

We demonstrated ultrabright trion photoluminescence in SWCNTSs in the
presence of alkyl fluorescent quantum defects introduced through alkyl halide
precursors. PL from the defect-bound trion is more than an order of magnitude
brighter than the native exciton in the parent nanotubes. The trion PL is redshifted
by as much as 321 meV from that of native excitons and is strongly dependent on
both nanotube chirality and the chemical nature of defects. The observed

brightening and chirality dependence are suggestive of defect-bound trions and the
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harvesting of dark excitons. Temperature-dependence studies indicate the

localization of trions at a deep potential trap.
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Chapter 5. Summary and Outlook

3.1. Summary

This thesis demonstrates exciton engineering through tunable fluorescent
quantum defects in low-dimensional materials, focusing particularly on single-
walled carbon nanotubes. This new class of synthetic systems leads us to
successfully synthesize more than 30 different types of tunable fluorescent quantum
defects, including alkyl/aryl monovalent and divalent defects, from the same
semiconducting carbon nanotube structure. By manipulating fluorescent quantum
defects, we were able to tune the excitonic states of carbon nanotubes and thus their
photoluminescence over 63 meV in the second near-infrared window.

Utilizing electronic effects on excitons and defects, we demonstrate the
optical probing of pH and temperature with aminoaryl-functionalized SWCNTSs.
Switching between the protonated and de-protonated states of the amino moiety
significantly modifies the defect state of the covalently functionalized SWCNTSs,
producing energy shifts as large as 33 meV. This novel defect sensor responds
sensitively and selectively to pH changes as small as 0.2 pH units over a wide
working window (pH 4.5 to 8.5) that fully covers the pH range of typical biological
fluids. The pH sensitive defect photoluminescence also correlates the relative
defect PL and pristine PL population with temperature by the van’t Hoff equation
as a tool for optical probing. Based on these findings, the first bi-functional optical
nanoprobe is proposed to offer simultaneous pH and temperature sensing

capabilities with a built-in reference.
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Last, ultra-bright trion photoluminescence from chirality enriched
SWCNTs is created by fluorescence quantum defects. Trion photoluminescence is
10-fold as bright as that from native excitons in unfunctionalized SWCNTSs. Defect-

bound trions show sensitive response to functional groups and temperature.

5.2. Outlook

We demonstrate the first divalent fluorescent quantum defects with
SWCNTs in Chapter 2. Our unique strategy to synthesize divalent defect groups is
highly advantageous, but the molecular structures of these divalent defects are still
not experimentally established. DFT calculations by our collaborators suggest that
the thermodynamically stable structure of divalent aryl defects may assume a
broken C-C bond configuration. This may be experimentally verified by using
single nanotube Raman spectroscopy, which can differentiate carbene-like
structures on the basis of C-C vibrational modes. In addition, the suggested
propagative reaction mode with our new chemistry can be experimentally
confirmed using single particle fluorescence microscopy. For trion PL, further
experiments can be conducted using single particle imaging and lifetime
measurement. The defect-bound trion states may be further revealed by transient
absorption spectroscopy and upconversion spectroscopy techniques.

Last, we expect that the new exciton engineering method with alkyl/aryl
halides can be used as a platform for many potential applications; the versatile
functional groups for anchoring of chemical functional groups toward conjugated

complexes such as metal-ion nanoprobes, DNA sensors, in vivo bioimaging or drug
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delivery for therapeutic study; and the functionalization with aryl halides for nano-
device fabrication. Therefore, exciton engineering with tunable fluorescent
quantum defects can add an entirely new dimension to the development of carbon

nanomaterials and materials engineering.
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