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CONSPECTUS: Single-walled carbon nanotubes (SWCNTs)
show promise as light sources for modern fiber optical
communications due to their emission wavelengths tunable via
chirality and diameter dependency. However, the emission
quantum yields are relatively low owing to the existence of low-
lying dark electronic states and fast excitonic diffusion leading to
carrier quenching at defects. Covalent functionalization of
SWCNTs addresses this problem by brightening their infrared
emission. Namely, introduction of sp>-hybridized defects makes the
lowest energy transitions optically active for some defect
geometries and enables further control of their optical properties.
Such functionalized SWCNTSs are currently the only material
exhibiting room-temperature single photon emission at telecom relevant infrared wavelengths. While this fluorescence is strong and
has the right wavelength, functionalization introduces a variety of emission peaks resulting in spectrally broad inhomogeneous
photoluminescence that prohibits the use of SWCNTs in practical applications. Consequently, there is a strong need to control the
emission diversity in order to render these materials useful for applications. Recent experimental and computational work has
attributed the emissive diversity to the presence of multiple localized defect geometries each resulting in distinct emission energy.
This Account outlines methods by which the morphology of the defect in functionalized SWCNTs can be controlled to reduce
emissive diversity and to tune the fluorescence wavelengths. The chirality-dependent trends of emission energies with respect to
individual defect morphologies are explored. It is demonstrated that defect geometries originating from functionalization of SWCNT
carbon atoms along bonds with strong z-orbital mismatch are favorable. Furthermore, the effect of controlling the defect itself
through use of different chemical groups is also discussed. Such tunability is enabled due to the formation of specific defect
geometries in close proximity to other existing defects. This takes advantage of the changes in 7-orbital mismatch enforced by
existing defects and the resulting changes in reactivities toward formation of specific defect morphologies. Furthermore, the trends in
emissive energies are highly dependent on the value of mod(n-m,3) for an (n,m) tube chirality. These powerful concepts allow for a
targeted formation of defects that emit at desired energies based on SWCNT single chirality enriched samples. Finally, the impact of
functionalization with specific types of defects that enforce certain defect geometries due to steric constraints in bond lengths and
angles to the SWCNT are discussed. We further relate to a similar effect that is present in systems where high density of surface
defects is formed due to high reactant concentration. The outlined strategies suggested by simulations are instrumental in guiding
experimental efforts toward the generation of functionalized SWCNTSs with tunable emission energies.
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Figure 1. (a) Graphene sheet that is rolled into a cylinder following the chiral angle to form a SWCNT. The vectors a, and a, represent the unit
vectors of the graphene lattice that determine SWCNT geometry and (b) the resulting electronic structure of a SWCNT. Reproduced with

permission from ref 43. Copyright 2019 American Chemical Society.

spectral energies. Which defect geometries are formed in
experimental samples are then demonstrated, and it is
inferred that pi-orbital mismatch plays a strong role in the
formation of some defect morphologies over others.
Gifford, B. J; He, X;; Kim, M.; Kwon, H.; Saha, A;
Sifain, A. E.; Wang, Y.; Htoon, H,; Kilina, S.; Doorn, S.
K.; Tretiak, S. Optical Effects of Divalent Functionaliza-
tion of Carbon Nanotubes. Chem. Mater. 2019, 31 (17),
6950—6961.> This report details the impacts of restricting
the morphologies of defects that can form through divalent
functionalization of several different classes as well as by
controlling concentration. The impact of hybridization of
the defected carbon atoms on spectral red-shifts are
explained in detail.

Gifford, B. J.; Saha, A,; Weight, B. M.; He, X;; Ao, G,;
Zheng, M.; Htoon, H.; Kilina, S.; Doorn, S. K.; Tretiak,
S. Mod(n-m,3) Dependence of Defect-State Emission
Bands in Aryl-Functionalized Carbon Nanotubes. Nano
Lett. 2019, 19 (12), 8503—8509.* This report details the
energies of spectral features resulting from functionalization
of SWCNTs of different mod(n-m,3) classes with similar
defect morphologies. It further describes the physical source
of stronger red-shifts from certain defect morphologies based
on the ground state electronic structure of the functionalized
species.

B INTRODUCTION

Single-walled carbon nanotubes (SWCNTs) are constructed
from a network of sp® hybridized carbon atoms assembled in a
cylindrical form.>® The geometry of a SWCNT is uniquely
defined by the “chirality”, ie., two chiral indices n and m,
determining a roll-up angle for folding a graphene sheet into
the tube (Figure 1a).” The chirality of the nanotube also
determines its electronic® (Figure 1b) and optical” properties.
Due to this tunability via geometrical parameters, a wide range
of photoluminescence energies can be accessed,'’ makin
SWCNTSs promising for use in fiber optic applications'
including secure communications and quantum computing.'”
For communications, light wavelengths of 1530—1565 nm are
desired due to the transparency in transmission for materials in
this range.ll As such, there is a significant demand in
developing single-photon sources that generate such
light.">~"> SWCNTs are potentially able to produce desired
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infrared emission features depending on the tube structure.
However, their application is limited due to quenching from a
rapid exciton diffusion and the presence of low-energy
nonemissive states in SWCNTs.'®'7 Furthermore, the
SWCNTs required to achieve the target emissive wavelengths
are relatively large in diameter.'® Difficulties in separation
persist for this large size range due to a high diversity of
chiralities that exists with similar diameters.'” >> The most
common CoMoCat™ and HiPCo™* synthetic methods
produce tubes of much smaller diameters than species required
for this application. Postsynthetic chemical functionalization of
pristine SWCNT's has been suggested as an alternative way to
increase their practicality for fiber optical applications.”””
Covalent bonding of a functional group to the SWCNT
surface generally creates an sp’-defect at the sp>-hybridized
tube’s lattice. Light absorption in SWCNT systems generally
occurs on the pristine portion at the E,, band energies typically
corresponding to the visible wavelength range and E;; band
energies around 1000—1200 nm (Figure 1b), resulting in the
generation of an exciton. The fast-moving exciton subsequently
is trapped at the site of covalent functionalization,”” resulting
in a spatially localized exciton around the defect. The sp’-
defect causes perturbations to the electronic structure of the
functionalized system and results in smaller energy gaps at the
defect site.”® " This red-shifts photoluminescence to wave-
lengths by as much as 400 nm and moves functionalized small-
diameter SWCNT's closer to the desired target frequency range
for devices.'! Furthermore, chemical functionalization bright-
ens the lowest-energy transitions,'” thereby increasing the
photoluminescence quantum yields by nearly an order of
magnitude.”” Such functionalized SWCNTSs are the first
material to exhibit single-photon emission at telecom wave-
lengths and at room—temperature,m’17’3'1’3'2 generating a
substantial interest into their synthesis and characterization.
While these are desirable characteristics for the use in devices,
chemical functionalization introduces several emission features
of different energies in the near-infrared range."”""*> While the
presence of multiple features can be used to tune the materials
where specific energy ranges are desired, applications utilizing
functionalized SWCNTSs generally require homogeneous
emission at a specific energy. As such, a great deal of recent
research focuses on strategies toward precise control of their
photoluminescence characteristics. Such strategies include
controlling the functionalizing species,”* localized defect
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Figure 2. (a—c) Photoluminescence images of three individual (6,5) SWCNTs functionalized with oxygen, 4-methoxybenzenediazonium (MeO—
DZ) and 4-bromobenzenediazonium (Br-Dz). While the band-edge PL emission is delocalized over the entire length of the SWCNT (5—6 pm)
(green), the defect PL emission (red) is observed to localized to diffraction limited spots.”* (d—f) Super-resolution photoluminescence images of
ultrashort (<50 nm) SWCNT functionalized with perfluorinated hexyl chains at the end of the SWCNTSs demonstrate that sp* defects created at
the end emit PL localized to <25 nm (resolution limit) from the ends. Ultrashort SWCNT without functionalization cannot emit PL due to strong
nonradiative PL quenching at the ends.*® These studies provide clear evidence on localization of the excitons to a potential well around the sp
defects. Figures adapted with permission from refs 27 and 39. Copyright 2015 Royal Society of Chemistry and 2018 American Chemical Society.

geometry,””*> SWCNT chirality,”* and defect concentration.’
By emphasizing joint modeling and experimental insights, this
Account focuses on how these characteristics of the sp* defect
in functionalized SWCNTs affect the energies of the optical
emissive features and how synthetic modifications can
influence the resulting defect geometry toward attaining
desired narrow photoluminescence capacity.

B DEFECT-DEPENDENT OPTICAL DIVERSITY

Pristine SWCNT Construction and Optical Properties

SWCNTs can be thought of as a pseudo one-dimensional
structure of sp*-hybridized carbon atoms. Due to strong
overlap of unhybridized p-orbitals in the carbon lattice, most
chiralities of SWCNTSs are semiconducting materials with a
low dielectric constant.”® The delocalized 7-electron system
results in exceptional charge-carrier diffusion and mobility of
tightly bound excitons along the nanotube.”® The excitons
(bound states of an electron and a hole) are fundamental
energy carriers, being electronic excitations of SWCNTs with
about 10 nm in size, which freely move around the lattice in
pristine systems.

Because there are a number of distinct ways in which a
graphene sheet can be rolled to form the tubular structure,
SWCNTs have a wide range of geometries. Pristine systems
range in diameter from ~0.6 nm and larger with distinct “chiral
angles” varying from 0° to 30° (Figure la). Due to the
diversity of chemical structures of SWCNTs, their electronic
and optical properties are also highly diverse. Most intense
light absorption in SWCNT systems occurs between Van Hove
singularities of the valence and conduction band (so-called
“Ey;” and “E,,” transitions, Figure 1b). Subsequent vibrational
relaxation and diffusion results in an exciton that emits with a
lower E|; energy. As a result of this confined geometry and
electronic structure, emission trends with the inverse diameter
of the SWCNT (neglecting the effects of chiral angle and
mod(n-m,3) class). The resulting range of wavelengths at
which pristine SWCNT's exhibit emission features is from 800
to 1800 nm for the most commonly synthesized chiralities.””
Such a diversity of optical features is one of the reasons that
SWCNTs are explored for use in a wide range of applications.
However, structural defects, tube ends and dark excitonic
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states lying lower in energy than the optically bright transition
provides a pathway for nonradiative vibronic relaxation to the
ground state.’® As a result, the emissive quantum yield in
pristine SWCNTs is very low (generally lower than 1%). This
reduces the potential for use of these materials as emitters in
modern technological applications.

Electronic Structure and Emission of Functionalized
SWCNTs

To alleviate this problem, covalent functionalization introduces
intentional defects that cause exciton localization”” resulting in
the red-shifts of their energy and enhancement in quantum
yields. While this increases the SWCNTs utility for optical
applications owing for intensified emission, a detailed under-
standing of relationships between specific defect structure and
resulting optical properties is needed to formulate robust
synthetic and fabrication routes to achieve tunability and
precise control over emission. Here we start with an overview
of modeling and experimental studies that have been
performed to characterize the general effect of SWCNT
functionalization on their electronic and optical properties.
Covalent functionalization introduces sp®> defects into the
otherwise sp>-hybridized lattice.”>*® Experimental studies
clearly demonstrate that these defects act as potential wells,
effectively trapping excitons,””*” confining them to the
functional site, and reducing the extent of the nanotube that
is sampled (Figure 2).”**” The resulting exciton is confined
from a tube length of ~10 nm in the pristine system to 2—8
nm depending on the defect nature. This results in a number of
practical implications for the electronic and optical properties
of the functionalized system.”” First, the ground-state
electronic structure and energetic levels are strongly perturbed
upon functionalization." In pristine SWCNTs, electron density
is uniformly spread across the SWCNT in both the highest-
occupied molecular orbital (HOMO) and the lowest-
unoccupied molecular orbital (LUMO). Both the HOMO
and the LUMO are composed of two degenerate states with
similar electron localization. Electron density in these
degenerate states is similar in localization but located on
different bonds in the hexagonal SWCNT Ilattice. However,
functionalization breaks this degeneracy. One of the formerly
degenerate HOMO states is still quite delocalized and slightly
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Figure 3. (a) Calculated electronic structure of pristine (black) and functionalized (colored) (6,5) SWCNTs, transition densities of pristine and
ortho-functionalized species from (a), (b) transition densities for aryl-functionalized (6,5) SWCNTs, and (c) Calculated transition energies and
oscillator strengths for functionalization of (6,5) SWCNTSs with aryl groups, generating defects with distinct geometries. Calculated emission from
ortho and para defects are presented with solid and dashed drop lines, respectively. Blue, green, and red features result from functionalization along
bonds lying 27°, 87°, and —33° from the SWCNT axis, respectively. Experimental photoluminescence spectra for (6,5) SWCNTs functionalized
with aryl dichloride groups (solid lines) and the computed transition energies. All data adapted with permission from ref 1. Copyright 2017

American Chemical Society.

stabilized, while the other becomes strongly localized around
the defect site and strongly destabilized. The picture is reversed
for the LUMO states, where the delocalized state is slightly
destabilized and the strongly localized state is significantly
stabilized. This results in a strong reduction of the HOMO—
LUMO gap in SWCNTs upon functionalization and an
accompanied modification to their optical properties (Figures
3a, 3¢).

Due to this reduction of the gap, covalent functionalization
dramatically alters the energetic structure of E;; transitions
(i.e., the bright emissive state). After breaking of degeneracy of
the two HOMO states and two LUMO states, the HOMO—
LUMO transition becomes the lowest energy typically bright
transition'’ red-shifted from the native state by ~0.1 to
0.3 eV.!7?%??%% This enables capturing and immobilizing of
mobile excitons from pristine tube segments and thus results in
much stronger emission in the functionalized system with
quantum yields exceeding 35%.’° Moreover, the defect-
associated red-shifted state provides the required conditions
for a spatially localized single-photon emitter: a quantum
mechanical quasi-two-level system emitting at the near-infrared
spectral range (~1100—1550 nm, depending on tube chirality
and functionalizing molecule). The increased quantum yield
coupled with the strong red-shift in functionalized systems
dramatically increases the promise of using SWCNTs as
quantum emitters in a realm of practical applications.’*!

Morphological, Electronic, and Spectral Diversity of
Defects

While the application of SWCNTSs as emitters is promoted by
functionalization, this strategy also introduces additional
complexity and challenges. In particular, a wide diversity of
emission features are typically introduced despite the use of
very pure reagents and homogeneous SWCNT samples of a
single chirality.”> Subsequently, low temperature single-tube
PL spectra exhibit a range of narrow-line width features
spreading across a band of energies (from 0.98 to 1.18 eV for
(6,5) SWCNTs) (Figure 4a). It is apparent that such features
originate from a single functionalized SWCNT since
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Figure 4. (a) Low-temperature PL spectra of nine individual 3,5-
dichlorobenzene-functionalized (6,5) SWCNTSs wrapped in PFOBPy.
Emission energies of sharp defect emission peaks spread from 1050
nm (1.18 eV) to 1300 nm (0.953) eV, indicating a diversity of defect
geometries. (b) Black and green lines: average low-T PL spectrum of
60 individual 3,5-dichlorobenzene-functionalized SWCNTSs and
ensemble, RT PL spectrum of functionalized SWCNT film,
respectively. Figure reproduced with permission from ref 33.
Copyright 2017 American Chemical Society.

experimental techniques break the bundles and the single
defects can be clearly seen using PL imaging techniques.””
Furthermore, a number of ensemble-level, solution-phase
spectra demonstrates the appearance of multiple broad
emission features that are separated by a wide energy range
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Figure S. (a—e) Ensemble photoluminescence spectra (obtained with excitation near the E,, transition) of different SWCNT chiralities, (6,5),
(7.5), (10,3), (9,1) and (11,0), respectively, functionalized with 4-methoxybenzene in a 1% sodium dodecyl sulfate environment. All spectra were
obtained in D,0. Two distinct defect emission bands labeled as Ef; and Ej;” are separated by a large energy range in the cases of (6,5), (7.5),
(10,3), and (9,1) SWCNTs. Note that the difference in defect-state photoluminescence intensities relative to that of E; across the chirality range
reflects a difference in defect concentration. Progression in structures from nearly armchair in the case of (6,5) to the zigzag (11,0) system results in
an increase in relative intensity of Efj. Spectra collapse to a single emission feature at Ej{” in the zigzag limit (e). (f) Low T (4 K)
photoluminescence spectra of individual (11,0) SWCNTs are found within a 25 meV range of the E};” band observed in (e). Figure adapted with

permission from ref 2. Copyright 2018 Nature Publishing Group.

(Figure 4b,5). This indicates that several distinct defects
differing by either geometry or localized environment can be
generated on the SWCNT surface.

A number of computational studies have been performed to
elucidate this behavior.'~#'7?7?%*»* These studies explore
the electronic and optical properties of molecular defects
introduced to the surface of the SWCNT in a systematic way
to give insight into the wide chemical space that is possible
with these systems. Due to the extended 7-electron system in
the sp>-hybridized carbon network, binding a dopant group to
a single carbon atom on the surface of the SWCNT leads to an
open shell system with a reactive electron seeking another
chemical bond. Thus, such a functionalization process involves
the initial formation of a relatively unstable charged or radical
intermediate. As a result, it will rapidly capture another species
(from either the solvent, or another reactive reagent) to
generate a closed-shell system. Therefore, two carbon atoms
are getting functionalized. As such, the second functionaliza-
tion species is generally assumed to be in close proximity to the
first. It was also shown computationally that only location of
functional groups at the same carbon-ring results in optically
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active transitions'”** Limiting such functionalization to the
same hexagonal ring, the two functionalized carbon atoms can
be either adjacent to each other (the so-called “ortho”
functionalization in a 1,2 fashion) or on the radially opposing
site on the ring (the so-called “para” functionalization in a 1,4
fashion). Subsequently, a covalent defect in functionalized
SWCNT systems is considered to consist of two functional
groups in either ortho- or para-positions on the ring, with a
total of six topologically distinct defect geometries due to the
chiral structure of the tube.' All of the plausible defect
geometries that result from these additions are shown in Figure
6b.

Excitons are trapped by the potential wells generated from
functionalization (Figures 3b and 6a).””>** The degree to
which electrons in the frontier molecular orbitals (i.e., the
depth of the potential well) are localized around the defect site
is strongly dependent on the defect geometry (Figure 6a)."”**
Some defect geometries strongly localize electrons in the
frontier molecular orbitals around the defect site, whereas for
others the degree of delocalization is similar to that of the
pristine tube (Figure 3b). Strong electron confinement in the
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Figure 6. (a) Qualitative representation of energy levels in a
functionalized SWCNT. The degree of exciton localization around the
defect site, and in turn the resulting energy of emission, is dictated by
the defect geometry. (b) Types of bonds present in (6,5) SWCNTs,
where blue, green, and red label the bonds lying 27°, 87°, and —33°
from the SWCNT axis, respectively. Functionalization restricted to
the same hexagonal generates two plausible defect geometries
involving 1,2 functionalization (“ortho”, solid lines) and 1,4
functionalization (“para”, dashed lines).

frontier molecular orbital underpins destabilization and
stabilization of the HOMO and the LUMO, respectively,
resulting in a significantly reduced energy gap (Figure 3a). A
consequence of the reduction of the gap is a strong red-shift of
the transitions associated with spatially defect-localized
excitons (Figure 3c). This red-shift is less pronounced for
defect geometries where delocalization in the frontier
molecular orbitals resembles that of the pristine system. In
this case, the frontier molecular orbital density, and therefore
the exciton, is not localized, despite functionalization, and the
electronic structure and optical energies are similar to those in
pristine SWCNTs. These differences have been attributed to
differences in the nodal structure of the pristine wave function,
where functionalizing along node-free paths in the pristine
SWCNT results in stronger electron localization.”

This variety in defect morphology is the source of the rich
spectral diversity."** Calculated spectral energies corrected for
errors introduced by finite-size effects, approximate density
functionals, and finite basis sets fall in the energy range
exhibited by experiment.”> Comparison of the theoretical
(Figure 3c) and experimental results (Figures 4 and 5) enables
the inference of which defect geometries are formed in
experimental samples and targeting of specific defect geo-
metries where specific spectral energies are desired.”> While
this rich spectral diversity potentially enables tuning of
fluorescence, in order for functionalized SWCNTSs to be
utilized in applications, careful control over the emissive
energies must be achieved particularly for an ensemble of
emitters. The remainder of this Account focuses on how the
SWCNT defect can be controlled toward attainment of desired
spectral tuning.

Bl CONTROLLING DIVERSITY OF SWCNT EMISSION

Functionalization has experimentally been shown to be
effective in generating systems with a range of emissive
diversity, where new red-shifted emission features labeled as
E; * (at ~1150 nm range) and E;;* (at ~1300 nm range) for
(6,5) SWCNTs, originate from different defect morphologies
discussed in the previous section. With the understanding of
how the formation of a distinct defect configuration generates
the emissive exciton with a certain energy, three strategies for
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controlling defect-state emission wavelengths are naturally
suggested: (1) varying the chirality of the SWCNT,”* (2)
varying the functional group itself,”**** and (3) varying the
nature of the functional group and reaction conditions to attain
specific defect geometries.”"’ Here, we present the effects on
optical diversity of using these strategies toward systematic
control of the emission energy.

Nanotube Chirality

The wide range of chirality-dependent luminescence in pristine
SWCNTs enables in turn diverse tunability of emission
energies in functionalized samples. Similar to diameter-
dependent E;; shifts observed in pristine SWCNTSs due to
one-dimensional quantum confinement, all emission features
in functionalized SWCNTs also exhibit diameter-dependent
energies. The red-shifts of E;;* and E; *~ with respect to the
parent E;; peak are relatively independent of tube diameter,
and the absolute red-shift energies roughly follow a trend of
reverse dependence on the squared diameter: E ~ 1/d%>* The
extent of the exciton down the SWCNT axis is similar
independent of tube diameter. These red-shifts are therefore
consistent with the particle in a box as with absolute E;
energies. Consequently, changing the diameter of the function-
alized SWCNT is an obvious strategy toward modifying their
emission energies. In addition, the relative intensities of Ej;*
and E|;*” peaks are highly dependent on the chirality of the
SWCNT.” This is rationalized by the fact that the function-
alized bonds form defects with different angles with respect to
the SWCNT axis, the emission energies of which highly
depend on the mod(n-m,3) SWCNT class. It is well-known
that E,, energies are dependent on the mod-class.” Therefore,
the energies of E;;* and E,;* are also mod/class-dependent.

Recent joint experimental and computational studies have
established the role of tube chirality in controlling defect-state
spectral response.” In particular, it was found that selectivity in
molecular binding configuration on the nanotube surface can
be achieved through aryl functionalization of “zigzag” nanotube
structures (with chiral angle of zero). It was revealed that while
both E;;* and E;;*” emission bands corresponding to two
distinct defect geometries are clearly visible in ensemble level
PL spectra of near armchair ((6,5) and (7,5) chiralities)
SWCNTs in D,0 (Figure Sa, b), the E;;*  band
corresponding to a single defect geometry configuration
dominates the PL spectra of the zigzag (11,0) as well as near
zigzag (9,1) SWCNTs functionalized with the same functional
group and dispersed in the same way (Figure Sd, e). Low
temperature PL spectra of 13 individual zigzag SWCNTs (11,0
chirality) also show <25 meV inhomogeneity of emission
energies (Figure 5f), standing in contrast to 0.95—1.18 eV
spread of the emission peaks observed in (6,5) SWCNTs
(Figure 4a). Quantum-chemical calculations confirmed that,
because of the associated structural symmetry of zigzag
SWCNTs, the defect states become degenerate thus limiting
emission energies to a single narrow band. It was also shown
that this behavior can only result from a predominant
selectivity for ortho binding configurations of the aryl groups
on the nanotube lattice.”

This selective functionalization can be attributed to
differences in z-orbital mismatch in certain bonds of the
SWCNT. Curvature in SWCNTs induces a decreased 7-
character of the hybridized orbitals of the carbon atoms. Due
to this, the z-orbitals are not perfectly perpendicular to the
pseudoplane of the tube, and each C—C bond possesses some
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7-orbital mismatch,** ™" as illustrated in Figure 7a. Bonds near

the SWCNT axis tend to have minimal z-orbital mismatch, the
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Figure 7. (a) 7-Orbital mismatch for two carbon atoms lying along
the axial bond (green arrow) and circumferential bond (black
arrow),” and difference between the 7-orbital mismatch in bonds
surrounding a defect and the pristine case for a (6,5) SWCNT
functionalized in the Ls, (b), Ly, (c), and L_y, (d) orientations.
Figure reproduced with permission from ref 3. Copyright 2019
American Chemical Society.

magnitude of which depends on its diameter. This is also true
for the bonds along the SWCNT circumference. Higher
mismatch results in lower z-overlap, less electron mobility, and
therefore a more destabilized system. As such, functionalizing
along bonds that have stronger r-orbital mismatch (ie.,
converting their carbon atoms to sp® hybridization and
eliminating the 7-orbitals) is more favorable.***" Functional-
ization is favored along certain bonds resulting in different
defect geometries with distinct mod-dependent emission
energies.4 Thus, using different tube chiralities is a useful
strategy for controlling their emission energies via modification
of binding site geometry. We will further use the phenomenon

of m-orbital mismatch to induce directing effects in the
functionalization in a section below.

Inductive Effects of the Functional Group

While the presence of different defect geometries is the
predominant reason for a broad emissive diversity,’ the
strength of red-shift is also affected by the strength of electron
inductive nature of the functional groups. Red-shifts generated
in this way are typically limited to ~10 meV in magnitude.*’
Recent reports have used a change in the functional groups as a
strategy to tune emissive energies.””*’ Because the degree of
HOMO stabilization and LUMO destabilization (and there-
fore the magnitude of the red-shift) is dependent on electron
density around the defect site,' the inductive ability of a
functional group affects the resulting red-shift. In this case, an
increase in the strength of the inductive ability of the group
experimentally results in a stronger red-shift, whereas weaker
inductive groups generate smaller red-shifts. With the goal of
tuning the red-shift in mind, three strategies for modifying the
inductive ability of the functional group have emerged: (1)
change the functional group entirely (i, introduce groups
with oxygen or fluorine to increase the inductive ability and
therefore the red-shift); (2) increase the number of electro-
negative atoms in a fixed chain (i.e., substitute hydrogen atoms
in a long alkyl chain with fluorine atoms in order to
systematically increase the red-shift); and (3) increase the
distance between the SWCNT and electronegative atoms (i.e.,
increase the chain length of fluorinated alkyl groups to reduce
the inductive abilities of a functional group and therefore
reduce the red-shift).*” The magnitude of red-shifts possible
through these three methods varies, with changing the
functional group able to tune red-shifts from ~130 meV to
~200 meV."’

These red-shifts can be accounted for by considering the
localization effect of Coulombic interactions on the electrons
around the defect. Groups with strongly electronegative atoms
in the close proximity to the SWCNT induce a slightly positive
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Figure 8. (a) Divalent functional group where a single atom in the functional group bonds to two atoms in the SWCNT. (b) Ensemble level
spectra arising from functionalizing (6,5) SWCNT with monovalent vs divalent functional groups (where dashed red lines separate the regions of
the spectra attributed to monovalent and divalent functionalization at higher and lower wavelengths respectively), (c) another type of divalent
functionalization where more than one atom in the functional group functionalizes more than one atom of the SWCNT, but still with geometries
limited by a fixed-length alkyl chain between the two functional group atoms, and (d) emission spectra from functionalizing (6,5) SWCNT with
monovalent aryl diazonium reagents of different concentrations. Figure adapted with permission from ref 3. Copyright 2019 American Chemical
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charge on the carbon atom in the SWCNT that localizes
electron density in the SWCNT.® This, in turn, impacts spatial
localization of the exciton near the defect, resulting in a
stronger red-shift. In this way, the inductive effect is linked to
electron localization around the defect, and the degree of red-
shift of a functional group can be evaluated by considering that
group’s effect on the charge of the SWCNT atom to which the
group is bound.” In addition to a group’s electron withdrawing
abilities, the electron donating abilities through resonance
must also be considered. For example, aryl groups generate
stronger red-shifts than alkyl groups due to the stronger
electron-withdrawing abilities of the sp” hybridized functional
group carbon atoms directly bonded adjacent to the SWCNT.
However, the introduction of an electronegative nitrogen atom
to the aryl group results in an inductively stronger electron
withdrawing group counterbalanced by resonantly stronger
electron donating group. The net effect is a smaller red-shift in
the species absent the electronegative nitrogen atom.
Evaluating the red-shifts of functionalized SWCNT systems
requires careful consideration of both inductive and resonance
effects of the functional group.3 Furthermore, in all cases it is
assumed that functionalizing with groups of different electro-
negative abilities does not drastically change the predominance
of different defect geometries. This approximation appears to
be valid based on the consistent relatively small red-shifts in
these systems observed experimentally.*’

Modification of the Group Valency

Thus, far in this report, only functional groups that bond
through a single SWCNT atom (“monovalent” functional
groups) have been considered. This bonding configuration
requires an auxiliary group to maintain a closed shell neutral
system, the position of which determines the defect geometry.
However, not all functional groups bond through a single
SWCNT carbon atom. Groups bonding to two SWCNT
carbon atoms are also plausible (Figure 8a). In this case,
auxiliary groups are not required as a single functional group
maintains a neutral closed shell system by functionalizing two
adjacent SWCNT atoms. Due to constraints in the bond
lengths and angles, so-called “divalent” functional groups result
in the generation of specific rigid defect geometries.”* Unlike
the case for monovalent functional groups, specific defect
geometries, where divalent functionalization occurs along the
SWCNT circumference, allow the bonded SWCNT atoms to
retain sp hybridization as in pristine systems and are therefore
stabilized. This constraint results in restricted emission
energies.

Furthermore, the other defect geometries (where function-
alization is close to the SWCNT axis) require bond angles with
very strong angle strain. This results in an additional
thermodynamic stability of one defect configuration over
another. As a result, defect configurations are constrained to a
single species and emissive diversity is reduced. Experimental
data from a sample divalent system of this type is presented in
Figure 8b. Where a single defect configuration exists, the
fluorescence energies are slightly red-shifted from the
monovalent counterparts. This is especially true in the case
of less electron withdrawing functional groups. Such red-shifts
have been attributed to the ability of the electrons to localize to
the defect site due to the presence of unhybridized 7-orbitals
on the SWCNT carbon atoms.” In this way, the hybridization
changes from using divalent functional groups instead of
monovalent species, providing a means to tune the geometries
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of the defects that form. This leads to a control over large red-
shifts, as well as enables tuning of the precise energies of
photoluminescence.

Directing Effects for Functionalization

In addition to using thermodynamic stability to direct defects
to form specific geometries (as is the case for divalent defects
in the previous section), directing effects that rely on 7-orbital
mismatch can also be harnessed. The formation of a single
defect (either monovalent or divalent) results in a perturbation
of the SWCNT geometry upon functionalization. sp> hybrid-
ization is disrupted at the defect site by converting two tube
atoms to sp’ hybridized carbons. This perturbation to the
pristine tube geometry, however, is not limited to the defect
itself. The carbon—carbon bonds in the vicinity of the defect
are also perturbed, affecting their z-orbital mismatch (Figure
7b—d). The exact change in 7-orbital mismatch depends on
the geometry of the bond. Furthermore, this effect is most
pronounced very close to the defect and tapers off when the
distance grows to greater than about eight bonds. As a result,
the chemical reactivity in a close proximity to a defect is
perturbed, with some bonds being “activated” and others being
“deactivated” depending on the orientation of the first defect.
In this way, an existing defect has directing effects that facilitate
the production of defects in another configuration.

Performing functionalization with conditions that forces a
defect to form in close proximity to another therefore directs
the second defect to form with a specific defect geometry.*”
This can be accomplished in two ways: (1) use functional
groups with “bridging” moieties that force two defects to form
in a rigid distance from each other and (2) use different
concentrations of reagents to force high or low surface
coverage of defects. In the first scenario, long bridging groups
allow for a large distance between two defects (such as shown
in Figure 8c), and they form binding sites independent from
each other. In this case, the defect geometry and emission are
similar to the case for low concentrations of monovalent
defects, predominantly generating the single emission feature
that is generated in the monovalent case. Defects with short
bridging groups, on the other hand, form in close proximity to
each other. As such, two defects with different geometries
appear and the emission diversity is increased.”’

Likewise, using high concentrations of reagents generates a
high surface coverage of defects, thereby forcing them to
appear in close proximity to each other. This convolutes
directing effects on the defect geometry, and thus, two
emission features are formed. However, lower concentrations
of monovalent defects lack the directing effects, leading only to
a singular defect geometry and thus restricting the emission to
a single feature (Figure 8d). Taking advantage of these
directing effects is a very powerful technique for controlling the
emission energies in functionalized SWCNTs.”

B CONCLUDING REMARKS

Chemical functionalization is an important strategy for
increasing the quantum yield of emission of SWCNTs and
expanding their functionality. However, such a route
introduces a range of fluorescence features with different
energies. Through computational and experimental explora-
tion, the importance of defect geometry on emission energies
has been demonstrated. The existence of a number of defect
geometries makes functionalized SWCNTSs more useful for
applications, but only if such functionalization can be carefully
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controlled to generate very precise emissive energies. A
number of methods have emerged for controlling the defect
geometries, aiming at narrow bands and a precise selection of
desired emission energies. This mainly includes variation of the
SWCNT chirality, and the functional group itself, as well as
modification of the nature of the functional group and reaction
conditions to select specific defect geometries. Here, we have
discussed the use of these strategies and their theoretical
underpinnings toward reduction of optical diversity and a
systematic control of the emission energy. A combination of
these methods provides a powerful toolbox to experimentally
control the emission energies in functionalized SWCNTs.
Where large red-shifts are desired, defect geometry can be
controlled by functionalizing with divalent groups where some
geometries will become less thermodynamically stable.
Stronger or weaker red-shifts can be accomplished through
functionalization with different chiralities with both different
chiral angles and mod(n-m,3) classes. Finally, red-shifts can be
finely tuned by integrating groups with different electron
inducing abilities. This detailed understanding enables the
continued design of functionalized SWCNTSs toward realiza-
tion of room-temperature robust single photon near-IR
quantum emitters with robust high efficiencies.
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