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Introduction

Single-walled carbon nanotubes (SWCNTs) have been widely
studied in the last few decades due to their promising chirality-

Optically active defects in carbon nanotubes via
chlorination: computational insightsy

Braden M. Weight, @ 12 Brendan J. Gifford, 2 Grace Tiffany,® Elva Henderson,
Deyan Mihaylov,® Dmitri Kilin @2 and Svetlana Kilina @ *2

Optical and electronic properties resulting from chlorine functionalization of (6,2) single-walled carbon
nanotubes (SWCNTSs) are explored using density functional theory. P-type doping character is evident from
the generation of an unoccupied mid-gap state originating from the sp®-hybridized defect brought by
neutral chlorine adducts to the sp?-hybridized lattice of the SWCNT. Such mid-gap states are realized in all
binding configurations of chlorine atoms explored in this work, with the energy of the mid-gap state
varying depending on the chlorine positions at the nanotube surface. A chlorine pair placed on the same
hexagonal SWCNT ring shows the strongest binding to the tube sidewall while reducing the intensity of the
main optical £1; band and brings new redshifted, highly optically active transitions. However, the optical
intensity of the defect-introduced transitions significantly diminishes with increased distance between
bound chlorines and their concentration. Functionalization with negatively charged chlorine ions is less
thermodynamically stable compared to neutral chlorination, favoring only monochlorination. With the
introduction of a charge, occupied mid-gap states appear near the conduction band resulting in an
n-doped system. The lowest-energy, defect-associated transitions of charged systems are more redshifted
but nearly optically inactive. Our calculations demonstrate that efficient emission of chlorinated SWCNTSs is
possible only for neutral chlorine adducts placed on the same carbon ring and at very small
concentrations.

(ssDNA)*'** wrapping and photochemistry utilizing singlet and
triplet state pathways®** as well as with well-established
chemistries using diazonium salts, hypochlorite, and ozone
functionalization.**>* Most commonly, oxygen®***> and aryl-

dependent electronic and optical properties’ that make them
useful for a wide range of applications including photovoltaic
devices,*™ light emitting diodes,”® and sensors.”™ Of particular
interest is advancing optical properties inherent to pristine
nanotubes™™® by covalent sidewall functionalization.'>*° The
ability to control the chemistry of the defect has led to new
synthetic routes toward functionalization with single-strand DNA
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containing"®?****73 functional groups have been used in recent
studies showing redshifted and enhanced emission of SWCNTs.
Such covalent functionalization results in the creation of
defect sites with sp*-hybridization at the sp>hybridized lattice
of the SWCNT.">** This sp’-defect in the nanotube introduces
new spatially localized states inside the energy gap of the
pristine  SWCNT system.*>*® Upon photoexcitation, highly
mobile excitons travel along the pristine lattice until
encountering a defect site, where the excitons can either scatter
(e.g. auger,”** dark-state redistribution,”” etc.) or become
trapped by the excitonic potential energy well. Once trapped by
the local defect potential, sub-picosecond thermal relaxation
from the band-edge to the defect-associated excitonic state
occurs,*® followed by bright radiative emission enhanced from
the pristine SWCNT by the large transition dipole between the
defect-associated exciton and the ground state.*"?4%47
Additionally, similar to nitrogen-vacancy (NV) centers in
diamonds,*® a chemical defect in the SWCNT creates suitable
conditions for single-photon emission (SPE), namely a quasi-
two-level sub-system composed of ground and defect-associated
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states that are energetically separated from the higher-energy
states. SPE in the infrared (IR) and telecommunication
frequencies at room temperature has been established in
SWCNTS‘6,33,49751

Halogenation of SWCNTs was also under consideration
over the last two decades. SWCNTs have been successfully
functionalized ~with  fluorine,”>™  chlorine,’*®® and
bromine.’* A typical strategy for chlorination involves
treatment with AuCl;, which results in the generation of an
electronically doped system (p-type)®>® through the
introduction of unoccupied states within the energy gap of
the pristine system.®® Highly tunable p-type states, for
example, are desirable for the fabrication of photovoltaic
devices for efficient charge separation upon photo-
excitation.®” ®® Multiple strategies of p-type doping have been
discussed in the literature, ranging from the single-tube
covalent binding of single-strand DNA®' to bulk substrate
and chemical modification.”” Recent investigations revealed
that under sonication, halogenated solvents, such as
dichloromethane or chloroform commonly employed to
prepare SWCNT dispersions, can dope SWCNTs introducing
unoccupied mid-gap states and increase the carrier
concentration, which positively influences the electrical
conductivity but negatively affects the thermopower.”*

Changes to the electronic structure of the SWCNTs have
been experimentally shown to be highly dependent on the
precise chemical sites of chlorine functionalization on the
surface of SWCNTs.>® However, the precise species that binds
to the SWCNT surface has generated controversy in the
SWCNT community and has led to extensive computational
studies.’®*®7>77 Some proposed mechanisms include the
functionalization of individual chlorine atoms’® or the
adsorption of an entire gold chloride cluster.”* Changes to
the electronic structure and the p-doping character of
SWCNTs exposed to halogen-containing solvents have been
explained by non-covalent bonding of halide molecules to
SWCNTs, while causing strong interactions between them
and the nanotube, inducing some structural changes to the
nanotube lattice.”> An alternative explanation has suggested
covalent attachments of halogen adducts’* forming sp’-
defects in SWCNTs similar to diazonium treated SWCNTSs
upon sonication in water.”® Thus, mechanisms of halide-
SWCNT interactions are still under debate. In contrast to
extensive studies of the ground state properties, optical
response associated with chlorine adducts has not been
addressed in previous calculations, except for a very recent
report on the optical spectra of fluorinated zigzag (11,0)
SWCNTs.”” The reported calculations have been mainly done
for zigzag or armchair SWCNTs. Chiral SWCNTs typically
have much larger primitive unit cells than zigzag nanotubes,
which complicates first principle calculations for these
systems; meanwhile, most experimental samples mainly
include chiral SWCNTs. Thus, the exact mechanisms of
chlorine doping of chiral SWCNTs is not completely
understood and the ways of controlling the optical properties
of SWCNTs via chlorination are still not known.
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Here we computationally investigate the effect of
chlorination on the electronic structure and optical response of
the chiral (6,2) SWCNT. These studies are performed utilizing
both a shortened nanotube model (~3 nm in length) and its
longer analog (~8 nm in length), with both models terminated
by methylenes and hydrogens at each end, as illustrated in
Fig. 1. Both systems show quantitative similar features in their
electronic structure compared to the electronic structure of the
infinitely long (6,2) nanotube constructed by using 1D periodic
boundary conditions with a 4.5 nm long supercell. Similar
trends in the electronic structures and optical spectra allow us
to generalize the obtained results for finite-size SWCNT models
to the realistic SWCNT samples of more than 100 nm in length.
We also compare the neutral and charged SWCNT systems with
chlorines placed at various positions and with different
concentrations on the SWCNT surface to study different
mechanisms of functionalization and their effect on the optical
transitions of SWCNTSs.

One of the suggested mechanisms of p-doping of SWCNTs
using AuCl; complexes is reduction of Ag cation to zero-valent
gold followed by subsequent neutralization of the SWCNT by
chlorine anions.®>®* Recent investigations of SWCNTs exposed
to halogen-containing solvents under sonication have suggested
the defect formation mechanism resulting in p-doping of
SWCNTSs being similar to the sp®-defect formation in diazonium
treated SWCNTs sonicated in water.”® These mechanisms of
nanotube chlorination are expected to result in neutral chlorine
adducts on the SWCNT surface. However, excess carriers in
noncovalently electrochemically doped (6,5) SWNTs are also
found to give rise to a redshifted absorption band associated
with trion states (coupled exciton-to-charge states) similar to
defect-related states in (6,5) SWCNTs in which doping is
introduced via redox-chemistry using AuCl; solution.®*®> These
reports provide further evidence for the confinement and
localization of excess charge carriers by impurity potentials.
Thus, doping of SWCNTs may include charging together with
chemically introduced defects at the nanotube surface.
Additionally, some small charge might be accumulated on the
SWCNT due to electron transfer processes with an environment.
Since the mechanisms of reactions with AuCl; and other halide-
containing molecules used to introduce p-doping in SWCNTs is
not completely understood, we have considered negatively
charged systems with a negative one charge supposed to be
localized around each chlorine adsorbed to the SWCNT surface
in addition to the neutral chlorinated SWCNT models. Such
computations of the effect of charge on SWCNTs with Cl
adducts taken at different concentrations have not been
reported yet for chiral SWCNTSs.

Our calculations demonstrate that negatively charged (6,2)
SWCNTs with two chlorines contributing to the sp>-defect are
less thermodynamically stable compared to similar neutral
structures. In contrast, functionalization with a single
chlorine is thermodynamically stable only when an extra
electron is present in the system. However, the efficient
emission of chlorinated SWCNTs is possible only for neutral
systems when chlorine adducts are placed close to each other

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3lf00064h

Open Access Article. Published on 07 November 2023. Downloaded on 4/4/2026 4:04:03 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Applied Interfaces

View Article Online

Paper

(a) Pristine SWCNT

(b) Functional Orientations

(6,2) 3-unit cell (PBC)

a2 ﬁ“ 9 93 0.3 0] o
SRS
I_I_I

1 Unit Cell ~1.5 nm long

0.5 nm I%ﬁfo‘ %

B PP WP S EIDD D P
LN LN ffﬁa.

o

(6,2) 2-unit cells capped
s Py 3
; ;’f}‘e.‘?:j’gfs‘:fgzz‘?;y}:??‘,
’ S L 2 “ . 9 g :
ASFRRGXNLERWEL,

3.0 nm

(6,2) S-unit cells capped

R

TR 3 T LR S SR N bR, 55
PN AR A SO o S AR TROR SR AR LR R

g P P N LN LS o o

T

3.3 5
SRS,

7.5 nm

P.

Defect Types

Para

-

1,6

Fig. 1 SWCNT atomistic models of pristine and chlorinated (6,2) SWCNTs and the sp*-defect arrangements considered for calculations. (a)
Optimized geometries of the pristine SWCNT for various length and simulation environments. (Top) One unit cell, repeated three times for visual

clarity, with periodic boundary conditions. (Middle) Two and (bottom)

five unit cells in length with the proper capping of the edge atoms to

recover the semi-infinite electronic structure of the SWCNT lattice (see Methods). (b) Principal SWCNT directions with respect to the SWCNT main
axis, namely along the SWCNT's (top) chiral axis (Ch.), (middle) circumference (Cir.), and (bottom) diagonal (Di.), which, in the notation of other
studies, are “+”, “~”, and “++.18 (c) Various relative orientations (i.e., defect configurations) of Cl pairs creating a single sp>-defect on the nanotube
surface. Ortho (yellow) and para (blue) arrangements have two Cl atoms bound to the same ring, while 1,4 (green), 1,6 (black), and 1,8 (pink)
arrangements have two Cl atoms bound to different rings. The coloring of the arrows is repeated for clarity in (b) for the same relative orientations

for each SWCNT principle direction.

at very small concentrations. These findings provide valuable
insights into the photophysical and structural properties of
chlorinated chiral SWCNTs, which will be instrumental in
guiding new synthesis procedures®’° and characterization
techniques®*****7%7% allowing for chemical control over
emission efficiency in SWCNTSs.

Results and discussion

Interactions between the SWCNT surface and chlorine
adducts

Having provided motivation for this work, we now move to a
discussion of thermodynamic driving forces for the covalent
binding of one or more chlorine atoms via the calculation of
binding energy (see eqn (1) in Methods and Fig. S1}) for a
variety of configurations and relative orientations. Fig. 1

© 2024 The Author(s). Published by the Royal Society of Chemistry

depicts various schematics for the SWCNT models used in
this study, showcasing the pristine SWCNT models of various
lengths and boundary conditions (Fig. 1a), the SWCNT
principal directions (Fig. 1b) and the various types of di-
chlorinated species (Fig. 1c), all of which showcase
significant changes to the local electronic structure in the
ground and excited states. We have considered a wide
range of functionalization types, including the covalent
attachment of two species to a single SWCNT ring, namely
at ortho and para positions of the SWCNT ring, as has been
done in many previous reports.'®*®8978¢ Additionally, we
have simulated structures where the chlorine atoms are
placed on adjacent rings (named 1,4), two rings apart
(named 1,6), and three rings apart (named 1,8), as
illustrated in Fig. 1c. These styles of covalent attachment
are not common in the literature due to the assumption of
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a highly reactive site on the same SWCNT ring as the first
attachment; however, experimental synthesis using
chlorination may have the ability to mitigate these fast
reactions or, as will be discussed later, when the systems
are negatively charged prior to functionalization, an
energetically favored chlorine-chlorine separation along the
SWCNT axis is found.

The binding energy calculations were performed using
properly capped (see Methods), finite-length (6,2) SWCNT
models with 2-unit (~3 nm) and 5-unit cells (~8 nm). As
shown in Fig. 2a, all neutral systems explored show a
thermodynamically favorable interaction (ie., a negative
binding energy, vertical axis) between the SWCNT lattice
and two chlorine atoms, regardless of their relative binding
configuration (horizontal axis, see Fig. 1) and exhibit similar
binding energy values and trends between the 2-unit (filled
symbols) and 5-unit (open symbols) cell SWCNT models.
This indicates that the length of our 2-unit cell SWCNT
model is sufficient to represent the trends in binding
configurations of neutral chlorinated SWCNTs. Further, the
most stable structures are observed when the pair of
chlorine atoms is bound to the same ring either in para or

-0.6
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Fig. 2 Binding energy of different defect configurations with varying
relative orientation and configuration between the two chlorine atoms
for (a) neutral chlorinated SWCNTs and (b) negatively charged (Q = -1
for mono, Q = -2 for all others) chlorinated SWCNTs. Hollow data
points represent five unit cell (~7.5 nm) SWCNT models and filled data
points represent two-unit cell (~3 nm) SWCNT models. Negative
binding energy represents increased thermodynamic stability of the
chlorine-SWCNT covalent attachment(s).
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in ortho configurations. The binding energies between the
two most stable positions, ortho and para, are —1.15 eV and
-1.25 eV, respectively. These results are comparable with
reported calculations for (6,5) and (11,0) SWCNTs
functionalized by different aryl-derivatives in ortho and para
positions.’” We note that the C-Cl bond length is slightly
shorter for ortho (1.83-1.85 A) than for para (1.86-1.87 A),
as can be seen in Fig. S2 and S3a.f This difference can be
rationalized by m-orbital misalignment enforced at the
ortho-defect, making it more reactive,"®*®*° which is
reflected in the shortening of C-Cl bonds.

The binding of a single neutral chlorine atom to the
sidewall of the finite (6,2) SWCNT (i.e., mono configuration)
is significantly less favorable compared to ortho and para
configurations (Fig. 2a). The C-Cl bond length in this case is
1.91 A (Fig. S3at) and is the longest observed for any neutral
chlorinated system in this study, which directly points toward
the thermodynamic instability of the singly chlorinated
system. The addition of a single chlorine atom to the SWCNT
results in the generation of an unstable, open-shell radical
species forcing all carbon atoms in adjacent hexagonal rings
to adopt partial sp’-hybridized character (see the LUMO
orbital for the mono configuration in Table 1 discussed
later), which leads to the increase in relative energy. In this
way, binding an additional chlorine atom to one of the
adjacent carbon atoms that are electronically preconditioned
to form another bond (i.e., with partial sp>-like vacancies that
point outward from the SWCNT, see Table 1) becomes more
thermodynamically favorable. This conclusion is supported
by other DFT calculations of chlorinated (5,5), (9,0) and (10,0)
SWCNTs, which also confirmed that the Cl atoms should be
adsorbed in pairs.*®

However, such stabilization is much less pronounced in
the cases where two chlorine atoms are bound far away, to
separate rings, as is the case with the 1,4, 1,6, and 1,8
configurations (see Fig. 1), compared to ortho and para
attachments, which share the same carbon ring. A weaker
CI-SWCNT interaction of 1,4-, 1,6-, and 1,8-functionalization
is accompanied by longer C-Cl bond lengths of 1.88-1.90 A
(see Fig. S31) as well as a smaller degree of lattice distortion
in the vicinity of the functional group, resulting in smaller
bond length alternations (BLA, see Fig. S3b} and Methods).
The values of BLA for the 1,4, 1,6, and 1,8 configurations are
comparable to those of a single Cl attachment (Fig. S3bt).
Note that in the limit of infinitely separated covalent
attachments, all properties of the 1,4, 1,6, and 1,8 schemes
should be equivalent to that of the mono-functionalization,
as previously discussed for two interacting pairs of covalent
attachments which then act as a single pair of covalent
attachments.® For chlorines bound to different carbon rings,
the binding energy varies dramatically, ranging from -0.95 to
-0.65 eV, and appears to be mostly dependent on the
direction of functionalization with respect to the SWCNT axis
where chiral arrangements (see Fig. 1 for geometries) are
generally less stable than circumferential and diagonal
arrangements (Fig. 2a).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The highest occupied (HOMO) and the lowest unoccupied (LUMO) molecular orbitals of the neutral chlorinated two-unit cell (6,2) SWCNT
models are shown for various chlorination schemes. The ground state energy gap is labeled for each system along with a qualitative label of the
localization to the chlorine attachments as delocalized, mixed, or localized character for each orbital

Neutral system (HL gap) HOMO
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In contrast, charged systems demonstrate an opposite
trend: a single charged chlorine attached to the nanotube
(mono, Q = -1) provides the most stable structure (E}, = —0.88
eV), while a pair of charged chlorines (Q = -2) attached at the
ortho or para positions result in a drastic reduction in
stability, as can be seen in Fig. 2b. When a charge is
introduced, mono-functionalization results in a closed-shell
system, whereas an open-shell system is generated when a
second chlorine anion is bound to the nanotube. This
explains the reverse trend for the charged cases. For the
shorter 2-unit cell SWCNT models, electrostatic repulsion
between chlorine ions eliminates the stability of the
functionalized system, resulting in slightly positive binding
energies for structures with two chlorine atoms in close
proximity to each other. However, this instability is reduced
as the distance between chlorine atoms increases, with
negative binding energies being seen for 1,6 and 1,8 cases
(Fig. 2b).

All  charged, di-chlorinated systems, however, are
noticeably less stable than either their monochlorinated or
neutral counterparts. As a result, for all charged systems, the
C-Cl bond lengths are longer than 1.9 A (Fig. S3ct) and the
C-C BLA is smaller than 0.09 A (Fig. S3dt), showing less
degree of their sp’-character compared to their neutral
counterparts (Fig. S3bt). A Mulliken charge analysis indicates
that the negative charge introduced into the chlorinated
systems is shared between the chlorine and the sp’-
hybridized carbon atom where functionalization occurs,
similar to results for divalent functionalization of (6,5)
SWCNTs from previous work.*® The instability generated by

© 2024 The Author(s). Published by the Royal Society of Chemistry

the electrostatic repulsion between the negatively charged
sp-carbon and chlorine as well as between chlorines
significantly elongates the C-Cl bond lengths compared to
neutral structures (Fig. S3ct). For the same reason, the
binding energy for the charged chlorine case is heavily
dependent on the proximity of the two negative charges along
the SWCNT axis, which becomes weakly thermodynamically
stabilized for the far-separated chlorines in the 1,6 and 1,8
configurations (Fig. 2b).

The dependence of the CI-SWCNT binding energy on the
Cl-Cl separation is enhanced by the confinement effect of
short SWCNT models due to strong electron localization
around the defect in our charged 2-unit cell SWCNT model
systems. Therefore, unlike the neutral models where Cl-
SWCNT interactions are nearly insensitive to the nanotube
length, there is a substantial increase in the stability of
chlorinated systems when the length of a nanotube is
increased for charged cases (Fig. 2b). Comparing 5-unit cell
and 2-unit cell SWCNT models, the CI-SWCNT binding
strength increases by about 300 meV and 500 meV for the
charged monochlorinated and di-chlorinated cases,
respectively. We expect this difference in the binding energy
is due to the increased delocalization of the negative charge
over several neighboring carbons as the length of the
SWCNTs increases, leading to less negative charge on each
atom of the SWCNT. Nonetheless, the CI-SWCNT binding is
still weaker by a factor of 1.5-2.0 compared to those of
neutral five-unit cell SWCNT systems. As such, it can be
concluded that chlorinated SWCNT samples holding a
negative charge likely occur at very low concentrations, with

RSC Appl. Interfaces, 2024, 1, 281-300 | 285
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predominantly mono-functionalization of the SWCNT by an
isolated chloride ion.

The ground state electronic structure of chlorinated SWCNTs

Functionalization of SWCNTs with chlorines results in
significant changes to the electronic structure of both charged
and neutral systems. As has been previously described for
functionalization with aryl groups®®*° and hydrogen atoms,®’
the binding of the chlorine atoms to the SWCNT surface
results in a reduction of the HOMO-LUMO energy gap due to
the introduction of one or more molecular orbitals (MOs)
inside the pristine energy gap. These new MOs showcase
broken n-conjugation with nodal points in the wavefunction
near the sp®-carbons of the lattice. In the pristine system, the
frontier MOs show degeneracy due to the high amount of
symmetry. Upon functionalization, the degenerate states are
shifted away from the energy gap, leaving non-degenerate
defect-related HOMO and LUMO states.'®*° The precise
position of these new defect-associated MOs is dependent on
the functionalization scheme.

Fig. 3 showcases the ground state electronic density of states
(DOS) for the Kohn-Sham MOs. Here, the DOS has been
broadened by a Gaussian function of width ¢ = 0.1 eV to
account for experimental conditions that generate finite
lifetimes of states, such as the thermal motion induced by the
interaction with a bath and disorder. Monochlorination in
neutral systems, for both the 2-unit cell (Fig. 3a, solid red line)
and the 5-unit cell (Fig. 3d, solid blue line) SWCNT models,
negligibly alters the energy gap and the DOS profile, except the
peak height at the edge of the valence band. In contrast,
binding of a pair of chlorine atoms results in the introduction
of a new, unoccupied state inside the energy gap of the pristine
system, which can be interpreted as a p-type electronic dopant
(Fig. 3b and c). For both ortho and para configurations, these
unoccupied states appear closer to the conduction band
(Fig. 3b), and increasingly reduce energy gaps for ortho-Ch. and
para-Cir. (Fig. S4t). This trend is similar for the longer 5-unit
cell SWCNT models, except with a slightly reduced energy gap
which follows from the relaxation of the confinement effect
(Fig. 3d and S4d+).

For 1,4, 1,6 and 1,8 defects, where chlorines bound on
different carbon rings of the nanotube, the new unoccupied
states are nearly in the middle of the pristine HOMO-LUMO
energy gap, resulting in the reduction of the energy gap by a
factor of two compared to the pristine SWCNT (Fig. 3c and
S4df). In these far-away chlorine attachments (Fig. 3c), the
relative energy of the new mid-gap states is nearly insensitive
to the defect configuration, in contrast to the ortho and para
cases (Fig. 3b). Similar dependence of the frontier orbital
energies on the fluorine separation has been obtained in
recent calculations’” of (11,0) SWCNT: At large separations of
fluorine (like our 1,6, and 1,8 defects), a pair of new mid-gap
states are introduced and pushed toward one another and
further into the energy gap of the pristine SWCNT. At low
axial separation (like para and ortho defects), the mid-gap
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Fig. 3 Density of states (DOS) for pristine and chlorine-functionalized
(6,2) SWCNTs for (a)-(d) neutral and (e)-(h) charged systems (Q = -1
for mono, Q = -2 for all others). The zero-energy reference is taken as
the middle of the HOMO-LUMO gap of the pristine SWCNT, while the
energies of functionalized SWCNTSs are artificially shifted such that the
largest peaks reside deep inside the valence and conduction bands of
the pristine SWCNT. The arrows indicate the energy gap of the system.

states become energetically separated, and one is pushed
beyond the valance band edge of the pristine SWCNT.”” Overall,
for all neutral, di-chlorinated models, p-type electronic doping
was observed and is expected to provide useful properties
beneficial for photo-voltaic devices, chemical sensors,
photocatalytic agents, etc. The p-type electronic dopant
character of the new MOs is confirmed by the localization of
the LUMO around the Cl/sp*-defect. Table 1 showcases the
HOMO and LUMO MOs for several representable chlorination
schemes for the 2-unit cell (6,2) model, and Fig. S51 depicts the
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ground state frontier MOs of the 5-unit cell (6,2) model. In all
neutral systems, the LUMO is strongly localized around the sp’-
defect with a large contribution from chlorines. Fig. S61 depicts
the projected DOS onto the SWCNT and chlorine contributions
to quantitatively confirm the strong chlorine character of the
LUMO in each case. In contrast, the HOMO is delocalized over
the SWCNT backbone with negligible contribution from the
chlorine sites for the mono, ortho, or para functionalization
schemes.

However, for far-away chlorine attachments at different
carbon rings - the 1,6 and 1,8 cases - the character of the
HOMO changes from delocalized to defect-localized. The 1,4
case shows mixed character of the MO with partial
localization to the chlorine attachment sites, which implies a
crossing of states in the band structure with increasing
chlorine-chlorine separation distance. These results agree
with previous calculations of zigzag SWCNTs showing charge
transfer from the tube to the Cl adducts.®®”® Moreover, a
similar trend in increasing HOMO localization around the
defect with decreasing axial separation between fluorines has
been observed in recent calculations of (11,0) SWCNT.”” Our
calculations show that this trend appears even for non-axial
separation in chiral SWCNTs and for varying defect
configurations with respect to the nanotube axis and,
therefore, generalize results reported in ref. 77.

The effect of functionalization for charged systems is
qualitatively different from those of neutral systems. The
extra electrons in the charged chlorinated SWCNTs
introduce new occupied states inside the energy gap of the

View Article Online
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pristine SWCNT (Fig. 3e-h) in addition to one or more new
unoccupied states. This leads to significantly reduced energy
gaps, compared to the pristine model, where the most
pronounced reduction is found for the longer 5-unit cell
SWCNT systems due to the mitigated confinement effect
(Fig. S4ct). For all charged systems, the HOMO is now
localized around the defect with a large contribution
coming from the chlorine atoms (Table 2 and Fig. S57).
These results illustrate the n-type electronic doping nature
of negatively charged systems, where the role (ie.,
localization character) of the HOMO and LUMO has been
reversed compared to the previous results for the neutral
models where p-type doping was present.

For various defect positions, the longer 5-unit cell SWCNT
model exhibits similar edge localization for the charged
cases, but somewhat mitigated, compared to the short 2-unit
cell models of (6,2) SWCNTs (see Fig. S5t for visualizations of
the HOMO/LUMO for the charged ortho circumferential and
para chiral functionalization schemes). Due to the strong
Coulomb repulsion in the charged cases, the charge is
localized on the edges due to the larger spatial separation
allowed for those states. The edge-localization is enhanced by
a confinement effect, a lack of absolute symmetry of two
ends of the finite-size SWCNT models with respect to the
defect location, and more shallow shape of the trap potential
for some defect configurations, such as strongly separated
defects 1,4, 1,6 and 1,8 (Fig. S5f). Overall, such edge-
localization of frontier orbitals likely implies that the
accumulated charge requires a longer SWCNT model to

Table 2 The highest occupied (HOMO) and the lowest unoccupied (LUMO) molecular orbitals of the charged chlorinated 2-unit cell (6,2) SWCNT
models are shown for various chlorination schemes (Q = -1 for Mono, Q = -2 for all others). The ground state energy gap (HL-Gap) is labeled for each
system along with a qualitative label of the localization character of the electron density for each orbital as edge or defect localized

Charged system (HL gap) HOMO LUMO
MONO (1.42 eV) Edge
‘ ey
. '.: ag‘ti.q a:,"‘li
L
Ortho Ch. (0.80 eV) Edge
):1‘0@;'3;5}4 as'ﬂ‘“{”.a
1 9. ‘,‘m .; & ;O,‘\‘u
Para Ch. (0.79 eV) Edge Yo
g 2 25
R ;‘J{? Ex e
AT
1,4 Ch. (1.22 eV) Edge s
‘Wf?:’.’ -l‘d{a‘:‘f;
5% J. 03, 90% Bo,%
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235009

1,8 Ch. (1.45 eV)
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stabilize the non-edge-localized states due to the strong
Coulomb repulsion. However, the low-energy bright states seen
in the absorption spectra (to be discussed in Fig. 4 and 5) are
the physically meaningful states observed in experiments; they
are present in our models regardless of the edge-localized
states, which support the feasibility of used models.*®

These edge-localized states explain the significant changes
in the shape and relative energetic alignment of the
conduction band edge of charged systems compared to that
of the pristine SWCNT (Fig. 3e-h). This also explains the
similarity of the conduction band between different
functionalization schemes (Fig. 3f and g), since low
unoccupied MOs are edge-localized and, thus, insignificantly
sensitive to the defect configurations. The reduction of the
finite-size effects, moving from the 2- to the 5-unit cell
SWCNT models, showcases a significantly reduced energy
gap to 90-200 meV for the charged systems in the ortho and
para configurations (Fig. 3h and S4ct). Most importantly, this
reduction is accompanied by the occupied Cl/defect-related
states (Fig. S5T) moving closely to unoccupied states of the
conduction band and indicating the n-type electronic doping
character for negatively charged SWCNTs with all choices of

View Article Online
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functionalization schemes for both long 5-unit and short
2-init (6,2) SWCNT models. This contrasts with the p-type
doping character of the neutral cases.

Linear optical spectra of chlorinated SWCNTs

22,36,79,92-97

Linear and vibronic

Optica124,33,34,36,37,46,85,89791
spectroscopy are some of the simplest ways to probe sp’-defect
states in SWCNTs. Other methods also exist, such as electro-
luminescence,’® transmission electron microscopy (TEM),”® and
atomic force microscopy (AFM).*” Absorption and emission
optical spectroscopy, in particular, are the oldest and most
widely used methods of detecting the presence and even the
spatial location”® of individual or groups of covalent
defects.>*?7:30:37:8990:190 The gimulated absorption spectra for
neutral and charged chlorinated nanotubes are shown in Fig. 4
and 5, respectively. For both 2-unit cell (Fig. 4b) and 5-unit cell
(Fig. 4d) (6,2) SWCNT models with neutral para and ortho
functionalization schemes, the lowest-energy optical transition
is redshifted and highly optically active, compared to the
optically inactive lowest-energy states found in the pristine
SWCNT model (black line in Fig. 4b and d). Thus, neutral para
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Fig. 4 Absorption spectra of neutral chlorinated and pristine (6,2) SWCNTSs of (a)-(c) two- (~3 nm) and (d) 5-unit (~7.5 nm) cell SWCNT models
for a variety of functionalization schemes. The vertical lines represent the oscillator strength of the four lowest-energy optical transitions in

each model.
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Fig. 5 Absorption spectra of negatively charged chlorinated and pristine (6,2) SWCNTs of (a)-(c) two- (~3 nm) and (d) 5-unit (~7.5 nm) cell
SWCNT models for a variety of functionalization schemes (Q = -1 for mono, Q = -2 for all others). The vertical lines represent the oscillator

strength of the four lowest-energy optical transitions in each model.

or ortho functionalization provides favorable conditions for
emission of chlorinated SWCNTSs, similar to the observed
enhanced emission brought by aryl-based functionalization of
SWCNTs having different chiralities and diameters,'®>'"28:6%89
When a pair of chlorine atoms are separated from one
another (1,4 and 1,8 defects shown in Fig. 4c), the lowest-
energy transitions appear even further redshifted and are
significantly less optically active. In the limit of infinite
separation, i.e., mono scheme, similar absorption features
are seen at the same transition energies with even further
decreased optical intensity. The reduced optical activity of
the defect-associated excitonic states for the cases where the
chlorines are separated from one another is rationalized by
the stronger localization of the electronic distribution of the
frontier orbitals (Table 1), compared to that of the ortho or
para cases (Table 1 and Fig. 5), which reduces the transition
dipole moment between the ground and the defect-
associated excited states. Thus, for application toward light-
emitting systems, it is crucial to bind the chlorine atoms to
the same carbon ring to maximize the luminescence
efficiency of the localized quantum defect. This conclusion
agrees with the one obtained from calculations***” of various

SWCNTs covalently functionalized by aryl diazonium

© 2024 The Author(s). Published by the Royal Society of Chemistry

moieties, which has been confirmed
experimentally.”®

For charged systems (Fig. 5), the lowest energy excitonic
states also exhibit redshift of their lowest transitions compared
to the main pristine E;; band. However, the defect-associated
states for the charged ortho and para functionalization schemes
become more redshifted (Fig. 5b) than the separated schemes
(1,4, and 1,8 defects shown in Fig. 5c) and the infinitely
separated scheme (i.e., mono, Fig. 5a). Further, the optical
intensity of the lowest-energy transitions for the charged ortho
and para models are an order of magnitude smaller compared
to the neutral systems, while the charged spatially separated
models exhibit roughly the same or slightly higher optical
intensity for the lowest-energy transitions compared to the
neutral systems. We rationalize that the small increase in
oscillator strength for the charged spatially separated defects is
partially attributed to the edge localization in the short, 2-unit
cell SWCNT models (Table 2), as discussed before, which leads
to charge-transfer states that are partially edge-localized. The
longer 5-unit cell (6,2) model helps to mitigate these spurious
states reducing edge-localization of lowest excitons in charged
systems with closely placed chlorine adduct at ortho and para

(Fig. S5 and S8f). However, for these charged 5-unit cell

recently
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models, the defect-associated states are strongly redshifted
(Fig. 5d) - beyond the expected decrease in energy stemming
from finite-size effects, seen to be ~0.25 eV in the neutral
5-unit cell (6,2) system (Fig. 4d). These lowest energy
transitions in charged 5-unit cell models have non-zero optical
activity, although weaker than the neutral ortho or para cases
(compare Fig. 5d and 4d).

We visualize the optical transitions (i.e., the excitons)
through the real-space projected transition density,*”%>*°" as
shown in Fig. S8F This quantity allows for more precise
examination of the localization of the excitons along the
SWCNT main axis. Fig. S8t presents the data for the neutral
and charged ortho-chiral functionalization of the 5-unit cell
(6,2) model. One important observation is that the low-energy
states change character between the neutral and charged
cases, where the lowest-energy excitation for the neutral case
is defect-localized, while it is a highly delocalized pristine-
like exciton with a noticeable contribution from edges in the
charged cases. This observation can be rationalized by
examining the HOMO and LUMO orbitals of Table 1 (and
Fig. S57): the HOMO is localized to the pristine portion of
the SWCNT while the LUMO is defect localized. One could
imagine that the addition of two electrons simply re-labels
the LUMO as the HOMO, while a strong Coulomb repulsion
between added charges shifts the electron density to the
nanotube’'s edges. In this case, the lowest-energy electronic
transitions involving the frontier orbitals should differ in
their character from the neutral case simply because of the
re-labeling of the molecular orbitals. This is expected to
persist across all SWCNT models as well as between SWCNT
chiralities and diameters.

To generalize our results to other SWCNT chiralities, we
have calculated several defect configurations of (6,5) SWCNT.
Fig. S91 shows the absorption spectra and the excited electron-
hole pairs (natural transition orbitals) contributing to the
lowest optical transitions for the charged and neutral cases of
ortho chiral functionalization of the (6,5) model of 12 nm in
length with two chlorines as well as for the neutral pristine
(6,5) SWCNT. For the aryl-functionalized (6,5) SWCNT, this
defect configuration was calculated to provide the most
redshifted defect-related optically bright transition.**'%
Corrected for confinement errors,'%” this transition is in good
agreement with the experimentally observed most redshifted
defect-related Ej, emission peak (~1.09 eV) for aryl-
functionalized (6,5) SWCNTs.** Similar optically active,
redshifted defect-related features (~1.06 eV) have been
experimentally detected in p-doped (6,5) SWCNTs, where a low
degree of doping is introduced either via redox-chemistry using
AuCl; solution or electrochemically (noncovalently).**%°

As can be seen in Fig. S9,f the calculated optical transitions
for the neutral chlorinated (6,5) model are similar to those
previously calculated for aryl-functionalized (6,5) SWCNTSs.
Applying the confinement error correction following the
procedure from ref. 102, the defect-related state and its splitting
from the pristine E;; band for the neutral chlorinated (6,5)
model shows good agreement with absorption peaks detected
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in redox-dopped (6,5) SWCNTs under a small concentration of
AuCl;.%*% This similarity is rationalized by localization of the
E*, exciton mainly on the sp*-defect, with a small contribution
from adducts, as we have shown in our previous studies.*®'*
Experimental data from recent investigations of larger diameter
SWCNTs exposed to halogen-containing solvents under
sonication’* have suggested the defect formation mechanism
resulting in p-doping of these wide-diameter SWCNTs being
similar to the sp®-defect formation in diazonium treated smaller
diameter (6,5) SWCNTs sonicated in water.”® Thus, it seems
reasonable to assume that changes in the electronic structure
caused by the covalent attachments of various adducts to
SWCNTs of different chiralities and diameters have similar
nature and, thus, result in similar trends in their photophysical
properties, while their quantitative characteristics have to be
verified probing response from each SWCNT diameter and
chirality.

The charged chlorinated (6,5) model exhibits optically active,
low-energy excitons below 0.5 eV along with many dark states
contributing from nanotube edges (Fig. S97), similar to those
observed for the charged (6,2) SWCNT model (Fig. 5). However,
this strongly redshifted defect-related peak in the charged
model deviates from those observed in the electrochemically
field-doped (6,5) SWCNT films, which show no noticeable
difference between redox- and electrochemically field-doped
samples at small concentrations of carriers and defects.®>"%*
We explain this discrepancy by the enhanced edge-localization
of low-energy excitons due to a strong confinement effect of the
charged 12 nm model (Fig. S9bt), which is unlikely present in
experimental samples of long SWCNTs (>100 nm in length).
Similar to the 8 nm (6,2) model, the edge-localization of low-
energy excitons in the 12 nm (6,5) model implies that the
accumulated charge requires a longer SWCNT model to stabilize
the non-edge-localized states due to the strong Coulomb
repulsion. Nonetheless, observed similarities between the
lowest-energy peak of the chlorinated and pristine (6,5) charged
models (dashed lines in Fig. S91) point to similar characters of
the distributions in the electron density for excess charge
carriers in systems with and without covalent defects. This
conclusion goes along with detected similar optical features
between redox- and electrochemically field-doped samples of
(6,5) SWCNts. 5465104

In all cases of functionalization scheme and charge, the
energy of the main optical band E;; (~1.5-2.3 eV) roughly
coincides with those of the pristine (6,2) SWCNT but is
notably reduced in its optical intensity. This trend is the most
pronounced for the longer 5-unit systems (Fig. 4d and S107).
In an attempt to understand this modulation of the pristine
E;; transition, we performed additional simulations at a
higher level of theory. Using infinitely long SWCNTs (with
periodic boundary conditions), the vertical excitations and
linear absorption rates were computed using the Bethe-
Salpeter equation (BSE)'”™'% on the basis of DFT Kohn-
Sham states (see ref. 109 for methodological details) for a
pristine and a para functionalized SWCNT model (Fig. S107).
Interestingly, the reduced optical activity of the E;; band as a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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result of functionalization is further verified by these more
rigorous simulations, indicating that the effects seen in our
shorter, finite-sized models are justified and accurately
capture the correct qualitative physics. We rationalize the
reduction in the pristine E;; optical transition upon covalent
functionalization by the reduction in the orbital symmetry
(i.e., degeneracy) in the pristine manifold, effectively reducing
the oscillator strength of the bright pristine E;; exciton. A
similar decrease in the intensity of the main E;; absorption
band has been detected in low and moderately
electrochemically and redox-doped films of (6,5) SWCNTs
under small concentrations of AuCl,.6*>104

Overall, diluted chlorine functionalization results in
several main changes to the optical spectrum and electronic
properties. First, there is a significant decrease in intensity
of the main E;; band. This is the result of the previously
mentioned breaking of degeneracy in the electronic
structure of SWCNTs due to surface functionalization (Fig.
S41). Second, there is an introduction of redshifted
transitions originating from the sp’-defect whose energy-
splitting and optical intensity strongly depend on the
relative configuration and spatial separation of functional
groups on the SWCNT surface. Third, neutral ortho and
para defects provide optically active, lowest-energy
transitions, while with increased distance between
functional groups the optical intensity of the lowest-lying
transitions decreases. Finally, negatively charged models
exhibit reduced optical activity and the largest redshift of
the low-energy, defect-associated states, but this trend is
likely pronounced only in strongly confined SWOCNT
structures of ~10 nm in length. While literature reports on
computations of charged SWCNTs are limited, excitations
in the charged SWCNT models are expected to provide
important insights into the optical properties and formation
of charged exciton states. For example, trions (singly
charged excitons or three-particle states) in SWCNTs have
been a topic of recent research and may give rise to a new
type of defect-associated states used for their electronic and
optical properties."’*™"® These systems are expected to be
useful in ultra-long-wavelength emission in nano-structure-
fabricated telecommunications devices.

The effect of defect concentration on electronic and optical
properties

Concentration dependence of covalent functionalization has
been the subject of recent interest in both experimental and
theoretical ~ research,>>3¢?7:5%8%114  yye introduce higher
concentrations of SWCNT-bound chlorine atoms in pairs, all of
the same-ring para circumferential functionalization scheme for
neutral 2-unit cell (6,2) SWCNT model systems. This defect
configuration is chosen because it exhibits the brightest, lowest-
energy exciton (Fig. 4b) for the system when one defect is
introduced. Charged cases with higher concentration are not
considered because data for charged mono- and di-chlorinated
systems indicate that higher concentrations are unlikely to be

© 2024 The Author(s). Published by the Royal Society of Chemistry
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stable due to the significant charge build-up on the defect-
involved atoms leading to strong electrostatic repulsion upon
further functionalization (Fig. 2 and S3+). Increased total charge
in the considered SWCNT models may give rise to spurious
results due to the strong Coulombic interaction coupled with
the finite-length SWCNT, as discussed before (Table 2).
Spectroscopic measurements evidence that redox-based doping
leads to hard segmentation of the (6,5) SWNTs with intrinsic
undoped segments being separated by randomly distributed
charge puddles of 3.4-4 nm in width for the low and moderate
concentrations of AuCl; as well as for electrochemically field-
doped samples.®>'** As such, the calculations of concentration
dependence in charged systems require significantly larger than
10 nm length SWCNT models that can accommodate the excess
charge, avoiding edge effects.

As observed in Fig. 6(top), the binding energy per chlorine
exhibits only a small change as the number of neutral pairs of
chlorine atoms is increased from 1% (2 chlorine atoms
contributing to a single para sp*-defect) to 6% (12 chlorine
atoms contributing to 6 sp>-defects separated by ~0.5 nm). The
thermodynamic stability of the chlorine-SWCNT interaction
negligibly changes as the concentration is increased up to 3% (3
defects separated by ~1 nm) and only reduces slightly as the
concentration is further increased from 3 to 6 defects
(Fig. 6(top)). We rationalize this result by the strong charge
localization around the sp’-defect on the SWCNT, which
reduces the sensitivity of the system to added numbers of
defects. Based on our calculations, structures with 1-3 defects
well distant from the nanotube edges are the most
thermodynamically feasible. This agrees with recent
experimental work"'* where 1 to 3 quantum defects have been
estimated as the most common defect concentration introduced
by diazonium salt chemistry to (6,5) SWCNTs. However, binding
energies are likely sensitive to the relative positioning of
chlorine pairs on the SWCNT surface, and the arrangements
chosen in this work might vary from the most stable one.
Nonetheless, the wunderlying physics obtained from the
concentration dependence of the para-circumferential
configuration (Fig. 6(top)) suggests that low to high chlorine
concentrations are feasible in experimental samples and may
be controlled and manipulated by chemical means.

Increasing the number of sp*-defects from 1 to 3 (1-3%)
only slightly changes the DOS and the HOMO-LUMO gap of
the system (Fig. 6(middle)). However, as the chlorine
concentration further increases, the number of mid-gap
states contributed from chlorination increases,®” resulting in
a dramatically smaller HOMO-LUMO energy gap (~0.53 eV)
as the chlorine concentration increases to 6% (6 sp*-defects).
This trend but with more pronounced reduction of the energy
gap with increased defect concentration is observed in longer
5-unit-cell models (Fig. Sila and bf). Thus, increasing
chlorine concentration effectively increases the p-type
electronic doping character of chlorinated SWCNTs. The
defect-associated mid-gap states contribute to multiple,
redshifted optical transitions (Fig. 6(bottom)), whose energy
decreases with the number of defects. The optical activity of
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these lowest-energy transitions noticeably reduces with
increasing defect concentration, with this trend being the
most pronounced in longer 5-unit cell models (Fig. Siict).
This optical behavior is rationalized as the result of the
extension of the defect-associated exciton across all defect
pairs, as has been explored previously for defect-defect
interactions in SWCNTs.*”®" At high defect concentrations,
two defects are so close (<1 nm apart) that they form a
hybrid defect state that cannot be factorized into the two
original defects due to the large wavefunction overlap
between several interacting excitons.’® These closely spaced
defects have been experimentally formed using single strand
DNA?'"2385 to control the spatial separation and defect
concentration up to 20 defects per 100 nm of the SWCNT.*’
These high-concentration defects exhibit a further increase in
the optical redshift compared to few-defect systems,>”
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Fig. 6 Concentration-dependent effects in neutral chlorine

functionalizations for the ground and excited electronic states. (Top)
Binding energies of chlorine to the nanotube surface with respect to
chlorine concentrations. The concentration is introduced by binding
multiple chlorine pairs in the para functionalization scheme in the
circumferential  direction/orientation: two chlorines per 1%
concentration. (Middle) The density of states (DOS) for the SWCNT for
different chlorine concentrations. The zero-value reference for the
X-axis is taken as the middle of the HOMO-LUMO gap (E;) for each
model. (Bottom) Simulated absorption spectra at various chlorine
concentrations.
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which agree with the calculated redshift trend for increased
chlorination from 1% to 6% (red and grey lines in
Fig. 6(bottom)).

However, recent experimental studies have shown that the
defect-related emission energy E¥, remains constant while its
intensity and linewidth increase with diazonium salt
concentration, at the conditions of 1 to 3 defects per (6,5)
SWCNT."™* In contrast, our results demonstrate a small
redshift and decrease in the optical intensity for the lowest
energy transitions when the number of defects is growing
from 1 to 3 defects (red and blue line in Fig. 6(bottom)). This
discrepancy can be associated with a strong confinement
effect of our finite size SWCNT models, resulting in
significantly larger energy splitting between states originating
from different interacting defects (~0.5 nm apart from each
other), so that they do not additively contribute to one optical
peak, as they likely would for infinitely long systems with a
few well-separated non-interacting defects. This confinement
effect is well illustrated for a single defect in the (6,2) SWCNT
with varying length in Fig. S10.}

The appearance of defect-related low-energy transitions is
accompanied by slight changes in the energy of the main
bandgap-related E;; transition and its reduced optical
intensity as the defect concentration increases, which is an
expected extension of the previous discussion regarding
Fig. 4 and S8.f This trend agrees well with the experimentally
observed reduced intensity of the Ey; emission peak in (6,5)
SWCNTs with increasing diazonium salt concentration,
which is regarded as an approximate measure for defect
density."™ For increased concentrations of CuAls, the redox-
doped (6,5) SWCNTs also show consistent reduction in the
intensity of the E;; band with doping concentration,®*®>1%4
which correlates with our results. Overall, through the
functionalization of additional chlorine atoms, the energy of
optical transitions becomes more energetically tunable but
less optically active in its main bands, pointing to a trade-off
of value when using the concentration of the defects as a
strategy for the tuning of such properties for practical optical
applications. Additionally, the increase in the number of low-
energy states with low optical activity will lead to
competitions between radiative emission to the ground state
and non-radiative relaxation from defect-associated states.
The energetic location of these states is also highly sensitive
to the atom-specific location of the many chlorine species in
these high concentration schemes.

Conclusions

The structural, electronic, and optical properties of
chlorinated (6,2) SWCNTs were examined using DFT and TD-
DFT methods for both neutral and negatively charged
systems. Neutral systems displayed selective binding with
respect to configuration of the chlorine pair, where the
system is the most energetically stable when two chlorine
atoms are bound to the same ring of the SWCNT sidewall,
either in ortho or in para configurations, independent of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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length of the SWCNT model. Binding two chlorine atoms to
different SWCNT carbon rings with increased chlorine-
chlorine distance results in much weaker chlorine-SWCNT
binding in which cases elongated C-Cl bond lengths as well
as a reduction in sp’-character of C-C bonds near the
functionalization can be seen. The reduced chlorine-chlorine
interactions at large separation lengths lead to comparable
thermodynamic stability as observed for the mono-
chlorinated SWCNT, the least stable in this study. Preferential
binding of neutral chlorine atoms at two close sites (on the
same SWCNT carbon ring) - and therefore avoiding the
formation of an open-shell system (monochlorination) -
agrees with experimental data showing that a SWCNT radical
is extremely short-lived due to high reactivity at the adjacent
carbon sites.

In contrast, for negatively charged chlorinated SWCNTs,
the chlorine binding energy is the most favorable for mono-
chlorinated SWCNTs, since this configuration avoids the
formation of an open-shell system, while additional charge
dramatically reduces the stability for di-chlorinated SWCNTs,
especially when the distance between chlorines is small. Our
calculations show that the negative charge introduced into
the chlorinated SWCNTs is predominantly localized not only
on chlorine but also on the sp>-hybridized carbon atoms,
which results in strong Cl-Cl (long-range) and C-Cl (short-
range) electrostatic repulsions which destabilize the system.
Therefore, we conclude that chloride ions likely bind to
SWCNTs only in very low concentrations (effectively mono-
chlorinated). In contrast, for neutral systems, the strength of
the binding energy per chlorine atom is only slightly reduced
with increasing chlorine concentration, since the frontier
orbital charge density is mainly localized around the sp’-
hybridized carbons where functionalization occurs, rather
than on the chlorines themselves. This result confirms that
high degrees of neutral chlorination should be feasible in
experimental samples and can be used to tune subsequent
electronic and optical properties.

The binding of neutral chlorine atoms to the SWCNT
results in the introduction of unoccupied mid-gap states,
resembling a p-type electronically doped system. As
previously demonstrated for aryl-functionalized SWCNTs, the
depth of the potential energy felt by the bound electron-hole
pair (i.e., exciton) attributed to these defect-associated states
is heavily dependent on the relative configuration of the two
covalent functionalizations. All explored configuration
schemes for the chlorines result in a decrease in the optical
intensity of the main E;; native excitonic band, which
corresponds to optically active transitions in the pristine
SWCNT, while also generating new redshifted, optically active
transitions (for the ortho and para schemes) associated with
the sp-hybridization defect. However, increasing the distance
between bound chlorines as well as increasing chlorine
concentrations strongly reduces the optical intensity of both
the pristine-associated E;; and the redshifted, defect-
associated transitions. Thus, even moderate concentrations
(4-6%) of bound chlorines are expected to quench the
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emission of chlorinated SWCNTs. The binding of charged
chloride ions to the SWCNT sidewall introduces occupied
states to the energy gap of the nanotube, resulting in n-type
electronic doping character. However, the intensities of
redshifted, defect-associated optical transitions are found to
be weak or completely inactive. As such, a reduction in the
optical activity of low-energy optical bands can serve as a
fingerprint of charged species in chlorinated SWCNTs.

Overall, our findings provide valuable insights into the
photophysical and structural properties of chlorinated SWCNTSs,
which can be instrumental in guiding new synthesis procedures
and characterization techniques, allowing for chemical control
over emission efficiency in SWCNTs. Our quantum chemistry
calculations complement experimental efforts in improving
optical and electronic performance in these nanomaterials and
are important for the fabrication of photovoltaic, lighting,
sensor, and quantum information devices.

Methods

Atomistic models

Our ab initio simulations used finite-length (6,2) SWCNT
models with two (220 atoms, ~3 nm) and five (532 atoms,
~7.5 nm) primitive unit cells in length using the Tubegen'"”
software. Each end of the finite SWCNT was functionalized
with one methylene group attached to the dangling bond
along the chiral vector/axes of the SWCNT (see Fig. 1b), with
hydrogen atoms placed at all other terminal positions. It has
been shown that the electronic structure of finite SWCNT
models are sensitive to the number of methylene groups at
the SWCNT terminus,®® and this particular capping scheme
was previously found to eliminate the electronic trap states
located predominantly on the ends of the SWCNTs and
provides proper scaling relationships between energies of
optical features and system length.'*® The pristine SWCNTSs
were then optimized using MOPAC"" software with AM1 (ref.
118) methodology and an STO-3G basis set as previously
performed.®” Further optimization was then performed using
Gaussian09 software''® at the level of the density functional
theory (DFT), with all results calculated using the PBE1PBE
(also called PBEO) functional with the 6-31G* basis set for 5
nm (6,2) models and the mixed basis set using STO-3G for
carbons and 6-31G* for chlorines in 8 nm (6,2) and 12 nm
(6,5) SWCNTs.

The optimized (6,2) SWCNTs were functionalized with either
one or two chlorine atoms initially placed at a distance of about
1.5 A from one of the SWCNT carbon atoms to initiate the C-Cl
bonding. The optimization of these initial geometries results in
one sp-hybridized defect in the otherwise sp>-hybridized crystal
lattice of the SWCNT. As a result of non-zero chiral angle in
(6,2) SWCNTs, functionalization with two chlorine atoms
generates sp’-defect sites in three distinct orientations with
respect to the SWCNT main axis (see Fig. 1b). Unique electronic
and optical properties for functionalization along three
orientations have been demonstrated in aryl-functionalized (6,5)
systems and others,'®19384080103 yarious choices for the
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relative orientation and configuration of chlorine attachments
on the (6,2) SWCNT lattice are presented in Fig. 1b and c. Both
ortho and para arrangements with both chlorine atoms located
on the same sixxmembered ring of the SWCNT are considered
the most plausible species, from synthetic considerations.*’
Meta configurations were not examined due to their
instability.”®’> The mono attachment (a single chlorine) was
also considered, forming an open-shell system.

In addition, we have created structures where two chlorine
atoms are separated from each other by four (1,4 defect), six
(1,6 defect), and eight (1,8 defect) carbons. This results in
defect sites being generated on adjacent rings, two rings
apart, and three rings apart, respectively, as illustrated in
Fig. 1b and c. Since intermediate steps in SWOCNT
functionalization with chlorine atoms are expected to involve
charge transfer processes, charged systems were
considered with both a zero and a negative one charge
per chlorine adsorbed to the SWCNT surface, in addition
to the neutral systems. In several of the charged systems,
geometry optimization revealed the energetically favorable
geometries to consist of isolated SWCNTs and chlorine
species. The data for these arrangements where
functionalization is not expected to occur is excluded
from further consideration.

Calculated structural properties

The binding energy of a chlorine adduct to the tube was
determined by the following formulas:

AEb = [Echlorinated - (ECNT + nECI)]/nr (1)

AEy, = [Echiorinated ~ (EcnTi(n-2)c1 T 2Ec1)], (2)

where E pjorinatea 15 the total energy of the optimized chlorinated
SWCNT, Ecnr is the energy of the optimized pristine SWCNT,
Ec is the energy of a pristine chlorine atom (or an ion), n is the
number of chlorine atoms (or ions) in the system, and Ecyryp-2)
a is the energy of the chlorinated SWCNT with missed two
chlorines forming one defect. Eqn (1) provides an average
binding energy of a Cl adduct to the nanotube (see Fig. 2), while
eqn (2) provides the energy of a specific Cl-based defect at the
nanotube, when more than one defect is introduced to the
model (high defect concentrations, see Fig. 6).

To determine the extent to which the sp>hybridization in
the pristine SWCNT lattice is disrupted by the presence of
covalently attached chlorines, the bond length alternation
(BLA) was defined as the difference between the average bond
lengths between carbon atoms of the non-functionalized part
of the SWCNT and the average of those bond lengths
adjacent to the functionalized carbon atoms in the SWCNT.
The shared bond between two defect sites in ortho/para-
functionalized configurations is elongated to a higher degree
than all other bonds in the system, due to its high sp*-
hybridized character, and was therefore excluded from this
average. Such analysis of binding energies and geometries
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enables the characterization of the degree of covalent
functionalization for different binding configurations and
methodologies.

Ground and excited state electronic structure calculations

To facilitate the selection of methodology, the results for
finite-sized, functionalized (6,2) SWCNTs were compared
using a number of different functionals and basis sets.
Functionals that were tested include PBE,'?%'*!
PBE0,'?°'?>  B3LYP,'**'*°* and ©B97XD,"**'?” all as
constructed by the Gaussian09 software package''® with
the 6-31G* basis set. These calculations revealed that the
binding energies between chlorine adducts and the
SWCNT, the C-Cl bond length, and the C-C BLA
obtained by the hybrid PBEO functional are comparable
to those of the more advanced range-separated wB97XD
functional with dispersion corrections (Fig. S1 and S27
and Discussion in the ESIf). While ®B97XD is expected
to be more accurate for predicting geometries and
adduct-SWCNT interactions, it provides unreasonably large
band gaps in SWCNTs.'9'%*128 Therefore, we have used
the PBEO functional for all calculations of chlorinated
SWCNTs, which shows reasonable performance for both
the geometry and the electronic structure of these
systems. The PBEO functional was also used for the
subsequent benchmarking of STO-3G,"*™° 6-31G,"*'"%°
and 6-31G*'*° basis sets, shown in Fig. S1b and d and
S2b and d.f The inclusion of polarization functions to
the basis set stabilizes the energy of the system, resulting
in a more reasonable C-Cl bond length and increased
C-C BLA corresponding to the significant sp*-character of
carbon atoms involved in functionalization compared to
the 6-31G basis set. Overall, our studies show that the
6-31G* basis set and the PBEO functional is a sufficient
methodology for calculations of chlorinated SWCNTs,
which agrees with our conclusions from previous
calculations of functionalized SWCNTs.'%

For analysis of the electronic structure in each case, the
density of states (DOS) was generated by broadening the
single-particle Kohn-Sham electronic states using a Gaussian
function with linewidth ¢ = 0.1 eV. Optical transitions were
generated using linear response time dependent DFT (TD-
DFT)"”"*® on the finite-sized models optimized with the
PBEO functional and 6-31G* basis set. The 40 and 20 lowest-
energy excited states (i.e., vertical excitations at the Condon
geometry) were calculated for the 2- and 5-unit SWCNT
models, respectively. To replicate the thermal effects,
simulated absorption spectra were generated by broadening
the ground-to-excited transitions with finite-width (o = 0.1 eV)
Gaussian functions. Natural transition orbitals (NTOs)"’
were generated for the lowest energy and the most intense
optical transitions to visualize the localization of the
electron-hole pair contributing to the first optically active
excitonic state associated with the defect of the
functionalized SWCNTs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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