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ABSTRACT: Molecularly functionalized single-walled carbon nanotubes (SWCNTs) are potentially useful for fiber optical
applications due to their room temperature single-photon emission capacity at telecommunication wavelengths. Several distinct
defect geometries are generated upon covalent functionalization. While it has been shown that the defect geometry controls
electron localization around the defect site, thereby changing the electronic structure and generating new optically bright red-
shifted emission bands, the reasons for such localization remain unexplained. Our joint experimental and computational studies
of functionalized SWCNTs with various chiralities show that the value of mod(n-m,3) in an (n,m) chiral nanotube plays a key
role in the relative ordering of defect-dependent emission energies. This dependence is linked to the complex nodal
characteristics of electronic wave function extending along specific bonds in the tube, which justifies the defect-geometry
dependent exciton localization. This insight helps to uncover the essential structural motifs allowing tuning the redshifts of
emission energies in functionalized SWCNTs.
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Single-walled carbon nanotubes (SWCNTs) are pseudo
one-dimensional structures constructed by rolling a

graphene sheet into a cylinder.1,2 The direction in which the
sheet is rolled is described by a chiral vector constructed from
two vectors n and m lying at +30° and −30° from the armchair
dimension of the graphene sheet.3 This construction allows for
the generation of distinct tube geometries (n,m), known as
“chiralities”, with unique electronic4 and optical properties.5

The experimentally observed dependence of optical band
energies of SWCNTs on their precise chiral structure follows
the “family behavior”a systematic pattern of chirality
dependence of the optical transition energies in semiconduct-
ing SWCNTs according to whether mod(n-m, 3) = 1 (denoted

as mod1) or 2 (dubbed as mod2).6 When mod(n-m,3) = 0, the
tubes are metallic and will not be considered for this study. In
addition to chirality dependence, the emission energies of
pristine SWCNTs follow the diameter-dependent trends
predicted by quantum confinement (i.e., particle in a box),
where larger diameter tubes generate lower-energy emission
features.7 Such energy dependence allows for the precise
spectroscopic characterization of chiralities present in a sample
and offers a great deal of tunability for applications requiring
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different energies of optical features.8 For fiber-optical
applications, room-temperature single-photon emission in the
infrared range is desired.9 While near-infrared emission can be
achieved from relatively large pristine SWCNTs, quantum
yields of emission are typically low due to the presence of low-
lying dark states at energies lower than the bright optical
transition. Furthermore, the excitons rapidly diffuse and
quench at defects formed in the tube synthesis.10 Covalent
functionalization of SWCNTs presents a new strategy for
manipulating their optical properties and brightening the
lowest-energy optical transition. Chemical adducts on the
surface create localized low-lying excited states able to trap
diffusing excitons, thereby increasing emission quantum yields
and red shifting the emission features, thus accessing telecom
wavelengths from the relatively small diameter SWCNTs that
are generated from common synthetic methods.10−14

A common functionalization process involves chemically
treating SWCNTs with aryl diazonium reagents,15−20 resulting
in sparse integration of low-level sp3-defects in the otherwise
sp2-hybridized lattice. The first step in this functionalization
process involves a charge transfer between the SWCNT and
the reactive aryl species resulting in a reactive intermediate.
Resonance relocates charge (or an unpaired electron in the
case of a radical mechanism) to positions either ortho or para
with respect to the original addition site in configurations along
the three types of chemically distinct bonds present in
SWCNTs.11 These three types of bonds are labeled (+), (+
+), and (−) as shown in Figure 1a,b. Carbon atoms along each
of these three types of bonds become candidates for addition
of a second species (being another aryl group or an H or OH
from aqueous media).21 It has recently been demonstrated that
such additions result in distinct defect geometries exhibiting
different emission energies.21 In the absence of functionaliza-
tion, the emission spectra of a single chirality SWCNT
contains a single well-defined feature at energy E11. Depending
on the functionalization conditions, one or two defect-based
emission bands generally emerge: one with redshifts of ∼100
meV from the native exciton (denoted by E11*) and one with
redshifts of ∼200 meV (denoted by E11*

−). These emission
features originate from defects of different geometries, and the
generation of multiple defect geometries accounts for the
presence of emission features over a wide range of energies.21

The energies of the emission features for different function-
alization configurations with respect to the SWCNT axis also
exhibit significant chirality dependence.22,23 It has been further
demonstrated through a number of spectroscopic studies that
ortho-functionalized configurations (Figure 1a) are likely the
predominant species formed in the reaction due to differences
in reactivity toward specific defect geometries.23 This varying
reactivity is attributed to π-orbital mismatch in pristine
SWCNTs, where bonds directed along the axis of the tube
are not as reactive as others due to increased π-orbital overlap.
Zigzag SWCNTs (chiral angle = 0°) have been shown to
exhibit reduced spectral diversity compared to other chiralities
due to the symmetry in the SWCNT lattice creating two
degenerate defect geometries.22,23 While strong redshifts in
emission features of certain defect geometries have been
correlated to exciton localization,10,11,14 a rationale behind
such localization is currently lacking. In order to attain tighter
control of functionalized SWCNT emission features, further
insights into the source of geometry-dependent localization are
required.

Here, we theoretically model a set of functionalized zigzag
SWCNTs of different diameters and mod(n-m,3) families
using time-dependent density functional theory (DFT) for
computations of emission energies for the finite-length
segments and compare these results to available experimental
spectra. This approach has been previously shown to produce
results consistent with experimental data for a variety of
chemical species.10−14,23 Analysis of the optical features
obtained from our calculations suggest a family dependence
in mod1 and mod2 zigzag nanotubes for the energies of
emission features with respect to defect geometries. This
dependence is shown to agree with experimental data. We
extend these observations to functionalized SWCNTs of
varying chiralities, thereby demonstrating that these mod-

Figure 1. Possible functionalization positions on a (a) zigzag SWCNT
and (b) chiral SWCNT. With a functional group added to the initial
functionalization site (gray circle), a second group could add to the
other six positions to yield (+) (square), (++) (triangle), or (−)
(circle) defect geometries. This addition can occur either adjacent to
the initial site (to form ortho, yellow) or across the ring from the
initial site (to form para, green). The bonds highlighted in red are
those that are most reactive. Experimental (black curve) and
calculated (stick spectra) emission spectra of functionalized (c)
(10,0) and (d) (11,0) SWCNTs (methoxybenzene dopant was used
for experimental, and bromobenzene group for computed systems, see
Methods). Stick spectra correspond to the calculated transition
energies for functionalization in the ortho(+) (squares), ortho(++)
(triangles), and ortho(−) (circles) configurations. Orange symbols
and droplines indicate the energies of ortho-functionalized species,
while green symbols and droplines indicate the energiesof para-
functionalized species. Functionalization of (10,0) (a mod1 system)
results in the presence of E11* emission features, while the E11*

− peak
is absent. Functionalization of (11,0) (a mod2 system) leads to strong
E11*

− and very weak E11* features. These results can be understood
by considering π-orbital mismatch in the pristine systems as well as
degeneracies imposed by the zigzag tube symmetry.
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dependent trends are not limited to zigzag systems. Such an
observation is in agreement with experimental results
demonstrating that the energy of E11* transitions follows
mod(n-m,3) family based trends.13,24,25 It further suggests
trends in optical shifts that can assist in the assignment of
individual spectral features to specific binding configurations
for each tube chirality. We further provide physical
interpretations for the strong redshifts of optical features. For
the first time, we attribute exciton localization at defects to
geometry-dependent variation in the nodes of the frontier
orbital wave functions extending through the honeycomb tube
lattice.
Functionalization of zigzag SWCNT chiralities with different

mod(n-m,3) values reveals opposite behavior with respect to
intensity of different emission features. For mod1 (10,0) tubes,
the predominant emission feature observed is the higher-
energy E11*, while peaks at the lower-energy E11*

− are
completely absent. In contrast, the functionalized mod2 (11,0)
spectrum exhibits strong features at E11*

− and only very weak
emission at E11* (Figure 1c,d). Chiral angle and tube diameter
cannot be the source of this discrepancy since both have the
same chiral angle (0°) and similar diameters (0.78 nm for
(10,0) and 0.86 nm for (11,0)). Furthermore, different defect
geometries cannot account for observed difference since it is
expected that functionalization of any zigzag system will result
in the formation of similar off-axial defect geometries due to
the reactivities of these bonds. Previous results have attributed
the increased reactivity of certain bonds due to high π-orbital
misalignment, which in turn was linked to increased selectivity
for functionalization along bonds lying away from either the
SWCNT axis or circumference.23 Namely, the less-reactive
bonds along the nanotube axis have minimal misalignment
compared to the reactive bonds oriented farther away from the
axis, which are distorted by the tube curvature. However, in the
present case, both (10,0) and (11,0) SWCNTs are of zigzag
chirality. There are therefore only minor differences in π-
orbital misalignment of corresponding bonds for both
SWCNTs, as supported by our calculations (Figure S2).
Stronger misalignment for both reactive and nonreactive types
of bonds are observed for smaller nanotubes than for larger
ones due to their increased curvature. However, the overall
reactivity trends are consistent across all chiralities. It is
therefore expected that the same types of bonds would react in
both mod1 and mod2 zigzag SWCNTs producing similar
topological defect geometries. Thus, the observed differences
in the experimental emission features of (10,0) and (11,0)
SWCNTs (Figure 1c,d) are surprising and cannot be explained
by existing understanding.
With this in mind, we invoke quantum chemical modeling to

rationalize the differences in the two spectra. As with previous
reports, the defect geometry strongly influences the energies of
optical features. While relative bond reactivity dictates that
ortho functionalization is more preferential, some experimental
emission features best correlate to the energies predicted by
para structures.22 We therefore study the effects of both ortho
and para functionalization along three types of bonds distinct
in the angle they form with respect to the SWCNT axis (Figure
1a). Symmetry in zigzag SWCNTs leads to a degeneracy of
(−) and (++) bonds oriented away from the SWCNT axis and
results in a single emission feature for functionalization along
these two bonds (stick spectrum, Figure 1c,d). For function-
alized (11,0), this configuration corresponds to a strongly red-
shifted E11*

− feature, consistent with pronounced experimental

spectral feature (Figure 1d). The strength of this feature
indicates that it likely is the result of the defect along the highly
reactive off-axial bonds. Additionally, functionalization along
the less-reactive axial ortho (+) bond and para functionaliza-
tion occurs only to a small degree, leading to a very weak less
red-shifted E11* feature (Figure 1d).23 Analysis of a function-
alized (10,0) tube demonstrates opposite trends. In a stark
contrast to (11,0), functionalization in the degenerate
orientations along ortho(−) and ortho(++) bonds leads to
much smaller redshifts (Figure 1c). Thus, an E11* feature
present in the experimental spectrum is likely the result of
either ortho or para functionalization in such orientations.
Moreover, axial functionalization of (10,0) to form the ortho
(+) configuration would result in formation of the more
strongly red-shifted emission feature. This peak is absent from
the experimental spectrum. Since the smaller diameter of
(10,0) results in greater π-orbital misalignment across all
bonds (Figure S2), the selectivity toward functionalization of
nonaxial bonds is stronger than that for (11,0). As such, axial
functionalization does not occur and E11*

− features are
completely absent from the experimental spectrum for the
(10,0) system (Figure 1c). A mod(n-m,3) dependence in
spectral energies is suggested by these differences in
experimental and calculated optical spectra for (10,0) and
(11,0) systems.
To confirm and generalize the mod-dependent effects on

optical transition energies in a wider range of tube chiralities,
we have calculated the energies of optical features for ground-
state geometries for a set of functionalized SWCNTs spanning
a wide range of diameters and chiral angles (Figure 2). Analysis
of optical features calculated from ground-state geometries is
sufficient to establish trends in optical energies with respect to
defect configuration since the redshifts from E11 for absorption
and emission features have been shown to be qualitatively
similar.14 Figure 2 demonstrates that mod-dependent optical
energies are not limited to zigzag systems: a distinct mod-
dependent behavior is observed across all chiralities. When the
functionalized bond is close to the axis (as is the case for
ortho(+) functionalization), the redshift for mod1 is the
strongest among the different defect geometries (Figure 2, red
circles). In contrast, defect configurations from functionaliza-
tion close to the axis for mod2 systems generate the smallest
redshift among all species of ortho(+). Furthermore, mod2
systems generate the strongest redshifts for defect config-
urations forming a negative angle with respect to the SWCNT
axis (ortho(−) systems), Figure 2, blue circles. Similar negative
angles for mod1 systems lead to very small redshifts from E11.
In all cases, functionalization of the bond closest to the
SWCNT circumference (ortho(++)) results in some inter-
mediate energy shifts between the other two configurations,
with the exception of zigzag systems where two degenerate
defect geometries exist. It is notable that the degree of redshift
when going across the series varies dependent on the diameter
of the SWCNT. Generally, the larger tubes exhibit the smaller
total redshifts. This behavior has been previously described for
E11* features.13,25,26 Our current computational results suggest
a similar trend for E11*

− features originating from different
defect configurations. We note that the observed trends are
opposite for para configurations, which also show the distinct
mod and diameter dependence (bottom three panels of Figure
S3). However, functionalization in para positions is expected to
generate the least synthetically relevant defects, due to the less
reactive nature of these configurations.23 While the mod-
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dependent and diameter-dependent trends in optical features
for different defect geometries have previously attributed to
differences in the degree of exciton localization,14 the physical
origins for such localization are yet to be explained.
Comparison of the frontier molecular orbitals of a mod1 and
mod2 system rationalizes these observations.
A general trend for emission features as exemplified for

functionalized (6,5) SWCNTs is that the introduction of sp3-
defects in different configurations results in varying redshifts
from E11 due to exciton localization around the defect site.
Here the most localized species generate the strongest redshifts
compared to less-localized configurations.14,21 The same
remarks apply to the zigzag systems explored here. Strong
defect-induced wave function localization is observed for the
ortho(+) configuration for (10,0) (Figure S4) or degenerate
ortho(++) and ortho(−) configurations for (11,0) (Figure S5).
This localization is concomitant to destabilization of the
highest-occupied molecular orbital (HOMO) and stabilization
of the lowest-unoccupied molecular orbital (LUMO), resulting
in a drastically reduced HOMO−LUMO gap (Figure S6).
Since the predominant optically active transition in function-
alized SWCNTs involves a π → π* transition between the
HOMO and LUMO (Table S1), these perturbations to the

electronic structure results in a significantly reduced many-
electron band gap and thus red-shifted emission features. The
wave function localization in the frontier molecular orbitals
reflects the localization in the exciton for the same reason.
The origin of wave function localization can be explained by

examining the nature of the HOMO and LUMO orbital nodes.
For pristine mod2 systems, the electron distribution in the
HOMO is spread across (+) bonds (Figure 3a) with π-electron

orbitals of the same phase being oriented parallel to the
SWCNT axis (Figure 3b). Thus, long node-free paths
(denoted by green arrow) are parallel to the tube axis (Figure
3b, Figure S7). When functionalization is performed along an
(+) bond in the mod2 (11,0) system, the resulting bond lies
parallel to the nodes and perturbations to the electronic
structure are minimal, Figure 4. The electron distribution now
avoids the bonds lacking π density (i.e., sp3-hybridized carbon
atoms) and takes an advantage of the adjacent node-free paths
remaining along the SWCNT axis. As a result, the ability of the
functionalized system to delocalize π -orbitals is similar to that
of the pristine system and the electronic structure and optical
properties of the system functionalized along (+) only
marginally deviates from the pristine case. However, this
holds only for (+) functionalization: the nodes are bisected by
the defect when the mod2 system has a pair of sp3-carbons
along either (++) or (−) bonds. This results in a significant
disturbance to the nodal structure in the vicinity of the defect,
where out-of-phase electronic structure is introduced onto the
carbon atom adjacent to the functionalized one (highlighted by
yellow circle in Figure 4). This disrupts the long node-free
path, and electron delocalization is hindered, Figure 4. The
resulting functionalized system thus opts for localized orbitals
compared to the pristine system. That interrupted or perpetual

Figure 2. Chirality dependence of optical features for aryl-function-
alized (a) zigzag SWCNTs and (b) chiral SWCNTs. All energies
correspond to vertical transitions in the ground-state optimal
geometries. Red and blue points represent chiralities where mod(n-
m,3) = 1 or 2, respectively. The size of the data points is indicative of
the diameter of the SWCNT. The density of fill corresponds to the
chiral angle, where open points are zigzag systems (θ = 0°) while fully
filled points correspond to near-armchair systems (θ ≈ 30°). Dashed
lines connect the least and most red-shifted functionalization
configurations for each species, demonstrating a higher range of
redshifts for smaller diameter tubes compared to larger ones. The
degree of redshift for functionalization angles near versus far from the
SWCNT axis is highly dependent on mod(n-m,3) values. Transition
energies are clearly dependent on SWCNT diameter, where larger
tubes have lower transition energies. The chiral angle appears to play
a little role in dictating the transition energies.

Figure 3. (a) Electron density of the HOMO and LUMO for pristine
mod1 (red background) and mod2 SWCNTs (blue background), and
(b) nodal structure in the HOMO for a pristine mod1 ((10,0), left)
and mod2 SWCNT ((11,0), right). Yellow dashes indicate the
position of the nodes, and the green arrows represent the extent of the
region of orbitals with constructive phase overlap. All systems are
oriented such that the tube axis runs horizontally.
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electronic communication is the source of destabilization of
the HOMO, stabilization of the LUMO, the reduced HOMO−
LUMO gap, and the red-shifted emission features for mod2
systems functionalized in specific orientations (e.g., (++) or
(−) for zigzag case).
Unlike in the mod2 systems, the HOMO of mod1 SWCNTs

exhibits in-phase electron distribution along the (++) and (−)
bonds. The longest, node-free paths can be found 60° from the
SWCNT axis (Figure S7). In this case, the LUMO of mod 1
tubes resembles the HOMO of the mod2 system. Function-
alization in the ortho(+) configuration generates an electron
distribution somewhat similar to that of the pristine system
(Figure 4). However, the bonds on a path that passes directly
through both sp3-hybridized carbon atoms now contain
significant electron density (in contrast to the HOMO for
ortho(+) of (11,0), where these bonds were avoided). This
electron density is localized across the defect state and thereby
strongly stabilizes the LUMO (Figure 4), resulting in the
significantly red-shifted emission transition. However, similar
to the (11,0) case, ortho(+) of (10,0) is expected to be the
least reactive configuration due to π-orbital misalignment
angles (as discussed before). Therefore, the most red-shifted
emission band (E11*

−) is expected to be suppressed in the
emission spectra of (10,0) SWCNT (see Figure 1a). In
contrast, the HOMO and LUMO of the mod1 system
functionalized along either the (++) or (−) bonds show
much more similar node distribution to those of the HOMO
and LUMO of pristine (10,0), with only small perturbations on

the defect sites. As a result, functionalizations along (++) or
(−) bonds of mod1 SWCNTs show the smallest redshifts of
their emission energies with respect to the E11 band of pristine
SWCNTs (Figure S6). However, comparing to the least red-
shifted emission band in the ortho(+) structure of mod2, the
larger distortion in orbital localization of the least red-shifted
and degenerate features of ortho(++) and ortho(−) structures
of (10,0) results in a more red-shifted and optically brighter
peak (i.e., E11* band well pronounced in the experimental
spectra, Figure 1) than those of (11,0) SWCNTs (i.e., weak
E11* band, Figure 1). Thus, these qualitative arguments outline
the basis for correlating the nodal structure of molecular
orbitals in pristine SWCNTs to defect-configuration-depend-
ent differences in electron density and provide an explanation
to the mod-dependent optical behavior observed in function-
alized SWCNTs.
In conclusion, we have demonstrated that differences in the

emission spectra of functionalized (10,0) versus (11,0)
SWCNTs are the result of selectivity toward specific
degenerate defect geometries that have distinct emission
energies falling in the E11* and E11*

− spectral energy ranges,
respectively. For the former system, binding configurations
generating weakly red-shifted E11* are exclusively formed,
whereas the latter contains a weak E11* signature along with
much stronger E11*

−. Due to similarities in π-orbital
misalignment angles for both systems, the most reactive
functionalization configurations are those that lie away from
the tube axis. To justify the presence of E11* for (10,0) and
E11*

− for (11,0), it must be concluded that two nonaxial defect
geometries produce degenerate emission energies that are
highly dependent on tube chirality indices. Quantum chemical
simulations validate these findings. Furthermore, analysis of the
theoretical emission features of a wider range of zigzag tubes
demonstrates a distinct dependence of optical energies on
mod(n-m,3) values. Where mod(n-m,3) = 1, the reactive
nonaxial configurations result in the formation of degenerate
least red-shifted E11* emission features. The less-reactive axial
configurations would produce the strongly red-shifted E11*

−

features if defects in this configuration were formed, which is
only expected to be energetically favorable for zigzag systems
larger than (11,0). The opposite trendswhere the most red-
shifted E11*

− features originated from two degenerate reactive
nonaxial configurationsare expected for zigzag chiralities
where mod(n-m,3) = 2. This strong mod-dependence is not
limited to zigzag systems as computationally observed across a
series of 14 chiralities, thus indicating its generality. We have
been able to justify the mod-dependent behavior by
considering the nodal structure of the frontier molecular
orbitals in pristine SWCNTs and qualitatively characterizing
how it is affected by sp3 functionalization at defects. If the
bond involved in ortho functionalization bisects a node in the
HOMO, the resulting electronic structure acquires new nodes
that foster localization of electron density around the defect
site. This reduces the bandgap through destabilization and
stabilization of the HOMO and LUMO, respectively, and
redshifts the emission features. However, if the bond does not
bisect a node in the HOMO of the pristine structure, the
resulting electronic structure remains unperturbed and
resembles that of the pristine system. Subsequently, only
marginal shifts in the optical properties are observed. This
provides insight into the physical traits that direct electron
localization/delocalization around the defect site, which in turn

Figure 4. Electron density of the HOMO and LUMO for
functionalized mod1 (red background) and mod2 SWCNTs (blue
background). Green traces indicate regions of continuous electron
delocalization due to same orbital phase overlap. Yellow dashed lines
indicate where a node disrupts electron delocalization. Green dots
connected by a line indicate the carbon atoms that are functionalized
and the bond that is converted to a single bond upon
functionalization. The yellow ovals highlight the large regions of
loss of electron density in that MO due to functionalization. The
HOMO in the mod1 system contains nodes parallel to the SWCNT
axis, allowing for electron delocalization in the axial direction.
Functionalization along ortho(+) preserves this electronic structure
everywhere except on a line through the defect. Functionalization
along ortho(++) or ortho(−), however, introduces a node into the
electronic structure along the remaining lines. Electron delocalization
near the defect site is thereby interrupted, leading to appearance of
spatially localized orbitals near the defect site.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.9b02926
Nano Lett. 2019, 19, 8503−8509

8507

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b02926/suppl_file/nl9b02926_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b02926/suppl_file/nl9b02926_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.9b02926


control the corresponding shifts in the optical emission
features of functionalized SWCNTs.
Methods. Experimental Methods. DNA-wrapped

SWCNT samples enriched in (10,0), and (11,0) chiralities
were isolated using DNA-based aqueous two-phase separa-
tion.27 Before functionalization, SWCNTs were exchanged into
1 wt % aqueous SDS by centrifugal filtration following
previously reported work.23 This generated very pure samples
as verified by PL excitation maps (Figure S8b,d) and PL
spectra (Figure S8a,c). For (10, 0) functionalization, 160 μL of
SWCNTs (E11 OD, 0.014) were doped with aqueous solution
of 2 μL of 0.1 mg/mL of 4-bromobenzenediazonium
tetrafluoroborate (Aldrich) and 15 μL of 0.05 mg/mL 4-
methoxybenze diazonium solution, respectively. The reaction
was subsequently quenched by addition of 22 μL of 10 wt %
aqueous DOC solution. Another surfactant exchange into 1 wt
% DOC/D2O was performed using membrane centrifugation
before measuring the photoluminescence spectra. Functional-
ization of (11,0) SWCNTs with 4-methoxybenzene diazonium
tetrafluoroborate was performed following our previous
work.23 PL spectra of the functionalized SWCNT demonstrate
the introduction of the defect-based E11* features (Figure
S9) All the ensemble photoluminescence spectra were
measured using a Horiba Nanolog spectrofluorometer with
850 nm, long-pass filter in the collection path. Functionalized
(10,0) and (11,0) were excited at 540 and 750 nm,
respectively.
Computational Methods. Our simulations use a well

established modeling approach based on DFT and TD-DFT
techniques applied to long segments of functionalized
SWCNTs properly capped on the ends.14,22,28,29 Namely,
SWCNTs of ∼12 nm length were generated with the Visual
Molecular Dynamics (VMD) software program.30 SWCNTs of
experimental relevance are on the order of micrometers in
length, which are prohibitively expensive for nonperiodic
computational models.31−33 The terminal bonds were then
capped to replicate the electronic structure of infinite systems
as previously described in detail elsewhere.28,29 Functionaliza-
tion was performed producing the six experimentally plausible
defect configurations.14 Both the ground-state and excited-state
optimized geometries were obtained for (10,0) and (11,0)
using DFT and TD-DFT,34 respectively, as implemented by
the Gaussian09 software package.35 All other chiralities were
optimized for only the ground state since trends of energies for
calculated absorption and emission have been shown to be
consistent.14 Ground-state frontier molecular orbital (MO)
isosurfaces were visualized with an isovalue of 0.01. The
excited-state behavior of each system was further explored
using TDDFT.34,36 All computations were performed using the
STO-3G basis set37 and CAM-B3LYP density functional.38

This methodology has been shown to properly predict electron
localization in functionalized SWCNT systems.14,22,39 Fur-
thermore, errors in methodology and electron confinement
were corrected using a previously described scaling scheme
enabling comparison with experiment.22

The energies of experimental emission features are only
slightly affected by functionalization with different monovalent
species, where more electron-withdrawing groups generate
slightly stronger redshifts.40 4-Bromobenzene-functionalized
zigzag SWCNTs were used in the theoretical modeling for this
study due to the large computational data set available for
these species. While 4-methoxybenzene species are typically
used in experimental systems, we have functionalized (10,0)

chirality enriched SWCNTs using both 4-bromobenzenedia-
zonium and 4-methoxybenzenediazonium (see Experimental
Methods). Both systems are expected to be slightly electron
withdrawing, but these effects are shielded from the SWCNT
by the benzene ring. As such, the differences in the inductive
effect felt at the SWCNT from these two systems are only
marginally different. Furthermore, since the optical features
originate from excitons spatially localized on the SWCNT
surface and not the functional group itself,11,14 only marginal
differences in the emission features would be expected as well.
Our spectroscopic results on these systems validate these
expectations (Figure S1a). This observation, coupled with our
previous results exhibiting species independence for emission
energies, corroborates the use of computed results for 4-
bromobenzene and experimental results for 4-methoxybenzene
functional groups. We have further calculated the optical
transition energies for (10,0) and (11,0) SWCNTs function-
alized with both 4-methoxybenzene and 4-bromobenzene
(Figure S1a,b). The calculated transition energies are indeed
consistent, independent of the functionalization species for all
defect geometries.
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