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ABSTRACT: Chemical defects can create organic color centers in the graphitic lattice of
single-walled carbon nanotubes. However, the underlying physics remains somewhat of a
mystery. Here we show that two sp3 atomic defects can interact with each other in a way
reminiscent of atoms bonding to form molecules. Each defect creates an atom-like mid-gap
state within the band gap of the nanotube semiconductor. Two such defects, when brought
close to each other, interact to form a split pair of orbitals akin to two hydrogen atoms
covalently bonding to form a H2 molecule. This unexpected finding may help in
understanding the nature of atomic defects in solids and provide a fresh perspective to the
engineering of these color centers.

Organic color centers (OCCs) are fluorescent quantum
defects that can be created in single-walled carbon

nanotubes (SWCNTs) by the covalent attachment of func-
tional groups to the nanotube sidewall.1 The functionalization
converts the sp2 carbons into sp3 defects within the carbon
nanotube lattice. Several different chemistries have been
utilized to create these atomic defects, including aryldiazonium
chemistry,2 reductive alkylation,3 photochemical reaction of
aryl compounds,4,5 and singlet oxygen activation of guanine
nucleotides in DNA.6 The photoluminescence from OCCs is
distinctly different from the intrinsic photoluminescence of the
nanotube host. OCCs emit in the short-wave infrared with
high quantum yield,2 selectively respond to changes in the
microenvironment near the OCC,7 and exhibit high single-
photon purity at room temperature.8 These properties give
OCC many potential applications in fields such as quantum
photonics,9 chemical sensing,7,10,11 and bioimaging.12 All
current OCCs feature either a pair of defects or a single sp3
defect paired with a radical.
DFT calculations predict for an OCC comprised of a pair of

sp3 defects the bonding configuration (relative positions
between the two defects on the SWCNT surface) has a large
impact on the defect photoluminescence.13,14 These previous
studies predominately focused on the closest possible
configurations of these two defects that can arise where the
defects are separated by either one carbon−carbon bond
(ortho configurations) or three carbon−carbon bonds (para
configurations) on the SWCNT surface. However, the
underlying nature of how the two sp3 defects interact to
enable the fluorescence from the OCC and how this relates to
the single sp3 defect is not well understood. In this work we

utilize density functional theory (DFT) to study the
interaction of two sp3 defects in a SWCNT. By tracing the
orbital and orbital energy changes as the two sp3 defects move
from isolated states (5 nm apart) to the limit of strong
coupling (a single C−C bond separation), we show that new
defect photoluminescence may arise from two sp3 defects
interacting at a much larger distance.
On a cylindrical surface, the distance between two point

defects depends on both the axial displacement (how far apart
they are along the length of the cylinder) and the angular
displacement (how far apart they are around the circumference
of the cylinder). For a pair of sp3 defects in SWCNTs, these
two parameters are typically correlated because the two defect
carbon atoms must fit into the underlying graphitic lattice of
the nanotube sidewall. In this study, we focus on (11,0) as the
model system due to its mirror symmetry along the SWCNT
axis, which allows for axial distances between two sp3 defects to
be chosen independently of the angular displacement.
Additionally, (6,5) is used as a comparison as it has been
heavily studied in the literature, both experimentally and
theoretically.2,3,14 This near armchair chirality SWCNT lacks
mirror symmetry in the underlying graphitic lattice, which
intrinsically couples the effects of axial and angular displace-
ments between the two defects.
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We modeled the (11,0) SWCNT either as infinitely long by
using 1D periodic boundary conditions with a ∼10 nm long
supercell (equivalent to 23 pristine (11,0) unit cells) or using
∼10 nm finite length with the end carbons terminated by a
combination of seven hydrogens and four methylenes at each
end. The methylene groups effectively reduce the effects of the
ends of the nanotube, as previously observed by Kilina and
Trietiak.15 The (6,5) SWCNT models were infinitely long with
∼8 nm long supercell (equivalent to two pristine (6,5) unit
cells). For the infinitely long models, the periodic unit cell size
was chosen to limit the interaction between the defects across
the cell boundary while still maintaining a reasonable system
size for quantum chemical calculations.
The defects studied include a single fluorine, a pair of

fluorines, and an aryl hydroxyl pair (C6H5 + OH) that are
covalently attached to the SWCNT surface. The fluorine atoms
are among the simplest type of defect functional groups, while
the C6H5 + OH pair defect represents the typical type of
defects experimentally attainable through diazonium chem-
istry.2,16

When the defect functional group is covalently attached to
the SWCNT surface, the carbon atom to which it is attached is
converted from sp2 hybridization, which takes on a trigonal
planar shape, to sp3 hybridization that wants to have a
tetrahedral shape; as such, the defect group will not point
straight up from the SWCNT surface but will instead tilt at an
angle. For (11,0), this tilt will be in the direction of the
nanotube axis. If we view the SWCNT from the side, the
SWCNT → defect bond will tilt either to the right or to the
left, which means that for each pair of defects there are four

possible alignments: [ ← , ←], [ ← ,→], [ → ,←], and [ →
,→]. Due to the mirror symmetry of the (11,0) SWCNT, the [
← , ←] and [ → ,→] alignments are identical, leaving us with
only three unique alignments. For simplicity in this work all
defect pairs are arranged in the [ ← ,→] alignment (C → F
bonds tilting away from each other).
For the defect pairs, six different spacings between the

defects were compared. For (11,0), we started with the defects
separated by a single C−C bond along the SWCNT axis
(referred to as the “Ortho + ” configuration in the liturature13).
The remaining models were created by moving both defect
groups away from the center in step sizes of four carbon bonds
(for a total of eight carbon bond additional separation between
the two defects) down the SWCNT axis, up to a maximum
separation of ∼4.8 nm, Figure S1a in the Supporting
Information. Due to the mirror symmetry of the (11,0),
these specific step sizes allow the two defects to align along the
tubular axis without any angular displacement. For the (6,5)
model, a similar step size was used, but there is some angular
displacement due to the intrinsic coupling of angular and axial
displacement that occurs from the chiral twist, which breaks
the mirror symmetry, as shown by Figure S1b in the
Supporting Information.
The SWCNTs models were built using the nanotube

generator included with the Avogadro software package17

and then the defects were added using Gaussview (version
6.0.16).18 All DFT calculations were performed using the
Gaussian09 software package (version E.01)19 and visualized
using Gaussview.18 Geometry optimization was performed for
all models using the B3LYP/STO-3G level of theory. We note

Figure 1. Coupling of two atomic defects on a carbon nanotube lattice. (a) Models of two fluorine defects on a (11,0)-SWCNT with the defect−
defect spacing decreased from 5 nm to a single C−C bond distance. (b) Molecular orbital energy diagrams showing the defects create a pair of mid-
gap orbitals with an energy splitting that increases when the defects are brought closer. Dashed lines show the boundary between the occupied and
unoccupied orbitals for the ground state. Shaded areas at the top and bottom represent the energy state continuum of the conduction and valence
bands, respectively. Black squares indicate pristine-like orbitals, with the empty squares denoting the orbitals split band gap states in the presence of
defects. Colored circles indicate new pseudo diatomic molecular defect states associated with the OCC. The dashed lines are included to emphasize
the increased splitting of the defect states with decreasing defect−defect separation. (c) Simulated absorbance spectra showing the first 50 singlet
excited state transitions at each defect−defect distance. Transition peak positions and oscillator strengths were calculated using TD-DFT and the
absorption spectra were created assuming a Gaussian peak shape and fwhm of 25 meV. The peaks resulting from the transition exclusively between
the two new defect states are shaded in blue. Compared to the pristine SWCNT, the addition of the defects creates a new pair of orbitals while
splitting the degenerate pristine orbitals. The energy gap between these two new states is larger when the defects are closer together. When the
defects are separated by a single C−C bond in the SWCNT, the new orbitals are located outside of the pristine band gap.
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that while range-separated functionals are known to provide
more quantitatively accurate results for the electronic proper-
ties of SWCNTs and other conjugated systems than
B3LYP,20,21 it has been shown that B3LYP provides
qualitatively accurate results for modeling SWCNT optical
properties comparable with the results from the range-
separated CAM-B3LYP functional.14,22

The models with a single fluorine defect were neutral charge
open-shell systems, and the optimizations were performed
using the unrestricted open-shell B3LYP functional. For the
finite length (11,0) models, the geometry optimization was
followed by time-dependent density functional theory (TD-
DFT) calculations (using the same functional/basis set as that
used for the optimization) to find the first 50 singlet excited
state transitions. To demonstrate that the observed defect
coupling behavior is not an artifact due to the use of a limited
basis set size or spurious long-range interactions, additional
optimization and TD-DFT calculations were performed as
controls at the B3LYP-D3/3-21G level of theory for the
models with two fluorine defects in finite length (11,0) and
separations of 4 and 2 nm, and a single C−C bond (see Figures
S2 and S3 in the Supporting Information).
Starting from a pristine SWCNT model, two fluorine atoms

were covalently bonded to the nanotube surface to form a pair
of sp3 defects at increasing distances, Figure 1a. When the two
defects were far apart from each other, we observed two new
states within the band gap of the SWCNT semiconductor,
including a fully occupied lower energy state and an

unoccupied higher energy state, Figure 1b. These two new
states differ by 85 meV in energy when the two defects are
separated by 5 nm (10 units cells). However, as the defects
were moved closer together in step sizes of 1 nm (two unit
cells), the energy difference between these two states
increased, reaching 927 meV at 1 nm (Figure 1b). When the
fluorine defects were separated only by a single C−C bond
(0.16 nm), the lower defect energy state had dropped below
the edge of the valence band and the higher defect energy state
became comparable in energy to the band edge states of the
conduction band.
This behavior is not exclusive to fluorine radical defects in

(11,0) SWCNT but occurs in all of the other defects and
nanotube chiralities studied here. The same trend of energy
level splitting was observed when an aryl (-C6H5) and hydroxyl
(-OH) pair is in place of the two F atoms (see Figure S4a in
the Supporting Information). While the energy levels
associated with the mid-gap states of the aryl + hydroxyl pair
are ∼100 meV higher in energy compared to the defects
composed of two F atoms, the same trend holds. If the highly
symmetric (11,0) SWCNT is replaced with the lower
symmetry (6,5), a similar type of energy splitting is still
found (see Figure S4b in the Supporting Information). We
note that while the energy splitting of the defects increases
smoothly as the defects are brought closer together in (11,0)
SWCNT, in (6,5) the energy splitting includes a stepwise
component which is likely due to the additional angular
displacement of the defects in the (6,5), as opposed to the

Figure 2. Coupling of two sp3 defects forms new orbitals without significantly interacting with the pristine SWCNT orbitals. Frontier orbitals
(isovalue = 0.005) for (11,0) SWCNT that are pristine (left), with the addition of two fluorine defects separated at the weak-interacting distance of
5 nm (middle), and with the addition of two fluorines separated by 0.16 nm (single C−C bond) (bottom). The models are arranged by the energy
level, with the exception of the LUMO and LUMO+1 for the 0.16 nm separation where the actual energy levels are denoted by the two black lines
between the two models. For the pristine tube, the HOMO and LUMO are uniformly distributed along the length (outside of a small perturbation
at the unit cell boundary) and have a clear periodic structure. With the addition of the defects 5 nm apart, the HOMO and LUMO are localized
around the defects on the SWCNT surface; meanwhile, the HOMO−1 and LUMO+1 maintain the delocalized and periodic structures as with the
HOMO and LUMO from the pristine tube, only with some variation in the density near the defects. When the defects are separated by 0.16 nm
(single C−C bond), the HOMO and LUMO+1 are nearly identical to the HOMO and LUMO of the pristine SWCNT; meanwhile, the HOMO−6
and LUMO orbitals show strong localization around the defects, indicating they are the new orbitals added by the defects.
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strictly axial displacement used in the (11,0). However, in both
cases, as the defects get closer together, the energy splitting
between the defect states increases. Because this trend did not
significantly change regardless of the functional group used or
the chirality of the host SWCNT, this behavior is likely
generalizable to other sp3 defect systems.
To verify whether there are optically allowed transitions

between these defect states, we performed TD-DFT
calculations to find the first 50 optical allowed singlet state
transitions. For the case where the two defects are separated by
a single C−C bond, our model is in agreement with previous
DFT studies on the Ortho + configuration, in which the OCC
creates defect PL red-shifted by ∼40 meV from the pristine
nanotube emission due to the splitting of the pristine band
edge states.23

However, for all models where the fluorine defects were
separated by 1 nm or more, the simulated absorption spectra
show two new sets of lower energy peaks when compared to
the simulated absorption spectrum of the pristine (11,0)
SWCNT, Figure 1c. In addition to the OCC transition that
occurs at the energy vicinity of the E11 excitonic transition of
the nanotube host, we observed a distinctly different peak that
blue shifts as the two sp3 defects are moved closer. This result
differs from OCC photoluminescence in which the defects
perturb and split the existing degenerate band edge states,
resulting in a narrowing of the band gap at the defect site.24,25

This behavior is also different from what was found in a
previous study by Weight et al.,26 which studied the coupling
behavior of two OCCs, where each OCC is made of a pair of
sp3 defects separated by either one or three carbon bonds
(resulting in a total of four sp3 defects, rather than a pair of sp3
defects considered in our work). In that work, it was shown
that when two defect pairs are moved closer, the defect
emission energy shifts to the red. By contrast, our present work
modeling the interaction of two sp3 defects shows a blue shift
in emission energy as the defects are moved closer. This
suggests that interactions between multiple OCCs are
governed by a different mechanism than the interactions
between two individual sp3 defects and a new type of optical
transition is at play here. As we will discuss in the following
sections, this new optical transition can be attributed to the
coupling of defect-induced mid-gap singly occupied molecular
orbitals (SOMOs), with optical signature distinctly different
from the OCC PL reported previously by us and others.2,3,5,8,27

We first identified the orbitals associated with the defect pair
by examining the Khon−Sham orbitals for each energy state.
For all models where the defects were separated by 1 nm or
more, the two new states within the pristine band gap were the
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) and were both highly
localized around the defects. At the same time the second
highest occupied orbital (HOMO−1) and second lowest
unoccupied orbital (LUMO+1) were delocalized and similar in
energy to the HOMO and LUMO of the pristine SWCNT
(Figure 2).
In the case when the two defects are separated by a single

C−C bond, the new orbitals localized near the defects are the
LUMO and HOMO−6, while the HOMO through HOMO−5
still maintain a similar shape to the corresponding orbitals of a
pristine SWCNT (see Figure S5 in the Supporting
Information). Note that for the closest defect spacing
(separated by a single C−C bond), the two “mid-gap state”
orbitals fall outside of the nanotube band gap and we were not
able to identify a higher energy optical transition that could be
clearly attributed to the transition between the two defect
states. This may be due to orbital mixing, as the lower defect
energy state now has an energy similar to several of the valence
band states, or it could simply be that the coupled defect
transition has an energy larger than the 50 lowest energy
excited states.
This orbital analysis suggests that the defects introduce

entirely new states into the system that are different from the
states due to the defect-induced splitting of the doubly
degenerate frontier orbitals of the nanotube host. These new
states originate from the defect-induced mid-gap states which
are SOMOs in nature. This origin is further supported by
symmetry analysis of the orbitals. We observed that the
symmetric and antisymmetric combinations of the two defect
orbitals are entirely localized around only one or the other of
the two defects, approximating the orbitals of two isolated,
defect-induced SOMOs (Figure 3). The orbitals of the coupled
defect pair can be broken down as the symmetric and
antisymmetric combination of the two SOMOs and display the
following relation:

Figure 3. Frontier orbitals of an OCC are a linear combination of two SOMOs. (a) Orbital arithmetic of (11,0) SWCNT with two fluorines
separated by 5 nm. The HOMO and LUMO are equally localized around both defects. The symmetric and antisymmetric combination of the
HOMO and LUMO results in a new pair of orbitals where each is localized around only one defect and has the same shape as the SOMO of a
SWCNT tailored with one single defect, indicating that the HOMO and LUMO are made of the symmetric and antisymmetric combinations of the
individual fluorine radical defect orbitals. (b) SOMO for a model with a single fluorine radical defect, for comparison with the symmetric and
antisymmetric addition orbitals. For all of the panels, the isovalue = 0.01.
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Strikingly, this relation resembles how two degenerate atomic
hydrogen orbitals combine to form the bonding and
antibonding orbitals of molecular hydrogen. This similarity
suggests that two atomic defects could interact in a way that
may be simply pictured, at least to some degrees, akin to two
reactive atoms, albeit in a solid.
In Figure 4 we plot this “bonding” picture in contrast with

the frontier orbital splitting mechanism. Our results suggest
that in addition to splitting the doubly degenerated frontier
orbitals of the nanotube as proposed previously,24,28 these
atomic defects introduce two entirely new states that are
SOMOs in nature when isolated. Both types of “defect”
orbitals (coupled radical orbital and splitting of the degenerate
band edge orbital) are found to exist regardless of the distance
between the radical defects. The SOMOs defect states can
couple, even at a defect−defect distance as large as 5 nm, to
create new states that fall within the pristine band gap. As the
transition between the coupled mid-gap states is optically
active and increasing the distance between the defects can
result in optical transitions much lower in energy than the
pristine SWCNT transition, this suggest the possibility that
these states could be a source of the OCC emission peaks
observed experimentally under certain conditions and that the
defect PL may occur under different mechanisms depending
on the distance between the two sp3 defects that make up the
OCC.
In conclusion, we conducted DFT calculations to investigate

the origin of defect PL in SWCNTs and our results predict an
optical signature due to quantum coupling of two sp3 defects at
distances well beyond the ortho and para configurations. Each
defect creates a localized mid-gap state in the nanotube
semiconductor. Through analysis of the molecular orbitals and
the trend in energy spacing, we found two individual sp3
defects can couple to form a pair of pseudo diatomic molecular
orbitals and an optically active transition between them, with
the transition energy increasing with smaller defect−defect
distance, extending beyond the band gap of the nanotube at
the shortest distance (a single C−C bond). Our results suggest
that in addition to the orbital splitting mechanism that gives

rise to the experimentally observed OCC fluorescence,
individual sp3 defects in a SWCNT may couple at significantly
larger distances to create pseudo diatomic molecular
transitions that can fall within the band gap.
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