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Abstract
We use time-dependent density functional theory to investigate the possibility of hosting organic
color centers in (6, 6) armchair single-walled carbon nanotubes, which are known to be metallic.
Our calculations show that in short segments of (6, 6) nanotubes ∼5 nm in length there is a
dipole-allowed singlet transition related to the quantum confinement of charge carriers in the
smaller segments. The introduction of sp3 defects to the surface of (6, 6) nanotubes results in
new dipole-allowed excited states. Some of these states are redshifted from the native
confinement state of the defect-free (6, 6) segments; this is similar behavior to what is observed
with sp3 defects to exciton transitions in semiconducting carbon nanotubes. This result suggests
the possibility of electrically wiring organic color centers directly through armchair carbon
nanotube hosts.

Supplementary material for this article is available online
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Organic color centers (OCCs) are room-temperature sources
of single-photons enabled by organic, fluorescent sp3 defects
that are covalently functionalized on semiconducting single-
walled carbon nanotubes (CNTs) [1–12] (examples depicted in
figure 1). The defect photoluminescence (E−

11) redshifts from
the E11 excitonic photoluminescence intrinsic to the defect-
free CNT hosts, due to the local perturbation of the funda-
mental chemical and geometric structure of the CNT by the
introduction of the defect. OCCs feature intriguing physics and
chemistry, including exciton trapping and up-conversion, dark

∗
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exciton brightening and molecular tunability, which hold sub-
stantial potential for sensing, imaging and quantum informa-
tion science applications [9].

So far OCCs have only been synthesized on semiconduct-
ing CNTs. However, it is an intriguing question whether OCCs
can be hosted on metallic CNTs such that the color centers
are directly wired to CNT electrodes. An OCC hosted on a
metallic nanotube would effectively make electrical contacts
directly to the color center. Electroluminescence of OCCs has
been previously demonstrated from OCCs in semiconduct-
ing CNT hosts [12]. Since metallic CNTs exhibit an Ohmic
response to applied voltages OCC emission could be driven
with low currents. The low currents should also result in
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Figure 1. (Above) The two defect configurations of defect
complexes (u,v,w) considered for (6, 6) CNTs in this paper, the
w= L−30 configuration and the w= para-L configuration. The
translation vector of the (6, 6) CNT is T. Example molecular models
for the two configurations are shown below, for the specific defects
(H,H, para-L) (left) and (CF3,F,L−30) (right). (Below) Close-up of
optimized structures of (6, 6) models with defects, visualized with
Avogadro molecular editing software [13].

relatively low power dissipation which would be advantage-
ous for device incorporation by limiting the impact of heating
effects. However, it is well known that fluorescence quench-
ing occurs when molecules are in contact with metals which
begs the question of whether OCCs can be hosted on metallic
nanotubes at all.

Excitons—strongly correlated states of electrons and
holes—are essential to understanding the optical properties
of CNTs [14], and the OCC fluorescence in semiconducting
CNTs is linked to trapping an exciton at the defect site [3]. In
a metal it is expected that the screening of the hole from an
excited electron diminishes the Coulomb attraction between
them and precludes exciton states. However, this screening
effect is reduced in CNTs due to their effective 1D nature
[15]. First principles methods based on theGW approximation
to the electron self-energy and the Bethe–Salpeter equation
predict the existence of a sole bound exciton state in (3, 3)
armchair metallic CNTs, which is supported by subsequent
experiments [15, 16]. The existence of a bound exciton state
in metallic CNTs is understood as being due to the interac-
tion potential between the electron and hole being a Dirac δ-
function of their relative displacement, since a 1D δ-function
potential well V(x) =−V0aδ(x) supports a single localized
eigenstate ψ(x) =

√
κe−κ|x| (with V0a> 0 and κ related to

the eigenenergy). Thus, the unconventional metallic properties
granted by the reduced dimensionality allow for the possibility
of directly embedding an OCC on metallic CNTs.

To determine whether armchair CNTs host OCCs we per-
formed time-dependent density functional theory (TDDFT)
calculations on DFT geometry-optimized (6, 6) CNT models.
We studied models of different lengths L with and without

Figure 2. Calculated molar attenuation coefficient spectra for (6, 6)
CNTs with L= 17, for a (H,H, para-L) defect (blue solid-line), a
(CF3, H, L−30) defect (tan plus-line), and a (CF3, F, L−30) (red
dashed-line) defect compared against the same defect-free segment
(black squares). Note that each defect-laden CNT has a feature at
around 0.85 eV, and the colors of the spectra are merely for contrast.

sp3 defects defined near the center of the model, with L being
the number of unit cells. The calculations provide information
about the electronic ground and low-lying excited states of the
segments, such as optimized ground state structure and excited
state energies and oscillator strengths f n, which are a measure
of the likelihood the system decays to the ground state by pho-
toemission (or excites from the ground state through photoab-
sorption, as the case may be).

The results of our calculations show that due to quantum
confinement of the excited conduction electron and valence
hole in short segments of (6, 6) nanotubes ∼5 nm, there is
a dipole-allowed singlet transition. Furthermore, our calcu-
lations also show that the introduction of certain sp3 defects
to the center of the (6, 6) segments leads to new optically-
allowed (fn > 0) transitions between singlet excited states
and the ground state. In particular for ≈4.25 nm long seg-
ments (L= 17), all three defect group pairs (H,H, para-L),
(CF3, H, L−30) and (CF3, F, L−30) introduce singlet states with
excitation energies close to 0.85 eV with oscillator strengths
∼1/10 of the initial Econf value. As indicated in figure 2, these
states are lower in energy than the native Econf state by an
amount comparable to shifts seen in experiment [9], and no
such state exists in the corresponding defect free L= 17 seg-
ment. This combined with further analysis leads us to hypo-
thesize that it is indeed possible to create OCCs in armchair
metallic CNTs, which would provide a new platform in which
to study excitonic and potentially trionic physics in the pres-
ence of OCCs and a stepping-stone towards deterministic cre-
ation of a single-photon via electroluminescence.

Our calculations were performed using the B3LYP approx-
imation for the exchange-correlation energy functional
[17–20] with a 6-31g Pople basis set [21], using the DFT
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methods implemented in Gaussian v16 [22]. First, we gen-
erated molecular models of (6, 6) CNT segments composed
of L unit cells with TubeGen [23] and saturated the bonds
of the terminal C atoms with H atoms. Next, we performed
DFT geometry optimization calculations, obtaining the ground
state Kohn–Sham orbitals and energies. Structurally optim-
ized CNTs were used to define the electronic ground state for
subsequent TDDFT calculations, obtaining the first ten sing-
let and ten triplet excited states. This provided the oscillator
strengths f n for the transitions between excited states n and
the ground state, a measure of the likelihood of the transition
being radiative and leading to emission/absorption of a photon
[24, 25]. Having the f n for the excited states from our TDDFT
calculations, we calculated the molar attenuation coefficient
for the relevant range of frequencies (only the singlet states
have non-zero f n). The results are shown in figure 2 for CNT
segments with L= 17. We performed these calculations first
with defect-free models, then for segments with one of three
sp3 defects defined near the center of the CNT (example model
shown in figure 1). Each defect is labeled as (u,v,w), where
u and v are chemical/atomic species that lack any bonding
character with each other, termed a monovalent [10] defect,
and w refers to a specific bonding configuration of u and v
with the CNT. The defects we studied were (CF3, H, L−30),
(H, H, para-L) and (CF3, F, L−30). The terminology for con-
figurations follows [10] for L−30 and [26] for para-L, and
these configurations are illustrated in figure 1 for (6, 6) CNTs.
We note that the configurational nature of a defect affects the
optical properties of the resulting OCC and samples produced
of CNTs with OCCs typically have a mixture of configurations
[1, 5, 7, 9, 27–31], although it was recently shown that this
can be controlled with laser irradiation [32]. In this work we
consider configurations w that are farthest in symmetry from
the defect-free (6, 6) segments, i.e. for which the positions of
the defects’ atomic constituents changed the most under the
action of reflection through the bisecting plane indicated by
the horizontal dotted line in figure 1.

We will begin by considering what happens to the
frequency-dependent molar attenuation coefficient ε(ν) of
(6, 6) CNT segments in the optical-NIR range when certain
sp3 defects are introduced to the surface. Density functional
theory calculations by Kilina et al have shown that various
sp3 defects bound to sidewalls of semiconducting CNTs res-
ult in new peaks in calculated absorption spectra which are
redshifted from, or lower in energy than the native E11 peak
[26]. In experiments on semiconducting CNTs with OCCs
it is found that the photoluminescence emission peak from
the OCCs is redshifted from the less intense native E11 peak
by nearly 200 meV, depending on the specific CNT and
defect [1].

This new dipole-allowed defect state is lower in energy than
the dark exciton states of the CNT [33–37], offering a radi-
ative decay route to brighten the dark excitons [1]. Inspired
by these observations in semiconductors, we use TDDFT to
calculate the low-energy electronic excited states of armchair
(6, 6) CNTmodels aimed at finding their counterparts inmetal-
lic hosts. We modeled three different sp3 defects and use the
predicted oscillator strengths of these states to obtain themolar

attenuation coefficients versus energy. We compare the coeffi-
cient calculated for a defect free segment to those where an sp3

defect is defined near the center of the CNT. Information about
the defects and how they are labeled is provided in figure 1
and Methods, while the attenuation coefficients are shown in
figure 2 for (6, 6) segments with L= 17.

We can make a few observations about figure 2. First, for
each CNTwith a defect, there is a peak located near hν = 0.85
eV of minor but not negligible oscillator strength. There is
no corresponding feature in the spectrum for the defect-free
CNT. Furthermore, these new peaks are lower in energy than
the Econf peak by about 0.19 eV, which is comparable to the
redshifts seen in experiments between the E11 and E

−
11, as well

as several of the shifts seen in calculations on semiconduct-
ing CNTs with sp3 defects [1, 9, 26]. The central 4 peaks all
can be traced to the Econf label for the defect-free CNT. Also
note the additional features labelled F in figure 2 which are
only present for the segments with (H,H, para-L) and (CF3, F,
L−30) defects.

We note that the Econf peak in figure 2 is not the E11 trans-
ition between van Hove singularities of the (6, 6) CNT, which
has an energy around 2.71 eV [38]. Econf arises from quantum
confinement of the electron and hole in shorter CNT segments.
This confinement effect can be seen in figure 4, where we plot
the Econf peak values for defect-free (6, 6) segments of differ-
ent L and see that the energy of this transition, and thus the
excited state of the carriers, increases as we squeeze them into
smaller L CNTs. The finite size leads to the Econf transition,
and the sp3 defects peel off oscillator strength from this to a
redshifted singlet transition in a manner analogous to the beha-
vior of the E11 and E−

11 transitions in semiconducting CNTs
with OCCs (sp3 defects).

The calculated single-particle energy gaps for defect-free
(6, 6) CNTs are obtained from the ground-state optimization
and plotted for segments of different L in figure 4. We see
an overall decreasing trend in the HOMO–LUMO gap as a
function of L, a decay with a characteristic oscillatory beha-
vior with period 3. A similar oscillatory behavior seen with
DFT calculations on graphene nanoribbons was reported in
[39] where they explain this effect as originating from the fact
that the Fermi wavelength of graphene is about 3 unit cells
of the armchair CNTs (or equivalently, zigzag nanoribbons).
The graphene nanoribbon systems can be mapped onto finite
segments of CNTs, which aside from effects due to the non-
zero curvature of the nanotubes that result in a shift to the
computed Kohn–Sham eigenenergies explains the trends we
observe here.

The HOMO–LUMO gap is simply the molecular limit of
[6] CPP [40], corresponding to unit cells. Our excited state cal-
culations reproduce the absortion peak observed experiment-
ally [40], with our absorption peak blueshifted from the meas-
ured [6] CPP peak of 338 nm by about 16 nm, which lends a
degree of support to our small L results. Thus, our ground-
state calculations produce results that are qualitatively correct
in behavior with increasing L, and reasonably reproduce the
wavelength of the experimentally measured absorption peak
for the smallest considered ‘segment’. We envision experi-
mental verification may be achievable through a combination
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of lithography and chemistry for the creation of single defects
in ultrashort channels [41, 42].

To obtain more insight into the nature of the different
features in the spectra plotted in figure 2 we consider the
single-particle Kohn–Sham orbital compositions of the rel-
evant excited states, which are provided as output of our
TDDFT calculations. Let ψ ′

0,ψ
′
1, . . . refer to the LUMO, the

next highest molecular orbital LUMO+1 and so on, and
ψ0,ψ−1, . . . refer to the HOMO, next lowest HOMO-1, etc.
Each singly-excited state n can be thought of as a combination
of particle-hole amplitudes

Ψn(re,rh) =
∑
ia

cia[n]ψi(rh)ψ ′
a(re) (1)

where the electrons are viewed as being excited to particle
orbitals in the virtual (ground-state unoccupied) manifold and
the holes are left behind as orbitals in the occupied man-
ifold, and different pairs can contribute different amounts
to the overall transition described by the set of cia[n]. The
orbital characterizations of various excited states are listed
in table 1, and isosurfaces of dominant-contributing orbit-
als for defect-free and defect-containing (6, 6) CNT models
are presented in the supplemental data for comparison, along
with orbitals from semiconducting (6, 5) models with the same
defect.

For the defect-free segment in figure 2 there is one
radiative transition in the energy range considered, labelled
Econf, which has an orbital composition mostly given by
(0.52536ψ−1ψ

′
0 − 0.50489ψ0ψ

′
1), or equal parts HOMO-

1−→LUMO and HOMO−→LUMO+1. In the presence of the
defect, the orbital composition of the other three central peaks
contains major contributions from an (aψ−1ψ

′
0 − bψ0ψ

′
1) term

like the one that dominates the Econf feature, along with addi-
tional ψ−1ψ

′
1 contributions.

Let us compare the orbital composition of the Econf peak
to those of the new features seen in the spectra for the L= 17
CNTs with defects. First consider the peak labeled by E−

conf,
which is present for all three defects. Looking at the orbital
compositions in table 1, we see that each one contains again
a contribution of the form (aψ−1ψ

′
0 − bψ0ψ

′
1) like the radiat-

ive Econf transitions (though the orbitals are specific to a given
system). For the L= 17 CNTs with (CF3, F, L−30) the E−

conf
feature is actually composed of two excited states close in
energy and oscillator strength, and the overall orbital charac-
terizations involve a greater number of orbitals. We will refer
to the lower energy state of the pair as E−,r

conf and the higher
energy state of the pair as E−,b

conf. Each of these states has a sim-
ilar contribution from the (aψ−1ψ

′
0 − bψ0ψ

′
1) terms. The E−

11
feature appears to thus be similar in nature to the E11, except
with an additional major contribution from a ψ−1ψ

′
1 pair and

in the cases of E−,r
conf and E

−,b
conf from ψ−2ψ

′
0.

To better understand why only two defects have states in
their ε(ν) associated with the F feature while all possess E−

conf
associated absorption, we examined the symmetry of these
defect-tailored structures. A lone sp3 defect on a CNT sur-
face breaks various symmetries present in the armchair CNT,
depending on the geometry of the defect. We can see which

Table 1. Table presenting orbital descriptions of several transitions
from figure 2. The double parentheses indicate a contribution of the
form (aψ−1ψ

′
0 − bψ0ψ

′
1). Visual representations of key orbitals are

shown in the supplemental data.

ε(ν) peak Orbital description f n

L= 17 defect-free

Econf (1.04 eV) ((0.53ψ−1ψ
′
0 − 0.51ψ0ψ

′
1)) 6.4

L= 17 (H,H, para-L)

Econf (1.02 eV) ((−0.37ψ−1ψ
′
0 + 0.35ψ0ψ

′
1)) 2.7

+ 0.37ψ−1ψ
′
1 − 0.21ψ−1ψ

′
2

+0.13ψ0ψ
′
0 − 0.19ψ0ψ

′
3

E−
conf (0.850 eV) ((0.27ψ−1ψ

′
0 − 0.24ψ0ψ

′
1)) 0.38

+0.58ψ−1ψ
′
1 + 0.13ψ0ψ

′
2

F (1.17 eV) 0.37ψ−3ψ
′
0 + 0.30ψ−2ψ

′
1 2.0

((−0.17ψ−1ψ
′
0 + 0.17ψ0ψ

′
1))

+0.39ψ−1ψ
′
2 + 0.16ψ0ψ

′
3

F
′
(1.14 eV) −0.36ψ−3ψ

′
0 + 0.26ψ−2ψ

′
1 0.28

−0.15ψ−1ψ
′
2 + 0.50ψ0ψ

′
3

−0.12ψ−1ψ
′
0

L= 17 (CF3, H, L−30)

Econf (1.09 eV) ((0.39ψ−1ψ
′
0 − 0.39ψ0ψ

′
1)) 4.1

−0.17ψ−2ψ
′
1 + 0.31ψ−1ψ

′
1

+0.15ψ0ψ
′
0 − 0.23ψ0ψ

′
3

E−
conf (0.854 eV) ((−0.23ψ−1ψ

′
0 + 0.23ψ0ψ

′
1)) 0.21

+0.61ψ−1ψ
′
1

L= 17 (CF3, F, L−30)

Econf (1.08 eV) ((−0.36ψ−1ψ
′
0 + 0.36ψ0ψ

′
1)) 3.5

+0.19ψ−3ψ
′
0 − 0.13ψ−2ψ

′
2

−0.34ψ−1ψ
′
1 + 0.14ψ−1ψ

′
3

−0.16ψ0ψ
′
0 − 0.13ψ0ψ

′
3

E−,r
conf (0.856 eV) ((−0.18ψ−1ψ

′
0 + 0.21ψ0ψ

′
1)) 0.13

+− 0.36ψ−2ψ
′
0 + 0.42ψ−1ψ

′
1

+0.11ψ−1ψ
′
2 + 0.27ψ0ψ

′
2

−0.10ψ0ψ
′
3

E−,b
conf (0.866 eV) ((−0.16ψ−1ψ

′
0 + 0.17ψ0ψ

′
1)) 0.13

+0.35ψ−2ψ
′
0 + 0.42ψ−1ψ

′
1

−0.15ψ−1ψ
′
2 − 0.31ψ0ψ

′
2

F (1.17 eV) −0.22ψ−4ψ
′
0 + 0.61ψ−2ψ

′
2 0.52

0.12ψ−2ψ
′
3 − 0.10ψ0ψ

′
0

+0.13ψ0ψ
′
4 − 0.13ψ0ψ

′
5

F′ (1.11 eV) −0.30ψ−3ψ
′
0 + 0.17ψ−2ψ

′
1 0.72

+((−0.14ψ−1ψ
′
0 + 0.14ψ0ψ

′
1))

+0.40ψ−1ψ
′
2 − 0.18ψ−1ψ

′
3

+0.34ψ0ψ
′
3

symmetries the different defects we consider break by refer-
ring to figures 1 and 3. The defect-free (6, 6) CNT possesses
C2,C3 andC6 rotational symmetry about the CNT axis, as well
as inversion symmetry and mirror symmetry [43] through a
plane perpendicular to the tube axis, as indicated by the hori-
zontal dotted line in figure 1. A single defect of any variety
breaks all rotational symmetry about the CNT axis. Somewhat
more subtly, all defects we consider break mirror symmetry
in the system, as well as inversion symmetry. Why then do
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Figure 3. A depiction of (a) (6, 6) molecular model with L= 7, as
well as (c) the underlying geometry defined on a 2D graphene layer,
with the lattice vectors a1,a2. For CNTs with chiral vector (which
wraps around the circumference of the nanotube)
Ch = 6a1 + 6a2 = (6,6), the translation symmetry vector along the
length of the nanotube is T= (1,−1), defining the unit cell shown
in red. A unit cell equivalent to the cell highlighted in red in (c) that
is used for the computational models is shown in (b).

we see that two of our defects lead to a state at F in figure 2
while the third does not? Consider a (CF3, F, L−30) defect
and a (CF3, H, L−30) defect. The CF3 constituent respects the
mirror symmetry in the ground state. While the H-adjunct in
(CF3, H, L−30) breaks the mirror symmetry, in terms of the
local electronic structure the H atom is a small perturbation
and should mostly serve to terminate the bond introduced by
the CF3. The F-adjunct represents a more significant alteration
of the local electron density, as F brings in nine new electrons
instead of one. One electron should serve to satisfy the bond
with the C in the CNT while the remaining eight will contrib-
ute to new properties and behavior. In particular, it should be
expected that the F-adjunct will perturb more the position of
the neighboring CF3 from its symmetric orientation than the
H-adjunct. The combination of the two defects is important,
and the (H,H, para-L) defect is different in this respect as well
as its configuration than the other two defect pairs considered
in this work. In other words, the (CF3, H, L−30) defect nearly
retains the mirror symmetry through the plane indicated with
a dotted line in figure 1, while both the (CF3, F, L−30) and
(H,H, para-L) break it. The keyword is nearly, which relates
to the fact that there exists such an F state for (CF3, H, L−30),
but it has a negligible oscillator strength compared to those for
the other defects.

In conclusion, we have used TDDFT calculations to gain
insight into how sp3 defects affect the optical properties of
metallic CNTs. The results of our calculations show that in
short segments of (6, 6) nanotubes ∼5 nm in length there
is a dipole-allowed singlet transition related to the quantum
confinement of charge carriers. Upon the introduction of dif-
ferent sp3 defects to the surface of (6, 6) CNTs there arise
new excited states that take oscillator strength away from this
confinement-related transition. In particular, all defects stud-
ied in this work introduce a state lower in energy than this Econf

state responsible for the emission observed in the defect-free

Figure 4. Ground-state HOMO-LUMO energy gaps and Econf
values from TDDFT for defect-free (6, 6) CNTs as a function of
unit cells L. Based on our optimized geometries, there are about
(17/4) unit cells per nm. Using this conversion, the distance around
our (6, 6) segment circumference is indicated as the vertical line at
L= 11. As the length of the finite segments is decreased and the
excited carriers are confined in a smaller space, the energy of the
first absorption peak in the defect-free (6, 6) increases. This tracks
with the increase in HOMO-LUMO gap as L is decreased, and with
its decay as L gets larger.

scenario. These states are roughly 0.19 eV lower in energy than
the Econf, comparable to what is experimentally observed for
redshifts between E11 and E−

11 excitonic transitions in semi-
conducting CNTs with sp3 defects. Depending on the specific
nature of the sp3 defect in the (6, 6) segments, different states
can be turned off and on, and the breaking of the (6, 6) CNT
symmetries by the defect is likely responsible for which states
are introduced. This suggests the possibility of wiring organic
color centers with armchair carbon nanotubes.
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