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ABSTRACT: Chemical reactions between semiconducting single-wall
carbon nanotubes (SWCNTs) and single-stranded DNA (ssDNA) achieve
spatially patterned covalent functionalization sites and create coupled
fluorescent quantum defects on the nanotube surface, tailoring SWCNT
photophysics for applications such as single-photon emitters in quantum
information technologies. The evaluation of relaxation dynamics of
photoluminescence (PL) from those coupled quantum defects is essential
for understanding the nanotube electronic structure and beneficial to the
design of quantum light emitters. Here, we measured the PL decay for
ssDNA-functionalized SWCNTs as a function of the guanine content of the ssDNA oligo that dictates the red-shifting of their
PL emission peaks relative to the band-edge exciton. We then correlate the observed dependence of PL decay dynamics on
energy red-shifts to the exciton potential energy landscape, which is modeled using first-principles approaches based upon the
morphology of ssDNA-altered SWCNTs obtained by atomic force microscopy (AFM) imaging. Our simulations illustrate that
the multiple guanine defects introduced within a single ssDNA strand strongly interact to create a deep exciton trapping well,
acting as a single hybrid trap. The emission decay from the distinctive trapping potential landscape is found to be
biexponential for ssDNA-modified SWCNTs. We attributed the fast time component of the biexponential PL decay to the
redistribution of exciton population among the lowest energy bright states and a manifold of dark states emerging from the
coupling of multiple guanine defects. The long lifetime component in the biexponential decay, on the other hand, is attributed
to the redistribution of exciton population among different exciton trapping sites that arise from the binding of multiple
ssDNA strands along the nanotube axis. AFM measurements indicate that those trapping sites are separated on average by ∼8
nm along the nanotube axis.
KEYWORDS: photoluminescence relaxation, exciton localization, patterned quantum defects, coupled trapping potential wells,
J-aggregates, exciton hopping process

Enhancing the versatility of structure-specific photo-
luminescence for semiconducting single-wall carbon
nanotubes (SWCNTs) through the intentional intro-

duction of quantum defects in the nanotube sidewall has
attracted significant interest. This synthetic route offers flexible
modifications of SWCNT electronic and optical properties and
advances the prospects for their applications as quantum light
emitters.1−6 Chemical methods of oxygen doping and aryl
group functionalization create sparse fluorescent quantum
defects at random positions on the nanotube surface, causing
local perturbations of SWCNT π-electron systems and leading
to local band gap changes that can trap diffusive band-edge E11

excitons.7−10 The localization of excitons at defect sites in such

chemically altered nanotubes enhances fluorescence quantum
yield and causes spectrally red-shifted photoluminescence,
leading to advanced SWCNT photonic functionality, improved
image contrast in biological tissues, and the realization of
room-temperature single-photon emission at telecom wave-
lengths.5,7,9,11−14
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The recent discovery of chemical reactions between
SWCNT sidewalls and guanine nucleotides in single-stranded
DNA (ssDNA) coatings on exposure to singlet (1Δg) oxygen
reveals a different approach for implantation of defects to the
nanotube surface.15−19 Singlet oxygen (1O2) exclusively reacts
with guanine nucleobases in the ssDNA coatings, producing
reactive guanine endoperoxide that can be covalently attached
to the SWCNT sidewall.19 Each reacted guanine defect causes
a local perturbation to the nanotube electronic structure and
leads to a shallow trapping potential well that affects exciton
diffusion on the nanotube surface. The helical wrapping of
ssDNA oligos around SWCNT surfaces allows the introduc-
tion of periodically distributed fluorescent quantum guanine
defects in the nanotube sidewall. The spatial density of
patterned defects and thus the exciton trapping potentials in
the nanotube sidewall can be easily controlled by experimental
conditions (e.g., 1O2 dose) and guanine content in ssDNA
coatings, achieving smooth modulation of nanotube electronic
energy levels and leading to tunable spectrally shifted
photoluminescence.19

The advanced prospects for emerging photonic function-
alities of chemically modified SWCNTs, in which the diffusive
band-edge excitons can be localized at the trapping sites,
motivate intense efforts toward understanding relaxation
dynamics of defect-state photoluminescence to aid in the
design of altered nanotubes for specific performance.20−25 The
relaxation of the defect-state emission (denoted E11*) for aryl-
functionalized SWCNTs has shown that the defect-state PL
lifetime increases as the nanotube diameter decreases.24 This
result suggests that the primary nonradiative relaxation process
is multiple phonon decay (MPD), whose rate decreases as
more quanta of phonons are required to match the nanotube
energy gap.26 The phonon-assisted thermal detrapping of
defect-state excitons is another important channel for the loss
of defect-state population for single nanotube chiralities,
causing increased PL lifetime with increasing emission
wavelengths.25 The defect-state emission from sparsely
functionalized SWCNTs displays a biexponential decay, arising

from energetically close bright and dark states within the
defect-state manifold. The short decay component has been
assigned as the redistribution of exciton population between
bright and dark defect states, whereas the long lifetime
component is the characteristic time for the entire defect-state
manifold decaying back to the ground state.24,25 Unlike the
sparse covalent functionalization of SWCNTs that leads to the
spectrally shifted defect-state emission feature (E11*) well-
separated from the pristine emission (E11), ssDNA-altered
SWCNTs create multiple defect states along the nanotube axis
with trapping depths that are defined by ssDNA sequences,
giving smooth red-shifting of the E11 emission with no
appearance of an additional new peak.19 The significantly
different modulation of nanotube electronic structures for
DNA functionalization from oxygen and aryl doping could lead
to previously inaccessible quantum mechanical coupling of
defect states in the ssDNA-modified nanotube. A compre-
hensive understanding on how the distinct exciton potential
landscape of ssDNA-functionalized SWCNTs dictates their PL
relaxation dynamics is essential for developing advanced
applications in quantum photonics, quantum computing, and
quantum cryptography. With this motivation, we performed
measurements of solution-phase photoluminescence dynamics
for samples of SWCNTs functionalized by different ssDNA
sequences with guanine content varying from 0 to 50%. The
experimental findings are then correlated with the morphology
of ssDNA-SWCNTs, and the formation of a distinctive
confinement potential landscape is revealed by atomic force
microscopy (AFM) studies and first-principles simulations.

RESULTS AND DISCUSSION
Tunable Defect-State Photoluminescence Spectra. In

samples of SWCNTs suspended in ssDNA oligos, a chemical
reaction between the nanotube sidewall and guanine
nucleotides proceeds quickly at room temperature in the
presence of 1O2, which is formed through optical irradiation of
a rose bengal sensitizer.27 We prepared samples of CoMoCAT
SWCNTs suspended in a variety of ssDNA oligos and then

Figure 1. (a) Fluorescence spectra (excitation wavelength at 570 nm) of samples of SWCNTs dispersed with (GT)20 ssDNA after the
treatment with different amounts of rose bengal concentrations including 0, 5, 9, 18, and 26 μM. The black arrow indicates the spectral red-
shifts with the increased rose bengal concentration. (b) Raman spectra of SWCNT samples obtained in (a). The black arrow illustrates an
enhanced D phonon band with the increased rose bengal concentration. (c) Fluorescence spectra of samples of SWCNTs dispersed with
(TTGTT)8, (TGTT)10, (TGT)13, and (GT)20 ssDNA oligos before and after the treatment. The black curve represents emission before the
treatment. The singlet oxygen doses are sufficient to reach the maximum spectral shift for those ssDNA oligos. (d) Raman spectra of
SWCNT samples obtained in (c).
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treated with 1O2. The treated SWCNT samples were
redispersed in a solution of 1% (w/v) sodium deoxycholate
(SDC), which is known as a strong surfactant to individualize
nanotubes, through 100 K membrane filtration to remove any
noncovalently bonded ssDNA and residual rose bengal.28

Samples of SWCNTs were dispersed and chemically
functionalized with a variety of ssDNA sequences including
(TTGTT)8, (TGTT)10, (TGT)13, (GT)20, (GT)6, (GT)10,
(GT)15, (GT)30, T28(GT)3T26, T26(GT)5T24, T24(GT)7T22,
T22(GT)9T20, and T20(GT)11T28. Figure 1a shows the
fluorescence spectra of the treated samples in (GT)20 ssDNA
as a function of the concentration of rose bengal, which is
known as a singlet oxygen sensitizer.27 The red-shift of the
treated emission peak (denoted as E11*) grows monotonically
with a concomitant increase in 1O2 dose, approaching an
asymptotic value, accompanied by a gradual enhancement of
Raman D/G band intensity ratio from 0.03 to 0.41, indicating
the increasing conversion of sp2-hybridized carbon lattice to
sp3 fluorescent defects (see Figures 1b and S1).29−31 The
distinct spectral transformation was observed for SWCNTs
functionalized with several ssDNA oligos that contain different

amounts of guanine nucleotides (see Figures 1c and S2). The
final spectral shifts (denoted as ΔE11) are directly proportional
to the fraction of guanine nucleotides in the ssDNA coating, as
shown in Figure 2a. The value of ΔE11 for (6, 5) SWCNTs
increases from 0 to ca. 110 meV as the guanine content
increases from 0 to 50%. The ssDNA oligo that lacks guanine
bases has no chemical reaction with SWCNT sidewalls and
thus can be removed by SDC through the surfactant exchange
process. The enhanced guanine fraction in the ssDNA oligo
introduces an increasing amount of sp3 defects in the nanotube
sidewall, illustrated by the enhanced Raman D/G intensity
ratio in Figure 1d. A plot of the spectral shift against Raman
D/G intensity ratio obtained with different ssDNA oligos and
different 1O2 doses, as shown in Figure 2b, indicates that the
spectral shifts increase nearly proportionally to the SWCNT
defect density. These results together provide a clear evidence
that the defect-emission band can be tuned smoothly by
controlling the covalent binding of guanine nucleotides
through the concentration of 1O2 sensitizer (rose bengal)
and the guanine content of the ssDNA strand.

Figure 2. (a) Plot of the final spectral shift of E11 emission as a function of the guanine content in ssDNA coatings. The shifts were obtained
with maximum singlet oxygen doses. (b) Plot of the spectral shift of E11 emission against intensity ratio of the Raman D/G band. Data were
obtained with different ssDNA oligos and different singlet oxygen doses.

Figure 3. Photoluminescence dynamics (excitation wavelength at 840 nm) of different SWCNT samples. (a) SWCNTs were dispersed in
(GT)20 solutions and treated with different amounts of rose bengal concentrations including 0, 5, 9, 18, and 26 μM. (b) The black curve
shows the PL dynamics for the sample before the treatment. Other curves represent the relaxation for samples of SWCNTs dispersed in
solutions of (TTGTT)8, (TGTT)10, (TGT)13, and (GT)20 ssDNA and treated with maximum singlet oxygen doses. (c) Samples of SWCNTs
were treated with T28(GT)3T26, T24(GT)7T22, T22(GT)9T20, and T20(GT)11T18 ssDNA oligos. (d) Samples of SWCNTs were treated with
(GT)6, (GT)10, (GT)15, and (GT)30 ssDNA oligos.
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This behavior stands in contrast with previously reported
findings for oxygen-, aryl-, or alkyl-functionalized SWCNTs,
where the increase in defect density only leads to the
strengthening of defect emission at a fixed spectral position
accompanied by a gradual disappearance of pristine E11
emission.7−10 This difference stems directly from the fact
that defects randomly introduced by those prior functionaliza-
tion approaches remain isolated from one another even at
extremely high dopant concentration, whereas the DNA
functionalization could implant guanine defects in SWCNTs
in a tight spatial pattern with a separation of ∼1−2 nm. At low
rose bengal concentration or low guanine content, relatively
isolated guanine defects were formed with a shallow trapping
potential reflected by the less than 50 meV red-shift from
pristine emission (see Figure 1a,c). When rose bengal
concentration or guanine content increases, more guanine
defects are created with separations close enough to strongly
couple and to form a cumulative trapping potential that is
deepened with enhanced defect density. The defect emission
as a result becomes continuously tunable. Our AFM and
theoretical modeling presented in the following sections
further support this explanation.
Controllable Defect-State Photoluminescence Dy-

namics. We measured photoluminescence dynamics for
samples of SWCNTs treated with different ssDNA oligos, as
shown in Figure 3. For a given (GT)20 ssDNA, the PL decay
time becomes longer with increasing the dose of 1O2, arising
from more reacted guanine defects in the nanotube sidewall
(see Figure 3a). The relaxation dynamics of the final spectrally
shifted emission for SWCNTs were also varied with different
ssDNA sequences. As plotted in Figure 3b,c, the PL decay
lifetime increases monotonically with enhanced guanine
content in ssDNA oligos. An increased fraction of G bases
allows more closely and densely patterned fluorescent defects
in the nanotube sidewall, intensifying the perturbation of the
nanotube electronic structure and thus leading to the increased
lifetime for the relaxation of the treated nanotube emission. We
also studied the ssDNA length effect on the defect-state
emission properties. Similar spectral shifts and PL dynamics
were observed for SWCNTs functionalized with (GT)10,
(GT)15, (GT)20, and (GT)30 oligos (see Figures 3d and S3,
S4), whereas the (GT)6-modified nanotube gives a smaller
spectral shift and a faster decay of the treated emission as
compared to longer (GT)n ssDNA oligos (n is a positive
integer). We suspect that the (GT)6 sequence is too short to
allow efficient wrapping around SWCNT surfaces, leading to a
relatively loose guanine pattern in the nanotube. The “tandem”

ssDNA sequences with the pattern of T31−n(GT)nT29−n contain
a segment of 50% guanine and two tail segments that lack
guanine bases, showing a faster PL relaxation than that in the
(GT)30 oligo (see Figures 3c and S5, S6). The thymine
fragments in oligos of T31−n(GT)nT29−n should be protected
from the chemical reaction with 1O2 and therefore preserve the
pristine nanotube segment, whereas the (GT)n fragment
provides functionalization sites every two nucleotides and
thus leads to modification of the nanotube segment.32

Therefore, the tandem ssDNA causes less alteration of the
entire nanotube electronic structure and leads to overall
smaller cumulative exciton trapping potential along the
nanotube axis as compared to (GT)30-patterned SWCNTs.
The smooth modification of SWCNT energy levels through
ssDNA-templated covalent functionalization provides a route
to control SWCNT photoluminescence dynamics.

Dependence of Photoluminescence Lifetime on ΔE11.
The PL relaxation dynamics of samples of SWCNTs treated
with ssDNA display a biexponential decay that has been
observed in sparsely aryl-functionalized nanotubes,24 despite
the periodically distributed fluorescent defects in the sidewall
of the DNA-altered nanotube. The biexponential decay shows
a short lifetime component (τs) on time scales of tens of ps and
a long lifetime component (τl) with decay times of hundreds of
ps (see Figure S7). In the biexponential relaxation process, the
short component has been assigned as the characteristic time
for the exciton redistribution across bright and dark states
associated with the defect site, whereas the slow decay
corresponds to the relaxation of the excited state back to the
ground state.24,25 As we have discussed above, the PL
relaxation dynamics for single-chirality nanotubes are varied
with different ssDNA compositions, accompanied by changes
in the spectrally shifted emission feature. The PL decay lifetime
is plotted as a function of the spectral shift of the treated
emission from the E11 band-edge (see Figures 4 and S8). The
results clearly show increased PL lifetime correlated with
increased spectral shifts. The average lifetime of the
biexponential relaxation increases by a factor of ∼2.5 when
the treated emission feature is red-shifted by ∼110 meV (see
Figure 4a). Such robust dependence of the PL dynamics on the
spectral shift originates from the strong effects of ΔE11 on both
the fast and slow decay processes, as illustrated in Figure 4b,c.
The short and long lifetime components strongly depend on
the spectral red-shift with an approximately linear relationship.
This behavior stands in contrast with that observed

previously in aryl-functionalized SWCNTs, where only the
long component of the PL decay was reported to increase with

Figure 4. Plots of (a) average photoluminescence lifetime (black square symbol), (b) short lifetime component (red circle), and (c) long
lifetime component (blue triangle) as a function of spectral shift of E11 emission.
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longer emission wavelength.25 Multiple nonradiative decay
processes, including multiphonon decay (MPD), electronic to
vibrational energy transfer (EVET), where excitons undergo
Förster resonance energy transfer (FRET) to the near-infrared
vibration modes of solvents, and thermal detrapping of the
defect-bound exciton followed by recombination at non-
radiative defects, have been assigned as key channels defining
the PL decay dynamic of aryl-doped SWCNTs.24,25 Among
those processes, MPD requires PL decay to slow down with
the increase in PL emission energy (EPL), which is opposite to
the trend reported in Figure 4, i.e., slow-down of PL decay with
enhanced energy red-shift (ΔE11 = E11 − EPL).

24 Given that the
ssDNA wrapping could also shield defect-bound excitons from
efficiently coupling with solvent phonons, EVET is also
expected to be more than 1 order of magnitude slower than
the observed dynamics (see details in the Supporting
Information).
Thermal detrapping followed by recombination at non-

radiative defects successfully explains the observed positive
correlation between long decay components and emission
wavelengths in aryl-functionalized SWCNTs.25 For ssDNA-
functionalized SWCNTs with the trapping potential barrier
(Ea) defined by a 110 meV energy red-shift, the Arrhenius
relation 1/τdt = Ae−Ea/kBT yields the phonon-assisted detrapping
time τdt to be on the order of ∼10 ps, which is an order of
magnitude faster than the observed long lifetime in Figure 4.
Although this detrapping time could only be taken as a
qualitative estimate due to the exponential sensitivity of the
detrapping rate on Ea, a significant disagreement with the
observed value suggests that the DNA covalent functionaliza-
tion somehow slows down the thermal detrapping process.
We hypothesize that this significant modification in the

dynamics of the exciton detrapping process, as well as the
observed strong dependence of PL dynamics on spectral shifts
(see Figure 4), is derived from the distinct potential landscape
of individual trapping sites and interactions between trapping
sites created by different ssDNA strands. Specifically, when
multiple ssDNA strands are helically wrapped around
individual SWCNTs and then covalently bound to the
nanotube surface through the 1O2-induced chemical reaction,
a series of trapping sites is formed along the length of the
nanotube. Excitons in oxygen- or aryl-functionalized nano-
tubes, in contrast, see mostly a flat potential landscape of the
E11 band edge that is interspersed with isolated localized deep
trapping potentials at the sparsely implanted defect sites. We
believe that this difference in potential landscapes gives rise to
the distinct electronic structure and trapping/detrapping
mechanisms that in turn lead to the observed PL decay
dynamics. To investigate this hypothesis, we determined the
spatial distribution of ssDNA strands along the nanotube axis
through AFM measurements and then performed density
functional theory (DFT) simulations to study interactions of
multiple covalent defects placed within single ssDNA strands
and coupling of multiple defect states from different ssDNA
strands, thus revealing the distinct potential landscape in the
nanotube sidewall.
Structure of ssDNA-SWCNTs Revealed by AFM. The

ssDNA-SWCNT samples were spin-coated on freshly cleaved
mica substrates for characterization using AFM. As shown in
Figure 5, the helical wrapping of (GT)20 ssDNA on SWCNT
surfaces persists after the sample was exchanged to SDC
surfactant and washed with deionized water three times
through 100 K membrane filtration, indicating that DNA

oligos have been covalently bound to the nanotube surface. We
performed AFM imaging in a liquid water environment to
better visualize topographic variations within the (GT)20
ssDNA-wrapped nanotubes.33−35 The AFM topography of a
typical ssDNA-SWCNT hybrid is shown in Figure 5 and
exhibits a mean diameter of 2.1 ± 0.4 nm. Here, we observed
nanometer-scale height modulations along the nanotube axis,
which we attribute to the variation in the wrappings of
individual ssDNA strands. The average length of those height
modulations, depicted by the line trace in Figure 5c, was found
to be 12.8 ± 2.5 nm, while the spacing between consecutive
height modulations (center to center distance) is found to be
20 ± 4 nm.
The total ssDNA length (L), the helical wrapping pitch (h),

the number of turns around the nanotube cylinder (n), and the
diameter of the ssDNA-SWCNT hybrid (d) can be calculated
when the values of three of these parameters are given.34

Compensating for the thickness of ssDNA (dDNA), one turn of
ssDNA wrapped around a nanotube can be formed by rolling a
rectangle with lengths equal to h and d − dDNA so the following

equation is obtained: L n h d d( ( ))DNA
2 2π= + − .34 As the

(GT)20 ssDNA contains 40 nucleobases and the average linear
nucleobase spacing in ssDNA is 0.676 nm,36 the total length L
is defined as ∼27 nm. According to the AFM results, we can
experimentally relate the measured diameter d to the diameters
of the nanotube, dCNT, and DNA using the relation d = dCNT +
2dDNA. Under the interpretation that the product of n and h
represents the length of a wrapped segment of the nanotube
and that this length corresponds to 12.8 nm modulations
observed along the nanotube axis (nh = 12.8 nm), we are able
to express the equation above for the total length of the ssDNA
strand in terms of h and numerically solve to determine the
helical pitch. Here, we estimate that the (GT)20 ssDNA are
wrapped around the nanotube surface with a helical pitch of h
= 2.4−1.1

+1.5 nm, which corresponds to n = 5.4+2.2
−1.5 turns around the

Figure 5. In-fluid AFM characterization: (a) AFM topography
image of a single SWCNT covalently functionalized with (GT)20
oligos. (b) Cross-sectional line-cut measurement of the ssDNA-
SWCNT diameter in the position highlighted with the red line in
(a). (c) Line trace along the nanotube axis.
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nanotube. These measured parameters are consistent with the
findings of ssDNA-SWCNT structures through molecular
dynamics simulations, which report a ∼2 nm helical pitch for
(GT)30 ssDNA.

37,38 These results further yield that the axial
separation between guanine nucleotides in (GT)n (n is a
positive integer) can be smaller than 1.0 nm. With an average
distance between sequential height modulations of ∼20 nm,
we estimate the end-to-end spatial distance between adjacent
helically wrapped ssDNA to be ∼8 nm. The above analysis is
based upon the perfect helical wrapping of ssDNA on SWCNT
surfaces, but we think that locally disrupted helices and other
distorted configurations should exist in experimentally
prepared samples.38

DFT Modeling of Coupled Defects. In samples of
SWCNTs covalently functionalized with ssDNA, multiple
guanine defects within one ssDNA strand are so closely
patterned along the nanotube axis that the excitonic wave
functions associated with each defect, which typically remain
delocalized by ca. 2−5 nm along the nanotube axis,39 become
strongly overlapping and interacting. Under the interpretation
that raised sections along the nanotube axis represent tightly
bound ssDNA, the AFM studies indicate that groups of defects
in adjacent ssDNA strands are separated on average by ca. 8
nm. We performed quantum chemistry simulations to
understand the interactions of defects spatially patterned on
these two different length scales. Because a large size of the
DNA strand containing guanine nucleotides prevents us from
determining exact chemical binding configurations through
realistic simulations, we have formulated our theoretical model
by applying the previous quantum-chemical insights attained
on the aryl defects40,41 to the defect separation within a single
DNA strand as well as between different strands.
Specifically our previous experiment−theory correlated

studies have shown that sp3 defects can be created with
chemical binding configurations denoted as ortho −, + +, and
+ with energy red-shifts of <50, 110, and >200 meV,
respectively.40,41 Among these three configurations, the energy
red-shift of the ortho − configuration seems to match with the
small energy red-shift observed for isolated guanine defects at
low rose bengal concentration and at low guanine content.
However, we cannot make a specific assignment because other
nontopological factors such as mono/di/multivalency, sp3

character (which is always partial), and induction effects
could also strongly influence energy red-shift of the defect
state.42,43 Furthermore, because of the shallow trapping
potential, such defects have highly delocalized wave function
spreading over 10 nm, making the computation expense for
simulating coupling of multiple such defects very high. For
these reasons we choose the most red-shifted, “ortho +”
configuration with an exciton wave function spread of ∼2 nm
as the model defect and investigate how the coupling of
multiple defects modifies the exciton potential landscape. This
choice leads to a significant disagreement between calculated
initial red-shift of a single sp3 defect and the one observed at
low rose bengal and low guanine content. However, the
calculations allow us to demonstrate that coupling of multiple
defects can give rise to a cumulative confinement potential that
is continuously tunable with interdefect separation and number
of coupled defects. These physical insights are expected to be
independent of the initial energy red-shift of isolated defects, as
they are controlled solely by the interaction between defects.
We used DFT to optimize the coupled defect geometries

and then compute singlet excitations using time-dependent

DFT (TD-DFT) methodology (see Computational Method-
ology for further computational details). The oscillator
strengths for the first two excitonic states and the diagonal
extent of the transition density matrix for the lowest energy
state are calculated as functions of defect−defect axial
separation distance, as illustrated in Figure 6. The transition

density indicates the position of the center of mass of the
exciton along the nanotube and thus characterizes the
delocalization of its wave function.39 The geometries were
manipulated by changing the axial separation of the two defects
from 1.06 to 5.2 nm. The computed absorption energy of a
single-defect system is plotted as a dashed black line for
reference.
We first consider larger defect separations, where our

simulations mimic interactions between two trapping sites
formed by two different ssDNA strands. Nearly symmetrical
splitting around the single-defect energy of the first and second
excitons can be seen in the top three panels of Figure 6a for the
interacting defects with large separation (r > 2.0 nm). This is a
typical case for a Frenkel exciton system. In such systems, two
sites form a Davydov’s pair of excitons whose wave functions
represent symmetric and antisymmetric superpositions of the
respective single-defect parents.44 The splitting of each state
from the single-defect exciton increases as the interdefect axial
separation is reduced, indicating a concomitant strengthening
of the interaction between defect sites (see Figure 6a). The
values of those interactions, symbolized as J, are 20.8, 33.1, and
55.9 meV for 5.2, 3.9, and 2.6 nm separations, respectively, as
calculated as half of the energy splitting between states. The
interactions of the largely spaced (r > 2 nm) interacting defects
can be interpreted as an electrostatic interaction between
transition dipole moments of individual excitons at defect sites.
For any given geometric arrangement of defects, the resulting
transition dipoles are oriented in parallel along the SWCNT
axis, leading to a case similar to molecular J-aggregates. In this
case, the transition dipoles align “head-to-tail” as in the Kasha

Figure 6. (a) Calculated oscillator strength for the first two
excitonic states in spatially separated defects as a function of
absorption energy. The distances sampled between axially
separated sp3-hybridized defects includes 1.06, 2.6, 3.9, and 5.2
nm. The absorption energy of a single-defect system is plotted as a
dashed black line for reference. (b) Diagonal extent of the
transition density matrix of the lowest energy bright exciton for
SWCNTs in (a).
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model,45−47 where the lowest excitonic state is a symmetric
combination that acquires all the oscillator strength, whereas
the upper state remains optically forbidden, as illustrated in
Figure 6.
The decreased spacing between defects with the axial

distance smaller than 2 nm is the opposite limit of our
simulations and shows significantly different trends from
largely spaced defects (r > 2 nm). Those separations with r
≤ 1.06 nm mimic closely spaced guanine defect sites within a
single ssDNA strand. Although we still have a pair of states for
a system with two individual defects, the splitting between
them dramatically increases (bottom panel of Figure 6a).
Notably, the splitting of the small separations (r < 2 nm) is no
longer symmetric with respect to the single-defect system
(black dashed line). Instead, there is a significant asymmetry
where the lower energy exciton is further red-shifted and the
other one is only slightly affected. The transition density
(Figure 6b) of the well-separated defects suggests a large
potential energy barrier between their respective potential
wells, which can be assumed by the lack of density at the
midpoint between the defects as the wave function falls off
exponentially. On the other hand, for closely spaced defects
(bottom panel of Figure 6b), the “independent” wave
functions largely overlap due to the reduction of the energy
barrier between them. These observations signify the fact that
closely patterned defects (r < 2 nm) form a single, extended,
and deep trapping potential well, as is the case for adjacent
guanine functionalization sites within single ssDNA strands

where the spacing is ≤1 nm. The oscillator strengths in those
interacting defect geometries, represented by the height of the
lines in Figure 6a, are significant for the lower energy exciton,
whereas they are always zero for the higher energy exciton. We
suspect that this trend will hold for most experimental
geometries where adjacent defects are spaced a few carbon
rings away in any direction as long as the local SWCNT
geometric/π-orbital stability is not infringed upon.
To further understand defect interactions within single

ssDNA strands, we computed geometries with increasing
defect concentration from 0 to 5 defects, each of which is
spaced at a fixed distance of 1.3 nm along the nanotube axis
(see Figure S9). The spatial distance of adjacent defects was
chosen to represent the upper length boundary such that we
still have formation of a single trapping site due to closely
spaced defect binding. As illustrated in Figure 7a, the spectral
red-shifts of the lowest energy bright exciton become larger as
an increased number of defects is placed on the nanotube
surface. Although the computational model can only
accommodate five defects due to numerical cost limitation,
we expect this trend to continue until the exciton size finds its
maximal length within those SWCNT systems (see Figure
S11). A more complete depiction of the energy level manifold
is plotted in Figure S10. We have also found that the transition
dipole moment along the nanotube axis and the oscillator
strength for the lowest energy bright exciton have a positive
relationship with the number of defects. Such linear depend-
ence of the transition dipole moment suggests that the

Figure 7. (a) Oscillator strength for six computed geometries with increasing defect concentration from 0 to 5 sp3-hybridzed defects, each of
which is spaced at a fixed distance of 1.3 nm along the nanotube axis. Increased red-shifts of the lowest energy bright state are observed with
the increased number of defects placed on the nanotube surface. The symbol of the oscillator strength shows the type of exciton: defect-
associated (triangles) and pristine-associated (circles). (b) Absolute values of diagonal elements of the normalized transition density matrix
of the lowest energy bright state, which are vertically offset and colored to match with their counterpart in (a). The participation ratio (Ld)
for each system is shown. (c) Molecular dynamics snapshot of a single (GT)20-wrapped (6, 5) SWCNT. The multiple guanine defects within
the single ssDNA form a deep trapping potential well. The bright and dark states are energetically split within the defect-state manifold.
Exciton population redistributes within those states (attributed to the fast component τfast of the PL biexponential decay) and then
radiatively decays back to the ground state or nonradiatively recombines. (d) AFM image illustrating multiple ssDNA strands wrapped
around a single nanotube. The inhomogeneous wrapping of ssDNA strands may cause different trapping potential wells along the nanotube
axis. The coupled trapping sites allow the trapping site-to-site exciton hopping and FRET processes. As for sparsely altered SWCNTs (e.g.,
oxygen and aryl functionalization), the thermal detrapping is the primary nonradiative channel of the loss of exciton in the isolated trapping
site.
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equivalent dipole moment for (GT)20-functionalized SWCNTs
is larger than the single-defect dipole by a factor of 3. The
calculations further reveal that coupling of multiple defects
introduces higher energy exciton states with vanishing
oscillator strength, forming a manifold of dark exciton states
(Figures 7a and S12). To confirm that an assembly of closely
spaced defects creates a single potential energy well for a
trapped exciton, we further analyze the diagonal of the
transition density matrix. Figure 7b shows the spatial
distribution of diagonal elements of the transition density
matrix corresponding to the lowest energy bright state in each
system. The six systems (from top-to-bottom: pristine and 1-,
2-, 3-, 4-, 5-defect systems) are shown with vertical shifts. The
band gap exciton is delocalized across the entire nanotube
segment used for simulation. In contrast to a single defect
giving a narrow isolated potential energy well, the trapping
potentials are strongly overlapped for closely spaced defects,
leading to an extended confinement potential (Figure 7b). The
participation ratio (Ld), which quantitatively measures the
exciton center of mass distribution (i.e., the extent to which the
excitation is spread across the nanotube), is further calculated
for each system. The exciton extension length increases with
more defects placed in the nanotube sidewall, indicating
enhanced delocalization of the lower energy excitons with
increased number of defects (see Figures 7b and S12, S13).

CONCLUSIONS
Experimental data corroborated by our calculations altogether
provide evidence that the strongly interacting multiple guanine
defects within a single ssDNA strand lead to an extended
trapping potential well that contains multiple excitonic states,
as depicted in Figure 7c. The reduced transition energy of the
lowest energy bright exciton with the increased number of
defects, as revealed by the TD-DFT simulations, illustrates the
gradually progressive red-shifts of E11 emission with increased
singlet oxygen dose and enhanced guanine content in ssDNA
coatings, as shown in Figure 2. Here, we note that the number
of covalent guanine defects as well as their geometrical
arrangement could differ from one ssDNA strand to another
due to inhomogeneous wrapping, leading in turn to the
inhomogeneity in the effective extension lengths and depths of
trapping potential wells along the nanotube axis and thus
showing the broadening of ensemble PL spectral lines. While
TD-DFT simulations show the increased spectral red-shift with
the number of coupled guanine defects increased to 5, a
saturation of spectral red-shifts can be observed clearly in
Figure 7a, corroborating the observed saturation of PL red-
shifts and decay dynamics for SWCNTs functionalized by
(GT)n oligos with n from 10 to 30 (see Figures 3d and S3, S4).
We attribute the fast time component of the PL biexponential
decay to the redistribution of exciton population between the
lowest energy bright exciton and the manifold of dark exciton
states that arise from the coupling of multiple guanine defects,
as schematically represented in Figure 7c. The increase in the
fast decay time with the larger energy red-shifts indicates the
increased energy separation between the bright and dark
manifold with the enhanced energy red-shift.
On the other hand, the helical wrapping of multiple ssDNA

strands on SWCNT surfaces allows numerous patterned
trapping potential wells to co-exist in a single nanotube.
Such spaced trapping sites are coupled, and excitons are
capable of hopping or delocalizing across the collection of
trapping sites along the nanotube axis via FRET and/or

thermally assisted exciton hopping, as illustrated in Figure 7d
(upper panel). The energy barrier of the hopping process for a
localized exciton could be lower than that of the thermal
detrapping to the band-edge E11 exciton (e.g., barrier to the
middle trap in Figure 7d), causing exciton population to
redistribute among neighboring traps and leading to a longer
residence time in trapping states. Such a hopping process
provides a route to reduce the loss of defect-state exciton
population via thermal detrapping and gives rise to a PL decay
time significantly longer than the 10 ps thermal detrapping
time, which is calculated based on the 110 meV potential
barrier. Specifically in previously reported oxygen- and aryl-
functionalized SWCNTs, a defect-bound exciton that thermally
detraps to the band edge would rather recombine through
nonradiative defects, as shown in the lower panel of Figure 7d,
than be retrapped into nearby sites, as in the upper panel. This
analysis therefore leads to the conclusion that concomitant
dynamics of detrapping and retrapping of excitons in coupled
trapping sites from different DNA strands gives rise to a long
residence time for excitons that appears as the long lifetime
component of the PL decay in Figure 4c. In this picture, the
observed strong positive correlation between the energy red-
shifts and the long lifetime components in the biexponential
PL dynamics arises from the fact that the increase in depth of
exciton trapping potentials leads to the reduced rates of the
exciton hopping and thermal detrapping processes.
In summary, we have demonstrated that the defect-state PL

emission energy as well as the decay dynamics of modified
SWCNTs can be tuned continuously by implanting guanine
defects with customized spatial patterns and trapping depths
along the nanotube axis using ssDNA as a template. Defect-
state PL from such altered nanotubes displays a biexponential
decay, in which the short and long lifetime components
monotonically increase with enhanced guanine spatial density,
accompanied by progressive spectral red-shifting of E11
emission. Our joint AFM measurements and quantum
chemistry simulations revealed that multiple guanine defects
within a single ssDNA strand are quantum mechanically
coupled to form a single trapping potential whose depth and
width increase with the enhanced density of guanine defects.
The lowest energy state of those coupled defects is bright,
whereas the higher energy states are all optically inactive, thus
forming a manifold of dark exciton states. We attributed the
short time constant of the biexponential PL decay to the
redistribution of exciton population among the bright state and
dark manifold. The consecutive wrapping of multiple ssDNA
strands along the length of individual SWCNTs, on the other
hand, leads to the formation of numerous trapping potentials
along the nanotube axis that are coupled via dipole−dipole
interactions. This enables FRET or thermally activated exciton
hopping carrier transfer mechanisms. The redistribution of
exciton population among the neighboring trapping sites from
different DNA strands in a single nanotube, which reflects a
concomitant dynamics of trapping, detrapping, and retrapping
of excitons, is responsible for the long time constant of the PL
decay. The increased long time constant with the enhanced
energy red-shift arises from the slow-down of the exciton
hopping and thermal detrapping due to the increased trapping
potential depth.

MATERIALS AND METHODS
Sample Preparation. Custom-synthesized single-stranded DNA

(ssDNA) was purchased from Integrated DNA Technologies.
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Aqueous solutions of ssDNA were prepared in 0.1 M sodium chloride
(NaCl) and 0.06 M sodium phosphate buffer (pH = 7.4) with the
concentration at 1 mg/mL. Raw CoMoCAT SWCNTs (type SG 65i)
were purchased from Sigma-Aldrich and added to the ssDNA solution
in a weight ratio of ca. 1:4. The mixture was dispersed using tip
sonication at an output power of 5 W (Sonics, “Vibracell” model no.
CV18, 1/4 in. diameter tip) for 60 active minutes (90 min with duty
cycle of 40 s on, 20 s off) while kept in an ice−water bath. The
sonicated suspension was then centrifuged for 2 h at 13000g in
benchtop centrifugation to remove SWCNT impurities and bundles.
The supernatant was collected and diluted with 0.1 M NaCl and 0.06
M phosphate buffer and incubated overnight. A stock solution of rose
bengal (Sigma-Aldrich) was prepared at a fixed concentration of 338
μM. An aqueous 1% (w/v) sodium deoxycholate (Sigma-Aldrich)
solution was prepared for the use in coating exchange. Nanopure
water (18.3 MΩ·cm) was used for the whole sample preparation
process.
Sample Functionalization. Optical irradiation of rose bengal

sensitizer was used to generate singlet oxygen that is needed to induce
the chemical reaction between SWCNT sidewalls and guanine
nucleotides in ssDNA coatings. The rose bengal stock solution was
added to samples of ssDNA-dispersed SWCNTs. The mixture was
then irradiated with a green LED (wavelength around 520−530 nm)
at a power of ca. 10 W. The irradiation time and the added volume of
the rose bengal stock solution were varied to control singlet oxygen
doses, thus leading to different extents of SWCNT functionalization.
The free ssDNA and rose bengal residual in the treated sample were
removed by exchanging with 1% SDC solutions through centrifugal
filtration (100 kDa membrane).
AFM Measurement. The treated sample was washed with

nanopure water through centrifugal filtration (100 kDa membrane)
three times to remove any noncovalent bindings on the nanotube
surface. Then the sample was spin-coated on freshly cleaved mica
substrates for AFM measurements. AFM topographic imaging in a
purified liquid H2O environment was performed using a Dimension
Icon AFM to lift unbound DNA from the sample surface and
minimize the contact force between the AFM probe and the DNA-
wrapped nanotubes.
Optical Characterization. Short-wave infrared fluorescence

spectra were measured in quartz cells using a Horiba Nanolog
spectrofluorometer with a fixed excitation wavelength at 570 nm. An
800 nm long-pass filter was incorporated in the collection beam path
to block excitation light. Raman spectra were obtained by using a
Trivista triple spectrometer (Princeton Instruments) with 655 nm
laser excitation. A home-built microscope−photoluminescence system
was used for PL lifetime measurements. The excitation source is a
tunable pulsed Ti:sapphire laser (150 fs pulse width, 90 MHz
repetition rate). The excitation light with the wavelength at 840 nm
(at the (6, 5) SWCNT phonon sideband) was coupled into an
inverted microscope body and focused onto the sample with an
infrared objective (Olympus, LCPlan N, 50×, NA = 0.65). The
emission light passed through a 950 nm long-pass filter and was
directed into a superconducting nanowire single-photon detector
(Single Quantum Eos 210) via a pellicle beamsplitter (Thorlabs,
BP133). Photon detection events were recorded using a HydraHarp
400 (Picoquant) time-correlated single photon-counting electronics.
All recorded transients were reconvolution fit to a biexponential decay
also considering the corresponding instrument response function.
Computational Methodology. Two finite-length (6, 5)

SWCNTs of ∼12 and 16 nm in length (3 and 4 unit cells,
respectively) were constructed and capped with hydrogens to preserve
the semi-infinite electronic structure, as done in previous works.42,48,49

Both of the SWCNTs are of sufficient length to negate obtrusive
finite-size effects. A set of −CH3 (methyl) sp3-hybridization defects
(i.e., where each defect comprises two covalent attachments on a
single carbon ring) are placed onto the surface of the 12-nm-long
SWCNT in the ortho + configuration49 with a variety of defect−
defect axial separations, which is used as a parameter, ranging in value
from 0.18 to 5.2 nm. The ortho + configuration was chosen to reduce
the size of the computational cell, as this configuration is the most

red-shifted and exhibits the most localized low-lying, bright exciton.
With the addition of multiple defects of this type, edge effects are
minimized. The physics behind the tunable red-shift remains the
same, irrespective of the choice of configuration, as the underlying
phenomenon we probe in this work is the addition of closely packed
defects with strongly overlapping wave functions (i.e., within a single
ssDNA oligomer), which can be achieved with any configuration of
defect. Five defected systems were constructed on the 16-nm-long
SWCNT. The nanotube surfaces were modified with different
numbers of defects (ranging from 1 to 5), each of which is spaced
at a fixed distance of 1.3 nm along the nanotube axis.

All electronic structure calculations were completed using the
Gaussian 16 package at the range-corrected CAM-B3LYP/STO-3G
functional and basis, respectively.50,51 A series of DFT calculations
were performed, in a vacuum, to optimize the ground-state
geometry.52 Singlet excitations including the first 15 states were
completed at each optimized geometry using the TD-DFT approach
using the same functional and basis as that for ground-state
calculations.53 Using the exciton energies and ground- to excited-
state oscillator strengths, we then compute the exciton density of
states and absorption spectrum for each system.

The transition density matrix (ξSi)mn was constructed, with the aid
of the Multiwfn package, for the low-energy bright exciton in each
system, where Si represents the singlet exciton and m, n are SWCNT-
axis cross-section indices.54 The diagonal elements of this object,
where n equals m, represent the net charge change found on the mth
cross-section subsequent to an electronic transition from the ground
(G) to excited state (Si).

55−57 Projecting the diagonal elements of
(ξSi)mn in the basis of real-space orbitals allows for the visualization of
the spatially resolved transition density. Additionally, to obtain a
quantitative measure of the localization properties of the exciton, we
computed the so-called participation ratio Ld,
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where the self-normalized diagonal elements Pm of the transition
density matrix (for some transition to state Si whose label is omitted
for clarity) are used to define a probability distribution. To acquire a
physical length, we multiple the width of each cross-section (0.5 Å in
all cases) by the computed value 1 < Ld < N, where N is the total
number of cross-sections.
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(29) Saito, R.; Grüneis, A.; Samsonidze, G. G.; Brar, V.; Dresselhaus,
G.; Dresselhaus, M.; Jorio, A.; Canca̧do, L.; Fantini, C.; Pimenta, M.
Double Resonance Raman Spectroscopy of Single-Wall Carbon
Nanotubes. New J. Phys. 2003, 5, 157.
(30) Dresselhaus, M. S.; Jorio, A.; Hofmann, M.; Dresselhaus, G.;
Saito, R. Perspectives on Carbon Nanotubes and Graphene Raman
Spectroscopy. Nano Lett. 2010, 10, 751−758.
(31) Miyata, Y.; Mizuno, K.; Kataura, H. Purity and Defect
Characterization of Single-Wall Carbon Nanotubes Using Raman
Spectroscopy. J. Nanomater. 2011, 2011, 1.
(32) Cadet, J.; Ravanat, J. L.; Martinez, G. R.; Medeiros, M. H.;
Mascio, P. D. Singlet Oxygen Oxidation of Isolated and Cellular
DNA: Product Formation and Mechanistic Insights. Photochem.
Photobiol. 2006, 82, 1219−1225.
(33) Hayashida, T.; Umemura, K. Atomic Force Microscopy of
DNA-Wrapped Single-walled Carbon Nanotubes in Aqueous
Solution. Colloids Surf., B 2016, 143, 526−531.
(34) Campbell, J. F.; Tessmer, I.; Thorp, H. H.; Erie, D. A. Atomic
Force Microscopy Studies of DNA-Wrapped Carbon Nanotube
Structure and Binding to Quantum Dots. J. Am. Chem. Soc. 2008, 130,
10648−10655.
(35) Li, Z.; Song, Y.; Li, A.; Xu, W.; Zhang, W. Direct Observation
of the Wrapping/Unwrapping of ssDNA around/from A SWCNT at
the Single-Molecule Level: Towards Tuning The Binding Mode And
Strength. Nanoscale 2018, 10, 18586−18596.
(36) Chi, Q.; Wang, G.; Jiang, J. The Persistence Length and Length
per Base of Single-Stranded DNA Obtained from Fluorescence
Correlation Spectroscopy Measurements Using Mean Field Theory.
Phys. A 2013, 392, 1072−1079.
(37) Johnson, R. R.; Johnson, A. C.; Klein, M. L. Probing the
Structure of DNA-Carbon Nanotube Hybrids with Molecular
Dynamics. Nano Lett. 2008, 8, 69−75.
(38) Zerze, G. H.; Stillinger, F. H.; Debenedetti, P. G. The
Handedness of DNA Assembly around Carbon Nanotubes Is
Determined by the Chirality of DNA. J. Phys. Chem. B 2020, 124,
5362−5369.
(39) Kilina, S.; Tretiak, S. Excitonic and Vibrational Properties of
Single-Walled Semiconducting Carbon Nanotubes. Adv. Funct. Mater.
2007, 17, 3405−3420.
(40) Saha, A.; Gifford, B. J.; He, X.; Ao, G.; Zheng, M.; Kataura, H.;
Htoon, H.; Kilina, S.; Tretiak, S.; Doorn, S. K. Narrow-Band Single-
Photon Emission through Selective Aryl Functionalization of Zigzag
Carbon Nanotubes. Nat. Chem. 2018, 10, 1089−1095.
(41) He, X.; Gifford, B. J.; Hartmann, N. F.; Ihly, R.; Ma, X.; Kilina,
S. V.; Luo, Y.; Shayan, K.; Strauf, S.; Blackburn, J. L.; Tretiak, S.;
Doorn, S. K.; Htoon, H. Low-Temperature Single Carbon Nanotube
Spectroscopy of sp3 Quantum Defects. ACS Nano 2017, 11, 10785−
10796.
(42) Gifford, B. J.; He, X.; Kim, M.; Kwon, H.; Saha, A.; Sifain, A. E.;
Wang, Y.; Htoon, H.; Kilina, S.; Doorn, S. K.; Tretiak, S. Optical
Effects of Divalent Functionalization of Carbon Nanotubes. Chem.
Mater. 2019, 31, 6950−6961.

(43) Kwon, H.; Furmanchuk, A. o.; Kim, M.; Meany, B.; Guo, Y.;
Schatz, G. C.; Wang, Y. Molecularly Tunable Fluorescent Quantum
Defects. J. Am. Chem. Soc. 2016, 138, 6878−6885.
(44) Davydov, A. S. The Theory of Molecular Excitons. Sov. Phys.
Uspekhi 1964, 7, 145.
(45) Kasha, M. Energy Transfer Mechanisms and the Molecular
Exciton Model for Molecular Aggregates. Radiat. Res. 1963, 20, 55−
70.
(46) Hochstrasser, R. M.; Kasha, M. Application of the Exciton
Model to Mono-Molecular Lamellar Systems. Photochem. Photobiol.
1964, 3, 317−331.
(47) Kasha, M.; Rawls, H. R.; El-Bayoumi, M. A. The Exciton Model
in Molecular Spectroscopy. Pure Appl. Chem. 1965, 11, 371−392.
(48) Sharma, A.; Gifford, B. J.; Kilina, S. Tip Functionalization of
Finite Single-Walled Carbon Nanotubes and Its Impact on the
Ground and Excited State Electronic Structure. J. Phys. Chem. C 2017,
121, 8601−8612.
(49) Gifford, B. J.; Kilina, S.; Htoon, H.; Doorn, S. K.; Tretiak, S.
Exciton Localization and Optical Emission in Aryl-Functionalized
Carbon Nanotubes. J. Phys. Chem. C 2018, 122, 1828−1838.
(50) Yanai, T.; Tew, D. P.; Handy, N. C. A New Hybrid Exchange-
Correlation Functional Using the Coulomb-Attenuating Method
(CAM-B3LYP). Chem. Phys. Lett. 2004, 393, 51−57.
(51) Frisch, M.; Trucks, G.; Schlegel, H.; Scuseria, G.; Robb, M.;
Cheeseman, J.; Scalmani, G.; Barone, V.; Petersson, G.; Nakatsuji, H.
Gaussian 16; Gaussian, Inc.: Wallingford, CT, 2016.
(52) Kohn, W.; Sham, L. J. Self-Consistent Equations Including
Exchange and Correlation Effects. Phys. Rev. 1965, 140, A1133−
A1138.
(53) Casida, M. E.; Jamorski, C.; Casida, K. C.; Salahub, D. R.
Molecular Excitation Energies to High-Lying Bound States from
Time-Dependent Density-Functional Response Theory: Character-
ization and Correction of the Time-Dependent Local Density
Approximation Ionization Threshold. J. Chem. Phys. 1998, 108,
4439−4449.
(54) Lu, T.; Chen, F. Multiwfn: A Multifunctional Wavefunction
Analyzer. J. Comput. Chem. 2012, 33, 580−592.
(55) Luzanov, A.; Sukhorukov, A.; Umanskii, V. Application of
Transition Density Matrix for Analysis of Excited States. Theor. Exp.
Chem. 1976, 10, 354−361.
(56) Mukamel, S.; Tretiak, S.; Wagersreiter, T.; Chernyak, V.
Electronic Coherence and Collective Optical Excitations of
Conjugated Molecules. Science 1997, 277, 781−787.
(57) Tretiak, S.; Mukamel, S. Density Matrix Analysis and
Simulation of Electronic Excitations in Conjugated and Aggregated
Molecules. Chem. Rev. 2002, 102, 3171−3212.

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c07544
ACS Nano 2021, 15, 923−933

933

https://dx.doi.org/10.1021/acsnano.6b02986
https://dx.doi.org/10.1021/acsnano.6b02986
https://dx.doi.org/10.1021/acsnano.8b02909
https://dx.doi.org/10.1021/acsnano.8b02909
https://dx.doi.org/10.1021/acsnano.8b02909
https://dx.doi.org/10.1103/PhysRevLett.101.057401
https://dx.doi.org/10.1103/PhysRevLett.101.057401
https://dx.doi.org/10.1016/S0010-8545(02)00034-6
https://dx.doi.org/10.1016/S0010-8545(02)00034-6
https://dx.doi.org/10.1021/acs.jpclett.8b01683
https://dx.doi.org/10.1021/acs.jpclett.8b01683
https://dx.doi.org/10.1021/acs.jpclett.8b01683
https://dx.doi.org/10.1088/1367-2630/5/1/157
https://dx.doi.org/10.1088/1367-2630/5/1/157
https://dx.doi.org/10.1021/nl904286r
https://dx.doi.org/10.1021/nl904286r
https://dx.doi.org/10.1155/2011/786763
https://dx.doi.org/10.1155/2011/786763
https://dx.doi.org/10.1155/2011/786763
https://dx.doi.org/10.1562/2006-06-09-IR-914
https://dx.doi.org/10.1562/2006-06-09-IR-914
https://dx.doi.org/10.1016/j.colsurfb.2016.03.068
https://dx.doi.org/10.1016/j.colsurfb.2016.03.068
https://dx.doi.org/10.1016/j.colsurfb.2016.03.068
https://dx.doi.org/10.1021/ja801720c
https://dx.doi.org/10.1021/ja801720c
https://dx.doi.org/10.1021/ja801720c
https://dx.doi.org/10.1039/C8NR06150E
https://dx.doi.org/10.1039/C8NR06150E
https://dx.doi.org/10.1039/C8NR06150E
https://dx.doi.org/10.1039/C8NR06150E
https://dx.doi.org/10.1016/j.physa.2012.09.022
https://dx.doi.org/10.1016/j.physa.2012.09.022
https://dx.doi.org/10.1016/j.physa.2012.09.022
https://dx.doi.org/10.1021/nl071909j
https://dx.doi.org/10.1021/nl071909j
https://dx.doi.org/10.1021/nl071909j
https://dx.doi.org/10.1021/acs.jpcb.0c02816
https://dx.doi.org/10.1021/acs.jpcb.0c02816
https://dx.doi.org/10.1021/acs.jpcb.0c02816
https://dx.doi.org/10.1002/adfm.200700314
https://dx.doi.org/10.1002/adfm.200700314
https://dx.doi.org/10.1038/s41557-018-0126-4
https://dx.doi.org/10.1038/s41557-018-0126-4
https://dx.doi.org/10.1038/s41557-018-0126-4
https://dx.doi.org/10.1021/acsnano.7b03022
https://dx.doi.org/10.1021/acsnano.7b03022
https://dx.doi.org/10.1021/acs.chemmater.9b01438
https://dx.doi.org/10.1021/acs.chemmater.9b01438
https://dx.doi.org/10.1021/jacs.6b03618
https://dx.doi.org/10.1021/jacs.6b03618
https://dx.doi.org/10.1070/PU1964v007n02ABEH003659
https://dx.doi.org/10.2307/3571331
https://dx.doi.org/10.2307/3571331
https://dx.doi.org/10.1111/j.1751-1097.1964.tb08155.x
https://dx.doi.org/10.1111/j.1751-1097.1964.tb08155.x
https://dx.doi.org/10.1351/pac196511030371
https://dx.doi.org/10.1351/pac196511030371
https://dx.doi.org/10.1021/acs.jpcc.7b00147
https://dx.doi.org/10.1021/acs.jpcc.7b00147
https://dx.doi.org/10.1021/acs.jpcc.7b00147
https://dx.doi.org/10.1021/acs.jpcc.7b09558
https://dx.doi.org/10.1021/acs.jpcc.7b09558
https://dx.doi.org/10.1016/j.cplett.2004.06.011
https://dx.doi.org/10.1016/j.cplett.2004.06.011
https://dx.doi.org/10.1016/j.cplett.2004.06.011
https://dx.doi.org/10.1103/PhysRev.140.A1133
https://dx.doi.org/10.1103/PhysRev.140.A1133
https://dx.doi.org/10.1063/1.475855
https://dx.doi.org/10.1063/1.475855
https://dx.doi.org/10.1063/1.475855
https://dx.doi.org/10.1063/1.475855
https://dx.doi.org/10.1002/jcc.22885
https://dx.doi.org/10.1002/jcc.22885
https://dx.doi.org/10.1007/BF00526670
https://dx.doi.org/10.1007/BF00526670
https://dx.doi.org/10.1126/science.277.5327.781
https://dx.doi.org/10.1126/science.277.5327.781
https://dx.doi.org/10.1021/cr0101252
https://dx.doi.org/10.1021/cr0101252
https://dx.doi.org/10.1021/cr0101252
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07544?ref=pdf

