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he understanding of nanoscale
charge and energy transfer phenom-
ena is integral for the design of nano-
technology-inspired electro-optic devices."?
In the past decade, there has been particular
interest in nanoscale graphitic systems such
as single-wall carbon nanotubes (SWNTs)
and graphene because of their large aspect
ratios, outstanding transport and mechan-
ical properties, and high chemical stability.>*
Furthermore, it was recently shown that in
both carbon nanotubes® and graphene®
intriguing optical properties arise because
of the screened Coulomb interaction be-
tween electrons and holes. Particularly, in
carbon nanotubes, the optical spectra were
found to be dominated by strongly bound
Wannier-like excitons associated with each
electron—hole pair sub-band.”® Each sub-
band exciton is known to have a G, inver-
sion symmetry dictated fine structure asso-
ciated with linear combinations of electron
and hole wave functions from the K and K’
valleys of the quantized graphene lattice.’
Spectroscopy has proven to be a power-
ful tool for investigating exciton dynamics
in SWNTSs.'® Photoexcitations of the S, ex-
citon (bright exciton of the E5, sub-band)
were found to efficiently decay into the
lower lying S; exciton (bright exciton of
the E;; sub-band)."" Subsequent decay of
S, was found to be dominated by nonradia-
tive processes, as evident from relatively
low emission efficiencies of approximately
1%.'> Moreover, recent reports of Forster
intertube exciton energy transfer in aggre-
gated tubes, colloquially referred to as bun-
dles, of different chiralities have provided
clues about the nature of intertube interac-
tions.'*'* However, in tube aggregates at
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ABSTRACT The optical properties of selectively aggregated, nearly single chirality single-wall
carbon nanotubes were investigated by both continuous-wave and time-resolved spectroscopies.
With reduced sample heterogeneities, we have resolved aggregation-dependent reductions of the
excitation energy of the S, exciton and enhanced electron—hole pair absorption. Photoluminescence
spectra revealed a spectral splitting of S, and simultaneous reductions of the emission efficiencies
and nonradiative decay rates. The observed strong deviations from isolated tube behavior are
accounted for by enhanced screening of the intratube Coulomb interactions, intertube exciton
tunneling, and diffusion-driven exciton quenching. We also provide evidence that density gradient
ultracentrifugation can be used to structurally sort single-wall carbon nanotubes by aggregate size

as evident by a monotonic dependence of the aforementioned optical properties on buoyant density.
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van der Waals contact distances, dipolar
coupling would most likely fail to describe
exciton transfer because of the SWNT's
nearly one-dimensional elongated structure.'®
This is supported by recent transient ab-
sorption experiments on ensembles of
small SWNT aggregates where exciton
transfer rates were found to exceed 100
ps~'.'® Mutual dielectric screening within
an aggregate can also play an important
role in altering isolated tube electronic
properties. Transition energy red shifts of
tens of millielectronvolts have been ob-
served and ascribed to purely electrody-
namic rather than direct excitonic intertube
couplings.'”

In this investigation, we find that the *Address correspondence to

optical responses of aggregated SWNTs
with the same chirality are strongly altered
with respect to that of isolated tubes. Re-
ductions in the S; exciton excitation energy
with enhanced absorption from continuum
states, reductions in the fluorescence quan-
tum yield, and a spectral splitting of the S,
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fluorescence suggest that both electrodynamic and
excitonic intertube interactions are important for de-
scribing the optical properties of SWNT aggregates.
However, exciton delocalization by intertube exciton
tunneling is found to account for the majority of the
observed deviations from isolated tube behavior. We
also provide a general procedure for the self-assembly
and structural sorting of well-defined SWNT aggre-
gates which extends the capability of density differ-
entiation of SWNTs by ultracentrifugation.'®

RESULTS

Diameter enriched colloids of single-wall carbon
nanotubes (SWeNT SG 65) were prepared by a co-
surfactant variation of density gradient ultracentrifuga-
tion.'® Analysis of the absorption spectra showed that
~85% of the total (n,m) population was enriched in the
(6,5) tube. Chirality enriched aggregates were pre-
pared by placing 1 mL of (6,5) enriched tubes in a
35 kDa dialysis membrane submerged in a water bath.
After 24 h, the suspension showed signs of flocculation
and was resuspended in 2% sodium cholate by mild
sonication.'® The resuspended tubes were sorted by
density gradient ultracentrifugation and revealed an
isolated tube band followed by a broad aggregate
band at larger densities (Figure 1a). The collected
fraction's buoyant densities, p,, were found to range
from 1.055 to 1.148 g/cm>. Average height profiles
measured by atomic force microscopy (AFM) for se-
lected fractions revealed a clear increase in aggregate
size with buoyant density (see Methods). For a buoyant
density of 1.055 g/cm?, the average height profile was
found to be 1.1 & 0.3 nm, which is consistent with
isolated small diameter SWNTs.2° Average height pro-
files of 4.3 + 0.5 and 6.8 £ 0.4 nm were measured for
buoyant densities of approximately 1.09 and 1.14 g/
cm? respectively (Figure 1a). We therefore conclude
that the procedure outlined above leads to structural
sorting of nanotube aggregates enriched in (6,5) tubes.

Representative absorption and resonant S, excita-
tion fluorescence spectra are shown in Figure 1b. The
absorption spectra revealed both an increasing red
shift of S; and non-excitonic visible absorbance with
fraction buoyant density. The fluorescence spectra
displayed an unexpected negative Stokes shift with
respect to the S; absorption, while the relative fluor-
escence quantum yields shown in Figure 1c were
found to be reduced monotonically versus p,. We
found a 50% reduction in emission efficiency for a
buoyant density of approximately 1.08 g/cm? and at
most a reduction of 85% for a buoyant density of 1.15
g/cm?. In the following sections, we describe how both
electrodynamic and excitonic interactions can lead to
the observed spectroscopic changes upon aggregation.

Electrodynamic Intertube Interactions. Within a nano-
tube aggregate, an increase of the dielectric function, ¢,
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Figure 1. (a) Image of centrifuge vial containing (6,5) en-
riched nanotubes and nanotube aggregates after 12 h of
centrifugation at 207 000g. Atomic force microscopy aver-
age height profiles of selected fractions are given next to
the vial image. (b) Normalized absorption and photolumi-
nescence spectra of selected fractions in (a). (c) Relative
fluorescence quantum yields versus fraction buoyant
density.

relative to an isolated tube can result in a mutual
screening of the intratube Coulomb interaction, W. In
particular, a reduction in the strength of the electron—
hole interaction can renormalize the exciton oscillator
strength. This effect is well-known in one-dimensional
semiconductors where increasing the spatial cutoff of
the effective one-dimensional Coulomb interaction,
which accounts for screening, can result in a loss of
exciton oscillator strength to band-to-band transi-
tions.>' In carbon nanotubes, the exciton oscillator
strength, f, has been shown to be proportional to the
inverse of the exciton size, L', and scales as m*/e
where m* is the exciton effective mass.?

The increased response of the free carrier conti-
nuum was estimated by calculating the change in the
integrated absorbance background underneath the S,
exciton relative to isolated tubes, defined as lhand/(lband
+ lexc) (Figure 2a). A similar analysis was carried out to
analyze the effects of external electric fields on free
carrier absorption strengths where lpang/(lband + lexc)
was used to estimate the amount of S; exciton wave
function mixing with the band-to-band continuum.?
Here it is clear that spectral weight is transferred from
S, to the absorbance background upon aggregation.
We therefore assign the increase in the non-excitonic
absorbance to an enhancement of band-to-band or
electron—hole pair excitations. This additional absor-
bance can effectively reduce the absorption cross
section of S, and possibly provide an efficient route
for a pure electronic inter-sub-band relaxation."’

Intertube screening can also result in a red shift of
the exciton excitation energy, where the dominating
effect is a reduction of the free electron—hole pair
band gap.”? However, reductions in the excitation
energy have been predicted to be small as compared
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Figure 2. (a) Relative change in the free-carrier oscillator
strength near the S, exciton as a function of buoyant
density. The red line is a guide to the eye, and the inset
depicts the areas l,anq and leyc. (b) Red shift of the S, exciton
as a function of buoyant density. The inset depicts from
where the red shifts were determined.

to reductions in the exciton oscillator strength with
increased screening.* It has been recently shown that
the red shift of the S; excitation energy going from one
dielectric environment, &;, to another, &5, in SWNTs can
be fit by the following empirical function O0E,ps(e1,€2) ~
43(e7 ' — £,'% meV.® In the case of nanotube
aggregation, &, is associated with isolated tubes in
solution and &, includes additional effects from neigh-
boring tubes. The magnitude of the dielectric function
of (6,5) enriched SWNTs within the frequency range of
the S; exciton has been experimentally determined to
be ewpe & 5, emphasizing the limited polarizability of
one-dimensional excitons.?® The effective environ-
mental dielectric constant associated with surfactant-
encapsulated SWNTs in water was found to be &5,s ~
3.27 From OEaps(€surtErube), We would expect the red
shift of S; to be approximately 4 meV upon aggrega-
tion. As shown in Figure 2b, the S; absorption was red-
shifted by more than 4 meV for fraction densities
greater than 1.08 g/cm>. Moreover, the fluorescence
Stokes shift, defined as the difference of the S; absorp-
tion and emission energies, is negative, and the emis-
sion spectrum can be decomposed into two distinct
transitions (Figure 3). Thus, we can not fully explain the
observed changes in the optical properties by pure
intertube electrodynamic coupling and consider the
effects of intertube excitonic coupling in the following
sections.

Excitonic Intertube Interactions. The close proximity of
neighboring tubes in an aggregate can facilitate tun-
neling of electrons and holes between tubes which
would lead to exciton tunneling and an energetic
splitting of the excitation energy. In order to estimate
the tunneling strength between a pair of (6,5) nano-
tubes, we performed an ab initio calculation of the
electronic levels of a nanotube dimer using the SIESTA
code with an intertube wall separation of 3.3 A. We
found that the four-fold degenerate conduction and
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Figure 3. Fluorescence Stokes shift as a function of buoyant
density. The inset shows a decomposition of the emission
into two distinct peaks.

valence bands were split into doublets separated by 60
and 40 meV, respectively. However, it should be noted
that this is an order of magnitude estimate since
tunneling is exponentially sensitive to intertube se-
paration, and the tunneling probability was used to
give insight on the energetic ordering of the deloca-
lized excitons. Using a Slater—Koster tight-binding
model for a dimer with parameters consistent with
the SIESTA calculation, the tunneling matrix elements
were found to preserve the valley index of the state;
that is, an electron or hole at K tunnels into an
unoccupied electron or hole at the same valley K.
Furthermore, time-reversal symmetry requires the tun-
neling matrix element from tube A to tube B to be
50 = tAT = & + it™, where m = e(h) refers to the
conduction (valence) bands of the nanotube. Tubes A
and B are identical, and symmetry leads to the results
that |9 ~ 30 meV and |t”] ~ 20 meV.

Intratube excitons consist of electrons and holes on
the same tube and tunneling of an intratube exciton,
with energy Eexcintra ~ Eg — 350 meV, where £ is the
quasi-particle gap, can be envisioned as a virtual two-
step process where a hole or an electron tunnels from
one tube to another followed by the left-over electron
or hole tunneling to the other tube, as depicted in
Figure 4a. The intermediate state for the tunnelingis an
intertube exciton with energy Eeyc intra ~ Eg — 200 meV,
where the electron and hole are localized on different
tubes of the dimer.?® The exciton tunneling amplitude
is then given by
265 ktag

lAB,exc‘K = /1 -

Eexc,inter - Eexc,intra W
where the factor of 2 arises from the ordering of the
tunneling of the electron and hole. The hole tunneling
factor tXQ?K is conjugated because of the conjugation of
the hole wave function in the exciton wave function. In
addition to exciton tunneling, there is a red shift of the

exciton energy given by
6EA.exc,K = 6EB.exc,K = OF

(&) |2 (h) |2
It k" Itag i 2)
Eexc,inter - Eexcjntra

Similar results hold for the exciton at K, where
Angexci = A*. For this specific geometry and phase,
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we find A = Az + id;, where Ag &~ —6 meV, 4, ~ 1 meV,
and 0F ~ —9 meV.

An alternative mechanism for exciton energy trans-
fer occurs through the Forster interaction. This is
represented in the Bethe-Salpeter formalism?? through
the exchange contribution to the Coulomb interaction,
which is also responsible for the dark-bright splitting 6,
of the intratube excitons. The intratube exchange
interaction (d,/2) has been measured to be approxi-
mately 2.5 meV,*® and for that reason, we expect the
intertube exchange interaction to be smaller than the
direct tunneling contribution discussed above.

The excitation energies of a dimer can be analyzed
by considering an effective Hamiltonian for the exci-
tonically coupled nanotubes, shown schematically in
Figure 4b. The spatial extent of the excitons are not
affected by A and d,; therefore, the exciton wave func-
tion at center-of-mass momentum g can be expanded
as lII(e(!zc(rerl'h) = chl(vq)fdkAkun,e,k+q/2(re)uﬁ,h,qu/z(rh),
where the index n = Ky, K'a, Kg, or K'g represents the
valleys K, K in the tubes A or B, respectively, and ¢’ are
the coefficients of the expansion. Here, the exciton
W9 is expanded in terms of the exciton in each valley
n, which in turn is determined by a momentum-
dependent amplitude A, together with the Bloch
functions ukenx of the electrons and holes. The
electron(hole) wave functions u, ) at index n trans-
form under C; as CoUkemkx = —Uk etk aNd CoUE ek =
Uk e(h),—k- The expansion for W, allows us to write an
effective 4 x 4 reduced Hamiltonian at wave-vector g
for the coefficients ¢'? which has the form

&)~ el@ z
H(q) = holq) + 2 ep(q) — €4(q)
z 2~
(3)

where hy(q) = (ep(q) + £4(9))/2 + SEand y = (Ag + vp)1 +
iAo, + Vo, Here g,4(q) are the dispersions of the
bright and dark intratube excitons, y¢ > 0 is the
strength of the intertube Forster interaction, 1 is
the 2 x 2 identity, and o, , are the 2 x 2 Pauli matrices.
The diagonal elements of the Hamiltonian, H;; and H,,
are intratube mixing of excitons at K and K’ of (e,,(q) —
£4(@))/2, which for g = 0 is the exchange splitting 0,/2.
The off-diagonal elements, H,; and H;,, are both
intertube exciton tunneling of strength Az + il
and the Forster interaction y¢ at valleys K’ and K,
respectively.

Ignoring the Forster interaction (y¢ = 0) and con-
sidering only excitons with g = 0, shown schematically
in Figure 4b, the diagonalization of H leads to two
partially bright states with energies E. = ho(0) % ||
and oscillator strengths proportional to f+ =|1 + &/|&||%,
where & = 6,/2 + A. There is also a pair of dark states
with energies given by Eq. = ho(0) + |&;], where &; =1
— 01/2. The delocalized dimer excitons are labeled in
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Figure 4. (a) Schematic of the virtual two-step exciton
tunneling process in a nanotube dimer via an intertube
exciton intermediate state. Mutual intertube screening by
the dielectric function ¢ is depicted in the shaded region. (b)
Schematic of the Hamiltonian representing the intratube
exchange splitting 6, and the intertube tunneling induced
splitting 4. (c) Exciton energies for a monomer and a dimer.
The isolated tube levels are labeled by their C, symmetry®
and the dimers by their respective optical activities and
energy. The limits of pure exciton tunneling and Forster
exciton energy transfer are shown for comparison.

energetic order as d+, b+, b—, and d—. From our
estimates of 4 and 9,, we would expect a two peaked
absorption spectrum with the upper and lower bright
states having energies and oscillator strengths of £, | =
—8 meV, . =02, and E,— = —15 meV, f_ = 1.8,
respectively. Here the excitation energies are relative
to the isolated tube bright state A; (Figure 4c), and the
total oscillator strengths are defined such thatf=1fora
monomer and Y _f=2 for a dimer. The dipole forbidden
excitons would have energies of £y, = —3 meV and
E4q— = —20 meV. If we consider Forster coupling to be
the dominant mechanism of exciton delocalization
(A = 0), then the excitation spectra would be that of
an H-type molecular aggregate®' Specifically, if we
assume Yy = 01/2 and OF is equal to what is the
expected red shift of the excitation energy by electro-
dynamic effects, we find a single bright exciton with an
energy of E, = 1 meV relative to A, (Figure 4c).

From the above discussion, it is clear that the
absorbance will be dominated by the lower energy
partially bright exciton in the event of intertube exciton
tunneling. Moreover, the excitation energy of this state
can account for the large red shifts of S; in Figure 2b
not accounted for by electrodynamic effects. Indeed, if
we extend the Hamiltonian in eq 3 to three excitoni-
cally coupled tubes, we find as in the case of the dimer
there is an upper weakly dipole allowed state and a
lower strongly dipole allowed state that is further red-
shifted from A, (see Methods for details). Nonetheless,
the fluorescence lifetime in SWNTs is dominated by
nonradiative decay and can be described by diffusion-
limited contact quenching of excitons in the limit of
relatively low fluorescence quantum yields.>* Thus, the
fluorescence lifetime and the nature of delocalized
exciton diffusion are discussed in the following section
to understand the peculiar spectral splitting of the S,
emission.
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Figure 5. (a) Normalized fluorescence intensity and fit
functions (red and blue dashed lines) for selected fractions.
The gray trace is the instrument response function (IRF). The
inset shows the average photoluminescence lifetimes with
error bars associated with the double exponential fit de-
scribed in the text. (b) Exciton dispersions for the bright A,
and dark A, intratube excitons with effective masses m§ and
m}, respectively. The gray lines indicate the dispersion of
light of speed c. (c) Exciton dispersions for the four delo-
calized dimer excitons calculated from the Hamiltonian in
eq 3, where the weakly dipole allowed b+ exciton and the
strongly dipole allowed b— exciton have effective masses of
mj and m§, respectively, near g = 0. The lower state b—
dominates the absorption spectrum, while the upper state
b-+ dominates the emission spectrum because of the strong
dependence of the fluorescence lifetime on the diffusion
constant.

Diffusion-Limited Exciton Lifetimes and Quantum Yields.
Fluorescence lifetimes were measured by time corre-
lated single photon counting, where the samples were
excited at 400 nm with ~5 x 10'? photons/cm?. The
emission was collected through a 950 nm low pass
filter such that the total photons counted included the
entire (6,5) emission spectrum. As shown in Figure 5a,
the normalized fluorescence decay displays a clear
increase of fluorescence lifetime with increasing buoy-
ant density. The dynamics of the fluorescence decay
was fit with a double exponential, I(t) = (C;e” @™ +
C,e”2)/(C, + C), and the average fluorescence life-
times were computed as 7, = fEfl(t)dt. As shown in the
inset of Figure 5a, 7y increases monotonically from
~14 ps for isolated tubes to ~80 ps for the fractions
with the largest buoyant density.

In the previous section, we have shown that the
higher energy bright exciton b+ has a smaller oscillator
strength than the lower energy bright exciton b—, and
therefore b— dominates the absorption spectrum.
However, for b+ to dominate the emission spectrum,
the fluorescence decay rate kp . must be smaller than
koi— and scattering between the states must be negli-
gible. The assumption that there is insignificant scat-
tering between different parity states is validated by a
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recent discovery of a non-equilibrium distribution
between intratube bright and dark excitons.®® There-
fore, the negative Stokes shift can be understood by
considering the ratio of the time average within a
period T of the number of photons emitted by both
states N /N_=[(1/T) [gNS e % 'de)l/1(1/T) [N e - 'd)],
where k, and NS, are the effective fluorescence decay
rates and initial populations of the upper and lower
bright excitons, respectively. If we assume that N ~
NS upon inter-sub-band decay from S,, then within a
time period longer than the decay times N, /N_ ~ kpi—/
o1+ = Tpi4/Tp—. Within the model of one-dimensional
exciton diffusion-limited contact quenching, the fluor-
escence lifetime is defined as
T

2, T +1 7D “"

Tpl =
where d,, is the average quenching site distance, /is the
nanotube length, and D is the exciton diffusion
constant.®? The ratio of the number of photons emitted
by each state reduces to N,/N_ ~ D_/D,, and the
diffusion constant of the lower state b— must be much
larger than the diffusion constant of the upper state b+
for a negative Stokes shift to occur.

The diffusion constant for a parabolic exciton band,
near g =0, can be expressed in terms of the dephasing
time 7, and the effective mass m* such that

D — ‘[SkBT (5)

m*

In order to determine the effective masses of each
delocalized state, we diagonalized H in eq 3 with full g
dependence. The dispersion of the A, intratube bright
exciton &,(q) was adapted from a recent Bethe-Salpeter
calculation of the excitonic properties of (6,5) carbon
nanotubes where the effective mass was found to be
mg ~ 0.1m.>* The A, dark intratube exciton was as-
sumed to have a dispersion of a free electron with an
effective mass of m% = 1.5m.3* (Figure 5b). As shown in
Figure 5c near g = 0, the upper bright state b+ has a
dispersion equal to the dark exciton A; and the lower
bright state b— has a dispersion equal to the bright
exciton A,. Only excitons with a wave-vector less than
or equal to e./hc, where ¢ is the photon energy and c is
the speed of light, can couple to the light field. As a
result, we restricted our analysis to the band minimum
at ey p—(0). In turn, the effective mass of b+ nearg=0
is approximately mj§ and the effective mass of b— is
approximately mg. Similar results hold for the excito-
nically coupled SWNT trimer (Figure 8). When the
dephasing times of the two optically active states are
similar 7, ~ 75, it is clear that the upper state will
have a diffusion constant at least an order of magnitude
smaller than the lower state D, < D_ and dominate
the emission spectrum.

We now describe the origin of the observed reduc-
tions of the fluorescence quantum yields upon aggre-
gation in Figure 1c using the fluorescence lifetime in
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eq 4. By dividing 7y, by the radiative lifetime 7,, the
fluorescence quantum yield can be determined as a
function of average quenching site distance df as

o= (6)
2(dy " +171)Dr,

Lefebrve and Finnie reported that the average emis-
sion efficiency of a dimer of semiconducting SWNTs
was reduced by ~50% relative to a monomer and
attributed this effect to additional nonradiative losses
due to the doubling of the number of exciton quench-
ing defects." This was rationalized by an apparent
thermal equilibrium between upper and lower energy
exciton states in nanotube dimers coupled by the
Forster interaction made up of different chirality tubes.
However, at any instance of incoherent exciton trans-
fer, the exciton is localized on one tube and the defect
density experienced would be that of an isolated tube.
In the case of coherent delocalization, the overall
defect density would be the sum of the two tubes'
defect densities before aggregation.

Isolated (6,5) CoMoCat tubes with quantum yields
of ~1.3% were found to have radiative lifetimes, diffu-
sion constants, and defect distances of 7, ~ 1.6 ns, D ~
11 em?s™', and dq & 120 nm, respectively.>” Here, the
dimer would have twice as many defects as the mono-
mer dq ~ 60 nm, and using the fact that 7, =< f ', the
upper b+ and lower b— states would have radiative
lifetimes of 7., ~ 0.9 ns and 7, ~ 8 ns. The diffusion
constants of b+ and b— would be on the order of
D, ~1cm?s "and D_ ~ 11 cm? s ', respectively,
accounting for the effective mass in eq 5. Using
eq 6, we find the quantum yields in the limit of long
tubes, I ' & 0, of each dimer state are d_ ~ 0.6% and
®_ =~ 0.7%. By considering three excitonically coupled
tubes, the quantum yields would clearly be further
reduced as dq would become smaller. Thus, simulta-
neous reductions in the emission efficiency and
long-lived, negative Stokes shifted emission in SWNT
aggregates are captured by delocalized excitons under-
going diffusion-limited contact quenching.

CONCLUSION

In summary, the optical properties of nearly pure
chirality semiconducting single-wall carbon nanotube
aggregates display strong deviations from isolated
tubes. This work calls for a re-evaluation of how we
describe intertube interactions in the context of optical
properties and energy transport. The origin of this

METHODS

Selective Aggregation and Fractionation of (6,5) Enriched Aggregates.
Nanotube suspensions were prepared by isopycnic fractiona-

tion of surfactant-encapsulated (6,5) enriched SWeNT SG 65
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behavior is demonstrated and quantified as resulting
from simultaneous electrodynamic and excitonic inter-
tube interactions. Screening of the intratube Coulomb
interaction is found to manifest itself as an increase of
the oscillator strength of continuum excitations at
expense of the S; exciton. However, the majority of
the changes of the aggregate optical properties rela-
tive to isolated tubes are well described by coherent
exciton delocalization. Our theoretical model predicts
a tunneling induced splitting of the degenerate intra-
tube conduction and valence bands that ultimately
lead to delocalized excitons. Incoherent Forster exciton
energy transfer is predicted to be energetically unfa-
vorable as the exchange energy is smaller than the
direct tunneling energy. Two of the delocalized exci-
tons are found to be optically active, with the higher
and lower energy states having relatively small and
large oscillator strengths with g ~ 0 effective masses of
intratube dark and bright excitons, respectively. Long-
lived, negative Stokes shifted photoluminescence
suggests that as in low fluorescence quantum yield iso-
lated tubes the photoluminescence decay in aggreg-
ates is dominated by exciton diffusion-limited contact
quenching whose dynamics depend strongly on effec-
tive mass.

Beyond the observed effects on the absorption and
fluorescence spectra, the importance of coherent ex-
citon energy transfer should be considered for other
aspects of nanotube photophysics. Potential conse-
quences include a re-evaluation of microscopic scat-
tering mechanisms such as exciton—phonon coupling
in nanotube aggregates>® and the possibility of realiz-
ing microscale quantum light sources taking advan-
tage of delocalized rather than localized excitons.?”
Moreover, the observed monotonic changes in the
optical properties as a function of buoyant density
suggest some degree of structural sorting by oligomer
size. In the context of molecular states, specifically
designed nanotube aggregates or artificial molecules
can be designed with selective aggregation and den-
sity gradient ultracentrifugation as preparative tools.
As a result, investigating exciton delocalization in en-
gineered carbon nanotube aggregates may provide
model systems for coherent energy transport in
natural light-harvesting systems.33° Finally, our find-
ings emphasize the important role pure chirality sam-
ples have in discovering new electronic and optical
properties that are beyond the single carbon nanotube
intrinsic limit.

(SouthWest NanoTechnologies) material. Here, raw soot is
dispersed in 2 wt % aqueous sodium cholate (SC) by ultrasoni-
cation for 2 h using a Branson 450 horn sonifer at a duty cycle of
30% and output power of 3. In order to remove insoluble
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material and concentrate the suspension, 5 mL of the resulting
mixture was centrifuged for 7.5 h at 41 krpm with a 7 mL step
gradient of 100% OptiPrep with 2 wt % SC in a Sorvall centrifuge
with a TV-640 swinging bucket rotor. The concentrated super-
natant was fractionated using a home-built upward displace-
ment fractionator using Fluorinert FC-40 as a displacement
medium. Density differentiation of the supernatant was carried
out by using sodium dodecyl sulfate (SDS) as a co-surfactant to
SC in the density gradient at a ratio of 1:4. A step gradient was
formed consisting of five layers with 100, 50, 32.5, 25, and 0%
OptiPrep and 2 wt % of aqueous co-surfactant. The concen-
trated supernatant was mixed in the 32.5% OptiPrep layer. The
centrifuge vial was capped and tilted horizontally for 2 h to form
a linear gradient. The linear gradient was then centrifuged for
12 h at 41 krpm, which resulted in colored bands signifying struc-
tural sorting. Only the topmost violet fractions were collected.
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Figure 6. Spectra from all fractions collected in Figure 1a.

The composition of the starting material used to make the
aggregates in this investigation was estimated by calculating
the first derivative of the absorption spectra and comparing the
relative amplitudes of each (n,m) species’ first exciton transition.
We found at least 85% of the starting material was composed of
the (6,5) tube, which is consistent with previous studies.'®

In order to make (6,5) enriched aggregates, approximately 1
mL of (6,5) enriched material was placed in 3.5 kDa dialysis
tubing (Sigma Aldrich) and submerged in 100 mL of HPLC water
for 24 h. Upon flocculation, the tubes were resuspended in 2%
SC by mild sonication. The suspension was then structurally
sorted by density gradient ultracentrifugation with the same
procedure above except only 2% SC was used as the surfactant.
Fractions were collected at a volume of 150 uL and ranged in
density from 1.058 to 1.148 g/cm?. The absorption spectra of all
fractions are shown in Figure 6.

Aggregate Size Characterization. In brief, samples were prepared
for tapping mode AFM by spin-coating selected fractions on
cleaved mica. Details on the exact sample preparation can be
found elsewhere.*® Images are shown in Figure 7 and show a
clear increase in aggregate size as a function of buoyant density.

Figure 7. Atomic force microscopy images from selected
fractions in Figure 1a.

Exciton Tunneling Model for More than Two Tubes. The Hamilto-
nian in eq 3 of the main text may be extended to more than two
tubes by adding intratube terms H;; to the diagonal and inter-
tube terms H; and H; to the off-diagonals. However, the

CROCHET ET AL.

tunneling energy Ag + i4, is exponentially sensitive to intertube
separation and must be accounted for. In the case of three
tubes, the tunneling energy is approximately the same as a
dimer because the structure is trigonal planar, and the deloca-
lized excitons are nearly the same except for two additional dark
states (Figure 8).
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Figure 8. Comparison of the states calculated from eq 3
(left) and eq 3 extended to three excitonically coupled tubes
(right).
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