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I
n the past decade significant interest was
demostrated in the resonance energy
transfer in condensed matter, biological

and hybrid organic�inorganic systems.1�6

The energy transfer allows efficient energy
harvesting in natural photosynthesis sys-
tems as well as in man-designed materials.
Complex nanoscale samples, e.g., interact-
ing biomolecules7 or single-atom dopants
used for enhancement of semiconductor
materials properties,8 can be studied with
a subwavelength resolution by optical tech-
niques utilizing the energy transfer. This
requires a resonant coupling of an object
of interest with a known, well-characterized
system. Lanthanide ions can be such a
reference system not only because of their
unique luminescent properties, i.e., long
lifetimes, narrow bands, and large oscillator
strengths, but also because of the simple
chemistry of their organic compounds. In-
deed, the energy transfer via the resonance
exchange mechanism was demonstrated
between lanthanide ions in solution9�12

and in the solid state.13�16 Subsequently
biofunctionalized Tb3þ and Eu3þ rare earth
ions were successfully applied as optical
probes to study DNA structure.17,18

Optical properties of both functionalized
and pure SWNT materials, including their
photoluminescence (PL), were studied
extensively.19�30 Recently the resonance
energy transfer (RET) has been measured
in SWNTmaterials: between different SWNT
species in the nanotube bundles,31�39 from
atomic oxygen adsorbed on a SWNT,40 and
from polymers,41,42 encapsulated oligomers,43

fluorescent dye,44 and an organic (porphyrin)
molecule complex.45,46

Not only do the nanoscale complexes
of SWNTs with various substances show

interesting optical properties, but these
complexes may enable sensors, solar
cells, and other applications.47�49 Yet lit-
tle is known about the actual physical
structure of nanocomplexes and how
they form. Thus we aimed our work on
developing a technique for studying cor-
relations between SWNTs and species
interacting in solution. In the case of
strong interactions, such as covalent
bonding, their effect can be readily
traced, by a strongly quenched PL signal,
for example. The SWNTs in our experi-
ments are well shielded by the DNA wrap,
which eliminates the possibility of direct
chemical functionalization. More subtle
interactions and nonbonded spatial cor-
relations, such as formation of ionic shells
around SWNTs in solution, are hard to
detect in general. Ions may not produce
a significant effect on the nanotube itself
until completely associated, e.g., after
drying on its surface. Methods granting
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ABSTRACT Significant acceleration of the photoluminescence (PL) decay rate was observed in

water solutions of two rare earth ions (REIs), Tb and Eu. We propose that the time-resolved PL

spectroscopy data are explained by a fluorescence resonance energy transfer (FRET) between the

REIs. FRET was directly confirmed by detecting the induced PL of the energy acceptor, Eu ion, under

the PL excitation of the donor ion, Tb, with FRET efficiency reaching 7% in the most saturated

solution, where the distance between the unlike REIs is the shortest. Using this as a calibration

experiment, a comparable FRET was measured in the mixed solution of REIs with single-wall

nanotubes (SWNTs) wrapped with DNA. From the FRET efficiency of 10% and 7% for Tb and Eu,

respectively, the characteristic distance between the REI and SWNT/DNA was obtained as 15.9( 1.3 Å,

suggesting that the complexes are formed because of Coulomb attraction between the REI and the

ionized phosphate groups of the DNA.

KEYWORDS: single-wall nanotubes . photoluminescence spectroscopy .
fluorescence resonance energy transfer . time-resolved spectroscopy . rare earth ions
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access to such information dynamically and in situ

would be especially valuable to study the kinetics of
nanocomplex formation. The results presented below
demonstrate that the FRET technique allows quantify-
ing the degree of long-range correlation between the
multivalent REIs and SWNT/DNA macroions. Further-
more, the measured average distance between the
interacting species proves that the origin of the corre-
lation is the electrostatic interaction at the nanoscale.
The paper is organized as follows. We will discuss

two different sets of FRET measurements: (1) between
unlike REIs, Tb3þ and Eu3þ, and (2) between SWNTs and
each of these REIs. We will show that these species
have similar spectral overlaps, which allows one to gain
knowledge on the FRET distances by comparing them
side by side. First we will demonstrate that the Tb

lifetime shortening in themixed solutionwith Eu has its
origin in the energy transfer from the Tb donor ion to
Eu acceptor. Then the similar time-dependent data for
the SWNT�REI solution are analyzed. Additional evi-
dence for Tb�Eu FRET is provided next by presenting
thePLof the acceptordirectly inducedby the resonantly
excited donor. After establishing a reliable calibration
for the FRET distance in the Tb�Eu solution, the spatial
correlation between SWNT and REIs is studied as a
function of the concentration of the species. The con-
clusions and details on the materials and experimental
methods will follow.

RESULTS AND DISCUSSION

Time-Resolved PL Spectroscopy. Steady-state PL of pure
REI solution as well as the visible-range absorption of
the SWNT/DNA solution is presented in Figure 1a (see
Materials and Experimental Methods section for pre-
paration details and Supporting Information for SWNT
NIR absorption data). Each of the PL bands of the REI is
labeled with the corresponding transition in the single
ion, while the broadening is likely due to the interac-
tion with the water solvation shells of the ion
(schematically shown in Figure 1b). For the large FRET
a spectral overlap between the PL and absorption lines
is needed, as seen in Figure 1 and further quantified in
Figure 2d�f.

Time-resolved spectroscopy following excitation by
20 ps long laser pulses of selectively (resonantly)
excited Tb3þ ions in the TbCl3 water solution (green
curve in Figure 2a) showed a typical PL lifetime of the
pure REI: τTb

0≈ 0.395ms, for example, for the strongest
5D4�7F5 transition at 2.28 eV (544 nm), the highest PL
band in the middle red curve in Figure 1a. Other lines
show a similar lifetime. In the mixed solution that

Figure 1. (a) Superimposed PL spectra of REI in solution:
pure Tb3þ emission (red curve) at 488 nm wavelength
excitation, pure Eu3þ emission (blue curve) at 514 nm
wavelength excitation, and SWNT optical absorption
spectrum (black curve). The baselines were offset for clarity.
(b) Sketch of the first coordination sphere of a solvated REI,
surroundedwith the partially orientedwatermolecules and
spatially isolated from another ion. Inset shows that for
efficient FRET between the ions, a strong spectral line
overlap is required, in addition to the short distance.

Figure 2. Time-resolved PL for (a) pure REIs and their mixed solution, (b) pure Tb and Tb�SWNTmixed solution, and (c) pure
Eu and Eu�SWNT mixed solution. Spectral overlaps for (d) Tb with Eu; (e) SWNTs with Tb; and (f) SWNTs with Eu.
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contained both Tb3þ and Eu3þ ions we observed
systematic shortening of the Tb decay time: τTb

Eu ≈
0.366ms (pink curve in Figure 2a). Shortening of the PL
lifetime may be attributed to the increase of radiative
and/or nonradiative rates. The increase of the radiative
rate can be rejected because we did not observe an
increase of the PL efficiency, which would result from a
faster radiative recombination. The lattermechanism is
possible, and it may be due to a strong interaction with
the polar water molecules. However, this interaction
with water is present even in the pure solution where
the REIs are surrounded by solvation shells (Figure 1b).
The coupling is unlikely to strengthen in the mixed
solution, where the solvation shell may become only
distorted. In fact it was observed earlier that the non-
radiative decay rate becomes lower when the REI�
water solvation structure is influenced by another
substance or the REI is partially shielded from the
water.50 Then we have to assume an additional non-
radiative channel appears, which can be FRET. Eu
emission (gray curve in Figure 2a) also demonstrates
the longer decay time, τEu

Tb ≈ 0.111 ms (compared to
the lifetime in the pure solution, τEu

0 ≈ 0.109 ms, not
shown), compatible with the same FRET rate for the Tb
acting as a “feeding” source.

The resonance mechanism of the energy transfer is
based on the dipole interaction between an excited
state of a donor and a ground state of the acceptor
atom/molecule, which can be related to the dipole
transition matrix element of interaction, Hint, and the
optical densities of the donor and acceptor molecules.
Within the Förster model,51,52 the temporal variation of
the emission of the sensitizer (donor)must shorten due
to the activator (acceptor). The magnitude of the
transfer efficiency is given by

WAB ¼ 1 � τBA=τ
0
A

where τA
B and τA

0 are the decay time of the sensitizer A in
the presence of the activator B and the radiative life-
time of the pure sensitizer, respectively. In the case of
the Tb3þ/Eu3þ system shown in Figure 2a the corre-
sponding transfer efficiency is about 7%.

Existence of FRET requires an appreciable overlap
between the spectral lines of the emitting and receiv-
ing species. The overall transfer efficiency, WAB, de-
pends on the mutual spectral overlap,Ω, between the
line shape functions of the optical transitions, gA(hν)
and gB(hν). The Ω is given by the integral term of the
following expression:

WAB ¼ (2π)2

h2τBA
jÆA�BjHintjAB�æj2

Z
gA(hν) gB(hν) dhν

where ν is the frequency, h is the Planck constant, and
Hint is the interaction Hamiltonian. A unique character-
istic of the trivalent rare earth ions is such that the
electron�phonon coupling of all the transitions that
take place within the 4f manifold is very weak; that is,

no Stokes shift between the emission and photoexcita-
tion spectra is expected. Therefore, the line shape of
the radiative transitions is approximately the same as
for the reciprocate transition (absorption line). Then
the overlap of the two spectra in Figure 1a allows one
to evaluate the FRET between Tb and Eu. Numerical
convolution of the area under the curves gives an
appreciable overlap between the spectra of Tb and
Eu ions in the energy region 1.75�2.35 eV (Figure 2d).

Using REIs as a reference for the calibration, next we
measured the shortening of Tb and Eu emission in the
presence of ssDNA/SWNT. Indeed, decay times of the
observed REI lines demonstrate similar substantial
shortening as an indication of the FRET from a REI to
the SWNT. The emission data for the mixed solution
were collected both through the monochromator and
without it to measure the FRET at the wavelength
corresponding to the peak of emission or the total PL
intensity of the donor. The lifetime shortening was
almost the same for all of the REI PL bands. Thus we
present in Figure 2b the decay time of the total PL from
the pure Tb and from the mixed solutions of Tb/SWNT
(at the resonant wavelength excitation for Tb). The
TbCl3 and SWNT concentrations were 0.2 mM and
4mg/L, respectively. Figure 2c shows the corresponding
PL data for pure Eu and Eu/SWNT mixed solution (with
the sameconcentrations: 0.2mMand4mg/L), excited at
525 nm, the resonant wavelength excitation for Eu. The
decay time shortening corresponds to the FRET transfer
efficiencyof 10%and7% for Tb andEu, respectively. The
magnitudes ofΩ in Figure 2e,f are also comparablewith
the spectral overlap between Tb and Eu in Figure 2d.

FRET-Mediated Acceptor Emission. If the shortening of
decay time in Figure 2a is due to FRET between Tb and
Eu, one should be able to verify it by measuring the
induced PL. Indeed, in Figure 3 we provide the direct
observation of the energy transfer by steady-state PL
spectroscopy. The mixed solution was excited selec-
tively at a wavelength of 488 nm, which fits only the

Figure 3. PL emissionof themixed solution containingboth
REIs (green curve) at 488 nm excitation (Tb resonant
wavelength excitation). The transfer-mediated emission
line from Eu3þ at 699 nm is superimposed with the PL
emission of a solution of pure Tb (red) or pure Eu (blue),
excited at 488 or 514 nm, respectively.
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Tb3þ ion and does not fit any excitation line for the
Eu3þ ion. The FRET-mediated emission line 5D0�7F4
from the Eu3þ is evident in the spectra at hν = 1.77 eV
(λ = 699 nm). For comparison, on the same graph we
present the PL spectra of the pure Tb solution (red
curve), showing no PL in the same range (the spectral
lines of Tb3þ emission are seen above 1.8 eV), and the
pure Eu solution (blue curve), demonstrating the same
band 5D0�7F4 for Eu3þ transition. The FRET energy
level diagram for Eu and Tb ions is shown in Figure 4a.
Given this qualitative confirmation of the FRET, we
were further able to provide the quantitative estimate
via the spectral weights of the PL bands of Tb and Eu.
Fitting the PL intensity of the mixed solution (green
curve in Figure 3) with the weighted PL spectra of the
pure solutions (red and blue curves) we obtained
partial contributions of the REIs. Taking into account
that the concentrations of Tb and Eu were the same in
the mixed solution but the quantum efficiency of Eu is
slightly lower, as detailed below, and assuming a
lossless internal conversion of the transferred energy
into 5D0�7F4 radiative transition, we estimated the
FRET-induced PL efficiency to be ∼10%, comparable
with the one obtained from the lifetime shortening.

Even though the same energy transfer mechanism
is responsible for PL lifetime shortening in the REI/
SWNT solution, one cannot observe FRET-induced PL
from the SWNTs in the visible range. This is due to the
SWNT charge carriers, after excitation in the second
subband, E22

ex, experiencing a fast nonradiative inter-
subband relaxation into the lowest subband, E11

ex,
during 10�20 fs (Figure 4b), followed by a longer
radiative and nonradiative relaxation to the ground
state.53 Thus the efficiency of SWNT PL in the visible
range, E22

ex, is negligible small. We were able to
observe SWNT infrared emission from the E11

ex levels
in a separate experiment. Figure 5 shows PL spectra of
the mixed solution with TbCl3 (red) compared with the
PL from the pure SWNT/DNA solution (blue, normal-
ized to the main (6,5) peak intensity). Three extra PL
peaks are evident, which we attribute to the transfer-
mediated emission from (8,3), (7,5), and (7,6) SWNTs at
968, 1038, and 1138 nm, respectively, using our ab-
sorption data (see Supporting Information) as well as
the PL/PLE map shown in the upper inset of Figure 5.

We conclude that the overlap with the Tb emission line
at∼1.9 eV (∼650nm) can explain off-resonant excitation
of these three SWNT species (compare the position of
the horizontal white line of the excitation at 2.33 eV
and original positions of the resonant peaks of these
SWNTs in the upper inset of Figure 5).

Spatial Correlation Analysis. The time-resolved mea-
surements were repeated for solutions with different
relative concentrations of REIs and SWNTs. In Figure 6
we plot representative data for increasing SWNT con-
tent in the mixed solution, from the left to the right.
Black squares/triangles correspond to the pure concen-
trated terbium/europium solution: [SWNT] = 0, [Tb or
Eu] ≈ 1.2 M. Upon adding SWNTs to the pure solution,
we observe a significant decrease of the lifetime but
also large scatter of the data (red circles and blue
triangles in Figure 6a for Tb and purple pentagons
for Eu in Figure 6b). We attribute the scatter to the fact
that the sample is not uniform anymore. Indeed REI
and SWNT have opposite charges in solution. The

Figure 4. FRET energy level diagram: (a) between Tb and Eu ions, (b) between Tb and SWNT.

Figure 5. PL (blue) andFRET-inducedPL (red) emissionof the
SWNT/DNA solution (mainframe). (Upper inset) PL/PLE map
of thepureSWNTsolutionwith thin lines and circles denoting
separate chiralities, following the literature data. White line
corresponds to the PL (blue curve in themainframe) at the Tb
resonant wavelength excitation at 532 nm (2.33 eV). The PL
FRET-induced emission of several SWNTs that cannot be
resonantly excited at 532 nm is clearly seen as 3 peaks on the
PL from the mixed solution (red curve).
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ionization of the DNA backbone results in a significant
negative total surface charge density of the SWNT/DNA
hybrid. Positive REIs should be attracted by this nega-
tively charged surface. Thus the pair-correlation func-
tion for the REI should be greatly enhanced near the
surface, as compared to the noninteracting species.We
stress that these solutions with the low SWNT content
still contain REIs in excess to the SWNT/DNA surface
charge, and only a fraction of REIs are bound. In
contrast, a significant amount of Tb/Eu ions are free.
Since we excited and probed the solution within the
focus area of our setup and, after adding REI, the
solution became nonuniform due to the SWNT coales-
cence, in different measurements we were able to

probe the volumes that contain more REI bound to
the SWNT/DNA surface or those where the free REI ions
dominate the PL response. Thus one should observe a
distributionof the lifetimeswith two limitingvalues, given
by fully solvated (free) REIs and by partially correlated
(bound) REIs. These measurements already indicated the
existence of two different lifetimes in the solution, due to
free andboundREIs, even thoughadditional experiments
were designed with the higher relative concentration of
SWNTs. For example, a solution with [Tb] = 0.14�0.2 mM
and [SWNT] = 4 mg/L has shown single PL decay time
(green stars in Figure 6a), which was attributed to the
Tb�SWNT/DNA complex only. We speculate that these
samples had a concentration of Tb corresponding
(or close) to the saturation of the charge of the DNA/
SWNT as expected from the DNA backbone charge
density. The observed difference between free Tb PL
lifetime (black symbols), 0.395 ( 0.005 ms, and the one
in the complex (green stars), 0.350( 0.005 ms, gives the
10% FRET efficiency. Very similar results for Eu bound to
SWNT/DNA in themixed solutionwith [Eu] = 0.2mM and
[SWNT] = 4mg/L has shown a FRET efficiency of 7% (dark
blue diamonds in Figure 6b).

We emphasize that in the REI�SWNT system, upon
lowering the concentration of the REI sensitizer by
more than 3 orders of magnitude as compared to the
set of experiments with two unlike REIs, not only does
the FRET remain observable but also its efficiency
persists at the same level, which cannot be expected
for a simple noninteracting solution. The extraordina-
rily high FRET efficiency (for a relatively low concentra-
tion of the SWNT activator) requires additional
attention. Another essential parameter of the energy
transfer is the critical, or Förster, distance, Rc. The
transfer efficiency can be expressed as

WAB ¼ 1=(1þ R6=Rc
6)

where R is the distance between emitting and receiv-
ing species and Rc is the Förster distance when the
FRET efficiency is 50%. This distance depends on the
optical parameters of the system as

Rc ¼ 3fSWNThΩηREIe
2

4k4n44πε0mc

 !1=6

where Ω is the spectral overlap, ε0 is the vacuum
permittivity, e andm are the electron charge andmass,
c is the speed of light, h is the Planck constant, ηREI is
the quantum yield of PL of the sensitizer, fSWNT is the
oscillator strength of the receiving species (SWNT or Eu
ion) at the wavevector k = ω/c, and the angular
resonance excitation frequency is ω = 2πν. The Förster
distance for Eu is known: Rc ≈ 10 Å (an average value
taken from the literature54,55). For SWNT we evaluate it
via the oscillator strength:

fSWNT ¼ 2ε0mc

πe2
9n

(n2þ2)2
σ(ω)Δω

Figure 6. (a) PL lifetime of the pure Tb solution and the
SWNTmixed solution as a function of relative concentration
of SWNT (activator). (b) Same for Eu. (c) Cross-correlation
plot of the sensitizer�activator distance as determined
from the FRET vs the distance derived from the concentra-
tion of the species. Note the double logarithmic scale.
Dashed diagonal line shows the cross-correlation for the
noninteracting components; dashed horizontal lines re-
present SWNT,DNA, andwater shell excluded volumes from
bottom to top. Background image shows geometry of the
complex with the water molecules removed for clarity.
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where the refractive index (part of theOnsager�Lorentz
factor) is taken as n = 1.4 for the water solution, and
σ(ω)Δω is the acceptor absorption cross section times
the bandwidth of the transition. Using the average
absorption cross section of SWNTs, σ ≈ (0.73�1.8) �
10�17 cm2/atom (literature values from refs 56�60), and
Δω ≈ 30 meV (fit to our data) we estimate the SWNT
average oscillator strength to be (1.6�3.95) � 10�3,
which is consistent with the previous studies.

The PL quantum yield of REI sensitizers was experi-
mentally measured (see Supporting Information). Rho-
damine 6G ethanol reference solution with a known
100% PL quantum yield was used to calibrate the
spectra. We obtained ηTb = 1.3% and ηEu = 0.8%, which
are the typical values for REIwater solutions.61Wederive
Rc≈ 10.9( 0.8Å for Tb/SWNT solution and∼10.4( 0.8Å
for Eu/SWNT solution. We note that despite the un-
certainty in fSWNT, due to the averaging over the SWNT
ensemble and relatively large range of σ, the Förster
distance cannot substantially change because it has a
weak (power of 1/6) dependence on the materials'
optical parameters according to the equation above.

Following this simple calculation we obtain an esti-
mate for R≈ 14( 2 Å for FRET in the Tb�Eu system. On
the other hand, in TbCl3 and EuCl3 solutions with the
concentration c = 1.2 M, the minimum distance be-
tween unlike REIs in themixed solution is approximately
11 Å. This number is in good agreement with the one
obtained from the FRET efficiency between Tb and Eu.
However the REIs showed a negative correlation due to
the Coulomb repulsion between positively charged
ions, that is, a smaller FRET efficiency than the one
expected for an ideal noninteracting solution. Indeed
the Tb�Eu data point (green triangle in Figure 6c),
averaged over multiple measurements of the FRET
efficiency, is above the dashed diagonal line corre-
sponding to the noninteracting components.

The nominal distance between the species for Tb/
SWNT and Eu/SWNT solutions obtained from their
concentrations, Rconc, is an order of magnitude larger
than for the Tb�Eu case, even though we measured a
very strong FRET signal that corresponds to the aver-
age distance for the REI�SWNT case R ≈ 14.6�17.2 Å,
plotted on the vertical axis in Figure 6c. Thus the data

points for Tb�SWNT (red) and Eu�SWNT (blue) solu-
tions are well below the diagonal dashed line for the
noninteracting components. We speculate that this is
possible only in the case of formation of REI�SWNT
complexes due to the electrostatic attraction between
the negatively charged DNA backbone (ionized phos-
phate groups) and positively charged REIs in the water
solution. A similar interaction is known to result in a fast
ion condensation on the surface of the DNA rods,
changing the ion pair correlation function, significantly
reducing the spacing, and making the FRET possible.

The obtained value for R is in agreement with the
proposed geometrical size of the complex, shown in
the inset of Figure 6c. The radius of the SWNT/DNA
hybrid is expected tobe∼9�11Å (DNA thickness≈5.1Å
from ref 30), and the width of the REIs' solvation shell
should be added. The first coordination sphere of the
solvation water molecules is at ∼2.5 Å for typical REIs,
and it is at ∼4.5 Å for the second coordination sphere.
Thus the critical distance evaluated from the exclusion
volume argument (dashed horizontal line in Figure 6c)
is consistent with themeasured one from the FRET and
is much smaller than the distance between the non-
interacting species from the known concentrations of
initial solutions (dashed diagonal line).

CONCLUSIONS

In conclusion, FRET was measured in the mixed
solutions of unlike REIs (Tb and Eu) as well as in
solutions of each of these ions with the DNA wrapped
SWNTs. The FRETwas detected by shortening of the REI
lifetime with time-resolved PL as well as with directly
induced PL spectroscopy.
The characteristic distance between the donor and

acceptor species has been derived from the measured
FRET efficiency. Our study revealed a negative correla-
tion (the repulsion with the longer distance) for the
Tb�Eu case and significant positive correlation (the
attraction and the complex formation) for the
REI�SWNT/DNA case. The data are in good agreement
with the theoretical estimates and allow proposing
REIs and their FRET as a sensitive tool for detecting the
kinetics of the interaction of SWNTs in aqueous
solutions.

MATERIALS AND EXPERIMENTAL METHODS
For the sample preparation we used EuCl3 and TbCl3 REI salts

dissolved in deionized (DI) water. Emission spectra of Tb3þ,
resonantly excited at 488 nm (red curve), and Eu3þ, resonantly
excited at 514 nm (blue curve), shown in Figure 1a were taken
with a Horiba JY U1000 Raman spectrometer and with an Ar
laser as the excitation source.
We assign each of the PL “bands” (broad lines with a fine

structure) to a transition between D and F manifolds of the REI,
additionally displaced by a local field, most likely due to the
water environment around a particular solvated ion. Each REI

is known to form a complex with 8 or 9 water molecules
in solution (Figure 1b), and there is an even longer correla-
tion beyond this first water solvation shell. The fine structure
of the spectral lines is reproducible. Final assignment of
the spectral lines and a sketch of the corresponding transi-
tions between energy levels can be found in Figures 1a and 4a,
respectively.
A solution of SWNTs wrapped with single-stranded DNA

(ssDNA) was prepared from “as produced” CoMoCat material
from Carbon Nanotechnologies Inc. (Houston, TX) and (GT)20
DNA, custom-made by Integrated DNA technologies, Inc.
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(Coralville, IA). Before the measurements, the solution of SWNT
wrappedwith the ssDNAwas centrifuged using aMicrocon spin
filter YM100 (Millipore) and resuspended in DI water with an
appropriate concentration to remove the trace of the original
buffer. This procedure is similar to that described elsewhere.62

SWNT absorption (Figure 1a) was taken by a Perkin-Elmer
Lambda 2 spectrophotometer in the visible spectral range that
covers optical transitions in the E22

ex excitonic manifolds. Only
E22

ex excitons are in resonance with the REI emission spectra in
the energy range of E = 1.9�2.2 eV. The absorption data show
that the most abundant species are the tubes (6,5), (6,4), (7,6),
and (7,5), further confirmed by near-infrared absorption data
(see Supporting Information) and the PL/PLE map of Figure 5,
inset, consistent with the earlier studies of CoMoCat SWNTs.63,64

The SWNT PL/PLE map was taken by a JY-Horiba nanolog-3
spectrofluorometer with a liquid nitrogen cooled InGaAs
detector.
Time-resolved PL experiments were performed by detecting

the PL transients excited by wavelength tunable 20 ps laser
pulses at a repetition rate of 10 Hz. The wavelength of the laser
pulses was tuned to resonantly excite the REIs and the PL
was detected by a photomultiplier connected to a digital
oscilloscope.
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