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ABSTRACT

The ensemble PL quantum yield for raw single-walled carbon nanotubes (SWNTs) dispersed in sodium cholate (SC) is ~5 times greater than
that for the same raw SWNTs dispersed in sodium dodecyl! sulfate (SDS) and ~10 times greater than the quantum yield of purified SWNTs
dispersed in SC. Absorbance and Raman spectra indicate that purified SC-dispersed SWNTs and raw SDS-dispersed SWNTs are hole-doped
by protonation. Experiments comparing PL emission efficiency using E, and E; excitation show that protonation significantly affects the
E, — E; relaxation process, which has typically been assumed to occur with unit efficiency. The E, — E; relaxation is 5 times more efficient
in producing E; PL when SWNTs are unprotonated and protected by the SC surfactant. The results provide clear evidence that extrinsic
factors, such as residual acids and the specific nature of SWNT-surfactant and SWNT-solvent interactions, can significantly affect measured

SWNT luminescence quantum yields.

Single-walled carbon nanotubes (SWNTs) are being con-
sidered for use in photovoltaics,'? light-emitting diodes,? field
effect transistors,* and as bioimaging agents.” With these
applications in mind, the fundamental processes of absorption
and luminescence are being extensively studied. Of particular
importance for solar energy conversion is the question of
how, and the rate at which, the energy contained in
photoexcited states is dissipated. If recombination pathways
are fast compared to the rate at which excitons can be
separated and charge carriers harvested, then it will be
difficult to use the energy contained in photoexcited states
to do electrical or chemical work.

Without forming junctions and making contacts, which
may be required for exciton dissociation and carrier harvest-
ing, the photoluminescence (PL) quantum yield (¢p.) can
comment on the competition between radiative and nonra-
diative relaxation pathways. Early studies reported ¢p. for
SWNTs dispersed in aqueous solutions to be ~107*to 1073
(0.01-0.1%).5° Subsequent studies demonstrated that ex-
trinsic factors such as SWNT length,'? sidewall defects, and/
or protonation, ! residual bundles,'? and the large nonresonant
background present in the absorbance spectra of bulk
dispersions'® may contribute to the low values initially
reported. More recent efforts aimed at overcoming these
external influences have reported higher values of ~1—1.5%
for SWNT dispersions,'>!3 3-7% for single tubes isolated
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on substrates,'*!> and up to 10% for particularly bright,
individual SWNTs in solution.!!

The mechanisms responsible for the observed variations
in PL quantum yield are not well-known. To date, @p,
measurements have been performed by quantifying the
emission from the first excitonic state (E;) after photoexci-
tation of the second excitonic transition (E;). Thus, many
kinetic factors could affect the measured PL quantum yield,
including any competitive pathways by which E, or E,
excitons may be quenched. An important issue that has not
been experimentally addressed is the efficiency with which
E, excitons relax to the E; state. In the absence of direct
experimental observation, the relaxation is typically assumed
to occur with 100% efficiency.!!

Here, we demonstrate that protonation dramatically reduces
(by at least a factor of 5) the E; — E, relaxation efficiency
in surfactant-stabilized dispersions of SWNTs. This conclu-
sion was made possible by first determining that as-received
purified HIPCO SWNTs exhibit dramatically lower gp. as
compared to raw HIPCO SWNTs when dispersed as non-
interacting individuals in sodium cholate. A detailed Raman
spectroscopy analysis demonstrated that the results could not
be ascribed to bundling phenomena and that, instead,
differences in the degree of residual sidewall protonation
were responsible. Then, by measuring the E; emission
intensity following either E; or E; excitation, we determined
that the efficiency of relaxation from the E, state to the
luminescent E; state is dramatically lower for the purified,



protonated SWNTs as compared to raw, unprotonated
SWNTs. Unintentional sidewall protonation also occurs in
some loosely bound surfactant systems, such as SDS, and
dramatically lowers the PL quantum yield. In agreement with
the most recent literature, we found that the ensemble
quantum yield with E, excitation reaches a maximum of
~1-1.5% for several tubes within the raw SC dispersion
when protonation is minimized. Together, these results
provide much-needed insight into the wide range of @pL
values reported for SWNTs in the literature.

As-produced (“raw”) and purified HIPCO SWNTs were
purchased from Carbon Nanotechnologies Incorporated
(CNI). Although the exact methods used by CNI are
proprietary, it is known that the purified SWNTs have been
treated with acid(s) to remove residual metal catalyst
particles. SWNT dispersions in D,O were produced by
ultrasonication of ~20 mg of SWNT material in 1 wt %
solutions of sodium cholate (SC) or sodium dodecyl sulfate
(SDS). A Cole Palmer 750 W sonicator was used, with a '/,
in. ultrasonic tip operating at 40% power. The solutions were
sonicated for 40 min while the sample was cooled by 20 °C
water flowing in an external jacket. An aggressive centrifu-
gation at 28000 rpm (141000g), using a swing bucket
(SW28) rotor in a Beckman centrifuge for 4 h, was employed
in an effort to remove all bundled tubes from solution. Stable
SWNT dispersions were decanted and investigated in 1 cm
cuvettes. Absorption spectra were obtained with a Shimadzu
UV-3600 spectrometer. Raman spectra for the dispersions
were recorded in backscattering configuration, with excitation
at 532 nm by a frequency-doubled YAG laser.!'¢ Photolu-
minescence spectra were obtained in front-face configuration
using a modified Fourier transform instrument with excitation
provided by a tungsten lamp coupled to a monochromator!”
or a Nd:YVO laser operating at 1064 nm. Relative quantum
yield responses were compared using solutions with the same
optical densities, while absolute quantum yields were ob-
tained by measuring the absorption and PL spectra of a
reference dye IR no. 26,'8 which has a reported quantum
yield of ~5 x 1073 in dichloroethane.

Figure la shows absorption spectra for raw SWNTs dis-
persed with SC (raw SC-SWNTs), purified SWNTs dispersed
with SC (purified SC-SWNTs), and raw SWNTs dispersed
with SDS (raw SDS-SWNTs). The interband transitions for
the different semiconducting (E;, E,, and E3) and metallic
species (M,) appear as peaks that vary in sharpness and
intensity depending on the details of the local environments
within the dispersions. Note that the optical densities of the
samples were purposefully adjusted to be nearly the same
in the E, region and, as a result, the spectra also overlay in
the short wavelength region. Presentation of the data in this
manner shows clearly that the E, transitions for the raw SC-
SWNTs are substantially more intense relative to the E,
transitions, while the E; transitions for the raw SDS-SWNT
and purified SC-SWNTs dispersions are substantially reduced
in intensity. The peaks from the raw SC-SWNTs are quite
intense and well-resolved, demonstrating that the degree of
SWNT isolation is excellent in this sample.
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Figure 1. (a) Absorbance spectra of raw HIPCO SWNTs dispersed
with sodium cholate (SC) or sodium dodecyl sulfate (SDS) and
purified SWNTs dispersed with SC. Arrowed regions show the
approximate regions for semiconducting (E;, E,, E;) and metallic
(M) transitions. (b) Raman spectra in the G-band region of the
three dispersions excited at 532 nm. G-band spectra are normalized
to the G* peak at 1592 cm™!. Inset shows the un-normalized Raman
spectra in the RBM region.

Before evaluating and comparing the PL efficiencies from
the different samples (vide infra), we must consider two
possible factors that could lead to the differences in the
absorption spectra seen in Figure la, i.e., bundling and
doping effects. Bundling must be considered first because
PL from bundled tubes may be quenched by tube—tube
interactions, which would lead to an underestimation of @p.
A straightforward comparison of @p_ values becomes impos-
sible if the concentration of bundled SWNTs is not nearly
zero, or at least known and constant, in the three dispersions.
Several pieces of data show that the SWNTs under study
here are not appreciably bundled. First, note that the E, peaks
in all samples overlap nearly exactly and that the E,
transitions of the pure SC-SWNTs and raw SDS-SWNTs
are reduced in intensity but not significantly red-shifted
relative to the raw SC-SWNTs. Significant red-shifting of
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both E; and E, transitions is expected when tubes are
bundled.® To test this assertion explicitly, we dialyzed a
sample of raw SDS-SWNTs against pure water to remove
SDS and induce bundling and observed the expected red-
shift in the E, transitions (see Supporting Information, Figure
Sla). In contrast, in the absence of changing surfactant
concentrations, the raw SDS-SWNTs dispersion is quite
stable, showing a virtually unchanged absorbance spectrum
after three years (Supporting Information, Figure SlIb).
Another expectation for bundling is significant energy
transfer from smaller diameter tubes to large ones.® In this
case, one expects the PL emission spectrum to differ in shape
from the absorption spectrum, with substantially more
emission on the low energy side, but this is not observed
for any of the samples (Supporting Information, Figure
S2a—c). All of these results are consistent with cryo-TEM
images of centrifuged SDS-SWNTs, which show no bun-
dling.?® Consequently, we can conclude with confidence that
the SWNTs observed here via absorption, Raman, and PL
spectroscopies are unbundled individuals.

With bundling effects excluded, we can now consider how
the electronic properties of the micelle-encapsulated SWNTs
may vary among the three dispersions. Diminished E,
intensities are well-documented effects for SWNT dispersions
exposed to acids.’’?> The reduction in optical density
(bleaching) in the E, transitions results from a lowering of
the Fermi level due to hole-doping associated with proto-
nation.?” Note that the type of interaction under consideration
here is not associated with the formation of any new C—H
covalent bonds. Ramesh et al. studied the interaction of
SWNTs with acids and described protonation as a completely
reversible charge-transfer process in which C:H+ moieties
formed and caused the localization of electronic charge in
response to the proton.”? As a result, the SWNTs become
hole-doped. This type of protonation is an electronic effect
that is completely reversible and does not result in a
permanent change in nanotube structure or the permanent
removal of electrons. In this context, the reduced E;
intensities for the pure SC-SWNTs can be ascribed to hole-
doping due to residual protonation associated with the
purification process.?*

To probe this issue further, we performed solution-phase
Raman spectroscopy and analyzed the G-band region of the
spectra for the three different dispersions (Figure 1b,
mainframe). Focusing first on the data for the raw SC-
SWNTs, a sharp G™ mode at 1592 cm™! and a broad G~
mode near 1530 cm™! are seen, corresponding to semicon-
ducting and metallic SWNTSs, respectively. The broad G~
peak is asymmetric, returns slowly to baseline on the low
energy side, and is fit well by a Breit—-Wigner—Fano (BWF)
line shape. Recently, we showed that a broadened, red-shifted
G~ peak can be present for surfactant isolated laser SWNT's
and that its line shape is dependent on the surfactant used
and the degree to which electron density is polarized at the
SWNT surface.'® Since then, single-tube studies have
elegantly shown that the energy and width of the G~ mode
critically depend on the Fermi energy of the metallic SWNTs,
which, similar to the situation for graphene,? determines the
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energy window for coupling of the G phonon to electronic
excitations near the Dirac point.?®?” The energy and width
have a minimum and maximum, respectively, when the
Fermi energy is at the Dirac point and, under such conditions,
the SWNT may be considered to be intrinsic (undoped). As
the Fermi energy is moved away from the Dirac point to
either higher or lower energy (n- or p-type doping,
respectively), the G~ mode narrows and blue-shifts,
providing a useful qualitative indicator of intentional or
unintentional doping. Interestingly, the G~ mode from the
raw SC-SWNTs is broad (fwhm ~ 80 cm™!) and located
at ~1530 cm™!, which is not blue-shifted in comparison
to the expected value for the HiPCO diameter range.?®?
Thus, we can conclude that the Fermi energy is close to the
Dirac point for the metallic SWNTs, which suggests that
the Fermi energy for the semiconducting SC-SWNTs is also
near the middle of the gap. Consequently, the G-band Raman
data indicates that the raw SC-SWNTs are nearly intrinsic
and not significantly doped.

In contrast, the BWF line shape is virtually absent for the
purified SC-SWNTs (Figure 1b). In this case, the G-band
spectrum is dominated by the semiconducting G™ mode, with
a small shoulder for the G~ band that can be fit fairly well
by a Lorentzian line shape or a low-intensity blue-shifted
BWF line shape with a small coupling parameter (—1/g).
Interestingly, the differences in the G~ spectra between the
raw and purified SC-SWNTs are the same as those observed
for raw and purified HIPCO SWNTs in their dry form, before
dispersion, as shown in the Supporting Information (Figure
S3). Similar findings have been reported in other studies of
hole-doping by acids.?'?>3° Once again, this effect is
described by a lowering of the Fermi energy, which narrows
the energy window over which the G~ phonon may couple
to electronic excitations near the Dirac point. These results
establish that the purified HIPCO SWNTs are significantly
hole-doped as purchased. Evidently, the purified SWNTSs
remain hole-doped even after intense sonication and disper-
sion by surfactants in aqueous solutions, implying the protons
introduced by purification remain associated with the SWNT
surfaces, in agreement with our previous study.?

The evidence for protonation in purified SC-SWNT
dispersions is also supported by analysis of the Raman radial
breathing modes (RBMs) (Figure 1b, inset). The 532 nm
wavelength used here probes the RBMs of both metallic and
semiconducting species in the HiPCO dispersions (~0.8—1.2
nm). The RBM peaks in the 220-270 cm™! range correspond
to semiconducting tubes excited resonantly via the third
excitonic transition (Es), while peaks from ~280-320 cm™!
correspond to metallic tubes excited via the first metallic
resonance (M;). The data shows a significantly attenuated
response for the purified SC-SWNTs (relative to the raw SC-
SWNTs) in both the semiconducting and metallic tubes. This
effect is commonly seen in acid-treated samples where
lowering of the Fermi level modifies the resonance enhance-
ment for tubes to varying degrees, leading to diameter-
dependent attenuation of the RBM intensity.?! RBM attenu-
ation is most severe, and nearly complete, for the smaller
band gap (larger diameter) semiconducting tubes because the
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Fermi level is lowered well into the valence band. Thus,
the responses of both the BWF and RBM modes support
the conclusion that the purified SC-SWNTs are hole-doped
by the retained acid.

Interestingly, despite the fact that the raw SDS-SWNTs
were not purposefully exposed to acids, their Raman
spectroscopy is quite similar to that of the purified SC-
SWNTs (Figure 1b). The metallic G~ mode for the raw SDS-
SWNTs is narrow and symmetric and does not require a
BWF line shape. The RBM modes are also strongly
attenuated (Figure 1b, inset), suggesting that the resonance
conditions are changed similarly for raw SDS-SWNTs and
purified SC-SWNTs. A natural conclusion is that raw
SWNTs become hole-doped during preparation when SDS
is the surfactant. This unanticipated oxidation can be
attributed to the lability of the SDS molecules, which may
allow for water molecules and/or protons, even at near neutral
pH, to access the SWNT surface and polarize electron
density. Consistently, larger diameter, raw laser-oven SWNTSs
that bind SDS more weakly?! show an even greater bleaching
of the E; optical density (Supporting Information, Figure S4)
and also show the hallmarks of hole-doping in Raman
spectroscopy.'® SC is known to produce darker SWNT
solutions, and the stronger binding and more complete
surfactant sheath provided by SC molecules evidently
protects the raw SC-SWNTs from becoming hole-doped
(Figure 1b). Interestingly, water itself may be able to produce
quenching of the E, transitions by hole-doping. Recent cross-
polarization NMR experiments on '3C-doped laser-oven
SWNTs show that water molecules are surprisingly proximal
to laser SWNTs even in strongly base-neutralized Nafion
films, which suggests a weak dipolar interaction and elec-
tronic polarization even in the absence of free protons.*?

With the understanding that the differences observed in
Figure 1 are due to electronic effects associated with
protonation rather than bundling effects, we can consider the
PL responses of the three types of dispersions. Figure 2
shows the two-dimensional PLE maps where bright spots
show emission from the first excitonic transition (E;) of each
specific SWNT species after resonant excitation at the second
excitonic transition (E,). Approximately 30 different species
are observed and assigned according to Weisman et al.3 As
noted previously, the optical density of each sample was
deliberately adjusted to be approximately equal in the E,
excitation region (Figure la). Thus, in the absence of
bundling, the maps offer a direct comparison of the relative
PL quantum yields. Specifically, it is immediately obvious
that @p, of the brightest species in the raw SC-SWNT sample
is ~5 times greater than that of the same species in the raw
SDS-SWNT sample and ~10 times greater than ¢p;, of the
purified SWNTs in SC.

Although Figure 2 demonstrates a dramatic effect of
protonation on the relative PL. quantum yields, the mechanism
by which protonation reduces the PL. quantum yield is not
immediately obvious. Following Ma et al.,* Figure 3 displays
a scheme of various processes that may occur in a typical
PL experiment when SWNTs are excited via the E, transition.
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Accordingly, the quantum yield of SWNT luminescence can
be expressed as:

(M

In eq 1, & is the rate of radiative recombination and k;
represents each of the total j rates by which the first excitonic
state may be depopulated. In addition to the radiative
transition, the k; term includes nonradiative pathways such
as intersystem crossing, nonradiative annihilation, trapping,
etc., all of which can combine additively to give the k,, rate,
and also a quenching term equal to the product of the
quenching rate, kq, and concentration of quenching species,
[Q]. Thus, any change in the relative rates of these E;
depopulation pathways will affect the measured quantum
yield. While eq 1 accounts for depopulation of the first
excitonic state, we must also consider the efficiency with
which the first state is populated from relaxation of the
second excitonic state. The population density of excitons
reaching E,; is determined by the branching ratio for
depopulation of the E, state. Similar to eq 1, this branching
ratio may be expressed as the rate of E, — E,; relaxation
(k2y) relative to all rates associated with other processes that
may depopulate E,, which combine to give the rate ky, in
Figure 3. If environmental factors cause excitons to be
diverted from E, to states other than E,; (e.g., E, in Figure
3), the quantum yield for E, — E, relaxation is less than
unity and the measured luminescence quantum yield will be
lowered. Possible nonemissive states include dark states
forbidden by single photon excitation, trap states, or an
electron-hole continuum.+-3¢

With the scheme of Figure 3 in mind, we employed several
experiments to explore the mechanism controlling the large
variations in the PL quantum yield among the SWNT
dispersions. We first performed time-resolved luminescence
as described previously”7 on several SWNT species in both
the raw and purified SC-SWNTs dispersions. Surprisingly,
the PL lifetimes were not significantly different in the two
different types of samples. For example, the PL decay from
the (7,5) SWNT was fit by dominant lifetimes of 113 and
108 ps for the raw and purified samples, respectively. These
values are close to the 140 ps previously reported for the
SDS-dispersed (7,5) tube.” Such minor changes in the
measured PL lifetime suggest that, at least for the “bright”
SWNTs measured in the TRPL experiment, the environment
does not significantly affect the relative rates for depopulation
of the E, state. These small lifetime changes cannot account
for the dramatic differences in the PL. quantum yield.

We next explored the role of the E, — E; branching ratio
by comparing the quantum yield for emission with excitation
at E; to the quantum yield with excitation at E,. Measurement
of E; PL with direct excitation into the E; level has not been
reported previously due to the experimental difficulties
associated with selectively exciting the E; and rejecting the
excitation light from the PL detector. To overcome this
difficulty, we used a Nd:YVO;, laser (1064 nm), which is
resonant with the E; transition of the (10,2) tube. Fortu-
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Figure 2. Photoluminescence excitation (PLE) spectra of (a) raw SC-dispersed HIPCO SWNTs, (b) raw SDS-dispersed HiPCO SWNTs,
and (c) purified SC-dispersed HIPCO SWNTs. Note the different intensity scales shown on right.

itously, no other tubes in the distribution possess E;
transitions within +40 nm of the 1064 nm excitation. The
excitation light was rejected using a 1064 nm holographic
notch filter placed between the sample and the detector. With
this arrangement, we were able to measure the relative PL
quantum Yyields for the (10,2) SWNT after E; excitation of
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both raw and purified SC-SWNT (Figure 4a). Once again,
the sample concentrations were adjusted to make the optical
densities in the absorption spectra equal at 1064 nm. Because
PL from the E, transition of the (10,2) tube was seen on
either side of the notch filter’s ~25 nm window, we used a
Voigt line shape to fit the wings of the PL from each sample
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Figure 3. Schematic description of the possible excitonic processes
following photoexcitation of a surfactant-encapsulated SWNT, from
Ma et al.** In a typical PLE experiment, the SWNT absorbs a photon
that populates the E, exciton state. This exciton may decay to the
lowest energy E, exciton state with rate k; or may decay with rate
ko, to a nonluminescent state E,, which then decays nonradiatively
with rate k.. E; excitons may recombine radiatively with rate k. or
nonradiatively with rate k,, or may be quenched by other species,
Q, in solution, with rate kg[Q] (not shown).

(dashed line, Figure 4). Note that the Voigt profile parameters
needed to fit the E; emission profile were nearly identical to
those required to fit the emission found with E, excitation.
Surprisingly, the integrated PL intensity following E; excita-
tion was only 1.8 times higher for the raw SC-SWNTs as
compared to the purified SC-SWNTS. This ratio is dramati-
cally lower than the ~10:1 ratio observed for E; excitation,
as shown in Figure 4b. This result suggests that the efficiency
of the E, — E; relaxation is dramatically reduced by the
electronic effects associated with protonation.

To further probe the effect of protonation on the E; — E;
branching ratio, we performed an experiment in which the
SWNTs were slowly deprotonated by reaction with added
hydrogen peroxide.?* The slow kinetics of the deprotonation
reaction can be followed as a slow rise in the PL intensity
when the purified SC-SWNT sample is excited via the E,
transition, as shown for three SWNT species in Figure 4c.
Here we plot the PL intensity normalized to 1-transmission
(1-T) to account for the fact that some SWNTs aggregate
and fall out of solution during this ~10 h exposure to
peroxide. We repeated this experiment for E; excitation of
the purified (10,2) SC-SWNT at 1064 nm. Remarkably, in
this case, the E;-excited PL intensity remained nearly
constant during the same time period in which the E;-excited
PL intensity rose by ~25%. The observations suggest that
the efficiency of the E, — E,; relaxation channel increases
as protons are scrubbed away, while the efficiency of
recombination across the gap is relatively unaltered. These
results support the hypothesis that a dominant mechanism
by which protonation reduces the PL. quantum yield is by
changing the branching ratio for excited-state relaxation,
essentially lowering the number of excitons that reach the
luminescent E; state following excitation into higher energy
states.

It is interesting to consider how sidewall protonation could
affect how E, excitons decay via pathways other than direct
population of the E,; state. It is clear that the vast majority
of excitons do not reach the luminescent E; state following
E, excitation of protonated SWNTs. The nonluminescent
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Figure 4. (a) E -excited PL spectra of raw and purified SC-SWNTs,
excited with a 1064 nm (1.17 eV) Nd:YVO laser. Excitation light
is blocked with a notch filter. Dashed lines show fits to PL of the
(10,2) SWNT. (b) Ex-excited PL spectra of same samples. Excitation
is at 743 nm (1.67 eV) (c) PL intensity for three SWNT species as
a function of time for purified SC-SWNTs treated at + = 0 with
hydrogen peroxide. The PL intensity is normalized to the absorp-
tance (1-transmission) of each species to account for the time-
dependent reduction in optical density (and PL) due to some
SWNTs flocculating out of solution. The top three traces show
SWNT PL following E, excitation, while the lowest trace shows
the (10,2) PL following E; excitation.

states to which these excitons are shuttled are unclear, but
possibilities include trap states and dark excitonic states
between the E, and E,. It is also possible that three-body
Auger annihilation® may quench E, excitons more ef-
fectively than E; excitons. Predominant in quantum-confined
systems, Auger recombination involves rapid energy transfer
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Table 1. PL Quantum Yields, Calculated by Reference to
IR26, of Several SWNT Species in the Raw SC-SWNT

Dispersion
(n,m) quantum standard
assignment yield (%) deviation comment

(7,5) 1.3 0.24

(7,6) 1.4 0.25

(6,5) 0.92 0.08

(8,6) 1.0 0.21

(9,4) 0.95 0.20

(8,3) >0.5 no IR26 PL

from a photoexcited exciton to another exciton or charge
carrier, which quenches PL from the photoexcited exciton.
In a recent report, the Auger mechanism was suggested to
account for PL quenching induced by SWNT protonation.'!
The efficiency of the Auger process should scale with the
density of states available to the third body, in this case the
hole created by protonation, scattered by the photoexcited
exciton. Because the density of accepting states in the valence
band increases with increasing energy from the band edge,
E, Auger annihilation should rationally be more efficient than
E, Auger annihilation.

Alternatively, we can speculate that E, excitons may be
dissociated, producing free electrons and holes. The reduced
Coulombic coupling of these free carriers lowers the ef-
ficiency of radiative recombination and increases the prob-
ability of trapping at localized defects followed by nonra-
diative decay. Several reports suggest the existence of trap
states, excitonic states, or free carrier states either between
the E, and E; or in the gap.’*363940 For example, Ma et al.
provide evidence for an electron—hole continuum between
the first two excitonic states that is dipole-forbidden via
single-photon excitation.>* Such a mechanism is an intriguing
possibility for protonated SWNTSs, as a number of electric
fields exist on the surface of such nanotubes. A proton
localizes a small amount of electron density, producing a
field normal to the SWNT’s long axis at the site of
protonation. Also, the heterogeneous distribution of protons
along the SWNT axis will create a large number of local
fields in the axial direction. The existence of such fields could
serve to dissociate excitons, populating nonradiative states
associated with an electron—hole continuum.*! We reiterate
that we suggest the above mechanisms as intriguing pos-
sibilities and that we do not have experimental data to
confirm such mechanisms. Without further experimental
evidence, one can conclude that a combination of the effects
described above, as well as other mechanisms, may contrib-
ute to reducing the efficiency of the E; — E, relaxation
channel for protonated SWNTs. Clearly, further theoretical
and experimental treatments are warranted.

Finally, to benchmark the performance of the bright,
unprotonated raw SC-SWNTs relative to other literature
reports, we compared the PL emission from several species
to the luminescence from an IR26 reference dye solution.
Single-species quantum yields were extracted by explicitly
modeling the absorbance and PLE spectra as discussed
previously.” A complete description of the methodology is
given in the Supporting Information. The calculated quantum
yields for several tube species are shown in Table 1. They
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range from ~0.9—1.4%, in accordance with recent reports
on separated or selectively dispersed SWNTSs.!>!3 We note
that these quantum yields are calculated following subtraction
of the large, nonresonant background in the absorbance
spectrum and thus only depend on the resonant absorption
into a particular (n,m) species. A recent study demonstrated
a dramatic enhancement of the PL quantum yield for
selectively dispersed SWNTs for which the nonresonant
background was severely diminished.'? Our data suggest that
the SC surfactant is particularly well-suited for dispersing
relatively bright SWNTs.

In conclusion, we have demonstrated that protonation
affects the efficiency with which E, excitons relax to the
luminescent E; state. The degree to which the E; — E;
branching ratio affects the SWNT PL quantum yield may
be quite significant, especially in commonly used surfac-
tants such as SDS or when there is residual protonation
from, e.g., acid purification. Clearly, the E, — E;
efficiency cannot be assumed to be unity. By referencing
to a standard infrared dye, IR26, we find @p. values as
high as 1.4% for raw SWNTs dispersed in sodium cholate
when absorption losses from the nonresonant background
are considered. Solution-phase Raman spectroscopy is
shown to be a powerful tool for determining the Fermi
energy positions for samples with different purification
and dispersion histories. The observations that the elec-
tronic properties of cholate-suspended SWNTs are not
strongly perturbed suggests that this surfactant provides
a micelle environment that is well isolated from the
surrounding solvent. An improved understanding of this
topic is crucial for understanding the inherent optical
properties and processes intrinsic to the SWNTs and is
critical for the utilization of SWNTSs in important applica-
tions such as solar energy conversion.
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