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Abstract: We have investigated reversible single-wall carbon nanotube (SWNT) oxidation by quantitative
analysis of the oxide-induced absorption bleaching and luminescence quenching at low pH. These data,
in combination with DFT structure calculations, suggest that the nanotube oxide is a 1,4-endoperoxide. At
low pH, the endoperoxide protonates to create a hydroperoxide carbocation, introducing a hole in the SWNT
valence band. Nanotube luminescence is extremely sensitive to quenching by hole-doping, while the
absorption is relatively robust.

Introduction ity of SWNTSs suggests that the optically excited electronic states
are highly mobile and likely to be sensitive to quenching. Indeed,
recent studies report that a small number of extra holes or

have attracted widespread attentidviore than 100 crystalline ;arllectrorr:s Ina ile()tTnm'z“long tube CS” ?uench EX%'[;_:‘, states
structural types differing in diameter and chiral angle are roug a.nonrf? 1a I\tlle fugte; recom |r;a 'Or,'ﬂznfr? a 1S id
possible; one-third of these are metallic and two-thirds are low- process 1S sutliciently fast o compete wi € very rapl
band-gap semiconductokén electrical measurements, SWNTs trappmg_ processes _tha_lt limit the Ilfet|meloof an excited electron
show very high electron mobility, and in the absence of defects, ho\l/(\a/hplalr_ n the Irlalt(jlatlve sr:ate telalo p(sj. d molecul ith
electrons can propagate without scattering or heat production lle it is well known that po ycondensed molecules wit .
over lengths of micrometefsThe current is carried byr largez-electron systems are sensitive to oxygen, especially in

: Y >
electrons whose structure is essentially predicted by simple ™ e)if':_e? A s’:(ate, Wh'f)h I|esh1.07 ev abo(\j/_e the _gdrOl_ﬂid f
sr—* Hiickel theory? statel! little is known about the corresponding oxidation o

f SWNT sidewalls. The experimentally measured binding energy
of 32 O, to nanotube bundles (0.19 eV) is 55% higher than that
of graphite, but still in the range of physisorpti&-3Exposure

of nanotubes to UV light in the presence of oxygen has been
shown to significantly accelerate nanotube oxidation, suggesting
the involvement ofA.1* Several theoretical papers predict that
the ground-state’> oxygen indeed interacts weakly with
nanotube sidewalls, while the\ state is expected to bind to
them!4-20 Nanotube samples are expected to contain fullerénes,

One-dimensional, aromatic single-wall carbon nanotubes
(SWNTs) have unique electronic and physical properties that

The one-dimensional density of electronic states (DOS) o
SWNTs is characterized by sharp van Hove singularities. The
resulting z—x* optical transitions between filled and empty
singularities are strongly allowed. Upon photoexcitation, semi-
conducting nanotubes exhibit band-gap photoluminescence in
the near-IR*~8 the corresponding excitation spectra have been
used to correlate optical transition energies with nanotube
structured. The high electrical conductivity and photoconductiv-

T Department of Chemistry, Columbia University. which are known singlet-oxygen sensitizétsnaking A a
* Department of Physics, Columbia University.
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possible oxidation agent. The existence of surface oxides wasfor SDS® Commercially availabf SWNTs grown by the high-pressure
implied in early resonance Raman experiments, where heatingCO (HIPCO) methot? were mixed with a 1% wl/v solution of
tubes to several hundred degrees Celsius appeared to removBMAOVE in water. The mixture was subjected to vigorous sonication
surface-adsorbed species and significantly improved the reso_and centrifugation at 110090 The sonication is thought to exfoliate

nance Raman specttd?® In metallic tubes, Yu and Brus
interpreted this reversible effect as a shift in the Fermi level
due to holes from electronegative surface spetidseatment
with strong oxidizing acids is also known to partially oxidize
the nanotube sidewals and bleach the band-gap optical
absorption of semiconducting nanotub3es.

O’Connell et al. discovered a procedure for exfoliating

nanotube bundles, while centrifugation removes the remaining bundles
and all other impurities (such as catalytic and carbonaceous particles,
and MWNTs)® Nanotube suspensions consisted of short isolated
SWNTSs, as confirmed by AFM measurements of the nanotubes on a
substraté® The average nanotube length wa400 nm° The natural

pH of PMAOVE solutions at this concentrations3. To obtain the
spectra shown in Figure 1, the pH was adjusted with 13 M NaOH.
The initial sample preparation was carried out under the air atmosphere,

nanotube bundles and creating micellar suspensions of submi-and no efforts were made to exclude oxygen.

crometer sections of isolated SWN¥Jhey found that only

isolated semiconductor tubes (not tubes in bundles) photolu-

minesce. Photoluminescence from individual SWNTs grown

directly on substrates by chemical vapor deposition has also

been reporteé® Strano et al. observed that the SWNT band-

gap optical absorption is bleached at low pH values in sodium

dodecyl sulfate (SDS) micellar suspensiéhsThis is ac-

Spectroscopic Methods Absorption spectra were recorded on a
Perkin-Elmer Lambda 19 U¥vis—NIR spectrophotometer. Steady-
state luminescence spectra were recorded on a Fluorolog-2 spec-
trometer (Jobin Yvon Inc.) in conjunction with a near-IR sensitive PMT
(H9170-45; Hamamatsu). The excitation source was a diode laser
(CQL784/D4; Philips; 22 mW; irradiation intensity 35 mwW/ém
emitting at 785 nm, powered by a LD1100 constant power laser driver
(Thorlabs Inc.). The emission intensity was linearly proportional to the

companied by complete loss of luminescence. If oxygen is excitation intensity.

desorbed by UV irradiation, bleaching disappears and the

Oxygen Desorption.Oxygen desorption experiments were carried

luminescence recovers. The authors propose that a protonatedut in a quartz cuvette equipped with a reflux condenser. Argon was

surface oxide of unknown structure localizes an SWNT electron,

introduced via stainless steel needles through rubber septa. Air-saturated

thus creating a hole in the valence band. A pH-dependent SWNT suspensions in PMAOVE solution at pH 3 were heated to 97

bleaching has also been observed in DNA-solubilized tébes.
In this paper, we quantitatively study the reversible oxidation

of SWNT sidewalls and the associated luminescence quenching

at low pH. We monitor the thermal oxide decomposition by
recording the evolution of the luminescence during heating.

Controlled reoxidation using 1,4-dimethylnaphthalene-1,4-en-

doperoxide as a source & oxygen shows that the presence
of only a few (=10) surface oxide species per 400-nm-long
carbon nanotube (ca. 20 000 aromatic rings) is sufficient to

°C under argon and were periodically briefly cooled to room temper-
ature to record the photoluminescence spectra.

SWNT Reoxidation. SWNT samples were reoxidized at room
temperature by 1,4-dimethylnaphthalene-1,4-endoperoxide (DMN-O
Deoxygenated SWNT micellar solution was added to an argon-purged
airtight cuvette containing the endoperoxide. The endoperoxide was
delivered from a dichloromethane solution, and the solvent was allowed
to evaporate under Ar before the SWNT suspensions were added. All
transfer of solutions was done under Ar to minimize contamination
from the atmospheric oxygen. Luminescence spectra were recorded after

quench the luminescence. In contrast to the observed lumines-15 h, which corresponds to 3 half-lives of the endoperoxide. All
cence quenching, we estimate that roughly 250 holes per 400endoperoxide concentrations were below the solubility limit of oxygen
nm tube are necessary to bleach the corresponding band-gag water.

transition in absorption. Electronic structure calculations suggest

that the surface oxide made bk attack is a 1,4-endoperoxide

species oriented along the SWNT axis, which in the presence

of H* transforms into a hydroperoxide carbocation. It is this

Density Functional Theory (DFT) Methods. Static B3LYP DFT
calculations with an atom-centered basis and complete geometrical
optimization were performed with Jaguar 3%0Application of these
methods to SWNTSs has been described and calibrated in an extensive
study of (5,5) SWNT short sections with the ends of the nanotubes

protonated species that hole-dopes the nanotube and affects it§, inated by H atom¥.
optical properties. We conclude that the excited state produced

in a SWNT by absorption of a photon is remarkably sensitive
to quenching along the entire length of the nanotube.

Experimental and Computational Methods

Sample Preparation.Air-equilibrated SWNT suspensions in poly-
(maleic acid/octyl vinyl ether) (PMAOVE; Figure 1a) were prepared
using a modification of the method first reported by O’Connell et al.
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(27) Zheng, M.; Jagota, A.; Semke, E. D.; Diner, B. A.; Mclean, R. S.; Lustig,
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Results

Choice of Surfactant. We found that aqueous suspensions
of SWNTs using poly(maleic acid/octyl vinyl ether) (PMAOVE)
as the surfactant are extremely robust under a wide range of
conditions. In particular, they are stable to flocculation in the
pH range 3-12, and at temperatures up to%7. In comparison,
SWNT suspensions in SDS as the surfactant flocculate at high
pH and high temperatures. The repeat unit structure of PMAOVE
is shown as an inset in Figure 1a. In water solution, octyl side
chains form intramolecular hydrophobic domains, similar to the
inner regions of traditional micelles, while the acid groups form
an interface with watef We expect that the hydrophobic side

(28) Carbon Nanotechnologies Inc., Houston, TX.

(29) Nikolaev, P.; Bronikowski, M. J.; Bradley, R. K.; Rohmund, F.; Colbert,

D. T.; Smith, K. A.; Smalley, R. EChem. Phys. Let1999 313 91-97.

(30) Jaguar 5.0, Schrodinger, L.L.C., Portland, OR, 192003.

(31) Zhou, Z. Y.; Steigerwald, M.; Hybertsen, M.; Brus, L.; Friesner, RJA.

Am. Chem. So004 126, 3597-3607.

(32) Qiu, Q.; Lou, A.; Somasundaran, P.; Pethica, BLAngmuir2002 18,
5921-5926.
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Figure 1. (a) pH dependence of SWNT absorption spectra in air-saturated solutions. Inset: Repeat unit structure of PMAOVE. (b) pH dependence of
SWNT photoluminescence. The nine photoluminescence peaks are identified as P1 through P9, each corresponding to emission from a partieular nanotub
structure (assignmeritsn top axis). The diameter of the nanotubes increases from left to right. (c) Peak intensities as a function of pH for absorption (upper
panel) and photoluminescence (lower panel).

chains associate with the SWNT and the acid group with the Table 1. O Desorption Rate Constants Measured by

bulk aqueous phase, as is the case with SDS mic&lles. Luminescence Recovery?
pH Dependence of Absorption and Luminescence Spectra peak rate

before Removal of Q. Figure 1a shows the absorption spectra position . Gemeter b o constnt

of air-saturated SWNT suspensions at different pH values. The peak (om) assionment (om) (mi) ) &)
spectral region between 900 and 1400 nm contains the semi- E% ggi Egg; 8';2 g gi ﬂg
conductor band-gap transitiof¥Ve observe a pronounced pH P3 1032 (7.5) 0.83 15 46 116
dependence very similar to that in SDS suspensibittie pH P4 1064 (10,2) 0.88 15 3.6 1.17
effect is even more pronounced in the photoluminescence spectra ﬁg ﬁég 8’24)1) 8-?%1) ég gi Hé
(Figure 1b). chh Iu.n.une.scence peak corresponds to'a different p- 1204 (11:3) 101 o5 20 119
tube structure identified in Table 1; SWNT diameter increases psg 1264 (10,5) 1.05 30 1.9 1.19
with increasing wavelength. Absorption and luminescence P9 1324 9.7) 1.10 40 18 119

intensities decrease with decreasing pH. This decrease is fastest
for the largest-diameter tubes. Figure 1c illustrates that, for a
given nanotube structure, the luminescence quenching happens
at lower H™ concentrations than the absorption bleaching. The (smallest diameter), the value for absorption is pH 4.0, and pH
absorption bleaching curves in Figure 1c resemble simple-acid 4.3 for luminescence; for peak 5, on the other hand, the value
base titration curves with an intensity independent of acidity for absorption is pH 4.15, but pH 6.03 for luminescence. This
above pH 7. The luminescence behavior is more complex, anddifference between the pH effect in bleaching and luminescence
for the largest-diameter tubes luminescence intensity appearshas not been previously reported.

to still be increasing at pH 12. It is useful to compare the pH  Oxygen Desorption Kinetics. SWNT suspensions are pre-
values at which absorption and luminescence are at half of theirpared and initially characterized in air at room temperature.
maximum values for a given nanotube species. The difference When we heat the essentially nonluminescent solution (pH 3)
between the two depends strongly on diameter. For peak 1to 97°C under Ar, both the absorption and luminescence spectra

a1y is the induction period; other symbols have their standard meanings.
rom ref 4.

J. AM. CHEM. SOC. = VOL. 126, NO. 46, 2004 15271
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Figure 2. Oxygen desorption kinetics measured by luminescence recovery
at 97°C. (a) Normalized luminescence intensityiotm = 1/Imay for three
luminescent SWNT species as a function of time under argon. After the
induction periodty, the luminescence increases over a period of 2 h. (b)
Using a unimolecular decomposition modetAB, where A is completely

nonluminescent and B is luminescent, the luminescence recovery data are

fit to the expression (E lnom(t — t0)/1 — lnom(to)) = e~ K, wherek is
the decomposition rate constant. Solid lines are the fit curves. Valugs of
andk are listed in Table 1.

also shown in Table 1, are around 1.2 eV. The upper limit refers
to a decomposition with a concerted transition statehile a
more complicated mechanism should have a lo&ger

Reoxidation of SWNT Sidewalls.SWNT oxide desorption
is completely reversible by re-admission of molecular oxygen.
If air is admitted to the deoxygenated pH 3 sample af@5
the luminescence intensity decreases again on a time scale of
days. Bubbling of oxygen through solutions of deoxygenated
nanotubes eventually results in luminescence quenching, but the
kinetics of the process was not reproducible, presumably due
to the common sensitivity of aromatic molecule oxidation to
light and heat. By contrast, reproducible results were obtained
when micromolar amounts of oxygen were added using 1,4-
dimethylnaphthalene-1,4-endoperoxide (DMMNQwhich is a
standard source 8/A 0,.35 At 23 °C, this molecule decomposes
into excited oxygen and the parent naphthalene (DMN) with a
half-life of 5 h? and with yield of 7696* We attribute the
reproducible luminescence quenching at low concentration to
the reaction of!A oxygen with the SWNT.

Figure 3a illustrates luminescence quenching at pH 3 (15 h
after addition of the endoperoxide) as a function of DMK-O
concentration. Luminescence from larger-diameter tubes is
guenched at lower concentrations of DMN;Gndicating, in
accordance with the findings for oxygen removal, that the larger-
diameter tubes are more sensitive to oxygen. In a control
experiment, a large excess of 1,4-dimethylnaphthalene (0.3 mM)
itself did not quench the SWNT emission. The remarkable
observation is that DMN-@at a concentration of 3.&M
guenches-80% of the total SWNT luminescence. Importantly,
at the same concentration, the endoperoxide does not bleach
the absorption transitions, as shown in Figure 3b.

return to those seen for air-saturated, pH 9 samples. We attribute Estimate of SWNT Concentration. The total length of
this to removal of protonated sidewall oxide SpeCieS. The thermal Semiconducting carbon nanotubes (per milliliter of Solution) is

deoxygenation method, unlike UV photodesorpfiballows us
to directly measure the oxygen desorption kinetics for each

estimated from the measured optical absorption. We do this by
considering integrated deoxygenated band-gap absorption using

nanotube structure represented in the luminescence spectrage oscillator strength calculated by Perebeinos &t ahd its
Figure 2a shows the luminescence intensity for three nanotubere|ation to the absorptivita (per centimeter of path lengtB:

species as a function of heating time at°@Z Within 2.5 h, all

of the luminescence peaks reach their maximum values. The

recovered luminescence is stable for days at@5binder Ar. If
the pH 3 solution is heated undeg,&he luminescence intensity
does not increase at all. In addition, heating of high-pH SWNT

suspensions under Ar does not result in significant changes in - .
t& andh are the usual physical constants. [C] is the total number

luminescence intensity. These control experiments confirm tha
both G, and H" are necessary for absorption bleaching and

luminescence quenching and that the responsible species is Iikel))I

a protonated, not neutral, oxide.

The luminescence recovery curves (Figure 2a) are complex.

Phenomenologically, they consist of an induction period fol-
lowed by a rise that is fit well by first-order kinetics. The fits
are illustrated in Figure 2b. In Table 1, we give the best two-
parameter fit (induction timeyp, and rate constank) for each

nanotube structure. It is apparent that the luminescence recover
is fastest and the induction period the shortest for the smallest-
diameter tubes. The apparent first-order kinetics is consistent

with unimolecular decomposition of a surface species after an
initial induction period. We can obtain the upper limit for
activation energy K, within the context of unimolecular
decomposition theof§ by settingASf equal to zero. The values,

(33) Laidler, K. JChemical kinetics3rd ed.; Harper & Row: New York, 1987.
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1. 4meqcn
3 T T
3 [Cleh

JAdE

Here,n is the index of refraction of the solution, and, «q, C,

of carbon atoms in SWNTSs per milliliter. The factor of 1/3 takes
nto account the orientation of absorption along the nanotube
ength3® Using Eeyc = 0.99 eV (consistent with the finding of
Bachilo et al. that the average diameter of semiconducting tubes
in HIPCO samples is 0.93 nigorresponding to the (10,3)
tube), this gives [Cl= 7 x 10 C atoms/mL, or 7x 10 nm

of total nanotube length per milliliter. As our average nanotube

length is 400 nm, the semiconducting SWNT concentration is

); nM (60uM of six-membered aromatic rings). The peak band-

(34) Turro, N. J.; Chow, M. F.; Rigaudy, J. Am. Chem. So4981, 103 7218—
7224,

(35) Gunther, G.; Lemp, E.; Zanocco, A. L. Photochem. Photobiol. 2002

151, 1-5.

Wasserman, H. H.; Larsen, D. . Chem. Soc., Chem. Commu®.72

253-254.

Perebeinos, V.; Tersoff, J.; Avouris, Phys. Re. Lett.2004 92, 257402,

p't Hooft, G. W.; Van der Poel, W. A. J. A.; Molenkamp, L. W.; Foxon,

C. T.Phys. Re. B: Condens. Matter Mater. Phy$987, 35, 8281-8284.

Duesberg, G. S.; Loa, |.; Burghard, M.; Syassen, K.; RotiRHys. Re.

Lett. 200Q 85, 5436-5439.

(36

(37
(38

(39

—_ e T
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Figure 3. Reoxidation at pH 3 after removal of sidewall oxides. (a) Luminescence quenching as a function of 1,4-dimethylnaphthalene-1,4-endoperoxide

(DMN-Oy) concentration. Larger-diameter tubes are more sensitive to the

refeasd Integrated photoluminescence intensity decrease2@ of its

maximum intensity when [DMN-g) = 3.3 uM. (b) Absorption intensity before, immediately after, and 18 h after addition of{BI™DMN-O,. Whereas
DMN-O at this concentration significantly quenches SWNT luminescence, it does not reduce the absorption intensity.

gap absorption cross section is about 40713 cn?/nanotube.
In chemical units, the SWNT extinction coefficienta = 2 x
108 cm !t M~1 (11 000 cmi M~1 for six-membered aromatic
rings). In comparison, the values @fax for 7—x* transitions
of benzene and anthracene are 200 and 10 000! dvtr 2,
respectively*©

Discussion

Quantitative Analysis of Luminescence Quenching and
Absorption Bleaching. The measured luminescence quenching
as a function of DMN-QG concentration enables us to obtain a
rough estimate of the number of surface oxide species pe

neously on a cubic lattice). A O, is to diffuse from one
micelle to the next, it must pass through water, where its lifetime
is 4.2 us® corresponding to a diffusion length of 114 nm.
Taking into consideration this diffusive motion, we estimate
that still only a small number<(10) of 1A oxygen molecules
should survive long enough to reach and react with a given
400 nm long SWNT. If we assume that each surface oxide at
pH 3 creates a free mobile hole in the SWNT, this result is
consistent with the observation that just a few free electrons or
holes per 400 nm SWNT quench the nanotube luminescence
by Auger recombinatiof This result also qualitatively explains
rthe induction period in the kinetics of oxygen desorption (Figure

nanotube necessary for luminescence quenching. The hydro-2a). During the decay period, the presence of multiple holes

phobic DMN-Q, molecules should reside inside the PMAOVE
micelles. These take up 1% of the total solution volume, so
that the effective micellar concentration of DMN-@& about
0.33 mM at the 3.3«M overall concentration necessary for
guenching. We assume that the hydrophobic DMNy®@lecules
are randomly distributed in the micelles. In principle, the
molecules might preferentially adsorb on the SWNT, but a
Langmuir adsorption isotherm calculatfér(using a binding
energy of 0.22 eV predicted for naphthalene on grafite
shows that DMN-Q surface binding is negligible at these low
concentrations. A PMAOVE micelle containing a SWNT
might be about 400 nm long with a 1.5 nm radius. At 0.33 mM
DMN-O, effective micelle concentration, the average micelle
occupancy is 0.6. Thus, even if tha O, yield from DMN-O,
were 100%, less than ontA oxygen molecule should be
available for immediate reaction inside the micelle.

It is possible thattA O, could diffuse from other nearby
micelles to react with the SWNT. THA O, molecules liberated
from 3.3uM DMN-O., are separated by an average distance of
87 nm in solution (if we envision them distributed homoge-

(40) Turro, N. J.Modern Molecular PhotochemistryUniversity Science
Books: Mill Valley, CA, 1991.

(41) Davis, H. T.Statistical Mechanics of Phases, Interfaces, and Thin Eilms
Wiley-VCH: New York, 1996; eq 3.6.7.

(42) O'Dea, A. R.; Smart, R. S.; Gerson, A. Rarbon1999 37, 1133-1142.

guenches the luminescence by Auger recombination, and only
when there are a few holes present do we start to see the
luminescence recover. For this explanation to be quantitative,
the last oxygen species to desorb must have much longer
residence times on nanotube sidewalls than thenOlecules

that desorb first.

The bleaching of the band-gap optical absorption at pH 3
exhibits a very different sensitivity to the presence of surface
oxide. We estimate that about 250 valence band holes are
necessary to bleach the band-gap absorption in a 400 nm long
tube (see Supporting Information). This value is more than an
order of magnitude greater than the experimental number of
holes necessary for luminescence quenching. The greater num-
ber of holes necessary for bleaching is supported by the
experimental observation that the luminescence is quenched at
a lower H" concentration than necessary for absorption bleach-
ing (Figure 1c).

Surface Oxide Structure and Chemical Reaction Mech-
anism. The reversible interaction dfA oxygen with larger
electron polycondensed molecules almost universally forms a
1,4-endoperoxide, in which{adds across aghexagon. More
than 400 such organic endoperoxides have been desdfibed.

(43) Schmidt, R.; Afshari, EBer. Bunsen-Gesl992 96, 788-794.
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Figure 4. Calculated structures for addition to a short semiconductor SWNT section as described in the text: (a) the transition state along the path for
O, dissociation; (b) the stable endoperoxide.
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Figure 5. Calculated protonated endoperoxide structures as described in the text. The hydroperoxide in (a) is the dominant converged DFT structure; the
epoxide in (b) was obtained after a few runs.

electronic structure calculations on these species, larger binding0.4 eV higher. The endoperoxide transition state for concerted
energies (up to 1 eV with respect® O,) correlate with smaller desorption (Figure 4a) lies 1.31 eV above the bound complex,
initial aromatic 7—a* HOMO—LUMO gaps and increased close to the energy of £in the excited'A state. Both the
delocalizatiorf® Mann and Hasé? in a molecular dynamics  transition state and the bound oxygen complex are in the singlet
simulation at the HartreeFock level, observed that singlet spin state. These computational results support the Mann and
oxygen attack on a short (5,0) semiconductor SWNT segment Hase Hartree Fock result of endoperoxide formation by reac-
also forms a stable 1,4-endoperoxide; at higher energies a 1,24ion with *A oxygen, with an activation energy for desorption
dioxetane (in which @adds across one=€C bond) was also on the order of 1 eV.
found. Our 1.2 eV maximum desorption activation energy isin ~ What is the protonated species? The neutral endoperoxide is
the range of the measured activation energies for unimolecularnot stable if a proton is introduced atiduiA from one of the
decomposition of (unprotonated) endoperoxitfeslthough the O atoms. The calculation converges to two different local
similarity could be coincidental. All this evidence suggests minimum structures, starting from different initial proton
creation of an endoperoxide in our reoxygenation experiments. positions. The most often observed is a hydroperoxide structure
Using B3LPY 6-31g* DFT methods of calibrated accuracy, shown in Figure 5a; the other is the dissociated structure
we calculated 1,2-dioxetane (addition across oreCCbond) consisting of an epoxide and OH in Figure 5b, which is more
and 1,4-endoperoxide (addition across a hexagon) equilibrium stable by 2.2 eV (cc-pvtz(-f) basis). However, the latter structure
structures on a short section of the (8,0) semiconductor tubeis expected to have a much higher activation energy for
with H end atom termination (GH1¢). The most stable structure ~ decomposition and therefore is not expected to be formed
is the endoperoxide oriented along the SWNT axis in Figure reversibly under our experimental conditions. We therefore
4b; this species is bound with respect to dissocidkdxygen exclude this structure as inconsistent with our experimental
by 0.07 eV (cc-pvtz(-ff). The dioxetane structure (oriented at Observations. In the neutral endoperoxide structure (Figure 4b),
60° with respect to the tube axis) gives a local minimum about the Mulliken charge on the two O atoms-€.34e, with+0.34e
on the SWNT carbon atoms. In the protonated Figure 5a species,

(44) Bloodworth, A. J.; Eggelte, H. J. I8inglet Q; Frimer, A. A., Ed.; CRC the charge on the SWNT itself is aboutl.16 e, residing
Press: Boca Raton, FL, 1985; Vol. Il, Chapter 4.

(45) Sakai, K. I.; Ohshima, S.; Uchida, A.; Oonishi, |.; Fujisawa, S.; Nagashima, (46) A high-level correlation-consistent polarized valence tripl@gtom-cen-
U. J. Phys. Chem1995 99, 5909-5913. tered basis set.
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Scheme 1. Proposed Mechanism for Formation of Protonated SWNT Oxide?@

(b)

N-O,H* (Delocalized)

a(a) Formation of SWNT endoperoxide followed by protonation to form the hydroperoxide carbocation. (b) Resonance structures illustratincgti@ncarbo
stability.

principally in the tube HOMO. Note that the protonated oxide the endoperoxide forms a carbocation (structure NQ, i.e.,
species should reside in a more water-like local environment a hole in thesr-system valence band. Scheme 1b illustrates
than the neutral oxide, and this effect might alter the calculated that many equivalent resonance structures can be drawn for
protonated oxide structure and energetics. The SWNT length N-O,H™,*8 demonstrating the stability of the carbocation that
and curvature dependence of these results remains to beesults from delocalization. This delocalized hole is responsible
explored. for luminescence quenching by nonradiative Auger recombina-
In Scheme 1, we propose a reaction mechanism consistentiion. To explain the reversibility of the quenching, we postulate
with our experimental results and calculations. The structure N that the intermittent removal of protons at pH 3 causes the
represents a nanotube sidewall fragment. In the first step, onehydroperoxide in N-GH™ to be transformed into a peroxide
aromatic ring reacts with oxygen to produce the 1,4-endoper- anion which snaps back to a 1,4-endoperoxide (reverse of the
oxide N-Q. This covalently bonded endoperoxide does not hole- protonation mechanism in Scheme 1a). At°@7, N-O, loses
dope the nanotube or affect the luminescence. Under acidic con-molecular oxygen to regenerateNO, (singlet or triplet), and
ditions, 1,4-endoperoxides of aromatic compounds are known the capacity for photoluminescence is restored. The equilibrium
to protonate and open the endoperoxide fihgonsistent with is shifted toward the dissociated species by removalafr@er
the DFT calculation results described above. Protonation of

(48) Prakash, G. K. S.; Rawdah, T. N.; Olah, G. Angew. Chem., Int. Ed.
(47) Catalani, L. H.; Wilson, TJ. Am. Chem. S0d.989 111, 2633-2639. Engl. 1983 22, 390-401.
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argon. We note that the partitioning of carbocations between librium forms very slowly, and the equilibrium coverage may
internal addition of nucleophiles and protonatiateprotonation not be experimentally relevant. Surface endoperoxides form fast
is well established? kinetically from 1A attack, if this species is available. For an
Systematic Aspects of SWNT Oxidation.The sensitivity average nanotube, the experimental oxide residence time at 97
of nanotube band-gap optical absorption and luminescence to°C is 18 min for a 1.2 eV activation energy; at 23 it would
the presence of acid and oxygen is strongly diameter-dependentbe on the order of 6 months. A long residence time at@3s
In air-saturated samples, the larger the nanotube diameter, thesupported by our observation that the (luminescence quenching)
more sensitive its luminescence is to the presence of acid, assurface oxide formed byA reoxidation is stable at least for
compared to the absorption. The difference is very large for several days under Ar. Thus, tubes kept at@3appear to have
the larger-diameter tubes in Figure 1c. We also find that the a long memory of prior processing. Our initially prepared 400
oxygen is removed most slowly from the tubes of largest nm long tubes apparently have hundreds of surface oxide species
diameter, and their luminescence is quenched at lower concenthat can be protonated, as judged from the bleaching experi-
trations of DMN-Q. ments. Moreover, all these surface oxides are experimentally
Both surface oxide properties and SWNT delocalization in reversible equilibrium with oxygen gas at 9, as judged
should depend on tube diameter. Calculations predict thatfrom the luminescence recovery experiments.
smaller-diameter tubes form more stable dioxetane complexes
with oxygen?619 but the kinetics and stability of nanotube
endoperoxides relative to diameter remains unknown. A hole  We have quantitatively investigated optical bleaching and
in a nanotube, once formed, is more delocalized in the larger- juminescence quenching due to hole-doping by protonated sur-
diameter tubes. This is shown by the fact that the effective massface oxides. We propose that the surface oxide is a 1,4-endo-
for motion along the tube axis varies inversely with the tube peroxide which, upon protonation, forms a hydroperoxide car-
diameter in the simple band thectjn valence bond language,  bocation that injects a hole into theelectron valence band.
the extent of resonance-based hole delocalization depends onwe find that the SWNT band-gap luminescence is extremely
the degeneracy of the various resonance structures. A threesensitive to hole-doping, much more so than the band-gap optical
fold symmetry is implicit in Scheme 1b for flat graphite; rolling  absorption. We attribute the luminescence quenching to an
the sheet into a tube lowers the symmetry and therefore partially Auger nonradiative recombination process.
removes the degeneracy of the different resonance forms. Tighter
rolling causes larger energetic spacings between erstwhile Acknowledgment. The authors thank P. Deo and P. Soma-
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