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ABSTRACT: We utilize femtosecond-to-microsecond
time domain pump�probe transient absorption spectros-
copy to interrogate for the first time the electronically
excited triplet state of individualized single-wall carbon
nanotubes (SWNTs). These studies exploit (6,5) chirality-
enriched SWNT samples and poly[2,6-{1,5-bis(3-propoxy-
sulfonic acid sodium salt)}naphthylene]ethynylene (PNES),
which helically wraps the nanotube surface with periodic
and constant morphology (pitch length = 10 ( 2 nm),
providing a self-assembled superstructure that maintains
structural homogeneity in multiple solvents. Spectroscopic
interrogation of such PNES-SWNT samples in aqueous and
DMSO solvents using E22 excitation and a white-light
continuum probe enables E11 and E22 spectral evolution
to be monitored concomitantly. Such experiments not only
reveal classic SWNT singlet exciton relaxation dynamics and
transient absorption signatures but also demonstrate spec-
tral evolution consistent with formation of a triplet exciton
state. Transient dynamical studies evince that (6,5) SWNTs
exhibit rapid S1fT1 intersystem crossing (ISC) (τISC∼20 ps),
a sharp T1fTn transient absorption signal (λmax(T1fTn) =
1150 nm; full width at half-maximum ≈ 350 cm�1), and a
substantial T1 excited-state lifetime (τes ≈ 15 μs). Consis-
tent with expectations for a triplet exciton state, T1-state
spectral signatures and T1-state formation and decay dy-
namics for PNES-SWNTs in aqueous and DMSO solvents,
as well as those determined for benchmark sodium cholate
suspensions of (6,5) SWNTs, are similar; likewise, studies
that probe the 3[(6,5) SWNT]* state in air-saturated solu-
tions demonstrate 3O2 quenching dynamics reminiscent of
those determined for conjugated aromatic hydrocarbon
excited triplet states.

Single-wall carbon nanotubes (SWNTs) possess a number of
compelling optical properties.1�6 While SWNT electronic

transitions span the visible and NIR spectral regions, the optical
absorptions of an individual tube are dominated by sharp singlet
exciton interband (van Hove, Eii) transitions at energies fixed
by tube diameter and chirality.7 Fundamental studies that have
examined SWNT excited states interrogate exclusively singlet
excitons.1�19 Any excited-state dynamical roles played by SWNT
triplet excitons are at present obscure;20�23 this is perhaps

somewhat surprising, given the prominent role played by elec-
tronically excited triplet states in the photophysics of fullerenes,
graphenes, and semiconducting polymers.

In this study, we exploit noncovalently modified SWNTs in
which an aryleneethynylene polymer monolayer helically wraps
the nanotube surface at periodic and constant morphology24 as
versatile constructs in which to probe nanotube triplet exciton
states. Previous work has shown that ionic poly[2,6-{1,5-bis
(3-propoxysulfonic acid sodium salt)}naphthylene]ethynylene
(PNES) exfoliates and individualizes SWNTs in water and
multiple organic solvents via single-chain wrapping (Chart 1A,B);
AFM and TEM data demonstrate that PNES-SWNTs manifest a
helix pitch length of 10 ( 2 nm, regardless of solvent.25 We
demonstrate that PNES wrapping of single-chirality enriched
SWNT samples enables a battery of spectroscopic experiments that
elucidate SWNT T1-state transitions and dynamics.

Pioneering theoretical studies have computed the energy of
the lowest energy SWNT triplet exciton state;11,26 while these
studies predict the existence of low-lying SWNT triplet states and
S1�T1 energy gaps significantly smaller than those reported
typically for conjugated polymers,27 computations based on the
Bethe�Salpeter model indicate that the 3E11 state lies∼0.03 eV
below the 1E11 state for (6,5) tubes,11 whereas those relying
on TDDFT methods suggest that the 3E11 state is more sub-
stantially stabilized (∼0.3 eV) relative to 1E11 for (7,6) tubes.

26

In this context, it is important to note that SWNT singlet excited-
state manifolds possess a lowest energy dark exciton state (1D11);
congruently, electronically excited SWNTs are characterized by
short picosecond time scale photoluminescence lifetimes and fast
ground-state recovery dynamics. These theoretical studies that
have examined the SWNT T1 (

3E11) state have important pra-
ctical implications, as T1 is predicted to lie below

1D11 (Chart 1C).
Provided sufficient S1�T1 electronic coupling and Franck�
Condon overlap are manifest, optical excitation of a highly
indvidualized, well-dispersed SWNT sample should give rise to a
T1-state SWNT population; strategies that either augment
SWNT S1�T1 electronic mixing or facilitate selective funneling
of excitation into the SWNT triplet manifold thus define viable
routes to high quantum yield preparation of electronically excited
SWNTs having substantial excited-state lifetimes.

Because standard SWNT samples feature heterogeneous
distributions of nanotube chiralities and length scales, SWNT
pump�probe transient absorption data are characterized by
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multiple bleaching bands that broadly span the visible and NIR
spectral windows, thereby making the identification of excited-
state absorptive transitions difficult.28 To circumvent such com-
plications, we utilized recently reported SWNTpurificationmethods
that exploit linear and nonlinear density gradient ultracentrifu-
gation29,30 to isolate (6,5) SWNTs in >85% purity (Figure S1).
Employing establishedmethods, (6,5) SWNTs were single-chain
helically wrapped by PNES (Supporting Information);25 tran-
sient dynamical experiments that utilized these (6,5) SWNT
samples, E22 excitation, and a white continuum probe beam

allowed E11 and E22 spectral evolution to be monitored con-
comitantly in multiple solvents.

Figure 1A,B displays representative transient absorption
spectral data obtained for PNES-[(6,5) SWNTs] following E22
excitation in D2O and DMSO solvents over the 400 fs-to-2 ns
time domain. Congruent with previous data,31 these spectral
features are dominated by ground-state bleaching bands in both
the E11 and E22 spectral regions. Global analysis of the PNES-
[(6,5) SWNT] E11 region transient decay dynamics reveals three
bleaching recovery time constants: 1.2 ps, 56 ps, and a third that
exceeds the delay limit (>3 ns) of our femtosecond pump�probe
instrument (Figure S3). While the∼1 and 100 ps time constants
have been respectively assigned to exciton�exciton annihilation
and singlet exciton recombination dynamics,15,25,28,31,32 this long
(>3 ns)-lifetime component has not been previously reported. In
addition to these dominant spectral features, transient absorption
(TA) bands are also observed at the higher and lower energy
sides of each E11 and E22 bleaching band. Note that these TA
bands lying at the blue and red edges of the E11 and E22 bleaches
are evident at tdelay = 400 fs; these signals have been previously
assigned to biexciton or lowest-lying dark-state absorptions.15,31�33

Strikingly, a previously unidentified TA band at ∼1150 nm is
evident at the earliest tdelay values chronicled in these experi-
ments; the Figure 1A,B data indicate that the lifetime of the
electronic state that gives rise to this transition exceeds several
nanoseconds and displays decay dynamics identical to those of
the long time scale bleaching recovery process noted above.
Figure 2A,B depicts the spectral evolution of this 1150 nm band
following electronic excitation of PNES-[(6,5) SWNTs] in D2O
and DMSO solvents (400 fs < tdelay < 50 ps); note that these data
preclude the possibility that the 1150 nm signal derives from a
spectral shift of the long-wavelength transient absorption ob-
served at tdelay = 400 fs and highlight a rise time of∼20 ps for the
1150 nm transient.

Nanosecond pump�probe transient absorption spectro-
scopic experiments were employed to determine the lifetime of
this long-lived (6,5) SWNT excited state produced following E22
excitation. Figure 3A,B displays transient absorption spectral data
obtained for PNES-[(6,5) SWNTs] in D2O and DMSO solvents
at time delays of 1 and 20 μs. Note that the displayed normalized
spectra acquired at a sub-nanosecond time delay of ∼500 ps
match the spectrum acquired at tdelay = 1 μs; furthermore, com-
parison of the spectra acquired at 1 and 20 μs reveals no
observable spectral shifts over this time domain. These time-
resolved spectral data establish single-exponential lifetimes of
17.4 and 6.5 μs, respectively, for the long-lived PNES-[(6,5)
SWNTs] excited state generated in D2O and DMSO solvents.
While femtosecond and picosecond time scale excited-state
dynamical processes are well documented for nanotubes, micro-
second time scale excited-state SWNT dynamical processes are
without precedent. As highlighted by these data, observation of
such long-lived excited states in the condensed phase requires (i)
SWNT samples that are largely devoid of bundles, (ii) narrow
distributions of nanotube chiralities and length scales, and (iii)
excitation conditions that do not cause annihilation or biexciton
formation/decay processes to dominate the observed dynamics.

Further insight into the nature of this long-lived excited state
can be gleaned from experiments that probe SWNT excited-state
dynamics in oxygenated solvents. Figure S4 summarizes such
experiments, highlighting that this long-lived SWNT excited
state exhibits 3O2 quenching dynamics reminiscent of those
determined for conjugated aromatic hydrocarbon electronically

Chart 1. (A) Structural Schematic of PNES-Wrapped
SWNTs (PNES-SWNTs),25 (B) Molecular Structure of
PNES, and (C) Jablonski Diagram Illustrating the Relative
Energetics of the Singlet and Triplet Exciton States for
Semiconducting SWNTs26

Figure 1. Representative transient absorption spectra obtained for (A)
PNES-[(6,5) SWNTs] in D2O, (B) PNES-[(6,5) SWNTs] in DMSO
solvent, and (C) (6,5) SWNTs suspended inD2O utilizing sodium cholate
surfactant at the time delays noted. Experimental conditions: (A) λex =
600 nm, (B) λex = 587 nm, and (C) λex = 595 nm; pulse energy =
300�350 nJ/pulse; temperature = 20 �C; magic angle polarization.
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excited triplet states.34 Collectively, these data confirm that the
microsecond lifetime PNES-[(6,5) SWNT] excited state pos-
sesses triplet character, and that the 1150 nm TA band corre-
sponds to a T1fTn (3E11f

3Enn) transition. Finally in this
regard, while aqueous surfactant solutions do not support the
broad range of spectroscopic experiments that can be carried out
with PNES-wrapped SWNTs, note that Figures 1C, 2C, and 3C

detail identical femtosecond-through-microsecond time domain
transient absorption experiments carried out with the same (6,5)
SWNTs utilized in the preceding experiments, but suspended in
D2O via the agency of sodium cholate surfactant. Note that the
data from Figures 1�3 are virtually indistinguishable: these ex-
periments establish a 3[(6,5) SWNT]* lifetime of 25.4 μs in
sodium cholate surfactant and underscore that the solubilizing
PNES polymer plays no role in this newly identified SWNT
electronic state nor impacts intrinsic SWNT intersystem crossing
(ISC) dynamics.

In conclusion, femtosecond-to-microsecond time domain
pump�probe transient absorption spectroscopic experiments
that interrogate (6,5) chirality-enriched single-wall carbon
nanotube samples helically wrapped by the semiconducting
polymer poly[2,6-{1,5-bis(3-propoxysulfonic acid sodium salt)}-
naphthylene]ethynylene (PNES) elucidate for the first time the
dynamics and spectroscopic signature of the electronically
excited triplet state of individualized SWNTs. Examination of
such PNES-SWNT samples in aqueous and DMSO solvents using
E22 excitation and a white-light continuum probe enables E11 and
E22 spectral evolution to bemonitored concomitantly and reveals
not only classic SWNT singlet exciton relaxation dynamics and
transient absorption signatures but also spectral evolution con-
sistent with formation of a triplet exciton state. Transient
dynamical studies show that (6,5) SWNTs exhibit rapid S1fT1

ISC [τISC ≈ 20 ps; jISC ≈ 3�5% (Supporting Information)], a
sharp T1fTn transient absorption signal (λmax(T1fTn) =
1150 nm; full width at half-maximum ≈ 350 cm�1), and a
substantial T1 excited-state lifetime (τes ≈ 15 μs). Consistent
with expectations for a triplet exciton state, T1-state spectral
signatures and dynamics of T1-state formation and decay for
PNES-SWNTs in aqueous and DMSO solvents, and those
determined for benchmark sodium cholate suspensions of
(6,5) SWNTs, are similar; likewise, studies that probe the
3[(6,5) SWNT]* state in air-saturated solutions demonstrate
3O2 quenching dynamics reminiscent of those determined for
conjugated aromatic hydrocarbon electronically excited triplet
states. In sum, these studies establish that the combination of
chirality-enriched SWNTs wrapped with solubilizing agents that
maintain uniform structural morphology in multiple solvents24,25

enables characterization and investigation of a new low-energy
SWNT excited state that can be utilized to generate singlet
oxygen. Not only do identification of the 3[(6,5) SWNT]* state
and elucidation of its corresponding dynamics expand the scope
of energy and electron-transfer reactions involving SWNTs that
can be mechanistically probed: as the SWNT T1 state lies lower
in energy than the SWNT 1E22,

1E11, and
1D11 states, this work

opens up new possibilities for generating long-lived SWNT exci-
ted states at high quantum yield via mechanisms that bypass
singlet exciton generation.
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Figure 2. Representative NIR transient absorption spectra obtained for
(A) PNES-[(6,5) SWNTs] in D2O, (B) PNES-[(6,5) SWNTs] in
DMSO solvent, and (C) (6,5) SWNTs suspended in D2O utilizing
sodium cholate surfactant at the time delays noted. Experimental
conditions: (A) λex = 600 nm, (B) λex = 587 nm, and (C) λex =
595 nm; pulse energy ≈ 300�350 nJ/pulse; temperature = 20 �C;
magic angle polarization. For comparative purposes, the transient
absorption spectrum recorded at tdelay = 0.4 ps is overlapped with that
recorded at a time delay of ∼50 ps.

Figure 3. Nanosecond time domain transient absorption spectra ob-
tained for (A) PNES-[(6,5) SWNTs] in D2O, (B) PNES-[(6,5)
SWNTs] in DMSO solvent, and (C) (6,5) SWNTs suspended in
D2O utilizing sodium cholate surfactant at the time delays noted.
Experimental conditions: (A) λex = 580 nm, (B) λex = 580 nm, (C)
λex = 570 nm; pulse energy = 3.0 mJ/pulse; temperature = 20 �C;
deoxygenated solvent. For comparative purposes, a transient absorption
spectrum recorded at tdelay ≈ 0.5 ns is displayed normalized relative to
the transient absorption spectrum recorded at tdelay = 1 μs.



17159 dx.doi.org/10.1021/ja2079477 |J. Am. Chem. Soc. 2011, 133, 17156–17159

Journal of the American Chemical Society COMMUNICATION

’ACKNOWLEDGMENT

This work was funded by the Division of Chemical Sciences,
Geosciences, and Biosciences, Office of Basic Energy Sciences, of
the U.S. Department of Energy through Grant DE-SC0001517.
Infrastructural support was provided by the MRSEC (DMR05-
20020) and NSEC (DMR-0425780) programs of the National
Science Foundation. The authors are grateful to Chris Von
Bargen, University of Pennsylvania, for his assistance with figure
preparation.

’REFERENCES

(1) Harris, P. J. F. Carbon Nanotube Science, 1st ed.; Cambridge
University Press: Cambridge, UK, 2009.
(2) Carbon Nanotubes and Related Structures, 1st ed.; Guldi, D. M.,

Martin, N., Eds.; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim,
2010.
(3) Bachilo, S. M.; Strano, M. S.; Kittrell, C.; Hauge, R. H.; Smalley,

R. E.; Weisman, R. B. Science 2002, 298, 2361–2366.
(4) O’Connell, M. J.; Bachilo, S. M.; Huffman, C. B.; Moore, V. C.;

Strano, M. S.; Haroz, E. H.; Rialon, K. L.; Boul, P. J.; Noon, W. H.;
Kittrell, C.; Ma, J.; Hauge, R. H.; Weisman, R. B.; Smalley, R. E. Science
2002, 297, 593–596.
(5) Misewich, J. A.; Martel, R.; Avouris, P.; Tsang, J. C.; Heinze, S.;

Tersoff, J. Science 2003, 300, 783–786.
(6) Wang, F.; Dukovic, G.; Brus, L. E.; Heinz, T. F. Science 2005,

308, 838–841.
(7) Weisman, R. B.; Bachilo, S. M. Nano Lett. 2003, 3, 1235–1238.
(8) Ando, T. J. Phys. Soc. Jpn. 1997, 66, 1066–1073.
(9) Huang, L.; Pedrosa, H. N.; Krauss, T. D. Phys. Rev. Lett. 2004,

93, 017403.
(10) Ma, Y.-Z.; Valkunas, L.; Dexheimer, S. L.; Bachilo, S. M.;

Fleming, G. R. Phys. Rev. Lett. 2005, 94, 157402.
(11) Perebeinos, V.; Tersoff, J.; Avouris, P. Nano Lett. 2005, 5,

2495–2499.
(12) Russo, R. M.; Mele, E. J.; Kane, C. L.; Rubtsov, I. V.; Therien,

M. J.; Luzzi, D. E. Phys. Rev. B 2006, 74, 041405.
(13) Dresselhaus, M. S.; Dresselhaus, G.; Saito, R.; Jorio, A. Annu.

Rev. Phys. Chem. 2007, 58, 719–747.
(14) Carlson, L. J.; Krauss, T. D. Acc. Chem. Res. 2008, 41, 235–243.
(15) Ma, Y.-Z.; Hertel, T.; Vardeny, Z. V.; Fleming, G. R.; Valkunas,

L. In Carbon Nanotubes: Advances Topics in the Synthesis, Structure,
Properties and Applications, Topics in Applied Physics; Jorio, A., Dresselhaus,
G., Dresselhaus, M. S., Eds.; Springer-Verlag: Berlin, 2008; Vol. 111,
pp 321�352.
(16) Wang, Z.; Zhao, H.; Mazumdar, S. Phys. Rev. B 2006,

74, 195406.
(17) Luer, L.; Hoseinkhani, S.; Polli, D.; Crochet, J.; Hertel, T.;

Lanzani, G. Nat. Phys. 2009, 5, 54–58.
(18) Luer, L.; Lanzani, G.; Crochet, J.; Hertel, T.; Holt, J.; Vardeny,

Z. V. Phys. Rev. B 2009, 80, 205411.
(19) Wang, S.; Khafizov, M.; Tu, X.; Zheng, M.; Krauss, T. D. Nano

Lett. 2010, 10, 2381–2386.
(20) Seferyan, H. Y.; Nasr, M. B.; Senekerimyan, V.; Zadoyan, R.;

Collins, P.; Apkarian, V. A. Nano Lett. 2006, 6, 1757–1760.
(21) Mohite, A. D.; Santos, T. S.; Moodera, J. S.; Alphenaar, B. W.

Nat. Nanotechnol. 2009, 4, 425–429.
(22) Harutyunyan, H.; Gokus, T.; Green, A. A.; Hersam, M. C.;

Allegrini, M.; Hartschuh, A. Nano Lett. 2009, 9, 2010–2014.
(23) Matsunaga, R.; Matsuda, K.; Kanemitsu, Y. Phys. Rev. B 2010,

81, 033401.
(24) Kang, Y. K.; Lee, O.- S.; Deria, P.; Kim, S. H.; Park, T.-H.;

Bonnell, D. A.; Saven, J. G.; Therien, M. J. Nano Lett. 2009,
9, 1414–1418.
(25) Deria, P.; Sinks, L. E.; Park, T.-H.; Tomezsko, D. M.; Brukman,

M. J.; Bonnell, D. A.; Therien, M. J. Nano Lett. 2010, 10, 4192–4199.
(26) Tretiak, S. Nano Lett. 2007, 7, 2201–2206.

(27) Osterbacka, R.; Wohlgenannt, M.; Chinn, D.; Vardeny, Z. V.
Phys. Rev. B 1999, 60, 11253–11256.

(28) Rubtsov, I. V.; Russo, R. M.; Albers, T.; Deria, P.; Luzzi, D. E.;
Therien, M. J. Appl. Phys. A: Mater. Sci. Process. 2004, 79, 1747–1751.

(29) Arnold, M. S.; Green, A. A.; Hulvat, J. F.; Stupp, S. I.; Hersam,
M. C. Nat. Nanotechnol. 2006, 1, 60–65.

(30) Ghosh, S.; Bachilo, S. M.; Weisman, R. B. Nat. Nanotechnol.
2010, 5, 443–450.

(31) Zhu, Z.; Crochet, J.; Arnold, M. S.; Hersam,M. C.; Ulbricht, H.;
Resasco, D.; Hertel, T. J. Phys. Chem. C 2007, 111, 3831–3835.

(32) Styers-Barnett, D. J.; Ellison, S. P.; Mehl, B. P.; Westlake, B. C.;
House, R. L.; Park, C.; Wise, K. E.; Papanikolas, J. M. J. Phys. Chem. C
2008, 112, 4507–4516.

(33) Pedersen, T. G.; Pedersen, K.; Cornean, H. D.; Duclos, P.Nano
Lett. 2005, 5, 291–294.

(34) Gijzeman, O. L. J.; Kaufman, F.; Porter, G. J. Chem. Soc.,
Faraday Trans. 2 1973, 69, 708–720.


