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ABSTRACT: Gauging free carrier generation (FCG) in optically excited,
charge-neutral single-walled carbon nanotubes (SWNTs) has important
implications for SWNT-based optoelectronics that rely upon conversion of
photons to electrical current. Earlier investigations have largely provided only
qualitative insights into optically triggered SWNT FCG, due to the
heterogeneous nature of commonly interrogated SWNT samples and the
lack of direct, unambiguous spectroscopic signatures that could be used to
quantify charges. Here, employing ultrafast pump−probe spectroscopy in
conjunction with chirality-enriched, length-sorted, ionic-polymer-wrapped
SWNTs, we develop a straightforward approach for quantitatively evaluating
the extent of optically driven FCG in SWNTs. Owing to the previously
identified trion transient absorptive hallmark (Tr+11 → Tr+nm) and the rapid
nature of trion formation dynamics (<1 ps) relative to established free-carrier
decay time scales (>ns), we correlate FCG with trion formation dynamics. Experimental determination of the trion absorptive
cross section further enables evaluation of the quantum yields for optically driven FCG [Φ(Enn→h++e−)] as a function of
optical excitation energy and medium dielectric strength. We show that (i) E33 excitons give rise to dramatically enhanced
Φ(Enn→h++e−) relative to those derived from E22 and E11 excitons and (ii) Φ(E33→h++e−) monotonically increases from ∼5%
to 18% as the solvent dielectric constant increases from ∼32 to 80. This work highlights the extent to which the nature of the
medium and excitation conditions control FCG quantum yields in SWNTs: such studies have the potential to provide new
design insights for SWNT-based compositions for optoelectronic applications that include photodetectors and photovoltaics.

■ INTRODUCTION

Semiconducting single-walled carbon nanotubes (SWNTs), as
nearly ideal one-dimensional (1D) systems with unique band
structures, display outstanding electronic and optical proper-
ties.1−3 Because SWNTs are direct band gap materials wherein
the band gap progressively varies as a function of nanotube
diameter (or chirality),1,4−6 they are particularly attractive for
light-emitting,7−10 photon-sensing,11−14 and photovoltaic
applications.3,15−19 With extraordinary 1D confinement,
SWNTs are known to produce strongly bound excitons
following optical excitation;20−23 nonetheless, a non-negligible
portion of optically produced excitons is known to dissociate
into free carriers.24−34 Quantitative evaluation of such free-
carrier generation (FCG) and elucidating how optically
triggered FCG quantum yields may be manipulated are critical
for exploiting SWNTs in photon sensing, photovoltaic, and
many other optoelectronic applications.
In this regard, optically driven FCG in SWNTs has been

investigated by various spectroscopic methods, including
pump−probe transient absorption and terahertz spectros-
copies.25−28 Such studies commonly examine aggregated
SWNTs composed of heterogeneous chiralities that give rise
to the formation of type I or type II heterojunctions,35 in
which photoinduced carrier transfer occurs across nanotube
interfaces, making determination of intrinsic FCG in SWNTs

elusive. More recently, FCG in isolated chirality-enriched
SWNTs has been examined by time-resolved microwave
conductivity measurements,33 as well as ultrafast pump−
probe spectroscopic methods that capitalize on energy shifts of
the excitonic band bleach that occur in the presence of charge
carriers;32,34 despite these advances, evaluation of SWNT
intrinsic FCG remains largely qualitative, due to the lack of a
direct spectroscopic signal that could be used to measure the
extent of optically generated charge carriers. Computational
studies further underscore the need to quantitatively measure
free carrier generation quantum yields, as theory predicts that
the binding energies of SWNT excitons should decrease
monotonically with increasing local dielectric constant,21

thereby providing a powerful means to manage optically
triggered FCG magnitudes in SWNTs and modulate perform-
ance of SWNT-based optoelectronics. Yet, no experiments
carried out to date map how medium dielectric strength
influences SWNT FCG quantum yields.
Here, employing ultrafast pump−probe spectroscopy in

conjunction with homogeneous, chiral, ionic-polymer-wrapped
SWNTs, we describe a straightforward method to evaluate
quantitatively optically driven FCG in SWNTs. Owing to the
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previously identified trion transient absorptive hallmark (Tr+11
→ Tr+nm) and the rapid nature of trion formation dynamics
(<1 ps)36 relative to established free-carrier decay time scales
(>ns),33 FCG may be correlated with trion genesis. By
measuring the absorptive cross section of the trion transition
manifold (Tr+11 → Tr+nm), we are able to evaluate the
quantum yield of optically driven FCG [Φ(Enn→h++e−), n = 1,
2, or 3, where Enn represents an exciton state derived from the
transition involving the nth valence and conduction bands] in
SWNTs. This work demonstrates that Φ(Enn→h++e−) varies as
a function of the E00 → Enn transition energy, with higher
energy excitons giving rise to larger Φ(Enn→h++e−) values.
Furthermore, the robust character of these polymer−SWNT
superstructures enables elucidation of SWNT FCG in solvents
having widely varying dielectric constants (ε), and thus,
determines for the first time the dependence of Φ(Enn→
h++e−) upon the nature of the SWNT solvation environment.
Taken together, these findings provide new insights that enable
fine-tuning of optically driven FCG in SWNTs that have
important ramifications for engineering SWNT-based compo-
sitions for optoelectronic applications.

■ RESULTS AND DISCUSSIONS
Nature of the Polymer−SWNT Sample. Quantifying

optically driven FCG in SWNTs requires SWNTs having high
uniformity of electronic structure (chirality) and length. We
exploit a binaphthalene-based polyanionic semiconducting
polymer [S-PBN(b)-Ph5, Figure 1a] that exfoliates, individu-
alizes, and disperses SWNTs via a single-chain helically chiral
wrapping mechanism and assures the morphological homoge-
neity of these samples (Figure 1b).37 These semiconducting
polymer−SWNT superstructures maintain a fixed polymer
helical pitch length on the SWNT surface (Figure 1b). The
robustness of the polymer−SWNT superstructures in various
aqueous and organic solvents enables multiple rigorous
separation procedures that permit isolation of highly enriched
(purity >90%),38 length-sorted (700 ± 50 nm)39 (6,5)
SWNTs: these S-PBN(b)-Ph5-[(6,5) SWNTs] thus define
uniquely engineered, consistent nanoscale carbon nanotube
superstructures with which to probe critical factors that control
Φ(Enn→h++e−). We emphasize that (i) single-chain SWNT
helical wrapping by S-PBN(b)-Ph5 individualizes nanotubes at
a minimal surfactant (polymer):SWNT mass ratio (i.e., ∼80%
of the nanotube surface is exposed to external dielectric
environment)37,40 and (ii) enables straightforward dispersion
of S-PBN(b)-Ph5-[(6,5) SWNTs] in a wide range of solvents
(SI, section 1).41 These properties of S-PBN(b)-Ph5-[(6,5)
SWNTs] make it possible to probe fundamental relationships
among SWNT intrinsic exciton photophysics, Φ(Enn→h++e−),
and the dielectric environment.42

Figure 1c provides benchmark transient absorption spectra
for neutral S-PBN(b)-Ph5-[(6,5) SWNTs] in D2O solvent
following E00 → E11 (1.24 eV) optical excitation. Owing to the
high homogeneity of these (6,5) SWNT superstructures,
transient absorptive hallmarks for a broad range of
quasiparticles are clearly visualized: these include a dominant
E00 → E11 bleach centered at ∼1.24 eV43 and three positive
transient absorption bands observed to the red of this bleach,
at (i) ∼1.13 eV (E11 → E11,BX),

39 (ii) ∼1.08 eV (3E11 →
3Enn

and/or e−/h+ polaron absorption; note that the e−/h+ polaron
absorption refers to E00

∓ → E11
∓, i.e., an excitonic transition

occurring in the vicinity of the charge carriers,35 and that
previous experimental studies establish that SWNT triplet

excitons and e−/h+ polaron species coincidentally absorb
within the same spectral window),33,40,44,45 and (iii) ∼0.92−
1.02 eV (tdecay ∼0.7 ps).46

Observation of Trions in Optically Excitated, Charge-
Neutral SWNTs. Trion species are observed in neutral S-
PBN(b)-Ph5-[(6,5) SWNTs] dispersed in D2O following
optical pumping in resonance with E00 → E22 and E00 → E33
transitions. We established previously the positive trion (a
bound state of two h+ and one e−) transient absorptive
signature (Tr+11→ Tr+nm) and dynamics in hole-doped
SWNTs, wherein trion formation is characterized by an
ultrafast (∼1 ps) rise of a transient absorptive signal centered
at ∼1.04 eV (Figure 2a,d,g).36 As can be seen in Figure 2b,c,
following optical pumping in resonance with the E00 → E22 and
E00 → E33 exciton transitions, the spectroscopic fingerprint of
the trion is evinced in the transient absorption spectra of
neutral S-PBN(b)-Ph5-[(6,5) SWNTs] at tdelay ∼2 ps (denoted
by “*” at ∼1.04 eV); further details regarding these transient
absorption spectra as a function of excitation energy can be
found in the Supporting Information (SI) and Figure S2.
Figure 2e,f presents Gaussian deconvolutions of the spectra
recorded at tdelay ∼2 ps, which clearly unveil a transient
absorption band centered at ∼1.04 eV, congruent with the
previously established Tr+11→ Tr+nm transition manifold

Figure 1. Structure and pump−probe spectra of polymer-wrapped
SWNTs. (a) Molecular structure of the binaphthalene-based
polyanionic semiconducting polymer, S-PBN(b)-Ph5. (b) Structural
schematic of a chiral [arylene]ethynylene polymer-wrapped SWNT
(top); the polymer wraps the SWNT in an exclusive left-handed
helical configuration that features a constant pitch length of 10 nm.37

(c) Representative transient absorption spectra for neutral S-PBN(b)-
Ph5-[(6,5) SWNTs] at selected time delays; dotted lines highlight
major transition manifolds. Experimental conditions: hνpump ∼1.24
eV, excitation fluence = 198 μJ·cm−2·pulse−1, ambient temperature
(∼293 K), magic angle polarization, solvent = D2O.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.8b05598
J. Am. Chem. Soc. 2018, 140, 14619−14626

14620

http://pubs.acs.org/doi/suppl/10.1021/jacs.8b05598/suppl_file/ja8b05598_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b05598/suppl_file/ja8b05598_si_001.pdf
http://dx.doi.org/10.1021/jacs.8b05598


(Figure 2d). This observation suggests the formation of trion
species in neutral SWNTs following the optical production of
E22 and E33 excitons. Note that Gaussian deconvolution of
transient spectra acquired for neutral S-PBN(b)-Ph5-[(6,5)
SWNTs] under E00 → E11 excitation also gives rise to a
transient absorption band centered at ∼1.04 eV, indicative of
trion formation even when low-energy E11 excitons are
generated (Figure S3, SI).
Theoretical investigations underscore the similar effective

masses of electrons and holes in SWNTs;47 given this fact, it is
thus likely that positive and negative trions (bound states
composed respectively of two h+ and one e−, and two e− and
one h+) possess similar transient absorptive signatures. As
illustrated schematically in Figure 3, the dissociation of an
optically produced exciton to generate h+ and e− makes
possible the formation of both positive and negative trions
within the nanotube backbone. However, only the transient
absorptive signal characteristic of the positive trion (∼1.04
eV)36 has been rigorously established, and this signal is
observed in the transient spectra of optically pumped neutral S-
PBN(b)-Ph5-[(6,5) SWNTs] (Figure 2e,f). In this regard, we
posit that because e− and h+ manifest similar effective masses
(i.e., band structures) in SWNTs,47 the three-particle bound
state of two h+ and one e− likely possesses an energy close to
that of two e− and one h+, giving rise to the indistinguishable

positive and negative trion transient absorptive signatures
centered at ∼1.04 eV (denoted as Tr+/−11→ Tr+/−nm).

Quantifying Free-Carrier Generation Using the Trion
Transient Spectroscopic Signature. As trion formation
requires the coexistence of an exciton and a charge carrier, we
exploit Tr+/−11→ Tr+/−nm transitions as an unequivocal
spectroscopic fingerprint to quantify photogenerated free

Figure 2. Trion signals from optically pumped, charge-doped, and neutral polymer-wrapped SWNTs. (a) Representative transient absorption
spectra of hole-doped S-PBN(b)-Ph5-[(6,5) SWNTs] at selected time delays (hνpump ∼1.24 eV, i.e., in resonance with the E00 → E11 transition,
excitation fluence = 140 μJ·cm−2·pulse−1). (b and c) Representative transient absorption spectra of neutral S-PBN(b)-Ph5-[(6,5) SWNTs] at
selected time delays (b, hνpump ∼2.13 eV, i.e., in resonance with the E00 → E22 transition, excitation fluence = 341 μJ·cm−2·pulse−1; c, hνpump ∼3.54
eV, i.e., in resonance with the E00 → E33 transition, excitation fluence = 244 μJ·cm−2·pulse−1). In parts a−c, the signal labeled at ∼1.04 eV (*)
denotes the trion transient absorption hallmark.36 (d−f) Gaussian deconvolutions of pump−probe spectra at selected time delays (d, tdelay ∼1.1 ps;
e, tdelay ∼1.9 ps; f, tdelay ∼2.0 ps), highlighting the major transitions that occur within the NIR probe spectral domain. For panels d−f, the cumulative
fit reflects combined contributions of the noted individual transition manifolds at the time delay noted. (g) Time-dependent evolution of Tr+11 →
Tr+nm transient absorption oscillator strength in hole-doped S-PBN(b)-Ph5-[(6,5) SWNTs]; this kinetic trace was extracted from the data set of
panel a. (h and i) Time-dependent evolution of Tr+/−11 → Tr+/−nm transient absorption oscillator strength in neutral S-PBN(b)-Ph5-[(6,5)
SWNTs]; in panels h and i, kinetic traces were extracted from the respective data sets of b and c. Note that kinetic traces presented in panels g−i do
not correspond to single-wavelength kinetics, as they are generated from the Gaussian peak areas fitted to the corresponding spectral signals.

Figure 3. Schematic illustration of trion formation in neutral, optically
pumped SWNTs. Ultrafast trion formation in neutral SWNTs
following (i) optical production of Enn excitons (n = 1, 2, or 3,
depending on excitation energy), (ii) exciton dissociation into
unbound h+ and e−, and (iii) exciton migration to h+ or e− polaron
sites and trion formation.
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carriers in neutral S-PBN(b)-Ph5-[(6,5) SWNTs]. This
approach for quantifying intrinsic FCG in SWNTs is powerful
for the following reasons: (i) trion formation is orders of
magnitude more rapid than free carrier recombination
dynamics; i.e., prior to the recombination of charge carriers,
charges combine with neutral excitons to form trions. We
evaluate the trion formation process by monitoring the
increase of the Tr+/−11→ Tr+/−nm transition amplitude; as
can be seen in Figure 2h,i, trion species form in ∼1−2 ps,
whereas optically generated free carriers recombine over a time
domain greater than nanoseconds.33 (ii) Following E00 → Enn
excitation, optically generated free carriers in neutral S-
PBN(b)-Ph5-[(6,5) SWNTs] are essentially converted into
trions within ∼2 ps (see section 3 of the SI for details). As
such, we may estimate the quantum yield of optically driven
FCG by

N N N N N N(E h e ) / / /2nn h Ex e Ex Tr / 11 ExΦ → + = = ≈+ −
+ − + − (1)

wherein Nh+ (Ne−) is the h
+ (e−) density (per 100 nm), NEx is

the approximate exciton density (per 100 nm) produced
following E00 → Enn excitation, and NTr+/−11, which represents
the maximum trion density following optical excitation, and
reflects the combined NTr+11 and NTr−11 positive and negative
trion densities. NEx can be experimentally determined as
detailed in previous investigations.36,39 Importantly, under
excitation fluences above 20 μJ·cm−2, saturable absorption
occurs in the SWNT samples; as such, for these experiments,
NEx should be corrected for the reduced transmission of the
pump pulse and calibrated using the maximum E00 → E11
bleach intensity from transient absorbance measurements
using fluences less than 10 μJ·cm−2.39 The remaining unknown
parameter is NTr+/−11.
We next determine NTr+/−11 under various optical excitation

conditions based on the relationship between NTr+/−11 and the
absorption cross section (σTr) associated with the Tr+/−11→
Tr+/−nm transition. Knowing the maximum absorbance of
Tr+/−11→ Tr+/−nm from the pump−probe transient absorption
spectra of neutral S-PBN(b)-Ph5-[(6,5) SWNTs], NTr+/−11 can
be calculated on the basis of the following relationship

A lC N L NTr SWNT A SWNT Tr / 11σ= + − (2)

where A is the absorbance corresponding to the Tr+/−11→
Tr+/−nm transition, σTr is the absorption cross section
associated with the Tr+/−11→ Tr+/−nm transition, l is the
optical path length of the spectral cuvette, CSWNT is the SWNT
molar concentration, NA is the Avogadro constant, and LSWNT
is the average length (∼700 nm) of the SWNTs. Among these
parameters, l, NA, and LSWNT are known, CSWNT can be
determined following previously established protocols,40,48 σTr
can be estimated on the basis of the results from previous
spectroscopic studies of positive trion species,36 while a
relatively accurate A can be determined via spectral
deconvolution of the NIR pump−probe transient spectral
data over the energy regime where the Tr+/−11→ Tr+/−nm
transition occurs (see SI section 4 for details regarding the
determination of σTr and A). Again, we note that due to the
similar effective masses of h+ and e‑ in SWNTs,47 positive and
negative trions should possess similar optical properties; in this
regard, we utilize the σTr (∼2.16 × 10−16 cm2/trion) acquired
for positive trions also as a constant for estimating NTr+/−11.

Evaluation of Free-Carrier Generation as a Function
of Excitation Energy and Environmental Dieletric
Strength. With the NTr+/−11 values in hand, Φ(Enn→h++e−)
may be evaluated as a function of the exciton transition
energies: note that this analysis shows that the E33 exciton gives
rise to significantly higher Φ(Enn→h++e−) (∼18%) relative to
that evinced for the E11 (∼2%) and E22 (∼4%) excitonic states
(Figure 4a). This effect likely derives from the density of states
(DOS) overlap between the exciton states and e−−h+ unbound
states described in Figure 4b, where higher-energy excitonic
transitions more effectively couple/relax to the unbound free-
carrier states of lower-energy excitons. This picture is
consistent with previous quantum mechanical calculations
highlighting that within the E33 zone there exists a large DOS
from the E11 and E22 e−−h+ unbound states (i.e., the E33
transition zone manifests less than 0.001 eV separation in DOS
from other unbound states, contrasting with the ∼0.02 eV
separation in DOS at the E22 transition energy domain, as
schematically illustrated in Figure 4b).49 Further congruent
with this picture, spectral deconvolution of the (6,5) SWNT
electronic absorption spectrum over the UV−vis−NIR regime

Figure 4. Excitation energy dependent FCG quantum yields. (a) Quantum yields of optically driven FCG as a function of excitation energy; error
bars represent the uncertainty that derives from the spectral fitting procedure used to determine the absorbance (A) and the trion absorption cross
section (σTr) associated with the Tr+/−11→ Tr+/−nm transition. Experimental conditions: solvent = D2O, ambient temperature, pump fluences for
hνpump ∼1.24 eV, hνpump ∼2.13 eV, and hνpump ∼3.54 eV are 198, 341, and 244 μJ·cm−2·pulse−1, respectively. (b) Semiquantitative illustration of the
DOS overlap between the exciton states (derived from spectral fitting of the experimental SWNT electronic absorption spectrum) and e−−h+
unbound states. ΔEb1 and ΔEb2 denote experimentally determined E11 and E22 exciton binding energies, which are on the order of ∼0.3 eV. The
discrete e−−h+ unbound states in part b are schematically displayed, congruent with established band pictures for SWNTs49 and other quantum-
confined systems.50
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yields three major exciton transition bands having distinct
spectral width: the full-width at half-maximum (fwhm) of the
E33 band (159 meV) is much larger than those of the E22 (94
meV) and E11 bands (33 meV) [Figures 4b and S7 (SI)]. The
larger E33 fwhm value suggests broadly distributed E33 exciton
states over the energy domain, wherein many E11 and E22
unbound states also reside. This DOS overlap likely facilitates
substantial mixing of the E33 exciton states with E11 and E22
unbound states (or ultrafast relaxation of E33 exciton into E11
and E22 e

−−h+ unbound states), resulting in augmented FCG
quantum yields following E00 →E33 excitation.
We also examine Φ(E33→h++e−) as a function of solvent

dielectric strength. D2O:MeOH mixtures were exploited as
solvent systems, as ε can be readily varied from ∼30−80 by
changing the D2O:MeOH ratio.51,52 As shown in Figure 5a,
Φ(E33→h++e−) monotonically decreases with decreasing
solvent dielectric constant, congruent with the expectation
that the exciton binding energy should increase with
diminished solvent dielectric strength (ΔEb ∝1/ε).21 We
emphasize that classic surfactants provide SWNT solubility in a
narrow range of high dielectric strength media, and reduce the
impact of solvation upon the energies of SWNT quasiparticle
states through insulation of the nanotube surface: dispersing
SWNTs using common surfactants thus precludes examination
of dependences of Φ(Enn→h++e−) upon ε. In sharp contrast,
S-PBN(b)-Ph5-[(6,5) SWNTs] superstructures uniquely en-
able investigation of the solvent dependence of Φ(Enn→
h++e−), due to the fact that the nature of helical polymer
wrapping exposes ∼80% of the SWNT surface to the
surrounding dielectric environment.42 Figure 5b,c highlights
the distinct nanotube surface morphologies characteristic of S-
PBN(b)-Ph5-[(6,5) SWNTs] vs (6,5) SWNTs dispersed by
commonly utilized surfactants such as sodium cholate (SC-
[(6,5) SWNTs]): note that for SC-[(6,5) SWNTs], a thick
surfactant layer encapsulates the nanotube backbone. Con-
gruent with these transmission electron microscopy (TEM)
data, E00 →E33 excitation of SC-[(6,5) SWNTs] in D2O gives
rise no evident Tr+/−11→ Tr+/−nm transient absorptive hallmark
(Figure S8, SI), indicating little to no FCG because layers of
surfactant insulate SWNT excitons from the dielectric
environment.

We note that although polarons feature absorptive signatures
at ∼1.08 eV in (6,5) SWNTs,40,45 it is not feasible to exploit
such transient absorptive hallmarks to quantitatively evaluate
optically driven FCG. This is because (i) the 3E11 → 3Enn
transition manifolds derived from triplet excitons manifest a
transient absorptive signature also centered at ∼1.08 eV in
(6,5) SWNTs, and the triplet excitons evolve over a time
window that overlaps significantly with that for FCG,33,44 and
(ii) e− and h+ polaron transient absorptive signals at ∼1.08 eV
can be quenched due to the formation of trions (i.e., free
carriers are consumed via rapid binding to excitons), making
the signal intensity at ∼1.08 eV a less accurate measure for
quantitatively evaluating Φ(Enn→h++e−) in SWNTs.

Excitation Fluence Dependence of SWNT Optical
Free Carrier Generation. Because this methodology for
quantifying free-carrier generation in SWNTs requires near-
unit formation of trion species (i.e., e− or h+ carriers should be
captured by excitons with near-unit efficiency), we examine the
range of excitation fluences over which exciton capture of free
carriers occurs at high efficiency. These studies vary the exciton
densities over a broad range from ∼7 (100 nm)−1 to ∼0.1 (100
nm)−1 (see Tables S1−S3 of the SI for details) and monitor
the signal changes of the Tr+/−11→ Tr+/−nm transition. As can
be seen in Figure 6, the 1.04 eV trion transient absorptive
signal (Tr+/−11→ Tr+/−nm transition) at tdelay ∼3 ps
progressively decreases with decreasing pump fluence (see
Figures S9−S11 of the SI for more detailed pump−probe
spectra acquired over broad spectral and temporal ranges).
Notably, the Tr+/−11→ Tr+/−nm transition remains evident

under excitation conditions that span high to modest pump
fluences (i.e., from a few hundreds of μJ·cm−2·pulse−1 to ∼15
μJ·cm−2·pulse−1) and begin to disappear under low pump
fluence conditions (i.e., <10 μJ·cm−2·pulse); this result is
particularly evident when pumping in resonance with the E00
→ E22 or E00 → E33 transitions (Figure 6b,c). The critical point
at which the trion transient absorptive signal starts to disappear
corresponds to an exciton density of ∼1 (100 nm)−1; such an
observation is congruent with the fact that singlet excitons in
charge-neutral SWNTs feature a diffusion length of up to ∼100
nm.43,53 Note that under the excitation conditions where pump
fluence is near or greater than 15 μJ·cm−2·pulse−1 (corre-

Figure 5. Medium dielectric strength dependent FCG quantum yields and SWNT surface morphology. (a) Quantum yields of optically driven
FCG as a function of solvent dielectric constant (at 293 K); error bars represent the uncertainty that derives from the spectral fitting procedure
used to determine the absorbance (A) and the trion absorption cross section (σTr) associated with the Tr+/−11→ Tr+/−nm transition. Experimental
conditions: solvent = D2O:MeOH (at ratios varying from 1:0 to 0:1), ambient temperature, hνpump ∼3.54 eV, excitation fluence ∼244 μJ·cm−2·
pulse−1. (b and c) Transmission electron microscopy (TEM) images of S-PBN(b)-Ph5-[(6,5) SWNTs] (b) vs sodium cholate-dispersed (6,5)
SWNTs (SC-[(6,5) SWNTs]) (c) obtained from aqueous suspensions. These TEM images highlight the disparate natures of these (6,5) SWNT
surfaces: for S-PBN(b)-Ph5-[(6,5) SWNTs], ∼80% of the nanotube surface is solvent-exposed, while for SC-[(6,5) SWNTs], the nanotube surface
is essentially solvent-shielded due to well-packed SC surfactants. The scale bars in parts b and c represent 10 nm.
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sponding to ∼1−2 excitons per 100 nm; see Tables S1−S3,
SI), trions form with near-unit efficiency in SWNTs (see
section 7.2 of the SI for details). These data indicate that this
method for quantifying optical free-carrier generation in

SWNTs is suitable for a broad range of pump fluences that
range from hundreds of μJ·cm−2·pulse−1 to ∼15 μJ·cm−2·
pulse−1.

■ CONCLUSION

Employing ultrafast pump−probe spectroscopy in conjunction
with homogeneous, chiral, ionic-polymer-wrapped SWNTs, we
have developed a straightforward method for quantitatively
evaluating the extent of optically driven free carrier generation
(FCG) in SWNTs. Owing to the previously identified trion
transient absorptive hallmark (Tr+11 → Tr+nm) and the rapid
nature of trion formation dynamics (<1 ps) relative to the
established free-carrier decay time scales (>ns), we correlate
free-carrier and trion formation dynamics, as ultrafast
formation of the Tr+/−11 → Tr+/−nm transient absorptive signal
in neutral SWNTs derives from the capture of excitons by free
carriers. Furthermore, determination of the trion absorption
cross section (σTr) associated with the Tr+/−11 → Tr+/−nm
transition manifold enables us to determine for the first time
the quantum yields of optically driven free carrier formation
[Φ(Enn→h++e−)] in carbon nanotubes. Fluence-dependent
studies of SWNT FCG underscore that this method for
quantifying Φ(Enn→h++e−) maintains utility over excitation
condtitions that span high to modest pump fluences (i.e., from
a few hundreds of μJ·cm−2·pulse−1 to ∼15 μJ·cm−2·pulse−1).
Along this line, ultrafast pump−probe studies that examine

neutral S-PBN(b)-Ph5-[(6,5) SWNTs] underscore that (i)
Φ(Enn→h++e−) varies as a function of exciton energy, with E33
excitons driving dramatically enhanced Φ(Enn→h++e−) relative
to those derived from E22 and E11 excitons, and (ii) optically
driven FCG quantum yields in SWNTs monotonically increase
with increasing solvent dielectric constant due to the
progressively reduced exciton binding energy that derives
from enhanced medium dielectric screening. Prior theoretical
work has suggested that SWNT exciton binding energies
should vary with the magnitude of the environmental dielectric
constants, indicating a potentially powerful means to manage
the quantum yields of FCG in SWNTs;21 herein, aided by the
unique surface morphology of S-PBN(b)-Ph5-[(6,5) SWNTs],
we map the dependence of optically triggered SWNT FCG
quantum yields onto bath dielectric strengths. As these
experimental data highlight that the quantum efficiency of
intrinsic FCG via exciton dissociation in SWNTs can vary
substantially as a function of both exciton energy and the bath
dielectric strength, this work provides new insights for
engineering SWNT-based compositions for optoelectronic
applications, including photodetectors and photovoltaics.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/jacs.8b05598.

Additional details regarding separation of (6,5) SWNTs;
preparation of chiral, ionic-polymer-wrapped (6,5)
SWNTs; spectral deconvolution methods; transient
spectral and dynamical data analysis; and a detailed
overview of ultrafast pump−probe spectra of polymer-
wrapped (6,5) SWNTs acquired under various ex-
citation conditions (Figures S1−S13 and Tables S1−S3)
(PDF)

Figure 6. Variation of the trion transient absorptive signal as a
function of pump fluence. (a) NIR transient absorption spectra for
neutral S-PBN(b)-Ph5-[(6,5) SWNTs] at a time delay of ∼3 ps
following E00 → E11 optical excitation over a broad range of pump
fluences, which highlights the fluence-dependent changes of the ∼1.04
eV (the trion Tr+/−11→ Tr+/−nm transition, highlighted in orange) and
∼1.08 eV (the polaron or triplet exciton absorption, highlighted in
blue) transient signals. Note that the transient absorption spectra are
normalized at the maximum absorption for ease of comparison. (b)
Same as that shown in panel a, except that the excitation energy is in
resonance with the E00 → E22 transition. (c) Same as that shown in
panel a, except that the excitation energy is in resonance with the E00
→ E33 transition. Note that trion transient absorptive signal remains
evident for pump fluences near or greater than ∼15 μJ/cm2·pulse, as
highlighted in the data of panels b and c.
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