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ABSTRACT: We report the first direct cyclic voltammetric
determination of the valence and conduction band energy
levels for noncovalently modified (6,5) chirality enriched
SWNTs [(6,5) SWNTs] in which an aryleneethynylene
polymer monolayer helically wraps the nanotube surface at
periodic and constant morphology. Potentiometric properties
as well as the steady-state and transient absorption
spectroscopic signatures of oxidized (6,5) SWNTs were
probed as a function of the electronic structure of the
aryleneethynylene polymer that helically wraps the nanotube
surface, the solvent dielectric, and nanotube hole polaron
concentration. These data: (i) highlight the utility of these
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polymer-SWNT superstructures in experiments that establish the potentiometric valence and conduction band energy levels of
semiconducting carbon nanotubes; (ii) provide a direct measure of the (6,5) SWNT hole polaron delocalization length (2.75
nm); (iii) determine steady-state and transient electronic absorptive spectroscopic signatures that are uniquely associated with
the (6,5) SWNT hole polaron state; and (iv) demonstrate that modulation of semiconducting polymer frontier orbital energy
levels can drive spectral shifts of SWNT hole polaron transitions as well as regulate SWNT valence and conduction band

energies.

B INTRODUCTION

Single-walled carbon nanotubes (SWNTs) possess unique
optical' and electronic properties,” which combined with
their unidirectional charge carrier pathway’ have defined
attractive nanoscale materials for photovoltaic,* field-effect
transistor, light-emitting diode,® and sensor’ devices. Opto-
electronic devices that exploit SWNTs require fundamental
understanding of nanotube potentiometric properties.® Spec-
troelectrochemical methods, that have been used to evaluate
SWNT redox potentials,&"9 monitor typically the bleaching of
SWNT excitonic transitions as a function of electrode potential
or the concentration of an added redox reagent; these
experiments have often lacked straightforward interpretation,
as such studies have been generally carried out on SWNT
samples featuring heterogeneous distributions of nanotube
chiralities and lengths that give rise to a vis-NIR spectral
window characterized by a plethora of overlapping electronic
transitions. Inconsistent use of internal potentiometric stand-
ards makes comparisons of various spectroelectrochemically
determined SWNT valence and conduction band energy levels
difficult.**™” Furthermore, commonly used dispersing agents
(surfactants) that provide individualized SWNTs in solution
reduce medium dielectric strength and diminish heterogeneous
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electron transfer kinetics through insulation of the nanotube
surface; diminishing the typically high surfactant:SWNT molar
ratios used in these experiments, however, drives formation of
SWNT bundles and films and calls into question what is
actually being measured under such experimental conditions.'’

We report the first direct cyclic voltammetric determination
of redox potentials for noncovalently modified semiconducting
SWNTs. These experiments exploit conjugated, highly charged
aryleneethynylene polymers that exfoliate, individualize, and
disperse SWNTs via a single-chain helical wrapping mecha-
nism.'""* Such polymers (Chart 1) provide robust, helical
superstructures wherein the polymer remains adhered to the
SWNT surface; structural studies establish self-assembled
superstructures in which the semiconducting polymer wraps
the nanotube at periodic and constant morphology in a variety
of aqueous and organic solvents.'"'>"*f

Polymers S-PBN(b)-Ph,, S-PBN(b)-Ph,PhCN, and S-PBN-
(b)-Ph,PZn, (Chart 1) have previously been established to
wrap SWNTs in an exclusive left-handed fashion; the
corresponding polymer-SWNT superstructures have been
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Chart 1. Molecular Structures of S-PBN(b)-Ph;, S-PBN(b)-
Ph,PhCN, and S-PBN(b)-Ph,PZn, Polymers, Along with a
Schematic Representation'" of an [Arylene]ethynylene
Polymer-Wrapped SWNT Superstructure Derived from
Atomistic Molecular Dynamics Simulations
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structurally characterized.'"'?® The potentiometric and elec-
tronic structural studies reported herein investigate self-
assembled nanostructures based on these Chart 1 polymers
and (6,5) chirality enriched SWNTs, obtained in >85% purity
through a combination of linear and nonlinear density gradient
ultracentrifugation;11’12°’h’13 cyclic voltammetric measurements
probe high-density drop-cast films of these polymer-SWNT
superstructures on glassy carbon electrodes. Note that single-
chain SWNT helical wrapping by these highly charged
semiconducting polymers circumvents bundle formation,
maintaining individualized SWNTs at a minimal surfactant
(polymer):SWNT mass ratio.'”'"'>!28 These studies that
examine SWNT potentiometric properties and chronicle
ground- and excited-state electronic transitions at various
SWNT hole polaron densities: (i) establish methods that
directly determine SWNT valence and conduction band energy
levels and (ii) demonstrate that SWNT potentiometric and
excitonic properties can be modulated by the nature of the
electronic structure of the semiconducting polymer that wraps
its surface.

B EXPERIMENTAL SECTION

Materials. S-PBN(b)-Ph, S-PBN(b)-Ph,PhCN, and S-PBN(b)-
Ph,PZn, (Chart 1) Polymers were synthesized and characterized as
previously described."' CoMoCat SWNTs were obtained from Sigma-
Aldrich as a freeze-dried powder and used as starting material for
density gradient (DG) purification to obtain samples enriched with
(6,5) chirality tubes. Detailed synthetic and experimental procedures
are provided in the Supporting Information. Air-sensitive solids were
handled in a Braun 150-M glovebox. Standard Schlenk techniques
were employed to manipulate air-sensitive solutions. Tris(4-
bromophenyl)-ammoniumyl hexachloroantimonate and K,IrClg were
purchased from Aldrich, manipulated under inert atmosphere,
dissolved in appropriate solvents, and stored in sealed Schlenk tubes
under argon. Sml, (1 M in THF) was purchased from Aldrich and
diluted accordingly under argon atmosphere. The M, values of the
aryleneethynylene polymers S-PBN(b)-Ph;, S-PBN(b)-Ph,PhCN,
and S-PBN(b)-Ph,PZn, (Chart 1) were respectively determined to
be ~20.78, 14.5, and 20.1 kDa by gel permeation chromatography
(GPC); polymers S-PBN(b)-Ph;, S-PBN(b)-Ph,PhCN, and S-
PBN(b)-Ph,PZn, possess correspondingly ~46, 38, and 28 respective

arylene units (where each binaphthalene component is counted as a
single arylene unit)."!

Instrumentation. Electronic absorption spectra were recorded on
a Varian 5000 UV—vis—NIR spectrophotometry system. IR spectra
were recorded on a Bruker Tensor 27 in ATR mode. Cyclic
voltammetric measurements were performed using a Bioanalytical
Systems (BASi) Epsilon potentiostat and a single-compartment
electrochemical cell. Emission spectra were recorded on an Edinburgh
FLSP920 steady-state luminescence instrument that utilizes a Xe lamp
as an excitation source and a Hamamatsu H10330-75 (900—1700 nm)
PMT detector. Emission spectra were recorded over a 950—1400 nm
spectral range (1 nm steps; integration time = 0.1 s) by exciting the E,,
transition (~580 nm) of the [(6,5) SWNT] samples. Ground-state
Raman spectra were recorded using a custom Raman spectrometry
system that features a Princeton Instrument Acton SP2360i 300 mm
spectrograph (Roper Scientific, Trenton, NJ, USA) outfitted with
multi gratings to cover a 250—1100 nm spectral regime. Light
detection through the spectrograph is provided via a Princeton
Instrument Acton PIXIS 400 BR CCD detector (250—1100 nm, 1300
X 400 pixels, 20 um pixel size, back-illuminated deep-depletion for
enhanced sensitivity throughout the NIR; Roper Scientific, Trenton,
NJ, USA). A 532 nm diode-pumped solid-state laser (100 mW; Cobolt
Samba 100, Cobolt AB Lasers, Solna, Sweden) was used as a light
source; the excitation power was 13 mW. All spectroscopic
measurements were carried out at 20 + 1 °C. Ultrafast transient
absorption (TA) spectra were obtained using standard pump—probe
methods described previously.12h Following all pump—probe TA
experiments, electronic absorption spectra verified that the carbon
nanotube and polymer—nanotube superstructure samples were robust.

Computational Methods. Electronic absorption spectra of 4 and
8 nm long [(6,5) SWNT] segments, having respective oxidation states
of +2 and +4, were calculated using time-dependent density functional
theory (TD-DFT//B3LYP/6-31G; Gaussian-09 software package).14
Terminal C atoms of the SWNT segments were “capped” with H
atoms, and the structures were optimized using AMI basis functions.
Electronic transitions were obtained via TD-DFT calculations of 15—
24 excited states for these AMI-optimized structures using the
B3LYP/6-31G basis set.'> Further details are provided in the
Supporting Information.

Sample Preparation. Polymer-wrapped [(6,5) SWNT] samples
were prepared and purified following procedures described earlier."*
For the cyclic voltammetric experiments, an aqueous solution (2 mL,
~1 mg/mL) of the polymer-wrapped [(6,5) SWNTs] sample was
reacted with 50 uL 15-C-5 crown ether, after which the solvent was
removed under vacuum. The resulting sticky green solid was
redissolved in 1 mL of MeOH, drop casted (S 4L X 3) on the glassy
carbon electrode, evaporated under a stream of N, gas, and then dried
under vacuum. Likewise, samples for redox reagent titration
experiments were prepared as follows: to an aqueous solution (4
mL, ~1 mg/mL) of S-PBN(b)-Ph;-[(6,5) SWNTs], S0 L of 15-C-S
crown ether was added, after which the solvent was removed under
vacuum. The resulting solid was mixed with 20 mg of the bulky
amphiphilic counterion (Chart S1) in a 1:1 DMSO:MeOH solvent
mixture at 60 °C. The resulting precipitate was filtered and washed
(7:3 THF:MeOH; 30 mL) through a 0.20 ym hydrophobic PTFE
membrane (Millipore-FGLP) to remove the excess of free counter-
cation.

Cyclic Voltammetric Studies of Polymer and Polymer-
Wrapped (6,5) SWNT Samples. Electrochemical measurements
were carried out using a literature procedure widely adopted for
electrochemical characterization of conjugated semiconducting poly-
mers.'® Cyclic voltammetric data were recorded using a single-
compartment electrochemical cell and a standard three-electrode
configuration that utilized a glassy carbon working electrode, a
platinum wire counter electrode, and a Ag/AgCl (3 M KCl) reference
electrode. The reference electrode was separated from the bulk
solution by a junction bridge filled with the corresponding solvent/
electrolyte solution. The ferrocene/ferrocenium redox couple was
utilized as an internal potentiometric standard. Electrochemical
measurements utilized tetra-n-butylammonium hexafluorophosphate
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(0.1 M) as the electrolyte in anhydrous CH,Cl, solvent under argon.
For each polymer and corresponding polymer-wrapped [(6,5) SWNT]
sample, cathodic and anodic half cycles (S0 mV/s) were scanned
separately. Further detail concerning these experiments is provided in
the Supporting Information.'®

B RESULTS AND DISCUSSION

Figure 1 describes the potentiometrically determined HOMO
and LUMO energy levels of S-PBN(b)-Ph;, S-PBN(b)-
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Figure 1. Potentiometrically determined HOMO and LUMO energy
levels (relative to the Fc/Fc' redox couple, used as an internal
standard) of the S-PBN(b)-Phs, S-PBN(b)-Ph,PhCN, S-PBN(b)-
Ph,PZn, polymers, along with the valence and conduction band
energies of their corresponding polymer-[(6,5) SWNT] super-
structures. Experimental conditions: CH,Cl, solvent, 0.1 M TBAPF,
50 mV/s scan rate, glassy carbon working electrode, Ag/AgCl
reference electrode.

Ph,PhCN, S-PBN(b)-Ph,PZn, polymers, along with the
valence and conduction band energies of their corresponding
polymer-[(6,5) SWNT] superstructures (Supporting Informa-
tion, section SI-5). Oxidation potentials measured for S-
PBN(b)-Ph,-[(6,5) SWNT] and S-PBN(b)-Ph,PhCN-[(6,5)
SWNT] samples were essentially identical (~0.0 V); note that
the SWNT valence band energy levels of these polymer-SWNT
superstructures reside at significantly lower potential than that
of the potentiometrically determined HOMO energy levels of
their respective, corresponding polymers. The potentiometri-
cally determined HOMO—LUMO energy gaps for these S-
PBN(b)-Ph.-[(6,5) SWNT], S-PBN(b)-Ph,PhCN-[(6,5)
SWNT], and S-PBN(b)-Ph,PZn,-[(6,5) SWNT] constructs
(Figure 1) track with the magnitudes of their respective Egy —
E,, transition energies, which are diminished with respect to
that determined for classic, surfactant-dispersed (6,5) SWNT
samples (Figure S1).M! Reacting S-PBN(b)-Ph;-[(6,5) SWNT]
and S-PBN(b)-Ph,PhCN-[(6,5) SWNT] samples with K,IrCl,
(+0.87 V vs NHE in H,0; ~0.65 V vs SCE; ~0.2 V vs Fc/
Fc*)" causes bleaching of the Ey — E,; transition at 1000 nm
(Figures 2A, B) indicating oxidation of the underlying [(6,5)
SWNTs];*>"® note that in these experiments, the polymer that
helically wraps the SWNT surface remains unoxidized, as no
significant bleaching of the 7—z* transitions at ~400 nm can be
detected (Figure 2A-B). While a potentiometrically determined
conduction band energy level of —1.58 V (vs Fc/Fc*) was
ascertained for S-PBN(b)-Phs-[(6,5) SWNTs] (Figure 1),
note that the corresponding potential for S-PBN(b)-
Ph,PhCN-[(6,5) SWNTs] is stabilized by 180 mV: this
perturbation to the SWNT conduction band energy level is
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Figure 2. UV—vis—NIR steady-state absorption spectra that chronicle
the oxidative titration of: (A) S-PBN(b)-Phs-[(6,5) SWNTs], (B) S-
PBN(b)-Ph,PhCN-[(6,5) SWNTs], and (C) S-PBN(b)-Ph,PZn,-
[(6,5) SWNTs] with K,)IrClg (aqueous solvent). Panel A—C insets
correlate the observed electronic absorption spectrum with the oxidant
concentration present. Experimental conditions: [(6,5) SWNT] ~72.3
nM; SWNT length = 700 + S0 nm; argon atmosphere; T = 25 °C;
optical path length = 2 mm.

attributed to the electronic structural impact of the S-PBN(b)-
Ph,PhCN polymer that wraps the nanotube surface.

Previous work establishes that metathesis reactions that
replace the sulfonate counterion (sodium) of these polymer-
SWNT superstructures (Chart 1) with appropriate bulky
amphiphilic counterions provide corresponding organic solvent
soluble polymer—nanotube hybrids (Supporting Informa-
tion).'”® Redox titration experiments in which S-PBN(b)-
Ph,PhCN-[(6,5) SWNTs] were reacted with samarium iodide
(—=1.45 V vs Fc/Fc*)" in THF solvent also evinced bleaching
of the SWNT E,, — E,, transition, with no reduction evident
of the S-PBN(b)-Ph,PhCN polymer that wraps the nanotube
surface (Supporting Information, section SI-8). Similar experi-
ments carried out with S-PBN(b)-Ph,PZn,-[(6,5) SWNTs]
(Figure 1; Supporting Information) demonstrate that polymers
that helically wrap the SWNT surface can also be designed that
destabilize the nanotube valence band energy level. Related
data obtained for other examples of polymer—nanotube hybrid
structures suggest that the SWNT exciton binding energy
(E5)"*° can be impacted by the polymer-SWNT interaction.
Congruent with these results, these experiments demonstrate a
EY, value of 0.19 eV for S-PBN(b)-Ph,PhCN-[(6,5) SWNTs],
0.24 eV lower in energy than the benchmark value for 0.43 eV
surfactant-dispersed [(6,5) SWNTs].*

To further elucidate the optoelectronic properties of oxidized
[(6,5) SWNTs] in these S-PBN(b)-Ph,-[(6,5) SWNT], S-
PBN(b)-Ph,PhCN-[(6,5) SWNT], and S-PBN(b)-Ph,PZn,-
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[(6,5) SWNT] superstructures, oxidative titration experiments
were carried out in both aqueous and nonaqueous solvent and
monitored over the UV—vis—NIR (300—2300 nm) spectral
regime (Figures 2 and S8B); corresponding NIR emission and
Raman spectral data can be found in the Supporting
Information (Figures S6, S7, S10). Figure 2 electronic
absorption data that chronicle the oxidative titration of S-
PBN(b)-Ph,-[(6,5) SWNT], S-PBN(b)-Ph,PhCN-[(6,5)
SWNT], and S-PBN(b)-Ph,PZn,-[(6,5) SWNT] superstruc-
tures highlight: (i) a progressive diminution of both the Ey, —
E,,%182 and Ey — E,,®!821¢ transition oscillator strength
with increasing oxidant concentration; (i) that a plateau
oscillator strength value for these transitions is reached at an
identical oxidant concentration (~17 uM for a 72.3 nM
concentration of 700 nm-long (6,5) SWNTs; shown with an
arrow in Figure 3A); (iii) spectral blue shifts of the Eqy — E;,>!
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Figure 3. Oxidative titration data highlighting: (A) the progressive
diminution of the Egy — E|; transition oscillator strength and (B) the
magnitude of the Ey — E;; spectral blue shift observed with
increasing oxidant concentration (Figure 2) for these polymer-[(6,5)
SWNTT] superstructures. The arrow in Panel A indicates that beyond
this point of the titration, AOD is minimal. Experimental conditions:
[(6,5) SWNT] ~72.3 nM; SWNT length = 700 + SO nm; argon
atmosphere; T = 25 °C.

transition energy that range from ~12—32 cm™' (Figure 3B)
over the course of these oxidative titrations, and (iv) the rise of
a new low energy transition at ~1150 nm®**'** the oscillator
strength of which tracks with increasing oxidant concentration.

Data summarized in Figure 3 indicate that both S-PBN(b)-
Ph-[(6,5) SWNT] and S-PBN(b)-Ph,PhCN-[(6,5) SWNT]
samples in aqueous media show ~72% and ~32% bleaching of
their respective initial Ej, = E;; and Ey — E,, oscillator
strengths at an oxidant concentration of ~17 uM (K,IrCly);
related theoretical work by Spataru and Léonard predicts that at
a doping level of 0.6 h/nm, the Eyy — E;; and Eyy = Ej,
transition oscillator strengths should feature respective 83% and
30% reductions relative to that for a neutral SWNT.>'* Note
that an oxidant concentration of ~17 uM corresponds to ~1
hole per 2.75 nm [(6,5) SWNT] (or ~0.36 h/nm): at this
oxidation level, each possible excitonic site of a neutral SWNT
(~2.0 + 0.7 nm in dimension)****” is doped with one hole,
and further increases in oxidant concentration do not
significantly effect in the E,y — E;; and Ey, — E,, excitonic

transition oscillator strengths. While earlier work'®*® and the

data summarized in Figures 2 and 3 (see also Supporting
Information) emphasize that the experimentally accessible hole
density in an oxidized semiconducting SWNT depends on the
redox potential of the oxidant, the oxidant concentration, and
the energy of the SWNT valence band (i.e, SWNT chirality),
these results indicate that the SWNT hole polaron delocaliza-
tion len§th (2.75 nm) is similar to that for the neutral SWNT
exciton.”"%*

For these S-PBN(b)-Ph-[(6,5) SWNT], S-PBN(b)-
Ph,PhCN-[(6,5) SWNT], and S-PBN(b)-Ph,PZn,-[(6,5)
SWNT] superstructures, the Ey, — E,; transition energy
manifests a blue shift upon oxidation. Theoretical work by
Spataru and Léonard predicts that while oxidation of a
semiconducting SWNT increases the Ey, — E;; transition
energy, significant reductions in the potentiometric band gap
(E%) and exciton binding energy (E%) result from conduction
band stabilization (Figure 4);*'° the extent of these transition

2
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Figure 4. Energy diagrams illustrating the potentiometric band gap
(ES) and exciton binding energy (E!) for the S-PBN(b)-Phs-[(6,5)
SWNT] superstructure for neutral (left) and oxidized (right, ~0.36 h/
nm) states; numerical values noted are determined from experimental
data. The occupied valence electronic states are represented with gray-
shaded areas, and the excitonic states are denoted with green lines.
The highest occupied energy level of the oxidized SWNT was aligned
with that of the neutral structure.”'¢ Cross polarized Ey, — E,; and
Ey, — Ey, transitions are shown in purple arrows,” and the intraband
transitions (within the depleted v,) are highlighted in red arrows.

and band energy perturbations tracks with the changes in the
magnitude of dielectric screening that derives from nanotube
hole doping. Using a classical band diagram picture,”® Figure 4
highlights how E§;, and E}, are impacted®'® for a S-PBN(b)-
Ph;-[(6,5) SWNT] superstructure oxidized to achieve a hole
density of ~0.36 h/nm. A hole-doped, depleted v, (Figure 4) is
expected”’ to increase the Ey, — E,; transition energy; the
corresponding Fermi level transition (AE};; Figure 4) that
appears in the far-IR at <100 cm™' has previously been
identified in free carrier doped SWNTs (see Supporting
Information, sections SI-9 and 10).2° The magnitude of the
Fermi level transition energy (<10 meV) matches the ~9—16
meV blue shift observed for the Ey, — E; transition due to v,
band depletion upon oxidation of S-PBN(b)-Phs-[(6,5)
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SWNT] and S-PBN(b)-Ph,PhCN-[(6,5) SWNT] samples
(Figure 2B); in this regard it is interesting to note that the
predicted increase in the Ey, — E,; transition energy for a
semiconducting SWNT oxidized to a hole density of 0.6 h/nm
is ~0.1 eV).>'° Data summarized in Figures 2, 3B, and S9B
suggest that the magnitude of this Eyy — E,; blue shift (i.e., the
observed increase in Eyy — E,; transition energy that occurs
with hole doping) can be impacted by both the electronic
structure of the charged, semiconducting polymer®” that wraps
the SWNT surface and the solvent dielectric: such findings have
heretofore lacked precedent. In contrast, due to large Franck—
Condon overlap, exciton relaxation via NIR emission populates
the highest-lying v, electronic states. Consistent with this
expectation, NIR emission spectroscopic data (Figures S6 and
10) that probe S-PBN(b)-Phs-[(6,5) SWNT] samples in
aqueous and CH,CI, solvents as a function of oxidant
concentration demonstrate that the E;; — Eg, transition
energy (~1.24 eV) remains invariant relative to that for the
neutral (6,5) SWNT (Figure 4).

A prominent spectroscopic feature of oxidized SWNTs is the
appearance of a new low-energy electronic absorption®>'*"
approximately 155—168 meV to the red of the E,, — E,
transition. For aqueous S-PBN(b)-Phs-[(6,5) SWNT] and S-
PBN(b)-Ph,PhCN-[(6,5) SWNT] samples and S-PBN(b)-
Phs-[(6,5) SWNTs] in CH,Cl, solvent, this low-energy
transition is centered at 1156 nm, 168.5 meV lower in energy
than the E,y — E;; transition (999 nm) observed for the
corresponding neutral SWNT superstructures. For S-PBN(b)-
Ph,PZn,-[(6,5) SWNTs), this transition characteristic of
oxidized (6,5) SWNTs appears at 1167 nm, 155.6 meV lower
in energy than the corresponding Ey, — E; transition observed
for the neutral polymer-wrapped SWNT superstructure (1018
nm; Figure 2). For these S-PBN(b)-Ph,-[(6,5) SWNT], §-
PBN(b)-Ph,PhCN-[(6,5) SWNT], and S-PBN(b)-Ph,PZn,-
[(6,5) SWNT] samples, this electronic absorption character-
istic of oxidized (6,5) SWNTs: (i) does not display a transition
energy dependence upon oxidant concentration, indicating that
single species gives rise to the observed absorption; (ii) features
a maximum oscillator strength ~1/7 of that observed for the
corresponding neutral [(6,5) SWNT] Ey, — E,; transition; and
(i) shows no discernible transition energy dependence upon
the solvent dielectric.

Pioneering work by Tretiak established that SWNT excitonic
transitions can be simulated using the TD-DFT method."
Similar TD-DFT calculations carried out on a 4 nm-long bare
[(6,5) SWNT]*" model segment predict transitions of low
oscillator strength at 1066 and 1210 nm, 266 and 404 meV to
the red of the Eyy — Ey; like transition; as a 4 nm long [(6,5)
SWNT] is of insufficient length to drive formation of
semiconducting bands, these computed transitions formally
involve respective [H-11 — LUMO (93%), H-9 - LUMO
(4%)], and [H-9 — LUMO (93%), H-11 — LUMO (4%)]
excitations (see Supporting Information, section SI-9; Figure
S13; note that in these computed transitions that the orbital
referred to as the LUMO of the [(6,5) SWNT]** model
structure corresponds to the HOMO for the analogous 4 nm-
long neutral [(6,5) SWNT]® model segment). Likewise, these
TD-DFT calculations carried out for this hypothetical 4 nm-
long bare [(6,5) SWNT]*" species also predict transitions at
1666 and 1759 nm, 685 and 724 meV red to the Ey, — E;; like
transition, involving respective [H-7 — LUMO (60%), H-S —
LUMO (36%)], and [H-7 — LUMO (38%), H-5 — LUMO
(59%)] excitations. As SWNT segment length increases beyond

this 4 nm-long model system for the [(6,5) SWNT] hole
polaron state, TD-DFT computed electronic transition energies
will diminish as the density of discrete molecular orbitals
characteristic of this calculation increases® and eventually
coalesces to form bands,* as highlighted in Figure 4. Based on
these considerations and the computed spectral transitions for
the 4 nm-long bare [(6,5) SWNT]* model, a hypothetical
(and computationally inaccessible) TD-DFT calculation for an
infinitely long [(6,5) SWNT] would be expected to show the
coalescence of the 1066 and 1210 nm transitions as well as the
1666 and 1759 nm transitions: these band—band absorptions
correspond to the Ey, — Ey, and E{,1 - E¥l (filled v,-to-vacant

v,) transitions shown in Figure 4. Given the close
correspondence between computed and observed electronic
transitions, the experimental absorptions observed at ~11S55
nm (Figure 2) and 3400 cm™" (Figure S14) for the S-PBN(b)-
Phy-[(6,5) SWNT] superstructure oxidized to achieve a hole
density of ~0.36 h/nm are thus assigned respectively to these
Ey, — Ey and E{,l — Ey, transitions. Although this ~1155 nm

transition has been associated previously with trion (bound
hole-exciton) generation,ma’b the spectroscopic and dynamical
data acquired as a function of solvent dielectric and nanotube
hole polaron density chronicled herein, coupled with these
computational studies, suggest that this transition is best
described as Ey, — Ey.

Figure S displays representative TA spectral data obtained for
oxidized (0.36 h/nm) and neutral S-PBN(b)-Phs-[(6,5)
SWNTs] in aqueous solvent, following E,, — E,, excitation.
Previous studies established the TA spectral signatures of
neutral (6,5) SWNTs over the 900—1400 nm spectral domain;

1A [ S-PBN(b)-Phs-(6,5) in D20 |

—0.38 ps — 1.03 ps
3.1 ps—10.4 ps
53.2 ps — 170.0 ps

— -Inverted linear abs

-300 | Y . :
30 B 1 1 ! 1
S-PBN(b)-Phs-(6,5)
201 ‘ KzIrCls/D20 T
\
T ————

AAbs (mOD)

—0.38 ps —1.03 ps
3.11 ps—10.4 ps
53.2 ps —170.0 ps

— ‘Inverted linear abs

900 1000 1100 1200 1300 1400
Wavelength (nm)

Figure 5. Representative TA spectra obtained for: (A) neutral S-
PBN(b)-Phs-[(6,5) SWNTs] and (B) S-PBN(b)-Ph-[(6,5)
SWNTs] oxidized to provide a hole polaron density of 0.36 h/nm,
in aqueous solvent, at the time delays noted. Experimental conditions:
(panels A, B) A, = 580 nm; pulse energy = ~200—550 nJ/pulse;
[(6,5) SWNT] = 84.6 nM; nanotube length = 700 + 50 nm; T = 20
°C; magic angle polarization; (panel B) [K,IrCl¢] = 66.7 uM. Scaled
steady-state absorption spectra (inverted dashed lines) are displayed
for comparison.
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these include a dominant Ey,y — E;; bleach (1000 nm) and
three TA bands, observed to the red of this band at ~1100,
~118S, and 1200—1400 nm (Figure SA).”2°P On the other
hand, TA spectra obtained for oxidized S-PBN(b)-Phs-[(6,5)
SWNTs] that feature a hole polaron density of 0.36 h/nm
manifest ground-state bleaching (GSB) bands centered at both
~1000 and ~1150 nm as well as a TA signature having an
absorption maximum near 1200 nm and a band shape that tails
deeply into the NIR (Figure SB); we note that earlier work has
ascribed some of the long wavelength transient absorptive
spectral features to Eqy — B, transitions.”'* A prominent
feature of these GSB bands observed for oxidized (6,5) SWNTs
is their spectral breadth. Note that the full-width-at-half-
maximum (fwhm) determined at ty,, ~ 1 ps for the intense
bleaching band manifold centered at 1000 nm (fwhm = 900
cm™) for oxidized S-PBN(b)-Ph,-[(6,5) SWNTs]: the
spectral breadth of this transition exceeds that determined for
the analogous GSB band of neutral S-PBN(b)-Ph-[(6,5)
SWNTs] by more than 500 cm™ in aqueous solvent at an
equivalent time delay. It is also noteworthy that the transient
NIR spectral features characteristic of oxidized S-PBN(b)-Ph;-
[(6,5) SWNTs] (ie., the GSB at 1000 nm and the TA band
centered near 1200 nm) in aqueous solvent resemble closely
the analogous signals observed for identical pump—probe
experiments carried out in CH,Cl, solvent (Figure S15); these
TA spectral data, obtained over time delays ranging from 0.3 to
200 ps, thus indicate that the electronic transitions character-
istic of oxidized S-PBN(b)-Ph,-[(6,5) SWNTs] manifest little
solvatochromism. With respect to the excited-state dynamics of
oxidized (0.36 h/nm) S-PBN(b)-Phs-[(6,5) SWNTs], these
experiments demonstrate: (i) like that observed for neutral S-
PBN(b)-Ph,-[(6,5) SWNTs], the time constant for E,, — E;;
internal conversion occurs within the duration of the laser pulse
(<100 fs)**3! (Figure S16), and (ii) that the decay rate of the
GSB signal intensity at 1000 nm is faster for oxidized (6,5)
SWNTs with respect to that determined for neutral (6,5)
SWNTs (Figures S and S16). Multiexponential fitting of the
GSB recovery dynamics reveals that for neutral S-PBN(b)-Ph,-
[(6,5) SWNTs]: (time constant, 7 (relative amplitude) 7; = 1.5
ps (0.55), 7, = 11.1 ps (0.25), 7; = 59.4 ps (0.15), and 7, > 3 ns
(0.05); in contrast, for oxidized (0.36 h/nm) S-PBN(b)-Ph;-
[(6,5) SWNTs], 7, = 0.8 ps (0.69), 7, = 5.5 ps (0.17), and 7, =
55.8 ps (0.14). Note that only neutral (6,5) SWNTs evince ns
time scale GSB recovery dynamics. These results are consistent
with the existence of SWNT hole polaron states that are both
delocalized and mobile® and congruent with the fact that even
modest SWNT hole dopant can drive complete emission
quenching (Figure S6).>">*

B CONCLUSION

In summary, we have utilized three electronically distinct
semiconducting polymers, previously established to wrap
SWNTs in an exclusive left-handed helical fashion to provide
S-PBN(b)-Ph-[(6,5) SWNT], S-PBN(b)-Ph,PhCN-[(6,5)
SWNT], and S-PBN(b)-Ph,PZn,-[(6,5) SWNT] superstruc-
tures,""'?8 to interrogate the optoelectronic properties of
oxidized [(6,5) SWNTs]. Cyclic voltammetric experiments
were used to directly determine the SWNT valence and
conduction band energy levels in these assemblies; these
studies demonstrate that SWNT potentiometric properties can
be modulated by the nature of the electronic structure of the
semiconducting polymer that wraps its surface and thereby
define a new approach by which to regulate the magnitudes of

SWNT exciton binding energies. Redox titration experiments
establish electronic transitions uniquely associated with the
SWNT hole polaron state and determine a hole polaron
delocalization length of 2.75 nm for (6,5) SWNTSs. Analysis of
these electronic spectroscopic and potentiometric data acquired
for oxidized (6,5) SWNTs within the context of a theoretical
model developed by Spataru and Léonard*'S and TD-DFT
simulated transitions for a 4 nm-long bare [(6,5) SWNT]*"
model structure strongly suggest that the experimental
absorptions observed at ~1155 nm (Figure 2) and ~3400
cm™' (Figure S14) for these polymer-[(6,5) SWNT] super-
structures oxidized to achieve a hole densities of ~0.36 h/nm
can be assigned to Ey, — Ey; and E{,1 - E¥l transitions.

Pump—probe TA spectroscopic data obtained for oxidized
(6,5) SWNTSs demonstrate: (i) a ground-state bleaching band
centered at 1000 nm that is substantially broader than that
determined for the analogous ground-state bleach observed for
electronically excited neutral (6,5) SWNTs at equivalent time
delays; (ii) that the prominent TA spectroscopic signals
characteristic of the (6,5) SWNT hole polaron state are
insensitive to the solvent dielectric environment; and (iii) faster
ground-state bleach recovery dynamics consistent with SWNT
hole polarons that are both delocalized and mobile. As these
findings determine steady-state and transient electronic
absorptive spectroscopic signatures that are uniquely associated
with the (6,5) SWNT hole polaron state, this work enables
more detailed characterization of charge-transfer reactions
involving SWNTs and provides new insights for engineering
the electronic structural properties of hybrid semiconducting
polymer—nanotube assemblies.
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