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ABSTRACT: We investigate the thermodynamic driving-force dependences of photoinduced charge separation (CS) and
subsequent charge transfer dynamics in single-walled carbon nanotube (SWNT)-perylenediimide (PDI) donor-acceptor (D-
A) superstructures. Pump-probe spectroscopy reveals that [SWNT(+]-(PDI-*), CS states form on an ~100 fs time scale
following photoexcitation; these dynamics are invariant across an ~400 mV driving force range, indicating that SWNT hole
polaron formation time scales are determined by nanotube lattice and solvent relaxation. These CS states feature SWNT hole
polarons adjacent to (geminate) and nearby (nongeminate) PDI radical anions. Analysis of the free energy dependence for
charge recombination (CR) of [SWNT*+]geminate.(PD]-*) CS states highlights an ~2 meV value for D-A electronic coupling (Has)
and ~0.93 eV for the total reorganization energy (Ar). A corresponding driving force dependence of the CR dynamics for
([SWNT-+]nongeminate.(PD]-*) CS states indicates a diminished Hag value (~0.6 meV) and a larger Ar (~1.1 eV), consistent with
larger transfer distances. SWNT excitons that persist following photoinduced CS drive photooxidation of PDI-* components
of [SWNT(*n]-(PDI-*)s CS states (1SWNT* + PDI*- — PDI + SWNT*-); this reaction manifests a significantly reduced Ar value
(~0.67 eV) as the initially prepared SWNT reduced state bears the character of a conduction band injected electron
([SWNT--]¢B). This reaction thus gives rise to relaxed, nongeminate SWNT electron and hole polarons on the same nanotube;
these polarons react on a 102 ps time scale independent of the electronic structure of these SWNT-PDI superstructures.

INTRODUCTION Excited-state dynamical studies illuminate the

The exceptional optical-? and electronic*® properties of
semiconducting single-walled carbon nanotubes (SWNTs)
fuel the development of new materials for energy
conversion.” 8 SWNTs support robust, room-temperature
stable excitons with quantized absorption energies
covering the ultraviolet-to-near-infrared spectral domain.>
912 Additionally, optical excitation of s-SWNT donor-
acceptor (D-A) systems leads to the formation of both
charge transfer states and highly mobile charges.!317 In
such SWNT D-A assemblies, the mix of photoinduced charge
separation (CS), charge migration, and thermal charge
recombination (CR) reactions make for complex dynamics.
Reactions of CS states with persistent s-SWNT excitons are
known to drive the formation of exotic quasiparticles, and
to propel further charge transfer reactions, due to the
significant excited-state reduction (*E-/*) and excited-state
oxidation (1E*/*) potentials of these transient states.!. 18

exceptional scope of light-triggered reactions in carbon
nanotube charge transfer systems (Figure 1) for SWNT-
based molecular D-A hybrid superstructures in which the
spatial organization on the nanotube surface and
stoichiometry of perylene diimide (PDI) electron acceptors
are fixed.®® SWNT Eoo—E11 excitation produces a
photoinduced CS state characterized by an initially
prepared valence band injected hole (Figure 1A). SWNT
lattice and solvent nuclear relaxation drive formation of
hole polarons (local lattice distortions caused by the
positive charges) adjacent to (geminate) and nearby
(nongeminate) perylene diimide radical anions. In solution,
nanotube hole polarons have delocalization lengths on the
order of a few nm.1® These geminate and nongeminate CS
states manifest different CR dynamics;® under dilute
exciton conditions, the dynamical processes described in
Figure 1A-C illustrate the scope of light-triggered CS and
thermal CR reactions. However, commonly used pulsed
laser excitation conditions that trigger photoinduced



electron transfer (ET) reactions in SWNTs generally
produce CS states in the presence of excess, unreacted, and
highly mobile excitons.'8 Figure 1D-E highlights that under
conditions in which excess excitons persist following CS,
PDI radical anions undergo a multi-body reaction with
excess excitons (SWNT 1Ei:* + PDI-*— SWNT*- + PDI): this
photooxidation reaction enabled by the substantial SWNT
exciton excited-state reduction (E-/*) potential gives rise to
a neutral PDI and a SWNT electron polaron (SWNT*-). For
geminate CS states (Figure 1D), the SWNT electron polaron
recombines rapidly with a SWNT hole polaron (SWNT-+).
For nongeminate CS states (Figure 1E), the SWNT !Ei11" +
PDI-*— SWNT*- + PDI reaction produces more distant
SWNT+ and SWNT*- states, which recombine via a
mechanism that involves polaron migration.!8

Here, we elucidate further mechanistic insights for the
reactions described detailed in Figure 1 in closely related
SWNT superstructures in which both SWNT and PDI
electronic structure are modulated. These excited-state
dynamical studies systematically vary the thermodynamic
driving forces the reactions indicated in Figure 1 and shed
new light on the nature of light-driven ET reactions in
SWNT-based D-A systems.

RESULTS AND DISCUSSION

Figure 1A describes the archetypal R-PBN(b)-Phs-PDI-
[(6,5) SWNT] superstructure. In this composition, the R-
PBN(b)-Phe polymer wraps the SWNT surface with a fixed
helical pitch (~10 nm) and in a single-handed fashion;
because of the nature of the polymer repeat unit, this
superstructure features ~4 nm PDI-PDI center-to-center
separation distances and ~175 PDI units organized on the
length-sorted and 700 nm-long (6,5) SWNT surface.!3 18 20-
23 Figure 2A highlights electronic structural modulation of
the parent R-PBN(b)-Phe-PDI polymer derived from PDI bay
region substitution.2427 Pairing these polymers with either
(6,5) or (7,6) SWNTs produces superstructures akin to R-
PBN(b)-Phe-PDI-[(6,5) SWNTs], while varying the
[SWNT]-/9, [SWNT]*/+, [PDI]-/%, [SWNT]-/*, and [SWNT]%/*
potentials that characterize these assemblies (Figure 2B).
These R-PBN(b)-Phe-PDI-[(7,6) SWNT], R-PBN(b)-Phs-
(Ph(CF3)2)2-PDI-[(7,6) SWNT], R-PBN(b)-Phs-PDI-[(6,5)
SWNT], R-PBN(b)-Phe-(OPh)2-PDI-[(6,5) SWNT], and R-
PBN(b)-Phe-(Ph(CF3)2)2-PDI-[(6,5) SWNT] superstructures
modulate the thermodynamic driving forces for ultrafast CS,
thermal CR reaction, and persistent exciton driven PDI
radical anion photooxidation triggered upon SWNT E¢o—E11
excitation. Femtosecond pump-probe transient absorption
spectroscopy experiments were performed using excitation
fluences that produce initially prepared SWNT exciton
densities of ~4 and ~10 excitons per 100 nm.18
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Figure 1. R Schematic illustration of (A) exciton generation,
light-triggered formation of the initially prepared charge
separated (CS) state, and subsequent polaron formation
dynamics that give rise to CS states characterized by SWNT
hole polarons both geminate and nongeminate to a PDI-*.18 (B-
C) Thermal charge recombination (CR) reactions and (D-E)
multibody processes that promote additional charge transfer
(CT) reactions characterized in the benchmark R-PBN(b)-Phs-
PDI-[(6,5) SWNT] superstructure. Under low excitation
fluences that produce dilute (<4 excitons per 100 nm) exciton
concentrations (B) geminate CS states exhibit ~10! ps time
scale thermal CR dynamics, while (C) nongeminate CS states
manifest thermal CR on an ~102 ps time scale.18 As excitation
fluence is increased into a regime (> 8 excitons per 100 nm)
where SWNT excitons persist following light-triggered CS (D-
E), a multi-body driven CT reaction—exciton driven PDI radical
anion photooxidation—becomes important. (D) For geminate
CS states, SWNT E11 excitons mediate a decay channel for the
PDI-* population that is reflected as a fast (~101! ps) decay of
the PDI-*—PDI-** transient absorptive signal, producing a
SWNT electron polaron (SWNT*-), which recombines rapidly
(< 1 ps) with its geminate SWNT hole polaron (SWNT-+)
partner.18 (E) When excess excitons react with nongeminate CS
states, this multi-body interaction also causes the decay of the
transient PDI-* signal on the 10! ps time scale, but instead
produces a SWNT electron polaron nongeminate to a SWNT
hole polaron; CR dynamics of these nongeminate SWNT-- and
SWNT"+ states occur on the order of 102 ps.18
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Figure 2. (A) Structure of R-PBN(b)-Phe-X2-PDI polymers; X denotes the PDI bay region substituent (X = OPh, teal; X = H, black; X =
Ph(CF3)2, orange). (B) Ground- and excited-state redox potentials of isolated and characterized polymer-wrapped SWNT
superstructures. (C) Representative three-dimensional transient absorbance spectra of R-PBN(b)-(OPh):-PDI-[(6,5) SWNTs]
highlighting the respective PDI radical anion and SWNT polaron transient absorbative spectroscopic signatures at 780 and 1160 nm,
observed following SWNT Eoo—E11 photoexcitation (1000 nm).13.18,23 The inset illustrates the PDI radical anion and the SWNT hole
polaron states that are spectroscopically monitored. (D) Energy level diagram depicting thermodynamic driving forces for
photoinduced CS, thermal CR, and persistent SWNT E11 exciton driven PDI radical anion photooxidation for the R-PBN(b)-(OPh).-
PDI-[(6,5) SWNT system. Photoinduced charge separation (red arrow) produces CS states characterized by a SWNT hole polaron
and a PDI radical anion. These CS states can either undergo a thermal charge recombination reaction (green arrow) or can react
through a multibody mediated process in which excess excitons drive PDI radical anion photooxidation and produce a SWNT
electron polaron (SWNT 1E11* + PDI-*= SWNT*- + PDI, blue arrow).



PHOTOINDUCED CHARGE SEPERATION

Under an excitation fluence that prepares an initial
exciton density of ~4 excitons per 100 nm, ultrafast CS
reactions consume the exciton population ([SWNT !E11"]-
(PDI) — [SWNTC#"]-(PDI*)s) (Figure 1A).13 18 The
respective transient absorptive signatures of the PDI radical
anion and the SWNT hole polaron allow each component of
these ([SWNTC+n]-(PDI-*)x CS states that are prepared
following SWNT Eoo—E11 excitation to be tracked
independently.18 In this light-triggered reaction, the initially
prepared CS state features a SWNT valence band hole
([SWNTC+n]VB; Figure 3A). On a ~100 fs time scale,
nanotube lattice relaxation coupled with sub-ps time scale
solvent polarization produces SWNT hole polarons
([SWNTC*n]VB-(PDI-*)n = [SWNTC*n]-(PDI-*)s).18 Since only
the relaxed polaron is spectroscopically observable, light-
triggered CS dynamics (kes) display no apparent driving
force dependence (1.38 x 1012 s-1 <kcs< 2.31 x 1012 s71) over
the ~400 mV driving force range probed in these
experiments (Figure 3B). Consistent with this model, the
rise time of the PDI radical anion is approximately 5-fold
faster than that of the SWNT polaron, but convoluted with
the instrument response function (Supporting Information,
pp- S74-83).
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Figure 3. (A) Schematic depiction of the initially prepared
photoinduced charge separated states ([SWNT 1E1:*]-(PDI) —
[SWNTC+n]VvB-(PDI-*)n) and the subsequent nuclear and
solvent relaxation dynamics that give rise to formation of
relaxed hole polarons [SWNT(#*n]VB-(PDI-*)y — [SWNT(*n]-
(PDI=*)n) on a ~10-1 ps timescale.These relaxation dynamics
result in CS states in which the nanotube hole polaron is either
geminate or nongeminate to a PDI-*. (B) Thermodynamic
driving force dependence of the charge separation rate
constant (kcs), indicating that the observed dynamics reflect
near-uniform polaron formation time scales.

THERMAL CHARGE RECOMBINATION OF GEMINATE
SWNT HOLE POLARONS AND PDI RADICAL ANIONS

Geminate CS states (Figure 3A, bottom right) and
nongeminate CS states (Figure 3A, bottom left) are
produced in near-equal populations under reaction
conditions in which SWNT Ei1 excitons are dilute (~4
excitons per 100 nm); thermal charge recombination of
these geminate and nongeminate CS states may be
distinguished dynamically.’® CR of geminate ([SWNT(*n]-
(PDI-*)n) CS states (Figure 4A) displays a driving force
dependent CR rate constant (k&™) that can be
modulated over two orders of magnitude (2.97 x 1010 s-1 <
K& < 1,70 x 1011 s571) for the compositions described in

Figure 2B. Figure 4B, which plots k%™ as a function of
thermodynamic driving force, suggests a total

reorganization energy (Ar) of ~1 eV for this reaction. The
SWNT inner sphere reorganization energy is small (Ai < 100
meV) due to the high symmetry, rigid nature, and electronic
band structures of these compositions which make possible
substantial charge (polaron) delocalization lengths.1 3. 15 19
The magnitude of the evaluated Ar is thus congruent with
classical electrostatic dielectric continuum model
calculations that determine that Ar is dominated by an outer
sphere reorganization energy (Ao) contribution of ~1.0 eV
for this CR process (Supporting Information, pp. S85-86).
The Figure 4B data thus demonstrate that CR of geminate
PDI*-/SWNT*+ CS states (Figure 4A) occurs through an
uncomplicated ET mechanism that is described by semi-
classical Marcus theory.28 29
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Figure 4: (A) Depiction of a thermal CR reaction for a geminate
PDI radical anion/SWNT hole polaron CS state. (B)
Thermodynamic driving force dependence of the geminate CR
([SWNT-+]geminate-(PDI[-*) - SWNT + PDI) reaction rate constant
(kgemmate) magnitude. A nonlinear regression to the Marcus
equation (Supporting Information, pp. S88-90) provides
insight into the magnitude of electronic coupling (Has ~2 meV)
and the total reorganization energy (At ~0.93 eV).

THERMAL CHARGE RECOMBINATION OF
NONGEMINATE SWNT HOLE POLARONS AND PDI
RADICAL ANIONS

The thermal CR time scale for nongeminate [SWNT(+)n]-
(PDI-*)n CS states (~102 ps) evaluated under reaction
conditions in which SWNT E11 exciton reactants are dilute
(~4 excitons per 100 nm) (Figure 5) is approximately an
order of magnitude longer than the time scale determined
for geminate [SWNT(+n]-(PDI-*), charge separated states
(Figure 4B); these differences derive from the distance
dependences of the D-A electronic coupling and the reaction
reorganization energy. The data shown in Figure 5B
highlight the relatively weak thermodynamic driving force
dependence of thermal CR for nongeminate CS states (2.33
x109s-1 < Kpn 8™ < 1,41 x 1010 5-1), relative to that found
for thermal CR of geminate CS states (Figure 4B). Factors
that likely contribute to the observed soft dependence of

inat . o s .
kep 2" on thermodynamic driving force include the

nature of the s-SWNT valence band structure® 3. 1%30.31 and
the fact that nongeminate [SWNT(+n]-(PDI-*), CS states
manifest heterogeneity with respect to their CR distances.
This CR distance heterogeneity causes the magnitudes of D-
A electronic coupling and the associated reorganization
energies for these CR reactions to be nonuniform. Results
from dielectric continuum model calculations (Figure 5C)
find that small variations in PDI radical anion to SWNT hole
polaron distances change the magnitude of the
reorganization energy over an ~0.3 eV range.



Computational data (Supporting Information, pp. S88-90)
summarized in Figure 5C-D suggest that the driving force
dependence shown in Figure 5B for nongeminate
[SWNTCn]-(PDI-*)a CS states derives from Marcus normal
region behavior over driving forces near the barrierless
point.
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Figure 5: (A) Depiction of the thermal charge recombination
reaction involving a PDI radical anion and a nongeminate
SWNT hole polaron ([SWNTe+]nongeminate-(PD[-*) — SWNT +
PDI). (B) Thermodynamic driving force dependence of the
nongeminate charge recombination rate constant (kICmRngemmate)
magnitude. The nonlinear regression to the Marcus equation
provides insight into the magnitude of the effective electronic
coupling (Hag ~0.6 meV) and the total effective reorganization
energy (Ar~1.1eV). (C) Schematic depiction of results obtained
from classical electrostatic continuum model calculations
(Supporting Information, pp. S85-87) that assess the impact of
donor (PDI-*) to acceptor (SWNT*+) center-to-center distance
(Rpa) in nongeminate [SWNT(-+)n]-(PDI-*)» CS states upon the
extent of the reorganization energy (A). (D) Graphical
representation of the dependence of A on Rpa for thermal CR of
nongeminate [SWNT(+)n]-(PDI-*), CS states.

PHOTOINDUCED OXIDATION OF PDI RADICAL ANIONS
BY SWNT SINGLET EXCITONS

When excitation fluences prepare initial exciton densities
exceeding 4 per (100 nm), excitons persist (Figure 1D-E)
after ultrafast CS (Figure 3A).18 The substantial 1E-/*
potential of these SWNT singlet Ei1 excitons drives
photooxidation PDI radical anions. This multi-body reaction
involving an excess, persistent exciton and a PDI radical
anion produces a reduced SWNT state (SWNT !E11" + PDI-*—
SWNT Eoo- + PDI) (Figure 1 D-E).18 Figure 6A illustrates
this Ei11 exciton-driven PDI- photooxidation reaction
acquired under photoexcitation conditions that produce
~10 excitons per 100 nm for these 700 nm-long polymer-
wrapped SWNT superstructures. Importantly, when excess
excitons are present, the photooxidation of PDI radical
anions for both geminate and nongeminate CS states occurs
at an identical rate for a given R-PBN(b)-Phs-X2-PDI-[(n,m)
SWNT] superstructure. Over the driving force range noted
in Figure 6B, the rate constant (Kppi radical anion photooxidation) for
the SWNT 1Ei;* + PDI*—» SWNT Eoo~ + PDI reaction is
modulated over two orders of magnitude (3.17 x 1010 < kpp;
radical anion photooxidation < 1.90x 1011 S_l). These studies indicate
areorganization energy of ~0.67 eV for this reaction, much

smaller than that observed for CR of geminate [SWNT(+*)"]-
(PDI-*)a CS states (Figure 4).
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Figure 6: (A) Schematic depiction of photoinduced oxidation of
a PDI radical anion in a (SWNT*+)-(PDI-*) CS state through a
multibody reaction with a SWNT exciton (ASWNT* + PDI*- —
PDI + SWNT*-).This process occurs on the ~101 ps timescale
when excitons persist following charge separation. (B)
Thermodynamic driving force dependence of the rate constant
for SWNT 1E1:1 exciton photooxidation of the PDI radical anion
(kDI radical anion photooxidation). A nonlinear regression to the Marcus
equation provides insight into the magnitude of the effective
electronic coupling (Has ~2 meV) and the total effective
reorganization energy (Ar ~0.67 eV). A similar analysis using
the Jortner equation is described in the Supporting
Information. (C, left center) Image highlighting that
photooxidation of a PDI radical anion results in an initially
formed SWNT Eoqo- state that is best described as a conduction
band injected electron (1SWNT* + PDI*- - PDI + [SWNT--]B).
Because of its unrelaxed and delocalized nature, the
[SWNT--]cB state can undergo fast (~10-1 ps) charge
recombination with a nongeminate SWNT hole polaron;
excited-state dynamical data indicate ~10% of the hole
polarons associated with nongeminate (SWNT-+)-(PDI-*) CS
states are consumed in such a reaction (Supporting
Information, pp. S91-92). (C, right) Lattice and solvent
relaxation dynamics convert remaining [SWNT*-]CB states to
SWNT electron polarons on an ultrafast time scale, which can
form anywhere along the nanotube framework. Charge



recombination of nongeminate SWNT electron and hole
polarons (SWNT++ + SWNT*-— SWNT) occurs on an ~102 ps
time scale.

The thermodynamic driving force dependence of the kep
radical anion photooxidation I'ateé constant magnitude chronicled in
the Figure 6B data thus indicates an increased
delocalization length for the initially prepared, unrelaxed
SWNT Eoo- state that is instantly formed following PDI
radical anion photooxidation relative to that for the relaxed
SWNT hole polaron component of the CS state (Figure 6C,
left, center). Analogous to the valence band injected hole
([SWNT-+]"B) depicted in Figure 1A and Figure 3A,18 this
initially prepared SWNT Eoo- state, formed upon PDI radical
anion photooxidation, bears the character of a conduction
band injected electron ([SWNT*-]¢B); sub-ps SWNT lattice
and solvational relaxation dynamics result in SWNT
electron polaron formation ([SWNT*-]¢8 — SWNT*). A
consequence of this SWNT Eu1 exciton driven
photooxidation reaction (ISWNT* + PDI- — PDI +
[SWNT*-]¢B) that initially produces a [SWNT*-]¢B state with
augmented electronic delocalization compared to that of
the relaxed SWNT electron polaron state (SWNT*-) is that a
new decay channel opens for SWNT** components of
nongeminate [SWNTC+n]-(PDI-*), CS states on the ultrafast
time domain (Figure 6C, left, center). For the excitation
conditions described in Figure 6A, consistent with
previously published data, the reaction trajectory enabled
by the [SWNT:-]¢® state consumes ~10% of the hole
polarons associated with nongeminate (SWNT++)-(PDI-*) CS
states (Supporting Information, pp. S91-92).18 The
recombination dynamics of these nongeminate SWNT hole

inat
and electron polarons (Koo ma® ) occurs on an

polaron recombination

~102 ps time scale (Figure 6C, right).

THERMAL CHARGE RECOMBINATION OF
NONGEMINATE SWNT HOLE AND ELECTRON
POLARONS

The diffusion controlled recombination dynamics of
nongeminate SWNT*+ and SWNT*- charge carriers should
not depend strongly upon R-PBN(b)-Phs-X2-PDI-[(n,m)
SWNT] electronic structure as SWNT-/¢ and SWNT/+
potentials differ markedly from the corresponding one-
electron reduction and oxidation potentials of the
respective polymers that wrap the SWNT surface (Figure
2B). Indeed, the evaluated rate constants for nongeminate

nongeminate . .
CR (Kpotaron recombination) @€ near uniform in these R-PBN(b)-

Phe-X2-PDI-[(n,m) SWNT] superstructures (2.3 x 10° s-1

nongeminate 9 -1 . .
Kpolaron recombination< 4-8 X 109s71) (Figure 7), congruent with

this expectation. The data in Figure 7C, which describes the
SWNT polaron population over the 100 - 1000 ps time
domain, highlights the uniform nature of these decay
dynamics in these R-PBN(b)-Phe-X2-PDI-[(n,m) SWNT]
systems.
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Figure 7: (A) Schematic depiction of thermal charge
recombination of nongeminate SWNT hole and electron
polarons (SWNT*+ + SWNT-— SWNTO)following SWNT 1E1;
exciton photooxidation of the PDI radical anion components
(Figure 6C) of nongeminate PDI radical anion/SWNT hole
polaron CS states (Fig. 5) under experimental conditions in
which excess excitons are present. (B) Rate constants
determined for thermal charge recombination between

nongeminate SWNT polarons [knongemmate ) for each

polaron recombination
polymer-wrapped SWNT superstructure. The driving force for
this process is determined by the SWNT-/0 and SWNTO/+
potentials. (C) Population of SWNT polarons as a function of
time; note that the rate at which nongeminate polarons are
consumed is not correlated with the R-PBN(b)-Phs-X2-PDI-
[(n,m) SWNT] electronic structure (Figure 2B).



CONCLUSIONS

Optical excitation of (D-A) systems constructed with
single-walled carbon nanotubes support a diverse set of
charge-transfer reactions. R-PBN(b)-Phs-X2-PDI-[(n,m)
SWNT] superstructures, which fix perylenediimide electron
acceptors in van der Waals contact on the carbon nanotube
surface at 4 nm intervals due to the single-handed uniform
wrapping of the polymer about the nanotube at fixed helical
pitch (~10 nm), are well-defined assemblies in which the
SWNT and PDI electronic structures may be modulated
systematically. Light-triggered charge separation (CS)
reactions were interrogated in these assemblies, which
demonstrated that [SWNTC*n]-(PDI-*)n CS states are
produced on an ~100 fs time scale. The lack of discernable
driving force dependence for these reactions is consistent
with the rise time of the SWNT hole polaron (SWNT*+) signal
being determined by ultrafast nanotube lattice relaxation
solvent polarization dynamics. These CS states formed on
the ultrafast time scale feature SWNT hole polarons
adjacent to (geminate) and nearby (nongeminate)
perylenediimide radical anions. The thermodynamic
driving force dependence of the thermal charge
recombination (CR) rate constant for [SWNT-+]seminate.
(PDI-*) CS states indicates that the electronic coupling
magnitude and the total reorganization energy for the
[SWNT-+]geminate-(PD[-+) - SWNT + PDI reaction are ~2 meV
and ~0.93 eV, respectively. Consistent with the larger
separation of the SWNT** and PDI charges in the
nongeminate CS states, the magnitude of the computed
coupling (~0.6 meV) is reduced while that for Ar (~1.1 eV)
is larger for the for the [SWNT*+]nongeminate.(PD]-+) — SWNT +
PDI reaction than that observed for the analogous CR
reaction for geminate CS states.

In these R-PBN(b)-Phe-Xz-PDI-[(n,m) SWNT] systems, the
substantial excited-state reduction (1E-/*) potential of
persistent SWNT excitons drives photooxidation of PDI-
components of [SWNTC*n]-(PDI-*), CS states (SWNT* +
PDI*- — PDI + SWNT*). Excitation fluence and
thermodynamic driving force dependence studies of the
rate constant for SWNT 1Ei1 exciton photooxidation of the
PDI radical anion (kPDI radical anion photooxidation) show the
following remarkable features: (i) a dramatically reduced
effective total reorganization energy (Ar~0.67 eV) for this
reaction relative to reorganization energies evaluated for
CS state thermal CR, and (ii) ~10% of the nanotube hole
polarons associated with nongeminate (SWNT++)-(PDI-*) CS
states are consumed on an ultrafast (~100 fs) time scale.
Taken together, these results indicate that the initially
prepared SWNT reduced state formed upon PDI radical
anion photooxidation has the features of a conduction band
injected electron ([SWNT*-]B), a more delocalized state
than the relaxed carbon nanotube electron polaron
(SWNT*-). Given the magnitude of exciton diffusion constant
(~0.9 cm’') in SWNTS,! these data thus underscore that
studies that examine photoinduced CS reactions involving
SWNTs must consider potential reaction trajectories of CS
states that are prepared in the presence of excess, unreacted, and
highly mobile excitons.

Nanotube 1Ei; exciton photooxidation of reduced
electron acceptor components of ([SWNT*+]nongeminate.(PD]-+)
CS states thus give rise to SWNT electron polarons that have

nongeminate spatial arrangements with SWNT hole
polarons that trace their genesis to the ultrafast
photoinduced CS reaction. The dynamics of thermal charge
recombination of these nongeminate SWNT hole and
electron polarons (SWNT** + SWNT*-— SWNT?) occur on an
~102 ps time scale and is independent of R-PBN(b)-Phs-X:-
PDI-[(n,m) SWNT] electronic structure.

A distinct advantage of these R-PBN(b)-Phe-Xz-PDI-[(n,m)
SWNT] systems is that they organize on the order of a few
hundred equally separated PDI units on a length-sorted
~700 nm-long carbon nanotube surface, allowing each
component of the light-triggered CS reaction to be
independently = tracked  spectroscopically in @ a
straightforward manner. Because SWNT hole and electron
polarons have identical masses, their electronic absorptions
are coincident.3? These experiments thus underscore the
fact that measured SWNT polaron lifetimes do not
necessarily correlate with the lifetimes of CS states formed
through a light-triggered [SWNT !Ei:"]-(Acceptor) —
[SWNTCn]-(Acceptor—)n reaction, as the decay of the
transient polaron absorption signal can also reflect the
timescale for the reaction of oppositely charged SWNT*- and
SWNT** polarons in a single carbon nanotube.
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