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ABSTRACT: Charge transfer at the interface between single-
walled carbon nanotubes (SWCNTSs) of distinct chiral vectors
and fullerenes of various molecular weights is of interest both
fundamentally and because of its importance in emerging
photovoltaic and optoelectronic devices. One approach for
generating isolated, discretized fullerene—SWCNT heterojunc-
tions for spectroscopic investigation is to form an amphiphile,
which is able to disperse the latter at the single-SWCNT level in

aqueous solution. Herein, we synthesize a series of

methanofullerene amphiphiles, including derivatives of Cq,
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Cyo and Cg,, and investigated their electron transfer with SWCNT of specific chirality, generating a structure—reactivity
relationship. In the cases of two fullerene derivatives, lipid—Cg —polyethylene glycol (PEG) and lipid—C;,—PEG, band gap
dependent, incomplete quenching was observed across all SWCNT species, indicating that the driving force for electron transfer
is small. This is further supported by a variant of Marcus theory, which predicts that the energy offsets between the nanotube
conduction bands and the C4 and C,; LUMO levels are less than the exciton binding energy in SWCNT. In contrast, upon
interfacing nanotubes with Cgg methanofullerene, a complete quenching of all semiconducting SWCNT is observed. This
enhancement in quenching efficiency is consistent with the deeper LUMO level of Cgs methanofullerene in comparison with the
smaller fullerene adducts, and suggests its promise as for SWCNT—fullerene heterojunctions.

B INTRODUCTION

Interfacing fullerenes with single-walled carbon nanotubes
(SWCNTs) is desirable for a variety of applications, including
carbon-based photovoltaics' and near-infrared fluorescence
sensors.” Due to their resistance to photodamage® and high
carrier mobilities, semiconducting SWCNTs hold great
potential for utilization in near-infrared light harvesting
photovoltaic devices. This is evidenced by emerging efforts in
developing “all-carbon” photovoltaic active layers,>™* and it has
recently been demonstrated that SWCNT-based photovoltaics
outperform polymeric analogues in device lifetime measure-
ments.® Although a large body of work has been directed at
fabricating SWCNT-based devices, little work has been
expended toward elucidating the kinetics of electron transfer
at the SWCNT—fullerene interface, and these studies have
focused on photoexcitation of fullerene, rather than
SWCNT.”'? Such a study is beneficial, because a combination
of factors, including morphology® and active-layer impurities,®
can limit the quantum efficiency of photovoltaic devices. This is
evidenced by the fact that the efficiencies of current, SWCNT-
based active lazer devices fall much lower than the theoretical
value of 13%.” In addition, PC,(,BM is not an ideal electron
acceptor for SWCNT-based photovoltaics because the LUMO
level lies close to the SWCNT valence band, and therefore, the
SWCNT—fullerene heterojunction has been predicted to
switch from type II to type I upon increasing the SWCNT
diameter of 0.9—1.3 nm.® The same is true of PC,,BM, due to
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similarity in electronic structure. However, Cg, has a deeper
LUMO level than that of Cg and Coo,'" as well as a higher
photostability,'* making it a potential candidate for SWCNT-
based photovoltaics. Because of this, it is of interest to compare
across different fullerenes and interfaces to develop structure—
reactivity relationships for electron transfer in these systems,
such that electron transfer can be optimized in the absence of
complicating factors associated with device fabrication.

In addition to photovoltaic devices, SWCNT—fullerene
junctions hold potential for utilization in SWCNT fluores-
cence-based sensors. SWCNT fluorescence-based sensors have
demonstrated significant potential for the detection of a variety
of small molecule analytes, including the direct detection of
nitric oxide''* and hydrogen peroxide,'® as well as mediated
detection of sugars16
to observe molecular adsorption events, it is necessary that the
adsorbing molecule possess redox properties which are capable
of modulating the nanotube fluorescence.” For the detection of
proteins and other biomacromolecules, which do not have
redox properties, divalent ions such as Ni** near the nanotube
surface have been utilized as an intermediate species in
modulating nanotube fluorescence.'® Fullerenes are expected
to interact with SWCNT by accepting excited-state electrons
from the SWCNT conduction band, thereby quenching the

and adenosine triphosphate.'” However,
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Figure 1. Surfactant systems utilized for analyzing interfacial effects on electron transfer, along with potential configurations on the SWCNT surface.
In the molecular representations, PEG chains have been omitted for clarity. In these amphiphilic systems, the hydrophobic domains are expected to
interact with the SWCNT surface, while the hydrophilic PEG chains extend into water.

SWCNT fluorescence signal. Because this process is distance
dependent, it is possible that fullerenes could be employed as a
distance dependent proximity quencher for transducing
protein—SWCNT interactions in fluorescence-based SWCNT
Sensors.

In this study, we examine the interface between SWCNTSs
and fullerenes through the synthesis of a series of fullerene
amphiphiles. These amphiphiles give stable suspensions of
individual carbon nanotubes, thereby allowing for direct
observation of the electronic interactions between these two
species. The nature of the interface between the carbon
nanotubes and fullerene molecules is probed by a solvato-
chromism model, and electron transfer characteristic are
monitored by relative fluorescence quantum yields. We find
that the relative fluorescence yields are dependent upon the
fullerene species that is utilized, as well as the nature of the
SWCNT—fullerene interface, and we are able to describe the
electron transfer at these interfaces using a Marcus theory
model.

B EXPERIMENTAL SECTION

Nanotube Suspensions. HiPCO nanotubes (Unidym, Inc.) were
initially suspended in 2% sodium cholate (SC). Nanotubes were
dispersed at 1 mg of SWCNT/mL of 2% SC solution (~30 mL total
volume) via 30 min of homogenization using a T-10 Ultra-Turrax
(IKA Works, Inc.) dispersion element at approximately 11 400 min™".
These dispersions were then sonicated in an ice bath at 1I0W for 1 h
using a 6 mm probe tip (Cole-Parmer). Samples were subsequently
centrifuged at 30000 rpm (153 720 rcf) at 22 °C for 4 h, and the
supernatant collected. 2% SC solutions were exchanged to the desired
amphiphile by dialysis (3500 MWCO, Thermo Scientific). This pore
size has previously been shown to remove sodium cholate while
retaining the PEGylated surfactants.'” For dialysis, equal volumes of
2% SC suspension (abs(625 nm) ~ 1.08) and amphiphile (2 mg/mL)
were mixed, resulting in a final amphiphile concentration of 1 mg/mL.
This suspension mixture was dialyzed against water for 4 days, with

two water exchanges per day (Vi,o > 200 X Vgyenr), to ensure

removal of sodium cholate.

Spectral Characterization. Photoluminescence spectra were
acquired with a home-build, near infrared fluorescence microscope
that has been described previously,”® and an excitation wavelength of
785 nm. UV—vis—nIR absorbance measurements were carried out on
a Shimadzu UV-310PC spectrometer.

B RESULTS

Influence of SWCNT—Fullerene Interface. To study the
influence of the fullerene—SWCNT interface on electron
transfer, five surfactants were synthesized. These molecules
were designed with hydrophobic domains, which preferentially
adsorb to the SWCNT surface, and hydrophilic polyethylene
glycol (PEG) chains (MW ~ 5000 Da), which extend into
aqueous solution, imparting colloidal stability. Figure 1 shows
potential configurations of the hydrophobic portions on the
SWCNT surface. Here, PEG chains have been omitted for
clarity. In designing these systems, we were particularly
interested in studying how the nature of the SWCNT-
fullerene interface influences the relative fluorescence yield of
the SWCNT solution. Therefore, we synthesized molecules
that would facilitate interfaces containing aliphatic (lipid—Cg—
PEG) and polyaromatic (pyrene—Cy—PEG) domains, as well
as a molecule that would facilitate direct contact between
SWCNT and fullerene (methyl-C;;—PEG). As control
molecules, lipid—PEG and pyrene—PEG surfactants were
synthesized that lack the methanofullerene moiety. All
nanotube suspensions were obtained by dialysis, starting from
an initial, 2% sodium cholate nanotube suspension. In the case
of the methyl-C4—PEG derivative, visible aggregates were
formed during the dialysis process, and bundles were observed
by atomic force microscopy (AFM) (Figure S10, Supporting
Information). Therefore, the results of the methyl-C¢,—PEG
suspensions are not discussed in the main body of this report.
All other amphiphiles produced individually dispersed tubes, as
evidenced by AFM (see Supporting Information), and the
retention of large peak-to-valley ratios in the photoabsorbance
spectra (Figure 2).

After surfactant exchange to the PEGylated amphiphiles, we
attempted to remove the excess, free amphiphile by centrifugal
filtration. For this purpose, 100 kDa MWCO centrifugal filters
were unable to remove the excess macromolecules from
solution, but 1000 kDa MWCO centrifugal filters proved
successful at retaining SWCNTs while having enough porosity
to pass the unbound amphiphiles (Figure S4, Supporting
Information). However, the removal process resulted in visible
aggregation in the case of pyrene—PEG and very slight changes
in chirality distribution among the other suspensions, which
likely resulted from small degrees of aggregation in the removal
process. Therefore, all data presented in this report are for
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SWCNT solutions that did not undergo this additional
processing after dialysis.

UV—vis—nIR absorbance spectra for the initial sodium
cholate suspension, as well as the four amphiphilic surfactant
systems (without methyl-C4;—PEG) are shown in Figure 2. All
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Figure 2. UV—vis—nIR absorbance spectra of five of the surfactant
systems analyzed in this study (excluding methyl-C4—PEG). The
retention of high peak-to-valley ratios is indicative of high-quality
SWCNT dispersions, in agreement with AFM observations of
individually dispersed nanotubes.

suspensions have been diluted to similar concentrations and are
plotted on the same scale. From visual inspection of these
spectra, it is apparent that high peak-to-valley ratios are
maintained during the exchange process, which is in agreement
with the observation of individually dispersed tubes by AFM. In
going from the lipid—PEG and pyrene—PEG control molecules
to their methanofullerene analogues, a red shift in peak position
is observed across all SWCNT species. In the case of pyrene—
Ce1—PEG, the red shift is greater than that observed in the case
of the lipid—Cq4,—PEG derivative, indicating that there may be
differences in the local dielectric environments in these two
systems. This will be discussed in more detail later.

Excitation—emission spectra for the lipid—PEG, lipid—Cg—
PEG, pyrene—PEG, and pyrene—C4—PEG suspensions are
shown in Figure 3. In these plots, and in all fluorescence spectra
presented in this report, the raw fluorescence intensities have
been normalized using the baseline absorbance at the valley
between approximately 900 and 925 nm to account for slight
differences in nanotube concentrations across samples. As
would be expected for a system in which electron transfer
occurs between SWCNT and Cg), a quenching of nanotube
fluorescence occurs upon incorporation of Cg into the
surfactant structure. These plots also allowed for the
determination of emission wavelengths for spectral deconvolu-
tion of fluorescence emission, as discussed in the next
paragraph. To evaluate the extent to which each nanotube
species is quenched by Cg;, we sought to minimize the degree
of Cg4 excitation by utilizing 785 nm excitation, where
absorbance by the Cg; moiety is minimal. This maximizes the
likelihood of observing electron transfer from photoexcited
SWCNT to Cg4), while minimizing ground-state transfer from
SWCNT to the photoexcited fullerene.
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Figure 3. Excitation—emission plots for SWCNTs suspended in (a) lipid—PEG, (b) lipid—C4—PEG, (c) pyrene—PEG, and (d) pyrene—Cy,—PEG.
All spectra are plotted on the same scale. All samples had similar SWCNT concentrations, and characteristic absorbance spectra for these samples are

shown in Figure 1.

11903

dx.doi.org/10.1021/ja404636b | J. Am. Chem. Soc. 2013, 135, 11901-11910



Journal of the American Chemical Society

(a) 2% SC (b),, mm Lperec_ |(C),, I Pyrene-PEG
siciia Lipid-PEG : I Lipid-C,-PEG - B Pyrene-C,-PEG
—— Lipid-C, -PEG :
Pyrene-PEG f\ 0
o 250000 < \ =
5 Pyrene-C, -PEG I( \
& 200000 [ | P | 03
= l {4
g 150000 - M IL_ \.j,\ 3 :8 08
g b YL / =
£ 100000 I|I | \ f 04
0.2
0.0

900 1000 1100 1200 1300
Wavelength (nm)

{8,3) (6,5) (7.5)(10.2) (9,4) (7.6)(12,1)(11,3)}10,5) (8.7)
Chirality

(8,3) (6.5) (7.5)(10,2) (9.4) (7,8)(12,1)(11,3){10,5) (8,7)
Chirality

Figure 4. Fluorescence results for the surfactant systems analyzed in this study. (a) Fluorescence spectra of SWCNT suspensions, representing an
average of three suspensions for each amphiphile (four samples for pyrene—PEG). (b) Fractional quenching results, relative to the intensity of SC—
SWCNT, for the lipid—PEG and lipid—C4;—PEG systems. (c) Fractional quenching results, relative to SC—SWCNT, for the pyrene—PEG and

pyrene—Cgy,—PEG systems.

Near-infrared fluorescence spectra, acquired with an
excitation wavelength of 785 nm, are shown in Figure 4a.
Using peak locations from the excitation—emission spectra in
Figure 3, these spectra were further deconvoluted (see
Supporting Information) into the emission contributions of
10 chiralities of carbon nanotubes, and the relative fluorescence
intensities of these species, normalized to the fluorescence
intensity of the initial sodium cholate solution, are presented in
parts (b) and (c) of Figure 4. For the pyrene—Cg,—PEG
derivative, it was necessary to estimate peak positions due to
the absence of clear fluorescence features in the excitation—
emission spectra. In going from left to right, the nanotube
chiralities are arranged from large to small band-gap,
respectively. From Figure 4b, it is apparent that the lipid—
PEG derivative produces solutions of similar fluorescence
intensity as the initial sodium cholate solution, whereas in the
case of lipid—C4—PEG, a variable degree of quenching is
observed for different SWCNT species, which appears to be
band-gap dependent. For pyrene—PEG, a fluorescence
quenching pattern is observed that does not have an apparent
band-gap dependence. This quenching is substantially
enhanced on the addition of the methanofullerene moiety,
resulting in near-complete quenching of the fluorescence across
all species.

Fullerene Family Analysis. In addition to analyzing the
influence of the fullerene—SWCNT interface on the relative
fluorescence quantum vyield, we synthesized two additional
lipid—fullerene amphiphiles based on C,;; and Cg methano-
fullerenes (Figure S). Using these species, we sought to
investigate how the SWCNT quantum vyield is influenced by
the energy states of the fullerene derivative.

Excitation—emission spectra for the C,; and Cgq fullerene
systems are shown in Figure 6. Here it is apparent that, like the
Cg derivative, the C,, moiety produces incomplete fluo-
rescence quenching across all species. In contrast, the
introduction of Cgg to the surfactant results in complete
fluorescence quenching across all species. Absorbance and
fluorescence spectra for the three lipidic methanofullerene
derivatives are presented in Figure 7. In the cases of the C4; and
C,, surfactant systems, the onset of absorbance below 715 nm
is attributable to the methanofullerene moieties, with C;
exhibiting a stronger absorbance in the visible region.21 In
the case of the Cgg methanofullerene, the fullerene absorbance
extends into the nIR region, accounting for the apparent
increase in the sample baseline. In addition, the Cg; sample
exhibits a higher degree of peak broadening compared to the
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Figure S. Fullerene family analysis. From top to bottom,
methanofullerenes based on Cgy, C,, and Cg,, respectively.

other methanofullerene species, which we attribute to
inhomogeneous broadening that results from the presence of
multiple isomers of Cg; monoadducts. The fluorescence spectra
in Figure 7b, acquired at an excitation wavelength of 785 nm,
show similar degrees of quenching for the Cg4 and C;
methanofullerenes, but a complete quenching of nanotube
fluorescence across all species in the case of the Cgg adduct.
These results are shown more quantitatively in the
deconvoluted relative intensities, which are presented in Figure
7c.

B DISCUSSION

Evaluating the Composition of the Adsorbed Layer.
To better understand the observed differences in fluorescence
quenching for the various amphiphilic systems in Figures 4 and
7, we sought to first quantify the composition of the adsorbed
layer in these systems. In an aqueous surfactant system,
SWCNTs that are exposed to water can be quenched by a
variety of mechanisms, including sidewall protonation,”* or
interaction with oxygen23 and reactive oxygen species.ls’24
Therefore, we sought to quantify the percentage of the
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Figure 6. Excitation—emission plots for SWCNTs suspended in (a) lipid—C,;—PEG and (b) lipid—Cg;—PEG. Spectra are plotted on the same scale
as in Figure 3. All samples had similar SWCNT concentrations, and characteristic absorbance spectra for these samples are shown in Figure 7.
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Figure 7. Absorbance and fluorescence results from fullerene family analysis. (a) Characteristic absorbance spectra of SWCNT suspensions in lipid—
PEG, lipid—C4,—PEG, lipid—C,;—PEG, and lipid—Cg—PEG. (b) Averaged fluorescence spectra (three samples) for these amphiphilic systems,
acquired at an excitation wavelength of 785 nm. (c) Deconvoluted relative intensities, normalized by the intensities of SC-SWCNTs, for the three

lipidic methanofullerenes.

SWCNT surface that is exposed to water to determine the role
of the aqueous environment in the observed, fluorescence
quenching behavior.

It has previously been shown that the solvatochromic shifts
of the SWCNT optical transitions are dependent upon the local
SWCNT dielectric environment by the following relation®®

AE. = _L%[Z(e -1 2 — 1)]

1

R| 2 +1 2> + 1

Using this reference system, we first analyzed the surface
coverage in the lipid—PEG and pyrene—PEG suspensions.
From the excitation—emission maps of the lipid—PEG and
pyrene—PEG dispersions, we plotted (E,;)*AE,; vs 1/d* to
obtain a slopes of 0.0517 and 0.0619 eV® nm* respectively
(Figure 8). Using these values, along with prior experimental
results for NMP, it was possible to evaluate the local dielectric
constant of the lipid—PEG (pyrene—PEG) SWCNT system
using the following relation:

where L is a fluctuation factor, € is the local dielectric constant, ® Lipid-PEG
n is the refractive index, R is the nanotube radius, and Aq; is 022 ® Pyrene-PEG
the change in polarizability of SWCNT's upon excitation from
the ground to excited state. Choi et al.>® have shown that this 0.184
difference in polarizability is predominantly determined by the 5
longitudinal polarizability of the exciton, allowing for Ag; to be L 0144
approximated by a; .. Using a longitudinal polarizability of the w
form a; o 1/(RE;?), the following equation is obtained:* < 0104
> CJ
(E,)’AE, = _K[ 2e = 1) - 2(712 — 1)](%) = L4 %
2e + 1 2n” + 1 R R
0.02 ; . . : .
0.5 1.0 15 2.0 25 3.0

To quantify the surfactant surface coverage, it is necessary to
utilize a single-component system, with a known dielectric
constant and refractive index as a reference. We utilized N-
methyl-2-pyrrolidone (NMP) as a reference system, which has
a dielectric constant of 32.2 and a refractive index of 1.47. From
Choi et al.*® we know that for NMP, the plot of (E;;)?AE,; vs
1/d* gives a slope of ¢ = 0.060 eV nm*.

11905

1/d* (nm™)

Figure 8. Plots of (E;;)*AE, versus 1/d*, evaluated from excitation—
emission plots, for lipid—PEG and pyrene—PEG suspensions. The
slopes of these curves were used to quantify the SWCNT surface area
that is exposed to the aqueous environment.
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2(e,— 1) 2(”22 -1
y (ﬁ - m)
o (z(fl—n B zw-l))
26+ 1 2+ 1
Here, subscripts 1 and 2 refer to properties associated with the
NMP and lipid—PEG (pyrene—PEG) systems, respectively, and
it has been assumed that K is invariant across SWCNT
solutions. Solving this equation, and assuming that the
refractive index of the surfactant-dispersed SWCNTs is equal
to that of water (1.333), we obtained local dielectric constants
of 6.56 for the lipid—PEG suspension and 11.56 for the
pyrene—PEG suspension. Assuming that the local dielectric

constant in the lipid—PEG system is composed of contributions
from the lipid segment and water

€ = X8pig T (1- xl)EHzO

it is possible to evaluate the surface coverage of the lipid
molecule on the SWCNT surface. Here, the surface coverage of
a particular component is defined as x;, or the fractional
contribution of that component to the overall, local dielectric
constant at the nanotube surface. For the lipidic segment, we
assumed a dielectric constant of 2.08, which corresponds to that
of hexadecane,?® and the dielectric constant of water was taken
to be 80.1. Using these values in the above expression gave a
94.3% surface coverage of the lipidic moiety, corresponding to a
5.7% surface coverage of water. These values are very close to
the recently estimated surfactant surface coverage for sodium
cholate suspended SWCNTSs of 93 + 15%,” explaining the
similarity in fluorescence intensity for these two systems. For

the pyrene—PEG system, ;... Was taken to be 3.19, which is

the average of the three primary tensor components in pyrene
crystals.”® Using this value, the surface coverages of pyrene and
water were determined to be 89.1 and 10.9%, respectively. In
this system, the similarity in water surface coverage to that of
sodium cholate indicates that the pyrene moiety appears to be
responsible for partial quenching of the SWCNT fluorescence.

Due to the fact that the lipid—Cg—PEG and pyrene—Cg—
PEG systems have complete or near-complete quenching of the
SWCNT fluorescence, we then utilized the local dielectric
constant of the lipid—PEG system as a reference and used
solvatochromic shifts in the absorbance spectra (as opposed to
fluorescence spectra) to deduce information about the surface
coverage of water in each fullerene-based amphiphilic system.
Plots of (E;)*AE;; vs 1/d*, obtained by deconvoluting
absorbance data, are provided in Figure 9 for the four fullerene
surfactant systems. Overlayed plots of (E,;)?AE;; vs 1/d°,
evaluated from absorbance and fluorescence spectra, showed
good agreement between methods and are provided in Figure
S3 of the Supporting Information. Because there are three
components in all of the fullerene surfactant systems, lipid—
Cq—PEG, lipid—C,,—PEG, lipid—Cg—PEG, and pyrene—
Cs1—PEG, we were unable to solve for each of the components
directly but were able to bound the quantity of water on the
surface, due to its high static dielectric constant. For example,
for the lipid—Cg—PEG system, in which the local dielectric
constant is specified by

€ = X\Eppiq T X2€6c, T (1 -2 — xz)EHzo

we sequentially set x; and «, to zero and then solved for the
coverage of the other two components. In performing the
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analysis, the dielectric constants of C¢;, C;;, and Cgs were taken
to be 3.6, 3.8,°° and 5.5,*" respectively.

The resulting bounds for the surface coverage of water, in
each surfactant system, are given in Table 1. For systems in

Table 1. Quantifying Exposed Surface Area

Surfactant System Estimated Water Coverage

2% sodium cholate 7 + 15%
lipid—PEG 5.7%
pyrene—PEG 10.9%
lipid—Cg—PEG 7.4-9.3%
pyrene—Cq,—PEG 40.4—40.7%
lipid—C,,—PEG 8.8—10.8%
lipid—Cg—PEG 9.8—13.7%
“In ref27

which it was possible to evaluate surface coverages by both
absorbance and fluorescence methods, a comparison of results
is provided in Table S1 of the Supporting Information. Again,
predicted surface coverage values fall within a few percent of
each other, indicating good agreement between the two
methods. The results in Table 1 indicate a similar coverage
of water in the cases of lipid—Cg4,—PEG, lipid—C,,—PEG, and
lipid—Cgs—PEG, suggesting that exposure to the aqueous
environment cannot be responsible for the differences in
fluorescence quenching observed among these surfactant
systems. In comparing the Cg; derivatives, the pyrene—Cqy—
PEG suspension is predicted to have a much higher surface
coverage of water than that of the lipid—Cy—PEG system.
Therefore, we expect that a combination of factors, including
the pyrene and fullerene moieties, as well as increased exposure
to the aqueous environment, are responsible for the increased
fluorescence quenching of this system relative to that of lipid—
Cs—PEG.

This analysis helps to explain differences in fluorescence
quenching between the pyrene—C4,—PEG and lipid—Cg4,—PEG
systems but fails to explain the differences in fluorescence
quenching between the C4, C,, and Cg derivatives. In
addition, it cannot account for the apparent, band-gap
dependent quenching of the nanotube fluorescence in the Cg,
and C,; systems. We hypothesized that these trends could be
due to differences in electron transfer energetics, which are
expected to vary as a function of both the electron acceptor and

the chirality of the carbon nanotubes. Therefore, to explain
these trends, we attempted to model the experimental data
using Marcus theory.

Analysis of Electron Transfer Energetics. To verify that
electron transfer is responsible for SWCNT fluorescence
quenching, we attempted to fit the lipid—C4q—PEG and
lipid—C,,—PEG fluorescence data using a Marcus theory
model. Due to the incomplete fluorescence quenching in the
cases of the lipid—Cg4,—PEG and lipid—C,,—PEG derivatives, it
was possible to utilize the relative degrees of quenching to infer
information about the relative rates of electron transfer between
excited-state SWCNTs and fullerenes. This is because, among
competing excited-state decay pathways in SWCNT, the
selectivity toward a particular pathway, in this case electron
transfer to fullerene, will be proportional to the rate constant
associated with that pathway. Because energy transfer ultimately
diverts an electron from the radiative decay pathway, fractional
quenching results can be utilized as an approximation for the
rate constant of electron transfer. If the fractional quenching is
normalized to a particular chirality, such as (6,5), it is possible
to approximate relative rate constants for electron transfer as

o
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B 1 - (I/Io)(n,m)
1- (I/Io)(é,S)

According to Marcus theory, the rate constant associated
with electron transfer from SWCNT to the LUMO level of
fullerene can be represented as:>

_ 2 2 i
ke = WVR exp(—AG, " /kT)
b
_ 27 v 5 x| — (/1 + AG(n]m)o)z
namier * P 4T

Here, V* is an electronic coupling term between the initial and
final states, 4 is the reorganization energy, and AGy,,,° is total
change in Gibbs free energy for the electron transfer event. The
change in Gibbs free energy is related to the energy difference
between the SWCNT conduction band and the LUMO level of
the methanofullerene by the following relation:

AG( )’ = =(Egym = EM°)

Table 2. Predicted Donor—Acceptor Energy Offsets for Different Fullerenes and Reorganization Energies

Energy Offset, —AG, (eV)

C61 C71 CSSC
Chirality g(rma E(mb BYUMO - _395 EYOMO — 405 EYOMO — —4.00 EYMO — _414  EYMO = 430 EYMO — _4.40
(8,3) -3.83 0.38 0.12 022 0.17 0.31 0.47 0.57
(6,5) —3.85 0.40 0.10 0.20 0.15 029 045 0.55
(7,5) -3.86 0.36 0.09 0.19 0.14 028 0.44 0.54
(10.2) —3.86 0.34 0.09 0.19 0.14 028 0.44 0.54
(94) -3.90 033 0.05 0.15 0.10 0.24 0.40 0.50
(7,6) -3.90 0.34 0.05 0.15 0.10 0.24 0.40 0.50
(12,1) 393 0.30 0.02 0.12 0.07 021 0.37 0.47
(11,3) -3.90 0.30 0.05 0.15 0.10 0.24 0.40 0.50
(10,5) -391 0.29 0.04 0.14 0.09 023 0.39 0.49
(8,7) -391 0.29 0.04 0.14 0.09 023 0.39 0.49

9E, values were utilized from Tanaka et al.>* ®The exciton binding energy of SWCNTs was approximated by E;, = 0.3/d, where d, is the diameter of

the nanotube.** ©
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LUMO levels of Cg5 were approximated by assuming a 0.35 eV energy offset relative to Cgy."!
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If we assume that the electronic coupling term is invariant
across nanotube species, relative rate constants of electron
transfer can be evaluated, allowing for direct comparison with
experimental fractional quenching results:

ke(t":'”) exp( —AG(inlm)/kT)

(6,5) - —AGH
ket theory exp(=AG(s5)/kT)

This relative rate equation is only dependent upon the
reorganization energy of electron transfer and the energy
offsets between the fullerene LUMO and the SWCNT
conduction bands. SWCNT conduction band energies,
referenced to the standard hydrogen electrode (SHE), have
been reported in the literature for several chiralities.>> These
values were converted to absolute ?otential using the relation
Eps(V) = —(Equp(V) + 444 V)** and are reported in the
second column of Table 2. Additionally, reorganization energies
for fullerene-based electron transfer systems have been reported
to be from 0.23 to 0.77 eV.>>7® Here, we sought to bound the
energy offset AG, ) between SWCNTs and the fullerenes in
this study using the Marcus theory equation above. To do so,
we utilized a reorganization energy of 0.23 eV as a lower limit,
with an upper limit of 0.51 eV, which has specifically been
observed for fullerene-based dyads with short donor—acceptor
linkages.>® Using experimental fractional quenching results, we
then fit the effective fullerene LUMO level, EXUMO, thereby
allowing for determination of AGy,,,". The fitted LUMO levels
for C¢; and C,; are provided in Table 2 for assumed
reorganization energies of both 0.23 and 0.51. The LUMO
level of Cgs was then deduced from the LUMO level of Cg; by
assuminlg that the LUMO level of Cg; is 0.35 eV lower than that
of Cg,.!

From the values in Table 2, is it evident that the obtained
LUMO levels for Cg; (—3.95 to —4.05 eV) deviate slightly from
the values of —1.028 to —1.08 V vs Fc/Fc+ or approximately
—3.85 to —3.8 eV (using the conversion (LUMO = -¢(4.88 V +
EE{F*))?") that have been previously reported for Cg,
monoadducts.'"*** However, as shown in Figure 10, the
fitted LUMO levels result in SWCNT—fullerene energy offsets
(AG{,,) that are in good agreement with ab initio results,
which incorporate polarization effects at the SWCNT—
fullerene interface.® Therefore, we anticipate that electronic
interactions are also responsible for the deviation in the current
case. Experimentally, near-identical LUMO levels to Cg4, have
been observed for C,;,""*' due to the similarity in electronic
properties of these two fullerenes,** and this is consistent with
the similarity in offsets that result from our model.

In organic photovoltaics, it is generally accepted that
LUMO-LUMO offsets greater than the exciton binding energy
are necessary to enable efficient interfacial energy transfer.* As
shown in Figure 10, in the case of the Cq; and C,; derivatives,
both systems possess energy offsets that fall below the exciton
binding energy of SWCNTs, which was approximated by E, =
b/d, where b = 0.3 eV-nm.** This is likely the reason for the
ineflicient fluorescence quenching of the nanotubes in these
two systems. In contrast, the deeper LUMO level of Cgq
produces energy offsets greater than the exciton binding
energy, resulting in energetically favorable electron transfer, and
complete fluorescence quenching across all nanotube species.
However, the results for the Cgs derivative are complicated by
the fact that this fullerene adduct has an absorbance component
that extends beyond 785 nm, which is the excitation wavelength
utilized in this study. Therefore, follow-up work on the

0.6 I I
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] 9
&2 0.0 C61: O 2.=023 ® =051 ———— —
O C71: © L=023 e ;=051 |
> .02[C8: © %=023 @ =051 <= = +AGS
D % |- - - Exciton Binding Energy c
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Figure 10. Predicted energy offsets between SWCNT conduction
bands and fullerene LUMO levels. Offsets for Cq and C,; were
determined by fitting Marcus theory to experimental data. Offsets for
Cygs were estimated by assuming a Cgg LUMO level that is 0.35eV
lower than that of Cy,."" The data are compared with ab initio values
reported in ref 6 for PCqBM. The general trend for the binding
energy was evaluated using E, (eV) = 0.3/d.**

dynamics of this interface will provide greater insight into the
electronic coupling between these species.

To validate the application of the Marcus theory model in
this study, we plotted the experimentally determined relative
rate constants of electron transfer vs those predicted by the
Marcus theory model. The resulting parity plot is presented in
Figure 11, and a direct comparison of experimental and

4 Lipid-C_-PEG (1 =0.23) F
| » Lipid-c,-PEG (L=0.51) y
12] & Lpidc,PEG(L=023) -

] ¥ Lipid-C,-PEG (1=051)

T T

s i T T T T
00 02 04 06 08 10 12 14
(n.m)y (6,5)
(KOO

et ‘theory

Figure 11. Parity plot showing the agreement between experimental
and theoretical relative rate constants for different values of the
reorganization energy.

theoretical values is provided in Table 3. Deviations of data
points from a one-to-one parity relationship may result from
limitations in the usage of relative fluorescence quenching as an
approximation for relative rate constants of electron transfer,
because certain nanotube chiralities may experience small
differences in their local environments, or slight redistributions
in nanotube chirality may occur during the dialysis procedure.
These factors can cause slight changes in fluorescence
quenching, which are not attributable to excited-state electron
transfer. However, as can be seen from the plot, good
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Table 3. Comparison between Experimental and Theoretical Relative Rate Constants of Electron Transfer

Summary of Relative Rate Constant Results, K /16)

C61 C71
Marcus theory Marcus theory
Chirality Diameter (nm) Experimental Eﬁ%? = =395 Eﬁi{{g‘f = —4.05 Experimental EE{SO%? = —4.00 EI{E&? = —4.14
(83) 0.782 1.25 + 0.02 122 1.26 1.29 + 0.02 113 1.17
6,5) 0.757 1.00 + 0.02 1.00 1.00 1.00 + 0.03 1.00 1.00
(7,5) 0.829 0.75 + 0.05 0.90 0.89 0.80 + 0.17 0.93 0.92
(10,2) 0.884 0.77 + 0.05 0.90 0.89 0.74 + 023 0.93 092
(9,4) 0.916 0.63 + 0.09 0.53 0.53 0.52 + 0.39 0.63 0.63
(7,6) 0.895 0.34 + 0.05 0.53 0.53 0.73 + 0.10 0.63 0.63
(12,1) 0.995 0.37 £+ 0.08 0.32 0.34 0.50 + 0.16 0.43 0.46
(11,3) 1.014 0.75 + 0.02 0.53 0.53 0.77 + 0.08 0.63 0.63
(10,5) 1.050 0.50 + 0.07 0.45 0.46 0.55 + 0.19 0.56 0.57
(8,7) 1.032 0.35 + 0.02 045 046 0.58 + 0.05 0.56 0.57
agreement is observed between experimental and theoretical Notes

results.

Bl CONCLUSIONS

To examine electron transfer at the interface between
SWCNTs and fullerenes, we synthesized a series of
methanofullerene surfactants. For all amphiphiles studied
here, with the exception of the methyl-C4,—PEG derivative,
high-quality dispersions of individual nanotubes were obtained
upon surfactant exchange from 2% sodium cholate. In the cases
of lipid—Cy4,—PEG and lipid—C,,—PEG, which are predicted to
have similar surfactant surface coverages, band-gap dependent,
incomplete quenching was observed across all semiconducting
species. In the case of pyrene—C4—PEG, near-complete
quenching of SWCNT fluorescence was observed, which is
attributed to partial quenching by both the pyrene and fullerene
moieties, as well as significant exposure of the SWCNT surface
to the aqueous environment. The incomplete quenching in the
cases of lipid—C4,—PEG and lipid—C,;—PEG indicates that the
driving force for excited-state electron transfer is small in these
systems. This is further supported by a Marcus theory model,
which predicts that the energy offsets between the SWCNT
conduction bands and the fullerene LUMO levels are less than
the SWCNT exciton binding energy. In contrast, the lipid—
Cys—PEG derivative shows complete quenching of all SWCNT
species utilized in this work. This enhancement in quenching
efficiency is consistent with the fact that the LUMO level of Cg;
methanofullerene is approximately 0.35 eV lower than that of
the smaller fullerene adducts, resulting in energy offsets that
exceed the exciton binding energy. This result, combined with
the fact that Cgs has much higher photostability than that of Cy,
and C,;, makes this larger fullerene adduct a promising
candidate for SWCNT-based sensors and photovoltaics.
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