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ight-triggered changes in biological

molecules, which enable various func-

tions such as vision,' photosynthesis,
and heliotropism,® have long inspired ma-
terials chemists to mimic these phenomena
to create new synthetic materials and de-
vices. One example is the molecule retinal
undergoing a cis—trans isomerization in res-
ponse to light,? creating a cascade of events
leading to visual recognition.* Synthetic
versions of retinal include switchable stil-
bene or azo-benzene-containing molecules.
Azo-benzenes undergo a reversible photo-
isomerization from a thermally stable trans
configuration to a metastable cis form. Dipo-
lar chromophores based on the azo-benzene
structure are photochemically stable, can be
reversibly switched 10° to 10° times before
bleaching, and can be chemically tuned at
the donor and acceptor end to alter the
magnitude of the dipole moment.” The cis—
trans isomerization of a range of chromo-
phores has been studied extensively in solu-
tion and as monolayers on gold-coated flat
substrates® or on silicon substrates using
scanning tunneling microscopy (STM).”®
Hence, azo-benzene chromophores consti-
tute a well-understood switching unit for
attachment to nanotubes to create new hy-
brid materials. The reversible, wavelength-
selective isomerization and the accompany-
ing conformational change provides an
important handle for optical modulation of
electrical and electro-optic properties of
nanotubes. We recently demonstrated an
optically active nanotube hybrid material
by noncovalent functionalization of SWNT
field-effect transistors with an azo-based
chromophore.® Upon UV illumination, the
chromophore undergoes a trans—cis iso-
merization leading to charge redistribution
near the nanotube. The resulting change
in the local electrostatic environment leads to
a shift in the threshold voltage and increased
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ABSTRACT Recently, individual single-walled carbon nanotubes (SWNTs) functionalized with
azo-benzene chromophores were shown to form a new class of hybrid nanomaterials for
optoelectronics applications. Here we use a number of experimental and computational techniques
to understand the binding, orientation, and nature of coupling between chromophores and the
nanotubes, all of which are relevant to future optimization of these hybrid materials. We find that
the binding energy between chromophores and nanotubes depends strongly on the type of tether
that is used to bind the chromophores to the nanotubes. The pyrene tethers form a much stronger
attachment to nanotubes compared to anthracene or benzene rings, resulting in more than 80%
retention of bound chromophores post-processing. Density functional theory (DFT) calculations show
that the binding energy of the chromophores to the nanotubes is maximized for chromophores parallel
to the nanotube sidewall, even with the use of tethers; optical second harmonic generation
measurements show that there is nonetheless a partial radial orientation of the chromophores on
the nanotubes. We find weak electronic coupling between the chromophores and the SWNTS, consistent
with noncovalent binding. This weak coupling is still sufficient to quench the chromophore fluorescence
through a combination of static and dynamic processes. Photoluminescence measurements show a lack
of significant energy transfer from the chromophores to isolated semiconducting nanotubes.

KEYWORDS: azo-benzene chromophore - single-walled carbon nanotubes - binding -
orientation - quenching

conductivity of the nanotube. The func-
tionalized transistors showed repeatable
switching for many cycles, and the low
(100 4W/cm?) intensities necessary to opti-
cally modulate the transistor are in stark
contrast to measurements of intrinsic nano-
tube photoconductivity, which typically re-
quire 1 kW/cm? intensity.'® Subsequently,
this approach was extended to demon-
strate photodetection with tunability over
the visible range by changing the chromo-
phore structure.'" More recently, it was
proposed that chromophores/nanotube hy-
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brids could serve as efficient energy storage
materials.'”> There have been other ap-
proaches based on covalent functionaliza-
tion of multiwalled nanotubes,’>'* as well
as azo-benzene-containing polymers wrap-
ped on nanotubes, focusing mainly on cis—
trans isomerization dynamics.”
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Scheme 1. Depiction of the SWNT hybrid along with the structures of unmodified DR1 (DR1U), DR1 with anthracene tether
(DR1A), DR1 with pyrene (DR1P) tether, and the control compound, which is a pyrene tether on the donor amine group

(AmineP).

In order to improve the efficiency, stability, and life-
time of chromophore-functionalized SWNT devices, it
is important to understand the chromophore/SWNT
interactions, including the role of tethers in binding the
chromophores to the SWNTs. In this paper, we report
the spectroscopic analysis of SWNT—azo-benzene
chromophore hybrid systems using complementary
experimental techniques and ab initio calculations.
For the chromophore, we use Disperse Red 1 (DR1), a
well-studied and commercially available azo-benzene
chromophore (pseudo-stilbene-type azo compound),
with a series of three increasing tether strengths:
(1) unmodified DR1 with no added tether (DR1U), (2)
anthracene-functionalized DR1 (DR1A), and (3) pyrene-
functionalized DR1 (DR1P) (see Scheme 1). The first
part of our studies on thin films shows that the binding
energy and hence the surface coverage of the chro-
mophores on the nanotubes is strongly influenced by
the strength of the tether; we also address the question
of the orientation of the molecules on the nanotubes
by optical second harmonic generation (SHG) mea-
surements. The second part of our studies focuses on
the solution characterization of the hybrids to evaluate
the nature of the electronic coupling. We find weak
electronic coupling between the chromophores and
the SWNTs, consistent with noncovalent binding, as
verified by ab initio calculations. Our experiments show
strong fluorescence quenching of the chromophores
upon binding to the SWNTs and indicate that both static
and dynamic quenching mechanisms are present.

RESULTS AND DISCUSSION

Evaluation of the Strength of Binding. SWNTs can inter-
act with a DR1 unit by 7—z stacking interactions with
the two benzene rings and/or by 71— stacking inter-
actions with anthracene and pyrene tethers, if pre-
sent.’®"'® However, the strength of binding and the
resulting surface coverage can vary greatly, and both
are relevant for the fabrication of useful devices.

Raman spectroscopy was used to characterize
the SWNT—chromophore hybrids, as it allows the
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measurement of vibrational modes of both the chro-
mophores and the SWNTs. Raman spectra were col-
lected in the 1200 to 1800 cm ™' range following exci-
tation with a 532 nm laser (Figure 1A—D). Raman
spectra of SWNTs typically consist of a graphitic or
G-band'? from highly ordered sidewalls, while disorder
in the sidewall structure results in the D-band. From the
Raman spectra (orange line) of pristine SWNTs, the
D-band is observed in the region of 1300—1350 cm ™'
and the G-band in the 1500—1650 cm ™' range. The
asymmetric shoulder at 1540 cm™' on the G-band
is due to electron—phonon coupling in bundles of
SWNTs.2° The Raman spectra of the hybrids show the
characteristic peaks from DR1 in the 1200—1600 cm ™
range (see Supporting Information Figure 1S). When
compared to the pristine SWNTs, the hybrids show the
following changes: (1) an increased peak intensity
at ~1330 cm ™', due to contributions from the N—O
and C—N stretching vibrations of the chromophore;
(2) the appearance of new peaks around 1350—
1500 cm™" attributed to N=N, Cyp—Nye, and C—C
stretching vibrations and C—C and C—N in-plane
bending vibrations of the chromophore;?'*? and (3)
increased intensity of the peak at 1500—1550 cm '
due to contributions from the C—C stretching vibra-
tions from the chromophores. Hence, quantitative
comparison of the peak intensities in the 1200—
1800 cm~' range can give us an estimate of the
amount of bound chromophore. Upon washing the
DR1U/SWNT (Figure 1A) hybrid with methanol to
remove any weakly bound molecules, the intensity
of the characteristic peaks from the chromophores
(region A; in Figure 1) decreased significantly (region
A, in Figure 1). In contrast, the peaks in the DR1P/
SWNT showed a less significant decrease, as shown in
Figure 1C. The information from Figure TA—C is sum-
marized in Figure 1D as a plot of the relative binding
efficiencies of the three types of bound molecules to
nanotubes. Comparison of the normalized area before
and after methanol washing shows retention of 30,
40, and 60% of DR1U, DR1A, and DR1P, respectively. A
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Figure 1. (A—C) Raman spectra of SWNTs (orange), chromophore—SWNT hybrids (blue), and the same hybrids after washing
with methanol (green) for DR1U, DR1A, and DR1P, respectively. (D) Quantitative assessment of the normalized efficiency of
binding for DR1U, DR1A, and DR1P. Red bars correspond to the intensity from the bound chromophores [difference in the
peak areas represented by A, (intensity after binding the chromophores to SWNTs) and A, (intensity from the bare

nanotubes)]; and the gray bars correspond to the intensity from the bound chromophores remaining after methanol wash
[the difference in the peak areas represented by A, (intensity after washing the chromophore bound SWNTs with methanol)

and A, (intensity from the bare nanotubes)].

similar analysis performed by UV—vis spectroscopy
shows up to 80% retention of chromophores when a
pyrene tether is present (details in Figure 2S). These
results confirm the importance of a strongly 7—x
interacting group such as pyrene in the formation of
a more stable structure compared to stacking by ben-
zene rings or anthracene units.

X-ray photoelectron spectroscopy (XPS) provides
another means to probe the surface chemical compo-
sition and to evaluate the surface coverage. Figure 2A
shows the N (1s) XPS spectra of nanohybrid films. After
washing with methanol, the decrease in the N (1s) peak
intensity was in the order DRTU/SWNTs > DRTA/SWNTs
> DR1P/SWNTs. The following bonds were assigned
(Figure 2B,C) as follows: N=N (397.38—401.53 eV), N—C
(398.28—403.53 eV), NO, (403.18—408.29 eV); sp> C=C
and sp® C—C (282.38-286.21 eV), C—0O (283.91—
287.19 eV), C—N (283—-287.5 eV), >C=0 (285.21—
287.98 eV), —COO and O—COO (286.52—289.09 eV),
—ar* transitions associated with phenyl rings (288.51—
291.1 eV).2 The N (1s) peak around 400.3 eV has con-
tributions from the azo, nitro, and amine groups on the
chromophore. The C (1s) peak centered at 284 eV has
contributions from both the carbon atoms in the
chromophore and the SWNTs. The ratio of nitrogen
atoms to nanotube carbon atoms was calculated from
the XPS spectra (Figure 2D). The calculated coverages
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are 0.64, 0.67, and 3.12 molecules per 100 nanotube
carbon atoms for DRTU/SWNTs, DR1A/SWNTs, and
DR1P/SWNTs hybrids, respectively. After the hybrids
were washed with methanol, the differences between
these three systems are dramatic. The surface coverage
of DR1U and DR1A on nanotubes decreased by 78 and
76%, respectively, whereas that of DR1P decreased by
only 10%. These results are in agreement with the
Raman and UV—vis data discussed earlier and confirm
that the pyrene tether plays an important role in
forming stable nanotube hybrids.

These experimental results can be compared with
theoretical predictions of binding energies and elec-
tronic structures of the various chromophore—SWNT
hybrids using all-electron ab initio calculations.>*? In
these calculations, the binding energies are affected by
the geometrical orientation of the chromophore on the
nanotube. Figure 3 shows the relaxed atomic struc-
tures and electronic band structures for three config-
urations: (@) DR1U, (b) DR1P perpendicular to the SWNT
axis, and (c) DR1P parallel to the SWNT axis. These
calculations indicate that DR1P in the parallel config-
uration (1.55 eV) shows a stronger binding interaction
to SWNTs than DR1U (0.79 eV), while the perpendicular
configuration of DR1P (0.64 eV) has a smaller binding
energy as DR1U. (It is worth noting that the binding
energy of DR1P in the parallel configuration is roughly
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Figure 2. XPS spectra of chromophore—SWNT films showing (A) XPS core level N (1s) spectra for the three nanohybrid films as
cast and after methanol washing, (B) N (1s) spectra of the DR1P/SWNT hybrid with the fitting, (C) C (1s) spectra of DRTP/SWNT
hybrid with the fitting, and (D) normalized surface coverage of chromophores on SWNTs calculated by comparison of the area
under the N (1s) peak with the area under the C (1s) peak. Red bars correspond to the coverage of the chromophores on the
substrate before washing (which is set to 1), and the gray bars correspond to the coverage of the chromophores bound to the

nanotubes after methanol rinse.

equal to the sum of the energies of DR1U and of DR1P
in the perpendicular orientation.) In all three systems,
the nanotube electronic properties near the band gap
are not strongly affected. As shown in Figure 3, the
valence and conduction bands of the nanotube shift,
but they do so together, with very little change in the
band gap. Further, the chromophore energy levels
near the HOMO and LUMO do not hybridize with the
nanotube band structure. Moving above the LUMO
or below the HOMO, a small degree of hybridization
between the SWNT and chromophore levels is seen.
Overall, the DFT calculations indicate that there is weak
but nonzero electronic coupling between the chromo-
phore and the nanotube, consistent with the small
shifts observed in the G-band in the Raman spectra
(Figure 3S in the Supporting Information).

According to the experimental UV spectra, Raman
spectra, and XPS, DR1P shows stronger interaction to
the nanotubes than DR1U, which suggests that at least
some parallel orientation of DR1P is present in the
experimental samples. However, if the binding of
chromophores to nanotubes was entirely parallel to
the surface, it would require re-examining the mechan-
ism of gating of phototransistors,'" which was ex-
plained based on a perpendicular orientation of the
chromophores on the SWNTs. Such a parallel orienta-
tion would result in a macroscopically symmetric sys-
tem with no net orientation of dipoles, so that no
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change would be observed in electrostatic potential
around the nanotubes when the hybrids are exposed
to light. To understand chromophore orientation in
more detail, we performed optical second harmonic
generation experiments on the nanotube hybrids both
in the as-cast form and upon UV illumination.

Second harmonic generation (SHG) has proven to
be a sensitive probe for the determination of acentric
molecular ordering in monolayers and thin film,%%’
and which to our knowledge has not been applied to
the study of chromophore-functionalized nanotubes.
As described below, we have utilized SHG to identify a
radial component of chromophore orientation with
respect to the SWNT surface.®?° When irradiated by
a laser pulse, a collection of weakly interacting chro-
mophores will generate a second harmonic pulse, with
an intensity that depends on the molecular second-
order hyperpolarizability f and a macroscopic order
parameter describing the average orientation of a
chromophore with respect to an axis of symmetry (in
this case, normal to the SWNT film). Since isomerization
of DR1 results in an approximate 5-fold decrease in 5 in
going from the trans to the cis conformation,*® mon-
itoring SHG emission from the SWNT—chromophore
hybrid during UV exposure should provide insight on
the net chromophore orientation. We observed that
the DR1P/SWNT film exhibited SHG immediately fol-
lowing fabrication, indicating a degree of chromophore
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Figure 3. Optimized geometries and electronic band
structures of three nanohybrids from DFT calculations using
the M06-L/6-31G(d,p) level of theory. The DFT binding
energies indicate that DR1P is more strongly adsorbed to
the SWNT in the parallel geometry [(C) E,, = 1.55 eV] than in
the perpendicular geometry [(B) E, = 0.64 eV]. If a perpen-
dicular arrangement is assumed, the DR1P is more weakly
bound than (unmodified) DR1U [(A) E, = 0.79 eV]. The band
structures of the nanohybrids (last column) show some
hybridization between the chromophore with the SWNT,
particularly near the X symmetry point. In all three cases,
the fundamental band gap of the SWNT is nearly
unchanged.

alignment perpendicular to SWNTs. This SHG signal
was not observed for pristine SWNTs. To confirm the
role of the chromophores in generation of the SHG
signal, further measurements were performed while
irradiating the DR1P/SWNT films for 1 min with 365 nm
UV light, followed by 1 min without UV light (Figure 4).
The DR1P/SWNT film shows a clear dependence of the
SHG signal on 365 nm UV light. Upon illumination, the
SHG drops noticeably, taking 2—4 s to reach steady
state. Following removal of the UV, the SHG returns
to its initial value. These results can be repeated for
several cycles. The change that occurred during this
process was consistent with the isomerization of DR1P
oriented in the perpendicular direction. An AmineP/
SWNT (Scheme 1) film was prepared as a control as it
does not have the switchable azo group. No SHG or
dependence on the UV light was observed, confirming
the importance of the isomerization of DR1P. Collec-
tively, these results suggest that the adsorption of
chromophores on the nanotubes is either hetero-
geneous (in addition to the parallel configuration of
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Figure 4. Second harmonic generation (SHG) signal from
DR1P/SWNT film subject to cyclic UV irradiation in 1 and

2 min intervals. For example, UV is on for 100 s <t < 160 s,
off for 160 s <t <220s. Att=460s, the period is increased to
2 min.

DR1P, there are also perpendicular configurations on
the SWNTs) or that the adsorption is at an intermediate
angle relative to the axis of the nanotube.

Fluorescence Quenching upon Binding between Chromophores
and Nanotubes. The three chromophore samples showed
a strong fluorescence emission when not bound to
nanotubes (Figure 5). However, in the presence of nano-
tubes, the fluorescence intensity (F) drops dramatically
compared to the initial fluorescence intensity (F,). For a
given concentration of chromophores, as the concen-
tration of nanotubes increases, the emission from the
chromophores decreases. The efficiency of quenching
(1 — F/Fo) for DRTU/SWNTs, DRTA/SWNTs, and DR1P/
SWNTs is 84.2, 92.0, and 95.6%, respectively. From the
Stern—Volmer plots (Fy/F as a function of nanotube con-
centration), in moving from DR1U to DR1A to DR1P, an
increasing nonlinear plot with a slight upward curvature
was observed. The nonlinear plot is typically associated
with a combination of both static and dynamic quench-
ing, that s, by both collisions and by complex formation
with the chromophores.3° The absorption spectra of the
chromophores with and without SWNTs are presented
in Figure 5G—I. The absorption maxima of DR1U, DR1A,
and DR1P show red shifts of 5—10 nm upon addition
of the SWNTs. The red shift is attributed to changes
in energy levels upon binding of the chromophores
to the nanotubes and is associated with the static
component of quenching mechanism. The interac-
tions between the chromophores and the nanotubes
are also supported by the slight upfield shift in the
G-band in Raman, upon functionalization with all three
chromophores (see Figure 3S in the Supporting Infor-
mation).>"32

The quenching of fluorescence from porphyrins co-
valently linked to nanotubes has been found to be
a function of the length of the linker.3® In our studies,
the length of the linker is 4 and 7 in DR1A and DR1P,
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Figure 5. PL spectra after excitation at 490 nm for (A) DR1U, (B) DR1A, and (C) DR1P, show quenching of the fluorescence upon
binding. In all three cases, the concentration of the chromophore was fixed at 0.01 mM and the concentration of SWNTs was
varied from 0.1 to 1.0 x. (D—F) Corresponding Stern—Volmer plots derived from panels A—C, showing increasing nonlinear
trends, indicating a combination of static and dynamic quenching. The solid line shows the fit to the nonlinear equation®

Fo/F =1+ b[SWNT] + c[SWNT]2 Absorption spectrum of (G) DR1U and DR1U/SWNT hybrid, (H) DR1A and DR1A/SWNT hybrid,
() DR1P and DR1P/SWNT hybrid showing a red shift in the absorption maximum. The top row of labeled photographs shows

the prepared solutions.

respectively. Both are reasonably flexible and show
equally strong quenching. Hence, the tether length,
while important in some cases, does not seem to be
critical in our system. The quenching of photoexcited
fluorophores by CNTs could be due to energy transfer
(i.e., Forster resonant energy transfer), charge transfer
(i.e., photoinduced electron transfer), or by metallic
nanotubes. We measured the photoluminescence (PL)
emission from the nanotubes pumped by absorp-
tion of the chromophores (Figure 4S in Supporting
Information). The excitation source was 490 nm (close
to the Amax Of the chromophore), and the chromophore

HUANG ET AL.

concentration was 5 uM. In all three cases, no detect-
able enhancement in the band gap PL of nanotubes
was observed, which points to a lack of significant
energy transfer from the chromophores to isolated
semiconducting nanotubes3'3*~3¢

CONCLUSIONS

Three azo-benzene-based chromophores (DR1U, DR1A,
and DR1P) were used to study the interaction of chro-
mophores with SWNTs and the effect of the tethers, if
present. These experiments highlight the importance
of having a strong r—z stacking group such as pyrene
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in creating stable nanotube hybrids, while preserving
the electronic structure of the nanotubes. Our main
conclusions are (a) UV—vis, Raman, and XPS indi-
cate that pyrene forms the strongest tether to nano-
tubes compared to anthracene or unmodified mole-
cules; (b) DFT calculations show that DR1P with parallel
orientation to the nanotube has the largest binding
energy; (c) SHG measurements applied for the first time
to chromophore-functionalized nanotubes support the
presence of a perpendicular component to the overall
orientation of DR1P on the SWNTs, suggesting hetero-
geneous adsorption of the functionalized chromo-
phore; (d) the fluorescence of the dipolar chromophores

METHODS

Chromophore/SWNT Solutions. One milligram of HiPCO-grown
SWNTs (Unidym, raw powder) was homogenized in 10 mL of
o-dichlorobenzene (ODCB) from Sigma-Aldrich in a bath soni-
cator for 1 h and sonicated by a Fisher Scientific Model 500 sonic
dismembrator with a horn tip for 10 min under ambient condi-
tions. ODCB was chosen because nanotubes are highly disper-
sible in this solvent.3” These mixtures were subjected to cen-
trifugation (11 000 rpm) for 1.5 h to remove bundles and catalyst
residues. The supernatant was centrifuged for an additional 2 h
and used as the stock dispersion assuming that the final SWNTs
concentration is 1x. Chromophores were added to the SWNT
suspensions to obtain a concentration of 0.5 mM. Unmodified
Disperse Red 1 (DR1U) (Sigma-Aldrich) was used as received.
DR1P and DR1A were synthesized based on a previous literature
report.’

Chromophore/SWNT Films. Two milliliters of SWNT—chromophore
solution was drop-cast onto glass slides (3 in. x 1in. x 1 mm),
dried for 24 h under ambient conditions, and followed by drying
in vacuum for 48 h at room temperature. To remove the excess
unbound chromophores, the prepared SWNT—chromophore
films were dipped into 10 mL of methanol for 30 s and dried
under ambient conditions.

Characterization. UV—vis spectra of the hybrids on the glass
slides were recorded with a Varian Cary 50 Bio UV-—uvisible
spectrophotometer. Fluorescence spectra were taken with an
ISS PC1 photon counting fluorometer (ISS Instrument Inc.,
Champaign, IL) using 490 nm excitation at room temperature.
The dispersion and mixing of the solutions were performed just
before the measurements. Raman spectra of the hybrids on the
glass slides were measured using a Horiba Jobin Yvon LabRAM
ARAMIS Raman confocal microscope with 532 nm diode laser
excitation.

XPS of the hybrids on the glass slides was measured with
a Perkin-Elmer 5400 ESCA spectrometer under Mg Ko X-ray
emission. The surface coverages of the chromophores on SWNTs
were calculated using standard equations (details in Supporting
Information).383°

Second harmonic generation experiments were conducted
with a Q-switched 1064 nm pulsed Nd:YAG laser with a 50 mJ
pulse energy and 10 ns pulse width. Frequency-doubled light at
532 nm was detected with a photomultiplier and gated boxcar
integrating electronics.

Photoluminescence spectra (in the near-infrared range) of
SWNTs in o-dichlorobenzene and chromophore—SWNTs solu-
tion were collected using a high-power LED excitation source at
490 nm and a Horiba Jobin Yvon monochromator with a
modulated 4 kHz chopper wheel, calibrated Ge reference cell,
and a Stanford Research Systems SR830 lock-in amplifier. The
concentration of all three chromophores was fixed at 5 uM and
that of SWNTs was 0.05 x.

is quenched upon binding to nanotubes; (e) Stern—
Volmer plots are nonlinear, which supports a combi-
nation of static and dynamic quenching processes;
and (f) PL measurements show no significant energy
transfer between the chromophores and the nano-
tubes. The DFT calculations show that if charge
transfer is present it must occur in an excited state.
This is relevant for optimizing the photogating of
the chromophore/SWNT transistors, and it motivates
future work on both tailoring the dipole moment
as well as improving the optical activity of the nano-
tube hybrid material by selecting specific chiral distri-
butions.

DFT Calculations. Density functional theory (DFT) calculations
were performed using the recent MO6-L functional, which is
designed specifically for noncovalent and w— stacking inter-
actions.*® Geometry optimizations for all three chromophores
were obtained using the M06-L functional in conjunction with
an all-electron 3-21G Gaussian basis set. At the optimized geo-
metries, single-point energies with a larger 6-31G(d,p) basis set
were used to calculate final binding energies. To provide further
insight into electronic properties, we also computed the elec-
tronic band structure at the same M06-L/6-31G(d,p) level of
theory for all the SWNT—chromophore hybrids. For all three
chromophores, a (10,0) semiconducting SWNT was chosen as a
representative model system, and calculations were performed
using a one-dimensional supercell along the axis of the nano-
tube. Since the chromophore molecules are over 6 times longer
than the (10,0) unit cell, a large supercell of 17.1 A along the
nanotube axis was chosen to allow separation between adja-
cent chromophores.
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