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sources and increased energy demand

has lead many research groups to focus
their attention on the development of en-
vironmentally clean alternative energy re-
sources.' Particular emphasis has been
placed on solar energy conversion, where
research fields have emerged targeting
both photocatalysis for the production of
clean fuels? and mimicking of photosynthe-
sis using donor—acceptor-based assemblies
and materials?

Functionalization of carbon-based nano-
materials has recently received an enor-
mous amount of attention for a variety of
applications.*”” In particular fullerenes and
single-wall carbon nanotubes (SWNTs) have
been of great interest with regards to their
use as acceptors in donor—acceptor sys-
tems stemming from their natural elec-
tron-acceptor ability.? Straightforward delo-
calization of transferred electrons through
these highly conjugated structures results in
low reorganization energies, ultrafast charge
separation, and slow charge recombination,
making them ideal candidates for optoelec-
tronic applications.’

SWNTs also demonstrate further unique
properties, such as high electrical conduc-
tivity,'° tensile strength,"" and chemical sta-
bility,'? that further enhance their potential
and has led to many reports demonstrating
their use as both nanoconjugates (donor cova-
lently attached) and nanohybrids (donor non-
covalently attached). A variety of donor
molecules have been investigated, such as
tetrathiafulvalene,® ferrocene," and ruthe-
nium bipyridine complexes,'® however large

In recent years, diminishing natural re-
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ABSTRACT The preparation of a novel donor—acceptor material, consisting of a red/near-
infrared (NIR) absorbing boron azadipyrromethene donor covalently attached to a highly
functionalized single-wall carbon nanotube (SWNT) acceptor, which bears great potential in the
field of organic photovoltaics, has been demonstrated. Both purification and covalent functionaliza-
tion of SWNTs have been demonstrated using a number of complementary characterization
techniques, including atomic force microscopy, Raman, X-ray photoelectron spectroscopy (XPS),
Fourier transform infrared, and NIR-photoluminescence spectroscopy, and a functionalization
density of approximately 1 donor molecule per 100 SWNT atoms has been estimated by XPS. The
redox behavior of the fluorophore has been investigated by electrochemistry and spectroelec-
trochemistry as well as by pulse radiolysis. The donor—acceptor properties of the material have been
characterized by means of various spectroscopic techniques, such as UV—vis NIR absorption
spectroscopy, steady-state and time-resolved fluorescence spectroscopy, and time-resolved transient
absorption spectroscopy. Charge transfer from the photoexcited donor to the SWNT acceptor has
been confirmed with a radical ion pair state lifetime of about 1.2 ns.

KEYWORDS: carbon nanotubes - functionalization - near-infrared fluorophore -
donor—acceptor conjugate - transient absorption spectroscopy

attention has been given to porphyrins'®~2°

and related phthalocyanines,®’ ~>* due to
their excellent optical and electronic prop-
erties. Among these donor molecules only
the latter, phthalocyanines, demonstrates
intense absorption in the red/near-infrared
region of the spectrum, which is of major
importance with regards to improving light-
harvesting performance for photovoltaic
applications. One drawback of phthalocya-
nines, however, is that they often suffer
from poor solubility. This is a problem often
encountered with the development of new
NIR fluorophores, in addition to further pos-
sible drawbacks, such as aggregation, pho-
tobleaching, photoinstability, and low quan-
tum yields.?*
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Figure 1. Conjugatable boron-chelated tetraarylazadipyr-
romethene [1].

Boron-chelated tetraarylazadipyrromethenes are a
novel class of red/near-infrared fluorophores that have
recently been developed,®*?® which may be synthe-
sized relatively easily, are amenable to structural mod-
ification, and exhibit excellent spectral properties, such
as high extinction coefficients (70 000—80 000 M
cm™") and large fluorescence quantum yields above
700 nm.?” These appealing attributes have led to their
adaption for use in applications, such as fluorescent
sensing®®?° and as photosensitizers in photodynamic
therapy, and show definite promise for their ap-
plicability in photovoltaics.

In the current study we describe the covalent con-
jugation, via amide-bond formation, of the amine
functionalized NIR fluorophore [1] (Figure 1) with
SWNTSs and subsequently investigate the charge-trans-
fer properties between the tetraarylazadipyrro-
methene unit and the highly functionalized SWNT
acceptor. A number of spectroscopic techniques, in-
cluding NIR photoluminescence (NIR-PL), Raman, Four-
ier transform infrared (FTIR), UV—vis absorption and
emission, and X-ray photoelectron spectroscopy (XPS),
were used to demonstrate successful purification and
functionalization of the samples. Steady-state and
time-resolved fluorescence spectroscopy in addition to
time-resolved transient absorption spectroscopy were
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subsequently used to demonstrate charge transfer
from the photoexcited donor to the SWNTs.

RESULTS AND DISCUSSION

The synthetic procedure for the preparation of
fluorophore [1] conjugated SWNTs (f-SWNTs [5]) is
illustrated in Scheme 1. Initially raw SWNTs (r-SWNTs
[2]) were purified by successive treatments with nitric
acid, sodium hydroxide, and hydrogen peroxide in
order to remove unwanted catalyst and carbonaceous
material from the sample. This purified material
(p-SWNTs [3]) was covalently functionalized, using a
procedure developed by Tour and co-workers,'3?
where successive treatments with in situ generated
4-carboxybenzenediazonium produced highly function-
alized and easily dispersible f-SWNTs [4]. Fluorophore
[1] was synthesized as previously described,*” depro-
tected using trifluoroacetic acid (Scheme S1, Support-
ing Information) and coupled to f-SWNTs [4] following
conversion of the benzoic acid groups to the corre-
sponding electrophilic acid chloride moieties.

The functionalization procedure was followed by
Raman spectroscopy, and the spectra following each
synthetic step are shown in Figure 2. It is evident that
only slight changes in the RBM, G, and 2D bands are
observed. The D band on the other hand, activated by
the presence of defects on the nanotube surface,® is
clearly affected, where the D/G ratio is reduced follow-
ing purification and substantially enhanced following
the Tour functionalization, indicating covalent function-
alization. Background emission is evident from the
spectrum when excited at 633 nm following attach-
ment of [1], and a peak characteristic of the C=C and
C=N in plane vibration of the pyrrole rings in the
azadipyrromethene can be seen at approximately
1420 cm™ ' (Figure 2B).

The functionalization procedure was also monitored
by XPS following the C 1s spectrum (Figure 3), where
the table shows fitting of the peak into its various
components. Characteristic contributions from the
primary graphitic peak (284.4 eV) and plasmon loss

Ph
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Functionalised SWNTs
(f-SWNTs)
[4]

Functionalised SWNTs
(f-SWNTs)
[51

Scheme 1. Synthesis of boron azadipyrromethene SWNT conjugate: (A) purification, (B) functionalization with benzoic acid

groups, and (C) attachment of fluorophore [1].
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(290.6 eV) are present in r-SWNTs. Following the oxi-
dative purification procedure, as expected two new
peaks appear that relate to the increasing sp> content
(285.3 eV) and the introduction of oxygen containing
groups (288.8 eV) onto the nanotube structure. Upon
treatment with the diazonium compound to form
f-SWNTs [4] there is the appearance of a new peak at
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Figure 2. Raman spectra recorded after excitation at 633
nm from the raw, purified, and functionalized SWNTs.

288.1 eV related to the attached benzoic acid groups.>*
This is accompanied by the disappearance of the
plasmon loss suggesting covalent functionalization of
the nanotube side wall. In the final sample, f-SWNTs [5],
further peaks appear in combination with an additional
increase in the sp> character resulting from conjuga-
tion of [1].

Figure 4 shows an XPS survey spectrum of the
f-SWNTs [5] where, in addition to the peaks expected
for the raw material, i.e,, the C 1s (284.4 eV) and the
Auger lines carbon KLL (near 1200 eV) and oxygen KVV
(near 1000 eV), the peaks generated by photoelectrons
emitted from oxygen, nitrogen, fluorine, and boron
atoms are also evident, confirming the presence of
conjugated [1] in the sample. The efficiency of the
functionalization was also estimated from the XPS data
(Tables S1—3, Supporting Information). It was esti-
mated from the O 1s peak that f-SWNTs [4] has
approximately 1 benzoic acid group attached every
20 carbon nanotube atoms, in accordance with the
literature,® and from the N 1s peak that f-SWNTs [5]
has approximately 1 dye molecule attached every 100
carbon nanotube atoms. The B 1s peak was examined
to determine whether the coupling reaction conditions
had any effect on chelation of the boron, and given
that there is 1 boron atom per 112 carbon nanotube
atoms, we estimate that approximately 90% of the
attached molecules of [1] are unaffected.

FTIR spectra of all nanotube samples are illustrated
in Figure 5A in order to assess functional group intro-
duction. Following the purification procedure very
little change is evident, however after the diazonium
treatment new absorption bands can be observed in
the fingerprint region of the spectrum, notably the
carbonyl stretching band near 1700 cm™". Following
conjugation of [1], this band shifts in frequency, and its
relative intensity decreases indicating conversion of
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2853 - 55% 55% 8,5 % sp’
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0, 0,
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290,6 5,5% 2,5% - - n-plasmon
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Figure 3. XPS C 1s spectrum of the raw, purified, and functionalized SWNTs. Table shows the binding energy of the different
components used in the fitting and the relative concentration of each.
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the acid to an amide, suggesting covalent attachment
to the SWNTs.

NIR-PL measurements (Figure 5B) demonstrate that
the SWNTs, although quenched, still demonstrate
structured emission following purification. Diazonium
treatment, however, results in complete loss of photo-
luminescent behavior, indicating covalent attachment
of the benzoic acid groups to the side wall of the
SWNTs,>® in agreement with the XPS and Raman
results. NIR-PL spectra were taken of each sample
and dispersed in aqueous sodium dodecylbenzene
sulfonate (SDBS) solution, and as expected, the disper-
sibility of the purified SWNTs was greatly increased
following diazonium functionalization, and notably the
color of the dispersion changed from a dark brown to a
dark green following conjugation of [1] (Figure 5C).

The effect of purification and functionalization on
the integrity of the SWNTs was investigated by AFM
(Figure 6). On comparison of r-SWNTs [2] and p-SWNTs
[3], it is evident that the purification procedure is
successful in quantitatively removing catalyst and
carbonaceous material from the sample, leaving be-
hind SWNTs bundles. Following the functionalization
procedures, it is clear that the f-SWNTs [4] and [5] have
kept their integrity and that the samples are relatively
clean as a result of the stringent washing procedures
employed. Dispersibility of the functionalized samples
is much improved, as is evident from both the aqueous
SDBS dispersions (Figure 5C) and the AFM images
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Figure 4. XPS spectrum of functionalized SWNTs [5].

(where all samples were prepared in an identical
manner). This is of special interest for photovoltaics
as one of the barriers to generating feasible photo-
voltaic devices, using longer nanotubes is their ten-
dency to aggregate into insoluble bundles thus
inhibiting processability.” Highly functionalized SWNTs
alleviate this problem by reducing the effect of bund-
ling and roping in the material.>’

Steady-state absorption spectra of raw, purified, and
functionalized SWNTs are displayed in Figure S1, Sup-
porting Information, and it is clear that van Hove
singularities are still present following purification,
however, disappear following the Tour reaction as
reported in the literature®' In f-SWNTs [5] maxima
appear at 466 and 698 nm corresponding to the peaks
observed for [1] at 462 and 697 nm (Figure 7). An
overall broadening of the fluorophore assigned bands
of f-SWNTs [5] suggests electronic communication
between the constituents indicating covalent conjuga-
tion of [1] as opposed to physisorption. The latter
conclusion is supported upon examination of the
absorption spectrum when the dye is simply mixed
with a dispersion of f-SWNTs [4], where the character-
istic maximum is observed at 695 nm and no broad-
ening relative to [1] is perceived.

Analysis of the steady-state emission spectrum,
taken at an excitation wavelength of 450 nm, provides
additional evidence for electronic communication be-
tween the SWNT and the fluorophore (Figure 8). Spe-
cifically, while [1] gives rise to a fluorescence quantum
yield value of 0.49, f-SWNTs [5] demonstrate a quanti-
tatively quenched fluorescence, implying rapid deac-
tivation of photoexcited fluorophore [11.2* Further-
more, while the reference fluorophore [1] has a fluor-
escence lifetime of 2.8 ns, -SWNTs [5] did not reveal
any appreciable change within the time resolution of
0.1 ns of our instrumental apparatus. Interestingly,
a mixture of the reference fluorophore [1] and
f-SWNT [4] demonstrated comparable fluorescence
to the fluorophore alone.

To determine the exact nature of the electronic
interactions, femtosecond transient absorption spec-
troscopy was employed. Upon laser excitation at 700
nm, the excited state characteristics of [1] give rise to
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Figure 5. (A) Infrared spectra, (B) NIR-PL spectra, and (C) aqueous SDBS dispersions of the r-SWNTs [2], p-SWNTs [3], and

f-SWNTs [4] and [5].
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Figure 6. AFM images of small bundles of r-SWNTs [2] (z = 0
0—45nm), p-SWNTs [3] (z=0—30 nm), f-SWNTs [4] (z=0—15
nm), and f-SWNTs [5] (z= 0—14 nm) on mica. 0005 [  enieser]
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c - Figure 9. (A) Differential absorption spectra (visible and
.g near-infrared) obtained upon femtosecond laser flash
50'10 7 photolysis (700 nm) of [1] in DMF with several time delays
8 - between 0 and 3082 ps at room temperature (see figure
o 0.05 legend for details). (B) Time-absorption profiles of the
<o spectra shown above at 650 and 860 nm monitoring the
E singlet excited-state formation and decay.
0.00 | ) .
LA LI B LR B ground state/state filling. Intersystem crossing to the
400 500 600 700 800 900 1000 corresponding triplet manifold is the fate of singlet
Wavelength (nm)

excited state. A multiwavelength analysis, for which an
Figure 7. Steady-state absorption spectra of fluorophore example is shown in Figure 9, gives rise to an inter-
[1] and f-SWNTs [5]. system crossing rate constant of 3.7 x 10%s™".
Important for further laser flash photolysis studies is
' ' ] information concerning the absorption features of the
] one electron oxidized fluorophore radical cation. To
this end, pulse radiolysis experiments were carried out.

150000

100000 Oxidation of fluorophore [1] in oxygenated dichloro-
Emission methane by radiolytically generated radical anions lead
(au) to differential absorption changes shown in Figure 10,
50000 which were corroborated by spectroelectrochemistry,
where we applied an oxidative potential of 1.3VvsaAg
wire. The differential absorption spectra of the oxidized
o ] . .
550 700 ~%0 500 reference ﬂuorophore [1] include minima at 46? and
Wavelength (nm) 701 nm, a maximum at 564 nm, and a broad maximum
at 791 nm (Figure 11).
Figure 8. fR[O]OEIteTPerathe ;teag);'gwﬁ_rﬂ[u?r(esgence When analyzing the differential absorption changes
spectra of [1 ack spectrum) and f- 5] (re: 2 . - . . _
spectrum) in DMF that exhibit the same optical density at of -SWNTs [5]in the visible and infrared (i.e. 400—900
the 450 nm excitation wavelength. nm), transient peaks, which are centered at 460 and

855 nm, are formed during the initial stage (i.e., from 0
maxima at 460, 493, and 860 nm as well as minima at to 2 ps). Based on the similarity with the features seen
650 and 703 nm, as shown in Figure 9. The maxima at upon exciting [1], we conclude the formation of the
460, 493, and 860 nm correlate to singlet—singlet fluorophore singlet excited state. In the near-infrared
transitions, while the minimum is due to the depletion (i.e, 900—1400 nm) a broad bleach evolves, which

of the ground state and reflects consumption of the is an indicator for photoexcited SWNT. The singlet
@)
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Figure 11. Differential absorption changes following
electrochemical oxidation of [1] in dichloromethane
at an applied potential of 1.3 V vs Ag wire.

excited state characteristics of [1] decay all throughout
the visible and the near-infrared over the next 10 ps. In
parallel with the singlet excited state decay, a broad
absorption ranging from 750 to 1150 nm and max-
imizing at 820 nm emerges (Figure 12). The broad
750—1150 nm feature correlates well with the signa-
ture of the one electron oxidized radical cation of [1].
On the other hand, differential absorption changes
noted upon pulse radiolytic, electrochemical, chemical,
and photochemical reduction of pristine SWNT are
predominantly located in the near-infrared.?> As the
absorption spectra of f-SWNT [4] and [5] do not
feature distinct transitions between van Hove singula-
rities, the one electron reduced SWNT radical anion is
likely to be a broad bleach or to remain spectroscopi-
cally invisible to us. In fact, at time delays of around
10 ps, that is, at which the radical cation formation of
[1] is completed, a broad bleach centered at around
1250 nm is seen. Taken the formation of the one
electron oxidized fluorophore radical cation and the
broad bleach of SWNT centered transitions into con-
cert, we reach the conclusion that the radical ion pair
state is successfully formed.

Upon photoexcitation of [1], a lifetime of more than
3 ns has been determined from a multiwavelength
analysis, while when attached to f-SWNTs [5] a lifetime
analysis at 460, 750, 855, and 1250 nm reveals a value of
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Figure 12. (A) Differential absorption spectra (visible and
near-infrared) obtained upon femtosecond laser flash
photolysis (700 nm) of f-SWNT [5] in DMF with several time
delays between 0 and 6.4 ps at room temperature (see
figure legend for details). (B) Time-absorption profiles of the
spectra shown above 855 and 1250 nm monitoring the
charge separation. (C) Time-absorption profiles of the
spectra shown above 1250 nm monitoring the charge
recombination.

5.9 ps (see time absorption profile of Figure 12). Moreover,
for the subsequently formed maximum of the one
electron oxidized fluorophore and the broad bleach
of one electron reduced SWNT, a lifetime of 1.2 ns was
derived. In summary, the aforementioned supports the
presence of a short-lived excited state that transforms
into a longer-lived radical ion pair state.

CONCLUSIONS

We have demonstrated the preparation of a novel
donor—acceptor material, consisting of a red/NIR ab-
sorbing boron azadipyrromethene donor covalently
attached to a highly functionalized SWNT acceptor, where
successful purification and covalent functionalization
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were demonstrated by a number of spectroscopic/
microscopic techniques. The electronic interactions
between the donor and the SWNT have been con-
firmed by means of absorption and fluorescence
spectroscopies, followed by transient absorption mea-
surements, which verified efficient electron transfer

METHODS

Materials. Raw HiPco SWNTs were purchased from Unidym,
Inc. (lot no. R1921). Reagents and solvents were purchased as
reagent/spectroscopic grade from Fisher Scientific Ireland Ltd.
or Sigma-Aldrich Ireland and Germany and used without further
purification.

Deprotection of [1]. An 8 mg quantity of boc-protected
fluorophore [1] (synthesis previously described)?” was dissolved
in 2 mL of dichloromethane. A 0.2 mL aliquot of trifluoroacetic
acid was slowly added, and the reaction mixture was stirred at
room temperature for 2 h. Saturated aqueous NaHCOs; was
added, and the resulting suspension extracted with dichloro-
methane (2 x 15 mL). The combined organic phases were
washed with water, dried over Na,SO,, evaporated to dryness,
and directly used for conjugation to f-SWNTs [3].

Synthesis of p-SWNTs [3]. A 101 mg quantity of raw SWNTs
was dispersed in 7.9 M HNO; (340 mL) by sonication at max-
imum power for 5 min and subsequently at minimum power for
10 min. The mixture was then stirred under reflux at 100 °C for
4 h and quenched with ice. The dispersion was then filtered
through a Millipore system (0.2 um Isopore filter) and washed
with distilled water until the filtrate ran neutral. The wet solid
was transferred to a Teflon tub, dispersed in 2 M NaOH by
sonication at maximum power for 5 min, and subsequently
stirred overnight at 100 °C under a nitrogen atmosphere. The
mixture was cooled to room temperature, filtered through over
an Isopore filter, and washed with a further 200 mL of 2 M NaOH.
The solid was washed with distilled water until the filtrate pH
became neutral, and the sample was subjected to the NaOH
treatment one additional time. Following filtration the wet solid
was dispersed in 10% H,0, by sonication at maximum power
for 5 min and subsequently stirred for 1 h at 100 °C. The
dispersion was quenched with ice, filtered over an Isopore filter,
and washed with copious amounts of distilled water. The solid
was subsequently subjected to a final NaOH treatment and
filtered, and the solid was washed with 200 mL 2 M NaOH,
distilled water until neutral pH, 200 mL of 1 M HCl, and distilled
water until neutral pH, respectively. The wet solid was redis-
persed in distilled water and freeze dried to afford 23 mg of
black solid (yield: 23%).

Synthesis of f-SWNTs [4]. A 12.2 mg quantity of p-SWNTs [2]
was dispersed in 50 mL N-methyl-2-pyrrolidone (NMP) by
sonication for 20 min at full power. Following addition of
4-aminobenzoic acid (275 mg, 2 mmol, 2 eqe C), the reaction
mixture was put under a nitrogen atmosphere. The reaction
mixture was stirred overnight at 70 °C, following addition of
isoamyl nitrite (400 uL, 3 mmol, 3 eqe) via syringe. After cooling
to room temperature, the mixture was briefly sonicated to
redisperse the sample and was then filtered through a 0.2 um
fluoropore FGfilter, washing with NMP until the filtrate ran clear.
The sample was redispersed in NMP (50 mL), and the entire
procedure was repeated an additional two times. Finally the
solid was washed with methanol and dried under vacuum to
afford 13 mg of black solid.

Synthesis of -SWNTs [5]. A 10.4 mg quantity of f-SWNTs [3]
was dispersed in thionyl chloride by sonication at maximum
power for 10 min. The mixture was subsequently refluxed at
70 °C under a nitrogen atmosphere for 48 h. The dispersion was
filtered through a 0.2 um fluoropore FG filter, washed with dry
THF, and directly redispersed in dry THF (50 mL) by brief
sonication under a nitrogen atmosphere. A 60 uL aliquot of
dry triethylamine, followed by compound [1] dissolved in 5 mL

FLAVIN ET AL.

from the photoexcited boron azadipyrromethene
to the SWNT. The lifetime of the resulting radical ion
pair state has been determined as 1.2 ns, which
renders our electron donor—acceptor conjugate as
a promising building block in future photovoltaic
applications.

of dry THF, was syringed into the reaction mixture, respectively.
The mixture was subsequently stirred for 15 h at 80 °C under a
nitrogen atmosphere. The mixture was allowed to come to
room temperature and was subsequently dispersed in DMSO
(200 mL) by brief sonication. The dispersion was filtered through
a 0.2 um fluoropore FG filter and washed with 1% acetic acid in
ethanol (150 mL), ethanol, methanol, THF, and methanol, respec-
tively, with sonication following each solvent washing step.

Sample Characterization. Micro-Raman scattering measurements
were performed at room temperature in the backscattering
geometry using RENISHAW 1000 micro-Raman system equipped
with a CCD camera and a Leica microscope. An 1800 line mm ™"
grating was used for all measurements, providing a spectral
resolution of =1 cm™". As an excitation source, the Ar" laser
(457 nm) was used. Measurements were taken with 10 s of
exposure time and 4 accumulations. The laser spot was focused
on the sample surface using a 50x objective with short-focus
working distance. Raman spectra were collected at numerous
spots on the sample and recorded with a Peltier cooled CCD
camera. The data was collected and analyzed with Renishaw Wire
and GRAMS software.

XPS measurements were performed in a VERSAPROBE PHI
5000 from Physical Electronics, equipped with a monochro-
matic Al Ko X-ray source with a highly focused beam size, which
can be selected from 10 to 300 #m. The energy resolution was
0.6 eV. For the compensation of built up charge on the sample
surface during the measurements, a dual beam charge neutra-
lization composed of an electron gun (~1 eV) and the argon ion
gun (<10 eV) was used.

All FTIR spectra were measured in the solid state on a
PerkinElmer FTIR spectrometer spectrum 100 with a universal
ATR sampling accessory (diamond/ZnSe crystal). The spectra for
organic compounds and functionalized SWNTs were recorded
at 36 and 256 scans, respectively, with a 4 cm ™ resolution.

The photophysical measurements were performed at room
temperature and ambient conditions. Steady-state absorption
spectra were measured by a Cary5000 (Varian) two-beam
spectrometer.

NIR-PL studies were carried out in a LOT ORIEL Nanospec-
tralyzer NS1 at three different excitation wavelengths (785, 683,
and 638 nm). Dispersions of SWNTs in aqueous SDBS were
prepared in Milli-Q water with an initial nanotube concentration
of 2 x 1072 mg/mL and with a SWNTs/SDBS mass ratio of 1:25.
Nanotubes and SDBS were precisely weighted and dispersed in
Milli-Q water by both sonic tip (2 min) and sonic bath (6 h)
treatments. The dispersions were centrifuged at 4000 rpm for 90
min, and all optical measurements were carried out on the
supernatants in a 1 cm quartz cells.

AFM topographic images were collected in semicontact
mode with an NT-MDT inverted configuration system. Silicon
tips with reflectance gold coated on the back, tip apex radius
10 nm, force constant 2 N/m, and frequency 170 kHz were used.
The data were collected and analyzed with NT-MDT Nova
software. Samples were prepared by dispersing the nanotubes
in high-purity DMF by sonication, spray coated onto freshly
cleaved mica substrates, and dried overnight in oven at 90 °C.

Emission spectra were recorded by using a FluoroMax-P
(HORIBA Jobin Yvon). NIR emission spectra were measured by a
Fluorolog spectrometer (HORIBA Jobin Yvon). Here, the optical
detection was performed by a Symphony InGaAs array in
combination with an iHR320 imaging spectrometer. The sam-
ples were excited by a 450 W xenon lamp. Time-correlated
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single photon counting (TCSPC) spectra were taken with a
Fluorolog system (HORIBA Jobin Yvon). The sample was excited
by a NanoLED-650 L (peak wavelength 647 nm), and the signal
was detected by a Hamamatsu MCP photomultiplier (type
R3809U-50). The time profiles were recorded at the emission
maximum.

Femtosecond transient absorption studies were performed
using an amplified Ti:sapphire laser system (SHG, CPA 2001,
Clark-MXR, Inc.) for creating 700 nm laser pulses (200 nJ) by a
NOPA (Clark-MXR, Inc.). For the detection we used a Helios
TAPPS from Ultrafast Inc.

Electrochemical measurements were carried out by using a
HEKA elektronik HEKA 510 potentiostat/galvanostat with a
glassy carbon working electrode, a Pt wire counter electrode,
and a Ag wire reference electrode. Potentials were measured vs
Fc/Fc' in deoxygenated samples.

Spectroelectrochemical measurements were performed on
an analytic jena SPECORD S 600 diode array spectrophotometer
combined with a HEKA elektronik HEKA 28DD5 potentiostat/
galvanostat with a Pt gauze working electrode, a Pt wire counter
electrode, and a Ag wire reference electrode.
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