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ABSTRACT: We report the synthesis of a multifunctional
block copolymer incorporated with pyrene and ruthenium
terpyridyl thiocyanato complex moieties by reversible
addition−fragmentation chain transfer polymerization. The
pyrene block in the copolymer facilitates the dispersion of
multiwalled carbon nanotubes in DMF solution because of the
strong π−π interaction between the pyrene moieties and
nanotube surface. On the other hand, the ruthenium
complexes greatly enhance the photosensitivity of the
functionalized nanotubes in the visible region. The photo-
current responses of the nanotubes at different wavelength
measured by conductive AFM spectrum strongly agree with
the absorption spectrum of the ruthenium complex. The
results demonstrate a new and versatile approach in enhancing and fine-tuning the photosensitivity or other opto-electronic
properties of carbon nanotubes by multifunctional block copolymers.
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■ INTRODUCTION
The application of carbon nanotubes (CNTs) in electronic and
optoelectronic devices has drawn tremendous attention in
recent years.1 CNTs may function as conductors with very high
conductivity, but their electronic properties are strongly
affected by the introduction of different functional groups/
molecules on the surface. The type of charge carriers can be
easily modified by the surface functionalization, which is
equivalent to n-doping and p-doping in semiconductors.2

Composites based on CNTs have been applied in electronic
and optoelectronic devices3 such as field effect transistors
(FET),4,5 photoswitching,6 light sensing,7 chemical sensing,8

and light emitters.9 Organic chromophores7 or conjugated
polymers10,11 have been used to modify the optical properties
of CNT. Photovoltaic devices based on CNT modified with
conjugated P3HT were also reported.12 In these applications,
chemical modification and functionalization are essential, as the
responses of CNTs to different stimuli are dependent on the
molecules/groups attached.13,14 In most of the devices
fabricated from CNTs, the sensitizing molecules were
introduced to the “as grown” nanotube surface by dropping a
solution of the sensitizers on the substrate on which CNT was
formed. The nanotube surface may not be fully covered, and
small molecules usually have weak interactions with CNT
surface. This may result in detachment of molecules upon
subsequent washing/cleaning processes. Another approach to
functionalize CNT surface is by the formation covalent linkage
after modifying CNT surface by chemical methods. For

example, carboxylic acid groups can be introduced to CNT
surface by treating with oxidizing agents.15 However, the
continuous π-system of CNTs will effectively be destroyed.16

Different approaches in noncovalent functionalization of
carbon nanotubes have been proposed.17 The noncovalent
interaction between the anchoring group and CNT was mainly
based on π−π interaction. Anthracene, pyrene, porphyrin, and
phthalocyanine derivatives have been used as the anchoring
groups.
We previously demonstrated that metal containing block

copolymers and conjugated polymers could function as
photosensitizers in photovoltaic devices.18,19 In these applica-
tions, the metal complex sensitizers played critical role in the
generation of photocurrent by broadening the absorption
spectra in the visible to near IR region.20,21 CNTs modified
with a variety of block copolymers have been reported.22,23 In
this paper, we report a new approach in modifying the surface
of CNT with a photosensitizing metal containing block
copolymer that contains pyrene moieties in one block and
ruthenium terpyridyl thiocyanato complexes in another block.
The ruthenium complex is commonly known as the black dye,
and it has been widely used as photosensitizers in dye-
sensitized solar cells.24 In our copolymer, the two different
blocks serve distinct functions: the pyrene block facilitates the
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anchorage of the copolymer on CNT surface by noncovalent
π−π interactions, so that the modified CNT can be dispersed
easily in common organic solvents. The ruthenium complex
block absorbs strongly in the visible region and functions as
photosensitizer. After modification, the CNT will be wrapped
with pyrene containing block in the inner layer, whereas the
ruthenium complexes constitute the outer layer of the modified
CNT. By this approach, the noncovalent attachment of
molecules on CNT surface does not result in perturbation of
CNT electronic states.16 In addition, compared to small
molecules, the block copolymer can anchor on CNT surface
much more strongly, and it may serve as a dispersing agent for
CNT. Because of the presence of photosensitizing block, the
photoconductivity of CNT was enhanced after functionaliza-
tion. The resulting CNT−polymer composite have potential
applications in organic photovoltaic devices.25 Here, we present
a simple and convenient technique by which the photo-
conductivity of an individual functionalized carbon nanotube
can be directly measured by conductive AFM (CAFM) under
illumination of light.

■ RESULTS AND DISCUSSION
Synthesis of Copolymer and Dispersion of CNT. The

synthesis of the target block copolymer Ru-b-Py is shown in

Scheme 1. It was synthesized by the reversible addition−
fragmentation chain transfer polymerization (RAFT). Similar
procedure has been adopted in the synthesis of photosensitiz-
ing block copolymers.18 The pyrene containing block was
synthesized by heating monomer 2 in the presence of AIBN as
the initiator and cyanoisopropyldithiobenzoate 3 as the chain
transfer agent. The product obtained (polymer 1) was used as
the macroinitiator for the synthesis of the second block. The
GPC chromatograms of different homopolymer and copoly-
mers are shown in Figure 1 and the calculated and measured
molecular weights are summarized in Table 1. The number
average molecular weight and polydispersity measured for
polymer 1 were 14570 and 1.08, respectively (by GPC using
NMP-4% KPF6 as the eluent). This corresponds to a number
average degree of polymerzation of 31. The measured
molecular weight agrees very well with that of theoretical
value (11750, assuming that [monomer]/[chain transfer
reagent] = 25). In the second step, metal free block copolymer
5 was synthesized by the reaction between monomer 4 and
macroinitiator 1. The GPC trace of copolymer 5 shows no
residual polymer 1 in the mixture., and the number avarage
molecular weight measured was 30800 (degee of polymer-
ization = 33), which also agrees quite well with the theoretical
value (29850). It can be seen that both polymers 1 and 5

Scheme 1. Synthesis of Ru-b-Py
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exhibit low polydispersity, indicating the “living” nature of the
polymerizations. For the metalation reaction, copolymer 5 was
first heated with ruthenium trichloride in DMF. In this reaction,
the intermediate obtained was not soluble in DMF, and it
limited the percentage of trichloro ruthenium moieties
incorporated in the polymer. The chloride ligands on the
ruthenium center were then replaced by thiocyanate by heating
the intermediate polymer with sodium thiocyanate in DMF.
Subsequently, the sodium ion was replaced by tetrabutylam-
monium cation to yield the target polymer Ru-b-Py, which is
highly soluble in DMF. The GPC chromatogram of Ru-b-Py
shows a significant peak broadening compared with the metal
free copolymer 5, and the measured molecular weight is lower
than that of the theoretical value, which assumes a 100%
metalation. It should be noted that Ru-b-Py consists of ionic
ruthenium complex pendant chain, and this type of polymer
may bahave differently compared to neutral polymers. The
formation of aggregates, strong polymer-column interactions,26

and incomplete metalation may contribute to the broadening of
the GPC peak. The 1H NMR spectra of polymers 1, 5 are
shown in Figure S1 (see the Supporting Information) and the
spectra of the monomers are also shown for comparison
purpose. By comparing the spectra of monomer 2 and polymer
1, the peak at ca. 8.3 ppm is assigned to the protons on the
pyrene moiety. For copolymer 5, the peaks at ca. 8.5−8.7 and
6.8−6.9 ppm are assigned to the protons of the terpyridine unit.
By comparing the integrals of the peaks from the pyrene and
terpyridine moieties, the block size ratio in copolymer 5 can be
calcuated, and the result (1.2) is very close to that obtained
from GPC. After introducing ruthenium thiocyanate complex
to the terpyridine block, Ru-b-Py shows additional broad peaks
at ca. 0.9−1.8 ppm due to the tetrabutylammonium cation,
while other specteal features are similar to the metal free
copolymer 5. From the elemental analysis results, it was
estimated that 75% of the terpyridine units were functionalized

with ruthenium complexes. EDX results confirmed the Ru to S
ratio to be 1:3, showing complete substitution of the chloride
by thiocyanate ligands.
The UV−vis absorption spectra of polymer 1, Ru-b-Py, and

multiwalled CNT modified with Ru-b-Py are shown in Figure

2. All the polymers show two sharp and intense absorption
peaks at 364 and 385 nm, which are assigned to the π−π*
absorption of the pyrene moieties. After metal complexation,
Ru-b-Py shows a very broad absorption band in the range
between 450 and 700 nm, which is assigned to the absorption
by the ruthenium complex moieties. Compared to ruthenium
bisterpyridyl complexes, the red shift in this metal-to-ligand
charge transfer transition is due to the electron donation from
the thiocyanate ligand to ruthenium center, resulting in
stabilization of the excited states. This is consistent to the
electronic transitions observed in other ruthenium thiocyanate
complexes.24 The modification of CNT surface was carried out
by ultrasonicating a DMF solution of Ru-b-Py in the presence
of multiwalled CNTs. After removing excess polymer by
filtration with a membrane filter (0.2 μm) and washing with
solvent, the CNT sample was redispersed in DMF solution
again. No sedimentation of solid was observed within 5 days,
indicating the formation of a homogeneous and stable
suspension of nanotubes (Figure 2, inset). A schematic diagram
showing the functionalization of CNT surface is shown in
Figure 3. Pyrene is known to have strong noncovalent
interaction with CNT surface. After functionalization, the
CNT-polymer composite can be dispersed in DMF easily,
which strongly suggests that the surface of the CNT has been
modifed by polar/ionic functional groups. Therefore, it is
reasonable to conclude that the CNT surface was covered by
the pyrene block, whereas the “outer” part of the tube is mainly
composed of the ruthenium complex. It can be seen that the
absorption spectrum of the resulting CNT-Ru-b-Py suspension
is almost identical to the original block copolymer 5 (Figure 2),
indicating that CNTs have little contribution to the optical
absorption.
Figure 4a shows the TEM micrograph of a MWCNT

functionalized with Ru-b-Py. The sample was not stained, and
the contrast observed on the nanotube surface is mainly due to
the presence of ruthenium in the copolymer. It can clearly be

Figure 1. GPC chromatograms of polymers 1, 5, and Ru-b-Py on
refractive index detector. The eluent was NMP with 4% KPF6.

Table 1. Characterizations of Polymers

sample Mn (calcd)
a Mn (expt)

b polydispersityb

polymer 1 11750 14570 1.08
copolymer 5 29850 30800 1.14
Ru-b-Py 45750 33170 1.30

aThe theoretical molecular weight was estimated from the molar ratio
between the chain transfer reagent to the monomer. For Ru-b-Py, the
value was calculated by assuming that all the terpyridine ligands
formed coordinated ruthenium complexes. bMeasured by GPC.

Figure 2. UV−vis absorption spectra of polymer 1, Ru-b-Py, and
carbon nanotube functionalized with Ru-b-Py measured in DMF
solution. The inset figure shows a solution of CNT modified with Ru-
b-Py in DMF solution two days after dispersion.
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seen that the a layer of amorphous material is coated on the
surface of the nanotube, and the thickness of is approximately
3−5 nm. EDX experiment confirmed the presence of
ruthenium in the material, and the ruthenium to sulfur ratio
on CNT surface was consistent to the ruthenium thiocyanate
complex in the block copolymer. This strongly suggests that the
ruthenium complex block constitutes the outer surface of the
functionalized CNT, whereas the pyrene blocks are in contact
with the CNT surface. Figure 4b shows the SEM micrograph of
an individual functionalized CNT. Most of the functionalized
CNTs exist as individual tubes, and no significant aggregation
was observed. This demonstrates the effective dispersion of
CNTs by the block copolymer. Figure 4c shows the AFM
micrograph of a functionalized CNT positioned right at the
edge of an ITO electrode. The diameters of modified CNTs
measured by both TEM and AFM are consistent with each
other.

Photocurrent Measurements. In the literature, the
photosensitizing properties of CNTs were studied by
measuring the drain current of an FET in which the nanotube
was placed across the source and drain electrodes.27 Although
the current measured can be greatly enhanced by the increase
in gate voltage, the device fabrication requires tedious
procedure and equipment such as e-beam lithography and
metal deposition. In this work, we used a CAFM equipped with
a second microprobe, which was made contact with the
patterned ITO electrodes. One of the challenges in measuring
the electrical properties of CNT with CAFM is that the
position of nanotube may shift when the cantilever was moved
across the nanotube. Before dispersing the nanotube samples,
the substrate surface was modified with a layer of 3-
aminopropyltrimethoxysilane. It was found that the mobility
of functionalized CNT on the modified substrate surface was
reduced after the surface treatment, and the position of
nanotube did not change when the AFM probe was moved
across the sample. This may be due to the stronger interaction
between the anionic ruthenium trithiocyanate complex and the
amino groups introduced to the substrate surface. Although this
surface treatment may only be specific to CNT functionalized
with ionic functionalities, we observed that the mobility of
CNT functioalized with polymer 1 also decreased when
dispersed on the pretreated ITO. Therefore, other factors
may also contribute to the reduction in mobility. After surface
treatment, diluted nanotube dispersion was introduced on the
ITO substrate by drop casting. The sample was studied with
AFM to identify the position of a CNT that was located at the
edge of an ITO electrode. Once such nanotube was identified, a
microprobe was placed on the ITO electrode. The schematic
diagram of the experimental setup is shown in Figure 5. A

conductive AFM probe was positioned at the other end of the
tube at which no ITO was present underneath. The distance
between the CAFM probe and the ITO electrode was kept at 1
μm for all measurement in order to eliminate the effect due to
the tube length. A bias was applied across the microprobe and
the CAFM probe, and the current passing through the
nanotube was measured when the CAFM probe moved across
the nanotube. In essence, an electric field was applied parallel to
the orientation of the nanotube. Current measurement was
performed both under dark and illumination with light from the
bottom of the substrate with different wavelengths.
Figure 6 shows the current voltage response of the nanotube

coated with Ru-b-Py under dark and illumination with light (λ
= 532 nm). Both IV curves show symmetric and nonlinear
current response under forward and reverse bias. Strong

Figure 3. Schematic diagram showing the functionalization of CNT
surface with Ru-b-Py.

Figure 4. (a) TEM micrograph CNT functionalized with Ru-b-Py. (b)
SEM micrograph of CNT functionalized with Ru-b-Py deposited on a
silicon wafer substrate. (c) AFM topographical image of the
functionalized CNT position at the edge of an ITO electrode.

Figure 5. Schematic diagram showing the measurement of photo-
current response of the functionalized CNT by conductive AFM.
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enhancement in current was observed when the sample was
illuminated. In order to investigate the origin of photo-
sensitization, the sample was illuminated by different wave-
length of light. The photocurrent responses (bias = 1.0 V) of
CNT modified with polymer 1 and Ru-b-Py as the function of
incident light wavelength are shown in Figure 7. The

absorption spectrum of CNT coated with Ru-b-Py is also
shown for comparison. The photocurrents were calculated by
subtracting the current measured by the dark current measured
under the same condition, and were normalized by correcting
the difference in light intensity at different wavelengths. It was
reported that the photocurrent spectra of CNT showed a
maximum in the near-infrared region.28 For CNT functional-
ized with polymer 1, the photcurrent measured was quite small
and the magnitude is similar in the entire visible region. This is
mainly attributed to the absorption by the CNT. For CNT
functionalized with Ru-b-Py, it can be seen that the
photocurrent responses agree quite well with the absorption
spectrum of the ruthenium complex. Therefore, the photo-
current maximum of our copolymer modified CNT observed at
ca. 550 nm is mainly due to the sensitization by the ruthenium

complexes, which play critical role in the generation of photo
charge carriers.
The cyclic voltammograms of polymer 1 and Ru-b-Py are

shown in Figure 8. In polymer 1, a quasi-reversible oxidative

wave at 1.1 V is observed, which is assigned to the oxidation of
the pyrene moieties. In Ru-b-Py, in addition to the redox
process due to pyrene, an oxidative and a reductive waves are
observed at 0.6 and −1.6 V, respectively. These are assigned to
the RuII/III couple and ligand reduction of the ruthenium
complex moieties.24 There is another oxidative wave observed
at 1.8 V. However, the origin of such oxidation is not clear. It
may be due to further oxidation of the pyrene. After correction
with ferrocene internal standard, the HOMO−LUMO levels
were calculated to be −5.4 and −3.2 eV, respectively. It was
reported that workfunction of multiwalled CNT was −4.3
eV29,30 and the bandgap was on the order of 1 eV.31 Therefore,
after photoexcitation of the ruthenium complexes, electron
transfer from the sensitizer (LUMO level = −3.2 eV) to
nanotubes may occur. Subsequently, electrons generated will be
transported by the highly conducting nanotube to the
respective electrode. This photosensitizer-electron transport
system may be a potential candidate for organic photovoltaic
cells.

■ CONCLUSIONS

In summary, we have demonstrated the modification of carbon
nanotube surface by a block copolymer functionalized with
pyrene anchoring groups and ruthenium complex photo-
sensitizers. The block copolymer could facilitate the dispersion
of carbon nanotubes in organic solvents. In addition, compared
to pure carbon nanotubes, the photosensitivity of the
copolymer modified nanotubes can be greatly enhanced and

Figure 6. Current−voltage characteristics of CNT functionalized with
Ru-b-Py under dark and illumination with light (wavelength = 532
nm, intensity = 1.3 μW/cm2).

Figure 7. Photocurrent response (after normalized by incident light
intensity) of CNTs functionalized with polymer 1 and Ru-b-Py at
different wavelength. The error bars show the standard derivations of
results from three measurements.

Figure 8. Cyclic voltammogram of Ru-b-Py measured in DMF
solution. The applied bias was corrected by ferrocene internal
standard. Scan rate = 50 mV/s.
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broadened in the visible region. The photocurrent response of
individual functionalized carbon nanotube could be measured
by CAFM directly. This approach allows us to design new
polymer−carbon nanotube composites and to fine-tune their
photosensitivity in different wavelength. The resulting copoly-
mer−CNT composite has promising potentials to be the active
materials in organic photovoltaic devices.

■ EXPERIMENTAL SECTION
Reagents and Materials. Pyrene, methylacryloyl chloride and

borane-dimethylsulfide complex solution, were purchased from
Aldrich Chemicals Co. Ruthenium trichloride hydrate was purchased
from Precious Metal Online. Cyanoisopropyldithiobenzoate33 and 4′-
[4-(6-Methacryloylhexyloxy)phenyl]-2,2′:6′2″-terpyridine18 were syn-
thesized by previously reported procedures. Multiwalled Carbon
nanotubes were purchased from NanoLab Inc. AIBN was recrystallized
with ethanol before used. DMF were distilled over calcium hydride
under nitrogen atmosphere before used. All the other materials were
used as received. The syntheses of macroinitiator (polymer 1) and
block copolymer Ru-b-Py are shown in Scheme 1.
12-(Pyren-1-yloxy)dodecyl methacrylate (2). In a dried, nitrogen

purged flask, 12-(pyren-1-yloxy)dodecan-1-ol (2.5 g, 6.2 mmol),34,35

triethylamine (8.6 mL, 62 mmol) and THF (40 mL) were added. The
solution was stirred under ice bath until the solid was dissolved.
Methylacryloyl chloride (1.8 mL, 18.6 mmol) was added dropwise to
the flask. The mixture was stirred in room temperature for 16 h. The
excess solvent was removed by a rotary evaporator. The solid collected
was dissolved in dichloromethane and the organic layer was washed
with water twice. The organic extract was dried over magnesium
sulfate. After removal of solvent, the yellow solid was washed with
minimum amount of cold methanol and then further purified by silica
gel column chromatography using 95:5 hexane/ethyl acetate mixtures
as the eluent (Yield =47%). 1H NMR (400 MHz, CDCl3) δ = 8.47 (d,
J = 5.2 Hz, 2H), 8.08 (s, 3H), 8.01 (d, J = 4.7 Hz, 1H), 7.95 (d, J = 4.2
Hz, 2H), 7.87 (d, J = 6.1 Hz, 1H), 7.52 (d, J = 6.4 Hz, 1H), 6.08 (s,
1H), 5.53 (s, 1H), 4.32 (t, J = 6.3 Hz, 2H), 4.11 (t, J = 6.1 Hz, 2H),
1.93 (s, 3H), 1.65 −1.60 (m, 4H), 1.54−1.25 (m, 16H). 13C NMR
(100 MHz, CDCl3) δ = 153.4, 136.7, 131.9, 127.4, 126.4, 126.2 125.6,
125.3, 125.0, 124.3, 124.2, 121.5, 109.3, 69.1, 65.0, 29.8, 29.7,
29.6,29.5, 29.4, 28.8, 26.4, 26.1,18.5.
Polymer 1. Monomer 2 (200 mg, 4.3 mmol), cyanoisopropyldi-

thiobenzoate (4 mg, 0.17 mmol), AIBN (2 mg, 0.08 mmol) and
freshly distilled chlorobenzene were added to a 10 mL ampule under
nitrogen atmosphere. The resulting solution was degassed by three
freeze−pump−thaw cycles and sealed under vacuum. The reaction
mixture was stirred at 60 °C for 18 h. The reaction mixture was
precipitated in methanol (250 mL) and the solid was collected.
Purification of the product was done by repeating the precipitation
procedure twice (Yield = 77%). The polymer obtained was used as the
macroinitiator for subsequent polymerization reaction.
Copolymer 5. Polymer 1 (200 mg), monomer 4 (64 mg, 0.13

mmol), AIBN (2.1 mg, 0.01 mmol) and freshly distilled chlorobenzene
(2 mL) were added to a 10 mL ampule under a nitrogen atmosphere.
The resulting solution was degassed by three freeze−pump−thaw
cycles and sealed under vacuum. The reaction mixture was stirred at 60
°C for 24 h. The reaction mixture was precipitated in methanol (250
mL) and the solid was collected. Purification of the polymer was done
by dissolving the polymer in chlorobenzene and reprecipitation in
methanol (yield = 77%).
Ru-b-Py. In a nitrogen purged, reflux condenser equipped flask,

polymer 5 (200 mg), ruthenium trichloride hydrate (120 mg, 0.6
mmol) and DMF (5 mL) were added. The mixture was heated to 100
°C for 16 h and the dark solid was collected by filtration. The polymer
was purified by washing with methanol in a Soxhlet extractors for 2
days. After drying in a vacuum oven, the polymer obtained (200 mg,
0.8 mmol) was introduced into a nitrogen purged, two-neck round-
bottom flask. Sodium thiocyanate (0.7 g, 8 mmol) and DMF (4 mL)
were added. The mixture was heated to 130 °C for 24 h under dark.
After filtration, the filtrate was poured into methanol (200 mL). Tetra-

n-butylammonium bromide was added to the solution and the
precipitate formed was collected by filtration. The polymer was
purified by washing with methanol in a Soxhlet extractor for 2 days.
The polymer (180 mg) was collected as dark green solid, and the
percentage of metal functionalization was calculated to be 75% from
elemental analysis results.

Materials Characterizations. 1H and 13C NMR spectra were
recorded on Bruker Avance-400 NMR (400 and 100 MHz
respectively) and Bruker DPX-300 (300 and 75 MHz respectively)
NMR spectrometers. UV−visible absorption spectra were recorded on
a Varian Cary 50 UV−vis spectrometer. Mass spectra were collected
on Finnigan MAT-95 mass spectrometers. Topographical Images and
phase images of atomic force micrographs (AFM) were collected on
an Asylum MFP3D atomic force microscope with ARC2 SPM
Controller under constant temperature atmosphere. Molecular weights
were determined against polystyrene standards using a Waters GPC
system equipped with two Styragel HR3 and HR4 columns at 60 °C, a
Waters 996 photodiode array and a Waters 2410 refractive index
detectors. N-methylpyrrolidinone (NMP) with 4% potassium
hexafluorophosphate was used as the eluent with a flow rate of 0.8
mL/min. Transmission Electron Microscopy (TEM) images and
Energy-dispersive X-ray spectroscopy (EDX) results were collected
using a Philips Tecnai G2 20 S-TWIN transmission electron
microscope equipped with a INCAx-sight EDS Detectors operating
at 200 kV. The samples for TEM were prepared by dispersing the
sample solution (in ethanol) onto a carbon coated 400-mesh
hexagonal copper grid at room temperature. Cyclic votammetry was
carried out using an eDAQ EA161 potentiostat. Three mm glassy
carbon electrode was used as the working electrode, silver/silver
chloride electrode was used as reference electrode and Platinum wire
was used as auxiliary electrode. The reference potential was calibrated
with ferrocene/ferrocenium couple as an internal electrode. 0.1 M
tertrabutylammonium tetrafluorobrate, in deoxygenated HPLC grade
acetonitrile, was used as the supporting electrolyte.

Functionalization of Carbon Nanotubes. The dispersion of
MWCNT in the presence of Ru-b-Py was carried out by ultra-
sonicating a multiwalled carbon nanotube (10 mg, Nano-Lab; OD =
15 nm, length = 5−20 μm) suspension with Ru-b-Py (20 mg) in DMF
(20 mL) at room temperature. After filtration with a cotton filter, the
solution was filtered with a PTFE membrane filter (pore size = 0.2
μm). Because of the size of the nanotubes, the nanotubes could not
pass through the filter membrane. The membrane was then rinsed
with DMF in order to remove the excess copolymer in the solution or
on the nanotube surface. The functionalized nanotubes on the
membrane surface were redispersed in solution phase again by
agitating the membrane in DMF (20 mL). No sedimentation was
observed in 5 days.

Photocurrent Measurements. For the photocurrent measure-
ment, an ITO coated glass with arrays of patterned electrodes (radius
= 0.5 mm) was used as the substrate. Before dispersing nanotube
samples, the substrate surface was immersed in a solution of 3-
aminopropyltrimethoxysilane in toluene (1%). The CNT suspension
in DMF obtained as described above was diluted by 100 times with
DMF. The solution was then drop cast on the patterned ITO
electrode. After drying in a vacuum oven, the sample was studied with
an Asylum Research ORCA conductive AFM (Ir coated ASYELEC-01
cantilever, Asylum Research). The illumination wavelength was varied
by using a series of band-pass filters in the range between 400 and 700
nm, and their intensities were measured with a calibrated photo-
detector (Newport 818 silicon photodetector). In order to eliminate
the effect of the length of nanotube, in each measurement, the distance
between the conductive AFM tip and the edge of the ITO electrode
was kept at 1 μm.
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