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’ INTRODUCTION

Carbon nanotubes (CNTs) have attracted great interest in
both fundamental science and applications over a wide area due
to their unique and remarkable electronic, optical, mechanical,
and thermal properties.1�16 Recently, many attempts to design,
prepare, and analyze composites and hybrids of CNTs and metal
nanoparticles (MNPs) have been reported, based on methods
using covalent and/or noncovalent functionalization,17�19 espe-
cially thiol-functionalized CNTs with MNPs20�24 because of
their potential application in nanoelectronic devices, sensing,
catalysts, etc. The CNTs used in such studies are extensively
oxidized by strong acid treatments to form COOH-functional-
ized CNTs, which are used to introduce a thiol moiety. However,
COOH-functionalized CNTs lose intrinsic CNT properties due
to damage on the π-conjugated CNT structure.

Several reports describing the preparation of CNT/MNP
composites using noncovalent-functionalized CNTs have been
published.20�24 Ellis et al. reported the connection of octanethiol-
capped gold nanoparticles (AuNPs) to CNTs by hydrophobic
interactions.25 Mono- and polycyclic aromatic ring-terminated
alkylamines were used by Ou et al. as the linkers to fabricate
CNT/MNPs.26 Assembly of AuNPs onto DNA-wrapped SWNTs
and solution-phase synthesis of SWNT/MNP assemblies that can
be generally applied to common metal elements have been

reported.27,28 Microwave irradiation combined with the polyol
method was reported to form monodispersed AuNPs uniformly
on the CNT surfaces.29 Nanoparticles or nanocrystals have been
directly functionalized on CNT surfaces by chemical reactions.30

However, for these studies, the coexistence of metallic and
semiconducting SWNTs with many chiralities creates an obstacle
to both fundamental studies and practical applications.31 Thus, it is
important to develop a method for preparing CNT/MNP hybrids
using SWNTs having a specified chirality.

Herein, we report a novel strategy for preparing a supramo-
lecular hybrid fabricated from only semiconducting SWNTs and
AuNPs. For this purpose, we designed and synthesized copolymer
1 (Figure 1), consisting of fluorene and Zn(II)-porphyrin back-
bones. Chirality-selective recognition/extraction of the SWNTs is
one of the central issues in nanotube science.32 Polyfluorene
(PFO) and PFO derivatives are known to selectively solubilize
semiconducting SWNTs in toluene.33,34 The Zn(II)-porphyrin
moiety on copolymer 1 is an anchor for introducing MNPs via
coordination bonding. After formation of a film of copolymer 1/
semiconducting SWNTs, a solution of pyridine-terminatedAuNPs
was placed on the film to prepare a AuNPs/copolymer 1/SWNT
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ABSTRACT:We describe the design, synthesis, and character-
ization of a supramolecular hybrid of gold nanometals and
semiconducting single-walled carbon nanotubes (SWNTs)
wrapped by a porphyrin�fluorene copolymer (1), as well as
fabrication of a thin-film transistor (TFT) device using the
hybrid. Photoluminescence mapping revealed that the copoly-
mer selectively dissolved SWNTs with chirality indices of (8,6),
(8,7), (9,7), (7,6), and (7,5); dissolution of (8,6), and (8,7)
SWNTs was especially efficient. The solubilized SWNTs were
connected to gold nanoparticles (AuNPs) via a coordination bond to prepare a supramolecular hybrid composed of AuNPs/
copolymer 1-wrapped SWNTs, which were studied by atomic force and scanning and transmission electron microscopies. A
fabricated TFT device using the semiconducting SWNTs/copolymer 1 shows evident p-type transport with an On/Off ratio of
∼105. The transport properties of the TFT changed after coordination of the AuNPs with the SWNTs/copolymer 1.
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hybrid material via coordination of the pyridinyl moiety to the
zinc(II) of the porphyrin units (Figure 2), which was characterized
by atomic forcemicroscopy (AFM), scanning electronmicroscopy
(SEM), and transmission electron microscopy (TEM). We also
describe the fabrication of a thin-film transistor (TFT) using the
SWNTs/copolymer 1 hybrid and report our finding that the
transport properties changed after coordination of the AuNPs
with copolymer 1 in the hybrid.

’EXPERIMENTAL SECTION

Instruments. 1H NMR spectra were recorded using a Bruker
AV300M spectrometer. Analytical gel permeation chromatography
(GPC) data were recorded using a MD-2015 Plus instrument (JASCO)
with TSK-GELR-3000 and TSK-GEL R-M gels (TOSO). THF was used
as the mobile phase at a flow rate of 0.5 mL/min. UV�vis�NIR
absorption and photoluminescence (PL) spectra were recorded on
V-570 (JASCO) and FluorologR-3 (Horiba-Jobin Yvon) spectrophot-
ometers, respectively. Raman spectra (excitation at 633 and 514 nm) were
recorded using LabRAM ARAMIS (Horiba) and RM1000B (Ranishaw)
spectrometers. AFM images of the samples were recorded using a
NanoScope III (Veeco) instrument. SEM and TEM images were mea-
sured using JSM-6700F and JEM-2010microscopes (JEOL), respectively.
X-ray photoelectron spectroscopy (XPS) was carried out using a 5800
ESCA (PHI) spectrophotometer. Measurements of fabricated device
properties were recorded using a HP 4156C semiconducting analysis
machine (Agilent) with a probe station.
Materials. As-produced SWNTs (HiPco; the length and diameter of

the pristine SWNTs are 1�10 μm and 0.8�1.2 nm, respectively) were
purchased from Unidym, Inc. and were used as received.
Copolymer 1. Copolymer 1 was synthesized via Yamamoto

coupling reaction:35 Ni(COD)2 (100 mg, 0.36 mmol), 2,20-dipyridyl
(57mg, 0.36mmol), 1,5-cyclooctadiene (0.1 mL), dried DMF (0.5mL),

and dried toluene (1.0 mL) were placed in a flask and heated at 80 �C for
30 min under a nitrogen flow to obtain a dark purple complex. 2,7-
Dibromo-9,90-dioctylfluorene (60 mg, 0.11 mmol) and 5,15-dibromo-
10,20-[3,5-bis(octyloxyphenyl)]porphyrinatozinc (12 mg, 0.01 mmol)
were dissolved in dried toluene (1.0 mL), and the mixture was added to
the dark purple solution. The subsequent mixture was maintained at
80 �C for 48 h and then poured into methanol (50 mL) and filtered. The
obtained solid was dissolved in dichloromethane and passed through a
filter to remove the residue. After removal of dichloromethane under
reduced pressure, the concentrated solution was added to methanol
(50 mL) to give a precipitate, which was filtered and dried under vacuum
at room temperature to provide copolymer 1 as a dark red-orange solid
(42 mg). 1H NMR (CDCl3, 300 MHz): δ 9.31�8.8 (m, β-position),
8.34�7.94 (m, Ph), 7.94�7.68 (m, fluorene), 6.9�6.75 (m, Ph), 4.06
(m, OCH2), 2.11 (m, CH2), 1.84 (m, CH2), 1.1�1.5 (m, CH2),
0.85�0.80 (m, CH3). UV�vis (toluene): λmax = 384, 426 nm. Fluor-
escence (toluene, λex = 382 nm), λem = 413, 440, 530 nm.

Copolymer 2was synthesized and characterized in a similarmanner. 1H
NMR (CDCl3, 300 MHz): δ 9.31�8.8 (m, β-position), 8.34�7.94 (m,
Ph), 7.94�7.68 (m, fluorene), 6.9�6.75 (m, Ph), 4.06 (m, OCH2), 2.11
(m, CH2), 1.84 (m, CH2), 1.1�1.5 (m, CH2), 0.85�0.80 (m, CH3).
Preparation of Py-AuNPs/Copolymer 1/SWNT Hybrid.

Pyridine-coated gold nanoparticles (py-AuNPs) were synthesized
according to the literature.36 4-Pyridineethanethiol (10 mg, 0.72 mmol)
was added to a tert-dodecanethiol-coated AuNP (t-dode-AuNPs;
10 mg) solution in toluene (10 mL) with stirring for 1 day. The
obtained reaction solution was centrifuged at 2000g for 30 min, and the
supernatant was removed. The residue was dissolved in MeOH and
centrifuged (2000g, 30 min) again to give a precipitate which was
removed, and then the solvent was evaporated. The obtained solid was
washed with toluene three times and then dried to give the product as a
black powder (7.0 mg).

The SWNTs (1.0 mg) were added to copolymer 1 (1.0 mg) dissolved
in toluene (6.0 mL) and sonicated with a bath-type ultrasonic cleaner
(Branson 2210) for 1 h, followed by centrifugation at 10000g for 1 h
(Hitachi Himac CS 100GL instrument). The top 80% of the supernatant
was passed through a filter (Advantec, Inc., PTFE; pore size 100 nm),
and the obtained solid was washed with toluene; additional toluene
(6 mL) was added, and the mixture was resonicated for 30 min, followed
by centrifugation at 150000g for 1 h. A 100 μL portion of the obtained
copolymer 1/SWNT solution was placed on silicon or a fresh mica
substrate, followed by solvent evaporation to give a cast film, to which a
methanol solution of the py-AuNPs (0.1 mg/mL) was spread and then
air-dried. Finally, the film was washed with methanol several times and
then air-dried to obtain the py-AuNPs/copolymer 1/SWNT hybrid on
the substrate. To prepare a sample for TEM measurements, a toluene
solution of copolymer 1/SWNTs was dropped onto a copper TEM grid,
and then a methanol solution of py-AuNPs (0.1 mg/mL) was dropped,
and then air-dried.
Preparation of a TFT Device. A doped silicon wafer with a 300-

nm oxide was used as the substrate. Silicon dioxide layers were grown by
a wet oxidization process. The source and drain electrodes were made

Figure 2. Design of a supramolecular hybrid of AuNPs, a copolymer of porphyrin and fluorene (shown in purple and green, respectively), and
semiconducting SWNTs: (i) selective extraction of semiconducting SWNTs using a porphyrin�fluorene copolymer, (ii) cast film formation from the
copolymer-wrapped semiconducting SWNTs solution on a substrate, and (iii) a supramolecular hybrid composed of AuNPs-coordinated
porphyrin�fluorene copolymer-wrapped semiconducting SWNTs.

Figure 1. Chemical structure of copolymers 1 and 2. The composition
ratios of the porphyrin unit (n) to the fluorene unit (m) are 1:10 and 1:2,
respectively.
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using a 50-nm Au coating patterned by a lift-off process. The length and
width of the channel were 15 and 120 μm, respectively. A copolymer 1/
SWNTs solution was dropped onto the channel region between two Au
electrodes and then air-dried. The dropping process was repeated until
the devices could measure transfer properties, indicating the formation
of a percolation path between the electrodes. The device was then
annealed at 300 �C in a nitrogen environment for 2 h. The drain voltage
was set at �20 V.

’RESULTS AND DISCUSSION

The composition ratio of the porphyrin and fluorene units in
the copolymer 1 was 1:10, and the weight-average molecular
weight determined by GPCwasMw = 94 300, withMw/Mn = 3.5.
Copolymer 1 carries long alkyl chains and is soluble in many
solvents, including toluene, chloroform, dichloromethane, and
THF. It was found that in such solvents, except toluene,
copolymer 1 individually solubilized both semiconducting and
metallic SWNTs (data not shown) in a manner similar to other
fluorene polymers and copolymers.

The vis�NIR absorption spectrum of copolymer 1-solubi-
lized SWNTs in toluene is shown in Figure 3, in which sharp S11
and S22 bands of the tubes are clearly observed in the ranges of
1000�1500 and 600�900 nm, respectively. In the range of
400�600 nm, we could not observe metallic SWNT band peaks,
suggesting that copolymer 1, like other many PFOs and their
derivatives,33,34 selectively dissolves the semiconducting SWNTs.
Compared to that with copolymer 1 alone, the spectrum of the
fluorenemoiety on the copolymer 1-solubilized SWNTs exhibited

a 6-nm blue-shift of the peak around 390 nm, which is due to the
interaction of the SWNTs and the fluorenemoiety; i.e., it may arise
from a decreased effective conjugation length of the copolymer on
the copolymer 1/ SWNT hybrid caused by the bulky porphyrin
unit on the copolymer.33,34

PL spectroscopy37 was used to determine the relative abun-
dance of different species of semiconducting nanotubes in the
copolymer 1/SWNT solution. As shown in Figure 4, 2D-PL
spots from individually dissolved SWNTs having chiral indices of
(7,5), (7,6), (8,6), (8,7), (9,5), and (9,7) are observed; (8,6) and
(8,7)SWNTs were especially enriched in the solution. The
introduction of the porphyrin moiety to PFO slightly changed
the extracted SWNT chirality; namely, although the 2D-PL
mapping of the copolymer 1-dissolved SWNTs resembled that
of poly(9,90-dioctylfluorene),33,34 the (9,5) and (9,7)SWNTs
were not recognized/extracted when PFO was used in place of
copolymer 1. We also used copolymer 2 in place of copolymer 1
and found that the chiral-selective SWNT solubilization behavior
resembles that of copolymer 1 (see the Supporting Information,
Figure S1), while we observed weak PL responses from (6,5),
(8,4), (9,4), and (10,5)SWNTs in the copolymer 2-solubilized
solution that were not evident in the copolymer 1-dissolved
solution, indicating that high porphyrin unit in the copolymer
reduces THE chiral selectivity of the SWNTs.

In an effort to understand the chiral-selective SWNT recogni-
tion/extraction, we carried out molecular mechanics simulations
using the OPLS200538 force field to model the interactions
between two types of pentamers, fluorene pentamer (F5) and
porphyrin�fluorene oligomer (PF5) (Figure 5), and the (8,6)
SWNTs. The binding energy of the wrapped SWNT is calculated
by using eq 1,

Ebind ¼ Ecomp � ðEpoly þ ESWNTÞ ð1Þ

where Ecomp, Epoly, and ESWNT represent the potential energies of
the complex, polymer, and SWNTs, respectively.39 The calcu-
lated results are shown in Table 1. The binding energy of the
(8,6)SWNTs with PF5 (�462.2 kcal/mol) was greater than
that of the (8,6)SWNTs with F5 (�430.5 kcal/mol), suggest-
ing that PF5 contributed to the wrapping of the SWNTs,
which agrees with the fact that porphyrins are excellent SWNT

Figure 3. UV�vis�NIR absorption spectra of copolymer 1/SWNTs
(solid line) and copolymer 1 alone (dotted line) in toluene.

Figure 4. PL mapping image of the HiPco-SWNTs dissolved in
copolymer 1 in toluene.

Figure 5. Chemical structures of PF5 and F5 for molecular mechanics
simulation.
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solubilizers.33,34 From the model, F5 is aligned parallel (∼6�) to
the long axes of the SWNTs (Figure 6a,b), while PF5 is tilted at
∼12� relative to the long axes (Figure 6c,d) and the conforma-
tion of PF5 is distorted. Molecular mechanics calculations of
(9,5) and (9,7)SWNTs, which are virtually not dissolved
by PFO, were carried out. In the case of (9,5)SWNTs with
PF5 and F5, the binding energies were calculated to be �465.8
and �427.2 kcal/mol, respectively, while in the case of (9,7)

SWNTs with PF5 and F5, the binding energies were�495.4 and
�462.6 kcal/mol, respectively (for details, see the Supporting
Information, Table S1), which explains the fact that copolymer 1
was able to solubilize (9,5) and (9,7)SWNTs. The calculated
model structures of (9,5)SWNTs with P5 and F5 and of (9,7)
SWNTs with PF5 and F5 (see the Supporting Information,
Figure S2) resembled those of (8,6)SWNTs (Figure 6).

To confirm that the copolymer 1-extracted SWNTs contain
only semiconducting SWNTs, Raman spectra (633-nm ex-
citation) of the extracted tubes were measured and compared
to those of the pristine SWNTs. The radial breathing modes
(RBMs) in the regions of 240�300 and 150�240 cm�1 in the
SWNT Raman spectroscopy are attributed to the semiconduct-
ing andmetallic SWNTs, respectively.40 As shown in Figure 7, for
the copolymer 1-extracted SWNTs, we see clear peaks in the
region of 240�300 cm�1 and no peak in the 150�240 cm�1

region, suggesting that the extracted SWNTs are the semicon-
ducting SWNTs only, which agrees well with previous reports on
PFOs and their derivatives.33,34

AFM was used to obtain direct images of the individually
dissolved SWNTs. Figure 8 shows typical AFM images of
copolymer 1-dissolved SWNTs before (Figure 8a,e) and after
(Figure 8b,f) the py-AuNP treatment on mica (Figure 8a,b) and
on a silicon wafer (Figure 8e,f). From the line scans of the images,
we obtained height profiles before (Figure 8c,g) and after
(Figure 8d,h) the py-AuNP treatment on mica (Figure 8c,d)
and on a siliconwafer (Figure 8g,h). The average diameters of the
copolymer 1/SWNTs on mica and the silicon wafer were
estimated to be 4.2 ( 0.8 (Figure 8c) and 3.9 ( 0.5 nm
(Figure 8g), respectively, which are larger than those of the
SWNTs (diameters of (7,5), (7,6), (8,7), (8,7), (9,5), and (9,7)
SWNTs are 0.829, 0.895, 0.966, 1.032, 0.976, and 1.103 nm,
respectively).41 The obtained diameters of the solubilized
SWNTs suggest the SWNTs are wrapped by the copolymer 1.

The height (12.1( 2.1 nm, Figure 8d) of the py-AuNP-treated
sample on mica is greater than that of the copolymer 1/SWNTs
(4.2( 0.8 nm, Figure 8c). A similar result is obtained for the sample
on the silicon wafer. This height difference was several times the
diameter of the AuNP cores (2.7( 0.8 nm), suggesting that the py-
AuNPs coordinated to the porphyrin units on the SWNTs.

As a control experiment, copolymer 1/SWNTs on mica were
treated with t-dode-AuNPs instead of py-AuNPs (see Supporting
Information, Figure S3). The histogram shows that the average
height of the structures was 4.5 ( 1.7 nm, which is almost
identical to that of the copolymer 1/SWNTs. It is evident that,
without the pyridine moiety, the binding of the AuNPs with
porphyrin units does not occur.

In Figure 9, we show the typical SEM and TEM images of the
py-AuNPs-treated sample prepared on a silicon wafer and a
copper grid. In both images, we can clearly see that the py-AuNPs
are aligned along the SWNTs; the TEM image provides an
especially clear image. The average diameter of the py-AuNPs in

Table 1. Potential Energy (PE) and Energy Difference of the (8,6)SWNTs with the Porphyrin�Fluorene Tetramer (PF5) and
Fluorene Pentamer (F5); All Energies in kcal/mol

PE of oligomers,

Epoly

PE of (8,6)SWNTs,

ESWNT

total PE,

Epoly + ESWNT

PE of complex,

Ecomp

binding energy

Ebind = Ecomp � (Epoly + ESWNT)

PF5 42.152 38 722.438 38 764.590 38 302.430 �462.160

F5 734.253 38 722.438 39 456.691 39 026.641 �430.05

Figure 6. Model structures showing the top and side views of the (8,6)
SWNTs with P5 (a,b) and PF5 (c,d).

Figure 7. Raman spectra of the RBM frequencies of SWNTs solubilized
by copolymer 1 (solid line) and the pristine SWNTs (broken line)
excited at 633 nm.
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Figure 8. AFM images of (a) copolymer 1/SWNTs and (b) py-AuNPs-coordinated copolymer 1/SWNTs on mica surfaces, and height histograms of
(c) copolymer 1/SWNTs (4.2 ( 0.8 nm) and (d) py-AuNPs-coordinated copolymer 1/SWNTs (12.1 ( 2.1 nm). AFM images of (e) copolymer
1/SWNTs and (f) py-AuNPs-coordinated copolymer 1/SWNTs on silicon wafers, and height histograms of (g) copolymer 1/SWNTs (3.9( 0.5 nm)
and (h) py-AuNPs-coordinated copolymer 1/SWNTs (3.9 ( 0.7 and 6.6 ( 1.0 nm).
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the TEM was estimated to be ∼5 nm, which is close to that of
the AuNPs.

We carried out XPS measurements for samples of copolymer
1/SWNTs after the py-AuNPs treatment and recognized peaks
of the C (1s), N (1s), O (1s), S (2p), S (2s), Au (4d), and Au (4f)
(see Supporting Information, Figure S4). The peaks of Au and S
indicate the existence of the AuNPs and the pyridine ligand. This
result also supports the formation of the supramolecular hybrid
composed of py-AuNPs/copolymer 1/semiconducting SWNTs.

We fabricated a TFT device using the copolymer 1/SWNT
hybrid before and after the py-AuNPs treatment and measured
its transport properties. The channel length of the device was 15
μm (Figure 10a). A source�drain current (ISD) vs gate-voltage
(VG) curve at room temperature was measured before and
after the py-AuNPs modification, and the result is shown in
Figure 10b. The fabricated TFT device showed a unipolar
switching property with an evident p-type transport, and it
showed and On/Off ratio of ∼105, which is larger than or
comparable to those of previously reported SWNTs TFT
devices.42�45 We then carried out the py-AuNP modification
of the device and measured its transport property. Here, the
On/Off ratio was ∼105, and the device showed a unipolar
switching property with a p-type transport, which is funda-
mentally similar to that of the device before the py-AuNP
modification. However, it is revealed that, after the modifica-
tion, the threshold voltage shifted in a positive direction,
suggesting that the py-AuNPs acted as electron acceptors.46

These results indicate that the py-AuNPs modification
causes the copolymer 1/SWNTs to change electrical proper-
ties. Such device performance might be useful for designing
new types of sensor devices.47�49

’CONCLUSIONS

We synthesized a new copolymer consisting of porphyrin and
fluorene backbones and extracted semiconducting (8,6)- and
(8,7)-enriched SWNTs without metallic tubes, which were
connected to AuNPs via coordination bonding between the
pyridine-terminated AuNPs and the zinc metal of the porphyrin
on the copolymer. The obtained supramolecular hybrid contains
many functional groups, including porphyrin, fluorene, metal
nanoparticles, and semiconducting SWNTs, and is of interest
over a wide area of nanomaterials science and technology. We
have also demonstrated that a TFT device using the hybrid shows
p-type transport, with an On/Off ratio of ∼105, and changes
transport properties after the AuNPsmodification. Such a unique
property would be useful in designing future electronic devices
based on carbon nanotubes. Fine-tuning of the TFT perfor-
mance by attaching different metal nanoparticles, including
semiconducting nanoparticles, is currently underway in our
laboratory.
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