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Abstract

Gold nanoparticles were self-assembled onto the surface of solubilized carbon nanotubes through an interlinker of
bi-functionalized molecule (PHT) terminated with pyrenyl unit at one end and thiol group at the other end. While the
fluorescence of PHT is quenched moderately by the carbon nanotubes, the fluorescence is almost totally quenched by
the further binding of gold nanoparticles. The enhancement of the Raman responses of nanotubes by the gold
nanoparticles is also observed. These results imply there are charge transfer interactions between nanotubes and gold

nanoparticles.
© 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Owing to their unique physical properties, car-
bon nanotubes have been continuously attracting
strong interest from many areas of science and
technology. Recent research has extended to the
modification of carbon nanotubes through cova-
lent and non-covalent methods [1,2]. For example,
Haddon and co-workers [3] first synthesized solu-
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bilized carbon nanotubes by the amidation reac-
tion of long chain amine with carboxylic acid
groups on the surface of nanotubes. Dai and co-
workers [4] demonstrated that small molecule with
abundant conjugated m electrons such as pyrene
derivatives could be bound onto the surface of
carbon nanotubes through non-covalent m-m in-
teractions. On the other hand, carbon nanotubes
are potentially excellent one-dimensional nano-
scale materials which may be used to construct
nanoelectronic devices. In this context, it is ne-
cessitous to link nanotubes together or with other
functional species so as to implement their func-
tion. While functional groups could be bounded
directly on the surface of carbon nanotubes
through covalent or non-covalent methods [4-8],
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different carbon nanotubes could also be inter-
connected through chemical functionalization [9].
However, to link the carbon nanotubes with other
species through an interlinker is still a field in
infancy.

In this Letter, we report our recent approach
to link didecylamine modified solubilized multi-
walled carbon nanotubes (s-MWNTs) [10] with

0]

gold nanoparticles together using 17-(1-pyrenyl)-
13-oxo0-heptadecanethiol (PHT, Fig. 1) [11] as an
interlinker. Being a bi-functionalized molecule,
PHT can be bound to the surface of carbon
nanotubes through m—m interaction between its
pyrenyl unit in one end and the sidewall of
carbon nanotubes. In the meantime, the termi-
nated thiol group in the other end of PHT can

SH

PHT

Fig. 1. The chemical structure of PHT and the illustration of the self-assembling process of gold nanoparticles with carbon nanotubes

through PHT.
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be bound to the surface of noble metal nano-
particles such as gold. Thus metal nanoparticles
can be bound to the surface of carbon nanotubes
through the interlinkage of PHT, just as shown
in Fig. 1.

2. Experimental

The solubilized multi-walled carbon nanotubes
(s-MWNTs) were obtained following the proce-
dure reported before [10]. Briefly, the pristine
multi-walled carbon nanotubes (MWNTSs) were
refluxed in concentrated nitric acid, then washed
thoroughly with deionized water and dried com-
pletely. The resulting purified MWNTs (p-
MWNTs) were converted to acylchloride in
SOCI, and then reacted with didecylamine at 90—
100 °C for 96 h. After removing the unreacted
amine, the solubilized nanotubes were extracted
into chloroform and filtered through a 0.2 um
PTFE membrane (Gelman). After removing the
solvent, the final product (s-MWNTSs) was ob-
tained as a black solid. All of the other chemicals
were used as received. The interlinker 17-(1-
pyrenyl)-13-oxo-heptadecanethiol (PHT) was pre-
pared and characterized according to published
method [11].

In a typical experiment, 3 mg of PHT was in-
cubated in a 10 ml solution of s-MWNTs in tol-
uene (0.5 mg/ml). The mixture was sonicated for
30 min and then stood over 8 h at room temper-
ature. The solution was concentrated to ca. 2 ml
using a vacuum evaporator and then precipitated
into 30 ml of ethanol. The precipitation was re-
peated until the ethanol solution was free from
PHT which was monitored by UV-Vis absorption
spectroscopy. The resulting solid was redissolved
in 6 ml of toluene and was slowly added into 5 ml
of gold colloid toluene solution (prepared ac-
cording to Brust’s method [12]) under nitrogen
protection. After stirring at room temperature for
8 h, the mixture was concentrated to ca. 1 ml using
a vacuum evaporator. The resulting solution was
precipitated again into 20 ml of ethanol. After
centrifuging, a dark brown solid was obtained,
which could be dissolved again in toluene, ob-
taining a black solution.

Transmission electron microscopy (TEM) was
performed on a PHILIPS TECNAI 20 instrument
at 200 kV accelerating voltage. Linear transmit-
tance spectra in the UV-Vis region were obtained
using a computer-controlled Shimadzu UV-
2501PC spectrophotometer. Raman spectroscopy
was measured using Renishaw RM 2000 Micro-
scopic confocal Raman Spectrometer at 632.8 nm
(He—Ne laser).

Emission spectra were recorded on a Spex
Fluorolog-3 photon-counting emission spectro-
meter equipped with a 450 W xenon lamp, a
Spex 600 grooves/mm dual-grating (blazed at
1000 nm) as emission monochromator and 1200
grooves/mm grating (blazed at 600 nm) as exci-
tation monochromator. The detector is a ther-
moelectronically cooled detector consists of a
near-infrared-sensitive Hamamatsu R2658P pho-
tomutiplier tube operated at 1500 V. All of the
experiments were done under room temperature.
The emission spectra were uncorrected for the
instrument response.

3. Results and discussion

The non-covalent binding of PHT on the surface
of s-MWNTs can be observed from the absorption
spectrum in toluene, which shows a typical fea-
tureless spectrum of solubilized carbon nanotubes
with additional features of PHT at 345 and 328 nm,
respectively (trace b, Fig. 2). As the mixture of
s-MWNTs and PHT has been washed thoroughly
to get rid of free PHT before redissolving in toluene,
which was monitored by UV-Vis absorption spec-
troscopy, there should be no free PHT in the tolu-
ene solution. Thus the existence of the feature peaks
of PHT strongly suggest the binding of PHT on the
surface of s-MWNTs, most presumably through
T—T interactions between the pyrenyl units of PHT
and the sidewall of s-MWNTs [4]. As a result of n—mt
interactions [13], the absorption bands of PHT
bound s-MWNTs become broader compared with
that of pristine PHT (trace a, Fig. 2). The binding of
gold nanoparticles through the thiol end of PHT
can be clearly seen from the obvious typical surface
plasmon band of gold nanoparticles centered at 523
nm (trace c, Fig. 2).
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Fig. 2. The absorption spectra of PHT (trace a), s-MWNTs
bound with PHT (trace b), and s-MWNTs bound with gold
nanoparticles through PHT (trace c). The inset shows the cor-
responding enlarged spectra.

The TEM images give a direct vision of the gold
nanoparticles immobilized s-MWNTs (Fig. 3). The
s-MWNTs are densely coated with gold nanopar-
ticles. The size distribution of gold nanoparticles is
narrow, with an average particle size of ~5 nm.
However, when the colloids of gold nanoparticles
were mixed with s-MWNTs under the same con-
dition without PHT, only few gold nanoparticles
can be found on the nanotubes.

The fluorescence of the samples was also mea-
sured, respectively (Fig. 4). While the fluorescence
of PHT is quenched moderately by the binding of
s-MWNTs (trace b, Fig. 4), the emission of PHT is
almost totally quenched through the further
binding of gold nanoparticles (trace c, Fig. 4). This
observation shows that the decay of singlet excited
pyrene moieties is affected by its binding to s-
MWNTs as well as gold nanoparticles. In order to
gain a better understanding of the interaction be-
tween PHT and s-MWNTs at molecular level, we
measured photoluminescence emission spectra of
the PHT at different concentration of s-MWNTs
in toluene solutions. Although the addition of s-
MWNTs did not cause any new spectroscopic

7
Fig. 3. TEM image of gold nanoparticles self-assembled on the
surface of s-MWNTs through PHT.
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Fig. 4. The fluorescence spectra of PHT (trace a), s-MWNTs
bound with PHT (trace b), and s-MWNTs bound with gold
nanoparticles through PHT (trace c). The inset shows the
Stern—Volmer curve plot for the quenching of photolumines-
cent intensities of PHT by s-MWNTs in toluene at room tem-
perature (o). The line represents least squares fit.

feature, it did lead to a continuous decrease in the
photoluminescence intensity at the peak position.
By plotting the ratio of the photoluminescence
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peak intensity without and with quencher, &}/ ®r,
against the concentration of s-MWNTs, [s-
MWNTs], a quenching curve with an upward
curvature was obtained (inset of Fig. 4). The
quenching curve is exponential, indicating the
observed photoluminescence quenchings may be
attributed to static quenching due to the formation
of the ground state complexes and the excited state
exciplexs [14,15]. The addition of gold nanoparti-
cles quenches the fluorescence of PHT more effi-
ciently, probably because of the energy transfer
from PHT to gold nanoparticles [16].

The Raman spectrum of s-MWNTs (trace a,
Fig. 5) shows a typical Raman spectrum of multi-
walled carbon nanotubes made from CVD method
[17,18]. After the binding of gold nanoparticles
through PHT, the intensity of the corresponding
Raman responses of s-MWNTs is increased (trace
b, Fig. 5). Recently, the enhancement of Raman
responses of carbon nanotubes through their ab-
sorbing on the surfaces of gold or silver was re-
ported by several research groups [19-23]. There
are two major contributions to the surface en-
hancement of Raman scattering of carbon na-
notubes on metallic surfaces: the ‘electromagnetic’
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Fig. 5. Raman spectra of s-MWNTs (trace a) and s-MWNTs

bound with gold nanoparticles through PHT (trace b).

mechanism and the ‘chemical’ mechanism [19]. The
‘electromagnetic’ mechanism is due to the en-
hanced electromagnetic fields at or near nanometer
size metallic particles. The ‘chemical’ mechanism is
based on a charge transfer between the metallic
surface and the nanotubes, which strongly depends
on the electronic structure of the nanotubes. Our
Raman results imply that there is charge transfer
between gold nanoparticles and s-MWNTSs, most
probably, through the interlinker of PHT.

In conclusion, gold nanoparticles were self-as-
sembled onto the surface of solubilized carbon
nanotubes through a bi-functionalized molecule
PHT. While the fluorescence of PHT is almost
totally quenched by the binding of gold nanopar-
ticles, the enhancement of the Raman responses of
nanotubes is observed. Our results imply there are
charge transfer interactions between nanotubes
and gold nanoparticles, most probably through
the interlinker of PHT.
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