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Abstract

Two types of nanoscale hybrid materials have been synthesized by conjugating CdSe-ZnS quantum dots (QDs) and gold nanoparticles (NPs)
to sidewall functionalized single-walled carbon nanotube (SWNT) templates, and examined photoluminescence (PL) properties of the hybrid
materials. The two types of hybrid nanoscale materials are SWNT-QD and SWNT-gold-NP conjugates. Excessive sidewall functionalization
of SWNT into nitro- and amino-derivatives provided weak PL and water solubility to the SWNT derivatives. Solubility of SWNT derivatives in
aqueous media was helpful for efficient conjugation of SWNTs to QDs and gold—NPs. The SWNT-QD and SWNT-gold-NP conjugates were
characterized using atomic force microscopy (AFM) imaging. From AFM imaging we identified that the sidewall functionalized SWNTs assisted
the formation of one-dimensional close-conjugates of QDs and gold—NPs. Although the nitro- and amino-derivatives of SWNT showed weak PL,
conjugation of gold—NPs to the amino-derivative quenched the PL quantitatively. On the other hand, conjugation of luminescent QDs to SWNTs
resulted in a partial (~35%) quenching of PL from QDs. We attributed the quenching of PL from SWNTs by gold—NPs to non-radiative energy
transfer between SWNTs and gold—NPs or vice versa, and the quenching of PL from QDs is due to non-radiative energy transfer from QDs to
SWNTs. In the current work, we demonstrated a simple method of close-packing of QDs and gold—NPs using functionalized SWNT templates.
Also, we identified that PL properties of SWNTs and QDs are affected in the close-packed structures. SWNT and NP based hybrid materials
show great promise as building blocks for nanoscale devices. In this regard the preparation and understanding of the properties of SWNT-QD and
SWNT-gold-NP conjugates would be useful during the design of various hybrid nanoscale materials for device applications.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction are promising for developing nanoscale electronic devices such

as transistors [5—8]. In addition to the fundamentally interest-

Nanoparticles (NPs) and nanotubes are promising materials
for developing nanoscale opto-electronic devices. Among dif-
ferent nanoscale materials semiconductor quantum dots (QDs),
metal NPs, and carbon nanotubes (CNTs) are interesting for
their structure, unique physical properties, and emerging appli-
cations in different fields. Specifically, size tuneable band gaps,
bright and stable photoluminescence (PL), and wide absorption
and narrow emission bands [1-4] make QDs promising materi-
als for applications in nanotechnology and biological imaging.
The rigid one-dimensional structure, metallic to semiconduct-
ing properties, and doping induced band-gap tailoring of CNTs
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ing properties of CNTs and QDs, conjugations of metal and
semiconductor NPs to CNTs are expected to provide: (1) novel
hybrid nanoscale materials, and (2) advanced optical, electronic,
and mechanical properties to nanoscale hybrid systems.
Structural modification of CNTs by conjugation to various
organic [9-13], biological [14,15], and inorganic [16-20] mate-
rials has been found to be a versatile method for developing CNT
based nanoscale hybrid materials; however, structure—function
relations of such materials are still under investigation. Dif-
ferent covalent and non-covalent conjugation methods recently
becomes available for interfacing organic molecules, biomate-
rials, and inorganic NPs to single-walled CNTs (SWNTs) and
multi-walled CNTs (MWNTs). For non-covalent conjugations,
various methods including m-stacking of poly aromatic hydro-
carbons [21], and wrapping in hydrophobic pockets of molecules
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such as polymers and DNA [22-24] were recently used. For
covalent conjugations, reactions such as cycloadditions [13],
radical additions [9,10,13], and oxidation [11-16] are standard
methods. Introduction of carboxylic groups at the ends of CNTs
by acid oxidation [11-16] is a powerful method for integrat-
ing CNTs to other molecular systems and devices. One of the
advantages of the end oxidation methods is that the electronic
properties of CNTs are not considerably affected due to oxida-
tion. Nonetheless, sidewall functionalization of CNTs can dis-
order the w-conjugated lattice structure and is likely to provide
poor electronic and mechanical properties to CNTs. However,
for applying CNTs as templates for assembling other materials
such as QDs and metal NPs, sidewall functionalization is a use-
ful method [18-20]. In the current work, we selected a known
procedure for sidewall functionalization of SWNT [9,10], and
used the functionalized SWNTs for fabricating arrays of QDs
and gold-NPs. We identified that QDs can be linearly arranged
by using sidewall functionalized SWNT templates; the struc-
tural rigidity of SWNT was not completely retained due to
excessive sidewall reaction though. Also, from ensemble aver-
aged PL measurements we identified that conjugation of QDs
and gold-NPs to SWNT reduce the PL intensities of QDs and
SWNTs, respectively. The reduced PL intensities of QDs and
SWNTs are attributed to non-radiative energy transfer processes.

2. Experimental
2.1. Materials

The core materials used in the current work are streptavidin
conjugated CdSe-ZnS QDs (Quantum Dot Corporation, Hay-
ward, CA), gold—NPs (Funakoshi, Tokyo), and SWNT (Aldrich,
Tokyo). Reagent grade sodium dodecyl sulfate (SDS, Aldrich,
Tokyo), 4-nitrobenzenediazonium tetrafluoroborate (Aldrich,
Tokyo), biotin N-hydroxysuccinimide ester (biotin-NHS-ester,
Sigma, Tokyo), and sodium borohydride (NaBH,4, Aldrich,
Tokyo) were used for preparing nitro-, amino-, and biotin-
functionalized SWNTs. Mercaptoacetic acid (Aldrich, Tokyo)
was used for surface modification of gold—NPs. Spectroscopic
grade dimethyl sulfoxide (DMSO, Wako, Tokyo), and Milli
Q water (Millipore Corporation, Billerica, MA) were used in
chemical reactions and spectral measurements.

2.2. Conjugation of QDs and gold—NPs to SWNT

QDs and gold-NPs were conjugated to sidewall function-
alized SWNTs. For sidewall functionalization of SWNT, we
selected an addition reaction of a diazonium salt; several
other methods including cycloadditions, alkylation, and oxi-
dation are available though. Additions of p-substituted phenyl
radicals, generated from corresponding diazonium salts, were
found to be efficient in sidewall functionalization of SWNT
[9,10]. Steps involved in the preparation of SWNT-QD and
SWNT-gold-NP conjugates are shown in Scheme 1. Experi-
mental details involved in the preparations are described here.
A suspension of SWNT was prepared by dispersing it in an
SDS surfactant solution. For this, SDS was dissolved in water

(250 mg/25 mL) to form a solution above the critical micelle
concentration. This was followed by adding 50 mg of SWNT,
and the SDS-SWNT mixture was sonicated for 12h at room
temperature. This procedure provided a black colored aque-
ous micellar suspension of SWNT. The SWNT suspension
was cooled to 10°C and a cold (10°C) aqueous solution of
p-nitrobenzenediazonium tetrafluoroborate (77 mg, 0.3 mmol)
was added to it. This reaction mixture was vigorously stirred
at 10 °C for 72 h, during which the diazonium salt decomposed
into a p-nitrophenyl free-radical [10], and the radical reacted at
the sidewall of SWNT. The reaction mixture was gradually (over
30 min) warmed to room temperature, excess water was added,
and it was filtered under suction. The filtration provided a dark
residue, and the p-nitrobenzenediazonium tetrafluoroborate left
unreacted was removed by repeated washing using methanol
(10mL, five times). The dark residue was likely to contain
pristine SWNT and p-nitrobenzene adducts of SWNT. Pristine
SWNT and less-reacted SWNTs are insoluble or less soluble in
DMSO. Therefore, unreacted SWNTs and less-reacted SWNTs
were removed by suspending the residue in DMSO (5 mL) fol-
lowed by asilica-gel filtration using DMSO as eluent. During the
silica-gel filtration process unreacted and less-reacted SWNTs
were trapped inside the column. This was confirmed from the
presence of a trapped dark band in the column and its absorp-
tion spectrum. The absorption spectrum of the trapped residue
inside the silica-gel showed electronic transition features charac-
teristic to pristine SWNT [9,10]. DMSO was removed from the
dark brown solution by distillation under reduced pressure and
provided 35 mg of p-nitrobenzene functionalized SWNT (nitro-
SWNT). The nitro-SWNT showed good solubility in DMSO
(>2mg/mL) and the solution was deep brown in color (pho-
tograph ‘b’ in Fig. 1A) in contrast to the black suspension of
pristine SWNT in SDS micelles (photograph ‘a’ in Fig. 1A).
We reduced the nitro-SWNT into its p-aniline derivative
(amino-SWNT) using NaBH,4 (Scheme 1). Although electro-
chemical reduction is a known method for converting nitro-
SWNT into amino-SWNT, in the current work we selected
reduction using NaBHjy for technical reasons. The nitro-SWNT
(25 mg) was dissolved in dry DMSO (25mL), and heated to
160 °C under N; atmosphere. The solution was stirred well and
NaBH4 (25 mg) was added in five portions into the hot solu-
tion of nitro-SWNT over 25 min. The reduction reaction was
carried out at 160 °C for 1 h after complete addition of NaBH4.
We observed a gradual color change from dark brown to deep
yellow during the course of the reduction reaction. After 1h,
the reaction mixture was cooled to room temperature and any
NaBH, left unreacted was decomposed by carefully adding
I mL of cold water. This was followed by reducing the vol-
ume of the solution to ~5mL by distillation under reduced
pressure. The amino-SWNT was isolated from the reaction mix-
ture by column chromatography using silica-gel and DMSO.
DMSO was removed from the eluted solution by distillation
under reduced pressure and this provided 20 mg of amino-
SWNT. A solution of the amino-SWNT compound (photo-
graph ‘c’ in Fig. 1A) was distinctly different from that of the
nitro-SWNT compound in color and absorption spectrum; the
amino-SWNT derivative showed a higher molar extinction coef-
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Scheme 1. Steps involved in the functionalization of SWNT and successive conjugation to gold—NPs and streptavidin conjugated QDs.

ficient ~400 nm (trace ‘a’ in Fig. 1B) compared to that of the
nitro-SWNT derivative (trace ‘b’ in Fig. 1B). The absorption
spectra ‘a’ and ‘b’ were recorded for 50 pg/mL DMSO solutions
of amino-SWNT and nitro-SWNT, respectively. Furthermore,
compared to the limited solubility of nitro-SWNT in DMSO,
amino-SWNT showed solubility in various solvents including
water:DMSO mixtures (containing >10%, v/v DMSO), aqueous
buffers (<pH 6), DMSO, and toluene. The solubility of amino-
SWNT in acidic buffers is due to the formation of ammonium
salts.

The amino-SWNT was conjugated to gold—NPs and QDs
through ammonium salt formation and biotin-streptavidin
coupling, respectively. For the conjugation of gold—-NPs to
amino-SWNTs, gold-NPs were reacted with mercaptoacetic
acid. This reaction provides gold-NPs with free surface
carboxylic acid groups. The carboxylic acid functionalized
gold-NPs were purified by repeated centrifugation and mixed

with amino-SWNT. Thus, gold-NPs were attached to SWNTs
through quaternary ammonium salt formation (Scheme 1). The
conjugates of gold-NPs and amino-SWNT was characterized
from PL measurements and AFM imaging. For the conjugation
of QDs to amino-SWNT, we followed the widely used proce-
dure of streptavidin—biotin coupling reaction (Scheme 1). For
this, the amino-SWNT was biotinylated using biotin-NHS-ester.
In a typical biotinylation reaction, a solution of amino-SWNT
(prepared in a water-DMSO mixture by dissolving 15 mg of
amino-SWNT in 5 mL DMSO followed by adding 1 mL water)
was reacted with a DMSO solution of biotin—-NHS ester (1 mL,
10 mM) for 2 h at room temperature. The reaction mixture was
loaded onto a silica-gel column, and the biotin-NHS ester left
unreacted was removed by elution using methanol. The biotiny-
lated SWNTs collected at the top of the column, were eluted in
a second stage using DMSO. No further purification was carried
out to remove amino-SWNT left unreacted considering selective



318 V. Biju et al. / Journal of Photochemistry and Photobiology A: Chemistry 183 (2006) 315-321

(B)

1.2 4 c d Y g
=
g 5
= -
2 034 2 8
g 4 g
= ®
< 044 b 1 €

0

300 400 500 600 700 860
Wavelength, nm

Fig. 1. (A) Photographs of: (a) SWNT dispersed in 1% SDS micelles, (b) nitro-
SWNT dissolved in DMSO, and (c) amino-SWNT dissolved in a water:DMSO
mixture (9:1, v/v); (B) absorption and normalized PL spectrums of sidewall
functionalized SWNTSs: (a) absorption spectrum of amino-SWNT (50 pg/mL)
in a water:DMSO mixture (9:1, v/v), (b) absorption spectrum of nitro-SWNT
(50 pg/mL) in DMSO, (c) PL spectrum of nitro-SWNT in DMSO, and (d) PL
spectrum of amino-SWNT in a water:DMSO mixture (9:1, v/v); (C) TEM image
of a amino-SWNT sample dispersed on a carbon coated copper grid. Scale bar
in (C) is 5nm.

binding of biotin to streptavidin-conjugated QDs in the next step.
Streptavidin conjugated QD (e, = 605 nm) solution was diluted
to a 0.2 wM solution using a specified buffer supplied with the
commercial QD sample, and the 0.2 uM solution of QDs was
mixed with a solution of biotinylated SWNT (10 wg/L in a 1:9,
v/v DMSO:water mixture). The streptavidin—biotin conjugation
reaction was allowed for 2h at room temperature, and the
sample was then stored at 4 °C. The conjugation step involving
QDs was carried out in the dark to avoid possible photo-
darkening of QDs. Formation of SWNT-QD conjugates was
identified from fluorescence spectral measurements and AFM
imaging.

2.3. Preparation of samples

Samples for atomic force microscopy (AFM) imaging were
prepared by spin coating (3000rpm) aqueous solutions of
SWNT-QD and SWNT-gold-NP conjugates on freshly cleaved
mica plates. Concentrations of the solutions used for sample
preparations were equivalent to 10 pg/L of biotinylated SWNT.
Molar concentration of biotinylated SWINT was not determined
considering a possible error due to a size distribution of SWNTs
and an unknown number of functional groups on SWNTs. Ref-
erence samples were prepared from 0.1 nM aqueous solutions of
gold-NPs and streptavidin conjugated QDs. Samples for trans-
mission electron microscopy (TEM) imaging were prepared by
incubating a DMSO solution (0.1 pg/mL) of amino-SWNTs on
carbon coated copper grids, followed by drying under vacuum.
The concentrations of samples used in the PL measurements
were the same as that in AFM measurements.

2.4. Instruments used

Absorption and emission spectra were recorded using a spec-
trophotometer (Hitachi U-4100, Hitachi, Tokyo) and a spec-
trofluorometer (Hitachi F-4500, Hitachi, Tokyo), respectively.
AFM images were recorded using an MFP-3D microscope
(Asylum Research, Santa Barbara, CA). Tapping-mode AFM
images were collected in air using ultra-sharp (radius of curva-
ture <10 nm) Al nanoprobes (Olympus, Tokyo). The cantilevers
used were 160 wm long with a spring constant of 42 N/m and
a resonance frequency of 300 kHz. TEM images were recorded
using a 300kV JEOL JEM 3010 microscope.

3. Results and discussion

Functionalization of SWNT into nitro- and amino-derivatives
was confirmed from UV-vis—NIR absorption and IR spectra.
Typical absorption spectra of amino-SWNT and nitro-SWNT
solutions in DMSO are shown in Fig. 1B (traces ‘a’ and ‘b’). Itis
widely known that pristine SWNT in SDS micelles show distinc-
tive absorption spectral features, the so-called van Hove signa-
tures [9,10]. In the current work, nitro-SWNT and amino-SWNT
provided structure-less absorption bands extending into the
UV-vis—NIR region. Dyke and Tour reported similar structure-
less absorption bands for functionalized SWNTs [9,10]. The
structure-less absorption bands are attributed to loss of electronic
transitions due to sidewall functionalization. Also, functional-
ized SWNTs (both the nitro- and amino-derivatives) showed
weak PL in the visible region. Typical PL spectrums of nitro- and
amino-functionalized SWNTs are shown in traces ‘c’ and ‘d’,
respectively in Fig. 1B. We observed a red-shifted PL maximum
(Amax =3585) and a narrow PL spectral width (fwhm =47 nm) for
the amino-SWNT compared to the nitro-SWNT (Amax =544,
fwhm =70 nm). The different PL maxima observed for nitro-
SWNT and amino-SWNT can be explained in terms of different
excitonic energy states induced by functional groups. The red-
shifted PL maximum observed for amino-SWNT is probably
due to an increased electron density contributed by the aniline
group we consider that overlapping electronic states of the ani-
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Fig. 2. (A) Tapping mode AFM height image of SWNT-QD conjugates dispersed on a mica plate; (B) high-resolution AFM height image of SWNT-QD conjugates
dispersed on a mica plate; (C) AFM phase image of SWNT-gold-NPs conjugates dispersed on a mica plate. The arrows in (C) locate bare SWNTSs. Scale bars in

(A)—(C) are 2 pm, 500 nm, and 50 nm, respectively.

line moiety with the electronic envelop of SWNT increases the
stability of the excited states of the amino-SWNT derivative. On
the other hand, nitrobenzene has an electron withdrawing effect,
which in-turn probably cannot stabilize excitons in nitro-SWNT
derivatives. Indeed, we are unable to identify a definitive reason
for the different PL spectral widths observed for nitro-SWNT
and amino-SWNT.

In addition to examining the absorption and PL spectra of
functionalized SWNTSs, we examined the structures of function-
alized SWNTs using TEM imaging and compared the structures
with that of pristine SWNT. A typical TEM image of an amino-
SWNT sample is shown in Fig. 1C. From the TEM images, we
identified that functionalized SWNTs have flexible structures. In
contrast to the long-range rigid structure of pristine SWNT, we
noticed large structural flexibility even within 5 nm for amino-
SWNT and nitro-SWNT. However, such large flexibility within
a short length was not observed for nitro-SWNT in a previous
investigation [10]. We attributed the flexible structures of the

functionalized SWNTs in the current work to excessive sidewall
reactions under prolonged treatments. In short, introduction of a
large number of functional groups via addition reactions at sev-
eral double bonds on the SWNT surface probably resulted in a
partial loss of structural rigidity of SWNTs in the current work.

The structures of SWNT-QD and SWNT-gold-NP hybrid
nanoscale materials were examined using tapping mode AFM
imaging in air. Typical AFM images of SWNT-QD and
SWNT-gold-NP are shown in Fig. 2A and C, respectively. We
identified that conjugation of QDs to biotinylated SWNT pro-
duced close-packed one-dimensional QD assemblies, extending
from a few hundred nanometers to several microns. The pres-
ence of SWNT-QDs having different lengths is probably due
to a size distribution of SWNTSs in commercial sample. Another
possibility that linear extension of biotinylated SWNTSs through
streptavidin bridging is unlikely in the current work. If leaner
bridging of biotinylated SWNTs is possible through multiple
streptavidin molecules present on the surface of individual QDs,
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lateral extension is also possible. However, under the selected
concentrations for the preparation of SWNT-QD conjugates, we
are unable to identify lateral extension of SWNT-QD structures.
Therefore, linear extension of the structures is also difficult to
be discussed in terms of multiple-biotin binding of streptavidin-
QDs. From a close examination of AFM images of SWNT-QD
conjugates, we identified that QDs are linearly close-packed on
biotinylated SWNT templates. A high resolution AFM image of
a linear assembly of SWNT-QDs is shown in Fig. 2B. The lin-
ear close-packing of streptavidin-linked QDs is due to the high
degree sidewall functionalization of SWNT and strong binding
of biotin to streptavidin. The possibility that self-association of
streptavidin coated QDs into linear structures was ruled out on
the basis of the observation of isolated QDs and small clus-
ters (~50nm) in AFM images in the absence of biotinylated
SWNT.

In contrast to the formation of close-packed QDs on biotiny-
lated SWNT templates, we identified that only a small number
of gold-NPs are attached to amino-SWNTs. From AFM imag-
ing, we found that a large number of clusters of gold—NPs are
present in SWNT-gold-NP samples. A low-density conjuga-
tion of gold—NPs on SWNTs is identified from AFM imaging
(Fig. 2C). The low density conjugation of gold—-NPs on SWNTs
is due to a weak interaction between the amino-groups on the
side wall of SWNT and the carboxylic groups on the surface
of gold—-NPs compared to a strong streptavidin—biotin bind-
ing in the case of SWNT-QD conjugates. This observation
indicated that amine-carboxylic acid coupling via quaternary
ammonium salt formation is less efficient for the preparation
of hierarchical nanostructures such as SWNT-QD conjugates.
Although the density of gold-NPs on SWNTs was not well con-
trolled, the current work demonstrated the preparation of hybrid
nanoscale structures involving potentially important material
such as SWNT, QDs, and gold—NPs. Furthermore, the conju-
gations of QDs and gold-NPs to SWNT templates are likely
to induce electronic interactions between the components and
perturb the energy states of each other.

From absorption and PL spectra we identified electronic inter-
actions of SWNT with QDs and gold—NPs in SWNT-QD and
SWNT-gold-NP conjugates. Typical PL spectra of QDs before
(trace ‘a’) and after (trace ‘b’) conjugation to biotinylated SWNT
are shown in Fig. 3A; a correction was included in spectrum ‘b’
to compensate absorbance of biotinylated SWNT. The conjuga-
tion of QDs to SWNT resulted in a partial (35%) quenching of
PL intensity of QDs. This quenching of the PL intensity was not
due to non-specific interactions between QDs and SWNT. This
was confirmed from PL measurements of QDs in the presence
of non-biotinylated SWNTs. In the presence of non-biotinylated
SWNT, quenching of PL was not significant. We considered two
possibilities for the quenching of the PL intensity of QDs: (1)
Forster resonance energy transfer (FRET) from smaller to bigger
QDs [25] in close-packed SWNT-QD structures, and (2) FRET
from QD to SWNT. Detailed investigations involving multiplex-
ing of QDs having different size on the same SWNT template and
preparation of SWNT-QD conjugates having different densities
of QDs are underway in our laboratory to identify the origin of
the PL intensity quenching of QDs.
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Fig. 3. (A) PL spectrums of streptavidin conjugated QDs (a) and SWNT-QD
conjugates (b). Equal amounts of QDs were involved in both the measurements,
and a correction was included in spectrum ‘b’ to account for the absorbance
of SWNT. The samples were excited at 450 nm. (B) Absorption and emission
spectrums of SWNT conjugates: (a) absorption spectrum of amino-SWNT, (b)
absorption spectrum of SWNT-gold-NP conjugates, (c) PL spectrum of amino-
SWNT, and (d) PL spectrum of SWNT-gold—NP conjugates.

In contrast to the partial quenching of the PL intensity of QDs
in SWNT-QD conjugates, conjugation of gold—NPs to amino-
SWNT resulted in a quantitative quenching of PL from SWNTs.
PL spectra of SWNT before and after conjugation to gold—NPs
are shown in traces ‘c’ and ‘d’, respectively in Fig. 3B. In addi-
tion to the quenching of PL from SWNTs by gold—NPs, we
observed a weak red-shifted band (~730 nm) in the absorption
spectrum (trace ‘b’ in Fig. 3B) of SWNT—gold-NP conjugates.
Although the quenching of PL in SWNT-QD (quenching of
QD’s PL) and SWNT-gold—NPs (quenching of SWNT’s PL)
conjugates are different, energy transfer is likely to be a com-
mon mechanism of PL quenching in the SWNT-NP systems.
Conjugation of fluorescent molecules to metal NPs is known
to quench or enhance the fluorescence emission intensity due
to energy transfer. The efficient quenching of PL from SWNTs
observed in the current work indicates that the gold—NPs are
closely conjugated to SWNTs. Also, the close-conjugation of
gold-NPs to SWNTs probably induced a weak charge trans-
fer interaction between SWNT and gold—NPs. We attributed
the weak absorption band ~730nm to charge transfer inter-
action between SWNT and gold—NPs. Yet another possibility,
the long wavelength absorption band is a plasmon band of lin-
ear arrays of gold-NPs on SWNT is also not ruled out. We
observed that the band ~730nm disappeared upon changing
the pH of a SWNT-gold-NP conjugate solution to 8 or higher.
The disappearance of the charge transfer band is probably due
to dissociation of the quaternary ammonium salt under basic
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pH. A detailed investigation related to the particle plasmon, the
structure of SWNT-gold-NP conjugates, the quenching of PL,
and literature reports is necessary for further understanding of
the optical properties of SWNT-gold-NP conjugates.

4. Conclusions

We employed sidewall functionalization of SWNT to pre-
pare hierarchical nanoscale hybrid materials such as SWNT-QD
and SWNT-gold-NP conjugates. Excessive sidewall function-
alization of SWNT under a prolonged reaction was helpful for
preparing water-soluble derivatives of SWNT. We identified that
the structural rigidity of SWNT was not completely retained
after excessive sidewall functionalization. A combination of the
high solubility of the functionalized SWNT in aqueous medium
and the presence functional groups such as biotin and amine
made SWNT an ideal template for linear close-conjugation of
QDs and gold—NPs. From the absorption and PL spectral mea-
surements we obtained indications that conjugation of QDs and
gold-NPs to SWNT induces charge transfer and non-radiative
energy transfer interactions between the components. These
interactions perturbed their energy states, and absorption and
PL characteristics. Rather than a specific method for the prepa-
ration of QD and gold—NP conjugated SWNTs, the current work
demonstrated: (1) the use of potentially important nanomateri-
als such as QDs, gold—NPs, and SWNT for fabricating hybrid
nanoscale materials, and (2) the effect of interfacing nanomateri-
als on their photophysical properties. We believe that hierarchi-
cal nanoscale hybrid structures based on the above materials and
an understanding of their optical properties would be promis-
ing during construction of light harvesting systems [26,27] and
nanoscale optoelectronic devices.
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