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CdS nanoparticles functionalized by electroactive oligothio-
phenes, with narrow size distribution, have been prepared
and characterized. The structure of the hybrid product was
investigated by TEM, XRD, optical and FTIR spectroscopy.
The modified nanoparticles consist of a few tens of oligo-
thiophene units attached to the CdS core. The grafting of

Introduction

The design of nanostructured hybrid materials, with
novel physical properties, has emerged as one of the most
exciting areas of scientific endeavour in this decade, in
which material and chemical research are playing a domi-
nant role.[1] Nanocrystals (NCs) have a well-documented
array of properties that differ from those of the correspond-
ing bulk materials. Surface modification was shown to opti-
mize the intrinsic optical properties, producing highly lumi-
nescent NCs, and also serves as a means of tuning their
solubility. On the other hand, π-conjugated oligomers and
polymers are a relatively new class of electronic materials
that are revolutionizing important technological applica-
tions including large-area electronics, owing to their com-
patibility with low-temperature processing, the simplicity of
thin-film device fabrication and the tunability of their elec-
tronic properties.[2] The richness of the synthetic organic
chemistry allows the fabrication of π-conjugated materials
with a degree of control unattainable with conventional in-
organic semiconductors. Grafting conjugated polymers and
oligomers onto the surface of nanoparticles provides a me-
ans of controlling not only the final surface functionality
of the material, as one could do also with ligands, but also
of introducing new optoelectronic and enhancing charge-
transport properties.[3] Such physical properties have moti-
vated many studies on π-conjugated systems and NC com-
posites.

The encapsulation of inorganic nanoparticles by conju-
gated polymers has its origin in work by Greenham et al.
which dates back over one decade.[4] Although much atten-
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conjugated oligomers to nanoparticles was made possible by
complexing the dangling cadmium ion on the nanoparticle
surface.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

tion has been devoted to the study of the photovoltaic prop-
erties of these materials, there have been studies reporting
the elaboration and the characterization of well-organized
NCs embedded in conjugated polymers, as can be seen from
reports of the Lahav group who studied the organization of
(Pb1–xCdx)S nanoparticles within an oligo(p-phenyleneethyl-
ene)dicarboxylate matrix.[5] In optoelectronic devices, inor-
ganic semiconductor NCs have been combined with π-con-
jugated systems in order to take advantage of the ease of
processing, characteristic of many π-conjugated polymers,
and their complementary properties. The inorganic semi-
conductor NCs have high electron affinities and the organic
semiconductors show high hole mobilities, so charge trans-
fer occurs rapidly in such systems. Photoinduced charge
transfer can result in enhancement of the photoconductivity
and photovoltaic effects. A major problem which arises in
the fabrication of these composites is the immiscibility of
the two materials due to differences in their polarities. In
composites heavily loaded with NCs, phase segregation oc-
curs even when the NCs are stabilized by hydrophilic li-
gands.[4]

To overcome this problem and to obtain a three-dimen-
sional interpenetrating network of nanocomposites, many
approaches have been used, in which NCs and conjugated
polymers are intimately associated. In these approaches the
conjugated systems are directly connected to the quantum
dot surface. Milliron et al. reported the preparation of novel
soluble oligothiophene-CdSe NCs, wherein electronic inter-
action between functional components was facilitated by at-
taching the binding group directly to the conjugated back-
bone.[6] Mutual fluorescence quenching of oligothiophenes
and CdSe NCs indicates photoinduced charge transfer,
which is essential for their potential utility as an active com-
ponent in photovoltaic devices. Similarly, Sun et al. have
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demonstrated that devices fabricated from blends of tetra-
pod CdSe nanoparticles and a conjugated polymer perform
better than devices made from nanorod/polymer blends.[7]

The authors believe that the control of the NC shape pro-
vides an additional tool to control morphology and facili-
tate the charge transfer process. Nanocomposites based on
TiO2 nanoparticles functionalized by conjugated terthi-
ophenecarboxylic acid have been prepared and charac-
terized by Beek et al.[8] The fluorescence of the terthiophene
moiety was completely quenched due to photoinduced elec-
tron transfer from terthiophene to titanium dioxide. The
quenching is believed to be predominantly static rather than
dynamic.

The role of organic surfactants and morphology con-
trol have been pointed out by Liu et al.[9] In their work,
they showed that an end-functional poly(3-hexylthio-
phene) (P3HT) enhances the performance of P3HT/CdSe
nanocrystal solar cells by increasing the dispersion of
CdSe without introducing insulating surfactants. Despite
several reports of various NC post-functionalization pro-
cedures, much development is still needed to elaborate
NC-π-conjugated systems, in which the two components
are in intimate contact and electron transfer is not altered
by the presence of insulating surfactants. On the basis of
a survey of published accounts, CdSe and CdS quantum
dots are II–VI semiconductor nanoparticles. There is no
distinction that separates the two nanoparticles in terms
of desirable properties for applications. CdSe nanopar-
ticles and π-conjugated polymers have to date been the
most-studied nanocomposite materials; however, one of
the limitations of CdSe nanoparticle synthesis is the use
of hazardous and pyrophoric compounds such as dimeth-
ylcadmium, (CH3)2CdSe, TOPO and, especially, the high
temperatures (300 °C) that are required. In contrast the
synthesis of CdS is safer. These reasons motivated our
choice of CdS nanoparticles as models to develop a ver-
satile one-pot method for preparing CdS NC-bound con-
jugated materials.

In this work we report a one-pot method for preparing
CdS NC-bound oligothiophenes. Transmission electron mi-
croscopy (TEM) and X-ray diffraction powder (XRD)
show that the CdS nanoparticles are monodisperse. The
amount of oligothiophene and the nature of surface bind-
ing are studied in detail using X-ray photoelectron spec-
troscopy (XPS), IR, UV/Vis and fluorescence spectroscopy.
The major advantage of this method is that we use func-
tionalized π-conjugated electroactive systems as ligands to
control NC growth. The electroactive ligand binds to the
NC surface, and allows intimate contact between the NC
and the conjugated oligomer backbone leading to better
electronic communication between the two components.
The bonding of the oligomers to the NC surface was made
possible by complexing the dangling cadmium ion on the
NC surface by the lone-pair electrons of the carboxylate
group in the oligomer. We have also found the carboxylate
function to be a versatile and stable ligating group that can
be easily attached to II–VI semiconductor nanoparticle sur-
faces.
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Results and Discussion

Scheme 1 depicts the chemical structures of the α,ω-olig-
othiophene dicarboxylic acids used in this study. 2,2�-Bi-
thiophene-5,5�-dicarboxylic acid (I), 2,2�;5�,2��-terthio-
phene-5,5��-dicarboxylic acid (II), and 2,2�;5�,2��;5��,2���-
quaterthiophene-5,5���-dicarboxylic acid (III) were pre-
pared as described in detail elsewhere.[10] CdS NCs capped
with I, II and III (CdS-2T, CdS-3T, CdS-4T, respectively)
were then prepared in ethylene glycol (EG) according to the
polyol process;[11] see Scheme 2.

Scheme 1. Oligothiophenes used for the functionalization of CdS
nanocrystals.

Scheme 2. Schematic representation of the preparation of CdS–oli-
gothiophene by a one-pot procedure.
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Figure 1. TEM micrographs of CdS–oligothiophene nanoparticles (a) CdS-2T; (b) CdS-3T; (c) CdS-4T; (d) CdS-3T prepared at pH = 9.
The scale bar represents 10 nm in each case.

The general procedure involves addition of cadmium ace-
tate and thiourea to a given volume of EG to obtain a con-
centration between 10–2 and 10–3 molL–1. To form CdS–
oligothiophene hybrids, oligothiophenes were added to the
reaction mixture in EG. The mixture was then heated with
vigorous stirring to a temperature between 100 and 150 °C.

Transmission electron microscopy reveals that the oligo-
thiophene molecules act as mediator templates towards the
preparation of size-controlled spherical assemblies (50–
200 nm) (Figure 1). The average individual CdS particle
sizes are on the nanometer scale, 2–4 nm, depending on the
conjugation length of the organic chain. In deionized water
at pH = 9 CdS–oligothiophene nanoparticles are generally
isolated from one another (Figure 1d). The assembly of
CdS nanoparticles into nanospheres is believed to be a re-
sult of π–π interactions between conjugated systems.[12] The
crystallinity of the CdS-nT samples was investigated by X-
ray diffraction, as shown in Figure 2. At equilibrium reac-
tion conditions, CdS nanoparticles present the thermody-
namically stable hexagonal (wurtzite) structure. In this
work, all samples can be indexed as cubic (sphalerite) in
structure, showing (111), (220) and (311) peaks. This behav-
iour is perhaps due to the presence of oligothiophene mole-
cules on the CdS surface. The same phase was observed by
McPherson et al. for CdS synthesized in water-in-oil micro-
emulsions using a combination of bis(2-ethylhexyl) sulfo-
succinate (AOT) and the zwitterionic phospholipid -α-
phosphatidylcholine (lecithin).[13] An average size was esti-
mated by applying Scherrer’s formula. Crystallite sizes de-
crease with an increase in the conjugation length of the or-
ganic molecule, from 4 nm for CdS-2T to 2 nm for CdS-4T.
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Figure 2. Powder X-ray diffraction patterns of three samples of
CdS-nT nanoparticles.

The reduction of particle size with an increase in the con-
jugation length of the adsorbate can be understood as a
passivation effect on the NC surface with longer oligomers.
This result is somewhat surprising, that the steric effects are
similar for the three oligomers, assuming they lie perpendic-
ular to the NC surface. The HOMO–LUMO energy and
carboxylate reactivity is an alternative explanation. In gene-
ral, the smaller the HOMO–LUMO energy gap of an aro-
matic acid, the softer the anions. A soft base with smaller
HOMO–LUMO energy will adsorb more readily on a sur-
face. DFT calculations on the oligothiophenecarboxylates
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show that changing the carboxylate from thiophene to bi-
thiophene or terthiophene reduces the energy gap consider-
ably.[14] The HOMO rises and the LUMO falls. In the light
of these facts, we assume that the longer oligomers, i.e.
QTDC and TTDC bind more strongly to the NC surface
than BTDC; therefore, the longer oligomer straightfor-
wardly passivates the NC surface and stops particle growth
at an early stage of growth resulting in small nanoparticles.

FTIR spectroscopy was used to study CdS–oligothio-
phene core-shell structures and to reveal also the bonding
mode of the organic molecule adsorbed on the NC. In the
frequency region where C=C, C–C and C–S stretching vi-
brations are active, the infrared spectra of α,ω-oligothio-
phene diacids and CdS-nT show many similarities. These
spectra exhibit characteristic bands of oligothiophenes that
are centred at 1520, 1436, 890, 812 cm–1, and 750 cm–1, as-
signed to antisymmetric C=C, symmetric C=C, antisym-
metric C–S, symmetric C–S stretching modes, and out-of-
plane C–H deformation, respectively. However, we observe
a slight vibration shift of the π-conjugated system upon ad-
sorption of the oligomer on the NC surface. The νant (C–C)
and symmetric C–S modes are redshifted by 7 and 13 cm–1,
respectively. The out-of-plane deformation of C–H is blue-
shifted by 17 cm–1. The change in the thiophene vibration
can be attributed to the new electronic distribution of the
bonded oligomers. Figure 3a, b represents typical FTIR
spectra of the carboxylate region, for BTDC, CdS-2T,
TTDC and CdS-3T.

The stretching band of the carbonyl group C=O, which
appears at 1669 cm–1 for BTDC and 1663 cm–1 for TTDC,
is no longer identified in the IR spectra of CdS-nT. Instead,
the symmetric and asymmetric stretching vibrations of the
COO– group appear distinctly at 1386 and 1560 cm–1,
respectively. The shoulder at 1617 cm–1, observed for CdS-
2T indicates the existence of a second coordination mode
of the carboxylate group. The intensity of the latter in-
creases and becomes a distinct band for CdS-3T. The pres-
ence of the νs(COO–) band in the CdS-nT spectra clearly
indicates that the oligothiophene binds to the CdS surface
through the carboxylate group. Also, observing two types
of carboxylate stretches indicates that the carboxylate group
of the oligomers function in different coordination fashions,
two at least. The binding mode can be determined from the
carboxylate band splitting. Hence, it was established that
the mode of carboxylic acid coordination in complexes or
adsorbed on a surface can be determined using infrared
spectroscopy. There are four common carboxylate coordi-
nation modes: monodentate, chelating bidentate, bridging
bidentate and ionic interaction. The coordination mode can
be distinguished by the different separations between the
antisymmetric and symmetric stretching adsorption bands
(∆ν).[15] Bidentate coordination modes of the carboxylate
group show a separation less than 200 cm–1, whereas mono-
dentate modes show a larger separation. In the present
work band separations of ∆ν = 180 and 240 cm–1 were ob-
tained for CdS-3T, indicating bidentate and monodentate
coordination modes. The similarity of the CdS-2T spectrum
and its band separations, ∆ν = 180 and 230 cm–1, indicates
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Figure 3. FT-IR spectra of (a) BTDC and CdS-2T, (b) TTDC and
CdS-3T.

that a similar mode of binding occurs. The FTIR data show
clearly that the final composition of the CdS-nT core shell
includes both a thiophene oligomer shell and a CdS core.
On the other hand, the complexation of oligothiophenecar-
boxylate with CdS nanoparticles occurs through strong
ionic/covalent bonds. Also, the bonding of the oligomer on
the NC surface deeply influences the electronic distribution
of the π-conjugated system.

The elemental composition of the CdS–oligothiophene
nanoparticles was analyzed by XPS. The XPS survey scan
of CdS-4T is depicted in Figure 4, as a representative exam-
ple. The main features, S2p, C1s, Cd3d5/2 and O1s, are
centred at 162, 285, 405 and 532 eV, respectively. The O1s/
Cd3d5/2 and C1s/Cd3d5/2 intensity ratios differ markedly de-
pending on the chemical structure of the oligomer, i.e. chain
length. The high-resolution Cd3d region from CdS-4T,
shown as an insert in Figure 4, exhibits Cd3d5/2 and
Cd3d3/2 peaks (spin-orbit doublet) centred at 405.8 and
412.4 eV, respectively.
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Figure 4. XPS survey scan of CdS-4T; the insert shows core level
of Cd3d5/2.

The Cd3d5/2 binding energy is in line with the published
data for CdS.[16] When care was taken to closely analyze
the Cd3d5/2 spectra, they were fitted with two peaks using
Gaussian line shapes, which can be assigned to the bulk of
Cd atoms, the second one at high binding energy, which
should be attributed to surface cadmium atoms complexed
to the oligomer through the carboxylate group. The surface
contribution is about 20% of the total signal for CdS-4T
and drops to 10% for CdS-2T. This is expected and is in
agreement with literature data, which show that the surface
contribution is larger for smaller NCs; the sizes of the nano-
particles are 4 and 2 nm for CdS-2T and CdS-4T, respec-
tively.

Figure 5 compares the S2p regions of CdS-2T and CdS-
4T. The spectra are fitted with three different spin-orbit
split S2p doublets. The spin-orbit energy shift (ca. 1.2 eV)
and the intensity ratio of 2:1 for the S2p3/2/S2p1/2 compo-
nents has been taken to fit. The S2p peak-fitting parameters
are reported in Table 1 for the three samples analyzed. The
three components identified are attributed to sulfur in the
bulk of CdS (161.9 eV), sulfur atoms from the oligothio-
phene (164.1 eV), the organic stabilizer bound to the nano-
particle, and a very small amount of oxidized sulfur
(168.4 eV), from the oxidation of the particle surface.
Table 2 reports the surface chemical composition (in per-
cent) of the nanoparticles. Similarly, as previously observed
for CdS and CdSe nanocrystals, the Cd2+/S2– atomic ratio
is nonstoichiometric,[17] showing a significant excess of cad-
mium atoms on the surface, with the atomic ratio of Cd/
S = 1.54, 1.52 and 1.43 for CdS-2T, CdS-3T and CdS-4T,
respectively. It is reasonable to assume that the lack of sul-
fur in the outermost layers of the nanoparticles is compen-
sated by the carboxylate groups from the oligothiophene
capping ligands.

The production of highly monodisperse semiconductor
nanocrystals requires stabilizers such as amines, phos-
phanes, phosphane oxides and phosphonic acids as capping
ligands. However, a few recent reports have examined in
detail the binding of long-chain carboxylic capping ligands
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Figure 5. Core level of S2p for CdS-4T (top) and CdS-2T.

Table 1. Characteristic S2p binding energies (eV) for sulfur within
different materials.[a]

Materials SCdS STh Sox

S2p3/2 S2p1/2 S2p3/2 S2p1/2 S2p3/2 S2p1/2

CdS-2T 161.7 162.9 164.1 165.3 168.4 169.9
40.4 26.3 19.9 9.3 2.83 1.3

CdS-3T 161.6 162.9 164.0 165.2 168.7[b]

48.9 25.8 15.4 7.9 1.9
CdS-4T 161.9 163.2 164.2 165.4 – –

28.5 15.7 36.7 19.1 – –

[a] For each specimen, each sulfur type has an S2p3/2-S2p1/2 doub-
let. The binding energy positions are in eV (top line) and the contri-
bution to the total S2p peak area is given in % (bottom line). [b]
The S2p peak was very poorly resolved, so S2p3/2 and S2p1/2 were
combined.

Table 2. Apparent surface chemical composition of surface-modi-
fied CdS nanoparticles.

Materials Cd SCdS ST Sox C O Na

CdS-2T 16.5 10.1 4.39 0.61 49.8 18.6 –
CdS-3T 26.3 16.9 5.19 0.44 36.0 15.2 –
CdS-4T 10.6 7.42 9.33 – 49.4 22.6 0.67
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at the CdS and CdSe NC surface. Mulvany et al.[18] and
Dushkin et al.[19] reported a version of the hot-matrix
method for the synthesis of CdSe nanoparticles using a
noncoordinating solvent and a carboxylic acid as the coor-
dinating ligand. This new method is an adaptation of
widely reported methods that use cadmium carboxylate
salts as precursors for these NCs. Their synthetic approach
allows one to tune the nucleation and growth of CdSe by
altering the reactivities of selenium and cadmium and to
probe more clearly the role of the chalcogenide and cad-
mium precursors on CdSe nanocrystal synthesis, as well as
the role of TOPO on surface passivation. In these systems,
it was shown that the usual stabilizing agent, TOPO, can
be eliminated completely in favour of a fatty acid without
effects on the particle size distribution or their optical prop-
erties. They claim that CdSe terminated with a long-chain
carboxylate is one of the cleanest colloidal CdSe systems to
date, with oleic acid as the sole stabilizer. Peng et al.[20] have
developed a successful approach to synthesizing CdS in a
noncoordinating solvent. Oleic acid, a natural surfactant,
was chosen as the ligand for stabilizing the nanocrystals
and the cationic precursors. The ability to use long-chain
carboxylic acids as stabilizers was later extended to InP and
InAs nanocrystals.[21]

Therefore, it is necessary to estimate the contribution of
the carboxylate capping ligands to the total carbon content
of the nanoparticles. Figure 6 displays a typical C1s region
for CdS-2T fitted with five components centred at 285.0,
286.0, 287.4, 288.7 and 290.2 eV. The component centred
at 288.7 eV is assigned to the carboxylate group from the
oligothiophenes.[22] The contribution of the carboxylate
groups to the C1s peak areas of the CdS-2T, CdS-3T and
CdS-4T nanoparticles is 11.8, 12.1 and 9.9%, respectively,
corresponding to 5.78, 4.35 and 4.88% carboxylate carbon
atoms. Note that the contributions of the carboxylates to
the C1s region differ slightly from those expected, due to
unavoidable adventitious hydrocarbon contamination and
the presence of carbonates (peak centred at ca. 290.5 eV).

Figure 6. Narrow-scan XPS spectrum of C1s region for CdS-2T.
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With the contribution of the carboxylates to the surface
composition in hand, the Cd/(SCdS+1/2CCOO–) atomic ratio,
assuming that only one carboxylate group per oligothio-
phene is coordinated with Cd2+ on the particle surface, is
1.26, 1.31 and 1.07, which is in agreement with the stoichi-
ometry of CdS. The contribution of the carboxylates to the
surface chemical composition can further be related to the
sulfur content due to the oligothiophenes, and the experi-
mental COO–/ST molar ratio compared to that expected
from microanalysis. Figure 7 shows a plot of the experimen-
tal COO–/ST molar ratio, as determined by XPS, vs. micro-
analysis data. The results reflect reasonably well the pro-
gressive relative concentration of the carboxylate groups
within the oligothiophenes.

Figure 7. Plot of COO–/ST molar ratio, as determined by XPS vs.
microanalysis results.

From the surface chemical composition reported in
Table 1, one can estimate the number of molecules bound
per CdS particle. In this case, only the sulfur of the organic
component is considered for the oligothiophenes, and the
CdS nanoparticles are, to a first approximation, assumed
to be stoichiometric. Because the nanoparticles have also
diameters lower than the sampling depth probed by XPS,
it is reasonable to assume that the apparent surface compo-
sition reflects that of the whole coated nanoparticle. For
Cd-3T and CdS-4T the diameters are estimated to be 3.8
and 2 nm, respectively. Taking into account the density of
CdS, and thus the number of Cd atoms per particle, one
can estimate the number of bound oligothiophenes per nan-
oparticle using the ratio (%ST/nS)/(%Cd/nCd) where%ST

and%Cd are the atom percents reported in Table 2, nCd the
number of Cd atoms per CdS nanoparticle, and nS the
number of thiophene repeat units per oligothiophene. For
CdS-3T and CdS-4T, we find ca. 19 molecules of terthio-
phene and 18 molecules of quaterthiophene per nano-
particle.

The hybrid structures of CdS-nT, with two, three and
four rings were characterized by means of absorption and
emission spectroscopy. In the UV/Vis studies the structures
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were investigated in EG and dimethyl sulfoxide. No marked
differences were observed in the absorption spectra of these
compounds in either solvent, the resulting spectra being es-
sentially the additive combination of those of the two con-
stituent parts, with slight modification. Figure 8 shows the
typical spectra recorded for the CdS–oligothiophene series
as well as CdS stabilized by acetate in EG. The NCs stabi-
lized by acetate have an absorption shoulder at 440 nm cor-
responding to the first excitonic peak. Note that in our
studies variation of the synthesis conditions was found to
have no significant effect on the excitonic peak energy.

Figure 8. UV/Vis spectra of three samples of CdS-nT and CdS-
acetate.

The spectrum of CdS-nT shows a main peak, in the
visible region, due to the π–π* transition, and a weaker
butwell-definedshoulderatlowenergyattributedtoNCexci-

Figure 9. UV/Vis spectra of CdS-2T and BTDC.
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tonic absorption. The main peak exhibits a perfect corre-
lation with the conjugation length, i.e. the maximum is
significantly redshifted as the conjugation length of the
corresponding oligothiophene shell increases. Hence, UV/
Vis absorption spectra of CdS-nT show a maximum
centred at 350, 395 and 428 nm for CdS-2T, CdS-3T and
CdS-4T, respectively. All these maxima were found to be
close to those observed for solutions of the oligothi-
ophene dicarboxylates. However, when the spectra of the
CdS-bound oligomers are examined carefully the absorp-
tion seems not to be a simple superposition of the two
components, as can be seen in Figure 9. The easiest case
is CdS-2T, where the two bands are separate. Additional
shoulders appear at the low-energy side of the bithio-
phene absorption (367 and 400 nm), indicating a ground-
state interaction between CdS NCs and the conjugated
system. For longer oligomers, the absorption of the or-
ganic shell overlaps that of CdS, which makes discussion
difficult. The structureless broad absorption observed in-
dicates that the oligomers bound to the nanoparticle sur-
face are relatively flexible for the formation of different
conformers in the ground state.

The number of oligomers attached to the nanoparticle is
fundamental to fully characterizing the CdS-nT hybrid
core-shell materials. This can be calculated using the ab-
sorbance at the oligomer absorption maximum (λmax), that
at the CdS excitonic peak (450 nm) and their extinction co-
efficients. Although the determination of the NC extinction
coefficient has been largely debated in the literature, recent
work, has established for CdS NCs capped with oleic acid
show a strong dependence of the extinction coefficient on
the size of the NCs, while the nature of the ligands and the
solution refractive index were shown not to have a signifi-
cant effect.[23] Given the average particle size (4 nm for CdS-
2T), ε = 552820 Lmol–1 cm–1 for the extinction coefficient
of CdS NCs, and 26100 Lmol–1 cm–1 for the extinction co-
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efficient of BTDC, the maximum absorbance is 1.88 for
BTDC and that for the CdS excitonic peak is 1.035. We
found that each NC is embedded in 40 BTDC molecules.
This result is consistent with the work of Milliron et al.,
who report 50 molecules of pentathiophene per CdSe nano-
crystal.[6] Note that the value obtained is relatively low
compared to the theoretical one. In fact, 200 molecules were
expected to form a close-packed monolayer in a 4-nm dia-
meter sphere. The area occupied per molecule was esti-
mated using the following approximations. The molecule
binds perpendicularly to the surface; the area occupied is
the projection of the oligomer on the NC. From the known
bond lengths, van der Waals atomic radii and the thickness
of the oligomers, the area occupied per molecule is esti-
mated to be 24 Å2. Using the same UV/Vis procedure, an
average of 18 molecules per NC was found for CdS-3T; this
value is in good agreement with that estimated from the
XPS measurements.

It is well known that the fluorescence properties of CdS
NCs depend strongly on their surface states, surface passiv-
ation and size distributions. Fluorescence quench or
changes in the quantum yield indicate also differences in
the branching ratio between radiative and nonradiative de-
cay and therefore might serve as a powerful probe of NC-
conjugated polymer interactions. To determine the degree
of electronic communication between CdS NCs and oligo-
thiophene, we performed fluorescence measurements. Fig-
ure 10 illustrates the room-temperature fluorescence spectra
of CdS-nT. The general trends observed are that the emis-
sion of CdS-bound oligothiophenes is weak and exhibits a
weak Stokes shift. The intensity drops by a factor of two
relative to their homologues, i.e. sodium dicarboxylates. We
note also that the emission spectra of CdS-nT are redshifted
relative to the oligothiophenedicarboxylates. This shift is
more pronounced for the longer oligomers, i.e. CdS-3T and
CdS-4T. Hence, the emission spectra of CdS-2T and its free
ligand are similar in energy and shape, except for the low-
energy side. CdS-2T has a long emission tail in the low-
energy part of the spectrum. Quite different emission spec-
tra were obtained for CdS-3T and CdS-4T, as seen in Fig-
ure 10b, c. Those of TTDC and QTDC sodium salts show
two clearly resolved bands at 450 and 465 nm and at 480
and 500 nm, respectively, which have been identified as the
vibronic replicas of the O–O transition. These emission
maxima are redshifted to 490 and 530 nm for CdS-3T and
CdS-4T, respectively. The intensity of the first band ob-
served for the precursors decreases and becomes a shoulder
in CdS-nT. The similarity in the appearance of the emission
spectra of the precursors and CdS-bound oligothiophenes
suggests that the origin of this emission is π*–π emission;
no CdS NC emission is observed. Selective excitations have
been undertaken to analyze the CdS NC emission. Upon
excitation into the CdS excitonic absorption band (461 nm),
the emission spectrum is similar to that when exciting into
the main oligothiophene band, indicating a complete
quench of CdS NC fluorescence. The CdS-nT excitation
spectra are similar to the absorption spectra of the oligothi-
ophene precursors.
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Figure 10. Fluorescence spectra of (a) CdS-2T and BTDC, (b) CdS-
3T and TTDC, (c) CdS-4T and QTDC.

The fluorescence changes in the CdS-nT are in good
agreement with the ZnO-(Th)n fluorescence observed by Jiu
et al. who reported a strong redshift in the precursor emis-
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sion, when they were adsorbed on ZnO NC.[24] They found
a 100-nm redshift emission of ZnO-(Th)n and free precur-
sors. Similar significant modification in the spectral distri-
bution of fluorescence of the CdSe conjugated oligopheny-
lene–vinylene surfactants, relative to blended films of the
inorganic and organic components was recently observed
by Emrick et al.[3] They attributed this effect to enhanced
energy transfer between the conjugated ligand and the
quantum dot facilitated by connecting the conjugated back-
bone directly to the quantum dot.

To help understand the fluorescence results, NC emission
properties must be taken into account. Indeed, it has been
established that the emission properties of NCs are very
sensitive to their surface environment. In general, as-syn-
thesized NCs have high fluorescence quantum yields ap-
proaching unity. Decrease in the quantum yield and/or
change in the fluorescence shape are considered to be the
result of the surface states located in the bandgap of the
NCs, which act as trapping states for the photogenerated
charges. These surface trapping states originate from the
dangling bonds of some of the surface atoms. It has been
speculated that in III–V semiconductor NCs, the nanoparti-
cle surfaces are terminated by either cadmium or chalcogen
sites. On the other hand, it is well established that an aro-
matic acid can be bound to a metal surface through the
oxygen lone-pair electrons and aromatic carboxylates are
also common O-donor ligands in cadmium coordination
chemistry. In light of this evidence, and based on published
reports showing that carboxylates can act as capping li-
gands,[18–21] we assume that the oligomer binds to a dan-
gling cadmium ion on the NC surface through the lone-
pair electrons of the carboxylate function. In this way, a
monolayer of cadmium oligomer complex is formed on the
surface of the CdS nanoparticles. This novel supramolec-
ular structure composed of dangling cadmium and conju-
gated oligomer has more electronic delocalization, which
profoundly influences the emission properties of the π-con-
jugated system of the oligomers. This assumption corrobo-
rates well with ab initio calculations made by Puzder et al.
The authors calculated the binding energy of different or-
ganic functions to a range of the CdSe NC facets.[25] The
dominant binding carboxylate interaction found is between
oxygen atoms in the ligands and the dangling cadmium
atoms on the NC surfaces.

Conclusion

We have prepared a new organic–inorganic structure
consisting of oligothiophenes grafted onto the surface of
CdS nanocrystals, with narrow size distribution, using a
one-pot reaction. The number of bound molecules and the
grafting of the oligomers on the surface of the nanocrystals
were investigated using XPS, IR, UV/Vis and fluorescence
spectroscopy. The bonding of the oligomers to the nano-
crystal surface is made possible by complexing the dangling
cadmium ion on the surface with the lone-pair electrons of
the carboxylate group at the end of the oligomers, leading
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to better electronic interaction between the two compo-
nents. On the basis of the observed properties, these hybrid
nanoparticles should have potential applications in opto-
electronic and photovoltaic devices.

Experimental Section
Materials: All chemicals used in the syntheses and the analytical
grade solvents used for UV/Vis studies were purchased from Ald-
rich and used as received.

Organic Synthesis: 2,2�-Bithiophene-5,5�-dicarboxylic acid (I),
2,2�;5�,2��-terthiophene-5,5��-dicarboxylic acid (II), and
2,2�;5�,2��;5��,2���-quaterthiophene-5,5���-dicarboxylic acid (III)
were prepared as described in detail elsewhere.[10] All the oligothio-
phenes were fully characterized by 1H and 13C NMR spectroscopy
and elemental analysis.

Synthesis of Oligothiophene-Functionalized CdS Nanoparticles:
CdS–oligothiophene hybrid nanoparticles were synthesized in eth-
ylene glycol by the Polyol process.[11] Briefly, the general procedure
involves addition of cadmium acetate and thiourea to a given vol-
ume of polyol to obtain a concentration between 10–2 and
10–3 molL–1. To form CdS–oligothiophene hybrids, oligothiophene
with different conjugation lengths was added to the solution. The
final oligothiophene concentration was also between 10–2 and
10–3 molL–1. The mixture was then heated with vigorous stirring
to a temperature varying between 100 and 150 °C. Purification was
achieved by adding excess methanol. The precipitate formed was
centrifuged and the upper liquid layer decanted, and the isolated
solid then dispersed in an appropriate solvent. The above centrifu-
gation and isolation procedure was repeated several times.

General Experimental Procedures: UV/Vis spectroscopy. UV/Vis
absorbance spectra were acquired with a Cary 50 spectrometer.
Fluorescence spectra were recorded with a Perkin–Elmer LS50
spectrofluorometer. IR spectra were recorded on KBr pellets using
a Nicolet IRTF-Magma 860. Transmission electron microscopy
(TEM) observations were performed with a JEOL 100 kV JEM-
100CX II microscope. The CdS-functionalized nanoparticles were
deposited on the amorphous carbon membrane of the transmission
electron microscope grid and the solvent then evaporated off at
room temperature. The mean diameter was estimated from image
analysis of a hundred particles. X-ray powder diffraction (XRD)
patterns were recorded with a Philips PW1050/25 using Cu-Kα radi-
ation. The diffractometer was calibrated using a standard Si sam-
ple. The counting time was 30 s per 2θ step of 0.05°. The mean
crystallite size was estimated using the Scherrer equation. X-ray
photoelectron spectroscopy signals were recorded using a Thermo
VG Scientific ESCALAB 250 system equipped with a micro-fo-
cused, monochromatic Al-Kα X-ray source (1486.6 eV) and a mag-
netic lens which increases the electron acceptance angle and hence
the sensitivity. The specimens were pressed against double-sided
adhesive tapes mounted on sample holders, and then pumped over-
night in the fast-entry lock at ca. 5�10–8 mbar before introduction
into the analysis chamber. A 650-µm X-ray beam was used at a
power of 13.7 mA�15 kV. The spectra were acquired in the con-
stant analyzer energy mode, with pass energies of 150 and 40 eV
for the survey and the narrow regions, respectively. Charge compen-
sation was achieved with an electron flood gun operated under ar-
gon flow at a partial pressure of 2�10–8 mbar in the analysis
chamber. Under these conditions, the surface charge was negative
but perfectly uniform. Avantage software, version 2.2 (Thermo
Electron), was used for digital acquisition and data processing.
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Spectra were calibrated by setting the C1s peak maximum at
285.0 eV. The apparent surface compositions (in atom%) were de-
termined by considering the integrated peak areas of the C1s, O1s,
S2p and Cd3d5/2 peaks and the manufacturer’s sensitivity factors.
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