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Nanoscale organic-inorganic hybrid materials were prepared from two highly fluorescent building blocks:
CdTe nanowires (NWs) as an energy acceptor, and a rigid rod-like and water soluble poly(p-phenyleneethy-
nylene) (PPE) as a donor. The PPE was covalently bonded to the CdTe by traditional amide chemistry. Two
different orientations, parallel and perpendicular, of PPE to CdTe NW were achieved by manipulating the
density of PPE at the NW surface through controlling the molar ratio of PPE and the NW during the chemical
tethering. Strong dependence of fluorescence resonance energy transfer (FRET) on the orientation was observed.
While efficient FRET was observed when the orientation of the donor PPE and the acceptor CdTe NW is
parallel, essentially no FRET was observed from the perpendicularly oriented PPE-tethered CdTe NW system.
Optical and transmission electron microscopy experiments as well as Monte Carlo simulation consistently
suggest that entropy change during the tethering is a crucial factor for the determination of the orientation of
PPE at the NW surface.

1. Introduction

Extensive studies on nanoscale composites of polymers and
inorganic materials have been carried out for the design of
fundamental comprehension of physicochemical phenomena in
the nanoscale regime and for practical applications in optical
and electronic devices and biomedical applications.1-13

As such, fluorescent semiconductor nanowires (NW) can lead
to devices with efficient emission across the entire visible
spectrum.14-18 Among 1-D quantum structures, poly(p-phenyl-
eneethynylene) (PPE) having a conjugated backbone can be
described as a rigid rod-like molecules. They have been utilized
for the self-assembly of 2-D molecular architectures to modulate
sensory response19-25 and for polarized photoluminescence (PL)
that are suitable for use in light-emitting diodes.26-29

While photophysics of an individual 1-D system have been
studied quite extensively, nanowire/nanorod assemblies of
different geometries introduce a lot of new parameters essential
both from fundamental and practical perspectives. The pathways
of energy flow between different parts of the assemblies are
still poorly understood. One of the key electronic interactions
between nanosacle building blocks is fluorescence resonance
energy transfer (FRET), used as a basis for development of
sensing and actuating devices in hybrid materials.30-36 FRET
is a nonradiative dipole-dipole coupling mechanism governed

to a large extent by the spectral overlap between the emission
spectrum of the donor and the absorption spectrum of the
acceptor, as well as by the distance between donor and
acceptor.14,15 The transfer efficiency usually taken as a measure
of the distance strongly depends on the mutual orientation of
the donor and acceptor emission/absorption dipoles.37 In the
0-dimensional or multidirectional superstructures, e.g., linked
nanoparticles,38,39 the orientation factor is seldom considered
and is taken to be a constant. An exception is plasmon-exciton
interactions between metallic and semiconductor nanoparticles,
which are somewhat similar to FRET, where the geometry of
the produced nanoscale systems plays the primary role in
determining their optical properties.40-42 Several experimental
and theoretical studies on polymeric systems indicate that in
one-dimensional structures the orientation is also not a negligible
factor; for example, the energy transfer between two dyes
entangled at each end of helical DNA was dominated by the
orientation.43-50

It was also shown that the energy transfer in block polymers
also depended on the directional alignments of the polymer
chain,27,50 and moreover Palman et al. reported that synthetic
modification of an optically active PPE polymer allowed for
the generation of both polarized absorption and luminescence
by subsequent global orientation of the nanostructure.51 Con-
tribution of geometry can also be seen in the 1-D hybrid (1-D)
system essential for electronic and biological applications.52-56

All these studies give indication that the orientation factor in
FRET may play a significant role in the energy transfer in
nanoscale axial colloids which have some similarities with
polymers. It would be interesting and fundamentally important,
however, to demonstrate this experimentally using nanowires
or nanorods, especially in the hybrid polymer-NW superstruc-
tures and find the methods of controlling it. This would
demonstrate the generality of the geometrical effects in FRET-
active one-dimensional systems and provide tools for manipulat-
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ing energy pathways in the assembled structures. The nanoscale
superstructures between polymers and semiconductor colloids
offer remarkable structural variety of both types of building
blocks which makes possible creation of a new family of
nanoscale superstructures combining the structural and optical
advantages of both classes of compound-relevant optics includ-
ing negative index materials, electronics, biosensing, and solar
energy conversion.17,57-59

In this study, we observed FRET between PPE polymer and
CdTe NW, and its efficiency depends very strongly on the
orientation of tethered polymers. In particular, the PPE tethered
with the NW composed of alternating ionic sulfonate units and
bifurcated nonionic ethylene oxide units make possible high
colloidal stability in an aqueous state with high water solubility,
strong fluorescence,60,61 and structural manipulation of the
inorganic/organic superstructures. Different orientation of PPE
around CdTe was induced by the variation of the PPE/NW ratio
during the binding stage. High density of the rigid PPE1 around
the NWs forced them to acquire perpendicular orientation to
the NW in a brush-like fashion, which can potentially be quite
typical for assemblies of 1-D nanoscale structures.61 Computer
simulation confirmed the orientation of the building blocks and
revealed that the orientation of the rod-shaped polymers on the
surface of CdTe NWs is driven by the entropy of the polymer.
The difference in orientation leads to marked change in the
photoluminescence properties of the constructs with strong
FRET in parallel orientation and no energy transfer when the
orientation is perpendicular despite several times greater local
concentration of FRET donor for the latter.

2. Experimental Section

The preparation of water soluble PPE polyelectrolytes was
described in detail elsewhere.60 Two different types of PPE
polymers were utilized (Figure 1a). For PPE1, the molecular
weight of the synthesized PPE1 was 13 000 g/mol characterized
by 1H NMR end-group analysis; its peak wavelength of
luminescence was 470 nm with the absolute quantum yield of
53%. Both ends of PPE1 were terminated with a carboxylic
group. The maximum length and hydrodynamic radius of the
polymer in aqueous state was calculated as 12.13 and 2.56 nm,
respectively. The molecular weight and optical properties of
PPE2 were similar to that of PPE1 (simulated by Materials
Studio 3.0), and the absolute quantum yield of PPE2 was 51%.
CdTe NPs (nano particles) and NWs were prepared as men-
tioned elsewhere in detail.62 The average diameter of cysteine-
stabilized CdTe NWs is 7.2 ( 2.1 nm, the average length is
120 nm, and the peak wavelength of luminescence is 665 nm.
On the basis of the structural and geometrical information, it
can be calculated that the CdTe NW can accommodate about
110 molecules of PPE1 in parallel arrangement and about 520
molecules of PPE1 in the perpendicular arrangement.

To link affinity of PPE1 to CdTe NWs, both carboxylic end
groups of the polymer were substituted with NHS by EDC/
sulfo-NHS procedures.63 EDC and NHS stand for 1-ethyl-3-(3-
dimethlaminopropyl)carbodiimide hydrochloride and N-hydroxy-
sulfosuccinimide that were purchased from Aldrich and Merck,
respectively. The dried PPE polymer was diluted in deionized
water (18 MΩ, Barnstead E-pure system) as the final concentra-

Figure 1. (a) Chemical structure of two different types of PPE polymers. (b) Optical properties of the PPE1 and CdTe NW, 1, absorbance of
PPE1, 2, fluorescence of PPE1, 3, absorbance of the CdTe NW, (insert) schematics of conjugation of PPE1 and the NW, A, parallel conjugation
of PPE1 and the NW, B, perpendicular conjugation of PPE1 and the NW, and TEM image of (c) NW4, (d) NW7 in Table 1.
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tion of 3.85 × 10-6 M. Fresh solutions of 0.2 M EDC (0.077
g) in 2 mL of DI water, and 25 mM NHS (0.011 g) in 2 mL of
DI water, were respectively prepared at pH 6. Then 1 mL of
PPE polymer solution was mixed with EDC and NHS solution
with gentle stirring for 30 min, and the ultracentrifuge at 35 000
g (14 000 rpm, Beckman J2-MI) to separate NHS-substituted
polymers. The precipitated polymer was redispersed in 1 mL
of DI water to keep the polymer similar to the initial
concentration.

CdTe NWs were tethered with this NHS-substituted polymer
right after the polymer treatment. The concentration of the
original solution of CdTe NW was approximated as ∼10-9 M
that was based on used Cd or Te salts in the synthesis procedure
and the geometrical information of the NPs and NWs gathered
from atomic force microscopy (AFM) and transmission electron
microscopy (TEM). The molarity ratios of PPE1/NW were
changed through the volume change of PPE1 when the volume
of the NW solution was fixed (Table 1). The PPE1-tethered
NWs were centrifuged at 5000-10 000 rpm to separate free
polymers, and then the precipitated NWs were redispersed in
DI water (pH 9 adjusted by 1 M NaOH solution). This
centrifuging and redispersion was repeated 2-3 times. Finally,
the prepared samples were kept in the dark place for further
optical experiments. The luminescence spectra of PPE1-tethered
NW dispersions were registered with a Fluoromax-3 spectro-
fluorometer. Twenty microliter aliquots of the prepared samples
were added to an optical cuvette of 3 mL of deionized water
(pH 9) to measure the luminescence at the excitation wavelength
of 420 nm. The size and surface charge of the PPE1-tethered
NWs were measured by Zetasizer Nano-ZS (Malvern, United
Kingdom) at multimode distribution measurement. The amount
of the measured superstructure was decreased up to 10-16 M
based on the molarity of the NW in order to avoid unwanted
aggregation. The electronic images were obtained from TEM
(JEOL 2010F).

3. Results and Discussion

Two types of fluorescent conjugated polymers, PPE1 and
PPE2, were tested for the formation of rigid rod assemblies with
NWs (Figure 1). Conjugation of PPE2 to NWs resulted in
aggregation and precipitation. However, the conjugates of PPE1
and CdTe NWs were colloidally stable and afforded detailed
optical studies. The difference between stability of the solutions
of conjugates should be attributed to a substantially greater
degree of ionization of SO3

-groups in PPE1 than COOH groups
in PPE2, and the fact that once COOH groups on the side chains
of PPE2 were consumed by amide bond formation with NWs,
the solubility of PPE should be lowered significantly.

The highly emissive and completely water-soluble conjugated
PPE1 can be described as a rod-like molecule because of
multiple carbon-carbon triple bonds and benzene rings as well
as the bulky branches at each repeating unit that sterically hinder

rotation or bending of the polymer. Note also that the length of
the PPE1 polymer is relatively short; the maximum length is
12.13 nm in aqueous solutions compared to a few hundreds of
nanometers in the cases of NWs. The carboxylic groups located
exclusively at the ends of PPE1 enable further conjugation to
biological or inorganic moieties with well-defined coupling
chemistry (Figure 1a).63 The optical properties of PPE1 showed
the emission at 470 nm that can be thoroughly overlapped by
the absorbance band of CdTe NW (Figure 1b). One can expect
that most of the emission energy from PPE1 can transfer to the
CdTe NW when the distance and orientation of donor and
acceptor, namely, the fluorescent polymer and NW, are ap-
propriately controlled from the fluorescence resonance energy
transfer (FRET) effect (eq 1). The efficiency, E, of FRET can
be described by eq 1,

Ro ) 0.2108[JDA(λ)K2n-4ΦD]1/6

E)Ro
6/[Ro

6 +RDA
6 ] (1)

where RDA is the distance between the fluorescence donor and
acceptor, and Ro is the distance (Å) at which half of the energy
is transferred (the Förster radius). JDA in the second equation is
the donor/acceptor spectral overlap integral, and κ is a geometric
factor associated with the orientation of the donor and acceptor
dipoles. However, the orientation κ should be delicately
considered when conjugations between two 1-D fluorophores
are carried out because the characteristic of orientation is another
dominant factor in the FRET effect.64-66 The insert of Figure
1b presents examples of different polymer modes of attachment
to CdTe NWs. Since PPE1 has two anchors in the respective
ends of polymer backbone, two ultimate geometrical opportuni-
ties arise when it is attached to CdTe NW. One is the so-called,
horizontally oriented conformation when both of the NHS-
substituted carboxylic groups in the polymers reacted with the
amine groups of the stabilizers of CdTe NW. The other case is
perpendicularly oriented conformation when the PPE1 rods are
attached to NWs by only one carboxyl group and form a
centipede-like structure. Since the latter case corresponds to a
much higher density of polymer molecules around the NW, one
may hypothesize that the dominant geometry of the superstruc-
ture will depend on the molar ratio of both building blocks. It
is assumed that one of the driving forces for a different
orientation would be the packing density of the PPE1 polymer
on the NW surface when other thermodynamic variants are
constant. Computer simulations on polymer-nanoparticle com-
posites reported that the conformation of polymers on the surface
depended on the density of polymers in the vicinity of spherical
colloids.67-71 In more practical terms, when low PPE1 concen-
trations are added to a constant amount of NW, both anchors
(NHS-substituted carboxylic groups) of the polymer have high
probability to be tethered to the NH2 groups of NW stabilizers
and thus form the parallel structure. However, when high PPE1
concentrations are added to a constant amount of NW, the
attachment of the second parallel layer might not be possible
because of the densely packed environment on the surface of
the NW, and thus the orientation of PPE1 will be mostly
perpendicular to the NW axis.

Figure 1c,d presents TEM images of two typical samples,
such as NW4 and NW7 (see Table 1) with vastly different PPE1/
NW molar ratios, i.e. 385 and 19250, respectively. In the TEM
image obtained for NW4 (Figure 1c), the thickness of the layer
of PPE1 encapsulating the NW is less than 3 nm which
corresponds to the hydrodynamic radius of PPE1 used. This
suggests that the PPE1 rods are oriented parallel to the NWs.

TABLE 1: Experimental Conditions and Molarity Ratios of
PPE-Conjugated NWs Used for Superstructures and Optical
Measurements

solution NW (µL) PPE (µL) molarity ratio (MPPE/MNW)

NW1 200 0 0
NW2 4 77
NW3 10 193
NW4 20 385
NW5 60 1155
NW6 500 9625
NW7 1000 19250
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Note again that the formation of double layers on the surface
of the NW is not possible because the groups suitable for
coupling chemistry would not be available in this case. The
TEM image in Figure 1d describing NW7 shows that the
polymer layers cover CdTe NWs with layers more than 10 nm
in thickness. This thickness almost perfectly corresponds to the
length of the polymer, suggesting that PPE1 is perpendicularly
oriented to the surface of the NW. The details of the internal
structure of NW4 can also be seen substantially better than in
the opaque image of the NW7 inside the PPE1 shell because of
the scattering of the irradiated electron beam in the thick organic
shield from PPE1 as well as because of free-hovering electron
charges of unconjugated polymer headgroups.

TEM images show the geometry of the superstructure in the
dry state. It is useful to obtain a corroborating piece of evidence

of the parallel and perpendicular arrangements in the aqueous
state. Hence, we utilized dynamic light scattering (DLS) using
Zetasizer (Malvern, Nano-ZS) that can access bimodal size
distribution, e.g., hydrodynamic longitudinal and horizontal
dimensions of NW-polymer structures in the aqueous state.
All particle-sizing techniques such as DLS have an inherent
problem in describing the size of nonspherical particles because
the hydrodynamic diameter of a nonspherical particle is the
diameter of a sphere that has the same translational diffusion
speed as the spherical particle. If the shape of a particle,
however, changes in a way that affects the diffusion speed, then
the hydrodynamic size will change. As the changes will usually
affect the diffusion speed and the DLS is a very sensitive
technique for detecting these changes, it would be possible to
distinguish the longitudinal and horizontal dimension in large

Figure 2. (a) The size distribution of PPE1-tethered CdTe NW in aqueous solution (pH 9): a, NW4, b, NW7. Each dot in the graph indicates the
median point of each distribution range (X error bars), (b) the zeta potential measurement of NW4 and NW7.

Figure 3. (a-d) Molecular simulations on a minimal model performed for a nanowire-polymer rod system with different numbers of polymer
rods, N ) 50, 100, 200, and 400, in a simulation box with a size of 30σ, as described in the text. For clarity, only polymer rods adsorbed on the
NW are shown. (e) Percentage of the adsorbed polymer rods that are in perpendicular configuration. (f) The total orientation order parameter, S,
as a function of the total number of rods in the simulation box.
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variation. In particular, since the aspect ratio of the prepared
NW is approximately more than several hundred, two distin-
guishable bands could be observed at each graph of NW4 and
NW7, i.e., 1-50 nm for the diameter and 100-1000 nm for
the longitudinal length (Figure 2a). Notice that two samples
presented opposite diameter distributions at the range of 1-50
nm, i.e., the major size distribution of NW4 resided at 1-25
nm while that of NW7 was located at 25-50 nm. One can
clearly notice that the diameter of NW7 was thicker than that
of NW4 in the aqueous state. The zeta potential of the
superstructure of NW4 and NW7 in pH 9 aqueous solution
provides an additional, although circumstantial, piece of evi-
dence in support of parallel and perpendicular orientations of
PPE1. NW7 has a much higher zeta potential than NW4 (Figure
2b). Since the surface charge comes from the ionization of the
stabilizers of NWs and the SO3

- functional groups of PPE1,
the stronger negative charge in NW7 correlates very well with
the greater density of PPE1 in perpendicular arrangement.

Altogether, these results demonstrate that the orientation of
rigid polymers can be ultimately manipulated through molecular
engineering of packing density and steric/geometric hindrance.72

Further proof of the geometrical differences between NW4 and
NW7 can be obtained by computer modeling, which also can
help us to reveal the driving force of the orientational change.
Monte Carlo simulations on a minimal model were performed
for the NW-polymer rod system. The length unit in the minimal

model is σ ) 2.5 nm. The polymer rod is modeled as five beads
fused tangentially and rigidly into a linear array, giving a total
length of 5σ, or 12.5 nm, and a diameter of 1σ, or 2.5 nm.
Correspondingly, the NW is 50-80 σ, or 125-200 nm in length
and 3-4 σ, or 7.5-10 nm in diameter. Detailed simulation
conditions can be found in Supporting Information. The
simulations show that at low concentration, most of the polymer
rods that adsorbed onto the NW surface adopt a flat or parallel
configuration in which both ends interact directly with the NW
(e.g., more than 96% lying flat for N ) 50 system) and have
almost the same orientation as that of the NWs, as shown in
Figure 3a. With increasing concentration, more and more
adsorbed polymer rods adopt a perpendicular configuration to
allow more rod ends to be in contact with the NW as shown in
Figure 3b-d. Figure 3e shows the percentage of adsorbed
polymer rods in the perpendicular configuration as a function
of the total number of rods in the simulation box. At high
concentration, almost all the adsorbed polymer rods adopt the
perpendicular configuration (about 90% for N ) 400 system),
as shown in Figure 3d. Besides visual inspection of the
simulation data and microscopy and light scattering data above,
the observations of ordering can also be confirmed and
quantified by calculation of the orientational order parameter
S, i.e. the average of the second Legendre polynomial, for the
polymers adsorbed with both ends and with only one end on
the NW surface.73-76

S) 〈P2(cos θ) 〉 ) 〈 3 cos2 θ- 1
2 〉

where θ is the angle between the rod and the “preferred
direction”, which is aligned with the long axis of the NW. S )
0 for randomly distributed rods, S ) 1 for perfectly parallel
rods, and S ) -0.5 for perfectly perpendicular rods. As
expected, even for the limiting cases, N ) 50 and N ) 400,
which have a total orientational order parameter of 0.877 and
-0.21, respectively. The orientation of polymer rods is not
perfectly parallel with the NW or perfectly perpendicular to the
NW (Figure 3f). The transition from the parallel configuration
to the perpendicular configuration with the increasing concentra-

Figure 4. (a) Fluorescence emission spectra of NW1-7: excitation wavelength was at 420 nm. Insert: Fluorescence emission spectra of NW1-7
in the low intensity in order to show the NW intensities. (b and c) Fluorescence emission spectra revealing differences in FRET in NW4 and NW7,
respectively, excitation wavelength was at 420 nm.

TABLE 2: Enhancement Ratios of the PPE1-Tethered
NWsa

solution IFRET/ IPPE1 IFRET/INW

NW1 n/a n/a
NW2 0.98 1.05
NW3 0.96 1.40
NW4 0.91 4.20
NW5 0.68 2.20
NW6 1.03 1.02
NW7 1.00 1.00

a IFRET is the luminescence intensity of the NW after FRET
reaction and INW (or IPPE) is the initial luminescence intensity of the
NW (or PPE).
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tion of polymers rods arises because of a competition between
energy and entropy in an attempt to minimize the system free
energy. The parallel arrangement is preferred energetically at
all densities, while the perpendicular arrangement is preferred
entropically at sufficiently high densities that packing constraints
prevent all rods from contacting with the NW. By aligning
themselves perpendicularly to the NW axis, albeit only at one
rod end, more rods can make contact with the NW while
increasing orientational freedom and thus overall entropy.

Microscopy images, data on the hydrodynamic diameter, the
zeta-potential, and the Monte-Carlo simulation demonstrate that
orientation of polymer rods on the surface of CdTe NWs can
be controlled by the concentration of PPE1 during the stage of
bioconjugation. Optical spectrometric experiments were carried
out to investigate how the structure of nanoscale assemblies
and the geometry of building block arrangements affect optical
properties. FRET has three important factors for energy transfer
from donors to acceptors: distance, spectral overlap integral,
and orientation (eq 1). Considering the optical experiments
involving PPE1 and CdTe NW, one needs to make the following
point: the distance, RDA, and spectral overlap integral, JDA, can
be assumed to be constant because the polymer and NW were
linked by a very short amide bond and the emission band of
the polymer was totally overlapped by the absorbance band of
CdTe NW (Figure 1b). So, the observed optical effects, such
as differences in FRET, should be attributed to the orientation
change. Figure 4a shows the fluorescence spectra of the PPE1-
tethered NWs depending on molarity ratios, as shown in Table
1. The inserted table presents representative values of lumines-
cence intensity of the prepared samples and their luminescence
ratios of PPE1/NW. These spectra were obtained for samples
with different PPE1/NW ratios and carefully centrifuged to
separate only PPE1-NW assemblies.

The results in Figure 4b and 4c show that the PL intensity of
the PPE1-tethered NW was enhanced up to 4.2 times while the
PL intensity of the conjugated PPE1 polyelectrolyte was slightly
decreased. These are the spectral signatures of FRET, and it
occurs because of alignment of dipoles in both building blocks.
The favorable geometry is also complemented by strong overlap
of PPE1 adsorption and CdTe emission and thus excellent
resonant coupling. On the contrary, the luminescence of CdTe
in NW7 did not change at all in the same experiments despite
the fact that overlap of adsorption and emission is still the same.
Moreover, there is at least several times greater number of PPE1
residing on each individual NW for the case of perpendicular
arrangement as opposed to the parallel orientation. One can also
see that FRET strength progressively decreases from NW2 to
NW7 (Table 2). It is evident that the geometry of PPE1-NW
assemblies strongly affects energy transfer efficiency, which
must be attributed to very inefficient resonant coupling for
perpendicularly aligned oscillators regardless of other favorable
conditions.

In conclusion, we observed strong dependence of FRET on
the arrangement of rod-type PPE1 as a donor and CdTe NWs
as an acceptor in the PPE1-tethered CdTe NW system. The
orientation of PPE1 was manipulated by its packing density on
the surface of NWs when PPE1 and NWs were covalently
bonded in an aqueous solution. Efficient fluorescence resonance
energy transfer was observed when the orientation of the donor
PPE1 and the acceptor CdTe NW is parallel, while essentially
no FRET was observed in the perpendicularly oriented PPE1-
tethered CdTe NW system. This result can be readily applicable

to other organic-inorganic hybrid emissive material designs
for nanoscale electronic, optical, energy harvesting, and sensory
devices.
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