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Abstract In this work, the role of conducting [poly
(p-phenylinevinylene) (PPV)] and nonconducting (polysty-
rene) polymers on the properties of their respective
composites with CdSe quantum dots of varied sizes has
been investigated. The emission and structural properties of
polymer—CdSe composites are found to be dependent on
the crystallite size and morphology of CdSe nanocrystal-
lites. Smaller CdSe quantum dots (size, ~5 nm) ensures
efficient charge transfer process across polymer—CdSe
interface as evident by almost complete quenching of
photoluminescence (PL) emission as compared to larger
CdSe quantum dots (size, ~7 nm). Presence of residual
trioctylphosphine (TOP)/ tri-n-octylphosphine-oxide
(TOPO) species and agglomeration of particles act as a
hindrance for quenching of emission and hence charge
transfer for larger CdSe nanocrystallites. Emission studies
indicated an increased conjugation length for PPV poly-
mers in different solvents (toluene, pyridine) and in solid
state. Nonconducting polymer polystyrene shows charge
transfer across polymer—CdSe interface as well. However,
polystyrene polymer has a shorter chain length, which
ensures maximum coverage on the surface of CdSe nano-
crystallites and provides better photostability to CdSe QDs
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within the polymer matrix as compared to that for PPV—
CdSe nanocomposites.
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Introduction

II-VI nanocrystals (CdS, CdTe, and CdSe) are receiving
considerable attention for fundamental studies of zero-
dimensional quantum confinement and their color tunability
as a function of size for their utilization in a range of
applications that includes luminescent devices, biological
markers, lasers, and catalysis [1—4]. For this reason, the
control and improvement of the luminescence properties of
quantum dots QDs has been a major goal in synthetic
nanochemistry and related preparative procedures [5, 6].
Colloidal methods provide effective routes to preparing
semiconductor nanocrystals that are soluble in organic
solvents and have a narrow size distribution [7]. Moreover,
surface chemistry is an efficient tool not only to organize
and immobilize the nanocrystals but also to effectively
modify the emission properties [8, 9]. The possibility of
performing the manipulation of prepared nanocrystals by
properly engineering the surface by means of capping
exchange enables the nanocrystals to be placed in almost
any chemical environment, being soluble in organic solvent
[10]. Recent efforts have been directed towards the fabrica-
tion of polymer nanocomposites containing nanometer-sized
crystals of inorganic semiconductors because of their
potential application as high technology materials [11, 12].
In nanocomposites, organic polymer cannot only stabilize the
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nanoparticles in a solid matrix but also effectively combine
the peculiar features of organic and inorganic components,
such as the mechanical performances of polymers, and the
optical and electronic features of QDs, thus resulting in novel
properties [13, 14]. The incorporation of semiconductor
nanocrystals within a bulk structure has several advantages
over nanoparticles in solution. Solid matrices retain their
shape, and polymeric materials can be processed or manip-
ulated into thin films and can be stretched and oriented, etc.,
opening new perspectives to fundamental studies and to a
number of original applications [15]. Theory and experi-
ments have shown that the properties of nanostructured
materials strongly vary with the size and shape of the
particles [16, 17]. Nanocomposite structures have been used
to create optically functional materials to enhance the
photoconductivity of host polymers by charge and energy
transfer to modify their refractive index, etc. [18, 19]. They
have new promising applications in many fields such as
mechanics, optoelectronics, catalysis, and biology [20, 21].
Due to this interest, much of the recent research has focused
on discovering new routes to preparing monodisperse
nanocrystals of semiconductor in the condensed phase.
There are reports describing the preparation of inorganic/
polymeric composites in which semiconducting nanocrys-
tals confer specific properties to the composites [22, 23].
Various approaches have been employed to prepare nano-
particle/polymer composites. One approach uses polymer
films containing ionic functionals, which can ion exchange
with the precursor salt solution of the nanoparticles [24].
When the nanoparticles are eventually formed in situ, a
direct encapsulation within the polymer films is thus
effected. Hilinski et al. [25] have reported a large third-
order nonlinearity of CdS nanocrystallites embedded in
Nafion films using this method. Incorporation of CdS
nanoparticles into polymer-blend membranes of poly(sty-
rene phophonate diethyl ester) (PSP) and cellulose acetate
(CA) has also been reported [26, 27]. On the other hand,
Yang et al. [28] have reported the synthesis of PbS and ZnS
nanocomposites via the microgels of Pb- or Zn-methyl-
acrylate, which were then copolymerized into polystyrene
(PS) matrix. Pavel and Mackay [29] have reported an
elegant one-pot synthesis of nanoparticle/polymer compos-
ite via a reverse micelle method using polymerizable
surfactant system. However, all above approaches for the
preparation of nanoparticle/polymer composites are quite
complicated. The simplest approach involves spin-casting
the pre-prepared nanoparticles together with polymer
dissolved in a suitable solvent. However, the procedure
inevitably introduces capping molecules employed in the
pre-prepared nanoparticles into the composites and also
requires the selection of a suitable solvent for both the
nanoparticles and the chosen polymer matrix [30].

@ Springer

Thus, there are basically two main approaches that has
been recognized, one in which the nanocrystals are
generated in the presence of polymers and the other one
consisting on the dispersion of previously prepared nano-
crystals in polymers. This work deals with the latter method
in which CdSe nanocrystals of varied sizes prepared by
trioctylphosphine (TOP)/ tri-n-octylphosphine-oxide
(TOPO) method, i.e., by chemical route, are dispersed in
conducting [poly (p-phenylinevinylene) (PPV)] and non-
conducting (polystyrene) matrices, respectively. The size,
stability, optical, and structural properties of the resulting
dispersions could be tailored by the composition and
concentration of these polymers. The basic aim of this
work has been twofold: (1) to successfully demonstrate the
use of CdSe nanocrystals as electron acceptors in conduct-
ing polymer (PPV) blends for the study of photo-induced
charge separation and (2) the use of nonconducting polymer
(polystyrene) as a matrix in effectively enhancing the
photostability of the CdSe QDs within the polymer matrix.

Experimental

Nearly monodispersive samples of CdSe nanocrystals were
synthesized by the TOPO method employed by Murray
et al. as modified by Bowen Katari et al. [6, 31]. The
materials used were of the purest quality available and used
as received. Conducting PPV polymer and nonconducting
polystyrene polymers used were commercially available.
The nanoparticle sizes were monitored by varying the
precursor ratios of CdO and Se [32, 33]. The TOPO surface
ligand was removed from the CdSe samples by washing the
nanocrystals three times with methanol and then three times
by dissolving them in the minimum quantity of pyridine and
precipitating them with hexanes. Displacement of the surface
ligand with pyridine is expected to remove approximately
90% of the TOPO originally bound to the surfaces and has
been shown to increase charge separation efficiency at
polymer/CdSe interfaces [31, 34]. The final nanocrystal
precipitate was dissolved in toluene or pyridine without
drying. Solutions were mixed to obtain the desired weight
ratios of nanocrystal to polymer, and then films were
obtained by spin coating on indium-tin oxide (ITO)
substrate after thoroughly cleaning the ITO sheets. Absorp-
tion spectra were recorded using Shimadzu 3101 spectrom-
eter. The PL was measured using a home-assembled system
consisting of a two-stage monochromator, a photomultiplier
tube (PMT) with a lock-in amplifier for PL detection, and an
Ar" ion laser operating at 488 nm and 5 mW (corresponding
to 0.125 W cm °) for excitation in all the measurements.
Fourier transform infrared (FTIR) spectra were recorded by
Perkin Elmer Instrument (Spectrum BX-500).
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Results and discussion
Colour gradation upon UV exposure

Figure la—e shows color photographs displaying wide
spectral range of luminescence under 365 nm UV exposure
from PPV polymer, CdSe nanocrystals, and PPV-CdSe
composites dispersed in pyridine and toluene solvents,
respectively. However, PPV in pyridine exhibits much

Fig. 1 Color photographs
depicting the luminescence

of MEH-PPV (a,b), CdSe (c.d),
and PPV-CdSe (e) nanocom-
posites in toluene and pyridine
solvents

a PPV (toluene)

b PPV (

¢ CdSe (toluene)

€ (CdSe-PPV(pyridine)

brighter and uniform luminescence displaying orange color,
whereas PPV in toluene displays pink color of less
intensity, and color gradations are observed (Fig. la,b).
On the other hand, CdSe nanocrystals dispersed in toluene
displays much brighter uniform luminescence exhibiting
intense blue color as compared to faint, non-uniform blue
color exhibited upon its suspension in pyridine (Fig. 1c,d).
The TOP/TOPO species, which perfectly passivates the
CdSe nanocrystals gets stripped off due to pyridine, thus
leaving bare CdSe nanocrystals suspended in pyridine, and
hence, this color-graded variation of CdSe in different
solvents (pyridine and toluene) can be understood. How-
ever, from Fig. le, for PPV-CdSe composites suspended in
pyridine, its luminescence is mainly dominated by PPV
(although concentration of CdSe nanocrystals ~60% by
weight), exhibiting similar uniformity and color of emission
as shown in Fig. la.

The absorption and emission spectra of poly[2-methoxy-
5-(2'-ethyl-hexyloxy)-1,4-phenylene vinylene] (MEH-PPV)
in toluene are shown in Fig. 2a. In the spectrum of pure
PPV (Fig. 2a, curve a), there is a major broad absorption
peak centered at 500 nm. The peak of emission of PPV in
toluene is at about 560 nm with a shoulder at about 595 nm
(Fig. 2a, curve b). Figure 2b (curves a and b) shows
absorption band ~495 nm and emission peak at ~570 nm
for PPV polymer in pyridine solvent. On comparing
Fig. 2a,b (curve a), it is evident that there is a difference
in emission maximum (A,,,,+10 nm) of PPV in different
solvents (toluene and pyridine). Moreover, the intensity of
the prominent emission shoulder ~595 nm as exhibited by
PPV in toluene solvent (Fig. 2a, curve b) gets drastically
reduced when PPV is suspended in pyridine. These results
are in accordance with the earlier reported, where a slight
red shift of absorption spectra of PPV in aromatic solvents
(Triton X-100) compared with that in aliphatic solvents
(toluene) is obtained [35]. This difference is clearer in
emission spectra, which are narrower and well defined. It is
known that the absorption and emission spectrum of
conjugated polymer depends on its molecular conformation
due to the changing conjugation length of the polymer [35,
36]. Thus, it is expected that PPV polymer might have
different conjugation length in different solvents [35, 36].
Thus, from the absorption and emission intensity profiles of
PPV in different solvents of toluene and pyridine, such
trend is evident. Our results are in accordance with the
findings of Diaz-Garcia et al. [37] where photophysics of
MEH-PPV polymer films cast from different solvents were
found to be different. Figure 2c shows the absorption and
PL spectra of CdSe nanocrystallites (Cd/Se, ~2:1) in
pyridine solvent. The inset of Fig. 2c shows the absorption
(Aabs, ~485 nm) and emission (Apy, ~510 nm) profiles of
CdSe in toluene solvent. Here, the sharp absorption features
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Fig. 2 Absorbance and emission spectra of MEH-PPV (a,b), CdSe (c¢), and PPV-CdSe (d) nanocomposites in pyridine and toluene solvents.
Inset of ¢ represents absorbance and emission spectra of ~5 nm CdSe QDs in toluene

and narrow emission profile indicate band-edge emission
and high monodispersity. Both absorption and PL spectra
corresponding to CdSe nanocrystals in different solvents
(toluene and pyridine) exhibit the strong quantum size
effects vide [38]. For these quantized nanoparticles, as can
be seen from Fig. 2c, the red shift in the edges of the
absorption band from 533 to 543 nm and PL band from
510 to 549 nm on changing the solvent from toluene to
pyridine simply demonstrates that desorption of capping
agent TOP/TOPO species by pyridine leads to agglomera-
tion of CdSe nanoparticles, and hence, an increase in
particle size is observed. The significant increment in full
width at half-maximum (FWHM) of emission profile
corresponding to CdSe in pyridine as compared to that in
toluene indicates broad size distribution of nanoparticles.
Figure 2d shows absorption and emission spectra of PPV—
CdSe composites in pyridine solvent. As evident from
Fig. 2d, the emission and absorbance characteristics of the
composites are clearly dominated by PPV (Aags, ~500 nm;
Apr,~570 nm) as also supported from their corresponding
UV photographs (Fig. 1b,e). Furthermore, Fig. 2d (curve b)
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shows clearly the PL quenching of MEH-PPV in the
addition of CdSe nanocrystals in pyridine solvent, indicat-
ing that the charge transfer has taken place.

Figure 3a,b shows the emission intensity profile of
PPV—CdSe composite in toluene solvent as a function of
volume of CdSe with different nanocrystalline diameters 5
and 7 nm, respectively. As evident in Fig. 3a,b, there is no
systematic pattern of either increase or decrease in the
emission intensity of PPV-CdSe composite with an increase
in concentration of CdSe nanocrystallites in toluene solvent.
However, for PPV—CdSe composites in pyridine solvent, a
systematic decrease in emission intensity of PPV—CdSe
composite is observed with increase the in CdSe concentra-
tion, as shown in Fig. 4a—c. This is because of the fact that
TOP/TOPO species, which is a capping agent for CdSe
nanocrystallites, prevents its interaction with PPV. When the
surface TOP/TOP species is removed by treatment with
pyridine, however, there is a significant quenching of
emission intensity of PPV-CdSe composites, implying that
the removal of TOP/TOPO groups allows electron transfer to
occur, leading to the formation of separated electron-hole
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pairs that subsequently recombine nonradiatively. It is
important to note here that the quenching of the polymer
luminescence, while significant, is not complete even at high
nanocrystal concentrations (Fig. 4c). This could be due to
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the occurrence of phase segregation in the composite
material; if the CdSe nanocrystals were randomly dispersed
in the PPV matrix, absolute complete quenching could have
been expected.
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Fig. 4 Emission intensity profiles of PPV-nanoparticle composites in
pyridine. a CdSe (5 nm) in the presence of CdSe at different
concentrations: (a) 0, (b) 0.1, (c) 0.2, (d) 0.5, (e) 0.8, (f) 1.0, (g)
2 mM, respectively. b CdSe (7 nm) in the presence of CdSe at

different concentrations: (a) 0, (b) 0.1, (c) 0.2, (d) 0.5, (e) 0.8, (f) 1.0,
(g) 1.2 (h) 1.5, and (i) 2 mM, respectively. ¢ Profile as a function of
concentration of CdSe for different sized CdSe nanoparticles
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Luminescence quenching refers to any process that
decreases the luminescence intensity of a sample. There
are two basic types of quenching: static and dynamic or
(collisional) [39]. Both types require an interaction between
the fluorophore and quencher. In the case of dynamic
quenching, the quencher must diffuse to the fluorophore
during the lifetime of the excited state. Upon contact, the
fluorophore returns to the ground state without emission of
a photon [39]. In the case of static quenching, a complex
forms between the fluorophore and the quencher, and this
complex is nonfluorescent. The formation of this complex
does not rely upon the population of the excited state [39].

In the simplest case of collisional quenching, the follow-
ing relation, called the Stern—Volmer equation [39], holds:

Iy

7:1+KSV[Q] (1)

. 5nm CdSe in PPV

200 400 600 800 1000 1200

oF

Conc. (uM)
1.95F
| C . ~ 7nm CdSe in PPV
1.80 .
1.65}
= 150
135}
1.20
1.05}
0 100 200 300 400 500
Conc. (uM)

where I, and [ are the fluorescence intensities observed in
the absence and presence, respectively, of quencher, [Q] is
the quencher concentration, and Kgy is the Stern—Volmer
quenching constant. In the simplest case, then a plot of /,//
vs [Q] should yield a straight line with a slope equal to Kgy
[39]. Such a plot known as a Stern—Volmer plot is shown as
Fig. 5a (curves a and c) in the case of quenching of
emission of PPV polymer—CdSe composites with increase
in concentration of CdSe nanocrystallites of diameters 5 and
7 nm, respectively. However, as evident in Fig. Sa,c,
nonlinear Stern—Volmer plots with negative deviation from
linearity are obtained. Such nonlinear Stern—Volmer plots
can occur in the case of heterogeneous quenching (colli-
sional or static) if some of the fluorophores are less
accessible than others [39, 40]. From Fig. 5 (curves a and c),
the similarity in the Stern—Volmer plots for PPV-CdSe
composites corresponding to 5 and 7 nm of CdSe nano-

~ 5nm CdSe in PPV

0.000 0.015 0030 0.045 0060 0.075
[Conc] " (uM)”
sold ~7nm CdSe in PPV

25}

2.0I - 1 2 1 2 1 2 1 2 1

0.000 0.015 0.030 0.045 0.060 0.075
[Conc]"(uM)"

Fig. 5 Stern—Volmer plots of PPV—CdSe nanocomposites a CdSe (5 nm), ¢ CdSe (7 nm), and modified Stern—Volmers (b, d) of corresponding CdSe
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crystallites clearly indicates the presence of heterogeneous
quenching due to the presence of accessible and inacces-
sible set of fluorophores, respectively. The heterogeneous
quenching could be a result of insufficient coverage of
polymers on the surface of CdSe nanocrystallites due to
phase segregation for pyridine-treated CdSe. This effect
would be felt more for broad-sized distribution of CdSe
nanocrystallites of larger size of ~7 nm as compared to the
smaller one of ~5 nm. This heterogeneous quenching and
fractional accessibility have also been observed in the case
of amines-treated CdSe nanocrystallites [41] and iodide
quenching of tryptophan residues, respectively [40, 42].
Figure 5 (curves b and d) shows a modified Stern—Volmer
plots of I,/AI vs 1/[Q] for PPV-CdSe composites at
different concentration {Q} of CdSe nanocrystallites of
sizes 5 and 7 nm, respectively. As shown in Fig. 5b, for
smallest sized of ~5 nm CdSe nanocrystallite, linear Stern—
Volmer plots are obtained with two slopes throughout the
range of concentration of CdSe nanocrystallites in pyridine
solvent. However, the corresponding modified Stern—
Volmer plots for larger ~7-nm-sized CdSe nanocrystallites
show linearity only at lower concentrations, as higher con-
centrations phase of CdSe nanocrystallites would encourage
phase segregation. This explains nonlinearity of modified
Stern—Volmer plots at higher concentrations of larger-sized
(~7 nm) CdSe nanocrystallites (Fig. 5, curve d).

From above, it is not clear whether it is the static or
dynamic quenching that is responsible for the decrease in
emission intensity of PPV polymer upon addition of CdSe
nanocrystals. Additional information is required to distin-
guish between the two, for example, absorption spectra and
the lifetime dependence. In dynamic quenching, charge
transfer occurs, and the fluorescence is quenched when the
electron acceptor collides with the excited fluorophore. By
careful examination of the absorption spectrum, one can
attempt to distinguish static and dynamic quenching.
Because the collision between the quencher and the
fluorophore affects only the excited state of the fluoro-
phore, no changes in the absorption spectrum are expected
[39, 43]. On the contrary, the formation of ground-state
complex in static quenching will perturb the absorption
spectra of the fluorophore [39, 43]. Figure 6a—c shows the
absorbance profiles of PPV, CdSe (size, ~7 nm) and PPV—
CdSe composites in pyridine solvent. For comparison, the
absorbance profile of PPV-CdSe (21) is also plotted
(Fig. 6, curve d). Figure 6 clearly shows that the absorption
spectrum of the mixture of PPV-CdSe composite is simply
a linear combination of the spectra of each component, thus
implying the presence of dynamic quenching. The data are
consistent with the results of Zheng et al. [44]; even at the
very high concentration of C60 in MEH-PPV mixture, they
found neither spectral shift nor any new absorption band
due to the complex formation. From Fig. 6, the position of

the absorption edges for pure PPV, CdSe(31), PPV—CdSe
(31) and PPV-CdSe(21) composites are found to be at ~568,
554, 588, and 575 nm, respectively. The higher absorption
edge values for PPV—CdSe (31) as compared to PPV—-CdSe
(21) composites and pure PPV polymer in pyridine imply
larger particle size indicating phase segregation or particle
aggregation for the former than for the latter.

For further confirmation, TEM micrographs were taken
for PPV-CdSe composites corresponding to 5- and 7-nm
CdSe nanocrystallites (wt%, ~70%), respectively (Fig. 7a,b).
From Fig. 7, it could be seen that even in the case of 5-nm-
sized CdSe nanocrystallite blends, the CdSe QDs aggregated
together to form predomain regions of densely packed
nanocrystals surrounded by regions of MEH-PPV polymer.
For larger CdSe crystallite sizes (~7 nm) with similar wt%,
the densely packed QDs aggregate together increasingly.
Transmission electron microscopy (TEM) images of polymer
in pyridine-coated CdSe QDs blends show that the driving
force for phase segregation seems to be the difference of
polarity between the relative polar pyridine-coated CdSe
QDs and the relative nonpolar MEH-PPV polymer. In recent
studies, it has been observed that TEM images of PPV
polymer in TOPO-capped CdSe QDs show that this
aggregation of particles seems to be driven by van der Waals
interactions between the CdSe QDs [45]. With these reasons,
the blends of pyridine-coated CdSe QDs with PPV polymer
would exhibit more aggregation as compared to TOPO-
capped CdSe QDs—PPV blends.

Fourier transform infrared data
for poly(p-phenylinevinylene)

Figure 8a—c shows FTIR transmittance spectra of pure PPV
and PPV—CdSe composites corresponding to CdSe nano-
crystallite of sizes ~5 and 7 nm in pyridine solvent,
respectively. Figure 8a shows that pure PPV exhibits

1.6
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Fig. 6 Absorbance profiles of a PPV, b, ¢ CdSe; PPV-CdSe
composites (size, ~7 nm), and d PPV-CdSe composites (size,
~5 nm) in pyridine solvent
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Fig. 7 TEM micrographs for
PPV-CdSe nanocomposites
corresponding to a 5 nm and b
7 nm CdSe nanocrystallites
(Wt%, ~70%)

doublet at ~3,089 cm ™! and 3,040 cm ™!, which is assigned
to the trans-vinylene C-H stretching mode; a peak at
~2,365 cm ' corresponds to C—H bending modes; peak at
~1,588 cm ™' is assigned to C—C ring stretching mode; and
peaks at ~1,445 and 1,038 cm ' are related to pyridine,
respectively [46—48]. PPV-CdSe composites (CdSe nano-
crystallite sizes, ~5 and 7 nm) in Fig. 8b,c exhibits similar
peaks: 2,362 cm ™' corresponding to C—H bending modes;
peaks at ~1,702 cm™ ' correspond to C=0 stretching modes;
1,538 and 1,558 cm ' peaks correspond to pyridine-related
modes that are bounded to CdSe nanocrystals, respectively
[46, 47, 49]. From Fig. 8c, the small TOP/TOPO peak at
~1,454 cm™' corresponding to PPV—-CdSe composite for
CdSe nanocrystallite of size ~7 nm suggests that even after
ligand exchange with pyridine, the CdSe is still partially
capped by TOP/TOPO. This feature is absent in the case of
PPV—CdSe composite corresponding to 5-nm CdSe nano-
crystallite (Fig. 8b). This partial capping by TOP/TOPO
species for CdSe nanocrystallite (size, ~7 nm) explains the
partial quenching of PPV—CdSe composites even at the
highest concentration of CdSe as compared to that for
smaller nanocrystallite (~5 nm) case.

Studies of thin films

Figure 9 (curves a—e) shows emission intensity profiles of
PPV/ITO and PPV-CdSe/ITO composite films at different
ratios of polymer/CdSe (PPV/CdSe). In the case of pure
MEH-PPV, the main emission peak is ~593 nm with a
hump at ~630 nm, respectively (Fig. 9, curve b). Pure CdSe
(31) shows emission at ~579 nm (Fig. 9, curve a). For
clarity, pure CdSe emission has been shown as inset in
Fig. 9. As found in the case of solutions, the emission
intensity of PPV—CdSe composites decreases with the
increase in CdSe concentration. On increasing the CdSe
concentration in the PPV-CdSe composites from 1:1 to 1:7,
the peak emission intensity decreases with concurrent
decrease in the emission hump at ~630 nm. At the highest
CdSe concentration in PPV, i.e., PPV/CdSe of 1:7, there is
hardly any discernible change in the emission (Apax
emission, ~590 nm). During the surface exchange of nano-
particles from TOP/TOPO to pyridine, the CdSe nano-
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particles loose their luminescence because pyridine binds to
the nanoparticles as hole trap, thereby removing these sites
from participation in radiative electron hole recombination
at the surface. For PPV-CdSe composites both in solutions
and in thin film form, significant quenching of the
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Fig. 8 FTIR transmittance spectra of a pure PPV and b, ¢ PPV-CdSe

composites corresponding to CdSe nanocrystallite of sizes of ~5 and
7 nm in pyridine solvent, respectively
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luminescence takes place, indicating that charge transfer
occurs at the polymer/nanocrystal interface. In comparing
the emission intensity profiles of PPV in various solvents
(toluene and pyridine; Fig. 2a,b, curves b) with that of solid
state emission spectra (Fig. 9, curve b), it is interesting to
note that PPV emission spectra in solid state is significantly
red-shifted as compared to PPV solution spectra. This is due
to the fact that the emitting species for the two polymers are
different in various solvents and in the solid state [50]. A red
shift in the emission on going from solution to solid state is
commonly observed for polymers and is attributed to the
increased conjugation length from improved ordering in the
solid state [50]. From the emission intensity profiles of PPV
both in solutions (toluene and pyridine) and in solid-state, it
has been reported that the shape of the emission spectrum of
polymers is determined by the nature of the emitting species
and the amount of inhomogeneous broadening [51, 52].
Inhomogeneous broadening is due to the emission from a
range of conjugation lengths in the sample, which has been
observed in our case for both in solutions and in solid film
form.

Quenching in PPV/ITO thin films upon addition of CdSe
nanocrystals appears to be stronger as compared to their
counterparts in solution form. This could be due the fact
that PPV has significant crystallinity in the solid state and,
as a result, has the most structured emission spectra with
well-defined vibronic features [51]. Upon removal of the
TOP/TOPO species, the nanocrystals agglomerate, and thus
in PPV-CdSe composites, small islands of nanocrystals,
which are separated from each other as also observed by
TEM for composites in pyridine, result in an inefficient
percolation network for charge transport.

In composites of PPV-CdSe both in solutions and in
film form, PPV polymer dominates the PL emission

spectra, and the luminescence contribution from quantum
dots is not apparently evident. While the quantum yield of
PPV is expected to diminish when going from solution to
the solid state due to self-quenching [53]. However, in the
solid-state PL spectrum of the composite, the PPV emission
still dominates. According to other studies, high loadings of
quantum dots (50%) or greater are typically needed to
observe quantum dot emission in quantum-dot-conducting
polymer blends. We suppose that in our case of PPV—-CdSe
nanocrystallite composites, the presence of substantial
nanoparticle aggregation, as demonstrated by TEM results,
limits interfacial contact between the polymers and quan-
tum dots, thus limiting charge or energy transfer pathways
and furthermore leading to self-quenching of nanoparticle
luminescence emission. The phase segregation would lower
the quantum efficiency of PPV-CdSe composites due to
poor transport of charges. Therefore, efforts should be made
to improve the film morphology of PPV—CdSe composites
for its practical application in solid state devices.

As the absorption coefficient of CdSe nanocrystals is
much smaller than that of MEH-PPV, even at the highest
concentration of CdSe, and there is no overlap between the
polymer emission spectrum and the nanocrystal absorption
spectrum, there does not exist the possibility of Forster
exciton transfer from polymer to nanocrystal [54]. Thus PL
decrease in polymer upon addition of nanocrystals could be
attributed to charge transfer rather than energy transfer from
polymer to nanocrystal.

Polystyrene

The emission spectrum of pristine polystyrene (10 wt%) in
toluene is shown in Fig. 10a. In the spectrum of pure poly-
styrene, a weak and broad peak of emission of polystyrene
is at about 536 nm with a shoulder at about 564 nm
(Fig. 10a). Figure 10b shows the PL spectra of pure CdSe
nanocrystallites (size, ~7 nm) and CdSe in 10% polysty-
rene (10 wt%) in toluene solvent. Pure CdSe nanocrystallite
exhibits an emission peak at ~521 nm while the one
dispersed in 10 wt% polystyrene shows emission at
~518 nm. A slight blue shift (~3 nm) is observed with
concomitant broadening of PL peak half width (FWHM)
upon introduction of polymer into CdSe solution. Similarly
for 5 nm CdSe nanocrystallite, there is a blue shift in PL
position from 510 to 507 nm with FWHM of the PL band
remaining almost the same upon introduction of 10 wt%
polymer into CdSe solution (Fig. 10c, curves a and b). It
should be noted that 5 nm CdSe nanocrystallite exhibits
narrow emission profile and negligible surface states
between 600-700 nm as compared to 7 nm CdSe nano-
crystallite. However, a significant drop in PL intensity (both
PL CdSe exciton and surface state) upon introduction of
polymer into CdSe is prominent for 7 nm as compared to
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5 nm CdSe nanocrystallite. Furthermore, Fig. 10b,c shows
clearly the PL quenching of CdSe upon addition of polymer
in toluene solvent, indicating that the charge transfer has
taken place. Although here, toluene instead of pyridine is
used as the solvent, still quenching of CdSe emission by
polymer, i.e., charge transfer, takes place. This indicates
that interaction between CdSe and polymer can occur only
after the removal of TOP/TOPO species from the surface of
CdSe nanocrystallites. However, in some cases, it has been
observed that even with TOPO intact, charge transfer has
taken place. This would be further cleared in subsequent
sections.

@ Springer

Figure 11a shows a weak emission spectrum of pure
polystyrene (20 wt%) with A¢mission Of ~530 nm with
shoulder at ~560 nm similar to that for pure polystyrene
10 wt% (Fig. 10a). Upon addition of polymer into CdSe
solution (nanocrystallite size, ~7 nm), there is a shift in
CdSe emission from 524 to 519 nm, with significant drop
in PL intensity similar to that observed for the
corresponding CdSe—polystyrene (10 wt%; Fig. 10b). Sim-
ilarly for CdSe nanocrystallite size of ~5 nm, there is a blue
shift in emission peak from 510 to 501 nm with a drop in
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PL intensity upon addition of polymer into CdSe solution
(Fig. 11b). Thus, with the increase in weight percent of
polystyrene from 10 to 20, a higher blue shift is observed
for both 7- and 5-nm CdSe nanocrystallites. With further
increase in weight percent of polystyrene to 40 wt%, pure
polystyrene exhibits similar weak emission at ~536 nm
(Fig. 12a). Here, the corresponding CdSe nanocrystallites
(7 and 5 nm) exhibits similar reduction in emission
intensity and emission blue shift from 521 to 518 (i.e,
3 nm) and from 510 to 502 nm (i.e., 8 nm) respectively
(Fig. 12b,c).

Figure 13a,b shows spectra of PL intensity and FWHM
of PL band as a function of % wt of polystyrene. The
smaller CdSe nanocrystallite (size ~5 nm) exhibits a sharp
decrease in PL intensity with almost similar FWHM with
an increase in weight percent of polystyrene (Fig. 13a,
curve a). However, in case of larger CdSe nanocrystalite
(size, ~7 nm), the PL intensity does shows a decreasing
trend but to a lesser extent as compared to that of smaller
CdSe nanocrystallite (~size of 5 nm; Fig. 13a). Here, the
surprising trend is the continuous increase in FWHM values
for PL band with an increase in weight percent of
polystyrene (Fig. 13b). Thus, for larger CdSe nanocrystal-
lite, charge transfer is less while increase in FWHM values
indicates increment in disorder, whereas smaller CdSe
nanocrystallite shows efficient charge transfer process
(maximum quenching observed) and remains stable with
an increase in weight percent of polystyrene.

From the above results, it can be inferred that CdSe—
polystyrene composite solutions shows a blue shift in PL
with concurrent drop in PL intensity. The blue shift in PL
can be attributed to a slight decrease in particle size during
TOPO removal or exchange process by polystyrene, which
could lead to stripping of CdSe as well. However, the
significant drop in PL intensity for CdSe—polystyrene
composite solutions clearly indicates that charge transfer
from polymer to CdSe nanocrystals takes place as also
observed in the case of conducting polymer PPV-CdSe
composites. Stable polystyrene—CdSe composites with
maximum charge transfer efficiency is obtained for smaller
CdSe nanocrystallite as compared to the larger one. Steric
hindrance due to larger particle size and phase segregation as
observed in the case of PPV—CdSe composites could be the
factors responsible for limiting charge transfer efficiency for
larger CdSe nanocrystallites (~7 nm).

In an earlier work [27], it was observed that CdSe
nanoparticles dispersion in toluene and polystyrene does
not have any effect on the emission peak position
(~580 nm). This implies that CdSe nanocrystalline diame-
ter practically remains unchanged regardless of the nature
of the polymers [27]. In our case, CdSe nanocrystals of
sizes 5 and 7 nm show a blue shift in emission intensity
with increase in weight percent of polystyrene. This could
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be due to the decrease in CdSe nanocrystallite size upon
surface exchange of TOP/TOPO species by polystyrene
polymer leading to stripping off the CdSe. These results are
in sharp contrast to that obtained for PPV-CdSe compos-
ites, which showed particle-agglomeration leading to an
increase in particle size and hence red shift in absorption
edge and PL emission peak. In case of PPV-CdSe nano-
composites, the limiting mechanism for particle growth is
probably the inhibition of diffusion, as the bending or
coiled structures of the polymer chains will hinder the
diffusion-driven processes within the network. It is also
possible that polymer chains may be bridged by connecting
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to the same nanoparticle, and a multiplicity of such bridged
chains and particles could lead to particle clusterings. The
PL red shift observed in the case of PPV-CdSe composites
can also be reasonably attributed to reabsorption of the light
emitted from the smaller nanocrystals by the larger ones
within the same sample, together with a possible energy
transfer between nanocrystals. However, as there is no
overlap between the absorbance spectra of CdSe and
emission spectra of PPV, energy transfer possibility can be
excluded. Therefore, it can be said that for polystyrene—CdSe
composites, morphological homogeneity of the CdSe nano-
crystals is maintained in the final nanocomposites.
Emission spectra of the polystyrene-CdSe composites
corresponding to 7-nm CdSe nanocrystalite size showed
much broader bandwidths as compared to corresponding
composites for 5-nm CdSe nanocrystallites. Higher FWHM
values are most likely due to the wider particle size
distribution or due to defects incorporated with the increase
in weight percent of polystyrene. The broader particle size
distribution is probably the consequence of a wide
molecular weight distribution of the polystyrene polymer.
To probe the charge transfer across polystyrene—CdSe
composites, FTIR transmittance spectra of pure polystyrene
polymer and CdSe nanocrystallites (size, ~5 and 7 nm) in
the absence and presence of polystyrene polymer were
taken. For pure polystyrene FTIR spectra (Fig. 14a), a
triplet band between 2,880-3,034, 2,364, and 724 cm’!
corresponds to CH-stretching (sp’), CH-bending, and
methylene (—CH,) vibrational modes, respectively [48, 55,
56]. The 1,500 and 1,596 cm ™' peaks correspond to C=C
ring-stretching modes [55]. The peak at ~1,736 cm '
corresponds to C=O vibrational mode [56]. The peak at
~1,864 cm ' is an overtone of the C—H stretching modes
while the peak at ~724 cm ' corresponds to C-H out-
of-plane bending modes [56, 57] and 1,026 cm ' corre-
sponds to the ring in phase C—H stretching vibrations [56].
Figure 14b shows the FTIR transmittance spectra of pure
CdSe (~5 nm), and it exhibits well-defined main peaks:
triplet band between 2,880-3,100, 2,360, and 725 cm’ !
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corresponding to CH-stretching (sp’), CH-bending, and
methylene (—CH,) vibrational modes, respectively [48, 56].
However, the presence of strong IR peak at ~1,490 cm ™'
with a shoulder at 1,467 cm ' corresponding to P=0O
stretching vibrational modes indicates the signatures of
capping agent, i.e., TOPO/TOP bounded to CdSe nano-
crystals respectively [57]. In case of 7-nm CdSe nano-
crystallites, C—H bending modes are intense at ~2,359 ¢cm ' as
compared to that of 5-nm CdSe nanocrystallite (Fig. 14c).
However, for larger CdSe nanocrystallite (~7 nm), the
signature of TOP/TOPO signals at ~1,512 cm ™' reduces as
compared to that of smaller 5-nm CdSe crystallite (Fig. 14c).
In the presence of polystyrene, the signature of TOPO/TOP
transmittance signal becomes weaker at ~1,564 and
1,556 cm ' indicating partial exchange of TOP/TOPO groups
by polystyrene corresponding to CdSe nanocrystallites of
sizes 5 and 7 nm, respectively (Fig. 14, curves d and e).

The CdSe—polymer composites were analyzed by scan-
ning electron microscopy (SEM). Figure 15 shows repre-
sentative SEM photographs of CdSe—polymer composites
(size, ~5 nm) for polystyrene and PPV polymers, respec-
tively. Figure 15a reveals that for CdSe—polystyrene com-
posites; tiny particles are spread across the matrix. There
appears to be unevenness in the film morphology, which
could be due to the crystalline nature of the particles present
in the polymer. Presence of spherical particles of CdSe is
seen in the polymer matrix. However, in the case of CdSe—
PPV composites (Fig. 15b), presence of agglomerated
CdSe nanoparticles are indicated, resulting in irregular
shape and morphology. The morphological quality of the
CdSe—polymer composites that was obtained from polysty-
rene appears to be better than PPV.

Figure 16a,b shows the PL intensity spectra of polysty-
rene—CdSe and PPV-CdSe composites corresponding to 5-
and 7-nm CdSe nanocrystallites, respectively, as a function
of laser exposure time. Polystyrene—CdSe composite
corresponding to 5-nm CdSe nanocrystallite shows steady
behavior throughout the laser exposure (Fig. 16a, curve a).
Here, the PL intensity does not change much and is
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virtually constant during the period of laser exposure.
However, polystyrene-CdSe nanocomposite (~7 nm)
shows steady behavior only after 20 min of laser exposure,
as it shows initial decrease in PL intensity during the first
20 min of laser exposure (Fig. 16a, curve b). On the other

Fig. 15 SEM micrographs il BN
of polymer—CdSe nanocompos- a (,d§ef Pol
ites (~5 nm); a polystrene— 3
CdSe, b PPV-CdSe

hand, for PPV-CdSe composites corresponding to 5- and
7-nm CdSe nanocrystallite size (Fig. 16b), both shows
enhancement in PL intensity upon laser exposure. In this
case, the mechanism involved is either the adsorption of
oxygen and/or water molecules, which reduces recombination
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from surface states, or a surface photo-oxidation, which can
create an additional barrier for the carriers [58, 59]. Prolonged
exposure to laser irradiation in the presence of oxygen
inevitably results in photo-oxidation. It is to be noted here
that for PPV-CdSe composite (~7 nm; Fig. 16b, curve b),
the PL intensity initially decreases for first 15 min of laser
exposure similar to that of corresponding polystyrene—CdSe
composite. However, upon further laser exposure, the PL
intensity shows a steady increase rather than decrease as
observed in the case of PPV-CdSe composite. From the
above results, it can be inferred that polystyrene—CdSe
composites are much more stable than those of
corresponding PPV—-CdSe composites, which suggests that
the polystyrene shield can effectively enhance the photo-
stability of the CdSe QDs. This further implies that the
hydrophobicity and compact structure of polystyrene poly-
mer can effectively impede the diffusion of both oxygen and
water from the surrounding environment into the polymer—
CdSe composites, as the photo-oxidation of QDs is strongly
coupled with the presence of oxygen and water. The early
decrease in the PL intensity of both the polymer (polysty-
rene/PPV)-CdSe QDs corresponding to 7-nm CdSe nano-
crystallite may be attributed to the photodegradation of the
dots in the vicinity of the shallow surface of the composites.

Thus, in the case of polymer—CdSe composites
corresponding to smaller and larger CdSe nanocrystallites,
polystyrene—CdSe composites seems to have better struc-
tural and morphological properties as compared to PPV—
CdSe composites mainly because of its short chain, which
facilitates extensive coverage of nanocrystal surface due to
reduced steric hindrance. For PPV-CdSe composites, it is
mainly PPV that governs the optical properties of the com-
posites even at the highest concentration of CdSe nano-
crystallites. On the other hand, for polystyrene—CdSe
composites, owing to poor emission of the polymer, properties
are dependent on the concentration of CdSe nanocrystallites in
the composites. However, for both the composites (PPV/
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polystyrene—CdSe), charge transfer between polymer and
CdSe nanocrystallites does takes place resulting in quenching
of emission of the respective host material.

Conclusions

The role of conducting (MEH-PPV) and nonconducting
(polystyrene) polymers on the emission properties of CdSe
nanocrystallites of varied sizes (5 and 7 nm) has been
envisaged. The properties of PPV-CdSe composites are
mainly governed by PPV even at the highest concentrations
of CdSe nanocrystallites. Efficient PL quenching for PPV—
CdSe composites in pyridine solvent corresponding to
smaller CdSe nanocrystallite (~5 nm) indicates charge
transfer. However, the presence of residual TOP/TOPO
species and agglomeration or phase segregation effects for
pyridine-treated CdSe nanocrystals restrict the PL-quenching
mechanism particularly for larger sized (~7 nm) CdSe
nanocrystallites as indicated by higher absorption edge
values and TEM results. MEH-PPV polymer has been
found to have different conjugation lengths in different
solvents (toluene and pyridine) and in solid state form.
Thus, for efficient charge transfer in PPV-CdSe compos-
ites, structural morphology, particularly for larger CdSe
nanocrystallites, needs to be improved. Polystyrene poly-
mer, on the other hand, also shows charge transfer across
polymer—CdSe interface but, owing to its smaller chain
length, has better surface coverage on the CdSe nano-
crystallites as compared to PPV and renders photostability
to CdSe QDs within the polymer matrix.
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