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ABSTRACT: Poly [2-methoxy-5-(20-ethyl-hexyloxy)-1,4-
phenylene vinylene] (MEH-PPV) covered by nanostructured
silica shells were synthesized via sol–gel process and in-
vestigated after freeze-drying and heat-drying in vacuum.
The freeze-dried sample consists of a light pink powder
while the heat-dried sample presents a redder coarse-
grained material. The freeze-dried sample was analyzed
using small angle X-ray scattering (SAXS). Both samples
were analyzed using photoluminescence (PL) and Raman
spectroscopy at room temperature. The PL spectra pre-
sented relatively large red shifts compared with that of the

MEH-PPV in tetrahydrofuran solution, which was taken as
a reference sample. The energy shifts observed in the PL
and Raman spectra strongly support an explanation based
on denser packing conditions inside the nanostructured
silica shells, which can effectively lead the polymer mole-
cules to a higher interchain interaction via aggregate sites.
� 2006 Wiley Periodicals, Inc. J Appl Polym Sci 102: 5620–5626,
2006
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INTRODUCTION

Conjugated polymers are remarkable materials
because of their plastic and semiconducting proper-
ties, making them very useful for electrooptical appli-
cations.1–3 In addition, the easy manufacturing of
polymer solutions enables the production of compos-
ite materials that aggregate the polymer properties
with those of the additional component, creating new
materials with different and peculiar properties. Thus,
hybrid composites involving organic and inorganic
materials have been extensively investigated in
attempts to achieve better optical and electrical char-
acteristics. For example, the mixing of insulating
oxide nanoparticles in polymer films to promote the
increase of the emission efficiency in organic light
emitting diodes and laser structures has been stud-
ied.4,5 In addition, incorporation of cadmium selenide,
C60 derivatives, and titanium dioxide into a photocon-
ducting polymer can result in improved efficiency of

photovoltaic devices.6–11 Metal nanoparticles were
also used to change the optical properties of new com-
posite polymer materials.12,13 An interesting method
to prepare composite polymer materials is the use of
porous silica (PS),14–18 which is in fact the aim of the
optical investigation reported here. In a previous
work,14 PS incorporated to the polymer matrix did not
seem to effectively affect the optical properties of
PPV/PS composite films. Only small changes were
observed in the shape of the photoluminescence (PL)
spectra at different PS concentrations, which were in
part explained by the presence of residual oxygen
introduced by the silicon grains. For PPV–silica nano-
composite thin films,15 a blue shift of the pure elec-
tronic transition PL peak has been observed with the
increase in volume fraction of silica. The blue shift
was mainly attributed to a reduction of the effective
conjugation length of the polymer. Small effects,
mainly in the shape of the absorption and the PL
spectra, were observed in composite films of PPV/
metal-coated silica nanoparticles.16 The major effect of
metal-coated silica nanoparticles was to retard the pho-
tooxidation process in PPV nanocomposite films.

Thus, to our knowledge, the previous investigations
have not yet shown significant effects on the optical
properties of silica nanoparticles/conjugated polymer
composites, in comparison to those reported here. In
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this work, poly[2-methoxy-5-(20-ethyl-hexyloxy)-1,4-
phenylene vinylene] (MEH-PPV) polymer covered by
silica nanoshells synthesized from a sol–gel process
was investigated. The optical properties of the sam-
ples at different physicochemical conditions were
investigated. In contrast to the previous works,14–16

the results present relatively major changes in the
position and shape of the PL peaks as well as in the
frequency of the main Raman vibrational modes, as
discussed in the Results and Discussion section. All
energy shifts observed in the different samples can be
correlated to effects of the packing conditions of the
MEH-PPV molecules inside the silica nanoshells,
which follow the same trends of pressure effects in
polymer solutions. Our final remarks and perspec-
tives are described in the conclusions.

MATERIALS AND METHODS

The sol–gel silica nanoparticles were synthesized as
follows. First, tetraethylorthosilicate (TEOS), sodium
dodecylsulfate (SDS), and ditridecylamine (DTDA)
were mixed. A 1 : 1 SDS/DTDA molecular ratio and a
5 : 1 TEOS/DTDA volume ratio were used. Next,
MEH-PPV (obtained from Sigma-Aldrich) was dis-
solved in chloroform (CHCl3) to form a saturated solu-
tion and was dropwisely added into the TEOS/SDS/
DTDAmixture. The solution immediately turned from
orange to red. Deionized water was then added to the
solution, H2O/TEOS volume ratio 2 : 1. The final solu-
tion was sonicated and agitated alternately in succes-
sive cycles of 5 min for 4 h. The final product turned
out to be a dark pink aqueous suspension.

Afterwards, the mean hydrodynamic diameter of
the particle in suspension was measured using a
dynamic light scattering apparatus.

Subsequently, the suspension was either freeze-
dried or heat-dried (508C) in vacuum. Freeze-drying
was done in a commercial lyophilizer by fast-freezing
in liquid nitrogen, which prevents water to crystallize
inside the silica and break the formed silica nanoshell.
The sample was then put inside a vacuum chamber
were it remained for 24 h.

Heat-drying was done in a commercial oven under
vacuum for 24 h. The final vacuum in both cases was
in the range of 10�3 Torr. The freeze-dried sample
was light pink fine powder, while the heat-dried sam-
ple was redder coarse grains. Leaching tests were con-
ducted on both samples.

Scanning electron microscopy (SEM) of the freeze-
dried and heat-dried samples was done using the fol-
lowing procedure. The glass substrates were covered
with a thin layer (1 nm) of sputtered gold in vacuum.
The samples were then deposited on the metal side
of the substrates and put under vacuum at room
temperature.

Nitrogen adsorption–desorption isotherms of the
freeze-dried sample were measured and Brunauer–
Emett–Teller theory (BET) along with Barret–Joyner–
Hallenda calculations (BJH) were used to obtain the
pore size distribution.

The PL spectra of the aqueous suspension, freeze-
dried, heat-dried, and the rehydrated freeze-dried
samples were measured at room temperature. The
freeze-dried sample was also rehydrated to verify the
reversibility of the dehydration and the PL spectra
was measured again. The PL spectra were obtained
with the samples under a He-atmosphere inside an
immersion cryostat, to avoid any photooxidation
effect. A CW Ar-ion laser emitting at 488 nm, which is
near the absorption maximum of MEH-PPV, was used
as the excitation source. The PL emission was col-
lected from the samples at a 458 configuration, focused
into a SPEX 0.75 m monochromator, and detected
using a gallium arsenide (GaAs) photomultiplier tube.

The Raman measurements of the aqueous suspen-
sion, heat-dried, and freeze-dried samples were
performed in a Jobin-Yvon Raman system, model
LABRAM 800, equipped with a cooled charge-
coupled device detector. The spectra were collected in
a backscattering configuration by a microscope using
different (10�, 50�, and 100�) objectives. The 632.8
nm line from a He–Ne laser was used as the excitation
source.

SAXS measurements were done on the freeze-dried
sample. X-ray scattering experiments were carried out
on solid powders in 1-mm diameter glass capillaries.
We worked in a transmission configuration. A copper
rotating anode X-ray source with a multilayer focus-
ing ‘‘Osmic’’ monochromator giving high flux (108

photons/s) and punctual collimation was employed.
Scattered intensity was measured by an ‘‘Image plate’’
2D detector. X-ray scattering patterns were obtained
giving the scattered intensity as a function of the wave
vector q (nm�1). Scattering intensity was corrected by
scattered and transmitted intensity from an empty
capillary.

RESULTS AND DISCUSSIONS

The dynamic light scattering apparatus measured a
particle mean hydrodynamic diameter of 360 nm with
13% of polydispersion in the aqueous suspension.

Both freeze-dried and heat-dried samples were sub-
jected to leaching of MEH-PPV in CHCl3. The freeze-
dried sample leached completely in a few minutes
while the heat-dried sample took several hours for
leaching completely.

SEM images of the heat-dried and freeze-dried sam-
ples are shown in Figure 1. Films made from the
resuspended freeze-dried sample in water show typi-
cal clay-like characteristics. Heat-dried films show
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micrometric globules with a large size distribution but
also present macroscopic pieces with irregular shape.

The results of nitrogen adsorption–desorption experi-
ments are shown in Figure 2.

BET–BJH calculations show that there is a large dis-
tribution of ‘‘pore’’ diameters in the freeze-dried sam-
ples. It is worth to emphasize that BET–BJH cannot
distinguish between ‘‘inner’’ and ‘‘outer’’ surfaces. It
means that the nanoshell outer surface is taken into
account when pores are being counted. However,
dynamic light scattering shows a mean diameter for
the particles in the suspension that is at least twice the
value of the largest ‘‘pore’’ calculated by BET–BJH of
the freeze-dried samples. Gel shrinkage upon drying
is a well-known phenomenon.19 It is reasonable to
suppose that the freeze-dried samples present a mean
nanoshell diameter smaller than the mean diameter
originally present in the suspension, as a result of the
drying process.

Together, the leaching experiment, the nitrogen
adsorption–desorption experiment and the dynamic
light scattering, as well as the clay-like characteristics
of the SEM of the freeze-dried sample (powder), show
that the material is a nanostructured formation with
pores.

The resulting sonicated nanostructured siliceous
powder from the mixture of MEH-PPV/CHCl3/
TEOS/SDS/DTDA/H2O suggests that nanostruc-
tured MEH-PPV surfacted by both SDS and DTDA
forms a template for silica deposition from TEOS hy-
drolysis. The formation of the nanostructured MEH-
PPV occurs possibly during the visual color changes
from orange to red when the saturated MEH-PPV–
CHCl3 solution was dropwisely added into the
TEOS/SDS/DTDA mixture.

Moreover, according to dynamic light scattering,
the suspension presents a narrower distribution in di-
ameter than that of the freeze-dried sample pores

(data not shown). Proportional shrinkage of pores
would make the distribution of pores narrower. In
other words, one would expect the large distribution
of pores accounted by BET–BJH to be even larger in
the suspension.

The spectra for the nanostructured suspension, the
freeze-dried, and heat-dried samples (Fig. 3) present a
relatively large red shift in respect to the spectrum
obtained from a solution of MEH-PPV in tetrahydro-
furan (THF). The position of the pure electronic transi-
tion peaks (00 peaks) for each case is 593, 600, and 609
nm, respectively. The first vibronic band (01 peak) sit-
uated at around 640 nm increases in intensity from
the suspension to the heat-dried case, while a
shoulder situated below 570 nm diminishes.

The presence of the shoulder below 570 nm, not
observed in the spectrum of MEH-PPV in THF solu-
tion, can be related to an emission process from MEH-
PPV molecular segments inside the silica nanoshells
that have lower conjugation lengths, and/or could be

Figure 1 SEM of heat-dried sample (left) and freeze-dried sample (right) spread over the metallic substrate side.

Figure 2 BET–BJH desorption pore size distribution of
the freeze-dried sample.
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due to optical processes (scattering, luminescence)
involving the remainders of the compounds which
did not participate in the silica nanoshells formation,
i.e., TEOS, SDS, and DTDA. Although both interpreta-
tions are possible, the latter should be the main reason
because the shoulder intensity is higher in the suspen-
sion correlating to a higher volume fraction of unused
TEOS, SDS, and DTDA. The freeze-drying process
should remove at least part of the unused TEOS, SDS,
and DTDA with the water evaporation. One expects
that the heat-drying process will remove a larger frac-
tion of the same compounds. This corresponds to the
behavior of the shoulder intensity, as observed in
Figure 3.

Figure 4 shows the spectra of the suspension, the
freeze-dried, and the rehydrated freeze-dried sam-
ples. It is worth noticing that the PL spectrum of the
rehydrated freeze-dried sample matches well in shape
with that of the suspension. The only differences are
the relative small shift of 1 nm between them and the
reduction in the relative intensity for the shoulder
below 570 nm. This demonstrates that the surfacted
MEH-PPV inside the silica nanoshells in the rehy-
drated freeze-dried sample recuperates the same
physical conditions that it has in the suspension.

For the freeze-dried sample, great part of the
unused TEOS, SDS, and DTDA evaporated during the
drying process. By adding water, the nanoshells are
simply rehydrated, without change in the amount of
TEOS/SDS/DTDA. This would explain the same
shoulder intensity for freeze-dried and rehydrated
freeze-dried samples, and would reinforce the inter-
pretation that the TEOS/SDS/DTDA mixture is re-
sponsible for the shoulder emission.

The difference in shape (different Huang–Rhys fac-
tors) and the relative 00 peak energy shift of 6 nm
between the PL spectra of freeze-dried and rehy-
drated freeze-dried samples (Fig. 4) have a qualitative

explanation similar to that given when PL emission
from solid state films and solutions of conjugated poly-
mers are compared.20

The red shifts of the suspension, the heat-dried, and
the freeze-dried samples, relative to the reference
spectrum (Fig. 3), are 0.143, 0.168, and 0.198 eV,
respectively. It is worth noting that with the increase
in the red-shift energy, the Huang–Rhys factor (S),
which is evaluated from the intensity of the first 01
vibronic transition relative to the 00 transition, also
increases. Smaller S values correspond to a more clear
vibrational structure, which in turn correspond to a
higher structural ordering of the polymeric system.21

The PL red-shift effect, followed by an increase of the
Huang–Rhys factor, was reported by Ruseckas et al.
for different types of polythiophenes films.22 They
observed a PL red shift of 0.170 eV for the polythio-
phene with smaller side-groups relative to a sample
with higher side-groups. Smaller side-groups corre-
sponds to a smaller interchain distance, and therefore,
to a denser chain packing. They attributed the red
shift to a more efficient trapping of intrachain excitons
into aggregate sites due to the higher interchain inter-
action; the red-shift value being an estimative of the
strength of the interchain interaction in the aggregate.
As the density of intrachain excitons trapped into the
aggregate increases, electrons will become more local-
ized and thus a higher interaction between them and
the vibrational modes of the polymeric molecules is
expected. This will lead to higher vibronic bands,
resulting in higher Huang–Rhys factors, as observed
in Ref. 22 and in this work.

The packing conditions of the MEH-PPV molecules
inside the silica nanoshells constitute a reasonable ex-
planation for the resulting PL spectra of our samples.
The observed red-shift values are of the same order
as that reported for polythiophene samples.22 They

Figure 4 PL spectra of the nanostructured suspension,
the freeze-dried, and the rehydrated freeze-dried samples
at room temperature. The normalization of the spectra was
performed for better comparison.

Figure 3 PL spectra of the nanostructured suspension,
the freeze-dried, and the heat-dried samples. The spectrum
of the MEH-PPV in solution of THF is used as a reference.
The spectra were normalized for a better comparison.
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increase concomitantly with the Huang–Rhys factor
from the suspension to the heat-dried case (Fig. 3).
The Huang–Rhys factor for the suspension spectrum
is slightly higher than that for the reference spectrum;
however, it is significantly higher for the heat-dried
and the freeze-dried samples. When the silica nano-
shell is formed around the surfacted MEH-PPV, their
pores are filled with water. During the freeze and
heat drying process, water leaves the nanoshell pores
causing the nanoshell to shrink, which enables the
surfactant molecules to enter the empty pores to mini-
mize their free energy. The packing force exerted on
the inner core of MEH-PPV is expected to increase.
Thus, the heat-dried and the freeze-dried cases would
correspond to a denser packing condition of the
MEH-PPV molecules, with a higher probability to
form aggregates, and thus favoring a higher inter-
chain interaction.

It is worth mentioning that packing and pressure
effects are similar in conjugated polymers and should
present the same trends on their optical properties.
The pressure applied by the shrunk nanoshells would
compress the polymer molecules, increasing effec-
tively the concentration of the molecules surrounding
any photogenerated exciton, and therefore, enhancing
any environmental contribution to the exciton energy.
Pressure effects reported on PPV23 and on MEH-
PPV24 show similarly red shifts of the PL emission
and a decrease of the PL intensity, together with the
increase of the Huang–Rhys factor. One of the most
significant effects of increasing the concentration of
the material (due to packing conditions or applied
pressure) surrounding an exciton is expected to be the
‘‘gas-to-crystal’’ shift.25–29 This corresponds to the
lowering of the exciton energy as a result of the polar-
ization of the surrounding medium. In this work, this
effect would be caused by the aggregation of neigh-
boring polymer molecules inside the silica nanoshells
and would be even higher when induced by the dry-
ing process.

Pressure effects cause the vibrational modes of
PPV23,30 to have higher frequencies. Assuming that
the enhancement of the packing effect of MEH-PPV
molecules inside the silica nanoshells will follow the
trends of the pressure effect, one would observe an
increase in the frequency of the vibrational modes for
the heat-dried and the freeze-dried cases in compari-
son to the suspension sample.

The Raman spectra for the three samples are shown
in Figure 5(a). Figure 5(b) depicts only the more
intense Raman line observed around 1580 cm�1.

The arrows in Figure 5(a) indicate the most intense
vibrational modes of the MEH-PPV conjugated poly-
mer.31 The Raman band observed at 1450 cm�1 corre-
sponds to a vibrational mode from TEOS related
to C��H stretching,32 and the Raman line around
1580 cm�1 is associated to the C��C stretching of the

phenyl ring31,33 for PPV and other PPV derivatives. This
line presents the expected displacement to higher fre-
quencies for the heat-dried and the freeze-dried
samples, in agreement to the assumption that the
MEH-PPV molecules are in denser packing conditions.
However, for the heat-dried sample this line presents a
relative displacement of 3 cm�1, which is lower than
the relative displacement of 6 cm�1 observed for the
freeze-dried case. This does not correspond to the re-
spective progression of the PL red shift observed in Fig-
ure 3. On the other hand, the higher temperature dur-
ing the heat drying process could also induce a higher
aggregation between the MEH-PPV molecules, leading
to an additional PL red shift, but not affecting effec-
tively the electron interactionwith the vibrationalmode.

The high polarity solvents that are capable of form-
ing hydrogen bonding can cause PL spectral shift.34

However, the comparison between the MEH-PPV PL
spectra in different solvents, for example, the spectra

Figure 5 (a) Raman spectra of the suspension, the freeze-
dried, and the heat-dried samples at room temperature
and (b) themore pronouncedRaman line at around 1580 cm�1

for the same samples. The spectra in both figures were nor-
malized and shifted in the y-axis for clarity.
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of MEH-PPV in chloroform, a high polarity solvent
(data not shown), and toluene, a low polarity sol-
vent,35 both show a shift smaller than the one
observed in our results (Fig. 3). Moreover, DTDA is
most probably interfacing MEH-PPV and silica, with
the amine group facing the silica and the alkyl group
facing the MEH-PPV for energy minimization, which
can prevent hydrogen bond interactions between
MEH-PPV and silica or MEH-PPV and water.

The most important point is that the PL and Raman
results qualitatively confirm the expected trends due
to the more dense packing effects exerted by the silica
nanoshell covering the MEH-PPV. The results
observed for the rehydrated freeze-dried sample (Fig.
4) also favor the explanations based on the packing
effect, since the addition of water would relax the sur-
rounding molecules leading to the prior packing con-
ditions of the suspension sample.

SAXS measurements are shown in Figure 6 along
with a model of a compact spherical particle scatter-
ing. A mean diameter of 7 nm is found. A slight
broadening (0.8 nm) of the distribution in particle size
can enhance the fitting (not shown), but the model is
enough to determine the mean diameter. Particle size
above 7 nm is not found, mainly because the silica
shell X-ray scattering obliterates the inner core of
MEH-PPV. The X-ray scattering power of silicon is far
greater than the scattering power of carbon. In addi-
tion, the concentration by weight of MEH-PPV is 100
times smaller than that of silica. It means that the
SAXS experiment is probing only the nanoparticles of
the silica gel that form the nanoshells and the size of
the MEH-PPV core is not accessible by SAXS.

CONCLUSIONS

In summary, we present a sol–gel process in which
MEH-PPV was covered by silica nanoshells resulting

in an aqueous suspension. The silica nanoshells pres-
ent diameter and pore size in the nanometric range.
Leaching of the MEH-PPV from the silica nanoshells is
possible with chloroform addition depending on the
drying process. From the suspension to the heat-dried
samples the emission properties of the MEH-PPV pre-
sented a large red shift of the 00 peak energy, followed
by an increase of the Huang–Rhys factor in compari-
son to the MEH-PPV in THF reference solution. The
more pronounced Raman line at 1580 cm�1 is dis-
placed to higher frequencies for the heat-dried and the
freeze-dried samples, as expected from a denser pack-
ing condition. The PL results for the rehydration of the
freeze-dried sample have also shown that packed
MEH-PPV molecules can be relaxed, recuperating the
same packing conditions of the initial suspension. All
these results are in conformity with the interpretation
that packing effects inside the silica nanoshells are
inducing the formation of aggregates in which there is
a higher probability of interchain interactions.
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Mara do Nascimento (CDTN/CNEN) for the Scanning Elec-
tron Microscopies and BET measurements, Alvaro V. Teix-
eira for helping in the dynamic light scattering measure-
ments, and the Metallurgical Engineering Department of
UFMG for permitting the use of its Raman facilities. SEM
and SEM-microprobe analysis were performed at LMA
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