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Volume 2012, Article ID 975106, 7 pages

Microstructure and Crystallization Kinetics of Polyurethane Thermoplastics Containing Trisilanol
Isobutyl POSS, Vinicius Pistor, Daniela de Conto, Felipe Gustavo Ornaghi, and Ademir José Zattera
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By the end of the 80s, researchers at Toyota Motor Corpo-
ration started to study the exfoliation of clay in polymeric
matrices via in situ polymerization. They reinforced a
polymeric matrix with small amounts of nanosized clays. In
the beginning of the 90s with the Iijima’s report on carbon
nanotubes, an era of global nanomaterials research emerged.
Initially the research focus was on the mechanical properties
of the new polymer nanocomposites, but afterwards research
started to be focused on the multifunctional properties of
these materials. In this special issue on, the reader will find
11 selected papers briefly summarized below.

Polyaniline (Pani) and polypyrrole (Ppy) half hollow
spheres with different shell thicknesses were synthesized
using polystyrene (PS) as the core by Yun et al. The PS
core was synthesized by emulsion polymerization. The shell
thickness of the Pani and Ppy half hollow spheres can be
controlled in the range of 16 to 53 nm.

B. Akbari and R. Bagheri studied polypropylene/
montmorillonite systems prepared by melt intercalation
method. The effects of compatibilizer, extruder rotor speed,
and feeding rate on the properties of the nanocomposites
were investigated. The results illustrate that introduction
of the compatibilizer and also variations of the processing
conditions affect structure and mechanical properties of the
nanocomposites.

V. Pistor et al. investigated the influence of polyhedral
oligomeric silsesquioxanes (POSS) nanodomains in the crys-
tallization behavior of thermoplastic polyurethanes (TPU),
and found that trisilanol isobutyl-POSS reduces crystallite

sizes. Moreover, samples with higher concentrations of POSS
presented two crystallization stages, forming two distinct
types of crystalline structures (disks at first and then moving
to spherulites). This class of polymer materials has wide
potential applications, including the medical, automotive,
and industrial sectors.

POSS was also used as “building blocks” for star-shaped
poly(N-isopropylacrylamide) organic-inorganic hybrids, as
reported by S-W. Kuo et al. These hybrids exhibited
also interesting features such as photoluminescence (not
observed for neat poly(N-isopropylacrylamide) homopoly-
mers). Apart from the interesting functional properties, the
authors describe a new “variation” of atom-transfer radical
polymerization process based on click-chemistry (organic
azide-alkyne cyclo-addition reaction), never reported before
for such systems.

Sticking into materials for optical applications,
researchers reported the preparation of zinc oxide (ZnO)
nanocomposites based on poly [2-methoxy-5(2′-ethyl
hexyloxy)-phenylene vinylene] (MEH-PPV) using the well-
established spin-coating technique. In spite of the presence
of ZnO agglomerates, the electron delocalization was not
affected. The photoluminescence behavior was higher as the
amount of ZnO in the nanocomposites increased.

Looking for antibacterial activity and interesting me-
chanical properties, composites of polyvinyl alcohol (PVA)
reinforced with silver nanoparticles (AgnP) have been
investigated by impedance spectroscopy. Combination of
dielectric and dynamical-mechanical analyses gave a better
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understanding of the molecular dynamics of these mate-
rials, showing that a secondary relaxation was erroneously
assigned as the glass transition of PVA and composites
in former studies. Nevertheless, it has been showed that
the inclusion of AgnP decreases the interfacial barrier and
increases the transition probability of electron hopping
across the barrier and insulator chains, providing a perco-
lation path through the amorphous regions of the polymer
matrix and thus an enhanced conductivity.

Composites have been prepared using long multiwalled
carbon nanotubes (LMWCNTs, length of 2 mm) and short
multiwalled carbon nanotubes (SMWCNTs, length of 1 μm)
by M. Zimmer et al. The use of LMWCNTs improved the
electrical and mechanical properties of the composites when
compared to SMWCNTs. Although the longer networks were
expected to allow for more undisturbed phonon transporta-
tion, the thermal conductivity of the composites was not
affected by the addition of long CNTs. These intriguing
results were related to the functioning of the networks made
by both the LMWCNTs and shorter MWCNTs.

The application of polystyrene/ZnO nanocomposites as
scattering films in lighting application has been studied by
G. Nenna et al. The device efficiency was found to increase
with thickness and concentration of ZnO nanoparticles. The
resulting materials showed properties suitable for OLED
lighting applications.

The paper by P. Huh and S-C. Kim presented the prepa-
ration of nanostructured composites. The work describes
the formation of unique ZnO nanoarrays utilizing a pho-
todynamic polymer and surface relief grating structures,
demonstrating that the electrostatic layer-by-layer assembly
is a simple and economical methodology.

L. Nana et al. reported how polystyrene (PS) micro-
spheres can be first synthesized by emulsion polymerization
and then used to prepare Titanium dioxide (TiO2)/PS com-
posite microspheres by the modified sol-gel method. It was
also showed that Ni/TiO2/PS composite microspheres can be
synthesized by the reduction and adsorption process.

Finally, the preparation of silver nanostructures from
bicontinuous microemulsions was described by M. A. Ped-
roza-Toscano et al.

As Guest Editors for this special issue, we are pleased
with diverse and intense research activities in this area. We
expect the special issue will be well received by the reader
as a small sample of the current research on polymer matrix
nanocomposites and nanostructured materials.
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The molecular dynamics of PVA/AgnP composites were studied by dielectric spectroscopy (DS) in the 20–300◦C temperature
range. Improper water elimination leads to misinterpretation of thermal relaxations in PVA composites in agreement with the
previous report for pristine PVA. The evaporation of water and its plasticizing effect are more evident in pure PVA confirming the
existence of strong interaction between OH groups of PVA chains and AgnP. Dry films show a single nonlinear VFT dependence
(from 45◦C until melting) associated to the α-relaxation and, therefore, to the glass transition phenomenon and from dielectric
measurements, the Tg of composites vary from 88◦C for pristine PVA to 125◦C for PVA/AgnP (5 wt%). Below 45◦C, dry films
exhibit a single Arrhenius behavior showing a 3D hopping conductivity as explained based on the variable range hopping model.
PVA/AgnP composites have higher conductivity compared to pristine PVA, and it increases as AgnP weight percent increases.
Finally, DMA measurements support the statement that a secondary relaxation was erroneously assigned as the glass transition of
PVA and composites in previous reports.

1. Introduction

Nowadays metal-polymer nanocomposites are the subject
of increased interest because they combine the features of
polymers with those of metals. Metallic nanoparticles incor-
porated in or with polymers have attracted much attention
due to their distinct optical, electrical, and catalytic proper-
ties, which have potential applications in different fields such
as bioengineering, photonics, and electronics [1–5]. Among
different metals used for nanoparticles preparation, silver
is very attractive because it exhibits the highest electrical
and thermal conductivities, together with their antibacterial
activity and even their interaction with HIV-1 virus [6]. On
the other hand, polyvinyl alcohol (PVA) has been widely
used as a matrix for preparation of nanocomposites due

to its easy processability and high optical clarity. It is
considered among the best polymers as host matrix for silver
nanoparticles (AgnP), and it is frequently used as a stabilizer
due to its optical clarity, which enables investigation of
the nanoparticle formation [7, 8]. PVA is a biologically
friendly polymer since it is water soluble and has extremely
low cytotoxicity, which allows the application of PVA-based
composites in the biomedical field.

PVA/AgnP is a very attractive combination since these
composites have high mechanical strength, water-solubility,
good environmental stability, easy processability, and electri-
cal conductivity [9–11]. Different studies have been carried
out about the optimal parameters for the synthesis of
nanoparticles, the antibacterial activity of composites, their
mechanical properties, and the chemical interaction between
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PVA and AgnP [12–15]. However, the molecular dynamics
analysis by dielectric relaxation studies and the electrical
conductivity behavior of PVA-Ag nanocomposite films have
been scarcely studied; there is only one report in this regard
[16].

One parameter that can be characterized by means
of the molecular dynamics analysis is the glass transi-
tion temperature (Tg). In polymers, polymers blends, and
composites, an accurate characterization of the Tg plays a
crucial role, since it indicates the change from the glassy
state into a liquid or a rubbery state, and it can be a
measure of compatibility or miscibility in polymer blends
[17]. Additionally, physicochemical properties of a material
such as dissolution, bioavailability, processing, and handling
qualities can be related to the glass transition temperature
of the material [18]. Also the optimal application and
processing temperatures for polymers base materials are
dependent on their glass transition temperature.

On the other hand, in a previous work [19], it was
shown by dielectric and dynamic mechanical analysis that
the nature of pure PVA thermal relaxations was erroneously
assigned, since improper water elimination and the narrow
temperature range analyzed in all the previous reports have
led to misinterpretation of thermal relaxations in pure PVA.
Commonly, the molecular dynamics analysis of PVA com-
posites, and its blends with other polymers and inorganic
compounds has been carried out in a narrow temperature
range and based on pure PVA thermal relaxations behavior;
however, if the molecular dynamics of pure PVA has been
misunderstood, it could also be the case of the molecular
dynamics of its composites and blends.

Based on these arguments, the aim of this work is
twofold: to study the molecular dynamics of PVA/AgnP
composites, which have been scarcely reported, and to make
a comparison based on the previous studies on pure PVA
to probe that previous reports on PVA-inorganic materials
composites have also been misunderstanding because they
were based in pure PVA results.

2. Experimental Methods

2.1. Films Preparation. Poly(vinyl alcohol), Mw 89,000–
98,000 g/mol and hydrolysis degree >99%, was purchased
from Sigma-Aldrich and used as received. Carbon-coated
silver nanoparticles powder 25 nm average particle size was
purchased from nanotechnologies, Inc. PVA films were
obtained by dissolving a known amount of PVA in water to
obtain a 7.8 wt % solution under stirring at 90◦C. The proper
quantity of silver nanoparticles powder (0.5, 1, 2, 3 and 5%
w/w respect to PVA dry based) was poured into the 7.8 wt %
aqueous PVA solution, this solution was mechanically stirrer
for 40 min and further sonicated during 30 min to obtain a
homogeneous nanoparticle solution. Afterward PVA/AgnP
films were prepared by the solvent casting method, by
pouring the solutions into plastic Petri dishes and allowing
the solvent to evaporate at 37◦C during 24 hours. These
films had thicknesses of ca. 40 μm measured by a Mitutoyo
micrometer. A thin layer of gold was vacuum-deposited onto

both film sides to serve as electrodes. Rectangular small
pieces (about 4 mm × 3 mm) of these films were prepared
for measurements, and the contact areas were measured with
a digital calibrator (Mitutoyo).

2.2. Infrared Measurements and Morphology Analysis. Chem-
ical analysis of PVA/AgnP composites was performed by
FTIR on a Perkin-Elmer spectrophotometer using an ATR
accessory in the range 4000–650 cm−1. Resolution was set to
4 cm−1, and the spectra are an average of 32 scans. PVA/AgnP
films morphology was analyzed by JEOM JSM-7401F field
emission scanning electron microscope.

2.3. Thermal Measurements. Moisture content was deter-
mined by thermogravimetric analysis (TGA). The moisture
content was evaluated by the decrease of sample weight
during the heating scan. TGA curves were obtained using
a Mettler Toledo apparatus, model TGA/SDTA 851e, with a
sample mass of ca. 3 mg and an aluminum sample holder
under argon atmosphere with a flow rate of 75 mL/min.
Heating rate was set to 10◦C/min.

2.4. Dielectric Measurements. The dielectric measurements
in the frequency range from 0.1 Hz to 1 MHz were carried
out using a Solartron 1260 impedance gain-phase analyzer
with 1294 Impedance interface and in the frequency range
100 Hz–110 MHz using an Agilent Precision Impedance
Analyzer 4294A. The amplitude of the measuring signal was
100 mV. The home-made impedance vacuum cell was used
in conjunction with a Watlow’s Series 982 microprocessor
with ramping temperature controller for all dielectric mea-
surements from 20◦C to 300◦C, and for some samples with
an additional thermal treatment at 120◦C to obtain “dry”
samples. Each sample was left at each temperature for 3 min
to ensure thermal equilibrium.

2.5. Dynamic Mechanical Analysis (DMA). DMA measure-
ments were carried out using an RSAIII, TA Instruments with
a heating rate of 5◦C/min at a frequency of 0.1 Hz, under dry
air atmosphere in the 25–300◦C temperature range.

3. Results and Discussion

3.1. Morphological Analysis. The AgnP dispersion on PVA
matrix analyzed by SEM is shown in Figure 1. At lower con-
centration, a homogeneous dispersion of AgnP is observed
since they are well distributed within the PVA matrix with
particles size of 25 nm. When AgnP concentration increases,
the formation of agglomerates cannot be avoided; however,
the dispersion of silver nanoparticles is adequate and clusters
are not significant. Uniform metal nanoparticles dispersion
is required to guarantee the homogeneity on properties. The
used methodology gives well dispersed films even at high
concentration such as 5% wt.

It could be seen that PVA is an excellent host matrix
for encapsulation of silver nanoparticles acting as a good
capping agent and providing environmental and chemical
stability.
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(a) (b)

Figure 1: (a) PVA/AgnP (2%) and (b) PVA/AgnP (5%) films.

(a) Pristine PVA (gray)
(b) PVAAgnPs 0.5% w/w (LTgray)
(c) PVAAgnPs 1% w/w

(d) PVAAgnPs 3% w/w
(e) PVAAgnPs 5% w/w 
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Figure 2: IR spectra of pristine PVA and PVA/AgnP composites.
Window insert: zoom for the 1800 cm−1 to 600 cm−1 region.

3.2. FTIR-ATR Analysis. The FTIR spectra for pristine
PVA and PV/AgnP composites are shown in Figure 2. The
spectrum of pristine PVA shows its characteristic bands
at 1040 cm−1 (C–O) in acetyl group, 1090 cm−1 (C–O),
1140 cm−1 (C–O, crystallinity), 1170 cm−1 (C–O–C) in ether
group, 1245 cm−1 (C–O–C) in acetyl group, 1320 cm−1 (CH
+ OH interaction), the 1375 cm−1 band due to the coupling
of O–H vibrations at 1420 cm−1 with the wagging vibrations
(CH2), 1650 cm−1 (C=C), 1730 cm−1 (C=O), 2850 cm−1

(CH), 2900–2950 cm−1 (CH2), and 3000–3500 cm−1 (O–H).
Figure 2 also shows clear evidence of chemical interac-

tions bonding between PVA and silver nanoparticles suggest-
ing that these interactions are mainly between –OH groups
of PVA and AgnP. This is observed by a general change in

the intensity of the absorption bands in the stretching vibra-
tions of OH groups involved in hydrogen bonding (3800–
3000 cm−1) and their shifting to 3400 cm−1. The PVA-AgnP’s
spectrums show a new band at 660 cm−1 corroborating the
formation of hydrogen bonds in all structures. A change in
the intensity of the band at 1380 cm−1, compared with the
band at 1420 cm−1, indicates the decoupling between OH
and CH vibrations due to bonding interaction between OH
and silver nanoparticles.

3.3. Moisture Content. For pristine PVA as well as for
PVA/AgnP composites, two different moisture contents
according to different sample treatment were evaluated:
wet samples (without annealing treatment) and annealed
samples at 120◦C. Samples annealed at 120◦C were obtained
by the following fashion: a first scan was performed from
20◦C to 120◦C holding them at 120◦C during 30 minutes and
followed by cooling at 20◦C, afterward a second heating from
20◦C to 250◦C was carried out in the same sample. Before
annealing, a single scan on wet samples was performed for
comparison. In the case of dry films, water content is reduced
to the minimum possible by the heat treatment at 120◦C
during 30 minutes under controlled atmosphere inside the
measuring cell.

Thermogravimetric measurements for pristine PVA are
shown in Figure 3. The curve labeled as “wet PVA” corre-
sponds to the first scan described above (from 20 to 120◦C),
while that labeled as “dry PVA” is the second scan of the same
film after heat treatment at 120◦C during 30 minutes. The
water loss is about 4.16% and 0.01% for wet and dry samples,
respectively; these results show that an important quantity
of water is present before any measurement of PVA films. It
is noteworthy that water content in PVA/AgnP composites
is very close to that reported for pristine PVA; however, it
slightly decreases as AgnP increases (from 4.0% for 0.05% of
AgnP to 3.6% for 5% of AgnP). For all samples studied, the
second scan after annealing at 120◦C (dry samples) reveals
water loss about 0.01%; therefore, samples annealed at 120◦C
do not need further heating treatment since at this water
content, it is considered that samples are in the dry state.
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Figure 3: Thermogravimetric measurements in pristine PVA.

These same conditions labeled as wet and dry samples
were applied in dielectric and DMA measurements discussed
below.

3.4. Conductivity and Dielectric Results. The dc conductivity
(σdc) of PVA and PVA/AgnP films was calculated by dielectric
measurements using the methodology previously described
elsewhere [20–22]. The dc resistance (Rdc) was obtained from
the intersection of the semicircle and the real-part axis on
the impedance plane (at Z′′ = 0) as it is pointed out in
the window insert of Figure 4, hence σdc can be calculated
by the following relationship: σdc = d/(Rdc × A), where d
are the thickness and A the area of the film, respectively.
The Cole-Cole plot (real (Z′) versus imaginary (Z′′) parts of
the impedance) shows the high frequency region semicircle,
which is related to the bulk effect of PVA composites, while
the linear region in the low frequency range is attributed to
contacts effect [20].

As showed by TGA analysis, at ambient conditions water
content in films is ca. 4.16 wt%, which reduces film resistance
and masks the real conductivity behavior of composites.
This is a delicate issue that needs to be considered when
performing dielectric measurements especially in PVA films
[19]. Due to this observation, dielectric measurements were
carried out on dry films annealed in vacuum cell.

Figure 4 shows the change in dc conductivity as a
function of temperature from 25 to 250◦C for PVA and
PVA/AgnP (0.5 and 1%) wet films. It can be seen in both
films that conductivity increases as temperature increases
due to the increased free volume and their respective ionic
and segmental mobility [23]. This dependence unveils two
well-defined regions at “low” (from 20◦C to 80◦C) and high
(from 100◦C to melting) temperatures, with an interme-
diate discontinuity between 80◦C and 100◦C associated to
moisture evaporation [19]. Both relaxation regions disclose
a well-defined non-Arrhenius behavior usually observed in

many glass-formers and well described by the well-known
Vogel-Fulcher-Tammann (VFT) relationship:

σdc = σ0e
[−D/(T−T0)], (1)

where σdc, σ0, and D are the conductivity, the preexponential
factor, and a material constant, respectively, and T0 is the
so-called Vogel temperature related to the glass transition
temperature [20]. This VFT-behavior is a clear evidence
for the glass transition phenomenon; however, at this point
this trend is not disclosed in the whole temperature range
as in many amorphous polymers such as polypeptides
[24]. At this point, it would be ambiguous to assign a Tg

value of plasticized PVA and composites even though the
plasticization of Tg is evident, the evaporation of water could
be interfering.

Previously, these two regions were erroneously described
as two Arrhenius-type relaxations in pristine PVA and Gd
doped-PVA [25]; however, in those composites, moisture
was not properly eliminated and the analysis was performed
in a narrow temperature range (from 30◦C to 180◦C for
composites and from 30◦C to 160◦C for pristine PVA),
this do not allow to have a wider panorama of PVA and
Gd doped-PVA relaxations giving rise to the erroneous
interpretation. It is also important to mention that Hanafy
did not discuss the evaporation of water zone (indicated
in Figure 4), even when it is clearly observed in the ac
conductivity versus the reciprocal temperature plot for PVA
and Gd doped-PVA (see [25]).

From Figure 4, it is noteworthy that the evaporation of
water (about 80◦C–100◦C) is more evident in pure PVA. This
event confirms the existence of strong interactions between
water and pristine PVA chains, and it clearly indicates the
existence of strong hydrophilic groups acting as primary
hydration sites: OH side groups. In pristine PVA, an overall
increase in the molecular mobility with increasing water
content occurs. This water evaporation region arises as a
consequence of loosely bound water molecules connected
to the reorientation of water molecules in water clusters
around the primary hydration sites. The hydroxyl groups
exert strong effects on the PVA molecular dynamics since the
interactions between OH neighbors and absorbed moisture.
The evaporation of water is less evident in PVA/AgnP
composites; the conductivity slightly changes in the 80◦C–
100◦C region, but it also represents a transition region from
the low temperature relaxation to the high temperature
relaxation.

As it was pointed out by IR analysis, the Ag nanoparticles
directly interact with OH groups in PVA chains. This inter-
action decreases the number of PVA-water hydrogen bonds,
reducing the number of available OH primary hydration sites
to attach water molecules and consequently decreasing the
moisture content. Since less amount of water is present in
PVA/AgnP composites, the evaporation of water region is
less evident. An additionally VFT-low temperature relaxation
(between 20◦C and 80◦C) in all PVA/AgnP wet samples
shows lesser curvature, thus indicating that the plasticizing
effect of water is less effective.

On the other hand, wet PVA/AgnP composites have
higher conductivity compared with pristine PVA, and it
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Figure 4: Conductivity (σdc) versus 1000/T(K) for pure PVA and
PVA/AgnP wet composites.

increases as AgnP weight percent increases as it can be seen in
Figure 4. The formation of charge transfer complexes (CTCs)
by the inclusion of metal nanoparticles cause reduction of the
crystalline-amorphous interface decreasing the interfacial
barrier and increasing the transition probability of electron
hopping across the barrier and insulator chains, which in
turn provides a conducting path through the amorphous
regions of the polymer matrix resulting in enhanced conduc-
tivity in agreement with Mahendia et al. [16].

At the same time, the melting temperature of PVA is
affected by the inclusion of AgnP; in PVA/AgnP composites,
the melting temperature shifts to lower values. This can
be explained as follows: the crystallinity of PVA results
from strong intermolecular and intramolecular hydrogen
bonding between PVA chains mainlythrough –OH groups.
As it was shown by FTIR measurements, AgnP interactwith
–OH groups of PVA; therefore, these AgnP-OH interactions
decrease the intermolecular hydrogen bonding in PVA chains
affecting its crystallinity, which in turns directly affects the
melting temperature. This observation has been previously
studied by our group [19].

On the other hand, based on previous studies on pure
PVA [19], dry films of PVA/AgnP composites were obtained;
in this case, water content is reduced to the minimum
possible by a thermal treatment at 120◦C during 30 minutes
under controlled atmosphere inside the measuring cell
(water content ca. 0.01%, determined by TGA analysis).
After this thermal treatment, the films are cooled down at
room temperature without opening the measuring cell, and
a second heating is carried out on the same films. Now the
conductivity behavior of PVA/AgnP composites is similar to
the results previously reported on pristine dry PVA [19],
disclosing a different trend compared with wet films, as it can
be seen in Figure 5.
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Figure 5: DC conductivity versus 1000/T(K) for dry PVA/AgnP
films (water content near zero). Window insert: Vogel Temperature
versus AgnP % wt.

The second conductivity scan of dry films shows a
single nonlinear VFT dependence from 45◦C until melting,
preceded by a linear behavior associated to a secondary
relaxation process. This linear behavior will be discussed
later.

The nonlinear behavior clearly described the glass transi-
tion phenomenon in PVA and PVA composites, thus, a single
Vogel temperature can be now calculated from the fitting of
the experimental data to the VFT model. This results support
the statement about the plasticizing effect of water in the
20◦C–80◦C region and the evaporating of water region in the
80◦C–100◦C temperature range previously described.

Figure 5 reveals that when PVA/AgnP composites are
analyzed in a broad temperature range, it is possible to
observe a wider panorama on the true nature of the
relaxation processes in PVA and PVA composites. In general,
all reported studies on PVA composites and blends were
reported up to 180◦C.

As mentioned before, there is only one report on PVA-
AgnP dielectric measurements [16]; however, it presents
conductivity and dielectric studies as a function of AgnP con-
centration with no temperature variation; there are no pre-
vious reports on conductivity and dielectric measurements
temperature dependencies regarding PVA-AgnP composites.
Nonetheless, several dielectric studies were performed on
PVA and PVA composites; however, most of them were
carried out below 110◦C [16, 23, 25–29]. In these studies,
both VFT and Arrhenius behaviors have been reported in
pure PVA and its composites in the same narrow temperature
range.

Agrawal and Awadhia [26] and Linares et al. [27]
showed the VFT behavior for the temperature dependence
of conductivity in pure PVA and PVA-based gel electrolytes
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Table 1: Vogel and glass transition temperatures for different AgnP
content.

Sample T0 (K) Tg (◦C)

Pristine PVA 275.8 72.65

PVA/AgnP (0.5 wt%) 276.8 73.15

PVA/AgnP (1 wt%) 277.5 74.35

PVA/AgnP (3 wt%) 278.1 74.95

PVA/AgnP (5 wt%) 279.0 75.85

in the 20–100◦C temperature range, and in pure PVA and
in PVDF/PVA blends in the 20–110◦C temperature range
respectively. On the other hand, Hanafy [25] reported two
linear behaviors in the 20◦C to 180◦C temperature range
for PVA and Gd-doped PVA. Bhargav et al. [23] suggest
an Arrhenius behavior in pure PVA and PVA:NaI complex
in the 20–100◦C temperature range, as well as Hema et
al. [28] in the 20–70◦C temperature range in pure PVA
and PVA-NH4Br complexes. Zhang et al. [29] showed the
relaxation time temperature dependence of PVA/MWCNT
composites with 3 wt% MWCNT suggesting an Arrhenius-
type dependence in the 20◦C to 145◦C temperature range. In
the latter case, no results for pure PVA are reported. Finally,
Mahendia et al. [16] carried out electrical conductivity and
dielectric spectroscopy studies of PVA-Ag nanocomposite
films; they observed a strong influence of the concentration
of silver nanoparticles on the electrical conductivity and
dielectric properties of PVA matrix. However, these results
are at room temperature and they do not show temperature
dependencies of conductivity and dielectric results. Despite
of all the above studies, one cannot conclude the existence of
a non-Arrhenius, α-relaxation process.

The nature of the molecular dynamics of Arrhenius-type
and VFT-type behaviors is very different; it is very important
to establish which of them is truly present in a polymer
system. Arrhenius-type relaxation is related to the ions that
are decoupled from the polymer host, and activated hopping
is required for ionic transport. VFT behavior describes the
cooperative motion, which occurs when the system is in the
vicinity of a glass-transition.

In the case of PVA and PVA composites, VFT behavior
was not observed in a number of previous studies on PVA
composites because the effect of water was not properly
taken into account [23, 25, 28, 29]. The relaxation analysis
on those studies was based on temperature ranges not
exceeding 160◦C; most of them were done up to 100◦C.
These two factors, moisture and temperature range, are
extremely important to gain a better understanding of PVA
composites molecular dynamics.

In this work, it is clearly observed that a wider tem-
perature range (in this case from 20◦C to 250◦C) and an
adequate moisture content elimination allow to disclose the
true nature of the molecular dynamics in PVA and PVA
composites; in this case, the VFT behavior related to the glass
transition.

The Vogel temperature (T0) calculated from de VFT
relationship (1) as a function of AgnP content for PVA/AgnP
composites is plotted in the window insert of Figure 5 and
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Figure 6: Relaxation time (τ) versus 1000/T (T in K).

it is shown in Table 1. In general, it can be observed that T0

increases as AgnP content increases. For most polymers, the
relationship between the glass transition temperature Tg and
T0 is Tg= T0 + C, where C is an empirical constant. In many
dielectric studies, C is taken as 70 K [30–32]. Table 1 shows
the estimated Tg values for pristine PVA and PVA/AgnP
composite as a function of AgnP content (C value is taken
as 70 K).

Therefore, we can say that the glass transition temper-
ature of PVA composites increases as AgnP weight percent
increases in contrast with previous results in Ag-PVA films
[33]. Moisture content of PVA composites is lower than
that of pristine PVA due to the interaction between OH
groups and AgnP; higher glass transition temperature values
for PVA composites are expected. AgnP bonds to hydroxyl
groups reduce the plasticizer effect and complicate molecular
motion in PVA chains resulting in an increase in Tg values.

On the other hand, it has recently been recognized that
contact and interfacial polarizations are to account when
analyzing dielectric spectra. Indeed, it is well known that
dc conductivity strongly affects the loss factor ε′′ in the
low-frequency range, and a correction must be applied to
unmask the polymer dielectric effects [20]. dc Conductivity
and contact polarization effect could mask the real dielectric
relaxation processes in the low frequency range; therefore, to
analyze the dielectric processes in detail, the complex per-
mittivity ε∗ is converted to the complex dielectric modulus
M∗ by the following equation: M∗ = 1/ε∗ = M′ + iM′′ =
[ε′/(ε′2+ε′′2)+i ε′′/(ε′2+ε′′2)], where M′ and M′′ are the real
and imaginary parts of electric modulus and ε′ and ε′′ are
the real and imaginary part of permittivity, respectively. The
dielectric modulus is commonly used to analyze dielectric
experimental data because interfacial polarization, electrode
contribution, and conductivity dc effect do not affect M′′

peak. Note that M′′ is temperature dependent [34].
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The relaxation time dependence on temperature shown
in Figure 6 was obtained from the maximum of the imagi-
nary part of the dielectric modulus (M∗), with the M′′ peak
(τ = 1/2π fmax) calculated at each temperature. The wet
films display the trend akin to conductivity as temperature
increases: two VFT behaviors in the high and low temper-
ature range separated by moisture evaporation effect in the
80◦C to 100◦C temperature range. The T0 calculated from
the VFT model for relaxation time: τdc = τ0e[D/(T−T0)] (where
τ, τ0, and D are the relaxation time, the preexponential
factor, and a material constant, respectively, and T0 is the
so called Vogel temperature) for all composites are shown in
window insert of Figure 6. In dry films, once again the Vogel
temperature increases as AgnP concentration increases and
relaxation times increase as AgnP concentration increases,
and these values are in agreement with those calculated above
by the conductivity plot. The interaction of AgnP with OH
groups hinders the mobility of PVA chains resulting in higher
relaxation times for this primary relaxation.

The α-relaxation process is strongly dependent on
moisture content since for the conductivity dependence on
temperature, the relaxation time dependence for dry films is
very different than that for wet films. After annealing, two
well-defined behaviors are observed. A nonlinear behavior
from 45◦C to melting related to the α-relaxation process, and
below 45◦C an Arrhenius behavior associated to a secondary
relaxation process which will be discussed later.

The results suggest a plasticizing effect of water on PVA
composites in agreement with the results previously reported
for pristine PVA [19]. A plasticized Tg can be observed in
wet films through a nonlinear behavior described by the VFT
model separated by the water evaporation region from a
second nonlinear behavior disclosed at higher temperature.
However, once water is eliminated by thermal treatment, this
plasticized Tg vanished and only one nonlinear behavior is
observed from 45◦C to melting. Also the relaxation time
for wet films is lower since the segmental motion is favored

by water, by increasing the free volume between chains and
because the orientation polarization of polar molecules is
slowed down. However, this plasticizing effect is less evident
in PVA composites when compared to pristine PVAwith their
water content being lower.

More information about moisture effect is provided by
means of the complex modulus M∗, specifically by the
M′′ versus Temperature plot for wet and dry PVA and
PVA composites as it is shown in Figure 7. In wet samples,
two relaxations peaks (one below 50◦C and another one
above 80◦C) at 5 kHz were found. As frequency increases,
both peaks shift towards higher temperatures. These two
relaxation peaks have been previously reported by other
authors from M′′, ε′′, and tan δ plots for pure PVA, PVA
blends, and composites [23, 25, 32–34]. These relaxations
were previously assigned as the β-relaxation ascribed to side-
group dipoles orientation (relaxation below 80◦C, Tβ =
40◦C for pristine PVA [not shown] and 46◦C for PVA/AgnP
composite) and the glass transition of PVA (ca. Tg = 85◦C),
respectively [23, 25, 27, 35, 36]. Nonetheless, our results show
that for dry samples the lower temperature relaxation peak
(below 50◦C) vanishes after annealing the films at 120◦C,
remaining the α-relaxation peak at the same temperature for
each frequency. This fact leads to the conclusion that the
low temperature relaxation in wet samples can be traced to a
moisture effect, and it does not correspond to a local mode β-
relaxation. In this study, for pristine PVA dry samplesTg is ca.
88◦C in agreement with previous results [19]. From Figure 7,
it can also be observed that Tg increases with AgnP content;
for PVA with AgnP 3 wt%, Tg is ca. 92◦C. Tg values of
composites and pristine PVA, calculated from the dielectric
modulus plots as a function of AgnP content in dry films, are
shown in Figure 7. It could be observed, that these Tg values
are very different from those calculated by the empirical rule.
Based upon our previous studies on pristine PVA [19] and
chitin and chitosan nanocomposites [20–23], we propose to
use the Tg analysis based upon the modulus rather than the
use of the empirical rule.

PVA and moisture interaction would correspond to the
formation of hydrogen bonds between PVA hydroxyl groups
and water, and hydrogen bonds are the dominant interaction
responsible for the structure as well as its molecular dynam-
ics. It is possible that the interaction between OH groups and
moisture is capable to destroy inter- and intrachain bonding
in PVA affecting its crystalline regions; therefore, water acts
as a plasticizer by an increase of the free volume in the
amorphous phase [37]. This OH groups moisture interaction
is disturbed by AgnP inclusion, and as a consequence, the
molecular dynamics of both relaxation processes is strongly
affected. The low temperature relaxation shifts to higher
temperature as AgnP content increases resulting from lower
moisture content and lower mobility.

On the other hand, regarding the behavior disclosed in
dry films below 45◦C previously observed in Figures 5 and 6
(conductivity and relaxation time dependences), it could be
seen that this relaxation follows a single Arrhenius behavior,
which corresponds to a secondary relaxation process. In
glassy polymers, the chains are frozen and molecular motions
involved in secondary relaxations occur at higher time
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scale (i.e., higher relaxation times) as it is observed in
Figure 6. This linear dependence can be explained based
on the variable range hopping model. For most polymers
this dependence of the dc Conductivity on temperature (T)
is often represented by the variable range hopping (VRH)
model proposed by Mott [38, 39]:

σdc(T) = σ0 exp
[
−
(
T0

T

)γ]
, (2)

where σ0 can be considered as the limiting value of con-
ductivity at infinite temperature and σ0 ∼ 1/T1/2 [40], T0

depends on the localization and density of the states, and the
exponent γ is related to the dimensionality d of the transport
process via the equation γ = 1/(1 + d), where d = 1, 2, 3. The
applicability of the VRH model is examined by plotting the
experimental results in the form of log σ(T)1/2 versus T−γ

[39].
The experimental data in the 0◦C to 45◦C temperature

range plotted according to the VRH model are presented on
Figure 8. It is noteworthy that the dependence log σ(T)1/2

versus T−γ can be linearly fitted with both γ = 1/4 and
1/3. However, the best least-square fitting is obtained for
γ = 1/4 (with R2 = 0.994). This value corresponds to a three-
dimensional transport process as explained before.

Furthermore, Linares et al. [28] reported the same linear
behavior below 21◦C for PVDF/PVA blends with different
weight percent ratios. They ascribed this low temperature
relaxation to a subglass relaxation process occurring in the
amorphous phase and associated it to the polar groups
attached to the polymeric chain. However, in our case, the
application of the variable range hopping model is more
appropriate to describe the AgnP-PVA system, since the
inclusion of metal nanoparticles give rise to the formation
of charge transfer complexes (CTCs) causing the reduction
of the crystalline-amorphous interface, decreasing the inter-
facial barrier and increasing the transition probability of
electron hopping across the barrier and insulator chains,
which in turn provides a conducting path through the
amorphous regions of the polymer matrix resulting in
enhanced conductivity [16].

3.5. Dynamic Mechanical Analysis (DMA). Gautam and Ram
[33] report the preparation and thermomechanical proper-
ties of Ag-PVA nanocomposites; however, they do not discuss
the strong influence of water content on the composite’s
relaxation processes. In the mentioned study, it is evident
that authors assigned the glass transition temperature of
PVA/AgnP composites dismissing the effect of water on the
relaxation process of composites since the reported values are
below 40◦C which correspond to the plasticized Tg .

DMA analysis performed at 1 Hz in pristine PVA, and
its composites wet and dry films are shown in Figure 9.
All samples showed similar behaviors before and after
being annealed. It can be observed that the tan δ peak
in wet films shows a relaxation process near 40◦C. This
low temperature DMA peak was previously assigned several
times as the glass transition temperature of pristine PVA and
several PVA composites. Gautam and Ram [33] assigned Tg
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values between 40◦C and 36◦C in Ag-PVA nanocomposites
depending upon Ag content. Tian and Tagaya [41] observed
this peak around 50◦C and described it as the glass transition
of pristine PVA. They also show peaks for perlite/PVA and
OMMT/PVA nanocomposites without taking into account
water content. Yang et al. [42] assigned 44◦C and 45◦C
values for the glass transition temperatures of pristine
PVA and PVA/10 wt% montmorillonite (MMT) composites,
respectively. They discussed that the Tg values from the DMA
analyses for polymer membranes were lower than those from
the DSC analyses (71–82◦C) because the sensitivity for the
measurement of a glass transition temperature by DMA is
more sensitive than that by DSC.

However, it is noteworthy that this tan δ peak vanishes in
dry films after annealing at 120◦C; consequently, this peak
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is related to water-polymer motions which mask the glass
transition in wet films. After water evaporation, dry films
disclose the glass transition event above 80◦C.

Window insert of Figure 9 shows the variation of tan δ
peak in wet PVA and PVA/AgnP composites films (water
content around 4.1% calculated by TGA). Once again the
influence of AgnP on PVA moisture absorption capacity
is observed, that is, water-polymer motion is restricted by
the presence of silver nanoparticles, which reduces moisture
content in composites shifting the relaxation process from
47◦C for pristine PVA to 63.8◦C for the higher concentration
of AgnP (5 wt%).

The storage modulus is shown in Figure 10, it can be
seen that it increases as AgnP content in films increases
up to 3 wt% suggesting significant reinforcement effect of
Ag nanoparticles. Nanoparticles restrict the polymer’s chain
mobility due to their large surface area and their van
der Waals attraction to the polymer matrix, causing the
strengthening of mechanical properties of nanocomposite
films [33]. However, at 5 wt% of AgnP, the storage modulus
decreases compared to lower concentrations, but it remains
higher than pristine PVA.

Gautam and Ram [33] showed this reinforcement up
to 0.2 wt% of AgnP and then decreases for higher con-
centrations, being even lower than that of pristine PVA at
concentration above 1 wt%. This decrease in the storage
modulus is ascribed to the formation of large agglomerates,
which in turns affects moisture content of PVA. The
interaction between OH groups of PVA and moisture affects
the crystalline regions. This OH groups moisture interaction
is disturbed by AgnP inclusion resulting in lower moisture
content and lower mobility; thus the strengthening of AgnP
is less effective at higher concentrations of nanoparticles.

4. Concluding Remarks

The molecular dynamics of PVA/AgnP composites was
studied by impedance spectroscopy in the 0.1 Hz to 110 MHz
and 20◦C to 300◦C frequency and temperature ranges,
respectively. As well as for pristine PVA, improper water
elimination analysis in PVA composites could lead to misin-
terpretation of thermal relaxations in PVA composites such
that a plasticized Tg for wet films has been assigned as a
secondary β-relaxation in a number of previous studies in
the literature.

Two well-defined nonlinear regions at low and high
temperatures, with an intermediate discontinuity between
80◦C and 100◦C associated to moisture evaporation, were
observed in wet PVA/AgnP composites films in agreement
with pristine PVA behavior. Previously, these two regions
were erroneously assigned to two Arrhenius-type relaxations
in pristine and doped PVA. The evaporation of water and its
plasticizing effect are more evident in pure PVA confirming
the existence of strong interaction between OH groups of
PVA chains and AgnP, as shown by FTIR analysis. Dry films
show a single nonlinear VFT dependence (from 45◦C until
melting) associated to the α-relaxation and, therefore, to the
glass transition phenomenon. Tg of composites increases as
AgnP content increases from 88◦C for pristine PVA to 125◦C
for PVA/AgnP (5 wt%). Below 45◦C, dry films exhibit a single
Arrhenius behavior showing a 3D hopping conductivity as
explained based on the variable range hopping model.

PVA/AgnP composites have higher conductivity com-
pared to pristine PVA, and it increases as AgnP weight
percent increases. The inclusion of metal nanoparticles
decreases the interfacial barrier and increases the transition
probability of electron hopping across the barrier and
insulator chains, which in turn provides a conducting path
through the amorphous regions of the polymer matrix
resulting in enhanced conductivity.

Finally, DMA measurements support the statement that
a secondary relaxation was erroneously assigned as the glass
transition of PVA and composites in previous reports.
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and Marı́a del Carmen Dı́az for their help provided. They
also thank CONACYT (Mexican Government) for partial
financial support. The authors are not partially or fully
associated with Nanotechnologies nor do they endorse the
use of their products.

References

[1] A. Henglein, “Small-particle research: physicochemical prop-
erties of extremely small colloidal metal and semiconductor
particles,” Chemical Reviews, vol. 89, no. 8, pp. 1861–1873,
1989.

[2] R. Chapman and P. Mulvaney, “Electro-optical shifts in silver
nanoparticle films,” Chemical Physics Letters, vol. 349, no. 5-6,
pp. 358–362, 2001.



10 Journal of Nanomaterials

[3] L. N. Lewis, “Chemical catalysis by colloids and clusters,”
Chemical Reviews, vol. 93, no. 8, pp. 2693–2730, 1993.

[4] A. Kiesow, J. E. Morris, C. Radehaus, and A. Heilmann,
“Switching behavior of plasma polymer films containing silver
nanoparticles,” Journal of Applied Physics, vol. 94, no. 10, pp.
6988–6990, 2003.

[5] Y. Min, M. Akbulut, K. Kristiansen, Y. Golan, and J.
Israelachvili, “The role of interparticle and external forces in
nanoparticle assembly,” Nature Materials, vol. 7, no. 7, pp.
527–538, 2008.

[6] J. L. Elechiguerra, J. L. Burt, J. R. Morones et al., “Interaction
of silver nanoparticles with HIV-1,” Journal of Nanobiotechnol-
ogy, vol. 3, article 6, 2005.

[7] A. L. Stepanov, V. N. Popok, I. B. Khaibullin, and U. Kreibig,
“Optical properties of polymethylmethacrilate with implanted
silver nanoparticles,” Nuclear Instruments and Methods in
Physics Research, Section B, vol. 191, no. 1–4, pp. 473–477,
2002.

[8] Y. Badr and M. A. Mahmoud, “Enhancement of the optical
properties of poly vinyl alcohol by doping with Silver nanopar-
ticles,” Journal of Applied Polymer Science, vol. 99, no. 6, pp.
3608–3614, 2006.

[9] P. C. Lebaron, Z. Wang, and T. J. Pinnavaia, “Polymer-layered
silicate nanocomposites: an overview,” Applied Clay Science,
vol. 15, no. 1-2, pp. 11–29, 1999.

[10] J. M. Yeh, S. J. Liou, C. Y. Lin, C. Y. Cheng, Y. W.
Chang, and K. R. Lee, “Anticorrosively enhanced PMMA-clay
nanocomposite materials with quaternary alkylphosphonium
salt as an intercalating agent,” Chemistry of Materials, vol. 14,
no. 1, pp. 154–161, 2002.

[11] T. H. Kim, L. W. Jang, D. C. Lee, H. J. Choi, and M. S. John,
“Synthesis and rheology of intercalated polystyrene/Na+-
Montmorillonite nanocomposites,” Macromolecular Rapid
Communications, vol. 23, no. 3, pp. 191–195, 2002.

[12] Y. J. Lee and W. S. Lyoo, “Preparation of Atactic poly(vinyl
alcohol)/silver composite nanofibers by electrospinning and
their characterization,” Journal of Applied Polymer Science, vol.
115, no. 5, pp. 2883–2891, 2010.

[13] V. K. Sharma, R. A. Yngard, and Y. Lin, “Silver nanoparticles:
green synthesis and their antimicrobial activities,” Advances in
Colloid and Interface Science, vol. 145, no. 1-2, pp. 83–96, 2009.

[14] K. H. Hong, J. L. Park, I. N. Hwan Sul, J. H. Youk, and
T. J. Kang, “Preparation of antimicrobial poly(vinyl alcohol)
nanofibers containing silver nanoparticles,” Journal of Polymer
Science, Part B, vol. 44, no. 17, pp. 2468–2474, 2006.

[15] Z. H. Mbhele, M. G. Salemane, C. G. C. E. van Sittert, J. M.
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Polyaniline (Pani) and polypyrrole (Ppy) half hollow spheres with different shell thicknesses were successfully synthesized by three
steps process using polystyrene (PS) as the core. The PS core was synthesized by emulsion polymerization. Aniline and pyrrole
monomers were polymerized on the surface of the PS core. The shells of Pani and Ppy were fabricated by adding different amounts
of aniline and pyrrole monomers. PS cores were dissolved and removed from the core shell structure by solvent extraction. The
thicknesses of the Pani and Ppy half hollow spheres were observed by FE-SEM and FE-TEM. The chemical structures of the Pani
and Ppy half hollow spheres were characterized by FT-IR spectroscopy and UV-Vis spectroscopy. The shell thicknesses of the Pani
half hollow spheres were 30.2, 38.0, 42.2, 48.2, and 52.4 nm, while the shell thicknesses of the Ppy half hollow spheres were 16.0,
22.0, 27.0, and 34.0 nm. The shell thicknesses of Pani and Ppy half hollow spheres linearly increased as the amount of the monomer
increased. Therefore, the shell thickness of the Pani and Ppy half hollow spheres can be controlled in these ranges.

1. Introduction

Conducting polymers have recently received much attention
due to their long conjugation lengths, metallic conductivity,
and their promise for applications in molecular wires, nano-
electronics, optoelectronic devices, and biomedical devices
[1–3]. Among the conjugated conducting polymers, Pani
and Ppy have drawn the most attention due to their
superior electroactivity, good electrical conductivity, and
chemical stability. Owing to their physical, chemical, and
electrochemical properties, Pani and Ppy have been applied
in many different fields including sensors, electronics, semi-
transistors, flat-panel displays, cable shielding, ion-selective
membranes, electrocatalysis, and as the cathode material in
rechargeable batteries [4–6].

Pani and Ppy are known as an inherent electrically
conductive polymer due to the conjugation of the single
and double bonds alternating within the macromolecular
architecture. The extra electrons of a double bond in a

conjugated system are free to wander or move through the
polymer chain, which induces electrical conductivity [7–
10]. The conductivity of Pani and Ppy can be significantly
improved by doping with oxidizing agents. During the
oxidation process, an adequate amount of anions from the
solutions with HCl and FeCl3·6H2O is usually incorporated
to compensate the electrogenerated positive charges (pola-
ronic or bipolaronic species) in Scheme 1. The electrical
conductivity of Pani and Ppy can be effectively increased to
the level of a few tenths of S/cm through p-doping [11–13].

Recently, there has been immense interest in the fabri-
cation of core-shell particles with unique and tailored prop-
erties for various applications in material sciences [14–16].
Among the core-shell particles, inorganic coated polymer
(core-shell) capsules and hollow spheres have increasingly
attracted interest because of their potential applications in
catalysis, controlled delivery, artificial cells, light fillers, low
dielectric constant materials, acoustic insulation, the paint
industry, and photonic crystals.
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The latex sphere approach uses polystyrene spheres as
a template, assisted by a template pretreatment process
or layer-by-layer technique [14, 15]. However, the hollow
spheres that are obtained have smooth surfaces. Recently,
Wan et al. developed an “emulsion template” approach to
prepare hollow Pani spheres in an aqueous media using
spherical micelles composed of a dopant and monomer as
a template [16, 17]. Otherwise, template spheres have been
prepared by simple sulfonation of PS spheres or have been
purchased for use. Pani and Ppy were polymerized by an
electrochemical method. Moreover, the sizes of Pani and
Ppy hollow spheres are generally widely dispersed, and the
control of the morphology of Pani and Ppy is difficult. The
PS cores are then removed by solvents, which are usually
expensive and toxic organic solvents such as DMF, THF,
chloroform, and toluene [15, 18–20].

In most of paper, hollow sphere structures were format-
ted by the layer-by-layer method. But in this paper, layer-
by-layer method was partly changed for surface modification
of PS. This method was progressed with three steps. The PS
templates were polymerized by micelle of anionic surfactant
for using core. The surface of PS was directly modified by
anion surfactant and formatted negative charge. The Pani
and Ppy were evenly coated on surface-modified PS because
doped Pani and Ppy have positive charge, respectively. And
then, the PS cores were dissolved using organic solvent to
produce Pani hollow sphere. This method is described in
Scheme 1. We report an approach to make PS templates
with the same size by polymerization using a chemical
method. We prepared Pani and Ppy with a half hollow sphere
structure and controlled the shell thickness. Since Pani and
Ppy are well viscously aggregated, the thickness control of
Pani and Ppy with a core-shell structure is not easy. Thus, we
aimed to control the shell thickness in the core-shell or half
hollow sphere structure. A specific amount of monomer was
added to control the shell thickness of Pani and Ppy in the
core-shell or half hollow sphere structure. We demonstrated
the ability to obtain a desired shell thickness of Pani and Ppy
half hollow spheres.

2. Experimental

Styrene (>99%, Aldrich), aniline (>99.5%, Aldrich), and
pyrrole (98%, Aldrich) monomers were purified by passing
through aluminum oxide (∼150 mesh, 58 Å) and dis-
tillation before being stored in a refrigerator. Potassium
peroxodisulfate (K2S2O8, KPS, 99%), ammonium persul-
fate ((NH4)2S2O8, APS, 98%) as initiator, dodecyl sulfate,
sodium dodecyl sulfate (C12H25O4Sna, SDS, 99%) as sur-
factant, divinylbenzene (DVB, 55% mixture of isomers) as
a cross-linking agent, hydrochloric acid (HCl, 37%), and
iron(III) chloride hexahydrate (FeCl3·6H2O, 97%) were used
as received from Aldrich. Acetone was used as received from
SK Chemical.

The PS was synthesized by emulsion polymerization. The
styrene was refined by Al2O3 to remove the polymerization
inhibitors. The 20 g (0.2 mol) of styrene monomer and 0.04 g
(1.4× 10−4 mol) of SDS were dispersed in 180 g of deionized

water, and, then, 0.2 g (7.3 × 10−4 mol) of KPS was added
under constant stirring and a N2 atmosphere at 80◦C for 4 h.

The 80 mL of the PS templates were diluted in 320 mL
of deionized water to disperse the aniline monomer on the
surface of the PS templates. Then, 1.2 mL (1.3 × 10−2 mol)
of aniline and 0.12 mL (4.6 × 10−4 mol) of DVB were added
into the PS emulsion and dispersed for 30 min in order to
arrange the aniline monomer on the surfaces of the PS cores
and to improve the stability of the resulting Pani shell. 1 M
HCl and APS were added to the solution mixture, and the
polymerization of Pani proceeded at room temperature for
24 h (aniline : APS = 1 : 1 (mol)). The thickness of the Pani
shell was adjusted by varying the amount of added aniline
monomer among volumes of 1.2, 2.4, 3.6, 4.8, and 6.0 mL,
while 0.12, 0.24, 0.36, 0.48, and 0.60 mL of DVB was added,
respectively. Therefore, the aniline monomer was added at
ratios of 1, 2, 3, 4, and 5 times the base volume of 1.2 mL in
the different experiments. Green PS/Pani composite spheres
with a core-shell structure were produced and purified by
centrifugation and dried in a vacuum oven at 60◦C.

PS/Ppy with a core-shell structure was prepared similarly
to the PS/Pani with a core-shell structure. 0.6 mL (8.47 ×
10−3 mol) of pyrrole and 0.06 mL (2.3 × 10−4 mol) of DVB
were added into the PS emulsion and dispersed for 30 min.
Then, 4.5 g (1.6 × 10−2 mol) of FeCl3·6H2O was dispersed
in 25 mL of deionized water. The FeCl3·6H2O solution and
1.97 g (8.5 × 10−3 mol) of APS were added to the solution
mixture, and the polymerization of Ppy proceeded at room
temperature for 24 h (pyrrole : APS = 1 : 1 (mol)). The
thickness of the Ppy shell was varied by adjusting the amount
of added pyrrole monomer among volumes of 0.6, 1.2, 1.8,
and 2.4 mL, while 0.06, 0.12, 0.18, and 0.24 mL of DVB was
added, respectively. Therefore, the pyrrole monomer was
added at ratios of 1, 2, 3, and 4 times the base volume of
0.6 mL. Black PS/Ppy composite spheres were produced and
purified by centrifugation and dried in a vacuum oven at
60◦C.

To prepare the Pani and Ppy half hollow spheres, excess
acetone was added to the dried PS/Pani and PS/Ppy core
shells with different thicknesses at room temperature. The
PS cores were dissolved in acetone to produce Pani and Ppy
half hollow spheres over 48 h. The Pani and Ppy half hollow
spheres were washed several times with deionized water to
remove the initiator, unreacted monomer, and oligomer.
Finally, Pani and Ppy half hollow spheres with different
thicknesses were dried in a vacuum oven at 60◦C. The full
preparation processes of the Pani and Ppy half hollow spheres
are schematically illustrated in Scheme 1.

The Pani and Ppy core shell and half hollow spheres
with different shell thicknesses were analyzed by Fourier
transform infrared spectroscopy (FT-IR) recorded on Varian
2000 in the range from 400 to 3,250 cm−1. We used the
pellet type using KBr powder for measuring. And the
optical properties of prepared samples characterized through
ultraviolet visible spectroscopy (UV-Vis, Varian Karry) in the
range of 250–900 nm. The NMP (N-methyl pyrrolidinone)
was used as solvent for Pani. The surface morphologies and
shell thicknesses were observed by field emission scanning
electron microscopy (FE-SEM, Zeiss Supra-40) with an
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accelerating voltage of 15 kV and field emission transmission
electron microscopy (FE-TEM, JEM 2100F, JEOL operated at
200 kV).

3. Results and Discussion

The FT-IR spectra of the overall process materials are shown
in Figure 1. Figure 1(a) shows the FT-IR spectra of PS,
bulk Pani, and Pani half hollow spheres. The characteristic
absorption bands due to the PS component are at around
1496, 1449, 754, and 696 cm−1. The bands at 1,496 and
1,449 cm−1 are indicative of the C=C ring stretching and
C–H stretching of PS, respectively [21]. The peaks of C=N
and C=C stretching of quinoid and benzenoid rings are
specific peaks of the bulk Pani. Similar FT-IR spectra to
those shown in Figure 1(a) were observed for the bulk Pani
and Pani half hollow spheres. The Pani half hollow spheres
exhibited peaks at 1,580, 1,494, 1,302, 1,142, and 692 cm−1.
The peaks at 1,580 and 1,494 cm−1 indicated the C=N and
C=C stretching mode of the quinoid and benzenoid rings
of the Pani half hollow spheres, respectively. The peaks of
at 1,302 and 1,142 cm−1 corresponded to C-N stretching

(–N-benzenoid-N–) and C=N stretching (–N=quinoid=N–),
respectively [22].

Figure 1(b) shows the FT-IR spectra of PS, bulk Ppy,
and Ppy half hollow spheres with different thicknesses.
Similar FT-IR spectra were observed for the bulk Ppy and
Ppy half hollow spheres. The Ppy half hollow spheres shown
in Figure 1(b) demonstrated peaks at 1,710, 1,157, 1,449,
1,371, 1,192, 1,046, 978, 753, and 698 cm−1. The peak
corresponding to oxygen dopant (FeCl3·6H2O) occurred
at 1,710 cm−1, and the two peaks of 1,449 and 1,192 cm−1

corresponded to the C–N stretching. The peak observed
at 1,557 cm−1 corresponded to the C–C stretching peak
observed from the pyrrole ring. The peaks at 1,371 and
1,046 cm−1 correspond to the =C–H bond. The 918 cm−1

peak indicated the C–H bending. The regions of the C–H
out-of-plane deformation vibration of the ring and the
C–C out-of-plane ring deformation are indicated at 753
and 698 cm−1, respectively [23]. However, the characteristic
absorption peaks of PS still existed in Pani and Ppy half
hollow spheres at 760–700 cm−1. Therefore, we could guess
that PS still remained in Pani and Ppy half hollow spheres.

Figures 2(a) and 2(b) show the UV-Vis spectra of the
Pani half hollow spheres and Ppy half hollow spheres,
respectively. The Pani half hollow spheres in Figure 2(a) show
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Figure 1: FT-IR spectra of (a) Pani half hollow spheres and (b) Ppy half hollow spheres with different thicknesses.
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Figure 2: UV-Vis spectra of (a) Pani half hollow spheres produced with (i) 1.2, (ii) 3.6, and (iii) 6.0 mL of aniline and (b) Ppy half hollow
spheres made with (i) 0.6, (ii) 1.2, (iii) 1.8, and (iv) 2.4 mL of pyrrole.

two characteristic absorption broad band peaks at around
330 and 620 nm. The peaks at 329, 335, and 338 nm can
be ascribed to the π-π∗ transition in the benzenoid rings,
and the peaks at 635, 623, and 613 nm can be attributed to
the polaron-polaron transition. As the amount of the aniline
monomer was increased, the π-π∗ transition red shifted and
the polaron-polaron transition blue shifted.

The π-π∗ transitions shown in Figure 2(a) were red
shifted to longer wavelengths. Thus, the thicknesses of the
Pani half hollow spheres were larger, and the π-π∗ transition
peaks appeared at 329, 335, and 338 nm. The red-shift is
indicative of small changes of the chain geometry interring
the torsion angle along the Pani backbone leading to mixing
of the π and n orbital of the Pani chain and dopant. The red
shifted transition of the π-π∗ band gap indicates a reduction
of the band gap, allowing the phenylene rings to adopt a more
twisted geometry. As the thickness of the Pani hollow spheres
increased, the polaron-polaron peaks were shifted to shorter
wavelengths. The position of the shifted polaron-polaron

peaks varied depending on the experimental conditions
employed. The blue shifting was normally accompanied by
the appearance and growth of a shoulder on the short
wavelength side of the absorption band in the UV-Vis
spectra (Figure 2(a)). The absorption of the polaron-polaron
transition was observed at 635, 623, and 613 nm. This blue
shift was dependent on the thickness. It has been proposed
that direct interaction of planar benzenoid and quinoid
chromophore groups rather than oxidation of the polymer
chains is responsible for the blue-shifted exciton transition
in Pani half hollow spheres with different thicknesses.

The Ppy half hollow spheres in Figure 2(b) show absorp-
tion peaks at 264, 269, 265, and 264 nm can be ascribed to
the π-π∗ transition in the aromatic ring, and the peaks at
369, 371, 425, and 432 nm can be attributed to the π-π∗

transition.
The structures, morphologies, and diameter of particles

were investigated by FE-SEM and FE-TEM. The FE-SEM
images in Figure 3 show the successful formation of uniform



Journal of Nanomaterials 5

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure 3: FE-SEM images of the PS/Pani core shell produced with (a) 1.2, (b) 2.4, (c) 3.6, (d) 4.8, and (e) 6.0 mL of aniline and the PS/Ppy
core shell made with (f) 0.6, (g) 1.2, (h) 1.8, and (i) 2.4 mL of pyrrole.

Pani shells on PS cores (Figures 3(a), 3(b), 3(c), 3(d), and
3(e)) and Ppy shells on PS cores (Figures 3(f), 3(g), 3(h),
and 3(i)). In the experiments, we used PS cores with the
same diameter. These images reveal that the PS/Pani and
PS/Ppy core shells have a rough surface. The diameters of
the PS/Pani core shell in Figures 3(a), 3(b), 3(c), 3(d), and
3(e) were measured to be 380.6, 400.1, 410.3, 419.0, and
431.8 nm, respectively. The diameters of the PS/Ppy core shell

in Figures 3(f), 3(g), 3(h), and 3(i) were 295.6, 305.3, 313.5,
and 322.5 nm, respectively. As the amount of the monomer
increased, the shell diameters of PS/Pani and PS/Ppy also
increased.

The structure and thickness of the Pani half hollow
spheres were investigated by FE-SEM and FE-TEM. FE-SEM
and FE-TEM images of the Pani half hollow spheres and
Ppy half hollow spheres after removal of the PS core are
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Figure 4: FE-SEM and FE-TEM images of Pani half hollow spheres made with (a, f) 1.2, (b, g) 2.4, (c, h) 3.6, (d, i) 4.8, and (e, j) 6.0 mL of
aniline.

shown in Figures 4 and 5, respectively. Therefore, the half
hollow spheres had vacancies, as observed in the FE-TEM
image. When the PS was treated with acetone, the acetone
permeated the shell (Pani or Ppy) and melted the PS. Next,
the melted PS got out of the shell. At this time, the melted

PS got out from the part of weak or thin shell. After enough
time had passed, the entrance was enlarged.

The thickness of the half hollow spheres was investigated
by FE-SEM. The FE-SEM images of the Pani half hollow
spheres (Figures 4(a), 4(b), 4(c), 4(d), and 4(e)) and Ppy
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Figure 5: FE-SEM and FE-TEM images of Ppy half hollow spheres produced with (a, e) 0.6, (b, f) 1.2, (c, g) 1.8, and (d, h) 2.4 mL of pyrrole.

half hollow spheres (Figures 5(a), 5(b), 5(c), and 5(d))
demonstrated different thicknesses. The thicknesses of the
Pani half hollow spheres (Figures 4(a), 4(b), 4(c), 4(d), and
4(e)) were 30.2, 38.0, 42.2, 48.2, and 52.4 nm, respectively.
The thicknesses of the Ppy half hollow spheres (Figures 5(a),
5(b), 5(c), and 5(d)) were 16.0, 22.0, 27.0, and 34.0 nm,
respectively.

Figures 6(a) and 6(b) show the shell thicknesses of the
Pani half hollow spheres and Ppy half hollow spheres as a
function of the amount of monomer. The shell thickness
linearly increased with increasing amount of monomer.
From these results, it is possible to control the shell thickness
of the Pani and Ppy half hollow spheres by adjusting the

amount of aniline or pyrrole monomer. Therefore, it is able
to control the desired shell thickness of the Pani and Ppy half
hollow sphere in these ranges. As demonstrated in the results
shown in Figures 6(a) and 6(b), it is simple to obtain Pani
and Ppy half hollow spheres with specific shell thicknesses.

4. Conclusions

Pani and Ppy half hollow spheres with a controlled thickness
were successfully synthesized by three steps using the PS
core with micelle assistance. The PS was polymerized by
emulsion polymerization using an anionic surfactant with
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Figure 6: The shell thicknesses of the (a) Pani half hollow spheres and (b) Ppy half hollow spheres as a function of the amount of added
monomer.

SDS for surface modification. Aniline and pyrrole were
polymerized by an oxidizing agent on the PS core surfaces.
The shell thickness of the Pani and Ppy was controlled
by adjusting the amount of aniline and pyrrole monomer,
respectively. In separate experiments, aniline monomer was
added at volumes of 1.2, 2.4, 3.6, 4.8, and 6.0 mL, and pyrrole
monomer was added at volumes of 0.6, 1.2, 1.8, and 2.4 mL.
Finally, the PS was dissolved in acetone to create Pani and Ppy
half hollow spheres. The shell thicknesses of the Pani and Ppy
in the half hollow sphere structure were 30.2, 38.0, 42.2, 48.2,
and 52.4 nm and 16.0, 22.0, 27.0, and 34.0 nm, respectively.
The shell thickness of the Pani and Ppy was proportional to
the amount of aniline and pyrrole monomer. Therefore, it is
possible to control the desired shell thickness of the Pani and
Ppy half hollow spheres in these ranges.
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In this work, experimental measurements on polystyrene-ZnO nanocomposite scattering films and on organic light-emitting
device with and without the scattering layers are presented. The results are also compared with Henyey-Greenstein radiative-
transfer model to narrow down the parameters that can be important in the identification of more suitable scattering layers. As a
result, an increase of efficiency of about 30% has been obtained that it can be translated in 60% of outcoupled light in respect to
the total generated amount.

1. Introduction

Brightness and efficiency are extremely important factors for
the employment of organic light-emitting diodes (OLEDs) in
lighting and displays application in the competition against
more standard technologies. For this reason, extracting the
wave-guided light trapped within OLED and more in general
within electroluminescent flat multilayer device structure
is one of the main driving forces to improve the device
efficiency. Several strategies were developed concerning the
surface modification to increase the efficiency factor by using
ordered microlenses, Bragg reflectors, 2D photonic crystal,
or modifying the cavity effects [1–4]. In all these high-
tech applications, there is not only an improvement in the
light extraction but also a substantial modification in angu-
lar device light intensity and/or spectrum [2–4]. Another
approach can be played by a more unsophisticated structure
simply performing polymer matrix by spin coating or
casting processes introducing scattering centres consisting of
nanoparticles that locally change the refractive index [5–11].
Following the last approach, in many papers [5, 6, 11], the
analysis of volumetric scattering layers has been addressed
to determine the right optical parameters (reflectance, trans-
mittance, and scattering properties) and make them suitable

for the employment in OLED light out-coupling purposes.
In this paper, we will depict the advantages of polystyrene-
zinc oxide (PS/ZnO) nanocomposites as volumetric light
scattering layers in OLED lighting applications. We tried to
obtain the out-coupling enhancements already reported in
the literature by means of thinner scattering films. In our
approach, we focused on high concentrations of nanopar-
ticles in polymeric films to increase the probability of the
scattering event between small refracting index differences
in mediums. To accomplish this task, we adopted ZnO
dispersions in PS films which are already reported in some
works where several PS/ZnO nanocomposites have been
investigated considering other kinds of effects of nanoscale
ZnO on the electrical and physical characteristics of PS
nanocomposites [12, 13].

2. Layers and Device Preparation

PS (average Mw ∼192,000) and ZnO nanopowders (average
size <100 nm) are commercially available products from
Aldrich. Chlorobenzene (Cl-benz) was selected as a cosolvent
of PS and ZnO. PS/ZnO nanocomposite layers with varying
concentrations of ZnO were prepared by solution-mixing
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Figure 1: (Colour online) The device structure considered in this
work.

technique. PS was dissolved in Cl-benz at 90◦C for 30min
with vigorous stirring at concentration of 15 wt%. ZnO was
dispersed in this solution by ultrasonic vibration for 10 min.
ZnO contents were 10 and 20% based on the polymer matrix.
To obtain a nanocomposite layer, the suspensions PS/ZnO
were spin coated (with 500 rpm for 30 sec) onto glass side
of the indium-doped-tin-oxide- (ITO-) coated “float glass”
substrates, purchased from Delta Technology. These sub-
strates are provided with a passivation layer of about 300 Å
of SiO2 between the glass and a 120 nm to 160 nm thick ITO
layer having a sheet resistance (Rs) from 8 to 12 Ohm/square.
The optical parameters for the substrates and the ITO layer
were specified by supplier [14]. Nominal refractive index was
1.517 for the float glass substrate and n = 1.775 and k =
0.012 for ITO. Substrate thickness was 1.1 mm and declared
optical transmittance greater than 83%. The substrates were
cleaned by sonication in deionised water and detergent
and dried in oven at 115◦C for 2 hours. In this study, a
basic double-layer OLED configuration was fabricated with
a 40 nm thick N,N′-di-1-naphthaleyl-N,N′-diphenyl-1,1′-
biphenyl-4,4′-diamine (NPD) film as HTL (hole transport
layer) and a 60 nm thick tris-8-hydroxyquinoline aluminium
salt (Alq3) film as ETL (electron transport layer), see
Figure 1. Active layers of our OLEDs were deposited on ITO-
patterned anodes.

In this configuration, Alq3 is both ETL and emissive layer
(EML). An Aluminium (Al) cathode was finally evaporated
to complete the device structure. The anodic structures were
patterned through inverse photolithography and HCl-based
solution etching. From the ITO side, the organic layers were
thermally evaporated sequentially with no vacuum break-
ing between their depositions. The pressure in deposition
chamber was kept always between 10−6 and 10−7 mbar, and
the growth rate for the organic layers was between 1÷2 A/s.
The Al cathode was evaporated through shadow mask, with
growth rate of about 2÷3 A/s determining a circular active
area having a diameter of 4 mm.

For this work, we have fabricated six different series of
devices as reported in Table 1. PS/ZnO films at different
thickness are obtained by depositing several layers of disper-
sion.

2.1. Measurements. The films thicknesses have been evalu-
ated by a KLA Tencor P-10 Surface Profiler. We realized two
scattering films on quartz substrate with similar thickness
and different ZnO concentration to evaluate their optical

Table 1: Thickness and ZnO concentrations in the PS/ZnO
nanocomposite layers.

Device Thickness of scattering layer (μm) ZnO (wt%)

A No layer 0

B 4.6 0

C 5.1 10

D 8.3 10

E 12.1 10

F 5.3 20

Figure 2: SEM image of ZnO nanoparticles deposited on a silicon
substrate.

performances. These are the same conditions as the devices
C and F (see Table 1).

Transmittance spectra have been measured with a
Perkin Elmer lambda 900 spectrophotometer.

The scanning electron microscopy (SEM) images were
performed by means of an LEO 1530 microscope at a
magnification rate of 883 KX. The current-voltage (I–V)
measurements on OLED devices were performed by a
Keithley 2400 Power Supply Source-Meter in voltage mode,
with constant increment steps and delay time of 1 s before
each measurement point. For the electroluminescence (EL)
analysis, a calibrated integrating sphere, with a circular
open window of about 1 cm diameter where the devices
are accommodate, and a photodiode (Newport 810UV)
connected to a Keithley 6517A Electrometer were employed.
The Newport 810UV photodiode was used also to perform
angular measurements.

3. Experimental Results

Different optical measurements were performed on scatter-
ing films with different nanoparticles concentrations before
testing them coupled with OLEDs. These measurements were
very important in order to investigate the effects of light
scattering before the realization of a complete device.
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Figure 3: (Colour online) Transmittance (T) (a) and reflectance (R) (b) spectra related to the free standing quartz substrate, to the PS film,
and to two nanocomposites with 10 wt% and 20 wt% of ZnO.
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3.1. Scattering Film Characterization. ZnO nanoparticles
were characterized by SEM imaging to analyze shapes and
sizes (Figure 2). From those images, we can see that the
nanoparticles are not spherical, and they are much more
similar to nanorods with the long axis around 200 nm or
smaller.

Figure 3 reports transmittance and reflection spectra of
the scattering films. From these measurements is possible
to observe that these films show no appreciable absorption
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Figure 5: (Colour online) The angularly resolved normalized
intensity versus angle for the scattering film performed on a quartz
substrate with the presence of 20% of nanoparticles at different
wavelengths.

in the visible range. Furthermore, the two ZnO dispersion
percentages (namely 10 wt% and 20 wt%) are easy to resolve
and discriminate.

For both PS/ZnO films, a decrease in transmittance
and a relative increase in the reflectance in the wavelength
range 400 nm–800 nm are observed, following the refrac-
tive index variation in the same spectral range for the
ZnO nanoparticles [15, 16]. The pure PS layer without
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nanoparticles shows a very high transmission (higher than
90%) almost over the all investigated range from 2500 nm to
250 nm. From Figure 3, we can also observe the interference
effects inside the film. We utilized these effects to evaluate
the refractive index [17–19] that we have estimated to be
approximately around n = 1, 58 for the PS. The interference
effect is broken by the presence of nanoparticles and the
consequent scattering mechanism for the PS/ZnO layers. The
interference observed for the pure PS is broken in the films
where ZnO nanoparticles have been dispersed, and on these
films, the main process is scattering inside the films.

We have realized angularly resolved scattering mea-
surements with the aim to describe the ellipsoidal profile

determined by the light coming out from the sample when
perpendicularly irradiated by a laser light (HeCd λ =
442 nm).

These kinds of measurements are particularly inter-
esting for the determination of scattering parameters as
previously reported in the diagnostic of different materials
(e.g., roughness surfaces, biological tissues). In Figure 4, the
results from the angularly resolved intensity for the PS/ZnO
nanocomposites with 20 wt% of ZnO are shown.

Figure 4 reports together with the experimental data
also the results of a simulation that has been performed.
Using Mie theory approach [20], the intensity of the
scattered light as function of the angle is a quite complex
function, so we have simplified our analysis by using two
parameters functions: one angular and another spatial. The
total intensity in presence of scattered light can be written as
function of the detection angle (θ) and the optical pathway
inside the film (x) with total thickness L:

It(θ, x) = I0

∫ 180

0
p(θ)d(ϑ)∗

∫ L

0
P(x)dx, (1)

where I0 and It are, respectively, the incident light intensity
and the transmitted light intensity. The first function is the
Henyey and Greenstein function [21] due to the difference
in the refractive index between matrix and particles, and the
second is the scatterance due to the mean free path from a
scattering event to another.

The Henyey-Greenstein scattering distribution function
can be written as:

p(θ) = 1− g2

4π
(
1 + g2 − 2g cos θ

)3/2 , (2)

where g parameter is the anisotropy factor of the scattering
layer and gives rise to the shape of the output profile as a
response to an incident light beam.

Furthermore, when a ray enters in the scattering film,
it will be propagated with a random distance x and with a
distribution of probability

P(x) = e−sxdx, (3)

where the s parameter is the scattering coefficient [5, 6]. Or
on other words, s is the average distance between two centres
of scattering. The value P(x) needs to be integrated trough
all the film thickness to take into account the contribution of
all the scattering centers.

The data have been fitted using g and s as free parameters.
As a result, the g parameter (0.88) results to be slightly higher
than literature results [5, 6], but this can be easily explained
considering the little refractive index difference between the
polymer matrix (n ∼ 1.58) and the particles (from 1.9 to
2.1) [20]. Furthermore, nanoparticle shape can induce an
increase in the g parameter [22] if compared to the one
obtained by perfectly spherical nanoparticles.

With an anisotropy factor around 0.9 as discussed in
paper [11], we obtained a very broad optimum zone leading
to an enhancement of OLED light output as a function
of scatterance with a consequent easier way to reach the
optimum of behaviour.
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Figure 8: (Colour online) The angularly resolved normalized intensity versus angle for the scattering film performed on glass substrates and
the related simulation (a). Extraction coefficient factor versus scatterance (black circle) and asymptotic simulated data (grey line) (b).

The higher value of the refractive index of the matrix
(n ∼ 1.58) in respect to the glass substrate (n ∼ 1.52) induces
a good compromise between the light confinement effect of
light and the outcoupling of light [23]. These results suggest
the possibility that the light could easily pass from the glass
to the scattering layer.

Figure 5 shows the angular distribution of the scattering
intensity for different excitation wavelengths from the UV
to the red. It is clear that the scattering intensity at wider
angles decreases going from the visible to the red due to the
variation of the ZnO refractive index.

For the UV region, the behaviour is completely different;
in fact the dynamic is faster as function of the angle, because
the matrix has a higher absorption (see Figure 3).

3.2. Device Characterization. In presence of light-scattering
form, a layer of the device one of the most critical parameters
in the determination of light extraction is the effective
cathode reflectivity. In Figure 6, the cathode reflectivity
related to our stacked device in the same range of wavelength
of the OLED spectra is showed. In the chosen spectral range,
the reflectivity values are always higher than 80%, this is a
good compromise for the aims of our investigation [5, 11].

As reported in Table 1, scattering films were realized with
different particles concentrations and different thickness,
and their effect on light outcoupling on the associated OLED
efficiency was evaluated realizing six different devices.

The total internal reflection and the relative trapped
light on device A was performed introducing the device
inside to an integrating sphere and then mounting the same
device outside in front of the optical window as previously

described. As expected, only the 30% of light is able to
go through the glass substrate [24]; thus, the trapped light
amount is around 70%, and it is completely loss. Now we
are able to evaluate correctly the efficiency improvement
of our devices simply performing the measurement on the
other devices taking into account the reflectivity of Figure 6
where it is shown the luminance behaviour versus the devices
current density.

Figure 7 reports the luminance as function of the current
density for the six devices realized. It is possible to note an
improvement of efficiency both increasing the ZnO wt% and
the thickness of scattering layer. In particular, a maximum
enhancement of luminance of about 2 times is observed for
devices E and F that can be translated in a 30% of luminance
improvement in respect to the outcoupled light and in a 60%
improvement for the in light that can be utilized respect to
the totally generated.

From the inset of Figure 7, we can observe two images
related to two devices drove at the same current (1 mA)
with and without ZnO nanoparticles inside the PS polymer
matrix. The active area of the device with the scattering layer
seems to optically increase, because the light is not only
scattered but also guided, but it is clear that we have an
increase in the OLED efficiency too.

These results indicate also a saturation behaviour for the
device efficiency in respect to the scattering layer thickness
as expected. In fact, it is due to the optical parameters of
our PS/ZnO nanocomposite blends and in particular to the
g parameter value. In particular, in agreement with previous
studies, we found a peak of efficiency at scatterance value of
around 2.5 and a shift of the peak itself to high scatterance
values due to high g values [5].
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To this regard, in Figure 8(a), the angularly resolved
normalized intensity versus angle for the scattering film
is presented. These results demonstrate, once again, that
our films have no relevant absorption (see Figures 3 and 5
for comparison), and so it is not critical if the peak for
the outcoupling efficiency is achieved by changing the
nanoparticle concentration, or through adjusting the free
mean path in the film by increasing the thickness as
it is possible to observe in Figure 8(b). In particular, in
Figure 8(b), it is reported the total scatterance (S), calculated
from the scattering coefficient reported in the legend of
Figure 8(a) and the layer thicknesses reported in Table 1,
versus the extraction efficiency factor (ηe), found keeping
in mind that without scattering layer, it is nearly 0.3 [24,
25] using the Lambertian distribution and evaluating the
difference in the devices luminance fixing the current density
at 400 (A/m2).

4. Conclusions

Optical permanents of different kinds of polystyrene-ZnO
nanocomposites have been studied. The application of such
composites as scattering film in lighting application has
been also evaluated. The optical parameters have been
investigated, and an anisotropy factor around 0.88 was
found.

As expected, we have found that increasing the thickness
or the percentage in weight of ZnO nanoparticles leads to
an improvement of device efficiency. In particular, with a
thickness of around 12 μm and 10 wt% of ZnO nanoparticles,
it is possible to reach an extraction efficiency factor around
0.6 with a considerable improvement in the light emission.

In conclusion, we have utilized a radiative-transport
analysis to develop a simple light extraction system that can
be suitable in OLED lighting applications, while it must be
carefully used for displays application because the device
active area seems to increase.

References
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Thin films of red color poly(2-methoxy-5(2′-ethylhexyloxy)-phenylene vinylene) (MEH-PPV) containing different weight percent
of ZnO nanoparticles were obtained by spin-coating techniques. The MEH-PPV:ZnO solutions were spin coated onto silicon
and glass substrates. The spun MEH-PPV:ZnO thin films were then used to investigate optical properties by using ultraviolet-
visible spectrometer (UV-Vis) and photoluminescence spectrophotometer (PL). The morphologies were investigated by using
field emission scanning electron microscopy (FESEM), while the identification of ZnO in the final product was determined by
using energy-dispersive X-ray spectroscopy (EDS). The UV-Vis absorption band increases, while the optical bandgap decreases
when the amount of ZnO nanoparticles increases. ZnO nanoparticles apparently have no effect on the conjugation segments of
MEH-PPV. PL spectra show that the emission peak increases and slightly red shift as ZnO concentration increases. Based on SEM
images of MEH-PPV:ZnO nanocomposite thin films, ZnO nanoparticles form agglomerated regions.

1. Introduction

Recently, the preparation of polymer-inorganic composite
has been increasingly studied due to the novel synergy effects
as well as enhanced optical and electronic properties. Previ-
ous studies have reported on polymer-inorganic solar cells
using CdSe [1], TiO2 [2], SiO2 [3], and ZnO nanoparticles
[4]. The composites have good effects on optical, electronic
properties [5] and also improve the stability [6] which is
important in organic devices. The effects of the nanoparticles
on the structure and optical properties of the polymer are
still a subject of research. Baraton et al. reported that blends
using TiO2 nanoparticles do not break the PPV, conjugation
lengths [7]. Yang et al. observed that SiO2 nanoparticles
would reduce the conjugation lengths of PPV and this
reduction becomes significantly important as the content of
SiO2 increases [8].

Conducting unsaturated poly(2-methoxy-5(2′-ethylhe-
xyloxy)-phenylene vinylene] (MEH-PPV) has attracted a
great deal of interests in its applications in PLEDs [9], FETs
[10], and solar cells [11] due to its particular structure

and luminescent properties. Its asymmetric alkoxy side
chains make MEH-PPV soluble in common organic solvents
such as tetrahydrofuran (THF), chloroform, xylene, and
toluene. In this work, we studied nanocomposites made by
incorporation of the different amount of ZnO nanoparticles
in MEH-PPV matrix. Since MEH-PPV is a soluble con-
jugated polymer, one can incorporate oxide nanoparticles
into MEH-PPV directly. We investigated the optical and
structural properties of the hybrid materials and discussed
the influences of the nature of the behavior of the composites.

2. Experimental Method

MEH-PPV, sodium dodecyl sulfate (SDS), and ZnO
nanoparticles were purchased from Sigma-Aldrich and used
as supplied. The average molecular weight (Mn) of the
polymer ranges from 40,000 to 70,000 g/mol. Five solutions
of MEH-PPV in tetrahydrofuran (THF) were mixed with
<100 nm diameter of ZnO in different weight percents
(0 wt%, 5 wt%, 10 wt%, 15 wt%, and 20 wt%). A certain
amount of SDS was added into MEH-PPV:ZnO solutions to
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Figure 1: UV-Vis absorption spectra of pure MEH-PPV and its
nanocomposites.

improve the dispersion of ZnO into the MEH-PPV matrix.
Then, the nanocomposite solutions were sonicated for 30
minutes and further stirred for 1 hour. Thin films were
obtained by spin coating onto cleaned silicon and glass
substrates. This process was repeated for 10 times to yield
the required thickness.

Optical characterization of the fresh samples was per-
formed by UV-Vis using JASCO V-670, and the thickness
was measured using Veeco Dektak 150. PL measurement was
made by using a Fluorolog 3 spectrophotometer. An SEM
image was obtained using JEOL JSM-7600F equipped with
EDS.

3. Results and Discussion

3.1. UV-Vis Spectra. Figure 1 shows the UV-Vis absorption
spectra (300–800 nm) of pure MEH-PPV and its nanocom-
posite thin films. The absorption peaks of the pure MEH-
PPV and its composites are located at ∼507 nm. These peaks
are attributed to π-π∗ transition of the conjugated polymer
[12]. The addition of ZnO nanoparticles to MEH-PPV shows
an increment in the optical absorptions which means that
ZnO helps in light harvesting in the visible region. These
increments are due to the absorption of ZnO nanoparticles
into the MEH-PPV. The increase in absorption is higher as
the amount of nanoparticles increases. As the concentration
of ZnO nanoparticles increases, the absorption peaks also
appear broadened. This may be due to the distribution of
energy levels corresponding to the π-π∗ transition. The
absorption peaks of ZnO nanoparticles appear in the UV
region (<400 nm). This peak increases when the amount of
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Figure 2: Absorption coefficient spectra of pure MEH-PPV and its
nanocomposites.

ZnO nanoparticles increases. This could also be due to the
nano-size of the ZnO, which could increase the surface area,
thus making the absorption stronger. From transmittance
data, the absorption coefficient (α) can be calculated. α was
obtained through Lambert’s law, which is indicated by the
following relation:

α = 1
t

ln
(

1
T

)
. (1)

t is the thickness of thin films, and T is the transmittance.
Figure 2 shows the α spectra of the pure MEH-PPV and
its nanocomposites. α depends on the wavelength of light,
which is being absorbed. MEH-PPV:ZnO nanocomposites
containing 15 wt% of ZnO have higher absorption coefficient
compared to the other samples. The optical bandgap was
determined using Tauc’s plot. The relationship between
direct bandgap and photon energy is given as

αhν = A(hν− Eg)1/2. (2)

The extrapolation of the straight-line portion of the
(αhν)2 versus hν for pure MEH-PPV and MEH-PPV:ZnO
nanocomposites revealed that the optical bandgap of the
nanocomposites, slightly decreases when the amount of ZnO
nanoparticles in MEH-PPV increases as seen in Figure 3.
The differences in the bandgap values are too small between
the pure polymer and its nanocomposites and ZnO nanopar-
ticles apparently do not affect the conjugation length of
MEH-PPV. Therefore, addition of ZnO nanoparticles will
not affect the structure of the polymer and hence its optical
properties. The thickness and optical bandgap of pure MEH-
PPV and its nanocomposites are summarized in Table 1.
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Table 1: The thickness and optical bandgap of pure MEH-PPV and
its nanocomposites.

Sample Thickness (nm) Optical bandgap (eV)

Pure MEH-PPV 34.50 2.1941
5 wt% of ZnO 40.51 2.1664
10 wt% of ZnO 44.51 2.1299
15 wt% of ZnO 48.35 2.1217
20 wt% of ZnO 51.36 2.1340
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Figure 3: Optical bandgap of pure MEH-PPV and its nanocompos-
ites.

3.2. PL Spectra. Figure 4 shows that the PL spectra of
pure MEH-PPV and MEH-PPV:ZnO nanocomposites in
the wavelength range from 500 to 700 nm. The emission
peak of pure MEH-PPV was found to be at 571 nm due to
the emission characteristic of PPV backbone, which arises
from the relaxation of excited π-electrons to the ground
state. The peak for pure MEH-PPV at 617 nm is related to
the interchain states [13]. It can be seen that the emission
peak increases and slightly red shift as ZnO concentration
increases. A maximum emission is found for nanocomposite
with 20 wt% of ZnO. This is related to the high-energy
transfer from the particles to the polymer. The change in PL
emission peak can be explained in two ways: chain separation
and charge trapping effect. ZnO is an n-type semiconductor
that can trap electrons and allows more holes to recombine
through the interface of MEH-PPV and ZnO. Then, the
exciton formation inside nanocomposite layer increases and
enhances luminescent properties [14]. Furthermore, the red
shift in luminescence peak is related with the changes in
the conjugation lengths [3]. The red shift occurred due
to the formation of nanoparticles agglomeration in the
nanocomposites.

3.3. SEM Images. Figures 5(a), 5(b), and 5(c) represent
the effect of the different amount of ZnO nanoparticles
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Figure 4: PL spectra of pure MEH-PPV and its nanocomposites.

on the degree of agglomeration and distribution of ZnO
particles in nanocomposites thin films. As an amount of
ZnO nanoparticles increases, the agglomeration regions
become larger, and the phase separation between ZnO
and MEH-PPV for nanocomposites thin films can be seen
clearly. However, in this paper, the certain amount of
SDS was added to improve the dispersion of ZnO with
sonication treatment. Although thin films containing 5 and
20 wt% ZnO nanoparticles show agglomeration regions,
the ZnO is evenly distributed. ZnO nanoparticles may be
dispersed homogeneously in hydroxyl-containing solvents
such as EG and glycerol because there are many hydroxyl
groups on the surface of the oxide nanoparticles. In this
paper, tetrahydrofuran was used as the solvent and ZnO
nanoparticles were agglomerated. This agglomeration can be
reduced by modifying the nanoparticles structure by adding
some surfactant or wetting agent to obtain homogeneous
thin films. Figure 5(d) shows the EDS result of composite
containing 20 wt% of ZnO nanoparticles. The ZnO peak
clearly shows the present ZnO in the thin films.

4. Conclusion

In this paper, we investigated the optical and morphological
properties of MEH-PPV containing different weight percents
of ZnO nanoparticles. UV-Vis absorption spectra for MEH-
PPV:ZnO are more intensive compared to the pure MEH-
PPV. Small amounts of ZnO nanoparticles added into MEH-
PPV matrix have no effect on conjugation segments. The
optical bandgap also slightly decreases when the amount
of ZnO increases. PL spectra show that the emission
peak increases and slightly red shift as ZnO concentration
increases. SEM images show that the degree of agglomeration
increases as the amount of ZnO increases.
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Figure 5: SEM images of pure MEH-PPV and its nanocomposites: (a) 0 wt%, (b) 5 wt%, and (c) 20 wt% of ZnO and (d) EDS result of
MEH-PPV: 20 wt% of ZnO.
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There are documented advantages to using carbon nanotubes (CNTs) in composites for various property enhancements. However,
to date, only limited studies have been conducted on using of longer CNTs over 1 mm in length. This study used long multiwalled
carbon nanotubes (LMWCNTs) and their longer extended networks to test multiple properties in thermal conductivity, electrical
conductivity, mechanical strength, and modulus and then compared these properties to those of shorter multi-walled carbon
nanotubes (SMWCNTs). For carbon fiber-reinforced composites, the longer graphite paths from LMWCNTs in the matrix were
expected to improve all properties. The longer networks were expected to allow for more undisturbed phonon transportation to
improve thermal conductivity. This in turn relates to improved electrical conductivity and better mechanical properties. However,
results have shown that the LMWCNTs do not improve or decrease thermal conductivity, whereas the shorter MWCNTs provide
mixed results. LMWCNTs did show improvements in electrical, mechanical, and physical properties, but compared to shorter
MWCNTs, the results in other certain properties varied. This perplexing outcome resides in the functioning of the networks made
by both the LMWCNTs and shorter MWCNTs.

1. Introduction

The addition of carbon nanotubes (CNTs) to improve vari-
ous mechanical and electrical properties in fiber-reinforced
composites has undergone numerous studies [1–6]. A great
deal of research has been published on the thermal conduc-
tivity improvements of CNT/polymer-based composites [7–
12]. However, very few studies have been conducted to show
the thermal conductivity characteristics of fiber-reinforced
composites with CNTs enhancements [13]. All studies were
done with the use of single-walled carbon nanotubes
(SWCNTs) and multiwalled carbon nanotubes (MWCNTs)
of lengths ranging from 10 nm to 80 μm [8, 11, 13] when
length dimensions were provided. One study showed the
delamination toughness of what they state is long multi-
walled carbon nanotubes [14] with a maximum length of
80 μm. To date, however, no studies have shown the thermal

conductivity, electrical conductivity, and mechanical prop-
erties of millimeters-long multiwalled carbon nanotubes
(LMWCNTs) in fiber-reinforced composites.

This study tests the LMWCNTs versus shorter multi-
walled carbon nanotubes (SMWCNTs) at a range of 0.5 wt%
to 10.0 wt%. This is one of the first introductions of ex-
tremely high loadings of CNTs in polymer composites. The
limiting factor to having high loading additives in viscous
resins is the dispersion quality. One method to overcome
the thick viscosity of epoxy resins is using solvents to dilute
the mixture to use high-speed shear mixing with blades. The
disadvantage to this process is removing the solvent 100%
and not, ultimately, affecting the resin composition. Using
alternative shear mixers without solvents has been discovered
in this study and results in uniform dispersion to accomplish
high CNT-loaded composites. The LMWCNTs used are
from Nanotech Labs CVD grown to 2 mm in length and
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Figure 1: SEM image of long MWCNTs: (a) full view of a piece of the LMWCNTs forest, (b) magnified image of forest.

(a) (b)

Figure 2: Comparison of LMWCNTs (a) and SMWCNTs (b) introduced in fiber-reinforced composite.

compare them to 1 micron length high-purity MWCNTs
from Bayer. Figure 1 shows SEM images confirming the
length of LMWCNTs up to 1.5 mm.

Using LMWCNT and SMWCNT in composites would be
to overcome the primary weakness of low thermal conductiv-
ity in the matrix of fiber-reinforced composites. Studies have
been conducted to improve the thermal characteristics of
polymers with the additives of CNTs or other nanoparticles
and fillers [15, 16]. The interlaminar interface in composite
structures is a resin-rich layer. Improving the thermal per-
formance of the interlaminar interface would increase the
through-thickness thermal conductivity. Prior works for
enhancing the interlaminar conductivity through the use of
nanostructuring have shown good results using carbon black
[17].

Phonon thermal conductivity is the principal mechanism
of heat transfer that is responsible for thermal conductivity of
composite materials [18, 19]. Phonon transport is known as
phonon-phonon scattering or normal scattering [18]. Ther-
mal conductivity benefits from normal scattering. Having
a continuous conductive path that is free of defects and

disruptions with the molecular structure that is crystalline-
like, such as metal or graphite lattice, would promote an
effective and efficient means of producing high thermal
conductivity in composites [18–22]. The polymers’ non-
crystalline structure hinders the normal scattering [23].

One of the studies investigates if the use of LMWCNTs
would provide longer network paths for more phonon
transportation using the superior graphite lattice of the
nanotube to overcome the polymer’s scattering effects.
Figure 2 is a representation of the LMWCNT in fiber-
reinforced composite compared to shorter MWCNTs. The
improved, longer networks should minimize the defects
and disruptions the phonons encounter and reduce the
resistance along the heat flow path. The electrical con-
ductivity should also benefit from these principles as its
conductivity is dictated by electron transportation [18]. With
long networks, the electrons should travel with less resistance
throughout the composite. Along with the thermal and
electrical performance of the composite with LMWCNTs, the
mechanical properties should benefit as well. It is expected
that the LMWCNT will outperform SMWCNT.
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(a) (b)

(c) (d)

Figure 3: SEM of LMWCNT multiscale composite for (a) 0.5 wt%, (b) 1.0 wt%, (c) 5.0 wt%, and (d) 10.0 wt%.

2. Experiment

2.1. Fabrication. LMWCNTs and SMWCNTs were intro-
duced into fiber-reinforced composites by creating a highly
loaded nanotube epoxy mixture. The epoxy/nanotube mix-
ture (Epon 862 and Nanotech Labs LMWCNTs) was made
using Exakt triple roller mills for shear mixing. Four
MWCNT concentrations were mixed at 0.5 wt%, 1.0 wt%,
5.0 wt%, and 10 wt%. The shear mixing process had 3 con-
trollable parameters to produce uniform mixtures: time span
of mixing, gap size between the rollers, and speed of the
rollers. As the gap size decreased to 5 μm and the speed
increased, the MWCNT clumps broke down resulting in
higher shearing of the material. The length of time the
material underwent the process ensured a uniform mixture.

The MWCNTs/Epon 862 mixture was then incorporated
into IM7 carbon fabric for composite fabrication. The
fabrication of the composite was performed as a 4-layer
hand-layup process using compression molding for curing.
The curing cycle was at 177◦C for 4 hours. A 55% volume
fraction of fiber was achieved for each sample using the
controlled molding process. Five, 50 × 50 × 1 mm sample
panels of each CNT concentration were made in which
sample pieces were cut from for characterization testing.

2.2. Quality Test. SEM imaging was used to visually identify
uniformity of the MWCNTs/Epon 862 mixture in the
composite. Figures 3 and 4 show the SEM image results

for the LMWCNTs and SMWCNTs multiscale composites,
respectively. The LMWCNTs could be identified at lower
magnifications up to ×2, 500, whereas the SMWCNTs
required at least ×60, 000 for 0.5 wt% and 1.0 wt%. At
×20, 000 magnification, the SMWCNTs could be identified
for 5.0 wt% and 10 wt%. The images show random CNT
orientation and good uniformity of the mixture.

Between the C-Scan and SEM tests, the composites for
both LMWCNTs and SMWCNTs showed little or no defects
and had a uniformity in material that made for reliable
testing and analysis. Samples were polished on the surface
to remove any roughness and underwent a sonication bath at
15 minute intervals to clean any debris that might affect any
test results.

3. Results

3.1. Thermal Characterization. Samples were cut into 10 ×
10 mm squares for thermal diffusivity testing using Netzsch
LFA 457 MicroFlash system. Netzsch LFA 457 uses a laser
flash method for absolute diffusivity measurement results.
Each sample was tested with a reference sample using Pyrex
7740 for specific heat (Cp) calculation using the LFA 457.
Due to the samples’ anisotropic nature, using DSC would
not reveal reliable specific heat results. The LFA 457 can test
the thermal diffusivity while simultaneously extrapolating
the Cp measurement of the unknown samples. Gathering the
diffusivity (α) results and the measured density (ρ) and Cp,
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(a) (b)
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Figure 4: SEM of SMWCNTs multiscale composite for (a) 0.5 wt%, (b) 1.0 wt%, (c) 5.0 wt%, and (d) 10.0 wt%.

the thermal conductivity (K) of the samples was calculated
using (1). Figures 5 and 6 show the thermal conductivity
results for both types of samples taking the average of 6
separate tests:

K = α · ρ · Cp. (1)

The results of the LMWCNT samples were other than
what was expected. It was thought that the thermal con-
ductivity values would increase with increased LMWCNT
loading. Only the samples with 10 wt% loading had a
clear advantage. The other samples were approximately the
same thermal conductance at each temperature range. The
SMWCNT samples had an inverse effect compared to the
LMWCNT samples but have a clear definition at which
loading performs better. Thermal conductivity at 0.5 wt%
of SMWCNTs was superior to all samples. As the loading
increased, the thermal conductivity values decreased below
that of the neat sample. Thermally conductive materials
typically have high diffusivity and specific heat values. It was
expected that the multiscale composites would show higher
values across all loading levels compared to the neat sample.
Table 1 shows an excerpt of the specific heat and thermal dif-
fusivity of both samples. The thermal conductivity, therefore,
showed no improvements. Only the results of the 10.0 wt%
sample showed marginal improvements. This could be due
to the induced loading.

The thermal conductivity results for LMWCNT and
SMWCNT have altered perception of the thermal behavior
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Figure 5: LMWCNT multiscale composite thermal conductivity.

expected in multiscale composites. The idea to add high
conductive additives to composites to increase performance
must now consider several factors: the size of the material,
loading, and possible material structure and orientation
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Table 1: Thermal diffusivity and specific heat values of LMWNT and SMWNT samples.

LMWNT SMWNT

α Cp α Cp

25◦C

0.5 wt% 0.662 0.863 0.695 0.851

1.0 wt% 0.642 0.882 0.622 0.811

5.0 wt% 0.641 0.885 0.618 0.786

10.0 wt% 0.528 1.277 0.490 0.943

50◦C

0.5 wt% 0.648 1.014 0.674 0.982

1.0 wt% 0.625 1.045 0.608 0.955

5.0 wt% 0.617 1.034 0.606 0.859

10.0 wt% 0.493 1.456 0.476 1.052

100◦C

0.5 wt% 0.615 1.120 0.638 1.246

1.0 wt% 0.592 1.156 0.575 1.209

5.0 wt% 0.582 1.136 0.572 1.014

10.0 wt% 0.464 1.614 0.444 1.199

200◦C

0.5 wt% 0.537 1.465 0.557 1.513

1.0 wt% 0.516 1.547 0.502 1.495

5.0 wt% 0.504 1.475 0.497 1.405

10.0 wt% 0.387 2.276 0.371 1.720
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Figure 6: SMWCNT multiscale composite thermal conductivity.

in the composite. What is understood is that chemical
composition of polymers will independently dictate the
thermal conductivity. Low thermal excitation of polymers
along the molecular chain could possibly be accounted for
by diffusion of vibrational energy between atoms that relate
to thermal transport [24]. Other factors must be present of
the unchanging and lowering of thermal conductivity values
in the composite samples.

A research group [25] looked at the thermal conductivity
effects of carbon nanotube (CNT) networks. The study

revealed that packed loadings of CNTs of high heat con-
ductance behaved as thermal insulators [25]. This discovery
is largely contributed to the multiple contact resistance or
junctions of the CNTs that create interference effects on the
transport of phonons [25].

Phonons can be impeded by position and vibration of
atoms in neighboring planes [26]. This would be a possible
explanation of the interference effects on the transport of
phonons. With increased loading, there is more packing
of MWCNTs where the scattering effects of the phonons
in each MWCNTs disrupt the harmonic frequency of the
neighboring phonon transportation in adjacent MWCNTs.

The diffused thermal conduction is also compounded by
a well-known point that energy transfer between CNTs is
affected by the interfacial resistance with the surrounding
polymer [19]. Similarly, a major thermal resistance factor
when dealing with multiscale composites is the thermal
boundary resistance. The thermal boundary resistance is the
increased heat resistance at the interface of two different
materials [24, 26]. As heat is applied to the system, the
heat passes through the carbon fiber region with minimal
decrease in conductivity. The moment the heat propagation
reaches the boundary into the resin, a major heat loss occurs.
Materials made with mismatched properties in phonon
velocity, specific heat, and density show a more significant
reduction in thermal conduction than with materials made
with substituent parts of similar properties [19, 24, 27].

There are many contributing factors that play a role
into the thermal effects observed from the LMWCNTs and
SMWCNTs multiscale composites. In the case of the LMWC-
NTs, it is possible that the long networks snake around in
multiple directions that could divert the paths other than
the through-thickness direction as desired. Another theory
is that the length of LMWCNTs does not create a ballistic
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Figure 7: Electrical conductivity of LMWCNT and SMWCNT
multiscale composite.

effect of phonons dispersing heat energy [19, 27] where the
SMWCNTs at low loadings would. These results are some of
the first to be seen at high loadings of carbon nanotubes in a
multiscale composite.

3.2. Electrical Characterization. With the enhancement of
LMWCNTs and SMWCNTs into the carbon fiber-reinforced
system, the interlaminar regions were expected to increase
the overall electrical properties of the composite. Improve-
ments in the resistivity were evident when electrical con-
ductivity tests using the 2-probe test were performed.
Figure 7 shows the improved electrical conductivity through
the thickness of the composites as the LMWCNTs and
SMWCNTs loading increased.

The trend in the electrical resistance was outstanding
relative to the thermal conductivity indifference. It was
thought that the behavior of either the thermal or electrical
properties would show a parallel behavior for the other; how-
ever, this was not the case. The difference in characteristics
between thermal and electrical properties is that the electrical
conductance is not disrupted by the multiple contact points
or junctions or disrupted by the proximity of other MWCNTs
[25]. These junctions were not dependent on the coupling
strength between multiple MWCNTs [25, 28]. The electrical
conductivity had a strong relationship to the number of
junctions made in the composite [29]. The increase in weight
fraction of LMWCNTs and SMWCNTs created more contact
points, decreasing the distance electrons need to tunnel
through the polymer, effectively improving the electrical
performance [26, 28–31]. This also demonstrates that more
electron tunneling occurred. The phenomena of tunneling
overcame the contact resistance that thermal transport
encounters. For thermal transport, these resistances and
the multiple scattering effects created major barriers. The

electrical performance can be greatly impacted when the
system has low thermal conductivity as the samples did [28].

3.3. Mechanical Characterization. Figures 8 and 9 show the
average of five tests of the flexural modulus and strength
using a Shimadzu AGS-J microtensile tester. The testing
showed mixed result where some samples performed better
in modulus and others did better in strength. In another
study, a similar outcome in flexural modulus was observed
where the initial loadings of CNTs acted as defects, but as
the loading increased, the modulus outperformed the neat
sample [32]. It is hard to compare how well LMWCNTs really
performed in relation to shorter MWCNTs. In one study,
with 1.0 wt% of MWCNTs in a glass fiber system, modulus
and strength improved [33]. A study using T650 and 862
resin system with 1.0 wt% of MWCNTs resulted in decreased
modulus and strength [34].

The LMWCNT multiscale composite had little or no
effect in resisting deformation as the flexural strength shows.
The modulus would suggest that low loadings outperformed
higher loadings. This is reasonable considering that with
higher loadings the stiffness of the sample would increase.
However, in the SMWCNT multiscale composite, the values
of both strength and modulus spiked at 10.0 wt%. This
phenomenon was entirely unexpected. The Shimadzu was
recalibrated, and fresh SMWCNT samples were tested again
to validate the results with the same affect. Between the
5.0 wt% and 10.0 wt% loading range, the strength and mod-
ulus might be increasing. There was no literature published
that could provide a valid explanation on the reasoning of
the observed results for SMWCNT multiscale composites.
Overall, the performance did follow the original theory that
LMWCNTs and SMWCNTs would improve the mechanical
performance. However, the LMWCNT samples did not show
a clear advantage over the SMWCNT samples.

4. Conclusion

The uses of LMWCNTs in composites have yielded unique
results. The expectation that the longer network paths of
the LMWCNTs would provide better thermal performance
at high loadings was proven false. Instead, they functioned
more like insulators due to various interference effects and
contact and boundary resistances on phonon transportation.
Only did LMWCNT samples at 10 wt% showed a visible
advantage. The SMWCNTs samples experienced degrading
thermal conductivity by this same reasoning. However, the
LMWCNTs’ network proved to be exceptional on the elec-
trical performance contributed by the increased junctions
made in the polymer system with the carbon fibers compared
to the SMWCNT multiscale composites. Additionally, the
conditions for improving the electrical properties were
promoted by the insulating factor the MWCNTs provided.
The mechanical properties also benefitted from the use
of LMWCNTs and SMWCNTs. It could be said that the
SMWCNTs showed better performance with a unique value
at 10 wt% without a plausible reasoning.

The research work with different MWCNT sizes and
loading levels in fiber-reinforced composites has opened a
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Figure 8: Shimadzu 3-point bending LMWCNT multiscale composite flexural modulus and strength test.
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Figure 9: Shimadzu 3-point bending SMWCNT multiscale composite flexural modulus and strength test.

new outlook on the expectation of physical performance
in multiscale composites. Much has to be explored in the
relationship of nanoscale materials in combination of macro-
and microscale systems. LMWCNTs, at this point, do not
significantly advance conventional composite’s performance
over SMWCNTs.
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New star poly(N-isopropylacrylamide)-b-polyhedral oligomeric silsesquioxane (PNIPAm-b-POSS) copolymers were synthesized
from octa-azido functionalized POSS (N3-POSS) and alkyne-PNIPAm, which was prepared using an alkyne-functionalized atom
transfer radical polymerization (ATRP) initiator (propargyl 2-bromo-2-methylpropionamide), via click chemistry. These star
PNIPAm-b-POSS copolymers undergo a sharp coil-globule transition in water at above 32◦C changing from a hydrophilic state
below this temperature to a hydrophobic state above it, which is similar to linear PNIPAm homopolymers. More interestingly,
we found that these star polymers exhibited strong blue photoluminescence in water above a lower critical solution temperature
(LCST). This photoluminescence was likely due to the constrained geometric freedom and relatively rigid structure caused by
intramolecular hydrogen bonding within the star PNIPAm polymers, which exhibit an intrinsic fluorescent behavior.

1. Introduction

The PNIPAm homopolymer undergoes a sharp coil-globule
transition in water at 32◦C, transitioning from a hydrophilic
state below this temperature to a hydrophobic state above it
[1–5]. The lower critical solution temperature (LCST) cor-
responds to the region in the phase diagram where the
enthalpic contribution of the hydrogen bonds between water
and the polymer chain is less than the entropic gain of the
system as a whole and is largely dependent on the hydrogen-
bonding capabilities of the constituent monomer units.
Unlike hyperbranched polymers, star polymers also possess
unique structures within the regular polymer branches as
each polymer chain has only one branching point. Well-
defined star polymers can be used as models to test theories
about the influence of molecular structure on polymer prop-
erties [6–10].

POSS-containing copolymers have received increasing
attention during the past decade as a novel category of

nanoscale-structured materials for various applications [11],
including liquid crystals [12], low-dielectric materials [13–
16], nanocomposites [17], self-assembled structures [18–20],
and photoresists in lithographic technology [21, 22], because
of their thermal and mechanical properties. POSS is an
inorganic Si8O12 core that can be functionalized by attaching
either seven inert organic hydrocarbon groups and a unique
functional group or eight functional groups that are capable
of polymerization or crosslinking [23–30]. It is in this latter
regard that we have sought to develop star polymers con-
sisting of well-defined PNIPAm functionalized cubic sil-
sesquioxanes. PNIPAm/POSS nanocomposites have been
widely reported in recent years [31–34]. For example, Zheng
and colleagues have reported that PNIPAm/POSS nanocom-
posites were prepared through the reaction between the N–
H group of PNIPAm and the epoxy group of octa(propyl-
glycidyl ether)-POSS, swelled in water, and exhibited the
characteristics of hydrogels [31]. These POSS-containing,
hybrid hydrogels showed substantially faster swelling,
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deswelling, and reswelling response rates than a control
organic gel with a comparable degree of crosslinking. POSS;
end-capped poly(ethylene oxide) was also incorporated into
the crosslinked PNIPAm to form a physically interpenetra-
ting polymer network [32]. Zhang et al. used a POSS-
containing reversible addition fragmentation chain transfer
(RAFT) agent in the RAFT polymerization of NIPAm to form
a POSS-end-capped PNIPAm hybrid, which assembled into
well-defined core/shell nanostructured micelles in solvents,
with the average diameter of the micelles increasing with
increasing molecular weight of the PNIPAm [34].

In this work, we prepared POSS nanoparticles function-
alized with eight PNIPAm polymer chains through a combi-
nation of atom transfer radical polymerization (ATRP) and
click chemistry. To the best of our knowledge, this is the first
paper that reports the star PNIPAm-POSS polymers through
combination of ATRP and click chemistry. First, we synthe-
size a multifunctional octa-azide POSS (N3-POSS) molecule,
shown in Scheme 1, [35, 36], and then clicked it to an

alkyne-PNIPAm polymer, which had been prepared using an
alkyne-terminal ATRP initiator as shown in Scheme 2. The
molecular weight, chemical structure and photolumines-
cence properties of star PNIPAm-b-POSS were characterized
in this study by gel permeation chromatography (GPC),
Fourier transform infrared spectroscopy (FTIR), nuclear
magnetic resonance (NMR) spectroscopy, and fluorescence
spectroscopy (PL).

2. Experimental

2.1. Materials. Vinyl benzyl chloride (VBC), N,N-dimethyl-
formamide, sodium azide (NaN3), copper (I) bromide
(CuBr, 98%), N ,N ,N ′,N ′′,N ′′-pentamethyldiethylenetri-
amine (PMDETA, 99%), and platinum complex (platinum-
1,3-divinyltetramethyldisiloxane, Pt-dvs, 2 wt% Pt in xylene)
were purchased from Aldrich, USA. Before use, the sol-
ution of the platinum complex was diluted 100-fold
with xylene. Toluene was dried by distillation before using in
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Figure 1: 1H NMR spectra of (a) Q8M8
H, (b) OVBC-POSS, and (c) N3-POSS in CDCl3.

the hydrosilylation reaction. Octakis(dimethylsiloxy)silses-
quioxane (Q8M8

H) containing eight hydrosilane groups was
purchased from the Hybrid Plastics Co., USA. N-isoprop-
ylacrylamide (NIPAm) monomer was obtained from the
Tokyo Chemical Industrial CO., Ltd. The NIPAm monomer
was recrystallized from hexanes and dried in vacuum prior
to use. Hexamethylated tris(2-(dimethylamino)ethyl)amine
(Me6TREN) was synthesized according to the method by
Ciampolini and Nardi [37]. Propargyl 2-bromo-2-methyl-
propionamide was prepared according to the literature pro-
cedure [2, 3].

2.2. Synthesis of N3-POSS [35, 36]. N3-POSS was synthesized
by reacting OVBC-POSS with sodium azide (NaN3) as
shown in Scheme 1. The OVBC-POSS was prepared by mix-
ing Q8M8

H (1 g, 0.98 mmol) with vinyl-benzyl-chloride
(1.20 g, 7.86 mmol) in toluene (50 mL) while heating at 60◦C
under argon and then adding Pt(dvs) (0.07 mL, 0.13 mmol)
via syringe. After stirring for 4 h, the Pt(dvs) catalyst was
removed by filtering through activated charcoal; subsequent
removal of the solvent via rotary evaporation yielded a vis-
cous liquid. The chemical structure of the OVBC-POSS was
determined using 29Si NMR spectroscopy and possessed two
peaks, one each for (CH3)2Si–H and Si–O–Si(CH3)2H at
−2.1 and 109.3 ppm, respectively. In addition, the 29Si NMR
spectrum had three peaks at 10.28, 12.16, and −109.2 ppm
corresponding to (CH3)2Si–(CHCH3), (CH3)2Si–CH2–
CH2–, and Si–O–Si(CH3)2H, respectively. The chemical
shifts clearly indicate that the hydrosilylation reaction went
to completion under the reaction conditions. In a typical
synthesis of N3-POSS, OVBC-POSS (1 g, 0.45 mmol), NaN3

(1.01 g, 15.4 mmol), and anhydrous DMF (50 mL) were

added to a flask and heated at 120◦C for 48 h. The solvents
were then concentrated, and the residue was dissolved in
THF. The sodium salts were removed by running through
a neutral alumina column. A yellowish viscous liquid was
obtained after drying in a vacuum oven overnight at room
temperature.

2.3. Synthesis of Alkyne-PNIPAm [38]. A 100 mL dried
Schlenk flask containing a magnetic stirrer bar was charged
with CuBr (14.3 mg, 0.1 mmol) and NIPAM (1.35 g, 12 mmol).
After filling the flask with argon, IPA (3 mL) was added, and
the solution was stirred for 10 min at room temperature. The
mixture was degassed three times using a freeze-pump-thaw
cycle and then vigorously stirred at 0◦C. After complete
degassing, Me6TREN (23.0 mg; 0.1 mmol) was injected into
the solution with a syringe. After 10 minutes, the desired
amount of propargyl 2-bromo-2-methylpropionamide was
injected into the solution to initiate the reaction. The mixture
was heated at 50◦C for 12 h and then evaporated to dryness
under vacuum. The residue was diluted with THF and then
passed through an alumina column to remove the copper
catalyst. The product was precipitated from ether three times
and dried under vacuum overnight at room temperature to
obtain the polymer as a white powder.

2.4. Synthesis of Star PNIPAm-b-POSS Copolymers. N3-
POSS (0.0115 g), alkyne-PNIPAm (0.5 g), and CuBr (3.5 mg,
0.025 mmol) were dissolved in DMF (20 mL) in a flask
equipped with a magnetic stir bar. After one freeze-thaw-
pump cycle, PMDETA (5.2 μL, 0.025 mmol) was added, and
the reaction mixture was carefully degassed using three
freeze-thaw-pump cycles, placed in an oil bath thermostated
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at 60◦C and stirred for 24 h. After removing all of the solvents
at reduced pressure, the residue was dissolved in CH2Cl2
and passed through a neutral alumina column to remove the
copper catalyst. The star PNIPAm-b-POSS was obtained as a
dark powder.

2.5. Characterizations. Using CDCl3 as the solvent, 1H NMR
spectra were recorded on a Varian Unity Inova 500 FT NMR
spectrometer operated at 500 MHz; chemical shifts are
reported in parts per million (ppm). The molecular weight
and molecular weight distribution were determined through
gel permeation chromatography (GPC) using a Waters 510
HPLC equipped with a 410 differential refractometer, a
refractive index (RI) detector, and three Ultrastyragel col-
umns (100, 500, and 103 Å) connected in series in order of
increasing pore size (eluent: DMF, flow rate: 0.6 mL/min).
The FT-IR spectra of the samples in KBr disks were measured
using a Nicolet Avatar 320 FT-IR spectrometer and collecting
32 scans at a resolution of 1 cm−1 after the sample chamber

abcd

Retention time (min)

13 14 15 16 17 18 19 20

Figure 4: GPC traces of the molecular weight for the alkyne-PNIPA
(a) 3100, (b) 5100, (c) 6300, and (d) 10100 g/mol.

had been purged with nitrogen to maintain the film’s dry-
ness. Thermal analysis was carried out using a DSC instru-
ment (TA Instruments Q-20). The sample (ca. 4–6 mg) was
weighed and sealed in an aluminum pan, and the mea-
surement was obtained using a scan rate of 20◦C/min and
a temperature range of 25 to 200◦C. The glass transition
temperature (Tg) was taken as the midpoint of the heat
capacity transition between the upper and lower points of
deviation in the extrapolated glass and liquid lines. Dynamic
Light Scattering (DLS) measurements were performed using
a Brookhaven 90 plus Particle Size Analyzer (Brookhaven
Instruments Corporation, USA) equipped with a 35 mW,
632.8 nm He-Ne laser. The temperature was controlled by
the heating and cooling process, and the measurements were
obtained at a 90◦ angle. Photoluminescence (PL) excitation
and emission spectra were collected at room temperature
using a monochromatized Xe light source.

3. Results and Discussion

3.1. Synthesis of N3-POSS. The peaks for the Si–H protons
(4.7 ppm) in Figure 1(a) disappeared in the spectrum of
OVBC-POSS, which indicates that the hydrosilylation
reaction went to completion. The spectrum in Figure 1(b)
indicates that the vinyl groups of the VBC underwent hydro-
silylation with the Si–H bonds of the Q8M8

H in both the α
and β configurations; that is, a mixture of these two orienta-
tions exists. The complete substitution of the chloride atoms
by the azido groups was confirmed by the 1H NMR spec-
trum, shown in Figure 1(c). After the substitution reaction,
the resonance of the benzyl CH2 connected to the chloride
atoms shifted upfield, from 4.50 to 4.31 ppm [35, 36]. The
complete loss of the resonance at 4.50 ppm suggests that
the substitution reaction went to completion under the
reaction conditions. Figure 2 presents the FTIR spectra of
Q8M8

H, OVBC-POSS, and N3-POSS. The strong absorption
peak in all compounds around 1100 cm−1 represents the
siloxane Si–O–Si vibration and is a general feature of POSS
derivatives. The characteristic stretching vibrations for the
Si–H group appeared as the peak at 2200 cm−1, as shown
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in Figure 2(a). In the spectrum for OVBC-POSS, this peak
disappeared completely, which indicates that the reaction
reached completion. The N3-POSS clearly showed a peak at
2096 cm−1, indicative of the presence of azido groups, after
the substitution reaction, as shown in Figure 2(c). All results
based on the 1H NMR and FTIR analyses were indicative of
the successful synthesis of N3-POSS.

3.2. Synthesis of Alkyne-PNIPAm. The alkyne-terminated
PNIPAm was prepared using an alkyne functionalized ATRP
initiator (propargyl 2-bromo-2-methylpropionamide).
Figure 3(a) shows the peaks for the vinyl NIPAm monomer
(ca. 5.61, 6.04, and 6.25 ppm), which disappear completely
after chain extension via ATRP. The other alkyl CH and CH2

protons in the NIPAm monomer appeared as multiplets
at 4.17 and 1.17 ppm, respectively, while the singlet at
5.37 ppm belonged to the proton on the amide nitrogen
atom. These three peaks remained in the spectrum for
the alkyne-PNIPAm, as shown in Figure 3(b). The singlet
at 2.25 ppm corresponds to the C≡C–H while the alkyl
CH and CH2 on the alkyne-PNIPAm main chain were
located between 1.60 and 2.34 ppm, respectively. The
GPC curves of alkyne-PNIPAm synthesized from different
monomer/initiator ratios are both symmetrical and
monomodal, as shown in Figure 4. The molecular weight
increases with increasing monomer/initiator ratios, which
is consistent with the principles of ATRP. Furthermore,
the PDI of the alkyne-PNIPAm is narrow, which indicates
successful chain extension of the PNIPAm through ATRP.
These results are summarized in Table 1.

3.3. The Synthesis and Thermoresponsive Properties of Star
PNIPAm-b-POSS Copolymers. The azide/alkyne click reac-
tion was performed at 0◦C over 24 h using CuBr/PMDETA

Table 1: Molecular characterization of the alkyne-PNIPAm homo-
polymer during ATRP.

Monomer : initiator Mw
a Mn

a PDIa Tg
b

PNIPAM1 200 : 1 11700 10100 1.15 140

PNIPAM2 100 : 1 7300 6300 1.16 141

PNIPAM3 80 : 1 5700 5100 1.12 140

PNIPAM4 50 : 1 3600 3100 1.14 112
a
Polydispersity index and molecular weight, measured by GPC. bObtained

from DSC by 20◦C/min.

as a catalyst and DMF as the solvent and was confirmed with
1H, 13C NMR and FTIR [39]. The peak assignments of N3-
POSS and alkyne-PNIPAm have been shown in Figures 1
and 3. In addition, the peaks of star PNIPAm-b-POSS are
assigned in Figure 5(c). Because the molecular weight of the
PNIPAm was very low, the proton signals of the POSS are
clearly displayed in Figure 5(c). With the exception of the
overlapping proton signals around 1.63 and 2.80 ppm, the
PNIPAm peaks are easily identified. The resonance of the
benzyl CH2 connected to the azide in the N3-POSS shifted
downfield, from 4.23 to 4.38 ppm, in the star PNIPAm-b-
POSS spectrum. In addition, the methyl (CH3) attached to
the silicone atom was found at 0.04 ppm from N3-POSS,
which also indicates the synthesis of star PNIPAm-b-POSS
was successful. The click reaction was also characterized
by 13C NMR, as shown in Figure 6. The carbonyl and
amide carbon signals in the star PNIPAm-b-POSS spectrum
appeared at 174 and 170 ppm, respectively, while the phenyl
rings showed up at 126 and 128 ppm. Clearly, the alkyne
carbon signal at 81.0 ppm in the alkyne-PNIPAm spectrum
disappeared in the star PNIPAm-b-POSS spectrum. The peak
at 143.5 ppm is from the carbon of the triazole structures
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formed by the click reaction. The peaks for the N3-POSS
methyl and methylene carbons remained at 0.2 ppm and
14.0 ppm, respectively, in the star PNIPAm-b-POSS spec-
trum. All other carbon signals for the star PNIPAm-b-POSS
are assigned in Figure 6. The complete disappearance of the
characteristic FTIR signals for the azide and acetylene groups
is shown in Figure 7. The peak at 2100 cm−1, which cor-
responds to the azide in N3-POSS, completely disappeared
from the spectrum for the star PNIPAm-b-POSS copolymers
while the characteristic Si–O–Si (siloxane) absorption for
POSS, which appears at 1100 cm−1, remained. These results
indicate that all the azide and acetylene functionalities
participated in the click reaction [30, 39]. In addition, the
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Figure 8: GPC traces of (a) alkyne-PNIPAm and (b) star PNIPAm
(3.1 k)-b-POSS.

FTIR spectra in Figure 7 show the appearance of two new
peaks at 1653 and 1550 cm−1, which corresponds to the
stretching vibration of the amide I and amide II groups of the
PNIPAm in the star PNIPAm-b-POSS copolymers. The GPC
trace of the star PNIPAm-b-POSS block copolymer obtained
after the click reaction is shown in Figure 8. Block copoly-
mers prepared from the alkyne-PNIPAm resulted in products
nearly devoid of the alkyne-PNIPAm peak and with lower
retention times, which supports the formation of star
PNIPAm-b-POSS copolymers. Because of the clear separa-
tion between ungrafted PNIPMm peas and the star PNIPAm-
b-POSS copolymer, we are able to quantify the contents
of grafted PNIPAm ratios. On the GPC traces, the peaks
at shorter and longer retention times in each GPC trace
corresponded to the elution of the full PNIPAm-b-POSS
and partial PNIPAm-b-POSS as shown in Figure 8(b) and
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smaller ungrafted alkyne-PNIPAm, respectively. The ratio of
grafted PNIPAm was determined by comparing the grafted
PNIPAm peak ratio after using Gaussian fitting. Comparing
the different chain length of the alkyne-PNIPAm to POSS
provides an indication that the polymer’s molecular weight
has an influence on the grafted ratio of the star PNIPAm-
b-POSS copolymers. Clearly, as the molecular weight of
PNIPAm is increased, the graft ratio is decreased (85.3 to
48.3%). This result can be explained by the decreased reac-
tivity of the chain-end alkyne functionality that becomes
less accessible as the polymer adopts a more random coil
structure at high molecular weight [40]. All of the results
from the 1H NMR, 13C NMR, FTIR, and GPC analyses
indicated that the synthesis of star PNIPAm-b-POSS was
successful.
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Figure 11: PL spectra of the alkyne-PNIPAm with increasing
temperature.

Dynamic light scattering (DLS) was employed to deter-
mine both the hydrodynamic diameter (〈Dh〉) of the alkyne-
PNIPAm and star PNIPAm-b-POSS and their temperature-
responsive behavior. As shown in Figure 9, increasing the
temperature from 26 to 36◦C decreased the average hydro-
dynamic diameter of pure alkyne-PNIPAm from 460 to
340 nm and star PNIPAm-b-POSS copolymers from 440 nm
to 200 nm, which corresponds to the “deswelling” states of
PNIPAm [1, 5]. Both the linear and star PNIPAm clearly dis-
played dimensional change with temperature, implying that
the volumes of these PNIPAm polymers can shrink or
swell with changing temperature. Most importantly, the size
dependence of the PNIPAm during the heating process coin-
cides reversibly with that during the cooling process. There-
fore, after a cycle of temperature increases and decreases, the
hydrodynamic diameter returns to its starting value [1]. In
addition, the star PNIPAm-b-POSS copolymer has a lower
hydrodynamic diameter than the linear alkyne-PNIPAm,
indicating that the star polymers can collapse into a denser
globule as a result of the star architecture [41]. Also, pure
alkyne-PNIPAm homopolymers are highly water soluble at
temperatures below 38◦C. The transparent aqueous alkyne-
PNIPAm solution becomes opaque above a specific temper-
ature, as shown in Figure 10, and becomes transparent again
when the temperature decreases, which corresponds to a
reversible phase transition. The star PNIPAm-b-POSS copol-
ymer had lower transmittance than the linear alkyne-
PNIPAm since the POSS and benzyl functional groups are
not water soluble, which would decrease their transmittance;
however, it also had a similar phase transition to the pure
alkyne-PNIPAm at ca. 38◦C. Scheme 3 shows the possible
phase transitions of star PNIPAm-b-POSS with increasing
temperature. The random coils of the star PNIPAm chains
first collapse to form a dense globule at ca. 32◦C and then
phase separated from the aqueous solution at ca. 38◦C. We
found that the LCST increased with decreasing molecular
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Figure 12: Transmittance and PL intensity with increasing temperature of the (a) alkyne-PNIPAm (10.1 k), (b) alkyne-PNIPAm (3.1 k), (c)
star PNIPAm (10.1 k)-b-POSS, and (d) star PNIPAm (3.1 k)-b-POSS.

Heating Heating

Coil to globule
Phase

translation

Scheme 3: The possible phase transitions of the star PNIPAm-b-
POSS with increasing temperature.

weight for both the alkyne-PNIPAm and the star PNIPAm-
b-POSS because the low molecular weight is more difficult to
phase-separate due to entropy constraints.

Figure 11 shows the PL spectra of the alkyne-PNIPAm
with increasing temperature. Clearly, no emission was
observed below 32◦C while a high-intensity emission
appeared above 32◦C, which means that the aggregation of
the PNIPAm chain could enhance the emission properties
of the material. Figure 12 summarizes the transmittance and
PL intensity of the alkyne-PNIPAm and the star PNIPAm-b-
POSS with increasing temperature. The transmittance clearly
decreases with increasing temperature, which would enhance
the PL intensity of the PNIPAm polymers. Because no

traditional fluorophores are present in the PNIPAm main
chain, their fluorescence was unexpected. This interesting
phenomenon has already been reported by some groups [42–
52]. Wu et al. reported hyperbranched poly(amino ester)
could also emit blue photoluminescence without oxidation
or protonation and proposed that the coexistence of tertiary
amine and carbonyl groups in the core was the key structural
factor in inducing fluorescence [51]. Lin et al. reported
that the fluorescence properties of HPEA were due to
the relationship of its three-dimensional structure, but the
linear polymer failed to show any fluorescence [52], and
the mechanism is still unresolved. They proposed that the
hyperbranched polymers are highly cascaded with three-
dimensional globular architectures, which is similar to
PNIPAm above the LCST in this study. We believe that the
intramolecular hydrogen-bonding interaction between the
amide hydrogen and carbonyl in PNIPAm above the LCST
is also an important phenomenon, and the aggregation of
the PNIPAm chain could enhance the emission properties.
In addition, a protic solvent-like water can act as a hydrogen-
bonding donor for the interior oxygen atoms and stabilize
the molecular conformation [52]. Due to the constrained
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geometric freedom and relatively rigid structure above the
LCST, these star polymers exhibit an intrinsic fluorescent
behavior.

4. Conclusions

The molecular weight, chemical structure, and photolumi-
nescence properties of star PNIPAm-b-POSS copolymers are
characterized by GPC, FTIR, and NMR and indicate that
we have successfully synthesized a novel octa-functionalized
PNIPAm POSS (PNIPAm-b-POSS) from N3-POSS and
alkyne-PNIPAm via click chemistry. More interestingly, we
found that these star polymers exhibited strong blue photo-
luminescence in water when above a lower critical solution
temperature (LCST). This photoluminescence was likely due
to the constrained geometric freedom and relative rigid
structure caused by intramolecular hydrogen bonding within
the star PNIPAm dentritic polymers, which exhibit an intrin-
sic fluorescent behavior.
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Precipitation of silver nanoparticles at 70◦C was carried out by dosing a 1.3 M sodium borohydride aqueous solution
over bicontinuous microemulsions formed with a mixture of sodium bis(2-ethylhexyl) sulfosuccinate (AOT) and sodium
dodecylsulfate (SDS) as surfactants, a 0.5 M silver nitrate aqueous solution, and toluene. Weight ratios of 2.5/1 and 3/1 AOT/SDS
were used in the precipitation reactions. Silver nanoparticles were characterized by transmission electronic microscopy, X-ray
diffraction, and atomic absorption spectroscopy. A mixture of isolated spheroidal nanoparticles (≈15 wt.%) with an average
diameter around 10 nm and wormlike structures (≈85 wt.%) with an average length close to 480 nm and an average diameter
ca. 40 nm was obtained, regardless of the AOT/SDS ratio. Higher yields were obtained compared with those reported when reverse
microemulsions were employed. Formation of wormlike structures was ascribed to one-dimensional aggregation of crystal and
particles within the channels of bicontinuous microemulsions, which performed as templates.

1. Introduction

Reverse microemulsions have been used for several years in
precipitation reactions to obtain inorganic nanoparticles of
the metals Cu, Pd, Rh, Ir, Au, and Pt and of metal compounds
such as Al(OH)3, Fe3O4, TiO2, V2O5, ZnO, and ZrO2 [1].
In these cases the particles precursors are situated in the
aqueous phase of a reverse microemulsion, to which another
reverse microemulsion containing the precipitating agent or
an aqueous solution of the precipitating agent is added, to
produce the inorganic nanoparticles [2–8].

Nowadays there is an increasing interest in the prepa-
ration and characterization of silver nanoparticles, because
of their applications in catalysis [9, 10], in nonlinear optical
technology, as bactericidal agent [11, 12] and in nanosphere
lithography [13]. The synthesis of silver nanoparticles
with average diameters smaller than 15 nm and narrow

size distributions has been reported by precipitation in
reverse microemulsions, but the productivity is usually low
(≤0.4 g/100 g microemulsion) [3–5, 7, 8, 14, 15]. To increase
the productivity of silver nanoparticles, Sosa et al. [16] used
high water-content reverse microemulsions. Lim et al. [17]
used bicontinuous microemulsions for obtaining zinc oxide
nanoparticles; however, their productivity was not so high
(0.7 g nanoparticles/100 g microemulsion) and the particles
were relatively large (>150 nm in average diameter). Also, our
group have employed bicontinuous microemulsions with
larger water-to-oil ratios than those in reverse microemul-
sions, to obtain very small nanoparticles of magnetite-
maghemite [18, 19], zinc oxide [20, 21], and silver [22] with
diameters smaller than 10 nm and productivities higher than
1 g nanoparticles/100 g microemulsion, which is significantly
larger than those obtained when reverse microemulsions
were utilized. Recently, Kowlgi et al. [23] obtained platinum
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nanoparticles with average diameters from 1.8 to 18 nm in
bicontinuous microemulsions, depending on the concentra-
tion of the platinum precursor aqueous solution.

In the only report, as far as we know, on precipitation
of silver nanoparticles in bicontinuous microemulsions,
Reyes et al. [22] used microemulsions stabilized with a
mixture of AOT/SDS (2/1, w/w) containing 0.5 M silver
nitrate (AgNO3) aqueous solution, and toluene to obtain a
mixture of isolated spheroidal and wormlike nanoparticles.
The proportion of the latter decreased as the concentration of
the precipitating agent (sodium borohydride) in the aqueous
solution added to the microemulsion diminished.

As a continuation of the work of Reyes et al. [22], we
report here the preparation of silver nanoparticles in bicon-
tinuous microemulsions stabilized with different AOT/SDS
weight ratios and their effect on the morphology and size.
Nanoparticles were characterized by transmission electron
microscopy (TEM), X-ray diffraction, and atomic absorption
spectroscopy.

2. Materials and Methods

2.1. Materials. SDS and AOT were 98% pure from Sigma-
Aldrich. AgNO3 (98.2% pure from Merck) and toluene (99%
pure from Golden Bell) were used as received. De-ionized
and triple-distilled water with conductivity smaller than
6 μS/cm was used.

2.2. Phase Diagram and Electrical Conductivity Determina-
tion. The one-phase microemulsion region at the reaction
temperature (70◦C) was determined by titrating solutions of
AOT/SDS (2.5/1 and 3/1 by weight) in toluene at different
surfactant/toluene ratios (in the range of 5 to 65 w/w) with a
0.5 M AgNO3 aqueous solution under continuous agitation.
The phase boundaries were detected as those compositions
where samples became turbid. Samples were also examined
with cross-polarizers to rule out liquid crystalline phases that
might form. Phase boundaries were checked by preparing
samples by weight with compositions above and below the
titration-determined phase boundaries in sealed glass vials.

To determine the compositions where bicontinuous
microemulsion formed, conductivities of samples along lines
A, B, and C, which corresponds to 50/50, 55/45, and 60/40
surfactant mixture-to-toluene weight ratio (Figure 1), were
analyzed with a 3173R JENCO conductivity meter at 70◦C.
To prepare silver nanoparticles two compositions in the
bicontinuous microemulsion region were used. In both
cases, the concentrations of 0.5 M AgNO3 aqueous solution,
surfactants mixture, and toluene (35, 39, and 25 wt.%, resp.)
were the same and only the AOT/SDS weight ratio was
modified (2.5/1 and 3/1).

2.3. Silver Particles Precipitation. The precipitation reaction
was carried out in duplicate at 70◦C in a 250 mL jacketed
glass reactor equipped with a reflux condenser and an inlet
for the sodium borohydride aqueous solution feeding. The
procedure for the precipitation reaction started by loading
the reactor with the microemulsion (100 g) and raising the
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Figure 1: Partial phase diagrams at 70◦C for mixtures of toluene,
0.5 M AgNO3 aqueous solution, and AOT/SDS weight ratios of
2.5/1 (D) and 3/1 (E). The one-phase microemulsion region
is denoted by 1φ. The nondetermined (ND) regions were not
examined because they are not interesting for the present work.
Lines A, B, and C, indicate the compositions along which electrical
conductivity measurements were performed. Solid triangle shows
the composition where the precipitation reactions were made.

temperature to 70◦C. Then, a 1.3 M sodium borohydride
aqueous solution was dosed at a rate of 0.1 g/min for 150
minutes. At these conditions, the molar ratio sodium boro-
hydride/silver nitrate was 10% higher than the stoichiometric
ratio. After completing the sodium borohydride addition, the
reaction was allowed to proceed for 30 more minutes and
then acetone was added to precipitate the solids, which were
allowed to settle for 24 hours. The precipitate was washed
at least ten times with a water-acetone solution (81/19, w/w)
and then dried in an oven at 60◦C for 24 hours.

2.4. Characterization. The resulting product, a fine powder,
was characterized in a Siemens D-5000 X-ray diffractometer
(XRD). Particle size was determined by TEM in a JEOL JEM-
1010; for this, the resulting powder was dispersed in acetone
with an ultrasonicator, and then a drop of the dispersion was
deposited on a copper grid, where the solvent was allowed to
evaporate. The purity of the final product was determined in
a Varian Spectra250 AA atomic absorption spectrometer.

3. Results and Discussion

To delimit the region where one-phase microemulsions
formed, pseudoternary phase diagrams were obtained.
The systems were prepared with a mixture of AOT/SDS
at two different weight ratios, toluene, and 0.5 M AgNO3

aqueous solution. Figure 1 shows the pseudoternary phase
diagrams for the systems containing mixtures of AOT/SDS
with weight ratios of 2.5/1 and 3/1. A slightly larger
microemulsion region was obtained when the AOT/SDS
ratio of 3/1 was used in the formulation. The microemulsion
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regions obtained with both AOT/SDS ratios extend to the
central part of the diagram, which suggests the existence of
bicontinuous microemulsions. However, the microemulsion
regions do not extend to the water-rich zone of the diagram
as it was detected when AOT/SDS (2/1 w/w) mixture was
employed [22], which indicates the absence of normal (oil-
in-water) microemulsions. This can be explained since AOT
tends to form inverse micelles and (w/o) microemulsions
whereas SDS tends to form normal micelles and (o/w)
microemulsions [24].

Because it is desirable to obtain the largest possible
amount of silver nanoparticles, three ratios of surfac-
tants/toluene mixture (50/50, 55/45, and 60/40 w/w), which
allows higher concentrations of aqueous solution inside the
microemulsion region, were selected. To find the bicontinu-
ous microemulsion region, the content of the 0.5 M aqueous
AgNO3 solution was increased while maintaining the ratio of
surfactant/toluene constant (lines A, B, and C, in Figure 1)
and their electrical conductivities were measured.

Figures 2 and 3 depict the electrical conductivity for the
AOT/SDS weight ratios of 2.5/1 and 3/1, respectively, as a
function of the amount of the AgNO3 aqueous solution
for the three selected surfactants/toluene weight ratios
(50/50, 55/45, and 60/40). For the two chosen AOT/SDS
weight ratios (2.5/1 and 3/1), the conductivities along
the microemulsion region were very low in the cases of
50/50 and 55/45 surfactants/toluene ratios. When the 60/40
surfactants/toluene weight ratio was used and the AOT/SDS
weight ratio was 3/1, the microemulsion conductivity started
to rise when the AgNO3 aqueous solution concentration was
around 22.5 wt.%, reaching a maximum of 1900 μS/cm at
around 40 wt.%, followed by a conductivity drop. For the
microemulsions prepared with the 2.5/1 AOT/SDS weight
ratio, the electrical conductivity started to increase at about
20 wt.% AgNO3 aqueous solution; then the conductivity
increased steeply and reached a maximum (4400 μS/cm)
at a concentration of about 38 wt.%. In this case a drop
in electrical conductivity could not be detected because
the conductivity was not measured at aqueous AgNO3

solution concentrations higher than 40 wt.%, because at
this aqueous solution concentration, microemulsions do not
form. According to the percolation theory, bicontinuous
microemulsions show a high conductivity as a result of
having continuous (or connected) aqueous phase domains
[25–28]. In contrast, reverse microemulsions are very
poor electrical conductors because of their discontinuous
microstructure [25–28]. From the results obtained here,
it follows that bicontinuous microemulsions form at a
surfactants/toluene ratio of 60/40 (w/w) and AOT/SDS
weight ratios of 2.5/1 and 3/1. When the former ratio is used,
bicontinuous microemulsions develop in the range from 25–
30 to 40 wt.% AgNO3 aqueous solution; in the latter case, the
span of the bicontinuous microemulsion region ranges from
27.5–30 to 45 wt.% AgNO3 aqueous solution.

Precipitation reactions were carried out in bicontinuous
microemulsions containing 35 wt.% 0.5 M AgNO3 aqueous
solution and AOT/SDS weight ratios of 2.5/1 and 3/1. The
appearance of the precursor microemulsions was yellowish-
translucent but then they turned black with the addition
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of the NaBH4 aqueous solution. At the end of the reac-
tion, the product (a grayish-black powder) was recovered,
obtaining productivities of ca. 1.5 g Ag/100 g microemulsion-
precipitating agent mixture and yields higher than 85%
(Table 1) as determined by atomic absorption spectroscopy.
When only the bicontinuous microemulsion is considered,
the productivity is 1.7 g Ag/100 g microemulsion. This
productivity is larger than the largest one calculated from the
data in those reports that employed reverse microemulsions
(0.4 g of Ag/100 g microemulsion) [4].

Figure 4 shows the X-ray diffraction pattern (XRDP)
of the Ag nanoparticles obtained from microemulsions
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Table 1: Ag nanoparticles purity, productivity and yield of the precipitation reactions.

AOT/SDS weight ratio Ag purity (%) Productivity (g Ag/100 g reaction mixture) Yield (%)

2.5/1 93.76 ± 1.26 1.59 ± 0.06 91.34 ± 3.25

3/1 93.58 ± 1.54 1.48 ± 0.04 85.05 ± 2.44
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Figure 4: X-ray diffraction patterns for the precipitation reactions carried out at 2.5/1 (a) and 3/1 (b) AOT/SDS weight ratios. Standard
pattern of silver is included (c).

made with the AOT/SDS weight ratios of 2.5 and 3/1 and
the Ag-standard XRDP (JCPDS card file number 893722).
The XRDPs of the Ag nanoparticles show the major four
characteristic signals of silver crystal (at 38.14, 44.32, 64.60,
and 77.44 2θ◦), which corresponds to the face-centered cubic
phase of pure silver nanoparticles.

An estimation of the average crystal size of the particles
obtained in the precipitation reactions was made with the
data from their XRDPs (Figure 4) and the well-known
Scherrer equation:

d = Kλ

β cos θ
, (1)

where d is the mean diameter of grain in nm, K is the dimen-
sional factor (0.9), λ is the X-ray wavelength (0.154 nm), β is
the line broadening at half the maximum intensity in radians,
and θ is the Bragg’s angle. Values of d of 17.85 ± 1.13 and
13.60 ± 1.90 nm for the precipitations carried out using the
AOT/SDS ratios of 2.5/1 and 3/1, respectively, were obtained.
According to this, the later AOT/SDS ratio limits to some
extent crystal growth, probably because the higher content
of AOT leads to a decrease in the diameter of the channels in
the microemulsion, reducing the number of the Ag atoms in
the vicinity of the nuclei.

Figure 5 depicts representative micrographs of the prod-
ucts prepared with AOT/SDS weight ratios of 2.5/1 and
3/1 along with their corresponding histograms of particle
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Figure 5: TEM micrographs and their histograms for particles obtained from precipitation at 70◦C in bicontinuous microemulsions
containing 35 wt.% 0.5 M AgNO3 aqueous solution and 39 wt.% AOT/SDS weight ratios of 2.5 (a) and 3/1 (b).

diameters obtained measuring over 500 particles. Most of the
particles were isolated spheroids; however, a few wormlike
particles were also observed (Figure 6). These histograms
indicate that there are two particle populations: one includ-
ing particles with diameters ≤ 16 nm, which was determined
by measuring only the isolated spheroidal nanoparticles, and
another one that includes larger particles (from 17 to 80 nm
in diameter), which are forming the wormlike structures.
Furthermore, the length of the worms was measured. Table 2
shows the average dimensions of the isolated spheroidal
nanoparticles and of the wormlike nanoparticles as well
as the number and weight fraction of the latter in the
final product mixture. For the weight fraction calculation
reported in Table 2, the isolated spheroidal nanoparticles
were taken as perfect spheres, while wormlike nanoparticles
were considered as cylinders. Then, the particles volume
was calculated, and with the measured number proportion
of spheroid and wormlike nanoparticles (Table 2) and the
silver density, the weight fraction of each type of structure
was estimated. Table 2 discloses that the isolated spheroidal
nanoparticles have diameters of ca. 10 nm, whereas the
wormlike structures show average lengths of around 480 nm
and average diameters close to 40 nm. Although the number
of larger particles is small (<3%), they represent 84 to
87 wt.%. Furthermore, data from Table 2 indicate that there
is not statistical effect of the AOT/SDS ratio studied in

this work on the morphology and size. However, there is
a great difference between these results and those obtained
in our previous work [22], where practically only isolated
spheroidal nanoparticles with 3 nm in average diameter
were obtained. In that work also a low concentration of
NaBH4 aqueous solution was used, but microemulsions were
stabilized with a lower AOT/SDS weight ratio (2/1). An
explanation of the differences between the results reported
here and those of Reyes et al. [22] would arise from the
increase in the proportion of AOT molecules in the surfac-
tant layer, which diminished the protector effect of this layer
during the inter-channel collisions, leading to a an increase
in the fusion-fission rate during Ag particle formation and,
consequently, on the nanoparticles coalescence, giving more
wormlike nanostructures.

A comparison of the nanostructures dimensions deter-
mined by TEM with those calculated from X-ray data
indicates that the average diameter of the isolated spheroidal
nanoparticles (≈10 nm) is smaller than the average crystal
diameters (17.9 and 13.6 nm for AOT/SDS weight ratio,
2.5/1 and 3/1, resp.). This suggests that each nanoparticle
in the population of isolated spheroidal structures is formed
of a single crystal. In contrast, the wormlike nanoparticles,
the dimensions of which are much higher than the average
crystal diameter, are formed by aggregation of crystals. This
aggregation arises from the fact that crystals and particles
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Table 2: Average sizes of silver nanoparticles and composition of the final mixture.

AOT/SDS weight
ratio

Spheroidal
nanoparticles

Wormlike nanoparticles

Dn (nm)
Average

diameter (nm)
Average length

(nm)
Average number

percent
Average weight

percent

2.5/1 10.18 ± 1.95 43 ± 17.55 490 ± 205 2.6 ± 1.2 86.7 ± 2.45

3/1 9.64 ± 2.05 38.00 ± 15.34 465 ± 181 2.7 ± 0.2 84.4 ± 2.87

Figure 6: Representative micrograph of wormlike nanostructures
obtained in precipitation reactions.

within the channels of bicontinuous microemulsions are not
protected with a surfactant layer, as they are in the case
of precipitation in reverse microemulsions. This condition
favors the crystal and particle aggregation as a consequence
of collisions between these structures. Moreover, because
microemulsions channels act as templates, one-dimensional
aggregation would be expected, forming the wormlike
structures.

4. Conclusions

Silver nanoparticles with two particle size populations
were obtained by precipitation in bicontinuous microemul-
sions. The productivity of silver nanoparticles obtained by
this method was around 1.5 g silver nanoparticles/100 g
microemulsion-precipitating agent mixture, which is higher
than those reported with reverse microemulsions. The
structures forming the smaller particles population were
isolated spheroids with an average diameter of 10 nm, which
represents around 15% of the total weight of the nanopar-
ticles. The larger particles composing the other population
were wormlike structures with an average length of 480 nm
and average diameter of 40 nm and although they are only
3% of the total number of particles, they represent around
85% of the total weight of the obtained Ag nanostructures.
No statistical effect of AOT/SDS ratio on morphology and
particle size was identified. Formation of wormlike structures
was ascribed to a one-dimensional aggregation of crystals

and particles within the microemulsion channels, which
would arise from these nanostructures acting as templates.
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López, “Synthesis of magnetic nanoparticles in bicontinuous
microemulsions. Effect of surfactant concentration,” Journal
of Materials Science, vol. 43, no. 10, pp. 3649–3654, 2008.
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The synthesis of thermoplastic polyurethanes (TPU) from the reaction of a NCO group-containing prepolymer and 0, 1.14,
1.71, and 2.28 wt% of trisilanol isobutyl polyhedral oligomeric silsesquioxane (POSS) was carried out in an instrumented batch
mixer. The samples were characterized by thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), X-ray
diffraction (XRD), and scanning electron microscopy (SEM). SEM analysis shows that the incorporation of POSS promoted
strongly aggregation through physical interactions (formation of POSS-rich domains). Modifications in the TPU microstructure
and the reduction in the crystal size were observed in the XRD diffractograms. The incorporation of POSS equally altered the
TPU crystallization, and samples bearing higher concentrations of POSS formed two distinct types of crystalline structures. The
kinetics of crystallization showed that nucleation strongly depends on the balance between TPU crystal formation and POSS-rich
domains.

1. Introduction

Polyurethanes represent a class of polymers with wide appli-
cations, including the medical, automotive, and industrial
sectors [1]. These materials are an important class of
thermoplastic and thermosetting polymers because of their
mechanical, thermal, and chemical properties, which can
be defined through the proper selection of a huge variety
of materials [2]. The characteristic structural element in
the vast majority of polyurethanes is the urethane group,
based on a polyaddition reaction. The urethane bonds result
from the reaction of an isocyanate (–N=C=O) with an
alcohol (−OH) group [1, 3]. The application of polyurethane
elastomers with thermoplastic features was first described
in the 1950s, and they were first marketed in the 1960s.
Currently, thermoplastic polyurethane (TPU) is one of the
most versatile products within the group of engineered
thermoplastics with elastomeric properties [4].

According to Odian [5], thermoplastic elastomers are
multifunctional polymeric materials that usually present
the processability of thermoplastics and the elasticity of

vulcanised elastomers. However, some aspects of these mate-
rials restrict some of their applications even today because
of the peculiarities of their processing. For example, when
processing TPU by mixing in the molten state, they become
extremely susceptible to thermal degradation and thermoox-
idation in the range of temperatures required for processing
[6].

Polyurethanes are generally characterised by their low-
thermal stability due to the thermally unstable urethane
group. The thermal decomposition of urethane starts at
the range from 150 to 200◦C [7]. Above the temperatures
of thermal stability, the urethane bonds dissociate and
reassociate simultaneously [8]. The degradation caused by
the dissociation of urethane bonds is reversible; however,
since reduction in temperature leads to a recovery of
urethane (reaction between the hydroxyl and the terminal
isocyanate) [9–11], Lu et al. [12] described that the thermal
degradation of polyurethanes in the melt state is inevitable
as a result of the fusion that usually occurs around or
above the temperature for stability of the urethane bonds
(temperatures lower than 250◦C). As a result of the process
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of dissociation and reassociation of urethane, the molecular
weight can change. Therefore, heat treatment of thermoplas-
tic polyurethane above a critical temperature, particularly
under experimental conditions or during processing in the
molten state, can significantly change the viscosity, the crys-
tallization behaviour, and even the mechanical properties
of the resulting liquid [8]. Fortunately, with the rise of
nanotechnology as one of the most promising fields in the
development and modification of polymeric materials, many
materials previously found to be too difficult to process can
be revisited.

Polyhedral oligomeric silsesquioxane (POSS) molecules
are structurally well defined as a three-dimensional cage [13,
14]. These compounds bear a silicon-containing inorganic
core surrounded by organic groups. The typical size of the
POSS cages is approximately 1.5 nm. Because of its hybrid
nature and nanometric size, POSS are promising materials
for nanocomposites [13–16]. The incorporation of POSS
cages into the main chain of polymers can result in drastic
changes in their properties, including increased process-
ing temperature, oxidation resistance, surface hardness,
improved mechanical properties, and reduced flammability
and heat release. These improvements have been observed
for a large number of thermoplastic polymers and some
thermosetting polymers [13]. Aiming to improve the thermal
stability of TPU in the range from 150 to 200◦C [7]
associated with the crystallization process, in situ addition
of the trisilanol isobutyl polyhedral oligomer silsesquioxane
(POSS) into the synthesis of thermoplastic polyurethane was
achieved through a torque rheometer. Measurements were
then carried out to evaluate the changes in thermal and
morphological properties generated in the crystal structure
of these nanocomposites.

2. Materials

The materials used in this study were Urecon 185 prepolymer
(18% free NCO Coim), 1,4-butanediol (BDO, MCassab),
and polyhedral oligomer trisilanol isobutyl silsesquioxane
(POSS) (POSS, Hybrid Plastics). These materials were used
as received. The chemical structures of the materials are
illustrated in Figure 1.

3. Methods

3.1. Synthesis in Torque Rheometer. The syntheses were
performed in an instrumented torque rheometer using roller
type rotors counter-rotating at 90 rpm and at a temperature
of 70◦C for 60 minutes. The total volume of the rheometer
chamber is 75 cm−3, the total mass of each mixture being
50 g. The stoichiometry was calculated on the basis of
the equivalents of isocyanate (NCO) and hydroxyl (OH)
groups for the prepolymer and BDO, respectively (molar
ratio NCO/OH = 1/1). A rate of 98% reacted NCO was
maintained throughout the syntheses. Amounts of 1.14,
1.71, and 2.28 wt% of POSS were added in situ to the TPU
synthesis reaction. The polymers were removed from the
rheometer as solids and postcured at 90◦C for 24 hours.

3.2. Thermogravimetric Analysis (TGA). The TGA analysis
(TGA50-Shimdzu) was performed under an N2 atmosphere
(50 mL·min−1) using approximately 20 mg of each sample.
The analysis was performed at a heating rate of 10◦C·min−1

from 25 to 730◦C.

3.3. Differential Scanning Calorimetry (DSC). The DSC
analysis (DSC 50-Shimadzu) was performed under a N2

atmosphere (50 mL·min−1) using approximately 10 mg of
each sample. Samples were initially heated from ambient
temperature to 250◦C at a heating rate of 10◦C·min−1,
cooling until the temperature of −80◦C and then heated
again at a rate of 10◦C·min−1 to 250◦C.

3.4. X-Ray Diffraction (XRD). X-ray diffractograms were
collected using a sample holder mounted on a Shimadzu
diffractometer (XRD-6000) with monochromatic CuKα
radiation (λ = 0.15418 nm) and the generator working at
40 kV and 30 mA. Intensities were measured in the range
of 3 < 2θ < 35◦, typically with scan steps of 0.05◦ and 2
s/step (1.5◦ min−1). Peak separations were carried out using
Gaussian deconvolution. The determination coefficients (r2)
were close to unity (0.9982 and 0.9991). The d spacings
were calculated using the Bragg equation [17, 18], and
the crystallite sizes (L) were calculated using the Scherrer
equation [17, 18].

3.5. Scanning Electron Microscopy (SEM). Scanning electron
microscopy (SEM) was carried out using a Superscan S-
550 instrument with a secondary electron detector and an
acceleration voltage of 15.0 kW. The scanning was carried out
at a magnification of 200× (50 μm) and 1200× (10 μm). The
samples were previously covered with gold.

3.6. The Avrami Method. Throughout the decades, several
kinetic models were developed to quantify the kinetic param-
eters involved in solid state reactions. For example, the orig-
inal derivation performed by Avrami [19–21] was simplified
by Meares [22] and Hay [23]. Equation (1) represents the
original derivation Avrami used for isothermal experiments.
Equation (2) presents the double logarithm used to obtain
the kinetic parameters proposed by Avrami:

α(t) = 1− e−kt
n

, (1)

ln[− ln(1− α(t))] = ln k + n ln t, (2)

where k is the Avrami constant dependent on the rate of
nucleation or crystal growth and n is the Avrami exponent
dependent on the dimensional process.

Taking into account the influence of the rate of heat-
ing/cooling on nonisothermal crystallization on the parame-
ter k, Jeziorny [24] proposed the following relation using the
Avrami equation:

ln k′ =
(

ln k

φ

)
, (3)
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Figure 1: Chemical structures used for obtaining the nanocomposites studied.

where φ is the heating rate in ◦C·min−1. Through the analysis
of Jeziorny, in this case α is a function of temperature (α(T)).
Therefore, the constant k′ was corrected as a function of φ.

4. Results and Discussion

4.1. Morphologic Characteristics. Figure 2 shows images ob-
tained by cryogenic fracture in scanning electron microscopy
(SEM) at ×200 and ×1200 related to images I and II, respec-
tively. The images (a), (b), (c) and (d) correspond to 0, 1.14,
1.71 and 2.28 wt% of POSS, respectively. The morphology of
the TPU presents detachment regions at interfacial fractures
[25]. The incorporation of POSS nanocages (images Ib,
Ic and Id) changed the morphology and showed more
detachment regions than those observed for pure TPU. This
modification in the microstructure was more evident by
observing images IIa, IIb, IIc and IId. The POSS incorporated
in situ in the TPU reaction was dispersed as clusters with
diameters from 1 to 3 μm throughout the TPU microstruc-
ture.

This dispersion occurred because POSS has a strong
aggregation effect through physical interactions [26]. This
strong aggregation effect may be due to the silicon and oxy-
gen cage being hydrophobic, as well as the isobutyl branches
having poor chemical interactions with the TPU, which
is hydrophilic in character. In this way, the only face of
the nanocages interacting with the matrix would be the
hydroxyls on the open face of the POSS cage (Figure 1).

4.2. X-Ray Diffraction (XRD). Three diffraction peaks in the
range 2θ = 18 − 23◦ can be noted in Figure 3. These diffrac-
tion peaks with interplanar spacing (d-spacing) of 0.463,
0.413, and 0.379 nm were related to the lateral distances in
the contours (interfaces) of the hard crystallised segments
[27, 28]. These diffraction peaks were superimposed on
the amorphous halo (Figure 3(b)) for the dispersion of
TPU chains with regular interplanar spacing [29]. The hard
segments of the crystal were related to various hydrogen
bonds between urethane groups [30].

In the range of reflection of 2θ ≈ 11◦, the diffraction
peaks corresponding to a d-spacing of 0.851 nm were asso-
ciated with the reflections reminiscent of the plan (001) and
related to the perpendicular region of the lamellar surface
[28]. The presence of POSS was confirmed in the scanning
range of 2θ = 7 − 8◦ with d-spacing of 1.2 and 1.1 nm for
peak V and VI, respectively [31]. Through the calculation of
the crystallite size by the Scherrer equation [17, 18], it was
possible to evaluate the influence of POSS domains in the
crystalline structure of the TPU. The determination of the
crystal size is detailed in Table 1.

The diffraction peaks of V and VI were associated with
the microphase separation of the crystalline structure of
POSS [31]. The incorporation of POSS reduced both the
crystallite size (LI) of the region perpendicular to the lamellar
surface [28] and LII. For the sizes LIII and LIV, there was
no clear tendency related to the incorporation of POSS, but
all POSS-containing samples showed reduced LIV compared
with pure TPU. As the sizes of crystals in the region
between 2θ = 18 − 23◦ were related to the formation of
spherulites [32], the reduction in size of the crystals and the
perpendicular region to the lamellar surface showed that the
presence of POSS microdomains promoted modifications in
crystal formation. Moreover, the larger the amount of POSS
incorporated, the smaller the size of the POSS crystalline
domains (LV and LVI in Table 1) and, consequently, the
smaller the crystalline domains formed between the TPU
hard segments (LI and LII in Table 1).

4.3. Crystallization Behavior by the Avrami Method. Consid-
ering the effects of the incorporation of POSS in the crystal
structure of the TPU, it was possible to verify through the
crystallization thermograms in Figure 4 that the addition of
1.14 wt% of POSS increased the TPU crystallization temper-
ature.

This observation suggests that the crystallization was
negatively impacted by nucleation through the POSS micro-
domains (Figure 2). The samples containing 1.71 and
2.28 wt% of POSS had even a higher range of crystallization
temperature than the sample containing 1.14 wt% and
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Figure 2: (a), (b), (c), and (d) morphological images obtained by scanning electron microscopy (SEM) for TPU and the TPU/POSS systems
studied corresponding to 0, 1.14, 1.71, and 2.28 wt% of POSS at magnifications of ×200 and ×1200 for I and II, respectively.
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Figure 3: Analysis of X-ray diffraction data obtained with scan steps
of 0.05◦ and 2 s/step (1.5◦ min−1) for the samples studied where
(a) Comparative curves obtained for the nanocomposites and (b)
representation of an amorphous halo in the TPU sample.

showed a double crystallization peak that indicated the
formation of two distinct types of crystalline structures.

The sample containing 1.14 wt% did not cause the same
effect probably due to the fact that the amount of POSS seen

Table 1: Crystallite sizes obtained by the Sherrer equation for the
diffraction peaks studied.

Sample LI (nm) LII (nm) LIII (nm) LIV(nm) LV (nm) LVI (nm)

TPU 148.27 21.07 123.42 96.24 — —

1.14% 30.37 20.49 127.79 60.78 54.49 162.35

1.71% 21.24 18.31 94.04 53.79 68.44 126.11

2.28% 16.73 17.27 135.38 58.57 22.99 107.85

in the SEM analysis (Figure 2) is not sufficient to modify the
crystallization.

The Avrami method was used to determine the kinetic
parameters of crystallization at a heating rate of 10◦C·min−1.
By integrating the exothermic crystallization peaks observed
in Figure 4 it was possible to determine the conversion for
the samples studied using the following relationship:

α = 1
ΔHc

∫ t

0

d(ΔHt)
dt

dt, (4)

where α is the fraction converted at time t, ΔHc is the total
heat involved in the process of crystallization, and ΔHt is the
heat generated at each time instant (t) [33, 34].

The conversion (α) curves in Figure 5 represent the evo-
lution of the crystallization process, and as observed in the
DSC thermograms, it was noted that the samples containing
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Figure 4: Crystallization thermograms obtained at a cooling rate
of 10◦C·min−1 after removal of the thermal history carried out at a
heating rate of 10◦C·min−1 from −50 to 240◦C.

1.71 and 2.28 wt% of POSS presented two velocity crystal-
lization gradients. These two ranges of crystallization will
be discussed as the first and second stages of crystallization
in these samples. With the determination of α and making
use of (2), Figure 6 representing the adjustment made to the
Avrami equation was obtained [19–21].

According to Liu et al. [35], the Avrami equation
represents only the initial polymer crystallization growth
steps. The spherulites grew outward with a constant radial
growth rate until a shock occurred as a result of the end of
growth at the intersection of the crystals. Thus, the region
for obtaining kinetic parameters related to the linear fit was
determined at the more linear region in Figure 6. Table 2
presents the results obtained from DSC thermograms and
the Avrami model. The degree of crystallinity calculated from
the DSC analysis was determined by considering the enthalpy
of crystallization of a 100% crystalline material (H100% =
196.8 J·g−1) [34].

From the results depicted in Table 2 it was possible to
observe a crystallization shift to higher temperatures for the
sample containing 1.14 wt% of POSS. Moreover, the samples
containing 1.71 and 2.28 wt% presented decreased enthalpy
and degree of crystallinity, respectively. The reduction in
ΔHc and degree of crystallinity (% Cryst.) in the samples
containing 1.71 and 2.28 wt% were associated with higher
dispersion of the POSS compared with the sample containing
1.14 wt%. The 1.14 wt% sample had higher ΔHc. This
probably occurs because at this POSS content, the effect of
spatial restriction at crystal interfaces is reduced. This would
explain the increase in the crystallization temperature and
crystallinity degree. It was also observed (LVI in Table 1)
that the incorporation of a higher nanocage content pro-
motes a reduction in the POSS microphase sizes. The pres-
ence of POSS microdomains favoured the interaction of rigid
segments with the POSS nanocages through the effect of
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Figure 5: Conversion (α) curves obtained by integrating the exo-
thermic peak crystallization.
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Figure 6: Linear fit used to obtain the Avrami kinetic parameters.

space hindrance at the interface of crystal growth as com-
pared with pure TPU. This observation was supported by a
double crystallization peak, which suggests that these sam-
ples were undergoing distinct nucleation and crystal growth
phenomena.

The value of the rate constant (k′), corroborated with
the results observed in the crystallization thermograms. With
the increase in POSS content, the constant velocity of crystal
growth and the half-life (t1/2; i.e., the time required for 50%
of the crystallization to occur) for the first crystallization
stage decreased. The half-life reduction could be associated
with the fact that smaller crystals were forming in the
presence of POSS; thus, even with reduced k′ the lowest
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Table 2: DSC and kinetic crystallisation parameters for the Avrami method obtained at a heating rate of 10◦C·min−1.

Sample Tc (◦C) ΔHc (J·g−1) % Cryst. k′ (min−1) t1/2 (min) n r

TPU 138.54 24.02 12.21 16.18 0.32 2.77895 0.9986

1.14 wt.% 150.84 28.36 14.41 13.18 0.26 2.15848 0.9988

1.71 wt.% 140.2 and 115.9 19.68 10.00 13.88 and 16.00 0.26 and 0.33 2.21 and 2.83 0.9975

2.28 wt.% 140.8 and 117.9 18.82 9.56 13.62 and 18.77 0.25 and 0.39 2.16 and 3.50 0.9992

values of t1/2 were principally dependent on the size of the
crystalline domains and the type of crystal formed. The
Avrami exponent (n) values were found to be n ≈ 3 for
pure TPU. The effect on the crystallization here described
by the Avrami method would be that crystallization is
controlled by three-dimensional diffusion in the form of
spheres (spherulites) [22], characteristic of the type of
crystals formed in the TPU crystallization [24, 32].

Begenir et al. [36], studying the crystallization behaviour
of polyurethane elastomeric copolymers and polyether-b-
amide, observed that the crystallization occurred in three
dimensions from precores of hard segments due to regions
of microphase separation (crystalline and amorphous). The
authors also described that crystallization occurred through
the association of hard segments by hydrogen bonding
between urethane groups. Table 2 shows that by adding
POSS (considering only the first stage of crystallization of
the samples containing 1.71 and 2.28 wt%), the Avrami
exponent values found were n ≈ 2. The exponent n tending
to 2 indicates that the crystallization could occur sporadically
as two-dimensional discs [22]. This change in the values
of n is in agreement with the reduction in crystal sizes LI

and LII in Table 1. Then, for the second crystallization stage
observed for samples containing 1.71 and 2.28 wt% of POSS,
the values of k′, t1/2, and n were similar to those of pure
TPU. The values of k′, t1/2 in the second crystallization stage
(for 1.71 and 2.28 wt% of POSS) demonstrate as seen earlier
the formation of radial spherulites. The sample containing
1.14 wt% of POSS showed only one value of n ≈ 2, and
the formation of disks could increase crystal packing. This
assumption would explain why higher values were observed
for %Cryst. and ΔHc for the sample containing 1.14 wt% of
POSS.

Figure 7 illustrates the crystallization behaviour related
to the results shown in Table 2. For the exponent n ≈ 3
(pure TPU), the dimensional processes demonstrated that
crystal growth occurred radially along with the formation
of small cores until the formation of well-defined crystals.
The spherulites were composed of lamellar structures, which
grow out radially. The individual chains were folded back
and tangentially to the spherical surface of the growing
spherulites [37]. However, at 1.14 wt% of POSS, the Avrami
exponent tended to n ≈ 2. This result shows that POSS
impeded the radial crystal growth, thus making crystals ori-
ented in at least one dimension of the plane. This behaviour
corroborated the reduction in LI displayed in Table 1.

According to Sperling [38], the crystal growth rate in
the radial direction is constant until spherulites are formed.
However, impurities, such as atactic components, can be-
come a hindrance at the interlayer region. According to

Zheng et al. [39], POSS tends to crystallise in two-dimen-
sional lamellar structures. Although lamellar structures are
found in low amounts of POSS, the plates became more
organised for increased amounts of POSS. Strachota et al.
[26] described the POSS undergoing strong aggregation
due to physical interactions. As the nanocages interact
strongly with each other [26] and tend to crystallise in two
dimensions to form lamellar structures [39], it was possible
to rationalize why the Avrami exponent tended to n ≈ 2 for
the TPU crystallization in the presence of POSS.

For the samples containing 1.71 and 2.28 wt% of POSS,
two stages of crystallization were observed (Figure 7). The
first crystallization stage was typical of disk formation with
n ≈ 2 due to the effect of nucleation on POSS, which acted
as a system impurity. In the second crystallization stage, the
change in the Avrami exponent (n) from 2 to 3 suggests that
after the formation of crystals in the form of discs, spherulites
formed.

This second stage was possibly related to the dispersion of
the nanocages and the POSS crystalline domains reduction
in size as determined by XRD. Moreover, since both the ΔHc

and the percentage of crystallinity (%Cryst.) suggested the
formation of smaller crystals, the higher heterogeneity in the
formation of the two crystalline phases was ascertained.

5. Conclusions

The influence of isobutyl trisilanol POSS on the crystalline
structure of thermoplastic polyurethane was studied. POSS
was added to replace the percentage mass of 1.4 butanediol
in the in situ synthesis reaction by a torque rheometer.

The incorporation of POSS showed that clusters along
the TPU microstructure occurred as a result of a strong ag-
gregation effect through physical interactions between the
nanocages.

The POSS reduced crystallite sizes were associated with
spherulites formation at the crystallographic plane LI and at
the interlayer region of the crystals LII. Increased POSS per-
centages also entrained diminished microdomains (LVI) size.

The crystallization temperature was increased for the
1.14 wt% of POSS sample. However, for 1.71 and 2.28 wt% of
POSS in the system, a double crystallization peak was noted,
indicating the formation of two distinct types of crystalline
structures. The adverse behaviour observed for the sample
containing 1.14 wt% of POSS was associated to the low level
of the nanocages incorporation. The double crystallization
peak for the 1.71 and 2.28 wt% of POSS samples occurs
probably because of the reduction in crystal size at the LI

and LII planes in XRD analysis and by the spatial hindrance
caused at the crystal interface.
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Figure 7: Schematics for the TPU and the nanocomposites nucleation and crystal growth phenomena.

The rate of crystal growth and the reduction in half-lives
with increasing POSS content in the first crystallization stage
was likely associated with the formation of smaller crystals in
the presence of POSS. In the presence of POSS, crystallization
occurs as two-dimensional discs, forming lamellar struc-
tures. The samples containing 1.71 and 2.28 wt% of POSS
showed two crystallization stages, forming disks at first and
then moving to spherulites. These results suggest that even
the formation of clusters upon POSS incorporation showed
a strong influence on the crystal nucleation and growth
mechanism and these modifications should be considered for
future applications of this type of nanoparticles.
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Polypropylene/montmorillonite nanocomposite was prepared by melt intercalation method using a twin-screw extruder with
starve feeding system in this paper. The effects of compatibilizer, extruder rotor speed and feeding rate on properties of
nanocomposite were investigated. Structure, tensile, and impact properties and deformation mechanism of the compounds were
studied. For investigation of structure and deformation mechanisms, X-ray diffraction (XRD) and transmission optical microscopy
(TOM) techniques were utilized, respectively. The results illustrate that introduction of the compatibilizer and also variation of
the processing conditions affect structure and mechanical properties of nanocomposite.

1. Introduction

Inorganic fillers are extensively used in plastics industry in
order to develop some properties such as stiffness, hardness,
heat deflection temperature, and shrinkage along with cost
decrease. The effects of filler particles on composite prop-
erties mainly depend on their shape, size, surface charac-
terization, and extent of dispersion. In general, mechanical
properties of polymers which are reinforced with microparti-
cles are lower than those of nanocomposites [1]. In addition,
obtaining desired physical properties such as surface rough-
ness and permeability is difficult when microparticles are
incorporated [1]. This is why many researches have focused
on developing nanocomposites in recent years [2–4]. Among
different nanofillers used, layered silicates such as montmo-
rillonite have been considered significantly in recent years
[5–12]. Polymers reinforced with montmorillonite reveal
improvement of both mechanical and physical properties
including elastic modulus, strength, heat distortion temper-
ature, and permeability [5].

Use of layered silicates in polymeric matrices was started
early in 90s by introduction of PA/nanoclay [7]. Since then,

many polymers have been examined in such composites.
Among them, polypropylene has been considered signifi-
cantly [12]. This is due to the high growth rate of this
polymer, especially in autoindustry [12]. It is well known
that in such a nonpolar resin, use of a kind of compatibilizer
along with high shear stress is required to obtain a reasonable
dispersion of clay platelets [13]. Please note that the nonpolar
nature of polypropylene may even suppress intercalation
of clay in the absence of compatibilizer [14]. In this case,
nanocomposite will not form, and improved properties
are not obtained. Many efforts have been conducted to
improve dispersion of clay in polypropylene using functional
oligomers as compatibilizer [14–22]. For this purpose, it
is necessary to graft a polar compound such as maleic
anhydride to the main chain of the nonpolar polymer. This
creates a functional polymer which is miscible in the matrix,
while it is compatible with clay as well. The effectiveness of
PP-g-MA as compatibilizer in PP/clay system depends on
its molecular weight and MA content which determines its
functionality [20]. The effect of MA content on dispersion
of clay in the matrix has been investigated notably, but the
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results are to some extent contradictory [14–16, 18, 20–22].
The high amount of MA usually enhances the diffusion of
polypropylene chains between the silicate layers, although it
may lead to immiscibility of compatibilizer in the matrix,
and thus, resulting in reduction of mechanical properties of
the composite [14]. Reichert et al. [18], however, found that
at a given clay loading, high MA content, that is, 4.2 wt.%,
enhanced mechanical strength further than that of the low
MA content, that is, 2.9 wt.%. Nevertheless, the influence
of molecular weight of the compatibilizer is less obvious
[20]. Most researchers have used low molecular weight PP
oligomers for grafting to MA to improve the diffusion of
chains into clay galleries [14–16, 18]. On the other hand,
Wang et al. [21] illustrated that although low molecular
weight (Mw = 9100 g/mol) oligomer resulted in better dis-
persion, high molecular weight (Mw = 330, 000 g/mol) com-
patibilizer gave rise to better enhancement in mechanical
properties. Kim et al. [22] incorporated four PP compat-
ibilizers with different degrees of MA grafting and three
PP matrices with low, medium, and high viscosity. They
found that the system containing the low viscosity PP and
the least MA content compatibilizer resulted in the greatest
enhancement of dynamic storage modulus [22]. Therefore,
it is claimed that without mentioning the molecular weight
of compatibilizer, it is hard to judge the importance of the
viscosity of individual components [22].

The role of processing conditions on properties of PP
based nanocomposites is the subject of very few researches
[20, 23–26]. Up to now, the literature contains no summary
conclusions about the optimum processing conditions for
obtaining desired properties of polymeric nanocomposites.
Some works on the influence of processing conditions on the
properties of the nanocomposites have been executed [23–
26]. Dennis et al. [23] studied polyamide nanocomposite and
showed that the surface chemistry of the clay platelets and
the extent of shear stress determine the structure and, thus,
the properties of the nanocomposite. Incarnato et al. [24]
studied the effect of the extrusion rate on the properties of
polyamide 6-based nanocomposites. Wang et al. [20] focused
on the influence of the compatibilizer and melt mixing
temperature on the dispersion of clay in polypropylene. They
found that higher mixing temperature (160◦C instead of
150◦C) enhances diffusion of molecular chains into galleries
but reduces shear viscosity. Therefore, low viscosity does not
make enough shear for breaking up the platelets and leads
to poor exfoliation morphology [20]. Modesti et al. [25]
analyzed the effect of temperature profile and screw speed of
extruder on the structure of nanocomposites. Their results
showed that the applied shear stress is much more effective
on the morphology (the extent of intercalation/exfoliation)
than the residence time [25]. In addition, Lertwimolnun and
Vergnes [26] characterized the role of mixing temperature,
rotor speed, and mixing time in both internal mixer and
extruder. They stated that increasing shear stress and mixing
time and decreasing compounding temperature improve the
extent of exfoliation [26].

In this research, PP-g-MA has been made using the same
polymer used as the matrix. Influences of such a compat-
ibilizer and processing conditions including rotor speed

and feeder rate on morphology, mechanical properties, and
deformation mechanism of polypropylene/clay nanocom-
posite have been investigated.

2. Experimental Method

2.1. Materials. A kind of isotactic polypropylene with the
MFI (at 230◦C, 2.16 kg) of 8 gr/10 min by the trade name
of PI080 from Imam Khomeini Petrochemical Complex and
an organophilic montmorillonite with the CEC of 110–
120 meq/100 g by the trade name of NANOLIN DK4 from
FCC were used. In order to synthesize compatibilizer, maleic
anhydride (MA), and dicumyl peroxide (DCP), as initiator,
both from Merck were incorporated.

2.2. Preparation of Nanocomposites. The processing con-
ditions for preparing different nanocomposites made are
summarized in Table 1. In order to make nanocomposite
without compatibilizer, mixtures of 1.5, 3, and 5 wt.%
nanoclay with polypropylene were blended in a corotating
twin-screw extruder (L/D= 20) at a rotor speed of 50 and
100 rpm, while the temperatures in the successive zones were
set at 140, 170, 180, and 190◦C.

For preparing the compatibilizer, MA (2 phr) and DCP
(0.1 phr) were dissolved in acetone and physically mixed
with PP pellets at room temperature. After evaporation of
acetone in air, MA and DCP precipitate on the pellets’ surface
homogeneously. As mentioned earlier, polypropylene used
for making compatibilizer was the same polymer used as the
matrix [23].

In the case of compatibilized nanocomposites, again, 1.5,
3, and 5 wt.% clay samples were made. The magnitude of
compatibilizer in each case was equal to the clay loading.
Temperature regimes in extrusion of compatibilized systems
were similar to those of the noncompatibilized ones. Injec-
tion molding was utilized to make samples of the formula-
tions made.

2.3. Characterization Techniques. Wide-angle X-ray diffrac-
tion (XRD) analyses were conducted using a Bruker Axs
generator. An acceleration voltage of 40 kV and a current
of 30 mA were applied using Cu-Kα radiation. Tensile tests
were performed using a universal testing frame (Hounsfield
H10KS) equipped with an extensometer, according to ASTM
D638. Notched impact strengths were measured according
to ASTM D256 using a 5 J impact hammer from Santam.
The dimensions of Charpy samples were 25 × 12.5 ×
3.5 mm3. All mechanical tests were performed on average
number of 5 specimens. Study of deformation behavior at
the notch tip was done on thin samples cut from three-
point-bending (3PB) specimens using a transmitted light
optical microscope (OLYMPUS DL12). In order to do this
experiment, notched Charpy samples were subjected to a
certain amount of loading (215 N) in 3PB mode, in which
a well-developed damage zone forms at the notch tip of
samples. For observation of the deformation mechanism, the
samples were cut and polished from both sides to reach the
thickness of approximately less than 100 micrometers in the
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Table 1: The compounds prepared in this study.

Compound
Processing conditions

Rotor speed
(rpm)

Feeder speed
(rpm)

(1) PP + Clay 50 10

(2) PP + Clay 100 10

(3) PP + PP-g-MA + Clay 50 10

(4) PP + PP-g-MA + Clay 100 10

(5) PP + PP-g-MA + Clay 100 15

(6) PP + PP-g-MA + Clay 150 15

Table 2: XRD results of organoclay and samples made (without
compatibilizer).

Sample∗
2θ d Spacing (Å)

(001) (001)

Organoclay 2.58 34.23

(1) 2.55 34.61

(2) 2.63 33.56
∗

The numbers in this column correspond to the compounds introduced in
Table 1.

middle of the sample. This approach is further discussed in
[27].

3. Results and Discussion

3.1. Characterization of the Structure. The results of XRD for
organoclay and PP/5 wt.% clay nanocomposites with regards
to different rotor speeds have been shown in Figure 1 and
Table 2.

As can be seen in Table 2, incorporation of organoclay
into polypropylene at the rotor speed of 50 rpm, that is,
Sample (1) in Table 2, results in slight increased d-spacing
of (001) planes. Table 2 also illustrates that the increase of
rotor speed to 100 rpm, that is, Sample (2), will result in
reduction of the d-spacing of the same planes. In order to
explain this observation, one should consider the fact that
the nanostructure in such a composite depends on both
shear stress and the diffusion rate [23]. Please note that it is
necessary to apply sufficient shear stress and allocate enough
time to the polymer chains in order to be diffused into the
galleries. At the rotor speed of 50 rpm, that is, Sample (1) in
Table 2, it seems that the time for diffusion of the polymer
chains into the galleries is sufficient. Thus, an increase in
d-spacing is observed (Table 2). However, the value of d-
spacing in Sample (1) is not large enough that might be as
a result of the lack of compatibility between the polymer and
the organoclay. This subject will be further examined later in
this paper.

Sample (2) which corresponds to the rotor speed of
100 rpm illustrates reduction in d-spacing compared to that
of Sample (1), that is, rotor speed of 50 rpm. This reduction
in d-spacing of PP/clay nanocomposites during no incor-
poration of any compatibilizer was reported in literature
before [14, 18, 20, 21]. The reason for this phenomenon
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Figure 1: XRD graphs of organoclay and polypropylene based
nanocomposites without compatibilizer compounded with Feeder
Speed= 10 rpm.

has been attributed to the incompatibility of the polar
hydroxyl groups on the surface of the clay platelets and
the nonpolar polypropylene chains based on studies done
in those researches [14, 18, 20, 21]. It seems that the
incompatibility of clay and PP is not the only reason for
decreasing the space between the layers. The slight increase of
d-spacing in the condition of 50 rpm is an evidence for this
claim. It is possible that the polypropylene chains stick to the
surface modifier of clay (alkyl ammonium ions in this work),
which is compatible with polymer during mixing. If the
time for diffusing the polymer chains into layers is sufficient
(Rotor Speed= 50 rpm), some of them may penetrate into
layers (the d-spacing will increase). However, if there is
no sufficient time for diffusing (Rotor Speed= 100 rpm), it
seems that not only polymeric molecules are not able to
penetrate into layers, but also they may pull out some surface
modifier of clay during mixing (decreasing in d-spacing of
layers will happen). Of course, it is worth mentioning that
the sufficient time for diffusing the polymer chains into layers
is different under conditions of with/without compatibilizer.
Certainly, this argumentation is only a hypothesis. In other
words, this matter is justified by several evidences, reasons,
references, and so forth and it has been stated here only as a
presumption.

The results of XRD relate to organoclay and PP/clay
nanocomposites with compatibilizer in different rotor
speeds, and feeder speeds have been shown in Figure 2 and
Table 3.

A comparison of Tables 2 and 3 demonstrates the influ-
ence of compatibilizer on the structure of PP/clay nanocom-
posites, that is, increase in d-spacing when compatibilizer is
incorporated. Figure 3 has been displayed for easier evaluat-
ing of the role of rotor speed played about the structure of
compounds. As can be seen in Figure 3, the amounts of 2θ
are changed to the right with the increased speed of the rotor
of the extruder in the composite with compatibilizer (Sample
(3), i.e., rotor speed of 50 rpm, and Sample (4), i.e., rotor
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Figure 2: XRD graphs of organoclay and polypropylene based
nanocomposites with compatibilizer. Numbers (3)–(6) correspond
to the systems introduced in Table 1.

Table 3: XRD results of organoclay and samples made (with com-
patibilizer) in different processing conditions as shown in Figure 2.

Sample
2θ d Spacing (Å)

(001) (001)

Organoclay 2.58 34.23

(3) 2.41 36.62

(4) 2.57 34.34

(5) 2.43 36.32

(6) — —

speed of 100 rpm) like without compatibilizer (Sample (1),
i.e., rotor speed of 50 rpm, and Sample (2), i.e., rotor speed
of 100 rpm). The change from 2θ peak to the right means
that the intergallery spacing of layers has been decreased as
shown in Tables 2 and 3 related to Samples (1) to (4). Also,
as seen in Figure 3, the peak intensity at (001) planes has
notably decreased under the condition of 100 rpm compared
to 50 rpm in both conditions of incorporating compatibilizer
(Sample (3), i.e., rotor speed of 50 rpm, and Sample (4), i.e.,
rotor speed of 100 rpm) and without compatibilizer (Sample
(1), i.e., rotor speed of 50 rpm, and Sample (2), i.e., rotor
speed of 100 rpm). Because the peak intensity at (001) planes
is related to the number of layers in stacks of clay, these results
demonstrate that the average number of platelets in stacks
has decreased by increasing the shear stress on the system.

In addition, Table 3 illustrates that the space between
layers has been increased by incorporating of compatibilizer
in both conditions (rotor Speed of 50, i.e., Sample (3) and
rotor speed of 100 rpm, i.e., Sample (4)). Of course, because
of more residence time, increasing the d-spacing of clay in
rotor speed of 50 rpm, that is, Sample (3), is more than
100 rpm, that is, Sample (4).

The effects of rotor speed and feeder speed on the disper-
sion of nanoclay in a polypropylene matrix have been inves-
tigated before by using an internal mixer and an extruder,
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Figure 3: XRD graphs of compounds: (1)–(4).

respectively [26]. These researchers observed that the space
between layers did not significantly depend on the shear
rate or feeder speed [26]. On the contrary, they showed
that the extent of exfoliation increased by the increase of
the rotor speed of the internal mixer or with decreasing the
feeder speed of the extruder [26]. The authors stated that
increasing the feeder speed decreased the residence time.
Therefore, it decreased the degree of exfoliation [26]. In the
internal mixer, contrary to that of the extruder, the variation
of rotor speed did not affect the residence time. Thus,
this did not influence the d-spacing [26]. As can be seen
in Figure 2, increasing the rotor speed in both conditions,
50 to 100 rpm, that is, Samples (3) and (4), and 100 to
150 rpm, that is, Samples (5) and (6) would result in reducing
the peak intensity at (001) planes; that is, it increased the
degree of exfoliation. This shows that under the conditions
of this experiment, the shear rate is a more important factor
regarding the degree of exfoliation than the residence time.
Figure 2 and Table 3 reveal the influence of feeder rate on the
structure of nanocomposite. As observed, with increasing the
feeder rate from 10, that is, Sample (4) to 15, that is, Sample
(5) the 2θ of the layers has decreased which is a symptom
of increasing the d-spacing of (001) planes. At the same
time, increasing the feeder rate has reduced the degree of
exfoliation (has increased the peak intensity at (001) planes).
Please note that with increasing the feeder rate at constant
rotor speed, the intergallery spacing has been increased
despite the reduction of the residence time. This means that
as well as residence time, the effective L/D ratio has also
been affected by the feeder rate in starve feeding [28]. It
seems that increasing the feeder rate of extruder will increase
the effective L/D ratio. Therefore, the forces, the velocity of
conveyed material, and the amount of deformation will be
changed [29].

On the other hand, the minimum strain (γ0), the mean
total strain (γ) and the strain distribution function (F(γ)),
and the terms of applied strain to the melt of polymer
are proportional to L/H in mixing zone (H is the distance
between cylinder and screw in extruder) [30]. It means
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Table 4: Mechanical properties of PP/Clay samples in different conditions.

Sample
PP

(wt%)
PPgMA
(wt%)

Clay
(wt%)

Rotor speed
(rpm)

Feeder speed
(rpm)

Elastic modulus
(MPa)

Yield stress
(MPa)

Impact strength
(KJ/m2)

100 — — — — 1588 28.7 2.2

(1) 98.5 — 1.5 50 10 1792 30.1 3.1

(1) 97 — 3 50 10 1891 30.0 3.6

(1) 95 — 5 50 10 1952 29.4 3.6

(2) 98.5 — 1.5 100 10 1711 29.3 2.9

(2) 97 — 3 100 10 1842 29.9 2.9

(2) 95 — 5 100 10 1871 29.2 3.5

(3) 97 1.5 1.5 50 10 1804 30.1 2.5

(3) 94 3 3 50 10 1929 30.2 3.3

(3) 90 5 5 50 10 2032 30.0 3.4

(4) 97 1.5 1.5 100 10 1787 30.2 2.8

(4) 94 3 3 100 10 1822 29.5 3.3

(4) 90 5 5 100 10 1918 28.9 3.3

(5) 90 5 5 100 15 1931 29.8 3.3

(6) 90 5 5 150 15 1961 30.1 3.0
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Figure 4: Variation of elastic modulus versus weight percentage of
clay in the samples (1)–(4).

that with increasing L/H , the minimum and the mean total
strains applied to the melt in the mixing zone increase.
According to these explanations, the formation of the
structure of nanocomposites in different feeder rates can be
clarified (samples (4) and (5) in Figure 2 and Table 3). One
may conclude that due to shorter mean residence time of
material in the extruder, the peak intensity at (001) planes
is enhanced, and due to higher minimum and mean total
strains applied to the mixture, the d-spacing of the layers
is increased, during the time of application of higher feeder
rate, that is, increasing from 10 to 15 rpm.

3.2. Mechanical Properties. The results of the measurements
of mechanical properties are illustrated in Table 4.

The effect of the compatibilizer and the rotor speed on
the elastic modulus of PP/clay nanocomposites are illustrated
in Figure 4.

As can be seen in Figure 4, the elastic modulus increases
with decreasing the rotor speed, that is, Sample (1) compared
with Sample (2), and the existence of compatibilizer, that
is, Sample (4) compared with Sample (2) and Sample
(3) compared with Sample (1). These observations can be
explained by considering the structure of the samples (d-
spacing of (001) layers). In Sample 2 (Figure 4 and Table 2)
the amount of d-spacing reveals that molecular chains of PP
have not been diffused into the clay galleries. Therefore,
the system acts like conventional composites. In the case of
using compatibilizer, that is, Sample (4), the d-spacing of
layers have slightly increased in comparison with organoclay,
and proportionally, the aspect ratio of the reinforcement has
been increased. Therefore, it is probable that elastic modulus
slightly increases under such a condition. This, together with
possible stronger adhesion between clay and polymer due to
incorporating compatibilizer can explain the higher modulus
of Samples (1) and (3).

Based on these results, one may claim that there are
two structural parameters which affect elastic modulus of
nanocomposites: the d-spacing of layers (the aspect ratio of
layers) and the number of layers in each stack (the aspect
ratio of the stacks). Comparing the results of Samples (3) and
(4) (Figures 3 and 4 and Table 3) assuming that the d-spacing
of layers has a more effective role in modulus of elasticity. It
means that Sample (3) has not only more d-spacing of layers,
but also it has more number of layers in stacks than Sample
(4) (elastic modulus of Sample (3) is more than of Sample
(4)). The variations of yield stress and impact strength also
depend on these structural parameters. It seems that the d-
spacing of layers is more important factor on these properties
(compare the result of Figure 3 and Tables 3 and 4). However,
in order to understand the relationship between mechanical
properties and morphology of samples, it is necessary to
investigate the deformation mechanism in different samples.
The following section has been allocated to this subject.
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Figure 5: Transmission optical micrographs taken under cross-polarized light showing damage zones at the notch tip of PP/clay without
compatibilizer, that is, Sample (2), subjected to F = 215 N: (a) neat, (b) 1.5 wt.% clay, (c) 3 wt.% clay, and (d) 5 wt.% clay.

3.3. Deformation Mechanism. The mechanisms of defor-
mation at the notch tip of PP/clay composites without
compatibilizer subjected to 3PB loading are illustrated in
Figure 5.

These micrographs reveal crazing at the notch tips.
Similar observation has been reported by Narisawa and
Ishikawa [31] and Zebarjad et al. [32]. Figure 5(a) shows
individual crazes formed and grown at the notch tip of
polypropylene subjected to 3PB loading condition. Addition
of organoclay (Figures 5(b)–5(d)) has intensified crazing at
the notch tip so that more massive crazing has been observed
in those figures. Intensification of crazing at the notch tip in
the absence of compatibilizer was observed in our previous
work by focusing on a Co-PP [33]. Despite the similar
observations made for two studies, that is, intensification
of crazing at the notch tip by incorporation of organoclay,
there is a difference between the two studies. While the
tensile yield stress was improved by adding organoclay in
this study (Table 4), the previous work revealed reduction of
yield stress by incorporation of silicate layers [33]. It seems
that organoclays without compatibilizer tend to delaminate
from the matrix while the tension stress is applied. This
phenomenon makes the directions of stresses change from
shear to normal by incorporating organoclays. As a result, the
yield stress of homo-PP increases. In co-PP, some dilatational
shear bands initiate and grow around the rubbery phase in
the matrix. It is possible that these dilatational shear bands
spread in the matrix when they encounter with organoclays
which do not have good adhesion to matrix. As a result of

this deformation distribution, the yield stress is reduced in
co-PP.

In order to investigate the effect of compatibilizer on
deformation mechanism, the notch tip of samples was
examined (Figure 6).

As observed in Figure 6, incorporation of compatibilizer
has reduced the extent of crazing very significantly. Compar-
ing of XRD results (Tables 2 and 3) reveals that the d-spacing
of layers increases by introducing the compatibilizer.

Figure 7 shows the notch tip deformation zones of PP/
clay/PP-g-MA nanocomposites compounded with different
feeder ratings from those of Figure 6.

As it was described earlier, the sample compounded at
the feeder speed of 15 rpm (Figure 7(b)) has larger d-spacing
and more numbers of silicate layers per stack in comparison
with the other sample (Figure 7(a)). It means that this sample
has limited amount of stacks per volume. Because the crazing
mechanism tends to initiate and grow by incorporating
organoclays (in the form of stacks), the deformation zone
(crazing) at its notch tip will be smaller than the other sample
under the condition of same loading (the suitable sites for
initiation of crazing are less than the other sample).

4. Conclusion

Polypropylene/clay nanocomposites via melt intercalation in
an intermeshing corotating twin-extruder using starve feed-
ing system were prepared, and these results were obtained.
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Figure 6: Transmission optical micrographs showing damage zones
at the notch tip of (a) Sample (1) and (b) Sample (3) subjected to
F = 215 N (samples include 5 wt.% organoclay and/or 5 wt.% PP-
g-MA).

(i) The space between layers has been increased in
existence of compatibilizer in both conditions (Rotor
Speed= 50 and 100 rpm). Of course, due to more
residence time, increasing the d-spacing of clay in
rotor speed of 50 rpm is more than 100 rpm.

(ii) The shear rate is more important factor to extend
exfoliation than the residence time in the conditions
of this experiment.

(iii) With increasing the feeder speed of the extruder the
intergallery space and the degree of exfoliation have
increased and decreased, respectively.

(iv) The Young’s modulus increases with decreasing the
rotor speed and the existence of PP-g-MA as com-
patibilizer. It seems that the d-spacing of layers plays
more effective role than the amount of layers in each
stack, in modulus of elasticity.

(v) With adding the organoclay, the crazing mechanism
has changed from local to massive in the mode of 3PB
loading.

(vi) The deformation zone at the notch tip of samples
decreases with increasing the feeder speed.
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Formation of unique ZnO nanoarrays utilizing photodynamic polymer, surface-relief grating structures, and unique electrostatic
layer-by-layer assembly as a simple and economical methodology was demonstrated. Atomic force microscope (AFM), scanning
electron microscopy (SEM), and energy-dispersive X-ray (EDAX) analysis were employed to characterize elemental composition
and morphology of the resulting ZnO nanostructures with self-ZnO layer. Optical behavior of the final product was studied by
UV-vis-NIR absorption and photoluminescence (PL) spectra.

1. Introduction

Since the large exciton binding energy of 60 mV and quan-
tum confinement effects [1] of low-dimensional nanostruc-
tures, zinc oxide (ZnO) has become an attractive candidate
for potential electronic, optoelectronic, electrochemical, and
electromechanical devices, such as ultraviolet (UV) lasers,
[2] light-emitting diodes (LED), [3] field emission devices,
[4, 5] solar cells, [6] and piezo-nanogenerators [7, 8]. With
changes in size and shape, unique electrical, mechanical,
chemical, and optical properties may be freshly introduced,
which are extensively believed to be the result of surface
and quantum confinement effects [1]. To further improve
its physical properties, substantial efforts have been devoted
to develop various methodologies to create uniform and
continuous one- (1D) or two-dimensional (2D) ZnO nanos-
tructures. In an effort to integrate the resulting ZnO arrays
into a more ordered fashion to enhance the performance of
the nanodevices, a variety of techniques, including nano-
lithographic techniques (e.g., electron beam lithography,
proximal probe patterning, and X-ray patterning) [9] and
several chemical methods (e.g., vapor-solid, vapor-liquid-
solid, and solution-solid) [10], have been employed. All these

methods are not suitable for large fabrication process due to
their exorbitant cost and complicated procedure. In contrast,
an unconventional method used in this study may be
much easier and economically more favorable, considering
it can offer a much higher throughput in practice for solar
energy conversion, light emission, and other promising areas.
Periodic 1D and 2D ZnO nanostructures that were created
simultaneously by self-assembly of the ZnO layers were
prepared easily using the electrostatic layer-by-layer (ELbL)
method by spin-coating, surface-relief grating (SRG) on the
deposited photodynamic polymer film, and finally simple
heat treatment. The alternating depositions of aqueous zinc
acetate solution utilizing ELbL and polyanions assembly gave
a good opportunity for facile fabrication of novel 1D and 2D
ZnO nanostructures with self ZnO layer within a few hours.

2. Experimental Procedure

The indium doped tin oxide- (ITO-) coated glass and
quartz substrates were used after cleaning by ultrasonication
with isopropanol. A photodynamic polymer, poly orange
3 (PDO3), was synthesized from the diglycidyl ether of
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Figure 1: (a) 3D AFM views of submicrostructured 1D and 2D SRGs fabricated by exposing PDO3 to Ar+ ion laser interference pattern and
(b) 3D views of three bilayers of SPS/zinc acetate assembled in depressions on 1D and 2D SRG polymeric templates.

bisphenol A and disperse orange 3 as reported previously [11,
12]. 5 wt% PDO3 was dissolved in 1,4-dioxane and filtered
through a 0.45 μm membrane to obtain a film with uniform
thickness. The spin-coated PDO3 films on ITO substrates
were then dried in a vacuum oven overnight at 60◦C. 1D
and 2D Surface-Relief Gratings (SRGs) were formed on the
PDO3 films using an interference pattern of an argon ion+

laser beam at 514.5 nm with an intensity of 100 mW/cm2.
7 wt% of Zn·(CH3COO)2·2H2O purchased from Aldrich
was stirred vigorously in 20 mL of H2O for 2 hours to
obtain the zinc acetate solution. The concentration of the
used poly (4-styrene sulfonate) (SPS) solution was 0.1 wt%
with pH 1.0 for all subsequent polyanion layers. In the
assembly process, the SRG templates were quickly modified
as sulfonlyl groups by spin-coating the pH 1.0 SPS solution.
7 wt% zinc acetate solution was subsequently spin-coated on
the SPS surface-modified SRGs. This completed one cycle.
A deposition of one-bilayer assembly of the SPS/zinc acetate
was progressed in short time without additional drying
and rising steps. Thereafter, the process was repeated by

alternating the deposition of pH 1.0 SPS solution and 7 wt%
zinc acetate solution until the desired amount of zinc acetate
was deposited in the assembly. Three bilayer assembly of
the deposited SPS/zinc acetate was heat-treated at 500◦C
for 2 hours to burn off the polymeric template and to
create well-defined ZnO nanostructures with self-ZnO layer.
Scheme 1 illustrates the stepwise procedure used to prepare
the nanostructured ZnO arrays with self-layer.

The samples were characterized by atomic force
microscopy (AFM), scanning electron microscope (SEM),
and an energy-dispersive X-ray (EDAX) analysis to study
their morphologies and elemental compositions. The UV-
vis-NIR spectrum was recorded at a scan rate of 240 nm/min.
Photoluminescence (PL) spectrum was measured at the
exciting wavelength of 345 nm.

3. Results/Discussion

Figure 1(a) shows 3D views of (a) 1D and 2D SRGs formed
on the photodynamic polymer films. 1D and 2D SRGs were
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Figure 2: SEM views of nanostructured 1D (a) and 2D (b) ZnO arrays created on self-ZnO layer by simple electrostatic Layer-by-Layer
spin-coating technique and pyrolyzing a three-bilayer assembly of SPS/zinc acetate on the individual 1D and 2D SRG templates.

used as polymeric templates to generate well-ordered ZnO
nanostructures. The sinusoidally modulated gratings were
used to fabricate a periodic array of 1D ZnO lines, while the
egg-crate-like SRG structures were used to fabricate periodic
arrays of 2D ZnO dots as shown in Figure 1(a). AFM height
profiles of both SRG patterns showed an average modulation
amplitude of about 210 and 200 nm, respectively. The
periodicities of both gratings are approximately 1 μm. AFM
images in Figure 1(b) show 3D views of an individual three-
bilayer assembly of SPS/zinc acetate on both SRGs prepared
using sequential ELbL by a spin-coating. The thickness
of SPS/zinc acetate assembly can be controlled easily by
adjusting rpm of spin-coater. Figure 1(b) indicated that the
average thickness of SPS/zinc acetates ELbL on 1D SRG for
a three-bilayer assembly was decreased by 10% to about
120 nm and that for 2D arrays was also reduced nearly by
40% to about 150 nm, respectively. Each cycle of a SPS/zinc
acetate deposition by ELbL spin-coating was successively
progressed for a three-bilayer assembly without additional
washing and drying. Finally, a three-bilayer assembly of
SPS/zinc acetate was dried at room temperature for an hour.
Dried assembly was then heated for 2 hours through several
steps (room temperature → 100◦C → 300◦C→ 500◦C) to

remove the SRG polymeric template and to crystallize Zinc
oxide.

Figure 2 summarizes typical SEM images of nanostruc-
tured 1D (a) and 2D (b) ZnO arrays created on ZnO
self-layer on the ITO substrate. Well-ordered 1D and 2D
ZnO arrays were formed as results of the sintering at
500◦C for 2 hours in air condition as shown in Figure 2.
The line and dot arrays created from collection of ZnO
nanoparticles on self-layer show two distinctive shapes such
as long sand ridges (a) and sand dunes (b) contrasted with
various patterns fabricated by numerous techniques [13–17].
They also exhibit good uniformity and continuity within
nanostructured patterns after sintering, although used SRG
substrate is a microstructured polymeric template. Unique
ZnO sand ridges and dunes created on self-ZnO layers may
result from the difference of isoelectrical points between SPS
polyelectrolyte and zinc acetate layer stacked alternatively. It
is quite intriguing to note that zinc acetate layer was stacked
selectively and quickly into grooves or hollows without buffer
layer, SPS. However, when the buffer layer is present on top of
hydrophobic SRG, ZnO-self layer appeared after the sintering
process possibly due to adsorption of zinc acetate on the
slope. The deposited SPS (or zinc acetate) to the SRG (or
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Figure 3: (a) The EDAX spectrum of the 2D ZnO nanostructures shown in Figure 2 for element analysis, (b) UV-vis-NIR and (c)
photoluminescence (PL) spectra of nanostructured 2D ZnO arrays with self ZnO layer created on a quartz substrate; Exciting wavelength
for PL is 345 nm.

SPS) may provide more adhesive strength for complexation
(or charge interaction) with zinc acetate (or SPS) layer.
The resulting ZnO nanostructures have innumerable porous
structures over large area, which can provide a potential
advantage for solar cell and sensor applications.

Elemental composition and crystalline structure of ZnO
nanostructures well-patterned on self-layer were deter-
mined by energy-dispersive X-ray (EDAX) analysis and X-
ray diffraction (XRD). The EDAX spectrum of the ZnO
nanopatterns with self-layer in Figure 3(a) clearly shows the
Zn Kα X-ray line at 8.65 keV and O Kα X-ray line at 0.52 keV.
A very weak C Kα (0.282 keV) line compared with that of the
non-heat-treated sample is obtained from EDAX spectrum.
The crystallinity of the ZnO nanostructures was confirmed

by X-ray diffraction (XRD). In the small sample quantity,
three XRD patterns observed at around 2θ = 31.80◦, 34.60◦,
and 36.12◦ correspond well to the diffractions from the
(100), (002), and (101) planes, respectively [18, 19]. The
results from EDAX and XRD indicated that the produced
patterns are composed of crystallized ZnO nanoparticles and
that no significant traces of the SRG polymeric template
remained after the sintering process. Other peaks revealed
that the existence of Na, Mg, Si, Sn, and Al come from ITO
substrate. UV-vis-NIR spectrum in Figure 3(b) shows the
abrupt absorption band or edge characteristic of nanostruc-
tured ZnO arrays with self-ZnO layer centered at around
357 nm, which is in good corresponding with our previously
work [17].
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Scheme 1: Schematic procedure for creating nanostructured ZnO
arrays with self-ZnO layer using electrostatic Layer-by-Layer Tech-
nique by spin-coating.

The photoluminescence (PL) spectrum of ZnO nanos-
tructures after sintering at 500◦C is shown in Figure 3(c). The
three emission peaks at 398, 422, and 484 nm in wavelength
were obtained from PL spectrum when excited at wavelength
of 345 nm. The emission band occurred at around 398 nm
can be assigned to the near band-edge transition, which
is, namely, the recombination of free excitons through an
exciton-exciton collision process, of wide band gap ZnO
nanoparticles composed of the nanostructured ZnO arrays
[20], while the two emission bands observed at around
422 and 484 nm result from the radial recombination of
a photogenerated hole with an electron that belongs to a
singly ionized oxygen vacancy [21] and the defect-induced
emission from ZnO [22–24].

4. Conclusion

A simple, cost- and time-effective approach to create periodic
nanostructured ZnO arrays onto self-layer over large areas
has been described. The unconventional method was carried
out using periodic microstructured polymeric templates,
modified ELbL spin-coating technique, and heat-treatment.
ZnO nanoarrays with self-layer are expected to have a wide
range of applications such as sensors, energy storages, and
solar cells. For instance, various fluorescence dyes may be
incorporated in the functionalized ZnO surface, and ZnO
nanoarrays with self-layer may be also used as a laser pump-
ing due to its attractive optical property. This methodology
can be readily applicable for creating nanopatterns with self-
layer in other metal oxides, metals, or novel organic materials
using common lithographic fabrication methods.
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