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M. L. López-Quintanilla, and E. N. Cabrera-Álvarez
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For the current special issue of this journal were received 49
manuscripts from them 6 have been withdrawn, 7—rejected,
and 35—accepted. The geometry of papers rather wide: USA,
México, Chile, France, Germany, UK, Italy, Spain, Czech
Republic, Poland, Romania, Slovenia, Republic of Belarus,
Turkey, Saudi Arabia, China, Korea, Taiwan, Malaysia, Viet
Nam.

Two reviews “Synthesis of silica nanoparticles by sol-gel:
size-dependent properties, surface modification, and appli-
cations in silica-polymer nanocomposites—a review,” and
“Polymer/QDs nanocomposites for waveguiding applications.”

In the article “Synthesis of silica nanoparticles by sol-gel:
size-dependent properties, surface modification, and applica-
tions in silica-polymer nanocomposites—a review,” the liter-
ature data on SiO2 nanoparticles obtainment and polymer
nanocomposites synthesis by sol-gel method was considered,
the possibilities of obtained product’s properties regulation
and their application are analyzed.

At the review “Polymer/QDs nanocomposites for waveg-
uiding applications,” were considered the possibilities of
Active wave guides with use of Quantum Points CdTe and
PMMA binding—polymer/QDs nanocomposites for wave-
guiding on hybrid organic (polymer)—inorganic (quantum
dots) materials applications.

The “Bragg grating optical filters by UV nanoimprinting,”
“Polymer/QDs nanocomposites for waveguiding applications,”
“Polyol-mediated synthesis of zinc oxide nanorods and nano-
composites with poly(methyl methacrylate),” “Matrix-assisted

pulsed laser thin film deposition by using Nd:YAG laser,”
“Introduction of bifunctional group onto MWNT by radiation-
induced graft polymerization and its use as biosensor-
supporting materials,” “Evaluation of CdS interfacial layers
in ZnO nanowire/poly(3-hexylthiophene) solar cells,” and
“Materials and devices research of PPV-ZnO nanowires for het-
erojunction solar cells,” completely correspond to the title of
current special issue. The articles are devoted to the various
applications. For example were obtained the following: in
“Bragg grating optical filters by UV nanoimprinting,” the stable
micro- and nanostructured optical devices, in “Polymer/QDs
nanocomposites for waveguiding applications,” nanocompos-
ites for wave-guiding, in “Introduction of bifunctional group
onto MWNT by radiation-induced graft polymerization and
its use as biosensor-supporting materials,” biosensor for the
detection of phenolic compounds in drinks such as red wine
and juices and the zinc oxide nanowires, used directly as
negative electrode materials for photovoltaic devices as well,
and so on.

The following 26 papers can be conventionally divided to
the four groups.

To the first group can be attributed the articles related
to carbon-contained (nanotubes: “An electrically conductive
and organic solvent vapors detecting composite composed
of an entangled network of carbon nanotubes embedded
in polystyrene,” “Synthesis and characterizations of poly(3-
hexylthiophene) and modified carbon nanotube composites,
“Temperature dependence of mechanical and tribological
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performance of MWNTfilled short fibre reinforced multi-
scale phenolic friction composites”) morphology, microstruc-
ture and physical properties, “Cast nanostructured films of
poly(methyl methacrylate-b-butyl acrylate)/carbon nanotubes:
influence of poly(butyl acrylate) content on film evaporation
rate, morphology, and electrical resistance,” fullerenes C60—
“Effect of fullerene derivates on thermal and crystalliza-
tion behavior of PBT/decylamine-C 60 and PBT/TCNEO-
C 60 nanocomposites,”—influence of various concentration
fullerene on thermal properties nanocomposites, carbon
additives (carbon fillers)—“Effect of nanodisperse carbon
fillers and isocyanate chain extender on structure and properties
of poly(ethylene terephthalate),”—mechanical, rheological,
relaxation properties and on structure are investigated,
graphite—“Simple method for the preparation of Composites
Based on PA6 and partially exfoliated graphite,”—polymer
nanocomposites with various binding and carbon/carbon
composites. In the specified works are investigated physic-
mechanical “An electrically conductive and organic solvent
vapors detecting composite composed of an entangled network
of carbon nanotubes embedded in polystyrene,” “Synthesis
and characterizations of poly(3-hexylthiophene) and modified
carbon nanotube composites,” “Effect of nanodisperse carbon
fillers and isocyanate chain extender on structure and properties
of poly(ethylene terephthalate), ”relaxation “Effect of nanodis-
perse carbon fillers and isocyanate chain extender on structure
and properties of poly(ethylene terephthalate), ” rheological
“Effect of nanodisperse carbon fillers and isocyanate chain
extender on structure and properties of poly(ethylene tereph-
thalate),” thermal “Effect of fullerene derivates on thermal
and crystallization behavior of PBT/decylamine-C 60 and
PBT/TCNEO-C 60 nanocomposites,” and electric properties.

To the second group it is possible to attribute the 9 arti-
cles were investigated nanoadditives: metallic (silver: “Pho-
togenerating silver nanoparticles and polymer nanocomposites
by direct activation in the near infrared,” “Optical properties
of polyvinyl alcohol films modified with silver nanoparticles,”
Copper: “Electrical and thermal behavior of copper-epoxy
nanocomposites prepared via aqueous to organic phase transfer
technique”) and metallic oxides (Fe3O4: “Nanocomposites
based on technical polymers and sterically functionalized soft
magnetic magnetite nanoparticles: synthesis, processing, and
characterization,” “Fabrication and characterization of magne-
toresponsive electrospun nanocomposite membranes based on
methacrylic random copolymers and magnetite nanoparticles,”
SiO2: “Study on the compressive modulus of nylon-11/silica
nanocomposites,” “Polypropylene nanocomposites obtained by
in situ polymerization using metallocene catalyst: influence
of the nanoparticles on the final polymer morphology,” TiO2:
“The effect of film thickness and TiO2 content on film forma-
tion from PS/ TiO2 nanocomposites prepared by dip-coating
method,” Al2O3: “Microstructure and mechanical properties of
heterogeneous ceramic-polymer composite using interpenetrat-
ing network”). In the works were used nontraditional meth-
ods of polymer composites obtainment—“Photogenerating
silver nanoparticles and polymer nanocomposites by direct
activation in the near infrared,” polymethine dyes were
used as the photoactive agents the present paper with the
photochemically assisted fabrication of silver nanoparticles

in a polymerizable medium using a near infrared (NIR)
source. “Optical properties of polyvinyl alcohol films modified
with silver nanoparticles,” is examine the ability of PVA films
modified with silver nanoparticles, to scatter incident linear
polarized He-Ne laser light, as well as were determined
the effect of processing conditions (uniaxial tension, cross-
linking of the polymer matrix during irradiation by UV
radiation in presence of bichromates) on scattering and
polarizing properties of modified PVA films.

In “Polypropylene nanocomposites obtained by in situ
polymerization using metallocene catalyst: influence of the
nanoparticles on the final polymer morphology” were used in
situ polymerizations of polypropylene obtainment by two
methods: (1) the nanoparticles were added together with the
catalytic system (rac-5 Et(Ind)2ZrCl2/(MAO) directly into
the reactor, (2) the catalytic system puts on SiO2 surface and
entered into the reactor the metallocene rac-Et(Ind)2ZrCl2
was supported on silica nanospheres pretreated with.

In “Electrical and thermal behavior of copper-epoxy
nanocomposites prepared via aqueous to organic phase transfer
technique,” using transfer technique were received the Epoxy
resin/Copper nanocomposites.

Thus, in works “Photogenerating silver nanoparticles
and polymer nanocomposites by direct activation in the
near infrared,” “Optical properties of polyvinyl alcohol films
modified with silver nanoparticles,” “Electrical and ther-
mal behavior of copper-epoxy nanocomposites prepared via
aqueous to organic phase transfer technique,” as well as in
“Nanocomposites based on technical polymers and sterically
functionalized soft magnetic magnetite nanoparticles: synthe-
sis, processing, and characterization,” “Fabrication and char-
acterization of magnetoresponsive electrospun nanocomposite
membranes based on methacrylic random copolymers and
magnetite nanoparticles,” “Study on the compressive modulus
of nylon-11/silica nanocomposites,” “Polypropylene nanocom-
posites obtained by in situ polymerization using metallocene
catalyst: influence of the nanoparticles on the final polymer
morphology,” “The effect of film thickness and TiO2 content
on film formation from PS/ TiO2 nanocomposites prepared
by dip-coating method,” and “Microstructure and mechanical
properties of heterogeneous ceramic-polymer composite using
interpenetrating network,” using nontraditional methods of
nanocomposites synthesis it was shown the improvement
dynamical-mechanical “Nanocomposites based on technical
polymers and sterically functionalized soft magnetic mag-
netite nanoparticles: synthesis, processing, and characteri-
zation,” magnetic passableness supermagnetic behaviour
“Fabrication and characterization of magnetoresponsive elec-
trospun nanocomposite membranes based on methacrylic
random copolymers and magnetite nanoparticles,” of polymer
nanocomposites with the various binders.

In the current special issue were accepted the papers
“Study structure and properties of nanocomposite mate-
rial based on unsaturated polyester with clay modified by
poly(ethylene oxide),” “PP/MMT nanocomposite: mathematic
modelling of layered nanofiller,” “Role of polymer interac-
tions with clays and modifiers on mechanical properties
and crystallinity in polymer clay nanocomposites,” and “The
effect of nanoclay on dust generation during drilling of pa6
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nanocomposites,” on polymer/clay nanocomposites. In “Study
structure and properties of nanocomposite material based on
unsaturated polyester with clay modified by poly(ethylene
oxide),” the authors have tried using Poly(ethylene oxide) as
a new modifier to replace some traditional ionic surfactants,
a b “Role of polymer interactions with clays and modifiers on
nanomechanical properties and crystallinity in polymer clay
nanocomposites,” describes a quantitative study of interaction
energies on properties of nanocomposites. In the article “The
effect of nanoclay on dust generation during drilling of pa6
nanocomposites,” by nanoclay particles filled polyamide 6
nanocomposites during mechanical drilling were obtained.
Mathematic modeling “PP/MMT nanocomposite: mathe-
matic modelling of layered nanofiller,” of layered nanofiller
PP/MMT nanocomposite was carried out.

In “The low-temperature crystallization and inter-
face characteristics of ZnInSnO/in films using a bias-
crystallization mechanism,” “Preparation and characteri-
zation of folate targeting magnetic nanomedicine loaded
with cisplatin,” and “Biodegradable polymer-coated, gelatin
hydrogel/bioceramics ternary composites for antitubercu-
lar drug delivery and tissue regeneration” were investi-
gated: influence of heat on the crystallization process of
ZnInSnO/In film, and clarifies its interface characteris-
tics, biodegradable gelatin hydrogel/bioceramics compos-
ites for antitubercular drug delivery and tissue regen-
eration “Biodegradable polymer-coated, gelatin hydro-
gel/bioceramics ternary composites for antitubercular drug
delivery and tissue regeneration,” as well as the new prepa-
ration for the cancer treatment was offered “Preparation and
characterization of folate targeting magnetic nanomedicine
loaded with cisplatin”.

In the current special issue were accepted also the papers
on nanoporous contained polymer composites “Vinyl ester
oligomer crosslinked porous polymers prepared via surfactant-
free high internal phase emulsions,” and “Effect of addition of
soybean oil and gamma-ray cross-linking on the nanoporous
HDPE membrane”.

Sevan P. Davtyan
Aleksandr Berlin

Vladimir Agabekov
Nodari Lekishvili
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Poly(3-hexylthiophene) and modified (functionalized and silanized) multiwall carbon nanotube (MWNT) nanocomposites have
been prepared through in situ polymerization process in chloroform medium with FeCl3 oxidant at room temperature. The
composites are characterized through Fourier transfer infrared spectroscopy (FT-IR), Raman, and X-ray diffraction (XRD)
measurements to probe the nature of interaction between the moieties. Optical properties of the composites are measured
from ultraviolet-visible (UV-Vis) and photoluminescence (PL) spectroscopy. Conductivity of the composites is followed by
four probe techniques to understand the conduction mechanism. The change (if any) in C=C symmetric and antisymmetric
stretching frequencies in FT-IR, the shift in G band frequencies in Raman, any alterations in λmax of UV-Vis, and PL spectroscopic
measurements are monitored with modified MWNT loading in the polymer matrix.

1. Introduction

Conjugated polymers are being developed as alternatives to
traditional inorganic semiconductors for low-cost electronic
or optical devices because of the ease of their solution
processing and their mechanical flexibility. Polythiophene-
based composites are in the forefront. Carbon nanotubes are
the most recently tried electron acceptor materials. In the
case of carbon nanotubes, because of their anisotropy and
presence of semiconducting tubes, the realization of its
full potentiality is still a challenging task. Recently, people
have attempted to bring in directionality to the orientation
of the carbon nanotubes and attempts made to separate
out the metallic part of carbon nanotubes exploiting the
differential interaction with planar aromatic molecules,
such as free-based porphyrin or pyrene with long alkyl
chains [1]. Also, the transport properties of conducting
polymers are known to be greatly influenced by the chemical
instauration surrounding the polymer backbone, besides
favorable conformation of the side chains present. Polymeric
composites with multiwall carbon nanotubes can provide

a good conductive path at relatively low carbon contents,
as these have high aspect ratio specific surfaces and cost
effective [2–5]. Hence their uses in various applications for
optoelectronic devices such as organic LED, solar cells, and
super capacitors and so forth. are very much anticipated.

In organic-photovoltaic devices, fullerenes [1, 2], nano-
particles [3, 4], carbon nanotubes [5–8] and conjugated
polymers with high electron affinity [9–11] are being used
to hybrid with semiconducting polymers like polythiophene
or poly(p-phenylene vinylene) (PPV) [12]. Since the first
report of a polymer/SWNT photovoltaic device in 2002,
increased interest in such types of composites is evident
from the very large number of publications on polythio-
phene (PTh)/carbon nanotube (CNT) composites that are
appearing periodically with more and more innovative ideas
for the creation of an effective interface between the PTh and
CNT. Electron-hole pairs are generated at the interface of the
polymer and CNT upon illumination. The carbon nanotubes
serve as electron traps as they have more electron affinities
than the conjugate polymers. MWNTs are more stable in
air than fullerenes and are also much cheaper. They are also



2 Journal of Nanomaterials

excellent electrical conductors and they eliminate the charge
transport barriers of hopping between acceptor molecules.
The general methods to prepare polymer-CNT composites
are (i) ultrasonication of CNT or surface functionalized
CNT in presence of matrix polymers, (ii) the in situ poly-
merization of monomers in the presence of CNT, and (iii)
polymerization of the matrix polymer from the surface of
the nanotubes. In these cases, a nanohybrid/nanoconjugate
is to be formed depending upon the interaction between the
polymer and the CNT. In addition to intensive and intimate
interfaces being formed between them, there is an additional
advantage of easy solubilization in many organic solvents.

Considering all these aspects, recently direct polymer-
ization of monomers in a CNT-dispersed medium through
functionalization/nonfunctionalization of CNT has drawn
great attention to prepare polymer-wrapped CNT [13–20].
The supramolecular approach of noncovalent modifications
of CNT seems attractive as it will not disrupt the extended π-
networks and open up the possibilities of being able to orga-
nize the nanotubes in the ordered polymer matrix. In this
direction, in-situ synthesis and characterization of soluble
poly(3-hexylthiophene) (P3HT) and modified (functional-
ized and silanized) MWNT composites have been attempted
as a first report. The morphology, microstructure, and
physical properties, including thermal and electrical aspects,
are discussed in detail. A close look at the interface between
the polymer and MWNT is made out to understand the
nature of the interaction between them and their potentiality
to use as photovoltaic devices junction materials.

2. Experimental Methods

General: MWNT (AP-grade, diameter: 1012 nm, and length:
2∼20 μm) supplied by Iljin Nanotech Co., Ltd., Republic
of Korea was used in as-procured form. 3-hexylthiophene
(3HT) monomer (97%), chloroform, iron (III) chloride
anhydrous (oxidant), 3-aminopropyltriethoxysilane, and
other organic solvents purchased from Aldrich with reagent
grade were used without further purification.

2.1. MWNT Functionalization. 400 mg of raw MWNT
(rMWNT) was suspended in a 3 : 1 mixture of concentrated
HNO3/H2SO4 solution and ultrasonicated in the water bath
for 24 h at 60◦C using a Branson Sonifier. The resulting acid-
treated MWNTs were filtered and then washed with water
and methanol, subsequently. The functionalized MWNTs
(fMWNT) were dried in a vacuum oven at 110◦C for 24 h.

2.2. Silane-Modified fMWNT. The acid-treated MWNTs
were then surface-modified using silane compounds by
the following way: 200 mg of fMWNT was suspended in
100 ml of toluene and ultrasonicated in the water bath
for 30 min at room temperature. 11.4 mmol of 3-
aminopropyltriethoxysilane dissolved in 1 wt.% toluene
solution was slowly added to the above solution and refluxed
at 75◦C with continuous stirring for 6 h. The solution was
filtered with adding 30 ml of methanol for dilution and
washed by deionized water, methanol, and acetone. The

resultant silane-modified MWNT (siMWNT) powder was
collected after vacuum drying at 80◦C for 12 h.

2.3. Preparation of P3HT and P3HT-MWNT Nanoparticles.
A typical in-situ chemical oxidative polymerization was
carried out for synthesis of 3HT and 3HT-MWNT nanopar-
ticles. The synthesis of the P3HT-MWNT nanoparticles
consists of the following steps: 100 ml of CHCl3 solution
containing MWNT (required amounts of rMWNT, fMWNT,
and siMWNT individually) was added to a 250 ml double-
neck, round bottomed flask carrying a magnetic Teflon-
coated stirrer. The mixture was sonicated for 1 h at room
temperature in order to disperse the MWNT. 4 mmol of
FeCl3 in 100 ml CHCl3 solution was added to the above
solution and further sonicated for 30 min. 3HT monomer
(1 mmol) in a 25 ml CHCl3 solution was taken in a condenser
and added dropwise to the MWNT and FeCl3 solution with
constant stirring. The reaction mixture was stirred for an
additional 24 h under the same conditions. The resultant
MWNT-P3HT composite was precipitated in methanol,
filtered using a Buchner funnel, and then carefully washed
several times with methanol, 0.1 M HCl, deionized water
and acetone. The obtained black powder was dried under
a vacuum dryer at room temperature for 24 hrs. The 3HT
polymerization (P3HT) was done following a similar proce-
dure by using the same monomer and oxidant ratios with the
absence of carbon nanotubes.

2.4. Characterizations. X-ray diffractions were measured
using a XRD-7000 (Shimadzu, Japan). The X-ray beam
was Cu Kα (λ = 0.1541 nm) radiation from a sealed tube
operated at a 40 kV voltage and a 25 mA current and was
calibrated with a standard silicon sample. The samples were
scanned from 2θ = 0◦ to 60◦ at the step scan mode (step
size 0.02◦) at a scan rate of 1.2◦/min, and the diffraction
pattern was recorded using a proportional detector. Fourier
transform infrared (FT-IR) spectra of the samples were
performed from a KBr pellet of the nanocomposites in a
Thermo 5700 model instrument. Raman spectra of the solid
samples were taken at the excitation wavelength of 780 nm
using a Thermo Almega XR model. Ultraviolet-visible spec-
tra (UV-Vis) of the P3HT and the P3HT-MWNT composites
were recorded using a UV-3600 UV/Vis/NIR spectrometer
(Shimadzu, Japan) in a 1, 2, 4-trichlorobenzene solvent
at room temperature from 200 to 800 nm. Photolumines-
cence experiments of the polymer and the nanocomposite
solutions were performed with a RF-5301PC spectrometer
(Shimadzu, Japan). For the FE-SEM study, a dried film
of the polymer and composites was platinum coated and
was observed through a field emission scanning electron
microscope (JSM-7800F; JEOL, Japan) at 20 kV. The dis-
persity of carbon nanotubes in the polymer matrix was
studied using a JEM-2100F (JEOL, Japan) operated at an
accelerated voltage of 100 kV. A drop of diluted solution of
the polymer/composite in ethanol dispersed by sonication
on the carbon-coated copper grid was dried finally in a
vacuum and was directly observed in the TEM. Thermal
stability of the polymer/composite was measured using a
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Figure 1: FE-SEM images of (a) P3HT and P3HT-MWNT composites of (b) P3HT-rMWNT, (c) P3HT-fMWNT, and (d) P3HT-siMWNT.

Seiko, TG/DTA 320 under a nitrogen atmosphere at a heating
rate 10◦C/min. The room temperature conductivity of the
pressed pellets was measured with the standard four-point
probe method, using a Jandel engineering instrument, model
CMTSR1060N.

3. Results and Discussion

Typical FE-SEM images of the P3HT and P3HT/MWNT
nanocomposites are presented in Figure 1. By comparing
them one can see the well-buried MWNT in the polymer
matrix taking tubular structures. The TEM picture presented
in Figure 2 presents a closer view of MWNT with polymer
wrappings.

The electron-diffractive X-ray (EDX) analysis data of the
polymer and the composites (Figure 3) show that there is a
slight increase in the carbon content of the composite with a
substantial decrease in the weights of sulfur and hydrogen,
indicating the formation of the composites. Figure 3(c)
presents silane group attachment successfully.

The X-ray diffraction patterns obtained at room temper-
ature are presented in Figure 4. The scattering peaks at 5.18
and 23.8◦2θ arise from the first and higher order reflections
from large length d-spacing for P3HT [21–23] and corre-
spond to the in-plane interchain distance. The amorphous
halo wide-angle peak with lesser intensity appears at 23.8◦2θ,
which represents the stacking distance of the thiophene
rings or interplanar distance. There is little shifting in the
scattering peaks’ positions with the addition of MWNT with
respect to interplane and intrachain distances. And, the full-
width at half-maximum (FWHM) suggests some changes in
the crystallite size values. This could be due to the physical
wrapping of the polymer on the walls of the nanotubes. The
layered structure, with maximum chains forming parallel
planes and side chains acting as spacers, is typical for a comb-
like polymer in general indexed as (h00) (h.1,2,3, . . .) and the
corresponding d-spacing values can well imply the spacing
between adjacent back bone chains [24–28].

The FT-IR spectra of the P3HT and P3HT-MWNT
composites are shown in Figure 5. Theoretical investigation
reveals that monocrystalling graphite belongs to the D4

6h
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Figure 2: TEM images of (a) P3HT-rMWNT, (b) P3HT-fMWNT, and (c) P3HT-siMWNT composites.
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Figure 3: EDX data of (a) bulk P3HT and P3HT-MWNT composites of (b) P3HT-rMWNT, (c) P3HT-siMWNT, and (d) P3HT-fMWNT.
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Figure 4: XRD data of (a) bulk P3HT and P3HT-MWNT
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Figure 5: FT-IR spectra of (a) bulk P3HT and P3HT-MWNT
composites of (b) P3HT-rMWNT, (c) P3HT-siMWNT, and (d)
P3HT-fMWNT.

space-group symmetry [29] and the peak around 1562–
1590 cm−1 is assigned with C=C stretch [30, 31]. It is found
at 1621 cm−1 in the as-procured MWNT sample as received
(not shown here). The further figures correspond to P3HT
and its composites. In the case of P3HT the absorption bands
2920 and 2849 cm−1 correspond to –CH2-stretch vibration
and shoulder at 2956 cm−1 corresponds with the –CH3

asymmetry stretch vibration. The bands centered at 1453 and
1320 cm−1 can be attributed to the bending vibration mode
of –CH2- and –CH3. The characteristic in-plane and out-of-
plane rocking vibration of –(CH2)n-group (n ≥ 4) can also
be observed at 717 and 1148 cm−1 in this spectra. For P3HT
there is no observation of the split of 717 cm−1 band into
720 and 730 cm−1, which are representative of the ordered
and disordered —CH2-groups rocking vibration band [32].

According to Furukawa et al. [33] and Trznadel et al. [34]
the ratio between the intensity of the antisymmetric C=C
stretching peak (mode at 1510 cm−1) and the intensity of
the symmetric stretching peak (mode at 1456 cm−1) can be
used to probe the average conjugation length of P3HT. The
same type of observation has been reported by Musumeci et
al. in their work of P3HT/MWNT composites [35]. In this
case there is no change in the νsym(C=C) and νantisym(C=C)
frequencies of the P3HT with successive loading of carbon
nanotubes suggesting that there is no significant ground state
interaction between the polymer and the CNT. The intensity
ratio of Iνantisymm(C=C)/Iνsym(C=C) versus wt% of MWNT
is generally found a slight increment per unit addition
of carbon nanotubes and the 1456 cm−1 and 1510 cm−1

corresponding to stretch vibration of the thiophene ring are
notified as tangible shift [36]. Hence it is not possible to think
of any strong interaction between the carbon nanotube and
the polymer, for some weak π-π ground state interaction
between the moieties.

As Raman spectroscopy is sensitive to both electronic
and vibrational structures of carbon nanotubes, it can
be conveniently used to probe the structure of polymer-
nanocomposites. The spectra of P3HT and the polymer
composites are shown in Figure 6. In the signals of P3HT-
rMWNT composites the important peaks at 1350 and
1582 cm−1 represent the sp3 mode (D band) and the
tangential mode (G band) of the nanotubes, respectively
[37]. The intensity ratio of the D over G band (D/G ratio) has
been used to predict the extent of purity of the nanotubes as
well. With P3HT-fMWNT and P3HT-siMWNT composites
the shift of G and D band frequencies is seen as a direct
consequence of interaction between carbon tubes and the
polymer. musumeci et al. have reported the effect as of an
electron donor-acceptor type [35]. Specifically, the charge
removal from MWNT results in an upshift in the G band
and a downshift in the Raman D band which is attributed
to additional electron density in the MWNT antibonding
orbitals from charge injection [38]. In the present study,
the frequency of the G band has shown a tangible shift and
is centered on 1582 cm−1 suggesting that the polymer has
entered into might charge transfer with the nanotubes.

The UV-Vis absorption spectra of P3HT and P3HT/
MWNT composites in 1,2,4-trichlorobenzene are presented
in Figure 7. It is known that MWNT absorption makes no
significant contributions to the spectra [39]. The value of
λmax of P3HT (456 nm) is in line with an already reported
value in the literature [40, 41]. There is a significant shift
in the λmax of the polymer upon inclusion of carbon
nanotubes in the form of composites. This suggests boasting
of ground state interaction and hence appreciable charge
transfer between the polymer and the MWNT.

The PL spectra of P3HT and its composites in 1,2,4-
trichlorobenzene (C6H3Cl3) for an excitation wavelength
of 450 nm are presented in Figure 8. The polymer and
the composites P3HT-rMWNT, P3HT-fMWNT, and P3HT-
siMWNT show emissions in the range 527–575 nm. The
reason for the photoluminescence quenching of the com-
posites may be attributed to π-π interactions of P3HT
with the nanotubes forming additional decaying paths of
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Figure 6: Raman data of (a) P3HT-rMWNT, (b) P3HT-siMWNT,
and (c) P3HT-fMWNT composites.
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Figure 7: UV-vis absorption data of (a) bulk P3HT and P3HT-
MWNT composites of (b) P3HT-rMWNT, (c) P3HT-fMWNT, and
(d) P3HT-siMWNT.

the excited electrons through the MWNT, the silanized
MWNT is the effective photoluminescence quenching [42].
This larger quenching indicates that the singlet exitons
generated in the polymer are diminished before radiative
recombination due to the presence of MWNT in addition
to absorption and scattering by the nanotubes. Furthermore
in this case, the MWNT acts as a nanometric heat sink
which dissipates the heat generated from the incident beam
[43]. The absence of any significant shift of the maximal
luminescence peaks for the composites at different excitation
wavelengths suggests extended molecular packing between
the polymer and MWNT to be of a physical nature and
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Figure 8: Photoluminescence spectra of (a) bulk P3HT and P3HT-
MWNT composites of (b) P3HT-rMWNT, (c) P3HT-fMWNT, and
(d) P3HT-siMWNT.

Table 1: Room temperature conductivity of P3HT and P3HT-
MWNT composites.

Samples P3HT
P3HT-

rMWNT
P3HT-

fMWNT
P3HT-

siMWNT

Conductivity
(S/cm)

2.3× 10−5 0.37 0.12 0.71

the absence of any important configurational relaxation in
the excited state [44].

The electrical conductivity of conducting polymers
depends on the extent of conjugation and the amount
of dopant present in them [45]. Further in the case of
polymer/CNT composites, it depends on the purity of the
nanotubes and their alignments [46]. The DC electrical
conductivity results of P3HT and its composites are pre-
sented in Table 1. The conductivity of the polymer and its
composites are measured using approximately 0.04 g of the
samples, pressed into pellet form of 1.2 cm in diameter
and 0.556 mm thickness using 600 kgf/cm2 pressure by a
manual hydraulic press for 15 min. The conductivity of
P3HT at room temperature (25◦C) is noted to be 2.3 ×
10−5 S/cm. The conductivity of the polymer is increased with
successive acid-treated functionalized and silane modified of
the MWNT, reaches a maximum value of 0.12 and 0.71 S/cm,
respectively and a five fold increase. Some of the individual
MWNT or nanotube clusters isolated by polymer coatings
are responsible for hoping transfer of electrons besides their
tunneling through the nanotubes for a three-dimensional
percolation system [47].

P3HT-MWNT in-situ polymerized composites exhibit
good dispersibility in CHCl3, THF, and chlorobenzene and
so forth solvents much better than the simple blend of
the polymer and MWNT prepared through the sonication
process. The hydrophobisity of the nanotubes much reduced
through the good wrapping of the polymer on the walls
of the nanotube leading to a long stability of the solution
and a much better dispersibility also. The functionalized and



Journal of Nanomaterials 7

100 200 300 400 500 600 700 800

50

60

70

80

90

100

50

60

70

80

90

100

(c)

(d)

(b)

(a)

W
ei

gh
t 

lo
ss

 (
%

)

Temperature (◦C)

Figure 9: TGA analysis data of (a) bulk P3HT and P3HT-MWNT
composites of (b) P3HT-rMWNT, (c) P3HT-fMWNT, and (d)
P3HT-siMWNT.

silanized composites have exhibited stability over 10 weeks,
while the blend was stable for not more than 7 days. This will
really be an advantage while casting solar active coatings over
a larger area substrate on a scaled-up level in field trials.

The TGA results of P3HT and the composites are
presented in Figure 9. The results indicate the presence of
MWNT in the polymer matrix for the composites to cause
enhanced thermal stability. Such increase in thermal stability
has already been reported with few polymer CNT composites
[13, 15, 17, 20]. The higher residual weight in the case of the
composites is due to the presence of underrated nanotubes
and metallic impurities present in the as-procured MWNT.

4. Conclusions

Conducting polymer-modified carbon nanotubes (P3HT-
MWNT) composites have been synthesized through in situ
polymerization procedure using FeCl3 oxidant for photo-
voltaic cells applications. The lack of any significant ground
state interaction involving any charge transfer, but only
π-π stacking of noncovalent interaction type between the
polymer and the walls of the nanotube, is evident from FT-
IR, Raman, UV-Vis, PL spectra, and other measurements.
The in-situ polymerization procedure of the donor polymer
molecules and the acceptor carbon nanotubes has resulted
in enhanced dispersibility and stability of the composites in
organic solvents compared to the simple sonication of them
providing convenient and reliable approach for their use in
solar cell applications.
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During the past decade, polymer nanocomposites have emerged as a novel and rapidly developing class of materials and attracted
considerable investment in research and development worldwide. However, there is currently a lack of information available in
the literature on the nano and ultrafine particle emission rates from these materials. In this paper, influence of nanoclay on
mechanical drilling of PA6 composites, in terms of dust generation, has been reported. With the help of real-time characterization,
submicrometer-sized particles (5.6–512 nm), size distribution, and number concentration emitted from polyamide 6/nanoclay
composites during mechanical drilling are studied. Total particle concentration for the PA6/nanoclay composites was 20,000 cm−3,
while unreinforced panel measured a total concentration of approximately 400,000 cm−3. While the airborne particle concentration
for the PA6/nanoclay composites was 20 times lower than for the PA6 matrix, the concentration of deposited nanoparticles doubled
for the nanocomposite. The results clearly show that more particles in the size range between 175 and 350 nm are generated, during
drilling of the nanocomposites, and these particles deposit in a shorter time. It is likely that the presence of nanoclay in some way
retains the formation of high quantity of airborne particles and promotes particle deposition.

1. Introduction

Nanoreinforced polymers have focused the attention, be-
cause of their potential to exhibit impressive enhancements
of material properties compared to the pure polymers. For
light weight constructions, among various nanocomposites,
much attention has been paid to polymer/layered silicate
nanocomposites, because of their enhanced mechanical
properties, high thermal stability, and high flame retardancy
[1–7]. Nanoclays account for approximately 70% of the
total volume of nanomaterials commercially used [8]. In
the automotive and packaging sector nanoclays were intro-
duced, mainly due to their low cost and availability.
Poly(methyl methacrylate)—epoxy—nanoclay composites

[9], polypropylene—nanoclay composites [10], polyvinyli-
dene fluoride—nanoclay nanocomposites [11], and nanoclay
modified rigid polyurethane foam [12] exhibit improved
properties when compared to their bulk polymer con-
stituents and conventional macrocomposite counterparts.
Numerous studies have reported the improvement of energy
absorption of nanoclay/polymer nanocomposites [13–15].
For example, John et al. [16] have shown that the incorpo-
ration of 2 and 4 vol.% of nanoclay, respectively, improves
the tensile modulus of cyanate ester syntactic foams by 60
and 80%, respectively.

On the other hand, only little attention has been paid
to the behaviour of these materials on the emission of free
nanofiller as ultrafine airborne particles during their life
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Figure 1: Apparatus and setup for the chamber experiments.

time. Shear forces during different mechanical processes such
as milling, grinding, turning, boring, and drilling may detach
free nanofiller as ultrafine airborne particles. Due to their
size, these particles are able to remain airborne for a longer
period [17] and are suspected to enter the human cells more
easily via respiratory, dermal, or oral absorption [18, 19].
The high biological activity can be explained by the large
surface-to-volume ratio; hence many types of nanoparticles
have shown toxic impact [20–23].

In the current work, airborne particles emitted by nan-
oclay filled polyamide 6 nanocomposites during mechanical
drilling, in a controlled environment, were investigated. The
particle number concentration and size distribution were
measured continuously in real time using a particle sizer.
In addition, the particles emission rates were evaluated, as
this information could be useful in assessing the particle
exposure to air. Further, deposited particles were collected
and investigated utilising a nanoparticle tracking analysis and
electron microscopy, for assessing the emission of particles to
soil and water.

2. Experimental

2.1. Materials. Polyamide 6 (PA-6) Tarnamid T30, Azoty
Tarnów, Poland (melt volume flow rate 25.0 g/10 min
(275◦C/5.0 kg)), due to its respectable mechanical properties,
was chosen as an appropriate matrix material. As filler mate-
rials 5 wt.% of montmorillonite (Laviosa/Dellite 43B) was
used, which has been surface modified with N,N-dimeth-
yl-N-benzyl-N-octadecyl ammonium utilization. The mont-
morillonite (MMT) was first dispersed in hot distilled water
at a concentration of max. 5 wt% and mixed at 70◦C
for 2 h. Subsequently, a water solution of cationic surfact-
ant (R = alkyl chain C16–C18) was slowly added in an ade-
quate quantity for cation exchange of MMT. The mix-
ture was stirred for 3 h to enable complete sodium cation
exchange. Then the precipitate was filtered and washed with
hot distilled water until no chloride ions were detected in the

filtrate after addition of 0.1 mol AgNO3. Finally, the filtered
cake was dried, grounded into fine powder, and size-graded
with a 50 μm sieve.

2.2. Manufacturing of Polyamide 6/Nanoclay Composites Pan-
els. Compounding of the composite material was conducted
in a twin-screw extruder (ZMK/116/10, ZAMAK—Cable
Machinery Plant, Poland). The PA6 and 5 wt.% of organically
modified montmorillonite were premixed and batched by
the main feeder to the first barrel zone. The extruder was
equipped as follows: screw diameter 24 mm, length/diameter
ratio 32, conventional screw configuration, and 6 barrel
zones with two high-shearing zones. This granulate was
then used for nanocomposite manufacturing by compression
moulding.

The mould temperature was kept at 250◦C over the com-
pression time of 5 min. Due to the high dimensions of the
panels, cooling of the polymer melt was completed in the
mould in order to avoid material warping.

2.3. Drilling Experiment. Drilling of the nanoreinforced
panels was conducted in a controlled environment, with just
one small opening for the drill bit (10 mm diameter) as
shown in Figure 1. This chamber was designed to reduce
the possible influence of the drilling engine, as background
noises, on the measurement results. Inside the chamber the
composite panels were mounted on a fixture. A sampling tray
helped collecting the turnings which were produced during
drilling. The measurement equipment and the chamber were
connected with help of an antistatic silicon tube. An angle
drill (Makita BDA351Z 18V LXT Angle Drill) was used for
drilling with a maximum speed of 1800 min−1. Before the
drilling experiment, the chamber was purged with laboratory
air for about 20 min. Each sampling cycle comprised a 60 min
background air monitoring in the chamber, 14 min. of active
drilling, and a 60 min postdrilling period. The experiment
was repeated 3 times for each material composition.

Airborne particle size distributions were measured
with help of an SMPS+C (Condensation Particle Counter
“CPC” 5.403 with Classifier “Vienna”-DMA 5.5-U, Grimm
Aerosol, Germany). An Electrostatic Precipitator (Model
5.561 Grimm Aerosol, Germany) was utilized to sample
the generated airborne particles. A high voltage (5000 V)
was applied to the central electrode to attract the charged
particles onto a sampling plate. The particles on the sampling
plate were then studied in further scanning electron micro-
scope analysis.

Fracture particles were sampled in a dry state and
analysed by suspending them in solution. Particle size distri-
bution and quantity were measured by nanoparticle track-
ing analysis (NTA) provided by the Nanosight equipment
(Model LM20, NanoSight Ltd.). A defined mass of fracture
particles (0.30 g) were suspended in 20 mL of deionised
water, this solution was then introduced to the Nanosight
equipment using a disposable syringe. For the TEM images,
30 mg of fracture particles were suspended in 1 mL. After
sonification, 0.5 mL of this suspension was used for TEM
study.
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Figure 2: SEM micrographs of bulk: (a) nanoreinforced composites and (b) virgin material.

2.4. Material Characterisation. The morphology of the
nanocomposites was investigated by using an FEI XL30 field
emission scanning electron microscope (SEM). The operat-
ing voltage was in the range of 10–20 kV, and the specimens
were gold sputtered to minimize charging of the sample.

Crystalline structure of the manufactured nanocom-
posites was studied with help of powder X-ray diffraction
(XRD). XRD studies were performed between 1–10◦ and 3–
60◦ scattering angle, using a Philips X-Pert diffractometer,
with graphite monochromator placed in the front of detect-
or-λCu = 1.5418 Å.

3. Results and Discussion

3.1. Morphology of Nanocomposite Panels. Microscopical
investigation of the nanoadditive panels did not show
microscopic agglomerates of filler as shown in Figure 2(a).
The PA6/nanoclay composites showed formation of a net
of inclusions (brighter areas) of nanometric dimensions
(Figure 2(a)). The various shapes of inclusions (both aniso-
metric and isometric) reflect limited orientation of nano-
particles in the core region of the moulded sample and an

anisotropic structure. The observations of structure and
morphology of PA6/nanoclay composites by SEM technique
enabled to confirm the uniform distribution of nanoparticles
in polymer matrix. The morphology of the PA6 panels has
shown dendrite structures in some areas. One reason for this
dendritic growth was caused from growth instabilities that
occurred when the growth rate was limited by the rate of
diffusion of solute atoms to the interface [24].

WAXD diffractogram of the neat material reflected a
strong diffraction peak with a maximum at 21.5◦, which cor-
responded to the γ crystalline phase, and small peak at 37.9◦.
The main diffraction peak observed on WAXD diffractogram
of the PA6/nanoclay composites panels occurred at the same
value of 2θ degree as for neat PA6 matrix (Figure 3(a)).
Therefore, no significant changes in the matrix’s crystallo-
graphic structure were induced by nanofiller in the prepared
panels. The formation of a nanostructure was additionally
confirmed by SAXD method (Figure 3(b)). The characteris-
tic peaks for organically modified MMT disappeared com-
pletely in the nanocomposite indicating significant alteration
of the original parallel arrangement of nanoclay layers.
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Figure 4: Sequential alteration of number concentration of a typical sampling cycle for neat PA6 (a) and PA6/MMT composite (b).

3.2. Nanoscale Dust Particles during Drilling. The sequential
alteration of the total number concentration of airborne
particles, for a typical sampling cycle, is shown in Figure 4.
The total number concentration was essentially constant
with an average of 1000 (particles/cm3) before drilling. As
soon as drilling started, the number concentration increased
rapidly. The maximum number concentration was reached
for the virgin material as soon as drilling was terminated and
after approximately 30 min for the PA6/nanoclay composites
panel. Subsequently, the particle decay was observed with
the concentration falling back to the original background
level approximately after a postdrilling period of 2 h. In
significant research studies [25–30] the influence of the
machining engines as “background noises” on the results
has been reported. As the drilling was conducted in a con-
trolled environment, the influence of the machining engine
could be reduced to a minimum. Compared with the
total particle concentration the particles generated by the
drill are minimal and therefore were neglected. The total

concentration was around 20,000 cm−3 for the nanoclay
filled panel, while the unreinforced panel measured a total
concentration of approximately 400,000 cm−3. As the total
concentration was 20 times lower for the reinforced panel,
it is likely that the presence of nanoclay in some way retains
the formation of high quantity of airborne particles.

Diffusion, gravitational deposition, convection, impac-
tion, and coagulation are some of the complex processes
which influence formation and removal of particles in the
chamber. Removal of small particles is primarily dominated
by diffusion while larger particles are mainly affected by
gravitation. During diffusion, small particles collide with one
another and form larger particles. This process is known as
coagulation and strongly depended on particle size and con-
centration. An indication of the coagulation rate can be
stated identified by the half-life of an individual particle,
which is introduced into an atmosphere embracing a defined
concentration of such particles [31]. However, coagulation
can be neglected for laboratory experiments if the particle



Journal of Nanomaterials 5

10 100 1000

Particle diameter (nm)

6E+05

4E+05

5E+05

3E+05

2E+05

1E+05

0E+00

dN
/d

ln
 (

dp
) 

(c
m
−3

)

PA6
PA6/MMT

Figure 5: Normalized particle size distributions at ending of the drilling cycles.

(a) PA6/nanoclay-particle (b) PA6-particle
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concentration was less than 1 × 1012 m−3. As the maximum
concentration measured in this study did not exceed 3.86 ×
1011 m−3, coagulation could be neglected [32].

The particle size distributions of drilling into different
material systems are shown in Figure 5. The plots which
reflected particle size distributions at the time particle con-
centration reached its maximum, and drilling was termi-
nated. The plots presented the normalized distribution with
ΔN/Δlndp versus the particle diameter dp, where ΔN is the
concentration of particles within a specified size interval
and Δlndp is the difference in the natural logarithm of
the largest and smallest particle sizes of that interval. From
visual inspection of the graph, it could be noted that the
modal diameters were the same for unreinforced and rein-
forced composite panel. Similar results were obtained by
Wohlleben et al. [27], while comparing nanocomposites with
their reference materials without nanofillers, that the differ-
ences are insignificant in the actual size distribution of aero-
sols during normal abrasion use. However, they [27] also
reported no significant changes between reference materials
without nanofillers in the number concentrations, which
could not be confirmed by the results we obtained.

To support the measurements obtained by SMPS+C,
particles were sampled via electrostatic precipitators (ESPs,
Grimm Aerosols, Germany) and subjected to JFEI XL30
field emission scanning electron microscope. The scanning
electron micrographs of the particles generated during dril-
ling of different composites are represented in Figure 6.

Micrographs of the particles generated from PA6 panels
showed coagulation of small particles (80 nm) to larger parti-
cles (300 nm). Microscopic investigation of the particles ob-
tained from drilling PA6/nanoclay composites was scattered
over the sampling plate, and no coagulation could be found.
According to Grassian [31] the half time of particles in
the size range of 10–200 nm in the measured concentration
would be between 16 and 83 min, therefore coagulates of
particles are natural for a sampling period of 2 h.

As there was a major difference between the particles
emitted during drilling of nanofilled PA6 and virgin PA6,
particles which deposited on the sampling tray inside the
chamber were investigated. Total deposited particles concen-
tration and geometric mean size were measured by Nano-
sight, after suspending the dry collected particles in deionised
water nanoclay filled PA6 specimen, which was double the
concentration of the unfilled PA6. This meant that PA6/
nanoclay composites generated more particles that deposit-
ed, compared to the unreinforced material especially in the
size range between 175 and 350 nm.

The scanning and transmission electron microscopy
micrographs confirmed the Nanosight results, as shown in
Figure 7. The airborne nanoscale particle concentration of
the PA6/nanoclay composites was lower than for the virgin
matrix material, and the deposited concentration was higher.
An increase in the aerodynamic diameter of particle size
results in an increase in the rate of deposition due to gravi-
tational effects.
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The diffraction pattern of PA6 in a bulk form and a
powder are presented in Figure 8. Clearly the polymorphic
structure was formed under the action of mechanical force
since one strong peak corresponding to the γ crystalline
phase of PA6 in bulk form was weakened after drilling and
additional peaks at 20.05◦ and 23.35◦ occur showing the for-
mation of α-crystal phase of PA6. Recrystallization of poly-
mer matrix may be facilitated by the heat evolved during
mechanical drilling of the polymer materials.

4. Conclusions

Nanoclay filled PA6 nanocomposites were manufactured
through direct compounding and compression moulding
process. Microscopic analysis of the nanocomposites mor-
phology revealed that the nanoclay was dispersed homo-
geneously throughout the PA6 matrix. Additional WAXD
analysis showed a high degree of exfoliation of the nanoclay
in the polymeric matrix. The investigating particle released
from PA6 and PA6/nanoclay composites during drilling
demonstrated that the airborne particle concentration was
decreased by integration of nanofillers in the matrix.

However, while the airborne particle concentration for
the PA6/nanoclay composites was 20 times lower than for
the PA6 matrix, the concentration of deposited nanoparticles
doubled for the nanocomposite. The results showed that
more particles in the size range between 175 and 350 nm
are generated and these particles deposit in a shorter time.
The results showed that drilling of nanocomposites generates
nanoparticles; therefore, this should be considered and
assessed while dealing with machining of nanocomposites.
However, it could also be shown that by integration of nano-
clay into the PA6 matrix airborne particle quantity can be
reduced.
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A nanoporous high-density polyethylene (HDPE) membrane was prepared by a wet process. Soybean oil and dibutyl phthalate
(DBP) were premixed as codiluents, and gamma-rays were used for the cross-linking of HDPE. The pore volume of the nanoporous
HDPE membranes with soybean oil was affected by the extracted amount of oil. The tensile strength of the membrane improved
with an increasing absorbed dose up to 60 kGy, but decreased at 80 kGy due to severe degradation. The ionic conductivity of the
nanoporous HDPE membrane did not really change with an increasing absorbed dose because the pores had already been formed
before the gamma-ray radiation. Finally, the electrochemical stability of the HDPE membrane increased when the absorbed dose
increased up to 60 kGy.

1. Introduction

A lithium secondary battery cell is generally comprised of an
anode, a cathode, a nonaqueous electrolyte, and a separator,
and each component in such a battery cell has been studied
thoroughly to achieve the best battery performance [1, 2].

A separator is a critical component in lithium secondary
batteries, and its main function is to prevent an electrical
short circuit, permeate high ions, and be thermally stable and
mechanically strong during an assembly operation [3, 4].

Nanoporous high-density polyethylene (HDPE) mem-
branes are widely used as separators in Li-ion secondary
batteries [5]. HDPE is one of the most important thermo-
plastics due to its good mechanical properties and resistance
to chemicals and harsh environments [6, 7].

There are several techniques that are generally used
for the fabrication of HDPE membranes, including a dry
process, a nonwoven matrix, and a wet process. The dry
process is relatively less expensive, and there is no solvent
contamination; however, its major disadvantage is a relatively

low tear resistance to the machine direction, due to the highly
oriented structure [8, 9]. Nonwoven membranes have some
disadvantages, such as a large pore size and thicker nature
[5]. The wet process is suitable to achieve high porosity if
a stretching step is added. Also, a membrane manufactured
through a wet process is nonoriented for both the pore
structure and mechanical strength [10–15].

However, these polyolefin membranes have some disad-
vantages such as a poor compatibility with liquid electrolytes
due to their hydrophobic property, and a large thermal
shrinkage [3, 4]. Sufficient data have not yet been reported in
the exiting literature for polyolefin membranes, which have a
good mechanical property and low thermal shrinkage while
maintaining high porosity.

From these backgrounds, we tried to develop a mem-
brane that has a good mechanical property and low thermal
shrinkage while maintaining high porosity. The objective of
this research is to report the results of a study on the role
and effects of gamma-ray irradiation and soybean oil on the
properties of a nanoporous HDPE membrane.
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2. Materials and Methods

2.1. Materials. A commercial grade high-density polyethy-
lene (HDPE; Hivorex 5200BH) was used throughout this
study and was supplied by Honam Petrochemical Corpora-
tion (Daejeon, Korea). The alumina was supplied by Buehler
Co., Ltd. (Lake Bluff, USA). The particle size and specific
surface area of the alumina were 50 nm and 100.2 m2/g.

Dibutyl phthalate (DBP) and soybean oil were used as
codiluents. DBP was purchased from Junsei chemical Co.,
Ltd. (Tokyo, Japan). Soybean oil was supplied by Sigma-
Aldrich Co., Ltd. (St. Louis, USA). An electrolyte solution
consisting of 1.0 M of LiClO4 in a 1 : 1 (v/v) ethylene car-
bonate (EC)/diethyl carbonate (DEC) mixture was donated
from Techno-Semichem Corporation (Kongju, Korea) and
placed in an Ar-filled glove box. The electrodes (LiCoO2 and
MCMB) used in this study were purchased from the Korea
Power Cell Company.

2.2. Sample Preparation. Soybean oil and DBP were pre-
mixed as codiluents for the formation of pores. The HDPE
pellets and alumina with codiluents were mixed in an
extruder (Brabender D-47055) and uniaxially drawn by a
roller to obtain precursor films.

The precursor films are irradiated by γ-ray at a dose rate
of 5 kGy/hr. The irradiated films were uni-axially stretched
by up to 600% in a propylene glycol bath at 120◦C and then
extracted by ethanol.

The mixing formulations are shown in Table 1.

2.3. Measurements of the Samples. The porosity and pore
diameter of the samples were measured with a mercury
porosimeter (AutoPore IV 9500; Micromeritics, USA). Con-
cerning the porosity, at least three specimens were tested, and
the average value was taken.

The morphological changes of the samples were observed
using a scanning electron microscope (SEM; JSM6390 JEOL
Company, Japan). The specimen surfaces were coated with a
thin layer of gold palladium alloy by sputtering to provide a
conductive surface.

The structural changes of the prepared sample were
investigated by FT-IR spectroscopy (Bruker Optik GmbH,
Germany).

The tensile strength was measured with an Instron443 at
room temperature. The size of the specimens was 5× 20 mm,
the thickness was about 0.02 mm, and the head speed was
10 mm/min. The tensile strength of each sample was tested
at least five times, and the average value was taken.

A thermal shrinkage test of the sample was conducted in
an oven at 120◦C for 60 min. The thermal shrinkage (Sh) can
be calculated by the following equation:

Sh(%) = (Ao − Aa)
Ao

× 100, (1)

where Ao is the original area of the samples before heating,
and Aa is the area of the samples after heating.

To measure the ionic conductivity, the membranes were
soaked in an electrolyte solution at room temperature in an

Table 1: Preparation conditions for the HDPE membranes.

Sample
name

HDPE (wt%) Alumina (%)
Soybean oil

(wt%)
DBP (wt%)

S10 74 10 10 6

S14 70 10 14 6

S19 65 10 19 6

S25 59 10 25 6
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Figure 1: The porosity of the nanoporous HDPE membrane with
soybean oil content.

Ar-filled glove box and sandwiched between two stainless
steel blocking electrodes. The ionic conductivity at room
temperature was determined by the AC impedance technique
in a frequency range of 0.01 to 100 kHz using a Solartron SI
1260 frequency response analyzer, which was combined with
an SI 1287 electrochemical interface. The constant potential
was 10 mV. Samples with area (A) and thickness (L) were
sandwiched between two stainless steel blocking electrodes
to measure the electrolyte resistance (Rb, Ω). The ionic
conductivity (σ , S cm−1) was then calculated by the following
equation:

σ = L
(Rb × A)

. (2)

To measure the linear sweep voltammetry (LSV), the
membranes soaked in a liquid electrolyte solution were
sandwiched between the lithium metal and stainless steel and
assembled into a tightly sealed test cell. The LSV test for
the membrane was determined to be from 3.0 V to 5.5 V at
0.5 mV/sec.

3. Results and Discussion

As its main function, the membrane for a lithium secondary
battery should be a very good electronic insulator and has
the capability of conducting ions by soaking the electrolytes.
Also, they should minimize adverse affects such as serious
damage and thermal shrinkage [16–18].

Figure 1 shows the porosity of the nanoporous HDPE
membrane with the soybean oil content. The porosity of the
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Figure 2: The SEM micrographs of the surface of the HDPE membrane: (a) S10, (b) S14, (c) S19, and (d) S25.
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Figure 3: The FT-IR spectra of the HDPE membrane with soybean
oil.

nanoporous HDPE membrane increased with increasing
amounts of soybean oil. The porosity of the HDPE mem-
brane containing soybean oil with 10% alumina was about
52% and that of the HDPE membrane containing soybean
oil with 25 wt% was about 64%.

SEM images of the surface of the nanoporous HDPE
membrane with soybean oil content are shown in Figure 2.
It can be clearly seen that the nanosized pore volume on the

HDPE membranes increased with an increase in soybean oil
contents. From this result, it was found that the porosity of
the nanoporous HDPE membrane is directly related to the
content of soybean oil. The main reason for this result is
presented in Figure 3.

Figure 3 shows the FT-IR spectrums as a function of the
addition of soybean oil. Figures 3(a) and 3(b) are FT-IR
spectrums of pure soybean oil and pure HDPE, respectively.
Figure 3(c) is the HDPE blend containing 25% soybean
oil after extraction. The FT-IR spectrum of Figure 3(a)
showed that a peak corresponding to the –C=O stretching
vibration peak of the ester group at 1746 cm−1, and the –C–
O stretching vibration peaks at 1255, 1160, and 1120 cm−1,
appeared. When the HDPE blend contained 25% soybean oil
after extraction (Figure 3(c)), the C=O stretching vibration
peak and –C–O stretching vibration peaks of the soybean
oil had completely disappeared. Also, the FT-IR spectrum of
Figure 3(c) is similar to that of pure HDPE (Figure 3(b)).

From these results, it was found that the pore volume
of the nanoporous HDPE membranes with soybean oil
was affected by the extracted extent of the soybean oil.
Consequently, the pore volume of the nanoporous HDPE
membranes increased with an increase in the content of the
soybean oil.

Figure 4 shows the tensile strength of a nanoporous
HDPE membrane with an increase in radiation dose. The
tensile strength of the HDPE membrane decreased with
an increase in the contents of the soybean oil due to the
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Figure 4: The tensile strength of the nanoporous HDPE membrane
with an increasing radiation dose.
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Figure 5: The thermal shrinkage of the nanoporous HDPE
membrane with an increasing radiation dose.

increased pore volume. However, the tensile strength of the
membrane increased with an increase in absorbed dose up
to 60 kGy, but decreased at 80 kGy due to severe degradation.
As shown in Figure 4, the high doses of irradiation induced
severe degradation rather than a crosslinking of the materi-
als.

A nanoporous film should be resistant to severe condi-
tions such as high temperature. For example, the thermal
shrinkage rate of a nanoporous film should be minimized
[4]. Figure 5 shows the thermal shrinkage of the nanoporous
HDPE membrane with an increase in radiation dose. As
shown in Figure 5, the thermal shrinkage of the nanoporous
HDPE membrane decreased with an increase in absorbed
dose up to 60 kGy due to the formation of a cross-linked
network in the HDPE membrane, which is caused by
gamma irradiation. In addition, the thermal shrinkage of the

Radiation dose (kGy)

0 20 40 60 80

Io
n

ic
 c

on
du

ct
iv

it
y 

(S
/c

m
)

S10
S14

S19
S25

1e−3

2e−3

3e−3

4e−3

5e−3

Figure 6: The ionic conductivity of the nanoporous HDPE
membrane with an increasing radiation dose.
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Figure 7: The linear sweep voltammetry (LSV) of the nanoporous
HDPE membrane with an increasing radiation dose (S19).

nanoporous HDPE membrane with the same absorbed dose
increased when the content of the soybean oil was increased
due to the shrinkage of the increased pores in the HDPE
membrane.

Figure 6 shows the ionic conductivity of the nanoporous
HDPE membrane with an increase in radiation dose.
The ionic conductivity of the nanoporous HDPE membrane
increased with the content of the soybean oil. This result is
very similar to the porosity trend of Figure 1. This can be
attributed to the higher porosity and faster transportation
of Li-ions through the pores in the HDPE membranes
[19]. Also, the ionic conductivity of the nanoporous HDPE
membrane did not really change with an increase in absorbed
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dose because the pores had already been formed before γ-ray
radiation.

The electrochemical stability of this novel membrane can
be evaluated by linear sweep voltammetry (LSV). Figure 7
shows the LSV of the nanoporous HDPE membrane with
an increase in radiation dose. Generally, the current-voltage
study of the polymer electrolyte has been employed to
determine whether the polymer electrolyte can withstand the
operating voltage such as 3–4.2 V of the battery system. As
shown in Figure 7, all of the irradiated HDPE membrane in
a test cell shows a good electrochemical stability on the anode
up to 5.2 V, while the nonirradiated HDPE membrane shows
oxidation stability on the anode up to 5.0 V. The irradiated
HDPE membrane, especially at 60 kGy, exhibited anodic
stabilities of up to 5.4. These results clearly indicate that the
irradiated HDPE membrane can withstand electrolyte oxida-
tion on the operating voltage of the battery system.

4. Conclusion

The purpose of this paper was to report the results of a study
on the role and effects of gamma-ray irradiation and soybean
oil on the properties of a nanoporous HDPE membrane.

The pore volume of the nanoporous HDPE membranes
with soybean oil was affected by the extracted amount of
oil. Consequently, the pore volume and ionic conductivity of
the nanoporous HDPE membranes increased when the
content of the soybean oil was increased. The tensile strength
of the membrane increased with an increase in absorbed
dose of up to 60 kGy, but decreased at 80 kGy due to severe
degradation. Finally, the electrochemical stability of the
HDPE membrane increased with an increase in absorbed
dose of up to 60 kGy.
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ZnO nanorods (length 30–150 nm) were synthesized in di(ethylene glycol) using Zn(CH3COO)2 as a precursor and para-toluene
sulphonic acid, p-TSA, as an end-capping agent. Increasing the concentration of p-TSA above 0.1 M causes the reduction of the
ZnO length. Nanocomposites with poly(methyl methacrylate) were prepared using unmodified nanorods. They enhanced the UV
absorption of nanocomposites (∼98%) at low ZnO concentrations (0.05–0.1 wt.%), while visible light transparency was high. At
concentrations of 1 wt.% and above, nanorods enhanced the thermal stability of nanocomposites. At low concentrations (0.05–
0.1 wt.%), they increased the storage modulus of material and shifted Tg towards higher temperatures as shown by dynamic
mechanical analysis, DMA, while at higher concentrations (1.0 wt.%) this effect was deteriorated. DMA also showed that spherical
ZnO particles have a more pronounced effect on the storage modulus and Tg than nanorods.

1. Introduction

Nanostructured materials constitute one of the most propul-
sive fields of materials, science and have received great
attention due to their potential application [1, 2] in various
fields such as electronics [3], microelectronics [4–6], sensors
[7], photovoltaics [8, 9], electro-optical devices [10–12], and
catalysis [13]. Zinc oxide (ZnO) is an inorganic material with
a large direct band gap (3.34 eV), high exciton binding energy
(60 meV), high isoelectric point (9.5), and fast electron
transfer kinetics as well as having a unique combination
of properties [14, 15]. All these features suggest the syn-
thesis of special ZnO nanostructures and how to use these
materials in novel unexplored applications. Nano ZnO can
be synthesized in many forms: rods, wires, whiskers, belts,
bipods, tetrapods, tubes, flowers, propellers, bridges, and
cages [16–18]. A special field of nanomaterials is represented
by extended and oriented nanostructures which are desirable
for many applications [19].

One-dimensional ZnO nanostructures have been syn-
thesized by many preparation techniques such as thermal
evaporation, hydrothermal synthesis, metal organic chemical

vapor deposition, spray pyrolysis, ion beam-assisted depo-
sition, laser ablation, sputter deposition, template-assisted
growth, chemical vapor deposition, sol-gel process, and
solvothermal synthesis [20–22]. ZnO nanorods have been
synthesized also by solvothermal reaction in various alcohols
[23, 24].

A special type of solvothermal synthesis of ZnO is the
polyol procedure which uses various diols as a reaction
medium [25, 26]. Besides acting as a reaction medium polyol
also serves as a stabilizing agent and it reduces the particle
growth [27–29]. The advantage of the polyol procedure
is that it produces particles with an organophilic surface
layer which needs no additional surface modification for the
application in nanocomposites [30]. Combining the organic
polymers with inorganic particles, fillers can result in mate-
rials with enhanced mechanical and other properties [31].
By reducing the size of filler the interface between the filler
particles and the polymer matrix is substantially increased
and therefore their impact on the properties of the composite
is significantly enhanced [32, 33]. Many polymer materials
undergo chemical degradation when exposed to sunlight.
Due to the thinner ozone layer and higher intensity of UV
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light, their degradation is becoming more intense and con-
sequently their UV stabilization is of increased importance.
Poly(methyl methacrylate), PMMA, is an amorphous ther-
moplastic material with exceptional optical properties. Due
to favorable mechanical and processing properties, it replaces
inorganic glass in many applications [30]. Despite intense
research efforts, the development of a simple and effective
method of preparation of homogeneous nanocomposites
with PMMA matrix on both the laboratory and on the
industrial scale is still a challenge. By combining the PMMA
matrix and nano ZnO, transparent materials with high UV
absorption and improved thermal stability can be prepared.

In the present work we report on the synthesis of
ZnO nanorods with organophilic surface at high con-
centration of the precursor (1 M) by the polyol method,
using di(ethylene glycol), DEG, as a medium and p-toluene
sulphonic acid, p-TSA, as an end capping agent. The primary
aim of our work was to demonstrate that homogeneous
transparent PMMA/ZnO nanocomposites using unmodified
ZnO nanorods, synthesized by the polyol method, can be
prepared with potential application as UV stabilized PMMA
materials with enhanced properties. UV stabilization using
ZnO nanoparticles as UV absorbers represents an alternative
to conventional UV stabilizers. The secondary aim was to
determine the difference between the impacts of spherical
ZnO particles and ZnO nanorods on the properties of
PMMA/ZnO nanocomposites.

2. Experimental

2.1. Materials. The materials used are di(ethylene glycol),
DEG (Merck, 99%, for synthesis); Zinc(II) acetate mono-
hydrate, Zn(Ac)2 (Sigma-Aldrich, 99%, ACS reagent); p-
toluenesulfonic acid monohydrate, p-TSA (Sigma-Aldrich,
98.5%, ACS reagent); methyl methacrylate, MMA (techni-
cal); 1,1-Azobis(1-cyclohexanecarbonitrile), AICN (Aldrich,
98%); and ethanol (technical).

2.2. Synthesis of ZnO Nanorods. Zinc(II) acetate (1.0 M), p-
TSA (0.1 M), and deionised water (2 mole/1 mole Zn) were
mixed with 60 mL of DEG and sonicated for 10 min. The
mixture was transferred into a 250 mL glass reactor equipped
with a mixer, condenser, and digital thermometer. The
temperature and color changes of the reaction medium were
monitored over time. The temperature was raised over about
10 min to 190◦C and kept constant for 50 min with constant
stirring. Between 90◦C and 120◦C Zn(Ac)2 dissolved in the
DEG, after 20 to 30 minutes at 190◦C the solution became
white, and after 60 min a white suspension of ZnO was
obtained. The suspension was left overnight and centrifuged
(8000 rpm, 20 min). The ZnO was washed twice with ethanol
and centrifuged (8000 rpm, 20 min.). The obtained ZnO
powder was left to air dry. Spherical ZnO nanoparticles were
synthesized by the same procedure in ethylene glycol (size
20–40 nm) and in 1,2-propane diol (size 30–50 nm) [34].

2.3. Synthesis of ZnO/PMMA Nanocomposites. Nanocom-
posites of the synthesized ZnO nanorods and PMMA matrix

were prepared by the radical chain polymerization of MMA
monomer in bulk in three variations: radical polymerization
between glass plates starting directly from the ZnO disper-
sion in monomer (MMA) (procedure A), polymerization
between glass plates starting from the previously prepared
dispersion of ZnO in prepolymer (procedure B), and
polymerization between two glass plates starting from ZnO
dispersion in prepolymer which was polymerized during
constant sonication (procedure C). The detailed description
of all three procedures is given in the previous publication
[34]. The nanocomposite plate thickness using procedure A
was 1.5 mm, while procedures B and C gave nanocomposite
plates with a thickness of 3.5 mm.

2.4. Characterization Methods. The morphology of the syn-
thesized ZnO nanorods was studied by SEM (Zeiss Supra
35 VP, acceleration voltage−3.37 or 5.0 kV, working distance,
3–6 mm, gold-sputtered samples) and HR TEM electron
microscopy (JEM 2000FX microscope, JEOL, acceleration
voltage −200 kV). For HR TEM microscopy, ZnO nanorods
were dispersed in an organic solvent. A drop of dispersion
was placed on a Cu grid and left to evaporate the solvent. The
nanocomposite materials were studied by STEM microscopy
(Supra 35 VP, Zeiss, acceleration voltage −20.0 kV, work-
ing distance −4.5–5 mm, STEM detector, ultramicrotomed
sections). Nanocomposites were sectioned on the ultra-
microtome (Leica Ultracut, Leica, thickness 80–250 nm).

The sizes of ZnO nanorods and their aggregates in MMA
were measured by dynamic light scattering (3D-DLS-SLS
spectrometer, LS Instruments equipped with 20 mV He-
Ne laser—Uniphase JDL 1145, P, wavelength 632.8 nm).
Scattering was measured at an angle of 90◦. Samples in
scattering cells were immersed in a thermostated bath at
20◦C, and ten measurements of 60 s were recorded for each
sample and averaged afterwards. The translational diffusion
coefficient, D, was determined while the hydrodynamic
radius, Rh, was calculated from D using the Stokes-Einstein
equation (viscosity of MMA, η = 0.6 cP at 20◦C).

UV-Vis spectra of nanocomposites were measured on
an Agilent 8453 UV-Vis spectrometer, Agilent Technologies,
(spectral range 290–380 nm, sample width 12 mm, thickness
1.6 and 3.5 mm).

The chemical composition of ZnO nanorods was studied
by FTIR spectroscopy using an FTIR spectrometer (Spec-
trum One, Perkin Elmer, spectral range 400–4000 cm−1,
spectral resolution 4 cm−1, transmittance mode, KBr pellets).

Thermal properties of PMMA/ZnO nanorod composites
were studied by TGA (STA 409, Netsch, temperature range
50–600◦C, heating rate 1◦C/min, air flux of 100 mL/min,
sample quantity ∼50 mg).

Crystalline fractions of nano-ZnO were characterized by
XRD diffraction (D-5000 diffractometer, Siemens, Cu anode
as the X-ray source, 25◦C, 2Θ range 2–90◦, step 0.04◦, step
time 1 s). Crystallite sizes were calculated using the Scherrer
formula.

DMA measurements were performed on DMA Q800,
Thermal Analysis, using a single cantilever clamp (tem-
perature range 30–150◦C, heating rate 5◦C/min, amplitude
15 μm, frequency 10 Hz).
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Figure 1: (a) STEM micrograph, (b) and (c) HR-TEM micrographs of ZnO nanorods, and (d) electron diffraction pattern of ZnO nanorods.

3. Results and Discussion

ZnO nanorods were synthesized by the hydrolysis of Zn(II)
acetate in DEG with p-TSA as the end-capping agent, while
in other diols predominantly spherical ZnO particles were
produced. STEM and HR TEM micrographs (Figures 1(a)
and 1(b)) show ZnO particles in the form of nanorods
(diameter 10–50 nm, length 30–150 nm) with narrow parti-
cle size distribution. The HR TEM micrograph in Figure 1(c)
shows characteristic crystallite fringes confirming that nano-
rods are highly crystalline.

The XRD diffractogram (Figure 2(a)(A)) shows charac-
teristic ZnO diffraction maxima at 2Θ values of 31.8, 34.5,
36.2, 47.6, 56.6, 62.9, 66.4, 67.9, 69.1, 72.6, and 76.9 [35].
Calculated crystallite size using the Scherrer equation [36]
is 45 nm. Compared to the XRD diffractogram of spherical
ZnO nanoparticles (Figure 2(a)(B)) it shows higher intensity
of (002) peak, indicating the preferential growth of wurtzite
rods along (002) direction (c-axis) [8, 18, 24, 37, 38]. The
preferential growth in one direction is the consequence of
the growth rate difference in various directions of the ZnO
crystal. It is reported that during hydrothermal synthesis
the relative growth of (0001) face is higher than that of
other ones, leading to the formation of extended prismatic
hexagonal ZnO crystals [39]. Nanorod growth is, as reported,
caused by the adsorption of DEG molecules to the nonpolar
faces of the crystal, while highly polar (0001) faces at both
ends are able to develop and grow faster resulting in the
formation of ZnO nanorods [40]. This explains why ZnO

nanorods are formed only in DEG, while in other diols ZnO
with regular morphology is formed [34]. The crystallinity
of ZnO nanorods was additionally confirmed by HR TEM
microscopy where characteristic fringes of crystallites were
observed (Figure 1(c)). The electron diffraction pattern
(Figure 1(d)) confirms that synthesized ZnO nanorods are
polycrystalline. By increasing the concentration of p-TSA
from 0.1 to 0.4 M the length of ZnO nanorods was reduced,
indicating its important role in the mechanism of ZnO
particle formation (Table 1).

The IR spectrum of ZnO usually shows a characteristic
absorption band between 420 and 510 cm−1 due to two
transverse optical stretching modes of ZnO [41]. In the case
of ZnO nanorods this maximum is split into two maxima,
one at 507 and the second one at 423 cm−1 (Figure 2(b)(A)),
while spherical ZnO nanoparticles show only one maximum
at 471 cm−1 (Figure 2(b)(B)) [21, 42, 43]. These two absorp-
tion peaks correlate with the bulk TO-phonon frequency
and the LO-phonon frequency [44]. Additional absorption
bands at 1590, 1415, and 1340 cm−1 were ascribed to organic
impurities originating from reaction intermediates, which
can be identified as Zn hydroxo acetate complex [45] or
tetra nuclear oxo zinc acetate cluster (Zn4O(CH3COO)6)
[34, 46, 47], while the one at 3435 cm−1 was assigned to the
OH groups on the surface of ZnO.

The combination of PMMA matrix and ZnO nanopar-
ticles gives optically transparent materials with high UV
absorption [16]. Such materials have high potential in
various outdoor applications with high UV light loads.
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Figure 2: (a) XRD diffractograms and (b) FTIR spectra of (A) ZnO nanorods and (B) ZnO nanoparticles.

Table 1: The length of ZnO nanowires in correlation with the p-
TSA concentration.

Designation
of the sample

Concentration of
p-TSA (mol/L)

Length of ZnO
nanorods (nm)

ZnO-1 0.05 50–180

ZnO-2 0.1 50–150

ZnO-3 0.2 30–100

ZnO-4 0.4 20–70

For the preparation of PMMA/ZnO nanocomposites, ZnO
nanorods were first dispersed in MMA which was subse-
quently polymerized by free-radical chain polymerization
of MMA in situ between glass plates starting (a) directly
from the ZnO dispersion in MMA (procedure A), (b)
from previously prepared dispersion of ZnO in prepolymer
(procedure B), and (c) the same as in procedure B only with
constant sonication during the entire polymerization process
(procedure C).

The most important parameter in preparing the homo-
geneous PMMA/ZnO nanocomposites is dispersion stability
of ZnO particles in MMA monomer. Dispersion stability,
that is, Rh of ZnO nanorods in dependence of time and
ZnO concentration (Table 2), was studied by dynamic light
scattering, DLS. Comparing Rh after 10 min and after 25 min
we observed an increase of Rh indicating a slight aggregation
of ZnO nanorods in MMA, but at longer times (45 min) Rh

no longer increased, indicating that the dispersion became
stable. The stability of ZnO nanorod/MMA dispersion can
be explained by the strong interactions between ZnO surface
and carbonyl groups of MMA [48].

When MMA is polymerized by the radical chain mech-
anism, the weight average molar mass, Mw, of PMMA
reaches values well above 100 000 g/mol [30] after 45 min
of reaction, and this can explain the stability of dispersion
of ZnO nanorods in the reaction mixture. It has been
reported [49] that at isothermal conditions, at temperatures
between 70 and 80◦C, bulk radical chain polymerization of

MMA reaches gel effect (Tromsdorff effect) in reaction time
between 25 and 50 min. Gel effect raises the viscosity of the
system in a few minutes to values above 1 × 106 Pa s, and
due to the high viscosity of the system ZnO nanorods remain
dispersed in the PMMA matrix.

The distribution of ZnO nanorods in the PMMA
nanocomposites prepared by procedure A was studied by
STEM microscopy of their ultra-microtomed sections. STEM
micrographs in Figure 3 show cross sections of PMMA/ZnO
nanorod composite containing 1 wt.% of ZnO. The distribu-
tion of ZnO nanorods in PMMA is homogeneous with a few
agglomerates. The ZnO nanorod structure can be observed
only for some of the particles because the nanorods are
statistically oriented in the three-dimensional space.

Since ZnO is a highly efficient absorber in the UV region
from 32 to 400 nm due to its wide direct band gap of 3.37 eV
[50], the addition of nano-ZnO into the PMMA matrix
significantly enhances UV absorption and UV resistance
of nanocomposite materials [51–53]. Transmittances in the
UV-Vis spectral region of PMMA/ZnO nanorod composites,
prepared by procedure A, are given in Table 3. ZnO nanorods
are extremely efficient UV absorbers since they absorb more
than 98% of the incident UV light at concentration of
0.1 wt.% and higher. Transparency for visible light is poor
due to the formation of cavities in the PMMA matrix and
due to a certain extent of ZnO aggregation.

By modifying the MMA polymerization process (pro-
cedure B) the transparency of composites for visible light
was improved (Figure 4(A)). The prepolymer procedure
significantly reduces the shrinking of PMMA and conse-
quently reduces the cavity formation, thus enhancing the
visible transparency of nanocomposites [54]. By reducing
the concentration of ZnO, the aggregation of ZnO is
substantially reduced and therefore visible transparency has
been additionally improved (Figures 4(B) and 4(C), while
the absorption in the UV region is reduced only at the ZnO
concentration of 0.01 wt.% (Figure 4(C)).

The modification of nanocomposite preparation pro-
cedure by the introduction of the sonication through
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Figure 3: STEM micrographs of ultramicrotomed sections of PMMA/ZnO nanorod composites (1 wt.% of ZnO nanorods) at two
magnifications: (a) 50000x and (b) 100000x.

Table 2: Hydrodynamic radii of ZnO nanorods in MMA medium in dependence on the concentration and time.

Sample designation ZnO concentration (wt.%)
Rh (nm)

Time (10 min) Time (25 min) Time (45 min)

ZnO (nanorod)/MMA 0.01 102 116 101

ZnO (nanorod)/MMA 0.1 135 198 176
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Figure 4: UV-Vis spectra of PMMA/ZnO nanorod composites
prepared by procedure B in dependence on ZnO concentration: (A)
0.1 wt.%, (B) 0.05 wt.%, (C) 0.01 wt.%, and (D) PMMA.

the complete prepolymer synthesis (procedure C) addi-
tionally reduced ZnO agglomeration enhancing its visible
transparency and significantly increasing the absorption in
the UV region (Figure 5(C)).

The influence of the addition of ZnO nanorods on
the mechanical properties of PMMA nanocomposites was
studied by dynamic mechanical analysis, DMA. The storage
modulus of nanocomposites is decreasing with temperature
due to softening, but it increases with the addition of
small amounts of ZnO nanorods (0.01 and 0.1 wt.%), while
at higher concentrations (1 wt.%) the reinforcing effect is
not intensified (Figure 6(a)). This can be explained by the
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Figure 5: UV-Vis spectra of PMMA/ZnO nanorod composites
prepared by different procedures (ZnO concentration = 0.01 wt.%):
(A) procedure A, (B) procedure B, (C) procedure C, and (D)
PMMA.

increased aggregation of ZnO nanorods at higher concentra-
tions, leading to a decrease of the interfacial surface. Similar
effects were observed also by other authors [55]. The increase
of the storage modulus in the glassy state (up to 75◦C) is
approximately 25%, while in the intermediate temperature
region (from 75◦C to 95◦C) it is increased by 50 to
100%. Comparison of the storage modulus of PMMA/ZnO
nanorods (length 30–150 nm) composites with those of
PMMA composites with spherical ZnO nanoparticles (size
20–50 nm, Figure 7(a)) reveals that the latter show a higher
increase of the modulus. Therefore ZnO particle size (specific
surface-interface) is a more important factor influencing
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Table 3: UV light transmittances of PMMA/ZnO nanorod composites in dependence on the UV wavelength and on the ZnO concentration.

Sample
designation

Concentration
of ZnO [%]

Transmittance at various UV wavelengths (nm) [%]

290 300 320 340 360 380

PMMA — 10.2 51.5 72.1 72.6 79.0 90.8

PMMA/ZnO-1 0.01 19.4 26.5 29.9 32.4 33.9 48.8

PMMA/ZnO-2 0.1 0.16 0.14 0.17 0.042 0.077 0.40

PMMA/ZnO-3 1.0 0.19 0.20 0.31 0.072 0.15 0.047
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Figure 6: Storage modulus (a) and tan δ (b) of PMMA/ZnO
nanorod composites as a function of the ZnO nanorods concen-
tration.

the storage modulus of PMMA/ZnO nanocomposites than
is the shape (length) of the particle.

Figure 6(b) shows the dependence of tan δ on the
concentration of ZnO nanorods as a function of temperature
showing relaxation peaks corresponding to glass transition
of the amorphous phase. The dependence reveals that
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Figure 7: Storage modulus (a) and tan δ (b) of PMMA/ZnO
nanorod composites as a function of the ZnO particle size and
shape—concentration of ZnO is 0.1 wt.%.

glass transition is shifted to higher temperatures when a
low concentration of ZnO nanorods is added (0.01 and
0.1 wt.%), while at higher concentrations no additional
shift was observed which is consistent with the results in
Figure 6(a). It is interesting that the shift of glass transition
temperature to higher temperatures (Figures 6(b) and 7(b))
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Figure 8: DTG curves of degradation of PMMA/ZnO nanorod
composites in dependence on ZnO concentration.

and the increase of storage modulus (Figures 6(a) and 7(a))
both show similar trends. In the temperature region above
85◦C, tan δ of these materials is above 0.3 meaning that they
are good damping materials [55].

ZnO nanoparticles can substantially enhance the thermal
stability of PMMA chains, when MMA is polymerized
in their presence [56–58]. DTG decomposition curves of
PMMA/ZnO nanorod composites in dependence of ZnO
concentration are shown in Figure 8. The DTG curve of pure
PMMA (Figure 8) shows three degradation peaks at 270◦C
(scission of head to head linkages), at 330◦C (scission of
vinylidene double bonds), and at 370◦C (random scission
of PMMA chain) [59]. DTG curves of PMMA/ZnO nanorod
composites (Figure 8) show less intense peaks of head to head
linkage decomposition and of vinylidene double-bond scis-
sion at 270 and 330◦C, respectively, while the peak of random
scission at 370◦C becomes much more intense. This indicates
that ZnO nanorods thermally stabilize the PMMA matrix in
concentration of 1 wt.% and higher. Compared to spherical
ZnO nanoparticles their thermal stabilization is less intense.
It is interesting to note that thermal stabilization of PMMA
is observed only when MMA is polymerized in the presence
of nano-ZnO, while nano-ZnO admixed to the PMMA has
no influence on the thermal properties of nanocomposite
[57]. The absence of a vinylidene double-bond scission peak
in DTG curves at ZnO concentrations of 1 wt.% and above
suggests that nano-ZnO reduces the double-bond concen-
tration in PMMA chains [57]. The reduced concentration of
vinylidene double bonds with increasing ZnO concentration
was confirmed by 1H NMR spectroscopy [30].

4. Conclusions

ZnO nanorods with organophilic surface were synthesized
by hydrolysis of Zinc(II) acetate in DEG medium with the
addition of p-TSA as an end-capping agent. p-TSA reduces
the average particle size, increases the ZnO crystallinity,

and influences the preferential growth of ZnO in c-axis as
shown by the electron microscopy. ZnO nanorods have been
synthesized at high concentration of the precursor (1 M),
thus allowing their preparation in gram quantities which is
beneficial in the preparation of composites.

ZnO nanorods form stable dispersions in MMA for at
least 45 min at concentrations of 0.1 wt.% and below. During
the radical chain polymerization of MMA, the system reaches
gel effect in the reaction time of 20 to 50 min at temperatures
between 70 and 80◦C. Due to the high viscosity (above
1 × 106 Pa s) of the PMMA/ZnO dispersion, ZnO nanorods
remain dispersed in the PMMA matrix.

ZnO nanorods are excellent UV absorbers because they
quantitatively absorb UV light in the 290 to 370 nm region at
concentrations of 0.1 wt.% of ZnO and above. PMMA plates
with high visible light transparency and high UV absorption
were prepared using the prepolymer procedure (procedure
C). The optimal concentration of ZnO nanorods is between
0.01 and 0.1 wt.% to obtain materials with high absorption
of UV light and high transparency for visible light.

DMA analysis of PMMA/ZnO nanorods composites
shows that ZnO nanorods increase the storage modulus
of nanocomposites and shift the Tg towards higher tem-
peratures at low concentrations (0.01–0.1 wt.%), while at
higher concentrations (1.0 wt.%) the reinforcing effect is
deteriorated, which was ascribed to the aggregation of
ZnO nanorods. Comparing the reinforcing effects of ZnO
nanorods and ZnO nanoparticles it was observed that the
latter show a more pronounced effect on the storage modulus
and Tg than the former, due to their smaller size and larger
specific surface.

ZnO nanorods enhance the thermal stability of PMMA
at concentrations of 1 wt.% and above. The thermal degra-
dation of PMMA is shifted towards higher temperatures by
20–40◦C, which was ascribed to the reduced concentration
of vinylidene chain end double bonds as indicated by the
changes of DTG curves.
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We present the effect of organic modifier on crystallinity and nanomechanical properties of polymer clay nanocomposites (PCNs)
using two different polymers while maintaining the same nanoclay and organic modifier. Experimental results and interaction
energy maps of Polybutylene-Terephthalate- (PBT-) PCN system indicate that the underlying mechanisms of change in crystallinity
and improvement in mechanical properties as proposed in altered phase theory are valid. Experimental and molecular simulation
studies of PBT-PCN and Nylon6-PCN reveal that a higher crystallinity polymer could require significantly higher attractive and
repulsive interaction energies between polymer and organic modifiers to change the crystallinity of the polymer in the PCN
significantly and thus improve mechanical properties of the PCN.

1. Introduction

Polymer clay nanocomposites (PCNs) are widely researched
material systems for wide variety of applications in industry
because of enhanced mechanical, thermal, optical, and
barrier properties. PCNs are categorized as intercalated or
exfoliated and are typically synthesized by adding small
amount (about 1–9% of weight polymer) [1, 2] of organically
modified nanosized expansive clay. Addition of organically
modified clay enhances the mechanical properties [3],
thermal properties [4–6], and barrier properties [4, 6–
9] of polymer clay nanocomposites. Most importantly,
the amount of clay in PCN influences the crystallinity
of polymer and the mechanical properties [10]. Studies
show that the properties of PCNs depend on individual
phases and interaction between individual constituents [10–
12]. Our previous work on PCNs has shown that the
nonbonded interactions between different constituents alter
the polymer phase [10–12] and thus significantly influence
the mechanical properties of PCNs [1]. The organic modifier,
which is used to modify the clay, has a significant influence
on crystallinity of polymer and elastic modulus of PCNs

[11]. Effect of different organic modifiers, which contain
different functional groups and different chain lengths, is
studied with Nylon6 in detail [11] and the results indicate
that the functional group and backbone chain length of
organic modifier have a significant influence on d-spacing of
PCNs, crystallinity of polymer, and the elastic modulus of
PCNs. In this paper, we present the results of experimental
and quantitative modeling studies on PCN with two different
polymers, Nylon6 and Polybutylene Terephthalate (PBT),
and same organic modifier, and nano clay.

PBT is a semicrystalline thermoplastic polymer which
shows excellent properties such as rate of crystallization,
thermal stability and processability [13]. PBT has been used
widely in nanocomposites [14–17] and shows improved ten-
sile modulus and strength [17], enhanced thermo mechan-
ical properties and elastic modulus [6]. High viscosity
PBT nanocomposites show improved mechanical, dynamic
mechanical properties [16]. Several experimental studies
conducted on PBT clay nanocomposites can be found in the
literature [6, 13–23]. In this paper, PCN containing Nylon6
is referred to as Nylon6-PCN and the PCN containing PBT
is referred to as PBT-PCN. Properties of Nylon6-PCN are
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studied at the molecular scale using molecular dynamics
and experiments [10–12, 24–28]. Experimental results of
Nylon6-PCN used in the discussion is from our previous
work [10]. Molecular dynamics simulations provide an
insight into mechanisms responsible for the enhancement of
PCN properties. Molecular models are designed to be close
to experimental condition and models are validated with
experimental d-spacing. Quantitative interaction energies
between PBT-PCN constituents are calculated and the results
are compared quantitatively with Nylon6-PCN. Crystallinity
and elastic modulus tests are conducted using differential
scanning calorimetry (DSC) and nanoindentation tech-
nique, respectively. This paper describes a comprehensive
quantitative study of interaction energies and the effect of
interactions on properties of polymer clay nanocomposites.

2. Materials and Methods

2.1. Materials. Na-montmorillonite with cationic exchange
capacity of 76.4 mequiv/100 g was obtained from the Clay
Minerals Repository at the University of Missouri, Columbia,
MO, USA. 12-Aminolauric acid [NH2(CH2)11COOH] was
supplied by the TCI America. Poly(1, 4-butylene tereph-
thalate) (Mv = 38, 000) was obtained from the Sigma-
Aldrich, Inc., USA. Polyamide 6 (PA6) [(CH2)5CONH]n
(Mv = 16000) was supplied by the Polysciences, Inc.,
USA. Trifluoroacetic acid (99.9%) and chloroform (99.97%)
were purchased from the EMD chemicals Inc, Germany.
Methanol anhydrous (99.9%), formic acid (97%), silver
nitrate, standard volumetric solution, and hydrochloric acid
(HCl) were purchased from the Alfa Aesar, MA, USA.

2.2. Preparation of Organically Modified Montmorillonite
(OMMT). Ten grams of Na-montmorillonite (Na-MMT)
are crushed into fine powder and screened through #325
sieve (45μm) and then dispersed into deionized (DI)
preheated (333 K) water (400 mL for PBT, 200 mL for PA6).
The clay solution is stirred vigorously for 1 hour to disperse
the clay uniformly and swell sufficiently. 3.312 g (15.4 mmol)
of 12-aminolauric acid and 2.5 mL of 0.1 N HCl are dissolved
in DI water at 333 K and stirred vigorously to form a uniform
solution. The clay suspension is gradually added into the
acid solution and is stirred vigorously at 333 K for 1 hour to
obtain the organically modified montmorillonite (OMMT).
Prepared OMMT is washed several times with DI water to
completely remove Cl− and then the solution is tested by
0.1 N AgNO3 to verify the absence of Cl− ions. Finally, the
OMMT cake is dried in an oven at 333 K for 24 hours and
then ground and screened through #325 sieve for synthesis
of PCN.

2.3. Preparation of PBT Film and PBT-Clay Nanocomposite
(PBT-PCN) Film. Five grams of PBT are added to 42 ml
chloroform and 7 mL trifluoroacetic acid (TFA) and stirred
for 2 hours to make a uniform solution. Subsequently, 0.45 g
(9 wt% of OMMT with respect to pure PBT) OMMT is
added to the PBT-CHCl3-TFA solution and then stirred
vigorously for 3 hours to obtain PBT-PCN. PBT and
PBT-PCN films are obtained by casting the corresponding

solutions on a glass slide using a drawdown bar (Paul N.
Gardner Company, Inc.) set at 25 mils thickness.

2.4. Preparation of Nylon6-Clay Nanocomposite (Nylon6-
PCN). Ten grams of Nylon6 are added to 155.73 ml formic
acid (FA) and stirred vigorously for 40 minutes to prepare a
uniform solution. Next, 0.9 g (9 wt% of OMMT with respect
to pure nylon6) of OMMT is dispersed into the nylon6-
FA solution and stirred vigorously for 6 hours at room
temperature. DI water is added to the resulting solution
to form PCN and to remove the FA from PCN. Finally,
the remaining DI water is removed by adding methanol
anhydrous and the resulting solution is placed in a vacuum
oven set at 313 K temperature for a period of 24 hours to
obtain the PCN.

2.5. Characterization

2.5.1. XRD Characterization. The X-ray analysis is per-
formed by X-ray diffractometer (Philips Analatical X’pert
MPD, Almelo, Netherlands) with secondary monochroma-
tor and Cu-tube by CuKα radiation wavelength of 1.5406 Å.
X-ray diffraction of MMT and OMMT is conducted at a
scan rate of 0.01◦/s in each case and with scan range of 2θ =
2.07–35.02◦ for MMT and 2θ = 2.11–35.06◦ for OMMT. The
same OMMT was used to prepare PBT-PCN and nylon6-
PCN. For the PBT-PCN film a scan rate of 0.02◦/s and the
scan range of 2θ = 2.03–65.01◦ are used. The Nylon6-PCN is
compressed into thin sheets by compression testing machine
(SATEC, model 22 EMF, PA, USA) and the X-ray diffraction
of Nylon6-PCN was done at a scan rate of 4◦/min with the
scan range of 2θ = 2.01–15◦.

2.5.2. Photoacoustic- (PA-)FTIR Characterization. PA-FTIR
experiments are conducted in FTIR bench (model Nexus,
Thermo Nicolet, USA) with a photoacoustic cell (MTEC
Photoacoustics model no. 300). Sample is prepared by
pressing the OMMT powder into a pellet. The nylon6 sample
is heated gradually from 303 K to 493 K and then pressed
into a pellet. The PBT and PBT-PCN samples are prepared
in smaller size and placed in the sample holder. The PA-FTIR
is conducted in the linear photoacoustic mode for 500 scans
at a resolution of 4 cm−1, with moving mirror velocity of
0.1581 cm/s. FTIR data are acquired from 400 to 4000 cm−1.

2.5.3. Differential Scanning Calorimetry (DSC). DSC exper-
iments are conducted using differential scanning calorime-
ter (model Q1000 DSC) of TA instruments, New Castle,
Delaware, USA. PBT and PBT-PCN samples are heated
from 25◦C to 250◦C with nitrogen atmosphere with the
heating rate of 10◦C/min for heating/cooling/heating cycle
with retention time of 3 minutes at the end of each treatment
for temperature equilibration. Nylon6 and Nylon6-PCN
samples are heated from 30◦C to 100◦C in 3 minutes and
the temperature is maintained at 100◦C for 10 minutes.
A heating rate of 10◦C/min is used for the first heating
and cooling cycles with retention time of 10 minutes at
250◦C and the heating rate of 20◦C/min [11] is used in
the final heating cycle. We have taken the net weight of
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the respective polymers into consideration. The enthalpy of
fusion was determined by integrating the area under the DSC
endotherm peak which was divided by the net weight of the
material. The percentage of crystallinity Xc is determined
from DSC measurements by

Xc = ΔHm

ΔH◦
m

100%, (1)

where ΔH is melting enthalpy of sample [J/g]; ΔH◦
m rep-

resents theoretical value of enthalpy for 100% crystalline
polymer. For PBT homopolymer, ΔH◦

m = 141 J/g [29]; for
nylon6, ΔH◦

m = 203 J/g [11]. This is generally considered a
standard method to measure crystallinity of polymer which
has been described earlier [30] and extensively used in
literature [10, 29, 31, 32].

2.5.4. Nanoindentation. Nanoindentation experiments are
conducted using triboscope nanoindenter (Hysitron Inc.,
Minneapolis, MN). The triboscope is operated in association
with a multimode AFM controlled by the nanoscope IIIa
controller and with the J-type piezo scanner from Veeco
(Veeco Metrology Group, Santa Barbara, CA). For PBT
and PBT-PCN, load controlled nanoindentation tests are
performed using a 100–200 nm Berkovich (three-sided pyra-
mid) diamond indenter tip. Experiments are conducted for
maximum load of 2900 μN. The reduced elastic modulus
(Er) and hardness (H) values are calculated from initial
part of the unloading curve using Oliver-Pharr method [33].
The average Er and H are obtained from 30 numbers of
indentations for each specimen. For nylon6 and Nylon6-
PCN, load controlled nanoindentation tests are performed
[11]. The elastic modulus is calculated using the following
equation:

1
Er
= 1− v2

E
+

1− v2
i

Ei
, (2)

where E and ν are the elastic modulus and Poisson’s ratio
of the sample respectively. Ei and νi are the elastic modulus
and Poisson’s ratio for the diamond indenter. In the case of
polymeric materials and its composites, due to the fact that
Ei � E, (2) can be simply given as [34]

E = Er
(
1− ν2). (3)

2.6. Simulations Using Molecular Dynamics. Molecular
dynamics (MD) is a computational method used to study the
position and interaction of atoms and molecules. MD is used
extensively to study proteins, bio molecules, polymers, and
minerals. MD provides a good understanding of molecules
with respect to their interactions and molecular structure.
This method involves solving the equation of motion in small
time steps. The equation of motion is Fi = miai, where Fi is
the force acting on an atom i, mi is the mass of an atom i,
and ai is the acceleration of an atom i. Change in energy of
an atom i with respect to its position (r) is equal to the force
acting on an atom i. By solving these equations of motion,
MD provides time-dependent response for the molecular
system. This response contains position of every atom in the

system and their velocities. In this work, MD has been used
to study the interactions between atoms and group of atoms
in PBT-PCN and Nylon6-PCN.

2.6.1. Force Field Parameters for PBT, Nylon6, and Na-MMT.
Force field describes the potential energy of a molecular
system. Potential energy of any molecular system consists
of bonded energy and nonbonded energy. Bonded energy
consists of bond, angle, dihedral, and improper energy
of the molecular system. Nonbonded energy consists of
van der Waals and electro static energy of the molecular
system. Total potential energy of the molecular system can
be described by the following expression Etotal = [Ebond +
Eangle + Edihedral + Eimproper] + [Evan + Eelec]. These individual
potential energy terms can be described by mathematical
functions and the functions depend on force constants
and variables. Some of the general force fields used by
researchers are CHARMM, CFF, AMBER, and COMPASS. In
our previous work, CHARMM [41] (Chemistry at HARvard
Macromolecular Mechanics) force field parameters were
used for Polyamide6 and 12-Aminolauric acid and the
same set of parameters were used in the present work. We
have transformed CFF force field parameters of sodium
Montmorillonite to CHARMM force field parameters [42–
44]. Force field parameters for PBT were obtained by
considering number of methyl group and model components
which are similar to polyethylene terephthalate [45].

2.6.2. Molecular Model Construction and Simulations. Mate-
rials Studio software, developed by Accelrys Software Inc, is
used to build the molecular models. This software is widely
used to construct molecular models. NAMD2.5b2 [46] and
VMD1.8.7 [47] are used to conduct simulations of OMMT,
PBT, Nylon6, and PCNs and visualize the results from
simulation, respectively. These programs are developed by
Theoretical Biophysics Group at Illinois Beckman Institute
and widely used by researchers to study complex molecular
system.

Organically Modified Montmorillonite (OMMT) Model.
OMMT model consists of two sheets of montmorillonite
(MMT) and eighteen numbers of 12-aminolauric acid
molecules. Size of the OMMT model is 31.68 Å in X
direction, 27.44 Å in Y direction, and 24.16 Å in Z direction.
Each montmorillonite sheet consists of eighteen unit cells
where six unit cells are in X direction and three unit cells
are in Y direction. Each of these MMT sheets has nine
negative net charges and sheets are placed at 17.60 Å initial
d-spacing. In our previous work [26], we have studied
different initial d-spacing and we found that 17.60 Å initial d-
spacing model provides closest experimental d-spacing at the
end of simulation. In order to make OMMT model charge
neutral, eighteen numbers of 12-aminolauric acid chains are
inserted in the model where nine are inserted in between
two MMT sheets and nine are inserted above the MMT sheet
as shown in Figure 1. Previous work [25] showed that these
12-aminolauric acid molecules should be placed flat and
parallel to the MMT sheet. Partial charges and structure of
12-aminolauric acid are shown in Figure 2(a).



4 Journal of Nanomaterials

Modifier

Modifier

Clay

Clay

Z

Y

Initial d-spacing = 17.60 Å

Figure 1: Initial OMMT model.

Polybutylene Terephthalate (PBT) Model. PBT monomers
are used to build polymers. A representative molecular
model of PBT is shown in Figure 3. Six different lengths
of PBT polymers were built to study the length effect of
polymers on d-spacing of clay in PCN. These polymer chains
contain two, four, six, eight, ten, and twelve monomers. All
PBT polymers were annealed at 700 K under atmospheric
pressure. Annealing process was conducted three times to
obtain globally minimized confirmation of PBT chains and
minimization was confirmed from the potential energy.

2.6.3. Simulation of OMMT. Initial OMMT model is min-
imized for 25 ps at a temperature of zero Kelvin in vac-
uum using molecular dynamics program NAMD. Next,
the temperature of the OMMT system is raised to 300 K
in three equal steps by Langevin temperature parameter.
Once the temperature is increased to 300 K, pressure of the
OMMT system is increased to 1.01325 bars in four equal
steps by Langevin piston pressure control. Next, the system
temperature is increased by 33 K and subsequently reduced
to atmospheric temperature. The increase and reduction of
temperature is done to mimic the experimental conditions
as mentioned in Section 2.2. A 0.5 fs time step is used for
all OMMT simulations. Finally, OMMT model is simulated
for 100 ps at room temperature and pressure with periodic
boundary condition. During OMMT simulation, constraints
were applied to MMT atoms in X and Y direction but
MMT atoms are allowed to move in Z direction. There are
no constraints applied to organic modifiers thus organic
modifier atoms are allowed to move in all three directions.
Simulation of OMMT is done under constant number
of particles, constant pressure, and constant temperature
(NPT). 16 Å cut-off distance and 14 Å switch distance are
used for van der waals and electrostatic energy calculation
in all simulations.

2.6.4. Polymer Clay Nanocomposites (PCN) Models. Selected
OMMT model, as shown in Figure 4, and minimized PBT
models are used to construct PCN models. Six different
lengths of PBT chains are used in PCN to select the suitable
PCN system. One of the initial PCN models is shown in
Figure 5. The suitable PCN system is selected based on
experimental d-spacing as shown in Figure 6. The estimated
mass of PBT chains in PCN model with respect to clay
is shown in Table 1. Two PBT chains are inserted into the
OMMT model and one is placed in between clay sheets
and the other is placed above top clay sheet to ensure
the periodic boundary condition during the simulation.
Physical dimensions of PBT are measured and compared
with the simulated interlayer spacing of OMMT to make
sure that the PBT chain fits in the model. The same
conditions described above were implemented to construct
the nylon6 PCN model. The number of Nylon6 chains in
PCN models is selected based on our previous work [11].
Initial and final Nylon6-PCN model are shown in Figures
7, and 8 respectively. Final model is selected based on the
experimental d-spacing.

2.6.5. Simulation of PCNs. Molecular simulation of PCN
is conducted for PBT-PCN and Nylon6-PCN system. Pro-
cedure for minimization and dynamics of PCNs is done
as described in Section 2.6.3 Cell basis vector for PCNs is
adjusted according to the physical size of different models.
Periodic boundary conditions are applied to calculate the
electrostatic interactions between PCN constituents. Initially,
PCN models are simulated for 25 ps. Based on d-spacing,
final PCN model is selected and then the final simulation
is conducted for 200 ps. Constraints are applied to MMT
as mentioned in Section 2.6.3 and polymers are allowed
to move freely in all three directions. Constant number,
pressure, and temperature (NPT) are used for all PCN sim-
ulation. Constant pressure is maintained by Nose’-Hoover
Langevin piston pressure control method. This method is
used with Langevin dynamics, such as temperature control,
in order to perform NPT ensemble. Equilibrium of PCN
system is confirmed from the plot of total energy of the
system versus simulation time and it is found that 200 ps
simulation time is sufficient for the PCN simulations.

3. Results and Discussion

3.1. Experiments

3.1.1. XRD Results. d-spacing of MMT, OMMT, and PCN
from several samples are summarized in Table 2. MMT d-
spacing is less than the OMMT d-spacing thus indicating that
the organic modifier has intercalated the clay. d-spacing of
both PCNs lie in between pure MMT d-spacing and OMMT
d-spacing. Intercalation of nylon6 with clay was verified from
the XRD, spectroscopic, and simulation studies [26, 27].
PBT-PCN has intercalated structure which has higher d-
spacing than nylon6-PCN. The reduction of d-spacing in
PCN compared to OMMT might be caused by dissolution
of the modifier in the solvents.
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Figure 2: Distribution of partial charges (a) 12-aminolauric acid, (b) PBT, (c) Nylon6.

Figure 3: Single chain molecular model of PBT.

3.1.2. FTIR Results of PBT, OMMT, and PCN. In our
previous work, we have observed that the organic modifier,

12-aminolauric acid, is intercalated between clay sheets with
hydrogen bonds and ionic interactions generated by end
functional groups of organic modifier with surface oxygen
of interlayer clay sheets. Nanocomposites are prepared by
intercalation of polymer and MMT with the aid of organic
modifier [26]. The spectroscopic analysis on nylon6-PCN
system has been reported and revealed the hydrogen forma-
tion between intercalated polymer and organic modifier and
surface oxygen of clay sheet lying in the interlayer clay gallery
in the polymer clay nanocomposite [26]. In the present work,
the same OMMT is used in conjunction with PBT and the
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Figure 5: Initial PBT-PCN model.

Table 1: Estimated mass percentage of PBT with respect to clay.

Model Intercalated polymer wt% with clay

PCN(1) 1.96

PCN(2) 4.19

PCN(3) 6.41

PCN(4) 8.64

PCN(5) 10.87

PCN(6) 13.10

Table 2: Experimental d-spacing.

Sample d-spacing range/Å

Pure MMT 11.56–12.25

OMMT 15.60–17.43

PBT-PCN 13.90–14.53

Nylon6-PCN 13.50

spectroscopic results of PBT, OMMT, and PBT-PCN are
discussed here. The PA FTIR spectra of OMMT, PBT, and
PCN are shown in Figure 9 and the corresponding band
assignments are shown in Table 3. As indicated in Figure 9
and Table 3, the band contribution in PCN from PBT is
much more prominent than that from OMMT due to low

Final d-spacing = 14.80 Å

Figure 6: Final PBT-PCN model.

Modifier

Modifier

Clay

Clay

Polymer

Polymer

Figure 7: Initial Nylon6-PCN model.

Final d-spacing = 15.35 Å

Figure 8: Final Nylon6-PCN model.
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0

50

100

150

200

250

300

3600 3400 3200 3000 2800

Wavenumber (cm−1)

P
h

ot
oa

co
u

st
ic

 s
ig

n
al

PCN
PBT
OMMT

Figure 10: Photo acoustic FTIR spectra of OMMT, PBT, and PCN
in the energy range of 3800–2800 cm−1 at scan speed of 0.15 cm−1.

weight fraction of OMMT in PCN as well as the strong
bands from PBT. FTIR spectra of PCN, PBT, and OMMT
are shown in Figure 10 in the range of 3800–2800 cm−1. It
is observed that the sharp O–H stretching band at 3645–
3628 cm−1 has affected the spectrum of PCN and created a
broad band in the range of 3633–3679 cm−1 and the broad
band of ionically bonded N–H stretching at 3256–3035 cm−1

generating a bulge at 3260–3047 cm−1 in PCN associated
with aromatic C–H stretching from PBT. FTIR spectra of
PCN, PBT, and OMMT are shown in Figure 11 in between
2000 and 1000 cm−1. In this energy-region, bands from PBT
are very strong and thus the bands in both PBT and PCN are
almost identical. Most bands from OMMT are overlapped
by PBT, and Si–O stretching band is not visible in PCN.
The PA FTIR spectra of PCN, PBT, and OMMT in the
range of 1000–400 cm−1 are shown in Figure 12. The in-
plane ring deformation vibration of PBT at 633 cm−1 has
shifted to the lower energy side by 9 cm−1 in the PCN. The
tripled Al–O, Si–O vibration and in-plane ring deformation

vibration shows broader band than that of pure PBT. From
Figure 12, it can be seen that the sharp out-of-plane ring
deformation vibration of PBT at 497 cm−1 is suppressed
and the out-of-plane ring deformation vibration of PBT
at 476 cm−1 is absent in PCN. These phenomena indicate
that ring deformations in PBT are restricted by OMMT
due to intercalation. It is evident that Si–O–Si deformation
from OMMT appears in PCN at 463 cm−1 and shifted to
the lower energy side by 15 cm−1 and this shift in PCN is
probably due to the formation of bonding of PBT with silica
tetrahedral oxygen through the hydrogen bond between the
functional groups of PBT and 12-aminolauric acid. Due
to this effect the Si–O stretching band in PCN disappears.
Wang et al. [36] found that during melt processing when
PBT/PET blends are filled with silica nanoparticles, hydroxyl
end groups of PET and PBT react with the surface hydroxyl
groups of SiO2 which is shown by X-ray photoelectron
Spectroscopy (XPS) tests. Fermeglia et al. [48] investigated
the binding energy between poly(Butylene terephtalate-
co-thiodiethylene terephtalate), clay and different organic
modifiers using molecular simulations and have found that –
NH2, –COOH, or –SH groups in organic modifiers generally
lead to a good interaction between modifiers and polymers.

3.1.3. Crystallinity of PBT and PCN. DSC tests are conducted
on the pure PBT and PCN and results are shown in Table 4; it
is observed that the pure PBT shows 0.5% higher crystallinity
than that of PCN. This observation of reduced crystallinity of
PCN with respect to a polymer has been observed earlier in
Nylon6-PCN [10]. As shown in Table 4, Nylon6-PCN with
9% of clay loading shows 4.56% reduction in crystallinity.

3.1.4. Nanomechanical Properties of PBT and PCN. In the
present work, nanoindentation tests for PBT and PBT-PCN
are performed in load control mode. Figure 13 is the repre-
sentative L-D curves for PBT and PBT-PCN films. Maximum
load was maintained for period of 5 s between loading and
unloading sequence in order to reduce the time-dependent
deformation. The elastic modulus and hardness values for
PBT and PBT-PCN are presented in Table 5. Nylon6 and
Nylon6-PCN nanomechanical tests were performed in load
control mode [10] and the results are presented in Table 5.

3.2. Interactions in PCNs System

3.2.1. Nonbonded Interactions between Organic Modifier and
Clay. Interaction energies between different constituents
of OMMT and PCNs are calculated using NAMDEnergy
module of NAMD software. Nonbonded interactions, van
der waals and electrostatic, are calculated in terms of
attractive and repulsive interactions. Among different initial
d-spacing of OMMT, d-spacing of 17.60 Å OMMT model
predicts final d-spacing of 15.50 Å which is very close to
experimental d-spacing of 15.60 Å. Based on this comparison
of d-spacing, the OMMT model is chosen for simulation.
Among six different PCNs models, the PCN model which
contains 6.41 wt% of PBT predicts the simulated d-spacing of
14.80 Å which is close to experimental d-spacing of 14.53 Å.
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Table 3: Band assignments of photoacoustic FTIR spectra of OMMT, PBT, and PCN.

Sample Wave number range (cm−1) Bands Reference

3646–3628 O–H stretching of structural hydroxyl group [26]

3256–3035 Ionic bonded N–H stretching

2932 C–H asymmetric stretching

2853 C–H symmetric stretching

1713–1701 C=O stretching

1623 Combination of O–H deformation and N–H bending

1511 Asymmetric R–COO− stretching

1466 CO–H bending

1396 Symmetric R–COO− stretching

1112 Si–O in-plane stretching

1060 Si–O out-of-plane stretching

OMMT 1022,997 Si–O in-plane stretching

963 Si–OH vibrations

921 Al–O/Al–OH stretching vibration

884 Al–FeOH deformation

847 Al–MgOH deformation

799 Si–O stretching of quartz and silica

727 Si–O deformation perpendicular to optical axis

699 Si–O deformation parallel to optical axis

623 Coupled Al–O and Si–O out-of-plane vibration

531 Al–OSi deformation

478 Si–OSi vibration

3417 –OH stretching

3052 Aromatic C–H stretching [35]

2962 C–H2 stretching [36]

2895 Aliphatic C–H asymmetric stretching [35]

2863 Aliphatic C–H symmetric stretching [35]

1722 C=O stretching [37]

1583 Aromatic C=C stretching [38]

1504 Aliphatic C–H2 bending [37]

1453 Aliphatic C–H2 bending [39]

1407 Aliphatic aromatic C–H in-of-plane bending [36]

PBT 1387 CH2 wagging [39]

1281 (C=O–)–O stretching [35]

1110 CH2–O stretching [35]

1017 Aromatic C–H bending [35]

873 Aromatic C–H bending [40]

808 Aromatic C–H bending [37]

729 Aromatic C–H out-of-plane bending [35, 36]

685 Aromatic =C–H out-of-plane deformation [38]

633 Aromatic in-plane deformation [38]

497 Aromatic out-of-plane deformation [38]

476 Aromatic out-of-plane deformation [38]
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Table 3: Continued.

Sample Wave number range (cm−1) Bands Reference

3633–3679 O–H stretching of structural hydroxyl group-OMMT [26]

3413 –OH stretching

3260–3047 Coupled N–H stretching and aromatic C–H stretching [35]

2963 C–H2 stretching [36]

2895 Aliphatic C–H asymmetric stretching [35]

2858 Aliphatic C–H symmetric stretching [35]

1719 C=O stretching [37]

1576 Aromatic C=C stretching [38]

1503 Aliphatic C–H2 bending [37]

1452 Aliphatic C–H2 bending [39]

1406 Aromatic C–H in-of-plane bending [36]

PCN 1387 CH2 wagging [39]

1278 (C=O–)–O stretching [35]

1105 CH2–O stretching [35]

1020 Aromatic C–H bending [35]

873 Aromatic C–H bending [40]

810 Aromatic C–H bending [37]

729 Aromatic C–H out-of-plane bending [35, 36]

685 Aromatic =C–H out-of-plane deformation [38]

652 Aromatic in-plane deformation [38]

624 Tripled Al–O, Si–O out-of-plane and aromatic in-plane deformation [26]

497 Aromatic out-of-plane deformation [38]

463 Si–OSi deformation [26]

Table 4: DSC results of PBT, Nylon6, and PCNs.

Materials Enthalpy (J/g) Crystallinity (%)

PBT 50.21 35.6

PBT-PCN 49.56 35.1

Nylon6 56.06 27.61

Nylon6-PCN 46.81 23.05

Table 5: Nanomechanical properties of PCNs.

Parameters PBT PBT-PCN Nylon6 Nylon6-PCN

Crystallinity (%) 35.6 35.1 27.6 23.1

Elastic modulus (GPa) 1.40 2.20 3.35 5.46

Hardness (GPa) 0.09 0.14 0.12 0.17

Table 6: Nonbonded interaction energies of OMMT constituents.

OMMT constituents Nonbonded energy (kcal/mol)

Clay-modifier backbone −894

Clay-modifier functional group −1176
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Figure 11: Photo acoustic FTIR spectra of OMMT, PBT, and PCN
in the energy range of 2000–1000 cm−1 at scan speed of 0.15 cm−1.

The same OMMT model with Nylon6 is simulated and
it predicts d-spacing of 15.35 Å. Non-bonded interactions
between organic modifier and clay are calculated and the
interaction energies are shown in Table 6. Positive values
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Table 7: Nonbonded energies of individual atoms of organic modifier with clay.

Component of modifier and clay
Electrostatic energy (kcal/mol)

[Col-A]
Van der waals energy
(kcal/mol) [Col-B ]

Total nonbonded energy (kcal/mol)
[Col-A + Col-B]

Clay-modifier backbone hydrogen −2503 −87 −2590

Clay-modifier backbone carbon +1954 −257 +1697

Clay-modifier functional hydrogen −2392 −8 −2400

Clay-modifier functional nitrogen +497 −0.5 +497

Clay-modifier functional oxygen +1689 −48 +1641

Clay-modifier functional carbon −890 −25 −915

Table 8: Nonbonded energies PCNs.

Component of
PCN

Electrostatic
energy

(kcal/mol)

Van der waals
energy

(kcal/mol)

Total
nonbonded

energy
(kcal/mol)

[Col-A] [Col-B ]
[Col-A + Col-B]

PBT-PCN

Clay-polymer −36 −165 −201

Clay-modifier −1836 −316 −2152

Polymer-modifier −93 −43 −136

Nylon6-PCN

Clay-polymer 12 −182 −170

Clay-modifier −1464 −375 −1839

Polymer-modifier −209 −30 −239

indicate repulsive interactions and negative values indicate
attractive interactions between constituents and higher
magnitude denotes greater interactions. Interaction energy
values of organic modifiers are the sum of backbone and
functional group interaction energies. Among these two
components, functional group of organic modifier shows
higher interaction with clay than the backbone of the organic
modifier. This is because of higher positive net charge in
the functional group compared to the backbone. Functional
group interactions are composed of −1096 kcal/mol in
electrostatic interaction energy and −80 kcal/mol in van
der waals interaction energy and backbone interactions are
composed of −549 kcal/mol electrostatic interaction energy
and −345 kcal/mol van der waals interaction energy. It is
observed that the electrostatic interactions are the major
components of both modifier functional group and modifier
backbone interaction energies with the clay. More detailed
quantitative results are presented in Table 7. Here, it is
observed that the major component of attractive interaction
with clay is from the hydrogen atoms of modifier. Even
though the partial charge of the backbone hydrogen smaller
is compared to functional group hydrogen as shown in
Figure 2(a), backbone hydrogen shows higher interaction
because of its presence in significant numbers.
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Figure 12: Photo acoustic FTIR spectra of OMMT, PBT, and PCN
in the energy range of 1000–400 cm−1 at scan speed of 0.15 cm−1.

3.2.2. Nonbonded Interactions of PBT-PCN and Nylon6-
PCN System. The nonbonded interaction energies between
constituents of PBT-PCN and Nylon6-PCN are presented in
Table 8. Interaction energy between the clay and modifier is
attractive and higher than interaction energy between clay
and polymer. This is because of higher partial charges of
individual atoms in modifiers than the polymers. Interaction
energies between clay and polymer are attractive and higher
than the interaction energy between polymer and modifier.
Detailed results are shown in Table 9 and it is observed that
the interaction energy between clay and modifier functional
group is attractive and higher than among other constituents
in both PCNs. This higher interaction between clay and
modifier functional groups could be attributed to higher
positive partial charges in functional groups atoms as shown
in Figure 2(a). Similarly, modifier backbone also has higher
attractive interactions with clay compared to the polymer
functional group and backbone in both PCNs.

Polymer functional group has negative partial charges as
shown in Figure 2(b) thus it induces repulsive interaction
with clay in both PCNs systems. Interaction energies between
clay and individual atoms of organic modifier are shown in
Table 10. It is observed that the organic modifier hydrogen
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Table 9: Nonbonded energies of modifier and polymer with clay.

Component of modifier,
polymer, and clay in PCN

Electrostatic energy (kcal/mol) Van der waals energy (kcal/mol) Total nonbonded energy (kcal/mol)

[Col-A] [Col-B ] [Col-A + Col-B]

PBT-PCN

Clay-modifier backbone −582 −282 −864

Clay-modifier functional group −1255 −34 −1289

Clay-polymer backbone −250 −108 −358

Clay-polymer functional group +213 −56 +157

Nylon6-PCN

Clay-modifier backbone −485 −297 −782

Clay-modifier functional group −979 −77 −1056

Clay-polymer backbone −183 −123 −306

Clay-polymer functional group +155 −62 +93

Table 10: Nonbonded energies between individual atoms of organic modifier and clay.

Individual atoms of organic modifiers
and clay

Electrostatic energy (kcal/mol) Van der waals energy (kcal/mol)
Total nonbonded energy

(kcal/mol)
[Col-A] [Col-B ]

[Col-A + Col-B]

PBT-PCN

Clay-modifier backbone hydrogen −2512 −67 −2579

Clay-modifier backbone carbon +1930 −215 +1715

Clay-modifier functional hydrogen −2564 −7 −2571

Clay-modifier functional nitrogen +546 +37 +583

Clay-modifier functional oxygen +1628 −42 +1586

Clay-modifier functional carbon −865 −22 −887

Nylon6-PCN

Clay-modifier backbone hydrogen −2085 −72 −2157

Clay-modifier backbone carbon +1600 −226 +1374

Clay-modifier functional hydrogen −2071 −7 −2078

Clay-modifier functional nitrogen +444 −2 +442

Clay-modifier functional oxygen +1359 −44 +1315

Clay-modifier functional carbon −711 −24 −735

atoms show higher magnitude of attractive interactions with
clay as observed in the OMMT system. Interaction energies
of individual polymer atoms with clay are shown in Table 11.
Here, hydrogen and carbon atoms show attractive interaction
with clay while the other atoms show repulsive interactions.
Functional group carbon atoms contribute towards more
attractive interactions and greater negative partial charge
of oxygen atoms contribute to more repulsive interac-
tions. As shown in Table 12, polymer backbone has higher
repulsive interaction with modifier functional group and
lesser repulsive interaction with modifier backbone. Polymer
functional group has higher attractive interaction with
modifier functional group and lesser attractive interaction

with backbone. Similar nature of interactions have been
reported in our previous work [11].

3.2.3. Summary of Interaction of OMMT, PBT-PCN, and
Nylon6-PCN System. As mentioned in Section 1, non-
bonded interactions play a major role in PCNs and they affect
the crystallinity and mechanical properties of PCNs. Based
on our results, more than 80%, 75%, 70% of interaction
energies are a result of electrostatic interaction for OMMT,
PBT-PCN and Nylon6-PCN respectively. Figures 14 and 15
show overall interaction energy map for PBT-PCN, and
Nylon6-PCN, respectively. The two energy maps have similar
pattern in terms of attractive and repulsive interactions
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Table 11: Nonbonded energies between individual atoms of polymer and clay.

Component of polymer and clay in PCN
Electrostatic energy
(kcal/mol) [Col-A]

Van der waals energy
(kcal/mol) [Col-B ]

Total nonbonded energy
(kcal/mol) [Col-A + Col-B]

PBT-PCN

Clay-polymer aromatic hydrogen −301 −10 −311

Clay-polymer backbone hydrogen −380 −10 −390

Clay-polymer aromatic carbon +188 −59 +129

Clay-polymer backbone carbon +243 −29 +214

Clay-polymer functional hydrogen −90 −0.2 −90.2

Clay-polymer functional oxygen +1127 −36 1091

Clay-polymer functional carbon −824 −20 −844

Nylon6-PCN

Clay-polymer backbone hydrogen −1056 −19 −1075

Clay-polymer backbone carbon +872 −104 +768

Clay-polymer functional nitrogen +593 −27 +566

Clay-polymer functional hydrogen −424 −2 −426

Clay-polymer functional oxygen +589 −13 +576

Clay-polymer functional carbon −600 −20 −620

Clay-polymer backbone hydrogen −1056 −19 −1075

Table 12: Nonbonded energies between polymer and organic modifier.

Component of modifier and polymer in PCN
Electrostatic energy
(kcal/mol)[Col-A]

Van der waals energy
(kcal/mol)[Col-B ]

Total nonbonded energy
(kcal/mol) [Col-A + Col-B]

PBT-PCN

Polymer backbone—modifier backbone +115 −29 +86

Polymer backbone—modifier functional +209 −10 +199

Polymer functional—modifier backbone −132 −12 −144

Polymer functional—modifier functional −285 +7 −278

Nylon6-PCN

Polymer backbone—modifier backbone +58 −20 +38

Polymer backbone—modifier functional +91 −11 +80

Polymer functional—modifier backbone −94 −11 −105

Polymer functional—modifier functional −264 +11 −253

between different constituents of PCNs. These energy maps
indicate that the PBT-PCN system has greater magnitude
of interaction energies between different constituents than
the Nylon6-PCN system. In all three systems, OMMT, PBT-
PCN, and Nylon6-PCN, modifier shows attractive interac-
tions with the clay. Further, in PBT-PCN system, modifiers
have 17% higher attractive interactions with clay than in
Nylon6-PCN system. Polymer has attractive interaction with
clay and modifier in both systems. In terms of interaction
energy magnitudes, almost equal interaction of polymer with
clay is observed in both systems and 75 % higher interaction
with organic modifier is observed in Nylon6-PCN compared
to PBT-PCN.

3.3. Discussion. Our previous work has shown that the
molecular interactions between clay, modifier, and polymer
results in significant alteration of polymer to a very large
extent in PCN [10]. This is the basis of the altered phase
theory to explain the significant improvement in mechanical
properties of PCN as a result of addition of small amounts
of well-dispersed clay nanoparticles in the polymer. The
attractive interactions between functional groups of the poly-
mer with the modifier and concurrent repulsive interaction
between modifier and polymer backbone result in reduction
of crystallinity of the surrounding polymer.

In the current work with PBT-PCN system we have
observed reduction in crystallinity and improved mechanical
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Figure 13: Representative load displacement (L-D) curves for PBT
and PCN.

properties of the PCN with respect to the pristine polymer.
We have seen similar phenomena of reduction in crystallinity
and improved mechanical properties of Nylon6-PCN [10];
however, the magnitudes of reduction in crystallinity for the
two PCNs are different and the improvement in mechanical
properties is different. Based on the interaction energy
maps for the two systems shown in Figures 14 and 15,
the mechanism of attractive interaction between functional
group of the polymer and modifier and repulsive interaction
between backbone of the polymer and the modifier leading
to changes in polymer crystallinity is present, although the
magnitudes of the interaction energies are different. In the
case of Nylon6-PCN the reduction in crystallinity is 16.5
% while the reduction in crystallinity is 0.5% in PBT-
PCN. The improvement in elastic modulus and hardness
values for Nylon6-PCN is 63% and 42%, respectively, with
respect to pristine Nylon6 while the improvement in elastic
modulus and hardness values for PBT-PCN is only 10%
and 23%, respectively, with respect to pristine PBT. It
appears that in the case of Nylon6-PCN, the clay-modifier
system has significantly altered crystallinity and improved
the mechanical properties, while the same clay-modifier
system has impacted only moderately the crystallinity and
mechanical properties of the PBT-PCN system.

The comparison of interaction energy maps for the
two PCNs shown in Figures 14 and 15 reveals that the
interaction energies between polymer and modifier and
polymer and clay are higher in the PBT-PCN system than the
Nylon6-PCN system. The attractive interaction energy and
repulsive interaction energy between polymer and modifier
are 422 kcal/mol and 285 kcal/mol for PBT-PCN while the
attractive and repulsive interaction energies for Nylon6-
PCN are 358 kcal/mol and 118 kcal/mol, respectively. The
attractive and repulsive interaction energies between clay
and polymer are 157 kcal/mol and 358 kcal/mol for PBT-
PCN and 93 kcal/mol and 306 kcal/mol for Nylon6-PCN.
Inspite of the higher interaction energies between polymer
and modifier in PBT-PCN system than the Nylon6-PCN
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system, the alteration of crystallinity and improvement in
mechanical properties is lower for PBT-PCN system. It
appears that the initial crystallinity of the polymer may have
affected the magnitude of interaction energy needed to alter
the crystallinity and improve the mechanical properties of
the PCN. The crystallinity of pure PBT is 35.6% while the
crystallinity of Nylon6 is 27.6%. Thus, it appears that sig-
nificantly higher interaction energies between clay-modifier
and polymer may be required to alter the crystallinity and
improve mechanical properties of a polymer that is more
crystalline to begin with. Modest differences are observed in
the attractive interaction energies between the same modifier
and clay in the presence of different polymers.
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4. Conclusions

A comprehensive assessment of PBT-PCN and Nylon6-
PCN systems using molecular dynamics and experimental
techniques has been conducted. Experimental results and
interaction energy maps of PBT-PCN system indicate that
the underlying mechanisms of change in crystallinity and
improvement in mechanical properties as proposed by
altered phase theory are valid. Although the same amount
of modified clay is used in the preparation of PCN with
PBT and Nylon6, a dramatic difference in change in
crystallinity and improvement in mechanical properties is
observed. It appears that a polymer with higher crystallinity
could require significantly higher attractive and repulsive
interaction energies between the polymer and modifier
compared to a polymer with lower crystallinity to achieve
similar magnitude of percent change in crystallinity and
improvement in mechanical properties of PCN.
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We used Aldehyde sodium alginate (ASA) as modifier to improve surfactivity and stability of magnetic nanoparticles, and folate
acid (FA) as targeting molecule. Fe3O4 nanoparticles were prepared by chemical coprecipitation method. FA was activated
and coupled with diaminopolyethylene glycol (NH2-PEG-NH2). ASA was combined with Fe3O4 nanoparticles, and FA-PEG
was connected with ASA by Schiff ’s base formation. Then Cl− in cisplatin was replaced by hydroxyl group in ASA, and FA-
and ASA-modified cisplatin-loaded magnetic nanomedicine (CDDP-FA-ASA-MNPs) was prepared. This nanomedicine was
characterized by transmission electron microscopy, dynamic lighterring scattering, phase analysis light scattering and vibrating
sample magnetometer. The uptake of magnetic nanomedicine by nasopharyngeal and laryngeal carcinoma cells with folate
receptor positive or negative expression were observed by Prussian blue iron stain and transmission electron microscopy. We
found that CDDP-FA-ASA-MNPs have good water-solubility and stability. Mean diameter of Fe3O4 core was 8.17± 0.24 nm,
hydrodynamic diameters was 110.90±1.70 nm, and zeta potential was−26.45±1.26 mV. Maximum saturation magnetization was
22.20 emu/g. CDDP encapsulation efficiency was 49.05±1.58% (mg/mg), and drug loading property was 14.31±0.49% (mg/mg).
In vitro, CDDP-FA-ASA-MNPs were selectively taken up by HNE-1 cells and Hep-2 cells, which express folate receptor positively.

1. Introduction

Cancer is a serious threat to human life, and traditional
surgery, radiotherapy, and chemotherapy are usually inef-
fective for advanced cancer. With the advances of molecular
biology and materials science research, molecular targeted
therapy becomes a hot spot in cancer research in recent years
and also becomes an important part of cancer treatment
[1]. Based on the advance of oncocytology and molecular
biology, molecular targeted therapy utilizes some special
antibodies or ligands to target at corresponding molecules in
tumor tissues or cells. First, it can block or inhibit relevant
molecules to inhibit tumor cell growth and metastasis or
induce apoptosis, second it can deliver therapeutic drugs
to tumor cells specifically, and, finally, it directly kills the
targeted cancer cells without damaging normal cells [2].
The researches of folate targeted treatment of cancer have
made great progress. Some anticancer drugs were attached to
folate-induced carriers and were delivered to targeted cancer

cells based on the special conjugation of folic acid and folate
receptors [3–7]. Leamon et al. designed a tumor-targeted
agent, named EC0225, with two distinct biological mecha-
nisms of action [8]. This compound was constructed with
a single folate molecule, extended by a hydrophilic peptide-
based spacer, which was in turn attached to mitomycin and
Vinca alkaloid units via two separate disulfide-containing
linkers. EC0225 produced potent dose-responsive activity in
vitro, and curative activity was observed against FR-positive
xenograft tumors. Phase 1 clinical trials of EC0225 for the
treatment of advanced malignancies have begun in March of
2007. Bae et al. developed a block copolymers nanocapsule
with the function of folate targeting and pH-sensitive releas-
ing of loaded drugs [9]. The block copolymers are composed
of hydrophilic PEG (polyethylene glycol poly)-folate and
hydrophobic poly(aspartic acid)-doxorubicin(DOX). This
nanocapsule can be selectively endocytosed by tumor cells
by the way of folate-mediated targeting. Due to the acidic
environment of cell endosome (pH 5∼6), DOX dissociates
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from the hydrophobic chain end of copolymers, thereby
increasing the drug concentration in tumor tissue. Dhar et al.
[10] prepared a folate targeted drug delivery system (SWNT-
PL-PEG-NH2) in which cisplatin and folic acid conjugated
with PEG were attached to single-walled carbon nanotubes.
They found that nanodrugs could be selectively delivered
to folate receptor positive tumor cells, released, and cross-
linked with the nuclear DNA, and the level of intracellular
platinum was much higher than traditional delivery. But it is
hard to detect the targeting effect of their nanomedicines in
vivo by imaging.

Our group has prepared a modified cisplatin-loaded
magnetic nanomedicine and investigated its magnetic tar-
geting effect on nasopharyngeal carcinoma cells CNE-2
and its xenograft tumors. We found its inhibiting tumor
growth rates were 62.73% and 80.00% in vivo and in vitro,
respectively [11, 12] and this nanomedicine could be located
by electron microscopy and MRI in vivo [12]. In this paper,
we prepared a new anticancer nanomedicine with both mag-
netic targeting and folate targeting function based on our
previous studies [13], and investigated its physicochemical
properties and targeting performance.

2. Materials and Methods

2.1. Materials. Agents and instruments: CNE-2 cells (from
cell bank of Laboratory Animal center of Sun Yat-sen
University, China), HNE-1 and Hep-2 cells (from cell bank of
Central South University, China), sodium polymannuronate
(Qingdao Crystal Rock Biology Development Co., Ltd.,
China), FeCl3·6H2O (analytical grade) and FeSO4·4H2O
(analytical grade) (Guangzhou Chemical Reagent Factory,
China), polyethylene glycol (relative molecular mass 2000,
analytical grade) (Shanghai Jingchun Reagent Co., Ltd.,
China), Cisplatin (batch number: 703012CF, Qilu pharma-
ceutical Co., Ltd., China), FA (analytical grade), (Guang-
dong Guanghua Chemical Factory Co., Ltd., China), zeta
potential and laser particle size analyzer (Brook Haven
Instruments Co., USA), transmission electron microscopy
(EOL-TEM 100, Japan), magnetic properties measurement
system (Quantum Design, USA), DDS-11A conductivity
meter (Shanghai Precision & Scientific Instrument Co., Ltd.,
China).

3. Methods

3.1. Preparation of Aldehyde-Sodium-Alginate-(ASA-) Modi-
fied Magnetic Fe3O4 Nanoparticles. ASA was prepared using
the methods reported by Laurienzo et al. (Figure 1(a)) [14].
Four grams of sodium alginate were dissolved in 100 mL
double distilled water, and one gram of sodium periodate was
added in dark condition and properly stirred. After reaction
in dark condition for 24 h at 4◦C, 5 mL of dehydrated
alcohol was added to terminate reaction. The solution was
ultrafiltrated until its volume was reduced to 40 mL. The
concentration of aldehyde group in the surface of oxidized
sodium alginate was detected by potentiometric titration of
hydroxylamine hydrochloride.

FeCl3·6H2O (2.70 g) and FeSO4·4H2O (1.39 g) were dis-
solved in 100 mL deionized water to produce a solution with
concentrations of 0.01 mol/L and 0.005 mol/L, respectively.
NH3·H2O (W/W: 25%) was added at room temperature
until pH was 9.50 and the solution turned dark. Magnetic
wash was performed until the conductivity of the super-
natant was <50 μs. Magnetic nanoparticles (MNPs) were well
dissociated in 60 mL deionized water by sonic oscillation.

Then, 40 mL prepared ASA was added into 60 mL Fe3O4

MNPs solution, reacting for 40 min at 85◦C. After 4000 rpm
centrifugation, the supernatant was ultrafiltrated to remove
free ASA until its conductivity was <50 μs (Figure 1(b)). The
modified production was freeze-dried and reserved.

3.2. Preparation of FA- and ASA-Modified Magnetic Fe3O4

Nanoparticles. FA-PEG-NH2 was prepared by the methods
reported by Ohguchi et al. [15]. FA (0.58 g) was dissolved in
30 mL dimethyl sulfoxide (DMSO), then 0.80 g dicyclohexyl
carbodiimide (DCC) and 0.23 g N-hydroxysuccinimide
(NHS) were added and stirred for 4 h to activate FA carboxyl
group. And then, 2.40 g amino-terminated polyethylene gly-
col (NH2-PEG2000-NH2) was added and stirred for 8 h to link
activated FA carboxyl group with PEG amino group. After
that, 120 mL double distilled water was added, insoluble
substance was removed by filtration, and the production was
freeze-dried.

ASA-modified magnetic nanoparticles (0.50 g) were dis-
solved into 20 mL 0.40 M natrium biboricum buffer solution
(pH = 9), and then 0.30 g FA-PEG-NH2 was added. Sodium
borohydride (0.20 g) was added while the solution was vio-
lently stirred for 8 h at room temperature (Figure 1(c)). The
production was dialyzed in distilled water for 3d (molecular
weight cutoff was 14000), and then freeze-dried.

3.3. Preparation of FA- and ASA-Modified CDDP-Loaded
Magnetic Nanomedicines (CDDP-FA-ASA-MNPs). FA- and
ASA-modified CDDP-loaded magnetic nanomedicine was
prepared by using the rich unoxidized carboxyl groups(–
COO–) in ASA side chain to replace Cl− in cisplatin and form
coordination complex, as described previously (Figure 1(d))
[13, 16]. A certain amount of CDDP was added into
suspension of FA- and ASA-modified magnetic nanoparticles
and reacted in constant temperature shaker at 37◦C for
24 h. The production was kept in the dark after filtration by
0.22 μm sterile filter. As the preparation method of carrier
was modified, we found in optimization experiments that the
best encapsulation efficiency and drug loading was available
when CDDP/MNPs (counted by Fe) molar ratio was 2 : 1.
So CDDP-FA-ASA-MNPs used in the following experiments
were prepared by this ratio.

3.4. Physical and Chemical Characterization of CDDP-FA-
ASA-MNPs. Hydrodynamic diameter and zeta potential:
Detection was performed using zeta potential and laser
particle size analyzer (Zeta PALS Brook Haven Instruments
Co. USA). CDDP-FA-ASA-MNPs were diluted to a proper
concentration (with Fe 0.20 mg/mL), and pH value was
adjusted to 7.40 by 0.1 mol/L HCl or NaOH. The solution
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Figure 1: (a) SA oxidation. (b) Preparation of ASA-modified MNPs (ASA-MNPs). (c) Preparation of FA and ASA-modified magnetic Fe3O4

nanoparticles. (d) Structure of CDDP-FA-ASA-MNPs.

was filtrated by 0.45 μm filter before measurement. Measure-
ment parameter: scattering angle was 90◦, and temperature
was 25◦C. The average values were calculated after several
measurements.

Detection of core diameter, form, and dispersion: CDDP-
FA-ASA-MNPs were diluted to a proper concentration and
dropped on polymer film-lined copper net. After being
slowly dried, the sample was deposited with a layer of
about 10–20 nm thick carbon film and then observed by
transmission electron microscopy (JEOL-TEM 100).

Saturation magnetization: hysteresis curve of samples
was determined between −10KOe∼10KOe at 25◦C.

Drug loading: after ultrafiltration of CDDP-FA-ASA-
MNPs for 24 h at room temperature, CDDP content
in ultrafiltrate was detected by O-phenylenediamine

spectrophotometry method and the total mass of
CDDP was calculated. The ultrafiltrate was freeze-dried
and accurately weighted to calculate total mass of CDDP-FA-
ASA-MNPs. Encapsulation efficiency and drug loading was
calculated according to following equations: Encapsulation
efficiency (%) = (TMC/TCC) ∗ 100%, Drug loading (%) =
(TMC/TM) ∗ 100%, where TMC was the total mass of
CDDP in ultrafiltrate, TCC was the theoretical content
of CDDP in ultrafiltrate, and TM was the total mass of
CDDP-FA-ASA-MNPs [17].

3.5. CDDP-FA-ASA-MNPs Uptake into Nasopharyngeal and
Laryngeal Carcinoma Cells. Prussian blue iron stain: expo-
nentially growing nasopharyngeal carcinoma HNE-1 cells
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(folate receptor positive), CNE-2 cells (folate receptor neg-
ative) [18], and laryngeal carcinoma Hep-2 cells (folate
receptor positive) were suspended in RPMI-1640 at a cell
density of 2 ∗ 104·mL−1 and then plated in a 24-well culture
plate separately (500 uL/well). After adherent growth for
24 h, cells were incubated for 6 h with CDDP-FA-ASA-MNPs
and FA-ASA-MNPs, which were diluted with RPMI-1640.
The drug concentrations calculated according to Fe content
were 5, 10, and 20 μg·mL−1 separately. After incubation,
culture solution was removed and cells were washed three
times with cold PBS (pH 7.40) to remove unbound MNPs,
fixed with 4% paraformaldehyde for 10 min at room tem-
perature. After being washed with double distilled water,
cells were stained with Prussian blue for 30 min at room
temperature. Nucleuses were stained with neutral red as a
control. The slides were observed and photographed under
inverted microscope.

Transmission electron microscopy: HNE-1 cells, CNE-2
cells, and Hep-2 cells were incubated with CDDP-FA-ASA-
MNPs separately as described above. After centrifugation,
cells were fixed and dehydrated and then were embedded in
epoxy resin and cut into extrathin sections. The sections were
stained with uranyl acetate and lead citrate and observed
by transmission electron microscopy to detect cells uptake
of MNPs. The observations included cell morphology, cell
membrane, nucleus, organelles, pinosomes in cytoplasm,
and electron dense MNPs in pinosomes.

4. Results and Discussion

4.1. Preparation of CDDP-FA-ASA-MNPs and Content of
CDDP. After being oxidated by sodium periodate, C2–C3
linkage in SA was broken, which leads to the formation of
two aldehyde groups (–CHO), as seen in Figure 1(a). As
hydroxylamine hydrochloride can react with aldehyde groups
of ASA, which leads to formation of HCL, we calculated the
degree of SA oxidation according to the amount of NaOH
used in titration. The degree of oxidation was 21.78±0.98%,
in agreement with the literature data [19, 20], which means
that there was an aldehyde group in every five SA monomers.

Hydrosoluble Fe3O4 magnetic nanoparticles were pre-
pared by chemical coprecipitation method and modified
by ASA (Figure 1(b)). Using amino-terminated polyethylene
glycol as a bridge medium, we successfully connected folic
acid with ASA, and prepared FA- and ASA-modified MNPs
(FA-ASA-MNPs). There were lots of carboxyl groups in
SA side chain. As hydroxyl groups were formed in the
surface of Fe3O4 MNPs after addition of ammonia water,
Fe3O4 MNPs were conjugated with ASA by the interaction
of hydroxyl and carboxyl groups, which led to formation
of stable iron carboxylate. After being activate by DCC
and NHS, carboxyl group in FA was conjugated with one
amino group in amino-terminated PEG (NH2-PEG-NH2),
which led to the formation of FA-PEG-NH2. And then the
other amino group in FA-PEG-NH2 was connected with
aldehyde group in ASA in the surface of MNPs by Schiff ’s
base formation. The rich unoxidized carboxyl groups (–
COO–) in ASA side chain were replaced by Cl− in cisplatin

with formation of coordination complex, and FA- and ASA-
modified CDDP-loaded magnetic nanomedicines (CDDP-
FA-ASA-MNPS) were finally prepared (Figures 1(c) and
1(d)). Due to the introduction of PEG, these MNPs have
improved hydrosolubility and stability.

CDDP content was detected by O-phenylenediamine
spectrophotometry method. Standard curve was shown in
Figure 2, and the regression equation was Y = 0.1129X −
0.1871, R2 = 0.9861. The drug loading of cisplatin was 14.31±
0.49%, and encapsulation efficiency was 49.05 ± 1.58% as
calculated.

4.2. Hydrodynamic Diameter and Zeta Potential. Dynamic
light scattering particle sizes of CDDP-FA-ASA-MNPs were
detected by laser particle size analyzer. And the result showed
a log normal distribution. Mean hydrodynamic diameter
of CDDP-FA-ASA-MNPs was 110.90 ± 1.70 nm (Figure 3),
smaller than FA-ASA-MNPs (141.90 ± 1.30 nm, Figure 4).
The reason might be that extended linear molecule of CDDP
was coiled after being conjugated with ASA. The isoelectric
point of nude Fe3O4 MNPs solution was 6.5. When the
pH value of solution is less than the isoelectric point,
MNPs positively charged, otherwise negatively charged [21].
Zeta potential of CDDP-FA-ASA-MNPs in neutral aqueous
media was −26.45 ± 1.26 mV (Figure 5). The nanoparticles
were excluded mutually due to their negative potential,
which means that they present good stability. However, this
potential was lower than that of FA-ASA-MNPs (−42.39 ±
3.11 mV, Figure 6). It might be due to the decrease of negative
charge after CDDP was conjugated with carboxyl group.
Zeta potential is an important indicator of polymer stability,
and polymers with greater potential have better stability.
The result showed that our folate targeting MNPs had good
stability before and after being loaded with CDDP and could
hold its dispersion for a long time. The targeting ability of
MNPs and the ability to avoid uptake by reticuloendothelial
system (RES), which are critical factors for anticancer effect
in vivo, depend on their surface property and particle
diameter. SA is negatively charged hydrophilic compound
with lots of carboxyl groups, which we got consistent with
the zeta potential. Compared to other surface modifiers, SA
would reduce the uptake by Kupffer cells in liver, therefore
circulation time in vivo of ASA modified MNPs would
be prolonged. Furthermore, after MNPs were modified by
ASA and FA-PEG-NH2, Fe3O4 was packed with hydrophilic
compounds. It was not so easy for MNPs to combine with
serum opsonin in blood, and this would also reduce the
opsonin-mediated phagocytosis by macrophages. MNPs can
go through endothelial cell gap into cancer tissue due to
the enhanced permeability and retention (EPR) effect, and
MNPs uptake by cancer is depended on particle size. As our
MNPs were modified by folate, with mean hydrodynamic
diameter <120 nm, they could go through vascular endothe-
lial cells and easily selectively be uptaken by FR-positive
tumor cells in theory.

4.3. Core Diameter and Magnetic Responsibility. As shown
in Figure 7, CDDP-FA-ASA-MNPs were basically dispersed
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Figure 2: Standard curve of CDDP content.

Figure 3: Particle size distribution of FA-ASA-MNPs detected by
dynamic laser scattering.

into single particles under TEM, with round surface shape.
Because of its small particle size and a variety of active
groups in its surface after modifications, a slight aggregation
was seen Figure 7(a). One hundred MNPs were selected
randomly and their diameters were detected. The mean
core diameter was 8.12 ± 0.24 nm, with normal distribution
showed in histogram Figure 7(b). Maximum saturation
magnetization was 22.20 emu/g and coercivity was zero
Figure 7(c). It meant that our MNPs had good magnetic
responsibility and superparamagnetism.

4.4. Cell Targeting of CDDP-FA-ASA-MNPs. In order to
examine the cell targeting of CDDP-FA-ASA-MNPs, we
incubated HNE-1 and Hep-2 cells (FR positive) and CNE-
2 cells (FR negative) with CDDP-FA-ASA-MNPs in deferent
concentrations for 6 h and then carried out Prussian blue
iron stain. Prussian blue iron stain is an effective method
to investigate biodistribution of iron oxide nanoparticles, as
showed in many experimental results [22]. As Fe3O4 can
interact with Prussian blue staining solution and form blue
Fe4(Fe(CN)6)3 particles in situ, distribution of iron oxide
nanoparticles after uptake by cells can be seen directly [23].

Figure 4: Particle size distribution of CDDP-FA-ASA-MNPs
detected by dynamic laser scattering.

Figure 5: Zeta potential trend graph of FA-ASA-MNPs.

Figure 6: Zeta potential trend graph of CDDP-FA-ASA-MNPs.
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Figure 7: (a) Transmission electron microscope graph of FA-CDDP-ASA-MNP, 100000x. (b) Particle size distribution. (c) Saturation
magnetization curve.

The results showed that lots of Fe3O4 nanoparticles were
seen in cytoplasm of HNE-1 and Hep-2 cells after CDDP-
FA-ASA-MNPs with Fe content of 5 μg·mL−1 were given, and
there were no blue particles in cytoplasm of CNE-2 cells that
were FR negative (Figures 8(a), 8(c), and 8(e)). In practice,
we found the best result would be achieved in Fe content of
5 μg·mL−1 and incubation of 6 h. Prolonging the incubation
period would lead to gathering of small amount of MNPs
around the membrane of FR-negative CNE-2 cells, and
inadequate incubation would reduce the uptake of MNPs.
In out experiments, cells apoptosis and death were observed
in cultures with Fe content of 10 μg·mL−1 (equivalent to
cisplatin concentration 2.80 μg·mL−1), and over staining and

background pollution were found in those of 20 μg·mL−1.
The results showed that CDDP-FA-ASA-MNPs uptake by
FR-positive cells was achieved through FR pathway, which is
in agreement with the results in other cellular and molecular
targeting model performed by other scholars [24–26]. The
results of TEM showed that there were lots of high electron
dense MNPs in pinosomes in cytoplasm of HNE-1 and Hep-
2 cells, and none in CNE-2 cells, which is consistent with the
results of Prussian blue stain (Figures 8(b), 8(d), and 8(f)). It
further confirmed selective uptake of our FA targeting MNPs
by FR-positive HNE-1 and Hep-2 cells.

Most cancer chemotherapeutics are administered either
orally or intravenously to achieve systemic distribution for
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(a) (b) (c)

(d) (e) (f)

Figure 8: Cells were incubated with CDDP-FA-ASA-MNPs (Fe content was 5 μg·mL−1) for 6 h. (a), (c), (e) Iron stain, 200x. (a) HNE-1
cells (FR positive), blue stain particles were observed in cytoplasm. (b) Electron microscope image for HNE-1 cells, pinosomes contained
magnetic nanoparticles were observed in cytoplasm, 155000x. (c) CNE-2 cells (FR negative), blue stain particles were not observed in
cytoplasm. (d) Electron microscope image for CNE-2 cells, magnetic nanoparticles were not observed in cytoplasm, 115000x. (e) Hep-2
cells (FR positive), blue-stain particles were observed in cytoplasm. (f) Electron microscope image for Hep-2 cells, pinosomes contained
magnetic nanoparticles were observed in cytoplasm, as arrow shown, 115000x.

effective treatment. Due to lack of selectivity, conventional
chemotherapy causes significant damage to rapidly prolifer-
ating normal cells. The major goal of targeted therapies is to
target the chemotherapeutics to cancer cell, which ultimately
reduces the side effects. FR is believed to be a useful biological
target for cancer due to its overexpression on malignant
cancer cells, and recent reports of folate targeted drug
therapies have demonstrated impressive potency against
tumor xenografts, without most of the undesirable toxicities
[27]. But FR is also expressed in some normal tissues
(such as kidneys epithelial cells) and chronic inflammation
tissues [28]. In this study, we prepared a folate targeted
magnetic nanomedicine. Besides of active folate targeted
function, it has more advantages. (a) Passive targeting:
due to the enhanced permeability and retention (EPR)
effect, nanomedicines will accumulate in sites of cancer
tissue [29]. (b) Magnetic targeting: under the influence of
an external magnetic field, magnetic nanoparticles will be
held in the targeted area and concentrated at the specific

site after being injected in the vascular system [30]. (c)
Imaging: superparamagnetic nanoparticles can be used as
MR contrast agents and used in clinical diagnosis due to
their effects in signal reduction on T2-weighted images
(“negative” contrast) [31]. (d) Intracellular hyperthermia:
followed by application of an external alternating magnetic
field, targeting magnetic nanoparticles to tumor tissue will
induce heat through Néel relaxation loss of the magnetic
nanoparticles. The temperature in tumor tissue is increased
to above 43◦C, which causes necrosis of cancer cells but does
not damage surrounding normal tissue [32].

There were some previous studies that prepared targeting
drugs by connecting folic acid with paclitaxel, taxol and
carboplatin, hoping to improve drug delivery efficiency [33–
35]. As the active agent of such drugs could not dissociate
effectively after uptake by cells, it failed to obtain desired
effect in experiments. In this paper, the connection of CDDP
with ASA was reversible [13, 16], and it was presumed
theoretically that CDDP could be effectively dissociated
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within cells, but actual effect in vivo needs to be confirmed
by further investigations.

5. Conclusions

Hydrosoluble FA targeting CDDP-loaded MNPs (CDDP-FA-
ASA-MNPs) were prepared by modification by ASA and
FA-PEG. These nanoparticles had stable property and good
folate-targeting ability, and they were prone to selectively
taken up by FR-positive nasopharyngeal carcinoma HNE-1
cells and laryngeal carcinoma Hep-2 cells, as demonstrated
by a number of characterization and uptake experiments in
vitro.
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We prepare ZnO:poly(3-hexylthiophene) (P3HT) thin-film solar cells and ZnO nanowire:P3HT nanostructured solar cells and
evaluate the effect of adding an interfacial layer between the ZnO and P3HT as a function of the nanowire height. We evaluate
several different interlayers of CdS deposited, using two different chemical bath deposition (CBD) recipes. The height of the
nanowire array is varied from a bilayer device with no nanowires up to arrays with a height of 2 μm. We find that achieving a
conformal coating of the ZnO with the interfacial layer is critical to improve device performance and that CBD can be used to
grow conformal films on nonuniform surfaces.

1. Introduction

Zinc oxide is an exciting semiconductor material for a variety
of reasons: it is environmentally friendly, biocompatible
transparent, and capable of being deposited by solution-
based processes [1, 2]. Another interesting property of this
material is that it can be grown as vertical arrays of nanowires
from a seeded substrate at low temperature in aqueous
solutions, as first described by Greene et al. in 2003 [3]. The
nanowires, which can be grown to lengths of tens of microns,
are single crystals, with excellent electrical properties, despite
being grown close to room temperature [4]. These aligned
one-dimensional nanowire arrays offer a promising substrate
to fabricate solar cells on by providing a direct pathway for
charge transport and providing a large effective junction area
[5, 6].

Solution processed ZnO nanowire heterojunctions and
devices have been reported for a variety of materials already.
There were initial reports from Law et al. and a more
recent one from Ko et al. on dye-sensitized solar cells [4, 7].
All-oxide p-n junctions have been formed between ZnO
nanowires and sputtered NiO, and thin film solar cells made
from ZnO nanowires:CuO nanoparticles have been reported
[8, 9]. There are also reports of junctions formed with the

ZnO nanowires with intrinsic a-Si, as well as p-i-n coaxial
diodes deposited on top of a conductive Al-doped ZnO
nanowire array [10, 11].

ZnO:P3HT excitonic solar cells in which ZnO is the
acceptor material are an attractive technology because the
use of PCBM can be avoided, which is considerably more
expensive than ZnO or its precursors. Although solar cell
efficiencies utilizing ZnO as an acceptor are relatively low
compared to P3HT:PCBM-based devices, the use of these
ZnO nanostructured arrays has been demonstrated using
P3HT [12, 13]. It has also shown that the performance of
these ZnO:P3HT hybrid solar cells can be improved with the
addition of a thin interlayer between the ZnO and P3HT; this
layer may be an organic material [14], TiO2 [15, 16], or CdS
[17].

In this work, we evaluate the performance of ZnO
nanowire:P3HT solar cells with different CdS interlayers.
We first examine the effect of thickness using a single
chemical bath deposition (CBD) recipe and then compare
the performance of two different CBD recipes for a similar
thickness CdS layer. All of the devices, with no interlayer and
with the three different interlayers are studied as a function
of nanowire height.
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Figure 1: Cartoon flow diagram for device processing.

2. Experimental Methods

All devices were fabricated on glass coated with indium
tin oxide (ITO) purchased from Luminescence Technology
Corporation with a sheet resistance of 15Ω/�; cross-section-
al samples for electron microscopy were prepared on silicon
wafers coated with Cr, for ease of imaging. The seed layer
was prepared by spin-coating a Zn sol-gel three times, with
a ten-minute hot-plate bake in air at 300◦C after each spin-
coat. Afterwards, the samples were annealed in air at 350◦C
for 30 minutes. This sol-gel seed layer was kept constant for
all samples; it was prepared to be relatively thick (∼100 nm)
to avoid any shorting between P3HT and the ITO electrode.

The ZnO nanowires were grown from an aqueous
25 mM Zn-nitrate solution with the addition of 25 mM hex-
amethylenetetramine (HMTA) and 5 mM polyethylenimine
(PEI), as described by Law et al. [4, 18]. The substrates were
suspended face down in the solution in sealed vessels and
allowed to react for between 2.5 and 10 hours, producing
nanowire arrays with a height of 500–2000 nm; in total,
we evaluated four thicknesses of nanowires: 0 nm or bilayer
devices, 500, 1000, and 2000 nm. When the reaction was
terminated, the samples were cleaned by rinsing in DI water,
briefly sonicating facedown in DI water, and then rinsing
again before drying with nitrogen. Before depositing the
interlayer (or the P3HT for the ZnO only samples), the ZnO
films were annealed in air at 350◦C for 30 minutes in order
to remove any residual PEI on the nanowires.

Three different CdS interlayers were evaluated using two
different chemical bath deposition (CBD) recipes. The first
CBD recipe was first reported by Sotelo Lerma et al. in
1998 and was more recently used by Salas Villasenor et
al. to produce thin-film, high-mobility CdS transistors [19,
20]. Briefly, this reaction is carried out by submersing the
substrates in an aqeous solution of CdCl2, sodium citrate,
KOH, and thiourea 70◦C for 25 mins. Two different film
thicknesses were produced using this recipe, by carrying out
the CBD process either one or three times; these devices will
hereafter be referred to as 1-dip and 3-dip CdS films.

The second CBD recipe was developed by Spoerke et
al. and is carried out simply by immersing the samples in
an aqueous solution of Cd(NO3)2 and thioacetamide for 25
minutes [21]. These samples will hereafter be referred to as

EZ CdS, due to the simplicity of the procedure. In total, four
sets of devices were fabricated: ZnO only, 1-dip CdS, 3-dip
CdS, and EZ CdS.

The P3HT, purchased from Sigma Aldrich (MW =
25000), was deposited by spin coating a 30 mg/mL chloro-
form solution onto the ZnO layer at 2000 RPM in a nitrogen
glove box; they were then annealed at 150◦C in the same
glove box before being transferred (through air) to another
glove box for metallization. The samples were completed
by evaporation of 100 nm of Ag through a shadowmask to
define devices of 9 mm2. Figure 1 shows an overview of the
processing steps.

Characterization of the films was performed using a
Rigaku Ultima III X-ray diffractometer, a Zeiss Supra
SEM, and an Agilent 8453 UV-Vis spectrophotometer; IV
measurements were carried out with a Keithley 2400 source-
measure unit in conjunction with an AM1.5-simulated light
source, and the capacitance measurements were done in
the dark using an Agilent 4284 LCR meter. The solar cell
efficiencies were calculated by sweeping the voltage from −1
to 1 V under illumination and then dividing the maximum
power density point by the spectral power density of the
lamp source (100 mW/cm2). All solar cell data represent the
average of at least three separate devices.

3. Results and Discussion

Figure 2 shows the morphology of the ZnO nanowires
grown for 10 hrs (thickness 2000 nm) with no interlayer,
and with the 1-dip and 3-dip CdS interlayer coatings. It
appears that the 1-dip coating may not completely coat the
ZnO nanowires, as evidenced by the particulate-like coating
apparent on some of the nanowires. The 3-dip images show
a thicker and more continuous coating of the nanowires,
particularly towards the top of the array. We estimate from
the SEM micrographs that the 1-dip coating is 5–10 nm
thickness and the 3-dip coating is 20–30 nm.

Figure 3 shows the XRD spectra for the ZnO only, 1-
dip, and 3-dip films before deposition of the P3HT layer.
The primary peak for the ZnO nanowires, representing the
(002) plane of wurtzite ZnO, is at 2θ equals 34.43◦. The 0 nm
spectra, for no nanowire growth, show that the 1- and 3-
dip CdS interlayers cause only a small degree of attenuation
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Figure 2: Lateral (top) and cross-section (bottom) SEM images of ZnO nanowires grown for 10 hours, approximately 2000 nm tall, with no
interlayer (left), 1-dip CdS (middle), and 3-dip CdS (right) interlayers. The top 100 nm scale bar is for the lateral images, and the bottom
1000 nm scale bar is for the cross-section images.

to the underlying ZnO peaks. Also, by comparing the 1-
and 3-dip spectra for the 0 and 500 nm nanowire films, it
appears that the 3-dip CdS produces larger crystallites of
(002) oriented wurtzite-CdS based on the intensity and full-
width half-maximum of the peak at 2θ equals 26.66◦.

We see a similar trend from the UV-Vis spectra, also
taken before the deposition of P3HT. Figure 4 shows the
absorption spectra for the ZnO only, 1-dip, and 3-dip films
before deposition of the P3HT layer. These spectra show
that the 3-dip CdS attenuates the underlying ZnO peaks
significantly more than the 1-dip films, indicating a thicker
layer of CdS coating the ZnO nanowires.

Table 1 shows the solar cell results for the ZnO only, 1-
dip, and 3-dip devices. Values are reported for both “Day
1,” which were measurements taken immediately after the
devices were fabricated, and “Day 5”, which were taken
after 5 days of being stored in the air away from light in a
drawer. Other groups have reported a significant increase in

the efficiency of ZnO:P3HT solar cells after some exposure
time to air, and we observe the same result; this effect
has been attributed to either oxygen vacancies in the ZnO
or the presence of oxygen in the air passivating surface
conduction channels on the ZnO nanowires [15, 22, 23]. This
improvement can be attributed primarily to an increase in
the short-circuit current.

Results from the table show that the 500 nm devices
produce the highest efficiency. This is in agreement with
other reports that utilize a thickness of ZnO nanowire arrays
between 150–500 nm [12–15]. For the larger thicknesses, we
see a severe decrease in the open circuit voltage, leading to
practically nonfunctional devices for the 2000 nm devices.
This could be due to two possible causes: either the ZnO or
ZnO/CdS nanowires are shorting to the top silver electrode,
and/or the low mobility of the P3HT layer degrades the
performance as hole collection through the polymer has to
occur at length scales of 1 μm or greater.
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Figure 3: XRD spectra of films with no interlayer, 1-dip, and 3-dip CdS interlayers before P3HT deposition.

Table 1: Solar cell data for ZnO only, 1-dip CdS, and 3-dip CdS devices.

Nanowire height (nm)
Efficiency (%) Voc (V) Jsc (A/cm2) Fill factor (%)

Day 1 Day 5 Day 1 Day 5 Day 1 Day 5 Day 1 Day 5

ZnO only

0 0.022 0.071 152 212 4.9E − 04 1.0E − 03 32.7 32.9

500 0.015 0.282 381 394 8.9E − 05 1.7E − 03 43.2 40.9

1000 0.009 0.131 147 146 1.7E − 04 2.6E − 03 36.2 33.9

2000 0.000 0.007 10 24 7.5E − 05 1.1E − 03 43.9 20.9

1-dip CdS

0 0.002 0.009 419 367 2.1E − 05 1.4E − 04 19.1 16.2

500 0.015 0.112 421 399 1.0E − 04 8.8E − 04 33.8 31.8

1000 0.002 0.000 17 10 6.4E − 04 6.8E − 05 15 78.6

2000 0.000 0.002 10 10 5.1E − 05 2.9E − 04 19.1 75.3

3-dip CdS

0 0.008 0.017 207 313 2.9E − 04 2.1E − 04 24.5 31.7

500 0.282 0.442 364 428 2.1E − 03 2.9E − 03 37.1 35.7

1000 0.023 0.013 66 44 1.4E − 03 1.2E − 03 23.3 19.1

2000 0.001 0.004 10 10 7.1E − 04 9.5E − 04 21.8 94.1
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Figure 4: UV-Vis spectra of films with no interlayer, 1-dip, and 3-dip CdS interlayers before P3HT deposition.

The maximum efficiency for all of the devices in Table 1 is
achieved with the 500 nm 3-dip CdS devices. We believe that
the 3-dip CdS produces a higher quality CdS as compared
to the EZ CdS due to the higher deposition temperature and
slower growth rate. The 1-dip CdS devices perform signifi-
cantly worse than even the uncoated ZnO devices; this may
be due to incomplete coverage of the zinc oxide nanowire,
producing interfacial defects leading to recombination.

Figure 5 shows the EZ CdS layer deposited on a 2000 nm
ZnO layer. Even though the time of this deposition was the
same as the 1-dip recipe, 25 minutes, the thickness appears
to be similar to or even slightly thicker than the 3-dip films.
This is in agreement with our expectations, since the EZ
CdS recipe is simply Cd(NO3)2 and thioacetamide with no
complexing agents or stabilizers to control the reaction rate.
The 1-dip and 3-dip recipes, although they are done at a
higher temperature, utilize sodium citrate as a complexing
agent to slow the reaction rate by controlling the amount of

free cadmium. One difference between the 3-dip and EZ CdS
recipes is that the EZ CdS appears to produce a more uniform
coating along the length of the nanowires, whereas the 3-dip
recipe produces that thickness at the top of the nanowires,
but appears to become more thin towards the bottom of the
nanowires, close to the substrate.

Although the SEM micrographs seem to show a fairly
similar thickness between the EZ CdS films and the 3-
dip films, the XRD spectra for the EZ CdS films show a
much greater degree of attenuation of the peaks from the
underlying ZnO nanowires. Figure 6 shows the spectra for
all of the different thicknesses for the EZ CdS films prior
to P3HT deposition. For the EZ CdS films with a nanowire
thickness of 500 and 1000 nm, the (002) CdS peak is actually
more intense than the (002) peak for ZnO, and even for
the 2000 nm the two peaks are of similar intensity. However,
Figure 3 shows that for the 500–2000 nm devices the (002)
ZnO peak is always larger 3-dip CdS films, from 3 to 10x
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Figure 5: SEM images of the EZ CdS interlayer on 2000 nm ZnO nanowires; left lateral view, right cross-section view.
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Figure 6: XRD spectra of the EZ CdS films.

more intense. We attribute this greater attenutation to a more
uniform coating of the nanowires from top to bottom and
possibly a slightly thicker layer of CdS on the nanowires.

The solar cell characteristics of the EZ CdS devices are
summarized in Table 2. Here the maximum efficiency is
achieved with the 1000 nm devices; we attribute this to a
thicker coating along the entire length of the nanowire, which
may be completely filling in the nanowire array at the bottom
near the substrate, effectively shortening the height of the
nanowires. The fact that the 2000 nm devices actually work
and have an efficiency of 0.157% seems to support this
hypothesis that the nanowire array is being filled in to some
extent. Another interesting note about the EZ CdS devices is
that they show a much greater increase in efficiency between
the “Day 1” and “Day 5” measurements compared to the 3-
dip CdS devices: an almost 10x increase for the 1000 nm EZ
CdS devices compared to less than a doubling for the 500 nm
3-dip devices.
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Figure 7: Low-frequency CV sweeps of ZnO only, 3-dip CdS, and
EZ CdS devices on 500 nm nanowire arrays.

Another possibility for the higher performance of the
3-dip CdS compared to the EZ CdS devices with 500 nm
nanowires is that the 3-dip deposition method produces a
higher quality semiconductor layer, due to slower deposition
rate at higher temperature. The XRD spectra for the films
with no nanowires show that the 3-dip recipe produces a
more intense (002) wurtzite-CdS peak relative to the other
CdS peaks, indicating larger crystallites of (002) oriented
CdS in the 3-dip films compared to the EZ CdS films.
In order to investigate this possibility, we carried out low
frequency (100 Hz) capacitance measurements on represen-
tative devices with a 500 nm nanowire array. The results are
shown in Figure 7.

At −1 V, the ZnO only and the EZ CdS devices have a
similar capacitance density, with the ZnO only actually hav-
ing a lower capacitance between 0 and −0.75 V. However,
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Table 2: Solar cell data for EZ CdS devices.

Nanowire height (nm)
Efficiency (%) Voc (V) Jsc (A/cm2) Fill factor (%)

Day 1 Day 5 Day 1 Day 5 Day 1 Day 5 Day 1 Day 5

EZ CdS

0 0.004 0.032 535 535 2.2E − 05 2.1E − 04 29.9 29.2

500 0.012 0.183 508 545 6.8E − 05 9.8E − 04 34.5 34.6

1000 0.043 0.372 344 263 3.8E − 04 3.7E − 03 32.9 32.7

2000 0.026 0.157 273 162 3.3E − 04 3.4E − 03 29.1 28.7

the capacitance density for the 3-dip CdS film at −1 V is
approximately an order of magnitude lower than the other
two devices measured. This suggests a greater depletion
width in the 3-dip device, indicating a higher quality, more
resistive semiconductor layer at the heterojunction.

4. Conclusions

We have shown that the conformal coverage of ZnO nanow-
ires is critical to achieving improved performance using CdS
interlayers. For the thin CdS layers that do not appear to
fully coat the ZnO nanowires, the solar cell performance is
actually worse than for ZnO alone. We have also demon-
strated that a similar performance can be achieved using
CdS deposited by two different CBD recipes; although this
performance is achieved for two different nanowire array
thicknesses, we believe this is due to the density of CdS
growth at the bottom of the nanowire array.
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In this paper we review our recent progress in a still young type of active waveguides based on hybrid organic (polymer)—
inorganic (semiconductor quantum dots) materials. They can be useful for the implementation of new photonic devices, because
combining the properties of the semiconductor nanostructures (quantum size carrier confinement and temperature independent
emission) with the technological capabilities of polymers. These optical waveguides can be easily fabricated by spin-coating and
UV photolithography on many substrates (SiO2/Si, in the present work). We demonstrate that it is possible to control the active
wavelength in a broad range (400–1100 nm), just by changing the base quantum dot material (CdS, CdSe, CdTe and PbS, but other
are possible), without the necessity of changing fabrication conditions. Particularly, we have determined the optimum conditions
to produce multi-color photoluminescence waveguiding by embedding CdS, CdSe and CdTe quantum dots into Poly(methyl
methacrylate). Finally, we show new results regarding the incorporation of CdSe nanocrystals into a SU-8 resist, in order to
extrapolate the study to a photolithographic and technologically more important polymer. In this case ridge waveguides are able
to confine in 2D the light emitted by the quantum dots.

1. Introduction

Research is evolving toward the design of novel functional
materials to perform more complex and efficient tasks. One
of the most promising approaches is the incorporation of
nanoparticles into a host matrix to form a nanocomposite
[1]. These synthetic multicomponent materials have an
important concern nowadays because they combine the
novel properties of semiconducting, metallic and magnetic
nanoparticles (e.g., quantum confinement, surface plasmon
resonance, superparamagnetism, resp.) with those provided
by the matrix. For this purpose the choice of polymers as a
host matrix is an attractive approach because they are cheap,
flexible, and can be easily processed into films on a great vari-
ety of substrates. Moreover, some polymers can be micro-
and nanopatterned by different lithographic techniques such
as nanoimprint, electron beam, and ultraviolet lithography
[2]. This is of significant importance for the fabrication of
photonic nanostructures and more complex devices.

The incorporation of optically active materials such as
organic dyes [3], rare earth ions [4], semiconducting [5], and
metal nanoparticles [6] into polymers has found multitude

of applications in optical amplification [7], photovoltaics
[8], photodetection [9], sensing [10], and plasmonics [11].
Among these wide range of applications, polymers are espe-
cially suitable materials for waveguiding in integrated optic
devices, because of its high transparency above 400 nm, low
propagation losses, and easy fabrication [12]. In this sense,
polymer-based nanocomposites can be good candidates for
active waveguiding applications by embedding semiconduct-
ing nanocrystals synthesized by colloidal chemistry [13].
These nanocrystals are usually known as quantum dots
(QDs), due to the three-dimensional size confinement of
carriers. As a result, the effective bandgap of QDs and
hence their photoluminescence (PL) can be tuned by either
modifying their radius [14] or the composition: CdS [15],
CdSe [16], and CdTe [17] in the visible spectra and PbS [18],
PbSe [19], and InAs [20] in the near infrared. QDs has been
incorporated in sol-gel oxide waveguides to develop optical
amplification [21], but also in PMMA to implement a micro-
cavity laser [22] or to amplify the spontaneous emission
[23]. In a recent paper, we have demonstrated multicolor
waveguiding by dispersing CdSe (λPL = 600 nm) and CdTe
(λPL = 550 nm) QDs into a PMMA-based planar waveguide



2 Journal of Nanomaterials

[24]. We tested different nanocomposite formulation to
obtain the optimum concentration of QDs in the film for
waveguiding.

In this paper, we review our recent progress in the
development of QDs-PMMA nanocomposite waveguides.
New active planar waveguides covering a broad range of the
light spectrum from 400 to 1100 nm, are implemented by
embedding different types of QDs (CdS, CdTe, CdSe, and/or
PbS) into PMMA matrix. These nanocomposites constitute
the core of a planar waveguide when they are deposited
on a material with lower refractive index, in our case a
SiO2 thin film over a Si substrate. It is interesting to say
that the optimum conditions for low propagation losses can
be extrapolated from one QD material to another without
changing the concentrations or the functionalization of the
QD. Then, a new method for developing active multicolor
waveguiding in integrated photonic devices is proposed.
Finally, new results of the dispersion of CdSe QDs in a SU-
8 photoresist are presented. The choice of this resist comes
from its interesting photolithographic properties and high
refractive index. However, for the dispersion of QDs in SU8,
it is necessary the modification of their solubility, which
was achieved by means of a ligand exchange procedure.
After it, straight ridges can be defined by means of UV-
photolithography on the SiO2/Si substrate coated with the
QD-SU8 nanocomposite. We show that these structures
are able to guide CdSe PL in two dimensions, revealing
the potentiality and promising applications of these new
materials in integrated optic devices.

2. Samples Preparation and
Experimental Setup

The core of the waveguides used in this work consisted of
different sorts of QDs (CdS, CdSe, CdTe, and PbS) embedded
in a PMMA matrix. The QDs have different compositions
and size, so they will lead to optical transitions at different
wavelengths. They were synthesized following the procedure
developed by Peng’s group [25] using oleic acid as a capping
agent, and then mixed with PMMA. For this purpose
both the polymer and the QD were dissolved in toluene
as a common solvent, in order to obtain a homogeneous
dispersion of QDs in the resulting film. The concentration
of QDs into the matrix has been adjusted according to
our previous results [24], where an optimum filling factor
between 10−3 and 10−4 was found to achieve an optimum
waveguiding.

Once the nanocomposites were properly formulated,
waveguides were fabricated by spin-coating the solution on
a SiO2/Si substrate and baked between 80 and 150◦C for 2
minutes. The final film thickness was around 1 and 2 μm in
the waveguides emitting in the visible (CdS, CdSe, and CdTe)
and in the IR (PbS), respectively. The choice of the substrate
was due to two reasons. First, the low refractive index of SiO2

(around 1.458 at 600 nm) with respect to the PMMA (around
1.489 at 600 nm) provides a high refractive index contrast
(∼2%), required for a good confinement of the light in the
core of the waveguide. Second, the silicon substrate makes
the structure compatible with microtechnology techniques.

The necessary thicknesses of the SiO2 cladding depend on the
wavelength of the light. The wafers used in the waveguides
emitting in the IR had a SiO2 thickness of 2 μm and were
supplied by Cimat Silicon SA. The substrates chosen for the
waveguides emitting in the visible range were fabricated in
our laboratory by spin-coating a H2O-EtOH acid solution of
tetraethyl orthosilicate (TEOS) on a silicon wafer and baking
around 300◦C during 5 minutes. The resulting film had a
thickness of around 0.6 μm. Finally, the edges of the samples
were cleaved for end-fire coupling purposes. The inset of
Figure 1 shows the structure of the planar waveguides.

PL experiments have been carried out by pumping
the colloidal (or nanocomposite) solution dropped in a
glass with a 404 nm GaN laser. Then, backscattered PL is
collected with the aid of a lens to a fiber optic connected to
either a StellarNet EPP2000 or Ocean Optics spectrographs.
Absorption spectra of QD colloidal solutions were measured
by using a Shimadzu UV-2501PC spectrophotometer (UV-
visible range) or an Ocean Optics spectrograph plus a filtered
halogen lamp (near-infrared light). Absorption spectra of
nanocomposite thin films have been characterized using a
Nanocalc 2000 reflectometer (from Mikropack) or an IR
Ocean Optics spectrograph by spin-coating the film solution
in a glass substrate. Finally, PL waveguiding has been charac-
terized by end fire coupling a 404 nm GaN diode laser and a
633 nm HeNe laser with the aid of a microscope objective at
the input edge of the waveguide (see Figure 1). The output
light is collected by another microscope objective to perform
imaging with a CCD camera or to analyze PL by coupling
into the entry fiber optics of the appropriate spectrograph.
When planar waveguides were analyzed, a cylindrical lens
was used to focus its linear modal distribution to a spot into
the collecting optical fiber. Furthermore, PL waveguiding has
been also achieved and measured by laser pumping from the
top surface of the samples using a cylindrical lens (see dashed
rectangle frame in Figure 1) that focus the laser beam into a
line segment.

3. QD Emission and Absorption

PL and absorption properties of the QDs have a direct
dependence on the radius and composition. Figures 2 and
3 show the absorption and PL spectra of the colloidal QDs
used in this work. Four different types of nanocrystals have
been synthesized to fabricate the waveguides: CdS, CdTe,
and CdSe for visible (Figure 2), and PbS for near infrared
(Figure 3).

Figure 2 shows the absorption (Figure 2(a)) and PL
(Figure 2(b)) spectra of the three QDs emitting in the visible.
The exciton peak in the absorption spectra is placed at 447,
537, and 580 nm for CdS, CdTe, and CdSe, respectively. For
longer wavelengths the absorption decreases, arriving to a
value close to zero for wavelengths shifted 100 nm beyond
the exciton peak. At shorter wavelengths the absorbance
increases, and some excited state optical transitions are
observed. According to the data reported by other authors
[26], these exciton transitions correspond to a QD radius
of 4.5 nm for CdS, 1.5 nm for CdTe, and 2.5 nm for CdSe.
The PL spectra of the QDs (colloidal or nanocomposite
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Figure 1: Experimental setup for characterizing the waveguides. The inset shows the structure of the waveguides.
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Figure 2: Absorption (a) and PL spectra (b) of colloidal CdS (blue), CdTe (green), and CdSe (red) QDs. Dotted lines correspond to PL
spectra in the PMMA/NQD nanocomposite.

solutions) consist of single Gaussian lines slightly red-shifted
with respect to the exciton peak in absorption by about
40 nm, which is known as Stokes shift [27]. The (FWHM)
full width at half maximum of the PL lines decreases with
the emission wavelength, being it around 20, 30, and 40 nm
for the CdS, CdTe and CdSe, respectively, indicating that
size dispersion changes accordingly. In the case of CdS QDs,
a broad PL band is observed at around 620 nm that is
attributed to carriers trapped at surface states [5]. Finally,
dotted lines in Figure 2(b) depict the emission spectra of
QD-PMMA nanocomposite solutions for the three materials.
The spectra have a similar shape as the colloidal solution,
but a larger Stokes shift is observed for CdSe and CdTe
QDs, probably due to the presence of nanoparticle aggregates
[28].

Figure 3 shows absorption and PL spectra of PbS QDs
used in this work. The exciton peak is placed at 960 and
1020 nm in absorption and PL, respectively. In this case
the FWHM reaches a value of 120 nm, doubling the value
measured for CdSe QDs, denoting a stronger QD size
dispersion for PbS QDs. Again, a larger Stokes shift is
observed in the case of the PbS-PMMA nanocomposite as
compared to the colloid. An average radius of 3.2 nm has
been measured by transmission electron microscopy (TEM)
for PbS QDs, which is consistent with published data [29].

4. Planar QD-PMMA Waveguides

PMMA is suitable polymer for integrated optics applications
due to its trouble-free process and its transparency in the



4 Journal of Nanomaterials

A
bs

or
ba

n
ce

 (
a.

u
.)

PbS (3.2 nm)

700 800 900 1000 1100 1200 1300 1400 1500

Wavelength (nm)

(a)

P
L 

co
u

n
ts

 (
a.

u
.)

PbS

Colloidal
Composite

600 800 1000 1200 1400 1600

Wavelength (nm)

(b)

Figure 3: Absorption (a) and PL spectra (b) of colloidal PbS. Dot line shows PL spectra in the PMMA/NQD nanocomposite.
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Figure 4: Transmittance spectrum of a 2 μm PMMA film spin
coated on glass. Black and red lines correspond to PMMA and
PMMA mixed with CdSe (filling factor of 0.02). Transmittance of
glass is depicted with black dash lines.

visible and the infrared region. Figure 4 shows transmittance
spectrum of a 2 μm PMMA film spin coated on glass (black
line). Between 400 and 1500 nm, the absorption is almost
that of the glass. Then, this polymer becomes an interesting
material for waveguiding applications when it is deposited on
a low index wafer (in this case SiO2/Si). Moreover, PMMA is
an appropriate host polymer for embedding oleate-capped
QDs due to their adequate chemical interaction. This results
in homogenous films, which suggests a great potentiality
of these nanocomposites for photonic applications. In this

section waveguiding properties of PMMA doped with col-
loidal QDs will be discussed.

CdSe-PMMA waveguides have been thoroughly studied
in [22] using samples with different QDs concentrations. As
much as the concentration of nanoparticles is increased into
the matrix, its refractive index becomes higher. However, for
high filling factors >10−3 of CdSe QDs in PMMA (filling
factor is defined as the ratio between the volume occupied
by QDs over the total volume), the QDs strongly attenuate
the laser beam, and waveguiding is not possible. Red line
of Figure 4 shows the transmittance spectrum of a 2 μm
CdSe-PMMA film with a filling factor of 0.02. Transmittance
drops to a value around 80% for 600 nm, the wavelength
corresponding to the PL peak (ground exciton recombi-
nation). Since in a standard waveguide propagation length
is usually around 1 cm, it is expected that the throughput
of light at this wavelength will be nearly zero. Therefore,
it is necessary to use QD-PMMA nanocomposites with
quite lower filling factors (10−4–10−3) for maintaining small
propagation losses (10–20 cm−1 for that range). Moreover,
the PL of QDs can be also waveguided by pumping the
QD-PMMA nanocomposite from the surface of the samples
as well (see inset in Figure 1). In this work, we extrapolate
these results to other QDs families (CdS, CdTe, and PbS),
obtaining low propagation losses using similar filling factors.
In the following sections a summary of different waveguides
is presented.

4.1. CdSe-PMMA Waveguides. Figure 5 shows the guided-PL
spectra of a CdSe-PMMA thin film by pumping the structure
from the edges (continuous line) and from the surface (dash
line) using a 404 nm GaN diode laser. The spectrum obtained
by end fire coupling suffers an appreciable red-shift of the
PL peak with respect to the one measured in the composite
solution. This is probably due to a reabsorption effect of the
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Figure 5: Waveguided PL spectrum of a PMMA/CdSe thin film
obtained by end-fire coupling (continuous line) and top surface
coupling (dashed line). The inset shows a picture of the waveguided
PL at the output of the structure.
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Figure 6: Waveguided PL spectrum of a PMMA/CdS waveguide
obtained by surface coupling. The inset shows a photograph of the
waveguided PL at the output of the structure.

wavelengths close to 580 nm, where the absorption exciton
peak takes place. Furthermore, the PL band is broader than
the one found in the colloid, maybe to different environment
conditions [24]. However, when the sample is pumped from
the surface, the guided PL is symmetric, centered at 591 nm
and slightly narrower in comparison to the colloid PL, maybe
because this sort of coupling allows a constant pumping in
the whole length of the waveguide. The inset shows a picture
of the orange guided PL due to CdSe QDs in PMMA.

4.2. CdS-PMMA Waveguides. Figure 6 depicts the waveg-
uided PL spectrum in a CdS-PMMA thin film pumping the
structure from the top surface at 404 nm. In this case the PL
band is centered at 453 nm and has a linewidth of 22 nm,
so there is not a big difference with the PL band measured
in the nanocomposite. We can also observe a broader and
weaker PL band centered at around 620 nm corresponding
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Figure 7: Waveguided PL band of a PMMA/CdTe thin film
obtained by end-fire coupling. The inset shows a picture of the
waveguided PL at the output face of the thin film.
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Figure 8: Waveguiding PL spectrum of a PMM/PbS waveguide
obtained by end-fire coupling.

to surface states [5]. In the inset a picture of the blue guided-
PL is shown.

4.3. CdTe-PMMA Waveguides. Figure 7 shows the waveg-
uided PL (see picture in the inset) measured in a CdTe-
PMMA thin film by using end-fire pumping at 404 nm.
The PL band is centered at 523 nm and has a linewidth
of 35 nm, this time only 5 nm broader than the one found
in the colloid. In this case the waveguided PL shows a
symmetric peak because the absorption exciton peak is
placed at longer wavelengths (537 nm, see Figure 2(a)), and
hence the reabsorption of the guided PL is weaker.

4.4. PbS-PMMA Waveguides. Figure 8 shows the waveguided
PL of a PbS-PMMA thin film by using end-fire pumping at
633 nm (HeNe laser). In this case, the 404 nm wavelength
(GaN laser diode) could not be used to pump the nanocom-
posite, because the absorption coefficient of PbS is too high
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at this wavelength (see Figure 3). The PL band is centered at
1050 nm and its linewidth around 130 nm.

5. Perspectives

The fabrication of two-dimensional waveguides is of high
interest for integrated photonic devices [30]. The integration
of nanocrystal QDs in polymers (eventually photolitho-
graphic ones) opens a new method to implement hybrid
organic-inorganic photonic and optoelectronic devices [31].
It has already been demonstrated amplification and lasing
using PbSe QDs [32], CdSe-ZnS [33], and CdS-CdSe-ZnS
[34] core-shell QDs dispersed in sol-gel films of TiO2

and ZrO2 planar waveguides. Then, it is expected that the
polymer/NQD can be used for active purposes in waveguides
[24], microcavities [22], and other photonic structures [23].
In addition taking in account that the emission wavelength
can be tuned by changing the material forming the QDs
and their size [14–20], it has demonstrated the applications
of colloidal QDs in LEDs technology [35]. This property
joined to the fact that it is possible to disperse several types
of QDs into the matrix [36, 37], suggest the possibility to
obtain white waveguided light; in a similar way that it is
used in recent LED technology [38]. Finally, it has already
studied the utility of colloidal QDs for sensing in optical
fibers [39]. Then, QD-polymer waveguides can be applied
to be a good probe for temperature sensing [40]. In this
section we describe some preliminary results that illustrate
the potential capabilities of these hybrid materials in next
future.

5.1. Multicolor Waveguiding. If one disperses QDs emitting
at different wavelengths, into the same waveguide it is
possible to obtain broad waveguided-PL spectra composed
by the different “QD colors.” In this case, it is critical to
adjust the relative amounts of QDs into the matrix in order to
avoid (or compensate) the reabsorption of light generated in
QDs whose emission takes place at higher energies (shorter
wavelengths) by QDs whose absorption and emission occur
at lower energies (longer wavelengths). In [24] we proposed
the inclusion of CdSe and CdTe in the same PMMA matrix.
As a result the structure was able to waveguide the PL emitted
from the two QD ensembles: green (535 nm) and orange
(595 nm) colors corresponding to CdTe and CdSe QDs,
respectively. Figure 9 shows the PL spectrum (hollow circles)
of a similar structure able to guide three colors (see the three
pictures at the top panel of Figure 9) by the dispersion of
CdS (blue), CdTe (green), and CdSe (orange) QDs in the
same matrix. The PL spectrum can be nicely reproduced by
the sum of three Gaussian components (dashed lines) whose
peaks take place at 452, 539, and 601 nm, corresponding to
the CdS, CdTe, and CdSe QD ensembles, respectively. The PL
tail observed at long wavelengths is associated to the surface
states of CdS (see Figure 6).

5.2. Lithographic Nanocomposite. One of the most interesting
characteristics of polymers is the possibility to be patterned
by different lithographic techniques. Among them UV
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Figure 9: Waveguided PL spectrum in a nanocomposite thin film
containing CdS, CdTe, and CdSe QDs. The pictures at the top panel
show the three waveguided-PL components by using appropriate
filters.

photolithography is the most appropriate for the fabrication
of two-dimensional waveguides working in UV-VIS-NIR
wavelengths because they require micropattern widths in the
range 1–20 μm and high aspect ratios. Particularly, SU-8 is
a commercially available photoresist and one of the most
used for polymer based waveguiding applications [41, 42]
because it is easily patternable by UV photolithography and
has a high refractive index (around 1.5108 at 600 nm) [43].
Figure 10(a) shows the transmittance spectrum of a SU-
8 film spin coated on a glass substrate. Between 600 and
1500 nm, the transmittance is similar to that of the bare
glass, but below 600 nm the absorption increases due to
its sensitivity to the UV radiation. As a result, SU-8 is an
ideal candidate for hosting QDs, even if the main drawback
lies in the poor chemical compatibility with as-synthesized
QDs. The SU-8 photoresist is normally formulated with γ-
butyrolactone or cyclopentanone, where oleate-capped QDs
are not soluble. It is well known that surface modification
of QDs may result in a change in the solubility properties
of QDs [44]. In this way we propose a ligand exchange
on oleate-terminated QDs to enhance their solubility in γ-
butyrolactone [22]. Now, the resulting QDs are completely
soluble in the SU-8 photoresist solution, and the nanocom-
posite with a homogeneous dispersion of CdSe QDs can be
easily spin coated. Ridge waveguides based on the CdSe/SU-
8 nanocomposite have been fabricated upon UV irradiation
by using the procedure described in [43]. We observed that
the lithographic performance of SU-8 was not disturbed
by the presence of QDs. Moreover, as it was obtained in
PMMA matrices, the concentration of QDs in SU-8 was
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Figure 10: (a) Transmittance spectrua of a 2.5 μm SU-8 film spin coated on glass (continuous line) and that of the glass substrate itself
(dashed line), (b) Waveguided-PL spectrum of a SU-8/CdSe ridge structure obtained by end-fire coupling. The insets show a picture of the
waveguided PL at the output of ridge structure with different widths (above) and the scheme of the waveguide (below).

low enough to consider any refractive index increase of the
matrix.

Waveguides were designed (see the inset in Figure 10(b))
to have widths between 4 and 20 μm and a height of 2.5 μm
to guide the PL of CdSe QDs along the polymer ridges.
PL light at the end of these waveguides (using end-fire
pumping at 533 nm) is shown in the inset of Figure 10(b).
The waveguided-PL band corresponding to CdSe QDs in
a 8 μm SU-8 ridge (Figure 10(b)) has a peak centered at
610 nm and its linewidth is around 35 nm. The PL tail at
longer wavelengths is due to the background fluorescence of
the resist and its nature is explained in [24].

6. Conclusions

The integration of nanocrystal QDs in polymer matrices is an
interesting approach for developing nanocomposites able to
be used in new organic photonic devices. In this work, films
made to be the dispersion of colloidal nanostructures (CdS,
CdTe, CdSe and PbS) in a PMMA matrix are demonstrated
to be a good core for waveguides. Using the appropriate
concentrations of QD into the matrix, these films are
able to waveguide the PL, and even more than one color
when different types of QDs are embedded in the polymer.
Then, these results are extrapolated to a photolithographic
polymer (SU8), obtaining the waveguiding of the PL in
a ridge waveguide fabricated by UV lithography. Finally,
it is interesting to note that the polymers studied in this
work show low transmission losses in the 600–1500 nm
range. This feature, together with the possibility of tuned
emission wavelength of colloidal QDs with their size or
composition, makes these nanocomposites a suitable mate-
rials for waveguiding, not only for telecommunications

applications (980, 1300, and 1500 nm) but also for the visible
range.
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M. L. López-Quintanilla, and E. N. Cabrera-Álvarez
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Nanocomposites of poly(methyl methacrylate-b-butyl acrylate)/multiwalled carbon nanotubes were prepared from different
copolymers synthesized by RITP technique using iodine functionalized poly(methyl methacrylate) as macrochain transfer agent
to obtain block copolymers with butyl acrylate as comonomer in a sequential copolymerization. Poly(butyl acrylate) contents
of 7, 20, and 30 wt% were attained in each copolymer. These copolymers were used to prepare nanostructured films by casting
process, using chloroform as solvent, and carboxyl functionalized MWCNT at 0.4, 0.6, 0.8, 1.0, and 1.2 wt%. During the film
preparation, the absolute drying rate (N) was calculated with respect to the poly(butyl acrylate) and MWCNT composition. For
copolymers containing 7 and 20 wt% of poly(butyl acrylate) the N values slightly decrease with the MWCNT concentration, while
for the suspension prepared with the copolymer at 30 wt% of poly(butyl acrylate) the N values decrease drastically down to 50%
approximately. The MWCNT content at the percolation threshold point was found to be 0.8 wt%, for all nanostructured films.
The dispersion of MWCNT within the polymer matrix decreased with increasing the poly(butyl acrylate) composition, but it did
not affect the electrical properties, which is assumed to be due to induction of the bridging effect and the MWCNT preference to
locate into the poly(methyl methacrylate) phase.

1. Introduction

Synthesis of carbon nanotubes (CNTs) was firstly reported
by Iijima [1] in the 1990s. CNT present a cylindrical
structure and they can be single walled (SWCNT) or
multi walled (MWCNT) with an average diameter oscillat-
ing between 1 and 50 nm. The incorporation of SWCNT
and/or MWCNT in polymeric and/or ceramic materials
can result in an improvement of some specific proper-
ties with respect to the virgin materials. Properties like
mechanical performance in polypropylene, polycarbonate
[2], and polyethylene terephthalate (PET) [3]; crystallization
rate in poly (L-lactide) [4]; surface electric conductivity in
polydimethylsiloxane [5] and PET [6]; and heat transfer in
ethylene-vinyl acetate copolymer (EVA) [7] can be increased

when CNTs are efficiently incorporated. Concentrations
of 0.5–2 wt% of CNT provoke electric conductivity in
several polymers [2, 5, 6]. Chemical surface modification
of CNT is frequently carried out through the addition
of hydroxyl or carboxylic acid functionalities allowing a
stronger physical interaction between CNT and the polar
polymeric matrices. This functionalization will facilitate the
CNT dispersion and reduce the amount required to produce
a given improvement in properties. Khosla and Gray [6]
reported that the percolation threshold—for resistivity—in
polydimethylsiloxane/CNT compounds, occurred at 2 wt%
when using nonmodified CNT, whereas it occurred at
1.5 wt% when using carboxyl-modified CNT. In a study
of PET/CNT compounds, Cruz-Delgado et al. [5] reported
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Table 1: Reaction conditions for the synthesis of macrochain transfer agents and block copolymers by RITP.

Experiment MMA (g) AIBN (g) I2 (g) BuA (g)

1 45 0.11 0.09 5
2 35 0.11 0.09 15
3 25 0.11 0.09 25

Reaction time for PMMA block= 12 h, reaction time for PBuA block= 12 h, T = 70◦C, [AIBN]/[I2]= 1.9, and [AIBN]/[PMMA]= 0.3.

Table 2: Results of the synthesis of macrochains transfer agents and block copolymers by RITP.

Step 1. Synthesis of PMMA Step 2. Copolimerization PMMA-b-PBuA

Exp aXPMMA
bMnTh1

cMnPMMA (g/mol) dIPMMA XPMMA XPBuA
eMnTh2

f MnCopol (g/mol) ICopol
gPMMA : PBuA

1 0.85 54000 44500 1.4 0.99 0.70 56000 48000 1.6 93 : 7
2 0.89 44000 29000 1.6 0.99 0.60 41000 38000 1.9 80 : 20
3 0.90 32000 24000 1.8 0.99 0.44 38000 31000 1.9 70 : 30

a
X is the fractional conversion; bMnTh1 is the theoretical Mn for PMMA macrochain transfer agent; cMnPMMA is the experimental Mn for PMMA; dI is the

polydispersity index; eMnTh2 is the theoretical Mn for the copolymer; f MnCopol is the experimental Mn for the copolymer; gPMMA : PBuA is the PMMA and
PBuA composition calculated by 1H NMR.

conductivity values of 1 × 10−12 S/cm when using 1 wt% of
hydroxyl modified CNT, whereas it was cero when using
nonmodified CNT. This was attributed to the much better
dispersion when using modified CNT. In all cases, however,
the addition of CNT into a polymer matrix will increase the
modulus, which could be a problem in applications where
flexibility and comfort are needed, such as in electrostatic
dissipative (ESD) coatings on textile fibers. It is at this point
where design of polymer matrices (nature and structure)
becomes an important factor to consider, in order to obtain
a polymer nanocomposite with desirable properties such as a
flexibility and conductivity. The choice of the polymerization
method, to obtain homopolymers or copolymers, becomes
of great relevance.

Reversible deactivation radical polymerization (RDRP)
techniques provide novel routes to synthesize well-defined
low-polydispersity block copolymers and other types of
complex architectures [8–10]. The most popular RDRP
techniques are nitroxide-mediated polymerization (NMP)
[11], atom transfer radical polymerization (ATRP) [12],
and reversible addition-fragmentation chain transfer poly-
merization (RAFT) [13]. A newer and simpler technique,
known as reverse iodine transfer polymerization (RITP)
[14, 15], relies on the use of molecular iodine to control
(and confer functionality) the polymerization. The low cost
of molecular iodine and the simplicity of the technique
(the chain transfer agents are synthesized in situ at the
beginning of the polymerization) are enormous advantages
over other techniques. Synthesis of different types of block
copolymers using RITP have been reported [16–18] demon-
strating the efficiency of this technique, regulated by a
degenerative transfer mechanism. The controlled synthesis of
poly(methyl methacrylate) (PMMA) by RITP in toluene has
been reported by Lacroix-Desmazes and coworkers [19–21],
attaining molecular weights between 5000 and 20000 g/mol.

Here we report the synthesis of three different materials
of iodine-functionalized PMMA by RITP, targeting higher
molecular weights than those previously reported [19].
Synthesis of block copolymers using the PMMA as macro-
chain transfer agents and butyl acrylate are also reported.

Thereafter, we studied the effect of poly(butyl acrylate)
(PBuA) content on the drying rate, morphology, and the
electric properties of nanocomposite films constituted of
the copolymer poly(methyl methacrylate-b-butyl acrylate)
and carboxyl-modified carbon nanotubes using chloroform
(CHCl3) as solvent.

2. Experimental

2.1. Materials. Methyl methacrylate (MMA) and n-butyl
acrylate (BuA) were purified by vacuum distillation before
use. 2,2′-azobis(isobutyronitrile) (AIBN) was recrystallized
from ethanol. Toluene was distilled before use and molecular
iodine (I2) was used as received. All the aforementioned
substances were from Aldrich, while the carboxyl-modified
MWCNTs, with 0.5–3 wt% of COOH, average diameter of
30–50 nm, and length of 15–20 μm, were from AlphaNano
Technology Co. LTD.

2.2. Synthesis of Copolymers. The procedure for the copoly-
mers synthesis is exemplified following experiment num-
ber 1 from Table 1; 45 g (0.45 mol) of MMA, 45 g
(0.489 mol) of toluene, 0.090 g (0.354 mmol) of I2, and
0.110 g (0.670 mmol) of AIBN were introduced in a round
flask. The mixture was fluxed with argon for 30 minutes,
after which the flask was placed in an oil bath at 70◦C.
The polymerization was conducted for 12 hours in the
dark, with magnetic stirring and under argon atmosphere.
Conversion (X) was determined via 1H NMR analysis on a
crude sample of iodine functionalized PMMA and molec-
ular weight distribution was determined by size exclusion
chromatography (SEC). Results obtained were XPMMA =
0.85, MnPMMA = 44500 g/mol, and Mw/MnPMMA = 1.4 (see
Table 2 for the complete results). In the flask containing
the crude sample (PMMA), 5 g (0.039 mol) of BuA, 5 g
(0.054 mol) of toluene, and 0.042 g (0.257 mol) of AIBN
were added. In all cases, an [AIBN]/[PMMA]= 0.3 was used.
Again, the mixture was fluxed with argon for 30 minutes
and the flask was placed in an oil bath at 70◦C. The
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polymerization was conducted for 12 hours in the dark,
with magnetic stirring and under argon atmosphere, result-
ing in a poly(methyl methacrylate)-b-poly(butyl acrylate-
co-methyl methacrylate). Conversion (X) was determined
via 1H NMR analysis on a crude sample of copolymer
and molecular weight distribution was determined by size
exclusion chromatography (SEC). Results obtained were
XPBuA = 0.70, MnCopol = 48,000 g/mol, and Mw/MnCopol = 1.6
(see Table 2 for the complete results). Experiments 2 and
3 were conducted in a similar way, adjusting the monomer
mass ratio.

2.3. Characterization of Copolymers. Molecular weights of
polymer samples were determined by size exclusion chro-
matography (SEC) using a Hewlett-Packard instrument
(HPLC series 1100) equipped with a refractive index detec-
tor. A PLGel-mixed column was used. Calibration was
carried out with polystyrene standards and THF (HPLC
grade from Sigma-Aldrich) was used as eluent at a flow rate
of 1 mL/min.

1H nuclear magnetic resonance (NMR) spectra of poly-
mer samples were obtained with a JEOL Eclipse-300 MHz
spectrometer, using CDCl3.

Morphology of the copolymers was observed in a TITAN
transmission electron microscope (TEM). Previously, the
compression-molded samples were cut cryogenically at
−32◦C and a cut rate of 2 mm/min, in slices of 50 nm thick
using an LEICA ultra-microtome, after which the samples
were stained using ruthenium tetraoxide (RuO4) vapors to
contrast the PBuA phase in the copolymers [22].

Thermal properties of copolymers were analyzed using
a V4.3A TA Instruments differential scanning calorimeter
(DSC) from −50 to 150◦C at 5◦C/min.

2.4. Nanostructured Films Preparation and Characterization.
0.5 g of the synthesized copolymers was dissolved in 20 mL
of chloroform and carboxyl-modified MWCNTs at 0.4, 0.6,
0.8, and 1 wt% were added to form colloidal suspensions.
The mixing of colloidal suspensions was made by means
of ultrasound at a frequency of 40 kHz for 1 minute at
room temperature (25◦C ± 2). The colloidal suspensions
were deposited on Pyrex glass coverslips, from Aldrich, in
an analytical balance and the drying rate (N) was evaluated
according to (1):

N = Ls

A

(
−dw

dt

)
, (1)

where N is the drying rate; Ls is the dry mass; A is the
evaporation area; dw/dt is the mass loss through evaporation
as a function of time [23].

The storage modulus of the neat copolymers and nanos-
tructured films was evaluated by means of DMA Q800
dynamical mechanical analyzer in strain mode at a frequency
of 1 Hz, from −50 to 150◦C at 5◦C/min.

The surface electrical resistance of the prepared films
was measured using an ACL 390 Staticide surface resistance

meter, and the percolation threshold concentration of
MWCNT was established.

To analyze the dispersion of MWCNT in the copolymers
matrices, a JEOL scanning electron microscope (SEM) was
used.

3. Results and Discussion

3.1. Synthesis of Copolymers. In the RITP mechanism the
I2 reacts with fragments of the initiator or with low
molecular weight species to generate iodinated chain transfer
agents. The consumption of monomer in this step is low
and it is called the inhibition period. Once all molecular
iodine is consumed, the polymerization period takes place.
Three experiments were performed by RITP to produce
PMMA with different molecular weights. Polymerizations
were carried out in toluene (50 wt%), using AIBN as initiator.
A molar ratio AIBN/I2 = 1.9 was used, which is common
in an RITP experiment. Table 2 shows the obtained results
for the synthesis section. During the PMMA syntheses
high conversions were observed and polydispersity indexes
around 1.6 were similar to results reported for RITP of MMA
in solution [19]. Conversions close to 0.90 are advantageous
to avoid a purification step and continue directly with the
formation of the second block since small amount of residual
monomer should not severely modify the properties of the
second PBuA block. According to;

Mn =
(
g of monomer

)
(conversion)

2 (moles of I2)

+ MW chain-ends,

(2)

the expected Mn of PMMA in experiment 1 was 54000 g/mol,
while the experimental value was determined as 44500 g/mol
based on a polystyrene calibration curve. This difference
between the experimental and theoretical Mn is because of
the high targeted molecular weight. An adequately controlled
RDRP technique is guaranteed when the targeted molec-
ular weight is below 20000 g/mol. However, considering
the high molecular weights required for this work, this
insufficiently adequate control was disregarded. Theoretical
Mn for experiments 2 and 3 (synthesis of PMMA) was 44000
and 32000 g/mol, respectively.

Sequential step block copolymerizations of BuA as
monomer- and iodine-functionalized PMMA as macrochain
transfer agent were carried out. Thereafter, the prepared
PMMAs were used for the synthesis of block copolymers of
poly(methyl methacrylate)-b-poly(butyl acrylate-co-methyl
methacrylate). In experiments 1, 2, and 3, the Mn was
increased by growing the second block. In experiment 1, for
example, the Mn attained after the synthesis of the diblock
copolymer was 48000 g/mol, whereas the Mn after the MMA
homopolymerization was 44500 g/mol. Theoretical Mn for
three different copolymers adjusted acceptably with the
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Table 3: Parameters used to calculate prediction of Tg of soft segments by the Fox equation.

Experiement aF1
b1-F1 Tg,1=PBuA (◦C) Tg,2=PMMA (◦C) Tg Fox (◦C) Tg Experimental (◦C)

1 0.3437 0.6562 −52 100 28 90

2 0.7024 0.2975 −52 100 −21 2, 99

3 0.8163 0.1836 −52 100 −34 −2, 102
a
F1 and b1-F1 are the fractions of PBuA and PMMA in the soft segment, respectively.
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Figure 1: SEC analysis of a PMMA synthesized by RITP and a block
copolymer synthesized by sequential copolymerization with BuA.

experimental values; in experiment 1, for example, it was
calculated to be 56000 g/mol according to;

Mn =
(
g BuA∗ conversion

)
+
(
g MMA∗ conversion

)

moles of PMMA

+ Mn of PMMA
(
experimental

)
.

(3)

Polydispersity indexes increased slightly after the block
copolymerization which is typical in an RITP experiment
due to the accumulation of dead chains that is unavoidable
in any RDRP technique. Figure 1 shows the SEC curves of
the macrochain transfer agent (PMMA) and the resulting
diblock copolymer in experiment 1. Both chromatograms
show a monomodal distribution but the copolymer presents
a shift toward higher molecular weights region, confirming
that most of the growing PMMA chains remain in the
living stage and take part in the formation of the diblock
copolymer. A small fraction of PMMA with low molecular
weight remains inactive during the copolymerization.

Composition of copolymers was determinate by 1H
NMR resulting in 93, 80, and 70 wt% of PMMA in experi-
ments 1, 2, and 3, respectively; the rest for 100 wt%, in each
case, is constituted by PBuA. Most compositions give glassy
properties to these materials, except the one with 70 wt%
of PMMA. The presence of two shifted glass transition
temperatures (Tg) reinforces the statement of these being
block copolymers. Tg of pure PBuA is expected at −52◦C;
however the large shift to around 0◦C observed in our
materials can be explained considering the portion of PMMA
in the second block (soft segment), in all cases (see Table 3).
Comparing the experimental results with those calculated
using the Fox equation [24] (4), a high deviation is observed

as shown in Table 3, especially for the copolymers with 20
and 30 wt% of PBuA; however, according to Brostow et al.
[25], this deviation is normal and it is explained because of
the immiscibility of the components of soft segments; that is,
the higher the miscibility, the closer the predicted Tg to the
experimental Tg :

1
Tg
= F1

Tg,1
+

1− F1

Tg,2
, (4)

where Tg is the soft segment Tg prediction; F1 is the
PBuA fraction in the soft segment; Tg,1 is the Tg of PBuA
homopolymer; Tg,2 is the Tg of PMMA homopolymer.

To determine the effect of PBuA content on the mechan-
ical properties of the diblock copolymers, DMA analysis
was done. The storage modulus (E′) at −20◦C decreases
from 4428, 3846, and 2739 MPa for copolymers with 7, 20,
and 30 wt% of PBuA content, respectively, as expected; this
behavior is due to the rubbery nature of PBuA.

On the other hand, Figure 2(a) presents the variation
of tan δ(E′′/E′) with temperature for the three diblock
copolymers. The ones with 30 and 20 wt% of PBuA show
two transitions whereas the one with 7 wt% shows only one
transition. Those transitions occur at 33 ± 3 and 100◦C and
correspond to the P(BuA-co-MMA) block (soft segment)
and to the PMMA block (hard segment) in the copolymer,
respectively. All transitions shift to high temperatures with
respect to the PBuA homopolymer (−52◦C) and remain
constant for the PMMA (100◦C); this behavior is explained
due to the sequential formation of the second block P(BuA-
co-MMA) that represents the soft segment rich in PBuA but
still containing PMMA. It was also observed that an increase
in the PBuA content causes an increase in the area under the
tan δ curve that corresponds to the soft segment.

Figures 2(b) and 2(c) show the micrographs by TEM of
the copolymers with 20 and 30 wt% of PBuA. In both cases,
the presence of a PBuA-stained phase [22] (darker phase in
the images) was observed, but the copolymer with 30 wt%
of PBuA in Figure 2(c) presented a higher volume fraction
of rubbery phase than the one with 20 wt% of PBuA in
Figure 2(b). This coincides with the observed areas under the
tan δ curve, at ca. Tg of the soft segments, which is greater for
the sample with 30 wt% of PBuA.

3.2. Nanostructured Films. Taking the synthesized copoly-
mers, colloidal suspensions were prepared with 0.4–1.2 wt%
of carboxyl functionalized MWCNT. These colloidal suspen-
sions were deposited on glass cover slits and the drying rate
(N) was evaluated. Figure 3(a) shows the weight loss of films
prepared from the solution of CHCl3/bock copolymer with
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Figure 3: (a) The lost weight as a function of time for the solution CHCl3/block copolymer with 7 wt% of PBuA and (b) N values for the
suspensions CHCl3/block copolymers (with 7, 20, and 30 wt% of PBuA)/MWCNT.

7 wt% of PBuA, where the dw/dt was determined from the
linear function of weight loss with time. In this case, N
was 0.203 g/min·cm2. Similarly, the N values were calculated
for the other colloidal suspensions. Figure 3(b) shows
the N values for the CHCl3/block copolymer/MWCNT
solutions with 7, 20, and 30 wt% of PBuA with 0.4–1.2 wt%
of functionalized MWCNT, as a function of MWCNT
concentration.

When comparing the pure copolymers, the solvent
evaporation or film drying rate (N) of all three copolymer
compositions studied is similar at low CNT contents; how-
ever, as the CNT content increases, N decreases, especially
for those copolymers with 30 wt% of PBuA.

In all three cases however, the drying rate (N) decreases
with increasing MWCNT content. This decrease is more pro-
nounced for those compositions with 7 and 30 wt% of PBuA.
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3.3. Nanocomposites Electric Resistance. Figure 4 shows the
variation of the electrical resistance with respect to the
MWCNT content, for the copolymer with 7 wt% of PBuA.
A drastic decrease in the resistance from 1 × 1012 to 1 ×
106 Ohms is observed at 0.8 wt% of MWCNT, which would
indicate the concentration at the percolation threshold for
this compound. Similar behavior was observed for the
copolymers with 20 and 30 wt% of PBuA that reached a
resistance of 1× 106 Ohms at the same content of MWCNT.

3.4. Dynamic-Mechanic Properties of Nanostructures Films.
Figure 5 shows the DMA analysis for the block copolymers
with 0.8 wt% of MWCNT, which is the concentration at the
percolation threshold. As expected the storage modulus of
the copolymers with MWCNT, at −20◦C, increases from
3121 to 4331 and finally to 5358 MPa, for the copolymers at
30, 20, and 7 wt% of PBuA, respectively. This result can be
attributed to the decreasing content of the elastomeric PBuA
content in the copolymer at constant MWCNT content.
Comparing these E′ values with those corresponding to the
pure copolymers, the storage modulus increases from 11 to
17% as the PBuA content decreases.

Considering, the intended application of the nanocom-
posites to be as a coating for textiles, the variation in modulus
can be regulated by the PBuA content in the synthesized
poly(methyl methacrylate)-b-poly(butyl acrylate-co-methyl
methacrylate) copolymers. For example, the incorporation
of 0.8 wt% of MWCNT in a block copolymer with a con-
centration of 30 wt% of PBuA can result in a lower storage
modulus (3639 MPa), in respect of a block copolymer with
20 wt% of PBuA (4041 MPa). On the other hand, apparently
there is a decrease in Tg (from Figure 2(a)) from 30–35◦C, for
the pure copolymers, to 21–20◦C for the nanocomposites at 7
and 20 wt% of PBuA, respectively. This behavior is attributed
to the nanocomposites preparation method (casting), which
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Figure 5: DMA analysis for the block copolymers/MWCNT
nanocomposites with 8 wt% of MWCNT.

allows a slow arrangement of the polymer chains so that
the PBuA rich block, in the copolymer, will present more
interaction with itself, resulting in a larger dispersed phase.
Apparently, it tends to behave as a polymer blend; however,
those transitions are still far from the values for the PBuA (ca.
−50 0◦C).

Figure 6 presents the SEM micrographs of the nanocom-
posites prepared with the three different copolymers at
0.8 wt% of MWCNT. In all three cases, a good homogeneous
distribution and dispersion is apparent. However, after a
thorough analysis, a clear tendency to agglomerate can be
observed (dots 1, 2, and 3 in Figures 6(b) and 6(c)). This
tendency seems to increase with increasing PBuA content in
the copolymers. This can be attributed to poor compatibility
between the copolymers and the CNT, which becomes
poorer with increasing the PBuA content.

Also, the presence of two distinctive phases can be
observed in copolymers with 7 and 30 wt% of PBuA in
Figures 6(a) and 6(c). In the first case, we have a dispersed
discrete phase as droplets with an average diameter of
0.5 mm, whereas in the second case, no distinction can be
observed between the two components, which could indicate
that at 30 wt% of PBuA, there is a type of cocontinuity of
phases.

In this sense, it appears that the MWCNTs have a
preference to locate at the PMMA pure block and/or in
the interface, which causes a well distribution but poor
dispersion in the copolymers with higher PBuA content.
It results in the formation of tridimensional network of
MWCNT (by bridging effect) [26] which favors the drastic
decrease in the surface resistance at 8 wt% of MWCNT.

4. Conclusions

Randomized block copolymers of poly(methyl metha-
crylate)-b-poly(butyl acrylate-co-methyl methacrylate) were
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Figure 6: SEM images of block copolymers/MWCNT nanocomposites with 8 wt% of nanotubes with (a) 7, (b) 20, and (c) 30 wt% of PBuA.

successfully synthesized by the RITP technique, which
showed, in terms of dynamic-mechanic properties, low stor-
age modulus with the PBuA content increase. It was observed
that an increase in the PBuA content results in a decrease in
the drying rate (N), of the different colloidal suspensions.
In terms of electrical resistance for the nanocomposites, the
PBuA content did not show a significant effect. On the
other hand, the dispersion and distribution of MWCNT into
the copolymer matrix were confirmed by SEM. An increase
in the PBuA content causes more interaction between the
nanotubes themselves, presenting a good distribution but a
poor dispersion which induces the percolation threshold.
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The paper describes the process of the preparation of new nanocomposites based on poly(butylene terephthalate) and C60

nanoparticles modified by decylamine (DA) and tetracyanoethylene oxide (TCNEO), respectively. Thermal and crystallization
properties of new synthesized nanocomposites were investigated by means of thermal differential scanning calorimetry (DSC).
The experimental results demonstrate the effect of fullerene derivates, DA-C60 and TCNEO-C60, on the melting and crystallinity
processes of nanocomposites. The morphology of new nanocomposites was investigated by SEM.

1. Introduction

Recently, nanocomposites have received great attention be-
cause of their improved physical properties compared to pure
polymers or conventional microcomposites [1]. The addition
of a nanometer scale filler may significantly improve the
selected properties of the related polymer, namely mechan-
ical, thermal, and barrier properties. It also provides a flame
retardant character of polymers [2].

Poly(butylene terephthalate) (PBT) is the semicrystalline
engineering thermoplastic with good mechanical properties,
good mouldability (low melting temperature Tm equal to
about 496 K), and a fast crystallization rate [3]. The repeating
units of poly(butylene terephthalate) (PBT) have flexible
segment built from four methylene groups as well as a hard
segment of a terephthalate group [4]. PBT has two crystalline
modifications, the α and β forms, which both crystallize in
a triclinic unit cell [5] and differ in the conformation of
the central tetramethylene group. The α form exists in a
relaxed state, whereas the β form is observed only under
special processing conditions that imply the application of

stress to unoriented molecular chains [6, 7]. The transition
between the α form and β form is reversible and takes
place by stretching and through relaxation. Moreover, in
poly(butylene terephthalate) different types of spherulites
were formed upon crystallization from the melt, in the
same crystalline structure (α), depending on the crystalliza-
tion conditions [7, 8]. PBT is often used as a matrix in
nanocomposites because of its excellent moulding process-
ing. The combination of outstanding electronic, conducting,
and magnetic properties of fullerene C60 with the good
processability of PBT seems to be promising for making
improved polymeric material with novel physical and chem-
ical properties. Due to the tendency of fullerene C60 towards
agglomeration, the fullerene derivates, decylamine-C60 (DA-
C60) and tetracyanoethylene oxide-C60 (TCNEO-C60), were
synthesized. Then, new nanocomposites were obtained by
direct reaction of PBT with fullerene adduct.

In this paper, the influence of different concentrations of
fullerene derivates on thermal properties of nanocomposites
was investigated by the DSC method and it was compared
with that of the virgin PBT data. The comparative studies of
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morphology of surfaces of the virgin PBT and of nanocom-
posites were carried out using scanning electron microscopy
(SEM).

2. Experimental

2.1. Materials. Commercial grade PBT was supplied by
Aldrich Company. The fullerene derivates, n-decylamine-C60

(DA-C60) and tetracyanoethylene oxide-C60 (TCNEO-C60),
were prepared by the addition of n-decylamine and tetracya-
noethylene oxide to fullerene C60 (Aldrich), respectively.

To obtain n-decylamine-fullerene (DA-C60), 154 mg
(0,214 mmol) fullerene C60 with 119 mg (0,642 mmol) n-
decylamine was stirred at 303 K for 20 hours under argon.
The crude product was precipitated by addition of 20 mL
methanol to the reaction mixture and filtered off. The prod-
uct was purified by extraction with chloroform (3 × 30 mL)
to give, after evaporation of solvent, 229 mg (84%) of n-
decylamine-fullerene. The elemental analysis has confirmed
monosubstitution of n-decylamine to fullerene C60.

Tetracyanoethylene oxide-C60 (TCNEO-C60) adduct was
obtained in the reaction of 200 mg (0.278 mmol) fullerene
C60 and 40 mg (0.278 mmol) tetracyanoethylene oxide in
toluene (150 mL). The reaction mixture was refluxed for 15
hours under argon. After evaporation of solvent, the brown
solid residue was dissolved in chloroform and passed through
Cellit. The eluate was evaporated under reduced pressure
to give the solid product, which was dried in the vacuum
desiccator (0.05 mmHg) at 298 K for 24 hours. The yield was
124 mg (52%). The purity of tetracyanoethylene oxide—C60

(TCNEO-C60) adduct was confirmed by elemental analysis,
FTIR, and MS spectra.

Fullerenation of PBT by direct reaction between DA-
C60 and TCNEO-C60 was carried out according to the Olah
method, using AlC13 as a catalyst [9]. To prepare PBT/n-
decylamine-fullerene (PBT/DA-C60, 0,2% wt. of fullerene
adduct), 5.0 g PBT was dissolved in 43,3 g 1,1,1,3,3,3-
hexafluor-2-propanol and then 129,9 g chloroform, 50,0 mg
anhydrous aluminum chloride, and 10,0 mg n-decylamine-
fullerene (DA-C60) were added. The reaction mixture was
refluxed for 10 hours under argon. The product was precip-
itated by addition of 500 g cold water to the chilled reaction
mixture. The PBT/DA-C60 0,2% wt. of fullerene adduct
(500 : 1) was filtered off and dried in the vacuum desiccator
(0.05 mmHg) at 298 K for 24 hours. The PBT/TCNEO-C60

0,2% wt. of fullerene adduct was obtained in the same way
using TCNEO-C60 instead of DA-C60. The other samples
of PBT with fullerene adducts with different proportions,
that is, 1000 : 1 (0.1% wt. of fullerene adduct) and 10000 : 1
(0.01% wt. of fullerene adduct), were prepared similarly,
using 5.0 and 0.5 mg fullerene derivatives, respectively.

2.2. Differential Scanning Calorimetry (DSC). The crystal-
lization and melting studies of the virgin PBT and of the
nanocomposites with different contents of fullerene derivates
were carried out on a differential scanning calorimeter DSC
Q2000 TA Instruments. Aluminium sample pans were used
with sample weights in the region of 5 to 10 mg. The thermal
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Figure 1: The DSC first heating curves of the virgin PBT, PBT/DA-
C60, and PBT/TCNEO-C60 nanocomposites with different contents
of DA-C60 and TCNEO-C60 fullerene derivates, respectively.

parameters were obtained from the DSC thermograms of
the sample heated up to 550 K and cooled down to 223 K
and then reheated and recooled to the same temperatures
as during the first cycle. All operations were performed at a
rate of 10 K/min in a nitrogen atmosphere, using an empty
aluminium sample pan as the reference. The first heating
eliminated the influence of thermal history. The melting
parameters from the reheating scans represent morphologies
of samples crystallized from the melt under identical cooling
conditions. The heat of crystallization was determined from
the cooling scans. Glass transition temperatures (Tg) were
estimated at the midpoint of the specific heat steps, while
melting temperatures (Tm) and crystallisation temperatures
(Tc) were measured at the maxima of the thermogram
peaks. The melting enthalpies ΔHm and the crystallization
enthalpies ΔHc were obtained from the areas of melting
peaks and crystallization peaks, respectively.

2.3. SEM Study. The morphology of the PBT and nanocom-
posites was examined by scanning electron microscopy
(SEM) using a Zeiss EVO-25 LS Scanning Electron Micro-
scope operating with an acceleration voltage of 20 kV. The
powder samples of PBT and the nanocomposites were dusted
on the double-side conductive carbon films and then were
coated with a thin gold layer in the order of nm by Balzers
sputter coater SCD 050 in the atmosphere of argon.

3. DSC Results

3.1. Melting Behavior of the Virgin PBT and the Nanocom-
posites. Figure 1 shows DSC heating curves of the virgin
PBT, PBT/DA-C60, and PBT/TCNEO-C60 nanocomposites
with different contents of DA-C60 and TCNEO-C60 fullerene
derivates, respectively.

The melting parameters including the onset of melting
(T1), melting peak temperatures (T2, T3), completion of
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Table 1: DSC parameters obtained during the first heating for PBT, PBT/DA-C60, and PBT/TCNEO-C60 nanocomposites, respectively.

Material with weight
contents of fullerene derivate

Tg [K]
Onset of
melting
T1 [K]

Melting
peak first
T2 [K]

Melting
peak second

T3 [K]

Completion of
melting
T4 [K]

Peak width
T4-T1 [K]

The melting
enthalpy
ΔHm [J/g]

The estimated
value of the
crystallinity

χc [%]

Virgin PBT 328 465 485 498 508 43 72 51

PBT/DA-C60 0.01% wt. 331 459 489 497 506 47 75 53

PBT/DA-C60 0.1% wt. 335 465 495 508 43 74 52

PBT/DA-C60 0.2% wt. 333 457 487 498 505 48 75 53

PBT/TCNEO-C60 0.2% wt. 333 457 488 497 504 48 75 53
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Figure 2: The effect of the increasing of the peak width as a
function of content fullerene derivates during the first heating for
PBT/DA/C60 nanocomposites (circles) and for PBT/TCNEO/C60

nanocomposites (triangle).

melting (T4), the melting temperature range (T4-T1), the
width of the melting peak, the melting enthalpy ΔHm and
the degree of crystallinity (χc) were estimated from the first
heating scans and collected in Table 1. All DSC curves show
double overlapping melting peaks, which were explained
based on the simultaneous melting and recrystallization of
a distribution of crystallites of various sizes and different
degrees of order [10].

Controversy arises over the origin of the double melting
behaviour of PBT. Initially, it was explained by the melting of
crystals possessing differing morphologies or the melting of
distributions of a single morphological form with a different
size and perfection [11]. Then, the double melting behaviour
of PBT was explained by the melt-recrystallization process
[12, 13]. In this model the low-temperature endothermic
peak was caused by the melting of original crystals formed
during cooling, which have a low degree of perfection and
wide distribution of crystals. The sharp high temperature
peak was explained by the melting of reorganized more
perfect crystals during a heating scan. It was attributed to a
narrow distribution in thickness of lamellar crystallite.
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Figure 3: The DSC second heating curves of virgin PBT, PBT/DA-
C60, and PBT/TCNEO-C60 nanocomposites with different contents
of fullerene derivates, respectively.

The degrees of crystallinity of the virgin PBT, PBT/DA-
C60, and PBT/TCNEO-C60 nanocomposites were calculated
according to the formula

χc = ΔHm

ΔHf
100%, (1)

as the ratio between the area of the endothermic peak
(melting enthalpy ΔHm) and the theoretical value of enthalpy
of homopolymer for 100% crystalline poly (butylene tereph-
thalate) ΔHf = 142 J/g [14, 15]. The estimated values
of crystallinity χc presented in Table 1 slightly increase for
nanocomposites in comparison with those for the virgin
PBT.

The melting range, which is the difference between the
completion and the onset of melting (T4-T1), is wider in
the nanocomposites as compared to that in the virgin PBT
except for PBT/DA-C60 of 0.1% wt. of fullerene adduct,
which is illustrated in Figure 2. These differences suggest
that nanocomposites possess a wider distribution of crystal
size than the virgin PBT. The temperature of the first
melting peak was shifted towards higher temperatures for
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Table 2: DSC parameters obtained during the first cooling for PBT, PBT/DA-C60, and PBT/TCNEO-C60 nanocomposites, respectively.

Material with weight
contents of fullerene
derivate

Onset of
crystallization

T5 [K]

Peak
crystallization

T6 [K]

Completion of
crystallization

T7 [K]

Peak width
T7-T5 [K]

Degree of
supercooling
T3-T5 [K]

The crystallization
enthalpy
ΔHc [J/g]

ΔHc/t [J/gs]

Virgin PBT 475 468 461 14 23 60 0.71

PBT/DA-C60 0.01% wt. 476 469 462 14 21 64 0.76

PBT/DA-C60 0.1% wt. 478 474 464 14 17 64 0,76

PBT/DA-C60 0.2% wt. 473 464 451 22 25 63 0,75

PBT/TCNEO-C60 0.2% wt. 475 468 461 14 22 66 0,79
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Figure 4: The effect of increasing peak width as a function of
content fullerene derivates during the second heating for PBT/DA-
C60 nanocomposites (circles) and for PBT/TCNEO-C60 nanocom-
posites (triangle).

all nanocomposites, whereas the temperature of the second
melting peak was insignificantly shifted to lower tempera-
tures.

Figure 3 presents the DSC reheating curves of virgin PBT,
PBT/DA-C60, and of PBT/TCNEO-C60 nanocomposites with
different contents of fullerene derivates, respectively. It was
evident that DCS reheating thermograms of all samples show
two distinct endothermic melting peaks. The small exother-
mic peaks between the double melting endothermic peaks
in all DSC curves for PBT/TCNEO-C60 and for PBT/DA-
C60 nanocomposites and for the virgin PBT confirm the
hypothesis that melting of PBT proceeds through the process
of melting of original crystals, recrystallization, and the
melting of recrystallized crystals.

The low-temperature peak was wide and has a small
amplitude. It was connected with the melting of small
crystallites, which have a wide size of distribution. The other
melting peak in the higher temperature side was narrow
and has a bigger amplitude. It means that large-size crys-
tallites with narrower distribution melt in this temperature
range [12]. Both the onset and the completion of melting
for nanocomposites occurred in lower temperatures than
those of the virgin PBT. The melting peak width (T4-T1)
for nanocomposites presented in Figure 4 was bigger in
comparison with that of the virgin PBT. It may indicate
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Figure 5: The DSC first cooling curves of virgin PBT, PBT/DA-C60,
and PBT/TCNEO-C60 nanocomposites with different contents of
fullerene derivates, respectively.

that, likewise during the first heating, the nanocomposites
have less perfect crystallites with a broader distribution of
crystallites size compared to those of the virgin PBT. The
data on the melting behaviour for all the samples determined
from the second heating are summarized in Table 3. The
melting temperatures with the exception of the temperature
of the melting of the first peak of PBT/DA-C60 of 0.2% wt.
of fullerene adduct were kept about the same as those of the
virgin PBT.

The enthalpies of melting and recrystallization were
calculated from the area under peaks. The degrees of crys-
tallinity were estimated using the equation

χc = ΔHm1 + ΔHm2 − ΔHrec

ΔHf
= ΔHm

ΔHf
· 100%, (2)

where ΔHm1 is the melting enthalpy obtained from the first
endothermic peak, ΔHm2 is the melting enthalpy obtained
from the second endothermic peak, ΔHrec is the enthalpy
of recrystallization, and ΔHf = 142 J/g. The increase in
the degree of crystallinity by 6% for PBT/DA-C60 of 0.01%
wt. to 22% for PBT/DA-C60 of 0.1% of fullerene adduct in
comparison with that for the virgin PBT could be explained
on the basis of the heterogeneous nucleation provided by
fullerene derivates in PBT [16].
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Table 3: DSC parameters obtained during the second heating for PBT, PBT/DA-C60, and PBT/TCNEO-C60 nanocomposites, respectively.

Material with weight
contents of fullerene
derivate

Onset of
melting
T1 [K]

Melting peak
first

T2 [K]

Melting peak
second
T3 [K]

Completion
of melting
T4 [K]

Peak width
T4-T1 [K]

The melting
enthalpy
ΔHm [J/g]

The estimated value
of the crystallinity

χc [%]

Virgin PBT 481 485 496 501 20 46 32

PBT/DA-C60 0.01% wt. 478 485 495 500 22 48 34

PBT/DA-C60 0.1% wt. 476 486 495 499 23 55 39

PBT/DA-C60 0.2% wt. 476 480 495 499 23 50 35

PBT/TCNEO-C60 0.2% wt. 475 485 495 499 24 51 36

Table 4: DSC parameters obtained during the second cooling for PBT, PBT/DA-C60, and PBT/TCNEO-C60 nanocomposites, respectively.

Material with weight
contents of fullerene
derivate

Onset of
crystallization

T5 [K]

Peak
crystallization

T6 [K]

Completion of
crystallization

T7 [K]

Peak width
T7-T5 [K]

Degree of
supercooling
T3-T5 [K]

The
crystallization

enthalpy
ΔHc [J/g]

ΔHc/t [J/gs]

Virgin PBT 476 468 461 15 20 59 0,66

PBT/DA-C60 0.01% wt. 477 470 464 13 18 64 0,82

PBT/DA-C60 0.1% wt. 478 474 467 11 17 66 1

PBT/DA-C60 0.2% wt. 473 464 452 21 22 62 0,5

PBT/TCNEO-C60 0.2% wt. 477 472 466 11 18 63 0,95
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Figure 6: The DSC second cooling curves of virgin PBT, PBT/DA-
C60, and PBT/TCNEO-C60 nanocomposites with different contents
of fullerene derivates, respectively.

3.2. Crystallization Behavior of the Virgin PBT and the
Nanocomposites. Figures 5 and 6 present the DSC thermo-
grams of the virgin PBT and nanocomposites with different
contents of DA-C60 and TCNEO-C60 adducts obtained
during the first and the second cooling. The parameters char-
acterizing the crystallization behavior obtained during the
first and the second cooling such as the onset, completion,
peak width, and enthalpy of the crystallization were collected
in Tables 2 and 4, respectively.

It was observed that the onset of crystallization (T5)
of nanocomposites during the first and the second cool-
ing was not altered significantly. The crystallization peak
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Figure 7: The thermograms of the virgin PBT, PBT/DA-C60, and
PBT/TCNEO-C60 nanocomposites with different contents of DA-
C60 and TCNEO-C60 fullerene derivates in the vicinity of the glass
transition temperature, respectively.

temperature (T6) measured at maximum crystallization rate,
especially during the second cooling, indicates a tendency
towards an increase. It was shifted towards higher tem-
peratures by about a few degrees in comparison with that
of the virgin PBT, which points to the modification of
the nucleation process [17] and suggesting the accelerated
crystallization of PBT fullerene nanocomposites. Only the
PBT/DA-C60 sample of 0.2% wt. of fullerene adduct shows
different behavior. Its characteristic crystallization tempera-
tures were shifted to lower temperatures in comparison with
those of the virgin PBT and other composites. Moreover,
the peak of crystallization was very broad and has a lower
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PBT/DA-C60 0.01% wt. Mg = 5 kX

PBT/DA-C60 0.2% wt. Mg = 5 kX

PBT/DA-C60 0.1% wt. Mg = 5 kX
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PBT Mg = 5 kX PBT Mg = 25 kX

Figure 8: SEM micrographs of the virgin PBT, PBT/DA-C60 0.01%, PBT/DA-C60 0.1%, PBT/DA-C60 0.2%, and PBT/TCNEO-C60 0.2%
nanocomposites, respectively.

amplitude. The crystallization behaviour of PBT/DA-C60

of 0.2% wt. of fullerene adduct is different from that of
other studied samples, which may suggest that the process
of crystallization is hindered for this nanocomposite. This
sample will not be included in further considerations.

In general, during the second cooling, nanocomposites
exhibit a narrower width of exothermic crystallization peaks
(T7-T5) by 2 K to 4 K than that of the virgin PBT with the
exception of PBT/DA-C60 of 0.2% wt. of fullerene adduct.
The heat of crystallization (ΔHc) increases for nanocompos-
ites.

The most important parameter describing the process of
crystallization was the rate of crystallization. It is defined as
the ratio of the heat of crystallization to the time, which is
estimated between the onset and the completion of crystal-
lization (ΔHc/t). The crystallization rate for nanocomposites
was greater than that of the virgin PBT as given in Tables
2 and 4. The degree of supercooling (T3-T5) could be a
measurement of a polymer crystallizability, what means that
if the degree of supercooling is lower then the crystallization
rate is greater [18]. The degrees of supercooling (T3-T5)

collected in Tables 2 and 4 confirm that the overall crystal-
lization rate for the nanocomposites is greater than that of
the virgin PBT.

The crystallization peak temperatures for all studied
nanocomposites are higher than those of the virgin PBT;
what is more is that nanocomposites are characterized by
narrower crystallization peak width (T7-T5), smaller degree
of supercooling (T3-T5), and greater crystallization rate
(ΔHc/t). These results indicate that the crystallization is
accelerated in nanocomposites.

3.3. The Glass Transition Temperature. Glass transition tem-
peratures were estimated as the half-step temperature related
to the change of heat capacity, which appears during the
transition between the glassy and rubbery states. Figure 7
collects the DSC thermograms of the studied samples in
the vicinity of the glass transition temperature. The DSC
results show increasing glass transition temperatures Tg for
nanocomposites with increasing weight of the fullerene filler.
The biggest increase in Tg by about 7 K was noticed for
PBT/DA-C60 of 0.1% wt. of fullerene adduct. The observed
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increase of Tg may have been due to interfacial interaction
in nanocomposites between the polymer matrix and the
fullerene derivates [16, 17, 19, 20].

3.4. SEM Study. The surface analysis of SEM micrographs of
the virgin PBT, PBT/DA-C60 0.01% wt., PBT/DA-C60 0.1%
wt., PBT/DA-C60 0.2% wt., and PBT/TCNEO-C60 0.2% wt.
nanocomposites presented in Figure 8 indicates a variation
of surface morphology as a function of contents of fullerene
derivates adduct. The increasing of the concentration of
DA-C60 adduct from 0.01% wt. to 0.2% wt. leads to lower
roughness of the surface of nanocomposites in comparison
with that of the virgin PBT. The observed structure of
the virgin PBT is fine-grained in comparison with that
of nanocomposites. For nanocomposite PBT/TCNEO-C60

0.2% wt. a decrease in aggregates sizes was observed in com-
parison with those of PBT/DA-C60 nanocomposites, which
could be explained by bigger chemical activity of TCNEO-
C60 fullerene derivates.

4. Conclusion

The results confirm that the thermal properties as well
as molecular dynamics [14, 21] of PBT/DA-C60 and
PBT/TCNEO-C60 nanocomposites were changed in com-
parison with those of the virgin PBT. The studies of the
melting and cooling processes show differences for the virgin
PBT and PBT/DA-C60 and PBT/TCNEO-C60 nanocompos-
ites. Fullerene derivates, DA-C60 and TCNEO-C60, affected
the glass transition temperature, which indicates tendency
towards shifting to higher temperatures.

Analysis of DSC curves and SEM micrographs shows
that nanocomposites possess crystallites with a broader dis-
tribution of size and a greater degree of crystallinity. It
was shown that melting temperatures are not altered by
fullerene derivates. The nanocomposites with the exception
of PBT/DA-C60 of 0.2% wt. of fullerene adduct exhibit the
narrower crystallization peak width, greater crystallization
rate, and smaller degree of supercooling. These results
suggest that fullerene derivates can act as heterogeneous
nucleating agents in the nucleation of PBT crystallization,
accelerating the process of crystallization.
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Carbon/carbon composites (C/C composites) possess superior characteristics of low density, high strength, extremely low
coefficient of thermal expansion, and high fatigue resistance. In carbonization process, the high-temperature pyrolysis made of
carbon, hydrogen, oxygen, and other elements results in a lot of voids and cavities generated in the interior of C/C composites.
Therefore, the C/C composites are densified to fill the voids by using repeated impregnation. But densification is a time-wasting
and complex process, which increases production costs in the manufacturing process. In this study, the multiwall carbon nanotubes
(MWNTs) were adopted as a reinforcement material for C/C composites to reduce the existence of voids or cavities and enhance
the mechanical properties of C/C composites. According to the experimental results, the CNT-added C/C composite containing
1.2 wt% CNT possesses the greatest flexure strength, flexure modulus, and interlaminar shearing strength. Plus, the above-
mentioned strength and modulus are increased by 23%, 19.2%, and 30%, respectively.

1. Introduction

Carbon/carbon composite (C/C composite) is an abbrevia-
tion of the carbon fiber-reinforced carbon matrix composite
which is reinforced by fiber. No matter fiber or matrix,
both of them in composite are composed of single elemental
carbon.

In 1993, Buckley and Edie [1] have stressed that the nose
tip and wing tip of space shuttles have to endure the high
temperatures of 2760◦C and 1930◦C, respectively, during
traveling the atmosphere. For the above-mentioned requests,
C/C composite with high-temperature high strength and
light-weight properties was considered as a major material
for manufacturing space shuttles.

In 1993, Savage [2] also stressed that C/C composite
possesses several advantages such as high-temperature high
strength, high-temperature high Young’s modulus, low den-
sity, high thermal conductivity, and high fatigue resistance,
hence around 60% of C/C composites were widely used in
aircrafts, braking system, and clutch.

In 1987, Fitzer [3] has mentioned that C/C compos-
ite possesses great compatibility and is antithrombotic to

human body structure, blood, and skeleton, and therefore
C/C composite was selected as one of biomaterials such as
artificial joint, skeleton, and heart.

As we previously mentioned the properties of C/C
composite, the advantages of carbon/carbon composite
made of carbon fiber-reinforced carbon matrix include high-
temperature and high elastic coefficient, low density, low
thermal-expansion coefficient and high fatigue resistance.

Because of the high aspect ratio [4], low density, high
strength, and high Young’s modulus the carbon nanotubes
(CNTs) possess, CNTs are regarded as the most suitable
reinforcement material to be interfused into composites. Two
difficulties occurred while CNTs were interfused into com-
posites. Both difficulties are described as follows: the first dif-
ficulty is low interfacial strength between CNT and polymer
matrix [5]; the second difficulty we met is that CNTs are hard
to be evenly dispersed among matrix or resin [6]. These two
difficulties must be solved first, then the superior properties
of CNTs can be displayed to act as reinforcement material.
Currently, the cross-linking between CNT surface and poly-
mer matrix has been effectively improved using an adding
CNT surface modifier to enhance the adhesion of interface
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Figure 1: The entire manufacturing process of C/C composite.

between CNT surface and polymer matrix. Van der Waals
force makes CNTs agglomerated easily because of the high
surface area of CNT, and it also influences the mechanical
properties of composite. For solving agglomeration, ultra-
sonication and dispersant were usually adopted to improve
the dispersion of CNTs among matrix in recent studies.

In this study, the various content and amount of CNTs
were tried to be evenly disperse among phenolic resin [7, 8],
and the phenolic resin solution with great CNTs dispersion
was also evenly permeated through the carbon fiber cloth
to prevent porous formation among the matrix during
carbonization process and to make CNTs effectively deliver
stress [9, 10].

The above-mentioned process not only can prevent po-
rous generation among the matrix during carbonization
process but also can make CNTs effectively deliver stress to
properly reinforce the mechanical properties in the thickness
direction of laminate.

2. Experimental

2.1. Manufacturing Process. In manufacturing process,
carbon fiber cloth was adopted as a major material, which
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Figure 2: Hot pressing process of CNTs-added C/C composite.

was impregnated into phenolic resin. Heat treatment was
then carried out. Next, the following treatments including
carbonization, reimpregnation, and graphitization must be
done to manufacture C/C composite finally. The entire man-
ufacturing process of C/C composite is shown in Figure 1,
and all of manufacturing treatments are described as follows.

2.1.1. Preparation of CNTs/Phenolic Resin Solution. First, the
CNTs/isopropanol solution was stirred for one hour using
homogenizer, then the solution was vibrated using ultra-
sonication for another two hours to enable CNTs to evenly
disperse among the isopropanol solution. Furthermore, the
CNTs/isopropanol solution was mixed with phenolic resin
for one hour using mechanical mixer.

2.1.2. Carbon Fiber Cloth Impregnation. The CNTs/phenolic
resin solution was placed into a vacuum heating oven and
carried out the vacuum pumping for five minutes to restrain
air bubble existence. The desired dimension carbon fiber
cloth was placed on a release paper, and the CNTs/phenolic
resin solution was evenly permeated on the carbon fiber
cloth. Finally, the carbon fiber cloth with great dispersed
CNTs/phenolic resin was placed into a heating oven to be
exposed to a temperature at 83◦C for 4 hours to evaporate
extra solution.

2.1.3. Hot Press Molding and Postcuring. 13 pieces of prepregs
were piled up into mold and placed on hot press machine to
make a laminate (press at 1500 psi, temperature at 175◦C).
Then the laminate was placed into heating oven in a
temperature at 140◦C for 3 hours to eliminate internal stress
of the laminate [11]. The hot pressing process is shown in
Figure 2.

2.1.4. Carbonization. The desired dimensional specimen was
placed in a muffle furnace. The temperature in the muffle
furnace increases at an increasing rate of 5◦C per minute
from room temperature up to 600◦C, then keep this temper-
ature for 30 minutes and then the specimen naturally cooled
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Figure 3: Carbonization process of CNTs-added C/C composite.

Figure 4: Carbonized specimen.

down to room temperature. The carbonization process and
carbonized specimen are shown in Figures 3 and 4, respec-
tively.

2.2. Experimental Process. The CNTs-reinforced carbon/
carbon composites with 4 different proportions of CNT
at 0.5 wt%, 1.0 wt%, 1.2 wt%, and 1.5 wt% were fabricated
and investigated in this study. The flexure strength test,
interlaminar shearing strength test, and impact test were
carried out, and the results were compared with those of
CNTs-unadded carbon/carbon composites.

Furthermore, the fracture surface of specimen was
investigated utilizing SEM image to figure out the dispersion
status of CNTs among composites.

3. Results and Discussion

3.1. Flexure Strength Test Analysis. The results shown in
Figure 5 and Table 1 illustrate that the flexure strength of
CNTs-unadded C/C composite is around 55.15 MPa. The
flexure strength of CNTs-added reinforced C/C composite
was significantly increased by 13.44% and up to 62.56 MPa
when the CNTs content increases to 0.5 wt%. But as the
CNTs content exceeds 0.5 wt%, the enhancement of the
flexure strength decreases with increasing the CNTs content.
As CNTs content increases up to 1.2 wt%, the highest
flexure strength was reached and up to 67.77983 MPa, and
enhancement was increased by 23%, but the flexure strength
starts to decrease as CNTs content increases up to 1.5 wt%
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Figure 5: Flexure strength of CNTs C/C composite.

Table 1: Flexure strength of C/C composites and CNTs C/C
composites.

Type of C/C
Mean

strength
(MPa)

Maximum
strength
(MPa)

Minimum
strength
(MPa)

C/C 55.15 57.93 52.78

C/C/0.5 wt%
CNT

62.56 65.19 59.65

C/C/1.0 wt%
CNT

66.78 68.75 64.31

C/C/1.2 wt%
CNT

67.78 70.84 65.62

C/C/1.5 wt%
CNT

66.48 66.68 65.91

Table 2: Flexure modulus of C/C composites and CNTs C/C com-
posites.

Type of C/C
Mean

modulus
(GPa)

Maximum
modulus

(GPa)

Minimum
modulus

(GPa)

C/C 18.82 20.68 17.62

C/C/0.5 wt%
CNT

19.85 20.53 18.86

C/C/1.0 wt%
CNT

22.20 23.05 21.28

C/C/1.2 wt%
CNT

23.29 23.82 22.64

C/C/1.5 wt%
CNT

20.95 22.43 19.37

because agglomeration attributed to much CNTs content
results in the decrease of flexure strength. Moreover, as CNTs
content increases up to 1.2 wt%, the highest flexure modulus
reached up to 23.2862 GPa; the enhancement was increased
by 19.2% as shown in Figure 6 and Table 2.
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Figure 6: Flexure modulus of CNTs C/C composite.

3.2. Interlaminar Shearing Strength Analysis. Interlaminar
shearing strength is the most important property in the
thickness direction of C/C composite laminate. In this
study, short beam test was adopted to examine the inter-
laminar shearing strength. The results shown in Figure 7
and Table 3 display that the interlaminar shearing strength
of CNTs-unadded C/C composite laminate was reached
around 4.834 MPa. As CNTs content increases to 0.5 wt%,
the increase of shearing strength was not notable. But
as the CNTs content exceeds 0.5 wt%, the enhancement
of the interlaminar shearing strength of CNTs-added C/C
composite laminate increases with increasing the CNTs
content. As CNTs content increases up to 1.2 wt%, the
highest interlaminar shearing strength was reached and up
to 6.27 MPa; the enhancement was increased by 30%, but
the shearing strength starts to decrease as CNTs content
increases up to 1.5 wt% because agglomeration attributed
to much CNTs content results in the decrease of contacted
area between CNTs and matrix and decreases the effect of
resistance to delamination. Hence, the interlaminar shearing
strength decreases. The failure surface of nanocomposites
was examined using SEM image. The SEM image shown
in Figure 8 displays that the surface of carbon fiber of
CNTs-unadded C/C composite laminate looks like flatness
which means the low interfacial adhesive force between
CNTs and matrix, and also means that the destruction was
classified as delamination failure. As CNTs content increases
to 1.0 wt% or 1.2 wt%, much corrugation was found in
crevices among matrix shown in Figure 9. CNTs cross-link in
crevices among the corrugation area to restrain the creviced
growth. Corrugation and CNTs can increase the interfacial
friction between carbon fiber and matrix to enhance the
interlaminar shearing strength. But the shearing strength
started to decrease as CNTs content increases up to 1.5 wt%
because agglomeration attributed to much CNTs content
seems to be impure to result in the stress concentration which
causes crevice shown in Figure 10. Hence, the interlaminar
shearing strength decreases.
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Figure 7: Interlaminar shearing strength of CNTs C/C composite.

Table 3: Interlaminar shearing strength of C/C composites and
CNTs C/C composites.

Type of C/C
Mean

strength
(MPa)

Maximum
strength
(MPa)

Minimum
strength
(MPa)

C/C 4.83 4.98 4.70

C/C/0.5 wt%
CNT

5.15 5.40 4.57

C/C/1.0 wt%
CNT

5.38 5.63 5.01

C/C/1.2 wt%
CNT

6.27 6.55 6.00

C/C/1.5 wt%
CNT

5.16 5.28 5.04

Table 4: Impacting energy of C/C composites and CNTs C/C
composites.

Type of C/C
Mean energy

(J/m)
Maximum

energy (J/m)
Minimum

energy (J/m)

C/C 25.17 25.68 24.73

C/C/0.5 wt%
CNT

24.74 27.57 22.38

C/C/1.0 wt%
CNT

24.29 27.83 22.44

C/C/1.2 wt%
CNT

24.76 25.63 23.55

C/C/1.5 wt%
CNT

26.74 31.52 23.94

3.3. Impacting Energy Analysis. From the results shown
in Figure 11 and Table 4, the impacting energy does not
apparently increase whether CNTs were added into matrix
or not. Because the failure mode of impact test is the
fiber breakage dominated by fiber, CNTs do not notably
influence on resistance to impact whether CNTs were added
into matrix or not. But in the carbonization process, the
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(a) (b)

Figure 8: Fracture surface of interlaminar shearing strength of CNTs C/C composite. (a) 5000× and (b) 20000×.

(a) (b)

Figure 9: Fracture surface of interlaminar shearing strength of 1.2 wt% CNTs C/C composite. (a) 5000× and (b) 20000×.

(a) (b)

Figure 10: Fracture surface of interlaminar shearing strength of 1.5 wt% CNTs C/C composite. (a) 5000× and (b) 20000×.
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Figure 11: Impacting energy of CNTs C/C composite.
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Figure 12: Impact testing machine and system.

fracture, break, and crevice occurred on the surface of carbon
fiber exposed to the high temperature do notably influence
resistance to impact. The impact testing machine and system
were equipped as shown in Figure 12.

4. Conclusion

The flexure strength, flexure modulus, and interlaminar
shearing strength of CNTs-added C/C composites are higher
than those of CNTs-unadded C/C composites. Because
the cross-link of high strength CNTs among microcrevices
can stop creviced growth and make crevices tortuous to
effectively restrain the creviced growth, the above-mentioned
function of CNTs can increase the flexure strength, flexure
modulus, and interlaminar shearing strength. Furthermore,
as CNTs content increases up to 1.2 wt%, the highest
flexure strength, flexure modulus, and interlaminar shearing
strength were increased.

Impact test is the fiber breakage dominated by fiber.
CNTs do not notably influence resistance to impact whether
CNTs were added into matrix or not.

Acknowledgments

The authors are grateful for the help of the Center for Na-
notechnology, Materials Science, and Microsystems at the
National Tsing Hua University, Taiwan. Ted Knoy is appre-
ciated for his editorial assistance.

References

[1] J. D. Buckley and D. D. Edie, Carbon-Carbon Materials and
Composites, Noyes, 1993.

[2] G. Savage, Carbon-Carbon Composites, Chapman & Hall,
London, UK, 1993.

[3] E. Fitzer, “The future of carbon-carbon composites,” Carbon,
vol. 25, no. 2, pp. 163–190, 1987.

[4] F. H. Gojny, M. H. G. Wichmann, B. Fiedler, W. Bauhofer,
and K. Schulte, “Influence of nano-modification on the
mechanical and electrical properties of conventional fibre-
reinforced composites,” Composites Part A, vol. 36, no. 11, pp.
1525–1535, 2005.

[5] F. H. Gojny and K. Schulte, “Functionalisation effect on
the thermo-mechanical behaviour of multi-wall carbon
nanotube/epoxy-composites,” Composites Science and Technol-
ogy, vol. 64, no. 15, pp. 2303–2308, 2004.

[6] E. Najafi, J. Y. Kim, S. H. Han, and K. Shin, “UV-ozone
treatment of multi-walled carbon nanotubes for enhanced
organic solvent dispersion,” Colloids and Surfaces A, vol. 284-
285, pp. 373–378, 2006.

[7] Y. S. Song and J. R. Youn, “Influence of dispersion states of
carbon nanotubes on physical properties of epoxy nanocom-
posites,” Carbon, vol. 43, no. 7, pp. 1378–1385, 2005.

[8] M. A. Kiselev and A. I. Kuzayev, “Preparation and properties
of silicone Modified Phenol-Formaldehyde Resin,” U.S Patent
2685054, 1968.

[9] S. E. Hsu and C. I. Chen, “The processing and properties
of some C/C system,” in Superalloys, Supercomposites and
Superceramics, J. K. Tien and T. Caulfield, Eds., pp. 721–744,
Academic Press, San Diego, Calif, USA, 1989.

[10] J. M. F. De Paiva, S. Mayer, and M. C. Rezende, “Evaluation
of mechanical properties of four different carbon/epoxy
composites used in aeronautical field,” Materials Research, vol.
8, no. 1, pp. 91–97, 2005.

[11] B. C. Ray, “Temperature effect during humid ageing on inter-
faces of glass and carbon fibers reinforced epoxy composites,”
Journal of Colloid and Interface Science, vol. 298, no. 1, pp. 111–
117, 2006.



Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2012, Article ID 530978, 8 pages
doi:10.1155/2012/530978

Research Article

Biodegradable Polymer-Coated, Gelatin
Hydrogel/Bioceramics Ternary Composites for Antitubercular
Drug Delivery and Tissue Regeneration

Mintao Xue, Hongtao Hu, Yuanquan Jiang, Jichun Liu, Hailong He, and Xiaojian Ye

Department of Orthopedics, Changzheng Hospital of Second Military Medical University, Shanghai 200003, China

Correspondence should be addressed to Hailong He, hailong0530@126.com and Xiaojian Ye, yexj2002@163.com

Received 20 February 2012; Accepted 28 March 2012

Academic Editor: Sevan P. Davtyan

Copyright © 2012 Mintao Xue et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

A simple and effective strategy for the treatment of osteoarticular tuberculosis is proposed through combining tissue engineering
approach with anti-tuberculosis drug therapy. A series of tricalcium phosphate bioceramics (TPB) composites, coated by
degradable polymer outside and loaded with rifampicin (RFP)-containing gelatin hydrogel inside, were thus fabricated and
successfully applied to deliver antitubercular drug RFP into osseous lesion and concomitantly to induce tissue regeneration.
RFP-loaded gelatin hydrogel/TPB composites could be readily prepared by filling RFP-containing gelatin solution into TPB and
then in situ crosslinking of gelatin with calcium ions. Depending on the concentrations of RFP, the loading efficiency of RFP in
the composites varied in the range from approximately 2% to 5%. Moreover, the surface of these binary composites could be
further coated by a biodegradable polymer, yielding biodegradable polymer-coated, RFP-containing gelatin hydrogel/TPB ternary
composites. It was shown that in vitro release of RFP from the ternary composites could be effectively sustained for a long period
of time. Besides, these composites revealed good biocompatibility towards the survival of MC-3T3 cells in vitro and could be used
for tissue regeneration in vivo in a rabbit model. The results indicate that TPB ternary composites have great potential for the
treatment of osteoarticular tuberculosis.

1. Introduction

In the past two decades, much effort has been directed
towards the development of antitubercular drugs for tuber-
culosis therapy [1]. Although a few of them have been proven
to be very efficacious for clinical treatment of tuberculosis,
the advancement of tolerance by the tubercle bacillus may
be a massive hurdle. To address this issue, combined therapy
using multiple drugs such as rifampicin (RFP) and isoniazid
(INH) has been studied widely [2]. By this approach, a
relatively long-term administration (e.g., 6–9 months) is,
however, normally required for the patients, becoming a
huge burden to the patients. Besides, an undesirable side
effect from these drugs is another concern. For example,
RFP, one of the first line antitubercular drugs, is known to
cause serious liver damage [3, 4]. Recently, the researches
on controlled release of antitubercular drugs have received
much attention. The concept involves the utility of the drug

delivery system that can carry antitubercular drugs and
mediate long-term, sustained release of the drugs. This kind
of formulation gains a few advantages: (1) the administration
frequency can be reduced owing to sustained drug release;
(2) the dose can be used at a reduced level as compared
to that used in traditional oral administration; (3) side
effects such as a liver damage can be weaken due to a
low drug concentration in the body. Furthermore, different
antitubercular drugs can be administrated together from
the delivery system, giving rise to a sustainable delivery
for combined drug therapy. For these reasons, a few drug
delivery systems from biocompatible, nontoxic polymers
have been developed recently [5, 6]. For example, Onoshita
et al. reported on PLGA microspheres serving as delivery
systems for controlled release of RFP within 10 days
[7]. More recently, Zhu et al. prepared mesoporous silica
nanoparticles for combined release of RFP and INH and a
relatively longer release term of 20–30 days could be obtained
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[8]. However, the knowledge on in vivo biocompatibility
profile of mesoporous silica nanoparticles is limited. It has
been suggested that the cytotoxicity of mesoporous silica
nanoparticles is dose-dependant [9].

Tuberculous arthritis is an extrapulmonary complication
of tuberculosis [10]. The number of the patient suffering
from this form of arthritis accounts for 1–3% of all tubercu-
losis cases. Because the osseous lesion developed by tubercle
bacillus normally has poor blood supply, it is hard to achieve
high efficacy for the patients when they are administrated
intravenously with antitubercular drugs. Moreover, the
patients usually have to undergo the debridement operation,
leaving a residual cavity. It is also difficult to completely
eliminate the tubercle bacillus survived in the cavity via
traditional systematic drug therapy. Importantly, the cavity
needs to be filled and closed for new tissue regeneration.
Hence, it is highly desired to develop a handy and effective
strategy to sterilize tubercle bacillus in osseous lesion and
meanwhile to guild regeneration of defect tissue.

Tissue engineering has been considered as a promis-
ing strategy for regeneration of defect tissue. Normally,
a biocompatible scaffold is required which allows for cell
growth, differentiation, and proliferation prior to the for-
mation of new tissue. Tricalcium phosphate bioceramics
(TPB) as porous bioscaffold has been employed for tissue
engineering [11]. However, TPB is highly porous and not
suited for sustainable drug delivery. In this study, we aim
to design an integrated TPB-based system for both tissue
regeneration and osteoarticular tuberculosis therapy. To this
end, a novel TPB-based composite system, coated by a
biocompatible, biodegradable polymer outside and loaded
with RFP-containing gelatin hydrogel inside, was prepared.
RFP release in vitro under physiological conditions, in vitro
cytotoxicity and in vivo biocompatibility of these composites
were evaluated systematically. It was found that the TPB-
based composite system could guide a long-term, sustained
RFP release in vitro. Besides, this system has a trivial effect
on cell viability in vitro and is suitable for tissue regeneration
in a rabbit model.

2. Experimental

2.1. Materials. Gelatin, calcium chloride, and rifampicin
were purchased from Sigma-Aldrich. Tricalcium phosphate
bioceramics was ordered from Shanghai Bio-Lu Biomaterials
co. Ltd. Poly(lactic acid) (PLA, 130 kDa), poly(lactic acid-co-
glycolic acid) (PLGA, 80 kDa), and poly(caprolactone) (PCL,
75 kDa) were prepared according to the method reported
previously [12, 13].

2.2. Preparation of RFP-Containing Gelatin Hydrogel/TPB
Composites. RFP-containing gelatin hydrogel/tricalcium
phosphate bioceramics (TPB) binary composites were
prepared by incubating TPB in the gelatin solution (PBS
buffer, pH 7.4) containing RFP. Different concentrations of
gelatin and RFP were applied to optimize the entrapment
efficiency of RFP and the release rate of RFP. In a typical
example, TPB (about 50 mg, L × W × H, 10 × 5 × 5 mm)

was immersed in the 10 mL of 1 wt% of gelatin solution
containing RFP (1 mg/mL) for 2 days. Then, TPB was placed
in a calcium chloride solution (5 wt%) for 10 min for in
situ crosslinking of the gelatin. Finally, the composites were
collected after drying in vacuum.

2.3. Preparation of Polymer-Coated, RFP-Loaded Gelatin
Hydrogel/TPB Composites. RFP-containing gelatin hydro-
gel/TPB binary composites were coated by biodegradable
polymers including PLA, PLGA, and PCL, yielding polymer-
coated, RFP-containing gelatin hydrogel/TPB ternary com-
posites. For example, binary composite from an RFP-
containing gelatin (1 mg RFP/mL) hydrogel and TPB was
immersed in a dichloromethane solution of PLA (1 mg/mL)
to allow polymer coating for about 2 h. The compos-
ite was finally dried in vacuum to completely remove
dichloromethane.

2.4. In Vitro RFP Release from Gelatin Hydrogel/TPB
and Polymer-Coated Gelatin Hydrogel/TPB Composites. RFP-
containing gelatin hydrogel/TPB composites were incubated
in 10 mL of release medium (PBS) and were gently shaken at
37◦C. The release experiment was performed in triplicates.
At a different time interval, 3 mL of PBS was taken out
and replaced with 3 mL of fresh PBS. The concentration of
released RFP in the PBS was determined at the wavelength
470 nm with a Cary 50 UV-Visible Spectrophotometer (Var-
ian). RFP concentration was calculated with a calibration
curve from RFP standard solutions at different concentra-
tions. Cumulative release was determined by normalizing the
amount of RFP released at each time point with the sum
of the total RFP released over the course. The entrapment
efficiency (EE) of RFP was calculated by normalizing the
weight of RFP loaded in the composite with that of RFP
fed in the gelatin solution. The loading efficiency (LE) of
RFP was calculated by normalizing the weight of RFP loaded
in the composite with that of the composite alone. In vitro
RFP release from biodegradable polymer-coated gelatin/TPB
composites was also conducted as aforementioned method.

2.5. Scanning Electron Microscopy. The morphology of RFP-
containing gelatin/TPB composites was studied using a
Hitachi S-2360 N scanning electron microscopy (SEM). The
composite samples were gold sputtered and then visualized
with SEM.

2.6. Toxicity Test In Vitro. To evaluate the biocompatibil-
ity of RFP-containing gelatin/TPB composites, an indirect
contact method was used as reported previously [14–16].
Briefly, MC-3T3 cells (ATCC) were cultured in DMEM
complete medium containing 10% FBS and 100 U/mL of
penicillin/streptomycin (Invitrogen). The cells were seeded
at 5 × 104 per well in a standard 6-well plate and cultured
before 70–80% confluency was reached. RFP-containing
gelatin (1 mg RFP/mL)/TPB composites were sterilized after
exposed under UV-light for 30 min and transferred into
cell strainers (40 μm mesh size, BD). Next, the strainers
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were put in each well containing 2 mL of the medium.
The composites and cells were coincubated at 37◦C in a
humidified atmosphere containing 5% CO2. Cell viability
was determined using Alamar Blue assay. Briefly, after 48 h
of coculture, the cells were washed with fresh PBS and
2 mL of 1× Alamar Blue-DMEM medium was added to
each well. After 4 h of incubation, 100 μL of the medium
in each well was transferred to a 96-well plate for reading.
Absorbance intensities were recorded using a plate reader at
wavelength of 570 nm. Cell viability was calculated according
to the following equation: cell viability (%) = (ODsample –
OD0)/(ODcontrol – OD0) × 100, wherein ODsample, ODcontrol,
and OD0 represent the absorbance density of the medium
with the composite, the medium without the composite,
and 1× Alarm Blue-DMEM medium as a blank, respectively.
Cells cultured without composite as a control were taken as
100% cell viability. All tests were performed in triplicate.

2.7. Surgical Procedures. Eighty-four young New Zealand
rabbits (provided by Shanghai Second Military Medical
University, Laboratory Animal Center, male or female) were
randomly divided into 3 groups (n = 3). After the rabbits
were anesthetized by injecting 3% Nembutal (30 mg/kg) via
ear vein, the lateral femoral cortex and the center bottom
part of femur were exposed. A 0.5 cm groove away from the
articular surface of lateral femoral cortex was created by an
osteotome (1.5 cm in length and 0.8 cm in width) [8]. RFP-
containing gelatin/TPB composite coated by PLA and TPB
alone as the blank control group were, respectively, weighed
and then embedded into the groove. A picture was taken
to explain the surgery procedure in Figures 6(a) and 6(b).
Finally, the muscle and skin were closed. All the rabbits were
monitored after surgery. To observe neotissue formation, CT
scanning (Phillips) was conducted at regular time intervals,
that is, 4 and 8 week after the operation.

2.8. Histological Staining. The samples were decalcified in
10% formic acid, dehydrated in a gradient ethanol series,
mounted in paraffin, sectioned 4 mm thick. To observe tissue
formation, the sections were stained via haematoxylin-basic
fuchsin-picric acid (HBFP) [17, 18]. Briefly, deparaffinized
sections were placed in a basic fuchsion-staining solution
consisting of acetate buffer (pH 5.0) 50 mM sodium tartrate,
basic fuchsin (Sigma), and 0.5 mg/mL picric acid (Sigma)
and incubated at 37◦C for 5–10 min. After the solution
was removed by washing, sections were counterstained with
hematoxylin and observed under light microscopy.

3. Results

3.1. Preparation and Characterization of Tricalcium Phos-
phate Bioceramics (TPB) Composites Loaded with Rifampicin-
(RFP-) Containing Gelatin Hydrogel. In this study, RFP-
containing gelatin solution was filled into microporous TPB
scaffold by sufficient diffusion of the solution into microp-
orous interior. RFP was then encapsulated inside the scaffold
after in situ crosslinking of gelatin with calcium ions, thereby

yielding a RFP-containing gelatin hydrogel/TPB binary com-
posite (Scheme 1). In this way, different RFP or gelatin
concentrations could be applied to give a group of binary
composites. Figure 1 shows an imaging of the composite
interior observed under scanning electronic microscopy. It
was revealed that, compared with original TPB scaffold,
additional substrate was found in porous region of RFP-
loaded gelatin/TPB composite, implying that gelatin was
successfully loaded into the TPB-based composite.

3.2. In Vitro RFP Release from RFP-Loaded Gelatin/TPB Com-
posites. To examine the possibility of gelatin hydrogel/TPB
composites serving as drug delivery system, RFP-loaded
composites were incubated in PBS buffer at pH 7.4 and 37◦C.
The released RFP was determined by UV/Vis spectrum.
Figure 2 shows the release profiles of the composites that
are prepared by using different concentrations of gelatin
solution containing the same RFP concentration of 1 mg/mL.
In general, these composites revealed a burst and sustained
release profile. Moreover, a slower release rate was obtained
for those composites with higher concentrations of gelatin
solution. For example, almost 90% of loaded RFP was already
released out from the composite with 0.25 wt% and 0.5 wt%
gelatin within 6 h. However, at the same time, only 60%
of the RFP was released from the composite with 1 wt%
gelatin. For these gelatin hydrogel/TPB composites, their
entrapment efficiency (EE) of RFP was determined as a
function of RFP concentration in 1 wt% gelatin solution. As
shown in Figure 3, the EE was decreased from about 60%
to 20% with increasing RFP concentrations from 0.25 to
2.5 mg/mL. However, the loading efficiency (LE) of RFP for
these composites was increased from approximately 2% to
5% with increasing RFP concentrations. Overall, an optimal
RFP concentration appeared to be 1 mg/mL so as to obtain
moderate EE and LE. The binary TPB composite, prepared
from 1 mg/mL of RFP in 1 wt% of gelatin solution, was thus
used for further studies.

3.3. In Vitro RFP Release from Biodegradable Polymer-Coated,
Gelatin Hydrogel/TPB Composites. On the basis of afore-
mentioned results, RFP-containing gelatin hydrogel/TPB
binary composites were further coated with a biocompatible,
biodegradable polymer, that is, PLA, PLGA, and PCL,
yielding ternary composites consisting of biodegradable
polymer outside and RFP-loaded gelatin hydrogel inside
(Scheme 1). These composites could be readily obtained
by simply immersing RFP-loaded gelatin/TPB composite
in the dichloromethane solution of these polymers and
subsequent evaporation of the dichloromethane solvent.
Figure 4 shows in vitro RFP release profiles of the composites
under physiological conditions. These ternary composites
could guild a sustained RFP release within a long period
of time more than 20 days. It appears that biodegradable
polymer has a direct effect on the release rate. For example,
the composites coated by PLA and PLGA revealed a similar
RFP release rate, but slower release rate as compared to PCL-
coated composite.
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Scheme 1: The schematic illustration on the preparation of gelatin hydrogel/TPB binary composite loaded with rifampicin (RFP) and its
ternary composite coated with a polymer (TPB: tricalcium phosphate bioceramics).

(a)

1 mm

(b)

Figure 1: SEM images of the sections: (a) tricalcium phosphate bioceramics (TPB) and (b) gelatin hydrogel-loaded TPB.

3.4. In Vitro and In Vivo Biocompatibility of TPB-Based
Composites. The cytobiocompatibility of RFP-loaded gelatin
hydrogel/TPB ternary composites was evaluated against MC-
3T3 cells. The composite in a cell strainer was incubated with
the cells for 2 days and cell survival was then determined
by an Alamar Blue assay. The data in Figure 5 showed that
the binary composite generally displayed low cytotoxicity
(cell viability >95%). As a negative control, RFP alone led
to adverse cytotoxicity at a high concentration of 40 μg/mL,
with about 85% cell viability.

To ascertain whether polymer coated, RFT-containing
gelatin/TBP composites can be applied for tissue regener-
ation, the composite with PLA (Figure 6(a)), as a typical
example, was implanted into the groove in a rabbit model
(Figure 6(b)). In histological section from the defect sites
after 4 weeks’ operation, the composite was gradually

decomposed and being incorporated with surrounding tissue
(Figure 6(c)). A close visualization in Figure 6(e) showed
that new collagen fiber tissue (in red) and muscle cells (in
purple) could be found. After 8 weeks’ operation, the residual
composite became less and formed tissue was found in good
align with surrounding bond tissue (Figure 6(d)). Besides
this, muscle fibrous tissue was also seen in the lesion in
the experimental group (Figure 6(f)). X-ray scanning further
showed that, with operation time form 4 to 8 weeks, the
lesion site displayed new tissue formation occupying in the
groove from the experimental group, when compared to the
blank control group (Figure 7).

4. Discussion

The treatment of osteoarticular tuberculosis by systemic
drug administration has encountered a few issues such
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Figure 3: Entrapment efficiency (bar) and loading efficiency (line)
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Figure 5: Cytotoxicity evaluation of RFP-loaded, biodegradable
polymer-coated TPB-based ternary composites against MC-3T3
cells. As a control, cytotoxicity effect of RFP alone on MC-3T3 cells
was also evaluated.

as serious side effect induced by multiple antitubercular
drugs, long-term burden suffered from repeated admin-
istration, unsatisfied therapeutic efficacy due to low drug
concentration at the osseous lesion [1]. In this study,
we have fabricated an implantable composite as a drug
delivery system for local osteoarticular tuberculosis therapy
and meanwhile as a bioscaffold for regeneration of defect
tissue. This composite system, consisting of gelatin hydrogel
inside and biodegradable polymer outside, possesses four
types of properties that are important for the treatment
of osteoarticular tuberculosis. First, an appropriate dose of
antitubercular drug can be loaded into gelatin hydrogel-
containing composites to maintain a local drug level above
a minimal inhibitory concentration (Figure 2). Second, by
using biodegradable polymer, the release duration of RFP
could be as long as more than 20 days (Figure 3). Third, the
RFP release profile from the system is sustained without a
burst release. Fourth, the system is based on biocompatible
materials and thus is very suited for tissue regeneration
(Figures 5 and 6). These properties render the ternary
composite system highly efficient for the sterilization of
tubercle bacillus in osteoarticular site.

Long release duration of RFP from the gelatin hydro-
gel/TPB composite is highly desired to provide a long-term,
sustained drug level for killing tubercle bacillus in defect
sites. The concentration of gelatin reveals a direct effect on
the duration time. The higher the gelatin solution, the longer
the duration time of RFP (Figure 2). Obviously, this is most
likely due to a higher crosslinking degree when applying
a higher concentration of gelatin solution. For example,
the longest release duration of about 80 h was obtained
for the TPB composite containing 1 wt% gelatin. However,
this duration time is relatively short. It is hard to prepare
gelatin solution at a higher concentration above 1 wt%
due to limited gelatin solubility. Thus, we further decorate
gelatin hydrogel/TPB binary composite with a biodegradable
polymer. As expected, longer release duration time more
than 20 days was obtained without apparent burst release
(Figure 4). This duration time (∼26 days) is comparable with
that of the system from TPB/mesoporous silica nanoparticles
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(a) (b)

1 mm

(c) (d)

500 µm

(e) (f)

Figure 6: (a) A typical picture of RFP-loaded, PLA-coated gelatin/TPB ternary composite; (b) operation on the implantation of TPB ternary
composite into the groove in a rabbit model; (c) deep observation of tissue section of implanted TPB ternary composite after 4-week
operation; (d) tissue section of implanted TPB ternary composite after 8-week operation; a more close visualization of tissue section of
implanted TPB ternary composite after 4-week operation (e) and 8-week operation (f).

in the previous report (∼32 days) [8]. Notably, these
biodegradable polymers are well known to be biocompatible
and have no adverse effect on tissue regeneration after the
polymer-based TPB ternary composites are implanted in the
osteoarticular defect site.

Tricalcium phosphate bioceramics (TPB) has been
widely studied as a bioscaffold for tissue engineering due
to its high mechanical strength and good biocompatibility
[11]. Besides, TPB possesses high affinity for bone tissue and
also a significant ability to adsorb organic substances which
are highly required for tissue regeneration in vivo [19]. As
such, TPB composites integrated with biocompatible gelatin
hydrogel and coated by PLA reveal good biocompatibility in
vivo. In a rabbit model, neotissue formation was observed
after implantation of PLA-coated TPB-based composite into
a groove site (Figure 7), implying that the RFP released

locally from the composite has no serious adverse effect
on tissue regeneration. Therefore, the data confirm that,
through a simple modification approach, TPB-based ternary
system can be rationally designed for sustained antitubercu-
lar drug delivery and tissue regeneration.

5. Conclusions

We have demonstrated that a novel TPB ternary composite
system can be prepared that is loaded with gelatin hydrogel
inside and coated by a biodegradable polymer outside. These
composites can be applied for sustained release of antitu-
bercular drug rifampicin within a long period over 20 days.
Besides, these composites display good biocompatibility in
vitro against MC-3T3 cells and can be used for tissue
regeneration in vivo in a rabbit model. The results of this
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(a) (b) (c)

Figure 7: CT scanning to visualize new tissue formation in the groove at week 4 (b) and week 8 (c), after the implantation of PLA-coated,
RFP-loaded gelatin hydrogel/TPB ternary composite. As a blank control (a), TPB alone was applied in the implantation operation for
visualization at week 4.

study suggest that the ternary composite system is promising
for osteoarticular tuberculosis therapy.

Acknowledgment

This work was financially supported by the Shanghai
Nanometer Special Project (no. 1052nm03203 and no.
11nm050420011).

References

[1] C. Lawlor, C. Kelly, S. O’Leary et al., “Cellular targeting and
trafficking of drug delivery systems for the prevention and
treatment of MTb,” Tuberculosis, vol. 91, no. 1, pp. 93–97,
2011.

[2] A. Gürsoy, E. Kut, and S. Özkirimli, “Co-encapsulation of
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Matrix-Assisted Pulsed Laser Evaporation (MAPLE) is a deposition technique, developed from Pulsed Laser Deposition (PLD)
especially well suited for producing organic/polymeric thin films, which can take advantage from using Nd:YAG laser. Depending
on the relative values of light absorption coefficients of the solvent and of the molecules to be deposited, laser energy is directly
absorbed by the solvent or is transferred to it, providing a softer desorption mechanism with respect to PLD. In PLD ultraviolet
laser radiation is commonly used, but in MAPLE, since easily damaged molecules are usually involved, the use of Nd:YAG laser
offers the advantage to allow selecting laser wavelength from ultraviolet (266 nm or 355 nm, corresponding to 4.66 eV or 3.49 eV
photon energies, resp.) to visible (532 nm, 2.33 eV) to infrared (1064 nm, 1.17 eV). In this paper, the MAPLE technique is described
in details, together with a survey of current and possible future applications for both organic and biomaterial deposition taking
into account the advantages of using an Nd:YAG laser. Beside other results, we have experimental confirmation that MAPLE
applications are not limited to transparent molecules highly soluble in light absorbing solvent, thus allowing deposition of poorly
soluble light absorbing molecules suspended in a light transparent liquid.

1. Introduction

Matrix-Assisted Pulsed Laser Evaporation (MAPLE) [1] is
a thin film deposition technique derived from Pulsed Laser
Deposition (PLD) with the aim to make possible the deposi-
tion of soft (e.g., polymeric, organic, bio) materials. Indeed,
despite PLD is nowadays successfully used to produce high-
quality thin films [2], it generally fails when soft materials
[3] are considered since the laser beam energy used for target
ablation damages such molecules. Conversely, in the MAPLE
approach, the target is a frozen solution or suspension of the
guest material in a matrix. The term laser evaporation con-
tained in the acronym suggests a guest extraction technique
more gentle than laser ablation. Experimental works [4–7]
and simulation studies [8, 9], however, have shown that the
initially proposed evaporation model [1, 3, 10] where laser
energy is mainly absorbed by the matrix which evaporates
and transfers thermal energy to the guest molecules, being,
on their turn, gently desorbed, is not adequate in describing

the complex physical process involved in the ablation of such
a composite target.

As a consequence, the two conditions originally assumed
to be crucial in order to obtain a MAPLE deposition (i.e. the
guest material must be highly soluble in the matrix and the
laser radiation must be mainly absorbed by the matrix and
negligibly absorbed by the guest material) can be relaxed.
Several authors have, indeed, experimentally shown that
both such conditions are not strictly necessary in order to
successfully deposit a thin film of the guest material: MAPLE
technique has been used to deposit matrix suspended
nanoparticles [12, 13] and light absorbing molecules in a
transparent solvent [11, 14]. Given these results, MAPLE
deposition should be assumed being characterized only by
(a) the presence of a matrix in the target and (b) the absence
(or at least a significant reduction with respect to classical
PLD technique) of laser-induced damage to guest molecules.

The good results reported, in recent years, by many
authors in depositing polymers, biomaterials, and organic
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molecules for an increasing number of applications [6, 15–
18] justify the large interest in both better understanding
the guest extraction mechanism [19] and determining the
effect of several deposition parameters [20–23] (guest/matrix
volume fraction, boiling temperature and vapour pressure
of matrix, guest damage temperature, laser pulse energy
and repetition rate, laser radiation penetration depth, sub-
strate temperature during deposition, etc.) on the MAPLE-
deposited film characteristics.

Another important parameter concerning the MAPLE
deposition is the wavelength (or photon energy) of the laser
light used for target ablation/evaporation. It must be chosen
in order to avoid damages to guest molecules (IR radiation
corresponds to low-energy photons) but must be absorbed
by matrix (most common solvents are almost transparent
to IR radiation while they absorb UV radiation). In most
MAPLE deposition experiments KrF (emission at 248 nm,
UV, 5.00 eV) or ArF (emission at 193 nm, UV, 6.42 eV)
lasers or an Nd:YAG laser equipped with Fourth Harmonic
Generation (FHG) device (final emission at 266 nm, UV,
4.66 eV) is used as energy source for target ablation. However
the use of an Nd:YAG laser has the additional advantage
to allow selection of longer wavelengths (VIS or IR) and
therefore lower photon energies. The use of lower-energy VIS
or IR photons can be advantageous since it reduces damaging
actions on soft molecules but has the inconvenience that
most solvents are almost transparent to VIS-IR radiation.

Here we summarize the results obtained with a MAPLE
deposition system which uses an Nd:YAG laser equipped
with Second Harmonic Generation (SHG) and Third Har-
monic Generation (THG), in growing thin films for organic
electronics (polythiophene, eumelanin) and for biomedical
applications (PEG, DOPA, PDLLA). It must be remarked
that our experiments confirm that MAPLE applications
must not be limited to light transparent molecules highly
soluble in light absorbing solvent but can be successfully
performed for suspensions of light absorbing molecules
(or even molecular aggregates or nanoparticles) in a light
transparent liquid.

2. The MAPLE Deposition Technique

A typical MAPLE deposition system [24] is sketched in
Figure 1 and shown in Figure 2. The target is a frozen (usually
at liquid nitrogen temperature) dilute (usually less than few
wt%) solution of the delicate material in a volatile solvent.
The pulsed laser beam impinging on the target removes from
its surface both the light and small solvent molecules and the
heavy and large solute ones, but only the latter deposit onto
the substrate, placed in proximity of the target, at a distance
of few millimeters. On the contrary, solvent molecules are
pumped away by the vacuum system. The presence of the
matrix (the solvent) eliminates or at least minimizes the
photochemical damage of the delicate molecules.

In a first description [3] (assuming that laser radiation
is mostly absorbed by the solvent) it was supposed that
the solute molecules gain enough kinetic energy, through
collective collisions with the evaporating solvent molecules,

to be transferred into the gas phase with a soft desorption
mechanism.

In some cases [1] thin films deposited with MAPLE
technique have shown higher surface uniformity than films
deposited with other techniques, but general experimental
evidence [5–7, 25] shows significant surface roughness [4]
or curious “deflated balloon” features [26].

(Molecular Dynamics) MD simulations [8, 9] carried out
in order to explain the observed film surface characteristics
have shown that the “evaporation” mechanism is rather
complex.

The laser beam overheats, up to the limit of its thermo-
dynamic stability, a small surface region of the target. The
decomposition of the target surface generates a structure of
interconnected liquid regions.

Subsequently such a foamy structure aggregates into a
mixture of liquid droplets and gas-phase matrix molecules.
Both small (and fast) and large (and slow) clusters generated
during the ablation of the MAPLE target are therefore
present in the material ejected from the target.

This “matrix/polymer clusters” [8] ejection mechanism
provides a valid explanation of the “deflated balloon” sur-
face features and of the surface roughness experimentally
observed.

Simulations have been carried out for nonabsorbing
solute molecules in an absorbing matrix, but a similar mech-
anism may take place for absorbing molecules dispersed in a
transparent solvent.

In MAPLE depositions we must distinguish between two
different situations depending on the relative values of the
absorption coefficients of the solute and of the solvent for the
selected laser radiation. If the laser energy is mostly absorbed
by the frozen solvent, its local abrupt evaporation causes
delicate solute molecules to be ejected from target. If, on the
contrary, the solvent is almost transparent to laser radiation,
the laser energy is mainly absorbed by the solute molecules,
but, due to their low concentration, we have a highly
nonhomogeneous light absorption. Laser evaporation of a
frozen dilute solution of an absorbing solute in a transparent
solvent can be assumed similar to laser ablation of a solution
with spatially heterogeneous absorption [27]: the ablation
efficiency of the heterogeneous solution is higher by more
than one order of magnitude with respect to homogeneous
absorption (as in PLD). This implies that MAPLE, with
respect to PLD, allows reducing laser pulse energy by one
order of magnitude, thus greatly reducing the negative effects
of laser irradiation.

In any case, compared to PLD, the MAPLE technique
results in a more soft mechanism of delicate material (com-
plex polymeric/organic molecules or biomaterials or nanos-
tructures) transfer from target to substrate.

This means that MAPLE deposition technique is suitable
for several situations in which other techniques (spin coat-
ing, drop casting, etc.) and especially PLD deposition cannot
be used, but, on the other side, it requires a fine adjustment of
the deposition layout (solvent choice, solute concentration,
substrate position, and orientation) and parameters (laser
radiation wavelength, beam fluence, pulse duration, pulse
repetition rate, substrate temperature).
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Figure 1: Sketch of the MAPLE deposition system shown in Figure 2.

Figure 2: A MAPLE deposition system. First inset shows the
substrate holder (on the left) and the target holder (on the right)
inside vacuum chamber. Second inset shows a detail of the control
panel. Third inset shows the laser irradiation of the target during a
MAPLE deposition.

In order to get higher flexibility in the laser wavelength
choice, the Nd:YAG laser offers the possibility to use longer
wavelengths (266, 355, 532, 1064 nm) and therefore lower
energies (4.66, 3.49, 2.33, 1.17 eV) with respect to KrF
(248 nm, 5.00 eV) or ArF (193 nm, 6.41 eV) lasers.

3. MAPLE Applications

MAPLE technique founds a wide range of applications
including deposition of polymeric thin films for optoelec-
tronics and for chemical sensors and deposition.

A broad range of MAPLE applications include the
deposition of polymeric thin films for optoelectronics and
chemical sensors [6, 10, 15, 28, 29], growth of active protein
thin films [5, 30–33], polymer-carbon nanotube composites
[25, 34], and films containing nanoparticles [35].

We have obtained interesting results using Nd:YAG/
MAPLE system for deposition of materials of interest in
biomedical (PEG, DOPA, PDLLA) and organic-electronics
(polythiophene, eumelanin) applications.

3.1. Biomaterials

3.1.1. PEG. Polyethylene glycol (PEG) is a polymer with
technologically important applications as a biomaterial
(material interfacing with living tissues or biological fluids):
tissue engineering, spatial patterning of cells, antibiofouling
(biofouling is the cellular and proteinaceous adhesion on
biomaterial surface and is commonly avoided through the
immobilization of antifouling polymers on the surface
to protect), and biocompatible coatings (in drug delivery
coatings or orthopaedic implants). Thin films of high quality
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Figure 3: (a) Reference IR spectra, performed in reflectance mode, in the range 900–1600 cm−1 of the substrate (a glass slide) without (black
dashed line) and with a dried drop of PEG (red full line). The arrows show the C–O–C aliphatic ether antisymmetric stretching vibration
bands in the range 1150–1060 cm−1 and the C–OH deformation vibration absorption in the range 1400–1300 cm−1. (b) and (c) show typical
spectra carried out on PEG films deposited on glass slides with MAPLE technique using laser radiation at 532 nm and 355 nm, respectively.

Figure 4: SEM image showing the typical porous structure of a
bioglass-based glass-ceramic scaffolds (reproduced with permission
from [11]).

are required and the deposition of a film with the same
chemical and structural properties of bulk PEG is essential.

Due to its high solubility in water (but also in other
common solvents) and its availability in a wide range
of molecular weights (from less than 103 g/mol to about
107 g/mol), PEG is often used as a test molecule for organic/
polymeric thin film depositions.

The KrF laser (UV radiation at 248 nm) is widely used for
PLD, however its radiation potentially damages most organic
compounds and polymers (e.g., phenyl rings, pervasive in

organic chemistry, absorb radiation at 250 nm). MAPLE
technique has already been carried out for PEG thin films
deposition using ArF laser (UV radiation at 193 nm) [36],
but other researches have tried to use lasers involving longer
wavelengths, such as Er:YAG (IR radiation at 2937 nm) [20]
or Nd:YAG (third harmonic UV radiation at 355 nm) [7].

We have recognized, by comparison of the reflectance
mode IR spectra of deposited films (Figure 3), that similar
results can be also obtained with visible (Nd:YAG second
harmonic at 532 nm) [16] laser radiation.

In most biomedical applications an important issue is
the requirement for a mechanism to anchor PEG on the
substrate. This is sometimes achieved with polymer func-
tionalization, but at the cost of changing molecular structure.
MAPLE is essentially a solvent-free deposition technique
(the solvent used as matrix in target does not reaches the
substrate) and this easily allows the interposition of an adhe-
sion layer, for example, 3-(3,4-dihydroxyphenyl)-2-methyl-
L-alanine (m-DOPA) [37].

3.1.2. PDLLA. Tissue engineering and regenerative medicine
are important area of research involving a multitude of
disciplines, including cell biology, biomaterials science, and
characterization of surfaces and cell material interactions.
A common tissue engineering strategy uses bioresordable
scaffolds made of engineered biomaterials in order to give
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Figure 5: SEM image of the bioglass scaffold after MAPLE deposition of a PDLLA coating and EDX analyses carried out in different places
show that porous structure is partially preserved (reproduced with permission from [11]).

MAPLE

POOPT

Figure 6: POOPT thin film deposited on a glass slide with MAPLE
technique with the following layout/deposition parameters: target:
POOPT 0.56 wt.% in chloroform; target temperature: −187◦C;
pressure: 2.3 10−7 Torr; laser wavelength: 532 nm; pulse repetition
rate: 10 pulse/s; pulse duration: 6 ns; pulse energy: 68 mJ; beam spot
size: 0.5 cm2; total pulses: 20000; scanned target area: 2 cm2.

a temporary mechanical support for natural tissue regen-
eration.

Bone regeneration requires scaffolds with adequate prop-
erties from both the biological and mechanical points of
view: high bioactivity (the ability to react with physiological
fluids and form tenacious bonds to tissues through cellular
activity) and bioresorbability (the ability to biodegrade),
interconnected porosity to allow cell growth, and sufficient
hardness to avoid collapsing during handling and after
implantation.

The 45S5 Bioglass is a commercially available material
[38] whose main advantage is its high bioactivity. Bioglass

scaffolds produced using the foam replica technique [39]
are good candidates for bone regeneration. However, the
resulting bioglass-based glass-ceramic scaffolds (Figure 4)
are very brittle. Several approaches, mainly combining it with
synthetic polyesters, such as Poly(D,L-lactide) (PDLLA),
have been proposed in order to improve the mechanical
properties of brittle bioactive glass scaffolds for bone tissue
engineering. However the polymeric coating cannot be
obtained by immersion since it must maintain the porosity
of the structure. This requirement has induced us to use the
MAPLE deposition technique in order to obtain a graded
structure with a core made fully of bioglass and an outer
layer made of the polymer-coated bioglass [11, 18]. The SEM
image of the surface of a PDLLA-coated bioglass scaffold
(Figure 5) and the EDX analysis carried out in several
spots (insets in the same figure) shows that deposition is
discontinuous forming discrete fibrils covering partially the
surface of the pores. Since fibrils penetrate the pores, they
are expected to provide a bridging element to impede the
propagation of cracks, thus improving mechanical properties
of scaffold structure.

3.2. Polythiophene. Semiconducting properties of conju-
gated polymers are due to the high extent of π orbitals
delocalisation, thus forming a valence band of overlapping π
bonds and a conduction band of overlapping π∗ antibonding
orbitals. Within polyconjugated systems, substituted poly-
thiophenes spin-coated films have given interesting results
for its conductive properties [40, 41]. Charge mobility is
affected by both polymer conjugation length and chain pack-
ing, so that highly regioregular polymers are required. We
have successfully used MAPLE technique in order to deposit
regio-regular H-T poly [3-(4-octyloxyphenyl)thiophene]
(POOPT) thin films on glass (Figure 6) and KBr substrates
[24, 42] and examined the effect of substrate temperature
on the conformation and structure of the films [21]. FTIR
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Figure 8: The position of the absorption peak in the visible region
of the spectrum is plotted versus substrate temperature during
MAPLE deposition. Full line represents peak value for spin-coated
films, while dashed line represents peak value for a POOPT solution
in chloroform.

analysis (Figure 7) suggests that laser radiation at 532 nm is
the better choice for MAPLE deposition of POOPT films.

As observed before, MAPLE deposition technique often
leads to a cluster deposition, but it is also well known that the
temperature of the substrate during film deposition is able to
change the morphology and other film characteristics.

UV-Vis spectroscopy gives information about films con-
formation and packing since the position of the absorption
peak in the visible region is affected by the polymer steric
conformation and suggests an increase of its planarization
due to simultaneous decrease of the random coil conforma-
tion and increase of untwisted configuration.

Our main result (Figure 8) is the observation that the
polymer conjugation length increases with increasing sub-
strate temperature during deposition, and at about 150–
180◦C, it is slightly higher than the one obtained for spin

coated films; substrate temperature increase also promotes
side-chain commutation to different steric configurations.

3.3. Eumelanin. Eumelanin is an important pigment almost
ubiquitous in animals and plants exhibiting interesting
charge transport capabilities, but its poor solubility in
common solvents represents a severe limitation for the
realization of thin films.

As observed previously, MAPLE deposition technique
can be successfully performed starting from a frozen sus-
pension. Since eumelanin light absorption ranges aver the
whole visible spectrum but is lower for higher wavelengths,
we can take advantage from the Nd:YAG laser, using infrared
(1064 nm) radiation in order to reduce the risk of damaging
molecules during target ablation.

Therefore eumelanin thin films [43, 44] have been
successfully deposited with MAPLE technique from a frozen
water suspension using infrared laser radiation even if
the low laser absorption of ice together with the high
absorption of eumelanin suggests that the target abla-
tion is due to laser energy absorbed by the eumelanin
molecules, followed by thermal energy transfer and ejec-
tion of ice/water/vapour containing undamaged eumelanin
molecules and supramolecular structures.

Due to the presence of supramolecular structures, eume-
lanin films show some surface roughness (Figure 9). Chang-
ing deposition parameters (e.g., reducing deposition rate
by reducing laser pulse repetition rate) reduces surface
roughness. On the contrary, deposition on heated substrates
increases film roughness (Figure 10) while postannealing is
ineffective [44].
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Figure 9: AFM images of two melanin films obtained with different pulse repetition rates (a) and (b): 4 pulse/s; (c) and (d): 2 pulse/s but
the same total number of pulses (10000 pulses).
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Figure 10: Surface roughness, given as RMS values, of eumelanin
films deposited with different substrate temperatures (void circles).
Another sample (filled circle) has been deposits on substrate at 32◦C
followed by in situ annealing at 220◦C.

Preliminary electrical characterization shows that cur-
rent-voltage plots seem to obey Ohm’s law without evidence
of the to be affected by the presence of significant energy bar-
riers, charge transport being drastically reduced in vacuum,
even if the phenomenon is at least partially reversible.

4. Conclusions and Future Applications

A lot of effort is currently devoted to the study of devices
using organic or biological materials and nanostructures.
In most cases the deposition of thin or multilayered films
is required. In most cases PLD fails in depositing such soft
materials damaging them during ablation. On the contrary
MAPLE is well suited as a laser deposition technique capable
to avoid structural damages to the material of interest.
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The experimental results obtained show that MAPLE
deposition technique can take advantage from the use of a
Nd:YAG laser equipped with second and third harmonic gen-
eration (SHG/THG) devices (wavelengths 1064 nm, 532 nm,
and 355 nm) in order to (i) produce multilayered film struc-
tures, (ii) add surface layers to three-dimensional porous
structure partially maintaining its porosity, and (iii) grow
thin film starting from a suspension of light absorbing
molecular aggregates.

Our experiments have shown that MAPLE applicabil-
ity goes beyond classical situations (thin film deposition
obtained from light transparent molecules highly soluble in
light absorbing solvent) but can be used for deposition of
soft materials on tridimensional structures, of poorly soluble
guest molecules and of light absorbing molecules.

Of special interest is the possibility to obtain eumelanin
thin films. Given the capability of melanin molecules to
interact with metallic ions, we think that the charge transport
properties of doped eumelanin thin films must be investi-
gated in view of the realization of innovative devices.

It is also clear that the deposition layout (solvent choice,
solute concentration, substrate position, and orientation)
and parameters (laser wavelength, beam pulse repetition
rate, pulse duration, substrate temperature) are critical in
avoiding cluster creation during deposition and reducing
film roughness. Some experimental and theoretical effort
must be actually devoted to reach a fully understanding of
the MAPLE deposition mechanism.
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A biosensor comprising tyrosinase immobilized on bifunctionalized multiwalled carbon nanotube (MWNT) supports was
prepared for the detection of phenolic compounds in drinks such as red wine and juices. The MWNT supports were
prepared by radiation-induced graft polymerization (RIGP) of epoxy-containing glycidyl methacrylate (GMA), to covalently
immobilize the tyrosinase, and vinyl ferrocene (VF), which can act as an electron transfer mediator via redox reactions. The
bifunctionalized MWNTs were characterized by X-ray photoelectron spectroscopy (XPS), transmission electron microscopy
(TEM), and thermogravimetric analysis (TGA). Electrodes prepared with the MWNTs showed increased current with increasing
VF content. A biosensor comprising tyrosinase immobilized on the bifunctionalized MWNTs could detect phenol at 0.1–20 mM.
Phenolics in red wine and juices were determined using the biosensor after its calibration.

1. Introduction

Amperometric enzymatic biosensors are potentially useful
in chemical and biomedical analyses, pollution monitoring,
biotechnology, and food and agricultural processing [1–3].
They are suitable for biochemical analysis because of their
good selectivity, sensitivity, rapid responses, compactness,
and reproducible results [4, 5]. However, the electron
transfer efficiency of the redox enzymes is poor in the absence
of mediator, because the enzymes’ active sites are deeply
embedded in the protein. Biosensors’ sensitivities can be
significantly improved by the addition of mediators in the
sensors’ matrices.

Ferrocene and its derivatives have been reported as elec-
tron transfer mediators due to their relatively low molec-
ular mass, reversibility, regeneration at low potential, and
generation of stable redox forms [6–9]. There has been
much research on of the immobilization of electron transfer
mediators on electrodes’ surfaces, because low-molecular-
weight, soluble mediators can easily diffuse away from
an electrode’s surface into the electrolyte if a biosensor

is used continuously, significantly decreasing the electron
signal and the performance and lifetime of the biosensor.
The covalent immobilization of ferrocene derivatives onto
electrode supports can reduce this problem.

Radiation-induced graft polymerization can introduce
specific characteristics to the surface of a functional poly-
mer’s matrix such as thermal stability, mechanical strength,
electronic properties, and crystallinity. Enzymatic biosen-
sors have been prepared by the radiation-induced graft
polymerization of vinyl monomers with various functional
groups onto MWNTs at room temperature [10–14]. The
functional groups of the vinyl monomers can be used
as physical interaction sites because they have hydrophilic
properties compatible with those of the enzyme, allowing
their functional groups to interact easily on the surface
of the electrode. MWNTs have been used as supporting
materials because of their high chemical stability, high
surface area, unique electronic properties, and relatively
strong mechanical properties [15].

Glycidyl methacrylate (GMA) is a monomer that can
be easily modified with various functional groups. As it
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Figure 1: Preparation tyrosinase-immobilized biosensor on MWNT supports for the detection of phenolic compounds.

is polymerized, its epoxy groups become available for the
introduction of functional groups, such as amines [16],
alcohols [17], phosphoric acid [18], and proteins [19, 20].
The epoxy-modified polymer surface is stable over long
storage periods and is relatively resistant to hydrolysis.
Biomolecules, such as proteins, can be covalently coupled by
opening the epoxide bridges in alkaline media.

On the other hand, the biosensors based on MWNT for
determination of phenolic compounds have been studied by
many researchers [4, 21–23]. However, there are no reports
about the preparation of MWNTs supporting with bifunc-
tional group using radiation-induced graft polymerization
until now.

This work reports MWNT supports with epoxy groups,
as covalent sites, and ferrocene groups, as electron mediators,
prepared by RIGP with various composition of GMA and VF
monomers. The resulting MWNT supports were analyzed
by X-ray photoelectron spectroscopy (XPS), transmission
electron microscopy (TEM), and thermogravimetric anal-
ysis (TGA). Electrodes were prepared by hand casting
the MWNT supports onto the surface of GC electrodes.
Their currents were measured with respect to the relative
composition of the GMA and VF monomers. A tyrosinase-
immobilized biosensor was prepared by immobilizing tyrosi-
nase in 0.1 M carbonated buffer solution (1.0 mL, pH 9.5)
for the detection of phenolic compounds. Its phenol sensing
efficiency was evaluated in a phosphate buffer solution.
Optimal operating conditions such as pH, temperature,
and phenol detection range were evaluated. Total phenolic
concentrations in three red wines and twelve juices were then
determined using the tyrosinase-modified biosensor.

2. Experiment Details

2.1. Reagents. Tyrosinase from mushrooms (EC 1.14.18.1),
phenol, p-chresol, catechol, glycidyl methacrylate (GMA),

and vinyl ferrocene (VF) were from Aldrich-Sigma Chemical
Co., MWNTs (CM-95) were from Hanwha Nanotech Co.,
Ltd., (Republic of Korea). Solutions were prepared with water
from a Milli-Q puls water purification system (Millipore Co.,
Ltd., final resistance, 18.2 MΩ cm−1) that was degassed prior
to each measurement. Other chemicals were of reagent grade.

2.2. Preparation of a Biosensor Comprising Tyrosinase Immo-
bilized on Bifunctionalized MWNT Supports. Figure 1 out-
lines the preparation of the tyrosinase-immobilized phenol
biosensor. The MWNTs were first purified to remove the
catalyst and noncrystallized carbon impurities by treatment
with phosphate solution. They were then used as the
supporting material for grafting binary vinyl monomers:
GMA, with epoxy groups, and VF, which can act as an
electron transfer mediator via rodox reactions. 0.2 g MWNT
and various compositions of the binary vinyl monomers
(Table 1) were mixed in methanol (350 mL). Nitrogen gas
was bubbled through the solution for 30 min to remove
oxygen. The solution was then irradiated by γ-rays from
a 60Co source under atmospheric pressure and ambient
temperature. 30 kGy was administered at 1.0 × 104 Gy/h.
The prepared MWNT supports were dried in a vacuum
oven at 50◦C, and 3.0 mg was then dissolved in a mixture
of DMF (1.0 mL) and water (1.0 mL) to prepare the coating
solution. MWNT electrodes were fabricated by hand casting
6.0 μL coating solution onto GC electrodes (0.2 × 0.2 cm)
and drying in a vacuum oven at 50◦C for 24 hrs. Tyrosinase
was covalently immobilized on the epoxy groups of the most
suitable MWNT electrode by immersing the electrode in
0.1 M carbonated buffer solution (1.0 mL, pH = 9.5). 1.0 mL
base tyrosinase solution was then added to the MWNT
electrode in 0.1 M carbonated buffer solution, and the
reaction solution was adjusted to pH 9.0 with 0.1 M NaOH.
Tyrosinase was immobilized on the electrode by incubation
with shaking at 37◦C for 20 h. The tyrosinase-immobilized
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Table 1: Properties of the MWNT supports with bifunctional group prepared by RIGPa.

No
Feed

Graft yield (%)b Fe content (%)c CV current (mA)
GMA (mol-%) VF (mol-%)

1 100 0 20.0 — 2.27× 10−4

2 80 20 30.0 0.24 5.60× 10−2

3 60 40 15.0 0.36 1.21× 10−2

4 40 60 20.0 0.31 1.83× 10−2

5 20 80 20.0 0.36 1.09× 10−1

6 0 100 25.0 0.47 1.33× 10−2

a
Reaction condition: MWNT 0.2 g, solvent 350 mL (MeOH).

bDetermined by TGA. cDetermined by XPS.

biosensor was rinsed six times with 0.1 M carbonated buffer
(pH 8.0) and then twice with acetic acid buffer solution (pH
4.0). The resulting biosensor was stored in phosphate buffer
(pH 7.0).

2.3. Determination of Phenolic Compounds in Drinks using
Tyrosinase-Modified Biosensor. Total concentration of the
phenolic compounds for drinks was determined by com-
parison of calibration curves (see Figure 6). In detail, the
drop of drinks (0.04 mL) was added in PBS solution (pH 7.0,
3.96 mL), and then the cyclic voltammograms for phenolic
compounds using the prepared biosensor were recorded.

2.4. Instrumentation. Cyclic voltammograms were measured
with a potentiostat/galvanostat (model 283. Ametek PAR,
USA) in a conventional three-electrode system. The working
electrode was the GC MWNT electrode, the counterelectrode
was platinum wire, and the reference electrode was Ag/AgCl
(sat’d KCl). Samples’ surface morphologies were determined
by HR-TEM (JEOL, JEM-2010, USA). X-ray photoelectron
spectra were measured using on a MultiLab ESCA2000
(Thermo Fisher Scientific). Thermal gravimetric analysis
(TGA) was conducted on a Scinco TGA S-1000 (Seoul,
Republic of Korea) under N2 flow from 25◦C to 700◦C at a
heating rate of 20◦C/min.

3. Results and Discussion

3.1. Preparation and Characterization of MWNT Supports
with Bifunctional Groups. Various vinyl monomers such as
acrylic acid, methacrylic acid, glycidyl methacrylate, maleic
anhydride, and vinylphenyl boronic acid have previously
been grafted onto MWNT surfaces by radiation-induced
graft polymerization in aqueous solutions at room temper-
ature [15]. Vinyl monomers were selected for this work
because they possess hydrophobic sites to complement
the hydrophilic functional groups attached to them. The
vinyl groups interacted with the MWNTs’ surfaces through
hydrophobic-hydrophobic interactions, and the functional
groups attached to the vinyl monomers interacted with
the aqueous solution through their hydrophilic properties.
Radical polymerization of the vinyl monomers was per-
formed on the surfaces of the MWNTs during γ-irradiation.
This successfully introduced various functional groups to

the MWNTs’ surface while maintaining their tubular mor-
phology. Tyrosinase-immobilized biosensors incorporating
MWNT supports with anion-exchange [11], hydroxy [12],
and carboxylic acid [13] groups for the detection of phenolic
compounds have been prepared by the physical adsorption
of tyrosinase onto the MWNTs by RIGP. Biosensors prepared
by physical adsorption are of limited use as the adsorbed
tyrosinase can dissociate into the electrolyte during sensing,
greatly reducing sensing efficiency. To overcome enzyme dis-
sociation from the electrode, the tyrosinase should be cova-
lently immobilized on the surface of the MWNT electrode.
Therefore, GMA was chosen here to form covalent bonds
between its epoxy groups and amine groups of the tyrosinase
in alkali medium. Vinyl ferrocene, with ferrocene groups,
was selected as an electron transfer mediator to increase
sensing efficiency via redox reactions for the detection of
phenolic compounds.

Table 1 lists the results of radiation-induced graft poly-
merization of various compositions of GMA and VF onto
the MWNTs in MeOH at room temperature. Grafting yields
were found to be 15–30% by TGA. Fe contents increased
with increasing VF content. The maximum CV current was
displayed by the electrode with a molar ratio of GMA/VF of
80/20 (sample 5 in Table 1).

Figure 2 shows TEM images of the purified MWNTs, and
sample 5 prepared by RIGP. A fine coating on the surfaces
of MWNTs that increased their diameter (from 21± 0.05 nm
to 34 ± 0.05 nm) is observable in sample 5. The increased
diameter of the MWNTs indicates the successful attachment
of bifunctional groups by the radiation graft polymerization.
These MWNT supports can be covalently immobilized with
biomolecules such as enzymes, microbial molecules, and
proteins through reactions of epoxy group of the functional-
ized MWNTs and amine groups of the biomolecules in alkali
medium.

Figure 3 shows XPS spectra of the pure and RIGP-func-
tionalized MWNTs. Grafting the monomers significantly
affected the XPS data. The characteristic Fe 2ps peak at
713 eV appeared after grafting. Grafting with GMA resulted
in an additional peak at 288.7–289.5 eV due to carbonyl
groups in the polymer chains. These data support the
successful functionalization of the MWNTs by RIGP.

Figure 4 shows TGA curves of the purified and function-
alized MWNTs prepared by one-step radiation-induced graft



4 Journal of Nanomaterials
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Figure 2: TEM images of (a) purified MWNTs and (b) sample 5 in Table 1.
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polymerization. The first weight loss from 50◦C to 250◦C
for the vinyl polymer-grafted MWNTs was attributable to
moisture loss because of the hydrophilic properties of the
grafted vinyl polymers. The second weight loss at 250–600◦C
was due to weight loss through the grafted vinyl polymer.
These results show that graft yields were ca. 15.0–30.0% after
RIGP of vinyl monomers.

To coat MWNT supports onto GC electrodes, poly-
mer binder is generally used. However, the functionalized
MWNT supports prepared here possessed polymer surfaces

and could be coated onto the surfaces of GC electrodes using
a DMF/water mixture without polymer binder. After hand
casting the MWNTs onto GC electrodes’ surfaces, CV data
were recorded in PBS at pH 7.0 (Figure 5). The current
increased with increasing Fe content of the binary monomer
mixture (Table 1). The maximum current was detected on
the electrode prepared with sample 5 in Table 1, which was
therefore expected to have the best sensing efficiency.

Table 2 exhibits the comparison of the electrochemi-
cal properties to the tyrosinase-modified biosensors. The
biosensor prepared in this study has a good stability and
sensitivity compared to that of other biosensor because
of covalently bonding and presence of electron transfer
mediator onto electrode supports, respectively. As results,
the radiation-induced copolymerization of two functional
monomers was good method for preparation of biosensor-
supporting materials.

3.2. Determination of Phenolic Compounds in Drinks Using
a MWNT-Based Biosensor. Biosensors comprising tyrosinase
immobilized on MWNT supports have been prepared
through the physical adsorption of tyrosinase onto electrodes
supporting MWNTs with hydrophilic functional groups [11–
13]. However, such electrodes are of limited use because
the enzyme can desorb into the electrolyte during detection.
Therefore, a covalently immobilized tyrosinase-based biosen-
sor was prepared here.

Cyclic voltammograms of phenols on the biosensor were
recorded in 50 mM phosphate buffer at pH 7.0 as a function
of phenol concentration (Figure 6). The detection response
range for phenol was found to be 0.1–20 mM. The sensitivity
of the biosensor was 0.187 A M−1 cm−2.

Total phenolics in red wine samples detected in a phos-
phate buffer using the tyrosinase-immobilized biosensor at
room temperature were found to be in the range of 580–
913 mg/L as shown in Table 3.

Total phenolic of several juices were also measured in PBS
using the tyrosinase-immobilized biosensor at room temper-
ature; they ranged between 490 and 750 mg/L (Tables 4 and
5). These tests demonstrate the effectiveness of the prepared
tyrosinase-immobilized biosensor for the determination of
phenolic compounds in drinks.

4. Conclusion

A covalently immobilized tyrosinase-based biosensor was
fabricated on MWNT supports bifunctionalized by radi-
ation-induced graft polymerization. Its sensing range for
phenol was 0.1 mM–20 mM. It was used to determine phe-
nolic compounds in commercial red wines and juices in
phosphate buffer solution; it found 580–913 mg/L phenolics
in various red wines and 490–750 mg/L phenolics various
juices. These results were calculated from a calibration curve
of phenols compiled for the sensor. These results show that
bifunctionalized MWNT supports can be used in enzyme-
immobilized biosensors as good electron transfer materials
and as supports for enzyme immobilization.
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Figure 6: (a) Calibration curve and (b) CV curves of the tyrosinase-immobilized biosensor in PBS at pH 7.0 with 0.1 mM–20 mM phenol at
a scan rate 50 mV/s.

Table 2: Comparison of electrochemical properties to the tyrosinase-modified biosensors.

Type of electrode
Sensitivity

(Am M−1 cm−2)
Sensing range

Detection
limit (nM)

Stability Reference

Poly 3,4-ethylenedioxythiophene/tyrosinase
electrode

608 Not reported 5
Retains activity

30% after 12 days
[24]

Colloidal gold
nanoparticles/graphite-Teflon/tyrosinase

407.04 0.010–8.0 M 20 39 days [25]

Tyrosinase/3-mercaptopropionicacid-modified Au
electrodes

196.7 0.2–100 M 88 5 days [26]

Organoclay-enzyme film electrodes 75 0.2–15 M Not reported Not reported [27]

Sol-gel immobilized tyrosinase electrode 208.83 1–60 M 200
Retains activity
57% of after 2

weeks
[28]

Nafion/ZnO/tyrosinase films 30.3 0.01–0.4 mM 4000
Retains activity

81.2% after 20 days
[29]

Poly(GMA-co-VF)-g-MWNT/DMF/tyrosinase
electrode

187 0.1–20 mM 25
Retain activity 90%

after 30 days
This work

Table 3: Determination of the phenolic compound concentration in real sample using tyrosinase-immobilized biosensor based on MWNT
supports with bifunctional group.

Number Brand name Current (mA) Phenolic compounds (mg/L)

1 Cambras (France) 3.89 × 10−2 913

2 Demeter (Australa) 4.11 × 10−2 880

3 Jinro wine (Korea) 7.72 × 10−2 580
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Table 4: Determination of the phenolic compounds concentration in real sample using tyrosinase-immobilized biosensor based on MWNT
supports with bifunctional group.

Number Brand name Current (mA) Phenolic compounds (mg/L)

1 Haruyachae-Red 9.96× 10−2 490

2 Haruyachae-Purple 8.93× 10−2 527

3 Haruyachae-Yellow 5.43× 10−2 732

4 Haruyachae-A 5.99× 10−2 686

5 Haruyachae-B 5.75× 10−2 705

6 Haruyachae-C 5.75× 10−2 705
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Table 5: Determination of the phenolic compounds concentration in real sample using tyrosinase-immobilized biosensor based on MWNT
supports with bifunctional group.

Number Brand name Current (mA) Phenolic compounds (mg/L)

7 Pulmuone yuki myung il yeok nok Jeub 9.37× 10−2 510

8 Pulmuone yuki keil nok Jeub 5.40× 10−2 735

9 Pulmuone danggeun Jeub 6.18× 10−2 672

10 Namyang at Home orange juice 7.81× 10−2 575

11 Seoulmilk 365 yuki achimtomato 6.12× 10−2 676

12 Nongshim welchs grape juice 7.61× 10−2 585
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Steady-state fluorescence (SSF) technique in conjunction with UV-visible (UVV) technique and atomic force microscope (AFM)
was used for studying film formation from TiO2 covered nanosized polystyrene (PS) latex particles (320 nm). The effects of film
thickness and TiO2 content on the film formation and structure properties of PS/TiO2 composites were studied. For this purpose,
two different sets of PS films with thicknesses of 5 and 20 μm were prepared from pyrene-(P-) labeled PS particles and covered with
various layers of TiO2 using dip-coating method. These films were then annealed at elevated temperatures above glass transition
temperature (Tg) of PS in the range of 100–280◦C. Fluorescence emission intensity, Ip from P and transmitted light intensity, Itr

were measured after each annealing step to monitor the stages of film formation. The results showed that film formation from PS
latexes occurs on the top surface of PS/TiO2 composites and thus developed independent of TiO2 content for both film sets. But
the surface morphology of the films was found to vary with both TiO2 content and film thickness. After removal of PS, thin films
provide a quite ordered porous structure while thick films showed nonporous structure.

1. Introduction

As a result of worldwide efforts by theorists and experimen-
talists, a very good understanding of the mechanisms of latex
film formation has been achieved [1]. During film formation
polymer lattices undergo an irreversible change from a
stable colloidal dispersion to a continuous, transparent, and
mechanically stable film [1–6]. The process of film formation
is usually divided into three stages: (i) water evaporation and
subsequent packing of polymer particles; (ii) deformation
of the particles and close contact between the particles if
their glass transition temperature (Tg) is less than or close
to the drying temperature (soft or low Tg latex). Latex
with a Tg above the drying temperature (hard or high Tg

latex) stays undeformed at this stage. In the annealing of
a hard latex system, deformation of particles first leads
to void closure [2–4] and then after the voids disappear,
diffusion across particle-particle boundaries starts, that is,
the mechanical properties of hard latex films evolve during
annealing, after all solvent has evaporated and all voids
have disappeared. (iii) Coalescence of the deformed particles

to form a homogeneous film [3] where macromolecules
belonging to different particles mix by interdiffusion [5, 6].
This understanding of latex film formation can now be
exploited to underpin the processing of new types of coatings
and development of new materials. The blending of latex
particles and inorganic nanoparticles provides a facile means
of ensuring dispersion at the nanometer scale in composite
coatings.

Over the past decades, porous materials have attracted
increasing interest owing to their potential applications
in the fields of catalysis, ion exchange, adsorption, and
separation [7, 8]. Since the successful preparation of ordered
mesoporous silicas [9], a great deal of progress has been
made in the synthesis of ordered microporous (pore size
below 2 nm), mesoporous (2–50 nm), and macroporous
(beyond 50 nm) materials [10, 11]. Latex spheres can be used
as templates to form ordered macroporous materials [12,
13]. The assembly of colloidal particles has attracted a great
deal of attention from both the theoretical and experimental
aspects. Colloidal crystals consisting of three-dimensional
ordered arrays of monodispersed spheres, represent novel
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Figure 1: AFM image of polystyrene latex (320 nm) used in this
study.

templates for the preparation of highly ordered macroporous
inorganic solids, exhibiting precisely controlled pore sizes
and highly ordered three-dimensional porous structures.
This macroscale templating approach typically consists of
three steps. First, the interstitial voids of the monodisperse
sphere arrays are filled with precursors of various classes
of materials, such as ceramics, semiconductors, metals, and
monomers. In the second step, the precursors condense
and form a solid framework around the spheres. Finally,
the spheres are removed by either calcination or solvent
extraction.

The colloidal crystal templates used to prepare three-
dimensional macroporous materials include monodisperse
polystyrene (PS), poly(methyl methacrylate) (PMMA), and
silica spheres. The ability to control wall thickness, pore size,
elemental and phase compositions makes the colloidal sphere
array templating a versatile, attractive, and flexible route for
the synthesis of highly ordered macroporous materials with
fine-tuned pore and framework architectures. The PS colloid
beads are usually considered as small solid particles with
at least one characteristic dimension in the range of a few
tens of nanometers to one micrometer. The combination of
surfactant and colloidal crystal templating methods offers an
efficient way for the construction of ordered and intercon-
nected micro- macro-, mesomacroporous architectures [14–
17]. Colloidal latex spheres, all having the same diameter,
can be self-aggregated in a regular fashion, then the mixture
of the inorganic precursors and surfactant (or copolymer)
micellar solution is allowed to infiltrate the interstitial spaces
between the spheres. This is followed by condensation and
crystallization of the inorganic precursors. The removal of
the surfactant and latex spheres, by either high-temperature
calcination or solvent extraction, leads to the formation
of 3D ordered micro- macro- or mesomacroporous mate-
rials. The wall thickness of macroporous structures can
be controlled by the hydrolysis/condensation rates of the
inorganic precursors [18], the PS spheres packing [19]
and by forming core-shell structures at the sphere surface
(i.e., deposition of polyelectrolyte multilayers at the sphere
surface) [20]. The pore size can be easily manipulated in

the range of the sphere sizes, which are typically 100 nm
to 50 nm in diameter. Even smaller spheres (20 nm) can
be prepared and used to template small-pore materials.
Macrostructured films displaying pore diameters of a few
hundred nanometers similar to the wavelength of visible
light are promising as photonic crystals [21] exhibiting
unique optical properties. The emission of light through a
photonic crystal can be manipulated in the region of the
photonic bandgap. Photonic materials are being investigated
for their potential optical communication and computation
applications, with much focus on the design and preparation
of three-dimensional structures [22]. Therefore, the ability to
engineer porosity on the meso- and macroscales is expected
to lead to advanced materials with unique and remarkable
properties for a wide variety of emerging nanotechnological
applications.

TiO2 is a very useful semiconducting metal oxide mate-
rial and exhibits extensive potential applications in catalysis,
photocatalysis, sensors, and dye-sensitized solar cells [23].
The photocatalytic activity of TiO2 is one of its most dis-
tinctive features, which is mainly determined by properties
involving the crystalline phase, specific surface area, and
porous structures. TiO2 semiconductor had a large direct
band gap (3.2 eV), excellent chemical, thermal stability, and
other physical properties. Porous nanocrystalline TiO2 films
had been attracted much attention because of their various
applications in electronic, electrochemical, photoelectro-
chemical solar cells [24, 25], electrocatalysts [26], sensors
[27], and high-performance photocatalysts [28]. For porous
films including TiO2, various chemical techniques had been
employed, such as those based on selective etching [29],
self-assembly of block copolymers [30], and close-packed
colloidal crystal array templates [31–33]. The processing
methods based on the close-packed array templates usually
assemble close-packed arrays of monodispersed organic
or inorganic spheres (typically polystyrene or silica) as
templates by vertical deposition and gravity sedimentation
method and then fill the interstices among the closepacked
arrays of polystyrene or silica spheres with a precursor, which
forms a solid skeleton around the spheres. Finally, a well-
defined porous material with narrow pore size distributions
can be obtained when the templates are removed either by
heat treatment or dissolution with a solvent.

In this paper, based on steady-state fluorescence (SSF)
and UVV data and AFM micrographs the effect of annealing
temperature, film thickness, and TiO2 content on the
structure and film formation properties of PS/TiO2 films
have been investigated. Based on our previous works [34,
35], films were covered with various layers of TiO2 using a
dip-coating method. Two different sets of films (5 μm and
20 μm) were prepared and annealed at elevated temperatures
ranging from 100◦C to 280◦C. To monitor the film formation
stages, fluorescence (IP) and transmitted light (Itr) intensities
were measured after each annealing step. Results showed
that film formation process occurred independent of TiO2

content for all film samples. AFM images show that there is
a closely related morphology with the TiO2 content and film
thickness. After removal of PS, thin films gave highly ordered
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Figure 2: Plot of fluorescence intensities, IP versus annealing temperature, T for the thick composite films for various TiO2 layers. Numbers
on each curve show TiO2 layer and Th is the healing temperature.

porous TiO2 films. However, porous structure cannot be
obtained for thick films.

2. Experimental

2.1. Materials

2.1.1. Preparation of Latex Dispersions. Noncrosslinked,
Pyrene-(P-) labeled polystyrene (PS) latexes were synthesized
by using surfactant free radical emulsion polymerization
technique [36]. The polymerization was conducted in 50-mL
reactor, using ionized water (50 mL) and distilled styrene
(5 g, total amount, 99% pure from Janssen). 1-Pyrenylmethyl
methacrylate (0.014 g) (PolyFluoTM 394 from Polyscience)
was used as such, and water soluble radical initiator potas-
sium persulfate (KPS) (0.2 g) was used as received. The fluo-
rescent monomer was solubilized in 1 g styrene, and KPS was
dissolved in 3 mL water before use. The polymerization was
conducted under 300 rpm agitation, nitrogen atmosphere at
90◦C during 1 h, and then at 70◦C during 16 h. The resulting
latex spheres were remained suspended in their mother
liquor until needed. These particles have a Tg = 105◦C and
an average diameter 320 nm (see Figure 1). Particle size and
its distribution were determined by atomic force microscopic

(AFM) observation. The molecular weight of individual PS
chain (Mw = 8.61 × 104 g·mol−1) were measured by gel
permeation chromatography.

2.1.2. TiO2 Solution. TiO2 sol was prepared at room temper-
ature in the following way: 1.2 mL titanium (IV) butoxide
was injected slowly in 15 mL ethanol. A few drops of acetic
acid were added and stirred for half an hour. Later, 10 mL
ethanol was added to this mixture and stirred for 1 h.

2.2. Preparation of PS/TiO2 Films. TiO2 sol was filled into
the PS templates by dip-coating method. The PS latexes
were assembled on clean glass substrates by casting method.
Firstly, the glass substrates (0.8 cm × 2.5 cm) were cleaned
ultrasonically in acetone and deionized water, respectively.
Then, PS templates were prepared from the dispersion of
PS particles in water by placing the same number of drops
on glass substrates and allowing the water to evaporate at
room temperature. In order to evaluate the film formation
properties depending on the film thickness, two different sets
of PS films with 5 μm and 20 μm thick were prepared. The
thickness of the PS templates was controlled by changing the
amount of PS latex spheres suspension deposited. These films
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Figure 3: Plot of fluorescence intensities, IP versus annealing temperature, T for the thin composite films for various TiO2 layers. Numbers
on each curve show TiO2 layer and Th is the healing temperature.

then were dipped vertically into TiO2 sol for several minutes,
drawn out and dried at 100◦C for 15 min and then the
consecutive dipping was performed in order to investigate
effect of TiO2 content. When the templates were immersed
into the TiO2 sol, the TiO2 precursor could permeate the
close-packed arrays of PS by capillary force and form a solid
skeleton around the PS spheres. By this method, six different
films for each set of films were produced with 5, 8, 10, 12,
13, and 15 layers of TiO2. Here the TiO2 content in the
films could be adjusted by dipping cycle. The produced films
were separately annealed above Tg of PS, 105◦C, in 10 min at
temperatures ranging from 100 to 280◦C. The temperature
was maintained within ±2◦C during annealing.

After film formation process of PS latexes completed,
PS/TiO2 films were dissolved in toluene for 24 h to remove
PS and obtain porous structure of TiO2 films.

2.3. Methods

2.3.1. Fluorescence Measurements. After annealing, each
sample was placed in the solid surface accessory of a Perkin-
Elmer Model LS-50 fluorescence spectrometer. Pyrene was

excited at 345 nm and fluorescence emission spectra were
detected between 360 and 500 nm. All measurements were
carried out in the front-face position at room temperature.
Slit widths were kept at 8 nm during all SSF measurements.

2.3.2. Photon Transmission Measurements. Photon transmis-
sion experiments were carried out using Carry-100 Bio UV-
Visible (UVV) scanning spectrometer. The transmittances of
the films were detected at 500 nm. A glass plate was used
as a standard for all UVV experiments, and measurements
were carried out at room temperature after each annealing
processes.

2.3.3. Atomic Force Microscopy (AFM) Measurements. Micro-
graphs of the composite films were recorded with a SPM-
9500-J3 Shimadzu scanning probe atomic force microscope
(AFM). The scan range was chosen between 5 × 5μm2

to achieve a high resolution. Figure 1 presents the AFM
micrograph of PS latex used in this study which shows that
the PS spheres are arranged in a close-packed fashion.
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3. Results and Discussions

Fluorescence intensity (IP) curves of thick and thin PS/TiO2

composite films for various TiO2 layers annealed at various
temperatures are shown in Figures 2 and 3, respectively. It is
clear that the IP intensity of both sets of film first increases
gradually with the increasing annealing temperature up to
a certain temperature called healing temperature (Th), then
decreases above this temperature. The increasing annealing
temperature up to Th first causes void closure process due
to the viscous flow of PS chains in the latex particles into
the interparticle voids, and then further annealing above
Th causes interdiffusion of PS chains across the particle-
particles interfaces. The increase and decrease of IP upon
annealing of these composite films can be explained with
the void closure and interdiffusion processes, respectively
[37, 38]. The behavior of IP during annealing is schematically
presented in Figure 4 for a film with TiO2 [34, 35, 39]. In
Figure 4(a), film possesses many voids, which results in short
mean-free and optical paths of a photon yielding very low
IP . Figure 4(b) shows a film in which interparticle voids
disappear due to annealing, which gives rise to a long mean
free and optical path in the film. At this stage, IP reaches
its maximum values. Finally, Figure 4(c) presents almost
transparent film with no voids but some TiO2 background.
At this stage, film has low IP because the mean free path is
very long but the optical path is short.

Figures 5 and 6 show the optical transmittances, Itr (%)
of the composite films with various TiO2 layers annealed
at different temperatures from 100◦C to 280◦C. With the
increasing annealing temperature the transmittance of thick
films gradually increases (Figure 5). The increase in Itr with
annealing temperature for thick films primarily due to the
closure of voids [39] between PS particles by viscous flow in
these films. Since higher Itr corresponds to higher clarity of

the composite, then increase in Itr thick films predicts that
microstructure of these films change considerably by anneal-
ing them, that is, the transparency of these films evolves
upon annealing. PS starts to flow due to annealing, and
voids between particles can be filled due to the viscous flow.
Further annealing at higher temperatures causes healing and
interdiffusion processes, resulting in a more transparent film.
There exist two major factors to affect the transmittance,
that is, surface scattering and (PS-PS and PS-TiO2) boundary
scattering. Before annealing, since the film contains many
voids (i.e., the high number of polymer-air boundaries) most
of the light is scattered at the air-polymer interface (surface
scattering). After the void closure process is completed,
scattering takes place predominantly from the PS-PS and
PS-TiO2 boundaries. However, for thin films Itr almost
does not change (see Figure 6) with annealing temperature
by predicting that microstructure of thin composites films
shows almost no change.

On the other hand, Figure 7 presents the plots of the
maximum values of Itr, (Itr)m at 280◦C versus number of
TiO2 layers for both sets of films. It is seen that as the number
of TiO2 layer is increased, (Itr)m decreased, indicating that
low transparency occurs at higher TiO2 content for all
film samples. Both the thick and thin films annealed at
280◦C are shown in Figures 7(a) and 7(b), where the
optical transmittance decreased by∼70–60% with increasing
TiO2 layers. This indicates that increase of TiO2 content,
increases the interface scattering which results in the decrease
of transmission. This decrease may be attributed to the
increasing cluster size and the increasing roughness of the
films.

Figures 8, 9, 10, and 11 parts present three-dimensional
AFM surface height morphologies of thick and thin PS/TiO2

composite films with 5, 8, and 12 TiO2 layer, annealed
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Figure 5: Optical transmittance, Itr (%) versus annealing temperatures, T for the thick composite films with various TiO2 layers. Numbers
on each curve show TiO2 content.
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Figure 8: AFM images of thick PS/TiO2 films with (a) 5, (b) 8, and (c) 12 TiO2 layer annealed at 100◦C.
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Figure 9: AFM images of thin PS/TiO2 films with (a) 5, (b) 8, and (c) 12 TiO2 layer annealed at 100◦C.

at 100◦C and 280◦C, respectively. The scanning area is 5 μm
× 5 μm. At the right side of the each image, an intensity
strip is shown, indicating the depth and height along the
z-axis. From these images, it can be seen that the surface
of thin composite films is relatively smoother and more
regular; thus the surface scattering and boundary scattering
of thin films are weaker inducing a rather good transmittance
than thick films at all temperatures (see Figure 6). Therefore,
annealing the thin films causes no considerable change in the
transmittance, whereas AFM images show that the surface
roughness of the thick films is decreased with increasing
the annealing temperature from 100◦C to 280◦C which
is in agreement with the result of optical transmittance
(see Figure 5). In addition, comparing with thin composite
films, the cluster sizes of thick films are more nonuniform,
and irregular with increasing TiO2 content which causes a
reduction in transmittance. The transmittance of thick films
is lower than thin films with increasing TiO2 content (see
Figure 7) at all temperatures as confirmed by AFM images.
Nevertheless, from the AFM images of composite films at
280◦C, the shape of PS particles is almost destroyed and
the microstructure of the latex has disappeared completely,
indicating that the interdiffusion of polymer chains has taken
place for both sets of films.

Figures 12 and 13 show the influence of TiO2 concen-
tration and thickness of PS templates on the morphology
of porous TiO2 films after removal of PS templates. For
thick films dissolved in toluene (Figure 12), it is seen that
microstructure of the thick composite films remain almost
unchanged even after dissolution takes place, it still keeps its
original microstructure form indicating that PS latex in thick
film is highly covered by TiO2. It can also be seen that porous
TiO2 structure cannot be obtained for these films. However,
as shown in Figure 13(a), the porous structure for thin film
has primarily been formed for 5 layers of TiO2. The holes
in Figure 13(a) present the places previously occupied by PS
latex before dissolution. This behavior can be explained by
washing of PS from the surface of the TiO2 covered latex
particles during the dissolution process. In other words, the
film formation from PS particles has occurred on top of
the TiO2 covered PS particles during annealing and, during
dissolution, PS material is completely dissolved showing the
microstructure of PS particles covered by TiO2 layer. In fact,
some of the PS particles are dissolved from the interior of
the TiO2 shell at the bottom of the composite film. However,
most of the PS latexes are covered in the rest of the bottom
layer. The cartoon presentation in Figure 4(b) coincides with
the picture in Figure 13(a), after removal of PS. From the
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Figure 10: AFM images of thick PS/TiO2 films with (a) 5, (b) 8, and (c) 12 TiO2 layer annealed at 280◦C.

morphology of thin films with 8 and 12 layers of TiO2

(Figures 13(b) and 13(c)), it can be seen that a rather flat
surface structure appears and porous TiO2 structure cannot
be obtained after dissolution for these films. It is obvious that
higher concentration of TiO2 (the increase of dipping cycles)
results in poor permeation among the close-packed arrays of
PS for both thick and thin films.

It is understood that both TiO2 concentration and PS
film thickness play an important role in the formation of
ordered porous TiO2 films. No porous structure was seen
for the thick PS templates at all TiO2 concentrations used in
this study. On the contrary, it seems that it is easy to fill the
interstices of thin PS templates at lower TiO2 content but it
is difficult to fill the interstices at higher TiO2 concentration.
So the TiO2 content and film thickness are key parameters for
the permeation of PS templates. In this experiment, to obtain
a porous structure, the suitable thickness of PS templates
is 5 μm and TiO2 content is 5 layers to bring satisfactory
permeation to fill the close-packed array of PS templates.

3.1. Film Formation Mechanisms

3.1.1. Void Closure. In order to quantify the behavior of IP
in Figures 2 and 3 below its maxima and Itr in Figure 4, a

phenomenological void closure model can be introduced.
Latex deformation and void closure between particles can
be induced by shearing stress which is generated by surface
tension of the polymer, that is, polymer-air interfacial
tension. The void closure kinetics can determine the time for
optical transparency and latex film formation [40]. In order
to relate the shrinkage of spherical void of radius, r, to the
viscosity of the surrounding medium, η, an expression was
derived and given by the following relation [40]:

dr

dt
= − γ

2η

(
1

ρ(r)

)

, (1)

where γ is the surface energy, t is time, and ρ(r) is the
relative density. It has to be noted that here the surface
energy causes a decrease in void size, and the term ρ(r) varies
with the microstructural characteristics of the material,
such as the number of voids, the initial particle size and
packing. Equation (1) is similar to one that was used to
explain the time dependence of the minimum film formation
temperature during latex film formation [41, 42]. If the
viscosity is constant in time, integration of (1) gives the
relation as

t = −2η
γ

∫ r

r0

ρ(r)dr, (2)
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Figure 11: AFM images of thin PS/TiO2 films with (a) 5, (b) 8, and (c) 12 TiO2 layer annealed at 280◦C.

where r0 is the initial void radius at time t = 0. The
dependence of the viscosity of polymer melt on temperature
is affected by the overcoming of the forces of macromolecular
interaction, which enables the segments of polymer chain to
jump over from one equilibration position to another. This
process happens at temperatures at which the free volume
becomes large enough and is connected with the overcoming
of the potential barrier. Frenkel-Eyring theory produces
the following relation for the temperature dependence of
viscosity [43, 44]

η = N0h

V
exp
(
ΔG

kT

)
, (3)

where N0 is Avogadro’s number, h is Planck’s constant, V is
molar volume, and k is Boltzmann’s constant. It is known
that ΔG = ΔH − TΔS, so (3) can be written as

η = A exp
(
ΔH

kT

)
, (4)

where ΔH is the activation energy of viscous flow, that is, the
amount of heat which must be given to one mole of material
to create the act of a jump during viscous flow; ΔS is the
entropy of activation of viscous flow. Here A represents a
constant for the related parameters that do not depend on

temperature. Combining (2) and (4), the following useful
equation is obtained:

t = −2A
γ

exp
(
ΔH

kT

)∫ r

r0

ρ(r)dr. (5)

In order to quantify the above results, (5) can be employed
by assuming that the interparticle voids are equal in size and
the number of voids stays constant during film formation
(i.e. ρ(r) ≈ r−3). Then integration of (5) gives the relation

t = 2AC
γ

exp
(
ΔH

kT

)(
1
r2
− 1

r2
0

)

, (6)

where C is a constant related to relative density ρ(r). As we
stated before, decrease in void size (r) causes an increase in
IP . If the assumption is made that IP is inversely proportional
to the 6th power of void radius, r, then (6) can be written as

t = 2AC
γ

exp
(
ΔH

kT

)(
I1/3
)
. (7)

Here, r−2
0 is omitted from the relation since it is very small

compared to r−2 values after void closure processes is started.
Equation (4) can be solved for IP and Itr (= I) to interpret the
results in Figures 2, 3, and 5 as

I(T) = S(t) exp
(
−3ΔH

kT

)
, (8)
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Figure 12: AFM images of the thick PS/TiO2 films with (a) 5, (b) 8, and (c) 12 TiO2 layer after removal of the PS overlayer with toluene.

where S(t) = (γt/2AC)3. For a given time the logarithmic
form of (5) can be written as follows

ln I(T) = ln S(t)−
(

3ΔH
kT

)
. (9)

As it was already argued above that the increase in both IP
and Itr (for thick films) originate due to the void closure pro-
cess, then (9) was applied to IP below maxima (below Th) and
Itr for all film samples in two series. Figures 14 and 15 present
the ln IP versus T−1 and Figure 16 presents ln Itr versus T−1

plots from which ΔHP and ΔHtr activation energies were
obtained. The measured ΔHP and ΔHtr activation energies
are listed in Table 1 for both series. It is seen that activation
energies do not change much indicating that the amount of
heat that was required by one mole of polymeric material to
accomplish a jump during viscous flow does not change by
varying the layers on the latex films and latex film thickness.
ΔHP values were found to be smaller than ΔHtr values for
both series. This difference most probably originates from
different measurement techniques, where the first one is
related to the latexes at the surface; however, second one
measures the film formation from the inner latexes, which
requires higher energies. When comparing the activation
energies of both series, it is seen that average ΔH value of thin
films is slightly larger than that of thick films. This implies
that the viscous flow process is not significantly affected

by both TiO2 content and the thickness of PS template.
If one compares the ΔHP values produced in this study
with the values produced for pure PS latex system (ΔHP =
8.85 kcal·mol−1) [37], then, one can reach a conclusion
that inclusion of TiO2 into the latex system considerably
lowers the viscous flow activation energy. In other words,
the existence of TiO2 promotes the void closure process. As a
result, latex film formation can be accomplished with much
less energy in composites than in a pure latex system. In
addition, the produced ΔHP values in this study are also
smaller than the value (ΔHP = 6.15 kcal/mol) produced in
our previous study for PS/TiO2 films with 1–5 TiO2 layers
[34]. This difference can be explained with higher TiO2

content in the present study which prevents PS latex to flow.

3.1.2. Healing and Interdiffusion. The decrease in IP was
already explained in previous section, by interdiffusion of
polymer chains. As the annealing temperature is increased
above maxima, some part of the polymer chains may cross
the junction surface and particle boundaries disappear, as
a result IP decreases due to transparency of the film. In
order to quantify these results, the Prager-Tirrell (PT) model
[45, 46] for the chain crossing density can be employed.
These authors used de Gennes’s “reptation” model to explain
configurational relaxation at the polymer-polymer junction
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Figure 13: AFM images of the thin PS/TiO2 films with (a) 5, (b) 8, and (c) 12 TiO2 layer after removal of the PS overlayer with toluene.

where each polymer chain is considered to be confined to a
tube which executes a random back and forth motion [47].
The total “crossing density” σ(t) (chains per unit area) at
junction surface then was calculated from the contributions
σ1(t) due to chains still retaining some portion of their initial
tubes, plus a remainder σ2(t), that is, contribution comes
from chains which have relaxed at least once. In terms of
reduced time τ = 2υt/N2 the total crossing density can be
written as [48]

σ(τ)
σ(∞)

= 2π−1/2τ1/2, (10)

where ν and N are the diffusion coefficient and number of
freely jointed segment of polymer chain [45].

In order to compare our results with the crossing
density of the PT model, the temperature dependence of
σ(τ)/σ(∞) can be modeled by taking into account the fol-
lowing Arrhenius relation for the linear diffusion coefficient.

υ = υ exp
(−ΔE

kT

)
. (11)

Here ΔE is defined as the activation energy for backbone
motion depending on the temperature interval. Combining
(10) and (11) a useful relation is obtained as

σ(τ)
σ(∞)

= R0 exp
(−ΔE

2kT

)
, (12)

where R0 = (8υ0t/πN2)1/2 is a temperature independent
coefficient. The decrease in IP in Figures 2 and 3 above Th

is already related to the disappearance of particle-particle
interface. As annealing temperature increased, more chains
relaxed across the junction surface and as a result the crossing
density increases. Now, it can be assumed that IP is inversely
proportional to the crossing density σ(T) and then the
phenomenological equation can be written as

IP(∞) = R−1
0 exp

(
ΔE

2kBT

)
. (13)

The activation energy of backbone motion; ΔE is produced
by fitting the data in Figures 14 and 15 (the left hand side)
to (13) and are listed in Table 1. ΔE values also seem not to
change by increasing TiO2 content for both series indicating
that TiO2 content does not affect the backbone motion of
the polymer chains across the junction surfaces. In addition,
ΔE values are larger than the void closure activation energies
for both series. This result is understandable because a single
chain needs more energy to execute diffusion across the
polymer-polymer interface than to be accomplished by the
viscous flow process. Furthermore, it is seen that average
ΔE value for thin films is larger than that of thick films,
indicating the energy need for the polymer chain is much
less in thick films, due to the local pressure created by the
neighbouring chains in the film.
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Figure 14: The ln(IP) versus T−1 plots of the data in Figure 2 for the thick composite films with 5, 8, 12, and 15 layers of TiO2. The slope of
the straight lines on right and left hand side of the graph produce ΔHP and ΔE activation energies, respectively.

4. Conclusion

In summary, PS/TiO2 nanocomposite films with different
TiO2 content on glass substrates were prepared with dip-
coating method using thin and thick PS latex templates.
Subsequently, TiO2 sol filled the interstices between the
close-packed arrays of PS as the PS templates were dipped
into the TiO2 sol. These films were annealed in the temper-
ature range of 100◦C–280◦C to monitor the film formation
behavior of PS latexes. The results show that both TiO2

content and PS film thickness played important roles in the
film formation behavior and morphology of PS/TiO2 films.
For both sets of films, the classical latex film formation
process can take place for all TiO2 content films on the
top surface of the films. From the activation energy values,
it has been understood that latex film formation process
can be developed independent of TiO2 content but slightly
dependent on the thickness of PS templates. After film

formation process completed, a well-defined porous TiO2

structure was obtained for thin films after removing the PS
templates. Whereas, no porous structure was seen for the
thick PS templates at all TiO2 content. In this experiment,
it seems that the suitable thickness of PS templates is 5 μm
and TiO2 content is 5 layer of TiO2 to bring satisfactory
permeation to fill the close-packed array of PS templates.
These findings provide insight into the principle mechanism
of latex film formation in inorganic oxide-based systems.
Therefore, our study presents useful information and ideas
about the kinetics of latex film formation in composite
systems.

Finally, using a simple, cheap, and environmentally
friendly method, we have shown that a quite ordered porous
ceramic structure by presenting a replica of the PS particles
can be produced. It should be noted that the void diameter
depends on the size of PS used and the TiO2 content. We will
investigate the effect of PS size and PS molecular weight on
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Table 1: Experimentally produced activation energies for thick and thin films for varying numbers of TiO2 layers.

Thick films (20 μm) Thin films (5 μm)

TiO2 layer
ΔHP

(kcal·mol−1)
ΔHtr

(kcal·mol−1)
ΔE

(kcal.mol−1)
ΔHP

(kcal·mol−1)
ΔHtr

(kcal·mol−1)
ΔE

(kcal·mol−1)

5 1.24 1.88 23.14 1.20 — 46.14

8 0.51 1.70 27.92 0.31 — 9.35

10 0.30 1.32 12.74 1.60 — 47.54

12 1.68 0.80 31.71 2.51 — 12.94

13 0.90 0.66 23.63 0.91 — 34.6

15 2.38 4.30 9.93 1.35 — 9.90

Average 1.17 1.78 21.51 1.31 — 26.74
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Figure 15: The ln(IP) versus T−1 plots of the data in Figure 3 for the thin composite films with 5, 10, 12, and 15 layers of TiO2. The slope of
the straight lines on right and left hand side of the graph produce ΔHP and ΔE activation energies, respectively.
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Figure 16: The ln(Itr) versus T−1 plots of the data in Figure 5 for the thick composite film contains 5, 8, 12, and 15 layers of TiO2. The slope
of the straight lines produces ΔHtr.

film formation and microstructure of PS/TiO2 composites in
future work.

Acknowledgments

One of the authors (O. Pekcan) thanks the Turkish Academy
of Sciences (TUBA) for their partial support.

References

[1] T. Provder, M. A. Winnik, and M. W. Urban, Film Formation
in Waterborne Coatings, ACS Symposium Series 648, American
Chemical Society, Washington, DC, USA, 1996.

[2] P. R. Sperry, B. S. Snyder, M. L. O’Dowd, and P. M. Lesko,
“Role of water in particle deformation and compaction in latex
film formation,” Langmuir, vol. 10, no. 8, pp. 2619–2628, 1994.

[3] J. K. Mackenzie and R. Shuttleworth, “A phenomenological
theory of sintering,” Proceedings of the Physical Society B, vol.
62, no. 12, article 310, pp. 833–852, 1949.

[4] J. L. Keddie, “Film formation of latex,” Materials Science and
Engineering R, vol. 21, no. 3, pp. 101–170, 1997.

[5] J. N. Yoo, L. H. Sperling, C. J. Glinka, and A. Klein, “Char-
acterization of film formation from polystyrene latex particles
via SANS. 2. High molecular weight,” Macromolecules, vol. 24,
no. 10, pp. 2868–2876, 1991.

[6] O. Pekcan, “Interdiffusion during latex film formation,” Trends
in Polymer Science, vol. 2, p. 236, 1994.

[7] M. E. Davis, “Ordered porous materials for emerging applica-
tions,” Nature, vol. 417, no. 6891, pp. 813–821, 2002.

[8] X. S. Zhao, “Novel porous materials for emerging applica-
tions,” Journal of Materials Chemistry, vol. 16, pp. 623–625,
2006.

[9] C. T. Kresge, M. E. Leonowicz, W. J. Roth, J. C. Vartuli, and
J. S. Beck, “Ordered mesoporous molecular sieves synthesized
by a liquid-crystal template mechanism,” Nature, vol. 359, no.
6397, pp. 710–712, 1992.

[10] G. J. D. A. A. Soler-Illia, C. Sanchez, B. Lebeau, and J.
Patarin, “Chemical strategies to design textured materials:
from microporous and mesoporous oxides to nanonetworks
and hierarchical structures,” Chemical Reviews, vol. 102, no.
11, pp. 4093–4138, 2002.

[11] M. L. K. Hoa, M. Lu, and Y. Zhang, “Preparation of porous
materials with ordered hole structure,” Advances in Colloid and
Interface Science, vol. 121, no. 1–3, pp. 9–23, 2006.



16 Journal of Nanomaterials

[12] O. D. Velev, T. A. Jede, R. F. Lobo, and A. M. Lenhoff, “Porous
silica via colloidal crystallization,” Nature, vol. 389, no. 6650,
pp. 447–448, 1997.

[13] D. Wang, R. A. Caruso, and F. Caruso, “Synthesis of macrop-
orous titania and inorganic compostie materials from coated
colloidal spheres—a novel route to tune pore morphology,”
Chemical Communications, vol. 13, pp. 364–371, 2002.

[14] Z. Y. Yuan, J. L. Blin, and B. L. Su, “Design of bimodal meso-
porous silicas with interconnected pore systems by ammonia
post-hydrothermal treatment in the mild-temperature range,”
Chemical Communications, vol. 5, pp. 504–505, 2002.

[15] P. Yang, T. Deng, D. Zhao et al., “Hierarchically ordered
oxides,” Science, vol. 282, no. 5397, pp. 2244–2246, 1998.

[16] B. T. Holland, L. Abrams, and A. Stein, “Dual templating of
macroporous silicates with zeolitic microporous frameworks,”
Journal of the American Chemical Society, vol. 121, no. 17, pp.
4308–4309, 1999.

[17] B. Lebeau, C. E. Fowler, S. Mann, C. Farcet, B. Charleux,
and C. Sanchez, “Synthesis of hierarchically ordered dye-
functionalised mesoporous silica with macroporous architec-
ture by dual templating,” Journal of Materials Chemistry, vol.
10, no. 9, pp. 2105–2108, 2000.

[18] B. T. Holland, C. F. Blanford, T. Do, and A. Stein, “Synthesis
of highly ordered, three-dimensional, macroporous structures
of amorphous or crystalline inorganic oxides, phosphates, and
hybrid composites,” Chemistry of Materials, vol. 11, no. 3, pp.
795–805, 1999.

[19] M. A. Carreon and V. V. Guliants, “Macroporous vanadium
phosphorus oxide phases displaying three-dimensional arrays
of spherical voids,” Chemistry of Materials, vol. 14, no. 6, pp.
2670–2675, 2002.

[20] D. Wang, R. A. Caruso, and F. Caruso, “Synthesis of macrop-
orous titania and inorganic composite materials from coated
colloidal spheres—a novel route to tune pore morphology,”
Chemistry of Materials, vol. 13, no. 2, pp. 364–371, 2001.

[21] M. E. Turner, T. J. Trentler, and V. L. Colvin, “Thin films of
macroporous metal oxides,” Advanced Materials, vol. 13, no.
3, pp. 180–183, 2001.

[22] D. G. Norris and Y. A. Vlasov, “Chemical approaches to three-
dimensional semiconductor photonic crystals,” Advanced
Materials, vol. 13, no. 6, pp. 371–376, 2001.

[23] X. Chen and S. S. Mao, “Titanium dioxide nanomaterials: syn-
thesis, properties, modifications and applications,” Chemical
Reviews, vol. 107, no. 7, pp. 2891–2959, 2007.

[24] B. O’Regan and M. Grätzel, “A low-cost, high-efficiency solar
cell based on dye-sensitized colloidal TiO2 films,” Nature, vol.
353, no. 6346, pp. 737–740, 1991.

[25] B. O’Regan, D. T. Schwartz, S. M. Zakeeruddin, and M.
Grätzel, “Electrodeposited nanocomposite N-P heterojunc-
tions for solid-state dye-sensitized photovoltaics,” Advanced
Materials, vol. 12, no. 17, pp. 1263–1267, 2000.

[26] B. B. Lakshmi, P. K. Dorhout, and C. R. Martin, “Sol-
gel template synthesis of semiconductor nanostructures,”
Chemistry of Materials, vol. 9, no. 3, pp. 857–862, 1997.

[27] H. M. Lin, T. Y. Hsu, C. Y. Tung, and C. M. Hsu, “Hydrogen
sulfide detection by nanocrystal PT doped TiO2-based gas
sensors,” Nanostructured Materials, vol. 6, no. 5–8, pp. 1001–
1004, 1995.

[28] K. R. Gopidas, M. Bohorquez, and P. V. Kamat, “Photophys-
ical and photochemical aspects of coupled semiconductors.
Charge-transfer processes in colloidal CdS-TiO2 and CdS-AgI
systems,” Journal of Physical Chemistry, vol. 94, no. 16, pp.
6435–6440, 1990.

[29] R. C. Furneaux, W. R. Rigby, and A. P. Davidson, “The
formation of controlled-porosity membranes from anodically
oxidized aluminium,” Nature, vol. 337, no. 6203, pp. 147–149,
1989.

[30] G. Widawski, M. Rawiso, and B. Francois, “Self-organized
honeycomb morphology of star-polymer polystyrene films,”
Nature, vol. 369, no. 6479, pp. 387–389, 1994.

[31] L. I. Halaoui, N. M. Abrams, and T. E. Mallouk, “Increasing
the conversion efficiency of dye-sensitized TiO2 photoelectro-
chemical cells by coupling to photonic crystals,” Journal of
Physical Chemistry B, vol. 109, no. 13, pp. 6334–6342, 2005.

[32] P. N. Bartlett, J. J. Baumberg, P. R. Birkin, M. A. Ghanem,
and M. C. Netti, “Highly ordered macroporous gold and
platinum films formed by electrochemical deposition through
templates assembled from submicron diameter monodisperse
polystyrene spheres,” Chemistry of Materials, vol. 14, no. 5, pp.
2199–2208, 2002.

[33] G. Subramanian, V. N. Manoharan, J. D. Thorne, and D. J.
Pine, “Ordered macroporous materials by colloidal assembly:
a possible route to photonic bandgap materials,” Advanced
Materials, vol. 11, no. 15, pp. 1261–1265, 1999.

[34] S. Ugur, S. Sunay, A. Elaissari, F. Tepehan, and O. Pekcan,
“Film formation from nano-sized polystrene latex covered
with various TiO2 layers,” Polymer Composites, vol. 27, no. 6,
pp. 651–659, 2006.

[35] S. Ugur, S. Sunay, F. Tepehan, and O. Pekcan, “Film formation
from TiO2-polystyrene latex composite: a fluorescence study,”
Composite Interfaces, vol. 14, no. 3, pp. 243–260, 2007.

[36] J. S. Liu, J. Feng, and M. A. Winnik, “Study of polymer
diffusion across the interface in latex films through direct
energy transfer experiments,” Journal of Chemical Physics, vol.
101, no. 10, pp. 9096–9103, 1994.

[37] S. Ugur, A. Elaissari, and O. Pekcan, “Void closure and
interdiffusion processes during latex film formation from
surfactant-free polystyrene particles: a fluorescence study,”
Journal of Colloid and Interface Science, vol. 263, no. 2, pp. 674–
683, 2003.

[38] S. Ugur, A. Elaissari, and O. Pekcan, “Film formation
from surfactant-free, slightly crosslinked, fluorescein-labeled
polystyrene particles,” Journal of Coatings Technology Research,
vol. 1, no. 4, pp. 305–313, 2004.

[39] M. Canpolat and O. Pekcan, “Healing and photon diffusion
during sintering of high-T latex particles,” Journal of Polymer
Science B, vol. 34, no. 4, pp. 691–698, 1996.

[40] J. L. Keddie, P. Meredith, R. A. L. Jones, and A. M. Donald,
“Rate-limiting steps in film formation of acrylic latices as
elucidated with ellipsometry and environmental scanning
electron microscopy,” in Film Formation in Waterborne Coat-
ings, T. Provder, M. A. Winnik, and M. W. Urban, Eds., vol. 648
of ACS Symposium Series, pp. 332–348, American Chemical
Society, Washington, DC, USA, 1996.

[41] G. B. McKenna, “Glass formation and glassy behavior,” in
Comprehensive Polymer Science, C. Booth and C. Price, Eds.,
vol. 2, pp. 311–362, Pergamon Press, Oxford, UK, 1989.

[42] H. Vogel, “Das Temperaturabhaengigkeitsgesetz der Viskosi-
taet von Fluessigkeiten,” Physikalische Zeitschrift, vol. 22, pp.
645–646, 1921.

[43] G. S. Fulcher, “Analysis of recent measurements of the viscosity
of glasses,” Journal of the American Ceramic Society, vol. 8, pp.
339–355, 1925.

[44] J. Frenkel, “Viscous flow of crystalline bodies under the action
of surface tension,” Journal of Physics, vol. 9, pp. 385–391,
1945.



Journal of Nanomaterials 17

[45] S. Prager and M. Tirrell, “The healing process at polymer-
polymer interfaces,” Journal of Chemical Physics, vol. 75, no.
10, pp. 5194–5198, 1981.

[46] R. P. Wool, B. L. Yuan, and O. J. McGarel, “Welding of polymer
interfaces,” Polymer Engineering and Science, vol. 29, no. 19,
pp. 1340–1367, 1989.

[47] P. G. de Gennes, “Kinetics of diffusion-controlled processes in
dense polymer systems. II. Effects of entanglements,” Journal
of Chemical Physics, vol. 76, no. 6, pp. 3322–3326, 1982.
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Polypropylene nanocomposites containing silica nanospheres based on the sol-gel methods were produced via in situ
polymerization using a rac-Et(Ind)2ZrCl2/methylaluminoxane (MAO) system. Two different routes were used depending on the
interaction between the silica nanoparticles with the catalytic system. In route 1 the nanoparticles were added together with
the catalytic system (rac-Et(Ind)2ZrCl2)/(MAO) directly into the reactor, and in route 2 the metallocene rac-Et(Ind)2ZrCl2 was
supported on silica nanospheres pretreated with (MAO). SEM images show that when the nanospheres were added by both routes,
they were replicated in the final polymer particle morphology; this phenomenon was more pronounced for PP obtained by route
2. The polypropylene (PP) nanocomposites obtained by both routes had a slightly higher percent crystallinities and crystallinity
temperatures than pure PP. Transmission electron microscopy (TEM) images show that the nanospheres were well dispersed into
the polypropylene matrix, particularly in the nanocomposites obtained by the support system (route 2).

1. Introduction

Metallocene-based catalysts offer versatility and flexibility for
the synthesis of polyolefins with control of their structure [1,
2]. These catalysts activated by methylaluminoxane (MAO)
have become an important class of catalytic systems for olefin
polymerization, obtaining high activities and narrow molec-
ular mass distributions [3–8]. However the homogeneous
metallocenic systems present some disadvantages such as
difficult control of polymer particle morphology that results
in reactor fouling. One way to overcome these problems has
been the effective immobilization of metallocene catalysts on
inorganic or organic materials [9]. Fink [10] reported that
the objective of supporting a catalyst is to immobilize and
template it in order to get good polymer morphology in a
low-temperature heterogeneous process.

The nature of the support and the method used for sup-
porting the metallocene influence the catalytic activity, the
final properties of the polymer, and especially the polymer
particle morphology and molecular weight distribution [11–
16]. The morphology of polypropylene particles of systems
supported on microsilica has been widely studied, and it
depends strongly on the form of the SiO2 support used [10,
17, 18]. But there are few reports in the literature in which
the final polypropylene particle morphology is studied with
the incorporations of nanoparticles [19–21].

The incorporation on nanoparticles in the polymer-
ization reactions has the advantage that the nanoparticles
can be distributed in the polymer generating a polymer
nanocomposite by in situ polymerization [22]. Two methods
can be used to obtain the in situ nanocomposite. The first
route consists in the direct synthesis of the PP in the presence
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of the nanoparticles, with the nanoparticles placed in contact
with the catalytic system (metallocene catalyst/MAO) [23].
The second route is the previous fixation of the catalytic
system on the surface of the nanoparticle acting as support
[24, 25]. Some advantages of both routes in comparison with
other methodologies for nanocomposites preparations are
(1) one-step synthesis of the polymer nanocomposite; (2)
improved compatibility between the inorganic particles and
the polymer; (3) enhanced dispersity of the particles in the
polymer matrix [13].

It is well known that nanotechnology is widely consid-
ered as a major area that will undergo great technological
progress in the future. In materials category as polymer
nanocomposites, it is regarded as a radical alternative to con-
ventional filled polymers or polymer blends, and new classes
of materials will be available with improved properties.

Our group have prepared PE/silica nanocomposites by
in situ polymerization by routes 1 and 2 using ((nBuCp)2

ZrCl2)/MAO) as catalytic system [23–25]. Incorporation of
the nanoparticles in the PE by routes 1 and 2 improved the
final polymer particle morphology of the PE, particularly
when the polymer was obtained by a support system (route
2), where the polymer particles are platelet-like with a size of
∼200 nm.

Although different aspects of the preparation of PP
nanocomposites by in situ polymerization method have been
studied, less emphasis has been placed on the final polymer
particle morphology. In this work we studied the preparation
of silica nanospheres (SN)/polypropylene (PP) nanocom-
posites by the in situ polymerization method using two
routes: in route 1 the nanoparticles were added together with
the catalytic system (rac-Et(Ind)2ZrCl2)/(MAO) directly into
the reactor, and in the route 2 the metallocene rac-
Et(Ind)2ZrCl2 was supported on silica nanospheres pre-
treated with (MAO). The effect of these different preparation
procedures on the final polymer properties, the dispersion of
nanoparticles in the PP, and on polymer particle morphology
was studied.

2. Experimental

2.1. Materials. The metallocene catalyst, rac-ethylenebis
(indenyl) zirconium (rac-Et(Ind)2ZrCl2) (Aldrich) was used
as the propene polymerization catalyst, and MAO (Witco) as
cocatalyst. Propylene was deoxygenated and dried by passage
through columns of Cu catalyst (BASF) and activated
molecular sieves (13X), respectively. All manipulations were
carried out in an inert nitrogen atmosphere using standard
Schlenk techniques.

Silica nanospheres (SN) were synthesized using the sol-
gel method as reported previously [24].

2.2. Metallocene Catalyst Supported on MAO-Treated Silica
Nanospheres (Cat/MAO/SN). The nanoparticles were cal-
cined for 4 h at 450◦C in order to control the OH groups on
the silica surface. One gram of nanospheres was placed in
contact with 4 wt% MAO (0.88 mL) and then contacted with

metallocene (rac-Et(Ind)2ZrCl2) in toluene for 3 h at 60◦C.
This method has been reported previously [16].

2.3. Propene Polymerization Reactions

2.3.1. Homogeneous Polymerization. Polymerization reac-
tions were performed in a slurry system using a 1 L Büchi
glass reactor. Toluene, MAO, and propene were added to the
reactor, followed by the addition of metallocene catalysts. For
each experiment 1.2 × 10−5 mol of metallocene catalyst and
10.4 mL of MAO ([Al]/[Zr] = 1000) were used. The final
volume of the solution in the reactor was 500 mL. The
polymerization reaction was carried out at 60◦C and 2 bar
propene for 30 min, while stirring at 1000 rpm.

The polymerization was terminated by the addition of
acidified methanol (10% HCl, 20 mL). The polypropylene
product was recovered by filtration, washed, and then dried
at room temperature. Catalytic activity was expressed as the
mass of polypropylene (PP) produced per unit time per mol
of Zr and per-unit pressure (kg·mol−1·bar−1·h−1).

2.3.2. Polymerization in the Presence of SN (Route 1).
Polymerization in the presence of SN was carried out using
the same reaction conditions as those used in the homo-
geneous polymerization (neat). The polymerization was
performed by first adding toluene, then MAO solution, and
the SN (dispersed in toluene) into the reactor and mixing for
2 min. The SN were precontacted with MAO in the reactor
to decrease the population of catalyst-deactivating OH
groups on the silica surface. The catalyst solution was
then added and mixed for 2 min and finally saturated with
propene. 2 wt% loads of nanospheres were used.

2.3.3. Polymerization on Silica Nanosphere-Supported Metal-
locene Catalyst (Route 2). Metallocene catalyst supported on
MAO-treated silica nanospheres (Cat/MAO/SN) was used
for heterogeneous polymerizations. It was used under the
same conditions and according to the procedure described
above. Heterogeneous polymerizations were carried out
by first adding toluene and 10.4 mL MAO to the reac-
tor, followed by the silica nanosphere-supported catalyst
(Cat/MAO/SN), mixing for 5 min, and finally saturating with
propene for 30 minutes.

2.4. Characterization. Al and Zr content in the supported
catalyst was measured by Inductively Coupled Plasma-
Atomic Emission Spectroscopy (ICP-AES) on a Perkin Elmer
P-400 instrument.

The viscosimeter molecular weight (Mv) was calculated
from intrinsic viscosities determined in decahydronaphtha-
lene (decaline) at 135◦C using a Viscosimatic-Sofica vis-
cometer. The Mv values were obtained from the Mark-Kuhn-
Houwink equations.

The melting temperature and enthalpy of fusion of the
neat and nanocomposite PP samples were measured by
differential scanning calorimetry (DSC) on a TA Instruments
DSC 2920. Percent crystallinity of the polymer was calculated
using the enthalpy of fusion of an ideal polypropylene having
100% crystallinity (207 J/g) as reference [26].
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Table 1: Results of propene polymerization in the presence of SN used as support of the metallocene catalyst.

Process
Zr (%)
(fixed)

Mv
(Kg·Mol−1)

Tm (◦C) Tc (◦C) χ (%) ρ (g/cm3) ma (%)
SN content

(%)

Pure PP — 16 125 92 31 0.25 92 —

Route 1 — 16 126 95 33 0.28 91 2.0

Route 2
Cat/MAO/SN

0.45 12 126 97 34 0.30 91 2.0

Mv: Molecular Weight; Tm: Melting temperature, χ: Crystallinity percentage, ρ: Apparent density, Polymerization conditions: mol Zr: 1.2× 10−5; Al/Zr: 1000;
polymerization temperature: 60◦C, Pressure: 2 bar. m: The percentage of dyads, aDetermined by 13C-NMR.

Tacticity was determined by 13C nuclear magnetic res-
onance spectra (13CNMR) recorded on a Varian Inova 300
instrument operating at 75 MHz.

Polymer apparent density was measurement in a test
tube by measuring a given volume of the polymer and then
weighing it.

Polymer particle morphology was examined by scanning
electron microscopy (SEM) on a Tesla BS 343A SEM instru-
ment. The dispersion of the silica nanospheres in the com-
posites was analyzed by TEM on a JEOL 1011 microscope
operated at 100 Kv.

3. Results and Discussion

The SiO2 nanoparticles synthesized by the sol-gel method
presented spherical morphology with diameters of ca. 80–
100 nm observed by TEM, as reported in previous work
[24, 27].

The PP properties obtained by the homogeneous system
(pure PP), routes 1 and 2, are shown in Table 1. The molec-
ular weight of the PP obtained by route 1 did not show any
change; however the PP obtained by the heterogeneous sys-
tem (route 2) decreased by 25% in comparison with the pure
PP. The decrease of the molecular weight can be due either
an increasing of chain transfer [28] or a decreasing of the
chain propagation rate. When support systems are used for
propene polymerization, during the prepolymerization stage
the polymer form a regular thin layer around the particles,
give a diffusion limitation of the monomer to the particle
surface resulting in a decrease of the molecular weight
[10].

The metallocene (rac-Et(Ind)2ZrCl2) has C2 symme-
try with homotopic sites; isotactic polypropylene can be
obtained. The tacticity of polypropylene was calculated by
13C NMR and the percentage of dyads (m) is also presented
in Table 1. All the polymers were isotactic (m = 92%) and
the stereoregularity is not affected by the presence of the
nanospheres. The (rac-Et(Ind)2ZrCl2) metallocene is charac-
teristic of a number of small irregular peaks in the polymer
as chain based on 2,1 and 1,2 insertions of polypropylene
monomer [29].

3.1. Characterization of the Nanocomposite Polymers. The
polymers obtained by routes 1 and 2 presented a slight
increase in crystallinity and crystallization temperature com-
pared with pure PP (Table 1). The increase in crystallization
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Figure 1: XRD patterns of (a) Pure PP and (b) PP obtained by route
2 (PP/Cat/MAO/SN).

temperatures in the presence of the nanospheres is an
expression of the nucleating effect of SN [30–32].

The melting temperature of the PP obtained by both
routes is comparable with that of pure PP. The apparent den-
sity of the heterogeneous system (route 2) is slightly higher
than pure PP, showing a positive effect for using nanospheres
as support (route 2); it can be related with the increase of the
percent crystallinity.

Figure 1 shows the XRD patterns of pure PP and PP
obtained by route 2. The use of the support system did not
show a change in the crystalline monoclinic α form of PP, as
shown by diffractions peaks at 2θ = 14, 16.9, 18.6, and 21.7◦,
corresponding to the (110), (040), (130), and (111) crystal
planes of isotactic PP [33]. The same results were found for
PP obtained by route 1.

3.2. Polymer Particle Morphology and Dispersion. Figure 2
shows the SEM images of pure PP and PP obtained by routes
1 and 2. Pure PP shows aggregated particles without mor-
phological control, but when PP was made by routes 1 and
2 there was a replicating phenomenon, with some polymer
particles showing a spherical morphology of about 5 μm
of diameter. This behavior was more pronounced when
nanospheres were obtained by route 2. The polymer particle
morphology produced by the nanosupport system had a
behavior similar to microsilica particles used as support, in
which the replication phenomenon takes place. Fink et al.
[10] and Zheng et al. [34] suggested that the morphology
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(a) (b) (c)

Figure 2: SEM image of the (a) Pure PP, (b) PP obtained by route 1 and (c) PP obtained by route 2 (PP/Cat/MAO/SN).

(a) (b)

(c) (d)

Figure 3: TEM images of (a) PP/SN nanocomposites obtained by route 1 at 1 μm, (b) PP/SN nanocomposites obtained by route 1 at 200 nm
(c) PP/SN nanocomposites obtained by route 2 at 1 μm, and (d) PP/SN nanocomposites obtained by route 2 at 250 nm.

control of the polymer is not only caused by the support,
but also by its fragmentation and the resulting distribution
of catalyst and cocatalyst on the support during polymeriza-
tion.

TEM images of PE/SN nanocomposites prepared by
in situ polymerization using the metallocene catalyst sup-
ported on silica nanospheres are presented in Figure 3. The

nanoparticles (2 wt%) in general are well distributed in the
polymer matrix, and only small aggregations can be seen in
certain regions, and in PP obtained by route 2 an improve-
ment is seen in the distribution of the nanoparticles in the
polymer matrix.

The mechanical properties of the polymers could not be
measured because the PP obtained with this metallocene
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catalyst has a low molecular weight and the polymer is too
fragile.

4. Summary

PP nanocomposites were prepared by in situ polymerization
by two routes where the nanoparticles were added directly
into the reactor or used as support. An important point was
the improvement of the PP particle morphology by both
routes, with nanosphere morphology replicated in the final
polymer particles. This phenomenon was more pronounced
for PP obtained by route 2.

The polypropylene obtained in the presence of
nanospheres had slightly higher percent crystallinity and
crystallinity temperature compared with pure PP. In general,
the dispersion of the nanoparticles improved for PP obtained
when the support system was used (route 2).
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Facultad de Medicina Veterinaria of the Universidad de
Chile, for assistance with the SEM observations; to Professor
Griselda B. Galland for the 13C-RMN determinations; to
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Prepolymer, which can be polymerized by a photo, has been infiltrated into a porous ceramic to improve the addition effect of
polymer into the ceramic, as a function of the functionality of prepolymer. It induces the increase in the mechanical properties of
the ceramic. The porous alumina (Al2O3) and the polyurethane acrylate (PUA) with a network structure by photo-polymerization
were used as the matrix and infiltration materials, respectively. The porous Al2O3 matrix without the polymer shows lower values in
fracture strength than the composites, since the stress is transmitted more quickly via propagation of cracks from intrinsic defects
in the porous matrix. However, in the case of composites, the distribution of stress between heterophases results in the improved
mechanical properties. In addition, the mechanical properties of composites, such as elastic modulus and fracture strength, are
enhanced with increasing the functionality of prepolymer attributed to the crosslinking density of polymer.

1. Introduction

Porous alumina (Al2O3) has been widely used as hot gas
filtration, catalyst support, filtration for heavy metal ions
in water, chromatography, and fine or microchannels for
electrophoresis, owing to its excellent physical and chemical
properties such as acid resistance and chemical stability
[1, 2]. However, its use in practical applications has been
impeded by its naturally low mechanical property, which has
been a bottleneck in the scientific and technological point
of view. Therefore, a ceramic-polymer composite has been
introduced as a new class of construction and functional
materials for industrial applications, which can combine the
hardness and stiffness of ceramic and the rubber elasticity of
polymer [3–7]. De Salazar et al. has studied the mechanical
properties of composites fabricated with the cellular ceramic
(SiC and SiO2·ZrO2) and the epoxy resin, as a function of
cell size [8]. Brandt et al. has researched the novel ceramic-
polymer composites through polymer-encapsulated TiO2

nanoparticles [9]. However, the composite with the TiO2

shows low mechanical properties, resulting from the no-
sintering of composite due to the heat treatment at the

relatively low temperature. In addition, various works related
to the mechanical properties of ceramic-polymer composites
affected by elasticity of polymer used as a reinforcement
material have not been researched yet.

Therefore, in this work, to effectively increase the
mechanical properties of porous ceramic, two key points
have been considered in the fabrication of desirable com-
posite. One is to use the prepolymer which has extremely
lower viscosity than polymer. Polymer has generally a gel
phase of high viscosity due to the long chain by join with a
lot of monomers, deteriorating the dispersibility of polymer
into matrix. Therefore, the prepolymer of a sol phase, which
can be polymerized by a photo, has been infiltrated into the
porous ceramic to maximize the addition effect of polymer
into the ceramic matrix. This interpenetrating network
(IPN) method increases the universal properties of the
ceramic matrix by the homogeneous dispersion of prepoly-
mer into the ceramic matrix. Namely, it is far preferable to
incorporate the polymer into the ceramic matrix by covalent
bonding between polymer chains than by simply mixing
them by shear. The ultraviolet (UV) curing used in this
work is one of well-known photopolymerization methods
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and has been employed at various industrial applications.
Its advantages include energy savings, and it yields products
with high durability and high scratch resistance. The other
is to use polyurethane (PU) which easily changes the elastic
modulus of polymer controlled by crosslinking density. PU
is the most versatile polymer material, leading to its use
in many different applications, for example, in building
materials, sports goods, medical equipment, adhesives, and
coatings [10–12]. Consequently, the prepolymer infiltrated
in the porous matrix has been polymerized by free-radical
photopolymerization as a function of the functionality of
prepolymer, in efforts to increase the mechanical proper-
ties, such as elastic modulus and fracture strength. The
microstructure and mechanical properties of the prepared
PUA-Al2O3 composites have been observed and measured,
respectively, using various analytical techniques.

2. Experimental Procedure

The polyurethane acrylate (PUA) oligomers were synthesized
from polypropylene glycol (PPG Mn = 300, Sigma-Aldrich
Korea, Yongin, Republic of Korea) and hexamethylene
diisocyanate (HDI, Sigma-Aldrich Korea, Yongin, Republic
of Korea) to form isocyanate-terminated prepolymer. PPGs
were dried at 80◦C with 0.1 mm Hg for several hours until
no bubbling was observed. Extra pure grade of HDI was
used without further purification. A molar excess of HDI
was reacted with PPG for over 1 h at 80◦C to obtain
HDI-terminated prepolymer. Then, the reacted mixture
was cooled down to 40◦C, and hydroxyethyl methacrylate
(HEMA, Sigma-Aldrich Korea, Yongin, Republic of Korea)
was added to obtain HEMA-capped urethane oligomer
[13]. Completion of the reaction was confirmed by the
disappearance of NCO peak at 2270 cm−1 in the Fourier
transform infrared spectroscopy (FT-IR) analysis.

The polymer used in this work was prepared from a
homogeneous prepolymer mixture consisting of the PUA
oligomer, the reactive diluent, namely, N-vinylpyrrolidone
(NVP, Sigma-Aldrich Korea, Yongin, Republic of Korea),
and 2-hydroxy-2-methyl-1-phenyl propane-1-one (Darocur
1173, Ciba in Korea, Seoul, Republic of Korea) as a pho-
toinitiator. The prepolymer compositions were fixed at 1/1
and 3/1 (oligomer/NVP) by weight ratio to investigate the
effect of crosslinking density of polymer. The green body of
ceramic matrix was prepared by an uniaxial pressing process
with Al2O3 powder, and then the prepared green body was
heat treated at 1000◦C for 1 h. At room temperature, the
mixed prepolymer was infiltrated into the Al2O3 matrix
in a vacuum chamber for the homogeneous infiltration
of prepolymer mixture into all pores of ceramic matrix.
The prepolymer-infiltrated matrix was cured by UV light
(1.5 mW/cm2, 365 nm) for 3 min. The synthetic scheme for
the PUA-Al2O3 composite is given in Figure 1, and the basic
formulations employed to prepare PUA film and PUA-Al2O3

composites are shown in Tables 1 and 2, respectively.
Dynamic mechanical properties of the polymer films

were measured using DMTA (Rheometric Scientific MK) at a
heating rate of 4◦C/min and 10 Hz. The difference before and
after the polymerization of PUA and the presence of PUA

Prepolymer Polymer

Porous alumina Infiltration of prepolymer

UV-
curing

(1) (2) (3)

Ceramic-polymer
composite

Figure 1: Schematic diagram for fabricating PUA-Al2O3 compos-
ites.

Table 1: Formulations used to prepare prepolymers and stress-
strain results of PUA films.

Prepolymer
type

Oligomer/NVP
(mol %)

Functionality
(Fav)

Elongation
(%)

Tensile
strength
(MPa)

Type 1 1/1 1.5 25 10

Type 2 3/1 1.75 13 18

Table 2: Formulations to prepare PUA-Al2O3 composites and the
mechanical properties of composites pepared.

Run
number

Oligomer/NVP
(mol %)

Ceramic
matrix

Porosity (%)
Hardness

(GPa)

Run 1 — 36.0 1.35± 0.13

Run 2 1/1 Al2O3 28.4 1.49± 0.30

Run 3 3/1 14.6 1.40± 0.33

in Al2O3 matrix were analyzed using a Fourier transform
infrared spectrometer (Nicolet, Thermo Fisher Scientific,
MA, USA). The microstructure of composite was observed
using a scanning electron microscope (SEM; JEOL Model
JSM-5610, Tokyo, Japan). The porosity of composite was
measured by mercury porosimeter (AutoPore Iv berries,
Micromeritics GmbH, Rutherford, NJ, USA). The fracture
strength and elastic modulus of PUA-Al2O3 composite were
measured with a universal testing machine (UTM, Instron
5566, Instron Corp., Norwood, MA, USA) in the bending
mode at a rate of 0.5 mm min−1. The hardness values of
composites were measured using a Vickers indenter (HM-
122, Mitutoyo Corp., Japan), with a load of 10 N. All tests
were conducted at room temperature, and at least five runs
were performed.

3. Results and Discussion

3.1. Synthesis and Mechanical Properties of PUA. Chemical
reaction of photopolymerization of PUA measured by FT-
IR is shown in Figure 2. The peak at about 1650 cm−1

corresponding to the stretch vibration of vinyl groups
almost disappears after the UV-curing, indicating that the
prepolymer is converted into the polymer with a long
chain. Network polymer is generally formed by the reaction
between intermolecules or intramolecules with vinyl group
during photopolymerization. Therefore, the functionality
represented to the average number of vinyl group per
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Figure 2: IR analysis of PUA films (a) before and (b) after polymerization.
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Figure 3: Storage modulus of PUA films as a function of
prepolymer composition.

a molecule is important factor for increasing the crosslinking
density of polymer, leading to the enhancement of the
storage modulus and glass transition temperature (Tg) of
polymer film. In this work, the functionality of prepolymer
is controlled by the composition ratio between PUA with
two acrylate groups (Fi = 2) and NVP with five-numbered
cyclic group attached to the vinyl carbon (Fi = 1). The
average functionality (Fav) of prepolymer is determined by
the following equation:

Fav = ΣϕiFi , (1)
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Figure 4: IR analysis of PUA-Al2O3 composites prepared with
different prepolymer compositions. Arrows at 2800 cm−1 and
1700 cm−1 indicate the C–H aliphatic and conjugated C=O groups,
respectively.

where ϕi is the mole fraction of prepolymer having func-
tionality (Fi). The functionality of each prepolymer is shown
in Table 1. Therefore, the prepolymer with Fav = 1.75 has
higher crosslinking density than that with Fav = 1.5.

Typical dynamic behaviors in mechanical properties of
the neat polymer films are shown in Figure 3 as a function
of prepolymer composition. Regardless of prepolymer com-
position, the storage modulus curve shows a single point of
inflection corresponding to the glass transition temperature
(Tg). This indicates that the urethane acrylate and NVP
segments are phase-mixed at a segment level. When two
segments are immiscible, generally two discrete Tg values
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Figure 5: Microstructures at fracture surfaces of PUA-Al2O3 composites as a function of prepolymer composition: (a) run 1, (b) run 2, and
(c) run 3. Each number indicates the high and low magnifications, respectively.

will be obtained. The elastic modulus in the rubbery state
and the Tg of polymer film increase with increasing the
functionality of prepolymer. Namely, it is due to the augment
of crosslinking density of polymer. Since the polymers are
networked, as evidenced by the existence of a rubbery
plateau, the molecular weight between crosslinks (Mc) can
be calculated based on the ideal rubber theory given by

Eo
N = 3

ρRT

Mc
, (2)

where ρ, R, T , and Eo
N are density (1.1 g/cm3), gas constant

(8.314 m3·Pa/mol·K), absolute temperature (373 K), and the
plateau modulus, respectively [14, 15]. Using ρ = 1.1 g/cm3

and plateau values of Figure 3, Mc was calculated (see the
table in the Figure 3). Mc is decreased from 922 to 525
with increasing the functionality of prepolymer, inducing the
increase in the Tg and elastic modulus (E′) of polymer film.

The stress-strain behavior of the neat polymer films
prepared with different compositions of prepolymer is
shown in Table 1. The tensile strength of polymer films is
enhanced with increasing the functionality of prepolymer,
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Figure 6: Mechanical properties of PUA-Al2O3 composites as a function of prepolymer composition: (a) modulus and (b) fracture strength.

while the elongation at breaking point decreases, owing to an
increase in the crosslinking density. High crosslinking density
provides the rigidity in the polymer film and disturbs the
chain folding, resulting in the high elastic modulus and the
low strain at breaking point in the glassy state.

3.2. Microstructure and Mechanical Properties of PUA-Al2O3

Composites. The presence of PUA in the porous matrix
is investigated using FT-IR (Figure 4). In the PUA-Al2O3

composites (runs 2 and 3), the peaks at 2800 cm−1 and
1700 cm−1 corresponding to the C–H aliphatic and con-
jugated C=O groups, respectively, are detected, which are
indicated by arrows in Figure 4. The evidence means that
PUA is infiltrated into the porous Al2O3 matrix because these
peaks are shown in PUA molecule.

The microstructures of fracture surfaces in PUA-Al2O3

composites with different compositions of prepolymer are
shown in Figure 5. In the pure Al2O3 matrix, the Al2O3 parti-
cles are almost distinguishable and independent (Figure 5(a-
1)), whereas interfaces between Al2O3 particles in the PUA-
Al2O3 composites are continuously connected irrespective of
the functionality of prepolymer (Figures 5(b-1) and 5(c-1)).
The porosities of composites prepared are shown in Table 2,
indicating that the porosity of composite is decreased with
the increase of the functionality of polymer infiltrated in
the matrix, as shown in SEM morphology of Figure 5. In
addition, the size of pore existed in the matrix is significantly
reduced in the PUA-Al2O3 composites, compared with the
pure Al2O3 matrix, which is indicated with white solid
arrows in Figure 5. It is provided that the prepolymer with
a low viscosity is well infiltrated into the porous matrix. In
the low magnification of Figure 5, the fracture surfaces of
the pure Al2O3 matrix show considerably rough and uneven,
compared with those of PUA-Al2O3 composites. In addition,
Al2O3 particles are remarkably aggregated in the pure
Al2O3 matrix. However, the fracture surfaces of PUA-Al2O3

composites become smooth and the aggregation between

Al2O3 particles is gradually declined with increasing the
functionality of prepolymer. Namely, SEM images investigate
a good adhesion of the polymer to the ceramic matrix.
Therefore, in the case of PUA-Al2O3 composites, the crack
propagation through the matrix could be obstructed at the
polymer phase [16], improving the mechanical properties in
the PUA-Al2O3 composites.

The elastic modulus and fracture strength values of
PUA-Al2O3 composites with different compositions of pre-
polymer are shown in Figure 6. The composite prepared
with the prepolymer composition of 3/1 shows the highest
fracture strength and elastic modulus of about 8.5 MPa
and of about 9.9 GPa, respectively. In the case of PUA-
Al2O3 composites, the fracture strength and elastic modulus
are enhanced, compared with those of the porous Al2O3

matrix without the polymer. It is owing to the crack energy
(stress energy) dispersed by the polymer and the reduction
of porosity. Namely, the crack propagating in the matrix
is deflected and/or obstructed at the polymer. Also, the
fracture strength and elastic modulus are increased with
increasing the functionality of polymer. This enhancement is
related to the increase in the crosslinking density of polymer.
However, hardness is not changed in spite of the addition
and functionality of polymer (see Table 2). It is because the
polymer is very lower hardness value than the matrix.

4. Conclusions

The PUA-Al2O3 composite has been fabricated by infiltration
method to improve the mechanical properties of porous
Al2O3 matrix. Especially, the interpenetrating network (IPN)
method, usually used to increase the universal properties
of matrix, is introduced to homogeneously disperse the
polymer into the matrix, as a function of the functionality
of prepolymer. The tensile strength and elasticity of neat
polymer films are increased with increasing the functionality
of prepolymer related to the crosslinking density. The
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microstructure of fracture surface shows a good adhesion
between the polymer and the matrix. The PUA-Al2O3

composites have higher values in the fracture strength and
elastic modulus than the porous matrix without the polymer,
since the crack propagation from intrinsic defects formed at
the surface and in the inside matrix is interrupted by the
polymer. Therefore, the mechanical properties are improved
by the distribution of stress between heterophases in the
PUA-Al2O3 composite and enhanced with increasing the
functionality of polymer.
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The comparison of calculated data from proposed mathematic model and experimentally obtained data of PP/clay nanocomposites
was done with the focus on the layered shape of MMT platelets. Based on the well-known Kerner’s model and the Halpin-Tsai’
equation with the use of some described presumption, the mathematic model for PP/clay nanocomposite was proposed. Data
from the measurement of prepared PP/clay samples were taken and compared with the calculated ones from the proposed model.
The good agreement was found.

1. Introduction

Firstly, the mathematical description of mechanical and
physical properties of composites based on a polymer matrix
has been studied in 1950s [1, 2]. These and also the next
studies are deduced only theoretically [3–7].

These models mainly describe the dependence of shear
modulus of elasticity on the content of the filler and spherical
or fibre type of filler is considered. They are named self-
consistent, it means that homogenous spherical particles are
placed in the homogenous continuous polymer matrix. With
the increasing use of composites as construction materials
in the industry models with cylindrical dispersed phase has
been proposed. This was used in order to simulate short or
long fibres.

The classical Kerner’s model is usually presented as:

K =
(
Kf φ/

(
3Kf +4Gm

))
+
(
Km
(
1−φ)/(3Km+4Gm)

)

(
φ/
(

3Kf +4Gm

))
+
(
1−φ)/(3Km+4Gm)

,

(1)

G =

φGf /
(

(7−5vm)Gm+(8−10vm)Gf

)
+
((

1−φ)/15(1−vm)
)

(
φGm/(7−5vm)Gm+(8−10vm)Gf

)
+
((

1−φ)/15(1−vm)
) ,

(2)

where K is a bulk modulus, G is shear modulus, φ is volume
fraction, ν is Poson ratio index m belongs to matrix, and
index f belongs to filler (fibre).

The equation of Halpin-Tsai is very often cited and
properly it is the conversion of Hill’s equation [5, 6] for long
and short fibres:

P

Pm
= 1 + ζηvm

1− ηvm
with η =

(
Pf /Pm

)
− 1

(
Pf /Pm

)
+ 1

, (3)

where v f = Vf /V (ratio of the volume of filler (fibre) to
the whole volume), ζ is a parameter that depends on the
matrix Poisson ratio and on the particular elastic property, P
represents the composite moduli, and, again, indexes m and
f belong to matrix and fibre fraction.

In the literature one can find a lot of attempts of
simplification and specification in earlier models [8–10]. The
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problem of these models is the fact that they are based on the
simplified assumptions that do not correspond with the real
states. For example, the rigidity of prepared composites does
not only depend on the volume of filler and the geometry of a
stress, but also on the particle size, its shape, and the tendency
to agglomerate [11–13]. Moreover, in case of aspherical
particles it depends also on the particle orientation, especially
in the case of layered clay nanoparticles where they are
supposed to have the shape of platelets with significant aspect
ratio.

Nanocomposite materials based on the polymer matrix
have been studied more than twenty years. The main reason
is the unusual combination of properties. They are unique in
comparison with conventional composites because of their
large interphase surface (connecting with aspect ratio) and
very small distances between reinforcing particles [13]. In
this way a very rigid net is created.

The behaviour of polymer chains in the neighbourhood
of nanoparticles and the influence of the nanoparticles shape
on the nanocomposite properties have been studied in the
several next papers [14–16].

2. Theoretical

The proper model derivation (modelling).
At the majority of above-mentioned model is based on

the mixing principle when the slope of the curve increases
with the increasing filler content. Slope of curve represents
the elasticity modulus—and it is the function of the filler
content. This is valid till the composite modulus reaches for
VC = 1 of the value of the filler elasticity (VC is a volume
percent of filler particles, see later). This behaviour is valid
only in case of the composite filled with the long fibres
oriented in the longitudinal direction. In all other cases at the
condition VC = 1, (no matrix) the composite is fully non-
cohesive small pile of a filler with zero tensile modulus.

More complicated models have a disadvantage—the
dependence on stress or deformational fields. In the case of
our studied system PP/MMT the tensile modulus initially
grows very quickly, but with the increasing filler content the
slope of curve falls down. Figure 1 shows the comparison of
experimental data with the Kerner’s equation. Values used
for this calculation form (2) were chosen only approximately
based on the authors (Vc 0,004, 0,008, 0,016, 0,04) in order
to show how this model is far from the real data (taken from
Table 3) in case of layered mineral filler in polymer matrix.

Based on these observations mentioned above we tried
to deduce such an equation which at the use of the easiest
mathematical apparatus would correspond with obtained
experimental data and would be suitable for prognosis of
future research in the use of layered nanoclays. The interval
of filling was chosen between 0–10 wt. %.

The outgoing assumptions are as follows:

(1) the filler has an unlimited modulus → it has zero
deformability;

(2) the primary deformation is observed in case of
torque and strain modulus, after the created stress is
measured;
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Figure 1: The dependence of reduced elasticity modulus on the
filler content.

(3) particles are fixed in matrix with the perfect adhesion
(index p), either free in the vacancy with the zero
adhesion (index v), nothing else, thus their volume
percent VC = VCp + VCv.

When the particles are freely inserted into the vacancies in
the matrix, without any adhesion, the system behaves like
an expanded material. With the growing number of ratio of
VCv particles the stress at the constant deformation decreases
according to the equation:

σK = σM ∗VM , then σK = σM ∗ (1−VCv). (4)

On the other hand, at the deformation of the system with the
rigidly fixed components the deformation VM is higher by
a part of undeformed particles and by this also the stress is
higher:

σK = σM
VM

, then σK = σM(
1−VCp

) . (5)

However, in this case of rigid fixation of both components
the polymer matrix is not deformed equally. The defor-
mation of the polymer layer at the rigid particle is almost
zero. With the increasing distance from this particle the
deformation increases and with the approximation to the
next particle it goes to the zero again. By this the deformation
gradient is created. It is similar to the speed gradient at the
liquid flow along fixed plates (see Figure 2).

A complete spectrum of deformation matrix from zero at
the filler particle to the maximum somewhere along particles
is simplified into two values. After the layer at the thickness
h in the nearest neighbourhood has the zero deformation
and the more remote particles have the mentioned maximal
value of deformation. However, the total average value of
deformation must stay the same even after applying these
assumptions.

The consequence of this thought is the increasing of the
origin undeformable volume Vc by the undeformable layer
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Figure 2: The simple scheme of the deformation gradient at the
liquid flow along fixed plates.

of the matrix. This means, for example, in case of cubic
filler particles with the edge a the increasing by 6 ha2 at one
particle with the volume a3. For the total volume of particles
it is the value of 6 ha2VC/a3, that is, 6 hVC/a. By this train of
thought (5) changes into:

σK = σM(
1−VCp(1 + (6h/a))

) . (6)

The used constant “6” is valid only for the particles of
cubic shape. It will be different for different shape of the
filler particles. Moreover, this constant depends on the
shape of the deformation field (strength, shear), when the
rigid shell (standing only temporary during the composite
deformation) is not spread evenly on the whole particle
surface, thus, after simplifying, 6h = h0.

The next consequence based on the thought discussed
above, is that the created stress and by this the rigidity of the
composite depends on the size of filler particles.

At the observations it was found that the size of filler
particles a depends on VC . The content of aggregates
increases with the growing of VC . The reason is either
imperfect mixing or after aggregation. Thus,

a = a0(1 + kVC), (7)

where a0 is the size of particle for VC convergent to zero
The constant k will be discussed later.
After the summarization of the above-mentioned

thoughts (6) changes into

σK = σM(
1−VCp(1 + (ha/(1 + kVC)))

) , (8)

where ha = h0/a0.
With the growing content of filler at the same initial

deformation the stress inside composite is created and
increases according to (6). This causes that proportionally
to this stress the part of filler particles is breaking loose
(is delaminated) from the surface of the polymer matrix.
Consequently, its influence on the stress inside the composite

changes from the state (5) to the state (4). Thus, the VCv is
proportional to the filler content VC and to the existing stress
in the matrix. This stress we will mark as σ0. After

VCv = VC ∗ σ0

σd
, (9)

where σd is a critical stress, at which all the filler is
delaminated, thus VCv = VC .

Now we have all mathematical apparatus needed for the
calculation of the module of elasticity:

(1) firstly, we calculate the initial stress σ0 caused applied
deformation at zero delamination (according to (8)):

σ0 = σM
1−VC(1 + (ha/(1 + kVC)))

, (10)

(2) from the previous equation we can get the ratio of no
delaminated particles is (according to (9)):

VCv = VC ∗ σ0

σd
, (11)

(3) next we calculate the stress equal to free particles
(according to (4)):

σV = σM ∗ (1−VCv), (12)

(4) after we calculate the rest of fixed particles:

VCp = VC −VCv, (13)

(5) next the stress equal to bonded particles (according
to (8)):

σP = σM
1−VCp(1 + (ha/(1 + kVC)))

, (14)

(6) and the resulting stress:

σK = σP + σV − σM , (15)

(7) if the deformation at measurement is unit and it is
small enough (in order to be responding to Hook’s
principle), after

σM = EM and EK = σK . (16)

This system of equations contains only three unknown
parameters of physical merit which it is necessary to estimate
for the next calculation:

σd—critical stress (it has connection to an adhesion
degree of filler particles to the matrix);
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Figure 3: The simple scheme of the deformation gradient at the
liquid flow along fixed plates—with the filler in polymer melt.

ha—proportional thickness of undeformable layer of
matrix in the neighbourhood of filler particle, it is also
connected with the geometry of deformational field;

k—the velocity of the growing of the particle aggregation
degree with regard to VC , it decreases with the rising quality
of dispergation.

In order to obtain the real result of this calculation, the
particular parameters must be chosen in the values fulfilling
following conditions:

σd > σ0; VCv + VCp = VC ;
ha

1 + kVC
<

1
VC − 1

. (17)

From the influence of the mentioned three parameters it is
possible to see from the following three-dimensional graphs
(Figures 3, 4, and 5) the following.

The low value of the adhesion σd between the filler and
the matrix (resp. high value of σ0) causes more significant
validity of (4) at the cost of (5) and the rigidity of the sample
after the initial increase starts to decrease. This is visible also
in the next pictures.

In case of the microscopy observations of nanocomposite
samples it was found that with the growing content of
nanofiller the number of agglomerates increases; thus, the
average size of particles increases too. The velocity of this
increase is included in the constant k (see above). The
ideal requirement is to reach such a dispersion of filler
nanoparticle platelets in the polymer matrix that the size
of particles should not grow with the VC , the rising of the
rigidity should be maximal, thus, k = 0, respectively, k � 0
(Figure 6).

Parameter ha (Figure 5) represents the static part of the
matrix in the neighbourhood of the undeformable particle
relating to the size of the primary filler particle. After,
the rest of the polymer matrix transfers higher stress and
consequently the rigidity of the composite goes up. The value
of this stress depends on the shape, orientation, and size of
the surface of the particles dispersed during the mixing in
the kneader.

Time and conditions of the kneading, the technology of
the nanocomposite preparation are projected in the param-
eters k and ha (dispersion of agglomerates, the breaking of
lamellar particles bringing the change of the size and shape).
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Figure 4: Reduced modulus of elasticity as a function of parameters
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Figure 5: Reduced modulus of elasticity as a function of parameters
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ha depends also on the method used for the measurement
of the modulus of elasticity. Parameter σd is connected with
material.

It is necessary to underline that the presented model
(like all models) is valid for the limited interval of layered
nanocomposite filling only.

3. Experimental

In order to verify the validity of the proposed model for
the layered type of nanofiller nanocomposite samples of
PP/modified MMT were prepared.
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Figure 7: Reduced elasticity modulus as a function of nanofiller
content of prepared samples.

3.1. Materials. Polypropylene (PP) Mosten GB 003 produced
by Chemopetrol Litvı́nov, Czech Republic, was used as a
polymer matrix. The density of chosen PP was 907 kg/m3 and
melt flow index (MFI) was 3.2 g/10 min at 230◦C.

The density of maleated polypropylene (PP-Ma)
EXXELOR PO 1015 was 900 kg/m3, MFI was 22, and
contents of maleic groups were 1 wt. % (used as a com-
patibilizator). Maleated polypropylene was supplied by
ExxonMobil Chemical Europe, Belgium. Two types of
nanofiller Dellite were used (Dellite 72T and Dellite 67G);
their concentration was 2, 4, 6, and 10 wt. %. The nanofiller
were supplied by Laviosa Chemical Mineraria S.p.A., Italy.

3.2. Preparation of the Polymer-Clay Nanocomposites. All
nanocomposites in this work were prepared by melt blending
on a Brabender Plasticorder compounder at 40, 60, and

Table 1: Dynamic modulus as a function of speed of rotation of
kneader and volume ratio of nanofiller D72T.

D 72T Dyn. modulus

rpm. �VC 0 0,008 0,016 0,024 0,040

400 1626 1827 1796 1864 1843

600 1626 1864 1905 1911 1912

800 1626 1816 1843 1846 1905

1200 1626 1852 1827 1910 1912

1600 1626 1733 1844 1878 1950

1800 1626 1882 1854 1912 1915

2000 1626 1806 1806 1870 1874

2400 1626 1831 1884 1896 1958

2800 1626 1851 1860 1907 1901

3000 1626 1766 1824 1893 1880

3400 1626 1931 1971 2006 1991

4200 1626 1811 1885 1869 1911

Average 1626 1831 1858 1897 1913

Table 2: Summary of results of dynamic modulus and strength
modulus for both nanofiller types (data calculated by the same way
as in the case of Table 1).

rpm/V
Dynamic modulus Shear modulus

D 72T D 67G D 72T D 67G

0 1626 1626 733 733

0,008 1831 1807 1180 1099

0,016 1858 1830 1183 1055

0,024 1897 1862 1195 1009

0,040 1913 1888 1286 1221

80 rpm and 220◦C for 10, 20, 30, and 40 min. The samples
were prepared by pressuring at 220◦C at 9 min and cooling
was 7 min.

3.3. DMA Analysis. The measurement of E modulus was
done by DMA analysis on the equipment DMA DX04T
(company RMI) on FT TBU in Zlin. Values presented in this
work are values at 30◦C.

4. Results and Discussion

Resulting data of measurement of dynamic and strength
modulus of elasticity for both used nanofiller types are listed
in the Tables 1 and 2.

Table 3 summarizes data from Tables 1–4 averaged
through the speed of rotation, estimated values of parameter,
and with them corresponding calculated values of elasticity
modulus. In order to give the better approach the results are
listed in Figure 6.

Based on Figure 6 it is possible to say that the calculated
data form the proposed model correspond very well with
the experimental values. It is valid especially in case of the
dynamic modulus data. This is supported by the 2D graph
shown in Figure 7 where the comparison of measured (D
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Table 3: The summary of results from Tables 1 and 2.

VC
D72T-d D67G-d D67G-s M67dy Kerner

yn yn D72T-str tr M72dyn n M72str M67str r

0 1 1 1 1 1 1 1 1 1

0,001 1,024 1,019 1,054 1,043 0,002

0,005 1,086 1,071 1,243 1,189 0,009

0,008 1,126 1,111 1,610 1,499 1,114 1,094 1,358 1,276 1,015

0,016 1,143 1,125 1,614 1,440 1,152 1,128 1,572 1,441 1,03

0,024 1,167 1,145 1,630 1,377 1,170 1,145 1,687 1,546 1,046

0,040 1,176 1,161 1,754 1,666 1,182 1,160 1,745 1,662 1,077

ha 38,1 31,1 62,3 50

K 104 104 75 75

Sd 3,02 3,02 8,5 8,5

in the name) and calculated (M in the name) values for
dynamic modulus is presented (data are summarised in
Table 3). Modelled data were calculated with the calculated
values of parameters h0, k, and σd. It is possible to see that
real data correspond very well with the calculated ones how
it was already said. In case of dynamic modulus the data meet
the calculated curve almost in 100%.

The growing of the particle agglomeration with their
rising content makes it possible to observe qualitatively in
TEM pictures. The lowering of the parameter k is crucial for
the next improvement of the reinforcing effect of nanofiller.

5. Conclusion

Models and mathematical descriptions of the various com-
posite behaviours have been created for more than 50 years.
Nanofillers especially due to their relatively short time of
application and the specific shape and size, unique interface
surface, small distance of particles, and the tendency to the
agglomeration do not fit to these models.

In this work the authors tried to create a relatively simple
model which with the variation of three parameters allows
very nice well description of the dependency of the elasticity
modulus on the filler content for the layered nanofiller type
with the platelet shape of particles. This model is valid in the
interval of the clay nanofiller content at least to the 10 wt. %.

Model brings the better look at the material containing
particles and technological parameters influenced by the
rigidity of prepared composites and the more optimal
planning of the next experimental work in this field.
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This paper investigates the unusual characteristics regarding the mechanical properties of Nylon-11 filled with different volume
fractions of silica nanoparticles by selective laser sintering (SLS) from numerical simulation. The compressive modulus was
predicted by two different numerical models and compared with the experimentally measured one. While the two-phase model
has a limited capability in explaining the unusual behavior shown in the compressive modulus obtained by experiments with
2% volume fraction of nanoparticles, the effective interface model can simulate the unexpected characteristic of nanocomposites
according to the volume fraction of nanoparticles. We can conclude that the effective interface model should be employed to
predict the mechanical properties of nanocomposites for efficiency and accuracy.

1. Introduction

Polymer systems often have light weight, ductile nature,
and relatively ease of production while they have lower
modulus and strength compared to metals or ceramics [1, 2].
Thus, various fillers including fibers, whiskers, platelets, or
particles are employed to improve the mechanical properties
of polymers as their advantages are maintained. Among the
fillers, particles are usefully implemented for the enhanced
mechanical performance of polymers for engineering appli-
cations in which strength and toughness are very important
parameters to be taken into account. Especially, nanopar-
ticles have unique features in improving stiffness and
toughness compared to micro- or macroscale particles. Since
the higher surface area of nanoparticles can promote stress
transfer from the matrix to the particles, the mechanical
strength of polymers can be more dramatically improved
than that with micro- or macroscale particles [2–4]. Several
experiments have investigated the effect of particle size and
attained the enhanced mechanical properties of composites
with decreasing particle size [5, 6]. On the other hand, a

decreasing particle size may cause defects or flaws such as
brittleness [7]. These defects or flaws can be reduced by
distributing nanoparticles homogeneously in a matrix, and
several researches have been conducted for homogeneous
dispersion [8–10].

Recently, an advanced technique that incorporates delib-
erately designed transitions in materials composition and
properties within a component in preferred directions to
optimize the functional value of that component is pre-
sented, which is functionally graded materials (FGMs) [11].
The concept of FGMs is applicable practically in various
engineering fields such as aerospace, nuclear energy, energy
conversion, electronics, optics, and biosystems [12]. While
the ability to manufacture complex components using FGMs
is highly desirable, at present, efficient automated techniques
to build such components realized as per design are limited.
In this respect, layered manufacturing techniques such as
selective laser sintering (SLS) have the potential to be ideal
techniques to automatically build such components [2].
Chung and Das have tried to fabricate a one-dimensional
FGM by SLS in the structure direction using micro- to
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nanoparticulate-filled polymer and demonstrated its feasi-
bility successfully. From their study, tensile and compression
specimens were also generated by SLS and mechanical tests
were conducted. In the case of Nylon-11 composites filled
with silica nanoparticles, they showed that both the modulus
increases and the strain at break decreases as the volume frac-
tion of silica nanoparticles increases. However, there exists a
critical composition at which these characteristics undergo
an inversion in their trends [3]. This paper aims at examining
this peculiar tendency of Nylon-11/silica nanocomposites by
experiment from the theoretical viewpoint.

Several researches have focused on the simulation based
on the continuum model to analyze the mechanical proper-
ties of composites. The unit cell model has been conducted
widely to predict the mechanical properties because this
model reduces the computational time and provides accurate
mechanical properties [13–15]. These continuum models
based on the macro/microlength and time scales presented
that the elastic modulus of composites consistently increases
with increasing volume fraction of particles [16, 17]. Atomic
simulations such as molecular dynamics (MD) and Monte
Carlo (MC) techniques are moreover employed to study
the structure and properties of composites, especially for
composites with nanoscale particles, whose analysis with a
continuum model is impractical [18, 19]. However, both MD
and MC techniques require excessive computational time
as particle size increases. In this paper, we characterize the
mechanical properties and the distinct tendency of Nylon-
11/silica nanocomposites according to the volume fraction
of nanoparticles whose diameter is 15 nm. Since MD or MC
is impractical for analyzing composites filled with nanopar-
ticles whose diameter is over 7 nm, we adopted a simulation
model based on continuum and discussed unusual behavior
presented from our experiments [3]. In this paper, we suc-
cessfully demonstrate the unexpected characteristics regard-
ing the mechanical properties of polymer nanocomposites
according to the volume fraction of nanoparticles.

2. Effective Interface Model

The Mori-Tanaka model assuming that only two phase
regions exist has been widely used to analyze the mechanical
properties of composites [20–22]. For nanoscale particles,
the interface region exiting physically between the parti-
cle and the polymer matrix cannot be considered as a
continuous region, and the mechanical properties can no
longer be determined through traditional micromechanical
approaches [23]. It is inappropriate to be described as
consisting of just two phase regions, and the interface region
needs to be defined adequately. Thus, the effective interface
model has been proposed, which incorporates an effective
interface region between the particle region and the polymer
matrix region. The phase regions are perfectly bonded to
each other similar to the Mori-Tanaka model. The effective
interface model has been employed to predict the mechanical
properties of a composite with the interface of the same
spherical shape as the particle. The effective interface has a
finite size and is commonly referred to as an interphase or an

interaction zone [1]. For this model, the bulk elastic stiffness
tensor is

C = Cm +
[(
cp + ci

)(
Ci − Cm

)
Tpi + cp

(
Cp − Ci

)
Tp
]

×
[
cmI +

(
cp + ci

)
Tpi
]

,
−1

(1)

where ci, cp, and cm are the volume fractions of the effective
interface, particle, and matrix, respectively, Ci, Cp, and Cm

are the stiffness tensors of the effective interface, particle,
and matrix, respectively, Tp and Tpi are the dilute strain-
concentration tensors given by

Tp = I − Sp
[
Sp + (Cp − Cm)−1Cm

]−1
, (2)

Tpi = I − Sp
{

cp
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[
Sp + (Cp − Cm)−1Cm

]−1

+
cp

cp + ci

[
Sp +

(
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)−1
Cm
]−1

}

,

(3)

where Sp is the Eshelby tensor [24]. For a spherical particle
and an isotropic matrix, the components of the Eshelby
tensor are

S
p
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p
2222 = S

p
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7− 5v
15(1− v)

,
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,

S
p
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p
2323 = S

p
3131 =

4− 5v
15(1− v)

.

(4)

The effective interface is modeled as having a finite size
with a discrete transition even though the actual molecular
structure has a gradual transition to the bulk molecular
one. Since it is assumed that the dispersion of nanoparticle
is homogeneous, the elastic modulus of nanocomposites is
analyzed with the unit cell. Finite element simulations were
performed within the framework of the small displacements
theory and materials were assumed to behave as linear,
elastic, and isotropic solids. While the model that the
nanoparticle is bonded to Nylon-11 is composed of just two
phases, the effective interface model has three phases where
the effective interface was modeled as perfect spherical and
existed between Nylon-11 and 15 nm silica nanoparticles.
It is also assumed that the equivalent-continuum interfacial
region is both continuous and homogeneous. Figure 1 shows
a schematic description of unit cell in two-phase model and
three-phase model, respectively.

3. Results and Discussion

3.1. Two-Phase Model. A two-phase model based on con-
tinuum has been used to analyze the mechanical property
of composites filled with macro/microparticles in previous
studies. In order to evaluate rationality to use the two-
phase model for nanocomposites, the two-phase model was
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Figure 1: Unit cell of the nanocomposite in (a) the two-phase model and (b) an effective interface model.

preferentially generated to predict the mechanical property
of nanocomposites. The compressive modulus of Nylon-
11/silica nanocomposite produced by SLS was investigated
with respect to the volume fraction of nanoparticles by the
two-phase model. Poisson’s ratios of the particle and matrix
are taken as 0.19 and 0.35, respectively. Young’s modulus
of silica particle is 88.7 GPa and that of Nylon-11 matrix is
1.24 GPa [2, 3]. Figure 2 shows a model of unit cell used in
the two-phase model and compares the compressive modu-
lus obtained from numerical simulations with experimental
results presented elsewhere [3]. For experimental results,
five specimens were generated for each composition, and
accordingly compressive tests were conducted. All the values
including 2% volume concentration represent the averaged
values within 2% error range from five compressive tests.

As shown in Figure 2, the compressive modulus calcu-
lated from simulations continuously increases with increas-
ing volume fraction of nanoparticles and is consistent with
experimental results at 4% and 6% volume fraction of
nanoparticles. However, the simulation result the by two-
phase model presents an increased modulus at 2% volume
fraction of nanoparticles while the compressive modulus
from the experiment demonstrates the decreased modulus
at 2% volume fraction of nanoparticles. The experimental
results imply that there exists a critical composition at which
the characteristics of compressive modulus as a function of
volume fraction of nanoparticles undergo an inversion in
their trends but the two-phase model is not able to reflect this
behavior. The compressive modulus of the nanocomposite
simulated by the two-phase model shows a good agreement
with the experimental results up to 6% of volume fraction.
This might have resulted from the assumption that the poly-
mer matrix was perfectly bonded to nanoparticles because
15 nm fumed silica nanoparticles have a much higher Young’s
modulus than Nylon-11. However, the two-phase model
has a limited capability in explaining the unusual behavior
shown in the modulus obtained by experiments with 2%
volume fraction of nanoparticles even if a polymer matrix
experiences full melting and resolidification by SLS.

3.2. Effective Interface Model. As shown in Figure 2, the
experimental compressive modulus at 2% volume fraction is

even lower than the pure Nylon-11 even though the modulus
increases as the volume fraction of nanoparticles increases
from 4%. In order to explain why the compressive modulus
at 2% volume fraction has a different tendency, it is proper
to use the effective interface model. 15 nm fumed silicas are
not perfectly bonded to the Nylon-11 polymer matrix due
to their size relative to polymer chains. Thus, the region
around nanoparticles embedded in the polymer matrix has
a different density from that of a pure polymer, which
is denoted as the effective interface region. The effective
interface region has a lower Young’s modulus than that
of Nylon-11 due to sparse structure around nanoparticles.
The effective interface region has a structural characteristic
consisting of flexible polymer chains that are typically in
sequences of adsorbed segments and unadsorbed segments,
such as loops and tails. They are in turn entangled with other
chains in their proximity and are necessarily bound to the
surface. Hence, the density of the effective interface region
becomes lower resulting from the weak interaction between
chains and the surface because loops and tails extend farther
into the matrix. This phenomenon is indicated by the smaller
size of the particles, which is 15 nm.

In order to estimate Young’s modulus of composite,
the volume fraction and the mechanical properties of the
effective interface are prerequisite. We have determined
Young’s modulus of the effective interface from an iterative
procedure between calculations with the effective interface
equations (1)–(4) and numerical calculations with finite
element method. Various volume fractions of the effective
interface are tried for each volume fraction of silica particles
to analyze Young’s modulus of composite. The procedure is
summarized in Figures 3 and 4 shows a model of unit cell
used in the effective interface model.

Figure 5 compares the compressive modulus obtained
from the numerical simulations with the experimental
results presented elsewhere [3]. As presented in Figure 5
and Table 1, the performed analysis demonstrates that the
volume fraction of the effective interface plays an important
role in the mechanical property of nanocomposites. We
attempted to prove that our model expects an unusual
characteristic of compressive modulus under various volume
fractions of the effective interface. For the volume fraction
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Figure 2: (a) Model of unit cell in the two-phase approach. (b) Compressive modulus of nanocomposites with various volume fractions of
silica particles.

Determine Young’s modulus of the
effective interface

Analyze the model with FEM

Compare the result of FEM with
that of EIE and calculate the error

Repeat the above process to
minimize the error

Solve the effective interface
equations (EIEs) with initial values

Figure 3: Procedure to calculate Young’ modulus of an effective
interface.

Figure 4: Model of unit cell in the effective interface approach.

of the effective interface, 10%, 15%, and 20% are tried.
Figure 5 shows the compressive modulus as a function of
volume fraction of the effective interface for nanocomposites
with 2%, 4%, and 6% volume fraction, respectively. The
compressive modulus of the nanocomposite increases with
decreasing volume fraction of the effective interface while
the compressive modulus of the nanocomposite decreases
with decreasing Young’s modulus of the effective interface
for composites with 2% volume fraction of particles. With
4% and 6% volume fraction of particles, the compressive
modulus of the nanocomposite increases with increasing
volume fraction of the effective interface.

As shown in Figure 5(a), the compressive modulus of
the nanocomposite with 2% volume fraction of particles
decreases with increasing volume fraction of the effective
interface and is even smaller than the neat polymer. However,
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Figure 5: Young’s modulus of nanocomposites with respect to the volume fraction of the effective interface. The volume fractions of particles
are (a) 2%, (b) 4%, and (c) 6%. The red line is Young’s modulus of Nylon-11. The blue line is Young’s modulus of nanocomposites examined
from experiments.

Table 1: Young’s modulus of effective interface with respect to the
volume fraction (MPa).

Volume fraction of
particles

Volume fraction of effective interface

10% 15% 20% 25%

2% 577 627 657 678

4% 1012 723 637 614

6% 1332 1651 1932 1749

this trend becomes opposite in nanocomposites with 4%
or larger volume fraction of nanoparticles. As the volume
fraction of effective interface increases, the compressive
modulus of nanocomposite also increases and is larger than
the neat polymer. Figure 6 shows the compressive modulus as
a function of volume fraction of nanoparticles under various
volume fractions of the effective interface.

As shown in Figure 6, only for 2% volume fraction of
nanoparticles, Young’s modulus of the composite is smaller

than that of the matrix as observed in the experiments.
Young’s modulus of matrix is depicted with a red line in
Figure 6. All the calculated Young’s moduli with different
volume fractions of the effective interface are also consistent
with the experimental observations as shown in Figure 6. The
low density of the effective interface induces small Young’s
modulus of the effective interface. Thus, the effective inter-
face behaves as a tender layer surrounding the nanoparticle
and induces very small Young’s modulus of composite such
as the composite with 2% volume fraction of nanoparticles.
As the volume fraction of the particle with high modulus
increases, the effect of the effective interface is vanished by
the increased amount of strong particles. Hence, it suggests
that there must be the critical volume fraction of particles
that induces the distinct influence of the effective interface
on the mechanical property of nanocomposites.

While the two-phase model is not able to expect the
unusual behavior shown in the modulus by the experiment
with 2% volume fraction of nanoparticles, the compressive
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Figure 6: Compressive modulus of nanocomposites with respect to
the volume fraction of silica particle. The red line is Young’s modu-
lus of Nylon-11.

modulus obtained by the effective interface model shows a
good agreement with the experimental results overall. We
can conclude that the effective interface model should be
employed to predict the mechanical properties of Nylon-11
composites filled with silica nanoparticles for efficiency and
accuracy.

4. Conclusions

This paper investigates the unusual characteristics regarding
the mechanical properties of Nylon-11 filled with different
volume fractions of silica nanoparticles by selective laser
sintering (SLS) from numerical simulation. The compressive
modulus was predicted by two different numerical models
and compared with the experimentally measured one.

The compressive modulus calculated from the two-
phase model continuously increases with increasing the
volume fraction of nanoparticles and is consistent with
the experimental results at 4% and 6% volume fraction of
nanoparticles. However, the simulation result by the two-
phase model presents an increased modulus at 2% volume
fraction of nanoparticles while the compressive modulus
from the experiment demonstrates the decreased modulus
at 2% volume fraction of nanoparticles. The experimental
results imply that there exists a critical composition at which
the characteristics of the compressive modulus as a function
of the volume fraction of nanoparticles undergo an inversion
in their trends but the two-phase model is not able to reflect
this behavior.

In order to explain why the compressive modulus at 2%
volume fraction has a different tendency, the effective inter-
face model was introduced here. The compressive modulus
of the nanocomposite with 2% volume fraction of particles
decreases with increasing volume fraction of effective inter-
face and is even smaller than the neat polymer. However, this

trend becomes opposite in nanocomposites with 4% or larger
volume fraction of nanoparticles. As the volume fraction of
the effective interface increases, the compressive modulus of
the nanocomposite also increases and is larger than the neat
polymer. Consequently, we could successfully demonstrate
the unexpected characteristics regarding the mechanical
properties of polymer nanocomposites according to the
volume fraction of nanoparticles using the effective interface
model. We can conclude that the effective interface model
should be employed to predict the mechanical properties of
nanocomposites for efficiency and accuracy.
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This experimental study deals with the synthesis, processing, and characterization of highly filled nanocomposites based
on polyvinyl butyral/magnetite (PVB/Fe3O4) and polymethylmethacrylate/magnetite (PMMA/Fe3O4). The nanoparticles are
synthesized in an aqueous coprecipitation reaction and show a single particle diameter of approximately 15 nm. The particles are
sterically functionalized and covered by PVB and PMMA in a spray drying process. The synthesized compound particles are further
processed by injection molding to test specimens with filler contents up to 14.5 vol.-%. PVB and PMMA specimen are processed as
a reference as well. The distribution of the nanoparticles is characterized by microscopy. Besides a minor number of agglomerates
and aggregates the nanoparticles are distributed homogeneously in the PVB composites. Furthermore, the injection molded
specimens are characterized with regard to their thermal degradation, polymer structure, and their mechanical and magnetic
properties. The presence of nanoparticles capped with ricinoleic acid shows significant decrease in degradation temperature and
in glass transition temperature of PVB. The degradation temperature of PMMA is increased by adding nanoparticles capped with
oleic acid. Dynamic-mechanical properties as well as the magnetic permeability of PVB and PMMA are improved significantly by
adding nanoparticles.

1. Introduction

Soft magnetic materials based on iron oxides are often used
for electromagnetic screening devices, in electrical machines,
for magnetic shielding, and in magnetorheological areas [1–
3]. The restrictions of the application of these materials are
the relatively high hysteresis losses that can be reduced by
using soft magnetic particles in a thermoplastic matrix [4].

The incorporation of nanosized particulate matter within
a polymer matrix to create nanocomposites is a well-known
technique to enhance or advance material properties. This
fact has been employed for decades starting with the well-
known material Bakelite used in tires for cars around 1900
[5]. Nevertheless, the homogenous distribution and deag-
glomeration of the nanoparticles is still a current research
topic. In the last twenty years there have been numer-
ous studies on novel nanoparticle systems and a growing

understanding in the synthesis, functionalization, and han-
dling of nanoparticles. Unique “nano-” properties like super
paramagnetic behavior for magnetite nanoparticles or
extreme tensile strength for nanotubes have been described
[6–9].

Nowadays, a growing interest lies in the engineering and
processing of polymeric nanocomposites to create both high-
quality and affordable materials incorporating nanoparticles
[10]. The goal is to produce composites with a high dis-
persity—the uniform distribution of primary nanoparticles
within the polymer matrix—preserving the unique proper-
ties of the primary particles [11]. Polymer composites filled
with nanoscaled particles can be produced either by bottom-
up [12–15] or top-down [16, 17] processes. In the bottom-up
process the nanoparticles will be integrated in the polymer
matrix by synthesis or solution process. Amongst a variety of
others one method to incorporate especially a high amount
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of nanoparticles in a soluble polymer is the solution method,
which has been introduced by Banert and Peuker [18]. These
highly filled composites exceed a filling ratio of the particles
phase of 30 wt.-%.

Nanoparticles show a high affinity to agglomerate or
aggregate. Therefore, a process has to be found to separate
the particles from each other. In order to reach high
filler contents in a nanocomposite with several components
(nanoparticle, e.g., Magnetite, surfactant, e.g., fatty acids and
polymer, e.g., PVB and PMMA) one has to investigate the
theoretical limitations from the packing of spheres, which
are 68 vol.-% and 74 vol.-% for body-centered cubic and
face-centered cubic particle packing, respectively. In case of
microparticle-filled composites, a maximum packing density
up to 70 vol.-% can be processed by extrusion, kneading,
and (micro) injection moulding processes [19, 20]. The
challenge in using nanoparticle-filled composites is the very
large specific surface of the fatty acid capped primary
particles, which has to be surrounded by the polymeric
matrix. However, the filler content of body-centred cubic
and face-centred cubic particle packing cannot be reached in
nanocomposites up to now.

Despite previous experiments with PMMA polymer
matrices, PVB was found to stabilize the dispersion consider-
ably caused by stronger interactions with the fatty acid coated
magnetite particles [21, 22]. The excellent adhesive and film-
forming properties of PVB makes it applicable as safety
glass interlayers, paints, lacquers, vanishes, printing inks,
temporary binder, and adhesives. The injection molding
and thermal as well as magnetic analysis of PVB/Fe3O4

nanocomposites has not been reported in the literature up
to now.

2. Materials and Methods

The precipitation reaction and the phase transfer (PT) are
carried out in conventional laboratory glass ware. Iron salts
(FeSO4∗7H2O, FeCl3∗6H2O) purchased from Roth (Karl-
sruhe, Germany) and 26% ammonium hydroxide purchased
from Sigma-Aldrich Chemie GmbH (Munich, Germany) are
used.

The solvent is dichloromethane (DCM) in technical
quality since it is the aim to scale up the process. Both
ricinoleic (RA) and oleic (OA) fatty acids are in technical
quality as well and purchased from Sigma-Aldrich Chemie
GmbH (Munich, Germany). Polyvinyl butyral (Mowital B
30 T, Kuraray Europe GmbH, Frankfurt, Germany) and
polymethylmethacrylate (Diakon CLG902, Lucite Interna-
tional, Rozenburg, The Netherlands) are used as matrix
polymer. The solved polymer exists in coils of about 5 nm
in diameter as measured by dynamic light scattering (DLS).
Spray drying is accomplished by a laboratory cocurrent
spray dryer (Büchi B-290, Büchi Labortechnik GmbH, Essen,
Germany) with solvent recovery. The organosol is atomized
with an external mixing two fluid nozzles with nitrogen
as atomizing gas. A low drying temperature of 60◦C is
applied. In a cyclone the polymer-nanoparticle composite

microparticles are separated from the gas stream with a
median size of about 5 μm as measured with laser diffraction.

The spray dried composite particles are characterized
using a scanning electron microscope (Phenom, FEI, Eind-
hoven, The Netherlands) with a back scatter electron detec-
tor. For further processing purposes an injection molding
machine (Arburg Allrounder 220S 150-60, Lossburg, Ger-
many) is used to produce various test specimens (35 × 10 ×
4) mm3 for characterization. The distribution and agglomer-
ation of the nanoparticles in the injection molded composite
samples are characterized using a microscope (Zeiss Axiolab
A1, Carl Zeiss MicroImaging GmbH, Jena, Germany) and
a scanning electron microscope (Helios NanoLab 600, FEI,
Eindhoven, The Netherlands) with inverted back scatter
electron detector. Thermogravimetric analysis (TGA) is
performed using a thermogravimetric analyzer (TGA Q5000
IR, TA Instruments, Alzenau, Germany) starting at 25◦C up
to 600◦C in high-resolution mode (HiRes 5) with modulated
heating rate from 10◦C/min to 0.2◦C/min under nitrogen
atmosphere with respect to [23]. The balance measurement
resolution accuracy is 0.1%. For temperature calibration the
well-known Curie temperature of a nickel standard sample
has been measured as a reference.

Dynamic scanning calorimetry (DSC Q2000, TA Instru-
ments, Alzenau, Germany) is done in temperature range
between 0◦C and 150◦C with a heating rate of 10◦C/min
under nitrogen atmosphere. For temperature calibration the
melt temperature of indium, lead, tin, and zinc standards has
been measured to achieve a minimum temperature deviation
of 0.2◦C.

For mechanical characterization a dynamic mechanical
thermal analyzer (DMTA) (DMA Q800, TA Instruments,
Alzenau, Germany) in forced vibration single cantilever
mode is used. The temperature ranges from −30◦C to 150◦C
at a heating rate of 3◦C/min and an induced frequency of
8 Hz. An amplitude of 5 μm (equal to a maximum strain
of ε∼1.4 × 10−4) is applied for standard experiment. The
temperature has been calibrated using indium, lead, tin, and
zinc standards to achieve a minimum temperature deviation
of 0.2◦C. The resolution of the loss factor (tanδ) is 1 × 10−4

which is the ratio of the loss modulus to the storage modulus.
The repeating accuracy of storage modulus is 3%.

The magnetic measurements are performed with a com-
puter controlled hysteresis measurement system (Hystero-
graph, IMVT, TU Clausthal, Clausthal-Zellerfeld, Germany)
similar to the one described in [24, 25]. For all materials,
permeability measurements versus magnetic field strength
are carried out at ambient temperature and a frequency of
1 Hz in the region of magnetic field from 200 to 50000 A/m
with 50 measurement points. Furthermore, the low field
permeability (at 3% of maximum polarization induction)
and the maximum permeability versus filler fraction are ana-
lyzed. Due to the low reachable polarization of a composite,
which is linearly dependent on the filler fraction and the
saturation polarization of the magnetic filler, the dependency
of coercivity on filler fraction is measured at 0.07 T for the
purpose of comparability.
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process.

3. Experimental

In order to synthesize highly filled polymeric nanocom-
posites, the concept of a modular built process chain is
investigated, as shown in Figure 1.

The first step can already be the nanoparticle synthesis
for example in a well-understood precipitation reaction. In
a further project a continuous precipitation reactor is being
developed to allow for higher throughput [26]. The transfer
of the synthesized nanoparticles in aqueous suspensions into
an organic solvent is achieved in a unit process called liquid-
liquid phase transfer [8]. The aggregates and agglomerates
are partially physical-chemically dispersed and the particle
surface hydrophobized by fatty acid adsorption at the liquid-
liquid interface. Furthermore, still existing aggregates and
agglomerates can be mechanically dispersed in a media mill
or in the shear gradient of ultrasonic cavitation or rotor-
stator devices. The colloidal stability is achieved entropically
by steric hindrance of the grafted fatty acid molecule layers.
After or before the latter step the solved unbranched polymer
is added. The polymer forms coils that are in the size order
of the nanoparticles, depending on the solvent (good or
bad) and the chain length [22]. Depending on whether the
polymers adsorb on the nanoparticles surface the colloidal
stability is the bottleneck of the chain of synthesis. In a
previous study it was shown that PMMA as a nonadsorbing
polymer leads to depletion flocculation whereas PVB will
adsorb on the particles and furthermore stabilize the system
[22]. The complex organosol with high dispersity—ideally
homogeneous distribution of sterically stabilized primary
nanoparticles—is then spray dried to “freeze” the high
dispersed state and form a nanoparticle-polymer composite
powder. In an agglomeration step, the fine powder from
the spray dryer is processed to improve bulk flow by high-
pressure tabletizing and granulation.

The synthesized polymeric nanocomposites are further
processed by injection molding to produce test specimen
for material characterization. The processing parameters
are shown in Table 1 for PVB and PMMA as well as
their nanocomposites. The injection molded test specimens
are microscopically, thermoanalytically, and magnetically
characterized.

Table 1: Injection molding parameter.

Parameter PVB PMMA

Melt temperature [◦C] 150 250

Flow rate [cm3/s] 22 22

Injection pressure [bar] 800 800

Packing pressure [bar] 500 500

Mold temperature [◦C] 80 80

4. Results and Discussion

Figure 2 shows the synthesized and spray dried PVB/Fe3O4

and PMMA/Fe3O4 composite particles. The PVB/Fe3O4

composite particles in Figure 2(a) are characterized by a
wide particle size distribution and wrinkled surfaces. The
particle shape of the PMMA/Fe3O4 composite particles in
Figure 2(b) appears more spherical, and the particles sizes
are slightly smaller. However, the width of the particle size
distribution is similar, which is due to the droplet formation
with the nozzle.

Following injection molding the composites show dif-
ferent agglomeration of the nanoparticles at constant filler
content, described by the black areas in Figure 3. The
PVB/Fe3O4 nanocomposite in Figures 3(a) and 3(b) shows
uniform distributed nanoparticles with minor number of
agglomerates compared to the PMMA/Fe3O4 nanocompos-
ite in Figures 3(c) and 3(d), which is characterized by a large
number of agglomerated particles. The appearance of such
agglomerate structures is due to the polymer nanoparticle
interactions in the dispersion before spray drying [22, 27].
Because of the beneficial attractive interactions between the
fatty acid coated magnetite nanoparticles and PVB colloidal
stability is improved.

Thermogravimetric analysis (TGA) is carried out starting
from room temperature up to 600◦C with modulated heating
rate (HiRes 5) to determine the degradation behavior of PVB,
PMMA, and their nanocomposites as well as to establish the
filler content of Fe3O4 nanoparticles in the composites. The
results are shown in Figure 4.

TGA results of PVB and its nanocomposites in
Figure 4(a) show a weight loss of about 2 wt.-% at around
100◦C induced by the melting of PVB and vaporization
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Figure 2: Synthesized and spray dried (a) PVB/Fe3O4 and (b) PMMA/Fe3O4 composite particles (back scattering SEM, magnification
2.000x).
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Figure 3: Injection molded (a, b) PVB/Fe3O4 and (c, d) PMMA/Fe3O4 composite samples at comparable nanoparticle filler content ((a, c)
inverted bright field optical microscopy, magnification 350x, (b, d): inverted back scattering SEM, magnification 35.000x).
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Figure 4: Thermogravimetric analysis of (a) PVB and PVB/Fe3O4 nanocomposites and (b) PMMA and PMMA/Fe3O4 nanocomposites.
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Figure 5: Dynamic scanning calorimetry of (a) PVB and PVB/Fe3O4 nanocomposites and (b) PMMA and PMMA/Fe3O4 nanocomposites.

of volatiles as components of the technical grade fatty
acids. Thermal degradation of PVB nanocomposites starts at
lower temperature (230◦C) compared to pure PVB (302◦C).
However, the opposite behavior is obtained for PMMA and
PMMA/Fe3O4 nanocomposites (Figure 4(b)). Hence, adding
Fe3O4 nanoparticles reduces the thermal stability of PVB and
increases thermal stability of PMMA. This can be explained
by the increased amount of microsized agglomerates in
PMMA nanocomposites, which reduces the mobility of
polymer chains while heating, which has also been described
for microparticle filled polymeric composites [19, 20]. The
well-distributed nanoparticles in the PVB nanocomposites

surround the polymer chains homogeneously and may act
as lubricants, which increases the mobility of the polymer
chains and consequently reduces thermal stability of PVB.
Regarding the filler content of Fe3O4 nanoparticles, the resid-
ual mass at 600◦C is determined considering [26] 39 wt.-
% (equal to 12 vol.-%) and 44 wt.-% (equal to 14.5 vol.-%),
respectively. The residue of PVB at 600◦C is about 3 wt.-%.

Dynamic scanning calorimetry (DSC) is determined to
explain the influence of nanoparticles on the glass transition
temperature of PVB. DSC is done in temperature range
between 0◦C and 150◦C using heating rate of 10◦C/min and
nitrogen atmosphere. The results are shown in Figure 5.
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Figure 6: Dynamic mechanical analysis of (a) PVB and PVB/Fe3O4 nanocomposites and (b) PMMA and PMMA/Fe3O4 nanocomposites.
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Figure 7: Magnetic hysteresis of PMMA/Fe3O4 and PVB/Fe3O4

nanocomposites.

Dynamic scanning calorimetry of PVB and PVB/Fe3O4

nanocomposites in Figure 5(a) reveals a significant decrease
of glass transition temperature (Tg) with increasing nanopar-
ticle filler content. The Tg of PVB is reduced about 9◦C
and 18◦C for PVB+12 vol.-% Fe3O4 and PVB+14.5 vol.-%
Fe3O4, respectively. Regarding the TGA results in Figure 4(a),
increasing filler content of well-distributed Fe3O4 nanoparti-
cles may increase the mobility of the polymer chains in PVB
whereas the glass transition temperature will be reduced. In
case of PMMA-based nanocomposites the glass transition
temperature of PMMA is not significantly affected by adding
Fe3O4 nanoparticles (see Figure 5(b)).

The mechanical behavior of PVB and PMMA as well as
their nanocomposites is assessed using dynamic mechanical
analysis (DMA) in a temperature range from −30◦C to

Table 2: Magnetic properties of PMMA/Fe3O4 and PVB/Fe3O4

nanocomposites.

Property
PMMA + 12 vol.-%

Fe3O4

PVB + 12 vol.-%
Fe3O4

Coercivity [A/m] 458 398

Remanence [T] 0.0016 0.001

Saturation polarization [T] 0.115 0.042

Max. permeability [-] 3.4 3

Magnetic losses [J/m3] 83 33

100◦C and 150◦C, heating rate of 3◦C/min, displacement
amplitude of 5 μm, and frequency of 8 Hz. Figure 6 shows the
storage modulus E′ and loss factor (tanδ) of the examined
materials.

Figure 6 shows that the storage modulus E′ of PVB
and PMMA is significantly increased by filler content.
However, adding 14.5 vol.-% nanoparticle reduces storage
modulus compared to PVB with 12 vol.-% nanoparticle. The
nanoparticles cause failures in the polymer matrix. With
increasing filler content the number of failures increases
and the mechanical strength decreases. In general, storage
modulus of PMMA and its nanocomposite shows signifi-
cantly higher values than that of PVB and its nanocomposites
in the examined temperature range caused by higher glass
transition temperature of PMMA compared to PVB. In the
temperature range of glass transition temperature of PVB
and PMMA storage modulus strongly decreases by softening
of the polymer material. Furthermore, the decrease in storage
modulus induced by the glass transition of PVB takes place
at lower temperatures with increasing filler content. The
decrease in glass transition temperature correlates to the DSC
results in Figure 5. The loss factor describes the damping
behavior of the composites. The peak temperature of the loss
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factor of PVB is shifted to lower temperature with increasing
filler content. In case of PMMA the opposite behavior is
determined. Hence, adding nanoparticles to PVB reduces
damping behavior, whereas an improvement of damping
behavior was found by adding nanoparticles to PMMA.

Magnetic properties are investigated by magnetic hys-
teresis to show the influence of the incorporated soft
magnetic Fe3O4 nanoparticles on the magnetic behavior of
the nanocomposites. Results of magnetic characterization are
illustrated in Figure 7 and listed in Table 2.

Magnetic hysteresis in Figure 7 shows lower saturation
polarization of PVB/Fe3O4 nanocomposites compared to
PMMA/Fe3O4 nanocomposites at constant filler content and
equal magnetic field. Furthermore, the enclosed surface area
of the hysteresis slopes characterizes the magnetic (hystere-
sis) losses of the nanocomposites. PVB/Fe3O4 nanocompos-
ites show significant lower surface area and consequently
lower magnetic losses compared to PMMA/Fe3O4 nanocom-
posites. Table 2 summarizes the magnetic properties of
PMMA/Fe3O4 and PVB/Fe3O4 nanocomposites at constant
filler content of 12 vol.-%.

Magnetic properties of the examined nanocomposites in
Table 2 show lower coercivity, saturation polarization, and
magnetic losses of PVB/Fe3O4 nanocomposites compared to
PMMA/Fe3O4 nanocomposites. Remanence and maximum
permeability of the nanocomposites are comparable. Accord-
ing to Herzer [28], lower particle size of the well-distributed
nanoparticles in PVB/Fe3O4 nanocomposites induces lower
coercivity compared to the agglomerated PMMA/Fe3O4

nanocomposites.

5. Conclusions

PVB/Fe3O4 and PMMA/Fe3O4 nanocomposites with filler
content up to 14.5 vol.-% were synthesized, spray dried,
and further processed in injection molding process. The
well-dispersed Fe3O4 nanoparticles show well-distributed
nanoparticles in the injection molded PVB/Fe3O4 nanocom-
posites. Thermal stability, glass transition temperature, and
peak temperature of the loss factor of PVB will be reduced by
adding nanoparticles. The opposite behavior was determined
for PMMA/Fe3O4 nanocomposites. Storage modulus of PVB
and PMMA increases below glass transition temperature
by adding Fe3O4 nanoparticles. The softening of PVB
and PMMA nanocomposites starts at lower temperature
compared to the unfilled polymer. Magnetic losses, coercivity
and saturation polarization of PVB/Fe3O4 nanocomposites
were reduced compared to PMMA/Fe3O4 nanocomposites
caused by the uniform distribution of nanoparticles in PVB.
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A composite composed of electrically conductive entangled carbon nanotubes embedded in a polystyrene base has been prepared
by the innovative procedure, when the nonwoven polystyrene filter membrane is enmeshed with carbon nanotubes. Both
constituents are then interlocked by compression molding. The mechanical and electrical resistance testing show that the polymer
increases nanotube network mechanical integrity, tensile strength, and the reversibility of electrical resistance in deformation
cycles. Another obvious effect of the supporting polymer is the reduction of resistance temperature dependence of composite and
the reproducibility of methanol vapor sensing.

1. Introduction

Recent technology progress relies heavily on the use of
materials that provide advanced structural and functional
capabilities. In this respect, entangled carbon nanotube
(CNT) network of buckypaper presents great promise for
developing high-performance polymeric materials [1–3].
The networks can proportionally transfer their unique prop-
erties into composites and bring substantial improvements in
structural strength, electrical and thermal conductivity, elec-
tromagnetic interference shielding, and so forth compared to
polymer composites with carbon nanotube particulate filler.

The first polymer composite with CNT network was
fabricated via filtering nanotube dispersion through fine
filtration mesh [4]. Nanotubes stuck to each other and
formed a thin entangled structure of pure nanotubes, later
dubbed buckypaper. The network was then fixed by a
polymer solution (epoxy [5, 6] or bismaleimide resin [1],
polyvinyl alcohol, polyvinylpyrrolidone and polyethylene
oxide water solutions [7]) to form composites.

However, the fabrication of CNT network-based polymer
composite described above was rather laborious. Our idea

is to circumvent polymer solution methods and to suggest
a simple and easier manufacturing of multiwall carbon
nanotube (MWNT) network-based polymer composites.
The novel process consists in using nonwoven polystyrene
(PS) filter as an integrating and supporting element on which
nanotubes cumulate and form a network during MWNT
suspension filtration. The nanotubes slightly infiltrate into
the filter and adhere to it, finally forming a continuous layer.
The obtained MWNT/PS-layered composite is compression
molded above the melting temperature of PS, which causes
transformation of the filter into flexible PS film. Repeating
layering of MWNT/PS films enables producing bulky mate-
rial.

The processing technique seems promising for contin-
uous manufacturing of CNT networks/polymer composites
since the filter support ensures the composite compactness.
Peeling off MWNT layer from the membrane, which is
common in previous methods, is eliminated here as well as
network impregnation by polymer solutions.

In the present paper, the scanning electron microscopy
(SEM) of a layered structure of MWNT network/polystyrene
composite is carried out together with the tests of composite
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tensile deformation and electrical resistance. The additional
testing reveals the effect of the supporting polymer on the
resistance temperature dependence of composite and the
reproducibility of methanol vapor sensing.

2. Materials

Purified MWCNTs produced by chemical vapor deposition
of acetylene which were supplied by Sun Nanotech Co. Ltd.,
China. According to the supplier, the nanotube diameter
is 10–30 nm, length 1–10 μm, with a purity of ∼90% and
(volume) resistivity of 0.12Ωcm. Further details on the
nanotubes were obtained by means of the transmission
electron microscopy (TEM) analysis presented in our pre-
vious paper [8]. From the corresponding micrographs, the
diameter of individual nanotubes was determined to be
between 10 and 60 nm, their length from tenths of micron
up to 3 μm. The maximum aspect ratio of the measured
nanotubes is thus about 300. The multiwall consists of about
15–35 rolled layers of graphene. Another analyses estimate
oxygen content on CNT surface 5.5 at percentage with O/C
ratio 0.06 measured by X-ray photoelectron spectroscopy,
the high thermal stability measured by Thermogravimetric
Analysis when only negligible degradation in the range of
temperatures up to 700◦C occurs, that is, a loss of mass ca
3 wt. % [9].

Polystyrene is a commercial polymer (Krasten 137,
Kaucuk-Unipetrol Group, Mn = 102 530, and Mw/Mn =
2.75). Sodium dodecyl sulfate (SDS) and 1-pentanol were
used as surfactant and cosurfactant, respectively. Methyl
isobutyl ketone (MIBK) and dimethylformamide (DMF)
were used as PS solvents, and tetraethylammonium bromide
was used to adjust conductivity of PS solutions for electro-
spinning (filter preparation).

3. Experimental

MWNTs were used for the preparation of aqueous paste:
1.6 g of nanotubes and ∼50 mL of deionized water were
mixed with the help of a mortar and pestle. The paste was
diluted in deionized water with SDS and 1-pentanol [10–
12]. Then NaOH/water solution was added to adjust pH to
the value of 10 [13]. The final nanotube concentration in
the dispersion was 0.3 wt. % concentration of SDS and 1-
pentanol 0.1 M and 0.14 M, respectively [10]. The dispersion
was sonicated in Dr. Hielscher GmbH apparatus (ultrasonic
horn S7, amplitude 88 μm, power density 300 W/cm2, and
frequency 24 kHz) under the temperature of ca 50◦C for 2
hours.

Polystyrene nonwoven mats for filtration of nanotube
dispersion were prepared by electrospinning from PS solu-
tion. The polymer was dissolved in a mixture of MIBK/DMF
with the volume ratio 3 : 1 and PS concentration 15 wt. %.
Electrical conductivity of the solution was adjusted to
75 μS/cm by tetraethylammonium bromide. PS nanofiber
layer was manufactured using the NanoSpider (Elmarco,
s.r.o.) equipped with a steel rotating electrode with needles
and a steel cylindrical collecting electrode (more details in

[14]). Electrospinning was carried out under the following
conditions: electric voltage 75 kV (Matsusada DC power
supply), temperature 20–25◦C, relative humidity 25–35%,
and the electrode rotation speed 8 min−1. The motion rate
of antistatic polypropylene nonwoven fabric which collects
nanofibers was 0.16 m/min. To produce final PS nonwoven
filters, the prepared nanofiber porous layer (thickness of
about 1 mm) was subjected to hot pressing under 0.6 MPa
and temperature 80◦C.

In order to prepare entangled MWNT network on the
supporting PS filter, a vacuum-filtration method was used.
The formed disk-shaped network was washed several times
by deionized water (to reach neutral pH) and methanol
in situ. Subsequently, MWNT network with PS filter was
placed between two acetone moistened filter papers and
dried between two iron plates at room temperature for 24
hours. The final drying continued without iron plates at
40◦C for another day. The thickness of the nonwoven PS
filter was typically 0.5–0.8 mm, and the thickness of MWNT
entangled network, according of the amount of dispersion
filtered, was from 0.02 to 0.26 mm. The formed PS filter-
supported MWNT network was then compression molded at
190◦C. Thus, the originally porous PS filter was transformed
into a film.

For comparison, pure carbon nanotube networks were
prepared by filtration of dispersions through polyurethane
nonwoven filters prepared again by electrospinning accord-
ing to procedure described in [14]. After filtration, the
MWNT sediment was washed by deionized water and
methanol in situ and drained between dry filter papers for
a moment before the entangled MWNT sediment was gently
peeled off the filter and dried.

The structure of PS nonwoven filter as well as that of
MWNT network was investigated with a scanning electron
microscope (SEM) Vega LMU (Tescan s.r.o., Czech Repub-
lic). The sample was deposited on carbon targets and covered
with a thin Au/Pd layer. The observation was carried out in
the regime of secondary electrons.

The strength of the network was measured in a simple
test. The sample materials (PS filter-supported MWNT
network; pure entangled MWNT network) were cut into
stripes (length 45 mm and width 10 mm) and stretched
stepwise with 60 sec delay in deformation reading in each
step.

To measure the dependence of electrical resistance on
tensile deformation of MWNT/PS composite, the stripe
(length 30 mm and width 5 mm) cut from the prepared
MWNT/PS composite was fixed on PS tensile test specimen
(dog bone shape) using 20 wt. % solution of PS in butanone.
Two electrical contacts were fixed to the stripe by silver
colloid electroconductive paint Dotite D-550 (SPI Supplies).
The electrical resistance was measured lengthwise during
7 consecutive tensile cycles by a two-point technique with
multimeter Sefram 7338.

MWNT/PS composite as a potential resistive gas sensor
for organic vapor detection was identified by the electrical
resistance measurement in a chemical vapor atmosphere.
The resistance of network stripe cut out from the manu-
factured disks (length 15 mm, width 5 mm, and thickness
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Figure 1: SEM image of (a) PS filter prepared by electrospinning (displayed scaler 10 μm) and (b) surface of entangled MWNT network
(scaler 500 nm).

ca 0.3 mm) was measured along the specimen length by
the two-point technique using multimeter Sefram 7338. The
stripe was placed on a planar holder with Cu electrodes
fixed on both sides of the specimen. Time-dependent
electrical resistance measurement was performed during
adsorption and desorption cycles. In the former case the
holder with the specimen was quickly transferred into an
airtight conical flask full of methanol vapor, a layer of which
was at the bottom. The measurement was conducted in the
saturated vapor at atmospheric pressure, temperature 25◦C
and relative humidity 60%. After 6 minutes of measurement
the holder was promptly removed from the flask, and for
the next 6 minutes the sample was measured in the mode
of desorption. This was repeated five times in consecutive
cycles.

The temperature dependence of electrical resistance of
MWNT networks and MWNT/PS composites were mea-
sured by a four-point method according to van der Pauw’s
idea [15]. The apparatuses used in the set up were Keith-
ley K7002 scanner, Keithley K7011-S switching card, pro-
grammable current source Keithley K2410, Keithley K6517
electrometer and PC with GPIB cec488 and AD25PCI SE
transducer cards and SVOR25TER connector. The resistance
was measured at constant current 0.01 A in the course of
heating from−40◦C to 150◦C (step 10◦C) using thermostatic
bath (Haake).

4. Results

4.1. SEM Results. The surface of PS filter prepared by
technology of electrospinning and the upper surface of the
MWNT network accumulated on the filter are shown as SEM
micrographs in Figures 1(a) and 1(b), respectively. PS fibers
are straight with smooth surface, submicron sizes with the
average diameter of 0.6 ± 0.3μm. The pores between them
have an average size of about 0.5 μm. The apparent density
of PS filter is ρfilter = 0.1 g/cm3, thus its porosity φ for the

measured PS density ρPS = 1.04 g/cm3 was calculated (from
the relation below) to be about 0.9. The pores allow partial
infiltration of MWNT into the filter at the beginning of
filtration. When the pores are filled with nanotubes, the filter
cake (pure nanotube entangled network) is formed above the
filter surface, as shown in Figure 2.

The porosity of MWNT network was calculated to be φ =
0.67 from relation φ = 1 − ρnet/ρMWNT, where ρnet = 0.56 ±
0.03 g/cm3 denotes the measured apparent density of the
nanotube network (n = 10), and ρMWNT = 1.7 g/cm3 is the
measured average density of nanotubes (n = 3). This density
is very close to the theoretical value for MWNT, which is
1.8 g/cm3 [16]. Also the network porosity corresponds to the
published values for MWNT networks [17].

MWNT network was firmly embedded in PS filter by
compression molding. The temperature of processing was
190◦C, which is well above the glass transition temperature
of PS used for experiments (Tg = 92◦C, determined by
differential scanning calorimetry technique). The melting
phase was followed by cooling below PS glass transition
temperature, when both layers were firmly linked.

Figure 3 shows composite arrangement after compres-
sion molding. The thickness of MWNT network was pro-
portional to the volume of filtered MWNT dispersion and
was typically from 26 μm to 260 μm. The arrangement of
the layers of nanotube networks and PS is arbitrary. For
instance, the structure prepared by double-sided filtration,
MWNT-PS-MWNT composite, is shown in Figure 3(c).
Other layer arrangements can be prepared by overlaying
several MWNT/PS composite units prior to compression
molding.

The role of MWCNT network thickness, that is,
MWCNT, concentration in the conductive MWCNT net-
work/PS composite, is not determining as in the case of par-
ticulate MWCNT/polymer composites. Though there is cer-
tainly an optimal and/or limiting MWCNT network thick-
ness constituting resistive characteristics of the conductive
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Figure 2: (a) cross-section of composite consisting of MWNT network (upper part) and PS filter (lower part) before compression molding
(scaler 100 μm). (b) the arrow indicates nanotube infiltration illustrated in detail in the enlarged image (scaler 2 μm).
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Figure 3: SEM micrographs of layered MWNT network/PS composite after compression molding. (a) PS film (thicknesses about 80 μm)
with attached nanotube network (260 μm) (scaler 100 μm), (b) the interface between nanotube network and PS film (scaler 20 μm), and (c)
MWNT-PS-MWNT layer arrangement to decrease composite resistance (scaler 100 μm).
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Figure 4: Tensile properties of MWNT network/PS composite
(circles) and MWNT network (squares) in tensile test. Thickness of
MWNT network is about 120 μm and MWNT/PS composite about
200 μm.

composite, this aspect is not investigated in this paper. Some
informative results about this issue can be found in our paper
[18].

To examine the length, thickness and multiwall arrange-
ment of MWNT, TEM analysis was used. The obtained
values slightly differ from the properties declared by the
manufacturer. From TEM micrographs the diameter of
individual nanotubes was determined to be between 10 and
60 nm, their length from tenth of micron up to 3 μm; the
maximum aspect ratio is thus about 300. The number of
coaxially rolled layers of graphene was typically from 10 till
35 with the interlayer distance of about 0.35 nm [8, 18].

4.2. Tensile Test Results. The results of tensile testing of
MWNT network and PS filter supported MWNT net-
work are shown in Figure 4. The measured stress/strain
dependence for pure MWNT network indicates the tensile
modulus of about 600 MPa and the ultimate tensile strength
∼1 MPa. The values are relatively low, which corresponds
to short nanotubes used for the research. PS filter support
has a positive effect on the tensile strength of MWNT/PS
composite, as can be seen in the same figure. The determined
tensile modulus is about 1300 MPa and the ultimate tensile
strength 10.3 MPa.

The electrical resistance change of MWNT network/PS
composite is monitored by a two-point technique in exten-
sion/relaxation cycles. The results are shown in Figure 5
as the strain dependence of the relative resistance change
(R − R0)/R0 due to the increasing tensile stress indicated
in the figure. R and R0 denote the measured and the
initial resistance before the first extension/relaxation cycle,
respectively. The resistance mechanism is apparently not
reversible in the initial cycle, since the relaxation curve has
a residual resistance increase in the offload state (Figure 6).
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Figure 5: Relative change of electrical resistance versus tensile
stress for MWNT network/PS composite subjected to 7 successive
elongation/relaxation cycles (network thickness is about 20 μm;
the filled and open symbols denote the extension part and the
relaxation part of cycles, resp.). The solid circles represent the
extension part of the first cycle and the full line the linear fitting
of resistance change in subsequent cycles. The strain increase
corresponds to the step increase of tensile stress 0.8, 1.9, 2.8, 4.3,
6.4, 9.2, 10.3, and 11.8 MPa, respectively.
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Figure 6: Residual resistance change versus number of cycles for
MWNT network/PS composite subjected to 7 successive elonga-
tion/relaxation cycles.

Nevertheless, the ongoing extension cycles have a stabilizing
effect on the resistance-elongation loops, and the normalized
resistance change is fitted in Figure 5 by a linear dependence
on tensile strain. The residual resistance change (R − R0),
defined as the residual minimum resistance change during
each cycle, tends to reach immediately to an asymptotic value
(Figure 6). It indicates that during first deformations the
nanotube network gets the structure which stays more or
less the same regardless the number of deformation cycles.
This mechanical stabilization is favorable for the use of the
composite as a sensing element of elongation, especially
when the network is suitably deformed in advance.
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Figure 8: Time-dependent normalized resistance of MWNT net-
work/PS composite (open circles) and MWNT network (filled cir-
cles) repeatedly exposed to methanol vapors at room temperature.
The length of cycles of exposure and desorption is 360 sec.

The mechanism of resistance change during elongation
combines probably a decrease of local contact forces between
nanotubes as well as reduction of number of contacts. The
decrease of contact forces restrains a contact of nanotubes,
which in turn leads to the increase of contact resistance
between crossing nanotubes. Besides that the extension
straightens the nanotubes what may result in less contacts
between them. Since the contact points act as parallel

resistors, their decreasing number causes an enhancement of
MWNT network resistance.

4.3. Electrical Resistance: the Effect of Temperature and
Chemical Vapor. The effect of temperature and chemical
vapor on the electrical resistance was also tested, and the
results are presented in Figures 7 and 8, respectively. Figure 7
demonstrates that both the composite and pure MWNT
network exhibit nonmetallic behavior (d(R/Ri)/dT < 0) over
the investigated temperature range from 230 to 420 K. The
negative slope indicates the presence of tunneling barriers,
which dominate resistive behavior of the tested materials.
The best description of the data presented in Figure 7
is obtained by the series heterogeneous model when the
resistance is described as the sum of metallic (MWNT are
regarded as metallic conductors) and barrier portions of the
conduction path [19–22]:

R

Ri
= aT + b exp

[
c

(T + d)

]
, (1)

where a means the temperature coefficient arising from
metallic resistance, and the second term (hopping/tunneling
term) represents fluctuation-induced tunneling through
barriers between metallic regions. T denotes temperature, b
is constant depending on the geometrical factors from the
effective fraction of the length for the barrier portion, and
c; d are constants depending on the barrier to conduction
parameters [19–22].

An obvious effect of the supporting polymer is a
reduction of the temperature dependence of resistance.
The resistance ratio R230/R420 (values at the corresponding
temperatures) is reduced from 1.35 in the case of MWNT
network to 1.12 in the composite case.

The affinity of MWNT network with and without PS
filter support to chemical vapor at room temperature is
demonstrated in Figure 8. Results of repeated exposure to
methanol vapors reveal that both materials response has
good reproducibility. As stated in [9, 23], there are two possi-
ble mechanisms in which vapors can reversibly interact with
nanotubes: physisorption, which does not involve charge
transfer and chemisorption, which does. The short response
time of the two materials to exposure to methanol and
subsequent recovery suggests a physisorption mechanism.
Methanol molecules could be absorbed to nanotube surface,
which may cause a change in metallic/barrier conduction
proportion resulting in the increase of resistance.

5. Concluding Remarks

Several techniques were applied to investigate a new type
of composite: PS filter-supported entangled multiwall car-
bon nanotube network. The SEM observation indicates
the penetration of carbon nanotubes into the nonwoven
polystyrene filtering membrane and their tight bonding after
the compression molding. The mechanical testing reveals the
effect of elongation on the composite electrical resistance
when a repeated stretching is exerted. The measurements
have shown fivefold resistance increase at the maximum
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strain as well as stability and linearity of resistance change.
The sensitivity of the composite to an organic solvent
vapor (methanol) has been investigated also by a resistance
measurement. The resistance variation as a response to
physisorption and desorption of a vapor during cycles was
found to be reversible and reproducible. Thus, the testing
indicates a good potentiality of the composite composed of
electrically conductive entangled carbon nanotube network
embedded in a polystyrene base to be applied as a sensing
element for tensile deformation and organic vapors.
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Using vinyl ester resin (VER) containing styrene (or methyl methacrylate) and vinyl ester oligomer (VEO) as external phase,
Pickering high internal phase emulsions (Pickering HIPEs) having internal phase volume fraction of up to 95 vol% were prepared
with copolymer particles as sole stabilizer. Polymerizing the external phase of these Pickering HIPEs led to porous polymers (poly-
Pickering-HIPEs). Compared to the polystyrene- (PS-) based poly-Pickering-HIPEs which were prepared with mixture of styrene
and divinylbenzene (DVB) as crosslinker, the poly-Pickering-HIPEs herein showed much higher elastic modulus and toughness.
The elastic modulus of these poly-Pickering-HIPEs increased with increasing the VEO concentration in the external phase, while
it decreased with increasing internal phase volume fraction. Increasing VEO concentration in the external phase also resulted in
a decrease in the average void diameter as well as a narrow void diameter distribution of the resulting poly-Pickering-HIPEs. In
addition, there were many small pores in the voids surface caused by the volume contraction of VER during the polymerization,
which suggests a new method to fabricate porous polymers having a well-defined hierarchical pore structure.

1. Introduction

High internal phase emulsions (HIPEs) are defined as
emulsions, in which the internal phase occupies higher than
74.05 vol% of the emulsion. These emulsions are important
for a wide range of applications in the food, cosmetic,
pharmaceutical, and petroleum industries [1, 2]. Recently,
increasing interests are attracted to use the emulsions as
templates for the production of highly porous polymers
(known as polyHIPEs) [3–16]. Such materials are prepared
by polymerizing the thin films that surround the droplets
of the HIPEs if the continuous phase contains one or more
monomeric species that are polymerizable. Conversional
HIPEs are commonly stabilized against coalescence by large
fractions (5–50 vol%) of nonionic surfactant [2, 13]. The
sheer quantity of surfactant required to stabilize HIPEs both
limits properties and is a major cost factor.

To eliminate the surfactants used in HIPEs, the authors,
and other groups, have prepared HIPEs using organic or
inorganic particles as stabilizer [3–9, 16]. Such emulsions
are known as Pickering HIPEs. And the porous polymers

based on this type of emulsions are known as poly-Pickering-
HIPEs. By far, the most widely studied monomer used
in poly-Pickering-HIPEs is styrene (St). Usually, a varied
amount of hydrophobic crosslinker, such as divinylbenzene
(DVB), is also added to enhance the structural stability
[16, 17]. This porous polymer is being considered for
many applications such as filtration media and support for
heterogenic catalytic reactions and has even been explored
for tissue engineering application, that is, as scaffold to
support the growth of osteoblast cells [17–20]. However, it
is difficult to use polystyrene- (PS-) based poly-Pickering-
HIPEs as commercial production because of their undesir-
able properties, such as brittleness and chalkiness.

In order to enhance the mechanical properties of PS-
based poly-Pickering-HIPEs, during the course of the work
on developing novel poly-Pickering-HIPEs, the authors
undertook the preparation of species containing vinyl ester
resin (VER). Generally, VER is a mixture of St with
methacrylated epoxy compounds (often referred to as vinyl
ester oligomer (VEO)) [21, 22]. In this case, styrene is a
reactive diluent, and VEO serves as a crosslinking agent for
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Figure 1: Synthetic schemes of VEO.

preparing poly-Pickering-HIPEs. VER has superior proper-
ties relative to unsaturated polyester systems and is easy to
process.

In this study, VER-based poly-Pickering-HIPEs were pre-
pared using poly(styrene-co-methyl methacrylate-co-acrylic
acid) (P(St-co-MMA-co-AA)) copolymer particles as sta-
bilizer. The elastic modulus of the porous polymers was
investigated, and the morphology of these porous materials
was also tailored by changing internal phase (aqueous phase)
volume fraction and VEO concentration in organic phase. In
addition, poly(methyl methacrylate)- (PMMA-) based poly-
Pickering-HIPEs were also prepared with mixture of methyl
methacrylate (MMA) and VEO as organic phase.

2. Experimental Section

2.1. Materials. Styrene (St, 99%), methyl methacrylate
(MMA, 99%), and acrylic acid (AA, 98%) were purchased
from Shanghai Lingfeng Chemical Reagent Ltd. Co. and
were distilled under a reduced-pressure nitrogen atmosphere
before use. Divinylbenzene (DVB, 80%, the remainder being
m- and p-ethylstyrene,) was purchased from Sigma Aldrich
and was purified by passing through neutral chromato-
graphic aluminum oxide to eliminate the inhibitor. Ammo-
nium persulphate (APS, 98%) was purchased from Shanghai
Lingfeng Chemical Reagent Ltd. Co. and was purified via
recrystallization. Sodium chloride (NaCl) was purchased
from Shanghai Experiment Reagent Ltd. Co. and was used as
received. E-51 epoxy resin (bisphenol A-type, 0.51 epoxide
equivalent/100 g resin) was produced by Shanghai Synthetic
Resin. α-methacrylic acid (α-MAA, 97%), tetrabutyl ammo-
nium bromide (TBAB, 99%), and 1,4-hydroquinone (HQ,
99%), were purchased from Shanghai Lingfeng Chemical
Reagent Ltd. Co. and were used as received. Water was fresh
deionized.

2.2. Synthesis of Vinyl Ester Oligomer. VEO was synthesized
by the reaction of epoxy resin and methacrylic acid as shown
in Figure 1. All the synthesis and characterization of VEO
were described in detail elsewhere [22–24]. Thus, a mixture
of 1 mol E-51, TBAB (0.1 wt%, relative to E-51), and HQ
(0.03 wt%, relative to E-51) was added to a 500 mL three-
neck flask equipped with an overhead leaf-shaped stirrer
paddle and a condenser. After the nitrogen was bubbled
through the mixture for 30 min, the temperature of the mix-
ture was elevated to 90◦C, and then 2 mol α-MAA was added

dropwise to the mixture with stirring. After the addition of α-
MAA, the temperature of the mixture was elevated gradually
to 110◦C and kept at 110◦C. When the acid number (AN) of
the mixture was below 6 mgKOH/g (determined according
to GB 2895-82), the reaction continued under vacuum to
reduce the AN further (AN < 0.6 mgKOH/g), and the VEO
was obtained. The St (or MMA) was then introduced into
this VEO to prepare the VER (VEO/St (or MMA) = 64/36,
wt/wt). The resulting VER was designated as VER-St (or
VER-MMA).

2.3. Preparation and Characterization of P(St-co-MMA-co-
AA) Copolymer Particles. The preparation of monodisperse
P(St-co-MMA-co-AA) particles has been reported elsewhere
[25]. Water (100 mL) containing APS of 7.0 × 10−3 mol L−1

was added to a four-necked glass reactor (250 mL) with
an overhead leaf-shaped stirrer paddle and a condenser.
Then the mixture consisted of 18.2 g St, 0.8 g MMA, and
1.0 g AA was added to the reactor. The mixture was stirred
steadily at 200 rpm and left at 70◦C for 12 h, before it was
cooled to room temperature. The average particle size of
the copolymer particles is 240 ± 6 nm, as determined from
transmission electron microscopy (TEM, JEM-1200EX II,
Japan). The composition of the copolymer was obtained
by 1H-NMR spectral. A sample of the latex particles was
centrifuged at 4000 rpm for 40 min after the polymerization
was completed and then washed with distilled water. After
repetition of this, the particles were dried 48 h under
vacuum at 60◦C. The 1H-NMR spectra of the copolymer
sample were recorded with a 500 MHz high-resolution NMR
spectrometer (AVANCE 500) using deuterated chloroform as
solvent. 1H-NMR spectra data showed that the copolymer
obtained here consisted of 92, 3.85, and 4.15 wt% of St,
MMA, and AA unit, respectively.

2.4. Preparation and Characterization of Surfactant-Free
HIPEs. Appropriate VER-St, VER-MMA, or mixture of St
and DVB as organic phase was added to a 100 mL beaker
and was stirred with a magnetic stirrer at 400 rpm for 5 min
at 25◦C. Aqueous phase containing P(St-co-MMA-co-AA)
particles of 1.0 wt% and NaCl of 0.2 mol L−1 was gradually
added to the organic phase. The total liquid volume of each
emulsion was kept at 30 mL. The mixture was further stirred
for 1 min after the addition of aqueous phase was completed.
The component of the runs was shown in Tables 1 and 2. The
resulting emulsions were named as SVX-Y, MVX-Y, or SDX-
Y. SV (MV or SD) means VER-St (VER-MMA or the mixture
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Table 1: Poly-Pickering-HIPEs via varied VEO concentrations in
VER-Sta.

Run VEOb/wt% Dvc/μm Ed/MPa

SV0-90 0 90 2.1

SV10-90 10 68 12.2

SV20-90 20 40 16.8

SV40-90 40 18 24.6

SV50-90 50 — —
a
The NaCl concentration (relative to the aqueous phase) was 0.2 mol L−1,

the copolymer particles content (relative to the aqueous phase) was 1.0 wt%,
and the aqueous phase volume fraction was 90%.
bRelative to the organic phase.
cAverage void diameter, calculated from SEM images.
dElastic modulus.

Table 2: With VER-St or VER-MMA as organic phase, poly-
Pickering-HIPEs were prepared via varied aqueous phase volume
fractiona.

Runb fw
c/% Dvd/μm Ee/MPa

SV20-80 80 17 24.8

SV20-90 90 40 16.8

SV20-95 95 63 1.1

SV20-97 97 — —

MV20-80 80 20 22.3

MV20-90 90 41 15.4

MV20-95 95 122 1.8

MV20-97 97 — —
a
The NaCl concentration (relative to the aqueous phase) was 0.2 mol L−1,

and the copolymer particles content (relative to the aqueous phase) was
1.0 wt%.
bSV20-80, SV20-90, SV20-95, and SV20-97: VER-St containing VEO of
20 wt% as organic phase; MV20-80, MV20-90, MV20-95, and MV20-97:
VER-MMA containing VEO of 20 wt% as organic phase.
cAqueous phase volume fraction.
dAverage void diameter, calculated from SEM images.
eElastic modulus.

of St and DVB) was used as the organic phase; X represents
the concentration of the crosslinking agent (VEO or DVB)
in the organic phase; Y represents the water phase volume
percentage in the emulsion.

Stability of HIPEs was evaluated by measuring the
backscattering of monochromatic light (λ = 880 nm)
from the suspension employing an optical analyzer, Tur-
biscan Lab Expert (Formulaction, France). As soon as the
HIPEs were prepared, about 22 mL HIPE was transferred
to a flat-bottomed cylindrical glass tube (70 mm height,
27.5 mm external diameter), then the tube was placed in the
instrument, and the backscattering of light from emulsion
was periodically measured along the height at 25◦C. The
results are presented as the sedimentation profile, that is,
backscattering data versus time. The photographs of the
samples were taken on digital camera (Coolpix-L1, Nikon).

2.5. Preparation and Characterization of Poly-Pickering-
HIPEs. Stable HIPEs were initiated by 1 wt% (relative to the
aqueous phase) APS and polymerized in water bath at 70◦C
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Figure 2: Backscattering of the HIPE stabilized by P(St-co-MMA-
co-AA) copolymer particles. VER-St was used as organic phase.

for 24 h. The resulting poly-Pickering-HIPEs were removed
from the molds and dried in vacuum at 70◦C for 24 h then
extracted in Soxhlet apparatus with distilled water to remove
any impurities. Finally, the resulting polymers were dried to
constant weight in vacuum at 70◦C.

The morphology of polyHIPEs was detected by a
JSM-6360LV SEM. Samples were mounted on aluminum
studs using adhesive graphite tape and sputter coated with
approximately 5 nm of gold before analysis. The average
void diameters of the poly-Pickering-HIPEs were performed
using image analysis software Image J (NIH image) [26].

A Sans Universal Testing Machine equipped with a
20 kN load cell (Shenzhen SANS Testing Machine Co.
Ltd., Shenzhen, China) was used to measure mechanical
properties in compression. The samples were loaded at a
rate of 1 mm/min. Five samples of 20 mm in diameter and
10 mm in height were tested for each poly-Pickering-HIPE.
The samples were loaded until a displacement of half the
height of the examined sample was reached. The elastic
modulus (E) was determined from the initial linear slope of
the stress/strain plot.

3. Results and Discussion

First of all, the emulsification of water and VER-St (con-
taining 10 wt% VEO) was examined with P(St-co-MMA-
co-AA) particles as stabilizer. Milky-white W/O emulsion
(HIPE SV10-90) was formed after stirring was ceased.
The Turbiscan analysis of the emulsion showed that the
backscattering data of the emulsion was stable, as shown
in Figure 2. This means that with VER-St as organic phase,
stable w/o HIPE can be formed.
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Figure 3: SEM images of the poly-Pickering-HIPEs. The water
volume fraction of the Pickering emulsion was 90 vol%. SV10-90:
VEO as crosslinker, 10 wt% based on the organic phase, (SD10-90):
DVB as crosslinker, 10 wt% based on the organic phase.

SD10-90
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Figure 4: Photograph of the poly-Pickering-HIPEs which were
compressed 50%.

Initiating the HIPEs SV10-90 and SD10-90, poly-
Pickering-HIPEs SV10-90 and SD10-90 were obtained,
respectively, as shown in Figure 3. The average void diameter
(Dv) of the poly-Pickering-HIPEs SV10-90 was 68 μm,
and this value was similar to that (64 μm) of the poly-
Pickering-HIPEs SD10-90. However, the E (12.2 MPa) of
poly-Pickering-HIPE SV10-90 was much higher than that
(6.4 MPa) of the poly-Pickering-HIPE SD10-90 and was
also much higher than the E (3.0 MPa) of the PS-based
polyHIPE prepared with the HIPE having internal phase
volume fraction of 89% [27]. Moreover, when the samples
were loaded until a displacement of half the height of
the examined sample was reached, poly-Pickering-HIPE
SD10-90 was crushed, while no crack was observed in
poly-Pickering-HIPE SV10-90, as shown in Figure 4. This
means that both E and toughness of poly-Pickering-HIPEs

SV0-90

SV20-90

SV40-90

1 μm

1 μm

1 μm

100 μm

100 μm

100 μm

Figure 5: SEM images of VER-based poly-Pickering-HIPEs which
were obtained with varied VEO concentrations.

can be enhanced appreciably with VEO replacing DVB as
crosslinker.

The effect of VEO on the morphology and E of VER-St-
based poly-Pickering-HIPEs was investigated. As shown in
Table 1, poly-Pickering-HIPEs with organic phase containing
VEO of 0, 10, 20, and 40 wt%, respectively, were prepared
(see Figures 3 and 5). It was found that increasing VEO
from 0 to 40 wt% resulted in an increase in E by about
22 MPa (Figure 6) and a decrease in Dv by about 70 μm. The
decrease in Dv was attributed to the fact that increasing VEO
concentration in the organic phase caused an increase in the
viscosity of the organic phase, which enhanced the emulsion
stability [28, 29] and therefore led to an increasing number
of small droplets and the narrow distribution of droplet size.
These resulted in the decrease in poly-Pickering-HIPE void
diameter and its narrow distribution (see Figure 7), since
the porous polymer was effectively a replica of the emulsion
structure by gel formation. However, the poly-Pickering-
HIPE with organic phase containing 50 wt% of VEO could
not be prepared, because the viscosity of the organic phase
was too high so that the aqueous phase could not be wrapped
effectively by the organic phase.

Moreover, increasing the VEO concentration in organic
phase also affected the morphology of the void surface. When
VER-St containing 0 or 10 wt% VEO was used as organic
phase, there were no pores in the void surface. However,
when the VER-St containing VEO of 20 or 40 wt% was used,
in the void surface many pores with diameters ranged from
20 to 100 nm were observed (see Figure 4). In all likelihood,
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Figure 7: Void diameter distributions of poly-Pickering-HIPEs
obtained with varied VEO concentrations. From front to back: SV0-
90, SV10-90, SV20-90, and SV40-90.

the cause of the pore formation was the volume contraction
of VER-St during the polymerization, and the extent of
shrinkage highly depended on VEO concentration [30, 31].

Using VER-St (or VER-MMA) containing VEO of
20 wt% as organic phase, stable Pickering HIPEs with
aqueous phase volume fraction of 80, 90, and 95 vol% were
obtained, respectively, as listed in Table 2. However, the
Pickering HIPEs SV20-97 and MV20-97 having aqueous
phase volume fraction of 97 vol% could not be prepared,
because the aqueous phase was too much to be wrapped
effectively by the organic phase. This phenomenon showed
that the up limits of the aqueous phase volume fraction in
these Pickering HIPEs were between 95 and 97 vol% which
was higher than that (≤92 vol%) of those Pickering HIPEs
with inorganic particles (e.g., SiO2 or TiO2) as stabilizer
[32, 33]. The polymerizing stable Pickering HIPEs, poly-
Pickering-HIPEs SV20-80-SV20-95 and MV20-80-MV20-95
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100 μm100 μm
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Figure 8: SEM images for VER-based poly-Pickering-HIPEs
obtained with different aqueous phase volume fraction.
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Figure 9: Void diameter distributions of poly-Pickering-HIPEs
obtained with VER-St as organic phase and varied aqueous phase
volume fraction. From front to back: SV20-80, SV20-90, and SV20-
95.

were obtained (as shown in Figures 3 and 8). It was found
that increasing aqueous phase volume fraction resulted in an
increase in Dv (see the detailed data in Table 2) and a broader
distribution of Dv (see Figure 9). This result is consistent
with the previous report about poly-Pickering-HIPEs with
MMA and St as organic phase [3]. Compress analysis showed
that increasing aqueous phase volume fraction caused a
significant decrease in E (see Table 2 and Figure 10).
This phenomenon was consistent with other researchers’
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Figure 10: Effect of aqueous phase volume fraction on the elastic
modulus of the poly-Pickering-HIPEs.

report [27] and could be due to the fact that increasing
aqueous phase of the Pickering HIPEs resulted in a decrease
in the density of the resulting porous polymers.

4. Conclusions

In this study, using VER as organic phase, poly-Pickering-
HIPEs having internal phase volume fraction up to 95 vol%
were prepared. Compared to the poly-Pickering-HIPEs with
DVB as crosslinker, VEO as crosslinker is conducive to the
enhancement of both E and toughness of the poly-Pickering-
HIPEs. The elastic modulus of these poly-Pickering-HIPEs
was increased by increasing the VEO concentration in
the organic phase, while decreased by increasing aqueous
phase volume fraction. Increasing VEO concentration in
the organic phase resulted in a decrease in the average
void diameter and a narrow void diameter distribution
of the resulting poly-Pickering-HIPEs. In addition, there
were many small pores in the voids surface caused by
volume contraction of VER during the polymerization,

which highlights an opportunity for poly-Pickering-HIPEs
to possess hierarchical structures without any additive agent.
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Application of silica nanoparticles as fillers in the preparation of nanocomposite of polymers has drawn much attention, due to the
increased demand for new materials with improved thermal, mechanical, physical, and chemical properties. Recent developments
in the synthesis of monodispersed, narrow-size distribution of nanoparticles by sol-gel method provide significant boost to
development of silica-polymer nanocomposites. This paper is written by emphasizing on the synthesis of silica nanoparticles,
characterization on size-dependent properties, and surface modification for the preparation of homogeneous nanocomposites,
generally by sol-gel technique. The effect of nanosilica on the properties of various types of silica-polymer composites is also
summarized.

1. Introduction

Nanotechnology is rapidly sweeping through all vital fields of
science and technology such as electronic, aerospace, defense,
medical, and dental. This involves in design, synthesis, char-
acterization, and application of material and devices on the
nanometer scale. At the nanoscale, physical, chemical, and
biological properties differ from the properties of individual
atoms and molecules of bulk matter. Therefore, it provides
opportunity to develop new classes of advanced materials
which meet the demands from high-tech applications [1–5].

Development of ceramic nanoparticles with improved
properties has been studied with much success in several
areas such as synthesis and surface science. Examples of
ceramic are silica, alumina, titania, zirconia, silicon nitride,
silicon carbide, and so forth. Advancement in nanotech-
nology has led to the production of nanosized silica, SiO2,
which has been widely used as filler in engineering com-
posite. The silica particles extracted from natural resources
contains metal impurities and not favorable for advanced
scientific and industrial applications. Thus, focus is given

to synthetic silica (colloidal silica, silica gels, pyrogenic
silica, and precipitated silica), which is pure and produced
mostly in amorphous powder forms compared to natural
mineral silica (quartz, tridymite, cristobalite) which are
in crystalline forms [6]. As shown in Figure 1, various
methods that have been used to obtain silica particles can
be categorized into two main approaches: top-down and
bottom-up [2, 7]. Top-down is characterized by reducing
the dimension of the original size by utilizing special size
reduction techniques (physical approach). Bottom-up or
chemical approach involves a common route used to produce
silica nanoparticles from atomic or molecular scale. Some of
the widely used methods to synthesize silica nanoparticles are
sol-gel process, reverse microemulsion, and flame synthesis.
The sol-gel process is widely used to produce pure silica
particles due to its ability to control the particle size, size dis-
tribution and morphology through systematic monitoring of
reaction parameters.

This paper will focus on the aspect of synthesis, size-
dependent properties, and surface modification of nanosilica
toward preparation of nanocomposites, generally by sol-gel.
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Figure 1: Physical and chemical approaches to produce nanomaterials.

Although numerous works on the preparations of silica-
polymer nanocomposites are reported in the literatures, the
focus on the above aspect is lacking.

2. Synthesis of Nanosilica

Some of the methods used to synthesize silica nanoparticles
are reverse microemulsion and flame synthesis and widely
utilized sol-gel. In reverse microemulsion, the surfactants
molecules dissolved in organic solvents forms spherical
micelles. In the presence of water, the polar head groups
organize themselves to form microcavities containing water,
which is often called as reverse micelles. The method was
recently reviewed by Tan et al. [8]. In synthesis of silica
nanoparticles, the nanoparticles can be grown inside the
microcavities by carefully controlling the addition of silicon
alkoxides and catalyst into the medium containing reverse
micelles. The major drawbacks of the reverse microemulsion
approach are high cost and difficulties in removal of
surfactants in the final products. However, the method was
successfully applied for the coating of nanoparticles with
different functional groups for various applications [9, 10].

Silica nanoparticles can also be produced through high
temperature flame decomposition of metal-organic precur-
sors. This process is also referred to as chemical vapor
condensation (CVC) [11]. In a typical CVC process, silica
nanoparticles are produced by reacting silicon tetrachloride,
SiCl4 with hydrogen and oxygen [6]. Difficulty in controlling
the particle size, morphology, and phase composition is the
main disadvantage of the flame synthesis [2]. Nevertheless,
this is the prominent method that has been used to
commercially produce silica nanoparticles in powder form.

3. Synthesis of Nanosilica Particles by
Sol-Gel Process

For decay, the sol-gel process is widely applied to produce
silica, glass, and ceramic materials due to its ability to
form pure and homogenous products at mild conditions.
The process involves hydrolysis and condensation of metal
alkoxides (Si(OR)4) such as tetraethylorthosilicate (TEOS,
Si(OC2H5)4) or inorganic salts such as sodium silicate
(Na2SiO3) in the presence of mineral acid (e.g., HCl) or base

TEOS + H2O + solvent

(catalyst)

Colloidal silica

Silica gel

Bulk or silica powder

• Hydrolysis and condensation

• Ageing

• Drying and calcination

Figure 2: Flow chart of a typical sol-gel process.

(e.g., NH3) as catalyst [12–14]. A general flow chart for sol-
gel process which leads to the production silica using silicon
alkoxides (Si(OR)4) is shown in Figure 2.

The general reactions of TEOS that leads to the formation
of silica particles in the sol-gel process can be written as [13–
18]:

Si(OC2H5)4 + H2O

hydrolysis−−−−−→ Si(OC2H5)3OH + C2H5OH

≡ Si−O−H + H−O− Si ≡
water condensation−−−−−−−−−−−→≡ Si−O− Si ≡ + H2O

≡ Si−OC2H5 + H−O− Si ≡
alcohol condensation−−−−−−−−−−−→≡ Si−O− Si ≡ +C2H5OH.

(1)

The hydrolysis of TEOS molecules forms silanol groups. The
condensation/polymerization between the silanol groups or
between silanol groups and ethoxy groups creates siloxane
bridges (Si–O–Si) that form entire silica structure.

The formation of silica particles can be divided into
two stages: nucleation and growth. Two models, monomer
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Monomer Dimmer, trimmer, cyclic, tetramer, octamer

Spherical silica particles

Condensation

Growth, SOL ≡Si–O–Si≡
Early hydrolysis

Nucleation, ≡SiOH
Reaction parameters

TEOS, EtOH, H2O, NH3, pH

Silica gel network

Figure 3: Schematic silica formation by sol-gel process.

addition [17, 18] and controlled aggregation [15, 19], have
been proposed to describe the growth mechanism of silica.
The monomer addition model describes that, after an initial
burst of nucleation, the particle growth occurs through the
addition of hydrolyzed monomers, the (primary) particle
surface. By contrast, the aggregation model elaborates that
the nucleation occurs continuously throughout the reaction
and the resulting nuclei (primary particles) will aggregate
together to form dimmer, trimmer, and larger particles
(secondary particles). Both models lead to the formation of
either spherical or gel network depending on the reaction
conditions as shown in Figure 3.

Many attempts were made by several researchers [19–
22] to determine the size of the primary particles, using
various techniques as tabulated in Table 1. Through SAXS,
Green et al. [22] reported that the size of primary particles
was 10.3 nm (in methanol) or 20.7 nm (in ethanol). Later,
Rahman et al. [23] produced a homogeneous and stable silica
nanoparticles with mean particles size of 7.1 ± 1.9 nm (in
ethanol).

A pioneer work on the synthesis of spherical and
monodispersed silica particles was reported by Stöber et al.
[14]. Silica particles with the size ranging from 5 to 2000 nm
from aqueous alcohol solutions of silica alkoxides in presence
of ammonia as catalyst (basic condition) have been pro-
duced. Following that many contemporary research works
describing the synthesis of nanosilica particles are indeed
evolved from the Stöber method. The main advantage of
Stöber method is the ability to form monodispersed spherical
silica particles compared to the acid-catalyzed systems which
usually result gel structures.

3.1. Optimization of Reaction Conditions . An optimized syn-
thesis condition is a combination of optimal values of each
reaction parameter of sol-gel method that could produce
smallest, homogenous, and monodispersed silica nanopar-
ticles. In principle, smaller nanoparticles are obtained by
controlling (slowing down) the rate of polycondensation
reactions through manipulation of reaction parameters [19,
24]. Most of the works agreed that the particle size increased
with increase in ammonia concentrations [19–25]. Figure 4

Table 1: Size of the primary particles reported in the literature.

Source
Primary particle sizea

(nm)
Method

Bogush and Zukoski [19] 2–4 Predictionb

Bailey and Mecartney [20] 20 cryo-TEM

Lee et al. [21] 10–20 Predictionb

Green et al. [22] 10.3c or 20.7d SAXS

Rahman et al. [23] 7d TEM
a
Refers to diameter (d); bPrediction based on controlled aggregation model;

cin methanol, din ethanol. Calculated using the formula d = 2 × Rg ×
(5/3)0.5 [22].

shows different size of silica obtained by controlling reaction
parameters.

The addition of small amount of anion electrolyte addi-
tives (ammonium salts of Br, I, and Cl) produced monodis-
persed silica particles ∼20 nm to ∼34 nm [26] depending
on the anions used. The phenomena were explained by
conductivity profile during the process as alternative to
normally using zeta potential. It was found that all anions
were able to reduce the particles size by 73–78%, among
them, Br and I− have the highest effect while Cl− has the least
effect. The synthesized silica powder was free from cation
impurities.

By fixing concentration of reactants and temperature, the
particle size and particle distribution of silica nanoparticle
were highly dependent on mixing modes [27]. Mode-A has
produced monodispersed powder with average particles size
of ∼10 nm. The use of freeze dryer has further improved the
quality of powder (Figure 5).

In continuing attempts to reduce the size of nanosilica
by researchers, a homogeneous, highly dispersed, and stable
silica nanoparticle of ∼7.1 nm in the primary size range
was reported by Rahman et al. [23] at the optimum
conditions of sol-gel process, under the influence of low
frequency ultrasound. The optimized technique developed is
simple and reproducible, affording a high yield of ∼75% of
nanometer silica in a primary size range.

It is obvious that the optimum reaction conditions for
a particular system can be systematically set in order to



4 Journal of Nanomaterials

(a) (b) (c) (d)

Figure 4: Different size of silica obtained by controlling reaction parameters: (a) ∼21 nm, (b) ∼131 nm, (c) ∼369 nm, (d) ∼565 nm.

Si(OEt)4 + EtOH
(sonication, 10 min)

H2O

Si(OEt)4 + EtOH + H2O H2O + EtOH
(sonication, 10 min)

Si(OEt)4

Reactants mixture
(sonication, 90 min)

Ammonia (25%)

Colloidal SiO2

sonication, 3 h

Gelation and ageing
1 h

Heat drying (HD) or freeze drying (FD)

Mode-A Mode-B Mode-C

Powders

Calcination, 600◦C, 2 h

Figure 5: Flow chart for nanosilica preparation by different mixing modes [27].

produce a desired particles size and morphology of silica
particles.

3.2. Drying and Agglomeration Phenomena. Drying is a
simple process which involves fluid to solid transition leading
to the formation of solid materials. Yet it is an important step
towards producing powdered silica nanoparticles. Works on
the drying of silica gels can be found in various review
papers and books [6, 13, 16]. Supercritical drying, freeze
drying, spray drying, and thermal drying are some of
the common techniques used to produce particulate solid
materials from the liquid phase. Collision and coalescence
of the nanoparticles are the main factors that govern the
extent of agglomeration in a nanoparticles powder system.
Also, the intense ageing process that occurs during the
drying of sol can lead to complex agglomeration behavior
arising from polycondensation reactions [13]. In addition,
the polycondensation reactions between the silanol groups
have been reported to increase in presence of water and

catalyst [13, 16]. Figure 6 illustrates the effect of drying
conditions on the morphology of the silica nanoparticles.

A careful controlled drying process leads to the formation
of well-dispersed particles, whereas drying in the presence of
water can result in agglomeration phenomena. Production
of highly dispersed nanoparticles powder is still a challenge
owing to the fact that these particles were highly sensitive
to the processing conditions. In preparation of silica-
polymer nanocomposite, the presence of agglomerates can
significantly reduce the silica loading, resulting in reduced
thermochemical properties. However, works on controlling
the agglomeration of nanosilica via effective drying process
are lacking. Thus, this paper shows that it is important to
effectively discard water from the colloidal system to reduce
the agglomeration level during the drying process.

The strength of agglomerates was largely depending on
the solubility of the nanoparticles [28]. The strength of
water-dispersed agglomerated was found almost three times
higher compared to the ethanol dispersed agglomerates due
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Dispersed nanoparticles Colloidal silica nanoparticles Agglomerate particles

Control 
drying

Normal 
drying

Figure 6: Morphology of dried colloidal silica nanoparticles under controlled drying and normal drying in presence of water.

to the presence of moisture. In aqueous system, the agglom-
eration behavior was caused by condensation reactions at
the interparticle contacts during the drying process. In addi-
tion, Brownian motion, hydrodynamic effect, and capillary
drag during the drying process can also contribute to the
agglomeration behavior. Thus, agglomeration of nanoparti-
cles during drying process could be effectively reduced by
using ethanol as the suspension medium.

Rahman and coworkers [29] have described the effect
of alcohol dehydration, freeze drying, and oven drying
techniques on the size, size distribution, dispersion, and
agglomeration of ∼7 nm nanosilica produced by sol-gel. The
results revealed that alcohol dehydration was an effective
technique to produce silica nanoparticles with improved
dispersion and reduced agglomeration.

3.3. Size-Dependent Properties of Silica Nanoparticles. The
properties of nanomaterials are usually size dependent. The
nanomaterial often exhibits unique physical and chemical
properties compared to the bulk counterparts. As described
earlier, literatures describing the size-dependent properties
of silica nanoparticles are not much available. Some of
the properties such as specific surface area and photolu-
minescence properties with respect to the particle size are
scarcely reported. Therefore, in this section, some general
size-dependent properties of nanoceramics will be briefly
discussed.

3.3.1. Physiochemical Properties. The amount of atoms resid-
ing on the surface increases with the decrease in particle size
[2]. For silica nanoparticles smaller than 5 nm, more than
half of the Si atoms are present on the surface. Thus, the sur-
face should have one or more silanol groups (≡Si-OH) [16].
Therefore, the extent of chemical modification of silica such
as grafting of organofunctional groups and incorporation of
metal ions highly depends on the concentration of silanol
groups per grams of silica. The number of silanol groups
per unit area of silica provides information regarding the
distribution of silanol groups on the silica surface [30]. The
concentration of silanol groups increases with the decrease in
the particles size which is interrelated to the specific surface
area (Figures 7 and 8). However, the silanol number decrease
with the decrease in the particle size suggests that these
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Figure 7: Variation of silanol concentration and silanol number
with particle size of silica [30].
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silica [30].

nanoparticles could be chemically reactive, therefore suitable
for catalyst applications.

Unusual adsorption properties are one of the remarkable
properties of ceramic nanoparticles. Compared to the con-
ventional and commercial counterparts, the nanoparticles
shows enhanced ability to chemically adsorb and even
disassociate a variety of hazardous organic molecules [2].
This unique adsorption property is directly related to the
increase in surface area at nanoscale [31, 32].

3.3.2. Thermal and Mechanical Properties. Nanosize powders
were found to compact easily, and the sintering temperature
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also significantly reduced compared to the conventional
microsize powders. For example, the sintering of ∼20 nm
fumed silica particles up to transparency was achieved
at 1200◦C [33] compared to the 1.6 μm particles, which
requires up to 1600◦C to achieve transparency [34]. This
unique sintering property is attributed to the high surface
area of the nanoparticles which provides higher particle
contacts than the conventional particles. Besides, ceramic
nanoparticles also exhibit reduced brittleness and enhanced
ductility. These interesting properties make the materials
made from nanoscale ceramics more reliable compared to
the conventional ceramics.

3.3.3. Optical Properties. Silica nanoparticles have been
widely studied owing to several interesting optical phenom-
ena caused by point defects generated from any defect imper-
fect SiO4 continuous network, including oxygen and silicon
vacancies. Numerous typical defects for silica nanoparticles,
for examples, surface E′ centers (paramagnetic positively
charged oxygen vacancies, ≡Si•Si≡, or neutral dangling Si
bonds, ≡Si•), self trapped exciton (photoexcited electron-
hole pairs; STE), nonbridging oxygen hole centers (NBOHC;
dangling oxygen bonds, ≡Si–O•), neutral oxygen deficient
centers (ODCs; ≡Si–Si≡), twofold coordinated silicon lone
pair centers (≡Si–O–Si–O–Si≡) hydrogen-related species
(≡Si–H and ≡Si–OH), and interstitial O2 molecules [35–
39]. These point defects can also be divided into two groups:
paramagnetic and diamagnetic. Paramagnetic defects have
optical absorption which represents half-occupied energy
level in the optical band gap. Thus, hole transition or
electron transition to the valence band is possible. Diamag-
netic defects have absorption band associated with electron
transition to the conduction band [38]. These defects and
their combination are able to exhibit diversity of absorption
and PL bands in broad range of wavelength, near-infrared,
visible, and ultraviolet (UV). Hence, optical absorption
and photoluminescence (PL) become two useful tools for
monitoring optical changes resulting from structural defect
at the nanoparticle bulk and surface.

Chen [40] discovered a unique blue shift in the blue
band (2.8 eV) of the photoluminescence (PL) spectra while
studying the PL behavior of 7 and 15 nm silica particles.
The blue shift was reported to originate from electron-hole
recombination of the self-trapped exciton (STE) in smaller-
sized silica nanoparticle. The green (2.35 eV) and red
(1.9 eV) bands in the PL spectra were attributed to the
hydrogen-related species and nonbridging oxygen in the
silica nanoparticles, respectively. This proved that the PL
behavior arises from the phonon-assisted PL due to the
thermalization of the silica nanoparticle system during laser
irradiation. Rao et al. [25] reported the width of UV-Vis ab-
sorption peak at ∼525 nm varies with particle size. The
change is believed due to the different interactions between
different sizes of silica nanoparticles. However, a clear under-
standing on the relationship between the particle size and
particle-particle interactions is not elaborated.

Relating to the discussion above, the optical emission
properties of different size of silica nanoparticles have been
characterized by using PL spectroscopy [30]. In general,

the spectra contain two main bands located in the green
(∼2.35 eV) and blue (∼2.85 eV) spectral ranges (Figure 9).
These two bands were clearly observed for all the samples
except for ∼369 nm silica (only green band at very low
intensity was observed). This indicates that silica particles
equal or larger than ∼400 nm are relatively less PL active.

The green band is attributed to the presence of Si-
H species at the silica surface [41, 42]. A water molecule
(retained by silanol groups) that is confined between two
nanoparticles is expected to produce two Si-H species. Due
to the silanol concentration increased with the decrease in the
particle size, the concentration of Si-H species are expected
to increase in the same manner. This explains the increase in
the green band intensity for the silica nanoparticles is about
∼369 �∼130 <∼21 <∼7. The slight blue-shift observed
for the green bands of ∼7 and ∼21 nm relative to other
sizes could be attributed to the stabilization of Si-H species
through intraparticle and/or interparticle interactions. On
the other hand, the blue band observed for ∼7, ∼21, and
∼130 nm has been suggested to originate from electron-hole
recombination of self-trapped exciton (STE) [40, 43] and
oxygen-deficient centers (ODC) (neutral oxygen vacancies:
≡Si–Si≡ and twofold coordinated silicon defects: ≡Si–O–
Si–O–Si≡) [44, 45]. The increase in intensity of the blue
band with the decrease in the particle size (Figure 9) could
be due to higher concentration of defect sites (STE and
ODC) at smaller particle sizes. These findings are almost
consistent with results obtained by Chen [40]. In contrast,
we did not observe any red band or blue-shift (for the
blue band) which is possibly due to the different origins of
the silica used in both studies (Aerosil, Degussa versus in-
house silica nanoparticles). In general, the unique optical
properties of silica nanoparticles, especially below 10 nm, can
be further enhanced by incorporation with functionalized
groups or metal ions to yield unique optical devices and offer
additional advantages associated with a lower-temperature
fabrication procedure.

4. Silica-Filled Polymer Nanocomposites

One of the prominent applications of silica nanoparti-
cles is as fillers or reinforcement in advanced composite
materials. One of the important aspects of silica-polymer
nanocomposite is the ability to attain homogenous filler
dispersion, which determines the overall performance of
the nanocomposites. Chemical modifications of silica (filler)
surface and effective mixing method are two main routes
that can lead to homogenous filler distribution. On the other
hand, the performance of a nanocomposite also depends on
the type of polymeric matrix used.

The following sections briefly review the important
aspects of silica-polymer nanocomposites, as stated above,
such as chemical modification of silica surface, the prepa-
ration method for nanocomposites, and the effect of silica
nanoparticles on the properties of nanocomposites.

4.1. Chemical Modification of Silica Surface. The chemical
modification of silica surface with organofunctional groups
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Figure 9: PL spectra of different sizes (S7 = ∼7 nm, S20 = ∼21 nmm, S130 = ∼130 nm, S400 = ∼369 nm) of silica nanoparticles [30].

is an important step towards the preparation of silica-pol-
ymer nanocomposites. More precisely, the surface modifica-
tions have been reported to enhance the affinity between the
organic and inorganic phases and at the same time improve
the dispersion of silica nanoparticles within the polymer
matrix [3, 46–51].

Modification of silica surface with silane coupling agents
is one of the most effective techniques available. Silane-
coupling agents (Si(OR)3R′) have the ability to bond in-
organic materials such as silica nanoparticles to organic
resins. In general, the Si(OR)3 portion of the silane-coupling
agents reacts with the inorganic reinforcement, while the
organofunctional group (R′) reacts with the resin. Table 2
shows some of the common silane coupling agents used for
modification of silica surface.

In general, the chemical modification of silica surface
using silane coupling agents can be conducted via aqueous or
nonaqueous system that is also known as postmodification.
The nonaqueous system is usually used for grafting APTS
molecules onto the silica surface. The main reason for using
non-aqueous system is to prevent hydrolysis. Silanes such
as APTS which carries amine groups (base) can undergo
uncontrollable hydrolysis and polycondensation reactions
in the aqueous system. Therefore, the use of organic sol-
vent provides a better control of reaction parameters and
preferred for coupling reaction using APTS. For nonaqueous
system, the silane molecules are attached to the silica surface
via direct condensation reaction and the reaction usually
conducted at reflux conditions [6]. On the other hand, the
aqueous system is favorable for large-scale production. In
this system, the silanes undergo hydrolysis and condensation
before deposition on the surface (Figure 10). The alkoxy
molecules are hydrolyzed in contact with water. This is fol-
lowed by self-condensation reactions between the hydrolyzed
silanes. Then, the silane molecules are deposited on the silica
surface through formation of siloxane bonds between the
silanol groups and hydrolyzed silanes with the release of
water molecules [6].

Surface modification of silica nanoparticles can be car-
ried out by using various types of silane coupling agents such

O O O

Hydrolysis

Condensation, Δ
SiO2

HO–Si–O–Si–O–Si–OH

(RO)3Si–R + 3H2O (OH)3Si–O–R + 3ROH

RRR

Figure 10: Chemical modification of silica surface in aqueous sys-
tem.

as aminopropylmethydiethoxy silane (APMDS) and meth-
acryloxypropyltriethoxysilane (MPTS) via nonaqueous and
aqueous route [46, 47]. A slight increase in the particle size
(∼25%) after the surface modification was observed [47].

Sun and coworkers [52] reported the effect of surface
modification on the dispersion of silica nanoparticles for
potential application as underfill material in semiconductor
packaging. Two types of silanes: aminoethylaminopropyl-
trimethoxy-silane (AEAPTS) and 3-glycidyloxypropyltrieth-
oxysilane (GPTS) carrying amino and epoxy groups, respec-
tively, were used to activate the surface of 90 nm silica par-
ticles.

The treatment of nanosilica by epoxy silane with a long-
er reaction time and lower silane concentrations assisted
with pretreatment by sonication can achieve monodispersed
silica in polar medium. Both modification reactions were
conducted via aqueous route. It was reported that the epoxy
silane was more effective in dispersing the silica nanoparticles
compared to the amino silanes due to the absence of hydro-
gen bonding between the particles. The total loading of ami-
no and epoxy silanes were found to be 9.75% and 10.12%,
respectively. In a much recent work, Pham et al. [49]
conducted surface modification on 30 nm colloidal silica
particles using 3-aminopropyltrimethoxysilane (APTS) and
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Table 2: Silane-coupling agents commonly used.

Name (acronym) Formula

Vinyltriethoxysilane (VTS) (C2H5O)3Si–CH=CH2

Methacryloxypropyltriethoxysilane (MPTS) (C2H5O)3Si–CH2CH2CH2–O–CO–C(CH3)=CH2

3-Glycidyloxypropyltrimethoxysilane (GPTS)
(CH3O)3Si–CH2CH2CH2–O–CH2CH CH2

O

3-Aminopropyltrimethoxysilane (APTS) (CH3O)3Si–CH2CH2CH2NH2

3-Mercaptopropyltriethoxysilane (McPTS) (C2H5O)3Si–CH2CH2CH2SH

Chloropropyltriethoxysilane (CPTS) (C2H5O)3Si–CH2CH2CH2Cl

3-aminopropyldimethylmethoxysilane (APMS) under aque-
ous conditions. The irreversible aggregation of silica nano-
particles in colloidal form can be controlled by keeping the
trimethoxysilane to silica ratio low while mixing and reacting
the two slowly or by using monomethoxysilane as the amino-
silane surface modifying agent. These studies indicate that,
for an efficient surface modification using the silane coupling
agents one, must use low concentrations of silane solution
and longer reaction time.

Vejayakumaran et al. [53] successfully grafted amino
group onto∼7 nm nanosilica in nonaqueous by using APTS.
The grafted silica particles were further grafted with BMI
monomer to form Si-BMI nanocomposite via nucleophilic
addition as shown in Figure 11.

One-pot synthesis is an alternative approach in order
to reduce time, energy, or other disadvantages of the post-
modification approach. Cocondensation is one of common
ways for the modification purpose, owing to homogeneously
incorporation of organic functional group to the interior and
exterior of the bulk of silica particle. Although numerous of
cocondensation modification methods have been reported
for porous silica, the modification of silica nanoparticles has
been less investigated [54–57].

Nanosized organofunctionalized silica particles can be
obtained through a modified Stöber method using TEOS
or APTES in ethanol [54]. The triethanolamine-catalyzed
synthesis of extremely small mesoporous silica nano-
particles via a specific cocondensation process with
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phenyltriethoxysilane has been demonstrated by Kobler
and Bein [55]. The size of the suspended mesoporous sili-
ca spheres is reduced by decreasing the concentration of
precursor and catalyst. Monodisperse colloidal suspensions
of porous nanoparticles with the size of 40 nm are utilized
for the preparation of transparent homogeneous thin film by
spin-coating technique. An amino-functionalized monodis-
persed silica with different particle size of 310–780 nm has
been synthesized by direct cocondensation of 3-amino-
propyltrimethoxysilane (APTMS), [3-(2-aminoethylamino)
propyl] trimethoxysilane (AEAP-TMS), or 3-[2-(2-amino-
ethylamino)ethylamino] propyltrimethoxysilane (AEAEAP-
TMS) with tetramethoxysilane [56]. The functionalized si-
lica particles showed an excellent catalytic activity in the
condensation reactions of nitroaldols.

An easy and swift pathway in preparation of amine-func-
tionalized ∼60 nm nanosilica via cocondensation method in
nonaqueous media using APTS as coupling agent was report-
ed by Rahman et al. [57]. One Japanese group has pre-
pared amino-functionalized silica nanoparticles from pre-
cursor mixtures of tetraethoxysilane and aminopropyltri-
ethoxysilane in ethanol/water solutions via a one-pot sol-
gel procedure [58]. In their method, particles with the dia-
meter less than 200 nm have been obtained where the par-
ticle size and size distribution depend on the mixing ratios of
the starting materials. The amino-functionalized silica par-
ticles have some potential biomedical applications such as
carriers of enzymes, drugs, and DNA. Recently, one-pot
water-oil-microemulsion technique has been used to syn-
thesize functionalized silica nanoparticles ranging from 25
to 200 nm in a mixture of TEOS, organosilanes (3-amino-
propyltriethoxysilane (APTES), 3-mercaptopropyltrimeth-
oxysilane (MPTMS), phenyltrimethoxysilane (PTMS), vinyl-
triethoxysilane (VTES), and polyoxyethylene nonylphenol
ether [59].

Comparing between the two modification methods, one
realize that the postmodification does not much affect the
size and size distribution of the particles, where as one-pot
synthesis produces a much bigger particles, of course, with
low aggregation. This is due to the presence of NH2 group
that leads to the increment in the rate of hydrolysis which
induces particles growth. For this reason, the use of a small
amount of silane coupling agent is an advantage.

4.2. Methods for Dispersing Silica Nanoparticles in Polymer
Matrix. The techniques commonly used for the silica-poly-
mer nanocomposite production can be categorized into three
classes, that is, (i) solution mixing, (ii) in situ polymerization
process, and (iii) melt mixing processes [60]. The solution
and in situ polymerization processes usually produce higher
levels of nanoparticle dispersion. However, melt mixing
process finds favor due to its compatibility with current
industrial compounding facilities. In addition, the absence
of solvents makes the process environmentally benign and
economically favorable. In the melt mixing processes, poly-
mer molecules gain increased mobility through an input of
thermal energy and are mixed with the fillers mechanically.
In fact, melt mixing is the most favored technique to prepare
the contemporary BMI-based nanocomposites [61–64]. As

an example, Meng et al. [62] prepared the BMI-DABPA(O,O-
diallyl bisphenol A)-clay nanocomposite by first homoge-
nously mixing DABPA and clay (2 hours), followed by melt
mixing of the mixture with BMI at 130◦C. Mechanical
stirrer or high-speed homogenizers are usually employed to
facilitate the homogenous mixing of fillers within polymer
melts. Besides, ultrasonication is also commonly used to
effectively disperse the nanoparticles within the polymer
matrix [52].

Thus, a homogenous dispersion of nanofillers via melt
mixing process is still a challenging aspect in the prepara-
tion polymer composite materials. Intense particle-particle
attractions at nanoscale and the presence of monomers and
curing agents in solid form at room temperature require
effective dispersion techniques. In our unpublished work,
7 nm nanosilica particles have been homogeneously dis-
persed in a matrix of 1,1′-(methylenedi-4,1-phenelene) bis-
maleimide and 1,1′-diaminodiphenylmethane (BMI-DDM).
The combination of pretreatment of nanosilica particles
with ultrasonic radiation and heat, followed by agitation
in BMI melt, was found to be highly effective in breaking
the soft aggregates of nanosilica particles and improving the
dispersion in the BMI/DDM matrix as compared to melt
mixing method (Figure 12).

4.3. Applications of Nanosilica in Polymer Nanocomposites.
Due to the large boundary surface created by the silica
nanoparticles (fillers), it is possible to produce silica-polymer
nanocomposites with new and improved properties. The
advantages of nanoparticles include efficient reinforcement
with excellent mechanical strength, heat stability, reduced
shrinkage, thermal expansion and residual stress, improved
abrasion resistance, and enhanced optical and electric prop-
erties. The decrease of particle size below 100 nm enables
good optical transparency, especially for silica. In addition,
nanoparticles offer various property enhancements at lower
loadings due to higher surface-to-volume ratio compared to
the conventional particles. Therefore, nanocomposites offer
exciting properties which permit their use in automotive,
aerospace, electronic, and engineering applications. Table 3
summarizes various types of silica-based nanocomposites
together with the resulting properties as reported in litera-
tures [46, 59, 65–79]. The summary shows that the epoxies
dominate over other polymers as the matrix of silica-polymer
nanocomposites.

As shown in Table 3, silica nanoparticle reinforcement
in certain polymer matrixes can lead to significant property
improvements, whereas in others they only provide marginal
property improvements or in some cases worsening of the
properties. As an example, Kang et al. [46] found that the
incorporation of 400 nm silica particles into epoxy resulted
in almost 13% increase in the Tg and the damping behavior
(tan δ) of the composite decreased with the increase in the
filler content. These phenomena have been attributed to the
addition of rigid silica nanoparticle which made the polymer
difficult to move.

By contrast, Zhang et al. [65], as shown in Figure 13,
observed a decreasing trend in the Tg value at increasing
filler content due to the plasticization effect exerted by
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Table 3: Various types of silica-polymer nanocomposites reported in the literature together with the details on filler sizes, concentrations,
and some selected results.

Polymer matrix Silica size (nm) Silica content
Major property changes (with increasing filler
content)

Reference

Polyurethane 175, 395 and 730 1–10 wt.%
Constant Tg at different particle size and
concentrations

[66]

Epoxy (DGEBA) 400 50–70 wt.%
(i) Decreased CTE and increased Tg

(ii) Increased brittleness
[46]

Epoxy (DGEBF)a 90 1–7 wt.%
(i) Increased fracture toughness
(ii) Larger deformation resistance (up to 3 wt. %)

[67]

Polyimide 20 10–50 wt.%
(i) Increased dielectric constant
(ii) Enhanced thermal stability

[68]

Epoxy (commercial) 25 1–14 vol.%
(i) Decreased Tg and increased Tβ

(ii) Increased microhardness, fracture toughness,
and modulus

[65]

Thermoplastic
polyurethane

7 10 wt.%
(i) Decreased Tg

(ii) Increased shear and storage modulus
(iii) Increased tensile and peel strength

[69]

Epoxy (DGEBA)b 240 & 1560 30 vol.%
(i) Increased storage and loss modulus
(ii) Decreased Tg with the increase in the fraction

of 1560 nm particles
[70]

Epoxy (commercial) N/A 10–30 phr
(i) Decreased Tg (up to 20 phr)
(ii) Decreased storage modulus and elastic

modulus (up to 20 phr)
[71]

Epoxy (DGEBA) 75 and 330 1–5 wt.%
(i) Increased aggregation level
(ii) Increased elastic modulus (modeled)
(iii) Higher modulus for smaller particles

[72]

Epoxy (TGDDM)c 12.5 5 and 10 wt.%
(i) Decreased Tg , constant Tβ

(ii) Increased elastic and yield modulus
(iii) Increased brittle fractureness

[73]

Epoxy (DGEBA) 10–20 10–70 wt.%
(i) Decreased Tg

(ii) Increased thermal stability
[74]

Acrylic polymerd 15–20 10–50 wt.%
(i) Increased thermal stability
(ii) Enhanced hardness
(iii) Excellent optical transparency

[75]

Epoxy 4000 14–39 vol.%
(i) Increased Young’s modulus
(ii) Immonotonic variation in the yield strength

and yield stress
[76]

Epoxy (BPA)e 9 2.17 vol.%

(i) Decreased frictional coefficient and specific
wear rate

(ii) Modified silica nanoparticles promote cure
reaction of epoxy

[77]

Polyurethane 14–260 1–4 wt.%

(i) Increased Tg

(ii) Tg increased with particle size up to 66 nm
and then decreased

(iii) Decreased surface and interface free energies
by incorporation silica

[78]

Polystyrene 25–200 5–10 wt.%
(i) Increased DTA peaks
(ii) Strong interaction between silanes group and

polymer chains
[59]

Polyurethane 30 5 Increased SiO2 dispersion [79]

Polypropylene 50–110 1–5 wt.%
(i) Larger thermal degradation stabilization
(ii) Larger elastic modulus

[85]

a
Diglycidylether of bisphenol F; bDiglycidylether of bisphenol A; cTetraglycidyl 4-4′-diaminodiphenylmethane; dBased on 3-(trimethoxysilyl)propyl

methacrylate; eBisphenol A epoxy resin (type E-51).
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100 μm

(a) Direct melting process

100 μm

(b) Pretreatment process

Figure 12: SEM-EDX Si mapping showing the distribution of silica in silica-bismaleimide nanocomposites (bright spots indicate Si elements
from the fillers).
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Figure 13: (a) Complex modulus and damping behavior, and (b) first and second glass transition temperatures (Tg and Tβ) as a function of
nanosilica volume fraction, as reported by Zhang et al. [65].

25 nm colloidal silica particles. However, they found the Tβ

increased with the increasing filler content. Nevertheless, the
authors did not explain this trend. On the contrary, the
authors found an enhanced modulus in presence of silica
nanoparticles (Figure 13). The enhancement in modulus is
due to the large difference in CTE of the filler and matrix,
which may provide additional stress transfer under loading.

On the other hand, Preghenella et al. [71] found an
immonotonous variation in the thermomechanical proper-
ties of fumed silica filled epoxy composite with respect to the
filler content. The Tg was found decreased up to 27% as the

filler content was increased from 0 to 20 phr. However, the Tg

was found increased at 30 phr of silica content. According to
the authors, the inversion in properties trend at the highest
silica content was supposed to be due to the enhanced physi-
cal immobilization effect experienced by the polymer matrix
near the percolation threshold of the filler. In another work,
Zhang et al. [77], based on the DSC kinetic studies, found
that the polyacrylamide- (PAAM-) modified silica nanopar-
ticles slightly enhance the cure reactions of epoxy. Contrary
effect was found for nonmodified silica nanoparticles. This
interesting findings show that the silica nanoparticles not
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(a) (b)

Figure 14: SEM micrographs of fractured epoxy nanocomposites filled with (a) pure silica and (b) surface modified (with epoxide func-
tionalities) silica nanoparticles by 70 wt.% as reported by Kang et al. [46].

only influence the thermal mechanical properties of the
nanocomposite but also play a part in the polymerization
reactions of the polymer matrix, in some cases.

4.4. Filler-Matrix Interactions. The interaction at the inter-
face between the nanofillers and matrix is the most impor-
tant factor that controls the resulting properties of the
nanocomposite [3]. A strong interface between the filler and
matrix can be achieved through surface modification that
leads to significantly reduced filler agglomeration [46], as
shown in Figure 14. The phenomena may be due to the inter-
action between functional group on the filler surface with
polymer chains that increased surface charge and enhanced
dispersion. The SEM analysis showed that the pure silica
nanoparticles present as large aggregates (Figure 14(a)) in
the epoxy matrix. Significant improvement in the dispersion
was achieved by modifying the silica surface with epoxide
functional groups (Figure 14(b)). Better thermal properties
(Tg and CTE) were observed for the composites prepared
from epoxide-modified silica nanoparticles compared to
the pure silica. Ragosta et al. [73] found that the epoxy
groups reacted with the silanol groups present on the silica
surface, leading to an increased interfacial adhesion. The
strong interfacial adhesion increased the fracture toughness
of silica-epoxy nanocomposite compared to the neat epoxy.
Zhang et al. [77] found an enhanced wear resistance in the
silica-epoxy nanocomposite prepared from polyacrylamide-
(PAAM-) modified silica nanoparticles. This enhancement
was attributed to the covalent bonding between the PAAM-
modified silica and epoxy matrix. These literature studies
show that it is paramount important to modify the silica
surface to attain stronger interface between the fillers and
polymer matrix and also to improve the filler dispersion.

The strong surface interaction at the filler-polymer inter-
face is related to the formation immobilized amorphous layer
of polymer molecules on the nanoparticles. The thickness
of the layer depends on the degree of dispersion, size, and
types of nanofillers but independent from their shapes that

resulted in unique properties of nanocomposites [80–84].
Thus, the use of nanosize fillers offers a great benefit to the
nanocomposites compared to the traditional composites.

5. Summary

Silica nanoparticles are widely applied as fillers in silica-pol-
ymer nanocomposites. The most commonly used route for
synthesizing silica nanoparticles is sol-gel method due to its
ability to produce monodispersed with narrow-size distrib-
ution nanoparticles at mild conditions. However, a critical
challenge in the preparation of nanocomposites is the homo-
geneity in the mixing between the filler and organic com-
ponents. This can be achieved through surface modification
of silica by using silane-coupling agents. Other than appli-
cations covered in this paper, surface modification makes
the possibility to graft or conjugate the nanostructured silica
with polymers or proteins for future applications in biotech-
nology and medicine such as dental filling composites, cancer
treatment, and drug delivery. We hope that this paper will
provide some insight knowledge in synthesis of nanosilica
by sol-gel and surface modification process for researchers
working in nanocomposites.
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Magnetoresponsive polymer-based fibrous nanocomposites belonging to the broad category of stimuli-responsive materials, is
a relatively new class of “soft” composite materials, consisting of magnetic nanoparticles embedded within a polymeric fibrous
matrix. The presence of an externally applied magnetic field influences the properties of these materials rendering them useful in
numerous technological and biomedical applications including sensing, magnetic separation, catalysis and magnetic drug delivery.
This study deals with the fabrication and characterization of magnetoresponsive nanocomposite fibrous membranes consisting of
methacrylic random copolymers based on methyl methacrylate (MMA) and 2-(acetoacetoxy)ethyl methacrylate (AEMA) (MMA-
co-AEMA) and oleic acid-coated magnetite (OA·Fe3O4) nanoparticles. The AEMA moieties containing β-ketoester side-chain
functionalities were introduced for the first time in this type of materials, because of their inherent ability to bind effectively onto
inorganic surfaces providing an improved stabilization. For membrane fabrication the electrospinning technique was employed
and a series of nanocomposite membranes was prepared in which the polymer content was kept constant and only the inorganic
(OA·Fe3O4) content varied. Further to the characterization of these materials in regards to their morphology, composition
and thermal properties, assessment of their magnetic characteristics disclosed tunable superparamagnetic behaviour at ambient
temperature.

1. Introduction

In the last years, stimuli-responsive polymer-based mem-
branes the properties of which can be externally triggered
upon variation of the pH, the temperature, and the magnetic
or electrical field have attracted increasing attention due
to their numerous potential applications, for example, in
sensing technologies, in separation processes, and in the
biomedical field such as controlled drug delivery systems [1].

One of the most versatile methods employed for generat-
ing polymeric (nano)fibrous membranes is electrospinning

[2, 3]. With this method, fibrous mats are produced by
electrically charging a suspended droplet of polymer melt
or solution. Electrospinning exhibits the most demonstrating
and promising results for numerous applications, because of
its simplicity, versatility, low cost, and the ability to produce
continuous (nano)fibers of various materials from polymers
to ceramics to composites [4–6]. Moreover, it may provide
control over the thickness and composition of the produced
(nano)fibers along with the porosity of the (nano)fibrous
mesh. The produced electrospun fibrous membranes, which
usually consist of fibers having diameters from a few nm
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up to a few micrometers [7], are considered for a variety
of applications, such as molecular filtration [8] catalysis
[9] and electronics [10] in biomedicine as scaffolds for
tissue engineering [11–13] and drug release carriers [14].
The large surface-to-volume ratio, the existing flexibility
on the selection of the surface functionality, the interesting
mechanical properties, and the freedom on materials’ design
[15, 16] are only a few characteristics that make the
polymeric (nano)fibers and the resulting membranes ideal
in the above-mentioned important applications.

A particular class of stimuli-responsive, nanocompos-
ite polymer-based membranes is the so-called magnetore-
sponsive membranes. These materials consist of magnetic
(nano)particles embedded within a polymeric membrane,
and their properties are influenced by the presence of an
externally applied magnetic field.

The electrospinning process has been successfully
employed for the fabrication of magnetoresponsive fibrous
membranes. Among the magnetic particles incorporated
within such systems, magnetite (Fe3O4) is by far the most
commonly used [17–22]. Besides the above-mentioned
systems, other reports include the fabrication of polymer
composite membranes containing FePt [23], CoFe2O4 [24]
and Fe [25] particles.

Herein, we describe the fabrication of magnetoresponsive
fibrous membranes consisting of functional polymeric mate-
rials and oleic acid-coated magnetite (OA·Fe3O4) nanopar-
ticles. More precisely, random copolymers based on methyl
methacrylate (MMA) and 2-(acetoacetoxy)ethyl methacry-
late (AEMA) of the type MMA-co-AEMA have been prepared
via conventional free radical polymerization.

The AEMA moieties containing β-ketoester side-chain
functionalities were introduced because of their ability to
bind effectively onto the inorganic iron oxide surfaces pro-
viding an improved stabilization. The latter has been demon-
strated in recent publications of our group, reporting on the
synthesis and characterization of well-defined hydrophilic
diblock copolymers based on AEMA and hexa(ethylene
glycol) methyl ether methacrylate (HEGMA) and their use
as stabilizing agents for iron oxide nanoparticles [26] and
single-wall carbon nanotubes/Fe3O4 [27] in aqueous solu-
tions. Moreover, we have also described the preparation of
nanocomposite amphiphilic random conetworks exhibiting
temperature- and magnetoresponsive behavior comprised of
(HEGMA), AEMA, and OA·Fe3O4 nanoparticles [28].

The MMA-co-AEMA (code IS) was mixed with pre-
formed OA·Fe3O4 in tetrahydrofuran (THF) at appropriate
polymer solution concentrations, and the solutions were
electrospun under specific experimental conditions to yield
fibrous nanocomposite magnetoresponsive membranes. The
preference of incorporating preformed, oleic acid (OA)-
coated magnetite nanoparticles with mean diameters of
around 4-5 nm within the conetworks, targeted toward the
prevention of agglomeration phenomena, thus to obtaining
a superparamagnetic response.

The fabricated membranes were characterized in terms of
their morphology by scanning electron microscopy (SEM),
whereas the presence of magnetite within the membranes
was confirmed by X-ray diffraction (XRD) spectroscopy.

Their thermal properties were investigated employing ther-
mal gravimetric analysis (TGA). These materials exhibited
a superparamagnetic behavior and tunable magnetic prop-
erties at ambient temperature depending on the percent-
age of the magnetic content within the membranes, as
demonstrated by vibrating sample magnetometry (VSM)
measurements.

2. Experimental Section

2.1. Reagents and Materials. Ethyl acetate (EA) (Fluka,
99.8%), tetrahydrofuran (THF) (Sharlau, HPLC grade),
and n-hexane (Sharlau, 96%) were used as received by
the manufacturer. The two monomers methyl methacrylate
(MMA) (99%) and 2-(acetoacetoxy) ethyl methacrylate
(AEMA) (95%) were purchased from Sigma-Aldrich and
used without further purification. The radical initiator 2,2′-
azobis(isobutylnitrile) (AIBN, 95%) was purchased from
Sigma-Aldrich, and it was recrystallized twice from ethanol
prior to use. Concerning deuterated solvents, deuterated
chloroform CDCl3 (Sharlau) was used in 1H NMR studies.

2.2. Synthesis of OA·Fe3O4-Coated Magnetic Nanoparticles.
The oleic acid-coated magnetite nanoparticles (OA·Fe3O4)
were prepared by following an experimental procedure
developed by Bica et al. [29–31]. Briefly, magnetite nanopar-
ticles, Fe3O4, were obtained by the coprecipitation in an
aqueous solution of Fe2+ and Fe3+ ions (salts FeSO4·7H2O;
FeCl3·4H2O) in the presence of NH4OH, at 80–82◦C. A
temperature of 80◦C set for the coprecipitation reaction is
essential to obtain magnetite and no other iron oxides; the
same temperature range is also favorable for the chemisorp-
tion of oleic acid on the surface of magnetite nanoparticles.
Additionally, the significant excess amount of NH4OH
ensures the formation of magnetite over other iron oxides.
Subsequently, oleic acid was added in a significant excess
(about 30 vol %) to the system right after the coprecipitation
had started, which resulted in the chemisorption of the acid
on the magnetite surface. This was followed by a washing
process with distilled water with magnetic decantation and
filtration to remove aggregated (nondispersed) particles.
Then, flocculation (acetone) was used to extract magnetite
particles coated with a single surfactant layer from the
solution of residual salts and free surfactant. The dried
powder was redispersed in light hydrocarbon. This floccu-
lation/redispersion procedure was performed several times
to ensure that the presence of free surfactant in the final
solution was negligible.

2.3. Synthesis of MMA-co-AEMA Random Copolymers. Con-
ventional free radical polymerization was employed for
the synthesis of the MMA-co-AEMA random copolymers.
Polymerizations were carried out in a 50 mL round-bottom
flask, fitted with a rubber septum. The monomers MMA
(2.1 mL, 19.6 mmol) and AEMA (4.3 mL, 22.5 mmol) were
transferred into the reaction flask with the aid of a syringe.
THF (21 mL) was subsequently added followed by the
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Table 1: Quantities of the reactants used for the synthesis of a series of MMA-co-AEMA random copolymers.

a/a Sample code MMA (mL) MMA (mmol) AEMA (mL) AEMA (mmol) AIBN (mg) Solvent∗ (mL)

1 IS1 2.0 18.7 4.3 22.5 65 20 (EA)

2 IS2 4.2 39.3 7.6 39.8 13 40 (EA)

3 IS3 8.4 78.5 7.6 39.8 17 54 (EA)

4 IS4 2.1 19.6 4.3 22.5 2.5 21 (THF)
∗

EA: ethyl acetate; THF: tetrahydrofuran.

Table 2: Optimum experimental conditions successfully employed for the fabrication of MMA-co-AEMA fibrous membranes in absence
and presence of OA·Fe3O4 nanoparticles.

a/a Sample code
Needle-to-
collector

distance (cm)
Needle (G) Voltage (kV)

Flow rate
(μL/min)

1 IS3 30 16 10 50

2 IS3.2 25 16 15 30

3 IS3.4 25 16 15 30

4 IS3.10 25 16 15 20

addition of the initiator AIBN (2.5 mg, 1.52 · 10−5 mol) dis-
solved in the solvent (2 mL). After dissolution, the reaction
mixture was placed in an oil bath at 63◦C for 20 h under
inert (nitrogen) atmosphere. Polymerization was terminated
by cooling the reaction down to room temperature. The
produced MMA-co-AEMA random copolymer (6.43 g, 95%
polymerization yield) was retrieved by precipitation in n-
hexane (polymer solution to n-hexane in volume ratio 1 : 10)
and was left to dry in vacuum at room temperature for a
few hours. Table 1 summarizes the quantities of the reactants
used for the synthesis of the MMA-co-AEMA random
copolymers.

1H NMR (300 MHz, CDCl3) δ (ppm): 4.1–4.5 (br, 4H (e,
d)), 3.5 (m, 5H (f, b)), 2.3 (m, br, 3H (g)), 1.6–2.1 (m, br,
4H (a, a′), and 0.8 (s, br, 6H (c, c′)). (br: broad; s: singlet; m:
multiplet).

2.4. Membrane Fabrication. The random copolymer IS3 was
mixed with different amounts of OA·Fe3O4 (2, 4, 10, 30, and
70% w/w) in THF solution at room temperature (samples
IS3.2, IS3.4 and IS3.10, IS3.30, and IS3.70, resp.). In all cases,
the polymer concentration was kept constant (0.06 g/mL)
and only the concentration of the OA·Fe3O4 varied. For
assisting the dissolution of the OA·Fe3O4, all solutions were
placed in an ultrasonic bath for 20 min. Subsequently, they
were filtered prior to electrospinning.

All electrospinning experiments were performed at room
temperature. Equipment included a controlled-flow, four-
channel volumetric microdialysis pump (KD Scientific,
Model: 789252), syringes with specially connected spinneret
needle electrodes, a high-voltage power source (10–50 kV)
and custom-designed, grounded target collectors, inside an
interlocked Faraday enclosure safety cabinet.

Systematic parametric studies were carried out by vary-
ing the applied voltage, the needle-to-collector distance,
the needle diameter, and the flow rate so as to determine

the optimum experimental conditions for obtaining fibrous
membranes. Table 2 summarizes the experimental condi-
tions employed successfully for the fabrication of MMA-co-
AEMA fibrous membranes both in absence and presence of
OA·Fe3O4 nanoparticles.

2.5. Characterization. Proton nuclear magnetic resonance
(1H NMR) spectroscopy was used for confirming the
expected structure of the copolymers. 1H NMR spectra
were recorded in CDCl3 using an Avance Brucker 300 MHz
spectrometer equipped with an ultrashield magnet. The
CDCl3 contained traces of tetramethylsilane (TMS), which
was used as an internal reference.

The average molecular weights and polydispersity indices
of the copolymers were determined by size exclusion chro-
matography (SEC). All measurements were carried out at
room temperature using Styragel HR 3 and Styragel HR
4 columns. The mobile phase was THF, delivered at a
flow rate 1 mL min−1 using a Waters 515 isocratic pump.
The refractive index was measured with a Waters 2414
refractive index detector. The instrumentation was calibrated
using poly(methyl methacrylate) (PMMA) standards with
narrow polydispersity indices (MWs of 102, 450, 670,
1580, 4200, 14400, 31000, 65000, 126000, 270000, 446000,
739000 g mol−1) supplied by Polymer Standards Service
(PSS).

X-ray powder diffraction patterns were obtained using
Rigaku (30 kV, 25 mA) with λ = 1.5405 Å (Cu) in the range
of 20–80◦ and at a scanning rate of 1◦/min.

Thermal gravimetric analysis (TGA) measurements were
carried out with a SETARAM SETSYS 16/18 TG-DTA.
Samples (6 ± 0.2 mg) were placed in alumina crucibles. An
empty alumina crucible was used as a reference. Samples
were heated from ambient temperature to 600◦C in a
50 mL/min flow of argon (Ar) with heating rate 10◦C/min
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Figure 1: Chemical structures and names of the main reagents used
for the synthesis of the MMA-co-AEMA random copolymers.

5 6 7 8 9 10 11 12 13 14 15

IS4
IS1

IS2
IS3

Elution volume (mL)

Figure 2: SEC eluograms of the MMA-co-AEMA random copoly-
mers (IS1–IS4) prepared in this study.

and continuous records of sample temperature, sample
weight, its first derivative and heat flow were taken.

The morphological characteristics of the fibrous mem-
branes obtained in the absence and presence of OA·Fe3O4

nanoparticles were determined by scanning electron mi-
croscopy (SEM) (Vega TS5136LS-Tescan). The samples were
gold-sputtered (∼15 nm) (sputtering system K575X Turbo
Sputter Coater-Emitech) prior to SEM inspection.

Finally, the magnetic properties of the nanocomposite
MMA-co-AEMA/OA·Fe3O4 fibrous membranes were mea-
sured with a vibrating sample magnetometer (VSM), Model
880 from ADE Technologies, USA.

∗ ∗
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Figure 3: 1H NMR spectrum of the MMA1.0-co-AEMA2.2 random
copolymer. ∗Residual monomer.

Figure 4: Electrospinning setup used in membrane fabrication.

3. Results and Discussion

3.1. Synthesis and Molecular Characterization. As already
described in the experimental section, a series of MMA-co-
AEMA random copolymers was prepared by employing free
radical polymerization.

More precisely, the synthesis of random copolymers
consisting of hydrophobic methyl methacrylate (MMA) and
hydrophobic metal-binding 2-(acetoacetoxy)ethyl methacry-
late (AEMA) units of the type MMA-co-AEMA was per-
formed in the presence of 2,2′-azobis-(isobutylnitrile)
(AIBN) that served as the radical source. Figure 1 illustrates
the chemical structures and names of the monomers and
initiator used for the synthesis of the MMA-co-AEMA
random copolymers.

The molecular characteristics of the MMA-co-AEMA
random copolymers obtained by free radical polymerization
were determined by SEC and 1H NMR.

Table 3 summarizes the chemical structures of the
copolymers prepared in this study along with their average
molecular weight (MW) and composition characteristics. As
expected, the use of a noncontrolled radical polymeriza-
tion process led to the generation of polymeric materials
characterized by relatively high polydispersity indices (PDI)
ranging between ∼1.8–2.6. In Figure 2, the SEC traces
of all MMA-co-AEMA random copolymers (IS1–IS4) are
displayed.
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Table 3: Chemical structures of the copolymers, average molecular weights, and polydispersity indices.

a/a
Sample

code
Chemical structures∗ Mn (g·mol−1) Mw (g·mol−1) PDI

1 IS1 MMA1.0-co-AEMA1.0 133560 348740 2.61

2 IS2 MMA1.0-co-AEMA1.07 119720 275890 2.30

3 IS3 MMA1.0-co-AEMA0.72 106830 189380 1.77

4 IS4 MMA1.0-co-AEMA2.2 104200 237540 2.28
∗

The molar ratios between the MMA and AEMA moieties were determined by 1H NMR.

(a) (b) (c)

Figure 5: SEM images of the pristine MMA-co-AEMA polymeric membranes in the absence of OA·Fe3O4 nanoparticles.

The expected chemical structure of the MMA-co-AEMA
random copolymers was confirmed by 1H NMR spec-
troscopy. Figure 3 exemplarily shows the 1H NMR spec-
trum of the MMA1.0-co-AEMA2.2 (IS4). The peak assign-
ments are shown in the spectrum. The MMA : AEMA
comonomer compositions (Table 3) were determined from
the ratio of the areas under the characteristic signals of
the AEMA and the MMA, appearing at 4.17 (CH2, d)
and 3.59 (CH3, b), respectively, after subtracting from
the latter the area corresponding to the –CH2 groups of
AEMA (f).

3.2. Membrane Fabrication and Morphological Characteriza-
tion. As previously mentioned, membrane fabrication was
carried out via electrospinning. The electrospinning setup
used in the present study is presented in Figure 4.

The success of the electrospinning process toward the
production of fibrous membranes depends on various
parameters such as the concentration of the polymeric
solution (which significantly affects the solution viscosity),
the applied voltage, the delivery rate of the solution, the
diameter of the needle and the distance between the tip of
the needle, and the collector.

Since this was the first work on the preparation of MMA-
co-AEMA polymeric membranes via electrospinning, it was
necessary to carry out parametric studies in order to define
the optimum experimental parameters for the production of
fibrous polymer membranes in the absence of the magnetic
nanoparticles, before carrying on with the incorporation

of the OA·Fe3O4, for the fabrication of the magnetoactive
membranes.

By employing specific experimental conditions provided
in Table 2 (IS3), fibrous membranes were successfully fabri-
cated. Figure 5 shows the SEM images of the pristine MMA-
co-AEMA fibers obtained in the absence of the OA·Fe3O4

nanoparticles. The fibers produced are partially separated
from each other, whereas fiber bundles and junctions can be
also observed. Moreover, the SEM images reveal the presence
of a multimodal diameter distribution ranging between
∼2 μm and∼500 nm. This phenomenon has been previously
observed by other groups, and it has been attributed to the
splitting of the electrospinning jet during the process [32].

The fabrication of magnetoactive, electrospun MMA-co-
AEMA-based fibrous membranes involved the incorporation
of the preformed OA·Fe3O4 magnetic nanoparticles of vari-
ous concentrations (2, 4, and 10% w/w) into polymer solu-
tions prior to the electrospinning process. The OA·Fe3O4

nanoparticles synthesized by following the chemical copre-
cipitation method as described in the experimental section
were characterized by TEM, which revealed the presence of
many individual and some superimposed nanoparticles as
reported in a recent publication [28]. Most of these particles
were characterized by very small diameters of around 4-5 nm
[28].

Upon mixing different amounts of preformed OA·Fe3O4

with the polymer in THF, homogeneous solutions con-
taining both the magnetic nanoparticles and the polymer
were obtained and were further electrospun aiming to
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Figure 6: Schematic presentation of the synthetic methodology followed the fabrication of magnetoresponsive membranes. The MMA-co-
AEMA/OA·Fe3O4 nanocomposite membranes were collected on an aluminum foil during the electrospinning process.

obtain magnetoactive fibrous membranes. Figure 6 is a
schematic illustration of the synthetic methodology followed
for the preparation of the magnetoresponsive MMA-co-
AEMA/OA·Fe3O4 nanocomposite membranes.

The SEM images of the MMA-co-AEMA/OA·Fe3O4 mem-
branes, containing 2, 4 and 10% w/w OA·Fe3O4 are provided
in Figure 7(a), whereas MMA-co-AEMA/OA·Fe3O4 mem-
branes, containing higher OA·Fe3O4 percentages (30 and
70% w/w) are shown in Figure 7(b).

As seen from the images, no significant changes were
observed in the morphological characteristics of the fibers
upon increasing the magnetic content in the range of 2–
10% w/w. Similar observations were reported by Xiaoyi et
al. [25] for electrospun PVP-Fe(0) nanocomposite fibers in
which the Fe(0) inorganic content ranged between 1.25–10%
w/w. However, upon significantly increasing the magnetic
content (i.e., 30 and 70% w/w) while maintaining the electro-
spinning conditions relatively unchanged, a morphological
change from fibers to bead-like structures has been induced
(Figure 7(b)). A possible explanation for this morphological
transition might be the influence of the OA·Fe3O4 found
at high concentrations in solution on different parameters
affecting the electrospinning process. According to Fong et
al. [33], the formation of beads may be strongly influenced by
the viscoelasticity of the solution, the charge density carried
by the jet, and the surface tension of the solution. Further
experimental work is required in the future involving an
in-depth and systematic investigation of the effect of the
magnetic content on the above-mentioned parameters so as
to determine the extent at which each parameter is affected,
leading to such a drastic morphological transition.

3.3. Thermal Stability. The thermal stability of the pristine
and nanocomposite membranes was determined by TGA
which provided the decomposition temperatures. The TGA
traces of IS3 (no OA·Fe3O4), IS3.4 (4% w/w OA·Fe3O4), and
IS3.10 (10% w/w OA·Fe3O4) are provided in Figure 8.

As seen in the thermogram, the pristine polymer mem-
brane begins to decompose at a slightly lower temperature
(∼200◦C) compared to the nanocomposite membranes
(∼250◦C), while, at ∼430◦C, it decomposes completely
losing all of its weight. In the case of IS3.4 and IS3.10,

the remaining of a residue is observed at higher tempera-
tures (T > 430◦C), corresponding to the Fe3O4 inorganic
content.

3.4. Nanocrystalline Phase Characterization. The nanocrys-
talline phase adopted by the embedded within the nanocom-
posite membranes OA·Fe3O4 nanoparticles was investigated
by X-ray diffraction (XRD) spectroscopy. As an example,
the powder XRD diffraction pattern of the nanocomposite
membrane IS3.10 is presented in Figure 9. In the same
figure, the XRD of the pure OA·Fe3O4 nanoparticles is also
provided for comparison. Although, in the case of IS3.10
the obtained signals are weak due to the low amount of
the embedded iron oxide nanoparticles, both diffractograms
display six board peaks appearing at 2θ ∼ 30◦, 36◦, 43◦, 54◦,
58◦, and 63◦, verifying the presence of magnetite (Fe3O4)
within the nanocomposite membranes [34–36].

3.5. Magnetic Properties. The magnetic behavior of the
nanocomposite membranes was investigated by VSM at
300 K. Figure 10 presents the magnetization versus applied
magnetic field strength plots for the membranes IS3.4 and
IS3.10 containing 4 and 10% w/w OA·Fe3O4, respectively.
The magnetic measurement studies clearly showed that these
systems exhibited superparamagnetic behavior at ambient
temperature, demonstrated by the symmetrical sigmoidal
shape of the magnetization curves and the absence of a
hysteresis loop. Moreover, from the magnetization plots
it becomes obvious that, upon increasing the magnetic
content within the membranes, the saturation magnetization
(Ms) increases as expected, while the superparamagnetic
properties are retained. It is noteworthy to mention at this
point that the pristine membrane IS3 does not contribute
to the magnetization, since this methacrylate-based random
copolymer is a nonmagnetic coating. This also explains the
fact that the IS3.4 and IS3.10 nanocomposite membranes
exhibit much lower magnetization values in comparison to
the Ms of the pure OA·Fe3O4 nanoparticles (∼45 emu/g)
which is reasonable, considering the fact that the presence
of a non-magnetic coating may affect the magnetization due
to quenching of surface effect [37].
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(a)

(b)

Figure 7: SEM images of the polymeric magnetoactive membranes containing (a) 2, 4, and 10% w/w OA·Fe3O4 nanoparticles and (b) 30
and 70% w/w OA·Fe3O4 nanoparticles.
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4. Conclusions

In conclusion, the electrospinning technique has been suc-
cessfully employed for the fabrication and of magnetore-
sponsive nanocomposite membranes consisting of MMA-
co-AEMA random copolymers and OA·Fe3O4 nanoparti-
cles. Fibrous membranes with different magnetic content
were produced demonstrating tunable superparamagnetic
behavior. These new materials may be exploited in the
near future in several applications involving magnetic fibers.
Current work involves the fabrication of biocompatible and
biodegradable magnetoresponsive polymer-based nanocom-
posite membranes destined for use in the biomedical field.
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Figure 10: Magnetization curves of IS3.4 (OA·Fe3O4 4% w/w) and
IS3.10 (OA·Fe3O4 10% w/w) measured at 300 K.
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Nanocomposites of single-walled carbon nanotubes dispersed within polyvinylchloride have been obtained by using the solution
path. High-power sonication was utilized to achieve a good dispersion of carbon nanotubes. Thermogravimetric analysis revealed
that during the synthesis, processing, or thermal analysis of these nanocomposites the released chlorine is functionalizing the
single-walled carbon nanotubes. The loading of polyvinylchloride by single-walled carbon nanotubes increases the glass transition
temperature of the polymeric matrix, demonstrating the interactions between macromolecular chains and filler. Wide Angle X-
Ray Scattering data suggested a drop of the crystallite size and of the degree of crystallinity as the concentration of single-walled
carbon nanotubes is increased. The in situ chlorination and amorphization of nanotube during the synthesis (sonication step) is
confirmed by Raman spectroscopy.

1. Introduction

Single-walled carbon nanotubes (SWNTs) are amazing one-
dimensional systems, characterized by semiconducting to
conducting electrical conductivity [1, 2], excellent thermal
conductivities [3], extremely large aspect ratio [3], impress-
ing mechanical features (such as a Young modulus of the
order of 1 TPa) [4, 5], and high thermal stability (mainly in
inert atmosphere such as nitrogen) [6]. The radial breathing
mode observed by Raman spectroscopy in single-walled
carbon nanotubes (SWNTs) allows for a direct measurement
of the diameter of SWNTs and of the effect of macro-
molecular chains on their diameter [7]. Typically, Raman
lines are used to characterize carbon nanotubes and to
monitor the interactions between nanotubes and polymeric
matrices. Despite their restrictive cost, SWNTs are the filler
of choice for many polymer-based nanocomposites [8, 9],
due to their large aspect ratio, which determines a very low

percolation threshold for the electrical conductivity and a
larger enhancement of structural properties.

The addition of SWNTs to polymeric matrices results
typically in an improvement of mechanical strength (in most
cases associated with a drop in the value of the elongation at
break) [8–10]. As carbon nanotubes and graphene are either
semiconducting or conducting, the addition of such carbon
nanostructures to insulating polymeric matrices increases
the electrical conductivity (up to the point where electro-
static, electromagnetic shielding, or even electrical conduc-
tion is ignited in the polymer-based nanocomposites) [11–
14].

Typically, fillers with a larger aspect ratio are associated
with a lower percolation threshold for the electrical con-
ductivity (usually occurring at a concentration of about 1%
SWNTs in polymeric matrices) and with a better enhance-
ment of the mechanical and structural features of the
polymeric matrix than spherical fillers. Percolation theory



2 Journal of Nanomaterials

describes accurately the effect of the concentration, aspect
ratio, and electrical conductivity of the filler on the resulting
electrical features of the polymer-based nanocomposite. The
dielectric constant of polymer-based nanocomposites is typ-
ically enhanced by the addition of carbonaceous nanostruc-
tures, with a maximum around the percolation threshold for
the electrical conductivity [15–17].

Carbon nanotubes have also an excellent thermal con-
ductivity and good thermal stability, while most polymers
exhibit a rather poor thermal conductivity and degrade
under the effect of temperature. The presence of oxygen
accelerates the thermal degradation of polymers. The loading
of polymeric matrices with carbon nanotubes is usually
increasing the thermal conductivity of the matrix. The ad-
dition of nanometer-sized fillers to polymeric matrices re-
sults typically in the enhancement of the thermal stability
of the polymeric matrix [18–20]. Such improvements have
been reported for poly(3-hexylthiophene)-single-walled car-
bon nanotubes nanotube composites [18], isotactic polypro-
pylene-vapor grown carbon nanofibers [19], isotactic poly-
propylene-multiwalled carbon nanotubes [21], polyethyl-
ene-multiwalled carbon nanotubes [20], low-density poly-
ethylene-nanoclays [21], and polystyrene-dimethyl decylim-
idazolium montmorillonite [21]. The above-mentioned
modifications reflect the formation of an interface between
the nanofiller and the polymeric matrix. Due to the huge area
of the nanofillers, the weight of the polymer trapped within
the interface can become comparable and even larger than
the weight of macromolecular chains that are not in inter-
action with the nanometer-sized filler. Hence, the physical
properties of the polymer nanocomposites start to become
dominated by the features of the polymer-filler interface.
This explains qualitatively the above-mentioned changes.

In the case of polyethyleneterephtalate filled single-
walled carbon nanotube composites, no enhancement of the
thermal stability was noticed, while in the case of polyethyl-
eneterephtalate filled with multiwalled carbon nanotubes a
weak improvement was reported [22]. While single-walled
carbon nanotubes have—at the same loading—a signifi-
cantly larger total area than multiwalled carbon nanotubes,
this anomalous behavior was tentatively assigned to the
functionalization of multiwalled carbon nanotubes. Modifi-
cations of the thermal degradation process’s path due to the
nanofiller have been reported (see e.g., the nanocomposite
ethylene vinyl acetate-modified nanoclay) [21]. Prelimi-
nary studies on multiwalled carbon nanotubes grafted on
polyvinyl chloride (PVC) revealed an enhancement of the
thermal stability of the matrix upon crosslinking [23].
Nanocomposites of poly(2,5-benzoxazole)-multiwalled car-
bon nanotubes obtained by in situ polycondensation showed
a weak increase of the thermal stability of the polymeric
matrix [15].

PVC is a polymer used frequently in applications that
require structural features (mechanical strength) or electrical
insulating capabilities [24]. The use of SWNTs degrades the
electrical insulating features of PVC, and hence the most
important application for such nanocomposites aims at
structural capabilities. An important limitation in the use
of PVC derives from its weak resistance to fire and thermal

degradation in general [24, 25]. Under the effect of tem-
perature, PVC exhibits a fast degradation associated with
the release of chlorine and hydrogen as the most important
volatile products. These gases can interact resulting in a local
concentration of HCl. The dehydrochlorination reaction is
initiated by chain end groups (eventually containing initiator
residues or unsaturated groups), branch points involving
tertiary chlorine atoms, random unsaturation (such as allylic
chlorine atoms), and head-to-head units. Oxidation struc-
tures are playing an important role if the thermal degrada-
tion occurs in oxygen-containing atmosphere.

In nitrogen atmosphere, SWNTs have an excellent ther-
mal stability, with a low weight loss below 700◦C. Never-
theless, SWNTs are prone to the chlorine functionalization
[26], achieved through the local thermal decomposition of
the polymeric matrix. The thermal stability of SWNTs is
significantly lower in oxygen containing atmosphere.

2. Experimental Methods

2.1. Materials. PVC with an average molecular mass, Mn =
47,000, was purchased from Sigma Aldrich. SWNTs, with a
purity of 90%, outer diameters 1-2 nm, and lengths rang-
ing between 5 and 30 microns, were purchased from Cheap-
Tubes. Research grade tetrahydrofuran (THF), used as sol-
vent for PVC, was purchased from Sigma Aldrich and utilized
as received.

2.2. Methods. Homogeneous solutions of PVC have been
obtained by dissolving the polymer in THF followed by stir-
ring at 500 rotations per minute for 8 hours, at room temper-
ature. Various amounts of SWNTs were added to the solution
of PVC and stirred for about 2 hours. After that, the liquid
mixture PVC, THF, and SWNTs was sonicated for one hour
by using a Hielscher high power sonicator (1 KW). The as
obtained fluid was cast on microscope slides, and the solvent
was removed by heating at 100◦C for about 4 hours.

Thermogravimetric analysis (TGA) data were obtained
using a TA Instrument TGA 500 instrument, Differential
Scanning Calorimetry (DSC) investigations were performed
with a TA Instrument DSC Q500, Raman investigations were
done by using a Bruker Sentera microRaman operating at
785 nm, and Wide Angle X-Rays Scattering (WAXS) analysis
was performed by a Bruker 8 Discovery spectrometer.

3. Results and Discussions

Nanocomposites of polyvinylchloride-single-walled carbon
nanotubes (PVC-SWNTs) containing various weight frac-
tions of SWNTs ranging from 0% to 20% wt. were obtained.
The total removal of the solvent was confirmed using TGA,
which showed no changes in the mass of PVC-SWNTs up to
150◦C (within an accuracy of 0.1%). The boiling tempera-
ture of THF is about 66◦C.

3.1. Thermal Investigations. TGA investigations, in nitrogen,
have been performed at a heating rate of 10◦C from
room temperature to about 650◦C. The pristine polymer
(PVC) shows a typical two steps thermal degradation (see
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Figure 1: (a) The evolution of the total mass (PVC + SWNTs) of the nanocomposite versus temperature. (b) The evolution of the polymeric
part (PVC) of the nanocomposite versus temperature.
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Figure 2: Details of the thermal degradation of PVC-SWNTs in nitrogen atmosphere (time dependence of the mass of the polymeric
component). (a) Low temperature degradation. (b) High temperature degradation.

Figure 1(a)), one dominated by the dehydrochlorination of
the sample and the last representing the final thermal degra-
dation of the polymer [24, 25, 27]. The thermal degradation
of PVC in nitrogen lefts a certain carbon residue. The
dependence of the weight of PVC-SWNTs nanocomposites
on temperature is shown in Figure 1(a). It is noticed that
the degradation has a rather complex dependence on the
concentration of SWNTs and occurs in two steps.

For a better understanding of TGA data, it is necessary to
observe that SWNTs are typically not degraded in nitrogen
up to about 600◦C [28]. The degradation of SWNTs in an
inert atmosphere in the range 400 to 600◦C is rather slow and
weak [28]. As this is the case for our filler, we can represent
the dependence of the mass of the polymeric component
(i.e., solely the mass of PVC) of PVC-SWNTs on the degra-
dation temperature (see Figure 1(b)). If the contribution of
the effects due to the polymer-filler interface is negligible and
the SWNTs can be assumed to be inert during the thermal
degradation in nitrogen of these nanocomposites, then all
thermograms shown in Figure 1(b) should overlap. This is

obviously not the case, suggesting important contributions
due to the loading of the polymer with SWNTS. Due to the
large atomic mass of chlorine, a full dehydrochlorination of
PVC would result in the volatilization of about 65% of the
pristine polymer (see the line in Figure 1(b)). The fact that
the first thermal degradation process leaves more residues
suggests that some chlorine is transferred to nanotubes.

The first step of the thermal degradation of PVC-SWNTs
is shown in Figure 2(a). It is noticed that the degradation
starts at about 175◦C and becomes stronger in the temper-
ature range from 225 to 350◦C. Between 350◦C and 425◦C,
there is a weak decrease of the mass of these samples as the
temperature is increased (below 5%). The temperature range
(after the completion of the first degradation step) over
which the mass of the polymer component of the composite
is almost temperature independent narrows as the concen-
tration of SWNTs is increased (see Figures 2(a) and 2(b)).
As the temperature is further increased, a secondary degra-
dation process is ignited (see Figure 2(b)). The degradation
is essentially occurring in the temperature range from 425◦C
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to 500◦C. Further increase of the temperature of the sample
above 500◦C (up to 650◦C) does not result in a significant
drop of the mass of the sample. For the pristine PVC, the
amount of residual char at 650◦C represents about 7% of
the mass of the initial sample. In the case of PVC-SWNTs
composites, the amount of char is larger as the degradation
of single-walled carbon nanotubes in inert atmosphere
(nitrogen) is typically ignited above 500◦C [28].

The residual mass of the polymeric component PVC-
SWNTs containing 20% SWNTs after the thermal degrada-
tion in nitrogen up to 650◦C is about 30%, significantly
larger than the expected value. This supports the idea
that an important fraction of the chlorine released during
the thermal degradation of the polymer was captured by
nanotubes. A complex adsorption desorption of chlorine
compounds on carbon nanotubes has been reported else-
where [29]. In conclusion, some of the chlorine released
during the first degradation step functionalized the SWNTs.
From Figure 2(a), it is noticed that for the pristine sample,
the residual mass at the end of the first degradation [27]
step (at 275◦C) is of about 35%, suggesting an almost
complete dehydrochlorination, while the sample containing
20% SWNTs exhibits a residual polymeric component of
about 50%. This reflects the complex thermal degradation of
PVC-SWNTs samples, where probably SWNTs are catalyzing
the dehydrochlorination reaction facilitating the transfer of
chlorine from the macromolecular chain to the nanotube
and destabilizing the macromolecular chain. We are spec-
ulating the fact that the degraded PVC-SWNTs contain a
higher concentration of chlorine and eventually hydrogen
plus eventually short polymeric chains. The chlorination of
carbon nanotube was reported elsewhere [26]. A complex
effect of nanoclay fillers on the thermal degradation of PVC
was recently reported [30].

Differential Scanning Calorimetry data in the tempera-
ture range from 0◦C to 150◦C revealed solely the glass tran-
sition temperature. The upper temperature was restricted to
about 150◦C, in order to avoid the thermal degradation of
the sample. However, due to the thermal degradation and
instrumental inertia/hysteresis, solely the temperature range
fom 25 to 125◦C contains reliable experimental data. No
melting or crystallization peaks were noticed in this temper-
ature range. Due to the high molecular mass of the polymeric
matrix, it is expected that these transition points are over
150◦C. The glass transition temperatures for the third cycle
(second heating) are almost identical with the fifth thermal
cycle (third heating) for all samples. However, Figure 3 shows
only the data for the pristine sample and two nanocompos-
ites containing 5 and 20% (wt.) SWNTs. These results con-
firm that the potential contributions of thermal stresses were
completely removed and the experimental data are accurate.
The position of the glass transition was determined by the
slope method [31]. The estimated glass transition tempera-
ture (TG) of the pristine polymer was about 88.5◦C, in agree-
ment with experimental data reported elsewhere [19]. The
inset of Figure 3 depicts the effect of SWNTs on the glass
transition of PVC. An increase of TG by about 10◦C was
noticed while the concentration of SWNTs is increased from
0% to 20% (wt.). Similar results were reported for PVC
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loaded by multiwalled carbon nanotubes [32]. This suggests
that nanotubes are sharing some free volumes with the mac-
romolecular chains, generating an interface region within
which the segmental motions are hindered.

3.2. Spectroscopic Investigations. PVC is a semicrystalline
polymer with a rather poor WAXS spectrum. As seen in
Figure 4, the nanocomposites exhibit the most intense peaks:
200 located at about 17◦, 110 located at about 19◦, and 210
located at about 24◦ [33, 34]. A broad and weak peak due
to SWNTs, located at about 26◦, is convoluted with the 210
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reflection. Figure 4 suggests that the loading with SWNTs
broadens the lines, decreasing the dimensions of polymeric
crystallites.

Raman Spectra of some PVC-SWNTs composites are
shown in Figure 5. It is observed that the Raman spectrum of
pristine polymer is sensitive to the addition of SWNTs. Even
more, the lines due to SWNTs are significantly distorted at
high SWNTs content (see Figure 6), due to the chlorination
(see in Figure 6 the changes of the G band—a band that
is sensitive to the electric conductivity of SWNTs [7]). The
ratio between D and G bands is a qualitative measure of the
degree of disorder of the carbon nanotubes. An important
increase of this ratio is noticed for the samples containing
10% wt. SWNTs (see Figure 6). This suggests an important

chlorination of SWNT even during the preparation of the
nanocomposite. The high power sonication can generate
small bubbles at the interface polymer-solution-SWNTs, and
the cavitation effect may result in large local temperature,
capable of generating Cl atoms near the surface of the
nanotube.

4. Conclusions

PVC-SWNTs nanocomposites have been investigated. Their
thermal degradation in nitrogen is complex due to the
competition between the dehydrochlorination of macro-
molecular chains, the chlorination of SWNTs, and the com-
plex sorption-desorption phenomena involving chlorinated
compounds. In contrast with the results reported for PVC
chains grafted onto multiwalled carbon nanotubes [23], we
did not observe any enhancement in the thermal stability of
the polymeric matrix upon the filling with SWNTs.

Raman data demonstrates that an important chlorina-
tion and amorphization of SWNTs occurs during the sonica-
tion step. The increase of the TG as the concentration of
SWNTs is increased reveals the effect of crosslinking reac-
tions as well as the eventual competition between segments
and nearest nanotubes for the same free volume. WAXS data
revealed a decrease of PVC crystallites size as the concentra-
tion of SWNTs is increased.

The existing data suggests that such nanocomposites can
be also used either as antistatic materials or conducting poly-
mer-based nanocomposites. Electrical studies to determine
the percolation threshold are in progress. Further research is
scheduled to assess the effect of the nanofiller on the mechan-
ical properties and to determine the potential performances
of PVC-SWNTs as structural materials. Nevertheless, as the
loading of PVC with SWNTs does not enhance the thermal
stability of the polymeric matrix, all applications of PVC
should be restricted to environments that do not exceed
150◦C.

Acknowledgments

This paper has been supported by the Faculty Research
Council Grant (University of Texas Pan American,
135PHYS04), National Science Foundation Partnership for
Research and Education in Materials awarded to UTPA Uni-
versity of Minnesota, by the Division of Materials Research
Grant no. 0934157 NSF, by the U.S. Army Research Labora-
tory and the U.S. Army Research Office under contract/Grant
no. W911NF-08-1-0353, and Welch Foundation Grant no.
BG-0017, awarded to the Chemistry Department of UTPA.

References

[1] J. Bernholc, D. Brenner, M. Buongiorno Nardelli, V. Meunier,
and C. Roland, “Mechanical and electrical properties of nano-
tubes,” Annual Review of Materials Science, vol. 32, pp. 347–
375, 2002.

[2] M. Ouyang, J.-L. Huang, and C. M. Lieber, “Scanning tunnel-
ing microscopy studies of the one-dimensional electronic pro-
perties of single-walled carbon nanotubes,” Annual Review of
Physical Chemistry, vol. 53, pp. 201–220, 2002.



6 Journal of Nanomaterials

[3] M. S. Dresselhaus, G. Dresselhaus, and A. Jorio, “Unusual pro-
perties and structure of carbon nanotubes,” Annual Review of
Materials Research, vol. 34, pp. 247–278, 2004.

[4] S. Kirtania and D. Chakraborty, “Finite element based charac-
terization of carbon nanotubes,” Journal of Reinforced Plastics
and Composites, vol. 26, no. 15, pp. 1557–1570, 2007.

[5] M. Terrones, “Science and technology of the twenty-first cen-
tury: synthesis, properties, and applications of carbon nano-
tubes,” Annual Review of Materials Research, vol. 33, no. 1, pp.
419–501, 2003.

[6] H. M. Duong, E. Einarsson, J. Okawa, R. Xiang, and S.
Maruyama, “Thermal degradation of single-walled carbon
nanotubes,” Japanese Journal of Applied Physics, vol. 47, no. 4,
pp. 1994–1999, 2008.

[7] D. M. Chipara, A. C. Chipara, and M. Chipara, “Raman spec-
troscopy of carbonaceous materials: a concise review,” Spec-
troscopy, vol. 26, no. 10, pp. 2–7, 2011.

[8] F. Hussain, “Review article: polymer-matrix nanocomposites,
processing, manufacturing, and application: an overview,”
Journal of Composite Materials, vol. 40, no. 17, pp. 1511–1575,
2006.

[9] K. Suzuki and S. Nomura, “On elastic properties of single-
walled carbon nanotubes as composite reinforcing fillers,”
Journal of Composite Materials, vol. 41, no. 9, pp. 1123–1135,
2007.

[10] C.-J. Chou, A. E. Read, and C. P. Bosnyak, “Polymer nanocom-
posite,” Polymer, no. June, pp. 11–13, 2002.

[11] J. Li and J. K. Kim, “Percolation threshold of conducting poly-
mer composites containing 3D randomly distributed graphite
nanoplatelets,” Composites Science and Technology, vol. 67, no.
10, pp. 2114–2120, 2007.

[12] N. Li, Y. Huang, F. Du et al., “Electromagnetic interference
(EMI) shielding of single-walled carbon nanotube epoxy com-
posites,” Nano Letters, vol. 6, no. 6, pp. 1141–1145, 2006.

[13] F. Du, J. E. Fischer, and K. I. Winey, “Effect of nanotube align-
ment on percolation conductivity in carbon nanotube/poly-
mer composites,” Physical Review B, vol. 72, no. 12, pp. 1–4,
2005.

[14] T. Ramanathan, A. A. Abdala, S. Stankovich et al., “Function-
alized graphene sheets for polymer nanocomposites,” Nature
Nanotechnology, vol. 3, no. 6, pp. 327–331, 2008.

[15] Z. Xie, Q. Zhuang, Q. Wang, X. Liu, Y. Chen, and Z. Han, “In-
situ synthesis and characterization of poly(2,5-benzoxazole)/
multiwalled carbon nanotubes composites,” Polymer, vol. 52,
no. 23, pp. 5271–5276, 2011.

[16] J. Macutkevic, D. Seliuta, G. Valusis et al., “Effect of thermal
treatment conditions on the properties of onion-like carbon
based polymer composite,” Composites Science and Technology,
vol. 70, no. 16, pp. 2298–2303, 2010.

[17] J. Macutkevic, P. Kuzhir, D. Seliuta et al., “Dielectric properties
of a novel high absorbing onion-like-carbon based polymer
composite,” Diamond and Related Materials, vol. 19, no. 1, pp.
91–99, 2010.

[18] A. R. Adhikari, M. Huang, H. Bakhru, M. Chipara, C. Y. Ryu,
and P. M. Ajayan, “Thermal property of regioregular poly(3-
hexylthiophene)/nanotube composites using modified single-
walled carbon nanotubes via ion irradiation,” Nanotechnology,
vol. 17, no. 24, pp. 5947–5953, 2006.

[19] M. Chipara, K. Lozano, and A. Hernandez, “TGA analysis of
polypropylene-carbon nanofibers composites,” Polymer Deg-
radation and Stability, vol. 93, no. 4, pp. 871–876, 2008.

[20] A. R. Adhikari, M. Chipara, and K. Lozano, “Processing effects
on the thermo-physical properties of carbon nanotube poly-
ethylene composite,” Materials Science and Engineering A, vol.
526, no. 1-2, pp. 123–127, 2009.

[21] K. Chrissafis and D. Bikiaris, “Can nanoparticles really en-
hance thermal stability of polymers? Part I: an overview on
thermal decomposition of addition polymers,” Thermochimica
Acta, vol. 523, no. 1-2, pp. 1–24, 2011.

[22] D. Bikiaris, “Can nanoparticles really enhance thermal stabil-
ity of polymers? Part II: an overview on thermal decomposi-
tion of polycondensation polymers,” Thermochimica Acta, vol.
523, no. 1-2, pp. 25–45, 2011.

[23] X. L. Wu, “Poly(vinyl chloride)-grafted multi-walled carbon
nanotubes via Friedel-Crafts alkylation,” Express Polymer Let-
ters, vol. 4, no. 11, pp. 723–728, 2010.

[24] Y. Soudais, L. Moga, J. Blazek, and F. Lemort, “Coupled DTA-
TGA-FT-IR investigation of pyrolytic decomposition of EVA,
PVC and cellulose,” Journal of Analytical and Applied Pyrolysis,
vol. 78, no. 1, pp. 46–57, 2007.

[25] M. J. P. Slapak, J. M. N. van Kasteren, and A. A. H. Drinken-
burg, “Determination of the pyrolytic degradation kinetics of
virgin-PVC and PVC-waste by analytical and computational
methods,” Computational and Theoretical Polymer Science, vol.
10, no. 6, pp. 481–489, 2000.

[26] M. Chipara, R. Wilkins, E. V. Barrera, and M. D. Chipara, “ESR
investigations on polyethylene-fluorine functionalized single
wall carbon nanotubes composites,” Composite Interfaces, vol.
17, no. 5–7, pp. 625–632, 2010.

[27] P. S. K. Pielichowski, I. Hamerton, J. Pielichowski, and P.
Stanczyk, “A study of the thermal properties of blends of
poly(vinyl chloride) with novel epoxypropanecarbazole-based
dyes by TGA/FTIR,” European Polymer Journal, vol. 34, no. 5-
6, pp. 653–657, 1998.

[28] M. Zhang, M. Yudasaka, A. Koshio, and S. Iijima, “Thermo-
gravimetric analysis of single-wall carbon nanotubes ultrason-
icated in monochlorobenzene,” Chemical Physics Letters, vol.
364, no. 3-4, pp. 420–426, 2002.

[29] X. Ma, D. Anand, X. Zhang, and S. Talapatra, “Adsorption
and desorption of chlorinated compounds from pristine and
thermally treated multiwalled carbon nanotubes,” Journal of
Physical Chemistry C, vol. 115, no. 11, pp. 4552–4557, 2011.

[30] W. H. Awad, G. Beyer, D. Benderly et al., “Material properties
of nanoclay PVC composites,” Polymer, vol. 50, no. 8, pp.
1857–1867, 2009.

[31] E. Bureau, C. Cabot, S. Marais, and J. M. Saiter, “Study of
the α-relaxation of PVC, EVA and 50/50 EVA70/PVC blend,”
European Polymer Journal, vol. 41, no. 5, pp. 1152–1158, 2005.
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In recent years, polymer clay nanocomposites have been attracting considerable interests in polymers science because of their
advantages. There are many scientists who researched about this kind of material and demonstrated that when polymer matrix
was added to little weight of clay, properties were enhanced considerably. Because clay is a hydrophilic substance so it is difficult to
use as filler in polymer matrix having hydrophobic nature, so clay needs to be modified to become compatible with polymer.
In this study, poly(ethylene oxide) was used as a new modifier for clay to replace some traditional ionic surfactants such as
primary, secondary, tertiary, and quaternary alkyl ammonium or alkylphosphonium cations having the following disadvantages:
disintegrate at high temperature, catalyze polymer degradation, and make nanoproducts colorific, and so forth. In order to evaluate
modifying effect of poly(ethylene oxide), modified clay products were characterize d by X-ray spectrum. Then organoclay was used
to prepare nanocomposite based on unsaturated polyester. Morphology and properties of nanocomposites were measure d by X-
ray diffraction, transmission electron microscopy, tensile strength, and thermal stability. The results showed that clay galleries
changed to intercalated state in the nanocomposites. Properties of nanocomposites were improved a lot when the loading of the
organoclay was used at 1 phr.

1. Introduction

Polymer clay nanocomposites (PCNs) are one of the ways
for making new materials that frequently exhibit remarkable
improvements of material properties to replace traditional
products in many applications [1, 2]. The PCNs based on
unsaturated polyester and nanoclay (MMT) also have been
widely researched by scientists in the world for many years.
The results showed that when clay dispersed in the form of
exfoliated state or intercalated state, properties of PCNs such
as tensile strength, flexural strength, gas permeability and
biodegradability were improved significantly [3–6]. In recent
time, the trend using nonion modifiers demonstrated that

they had many promising applications in nanocomposite
material field [5, 7–12]. So in this study we have tried
using poly(ethylene oxide) (PEO) as a new modifier to
replace some traditional ionic surfactants such as primary,
secondary, tertiary, and quaternary alkyl ammonium or
alkylphosphonium cations having, disadvantages: disinte-
grate at high temperature, catalyze polymer degradation,
and make nanoproducts colorific [13]. Then nanocomposite
materials based on Unsaturated Polyester resin (UP) with
PEO modified clay were prepared by solution method. The
morphology and properties of PCNs were tested through
XRD, TEM, mechanical strength, and thermal behavior.
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Figure 1: XRD diffraction of N757: (a) virgin N757; N757 modified by
PEO at ratios (b) 10/3 and (c) 10/5.

2. Experimental Methods

2.1. Materials. Poly(ethylene oxide) (PEO), Mn = 100.000,
used as a non-ion modifier, was provided by Alrich Co.,
Germany. Commercial unmodified clay under trade name
of N757 was from Sud-Chemie Co., Germany. Unsaturated
polyester (UP) SHCP 268 BQT having 32% wt of styrene is
from Highpolymer Chemical Products Co., Singapore. Wax
8 was supplied by Meguiar Company, USA. And Ethyl Methyl
Ketone Peroxide (MEKP) was obtained from AkzoNobel
Company.

2.2. Experiment

2.2.1. Modify MMT by Melting Method (Isothermal Anneal-
ing). Clay and PEO were used according to two ratios 10 : 3
and 10 : 5. The suitable weights were mixed and grinded
finely in one hour to enhance interface area between PEO and
clay. Then mixture was annealed at 90◦C in 8 hour. During
this time, PEO was melted and adsorbed into interlayer
structure of clay. The receipted organoclay was stored under
vacuum condition in a desiccator.

2.2.2. Modify Clay by Solution Method. Clay and PEO were
dissolved into solvent system water : ethanol and the weight
ratio of clay and solvent were about 30 : 1. Solution was
stirred at 40◦C during 4 hours. After that it was centrifuged
and wasted by ethanol. Receipted modified clay was dried at
40◦C and then stored under vacuum condition in desiccator.

2.2.3. Preparation of Nanocomposite Materials. Nancompos-
ite materials were prepared based on unsaturated polyester
and organoclay at three clay contents 1, 3, and 5 phr (phr:
parts per hundred resins). Firstly, UP and organoclay were
mixed together in a closed container at 80◦C in 6 hour. Then
mixture was cooled down to room temperature. 1 phr of
MEKP was added into mixture and stirred in one minute.
After that solution was poured into the mould placed
in a stove at 60◦C in 24 hour. Continuously, achieved
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Figure 2: XRD diffraction of N757 modified by PEO at ratio 10/3
according two methods: (a) solution method and (b) melting
method.

nanocomposites were taken out and gone through the post-
cure process at room temperature in 24 hours to define shape
of the samples. Finally, PCNs were processed into suitable
size to test structure and properties.

3. Results and Discussion

3.1. Structure of N757 Modified by PEO

3.1.1. Effect of PEO Contents on Structure of N757. Structure
of clays was characterized from X-ray diffractograms of a D8
Advance (Bruker Germany) with Ni-filtered CuKα radiation
of wavelength 1.54 Å at 40 kV and 40 mA. Figure 1 shows the
XRD pattern of unmodified and modified clay. The original
MMT had basal spacing of 12.4 Å. After it was modified
by PEO, the peak corresponding to the basal spacing of
MMT disappeared and new peaks appeared with d-spacing
of 17.9 and 18.2 Å in samples having clay: PEO ratios 10 : 3
and 10 : 5, respectively. However, d-spacing of MMT was not
enhanced considerably as the clay: PEO ratios were increased
from 10 : 3 to 10 : 5. It is concluded that PEO dispersed
into structure of MMT and adsorption gained the saturated
value at ratio 10 : 3. That was completely suitable to results
researched by author Shen et al. [9].

3.1.2. Effect of Modifying Method on Structure of Clay. Figures
2(a) and 2(b) show the XRD patterns of modified clay
synthesized by solution and melting method, respectively.

At the modified clay: PEO ratio 10 : 3, results display that
the melting method was better than solution method. For
example, the d-spacing of organoclay modified by isothermal
annealing method had stronger intensity and appeared at d-
spacing higher than sample from solution method. Besides,
melting method (isothermal annealing) was more simple,
economic, and easy to process than solution method. So it
was a good method to be chosen for modifying MMT by
PEO.
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Figure 3: XRD diffraction of nanocomposite samples with three
various contents of organoclay (a) 1 phr, (b) 3 phr, and (c) 5 phr.

3.2. Structure and Properties of Nanocomposites Based on UP

and Organoclay Modified by PEO

3.2.1. Characterization Structure of Nanocomposite Materials.
Figure 3 shows that when clay concentration reached 1 phr,
peaks d001 moved to 41.39 Å. The original structure of MMT
has been broken down to intercalated state in polymer
matrix, suggesting that a great amount of polymer has
dispersed into the interlayer space and expanded the MMT
structure widely. At higher filler content such as 3 and
5 phr, only a part of clay was extended to intercalated
structure and the remains still kept under original structure
of organoclay. Specific peaks of clay contents 3 and 5 phr

low intensity appeared at d-spacing = 18.7
′

Å and 18.4 Å,
respectively. That means crystal structure of MMT was
not destroyed and the nanocomposites exhibited partially
intercalated structures.

Even though XRD spectrum was a useful technique
to investigate interlayer d-spacing of clay, it was not
enough to characterize internal structure of nanocomposites.
Therefore, TEM images were essential to observe a direct
evidence of what structure exists in the PCNs as shown
in Figure 4 for 1 phr (a), 3 phr (b), and 5 phr (c). From
Figure 4(a), the MMT layers were dispersed well into UP
to gain intercalated structure at 1 phr clay loading. These
results could possibly due to poly(ethylene oxide) existing in
structure was as a bridge to connect between the UP chains
and MMT layers to help UP enter into and expand widely
structure of clay to make intercalated state. Meanwhile, the
agglomerates were found in the samples containing 3 and
5 phr clay and quantity of the agglomerates was highest at
the samples containing 5 phr clay (Figures 4(a) and 4(b)).
That means that although MMT was modified to become
more compatible with polymer matrix, hydrophilic nature
did not change remarkably. When clay content increased, the
dispersion of clay was limited and kept the agglomerates in
polymer matrix.

3.2.2. Characterization Mechanical Properties of Nanocom-
posite Materials. All samples were prepared according to
standard ASTM D638 and tested by a Cotech Machine
(Taiwan). Generally, tensile strength of PCNs tended to

Table 1: Thermal data of UP/clay nanocomposites according to
various clay contents.

Clay content (phr)
Onset deg.

temperature (◦C)
Max. deg.

temperature (◦C)

0 373 412

1 374 419

3 358 424

5 370 423

increase with an increasing clay loading. Tensile modulus of
PCNs had the best values with MMT content up to 1 phr as
shown in Figure 5. Tensile stress also increased according to
contents of modified MMT 1 phr, 3 phr and then decreased at
5 phr. These results were due to modified MMT compatible
with UP dispersed very well in PCNs to create intercalated
structure at clay content 1 phr, so that it significantly
improved mechanical properties of nanomaterials. At high
loading levels, such as 3 and 5 phr of clay, polymer-clay
interactions were lower, so MMT could not disperse well into
polymer matrix. That resulted in agglomeration of the clay
particles. The cross-link density could also be decreased at
high clay contents, leading to tensile strength of PCNs being
not improved, especially at loading of MMT 5 phr.

Figure 6 shows that the flexural strength also depended
on the nanoclay content. The flexural strength increased
from the unsaturated polyester to 1 phr MMT and after that
it decreased. The flexural strength behavior confirmed that
clay dispersed well at 1 phr. At 3 and 5 phr of clay contents,
the creation of agglomerates caused intercalation poor, so it
made a decrease of strength.

3.2.3. Characterization Thermal Property of Nanocomposite
Materials. The thermal stability of the samples was evaluated
at the heating rate of 20◦C/min from room temperature
to 800◦C by using TA Instruments (USA) with TGA-Q500.
The thermal property of 0, 1, 3, and 5 phr organoclay-
loaded UP is shown in Table 1. UP has the onset degradation
temperature at 373◦C and gained maximum degradation
temperature at 411◦C. All nanocomposites indicated that
there was also a single-step thermal degradation like UP. The
Thermogravimetric analysis demonstrated that the filling of
MMT in the UP affected thermal stability. The presence
of organoclay made PCNs have relatively higher thermal
stability than UP. These results may be clay existing in
structure of nanocomposites acts as a heat barrier. The
improvement of thermal property was mainly effected by
the degree of dispersion of clay in polymer matrix. From
the table, it can be concluded that the thermal property of
UP/clay nanocomposites was slightly enhanced as the clay
content increased.

4. Conclusion

Addition of organoclay in relatively low weight to unsatu-
rated polyester resin resulted in intercalated nanocompos-
ites. From XRD patterns, the d-spacing of the organoclay
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Figure 4: TEM of nanocomposite samples with three various contents of organoclay (a) 1 phr, (b) 3 phr, and (c) 5 phr.
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Figure 5: Tensile strength of nanocomposite materials according to various clay contents.
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Figure 6: Flexural strength of nanocomposite materials according to various clay contents.

expanded from 17.94 Å to 41.30 Å to make intercalated
structure in PCNs at 1phr of modified MMT loading.
TEM images of the PCNs showed presence of organoclay
with nanosized dispersion in the polymer matrix. MMT
dispersed well in matrix polymer to form exfoliated state
or intercalated state. Degradation temperature values of
the PCNs were enhanced when clay contents increased

from 1 to 5 phr. Besides, mechanical properties of PCNs
were also improved better than virgin unsaturated polyester.
Mechanical properties showed improvement noticeably and
express the best results at loading of modified MMT 1 phr.
Though results were achieved from studying properties by
using testing techniques, we have succeeded to prepare
nanomaterials based on UP resin with PEO-modified MMT.
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Initial results prove that MMT could be modified by PEO and
they also opened up a new trend to modify clay to apply for
preparing polymer nanomaterials in future.
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Polyvinyl alcohol (PVA) films modified with Ag nanoparticles and orientated by single-axial tension do not possess dichroism
at light passing as well as the film that is cross-linked under the action of bichromates and UV light. These films are double-ray
refracting and behave themselves as phase plates that transform linearly polarized incident radiation to elliptically polarized one.
The film of latter type has optical properties of reflective diffuse polarizer with polarizing ability ∼0.8 in the range of observation
angles from 20◦ to 80◦.

1. Introduction

The influence of the addition of nanoparticles of various
types on the properties of polymers is intensively investi-
gated lately since introduction of even a small amount of
nanoparticles to the polymeric matrix can strongly change
mechanical, thermal, optic, and other properties of a mate-
rial [1]. It is known that for manufacturing of polymer
films with high light and thermal stability they are modified
with silver nanoparticles [2, 3], and to improve moisture re-
sistance of polymer matrices they are treated with strong oxi-
dants that are cross-linked PVA molecules under the influ-
ence of ultraviolet irradiation [4].

PVA films modified with Ag nanoparticles may be used
as linear film polarizers, compensative retarder films and
diffusely scattering elements for creation and control of illu-
mination background of liquid crystal displays (LCD) oper-
ating in twilight illumination and also in sunlight as well as
in the devices of latent pattern identification.

We have developed polaroid films of transmissive, reflec-
tive [5, 6], and transflective types, including those with
extended temperature range of operation [7] for the near-
IR [8] and UV [9] regions, as well as a new generation of cir-
cular and reflective linear polarizers with improved optical
characteristics.

The purpose of this work is to examine the ability of PVA
films modified with silver nanoparticles, to scatter incident
linear polarized He-Ne laser light, as well as to determine the
effect of processing conditions (uniaxial tension, cross-link-
ing of the polymer matrix during irradiation by UV radiation
in presence of bi-chromates) on scattering and polarizing
properties of modified PVA films.

2. Experimental Procedure

The solution of PVA “Mowiol 28–99” of Hoechst Akienges-
llschaft (Germany) (10 wt%) with characteristics presented
in Table 1 was used to obtain PVA films.

Dosed amounts of modifier, solution AgNO3 (2 wt%)
and glycerin (2.3–2.8 wt%) as plasticizer and weak reducer
that were dispersed by ultrasound from 30 min to a homoge-
neous consistence, were incorporated into a cooled solution
of PVA to modify PVA films with Ag nanoparticles. After that
watering solutions were applied on a degreased surface us-
ing a filler of a smearing type. Liquid films were dried in
the drying chamber at 35 ± 5◦C in solvent atmosphere dur-
ing 1 day up to residual humidity 7–10%. Oxidation-reduc-
tion reaction of Ag+ and glycerin with the formation of
silver nanoparticles in colloid stage occurs inside the films at
drying, and these nanoparticles give orange-brown color to
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Table 1: Characteristics of polyvinyl alcohol.

PVA Molecular weight Polymerization degree Content of acetate groups, % Solubility, % Transparency, %

Mowiol 28–99 145000 3300 0.6 99.9 94.6
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Figure 1: Atomic force microscope surface images and profile of PVA films modified with Ag nanoparticles: (a) nonoriented film; (b)
oriented and cross-linked PVA film.

the films. 60 nm thick modified films containing 0.6 wt % of
silver nanoparticles, that had maximal optical density at the
wave length 410–420 nm and particle size 10–20 nm (accord-
ing to [10]), were chosen for studies. It has been pointed
out in article [11] that the adsorption spectrum of silver
nanoparticles in colloidal solution having one narrow and
permitted (like in our case) peak, that is localized at λ =
410 nm, indicates the monodispersity and uniformity of
separate silver nanoparticles of a spherical shape. The surface
roughness of investigated films ranged from 10 to 20 nm
(Figure 1(a)). The roughness of films surface considerable
decreased to 3–10 nm after single-axial orientation with
axial ratio 4 and cross-linking under the action of oxidizer-
ammonium bichromate with following UV radiation
(Figure 1(b)). The degree of cross-linking of PVA molecules
in the film was controlled by UV spectra of reflectance
(Fourier UV-spectrophotometer “Nicolet”-Protégé-460)—
the disappearance of intensive strip 3340 cm−1 that is related
to valent fluctuations of OH group.

Scattering properties of PVA films modified with Ag
nanoparticles and polarization characteristics of reflected
and transmitted radiation were investigated using laser gon-
iophotometric Stokes polarimeter [12]. Radiation of He-Ne
laser with 0.63 μm wavelength and 5 mm beam diameter
was directed at an angle of ∼5◦ to the film surface normal.
Analogous lightning conditions are often realized in practi-
cal use of LCD. Radiation reflected by films was recorded at
the observation angles (β) ranging from 5◦ to 80◦ and char-
acteristics of radiation transmitted by a film were recorded
at registration angle 175◦ to the surface normal. Solid

angle, where the radiation was registered, was 7.2 · 10−3 sr,
which conformed to angular resolution in the plane of inci-
dence. The registration plane was situated horizontally and
coincided with the incident plane. Incident radiation was po-
larized in the registration plane or cross-polarized.

Polarization characteristics of radiation as a degree of
polarization (P), azimuth of polarization (ϕ), and polariza-
tion ellipticity (e) were determined on the basis of measured
of Stokes parameters (I ,P1,P2,P3) of radiation reflected by
investigated films [13]

P =
√
P2

1 + P2
2 + P2

3

I
,

e =
√
P2

1 + P2
2 + P2

3 −
√
P2

1 + P2
2

P3
,

ϕ = 1
2

arctan
P2

P1
,

(1)

where I is the total intensity of radiation reflected within the
solid angle of the registration system, P1 is the parameter that
characterizes the advantage of horizontal polymerization, P2

is the parameter that characterizes the advantage of linear
polarization with 45◦ azimuth, and P3 is the parameter that
characterizes the advantage of right-circular polarization. All
Stokes parameters (I ,P1,P2,P3) have units of intensity and
completely characterize the polarization state of radiant flux.
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Figure 2: The dependence of bidirectional reflectance coefficient of PVA films modified by Ag nanoparticles on the angle of reflection: (a)
only oriented film; (b) oriented and cross-linked film. Incident radiation is polarized: (1) in plane of incidence, (2) perpendicular to the
plane of incidence.

Bidirectional reflectance R(α,β), transmittance T(α,β),
and polarizing efficiency q(α,β) of investigated films were
determined by the following equations:

R
(
α,β

) = Ir
I0

,

T
(
α,β

) = It
I0

,

q
(
α,β

) = Rmax − Rmin

Rmax + Rmin
,

(2)

where Ir , It, and I0 are the intensities of reflected, transmitted,
and incident radiation, respectively; α and β are the incident
and registration angles; Rmax and Rmin are bidirectional
reflectances of film illuminated with radiation linearly co-
and cross-polarized to the film strain direction, respectively.
Relative standard deviation of the measurement of bidirec-
tional reflectance, transmittance, and degree of polarization
did not exceed 0.05.

3. Results and Discussion

PVA films modified with Ag nanoparticles specularly reflect
incident radiation (Figure 2).

Bidirectional specular reflectance coefficient of modified
and oriented film in the direction of specular reflection is
∼0.07. With the increase of observation angle up to 15◦ R
values sharply decrease and do not depend on the azimuth of
polarization of the incident radiation (Figure 2(a)). During
further increase of β, the values of bidirectional reflectance
coefficients (R) of investigated film decrease substantially

slower and monotonously. Hence, reflection from the inves-
tigated film is diffuse at registration angle more than 15◦.
Besides that, difference in Fresnel reflectance of investigated
material manifests its effect in diffusely reflected flux [14].
This shows that, at sounding with radiation that is polarized
orthogonally to the plane of incidence, R(α,β) values of
investigated samples are systematically higher than in case of
illumination by copolarized laser radiation (Figure 2(a)).

For PVA film modified with Ag nanoparticles, oriented
and cross-linked with oxidizers under UV radiation, the
difference in reflectance coefficients for orthogonally linear
polarized components of sounding radiation at observation
angles increasing from 20◦ to 80◦ reaches one order of
magnitude. This means that the given film is a reflecting
linear polarizer with polarizing ability q ≈ 0.8 in the range
of observation angles from 20◦ to 80◦ (Figure 3) and angular
distribution of reflected radiation close to a diffuse one
(Figure 2(b)). At the same time its bidirectional reflection
coefficients is on nearly two orders of magnitude higher than
R(α,β) of just oriented PVA film (Figures 2(a) and 2(b),
curve 1).

When comparing polarization characteristics of radia-
tion, scattered by modified films, it can be seen that at ob-
servation angles from 5◦ to 40◦ the degree of polarization P
of reflected radiation is equally high and is 0.8 ÷ 1.0 for both
the simply oriented film (Figure 4(a)) and the cross-linked
film (Figure 4(b)) and does not depend on the azimuth of
linearly polarized radiation.

The change of the degree of polarization of radiation
scattered by modified PVA films at the reflected angles ex-
ceeding 40◦ depends on polarization azimuth of sounding
radiation. Thus, if the film was illuminated with radiation
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Figure 3: Polarizing efficiency of PVA films modified with Ag
nanoparticles: (1) only oriented film; (2) oriented and cross-linked
film.

that is polarized perpendicular to the plane of incidence, the
degree of polarization of radiation scattered by it remains
high—no, less than 0.8 at the increase of the reflected angle
up to 80◦ (Figures 4(a) and 4(b)). High values of the degree
of polarization of radiation, scattered by films over the whole
range of observation angles (from 5◦ up to 80◦), testi-
fy the preservation of polarization state of sounding radi-
ation, which is polarized perpendicular to the plane of in-
cidence. This is verified by the results of measurement of
azimuth of polarization and ellipticity of radiation scattered
by modified PVA films at mentioned sounding conditions.
Indeed, the azimuths of polarization of scattered and sound-
ing radiations coincide, and there is no elliptically polarized
component in the scattered flux.

The degree of polarization of radiation scattered by in-
vestigated films illuminated with co-polarized radiation is
monotonously decreased to 0.6 with the increase of reflected
angle up to 80◦ (Figures 4(a) and 4(b)).

The results of measurement of bidirectional transmit-
tance coefficients of investigated PVA films illuminated with
radiation at α = 5◦ linearly polarized in the plane of in-
cidence (T‖) as well as in a plane that is orthogonal to it
(T⊥) and also with azimuth 45◦ (T45) in relation to the direc-
tion of film stretching and polarization characteristics of
transmitted radiation (degree of polarization, ellipticity, and
azimuth of polarization) at registration angle of 175◦ are pre-
sented in Table 2.

It follows from the presented data that bidirectional
transmittance coefficients of investigated modified PVA films
are practically the same for orthogonally linear polarized
radiation components. This indicates that there is no ampli-
tude anisotropy for transmitted radiation in investigated
films, and they are not linear polarizers. At the same time,
investigated films possess phase anisotropy that occurs be-
cause of orientation of films by stretching and behaving
themselves as phase plates.

The radiation that is linearly polarized at the angle of 45◦

to the film orientation direction is transformed in elliptically
polarized radiation when transmitted through oriented
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Figure 4: The dependence of the degree of polarization of radiation
reflected by modified PVA films on reflection angle: (a) only
oriented film; (b) oriented and cross-linked film; radiation is co-
polarized (1) and cross-polarized (2).

modified PVA films. This phase anisotropy can be used for
compensation of undesirable phase delay in radiation com-
ponents that appear during passing of radiation through
different elements of LCD.

4. Conclusions

PVA film modified with Ag nanoparticles (0.6 wt%) that
is oriented and cross-linked under the action of oxidizers
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Table 2: Optical parameters of modified PVA films and polarization
characteristics of transmitted radiation at registration angle of 175◦.

Type of treatment
characteristics

Oriented PVA film
Oriented and

cross-linked PVA film

T‖ 0.73 0.44

T⊥ 0.78 0.51

T45 0.77 0.52

P‖ 0.99 ± 0.01 1.00 ± 0.01

P⊥ 0.97 ± 0.01 0.98 ± 0.01

P45 0.96 ± 0.01 0.89 ± 0.01

e‖ 0.01 ± 0.01 0.01 ± 0.01

e⊥ –0.01 ± 0.01 0,03 ± 0.02

e45 0.02 ± 0.02 0.81 ± 0.04

ϕ‖, degrees –3.8 ± 0.03 1.4 ± 0.2

ϕ⊥, degrees 88.0 ± 1.3 86.4 ± 0.2

ϕ45, degrees –28.9 ± 0.07 100.0 ± 1.0

and UV-radiation, can be used as reflective diffuse linear
polarizer with polarizing ability∼0.8 in the range of observa-
tion angles from 20◦ to 80◦.

It has been established that investigated films do not
possess amplitude anisotropy (dichroism) when transmitting
the light, but do possess phase anisotropy (birefringence)
which depends on nanoparticles concentration and film
thickness and they behave themselves as uniaxial phase plates
that transform linearly polarized incident radiation into elli-
ptically polarized radiation.
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In the present work, the preparation of composite systems based on polyamide 6 (PA6) and exfoliated graphite was attempted
by applying a simple procedure, which consists of a preliminary dispersion/exfoliation of graphite in the monomer, namely, ε-
caprolactam (CL), and a subsequent polymerization of the above system. Atomic force microscopy (AFM) demonstrated specific
interactions between CL and graphite surface. The dispersion of graphite in the monomer and polymer was assessed by scanning
(SEM) and transmission (TEM) electron microscopy, while mechanical tests allowed to evaluate the influence of graphite on the
polymer properties.

1. Introduction

Among the various nanofillers used in the field of nano-
structured materials, graphene represents one of the most
promising as demonstrated by the number of recent publi-
cations [1]. As far the preparation of graphene-based nano-
composite is concerned, the challenge is clearly the attain-
ment of a fine dispersion of the above nanofiller in the poly-
mer matrix. Indeed, while it is difficult to obtain homogene-
ous dispersions of graphene in polymer matrices, it is much
easier to do it with single sheets of graphite oxide (GO),
which contains hydroxyl and epoxy groups on the basal
planes and carboxy groups on the hedges. As GO, due to its
hydrophilic nature, can be easily exfoliated in aqueous media,
nanocomposites have been created with GO and water-
soluble polymers such as poly(ethylene oxide) (PEO) [2] or
poly(vinyl alcohol) (PVA) [3]. Still, the main obstacle linked
to GO incompatibility with most polymer systems remains.
Thus, it is necessary to proceed to surface property modi-
fication of GO by functionalization in order to make easier
its dispersion in polymer matrices. Indeed, using GO after

chemical modification with isocyanate or amine, composites
have also been produced in aprotic solvents with hydropho-
bic polymers such as polystyrene (PS) [4], polyurethane
(PU) [5], or poly(methyl methacrylate) (PMMA) [6]. More-
over, the material electrical conductivity can be restored via
chemical reduction of the graphene oxide. Another route
generally used to disperse graphene into polymers is melt
blending, being this latter economic and environmental
friendly. Together with the above-mentioned approaches,
as for other nanofillers, also in the case of graphene-based
nanocomposite, the in situ polymerization has been applied.
Indeed, successful polymerizations of poly(vinyl alcohol)
(PVA) [7], poly(methyl methacrylate) (PMMA) [8], epoxy
[9], poly(arylene disulfide) [10], polyethylene (PE) [11], and
polypropylene (PP) [12] with graphene oxide or silicone
foams [13] and PU [14] with thermally reduced graphene
oxide have been reported.

As far the preparation of composites based on polyamide
6 (PA6) is concerned, object of the present work, only very
few works have been reported so far. Indeed, recently Steurer
et al. [15] reported on the preparation of nanocomposites
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based on thermally reduced graphite oxide and PA6 by
melt blending, which showed improved stiffness and lower
percolation threshold with respect to the nanocomposites
containing conventional carbon nanoparticles. Melt blend-
ing approach was also applied by Fukushima et al. [16]
to prepare PA6 composites containing exfoliated graphite
flakes. Indeed, the addition of small amounts of the above
filler showed a marked improvement in thermal and elec-
trical conductivity of the composites. Also in the case of
PA6, in situ polymerization approach has been applied by
using graphene oxide. Indeed, recently, Xu and Gao [17]
demonstrated that by a condensation reaction between the
carboxylic acid groups on GO and terminal amino ends
of PA6 chains, the macromolecular chains of PA6 were
effectively grafted onto GO sheets.

However, in general the use of graphene oxide involves a
previous oxidation of graphite and subsequent reduction of
GO, in order to restore the material electrical conductivity.
In this light, the development of methods able to disperse
graphene in one step into a polymer matrix is a significant
current research issue.

In the present work, the preparation of composite sys-
tems based on PA6 and exfoliated graphite has been attem-
pted by applying a simple procedure, which consists of a
preliminary dispersion/exfoliation of graphite in the mono-
mer, ε-caprolactam, and a subsequent polymerization of the
above system.

2. Experimental

2.1. Preparation of Composite Systems. ε-Caprolactam (CL)
and graphite powder used were purchased from Sigma-
Aldrich. The graphite was dispersed in CL (cylindrical vial,
20 mL of monomer) at different concentrations (from 0.1
to 1.0 wt.-%) by sonication in a sonic bath (Model Ney
Ultrasonic) at 80◦C for 240 minutes. The resultant dispersion
was then centrifuged using a Hettich Mikro 22R centrifuge
for 2 minutes at 600 rpm. In order to avoid the solidification
of the monomer, the vial was heated up to 80◦C and the
centrifugation was repeated at least for four times. The pre-
cipitate was separate from the molten CL and the sonication
was repeated for 60 min. The dispersion was then centrifuged
by applying the same procedure previously reported. In
order to find the concentration after centrifugation, the
precipitate was collected with acetone and passed through a
polyvinylidene fluoride filters. Careful measurements of the
filtered mass, gave the concentration of the dispersed phase
after centrifugation.

Neat PA6 and composite systems were prepared by ap-
plying a classical hydrolytic polymerization.

2.2. Characterization. Tapping mode AFM measurements
were performed using a Multimode/Nanoscope IV system
(Digital Instruments-Bruker) and Si cantilevers (OMCL-
AC160TS, Olympus). During AFM measurements relative
humidity was kept below 30%. AFM measurements were
performed on highly ordered pyrolytic graphite (HOPG)
modified by CL. Indeed, CL was dissolved in Milli-Q water

(Millipore, resistivity 18 MΩcm) to a final of 1 mM. Samples
were prepared by depositing a drop of solution (200 μL)
onto fresly cleaved HOPG. After typically 1 hour adsorption,
samples were thoroughly rinsed with MilliQ water and
dried under a nitrogen flow. Samples were prepared and
characterized at room temperature.

Solution viscosity of both neat PA6 and composite
samples was measured in a suspended level Ubbelohde
viscometer at 25◦C in 96% H2SO4.

A Leica Stereoscan 440 scanning electron microscope was
used to examine the CL/graphite systems morphologies. All
samples were thinly sputter-coated with gold using a Polaron
E5100 sputter coater.

Transmission electron microscopy analyses were per-
formed with a high-resolution equipment (JEOL 2010). The
measurements were carried out using an accelerating voltage
of 200 kV. Ultrathin sections of about 100 nm thick were cut
with a Power TOMEX microtome equipped with a diamond
knife and placed on a 200-mesh copper grid. Differential
scanning calorimetry was performed under a continuous
nitrogen purge on a Mettler calorimetric apparatus, mod.
TC10A. Both calibrations of heat flow and temperature were
based on a run in which one standard sample (indium) was
heated through its melting point. Samples having a mass
between 2.5 and 11 mg were used. Data were gathered using
a scan rate of 10◦C/min.

Mechanical tests were performed with DMA Q800 TA
Instruments with an elongation rate of 1%/min at 25◦C with
a preload of 0.01 N. The samples were prepared by cutting
strips from the films with a width of 6 mm, a height of
26 mm, and a thickness of about 0.4 mm prepared by hot
compression molding with 5 MPa at 230◦C for 1 min. For
each material at list three samples were characterized.

3. Results and Discussion

The work on the preparation of composites based on PA6
has been preliminary focused on the study of graphite disper-
sion/exfoliation in the monomer, that is, ε-caprolactam (CL).
Indeed, recently, by considering the analogy between carbon
nanotubes and graphene, Hernandez et al. [19] demon-
strated a scalable, high yield method to produce high-quality,
unoxidized graphene from powdered graphite. By using
organic solvents such as N-methylpyrrolidone, N ,N-dim-
ethylacetamide, and γ-butyrolactone, graphene can be dis-
persed. This occurs because the energy required to exfoliate
graphene is balanced by the solvent-graphene interactions
for solvents whose surface energy matches that of graphene.
CL was therefore chosen as solvent since its surface tension
(30.4 mJ/m2) is in the range of that of the best solvents, capa-
ble to keep the highest concentration of graphite/graphene
after centrifugation.

Prior to graphite exfoliation experiments, we performed
preliminary measurements aimed to investigate the interac-
tions between CL and the graphite surface. AFM was employ-
ed to evaluate the occurrence of structural changes in the
highly ordered pyrolytic graphite (HOPG) surface structure
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(a) (b)

Figure 1: (a) Amplitude tapping mode AFM image of a HOPG sample after interaction with the CL solution. White arrows indicate the
orientations of adjacent patterned domains. (b) 3D rendering of a height tapping mode AFM image of the 6.2 nm patterned domain. Image
size: 150 nm × 150 nm, z-scale: 2.5 nm.

Table 1: Characteristics of the sample prepared.

Sample code
Initial graphite

concentration in CL
(wt.-%)

Remaining graphite
concentration in CL

(wt.-%)
Mw · 10−3a

Tg (◦C) xbc (%) Tc (◦C) Tm (◦C)

PA6 — — 30 50 45 196 218

PA6(1.0) 1.0 0.1 29 50 44 195 218

PA6(0.5) 0.5 0.06 28 49 45 196 219

PA6(0.2) 0.2 0.02 30 51 46 196 218

Glass transition temperature (Tg ), melting temperature (Tm), crystallization temperature (Tc), and degree of crystallinity (xc) were determined from the
second scan.
aMw was calculated by the following equation: [η] = 0, 51 · 10−3 M0.74

w [18] by measuring [η] in H2SO4 at 20◦C.

upon interaction with CL. Since CL is solid at room temper-
ature, an aqueous solution of CL was used.

As shown in the AFM image in Figure 1, the interactions
of the CL solution with the HOPG surface leads to the forma-
tion of extended extremely regular nanopatterned domains,
formed by parallel stripes. These domains, characterized by a
6.2± 0.2 nm periodicity, are oriented according to the three-
fold symmetry of HOPG. In regions where discontinuities
between adjacent domains can be observed, it has been pos-
sible to measure the thickness of the patterned layer which is
found to be of 0.35 ± 0.05 nm, in good agreement with the
graphite interplane distance. Based on several experimen-
tal findings [20], the nanopattern formation can be regarded
as a consequence of the interaction between the CL solution
and the graphite surface: the interactions between the solu-
tion and the HOPG basal plane could result into a weakening
of the interactions between the topmost graphite layers, lead-
ing to a weakly bound “graphene-like” layer which subsequ-
ently undergoes a rippling process in a similar way as report-
ed for both supported and free-standing graphene [21–23].
Once verified that the CL solution can interact with the gra-
phite surface and can influence the HOPG interplane inter-
actions, graphite exfoliation has been attempted in the above
monomer by applying an ultrasonic treatment. Indeed, the

sonication, carried out at 80◦C, namely, above the melting
temperature of the monomer, allows to obtain a grey liquid
consisting of a homogenous phase and macroscopic aggrega-
tes, which can be removed by centrifugation.

The concentration of the dispersed phase after the cen-
trifugation for samples containing different amounts of gra-
phite (0.1, 0.5 and 1.0 wt.-%), which has been calculated by
measuring the filtered mass, has been reported in Table 1.

It comes out that graphite can be dispersed at a concen-
tration up to 0.1 wt.-%. The state of the material remaining
dispersed in the monomer has been investigated by SEM
analysis.

Figure 2 shows a SEM micrograph of the system CL/gra-
phene prepared by using an initial graphite concentration of
0.5 wt.-%. It is clearly evident on the surface of the sample
almost transparent graphite aggregates, demonstrating a fine
dispersion in the monomer.

It is relevant to point out that graphite dispersion is
strongly related with the sonication time (ts), parameter
which is generally not considered during the process. Indeed,
while the concentration of the dispersed phase increases
with increasing ts, graphite layer dimension decrease. The
dimension of the aggregates passes from 0.5÷ 2 μm applying
a sonication time of 4 hours to 0.1 ÷ 0.3 μm by increasing
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Table 2: Results of mechanical tests.

Modulus (Mpa) Strain at break (%) Max yield stress (Mpa) Stress at break (Mpa)

PA6 3275 0.7 — 17

PA6(0.5) 1820 1.2 — 20

PA6(1.0) 2087 26.0 16 11

500 nm

Figure 2: SEM micrograph of the graphite (initial graphite
concentration 0.5 wt.-%)/monomer system after sonication and
centrifugation.

20 nm

Figure 3: TEM micrograph of the sample PA6(0.5).

ts up to 8 h. In this light, in order to preserve graphite layer
size, the nanofiller dimension influencing the final material
properties, a sonication time of 4 hours has been chosen.
The so prepared CL/graphite systems underwent a polymeri-
zation process.

In order to get insight into the graphite dispersion in the
polymer, TEM analyses were carried out.

TEM micrograph of the sample PA6(0.5), reported in
Figure 3, demonstrates that together with aggregates also
few-layer graphite is present in the polymer matrix. In parti-
cular, by analyzing the flake edges, these objects turn out to
be formed by only two-three layers. It is worth underlining
that similar results have been found also for the samples

containing a lower and a higher concentration of graphite,
namely, PA6(0.2) and PA6(1.0).

As reported in Table 1, the presence of graphite does not
influence the molecular mass and thermal properties of the
polymer matrix, but it has been found to modify its mechani-
cal properties.

Because of the low quantity available, the mechanical
properties were performed on thin films using the DMTA
instrument in a stress strain configuration and isothermal
conditions. Although these results cannot be compared with
a standard mechanical test, they could be useful to under-
stand the specific action of graphene on PA6 properties. As
shown in Table 2, while pristine PA6 exhibits a modulus at
25◦C of 3300 MPa, PA6(0.5) and PA6(1.0) show a modulus
of 1800 MPa (−45%) and 2100 MPa (−36%), respectively.
Moreover, the strain at break of PA6(0.5) increases from
0.7% (neat PA6) to 1.2%. A more relevant increase in strain
at break has been observed in the case of the sample PA6(1.0),
being its strain at break of 26%. In this light, it is possible
to conclude that the sample with the highest concentration
of exfoliated graphite, behaves as a more plastic material.
Taking into account that the molecular masses of the differ-
ent samples are similar and their Tg do not change, no plas-
ticizing related to Mw can be supposed. Thus, it is possible
to hypothesize that the peculiar mechanical behavior of the
sample PA6(1.0) is due to a plasticizing effect, which is
related to weak interactions between the nanofiller and the
polymer [24]. Moreover, these results seem to support the
graphene lubrificant effect found recently in nanocomposites
based on hydrogels [25].

4. Conclusions

In conclusion, composites based on PA6 and partially exfoli-
ated graphite have been prepared by in situ polymerization,
starting from the direct graphite exfoliation in ε-caprolactam
(CL). Indeed, specific interactions between graphite surface
and the above monomer have been assessed by AFM measu-
rements. By tuning the dispersion conditions of graphite
in CL, it is possible to partially exfoliate graphite, without
breaking the layers. Moreover, the nanofiller shows a lubrifi-
cant effect, increasing in a relevant way the strain at break of
the polymer matrix.
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The effect of diisocyanate chain extender (CE) on the mechanical, rheological, and relaxation properties, as well as on molecular
weight and crystallizability, of starting poly(ethylene terephthalate) (PET) and its composites containing carbon nanomaterials
(CNM) such as carbon nanotubes (CNTs) and commercial carbon (CC) has been studied. The composites were compounded
in molten PET using twin-screw extruder (screw diameter 35 mm; L/D = 40). To improve the distribution of CNM in the
polymeric matrix (before introduction into the melt), they were blended with PET powder and subjected to an ultrasonic
treatment in methylene chloride. The salient features of the materials structure were estimated based on DSC and relaxation
spectrometry (dynamic mechanical analysis) data. It has been found that CNM additives partly suppress the PET-chain extension
reactions which take place during interaction between macromolecular end groups and CE. Besides, both CNT and CC favour
crystallizability of the modified PET owing to nucleation of the crystallization process. The influence of CNT appears to be more
effective than that of CC. Enhancements in true mechanical strength and deformability of PET/CE/CNM composites, as against
PET/CE materials, were found to be most clearly exhibited by the CNT-containing composites.

1. Introduction

poly(ethylene terephthalate) (PET) is one of the most
important types among the thermoplastic polymers; its role
in the human vital necessity is constantly growing. The major
application areas for PET are fibers, films, beverage bottles,
containers for food products, and so forth [1].

In recent years—a period of about last twenty years—
PET has been widely used more and more often in designing
various composites for industrial purposes [2]. Composite
materials that have no analogs in their economics and techni-
cal characteristics are developed on its base. Such materials
include blends with polycarbonate [3, 4]; olefin polymers
and copolymers [5, 6]; elastomers, poly(butylene terephtha-
late), styrene plastics [7, 8] and other polymers; materials
reinforced by glass-fibers [2, 9]; fireproof composites [10]
as well as systems containing small quantities of hard nano-
particles [11, 12].

An important problem arising during compounding and
processing of PET composites—irrespective of their type—is
hydrolytic as well as thermal degradation of polyester macro-
molecules. Breakdown reactions of PET macromolecules
cause molecular weight reduction, deteriorate mechanical
properties and impair technological characteristics [13].

The most important ways of slowing-down or prevent-
ing negative influence of macromolecular degradation on
PET properties are incorporation of stabilizers, additional
polycondensation of the material in the solid phase, using
special chain extenders (CEs) [9]. The latter method is
the most economically beneficial and efficient because it
prevents macromolecules from both hydrolytic and thermal
breakdown. CE mainly interacts with –OH or –COOH– end
groups in polymer melt thus preventing molecular weight
reduction. The reactions of interaction between CE and PET
macromolecules easily take place in the melt in extrusion
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mixer-reactor when special catalysts and vacuum treatment
are used.

Several researchers have reported [4, 9, 14, 15] that com-
pounds containing isocyanate groups can be excellent CE for
heterochain polyesters and their blends. However, together
with the increase of PET molecular weight, partial cross-
linking of macromolecules which slows down polymer crys-
tallization is observed [15]. As a result, at first, the efficiency
of molten PET processing drops because more time is
required for crystallization of formed product that ensures
its shape stability. Besides, mechanical properties and heat
resistance of finished products can be impaired due to
decreased crystallinity.

It is well known, on the other hand, that crystallization
kinetics of thermoplastics, including PET, can be controlled
by small quantities of nanofillers such as nanoclays and/or
carbon nanomaterials (CNMs) [15, 16] added to compo-
sitions. It is of interest, therefore, to understand the joint
influence of CE and CNM on structural transformations in
PET, the set of technological relaxation, and physicomechan-
ical characteristics of the obtained materials. The present
work considers the stated problem using as an example PET
composites containing diisocyanate CE along with carbon
nanotubes and commercial carbon (CC).

2. Experimental

2.1. Materials. The experiments were conducted using gran-
ulated PET of commercial grade supplied by Mogilev-
khimvolokno Co. (PET-8200 intended for making beverage
bottles, containers or any other packaging items); having
intrinsic viscosity in dichloroacetic acid, 0.700 dL/g; concen-
tration of end carboxyl groups, 24 mmol/kg; glass-transition
temperature, Tg = 76.5◦C. A powdery PET prepared by size
reduction of PET-8200 granules in liquid nitrogen was also
used. The powder particle size did not exceed 300 μm.

Multilayer CNTs produced at Heat-and-Mass Exchange
Research Institute, NAS of Belarus, were used as carbon
nanofillers. The technology of obtaining CNT is based
on reaction of H2, CO, and N2 in the plasma of high-
voltage discharge at atmospheric pressure. The CNT were
purified from amorphous carbon, diamond, and fullerene
fractions by sedimentation and extraction in benzene. CNT
dimensions were diameter, 5–30 nm, length, 0.5–3.0 μm
(Figure 1). At initial state, CNTs were chaotically intertwined
structural units of different lengths and diameters (Figure 1).
Besides CNT, technical carbon No. 220 (Specifications 38
41558-97, supplied by Tekhuglerod Co., Omsk) was tested:
average particle size, 13–85 nm, pH = 6–8 of aqueous suspen-
sion; specific external surface area, 111 m2/kg; iodine num-
ber, 121 g/kg; dibutylphthalate sorption, 100 cm3/100 g.

The modifier APEC-MM (Specifications by 400084698
.151-2004) containing diisocyanate and stabilizer (ST)
against thermal degradation of PET macromolecules was
used as a CE. The compositions of test materials are listed
in Table 1.

2.2. Compounding and Specimens Preparation. Test materials
were compounded as follows. The CE powdery PET and

100 nm

Figure 1: Electron photomicrograph of CNT.

Table 1: Compositions of test materials.

Number
Components (wt.%)

PET Powdery PET NT CC CE ST

I 99.00 0.8 0.2

II 98.00 0.9 0.9 0.2

III 97.99 0.9 0.01 0.9 0.2

IV 97.95 0.9 0.05 0.9 0.2

V 97.99 0.9 0.01 0.9 0.2

VI 97.95 0.9 0.05 0.9 0.2

CNM were together subjected to ultrasonic treatment (son-
ication) in methylene chloride at the following conditions:
instrument UZDN-1U32 (Russia), frequency, 22 kHz; dura-
tion, 15 min; initial temperature, 23◦C. Then, the methylene
chloride was “vacuum-evaporated” at ≈30◦C. The powder
prepared was added to PET granulate previously dried up
to residual humidity below 0.02%; the mix was thoroughly
stirred in a high-speed two-blade mixer. After that, the
components were reactively mixed in molten PET. The
work was done on an extrusion-granulating line based on
the twin-screw extruder TSSK-35/40 (China): the screw
diameter 35 mm; L/D = 40; 10 separate zones of heating
the material cylinder; vacuuming zone and the screws of
special configuration to provide for a high dispersion degree
of the components as well as their uniform distribution
throughout PET bulk. The melt temperature in the reactive
mixing zone was 270◦C. From the material cylinder of the
extruder the material appeared as strands; they were water
cooled and granulated on a rotor-type granulating device.
The granulate produced was used to make test samples and
do physicochemical analysis.

The test samples for testing mechanical properties of
the materials were injection moulded on a machine EN-30
(Taiwan); screw diameter 35 mm; injection volume 30 cm3.
The injection mould’s temperature was maintained at 45 ±
5◦C.

2.3. Characterization. The relaxation spectrometry tech-
nique was employed using test specimens in the form of
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Table 2: Property values for polyester materials.

Composition [η] (dL/g) Mn MFI (g/10 min) σuf
b (MPa) σtt

c (MPa) σr (MPa) εr (%)
S (%)

SII S⊥

Ia 0.634 16006 23.0 54 199 42 374 0.85 0.54

II 0.746 22626 16.7 54 256 50 412 0.75 0.53

III 0.728 21480 18.8 55 282 55 412 1.23 0.58

IV 0.727 21417 19.5 56 325 60 441 1.21 0.66

V 0.723 21411 18.9 53 270 53 410 0.95 0.56

VI 0.737 22049 18.0 56 300 58 418 0.96 0.54

Here and in subsequent tables and figures, materials markings are as in Table 1. aComposition I was subjected to single extrusion at regimes similar to
compounding of Compositions II–VI. bσuf is upper flow limit. cσtt = σr(1 + εr /100) is true tensile strength, where σr and εr are, respectively, strength and
relative elongation at break.

plates, 50× 5× 1 mm. They were made on a piston moulding
machine of laboratory version, the injection volume being
2.5 cm3.

The values of mechanical properties of the materials
in tension were determined using a multipurpose machine
Instron 5657 (UK). Experimental samples were of Type 5
(50 × 5 × 3 mm). In compliance with Russian GOST 1162
related to the determination of arithmetical mean parameter
of mechanical properties, at least five samples were used. The
samples, for which deviations from the arithmetical mean
values did not exceed 10%, were used in calculations. The
shrinkage was determined according to GOST 18616 on bars
with size 80 × 10 × 4 mm; were moulded by injecting melt
at one butt end of the mould. The measurements were done
longitudinally (SII) and perpendicularly (S⊥) to the melt flow
direction.

Variations in molecular weight of PET were estimated by
viscosity measurements conducted at 25◦C with a capillary
viscometer Ubbelohde; dilute solutions (0.5 parts of PET
in 50 mL of solvent); the solvent was dichloroacetic acid
of “chemically pure” grade. Every solution was agitated for
60 min at 60◦C until PET became completely dissolved. The
dependence between intrinsic viscosity ([η]) and number-
mean molecular weight (Mn) of PET was found from Mark-
Houwink’s equation [17]:

[
η
] = 0.0067 ·Mn

0.47. (1)

Rheological properties of the materials were judged by
the melt flow index (MFI) determined on the instrument
IIRT-AM (Ukraine) at T = 265◦C, load P = 21.6 N, and
capillary diameter, Ø = 2.095 mm.

The material structure was studied by differential scan-
ning calorimetry (DSC) technique using microcalorimeter
DSM-10 M (Institute for Biological Instrumentations, RAS,
Russia); sample weight, 10 mg; scanning rate, 16◦C/min.

The dynamic mechanical (relaxation) properties of the
materials were found by analyzing temperature dependences
of the mechanical loss tangent (tan δ) and dynamic shear
modulus (G′) of the samples. The tests were performed
using a reverse torsion pendulum (designed at MPRI NAS
of Belarus) [3, 15]; the frequency was 1 Hz. The temperature
measurement accuracy was 0.1◦C, tan δ, ±3%; G′, ±1%.

3. Results and Discussion

3.1. Rheological and Mechanical Properties. It is clear from
Table 2 that modification of PET by addition of CE and CNM
substantially influences the parameters that characterize
molecular structure, along with values of mechanical and
technological properties of the materials. There is a notice-
able difference in the effects of CE alone and its combination
with CNM. Thus, the addition of CE leads to the increase
of intrinsic viscosity and noticeable reduction of MFI values,
which results from increased molecular weight of PET [4,
15]. Mn’s growth (MFI reduction) of PET containing CNM is
not very substantial. This can be explained by high adsorptive
(chemisorptive) surface activity of CNT and CC that causes
partly blocking CE s isocyanate groups, and consequently,
the decrease of the output of products of its interaction with
ending groups of PET macromolecules [12, 14].

It is worth mentioning that PET containing both CE and
CNM shows a higher tensile deformability than the material
containing only CE (Table 2, Figure 2). This effect is most
pronounced in composites containing CNT (Table 2). With
0.05 wt.% of CNM (CNT or CC), the deformation curve
changes because the material becomes stronger owing to
orientational stretching of the sample neck. The calculated
true strength values of the material (Table 2) show maximum
tensile strength σtt for Composition IV, containing CE and
CNT—0.05 wt.% exceeds 300 MPa. It appears that PET con-
taining CE and CNT tends to have orientational stretching
and its strength considerably increases. This fact shows a
possibility of obtaining stronger PET fiber by modifying
polyester with CE and CNT. The reinforcing effect of CE and
CNM added simultaneously can be explained as follows.

The reinforcing effect of CE and CNM added simul-
taneously can be explained as follows. The chemisorptive
interaction of one of the CE s diisocyanate groups with
CNM surface functionalizes the nanofiller surface. More
possibilities arise for strengthening the bond between the
nanofiller particles and PET macromolecules. This may
happen through interaction of free isocyanate groups in CE
chemisorbed on CNM nanoparticles with terminal hydroxyl
or carboxyl groups of PET macromolecules, Polar van der
waals interactions with intramolecular ester groups, and so
forth. It is quite possible that inter chain bonding of PET
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Figure 2: Deformation plots for materials.

macromolecules by means of the functionalized filler can
happen in the presence of two free isocyanate groups in CE
that was chemisorbed on CNM surface. It is obvious from
the data in Table 2 and Figure 2 that the influence of CNT is
stronger than that of CC.

Schemes of probable reactions for PET/CE, CNM/CE
and PET/CNM/CE are shown in Figure 3.

3.2. DSC Observations. It is clear from Table 2 that pure CE
added to PET causes shrinkage to reduce, whereas CNM
increases the latter; the shrinkage increases more noticeably
in case of CNT. This event is explained by specific influence
of modifying additives on PET crystallization.

Indeed, it can be seen from Table 3 and Figure 4 that
CE rises the temperature of cold crystallization (Tc cr) and
decreases the temperature of crystallization from the melt
(Tcr) which results from the delay of crystallization processes
owing to higher molecular weight of PET [4]. The addition
of CNM together with CE leads to a noticeable enhancement
in PET crystallizability. Crystallization proceeds faster when
CNT is used: addition of nanotubes accelerates both cold
crystallization and that from the melt in comparison with
polyester non-modified with CE (Table 3). The use of CC
in PET reduces the cold crystallization temperature (by 2.6–
4.6◦C) of the material as against the starting PET. However,
irrespective of filler concentration, however, the Tcr-values

Table 3: DSC values for polyester materials.

Composition
Tc cr

(◦C)
ΔHc cr

(J/g)
Tm

a

(◦C)
Tcr

a

(◦C)
ΔHcr

a

(J/g)

I 130.4 28.2 253.3 194.4 27.7

II 132.3 17.2 248.4 187.7 22.3

III 126.1 12.5 245.0 197.0 35.4

IV 128.3 13.0 246.8 197.6 37.2

V 127.6 9.8 248.9 188.2 35.8

VI 125.8 12.1 244.0 192.9 39.8
a
The values were obtained after repeated heating (cooling) of samples.

(from the melt) remain somewhat lower in comparison with
the initial polymer. It can be concluded that CNT are more
advantageous as crystallization nucleator than CC for PET
composites containing CE.

Some growth of crystallinity is observed under the in-
fluence of CNM what follows from the comparison of
latent heat values of crystallization (ΔHcr) of the materials
(Table 3). Somewhat lower crystallinity of the materials
containing CNT as against those with CC (Table 2) can be
explained by the fact that nanotubes generate excessively
great number of crystallization nuclei that prevent crystals
from growing because of geometric (spatial) limits. Retarded
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Figure 5: Temperature dependence of mechanical loss tangent (tan δ) and dynamic shear modulus (G′) of materials (numbers correspond
to compositions in Table 1). (a) I; (b) III-IV; (c) V-VI.

growth of crystals in spite of their accelerated nucleation has
been reported elsewhere [18] where polyamide 6 crystalliza-
tion had been investigated in the presence of nanodispersed
clay minerals.

Therefore, simultaneous addition of CE and CNM to
PET can result in composites with an increased molecular
weight and enhanced crystallizability as against the starting
polyester. CNM (especially CNT) levels the inhibiting effect
of CE upon PET crystallization.

3.3. Relaxation Spectrometry. It has already been mentioned
that adsorptive (chemisorptive) interaction between polymer
macromolecules and filler particles surface can explain the
influence of CNM on the structure and physicomechanical
properties of PET composites. The relaxation spectrometry
data (Table 4, Figure 5) can prove this statement. The pres-
ence of CE and CNM in PET does not change Tg values deter-
mined by the temperature location of the glass-transition
peak maximum point in the temperature dependence of
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Table 4: Values of parameters characterizing relaxation properties
of polyester materials.

Composition Tg (◦C) Tβ (◦C) G′
min

a (MPa)

I 76.5 −61.3 8

II 75.5 −64 3

III 75.6 −60.1 11

IV 76.5 −58.2 15

(excess at 93.3)

V 75.7 −60.7 10

VI 75.9 −60.1 13

(excess at 90.3)
aG′min is dynamic shear modulus at 90–95◦C.

mechanical loss tangent. However, at concentration of CNM
= 0.05 wt.%, excesses (Figure 5) in the high temperature por-
tions of the glass-transition peak are observed. Most likely
the presence of excesses is due to mobility devitrification
of macromolecular segments connected through adsorption
with CNM particles surface. Under the effect of CNM,
Tβ values increase owing to mobility devitrification within
an elemental unit of PET macromolecules; the growth of
minimal values of dynamic shear modulus G′

min within the
zone of high elasticity (at T ≈ 90–95◦C) occurs which can
also be explained by active adsorptive interaction between
macromolecular fragments and CE-modified CNM surface.

These findings are indicative of prospects for designing
and testing polyester composites containing CE and CNM.
Investigations in this direction are undoubtedly of scientific
interest and are of great importance for scientific substantia-
tion of technology for making competitive and advantageous
composites intended for industrial applications; also fiber-
type materials of new generation.

4. Conclusions

Comparative analysis of molecular structure, relaxation, and
mechanical properties of PET and its composites containing
carbon fillers like nanotubes or commercial carbon and also
diisocyanate CE has been conducted. It has been showed that
reactions leading to chain extension proceed easily in the
presence of carbon nanofillers. At the same time, retardation
of crystallization of PET occurring under the influence of
CE is leveled in the presence of carbon nanofillers; this
effect is most pronounced in composites containing CNT.
PET modified in the melt by CNT and CE appears to be
perspective for making block-type articles and reinforced
fibers.
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Bulk heterojunction photovoltaic devices, which use the conjugated polymer poly(2-methoxyl-5-(2′-ethylhexyloxy)-1,4-
phenylenevinylene) (MEH-PPV) as the electron donor and crystalline ZnO nanowires as the electron acceptor, have been studied
in this work. The ZnO nanowires were prepared through a chemical vapor deposition mechanism. The dissolved MEH-PPV
polymer was spin-coated onto the nanowires. The scanning electron microscope images showed that the ZnO nanowires were
covered with a single layer of the polymer, and these materials were used to design a heterojunction solar cell. This solar cell
displayed improved performance compared with the devices that were made from only the MEH-PPV polymer. This observed
improvement is correlated with the improved electron transport that is perpendicular to the plane of the film. A solar power
conversion efficiency of 1.37% was achieved under an AM1.5 illumination.

1. Introduction

In recent years, bulk-heterojunction photovoltaic devices
that are based on conjugated polymers combined with inor-
ganic semiconductor nanoparticles have attracted significant
attention, and a significant amount of scholarly research
has been performed in this field [1–3]. These bulk hetero-
junctions, which consist of hybrid polymers and inorganic
nanoparticles, take advantage of the beneficial properties of
both types of materials. Specifically, the properties of conju-
gated polymers, including their unique processability, band
gap tenability, and mechanical flexibility, possess excellent
possibilities for the fabrication of low cost and highly efficient
large area flat-panel displays [4, 5]. These devices utilize the
high electron mobility of the inorganic phase to overcome
the charge-transport limitations that are associated with
organic materials.

Several hybrid bulk heterojunction polymer solar cells
have been reported, including ZnO nanoparticles [6, 7],
CdSe nanodots [8], TiO2 nanoparticles [9], and PbS na-
noparticles [10]. Huynh et al. found that using nanorods
instead of spherical nanocrystals has been shown to increase

the efficiencies significantly because of the smaller number
of interparticle hops necessary for the electrons to leave the
device [11, 12]. However, the nanorods have a tendency
to lie in the plane of the film, which is not the optimum
arrangement to extract electrons. To avoid this tendency,
Baoquan Sun et al. reported the synthesis of branched CdSe
nanoparticles, which led to an improvement in the efficiency
by optimizing microstructure design [13].

Herein, we report the preparation of photovoltaic devices
that layer ZnO nanowires on poly(2-methoxyl-5-(2′-ethyl-
hexyloxy)-1,4-phenylenevinylene) (MEH-PPV). This poly-
mer was chosen because of its formation characteristics and
its stable emission properties [14]. ZnO nanowires were cho-
sen as the n-type semiconductor because of their inexpensive
and environmentally friendly nature. In particular, ZnO na-
nowires have shown promise for enhancing the power con-
version efficiencies of conjugated polymer-based solar cells.

ZnO nanowires have been synthesized on Cu substrates
through a modified vapor phase transport deposition process
using a tube reactor [15–17]. The density and the reciprocal
linking of the nanowires can be modified through mixing
the nanowires that separated from the substrates with the
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Figure 1: Schematic of the reactor to fabricate ZnO nanowires.

polymer. In this work, the ZnO nanowires, which formed
on the Cu substrates, were used directly as negative electrode
materials for the photovoltaic devices. To fabricate the active
layer, the dissolved MEH-PPV polymer was spin-coated on
the nanowires. The photovoltaic devices were made with the
structure of ITO/PSS : PEDOT/MEH-PPV-ZnO/Cu, and the
photovoltaic properties of the device were investigated.

2. Experimental

2.1. MEH-PPV Synthesis. MEH-PPV was prepared using
the Gilch route [18, 19]. First, 0.05 mol p-hydroxyanisole
and 50 mL sodium ethoxide ethanol solution were added
into a four-neck flask (250 mL) equipped with a condenser
and stirrer and reacted at 80◦C in N2 under reflux for
90 min. Then, i-octyl bromide was added drop wise into
the solution, and the reaction was refluxed at 80◦C for
5 h. The product [1-methoxy-4-(2-ethylhexyl)oxy]benzene
(MEB) was obtained as a yellowish solid in room tempera-
ture. To as-synthesized MEB in an ice bath was added 50 mL
1,4-dioxane, certain amount of formaldehyde, concentrated
HCl, and paraformaldehyde (the molar ratio of double ether,
formaldehyde and concentrated HCl was ∼1 : 10 : 10). The
mixture was transferred to a four-neck flask, refluxed at 90◦C
in the presence of absolute AlCl3 for 5 h, and then cooled to
room temperature. A rotatory evaporation process was used
for the removal of 1,4-dioxane. The remnant was treated
by crystallization and was followed by recrystallization in a
mixture of n-heptane and ice methanol with a volume ration
of 1 : 1 (by volume). [1,4-Dichloromethyl-2-methoxy-5-(2-
ethylhexyl)oxy]benzene (DMEB) were obtained through
filtration, and the solid was washed by ethanol and dried
under vacuum. To a solution of 0.0025 mol DMEB in
10 mL tetrahydrofuran (THF) was added dropwise a fresh
potassium t-butoxide THF solution [(CH3)3COK : THF =
1 : 1.6 (mole ratio)] in a three-neck flask (25 mL). The
mixture was refluxed with N2 protection at 66◦C for 2 h.
The color of solution changed gradually from colorless to
yellow and to dark orange. Then 10 mL methanol was added
to the mixture and reacted for 10 min. THF was removed by
rotary evaporation, and the MEH-PPV powder was washed
successively with absolute ethanol and distilled water and
separated by vacuum filtrations.

Cu

PSS:PEDOT

ITO glass

ZnO NWs

MEH-PPV

Figure 2: Photovoltaic device structure.

Figure 3: SEM image of ZnO nanowires.

The Mw of MEH-PPV was 5.73 × 104, and it has a poly-
dispersity of 1.04 as measured by a Waters 1515 GPC instru-
ment using styragel-1000 columns and THF as the mobile
phase. MEH-PPV: 1HNMR, δ1.18∼1.80 (9H, methene, δ0.82
(6H, methyl), δ4.66 (2H, ethylene), δ6.83 (2H, aromatic
protons), δ7.14 (3H, –OCH3), and δ3.69 (4H, –OCH2).
The 1HNMR spectra were collected on a Bruker Avance
400 spectrometer using chloroform-d as the solvent and
tetramethylsilane as the internal standard.

2.2. ZnO Nanowire Synthesis. quartz reactor with a sealed
end was used to grow ZnO nanowires with no gas flow. The
construction of the reactor is shown in Figure 1.

2.3. Preparation of Photovoltaic Devices. A 4-mL solution of
MEH-PPV (0.5 mg/mL in chloroform) was spin-coated onto
the ZnO nanowires on the Cu substrate by dropwise. Then,
1.5% of PSS : PEDOT (Aldrich) was spin-coated onto the
ITO glass substrates. These samples were dried at 100◦C
in He for 10 min as the counter electrode. The thickness
of PSS : PEDOT was approximately 50 nm. The photovoltaic
device was fabricated in sandwich structures as shown in
Figure 2.

3. Results and Discussion

The surface topography of the ZnO nanowires was studied
using atomic force microscopy (JEOL-6100) as shown in
Figure 3. A large fraction of the ZnO nanowires was obtained
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Figure 4: SEM image of ZnO nanowires overlaid on MEH-PPV.
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Figure 5: Current density versus voltage for the MEH-PPV
and MEH-PPV/ZnO device under illumination at AM 1.5
(100 mW/cm2).

without selective precipitation. These nanowires have an
average diameter of 0.8–1 μm and a length of approximately
20 μm. The nanowires did not agglomerate during the
growth process; however, they were interlaced and scattered
randomly throughout the substrate. Figure 4 showed that the
polymer films were soaked into the ZnO nanowires, and this
observation confirmed that the polymer and the inorganic
nanowires combined at a micrometer scale.

Figure 5 shows the current density as a function of
the voltage for the photovoltaic device. The devices were
illuminated at the transparent ITO electrode. The J-V
characteristics were measured with a computer-controlled
Keithley 2420 source meter under illumination at AM 1.5
(100 mW/cm2). The short-circuit current density (Jsc), open-
circuit voltage (Voc), fill factor (FF), and power conversion
efficiency (η) of the two photovoltaic devices are shown in
Table 1.

Under illumination at AM 1.5 (100 mW/cm2), the solar
power conversion efficiency of the MEH-PPV/ZnO nanowire
device is 1.37%, and the short-circuit current density (Jsc)
and the open-circuit voltage (Voc) are 0.0045 A/cm2 and
1.01 V, respectively. These values were slightly higher than
those of the MEH-PPV devices. This result proves that the

Table 1: Characteristics of the device made with MEH-PPV and
MEH-PPV/ZnO.

Active layer Jsc (A/cm2) Voc (V) FF η (%)

MEH-PPV 0.00196 0.095 0.25 0.047

MEH-PPV/ZnO 0.0045 1.01 0.26 1.37

function of the nanowires is to increase the electron mobility
and reduce the electron recombination rate within the con-
jugated polymer. Specifically, the nanowires provide a het-
erojunction interface that dissociates the photogenerated
excitons into electrons and holes. Due to their high-energy
electronic band structure, the nanowires provide a direct
conduit for electrons to be transported to the device
electrode, where they can contribute to current conduction
[20].

We found that the polymer was evenly covered with the
nanowires; however, some holes were observed on the surface
of the sample. These residual air holes greatly impacted the
device performance and reduced FF. The device resistance
would increase and its FF decrease with increasing polymer
film thickness. Therefore, the FF of the MEH-PPV/ZnO
nanowire device did not increase significantly.

Our results indicate that the use of nanowires is an
attractive route to obtain highly efficient photovoltaic devices
by improving electron transport perpendicular to the plane
of the film. Future improvements in efficiency are likely to
involve the optimization of electron extraction through the
nanowire network and the improvement of hole transport in
the polymer.

4. Conclusions

ZnO nanowires have been synthesized by a vapor transport
deposition process. SEM data indicated that the ZnO
nanowires were coated by polymer and a micrometer-
scale combination was achieved. Bulk-heterojunction photo-
voltaic devices based on MEH-PPV combined with inorganic
semiconductor ZnO nanowires were made. The short-circuit
current density (Jsc), open-circuit voltage (Voc), fill factor
(FF), and power conversion efficiency (η) of the optimum
device are 0.0045 A/cm2, 1.01 V, and 1.37%, respectively. The
power conversion efficiency was slightly higher than that
of MEH-PPV devices, illustrating the effectiveness of the
combination of conjugated polymers and inorganic semi-
conductor nanowire materials for photovoltaic applications.
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The preparation, electrical, and thermal behaviors of copper-epoxy nanocomposites are described. Cetyltrimethylammonium
bromide- (CTAB-) stabilized copper (Cu) particles were synthesized via phase transfer technique. Isopropanol (IPA), sodium
borohydride (NaBH4), and toluene solution of diglycidyl ether of bisphenol A (DGEBA) were used as transferring, reducing agent,
and the organic phase, respectively. The UV-Vis absorbance spectra of all the sols prepared indicate that the presence of Cu particles
with the particles transfer efficiency is ≥97%. The amount, size, and size distribution of particles in the organosol were dependent
on the content of organic solute in the organosol. The composites were obtained upon drying the organosols and these were then
subjected to further studies on the curing, thermal, and electrical characteristic. The presence of Cu fillers does not significantly
affect the completeness of the composite curing process and only slightly reduce the thermal stability of the composites that is
>300◦C. The highest conductivity value of the composites obtained is 3.06× 10−2 S cm−1.

1. Introduction

Epoxy resin is one of the most used polymers in manufac-
turing industry. Epoxy contains glycidyl groups that can be
cured to form usable materials. It provides good chemical,
moisture, and solvent resistance as well as good balance in
mechanical and thermal properties [1]. The various uses
of epoxy include structural adhesives, construction materi-
als, surface laminates and coatings, and high-performance
composite materials [1, 2]. Epoxy is also extensively applied
in electronic packaging. One of the many forms of epoxy
employed in electronic packaging is as conducting adhesives.
Here, metal fillers are incorporated into the epoxy. However,
these are limited to certain metals, namely, Ag [3–6], Au
[7], Ni [8], Al [9], and Cu [10, 11]. The conductivity of
Cu is comparable when compared to Ag and it is more

cost-effective [10]. Even so, preventing these Cu particles
oxidation and coalescence is a synthesis challenge. This,
however, can be overcome by incorporation of the particles
into a polymer matrix [10, 11].

In previous reported studies on the electrical and thermal
properties of inorganic-polymer composites [3, 12, 13],
several issues were raised which include the dispersion, size,
and shape of fillers in polymer matrices as well as the filler-
matrix interaction. Highly dispersed nanosized metal filler
within a polymer matrix often exerts unique electrical, ther-
mal, and optical properties. However, highly dispersed par-
ticles within a polymer matrix are seldom realized via con-
ventional methods. The typical methods employed in order
to enhance the filler dispersion in the polymer matrix include
among others reverse micelle [3], chemical vapor conden-
sation [4], ball-milling [5], sol-gel [6], and simultaneous
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visible light photoinduced electron transfer and cationic
polymerization process [14]. Recently, Chan et al. [10] have
reported on an improved dispersion of commercially ob-
tained nanosized (<100 nm) Cu particles in epoxy matrix via
ultrasonication.

One of the approaches to enhance metal filler dispersion
within a polymer is through colloidal formation. Metal hy-
drosols are easily prepared. However, a majority of known
polymers are insoluble in aqueous phase. Thus by employing
the aqueous to organic phase metal particles transfer tech-
nique [15–18], metal-polymer organosols can be prepared.
The resultant metal-polymer organosol afforded respective
composites upon drying. The aforementioned technique is
deemed suitable for various applications such as in electronic
packaging as the synthesized Cu particles are often in the
nanosize regime, has uniform morphology, and is well dis-
persed within the polymer composite.

In this paper we report a simple and efficient method for
the synthesis of Cu nanoparticles which may be helpful in the
large-scale production of Cu nanoparticles which is applica-
ble in electronic packaging as an alternative or substitute to
the currently employed Ag-epoxy composites. The synthesis
of Cu nanoparticles in epoxy is via the aqueous to organic
phase transfer technique. The epoxy was dissolved in toluene
and used as the organic media. The Cu2+ ions in aqueous
phase are stabilized by cetyltrimethylammonium bromide,
CTAB, and are reduced to metal particles using a strong
reducing agent, sodium borohydride, NaBH4. Isopropanol,
IPA, is used as an aqueous to organic phase transferring agent
for the Cu particles. The final composites were obtained
upon curing the Cu-epoxy with 4,4′-methylenedianiline,
MDA. The characteristic of cured samples and thermal
and electrical behavior of the composites is evaluated and
discussed.

2. Experimental

2.1. Materials. Cupric acetate ((CH3COO)2Cu·H2O, 98.0%)
was obtained from BDH Chemicals Ltd, England. The cat-
ionic surfactant cetyltrimethylammonium bromide, CTAB
(C19H42NBr, 99%), and isopropanol, IPA ((CH3)2CHOH,
99.7%) were obtained from Merck, Germany, and Systerm,
Malaysia, respectively. Sodium borohydride (NaBH4, 95.0%)
was purchased from Riedel-de-Haen, toluene (C6H5CH3,
99.0%) from R&M Chemicals, UK, epoxy resin, diglycidyl
ether of bisphenol A, DGEBA (DER 331), was from Dow
Plastic (M) Sdn Bhd, and 4,4′-methylenedianiline, MDA
(CH2(C6H4NH2)2, 97.0%), was purchased from Fluka,
Japan. All chemicals were used without further purification.

2.2. Synthesis of Copper Sols. Epoxy-stabilized Cu nanoparti-
cles were prepared via the aqueous to organic phase transfer
technique. The ratio of aqueous to organic solvent was fixed
at 1 to 1 (v/v).

In a typical preparation, 2 mL of 7.95 × 10−2 M CTAB
and 0.5 mL of an aqueous solution of 0.05 M cupric acetate
were mixed under vigorous stirring. This was followed by
addition of 5 mL IPA. Then, 2 mL of freshly prepared
cold 0.02 M NaBH4 was added dropwise into the previous

solution. A change in the color of the hydrosol was observed,
that is, from very light blue to yellow to dark brown, de-
pending on the amount of NaBH4 added. The molar ratio of
NaBH4 to Cu2+ was kept at ≈5 to ensure complete reduction
of Cu2+ to zero-valent state.

The organic phase was then added to the Cu hydrosol
obtained previously. The mixture was stirred vigorously for
15 seconds using a magnetic stirrer and then left standing
to enable phase separation. Phase separation afforded two
layers of which the bottom aqueous layer was stripped of the
distinctive color. The upper organic layer now contained the
transferred Cu particles (organosol) with the newly adopted
color.

2.3. Preparation of Cured Cu-Epoxy Composites. The organo-
sol, obtained in Section 2.2, was separated and subsequently
evaporated using a rotary evaporator at 70◦C until the
toluene was evaporated. Then 0.25 mol equivalent of MDA
(4 mol epoxy requires 1 mol MDA) was added while vigor-
ously stirring. The mixture was stripped off solvent to give
a viscous material. This was then placed into a mould and
precured in an oven at 80◦C for 1 hour and then at 150◦C for
4 hours for curing purposes.

2.4. Characterizations. The presence of Cu nanoparticles in
the respective sols was monitored using a U-2000 Hitachi
UV-Vis Spectrophotometer over the wavelength range of
200–1100 nm at room temperature. Distilled water and
toluene were used as the reference for aqueous and organic
phase, respectively. The samples were placed in a 1×1×4 cm
rectangular cuvette. The morphology of Cu nanoparticles
formed was examined using a Philips CM12 Transmission
Electron Microscope (TEM). The TEM samples were pre-
pared by placing 2 to 3 drops of freshly prepared sol onto
a 400 mesh carbon-coated copper grid and dried in air at
ambient temperature. Particle sizes and the histograms of
size distribution were obtained using the Microsoft Excel,
based on the diameter of ≥400 particles obtained from the
TEM micrographs using the “analySis Docu” Version 3.2
(Soft Imaging System GmbH, Munster, Germany) image
analysis computer software. The interactions between the
stabilizer, curing agent, and resultant Cu nanoparticles were
examined using a Perkin Elmer, Fourier Transform Infrared
(FTIR) model 2000-FTIR, from 4000 to 400 cm−1 employing
a very thin layer of sample on a 25 × 4 mm KRS-5 disc. The
metal contents in the sols before and after phase transfer
were determined using a Perkin Elmer Analyst 100 Atomic
Absorption Spectrometer (AAS). The AAS samples were
prepared by digesting 1 mL of the sol aliquot with 3 to 5 drops
of aqua-regia. Each sample was prepared in triplicate. The
digested solution was diluted to 25 mL with distilled water
prior to analysis.

The glass transition temperature, Tg , of the samples was
determined using a Perkin-Elmer Pyris-6 Differential Scan-
ning Calorimeter (DSC) under nitrogen atmosphere. First,
the sample was heated from−50◦C to 200◦C at a heating rate
of 20◦C min−1 and held at 200◦C for 3 minutes (first scan).
Then it was quenched to −50◦C and held for 3 minutes.
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After that, it was reheated for second scan from −50◦C to
200◦C at a heating rate of 20◦C min−1. Thermogravimetry
Analysis (TGA) was performed on 851e Mettler Toledo TGA/
SDTA to study the thermal stability of composites. Linear
Coefficient of Thermal Expansion (CTE), α, of unfilled and
filled cured epoxy was measured using a Perkin-Elmer Pyris
Diamond Thermal Mechanical Analyzer (TMA) in expan-
sion mode. Cylinder-shaped samples, with a cross-sectional
area of 5 mm2 and length of 8 mm, were used. Samples were
heated from room temperature to 180◦C at a heating rate of
5◦C min−1. Two heating scans were performed. The first was
to eliminate any internal stress and moisture in the sample
that may arise during curing and sample preparation pro-
cesses. The second heating scan was employed to determine
the CTE of the material. Each measurement was performed
in duplicate.

The electrical resistivity (ρ) measurements were carried
out using two methods. The 4-point probe technique was
employed for samples of low resistivity value by using
Changmin Tech CMT-SR2000N equipment. All of the four
probes pointed towards the surface of the samples. The
samples were cast as a thin film on a 1.0 × 1.0 cm glass
slide. For samples of high resistivity value, however, the I-
V curves were obtained via 2-point probe technique using
a Keithly Model 82 CV-IV Measurement System over the
applied voltage ranging from −100 V to +100 V and a scan
rate of 50 Hz. The first probe pointed towards the surface of
the sample while the other probe was connected to the stage
of the sample holder. The samples were cast as a thin film on
an aluminium foil. For the electrical conductivity studies, the
following volume fraction of Cu filler was used: 0.1 vol.%,
0.5 vol.%, 1.0 vol.%, 3.0 vol.%, and 5.0 vol.%. The sample
thickness was measured using a Mitutoyo micrometer, with
a resolution of 1 μm. For each sample, at least 5 locations
were identified for the purpose of measurement. The sample
resistivity was calculated using (1) [4, 6]. The conductivity
(σ) of thus-prepared Cu-epoxy/MDA nanocomposites was
then calculated using (2):

ρ = RA

t
, (1)

σ = 1
ρ
. (2)

In (1), R is the resistance, A is the cross-sectional area and t
is the thickness of the sample.

3. Results and Discussion

3.1. Copper Sols

3.1.1. Synthesis. CTAB-stabilized Cu nanoparticles were first
prepared in aqueous phase by reducing copper acetate with
NaBH4 in the presence of CTAB. According to Liz-Marzán
and Philipse [19], the reduction of metal salts by borohydride
in aqueous solution occurs via either (3) or (4). Thus

regardless of the ratio of copper salt to borohydride used, a
brownish Cu hydrosol is obtained:

2Cu2+ + BH4
− + 3H2O −→ 2Cu0 + H2BO3

− + 4H+ + 2H2,
(3)

4Cu2+ + BH4
− + 3H2O −→ 4Cu0 + H2BO3

− + 8H+.
(4)

In the hydrosol, the Cu particles are stabilized by a
bilayer structure of CTAB that inhibits particle agglomer-
ations via steric repulsion [20, 21]. Addition of toluene
to the hydrosol followed by vigorous stirring generates an
emulsion. This causes the destruction of the CTAB bilayer
to a monolayer with preferential outward orientation of the
hydrophobic ends of CTAB, thus creating a shell that favors
the organic phase. This phenomenon promotes monolayer
CTAB-stabilized Cu particles to be transported to the organic
phase. The aqueous to organic phase transportation of these
stabilized Cu particles is assisted by IPA which acts as a trans-
ferring agent. IPA acts as an intermediate medium between
the aqueous and organic phase that in turn facilitates parti-
cles transfer [22]. Upon phase separation, the aqueous phase
becomes colorless while the organic phase turns brown. This
indicates the presence of Cu particles in the organic phase. A
similar but more intense color of organic phase is observed
when the organic phase contains epoxy. This may signify the
existence of a higher amount of Cu particles compared to the
organic phase comprising solely of toluene.

The amount of Cu in aqueous and organic phase after
particle phase transfer is tabulated in Table 1. After phase
transfer, there is ≤5% of Cu left in the aqueous phase. Thus
overall Cu particle transfer efficiency from aqueous to the
organic phase is high. However, it is interesting to note
that when particles are transferred into solely toluene, the
organic phase is rendered unstable. Toluene is only able to
stabilize ≈30% of the transferred Cu particles with the rest
(≈60%) being precipitated at the aqueous-toluene interface.
When the organic phase consists of 10% v/v of epoxy in
toluene, the particle stabilization is increased as compared
to neat toluene. This suggests an increase in the amount
of Cu particles in the organic phase but a decrease both in
aqueous phase and at the aqueous-organic interface. Thus
epoxy stabilizes the Cu particles in the organic phase.

3.1.2. Characterization. UV-Vis absorbance spectra of Cu
sols are shown in Figure 1. λmax and maximum absorbance
(Abs) of the various sols are tabulated in Table 1. Cu hydrosol
exhibits a λmax at 425 nm while the organosols comprise
toluene at 495 nm and epoxy-toluene at 500 nm. Therefore
a red shift is observed in λmax values, that is, from aqueous to
toluene and to epoxy-toluene. In this work, no characteristic
absorbance attributed to Cu2+ ions at around 800 nm [23] or
the intermediate copper oxides that is CuO (λmax = 390 nm)
and Cu2O (λmax = 501 nm) [24] are observed. Therefore the
Cu2+ ions have been reduced to metallic Cu and that NaBH4

reduction of copper acetate in aqueous CTAB solution is a
clean reaction.

The observed red shift in the λmax from aqueous to
organic phase can be attributed to the different environment
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Table 1: Cu particles in various phases after phase transfer and λmax (Abs) of UV-Vis spectra and average particle size of the respective
samples.

Phase Transfer Efficiency
(%)

Amount of Particles (%)
λmax, (nm) (Abs) Average Size (nm)

Aqueous
Phase

Interface
(precipitate)

Organic Phase
(filler loading)

Hydrosol — — — — 425 (2.59) 4.4 ± 1.2

Toluene 94.9 5.1 62.6 32.3 495 (3.01) 8.6 ± 2.8

10% (v/v) epoxy-toluene 97.2 2.8 52.5 44.7 (0.05) 500 (3.20) 4.6 ± 1.1
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Figure 1: UV-Vis absorbance spectra of (a) Cu hydrosol (prior to
phase transfer) and organosols (after phase transfer), that is, (b)
toluene, and (c) 10% epoxy-toluene.

that is the matrix which surrounds these particles as well as
the obtained size and shape of Cu particles. Upon particles
transfer from aqueous to organic phase, an increase in
refractive index of the medium, that is, transition from water
(refractive index, n = 1.33) to toluene (n = 1.49) occurs.
This phenomenon may have caused the observed red shift
in the λmax. Similar occurrences have been seen by other
workers [25, 26]. For example, a study by Gao et al. [25]
on water to toluene phase transfer of silver nanoparticles
showed a red shift from 378 nm to 405 nm. Underwood and
Mulvaney [26] also reported changes in optical properties
of colloidal gold as a function of the refractive index of
the medium. Meanwhile, Jana et al. [27] have reported
that hydrosol comprising of uncapped spherical Cu particles
synthesized via NaBH4 reduction of CuSO4 exhibits a λmax

at 500 nm. The λmax of hydrosols comprising of spherical
glucose-stabilized Cu particles with an average size of ≈4 nm
and ≈20 nm are 463 nm and 499 nm, respectively [28].
These clearly demonstrate how various factors influence the
position of the λmax.

In order to ascertain the effect of size and shape of Cu
particles to the position of λmax, TEM analysis was carried
out. TEM images (at low and high magnification) and size
distribution histograms of Cu particles in aqueous and vari-
ous organic phases are shown in Figure 2. From the images,
the shape of the particles is generally spherical and reveals
the existence of interparticle networks. The spacing between
neighbouring particles is at around 5 nm. It is expected

that these interparticle networks may provide possible routes
for conduction either thermal or electrical within the
nanocomposites. Average particle sizes of various Cu sols
as derived from the TEM images are tabulated in Table 1.
Comparison of the average particle size of Cu sols shows that
average size increased from 4.4±1.2 nm to 8.6±2.8 nm upon
transfer from aqueous to toluene phase. However, addition of
epoxy to Cu organosol does not affect the average particle size
significantly. Here, the average particle size increases slightly
as compared to the hydrosol to 4.6 ± 1.1 nm. In this case
the shift may have been caused by the different environment
instead of the particle size. From TEM analysis, the trend of
particle size does not correlate well with the position of λmax.
Thus, in our case, the different environment is the dominant
factor as compared to the size and shape of particles.

The variation in the average particle size of Cu sols can
be explained based on the stabilization effect of CTAB. As
discussed before, in hydrosol, Cu particles are protected by
CTAB bilayers as compared to monolayers in organosol.
Thus there is a change in surface potential of nanoparticles
in transient from aqueous to organic environment due the
thinner protective CTAB layer that caused the particles to
further grow. Nevertheless, CTAB still establishes control on
the consequent shape of the particles. Therefore the spherical
shape of the particle is maintained. In epoxy, however, the
size of the particles is also maintained. These particles are
surrounded and trapped within the voids of the epoxy
interchain networks and/or through certain interactions with
the epoxide functional groups. In order to ascertain the latter,
FTIR analysis was carried out. This is shown in Figure 3.
No change in the functional groups positions is observed.
This verifies that there is no chemical interaction between
the Cu particles and the epoxy. Thus, in epoxy-toluene
organosols, stabilization of particles is via physical trapping
within the epoxy matrix. Besides that, those voids could also
pose as a filtering medium whereby only finer particles are
able to cross from aqueous to organic interphase boundary
and accommodated within polymer inter-chain networks.
The oversized particles are excluded and these settled at the
aqueous-organic interface as observed. This phenomenon
may also be one of the reasons for the size maintaining of
Cu particles.

3.2. Cu-Epoxy Composites

3.2.1. Effect of Curing. FTIR spectra of neat epoxy, MDA,
cured epoxy/MDA (cured epoxy), and cured Cu-epoxy/MDA
(cured composite) are shown in Figure 4. For neat epoxy,
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Figure 2: TEM micrographs, size distributions of Cu nanoparticles in (a) aqueous phase and organic phase in (b) toluene, and (c) 10% (v/v)
of epoxy-toluene.

the spectrum (Figure 4(a)) shows a broad peak at 3503 cm−1

which is assigned to the stretching vibration of –OH as
well as peaks at 1607, 1508, and 1456 cm−1 are attributed
to C=C stretching of the aromatic ring [29]. The peak
at 915 cm−1 is attributed to oxirane group. On the other
hand, the spectrum of MDA (Figure 4(b)) shows peak at
≈3400 cm−1 due to the symmetric stretching of N–H while
peaks at around 3100 cm−1 are due to C–H stretching. There
were also peaks at 1627, 1512, and 1435 cm−1 as well as
1086 cm−1 that corresponds to the respective C=C stretching
of the aromatic ring and the C–N moiety attached to the
aromatic ring. However, the spectra of both of the cured
samples (Figures 4(c) and 4(d)) show that the characteristic
peak of oxirane has disappeared. Furthermore, the intensity
of peak positioned at ≈3400 cm−1 and ≈1100 cm−1 which

corresponds to respective hydroxyl group and C–N was
increased. Therefore the extent of curing process between
the epoxy and amine can be followed via; (i) disappearance
of oxirane peak positioned at 915 cm−1 and (ii) the ratio
of peak intensity between the C–N or O–H to the phenyl.
The phenyl peak was selected as reference because it is not
modified during curing.

The disappearance of oxirane peak is the consequence
from MDA addition which causes ring opening of the
oxirane and forms cross-linking network during the curing
process. A typical epoxy-MDA curing reaction is as shown
in Figure 5(a). During the curing process, hydrogens of
the amine react with the oxirane of the DGEBA forming
hydroxyls and C–N linkages. The newly formed hydroxyl
groups also exert autocatalytic role thus promoting further
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Figure 3: FTIR spectra of (a) epoxy and (b) Cu in 10% (v/v) epoxy/toluene.

oxirane-amine reactions as shown in Figure 5(b) [30]. As
reaction proceeds, more of the amine reacted, resulting in
disappearance of primary and secondary amine peaks at
≈3300 cm−1 and ≈3400 cm−1, respectively. As a result, more
hydroxyls and C–N linkages existed in the cured epoxy and
the cured composite as compared to respective neat epoxy,
and MDA. This is implicated by an increase in the intensity
of peak corresponding to C–N and hydroxyls group.

The values of the various ratio of peak intensity for neat
epoxy, MDA, cured epoxy and the cured composite are tabu-
lated in Table 2. The results show that the obtained AbsC–N to
Absphenyl ratio of pristine MDA is 0.72. The value is increased
to 1.00 and 1.09 for the respective cured epoxy/MDA to
the cured Cu-epoxy/MDA. Moreover, there is an increase in
the ratio Abshydroxyl to Absphenyl from 0.55 to 0.72 and 0.75
for the respective neat epoxy, cured epoxy/MDA, and cured
Cu-epoxy/MDA. As a result, the curing process is deemed
complete due to total disappearance of oxirane peak as well
as the increment in ratio of both of C–N and O–H to the
phenyl. The addition of Cu particles into the epoxy does not
seem to affect the curing process even though several works
have reported that addition of particles decreases the degree
of curing [31, 32].

In the cured composite, there is a possible competition
between the curing reaction of epoxy-MDA and the complex
formation of Cu2+-MDA [33, 34]. However, in this work, the
phenomenon is avoidable as most of the Cu2+ ions remain
in the aqueous phase during phase transfer process. Thus,

few Cu2+ ions are available for formation of the complex. In
addition, the complex formations are more likely to occur
at low temperature. Thus at curing temperature, the epoxy-
amine reaction is favored. The formation of complex in the
organosol, if any, will be masked if and when the organosol
is subjected to high temperature.

3.2.2. Thermal Properties

TG-FTIR Analysis. Figure 6 shows the TG and DTG curves
of neat epoxy, epoxy/MDA, and a Cu-epoxy/MDA compos-
ite. A summary of the TG and DTG data is tabulated in
Table 3. Neat epoxy exhibited two degradation steps. The first
degradation step is within 320–370◦C and is where the major
weight loss occurred. The maximum degradation tempera-
ture, Tmax, is at 355◦C. The second degradation step is within
370◦C to 440◦C. Cured epoxy instead exhibits a small degra-
dation step with ≈0.4% weight loss at around 50–80◦C. It is
followed by a major degradation step at a higher temperature
compared to neat epoxy that starts at 380◦C until 435◦C with
a weight loss of ≈90.7% and Tmax at 400◦C. The cured Cu-
epoxy/MDA composite with 0.05 vol% of Cu filler exhibits a
single step degradation at a lower temperature, that is, from
372◦C to 440◦C with a weight loss of ≈83.4% and Tmax at
410◦C. Increasing the amount of Cu filler up to 1.0 vol.%
in the composite causes the degradation step to occur from
360◦C to 432◦C with a weight loss of 80.6% and Tmax at
385◦C. In both cases, the decrease in the weight loss of
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the composites as compared to cured epoxy or neat epoxy
is due to the presence of Cu filler that promotes degradation.

For the cured epoxy, the small degradation corresponds
to traces of moisture trapped within the cured sample while
major degradation corresponds to cross-linking in sample
which occurs at a much higher temperature compared to
neat epoxy. Obviously, the cross-linking reactions between
epoxy and MDA have resulted in interlocking structures

that provide better thermal stability. This is because bond
breaking within cross-linked polymer network requires a
large amount of energy [35]. However, addition of Cu filler
slightly decreases the degradation temperature from 380◦C
to 372◦C as compared to cured epoxy. The presence of Cu
nanoparticles accelerates the composite’s thermal transport
during decomposition of polymers which will increase the
composite’s volatilization. This will effectively lower the
thermal stability. Increasing the amount of Cu filler up to
1.0 vol.% will further accelerate the composite degradation
and further reduce its thermal stability. This is also observed
by several workers and is probably due to the surface
interaction between metal particles and the polymer [36, 37].

The FTIR spectra of the volatiles shown in Figure 7
depict the degradation of neat epoxy and cured analogues of
epoxy/MDA and Cu-epoxy/MDA composite. For neat epoxy,
peaks positioned between 3600 cm−1 and 4000 cm−1 are
attributed to the O–H stretching of water vapour [38]. Peaks
are also seen to arise between 2800 cm−1 and 3100 cm−1

due to C–H stretching [39], ≈2300 cm−1 corresponding to
carbon dioxide [38], 1600 cm−1 and 1500 cm−1 attributed
to aromatic C–H [40], and ≈1200 cm−1 due to asymmetric
stretching of the C–O–C ethers. Furthermore, peaks at
≈800 cm−1 and ≈1000 cm−1 are due to C–H of para-disub-
stitution of phenyl rings and stretching of aryl–O–CH2,
respectively. However epoxy/MDA shows similar peaks
except for disappearance of peak positioned at ≈1000 cm−1

as well as an addition of peak positioned at ≈700 cm−1. The
former is due to the different preference of chain scission of
the cured network while the later is attributed to C–H of
meta-disubstitution of phenyl rings originated from MDA.
It is observed that the spectra of Cu-epoxy/MDA composite
exhibit similar peaks. This indicates that similar volatile pro-
ducts were produced during the degradation process. This
is probably due to the existence of physical interactions
instead of chemical interactions between the Cu filler and
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Table 2: Absorbance of C–N (≈1100 cm−1), benzene (≈1608 cm−1), hydroxyl (3200 cm−1), oxirane (915 cm−1), and the respective peak
ratios of hydroxyl and oxirane to benzene.

C–N
Benzene

ring
Hydroxyl

group
Oxirane
group

Ratio
(OH/

benzene)

Ratio
(Oxirane/
benzene)

Ratio
(C–N/benzene)

Spectrum in
Figure 4

Neat epoxy — 85 47 82 0.55 0.96 — (a)

MDA 48 67 — — — — 0.72 (b)

Cured epoxy/MDA 69 69 50 — 0.72 — 1.00 (c)

Cured Cu with
epoxy/MDA

61 56 42 — 0.75 — 1.09 (d)
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Figure 6: (a) TG and (b) DTG curves of neat epoxy, epoxy/MDA, and Cu-epoxy/MDA samples.

the polymer matrix. Therefore addition of Cu filler does not
affect the overall mechanism of the degradation of the com-
posites. Lee [41] has proposed that degradation of epoxy
resin comprised of several schemes made up from degrada-
tion of main chain via heterolytic cleavage of bisphenol A and
homolytic scission and cyclization of the side group. These
produced several smaller volatile products such as isopropy-
lphenol, ethylphenol, cresol, phenol, and ether derivatives.

DSC Analysis. The melting peaks of Cu nanoparticles are not
observed in all the DSC traces. Tg of all samples is tabulated
in Table 3. The Tg of pure epoxy is −12.1◦C. In cured epoxy,
cross-linked networks resulted in a decrease in free volume of
polymer and restricted polymer chain mobility. This resulted
in a higher Tg value of 114.9◦C. The presence of 0.05 vol.%
Cu particles in the cured composite caused a further increase
in the Tg value to 122.7◦C. Increasing the amount of Cu
to 1.0 vol.% in the composite slightly increases this value to
123.4◦C. This behavior shows that further addition of Cu
does not affect any significant changes towards the composite
as a result from weak physical interactions between the
epoxy and Cu particles. This corresponds to the FTIR
results discussed in Section 3.1.2. Furthermore, relatively
small particle surface-to-surface distance which has been
observed in TEM images can also restrict chain segmental
movement.

The DSC results also infer that Cu-MDA complexation
does not occur during the curing process. This is because

complexation of metal-amine would result in an incomplete
curing process due to insufficient amine. This would have
caused the resultant composite to exhibit a lower Tg value
when compared to cured epoxy/MDA, which was not
observed in this work.

Coefficient of Thermal Expansion (CTE). The inherently
high CTE of polymer is undesirable for applications as
thermal packaging where true thermal stability is important.
Addition of metallic filler to a polymer matrix is expected
to lower the CTE of the resultant composite. The CTE of
cured epoxy/MDA and cured Cu-epoxy/MDA composite is
tabulated in Table 3. The CTE of cured epoxy/MDA is 87.7
and 155.0 ppm ◦C−1 before and after Tg , respectively. The
inclusion of Cu filler in the composite reduced the respective
CTE values to 76.8 and 146.0 ppm ◦C−1 before and after Tg .
This is ≈12% and ≈6% lower than the unfilled cured epoxy.
However, further increase in the loading of Cu filler in the
composite increases the CTE value both before and after Tg

to 102.8 and 172.2 ppm ◦C−1. Addition of Cu filler restraints
the movement of polymer and increased the packing density
within the matrix, therefore preventing it from expanding
[42]. However, upon further addition of Cu particles, the
particles may have migrated and formed aggregates in the
polymer matrix during the curing process [43]. This may
contribute to the reverse effect of the phenomenon discussed
previously. It can also be seen that for both samples, the CTE
values after Tg are much higher than before Tg . In rubbery
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Table 3: Thermal properties of pure epoxy, epoxy/MDA, and Cu-epoxy/MDA samples.

TGA DTG DSC CTE

Degradation
temperature
range (◦C)

Weight loss (%) Tmax (◦C) Tg (◦C)
Before Tg

(ppm/◦C)
After Tg

(ppm/◦C)

Pure epoxy
320–370
370–440

85.6
12.7

355 −12.1 — —

Cured epoxy/MDA 380–435 90.7 400 114.9 87.7 155.0

Cured Cu-epoxy/MDA
0.05 vol.% 372–440 83.4 410 122.7 76.8 146.0

1.00 vol.% 360–432 80.6 385 123.4 102.9 161.3
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Figure 7: TGA/FTIR spectra of (a) epoxy for (i) first degradation
(ii) second degradation, (b) Epoxy/MDA, and (c) Cu-Epoxy/MDA.

state (after Tg), the polymer molecules posses higher energy,
therefore greater freedom of movement as compared to the
glassy state (before Tg). Hence, the polymer molecules will
have higher free volume and this imposes material expansion
[44].

3.2.3. Electrical Conductivity Profile. At room temperature,
conductivity of bulk Cu is 5.8 × 105 S cm−1 [10]. Figure 8
shows the plot of the conductivity of the composites as a
function of Cu volume fraction. In general, the composites
showed lower conductivity than bulk Cu. The addition of Cu
increased the conductivity when compared to the conductiv-
ity of cured epoxy which is 2.98 × 10−12 S cm−1. Increasing
the amount of Cu filler from 0.1 vol.% to 1.0 vol.% shows
an increase in the conductivity from 1.46 × 10−2 S cm−1 to
3.06 × 10−2 S cm−1, respectively. However, upon further ad-
dition of Cu filler up to 5.0 vol.%, the conductivity value
decreases to 1.98 × 10−2 S cm−1.

The increase in conductivity in the composites might
be due to changes in contact resistance (amount of filler’s
surface in contact with other fillers in a conductive system)
and tunneling resistance (amount of overlapped electron
wave function of fillers). In the former, increasing the
amount of filler increases the chances of contact area between
the fillers. The enhancement in contact area will provide a
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Figure 8: Electrical conductivity of Cu-epoxy nanocomposite as a
function of volume fractions of Cu.

better conduction path for the electron(s). In the latter case,
increasing the amount of filler will reduce the spaces between
fillers. Thus within close spaces, electron wave functions of
particles overlap each other [45]. This is possible because
the distance between particles is small where in this work
the average center to center interparticle spacing is ≈5 nm.
This facilitates electron transfer between the Cu particles.
The decrease in conductivity at higher filler loading may be
due to the agglomerate of metal particles that resulted in
isolated clusters of particles. This will reduce the number of
effective conducting path within the composite.

The conductivity value obtained in this work is higher
than some of the values reported in previous works. For
instance, 1 to 15 vol.% Ag-epoxy nanocomposites with elec-
trical conductivities of 10−14 to 10−9 S cm−1 were reported by
Gonon and Boudefel [13] while Chan et al. [10] obtained an
electrical conductivity of 7.65 × 10−3 S cm−1 for 5 vol.% Cu-
epoxy composite.

4. Conclusion

The synthesis of Cu nanoparticles has been achieved by the
reduction of cupric acetate with NaBH4. Both CTAB and IPA
served as the stabilizing and transferring agent, respectively.
The transfer efficiency of the metal particles is ≈95%. TEM
analysis shows that addition of epoxy and MDA plays a role in
controlling size and dispersion of the Cu nanoparticles. The
noninteractions between the epoxy/MDA in organic phase
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with Cu is certified by FTIR analyses. A slight decrement
of the thermal stability is observed for Cu-epoxy/MDA
composite compared to the cured unfilled epoxy/MDA.
Nonetheless, it is above 300◦C. The composites also exhibit
conducting properties comparable to Ag-epoxy nanocom-
posites. Thus, the Cu-epoxy composites prepared by aqueous
to organic phase transfer method afforded acceptable ther-
mal properties and comparable electrical conductivity as to
other composites reported previously.
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Results on an optical waveguide filter operating in the near IR region are reported. The device consists of a hybrid sol-gel -based
grating loaded waveguide, obtained through the merging of conventional photolithography and UV-nanoimprinting. Starting
from submicrometric gratings, fabricated by electron beam lithography, a soft mould has been produced and the original structures
were replicated onto sol-gel photosensitive films. A final photolithographic step allowed the production of grating-loaded channel
waveguides. The devices were optically characterized by transmission measurements in the telecom range 1450–1590 nm. The filter
extinction ratio is −11 dB and the bandwidth is 1.7 nm.

1. Introduction

The huge demand for faster and more efficient data exchange
(internet, video remote control, video private telecommu-
nications, etc.) pushes towards photonic devices, which
potentially offer much faster performances with respect to
traditional interconnection and data processing based on
electrons. The diffusion of optical technologies in telecom-
munications (TMC) requires the development of highly
reliable and low-cost photonic devices (emitters, modulators,
switchings, waveguides, detectors, etc.) with a high level of
integration. Bragg grating optical filters are key elements in
many integrated optical devices such as wavelength-division
multiplexing (WDM) [1], optical fibre sensors [2–4], gain-
flattening filters [5], add-drop multiplexers (OADM’s) [6],
optical couplers, resonators, and modulators [7, 8].

Over the past decade, extensive research was conducted
in order to identify and improve such elements, but
the device fabrication is quite expensive since it requires
nanometric resolution which is obtained by means of
sophisticated lithographic methods (deep UV or electron
beam lithography). Most of the devices developed up to now
remain at laboratory level or results very expensive and not
suitable for large mass production.

In order to overcome this limit, unconventional fabrica-
tion techniques have been very recently implemented with
the aim of obtaining high-performance and low-cost devices
[9]. In particular, nanoimprinting and soft lithography,
which are nonphotolithographic processes, based on replica
molding for micro- and nanofabrication [9] emerged as a
valid and fast-processing alternative to traditional fabrication
processes. Their cost effectiveness along with the high-quality
reproduction of nanopatterned hard masters makes soft
lithography an attractive technique for large-scale device
production. In the very last years, several Bragg grating-based
optical devices have been demonstrated by merging con-
ventional and unconventional fabrication techniques [9–14].
Moreover, the great potential of nanoimprinting lithography
has been demonstrated recently, also on large-area samples,
by roll-to-roll and roll-to-plate nanoimprinting techniques
[15]. Such methods are therefore suitable for exploitation on
large-area and large-scale production at the same time.

In this paper, we report results on the fabrication of sol-
gel-based optical filters operating in the IR range obtained
by a combination of soft lithography and photolithographic
procedures. The integration of sol-gel materials with soft
lithography processes extends advantages and versatility
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of the soft lithography and allows the implementation of
cheaper and more stable micro- and nanostructured optical
devices.

2. Experimental

2.1. Materials. Polymeric and hybrid organic/inorganic
materials are appropriate for optical device applications since
their optical and mechanical properties can be easily tailored
in order to fit a number of specific requirements. Thin films
of such materials having good optical properties can be
simply deposited on different substrates. Their intrinsic and
related fabrication costs are competitive with respect to the
widely used ones, such as SiO2, semiconductors, and (for
active applications) nonlinear optical crystals. In this paper,
we employed a hybrid material synthesized by means of sol-
gel route, based on titanium propoxide [Ti(OPr)4] (indicated
in the following as “Ti”) and 3-(trimethoxysilyl)propyl
methacrylate, (“TMSPM”) as precursors in weight ratio 1 to
4, respectively. Moreover, in order to produce a photosensi-
tive material, an amount of 4% in weight of a photoinitiator
(Irgacure 184 provided by CIBA) was added. The two sol-
gel precursors were purchased from Sigma-Aldrich and
have been used without further purification. Further details
related to the chemical synthesis of Ti : TMSPM (1 : 4) planar
and channel waveguides fabrication are reported in a recent
work [16].

2.2. Devices. The developed device is a hybrid sol-gel-based
Bragg grating waveguide acting as an optical filter in the third
telecom window. Such device has been obtained through
the merging of conventional photolithography and UV-
nanoimprinting. The structure was fabricated onto Si (100)-
type substrate with thermally grown 8 μm SiO2 layer, acting
as an optical insulating buffer.

The filtering element is composed by a ridge-type single
mode waveguide with a relieve Bragg grating on its top.
Once radiation at different wavelengths is coupled into the
channel, the effective refractive index modulation caused by
the grating allows filtering of a specific frequency exploiting
the partial reflection at each periodic stack, according to the
equation:

λ f=2neffΛ. (1)

λ f is the filtered wavelength,Λ the grating period, and neff the
effective refractive index of the waveguide at λ f . The overall
reflection efficiency depends on the specific morphology of
the grating, namely periodicity, depth of the grating, and
length of the device.

2.3. Device Fabrication. Device fabrication is based on a
replica of a hard master with desired features. Such master
was realised through electron beam lithography (EBL). Our
electron beam is equipped with a field emission gun with
electrons accelerated at 100 kV allowing a spatial resolution
down to 20 nm line width; it was used in order to fabricate
Si3N4 hard master gratings having specific dimensions
matching device design described in the following.
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Figure 1: 3D AFM image of the Si3N4 master grating. The insert
shows the profile and the height of the periodic structures.

Morphological characterization of the surfaces nanos-
tructured by EBL process was performed by atomic force
microscopy (AFM) measurements using a VEECO Instru-
ments AFM. An image of a planar master grating and the
profile with the shape and the height of the structures are
shown in Figure 1.

The first step of the procedure was the soft mould
fabrication through soft lithography (SL) process using the
rigid EBL master (right side of Figure 2(a)). To this end,
liquid elastomer polydimethylsiloxane (PDMS Sylgard 184,
Dow Corning) was directly poured onto Si3N4 master. The
hard master covered with PDMS solution was left in low-
vacuum chamber for 30′ and subsequently cured at 75◦C for
further 90′. After this time, the soft mould was peeled-off
(“de-moulding” process) the hard master (Figure 2(a)). The
mould so obtained resembles with a high accuracy the hard
master shape [9–12].

For grating replication, PDMS mould was placed in
conformal contact with a photosensitive planar sol-gel
Ti/TMSPM (1 : 4) film deposited by spin coating onto the
Si/SiO2 substrates. The film thickness was calibrated in order
to obtain a single-mode waveguide at 1550 nm.

The system is irradiated, after the contact, using an
UV Xe-Hg lamp (λ = 280 nm–400 nm) with intensity
IL = 160 mW/cm2 to promote the polymerisation of the
methacrylate groups of TMSPM and the densification of
the material (Figure 2(b)—left side). Then the PDMS mould
is gently removed leaving the periodic modulation on the
hybrid sol-gel film surface (right side of Figure 2(b)).

In order to define the correct UV exposure time for
matrix densification, previous tests were performed on
planar films with similar thickness. The refractive index n
was measured by means of a variable angle spectroscopic
ellipsometer (VASE J.A. Woollam Co.). Changes of the
optical properties of the material as a function of UV
irradiation have been recently studied in detail [10, 13]. After
10 seconds of UV irradiation at 160 mW/cm2, following
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results of previous FTIR studies [16], the polymerization
degree of TMSPM sol-gel precursor reaches a plateau value
and, similarly, refractive index increases from 1.49 up to a
value of 1.53. Any further irradiation does not affect index
of refraction, indicating a complete polymerization of the
organic compound.

The final step of the fabrication process (Figure 2(c)) was
the channel waveguide definition: a photoresist (PR) (S1813
Shipley) has been poured on top of the patterned sol-gel sam-
ple and spun at 3000 rpm in order to obtain a 1.3 μm PR film.
Then the samples underwent a prebake step at 90◦C on a hot
plate for 5 minutes in order to evaporate residual solvents.
UV exposure through a prefabricated chromium/quartz
mask was performed by means of a mask aligner in order
to define channel waveguides perpendicularly oriented with
respect to the Bragg gratings. A development step was then
accomplished in Shipley developer MF319 to remove the
unexposed parts. Subsequently, a hard bake step followed
and samples were left at 125◦C for 20′.

The lateral definition of the waveguide was finally
accomplished by a reactive ion etching (RIE) process. A gas

mixture SF6-Ar with a working pressure of 60 mTorr has
been used and the RIE power density was 0.33 W/cm2. The
measured etching rate was ∼60 nm/min. The dimensions
of the final device were 6 μm width and a length of 3 cm.
The smoothness of the side walls and the good definition
of the channels can be appreciated in Figure 3 where the
3-dimensional AFM image of the final Ti/TMSPM (1 : 4)
wavelength filter device is reported. Channel thickness has
been measured by means of an α-step profiler (Techno
Instruments). The height of the structure was about 1.8 μm.

3. Results and Discussion

Our goal was the manufacturing of an integrated filter
operating in the third window of telecommunication band.
In order to fulfil this intention, the dimension of the channel
waveguide (width and height), the grating depth, and the
grating period have to be accurately chosen, taking into
account the refractive index n of the Ti/TMSPM. On this
regard, preliminary computer simulations have been carried
out.
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1,8 µm

6 µm

Figure 3: AFM image of a Ti/TMSPM (1 : 4) wavelength filter.
Channel waveguide thickness and width were 1.8 and 6 μm,
respectively.

First of all, the value of neff in (1) has to be correctly
calculated. Such value depends on the material but also on
the width and height of the channel waveguide. Its value
was estimated by finite element method (FEM) numerical
model considering that our structure has a fixed width of
6 μm and a height that varies periodically with the periodicity
of the imprinted grating. For such reason, two different
thickness of channel have been considered, namely, 1800 and
1960 nm. These values are related to the layer thickness of
the initial planar waveguide and to the maximum grating
depth attainable with the hard master defined with EBL
(160 nm). We calculated a minimum value of effective
refractive index (corresponding to a waveguide without
grating) and a maximum value corresponding to a thicker
waveguide including 160 nm extralayer (corresponding to
the height of the grating). The proper neff value used in (1)
(neff = 1.489 at 1550 nm, TE polarization) was the average
value of the two above mentioned calculations. Inserting
this value in the equation, it results that a grating period
of 519 nm should generate a channel waveguide filter acting
at 1544 nm. For these reasons, the EBL master was designed
and fabricated with a periodicity of 520 nm and a depth of
160 nm.

The morphology of the final device obtained applying
the UV-nanoimprinting and the subsequent ridge channel
RIE definition is shown in Figure 3. Comparison of the
morphology of the hard master and final nanostructured sol-
gel layer shows that no appreciable shrinkage occurs.

To test our device, a collimated TE-polarized beam
coming from a pigtailed, tuneable diode laser source (Nettest,
Tunics-Plus) has been coupled by end fire into our device. In
order to obtain low-coupling losses, cleaving procedure was
used for producing a clean in- and endface of the waveguide
device. Light collected at the end of the channel waveguide by
a 20x microscope objective was focused onto a germanium
photodiode.

Transmission test of the channel waveguide has been
performed as a function of wavelength by scanning the laser
light in a range between 1450 nm to 1590 nm in order to
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Figure 4: Transmission intensity as a function of the wavelength
showing filtering effect of a Bragg grating-loaded Ti/TMSPM (1 : 4)
sol-gel waveguide.

evaluate the transmittance of the device. In Figure 4, the
transmittance spectrum of the system is reported. Filtering
effect has been obtained at 1543.7 nm. In the figure is also
reported (solid line) a Lorentzian fit of the experimental data
showing that the transmission dip is about −11 dB and the
bandwidth at full width half maximum (FWHM) is 1.7 nm.

Experimental data are fully consistent with the theo-
retical design and computer simulations. The high-quality
performances of our filter show that the UV-nanoimprinting
represents a valid route to produce devices with character-
istics as good as that obtained by direct EBL fabrication
process. Moreover, this technique is suitable for large-scale
production due to the intrinsic reproducibility of the process
where the same hard master can be used many times.

4. Conclusion

Ti-based wavelength filter, fabricated by the merging of con-
ventional photolithography and UV-nanoimprinting, has
been produced. The process was applied for the fabrication
of a channel waveguide based on hybrid sol-gel material with
Bragg grating imprinted on its top, thus obtaining an efficient
IR-integrated optical filter with rejection up to 11 dB and
bandwidth of 1.7 nm.
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This study presents a successful bias crystallization mechanism (BCM) based on an indium/glass substrate and applies it to
fabrication of ZnInSnO (ZITO) transparent conductive oxide (TCO) films. The effects of bias-crystallization on electrical and
structural properties of ZITO/In structure indicate that the current-induced Joule heating and interface diffusion were critical
factors for low-temperature crystallization. With biases of 4 V and 0.1 A, the resistivity of the ZITO film was reduced from
3.08 × 10−4 Ω∗cm to 6.3 × 10−5 Ω∗cm. This reduction was attributed to the bias-induced energy, which caused indium atoms
to diffuse into the ZITO matrix. This effectuated crystallizing the amorphous ZITO (a-ZITO) matrix at a lower temperature
(approximately 170◦C) for a short period (≤20 min) during a bias test. The low-temperature BCM developed for this study
obtained an efficient conventional annealed treatment (higher temperature), possessed energy-saving and speed advantages, and
can be considered a candidate for application in photoelectric industries.

1. Introduction

Transparent conductive oxide (TCO) film has been applied
in solar cells, light-emitting diodes, and touch panels because
of its high conductivity and transmittance [1–3]. The
properties of TCO films are critically affected by material
compositions, manufacturing methods, and posttreatment
techniques [4–7]. This study uses multicompound ZnInSnO
(ZITO) material because of its potential application in
various optoelectronic devices [8, 9]. In addition, thermal
annealing can improve the quality of TCO films. For exam-
ple, a low-resistivity tungsten-doped tin oxide TCO film was
obtained by annealing at 850◦C in air [10]. Thermal anneal-
ing at 450◦C approached a state of minimum resistivity of
ZnO-In2O3 thin films [5]. However, high-temperature man-
ufacturing consumes substantial energy and is unsuitable for
applications requiring flexible substrates.

This study uses the electrical current method (bias test-
ing) instead of high-temperature manufacturing. Biasing is

a familiar technique that has been applied in various fields
for a long time, such as for electrochemical deposition, spot
welding, and wire drawing [11–13]. The proposed bias-
crystallization apparatus had no shielding gas, and the entire
process was performed at low temperature. This is the first
study to investigate the adjustment of ZITO crystallization
using a biasing mechanism. The ZITO films used for this
study were treated using the proposed BCM. This study
examines the effects of the bias-induced Joule heat and
diffusion on the crystallization of ZITO film and clarifies its
interface characteristics.

2. Experimental Procedures

The experiments in this study involved fabricating the bias-
crystallization system (BCS) using metal indium as the
current-transmitting layer. An indium layer of 200 nm and a
ZnInSnO (ZITO) film of 150 nm were sequentially deposited
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Figure 1: (a) Schematic illustration, (b) a photograph of full view, and (c) localization for the bias-crystallization mechanism (BCM) of
ZITO/In sample.

onto a glass substrate by a DC magnetron sputter deposition
(Helix/HLLS-87) and a cosputtering system (VAC/Model
ACS-4000-C3), respectively [14]. A DC power supply
(KIKUSUI, PAK60-6A) provided the electrical current. The
ZITO film was adjusted by the thermal energy derived from
the current passing through the metal indium. Figure 1
shows a schematic illustration of the BCS, and photographs
of a full view and a close-up shot view.

The BCS also was used in our previous research [15].
Figure 2 shows an optical transmittance and a low mag-
nification TEM image of ZnO/In/ZnO tri-layer thin film.
Each layer thick of ZnO/In/ZnO trilayer film was 200 nm,
15 nm and 200 nm, respectively (inset of Figure 2), and its
average transmittance in visible range (390∼800 nm) was
about 80%. Briefly, a conductive metal film was suitable for
a candidate of current-transmitting layer and can not affect
the transmittance of TCO films. In present study, the indium
layer with 200 nm thick was expressly designed to enhance
the efficiency of BCM. Figure 3 plots the bias-induced

thermal energy as a function of varied biasing durations
under a bias voltage of 4 V. The surface temperature of
the ZITO layer was measured by noncontact infrared with
a laser marker thermometer. With increasing the biasing
duration, the temperature of the sample surface rapidly
increased from room temperature to 170◦C, before tending
toward saturation. This result indicates that the bias-induced
joule heat in the interface zone can adjust the upper ZITO
quality. Therefore, a biasing duration of 20 min was used
to treat the ZITO/In sample by applying the proposed
BCM.

This study investigates the structural properties of the
ZITO/In sample using X-ray diffraction technique (XRD,
Rigaku). Electrical measurements were conducted using
the Hall system. Finally, a detailed composition of the
ZITO structure was examined using high-resolution ther-
mal field emission transmission electron microscopy (HR-
TEM, JEOL/JEM-2100F) and energy-dispersive X-ray anal-
ysis (EDX).
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3. Results and Discussions

Figure 4 shows the resistivity of unbiased ZITO/In sample
and those biased at 4 V for 20 min. In the biased sample,
film resistivity decreased from 3.08 × 10−4 Ω∗ cm to 6.62
× 10−5 Ω∗ cm. The bias-induced joule heat caused the
indium atoms to diffuse into the ZITO film, and this
diffusion decreased film resistivity. The bias-induced thermal
energy in the interface between the ZITO and indium layer
reduced film resistivity by improving ZITO crystallization.
XRD analysis was performed to determine the influence of
indium atoms diffusion on structural characteristics (inset
of Figure 4). The present ZITO crystallization was attributed
to an amorphous-like structure [14]. However, the as-grown
ZITO/In sample exhibited a polycrystalline structure, and
the In2O3 phase dominated the ZITO crystallization [16].
The In2O3 phase primarily resulted from the formation of
In2O3 structures in the interface between the ZITO film
and the indium layer during the deposition process. XRD
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Figure 4: The resistivity and crystallization of unbiased ZITO/In
sample and ZITO/In sample with biased of 4 V for 20 min.

analysis revealed the existence of a metal indium layer,
which improved the crystallization in the ZITO/In sample.
The intensities of indium phases decreased as the ZITO/In
sample was biased at 4 V for 20 min. The BCM promoted
the formation of In2O3 structures, which consequently
decreased the thickness of the indium layer. Briefly, the
indium crystal dominated the structural crystallization in the
ZITO/In sample.

This study includes TEM observation and EDS analysis
to determine the detailed composition of the ZITO structure
and the contribution of bias-crystallization to its crystal-
lization (Figure 5). Figure 5(a) shows a TEM image of the
as-grown ZITO/In sample; the image in the lower right
corner displays the structure of the indium layer, and the
image in the upper left corner displays that of the ZITO
film. The ZITO film was approximately 145 nm-thick, and
its formation was continuous and uniform. The select area
electron diffraction (SAED) pattern (inset of Figure 5(a))
confirmed that the unbiased ZITO film was an amorphous
structure, which is in agreement with previous research
[14]. The oxygen, indium, zinc, and tin concentrations
from points A to B (180 nm) were examined by EDS
(Figure 5(b)). The O/In/Zn/Sn concentration of the ZITO/In
sample included three zones. Though indium should be the
only element in Zone I, oxygen atoms were also present
in this zone. This is primarily because the sputter-induced
thermal energy during deposition caused the indium atoms
to react with the oxygen atoms in the ZITO crystalliza-
tion, forming In2O3 structures. This thermal energy also
enhanced the formation of InZnO (IZO) structures (Zone
II), and this thermal diffusion path was approximately
18 nm. In Zone III (ZITO layer), the concentration of all
the elements resulted in uniform distribution, which was
confirmed with TEM observation (Figure 5(a)). Figure 5(c)
shows a TEM image and SAED pattern of ZITO film
after bias crystallization at 4 V for 20 min. The ZITO film
possessed an unregulated structure, and its SAED pattern
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Figure 5: (a) TEM and SAED images of unbiased ZITO/In sample, (b) the profile of oxygen, zinc, indium, and tin contents from point A to
B in (a); (c) TEM and SAED images of the ZITO/In sample with the biased of 4 V for 20 min, (d) the profile of oxygen, zinc, indium, and tin
contents from point C to D in (c). (D. L.: diffusion layer).

was attributed to a polycrystalline structure. These results
indicate that the proposed BCM transformed amorphous
ZITO (a-ZITO) into a polycrystalline ZITO (poly-ZITO)
crystal. The variations of all elements concentrated from
points C to D (180 nm) were also detected (Figure 5(d)).
Figure 5(d) shows that indium atom concentration in Zone
rose after bias-crystallization. The main reason is that the
bias-induced thermal effect caused the diffusion of indium

atoms. In addition, the indium atoms were thermally dif-
fused into the ZITO film, which resulted in the increment
of carrier concentration that dominated ZITO resistivity.
Compared with unbiased ZITO film (Zone II), the bias-
induced mechanism increased the diffusion path of indium
atoms from 18 nm to 35 nm (see the diffusion layer shown in
Figures 5(b) and 5(d)). The increased thickness of the IZO
structure mainly resulted in the reduction of ZITO resistivity.
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Figure 6: Schematic illustrations of interface characteristics for ZITO/In sample with the bias-crystallization mechanism.

In accordance with the results, Figure 6 presents a
schematic illustration of interface characteristics of the
ZITO/In sample with the BCM. For the unbiased ZITO/In
sample, the sputter-induced thermal energy in the interface
(ZITO/In) formed the In2O3 and IZO structures. The
thermal energy was insufficient to crystallize the a-ZITO
structure. When the bias-crystallization was performed,
the bias-induced joule heat caused intense diffusion that
increased the content of IZO and In2O3 phases. The a-ZITO
was crystallized to form poly-ZITO, and the thickness of
In2O3 thin film increased to enhance the film transmittance.
The metal indium had good conductivity, promoting the
bias-crystallization process. Moreover, the formation of the
In2O3 structure did not deteriorate optical transmittance
[17]. In brief, the BCM improved ZITO crystallization and
enhanced its conductivity after only a short duration. This
technique is a candidate for posttreatment applications that
require low-temperature manufacturing.

4. Conclusions

This study proposed a BCM that enhanced ZITO crys-
tallization at a lower temperature after a short bias time.
The bias-induced joule heat caused indium diffusion to
form In2O3 structures in the interface between the ZITO
film and the indium layer. The In2O3 structures dom-
inated the crystallization of the ZITO/In sample. The
transformation of the ZITO matrix from amorphous to
polycrystalline indicated that the proposed biasing treatment
enhanced low-temperature crystallization. The bias-induced
thermal diffusion also increased the number of In2O3 and
IZO structures, increasing film conductivity and transmit-
tance.
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This work reports on an improvement of the photochemically assisted synthesis of silver nanoparticles by direct photoreduction
of AgNO3 with a laser source emitting in the near infrared range (NIR). For this, polymethine dyes were used as the photoactive
agents. Both the effects of central chain structure and activation intensity were investigated. The reduction kinetics was followed
up by UV-Vis spectroscopy, and the particles size was evaluated by transmission electron microscopy. The results showed that light
intensity affects both the average size and size distribution of Ag nanoparticles generated through this process. The particles can
also be generated in situ in a photopolymerizable formulation so that metal/polymer nanocomposites become available through a
one-step photoassisted process on the basis of NIR activation. The process described herein is very fast (seconds to a few minutes),
and it readily lends itself to automatization for mass production of micro-optical elements implemented directly onto integrated
NIR sources.

1. Introduction

Recent developments in optics and photonics require novel,
simple, and fast methods to fabricate metal nanoparticles
(MNPs). In recent years, a whole bunch of synthetic
methods for the preparation of MNPs have been developed:
chemical, photochemical, and thermal. Amongst them, the
photochemical synthesis of MNPs including direct photore-
duction and photosensitization has attracted intense research
interest, since it is a versatile and convenient process with
distinguishing advantages such as space selectivity [1].

Embedding nanosized MNPs into polymer matrixes
is also of great interest, because these materials combine
properties from both inorganic and organic systems. Thus,
MNPs homogeneously dispersed in polymer matrixes are
already used as sensors [2–4], materials with solvent switch-
able electronic properties [5], optical limiters or filters [6,
7], optical data storage materials [8, 9], surface Plasmon-
enhanced random lasing media [10], catalytic additives [11],
or antimicrobial coatings [12, 13].

Metal-polymer nanocomposites are usually obtained via
multistep methods. Dry silver NPs produced beforehand can
be dispersed into a polymerizable formulation to obtain
self-assembly functionalized structures. However, besides the
specific hazards related to handling dry NPs, their size
dispersity over a large scale is difficult to control, thus
limiting the interest of this “ex situ” method [14, 15].

The “in situ” approach that involves the generation of
MNPs directly in a polymerizable medium through reduc-
tion of a cationic precursors offers the advantages of better
dispersion ability and facile chemical or photochemical
reduction [16, 17].

Several examples of in situ synthetic routes to MNPs
and polymer/metal nanocomposite were reported as yet
and the formulations used contain a variety of monomers
and a collection of photoinitiators/photosensitizers [18–22].
They highlighted the flexibility in terms of temperature,
dispersion, and rapidity of the process used to trigger the
(photo)chemically assisted reduction of metal precursors.
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Figure 1: Structures of the sensitizers S1: (5,5′-dichloro-11-diphenylamino-3,3′-diethyl-10,12-ethylenethiatricarbocyanine perchlorate) and
S2: (1-Butyl-2-[5-(1-butyl-1H-benzo[cd]indol-2-ylidene)-penta-1,3-dienyl]-benzo[cd]indolium tetrafluoroborate) and of the coinitiator
(N-methyldiethanolamine).

In our recent studies, we have reported a novel approach
for the preparation of metal-polymer nanocomposites in
which MNPs were obtained by direct UV or visible pho-
toreduction [20–22]. This powerful in situ approach, involv-
ing irradiation of an appropriated formulation, induces a
homogeneous distribution of MNPs in a crosslinked polymer
network.

However, some recent developments in the field of ap-
plied micro-optics or nanofabrication turn round to produc-
ing highly integrated devices, and whenever the correspond-
ing fabrication processes include photochemical steps, small-
scale and low-cost light sources with low power consumption
are preferred.

In another respect, scientists involved in fundamental
plasmonics are demanding systems capable of generating
MNPs in situ through photochemical processes that could
be triggered by NIR light sources. And lastly, the possibility
of generating MNPs—with bactericidal or antimicrobial
activity—directly in a living medium or as a thin film
polymer top coating does not fail to stimulate interest in the
field of microbiology. However, the spectral window in which
the photogeneration can be carried out is often restricted to
the far red or NIR, because the absorption of the sample itself
obstructs the other regions of the spectrum.

In this context, the present paper deals with the pho-
tochemically assisted fabrication of silver nanoparticles in
situ in a polymerizable medium using a near infrared (NIR)
source. Thus, the challenge consisted of tailoring a currently
used process so that it could be activated with laser diodes
(and even VCSELs) emitting in the 750 to 900 nm range
instead of sources emitting in the visible or near UV.

So far, this report is the first to deal with the synthesis
of silver nanoparticles and polymer-metal nanocomposites
through an NIR-assisted photoprocess. Even though some
examples of NIR resins were reported during the past
decade [23–25], pushing the sensitivity limits of the process,

generating silver nanoparticles in situ up to ca 900 nm, turns
out to be an important breakthrough.

2. Experimental

The formulations used in this work contained a sensitizer
absorbing in the NIR (5,5′-dichloro-11-diphenylamino-
3,3′-diethyl-10,12-ethylenethiatricarbocyanine perchlorate,
(S1) and 1-Butyl-2-[5-(1-butyl-1H-benzo[cd]indol-2-ylid
ene)-penta-1,3-dienyl]-benzo[cd]indolium tetrafluorobo-
rate, (S2) from Sigma-Aldrich) associated with a coinitiator,
N-methyldiethanolamine (MDEA) from Sigma-Aldrich
and a triacrylic monomer (pentaerythritoltriacrylate from
Sartomer). The chemical structures of the sensitizer and
cosensitizer are shown on Figure 1. The precursor of silver
nanoparticles was silver nitrate (ACS Reagent 99% from
Aldrich). It was added to the formulation under stirring and
maintained one hour before use.

The mechanism used to produce silver nanoparticles
and initiate polymerization is the following: upon NIR
irradiation, the dye sensitizer which absorbs in the 750–
900 nm range (see Figure 2) is photoexcited and reacts with
the coinitiator (1). Amine-derived radical species (RH•+) is
capable of inducing reducing of silver cations (2) and free-
radical polymerization of the monomer (M) (3)

Sens + hν −→ Sens∗

Sens∗ + RH −→ Sens•− + RH•+
(1)

RH•+ −→ R•+H+

R• + Ag+ −→ Ag0 + X
(2)

R• + M −→ Living polymer radical (3)
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Figure 2: Time evolution of absorption spectra of the samples
with S1 upon irradiation at 800 nm: (a) without silver cations and
(b) with silver cations. Incident light power was 300 mW/cm2 in
laminated conditions, and irradiation times were chosen between 0
and 360 sec.

This process is known to be very sensitive to oxygen
quenching [26]. For this reason, the samples were sand-
wiched between two glass slides. Typically, the thickness of
the sample was about 20 µm.

In order to simplify some kinetic studies, a femtosecond
mode locked Ti/Sapphire laser with pulse duration around
100 fs and 80 MHz repetition rate was used as a tunable light
source. The available wavelengths (690 to 1020 nm) allowed
a convenient screening of the wavelength dependence of the
resin sensitivity and power of to 2 W/cm2 at 800 nm could
be achieved. The progress of the reaction was monitored via
UV-visible absorption spectra using a Perkin-Elmer Lambda
2 spectrophotometer.

Transmission electron microscopy (TEM) was used to
characterize the size and shape of Ag nanoparticles. The
samples were irradiated directly onto the copper grid.
TEM measurements were carried out using a Philips CM20
instrument with LaB6 cathode.

3. Results and Discussion

3.1. Fabrication of Silver Nanoparticles Embedded in a Poly-
mer Matrix. A formulation of ethoxylated pentaerythritol
tetraacrylate monomer from Sartomer containing the NIR
sensitizer (0.1 wt%), MDEA (8% wt), and AgNO3 (1 wt%)
was photopolymerized upon irradiation at 800 nm.

2–3 3–4 4–5 5–6 6–7 7–8

Diameter (nm)

100 nm

Figure 3: TEM image and the corresponding particle size distribu-
tion of silver nanoparticles in the polymer matrix obtained using S1
and intensity power equal at 300 mW/cm2.

A followup of the stationary photolysis of the sensi-
tizer/electron donor system was carried out with a view to
confirming the initiation process of photopolymerization
in the specific formulation used in this work. Figure 2(a)
shows the time evolution of the absorption spectrum of a
formulation irradiated with a light power of 300 mW/cm2 at
800 nm with exposures ranging from 0 to 360 sec.

The bleaching of the sensitizer goes along with the devel-
opment of a very weak absorption in the blue. This behavior
is consistent with what is reported in the literature [27, 28].
Upon NIR irradiation, the strong band corresponding to the
absorption of the dye (700–900 nm) gradually faded. The
major interest of this sensitizer is bleach upon irradiation
(photobleaching), a feature which is of utmost importance
for micro-optics fabrication, since the final material has to
become transparent at the operating wavelength (typically ca
800 nm).

When silver cations were present in the formulation
(Figure 2(b)), the bleaching rate of the sensitizer was about
twice as fast, and the well-known characteristic absorption
band related to the plasmon of silver nanoparticles appeared
in the blue region. This broad band with a quasigaussian
shape has its maximum at 414 nm and a full-width-at-half-
maximum of ca 130 nm.

TEM image (Figure 3) confirmed the fabrication of in-
dividual nanoparticles in the polymer matrix.

These nanoparticles are spherical with a diameter rang-
ing from 2 to 7 nm as clearly visible on Figure 3. In spite of
no addition of a capping agent to stabilize the nanoparticles,
the TEM images show a good dispersion of the nanoparticles
which are imprisoned and stabilized by the polymer network.

3.2. Effect of the Reaction Conditions on Silver Nanoparticles
Embedded in the Polymer Matrix. The effect of irradiance
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light power on nanoparticles growth was studied. Figure 4
shows the effect of power irradiation on the Ag+ reduction
by UV-Vis spectroscopy, in which the experiments were
performed under the conditions of 0, 200 and 300 mW/cm2

in presence of S1.

No band appears in the region of 400–450 nm on
the UV-Vis absorption spectrum of nonirradiated sample
(0 mW/cm2). At both 200 mW/cm2 and 300 mW/cm2, the
brown yellow films were obtained accompanied with the
appearance of absorption band at 440 nm and 414 nm,
respectively. Higher irradiance allows smaller and monodis-
perses particles in size to be generated. Irradiations at
200 and 300 mW/cm2 produce nanoparticles of 14 ± 1 nm
and 4.5 ± 0.9 nm, as shown on Figures 5 and 3, respec-
tively.

The sensitizer used to the reaction system could also
affect the reduction rate of Ag+. UV-Vis spectroscopy
(Figure 6) showed the effect of two different sensitizers used
on the Ag+ reduction while keeping the AgNO3 content
unchanged. For the same reaction time and light power, 360 s
and 300 mW/cm2, the absorption peak intensity in the case
of S2 it is very weak and broad compared with S1 (Figure 6).

3.3. Effect of the Dye Sensitizer Structure on the Photoreduction
Reaction. Quite interestingly, both the kinetics of the MNPs
generation and the size distribution of the particles can be
related to structural effects of the dye sensitizer. Indeed, it
is a well-established fact that any structural change likely
to introduce some rigidization in the polymethine central
chain of the sensitizer has the effect of decreasing singlet to
singlet internal conversion due to mixing of the electronic
and vibrational levels [29]. Consequently, the quantum yield
of intersystem crossing to triplet increases in proportion that
makes the reaction with electron donor (MDEA) and the
photoreduction of silver precursors more efficient [30, 31].
Along the same lines, the heavy atom effect is also known
to induce a significant increase of the triplet quantum yield.
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Figure 5: TEM image and the corresponding particle size distribu-
tion of silver nanoparticles in the polymer matrix obtained using S1
and intensity power equal at 200 mW/cm2.

This effect is related to the presence of heavy atoms in the
substituents carried by a given structure [32].

Thus, it is clearly visible from Figures 2 and 3 that the
photoreduction kinetics is faster with S1 (the rigid poly-
methine structure and the structure carrying two chlorine
atoms). Likewise, the absorption due to plasmon resonance
of silver particles is weaker and much broader with S2 (the
flexible polymethine structure) that denotes a large size
distribution. These observations are consistent with a slower
nucleation process that is propitious to size dispersion.

This analysis was corroborated by using other polyme-
thine sensitizers, either with highly flexible central chain (2-
[7-(1,3-Dihydro-1,3,3-trimethyl-2H-indol-2-ylidene)hepta-
1,3,5-trienyl]-1,3,3-trimethyl-3H-indolium iodide), or with
heavy atoms and a hydrocarbon bridge rigidifying the central
chain (2-[2-[2-Chloro-3-[2-[1,3-dihydro-3,3-dimethyl-1-
(4-sulfobutyl)-2H-indol-2-ylidene]-ethylidene]-1-cyclohex-
en-1-yl]-ethenyl]-3,3-dimethyl-1-(4 sulfobutyl)-3H-indol-
ium hydroxide, inner salt, sodium salt). The first one
does not work at all, while the second one induces both
photoreduction with a sharp size distribution of silver
nanoparticles and crosslinking photopolymerization of the
dispersion medium.
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4. Conclusions

This work demonstrates the possibility of extending the
concept of photochemically assisted synthesis of metal
nanoparticles by direct reduction of metal ions or complex
to the NIR range, a spectral region of crucial interest for
in situ implementation of integrated optical functions but
where the weak electronic energy carried by photons makes
photochemical activation often critical.

A photopolymerizable formulation was tailored to allow
initiation by the transient species used to reduce silver
cations. It was found that a 300 mW/cm2 light inten-
sity forms metal nanoparticles homogeneously dispersed
in corresponding polymer material, generating thus a
metal/polymer nanocomposite that is fabricated upon NIR
light activation. Specific effects of the structure of the poly-
methine sensitizers that strongly suggest the involvement of
their triplet state were noticed.

This achievement should open up new vistas in several
research fields, where the in situ photochemical synthesis of
MNPs triggered by NIR might allow technical bottlenecks to
be overcome.
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