
Recently, plastics containing phtalates and bisphe-
nol A have been criticized for their possible toxicity
and harmful effect on human health. To be fair, it is
worth underlining that healthcare industry also
takes huge benefits from plastics. The promising
potential of polymers was identified a long time ago
and is actually not denied.
Plastics are commonly used for a wide range of
medical applications such as surgical implants,
bioresorbable items (closures, tissue patches and
scaffolding …), tubing (heart and brain catheters …)
or packaging (sterile barriers to gases and fluids,
protection from touch and airborne contamination
…). Besides, polymeric materials allow progress in
medical devices development (blood containers,
inhalers ...) and drug delivery. For instance, plastics
may be ideal candidates for replacing metal in min-
imally invasive medical devices, compatible with
medical imaging thanks to their X-ray transparency
and nonmagnetic properties. Also, polymeric foams
are used to manufacture oral drug delivery systems
that are expected to increase the pharmaceutical
ingredients’ release rate. Novel bioresorbable, edi-
ble and non toxic biopolymers allow active ingredi-
ents such as beneficial bacteria to be administered
orally as food components. New polymers resistant
to bacterial attachment (stopping biofilm forma-
tion), therefore able to prevent hospital-acquired
infections, are in the research stage. Several other
examples could be mentioned, such as innovative
polymer systems with outstanding retention of aes-
thetic and mechanical properties after repeated ster-

ilization. However, in medical/healthcare applica-
tions as in other high-tech domains, the challenge is
also to reconcile competing complex requirements,
to face growing demands on performance and qual-
ity while keeping cost-efficiency. Here, new manu-
facturing technologies or optimised equipments and
processes are helping to achieve tight precision,
down-sizing of parts, elimination of assembly
labour costs, or warrant increased production speed
or better process reliability. At last, as medical plas-
tics are often quite expensive, design of products
and devices using the least material possible is also
an issue.
In spite of ever more stringent regulations and
requirements for marketing authorization, medical
technology and healthcare industry undoubtedly con-
stitute an attractive business field, offering interest-
ing high added-value outlets for the plastics indus-
try, and a fertile ground for scientists and engineers.
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1. Introduction
Increasing efforts are devoted to the research of
thermoplastic nanocomposites exhibiting improved
and novel properties. Most of these studies are
focused on the investigation of correlations between
structural features and mechanical properties. A
large body of research has been developed on polar
nanofillers (such as silicas, metal oxides, metal salts,
layered silicates, etc.) which have been successfully
added to thermoplastic matrices in order to improve
their thermal, mechanical and rheological perform-
ances [1–8]. On the other hand, these nanofillers are
generally poorly dispersed in apolar thermoplastics
(such as polyolefins), thus limiting the beneficial

effects of nanofiller addition on the thermo-mechani-
cal properties. Different strategies have been adopted
in order to improve the dispersability of polar nano -
fillers, such as the direct incorporation of the filler
during the in-situ synthesis of the polymer [9], the
addition of the filler during melt mixing [10, 11] or
the dispersion of the filler by solution techniques
[12]. However, in order to attain a qualitatively fine
dispersion of the nanofiller within the matrix, a sur-
face treatment of the filler should be considered
[13–15], or a polymeric compatibilizer should be
added during melt mixing [5, 16–19].
Due to its combination of low cost, high chemical
resistance and relatively good mechanical proper-
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ties, polyethylene is one of the most largely used
polyolefin. In particular, linear low-density poly-
ethylene (LLDPE) is widely used for film produc-
tion in the packaging industry, especially because of
its high tear and impact strength [20]. Dorigato et
al. [2, 21, 22] studied the effect of various kinds of
amorphous silica nanoparticles on the viscoelastic
and fracture behaviour of LLDPE based compos-
ites. Elastic moduli of the prepared composites
resulted to be strictly related to the surface area of
the filler rather than by its dimensions. Tensile
properties at yield and at break increased with the
surface area of the nanofiller and were positively
affected by the presence of an organosilane on the
surface of the nanoparticles. Furthermore, the appli-
cation of the essential work of fracture (EWF)
approach showed that the introduction of fumed sil-
ica nanoparticles produced an evident toughening
[22]. Moreover, it has been also proven that the
addition of surface treated silica particles to a poly -
propylene matrix can lead to a certain improvement
of the thermo-mechanical properties of the matrix
itself and a remarkable increase of the fiber/matrix
adhesion when E-glass fibers are added [23]. 
Boehmite (BA) with chemical composition AlO(OH)
is a quite inexpensive mineral component of the
aluminum ore bauxite. It can also be produced syn-
thetically in particulates with different aspect ratios.
Their primary particle size is in the range of tens of
nanometers. The recent interest for using BA fillers
to produce thermoplastic nanocomposites is fuelled
by the fact that they can be finely dispersed on nano -
scale by both traditional and water-assisted melt
compounding techniques [24–30].
The present work aims at investigating the effect of
BA addition on the viscoelastic behaviour of LLDPE.
Particular emphasis has been devoted to the study
of the fracture toughness evaluated by the EWF
approach.

2. Experimental section
2.1. Materials and samples preparation
The matrix used in this work was a Flexirene®

CL10 linear low-density polyethylene (MFI at 190°C
and 2.16 kg = 2.6 g/10 min, Mn = 27 000 g·mol–1,
density = 0.918 g·cm–3), produced by Versalis S.p.A.
(Mantova, Italy) using Ziegler-Natta catalysis and
butene as a comonomer (C4-LLDPE). This type of
linear low density polyethylene, containing antioxi-
dants, is suitable for cast extrusion of thin films with
high optical properties.
Two different grades of untreated BA, namely Dis-
peral® 40 (BA-D40) and Disperal® 80 (BA-D80)
(supplied by Sasol GmbH, Hamburg, Germany)
were used as fillers. Their nominal primary crystal-
lite sizes are 40 and 72 nm, respectively (Table 1).
Moreover, a silane surface treated BA (Disperal® 40
octylsilane treated, BA-D40 OS), characterized by
the same primary crystallite size as Disperal® 40
was also used.
LLDPE chips were used as received while the BA
fillers were dried at 80°C for 12 h prior to use. The
samples were prepared by melt compounding in a
Brabender® Plasti-Corder internal mixer (T = 170°C,
n = 50 rpm, t = 15 min) followed by compression
moulding using a Collin® P200E hot press (T =
170°C, P = 2 MPa, t = 15 min), to shape square
plane sheets with a thickness of about 0.5 mm. The
filler content was varied between 0 and 8 wt%.
The unfilled matrix was denoted as LLDPE, while the
coding of the nanocomposites indicated the matrix,
the filler type, and the filler weight amount, as well.
For instance, a sample filled with 4 wt% of Dis-
peral® 40 is coded as LLDPE-D40-4.

2.2. Experimental techniques
2.2.1. Filler characterization
Density measurements were carried out through a
helium pycnometer (Micromeritics® Accupyc 1330,
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Table 1. Physical properties of BA nanoparticles utilized in this work

aMeasurements were performed by using a Micromeritics Accupy® 1330 helium pycnometer (T = 23°C).
bKhumalo VM, Karger-Kocsis J., Thomann R.: Polyethylene/synthetic boehmite alumina nanocomposites: Structure, thermal and rheo-
logical properties. eXPRESS Polymer Letters. 2010, 4(5):264–274.

cMeasurements were performed by XRD analyses and applying the Sherrer equation.
Note that BET surface area, primary particle size and crystallite size of BA-D40 OS were assumed to be the same of BA-D40 due to lack
of information in the datasheet.

Filler Densitya

[g!cm–3]
BET surface areab

[m2!g–1]
Particle size d50b

[µm]
Crystallite sizec

[nm]
BA–D40 3.007±0.004 105.0 50 38
BA–D40 OS 3.010±0.025 105.0 50 40
BA–D80 3.018±0.004 88.0 80 72



Norcross USA), at a temperature of 23°C, in a test-
ing chamber with a volume of 3.5 cm3.
X-Ray diffraction measurements on BA powders
were performed by a Rigaku® 3D Max X-ray dif-
fractometer, scanning the samples in a 2! range
between 3 and 67°, at a 2! step of 0.1°. The wave-
length of the X-ray source was 0.1541 nm.

2.2.2. Spectroscopy analyses
Cryogenic fracture surfaces of unfilled LLDPE and
LLDPE nanocomposites were observed at various
magnifications by using a Zeiss Supra 40 (Berlin,
Germany) field emission scanning electron micro-
scope (FESEM), at an acceleration voltage between
1 and 2 kV.
IR spectroscopy was performed on the nanofillers
and on 80 µm thick nanocomposite films in a wave
number interval between 650 and 4000 cm–1, set-
ting a resolution of 2 cm–1 for a total number of 64
co-added scans.

2.2.3. Diffraction analysis
X-ray diffraction analysis was performed through a
Rigaku® 3D Max powder diffractometer, in Bragg-
Brentano geometry, using CuK" radiation (0.1541 nm)
and a curved graphite monochromator in the dif-
fracted beam. Typical scans adopted the following
parameters: 2! range between 3 and 67°, sampling
interval 0.1°, counting time 4 s.

2.2.4. Rheology measurements
Melt rheology of neat LLDPE and of nanocompos-
ites was analyzed by a Rheoplus MCR 301 rheome-
ter (Anton Paar Physics, Ostfildern, Germany) under
controlled strain conditions. The test geometry was
cone-plate (cone angle = 1°) with a diameter of the
plates of 25 mm. Compression molded disks of
around 0.6 mm thickness were placed between the
plates at 180°C. The gap width was set to 0.5 mm
by squeezing the LLDPE disk. Frequency sweep
tests were carried out at 180°C. During the measure-
ment a small amplitude (1%) oscillatory shear was
applied to the samples. The storage and loss shear
moduli (G# and G##, respectively) and the dynamic
viscosity |"*| were measured as a function of angu-
lar frequency (#) in the range 0.01–100 rad/s.

2.2.5. Thermal analyses
Differential scanning calorimetry (DSC) tests were
carried out by a DSC Q2000 (TA Instruments-

Waters LLC, New Castle, USA) differential scan-
ning calorimeter under a constant nitrogen flow of
50 ml·min–1. Samples were heated up to 200°C at a
rate of 10°C·min–1 and cooled to 0°C at a cooling
rate of 10°C·min–1. A second heating scan was then
performed at 10°C·min–1. The melting enthalpy of
100% crystalline polyethylene has been considered
equal to $H0 = 290 J·g–1 [31]. The crystallinity $c of
nanocomposite samples was estimated by taking
the weight fraction of LLDPE in the composites
into account. The melting temperatures Tm1 and Tm2
were recorded during the first and second heating
scan, respectively. The crystallization enthalpy $Hc
was measured by integrating the heat flow curve
during the cooling scan.
Thermogravimetric analyses (TGA) were carried
out through a Q5000 IR thermogravimetric ana-
lyzer (TA Instruments-Waters LLC, New Castle,
USA) imposing a temperature ramp between 40 and
700°C at a heating rate of 10°C%min–1 under a con-
stant nitrogen flow of 25 ml%min–1.The onset of
degradation temperature (Td,onset) was determined
by the point of intersection of the tangents to the
two branches of the thermogravimetric curve, while
the maximum rate of degradation temperature
(Td,max) was determined from the peak maxima in
the first derivative of weight loss curve.

2.2.6. Mechanical tests
Uniaxial tensile tests were performed with an
Instron® 4502 (Norwood, USA) tensile machine on
samples of at least five ISO 527 type 1BA speci-
mens. The tests were carried out at a crosshead
speed of 0.25 mm·min–1 up to a maximum axial
deformation of 1%. The strain was recorded by
using a resistance extensometer Instron® model 2620-
601 with a gage length of 12.5 mm. In accordance
to ISO 527 standard, the elastic modulus was meas-
ured as a secant value between deformation levels
of 0.05 and 0.25%. Uniaxial tensile properties, such
as stress at yield (%y), stress at break (%b) and strain
at break (&b) were determined at a higher crosshead
speed (50 mm·min–1) without extensometer.
Dynamic mechanical thermal analysis (DMTA)
was carried out with a DMA Q800 testing machine
(TA Instruments®-Waters LLC, New Castle, USA)
on rectangular specimens 25 mm long, 5 mm wide
and 0.5 mm thick. The samples were analyzed over
a temperature range between –130 and 80°C, impos-
ing a heating rate of 3°C·min–1 and a frequency of
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1 Hz. A preload of 0.2 MPa and a maximum strain
of 0.05% were set for each test. The most important
viscoelastic functions (E#, E&, tan') were recorded
at different temperatures. By the same apparatus,
short term (3600 s) tensile creep tests at 30°C were
also performed at a constant applied stress (%0) of
1 MPa (i.e 10% of the stress at yield of unfilled
LLDPE).
The plane stress fracture toughness of neat LLDPE
and nanocomposites was assessed through the
essential work of fracture (EWF) method under ten-
sile conditions. According to this approach [32], the
total fracture energy (Wf) spent to bring a pre-
cracked body to complete failure can be partitioned
into an essential work (We) required in the fracture
zone to create new fracture surfaces and a non-
essential work (Wp) dissipated in the outer plastic
zone and required to yield the material. It can be
easily derived that the essential work of fracture
should be proportional to the ligament length (L),
whereas the non-essential work of fracture should
be proportional to L2 see Equation (1):

Wf = We + Wp = wf·L·B = we·L·B + wp·!·L2·B      (1)

which can be written as shown by Equation (2):

wf = we + !·wp·L                                                   (2)

where B is the specimen thickness, ( is a shape fac-
tor, we is the specific essential work of fracture, wp
is the specific non-essential work of fracture. The
quantities we and !·wp are determined by a linear
interpolation of a series of experimental data of wf
obtained by testing specimens having different liga-
ment lengths. The quantity wp can be explicitly
deduced for some shapes of the outer plastic zone
with known ( ! e.g., for circular, elliptical and dia-
mond-type zones ( is given by )/4, )·h/(4L), and
h/(2L), respectively, where h is the height of the
corresponding zone [33].
Furthermore, the specific total work of fracture (wf,
see Equation (3)) can be divided into a specific
work of fracture for yielding (wy) and a specific
work of necking (wn) [33]:

wf = wy + wn = (we,y + !#·wp,y·L) + (we,n + !&·wp,n·L)
                                                                             (3)

Double-edge-notched-tensile (DENT) specimens
(width 30 mm, height 80 mm, thickness 0.5 mm,
distance between the grips 50 mm) were tested with
an Zwick® Z005 tensile machine. At least four tests

were conducted for every ligament length, and five
different ligament lengths between 5 and 13 mm
were tested at a crosshead speed of 10 mm·min–1.
The notches were prepared by using a home-made
apparatus mounting a razor blade, in order to obtain
a very sharp crack tip. From SEM images it was
possible to estimate an average crack tip radius of
less than 20 µm. The exact ligament lengths were
measured with a profile projector with an accuracy
of 0.01 mm.
In order to study the fracture behaviour of the mate-
rial at high strain rate levels, tensile impact tests
were carried out with a CEAST® (Norwood, USA)
tensile impact instrumented pendulum. A striker of
mass 3.65 kg and initial angular position of 63°
reached an impact speed of 2 m%s–1 and a total
impact energy of 7.3 J. Specific tensile energy to
break (TEB) was obtained by Equation (4):

                (4)

where A is the cross section of the specimen, m is
the striker mass and V0 is the impact speed.

3. Results and discussion
3.1. Morphology
SEM pictures taken from the cryogenic surfaces of
LLDPE composites with 4 wt% BA are represented
in Figure 1. The nanofiller appears quite homoge-
neously dispersed in the case of LLDPE-D40-4 com-
posite, altough some agglomerates are clearly recog-
nizable. On the other hand, the silane coupling
agent present on the surface of BA D40 OS
nanoparticles does not seem to affect the filler dis-
persion in the polymer matrix (Figure 1b). Similar
finding was recently reported on the BA dispersion
in poly('-caprolactone) [34]. As already observed
by Brostow et al. [35], although the dispersion is not
affected by the surface treatment of BA nanoparti-
cles, a better polymer–filler interaction takes place
due to replacement of hydroxide surface groups of
the nanoparticles with organic ones. The hypothesis
of an improved adhesion is consistent with the
increment of the mechanical performance as
reported later. In the case of LLDPE-D40 OS
nanocomposites, wetting of the particles by the
polymer matrix is clearly improved by the coupling
treatment, making the interface between two phases
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almost undistinguishable. The enhancement of the
interfacial adhesion can be explained by a decrease
in surface energy of the filler with silane coupling
agents, that leads to a better compatibility with the
apolar LLDPE matrix. SEM pictures taken at higher
magnification confirm the presence of both aggre-
gates and agglomerates within the matrix (Fig-
ure 1d–1f). In particular, the aggregates of BA give

perfectly spherical submicronic particles in the case
of LLDPE-D80-4 composite (Figure 1f). As reported
by Droval, this is probably due to a memory form
effect coming from the aerosol droplets before dry-
ing, resulting in each particle considered as a highly
concentrated nano crystallites boehmite aggregates
linked together through a water-rich amorphous
phase [36].
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Figure 1. SEM image of the fracture surface of (a, d) LLDPE-D40-4, (b, e) LLDPE-D40 OS-4 and (c, f) LLDPE-D80-4
taken at 5 k( (a, b, c) and 50 k( (d, e, f)



The XRD diffractograms of BA nanopowders and
LLDPE nanocomposites are given in Figure 2a and
2b, respectively. In the X-ray diffractograms of BA
nanopowders, the peaks (hkl plan) at 2! = 14.7°
(020), 2! = 28.4° (120), 2! = 38.7°(031), 2! = 49.2°
(200), 2! = 55.5° (151) indicate the presence of the
typical orthorhombic crystalline form of BA. The
average crystallite size, calculated by the Scherrer’s
equation [37], is about 38, 40 and 72 nm for BA-D40,
BA-D40 OS and BA-D80, respectively, in good
accordance to the data reported in the material
datasheet [26]. According to XRD diffractograms
of LLDPE nanocomposites, the intensity of the sig-
nals of all peaks increases with the nanofiller amount.
Furthermore, for a given filler content, a stronger
signal was found for LLDPE-D40 OS-x nanocom-
posites with respect to LLDPE-D40-x and LLDPE-
D80-x. Most likely, the surface functionalization

induced a higher BA crystallinity with respect to
untreated BA, or BA for silane modification was
taken from another production batch.
The IR spectra of BA nanopowders correspond to
those reported for boehmite in the literature [28,
38]. The OH stretching (*OH) bands are at 3290 and
3091 cm–1, while OH bending ('OH) appears at
1151 and 1077 cm–1, the +OH band is at 751)cm–1,
symmetrical and asymmetrical Al–O bonds stretch-
ing are at 638 and 529 cm–1 (Figure 3a).
Representative IR spectra of neat LLDPE, LLDPE-
D40-4, LLDPE-D40 OS-4 and LLDPE-D80-4 nano -
composites are compared in Figure 3b. All the spec-
tra of LLDPE-BA nanocomposites are similar with
marginal differences in intensity due to the different
BA crystallite size. Furthermore, only slight differ-
ences are attributable to BA surface functionaliza-
tion. In particular, formation of small peaks is
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Figure 2. XRD diffractogram of (a) BA nanopowders and (b) LLDPE and LLDPE-BA-4 nanocomposites in comparison

Figure 3. FTIR spectra of (a) BA nanopowders in comparison and (b) LLDPE and LLDPE-BA-4 nanocomposites



observed in the 800–1700 cm–1 region, which are
commonly referred to the presence of silane cou-
pling agents [39].

3.2. Rheological behavior
The effect of the filler addition on the isothermal
frequency dependence of the dynamic shear storage
modulus (G#) and complex viscosity (|"*|) is reported
in Figure 4a for unfilled LLDPE and LLDPE com-
posites filled with 4 wt% BA. A general decrease in
both G# and |"*|can be detected for all LLDPE-BA
nanocomposites over the whole frequency range.
Furthermore, a similar decrease of both G# and |"*|
is also recorded in the case of composites filled
with 8 wt% BA (Figure 4b). Noteworthy, the lower-
ing in viscosity is very beneficial for the material
processing. For the sake of completeness, some insta-
bilities of the samples are observed at low frequen-
cies, mainly regarding the determination of G# val-
ues. This experimental drawback probably occurs
due to the adopted cone-plate configuration.
Incorporation of nanofillers in thermoplastics is
generally associated to a marked increase in the
melt viscosity, at least in the range of low frequen-
cies. Furthermore, a significative enhancement in
G# is generally observed. These changes are usually
assigned to a pseudo solid-like transition caused by
the dispersed nanoparticles [40–46]. Nevertheless,
the lowering of both |"*| and G# by BA addition to
LLDPE contradicts such general trend. It is inter-
esting to observe that Khumalo et al. [26] reported
the same rheological behaviour for polyethylene/
synthetic boehmite alumina nanocomposites. In par-
ticular, a decrease in both G# and |"*| was recorded
for LDPE-BA and HDPE-BA nanocomposites with

respect to the neat matrices. Also Blaszczak et al.
[47] studied the rheological beha*iour of LDPE-BA
nanocomposite and found that the addition of BA
produces a decrease in |"*| compared to that of
unfilled LDPE. A possible explanation is based on
the fact that, as a result of good adhesion between the
polymer matrix and the mineral filler, the polymer
melt with filler flows more uniformly, thus at a
lower viscosity despite adding solid filler [47].
Moreover, since LLDPE is a highly branched poly-
mer whose chains would tend to get entangled,
apparently even poorly bonded plain BA particles
fill in the spaces between chain branches and enable
an easier flow.

3.3. Thermal properties 
As evidenced by DSC analysis, the addition of BA
produces a moderate increase of the crystallization
temperature for all kinds of boehmite, but no partic-
ular dependence of nucleating effect on the BA type
is evidenced (Table 2). However, the crystallization
peak temperature seems to approach a plateau for
boehmite content as high as 4 wt%. The nucleating
effect of boehmite was already reported in previous
papers for polyethylenes [26] and poplypropylene
[27], showing a different nucleating efficiency
depending on the crystallite size of boehmite nano -
filler.
Concurrently, the melting temperature recorded
during the second scan (Tm2) is slightly higher for
LLDPE nanocomposites, while the crystallinity ($c)
does not seem to have a direct correlation with the
nanofiller addition.
The thermal resistance parameters as detected by
TGA measurements are also reported in Table 3.
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Figure 4. Complex viscosity |"*| and storage modulus (G#) with respect to angular frequency (#) for (a) LLDPE and
LLDPE-BA-4 nanocomposites and (b) LLDPE and LLDPE-BA-8 nanocomposites



When considering LLDPE-boehmite nanocompos-
ites, both Td,onset and Td,max markedly increase with
the filler content, showing a slightly higher effi-
ciency in LLDPE-D80 samples. Improved thermal
and thermo-oxidative stability due to the addition of

BA has been already reported for polyethylenes
(PEs) [26] and polypropylene (PP) [27, 28]. Never-
theless, future research is required in order to clar-
ify the mechanism of improvement of thermal and
thermo-oxidative stability in polyolefines by BA
incorporation.

3.4. Tensile mechanical properties and impact
strength

As reported in Table 4, the addition of BA nanopar-
ticles produces a significant increase of the elastic
modulus of the LLDPE matrix, reaching an improve-
ment of 69% for systems filled with 8 wt% of BA
D40, compared to unfilled LLDPE.
The stiffening effect induced by nanofiller incorpo-
ration is most often attributed to the formation of a
rigid interphase between the matrix and the parti-
cles. Nevertheless, it has also been recently pro-
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Table 2. Melting and crystallization characteristics of unfilled LLDPE and relative nanocomposites from DSC measure-
ments

Sample Tm1
[°C]

"Hm1 [J/g]
(#m1 [%])

Tc
[°C]

"Hc [J/g]
(#c [%])

Tm2
[°C]

"Hm2 [J/g]
(#m2 [%])

LLDPE 118.0 102.4
(35.3) 104.2 98.4

(33.9) 117.5 98.4
(33.9)

LLDPE-D40-1 119.5 100.8
(35.1) 111.1 100.3

(34.9) 121.3 100.6
(35.0)

LLDPE-D40-4 121.0 102.8
(36.9) 111.7 98.5

(35.4) 120.8 98.8
(35.5)

LLDPE-D40-8 120.9 98.5
(36.9) 111.2 94.5

(35.4) 120.8 95.2
(35.7)

LLDPE-D40 OS-1 118.9 100.4
(35.0) 104.7 99.3

(34.6) 118.1 99.9
(34.8)

LLDPE-D40 OS-4 121.1 101.2
(36.4) 111.9 99.9

(35.9) 119.1 100.4
(36.1)

LLDPE-D40 OS-8 121.0 98.1
(36.8) 111.2 94.2

(35.3) 119.1 94.7
(35.5)

LLDPE-D80-1 120.6 103.2
(35.9) 110.4 98.6

(34.3) 119.3 98.6
(34.3)

LLDPE-D80-4 121.1 101.2
(36.4) 111.4 99.1

(35.6) 121.2 99.5
(35.7)

LLDPE-D80-8 120.3 98.1
(36.8) 110.5 94.6

(35.5) 121.1 94.9
(35.6)

Table 3. TGA parameters on unfilled LLDPE and relative
nanocomposites

Sample Td, onset
[°C]

Td, max
[°C]

Char
[%]

LLDPE 457.0 477.1 0.3
LLDPE-D40-1 459.9 477.3 2.7
LLDPE-D40-4 461.7 479.7 3.3
LLDPE-D40-8 463.6 481.4 7.4
LLDPE-D40 OS-1 459.1 478.3 2.2
LLDPE-D40 OS-4 459.7 478.4 3.2
LLDPE-D40 OS-8 461.5 480.1 8.2
LLDPE-D80-1 460.7 480.0 2.1
LLDPE-D80-4 461.0 480.7 3.8
LLDPE-D80-8 462.1 480.3 7.7

Table 4. Quasi-static tensile properties at yield and at break and tensile energy to break (TEB)

Sample Tensile modulus
[MPa]

Tensile strength at yield
[MPa]

Tensile strength at break
[MPa]

Elongation at break
[%]

TEB
[J/mm2]

LLDPE 200±6 11.7±0.2 21.6±1.0 1390±91 0.63±0.08
LLDPE-D40-1 218±13 11.8±0.1 19.6±0.4 1259±40 0.63±0.07
LLDPE-D40-4 262±13 12.2±0.4 16.8±0.5 1124±69 0.69±0.11
LLDPE-D40-8 337±12 12.3±0.4 15.1±1.1 964±41 0.70±0.06
LLDPE-D40 OS-1 250±18 11.3±0.2 22.1±0.9 1330±33 0.73±0.05
LLDPE-D40 OS-4 279±22 12.9±0.2 21.1±0.6 1249±32 0.84±0.07
LLDPE-D40 OS-8 306±10 13.4±0.2 19.8±0.3 1040±35 0.87±0.11
LLDPE-D80-1 218±17 12.1±0.3 22.8±0.4 1336±38 0.63±0.05
LLDPE-D80-4 246±10 12.4±0.2 19.4±0.4 1135±54 0.93±0.09
LLDPE-D80-8 302±19 13.3±0.1 19.7±1.3 1043±102 0.90±0.08



posed that nanoparticles aggregation can be another
mechanism responsible for stiffness increase in
polymer nanocomposites. A new approach developed
by Dorigato et al. [21, 48] was adopted in order to
model the elastic properties of LLDPE-BA nano -
composites taking into account the stiffening effect
provided by rigid nanoparticles forming primary
aggregates, with the hypothesis that part of the
polymer matrix is mechanically constrained within
the aggregates. In order to implement the model,
the Poisson’s ratio of matrix and filler were chosen
as 0.44 and 0.23, respectively, while the elastic
modulus of BA was considered equal to 385 GPa in
according to literature data [49].
The relative elastic modulus of the LLDPE-BA
composites is plotted in Figure 5 as a function of
the filler volume fraction, along with the fitting
curves generated by the adopted model. It can be
noticed that the proposed model can predict quite
well the elastic modulus of LLDPE-D40-x and
LLDPE-D80-x composites over the whole range of
filler concentration. Furthermore, the significative
increase of the elastic modulus detected for nanocom-
posites is associated to enhanced , values, which
indicates the fraction of matrix constrained by nano -
particles. As already noticed by Dorigato et al. [20]
when applying the model to the case of LLDPE
filled with fumed silica nanoparticles, there exists
an apparent correlation between the , parameter
and filler surface area (Table 1). Indeed, the smaller
the particle, the higher the surface area and the

stronger the propensity to agglomerate, leading to
more extensive primary aggregates formed during
manufacturing of finer BA filler.
On the other hand, the proposed model does not sat-
isfactory fit the case of LLDPE-D40 OS-x systems,
probably due to a better polymer–filler interaction
which produces superior interface properties espe-
cially at low nanofiller contents. As already observed
from SEM micrographs, the surface functionaliza-
tion of filler does not significatively affect the filler
dispersion but improves the interface properties
between matrix and filler.
If the ultimate mechanical properties are considered,
it can be observed that the yield stress increases
proportionally to the filler content while the stress
at break decreases for all kinds of BA nanocompos-
ites, probably because of the filler agglomeration
and stronger interaction [16]. For the same reason
the elongation at break of nanocomposite is lower
than that of neat LLDPE. A similar behavior was
reported by Khumalo for the tensile yield and
strength of LDPE/BA nanocomposites [51]. Both
yield stress and stress at break are slightly higher in
LLDPE-D40 OS-x and LLDPE-D80-x samples
with respect to LLDPE-D40-x.
When the load is applied at high speed through ten-
sile impact tests, the introduction of BA nanoparti-
cles leads to an interesting increase of the tensile
energy at break (TEB). The toughening effect is
more intense as the nanoparticles are surface func-
tionalized, in accordance with the conclusions
reached under quasi-static tensile loading (Table 4).
While the presence of an organic modifier on the
surface of the nanoparticles seems to not affect the
tensile properties at break under quasi-static condi-
tions, tensile energy at break under impact test is
remarkably improved in the case of BA40 OS filled
nanocomposites. Rong et al. [52, 53] and Wu et al.
[54] already found that the addition of small amount
of modified nanoparticles (SiO2 or CaCO3) could
improve the fracture toughness of polypropylene
more effectively than the untreated ones, probably
due to a better filler/matrix interaction which pro-
duces a delaying the shear yielding of the matrix
and favours the filler-matrix load transfer mecha-
nism.
Furthermore, the addition of BA D80 and BA D40
OS produces a stronger enhancement in TEB than
that of BA D40. This can be attributed to the higher
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Figure 5. Relative elastic modulus of LLDPE-BA nano -
composites as a function of the filler volume con-
tent, with fitting of experimental data in accord-
ing to the model proposed by Dorigato et al. [21]
(continuous line). Note that the error bars of data
are not represented for clarity reasons.



yield stress and stress at break measured for the for-
mer samples with respect to the latter ones.

3.5. Viscoelastic behaviour
In Figure 6 the isothermal creep compliance of
unfilled LLDPE and its nanocomposites containing
4 wt% BA, under a constant load of 1 MPa and at

30°C, is reported, while in Table 5 the elastic (De)
viscoelastic and total components of the creep com-
pliance after 2000 s (Dve2000 and Dt2000, respectively)
are summarized. The introduction of BA nanoparti-
cles leads to a significant improvement of the creep
stability of the material. It is generally believed that
nanoparticles can effectively restrict the motion of
polymer chains, influencing the stress transfer at a
nanoscale, with positive effects on the creep stabil-
ity of the material [55]. The addition of BA-D40 OS
nanoparticles provides further creep reduction com-
pared to the untreated one. This is probably due to
the better restriction of molecular chains during the
viscoelastic flow, affected by the BA surface func-
tionalization.
The dynamic-mechanical response of LLDPE is
also markedly affected by the addition of BA nano -
particles. The storage modulus (E#) increases signif-
icantly as the BA content increases, probably due to
the restrictions of the molecular chains motion
(Table 5), thus indicating that the incorporation of
BA nanoparticles remarkably enhances stiffness
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Table 5. Creep compliance data and dynamic mechanical properties of LLDPE and relative nanocomposites (f = 1 Hz)

Sample De
[GPa–1]

Dve2000
[GPa–1]

Dt2000
[GPa–1]

E$ (–130°C)
[MPa]

E$ (23°C)
[MPa]

E% (23°C)
[MPa]

Tg
[°C]

LLDPE 5.96 7.39 13.35 4236 416 26.0 –110.5
LLDPE-D40-1 5.91 5.74 11.65 4448 590 50.8 –108.2
LLDPE-D40-4 5.72 5.30 11.02 4784 684 56.8 –104.7
LLDPE-D40-8 5.44 4.80 10.24 4942 686 61.7 –103.4
LLDPE-D40 OS-1 5.86 5.65 11.51 4429 540 48.3 –110.3
LLDPE-D40 OS-4 5.70 4.89 10.59 5102 695 58.4 –107.3
LLDPE-D40 OS-8 4.85 2.78 7.63 5258 737 62.2 –105.7
LLDPE-D80-1 5.80 5.45 11.25 4796 617 53.0 –107.8
LLDPE-D80-4 5.43 4.27 9.70 5031 755 59.1 –104.0
LLDPE-D80-8 4.73 4.24 8.97 5627 764 63.8 –103.8

Figure 6. Creep compliance (D(t)) of LLDPE and LLDPE-
BA-4 nanocomposites (T = 30°C, %0 = 1 MPa)

Figure 7. Dynamic mechanical properties of unfilled LLDPE and relative nanocomposites (f = 1 Hz): (a) Storage modulus
(E#) and (b) Loss tangent (tan')



and load bearing capability of the material. The
addition of BA-D80 produces the highest enhance-
ment in E#. On the other hand, nanofiller incorpora-
tion produces only marginal effect on E&, without
dependence on the BA grade. The glass transition
temperature (Tg), evaluated in correspondence of the
tan' peak, was higher for all nanocomposites with
respect to unfilled LLDPE, thus reflecting the restric-
tion of the motion of polymer chains induced by the
nano fillers incorporation. Moreover, the Tg increase
indicates an effective interfacial interaction between
the BA nanoparticles and the LLDPE matrix [13].
Comparison plots of the storage modulus (E#) and
loss factor (tan') are reported in Figure 7a and 7b,
respectively, as a function of temperature for unfilled
LLDPE and its nanocomposites containing 4 wt%
BA.

3.6. Fracture toughness
The EWF method was applied to characterize the
plane stress fracture toughness. At first, the precon-
ditions necessary for the application of the EWF
methodology were verified [32]. In particular, the
validity criterion verifies that all tests were con-
ducted under plane-stress state. Furthermore, all the
specimens exhibited delayed yielding (i.e. the liga-
ment yielding is fully yielded when the crack starts
to propagate), with subsequent ductile fracture,
showing a large plastic deformation zone surround-
ing crack tip. Moreover, most specimens mani-
fested evident necking after yielding, in agreement
with Equation (3). Since the force – displacement
curves of specimens with different ligament lengths
were geometrically similar (self-similarity), the

fracture mechanism was probably independent on
the ligament length (Figure 8).
Interestingly, in all samples including nanocompos-
ites, the area under the curve after the maximum
force is higher than that prior to maximum force,
thus indicating slow crack propagation with high
energy absorption, typical of ductile materials [33].
The addition of BA nanoparticles to LLDPE did not
modify these general features.
The elliptical shape of the stress-whitened zone
formed during tensile EWF test performed on
LLDPE nanocomposites was similar to that of neat
LLDPE with slight variation in the height of the
zone. The elliptical shape can be characterised by a
shape factor (, estimated as )·h/(4L), where h is the
height of whitened zone while L is the ligament
length. The total specific essential work of fracture
(we), the specific essential work of fracture at yield-
ing (we,y) and the specific essential work of fracture
for necking (we,n) were obtained by linear fits and
summarized in Table 6. In general, a noticeable
improvement of we can be observed as the BA con-
tent increases for all kinds of BA nanoparticles,
whereas (·!wp values slightly decrease upon BA addi-
tion. These results clearly indicate that BA addition
siginficatively toughens the LLDPE matrix [33].
Moreover, partitioned components of the specific
essential work of fracture, such as the yielding-
related component (we,y) and EWF for necking-
related component (we,n), also show an improve-
ment in all nanocomposites when compared to
unfilled LLDPE. In particular, the improvement in
we,y is probably due to the higher yield stress of
nanocomposites with respect to neat LLDPE, while
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Figure 8. Load–displacement (F–u) curves of (a) LLDPE and (b) LLDPE-D40-8 nanocomposites. The arrow indicates
increasing ligament length. The partitioning between yielding and necking works of fracture is indicated in (a).



the change in we,n might arise because of an improved
crack propagation resistance in nanocomposites
[56]. Only marginal differences are appreciable
when comparing values of we and (·wp in samples
filled with different types of BA nanoparticles. On
the other hand, the samples LLDPE-D40 OS-x and
LLDPE-D80-x show generally higher we,y values
due to the higher yield stress measured with respect
to that of LLDPE-D40-x samples.

4. Conclusions
LLDPE based nanocomposites were prepared
through melt compounding and hot pressing using
different kinds of BA nanoparticles in order to
assess the role of the filler crystallite size and sur-
face treatment on the viscoleastic and fracture
response of the material.
In particular, both untreated and octylsilane surface
treated BA nanoparticles with crystallite size of
40 nm were used to produce the nanocomposites.
Furthermore, as means of comparison, other sam-
ples were produced with untreated BA particles
with primary crystallite size of 74 nm. BA particles
were finely and homegenously dispersed in LLDPE
though in agglomerated form. The nanoscale disper-
sion of BA was practically not affected by the sur-
face treatment. BA filling did not affect the crys-
tallinity of the nanocomposites though BA acted as
nucleant. Presence of BA slightly enhanced the resist-

ance to thermo-oxidative degradation of the LLDPE
matrix. Incorporation of BA was accompanied with
an increase in both tensile modulus and yield
strength, and with some reduction in both ultimate
tensile strength and elongation at break. The tensile
impact energy was prominently improved with
increasing amount of BA. Larger crystallite particle
size and surface treatment of BA yielded further
enhancement in this property. Surprisingly, the melt
viscosity was reduced by BA nanofillers.
Short term creep tests showed that creep stability
was significatively enhanced by nanofiller incorpo-
ration. Concurrently, both storage and loss modulus
were increased in all nanocomposites. The plane-
stress specific essential work of fracture showed a
considerable increase (up to 64 %) with the BA con-
tent but no significant difference depending on the
BA type.
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1. Introduction
With the development of microelectronic devices
becoming smaller and lighter, new low dielectric
constant materials are needed to replace the current
wire insulator of silicon dioxide, thereby reducing
the signal delays and electrical power loss in the
new generations of large scale integrated circuits
[1–3]. Nanoporous polyimide (PI) material, com-
bining the high performance of PI and the lowest
dielectric constant of air void (k ! 1), is thought to be
the most promising candidate for use as a next-gen-
eration of interlayer dielectrics [4]. Therefore, con-
siderable attention has been focused on the prepara-
tion of low-dielectric nanoporous PI films. Besides
normal template like poly(ethylene oxide)–polyhe-
dral oligosilsesquioxane (PEO–POSS) nanoparti-
cles [5], silicon nanowires [6], poly[styreneco-(4-
vinylpyridine)] (PSVP) nanospheres [7], were used

to prepare nanoporous PI films, Hedrick and his co-
workers have opened a route to the fabrication of
nanoporous PI films. The approach they established
involves the preparation of block copolymers con-
sisting of a thermally labile block and highly tem-
perature-stable PI block. The block copolymer could
be self-assembled into nanoscale domains with labile
block as dispersed phase and PI block as matrix.
Pore formation can be accomplished by thermolysis
of the labile blocks, which leaves pores of sizes and
shapes that correspond to those present in the initial
copolymer’s morphology [8, 9]. Thanks to their
contribution and several other works on the prepa-
ration of nanoporous PI films with low dielectric
constant based on various PI-based copolymer has
been reported [10–13]. However, the synthetic pro-
cedures and processing are relatively complicated,
furthermore, thermal degradation of the labile com-
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ponent reduces the molecular weight and certain
critical mechanical properties of the resulting nano -
porous films.
In this study, we described a new method to the
preparation of low-dielectric nanoporous PI films
using block copolymer as template. Based on the
self-assembly structures of block copolymer and
poly(amic acid) (PAA, precursor of PI) blends,
nanoporous PI films could be obtained after the
removal of the block copolymer. Compared to the
method Hedrick reported, complex synthetic proce-
dures are avoidable, and the mechanical properties of
resultant nanoporous PI films are little influenced
because the nanopores come from the simple removal
of block copolymer. In this way, the porosity of
resultant nanoporous PI films could be controlled
by changing of the weight content of block copoly-
mer, thus adjusting the dielectric constant of the
films

2. Experimental procedures
2.1. Materials
PS-b-P4VP block copolymer (Mn PS:P4VP =
11800:15000 g/mol and polydispersity of 1.04) was
purchased from Polymer Source Inc., Canada, and
used as received. 3,3",4,4"-biphenyltetracarboxylic
dianhydride (BPDA), 4,4"-oxydianiline (ODA), and
N-Methy1-2-pyrrolidone (NMP), benzene were ana-
lytical chemical reagents and purchased from Tian-
jin Chemical Reagents Company, Tianjin, China.

2.2. Synthesis of poly(amic acid)
homopolymer

PAA homopolymer was prepared by solution poly-
merization in NMP. Into a reaction flask fitted with
a mechanical stirrer and Ar inlet were charged 1.8 g
of ODA and 30 g of NMP. Stirring was begun, and
after the ODA has dissolved, 2.698 g of BPDA pow-
der was added gradually to the stirring solution of
the diamine over 40 min. The reaction mixture was
reacted at 0°C  for 24 h in Ar atmosphere to yield a
viscous PAA solution.

2.3. Preparation of nanoporous polyimide thin
films

The procedure used to fabricate nanoporous PI
films is summarized in Figure 1. The block copoly-
mer PS-b-P4VP and PAA homopolymer was first
dissolved in NMP, to make polymer solution with a
concentration of 5 wt%. The NMP solution contain-

ing 5 wt% polymer mixtures was stirred for more
than 24 h at room temperature. PS-b-P4VP/PAA
blends in films with a thickness of ~100 nm, were
prepared on a silicon wafer by spin-coating at
2000 rpm for 4 min, followed by drying under vac-
uum at room temperature to remove the residual
NMP. The as-spun PS-b-P4VP/PAA films were sol-
vent annealed in a saturated mixture vapor of ben-
zene and NMP at 80°C to achieve self-assembly
microstructures. The self-assembled PS-b-P4VP/
PAA films were thermally treated to convert PAA to
PI at an elevated temperature: 120°C (1 h), 180°C
(1 h), 250°C (1 h), and 300°C (1 h). Then, nano -
porous PI films with a thickness of ~100 nm, were
obtained after the removal of PS-b-P4VP block
copolymer by solvent extraction in dichloro -
methane for 24 h at 50°C.

2.4. Characterization
AFM studies were operated at a Nanoscope IIIa
multimode atomic force microscope (Digital Instru-
ments, VEECO, USA) at the tapping mode. Trans-
mission electron microscope (JEM-2010, JEOL
Ltd., Japan) operating at an accelerating voltage of
200 kV was used to examine the morphology of PS-
b-P4VP/PAA and nanoporous PI films. Films for
TEM were prepared on silicon substrates having a
thick layer of silicon oxide. These films were floated
onto the surface of a 5 wt% hydrofluoric acid solu-
tion, transferred to a water bath, and then picked up
by a Cu grid. To clearly observe the interior struc-
tures of PS-b-P4VP/PAA, iodine was employed as
staining agent to selectively contrast PAA chains
and P4VP blocks. The samples were placed in vapors
of iodine crystals for 2 h at 35°C. The porosity (V)
of the nanoporous PI thin films was obtained by
calculating from refractive index according to the
Maxwell-Garnett modeling as shown by Equa-
tion (1) [14]:

                           (1)

where np and ns is refractive index of nanoporous
and dense PI thin films, respectively. The dielectric
constant of the nanoporous PI films was determined
using the Maxwell equation, Equation (2) [15]:

! ! 1.1·n2                                                              (2)

where n is the refractive index. The refractive index
was measured with a variable-angle multi-wave-

V 5 1 2 c 1np
2 2 1 2 1ns
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length ellipsometer (L116E, Gaertner Ltd., USA)
with wavelengths at 632.8 nm.

3. Results and discussion
Prior to discussion, it should be noted that there
exists a strong interpolymer hydrogen-bonding
interaction between PAA and P4VP blocks, leading
to the formation of P4VP/PAA complex (Figure 2).
The selective adsorption of PAA on P4VP blocks
could increase the interaction parameter difference
between PS and P4VP/PAA phases, resulting in the
strong segregated microphase separation [16]. TEM
was performed to explore the interior structure of
the PS-b-P4VP/PAA thin film. After I2 staining, the
PAA and P4VP microdomains are dark, and the PS
components appear light. For the directly spin-
coated thin film, it is noticed that Figure 3a repre-
sents a homogenous phase. During the formation of
PS-b-P4VP/PAA films by spin-coating from NMP
solution, not any microphase-separation structures
could be obtained due to non-selectivity of NMP
and high solvent evaporation rate [17]. We have
attempted to prepare porous PI films from the
directly spin-coated PS-b-P4VP/PAA film after
conversion of PAA into PI and removal of PS-b-

P4VP, but it failed. The results demonstrate that the
miscible phase of the as-spun PS-b-P4VP/PAA film
could not produce any porous structures. The PS-b-
P4VP/PAA blends thin film was solvent-annealed
in benzene/NMP vapor mixture to achieve micro -
phase-separation [17]. As shown in Figure 3b, it
represents a microphase-separation structure con-
sisted of PS spherical domains dispersed within
P4VP/PAA matrix.
Figures 4a-c show the AFM images of self-assem-
bled PS-b-P4VP/PAA films with different PAA wt%.
It is found spherical microphase-separation struc-
tures as well as few of wire-like structures formed.
Although PAA weight content in the three PS-b-
P4VP/PAA films is different, the diameter of spher-
ical microphase-separation structures, ~19 nm, is
nearly the same. The self-assembled PS-b-P4VP/
PAA films were thermally treated to convert PAA to
PI. FIIR results as shown in Figure 5 confirmed the
successful imidization of PAA. Figures 4d–4f
describe the AFM images of the resultant PS-b-
P4VP/PI films after thermal imidization. Compared
to PS-b-P4VP/PAA films, wire-like structures dis-
appear and size of spherical structures increased to
~31 nm. During the conversion of PAA to PI by
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Figure 1. Schematic figure of fabrication of nanoporous PI films

Figure 2. Schematic representation of possible interactions between PAA and PS-b-P4VP block copolymer



thermal annealing, PI chains were separated from
P4VP blocks because the inter-polymer hydrogen-
bonding interaction between PAA and P4VP blocks
was destroyed, thus leading to the increase of
sphere size and disappearance of wire-like struc-
tures.
Nanoporous PI films could be obtained from PS-b-
P4VP/PI films after removal of PS-b-P4VP block
copolymer by solvent extraction in dichloro -

methane. Here, solvent extraction of PS-b-P4VP
was used to replace traditional thermal decomposi-
tion to prevent the collapse of the porous structure
during thermolysis at high temperature. As shown
in Figure 5, disappearance of the peak at 697 cm–1,
corresponding to carbon-nitrogen distortion vibra-
tion of the pyridine ring, revealed the complete
removal of PS-b-P4VP block copolymer. Figure 6
demonstrates the TEM images of the resultant PI

                                                 Wang et al. – eXPRESS Polymer Letters Vol.7, No.8 (2013) 667–672

                                                                                                    670

Figure 3. TEM images of PS-b-P4VP/PAA blends thin film with PAA wt% of 50% (a) before and (b) after solvent anneal-
ing in benzene/NMP mixture vapor

Figure 4. AFM images of PS-b-P4VP/PAA self-assembled films with different PS-b-P4VP wt% of (a) 40%, (b) 50% and
(c) 60%. (d), (e) and (f) are AFM images of resultant PS-b-P4VP/PI films after thermal imidization



films. The nanoscale pores of the films are clearly
evident with the white areas. Low contrast in the
TEM image could be attributed to the overlapping
of projections of nanopores in the thickness direc-
tion. Nanoporous structures with nearly the same
diameter of ~11 nm were found, formed in three
kinds of PI films. It reveals that the weight content
of PS-b-P4VP block copolymer did not have any
obvious influence on the pore size of resultant
nanoporous PI films. It should be noted, in our
study here, only three kinds of PS-b-P4VP/PAA
films and as-prepared nanoporous PI films were
discussed, because the other PS-b-P4VP/PAA films
with PS-b-P4VP wt% not in the range of 40~60%
could not form proper microphase-separated struc-
tures to fabricate nanoporous PI films.
The closed and nanoscale pores of the prepared PI
films allow potential applications in microelec-
tronic devices. Table 1 demonstrates the porosity
and dielectric constant of the nanoporous PI films.
It can be seen the porosity of the films could be
adjusted by PS-b-P4VP weight content in PS-b-

P4VP/PAA blends films. As the result shows, the
dielectric constant of the films decreases with the
increasing porosity. The dielectric constant varies
from 2.82 to 2.41 for the nanoporous PI films, sig-
nificantly lower than that of the dense PI film
(3.60). It indicates that the incorporation of nano -
pores successfully reduces the dielectric constant of
PI films.

4. Conclusions
Nanoporous PI films with low dielectric constant
were prepared, based on the microphase-separated
structures of PS-b-P4VP/PAA. The incorporation of
nanopores could effectively reduce the dielectric
constant of the resultant PI films. Porosity of the
nanoporous PI films could be controlled by the
weight content of PS-b-P4VP block copolymer,
thereby adjusting the dielectric constant of the films.
The low dielectric constant of the prepared nano -
porous PI films make it promising in the microelec-
tronics.
Since block copolymer have the ability to self-
assembly into versatile nanoscale morphologies, it
is expected multifarious nanoporous structures could
be prepared and the effect of these structures on the
dielectric property of the nanoporous PI films could

                                                 Wang et al. – eXPRESS Polymer Letters Vol.7, No.8 (2013) 667–672

                                                                                                    671

Figure 5. FT-IR spectrums of PS-b-P4VP/PAA, PS-b-
P4VP/PI and nanoporous PI thin films

Figure 6. TEM images of nanoporous PI films obtained from PS-b-P4VP/PAA self-assembled films with different PS-b-
P4VP wt% of (a) 40%, (b) 50% and (c) 60% after removal of PS-b-P4VP

Table 1. Refractive index, porosity and dielectric constant
of nanoporous PI films prepared from PS-b-
P4VP/PAA blends films with different PS-b-
P4VP wt%

aDetermined according to Maxwell-Garnett modeling [14]

Sample Refractive
index Porositya Dielectric

constant
PI 1.81 – 3.60
PI40% 1.60 0.20 2.82
PI50% 1.55 0.26 2.64
PI60% 1.48 0.34 2.41



be studied in the future work. The method described
here is simple and controllable, which could be
applied to the other polymer systems.
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1. Introduction
Due to their low density and good adhesive and
mechanical properties, epoxy resins are among the
most widespread matrices for structural composites.
Because of their chemical versatility and the possi-
bility to tailor the glass transition temperature by
using different epoxy bases and/or chain extenders,
they were often applied in several technological
applications [1]. Furthermore, it has been widely
proven that the addition of metal and carbon based
nanofillers, such as metal nanopowders, graphite
nanoplatelets (GnPs), carbon black (CB) and car-
bon nanofibers (NFs) could dramatically improve the
mechanical behavior and the electrical conductivity
of the resulting materials [2–4]. The electrical behav-

ior of these systems can be successfully explained
considering the percolation theory [5]. Above a given
filler content (i.e. the percolation threshold), the con-
ductive particles form a continuous network through
the insulating matrix and the resistivity is harshly
decreased by several orders of magnitude. For
instance, in a recent work of our group, the thermo-
mechanical properties and the electrical monitoring
capability under ramp and creep conditions of an
epoxy matrix nanomodified with different amounts
of CB and NF was investigated [6]. The best formu-
lation was then used to prepare glass fiber rein-
forced laminates to be tested under ramp and creep
conditions, with a continuous monitoring of their
deformational and damage behavior through elec-
trical measurements [7].
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Recently, different kinds of polymeric materials
have been utilized for the preparation of shape
memory materials (SMMs). These materials have
the peculiar property of ‘remembering’ their origi-
nal shape to which they return when subjected to
external stimuli [8, 9]. Among them, shape memory
alloys (SMAs) and shape memory polymers (SMPs)
are the most important ones at present, and their
efficacy is strictly connected to their final applica-
tion [10]. They have been widely applied as smart
textiles and apparels [11], intelligent medical devices
[12], heat shrinkable packages for electronics [13],
high performance water–vapor permeability materi-
als [14], self-deployable structures [15], and micro-
systems [16]. SMPs can recover their original (or
permanent) shapes under appropriate external stim-
uli, such as heating [1, 8, 16, 17], cooling [18], light
[19, 20], electric field [21–26], magnetic field [27–
29], water [30], pH, specific ions or enzyme [31].
However, the demand to avoid external heaters has
led to a new generation of electrically conducting
SMPs filled with conductive nanoparticles, such as
carbon nanotubes [21, 22], carbon particles [23, 26],
conductive fiber [24] and nickel zinc ferrite ferro-
magnetic particles.
Taking into account these considerations, the objec-
tive of the present work is to characterize the ther-
mal, mechanical and electrical properties of new
epoxy based nanocomposites whose amine hard-
ener was nanomodified with in-situ reduced silver
nanoparticles. Moreover, various amounts of carbon
based nanofillers (CB and NF) were dispersed in the
polymer matrix in order to evaluate possible syner-
gistic effects. This paper represents the first step of
a wider characterization activity focused on the
selection of the most promising filler compositions
for the preparation of nanofilled polymers with
electrically induced shape memory behavior.

2. Experimental
2.1. Materials
A DER 330 epoxy base (density = 1.16 g/mL, epoxy
equivalent = 176–185 g/eq), supplied by Dow Chem-
ical Company (Midland, USA), and a Jeffamine D-
400 amine hardener (molecular weight = 430 Da,
density = 0.972 g/mL, amine equivalent = 115 g/eq),
supplied by Huntsman (Everberg, Belgium), were
utilized as components of the epoxy system. The
same hardener, modified with silver nanoparticles
(Ag), was obtained through the in-situ reduction of

silver nitrate (AgNO3, Sigma Aldrich) [32]. Typically,
the reaction solutions were prepared by dissolving
13.3 g of AgNO3 in 100 g of hardener kept at 55°C.
After 6 hours, the obtained suspension is character-
ized by a strong UV visible absorption band at
410 nm characteristic of Ag0 (here not reported). The
shape and the dimensions of the particles were also
evaluated by TEM. The obtained images showed that
the synthesized powder was nanostructured and pre-
sented crystals having rather uniform spherical shape
and size in the range from 2 to 5 nm (Figure 1). Ther-
mogravimetric tests evidenced how the nanomodi-
fied hardener was characterized by an Ag content of
8.6 wt%.
Ketjenblack EC600JD carbon black (CB) was sup-
plied by Akzo Nobel Chemicals Spa (Arese, Italy).
This nanofiller is constituted by fine aggregates of
spherical particles with typical dimension of around
40 nm. The specific surface area (SSA) of CB nano -
particles, measured following BET procedure, was
1353 m2/g, while the density assessed by helium
pycnometry was about 1.95 g/cm3. Vapour grown
carbon nanofibers (1195JN) have been supplied by
NanoAmor Inc. (Houston, USA). According to the
product data sheet, these fibres have a length of 5–
40 µm, a core diameter of 0.5–10 nm and an outside
diameter of 240–500 nm. The SSA values of NF
resulted to be 29 m2/g, while a density of 1.78 g/cm3

was evaluated. All materials were used as received.
As far as the preparation of the samples is con-
cerned, different amounts of CB and NF were man-
ually mixed with the epoxy base for 5 minutes. The
mixture was then ultrasonicated by using a Hielscher
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Figure 1. TEM image of the amine hardener with Ag nano -
particles



sonicator for 10 minutes applying a specific power
of 100 W/m2. The stoichiometric amount of hard-
ener was then added to the mixture and manually
mixed for 5 minutes. In the case of neat epoxy, a
base/hardener ratio of 100/63.9 was utilized, while
for the Ag nanomodified epoxy the presence of sil-
ver nanoparticles within the hardener led to a stoi-
chiometric ratio of 100/70. After the degassing
process, the compounded materials were poured in
silicone molds and cured for 2 h at 40°C + 3 h at
110°C + 2 h at 130°C. In this way, neat epoxy and
relative nanocomposites with CB or NF amounts
between 1 and 4 wt% were prepared. In order to
evaluate the effect of the silver nanoparticles within
the epoxy matrix, the same samples were prepared
by using the Ag nanomodified matrix. In the Results
and discussion section, neat epoxy and the Ag nano -
modified matrix were designated as EP and EP+Ag,
respectively. Nanofilled samples were denoted indi-
cating the nanofiller amount, the nanofiller type and
the presence (or not) of Ag nanoparticles within the
matrix. For instance, 1CB refers to the nanocompos-
ite sample with a CB amount of 1 wt%, while 1CB+
Ag indicates the same nanocomposite prepared by
using the Ag nanomodified epoxy.

2.2. Experimental techniques
Morphology of the cryofractured surfaces of the
nanofilled samples was investigated by a Zeiss Supra
40 field emission scanning electronic microscope
(FESEM), at an acceleration voltage of about 1 kV
and a pressure of 10–6 Torr. The surfaces of the sam-
ples were metalized with a silver paste before the
observations. The glass transition temperature (Tg)
was evaluated by differential scanning calorimetry
(DSC) tests, performed with a Mettler DSC30 appa-
ratus (Schwerzenbach, Switzerland). A thermal cycle
from –20 to 160°C, at a heating rate of 10°C"min–1

under a nitrogen flow of 100 mL"min–1, was adopted.
Flexural tests for the determination of elastic modu-
lus (E) and flexural stress at yield (!y,f) were per-
formed at 23°C and at relative humidity of 50%
according to ASTM 790-10 standard by using an
Instron® 4502 testing machine (Norwood, Massa-
chusetts, USA). Rectangular samples, 2 mm thick
and 5 mm wide, were tested setting a distance
between the supports of 40 mm and a testing speed
of 1.33 mm/min (maximum strain rate of 0.01 min–1).
At least five specimens were tested for each sample.
Electrical bulk resistance measurements were per-

formed at 23°C and at relative humidity of 50% in
direct current mode. A model 6517A 6 1/2-digit elec-
trometer/high resistance system, by Keithley Instru-
ments Inc. (Cleveland, Ohio, USA) was used for elec-
trical measurement in a 2-point test configuration.
In order to decrease the contact resistance, the sam-
ple surfaces in contact with the electrodes were
painted with a silver coating. Measurements were
carried out on rectangular samples (cross section of
5 mm#$2 mm, length of 30 mm), and at least five
specimens were tested for each composition. When
the electrical resistance was lower than 105 !, meas-
urements were carried out under an applied voltage
of 10 V, and the resistance values were measured
after a time lapse of 60 s, in order to minimize time-
dependent effects. When the electrical resistance
was between 105 and 1012 !, measurements were
carried out under an applied voltage of 100 V. When
the electrical resistance was higher than 1012 !,
measurements with an applied voltage of 1000 V
were taken on square film samples (length of 95 mm
and thickness of 2 mm). In this latter case coaxial
electrodes were used in order to minimize the amount
of current flowing through the surface. In order to
evaluate the Joule effect produced by the current
flowing through the samples upon voltage applica-
tion, surface temperature measurements were per-
formed. The same equipment and configuration used
for electrical resistivity measurements was adopted,
and various voltages ranging from 100 to 220 V were
applied. The increase of the temperature produced by
the electrical heating of the samples was monitored
through an Optris® LaserSight infrared digital ther-
mometer, acquiring an experimental point every
30 s.

3. Results and discussion
3.1. Microstructure
It is well known that the thermal and the mechani-
cal behavior of nanocomposite samples is directly
influenced by the dispersion state of the nanofiller
within the matrix. In Figure 2a–2h) FESEM images
of the fracture surfaces of the prepared nanocom-
posites are reported. As it is often claimed in the
scientific literature [6, 7], the microstructure of CB
nanocomposite system is characterized by the pres-
ence of primary particles arranged in aggregates
and agglomerates, homogeneously distributed within
the polymer matrix. 1CB system is characterized by
the presence of tiny and pale primary particles with
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Figure 2. FESEM images of the fracture surfaces of epoxy based nanocomposites: (a) 1CB, (b) 4CB, (c) 1NF, (d) 4NF,
(e) 1CB+Ag, (f) 4CB+Ag, (g) 1NF+Ag, (h) 4NF+Ag



average diameter of about 40 nm, organized in
agglomerates of about 250 nm (Figure 2a). 4CB
sample manifests a higher particle density and a
more pronounced tendency of the particles to form
agglomerates (Figure 2b). In fact, the agglomerates
are larger (about 450 nm) than that detectable at a
lower nanofiller content. As often reported for par-
ticulate filled nanocomposites, as the filler amount
increases the mean interparticle distance diminishes
and the probability of aggregation is therefore
enhanced [33]. NF filled nanocomposites exhibit a
more complex microstructure. Some cavities, most
probably related to fiber-matrix debonding phe-
nomena, are detectable on the fracture surface (Fig-
ure 2c–2d). 1CB+Ag and 4CB+Ag composites are
characterized by a morphology in which silver pri-
mary nanoparticles are homogeneously distributed
within the matrix forming aggregates of 4–5 nano -
particles having a mean diameter of about 300 nm
(Figure 2e–2f). Interestingly, the microstructure of
1NF+Ag and 4NF+Ag samples is characterized by
the presence of Ag aggregates localized near the NF
or adhering on the nanofiber surface (Figure 2g–2h).
This microstructural feature may play an important
role in the electrical conductivity.

3.2. Thermal properties
Representative DSC thermograms of EP and EP+Ag
samples are reported in Figure 3, while Tg values
collected during the first heating scan of DSC tests
are summarized in Table 1. Comparing Tg data
reported in Table 1, it can be concluded that transi-
tion temperature seems to be slightly reduced upon
nanofiller addition, especially for elevated CB
amounts. A similar trend has been previously

observed and reported by our group for various nano -
filled thermosets [6, 33–37], and it can be explained
considering that the crosslinking process can be
partially hindered for elevated filler loadings. The
observed Tg trend could be due to the occurrence of
two concurrent phenomena: as the filler content
increases the chain blocking effect is more effective
and induces a slight Tg increase, while, at the same
time, polymer-filler chemical interactions and the
viscosity increase reduces the crosslinking degree
of the matrix, with a consequent Tg drop. In a recent
investigation on epoxy/alumina nanocomposites,
Liu et al. [38] speculated that the hardener mole-
cules were unevenly distributed at a microscale,
thus leading to a stoichiometric imbalance between
epoxy components and reduced Tg values.

3.3. Mechanical behavior
Representative load-displacement curves of flex-
ural tests on epoxy based nanocomposites filled
with carbon black are reported in Figure 4, while
the elastic and yield properties of epoxy/CB and
epoxy/NF nanocomposites are respectively reported
in Figure 5 and 6. As it often happens with epoxy
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Figure 3. DSC thermograms of EP (%) and EP+Ag (&)
samples (first heating stage)

Table 1. Glass transition temperature from DSC tests on
neat epoxy and nanocomposites (first heating scan)

Sample Tg
[°C] Sample Tg

[°C]
EP 49.3 EP+Ag 47.6
1CB 43.6 1CB+Ag 45.5
2CB 46.9 2CB+Ag 47.5
4CB 43.0 4CB+Ag 42.7
1NF 47.3 1NF+Ag 44.1
2NF 46.9 2NF+Ag 44.1
4NF 45.3 4NF+Ag 45.4

Figure 4. Representative load-displacement curves under
flexural conditions for epoxy based nanocompos-
ites filled with carbon black nanoparticles



systems with relatively low Tg (around 50°C), the
specimens do not break in a brittle manner under
flexure, but the load reaches a maximum (i.e. flex-
ural stress at yield), after which a plastic and irre-
versible deformation process without a clear failure
occurs (Figure 4). It can be noticed that the addition
of CB markedly plasticizes the epoxy matrix simi-
larly to what previously observed for epoxy/silica
nanocomposites [39]. Interestingly, the elastic mod-
ulus is reduced by CB introduction (Figure 5a), espe-
cially at elevated filler amounts. On the contrary,
the elastic modulus seems to be substantially unaf-
fected by NF introduction (Figure 5b). Both this
facts and the lower Tg drop detected from DSC tests
for NF-based nanocomposites could be explained
by considering the lower specific surface area of
NF (29 m2/g) with respect to CB (1353 m2/g) and,
consequently, the different filler/matrix interac-
tions. On the other hand, the introduction of silver
nano particles systematically increases the stiffness
of the composites for all the tested compositions. A

similar trend can be observed if the stress at yield
values are considered (Figure 6). Flexural yield stress
steadily decreases when CB is added, while !y,f is
practically constant for NF filled nanocomposites.
Even in this case, the introduction of Ag nanoparti-
cles within the hardener enhances the yield resist-
ance of the samples.

3.4. Electrical conductivity and heating by
Joule effect

In Figure 7a the trend of electrical resistivity of epoxy
based nanocomposites without silver nanoparticles
are represented, while in Figure 7b the electrical
resistivity of the corresponding samples with the
addition of Ag nanoparticles are summarized. The
electrical resistivity of the neat matrix is of about
1016 !·cm, in the typical range generally reported
for epoxy resins [6]. CB filled nanocomposites show
a percolation threshold for a filler concentration
lower than 1 wt% (Figure 7a), with a further resistiv-
ity drop for higher filler loading, reaching a plateau

                                              Dorigato et al. – eXPRESS Polymer Letters Vol.7, No.8 (2013) 673–682

                                                                                                    678

Figure 5. Elastic modulus (E) from flexural tests on: (a) epoxy/CB and on (b) epoxy/NF nanocomposites (nanofiller con-
tent = 1–4 wt%). Samples with (full symbols) and without (open symbols) Ag nanoparticles.

Figure 6. Stress at yield (!y,f) from flexural tests on: (a) epoxy/CB and on (b) epoxy/NF nanocomposites (nanofiller con-
tent = 1– 4 wt%). Samples with (full symbols) and without (open symbols) Ag nanoparticles.



value at around 103 !·cm for nanofiller contents of
4 wt%. The electrical resistivity of CB filled nano -
composites is not substantially influenced by the
introduction of Ag nanoparticles. On the other hand,
NF based nanocomposites without Ag nanoparticles
show a percolation threshold at 2 wt%, reaching a
plateau value of 106 !·cm for a filler loading of
4 wt%. It is interesting to observe how the introduc-
tion of Ag nanoparticles in NF based nanocompos-

ites leads to a remarkable reduction of electrical
resistivity for all the tested compositions, reaching
a value of 104 !·cm after the percolation threshold
(Figure 7b). The positive contribution played by Ag
nanoparticles on the conductivity of these compos-
ites can be probably correlated with their peculiar
morphological features. As reported in FESEM
micrographs (Figure 2g–2h), Ag aggregates are
localized near NFs or directly adhere on NFs sur-
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Figure 7. Electrical resistivity of epoxy based nanocomposites (filler content = 1–4 wt%). Samples without (a) and with (b)
Ag nanoparticles filled with CB (', () or NF (), *).

Figure 8. Time dependency of the surface temperature of epoxy/CB nanocomposites at an applied voltage of (a–c) 100 V
and (b–d) 220 V. CB content of 0 wt% (&, %), 1 wt% ((, '), 2 wt% (!, ") and 4 wt% (#, $). Samples with (full
symbols) and without (open symbols) Ag nanoparticles.



face. In these conditions the formation of a conduc-
tive path is favored, with a consequent reduction of
the electrical resistivity.
Considering that the eventual application of the
tested materials as electro active SMPs is strictly
connected to their capability of reaching the transi-
tion temperature (i.e. the glass transition tempera-
ture for epoxy systems) upon voltage application,
surface temperature measurements at different volt-
ages were performed. In Figure 8a–8d the time
dependency of the surface temperature of epoxy/CB
nanocomposites is summarized. Except for the sam-
ples without CB and NF, it can be noticed that the
surface temperature increases with the voltage appli-
cation time. Moreover, for all the tested specimens
the surface temperature increases proportionally to
the nanofiller amount in the whole interval of volt-
age application time. At 100 V, the transition tem-
perature (about 45°C) can be reached only with a CB
content of 4 wt% (Figure 8a–8c). Increasing the volt-
age up to 220 V, all samples reach a temperature
higher than 45°C (Tg) in less than 30 s (Figure 8b–
8d). Interestingly, the presence of Ag nanoparticles

within the matrix is able to stabilize the temperature
reached by the samples for long voltage application
times (Figure 8a–8b). This feature is probably related
to the high heat dissipation capability of Ag nanopar-
ticles within the matrix. Considering that the elec-
trical conductivity of CB nanocomposites is not sub-
stantially affected by the presence of silver within
the matrix, this peculiar feature can be related to the
higher heat dissipation capability of the composites
in the presence of metallic nanoparticles. This aspect
is very important to prevent the overheating and the
consequent thermal degradation of the material at
elevated voltages. The same tests were performed
on NF filled nanocomposites and the most impor-
tant results are summarized in Figure 9a–9d. Regard-
less the presence of Ag nanoparticles, an applied
voltage of 100 V is not enough to raise the surface
temperature up to the Tg of the material (Figure 9a–
9c). The increase of the voltage up to 220 V pro-
motes a slight heating of the samples increasing
with the NF amount. However, the temperature of
26°C reached on the surface of 4 wt% filled nano -
composites after 180 s is by far below the glass tran-
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Figure 9. Time dependency of the surface temperature of epoxy/NF nanocomposites at an applied voltage of (a–c) 100 V
and (b–d) 220 V. NF content of 0 wt% (&, %), 1 wt% (*, )), 2 wt% (%, &) and 4 wt% (', (). Samples with (full
symbols) and without (open symbols) Ag nanoparticles.



sition temperature of the material (Figure 9b–9d).
On the other hand, electrical resistivity measure-
ments (Figure 7a–7b) demonstrated how the con-
ductivity of CB nanocomposites is systematically
higher than that of the corresponding NF filled sam-
ples. This means that an electrical resistivity of
about 103 !·cm is required to thermally activate
epoxy based nanocomposites by Joule effect, and
that the presence of high heat dissipating filler (i.e.
Ag nanoparticles) promotes temperature stabiliza-
tion for long voltage application times.

4. Conclusions
Conductive polymer nanocomposites were pre-
pared adding different amounts of carbon black and
carbon nanofibers to an epoxy resin nanomodified
with in-situ generated silver nanoparticles. The
glass transition temperature of the material was
slightly decreased by the addition of both CB and
NF, while the dimension of CB aggregates within
the matrix increased with the filler content. The intro-
duction of CB promoted a decrease of the stiffness
and of the yield properties of the matrix, while Ag
nanoparticles were responsible of an interesting
improvement of the flexural yield stress. The elec-
trical resistivity of the materials was strongly reduced
upon CB introduction, with a percolation threshold
of about 1 wt%. Surface temperature of CB nano -
composites was rapidly increased above the glass
transition temperature when a proper voltage was
applied. Ag nanoparticles resulted to be effective in
stabilizing the temperature for elevated voltage
application times, thus avoiding the thermal degra-
dation of the material.

References
  [1] Liu C., Qin H., Mather P. T.: Review of progress in

shape-memory polymers. Journal of Materials Chem-
istry, 17, 1543–1558 (2007).
DOI: 10.1039/B615954K

  [2] Fan Z., Zheng C., Wei T., Zhang Y., Luo G.: Effect of
carbon black on electrical property of graphite nano -
platelets/epoxy resin composites. Polymer Engineer-
ing and Science, 49, 2041–2045 (2009).
DOI: 10.1002/pen.21445

  [3] Li J., Wong P-S., Kim J-K.: Hybrid nanocomposites
containing carbon nanotubes and graphite nano -
platelets. Materials Science and Engineering A, 483–
484, 660–663 (2008).
DOI: 10.1016/j.msea.2006.08.145

  [4] Sumfleth J., Buschhorn S. T., Schulte K.: Comparison
of rheological and electrical percolation phenomena in
carbon black and carbon nanotube filled epoxy poly-
mers. Journal of Materials Science, 46, 659–669 (2011).
DOI: 10.1007/s10853-010-4788-6

  [5] Traina M., Pegoretti A., Penati A.: Time–temperature
dependence of the electrical resistivity of high-density
polyethylene/carbon black composites. Journal of
Applied Polymer Science, 106, 2065–2074 (2007).
DOI: 10.1002/app.26444

  [6] Pedrazzoli D., Dorigato A., Pegoretti A.: Monitoring
the mechanical behaviour of electrically conductive
polymer nanocomposites under ramp and creep condi-
tions. Journal of Nanoscience and Nanotechnology,
12, 4093–4102 (2012).
DOI: 10.1166/jnn.2012.6219

  [7] Pedrazzoli D., Dorigato A., Pegoretti A.: Monitoring
the mechanical behavior under ramp and creep condi-
tions of electrically conductive polymer composites.
Composites Part A: Applied Science and Manufactur-
ing, 43, 1285–1292 (2012).
DOI: 10.1016/j.compositesa.2012.03.019

  [8] Lendlein A., Kelch S.: Shape-memory polymers.
Angewandte Chemie International Edition, 41, 2034–
2057 (2002).
DOI: 10.1002/1521-3773(20020617)41:12<2034::AID-

ANIE2034>3.0.CO;2-M
  [9] Bogue R.: Shape-memory materials: A review of tech-

nology and applications. Assembly Automation, 29,
214–219 (2009).
DOI: 10.1108/01445150910972895

[10] Sun L., Huang W. M., Ding Z., Zhao Y., Wang C. C.,
Purnawali H., Tang C.: Stimulus-responsive shape
memory materials: A review. Materials and Design, 33,
577–640 (2012).
DOI: 10.1016/j.matdes.2011.04.065

[11] Meng Q., Hu J., Zhu Y., Lu J., Liu Y.: Morphology,
phase separation, thermal and mechanical property
differences of shape memory fibres prepared by differ-
ent spinning methods. Smart Materials and Structures,
16, 1192–1197 (2007).
DOI: 10.1088/0964-1726/16/4/030

[12] Metcalfe A., Desfaits A-C., Salazkin I., Yahia L.,
Sokolowski W. M., Raymond J.: Cold hibernated elas-
tic memory foams for endovascular interventions. Bio-
materials, 24, 491–497 (2003).
DOI: 10.1016/S0142-9612(02)00362-9

[13] Charlesby A.: Atomic radiation and polymers.Perga-
mon Press, New York (1960).

[14] Mondal S., Hu J. L., Yong Z.: Free volume and water
vapor permeability of dense segmented polyurethane
membrane. Journal of Membrane Science, 280, 427–
432 (2006).
DOI: 10.1016/j.memsci.2006.01.047

[15] Kim B. K., Lee S. Y., Xu M.: Polyurethanes having
shape memory effects. Polymer, 37, 5781–5793 (1996).
DOI: 10.1016/S0032-3861(96)00442-9

                                              Dorigato et al. – eXPRESS Polymer Letters Vol.7, No.8 (2013) 673–682

                                                                                                    681

http://dx.doi.org/10.1039/B615954K
http://dx.doi.org/10.1002/pen.21445
http://dx.doi.org/10.1016/j.msea.2006.08.145
http://dx.doi.org/10.1007/s10853-010-4788-6
http://dx.doi.org/10.1002/app.26444
http://dx.doi.org/10.1166/jnn.2012.6219
http://dx.doi.org/10.1016/j.compositesa.2012.03.019
http://dx.doi.org/10.1002/1521-3773(20020617)41:12<2034::AID-ANIE2034>3.0.CO;2-M
http://dx.doi.org/10.1108/01445150910972895
http://dx.doi.org/10.1016/j.matdes.2011.04.065
http://dx.doi.org/10.1088/0964-1726/16/4/030
http://dx.doi.org/10.1016/S0142-9612(02)00362-9
http://dx.doi.org/10.1016/j.memsci.2006.01.047
http://dx.doi.org/10.1016/S0032-3861(96)00442-9


[16] Gall K., Dunn M. L., Liu Y., Finch D., Lake M., Mun-
shi N. A.: Shape memory polymer nanocomposites.
Acta Materialia, 50, 5115–5126 (2002).
DOI: 10.1016/S1359-6454(02)00368-3

[17] Hu J. L., Ji F. L., Wong Y. W.: Dependency of the shape
memory properties of a polyurethane upon thermome-
chanical cyclic conditions. Polymer International, 54,
600–605 (2005).
DOI: 10.1002/pi.1745

[18] Wang C. C., Huang W. M., Ding Z., Zhao Y., Pur-
nawali H.: Cooling-/water-responsive shape memory
hybrids. Composites Science and Technology, 72, 1178–
1182 (2012).
DOI: 10.1016/j.compscitech.2012.03.027

[19] Lendlein A., Jiang H., Jünger O., Langer R.: Light-
induced shape-memory polymers. Nature, 434, 879–
882 (2005).
DOI: 10.1038/nature03496

[20] Jiang H., Kelch S., Lendlein A.: Polymers move in
response to light. Advanced Materials, 18, 1471–1475
(2006).
DOI: 10.1002/adma.200502266

[21] Cho J. W., Kim J. W., Jung Y. C., Goo N. S.: Electroac-
tive shape-memory polyurethane composites incorpo-
rating carbon nanotubes. Macromolecular Rapid Com-
munication, 26, 412–416 (2005).
DOI: 10.1002/marc.200400492

[22] Paik I. H., Goo N. S., Jung Y. C., Cho J. W.: Develop-
ment and application of conducting shape memory
polyurethane actuators. Smart Materials and Struc-
tures, 15, 1476–1482 (2006).
DOI: 10.1088/0964-1726/15/5/037

[23] Yang B., Huang W. M., Li C., Li L., Chor J. H.: Quali-
tative separation of the effects of carbon nano-powder
and moisture on the glass transition temperature of
polyurethane shape memory polymer. Scripta Materi-
alia, 53, 105–107 (2005).
DOI: 10.1016/j.scriptamat.2005.03.009

[24] Leng J., Lv H., Liu Y., Du S.: Electroactivate shape-
memory polymer filled with nanocarbon particles and
short carbon fibers. Applied Physics Letters, 91,
144105/1–144105/3 (2007).
DOI: 10.1063/1.2790497

[25] Schmidt A. M.: Electromagnetic activation of shape
memory polymer networks containing magnetic nano -
particles. Macromolecular Rapid Communication, 27,
1168–1172 (2006).
DOI: 10.1002/marc.200600225

[26] Koerner H., Price G., Pearce N., Alexander M., Vaia R.
A.: Remotely actuated polymer nanocomposites–stress-
recovery of carbon-nanotube-filled thermoplastic elas-
tomers. Nature Materials, 3, 115–120 (2004).
DOI: 10.1038/nmat1059

[27] Leng J. S., Lan X., Liu Y. J., Du S. Y., Huang W. M.,
Liu N., Phee S. J., Yuan Q.: Electrical conductivity of
thermoresponsive shape-memory polymer with embed-
ded micron sized Ni powder chains. Applied Physics
Letters, 92, 014104/1–014104/3 (2008).
DOI: 10.1063/1.2829388

[28] Leng J. S., Huang W. M., Lan X., Liu Y. J., Du S. Y.:
Significantly reducing electrical resistivity by forming
conductive Ni chains in a polyurethane shape-memory
polymer/carbon-black composite. Applied Physics
Letters, 92, 204101/1–204101/3 (2008).
DOI: 10.1063/1.2931049

[29] Narendra Kumar U., Kratz K., Behl M., Lendlein A.:
Shape-memory properties of magnetically active triple-
shape nanocomposites based on a grafted polymer net-
work with two crystallizable switching segments.
Express Polymer Letters, 6, 26–40 (2012).
DOI: 10.3144/expresspolymlett.2012.4

[30] Fan K., Huang W. M., Wang C. C., Ding Z., Zhao Y.,
Purnawali H., Liew K. C., Zheng L. X.: Water-respon-
sive shape memory hybrid: Design concept and demon-
stration. Express Polymer Letters, 5, 409–416 (2011).
DOI: 10.3144/expresspolymlett.2011.40

[31] Behl M., Lendlein A.: Shape-memory polymers.
Materials Today, 10, 20–28 (2007).
DOI: 10.1016/S1369-7021(07)70047-0

[32] Yong Y., Matsubara S., Xiong L., Hayakawa T.,
Nogami M.: Solvothermal synthesis of multiple shapes
of silver nanoparticles and their SERS properties. Jour-
nal of Physical Chemistry C, 111, 9095–9104 (2007).
DOI: 10.1021/jp068859b

[33] Dorigato A., D'Amato M., Pegoretti A.: Thermo-
mechanical properties of high density polyethylene –
fumed silica nanocomposites: Effect of filler surface
area and treatment. Journal of Polymer Research, 19,
9889/1–9889/11 (2012).
DOI: 10.1007/s10965-012-9889-2

[34] Dorigato A., Pegoretti A.: The role of alumina nano -
particles in epoxy adhesives. Journal of Nanoparticle
Research, 13, 2429–2441 (2011).
DOI: 10.1007/s11051-010-0130-0

[35] Dorigato A., Pegoretti A. P., Penati A.: Effect of the
polymer–filler interaction on the thermo-mechanical
response of polyurethane-clay nanocomposites from
blocked prepolymer. Journal of Reinforced Plastics
and Composites, 30, 325–335 (2011).
DOI: 10.1177/0731684410396599

[36] Dorigato A., Pegoretti A., Bondioli F., Messori M.:
Improving epoxy adhesives with zirconia nanoparti-
cles. Composite Interfaces, 17, 873–892 (2010).
DOI: 10.1163/092764410X539253

[37] Pegoretti A., Dorigato A., Brugnara M., Penati A.:
Contact angle measurements as a tool to investigate
the filler–matrix interactions in polyurethane–clay
nanocomposites from blocked prepolymer. European
Polymer Journal, 44, 1662–1672 (2008).
DOI: 10.1016/j.eurpolymj.2008.04.011

[38] Liu G., Zhang H., Zhang D-J., Zhang H., Zhang Z., An
X-F., Yi X-S.: On depression of glass transition tem-
perature of epoxy nanocomposites. Journal of Materi-
als Science, 47, 6891–6895 (2012).
DOI: 10.1007/s10853-012-6633-6

[39] Preghenella M., Pegoretti A., Migliaresi C.: Thermo-
mechanical characterization of fumed silica-epoxy
nanocomposites. Polymer, 46, 12065–12072 (2005).
DOI: 10.1016/j.polymer.2005.10.098

                                              Dorigato et al. – eXPRESS Polymer Letters Vol.7, No.8 (2013) 673–682

                                                                                                    682

http://dx.doi.org/10.1016/S1359-6454(02)00368-3
http://dx.doi.org/10.1002/pi.1745
http://dx.doi.org/10.1016/j.compscitech.2012.03.027
http://dx.doi.org/10.1038/nature03496
http://dx.doi.org/10.1002/adma.200502266
http://dx.doi.org/10.1002/marc.200400492
http://dx.doi.org/10.1088/0964-1726/15/5/037
http://dx.doi.org/10.1016/j.scriptamat.2005.03.009
http://dx.doi.org/10.1063/1.2790497
http://dx.doi.org/10.1002/marc.200600225
http://dx.doi.org/10.1038/nmat1059
http://dx.doi.org/10.1063/1.2829388
http://dx.doi.org/10.1063/1.2931049
http://dx.doi.org/10.3144/expresspolymlett.2012.4
http://dx.doi.org/10.3144/expresspolymlett.2011.40
http://dx.doi.org/10.1016/S1369-7021(07)70047-0
http://dx.doi.org/10.1021/jp068859b
http://dx.doi.org/10.1007/s10965-012-9889-2
http://dx.doi.org/10.1007/s11051-010-0130-0
http://dx.doi.org/10.1177/0731684410396599
http://dx.doi.org/10.1163/092764410X539253
http://dx.doi.org/10.1016/j.eurpolymj.2008.04.011
http://dx.doi.org/10.1007/s10853-012-6633-6
http://dx.doi.org/10.1016/j.polymer.2005.10.098


1. Introduction
Air pollution becomes more and more serious espe-
cially haze pollution [1, 2]. Haze is caused by fine
particles that scatter and absorb light before it
reaches the observer [3]. In particular, airborne fine
particulate matters especially PM 2.5 (defined as
particulate matters with an aerodynamic diameter
!2.5 µm) are one of the most serious sources of
fine particles. PM 2.5 and its extracts can induce
many human diseases [4–7]. So, there is a great
need for the development of filtration technologies
to prevent harmful nanoparticles affecting human
healthy. One of the most valid methods of removing
particles from a gas stream is via fibrous filters.
According to filtration theories [8], the smaller diam-
eter of fibers leads to better filtration efficiency.
A small diameter and large surface area of nanofibers
can be achieved by the electrospinning method. The
nanofiber mats have a light weight, a high perme-
ability and a large surface area which make them

appropriate for filtration and separation applica-
tions. Much work has been done in the improve-
ment of the filtration capability of media containing
electrospun nanofibers [9–14]. In spite of high fil-
tration efficiency obtained in their works, electro-
spun nanofibers were obtained in low yield using
needle electrospinning setup. The needle electro-
spinning has a very low production rate and the
spinneret was frequently clogged during electro-
spinning [15, 16]. Recently, needleless electrospin-
ning appeared with the aim of producing nanofibers
on a large scale [17–19]. Numerous jets are formed
simultaneously from the spinneret without the influ-
ence of capillary effect, which greatly enhanced the
productivity of nanofibers. 
Poly(vinyl alcohol) (PVA) is a hydrophilic polymer
with high biocompatibility, non-toxicity, good
chemical and thermal stability [20, 21]. It can be eas-
ily modified to incorporate functional groups and
reacted with different crosslinking agents to form a
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gel [22]. In this study, the needleless electrospin-
ning equipment was set up with a stainless steel
roller as spinneret. The PVA nanofibers with mean
diameters of ca. 100 nm were deposited on nonwo-
ven fabrics to form a composite filter material by
needleless electrospinning. It showed a high effi-
ciency and low pressure drop for the filtration of
nano-sized sodium chloride (NaCl) aerosols while
depositing a thin layer of nanofibers (thickness of
2.3 µm obtained by electrospinning only for 10 s).
The multi-layer arrangement of nanofibers mats can
achieve high filtration efficiency (up to 99.95%).
That was comparable to high efficiency particulate
air (HEPA) filters but with much higher quality fac-
tor and less mass.

2. Materials and methods
2.1. Materials
PVA, (typical Mw of 118 000–124 000, 86–90%
hydrolyzed) was commercial from Zhong Ke Guo

Chang Technology Co., Ltd. Beijing, China. The
non-woven polypropylene (PP) fabrics with thick-
ness of about 95 µm were supplied by Handan
Hengyong Protective & Clean Products Co., Ltd.
Handan, China. The commercial high efficiency par-
ticulate air (HEPA) filter media (CZU500W) were
purchased from Chongqing Paper Industry Research
and Design Institute Co., Ltd. China. The deionized
water used in all preparations was produced by a
Millipore milli-Q water purification system.

2.2. Needleless electrospinning and the
preparation of composite filter materials

Figure 1 illustrates the overall procedure for the
fabrication of the composite filter media based on
needleless electrospinning. Needleless electrospin-
ning began to attract attentions since Chaloupek et
al.’s invention [17] on using a metal roller as spin-
neret. The setup in our laboratory is shown in Fig-
ure 1c. A stainless steel roller was put on a polyte-
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Figure 1. Schematic diagrams illustrating the fabrication of the composite filter materials. The SEM image of the composite
membrane (a), PP substrate (b), the electrospinning process (c) and the SEM image of the composite membrane
after filtration test (d).



trafluoroethylene solution tank which was used as
the generator of jets. The polymer solution was
loaded onto the upper surface when the rotated
roller was partially immersed into polymer solu-
tion. A large number of jets can be generated from
the roller surface after applying a high voltage.
Another grounded roller was used for collecting
electrospinning nanofibers.
Different concentrations (from 6 to 10 wt%) of PVA
solutions were prepared by dissolving the PVA
polymer in deionized water at 60°C, and com-
pletely dissolved by stirring. PVA nanofibers pre-
pared by needleless electrospinning have been stud-
ied by many researchers [23]. After the polymer
solutions were added to the solution tank, a voltage
of 70 kV (Spellman SL130 P300) was supplied on
the positive roller for electrospinning. The distance
between positive roller and collect roller was fixed
at 12 cm. The nanofibers were deposited on the non-
woven PP substrate which covered the collect roller
to form the composite filter. It was dried under vac-
uum condition to remove the remaining solvent for
the filtration test. PVA solutions can form physical
gels [22] which have fine adhesive properties. After
the evaporation of solvents, PVA nanofibers can well
fasten on the non-woven PP fabrics without slip-
ping away.

2.3. Characterization
The conductivity and viscosity of PVA solutions
were measured by the conductivity meter (DDS-
11A, Shanghai REX Instrument Factory, China)
and the HAAKE Rotational Rheometer (MARS2),
respectively. The surface tension was tested by water
contact angle measurement (DSA100, Germany).
The morphologies of the nanofibers were observed
by the scanning electron microscope (SEM, S4800,
HITACHI, Japan). Prior to SEM measurement, the
specimens were sputtered with gold to avoid charge
accumulations. The fibers mats were weighed using
the electronic balance (WA 10005, Shanghai Fan-
grui Istrument Co., Ltd. China). The thickness of the
membrane was measured by the thickness gauge
(CH-12.7-STSX, Shanghai Chuanlu Mesuring Tools
Co., Ltd. China). A TSI Automated Filter Tester
(Model 8130) was used to measure the filtration
efficiency and pressure drop. TSI 8130 could gener-
ate neutralized monodisperse solid NaCl aerosols
with a number median diameter of 75±20 nm. The

geometric standard deviation was smaller than 1.83.
The NaCl aerosols were flown through the filter with
a continuous airflow fixed at 32 L·min–1. The test-
ing time of each sample was 10 s.

3. Results and discussion
3.1. Needleless electrospinning of PVA

nanofibers
Different concentrations (from 6 to 10 wt%) of PVA
solutions were prepared for sources of needleless
electrospinning. The parameters such as viscosity,
conductivity and surface tension were increased
along with the polymeric concentration which can
be seen in Figure 2 and the inserted table. The pro-
ductivity of nanofibers can be achieved 10 g/h tested
from the electronic balance. Figure 3 shows the SEM
images of nanofibers spun under different concentra-
tions on PP substrate. It can be seen that the mor-
phologies and diameters of the electrospun nanofibers
obviously depended on the polymer concentrations.
Discontinuous fibers and a large number of droplets
were obtained when the concentration was 6 wt%,
some beads can be observed while at 7 wt% as
shown in Figure 3a, 3b. That was caused by the lit-
tle entangled polymer in lower concentration solu-
tions which was discussed in detail in previous stud-
ies [24, 25]. However, uniform fibers were obtained
when it was higher than 7 wt%. The diameters of
fibers were increased along with the increasing of
polymeric concentration which in range of ca.
91±21 nm for 8 wt%, 104±24 nm for 9 wt% and
117±27 nm for 10 wt% as shown in Figure 3f. The
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Figure 2. The viscosity versus shear rate curves of PVA
solutions (the concentrations was given in figure).
The inserted table shows the conductivity and
surface tension of PVA solutions.



thicker fibers were obtained at higher concentra-
tion. The explanation was that there were more chain
entanglements and less chain mobility in higher
concentration solutions. In view of the fine and uni-
formity of nanofibers, PVA (8 wt%) solution was
used for the following study.

3.2. The composite filter materials for air
filtration

The nonwoven substrate with diameter of larger
than 2 µm was used to collect nanofibers. It is intu-
itive to assume that the thickness of nanofibers
depended on the electrospinning time. The layers of
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Figure 3. The SEM micrographs of PVA nanofibers spun under different concentrations on PP substrate: (a) 6 wt%;
(b) 7 wt%; (c) 8 wt%; (d) 9 wt%; (e) 10 wt%. (f) The effect of PVA concentration on the diameter distribution.
(The average diameter of nanofibers were measured from 100 random nanofibers on SEM micrographs using
ImageJ software. Error bars indicated the standard deviation.)



nanofibers with thickness of about 2.3, 6.3, 13.2,
18.8, 24.6 µm were obtained by the electrospinning
time of 10, 30, 60, 90, 120 s, respectively. The com-
posite filter membranes with different thicknesses
of nanofibers (2.3, 6.3, 13.2, 18.8, 24.6 µm) were
designated as Nn (N1, N2, N3, N4 and N5), respec-
tively. The SEM images of composite membranes
and PP substrate were shown in Figure 1a and 1b,
respectively. The filtration performances are gener-
ally characterized by two basic parameters: collec-
tion efficiency and pressure drop [26]. Figure 4 shows
the filtration efficiency and drop pressure of com-
posite membranes versus the thickness of nanofibers.
The PP non-woven fabrics showed lower filtration
efficiency at 17.5%, while it rose dramatically and
reached above 92% after compositing with nano -
fibers. The filtration efficiencies of the composite
membranes versus increased thickness of nano -

fibers (2.3, 6.3, 13.2, 18.8, 24.6 µm) were 92.61,
96.44, 96.63, 96.98 and 95.95%, respectively (Fig-
ure 4). Obviously, the filtration efficiency increased
along with the increasing of thickness. The filtration
efficiencies can be significantly improved by com-
positing with a thin layer of nanofibers (only
2.3 µm obtained by electrospinning for 10 s).

3.3. The filtration performances of multilayer
nanofibers filter

In order to reach higher efficiency, the above filter
membranes were stacked up in different ways. The
multi-layer nanofibers filter has been proposed
which could realize the higher efficiency and save
pressure drop in previous study [27]. The multilayer
membranes (3*N1, 2*N2, N2+N3, 2*N3) and (PP +
Nn) were designed as shown in the left inserted
image of Figure 5a. The composite filter membranes
showed filtration efficiency higher than 95% after
stacked with the same layer of PP, while it showed
at about 35% for two layers of PP fabrics as can be
seen in Figure 5a. The efficiencies of the multilayer
membranes (3*N1, 2*N2, N2+N3, 2*N3) were
reached at 99.95, 99.60, 99.63, 99.78% obviously
observed in Figure 5a. The filtration of nanoparti-
cles using commercial HEPA was also tested under
the same conditions. It shows the filtration effi-
ciency of 99.95% but much higher pressure drop
than the multi-layer nanofibers filters in the right
inserted image of Figure 5a.
A good filtration performance requires higher effi-
ciency but lower pressure drop. The quality factor
(QF) [28] as a comprehensive parameter for meas-
uring the filtration performance can be deduced
from Equation (1):
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Figure 4. The filtration efficiency and drop pressure of
nanofibers versus the thickness of nanofibers.
(Each data point represents an average obtained
from testing of five separate mats. Error bars indi-
cate the standard deviation).

Figure 5. The filtration efficiency and drop pressure (inserted) (a) and quality factor of multi-layer composite filter media
versus the thickness of nanofibers (b)



                                          (1)

where ! and "P are the filtration efficiency and
pressure drop, respectively. The QF of the above
filter media was calculated from using Equation (1)
as shown in Figure 5b. The QF of multi-layer was
much higher than HEPA. It was suggested that the
filter media in our system showed better perform-
ance than HEPA for the filtration of nanoparticles.
It might be used for filtration of small particles such
as viruses and bacteria.

4. Conclusions
Uniform and continuous fibers can be obtained
while the concentration was not lower than 8 wt% by
needleless electrospinning. The PVA nanofiber mats
were collected on non-woven PP fabrics to form the
composite filter membranes. The filtration efficien-
cies can be significantly improved by compositing
with a thin layer of nanofibers (only 2.3 µm obtained
by electrospinning for 10 s). It increased with the
thickness of nanofibers which were controlled by
the electrospinning time. The multi-layer nanofibers
showed high filtration efficiency (99.95%) for the
nanoparticles but much lower pressure drop and
higher quality factor than commercial HEPA.
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1. Introduction
Much attention was paid to cyclic polymers and
much effort was devoted to their design and synthe-
sis for the last decades because of distinct proper-
ties compared to the linear counterparts, such as
glass transition temperature, order-disorder transi-
tion, hydrodynamic volume, intrinsic viscosity, and
enhancement of fluorescence [1–4]. This interest is
motivated by the appealing topology of the macro-
cycles, the stringent restrictions on the backbone
conformation, and the absence of chain ends. The
discovery of natural DNA ring [5], where the two
strands of the double helix form a high order link, has
stimulated the chemists to embark on the macro-
molecular engineering of cyclic polymers. It must
be noted that living organisms produce numerous
cyclic compounds, such as oligopeptides, polypep-
tides, and DNAs, whose molecular weight and ring
size can change extensively. In protozoa, relatively

small rings containing approximately 400 base
pairs (equivalent to 2400 atoms in the ring) are
known that have a molar mass of 1.2·105 g/mol.
Importantly, it was found recently that cyclic DNA
can be prepared in-vitro by using the enzyme ligase
[6]. Therefore, synthesis of well-defined macrocy-
cles, extending over a large range of macromolecu-
lar characteristic features is of the utmost impor-
tance for improving basic knowledge and ultimately
mimicking compounds with a specific biological
activity.
The main approaches to macrocycles are based on
the end-to-end ring-closure (coupling) of homo- or
hetero-difunctional linear precursors under very
high dilution by any reaction known in the state of
the art, such as nucleophilic substitution [7, 8], addi-
tion on unsaturations [9–13], metathesis reaction
[14–16], amidification [17], ‘click’ reaction [18–22],
and electrostatic interaction followed by covalent
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fixation [23, 24]. Although the linear precursors
prepared by living/controlled polymerization are
well-defined, the unavoidable competition between
intramolecular cyclization and intermolecular exten-
sion is the major problem to be solved. In order to
increase the cyclization yield at the expense of the
detrimental intermolecular polycondensation, the
intramolecular cyclization must be performed at
very high dilution. Nevertheless, even under opti-
mized conditions, the efficiency of cyclization is
inversely proportional to the molecular weight of
the precursor. Anyway, the cyclization is not very
effective, contamination by undesired polyconden-
sates is a concern and requires an additional and
tedious step of purification by fractionation. There-
fore, the quest for more efficient cyclization meth-
ods remains a challenging priority, even though
several clever strategies have been explored as
reported in the literatures [25–28]. Remarkably,
Bielawski et al. have initiated the ring-opening
metathesis polymerization of cyclooctene by a
cyclic ruthenium carbene, so leading to macrocyclic
poly(cyclooctene) (Mn = 6·105–1.1·106 g/mol) by
intramolecular chain transfer. Polymerization can
be conducted at high concentration, even in the bulk
and macrocycles with higher molecular weight can
be achieved. Another route reported by He et al.
[26] for the synthesis of macrocycles, relies on the
controlled radical polymerization of methyl acry-
late (MA) in THF (10 wt%) by using a cyclic initia-
tor with a weak (C-S) bond upon 60Co !-ray irradia-
tion. Cyclic poly(methyl acrylate) was accordingly
formed with a predetermined molecular weight
(Mn = 8.2·103 g/mol) without high dilution by
intramolecular chain termination. Kricheldorf et al.
[27] initiated ring-opening polymerization of lac-
tones and lactides by a series of cyclic tin dialkoxide
and the growing chains are macrocycles linked by
an endocyclic living tin dialkoxide. In a typical
example, cyclization was stabilized by the insertion
of 1,3-dithian-2-one into the Sn-O bond with for-
mation of macrocyclic precursor. Finally, the cyclic
2-stanna-1,3-dithiane was selectively eliminated
from the precursor. No need for high dilution is a
substantial advantage [28]. Culkin et al. [29] reported
a zwitterionic strategy for the kinetically controlled
synthesis of high-molecular-weight cyclic PLA
with narrow polydispersity by using N-hetreocyclic
carbene as an initiator.

This feature article aims at summarizing recent devel-
opments in synthesizing macrocyclic poly("-capro-
lactone) with well-defined architectures designed
through a novel strategy that combines controlled
ring-opening polymerization of lactones initiated
by a cyclic tin(IV) dialkoxide and intramolecular
cyclization by photo-cross-linking of pendant unsat-
urations next to the propagating sites. No linear
oligomer or polymer is ever involved in the poly-
merization and permanent cyclization steps, which
allows higher molecular weight macrocycles to be
prepared with high efficiency. Moreover, this syn-
thetic route is very flexible to the point where macro-
cyclic polyesters with more complex although well-
defined architectures, such as tadpole-shaped and
sun-shaped copolyesters, can be tailored. When a
spirocyclic tin(IV) alkoxides were employed as an
initiator, well-defined eight-shaped polyesters and
twin tadpole-shaped amphiphilic copolymers has
been readily made available.

2. Synthesis of macrocyclic
poly(!-caprolactone)

The strategy for synthesis of cyclic PCL is based on
the ring-opening polymerization of "-caprolactone
initiated by cyclic tin dialkoxides (DSDOP), fol-
lowed by the sequential polymerization of a few
functional units of #-(1-acryloxyethyl)-"-caprolac-
tone (#$"CL) [30]. As result of a coordination-
insertion polymerization mechanism, no linear
species is formed at any stage of the process. More-
over, polymerization being controlled, the molecu-
lar weight can be predicted by the monomer/initia-
tor molar ratio and the monomer conversion. The
growing chains are closed by two endocyclic tin
alkoxides at least as long as they are protected from
hydrolysis, which means the precursors to be stabi-
lized are a living cyclic PCL (CP). Before cycliza-
tion, a sample was withdrawn and hydrolyzed into
the parent linear copolyester (Mn,NMR = 2.6·104 g/mol,
Mn,SEC = 2.4·104 g/mol, Mw/Mn = 1.45) for character-
ization. The intramolecular cross-linking of the pen-
dant acrylic unsaturations of #$"CL units next to
the propagating sites is performed by UV (350–
420 nm, 1000 W) irradiation to result in macro-
cyclic polyesters (Mn,NMR = 2.64·104 g/mol, Mn,SEC =
2.08·104 g/mol, Mw/Mn = 1.45) free of any tin
alkoxide after hydrolysis (Figure 1). 1HNMR spec-
troscopy proved at least part of the double bonds in
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one block of the PCL chains react with double
bonds in the second block. Remarkably, the concen-
tration of the chains (2.8·10–4 M or ~0.78 wt%) at
which the UV cyclization has been carried out, is at
least one order of magnitude higher compared to
cyclization of linear precursors (<10–5 M). The
average numbers of acrylic unsaturations per chain
are key parameters for the success of cyclization.
Indeed, gelation occurs as result of intermolecular
cross-linking when either the chain concentration
(%5.0·10–3 M) or the number of acrylic units (more
than 30) is too high. In contrast, whenever the aver-
age number of unsaturation is too low (less than 7),
the apparent molecular weight measured by SEC
remains unchanged, which indicated that intramole-
cular cross-linking does not take place and that no
chain degradation is triggered by UV irradiation.
Only chains of a medium molecular weight (Mn,theor. =
2.6·104 g/mol) have been considered in relation to
feasible characterization by NMR spectroscopy.
The parameter <G>, i.e., the ratio of the molecular
weights at the maximum of the elution peaks
[Mp,SEC(cyclic)/Mp,SEC(linear)], is 0.76 and the ratio
of the intrinsic viscosity of the polyester, g, (g =
[!]cyclic/[!]linear) is 0.69 in toluene at 25°C, in agree-
ment with data published for other cyclic polymers
[1]. Cyclization of PCL (Mn,NMR = 2.64·104 g/mol)
has only a minor effect on Tg, in contrast to the
important impact on crystallization. Indeed, the
melting temperature (Tm) of cyclic PCL decreased
by 7°C compared to that of the linear counterpart
and the degree of crystallinity (Xc) by at least a fac-
tor of two.
One advantage of the novel strategy for the synthe-
sis of macrocycles is that there is no linear interme-

diate at any stage of the process, such that macro-
cyclic polyesters free of any knot are prepared.
Indeed, whenever macrocycles are synthesized
from a linear precursor, chains of high enough molec-
ular weight can be entangled leading to physical
cross-links or knots that impact the macroscopic
properties of the macrocycles [31]. Moreover, the
statistics of the cyclization is favourably changed
because the probability for intra reaction (Pintra) is
higher when the precursor is cyclic rather than lin-
ear, as result of the permanently close vicinity of
the unsaturations to be crosslinked. Clearly, the new
strategy is very well-suited to high molecular weight
chains, whose macrocyclization from linear precur-
sors is very challenging. The independence of Pintra
on the chain molecular weight is the key feature,
which makes the cyclization to depend mainly on
the reactivity of the unsaturated units. In parallel,
the probability for inter-reactions decreases upon
increasing molecular weight which accounts for
high cyclization yield can be observed at higher
concentration.

3. Synthesis of functional ciclic copolyesters
and amphiphilic sun-shaped copolymers

3.1. Functional cyclic copolyesters
In order to make a cyclic functional copolyesters
available, a comonomer containing a protected
hydroxyl group [32], i.e., !-triethylsilyloxy-"-capro-
lactone (!-Et3SiO"CL), has been random copoly-
merized with "-caprolactone initiated by cyclic
DSDOP in toluene, followed by the addition and
sequential polymerization of a few units of #$"CL
with formation of a cyclic precursor (CP) as shown
in Figure 2, poly(!-Et3SiO"CL-co-"CL-b-#$"CL)
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Figure 1. New strategy for the synthesis of macrocyclic polyester free from tin alkoxides



(Mn,NMR = 2.75·104 g/mol, Mn,SEC = 2.55·104 g/mol,
Mw/Mn = 1.45, F!-Et3SiO"CL = 8.8%). Then intramol-
ecular photo cross-linking of the unsaturations next
to the propagating sites is carried out, with forma-
tion of a functionalized macrocyclic random copoly-
ester poly(!-Et3SiO"CL-co-"CL) after hydrolysis of
tin alkoxides.
The apparent Mn,SEC decreased indeed from 25 500
to 21 500 upon cross-linking, consistent with the
lower hydrodynamic volume that the physically
more compact cyclic macromolecules exhibit with
respect to the linear counterparts [1]. This observa-
tion confirms that the macrocyclic copolyester is
maintained after hydrolysis of the endocyclic tin
alkoxide. The polydispersity index (1.45) before
and after intramolecular crosslinking, remains
unchanged and the ratio of the molecular weights at
the maximum of the elution peaks [Mp,SEC(cyclic)/
Mp,SEC(linear)] is 0.79. An additional evidence for the
successful cyclization is the ratio, g, of the intrinsic

viscosity [!] of the copolyester after and before the
UV treatment. This ratio (g = [!]cyclic/[!]linear) is
0.70 in toluene at 25°C, which is again quite consis-
tent with observations reported in the scientific lit-
erature for other macrocyclic (co)polymers [1, 30].
All these observations support that the cyclization
strategy is very effective.
The thermal properties of the cyclic random copoly-
ester and the linear counterpart were also analyzed
by differential scanning calorimetry. Both the sam-
ples are semi-crystalline, which indicates that the
!-Et3SiO"CL co-units (8.8 mol%) do not prevent
PCL from crystallizing. However, the crystallinity
degree, Xc, and the melting temperature, Tm, are
lower for the cyclic copolyester than for the linear
chains. The reverse observation is found for the
glass transition temperature, Tg, which is higher for
the cyclic (–56.8°C ) than for the linear chains
(–64.5°C). Cyclization is thus responsible for a loss
of chain mobility.
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Figure 2. Synthesis of functional cyclic copolyesters



3.2. Amphiphilic sun-shaped copolymers
The deprotection of the triethylsilanolate groups
released hydroxyl groups that were esterified by
carboxylic acid end-capped PEO, with formation of
an amphiphilic sun-shaped copolymer, i.e., macro-
cyclic copolyesters grafted with PEO as shown in
Figure 3 [32]. The SEC traces could be superposed
before and after deprotection, whereas the molar
composition (DP!-HO"CL = 17, DP"CL = 178) deter-
mined by 1H NMR analysis remained unchanged
after deprotection. The number of the grafted PEO
chains (9.5 per cyclic chain, Mn,NMR = 3.55·104 g/mol)
was estimated from the relative integration of the
1H NMR signals, such that the grafting efficiency
was 50–60%.
Additional although qualitative evidence for the
successful grafting of PEO onto the macrocycles
may be found in the formation of water-soluble
micelles by self-assembly of the amphiphilic grafted
macrocycles in water. Spherical micelles are observed
by TEM (Figure 4), that consist of a hydrophobic
core formed by the cyclic copolyester and a
hydrophilic corona of PEO.

4. Synthesis of tadpole-shaped copolyesters
The novel strategy has been successfully tested for
the synthesis of cyclic PCL [30] and cyclic func-
tional copolyesters [32]. It relies on the intramolec-
ular photo cross-linking of few acrylic unsatura-
tions in the close vicinity of a cyclic precursor (CP)
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Figure 3. Synthesis of amphiphilic copolymer with a sun-shaped architecture

Figure 4. TEM picture of micelles of the cyclic poly(!-
HO"CL-co-"CL)-g-PEO in water



synthesized by ring-opening polymerization initi-
ated by a cyclic tin alkoxide. This process is very
well-suited to the synthesis of high molecular weight
macrocycles. Remarkably, the propagating tin
dialkoxides 1 (Figure 5) remain active after cycliza-
tion and available to further derivatization and
macromolecular engineering.
As a very straightforward example [30], the "CL
polymerization ([CL]0/[Sn]0 = 108, Mn,th = 3.8
·104 g/mol) has been resumed after cyclization, so
leading to tadpole-shaped chains (Mn,NMR =
3.84·104 g/mol, Mn,SEC = 3.05·104 g/mol, Mw/Mn =
1.45), thus two adjacent tails grafted onto the
macrocycles (Mn,NMR = 2.64·104 g/mol, Mn,SEC =
2.08·104 g/mol, Mw/Mn = 1.45) (Figure 5, path A).
In an alternative example [33], polymerization of
L-lactide can be directly initiated by the macro-
cyclic initiator 1 after the UV treatment (intramole-
cular cyclization), with formation of two PLLA
chains attached to the ring in the close vicinity one
to each other (Figure 5, path B). The average poly-
merization degree of LLA was calculated from
1H NMR analysis for each tail (DPL-lactide = 59,
Mn,NMR = 8.5·103 g/mol). The apparent molecular
weight measured by SEC was actually increased
(Mn,SEC = 2.45·104 g/mol, Mw/Mn = 1.40) after
resumption polymerization, compared to the macro-
cyclic precursor (Mn,SEC = 2.05·104 g/mol, Mw/Mn =
1.40). The molecular weight calculated from the inte-
gration of the 1H NMR signals was 4.45·104 g/mol
for the tadpole-shaped copolyesters and 2.75·104 g/mol
for the macrocyclic PCL. Moreover, the absence of
transesterification reaction was confirmed by
13C NMR spectrum. Indeed, the expanded carbonyl
region shows two peaks at 173.5 ppm for cyclic

PCL and at 169.5 ppm for the two PLLA tails,
respectively. This observation of the PCL and PLLA
homodiads without any additional signal is consis-
tent with the coexistence of ‘pure’ macrocyclic PCL
and linear PLLA tails. It can, thus, be concluded
that the polymerization resumption is effective and
that tadpole-shaped poly("-caprolactone) with two
PLLA tails of a tunable length can be readily pre-
pared.
The thermal behaviour of tadpole-shaped copoly-
ester 3 (Figure 5, path B) was compared to cyclic
PCL (precursor, i.e., after hydrolysis of macrocyclic
initiator 1) by differential scanning calorimetry.
During cooling, crystallization peak is observed for
the macrocyclic PCL at 15.0°C. When the tadpole-
shaped copolyester is concerned, no crystallization
is detected anymore, consistent with a much slower
crystallization for the macrocyclic PCL as result of
the grafting of two PLLA arms. Upon heating, a
melting endotherm is clearly observed for the cyclic
PCL (44°C, precursor) and a similar behavior is
observed for the cyclic PCL in the tadpole-shaped
copolyester. Indeed, the crystallization that did not
occur during cooling, is observed during heating at
–11.5°C, followed by melting at 39°C. The melting
temperature of cyclic PCL is thus decreased by 5°C
as result of the PLLA grafting. Although crystal-
lization of PLLA could not be observed during the
cooling and the heating steps (possibly because of a
too low content of PLLA in the tadpole-shaped
copolyester), a small melting endotherm was observed
at a much lower temperature (132.5°C) compared
to homo linear PLLA (148°C). In parallel to Tm, the
crystallinity degree for cyclic PCL and PLLA is
also decreased as result of incorporation into the
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Figure 5. Synthesis of a tadpole-shaped copolyester



tadpole-shaped architecture. It thus appears that the
coexistence of two crystallizable constitutive com-
ponents in the copolyester has a mutually detrimen-
tal impact on their crystallization. Finally, only Tg
of the cyclic PCL could be observed by DSC, which
remained unaffected by grafting of PLLA.

5. Synthesis of amphiphilic tadpole-shaped
copolymers

In another version, the tadpole-shaped copolyester
with a high molecular weight cyclic PCL head

(Mn,NMR = 2.45·104 g/mol, Mn,SEC = 2.06·104 g/mol,
Mw/Mn = 1.40) and two functionalized grafted tails,
has been synthesized for the very first time [34].
The active macrocyclic initiator 1 (Figure 6) after
intramolecular cyclization resumes a random
copolymerization of "CL and #Cl"CL, so yielding a
tadpole-shaped copolyester (Mn,NMR = 6.76·104 g/mol,
Mn,SEC = 3.0·104 g/mol, Mw/Mn = 1.40) with two
activated chloride containing tails poly(#Cl"CL-co-
"CL) (F#Cl"CL = 0.53). The chloride groups were
then converted into azides i.e., poly(#N3"CL-co-
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Figure 6. Synthesis of an amphiphilic copolymer by grafting of PEO onto functional tadpole-shaped copolyester



"CL) (F#N3"CL = 0.53), that were reacted with
alkyne end-capped PEO by a ‘click’ copper medi-
ated cycloaddition reaction in order to make tad-
pole-shaped copolyesters amphiphilic (Mn,NMR =
1.81·105 g/mol, Mn,SEC = 2.62·104 g/mol, Mw/Mn =
1.65). Each tail of the tadpole-shaped copolyester
was grafted by 53 PEO chains and the grafting effi-
ciency was 65% as determined by the 1H NMR
analysis.
The copolymerization step is controlled and the
substitution (conversion of chlorides into azides)
and the ‘click’ cycloaddition [3+2] reactions are
easily implemented and quasi quantitative. The
‘click’ chemistry used for the grafting of the tails of
the tadpole-shaped PCL is very tolerant to many
functional groups and no cumbersome protection/
deprotection reaction is required. It may be noted
that all these copolymers consist of two biocompat-
ible components and that PEO is known for protein
repellent properties.
The thermal behavior of cyclic PCL, #-chloro-func-
tionalized tadpole-shaped copolyester, #-azide-sub-
stituted derivative, PEO-grafted copolymer, and
homo-PEO (reference) was characterized by DSC.
Upon cooling, a crystallization peak was observed
at 12.0°C for the macrocyclic PCL (macroinitiator 1
after hydrolysis of the tin dialkoxide), in contrast to
a faint peak at a lower temperature (–12°C and 
–11°C) for the tadpole-shaped copolyesters with
two amorphous tails poly(#Cl"CL-co-"CL) (F#Cl"CL =
0.53) and poly(#N3"CL-co-"CL) (F#N3"CL = 0.53),
respectively. The crystallization enthalpy (&Hc)
decreased by at least a factor of two upon the graft-
ing of two functional tails onto the macrocyclic
PCL. The same observation was also observed in
case of grafting of two semi-crystalline poly(L-lac-
tide) arms [33]. As a rule, the two tails of the tad-
pole-shaped copolyesters have a depressive effect
on the crystallization of PCL, whatever they are
amorphous or not. Crystallization of the PEO grafts
of the PEO-grafted tadpole-shaped copolymer was
observed although at a much lower temperature and
to a lesser extent than homo PEO. During heating, a
melting endotherm was noted for the cyclic PCL at
42°C with a melting enthalpy of 34.5 J/g. Once
again, the negative impact of the tails was reported
to an extent that depends on the substituents, thus
chlorides versus azides. The melting temperature of
PCL was indeed decreased by 6.5°C in case of #-
chlorides and by 10.5°C for the #-azide pendant

groups. In parallel to Tm, the melting enthalpy for
PCL was also decreased by 7.5 J/g for the #-chlo-
ride substituted copolyester and by 10.5 J/g for the
#-azide version. When PEO is part of the copoly-
mer, only this constitutive component crystallizes,
although with restrictions imposed by the complex
architecture, as testified by a substantial decrease in
Tm (by 17°C) and &Hm (by 112 J/g) compared to lin-
ear PEO.
The micellization in water as result of the
amphiphilicity and self-assembly of this new well-
defined copolymer was testified by transmission
electron microscopy (Figure 7). Spherical micelles
were indeed observed, that are supposed to consist
of a hydrophobic polyester core surrounded by a
hydrophilic corona of PEO.

6. Synthesis of eight-shaped and twin
tadpole-shaped amphiphilic copolymers
by using a spirocyclic tin initiator

6.1. Eight-shaped polyester
The novel strategy which allows going a step fur-
ther in the complexity of the eight-shaped and twin
tadpole-shaped architecture is less demanding in
terms of dilution and size of the rings. Briefly, the
sequential ring-opening polymerization of "CL and
#A"CL units was initiated by a spirocyclic initiator
(a, Figure 8), followed by the intramolecular photo-
cross-linking of the acrylate unsaturations, thus the
covalent stabilization of rather high molecular
weight eight-shaped PCL d (Mn,NMR = 4.12·104 g/mol,
Mn,SEC = 2.40·104 g/mol, Mw/Mn = 1.45) [35]. Before
cyclization, the living chain b was hydrolyzed into
the parent star-shaped copolyester (Mn,NMR =
4.26·104 g/mol, Mn,SEC = 2.90·104 g/mol, Mw/Mn =
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Figure 7. Micelles of PEO-grafted tadpole-shaped copoly-
ester in water observed by TEM



1.45) for comparison characterization. The apparent
Mn,SEC decreased from 2.90·104 to 2.40·104 g/mol
upon cross-linking, merely because of the success-
ful conversion of star into bicyclic macromolecules.
Meanwhile, the cyclization reaction did not change
the molar mass distribution (Mw/Mn = 1.45), which
is evidence for the well-controlled formation of
eight-shaped macrocycles. The ratio of the molecu-
lar weights at the maximum of the elution peaks
[Mp,SEC(bicyclic)/Mp,SEC(star)] was 0.65, thus
smaller than the value (0.76) for monocyclic PCL
(Mn,NMR = 2.60·104 g/mol) [30].
The thermal behavior of the star-shaped (parent)
and eight-shaped PCL (Mn,NMR = 4.12·104 g/mol)
was compared by DSC. The crystallinity of the eight-
shaped PCL decreased from 50.0 to 22.0% upon
cyclization, and the melting temperature (Tm)
decreased by 17°C compared to the star-shaped PCL.
In contrast, cyclization of PCL of high molecular
weight had only a minor effect on Tg. The same evo-
lution was previously observed for the impact of the
cyclization of linear PCL on the thermal properties
[30].

6.2. Twin tadpole-shaped amphiphilic
copolymers

After UV irradiation, the bicyclic polyester without
hydrolysis was nothing but a new macroinitiator c

(Figure 9) able to resume the ring-opening poly-
merization of a mixture of "CL and #Cl"CL, so
imparting a functional twin tadpole structure e. This
was the first example of an eight-shaped architec-
ture substituted at the same place by two dangling
chains to the individual macrocycles. Indeed, the
average polymerization degrees of "CL and #Cl"CL
in the four tails of the bicyclic chains were 246 and
190, respectively, which indicates the molecular
weight of the twin tadpole-shaped copolyesters was
very high (Mn,NMR = 1.0·105 g/mol). The apparent
molecular weight of e measured by SEC was actu-
ally increased (Mn,SEC = 3.48·104 g/mol) while
keeping the polydispersity index unchanged
(Mw/Mn = 1.45), compared to the spirocyclic PCL
(Mn,SEC = 2.40·104 g/mol, Mw/Mn = 1.45).
The pendant chloride groups of the functional twin
tadpole-shaped copolyesters e were converted into
azides under a very mild condition. The complete-
ness of the derivatization reaction was confirmed
by 1H NMR and IR analysis. Moreover, the azide
content of the tails in f (F#N3"CL = 0.43) was found
in good agreement with the composition of the pre-
cursors e (F#Cl"CL = 0.43). Meanwhile, the molecu-
lar weight and the polydispersity index before and
after the derivatization remain unchanged.
Finally, the copper mediated ‘click’ chemistry was
used to attach alkyne end-capped PEO (Mn =
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Figure 8. Synthesis of eight-shaped PCL by a spirocyclic initiator



1050 g/mol) onto those azide functionalized tails,
so leading to an amphiphilic eight-shaped copoly-
ester, whose constitutive macrocycles were grafted
by four PCL-g-PEO tails. The grafting efficiency
was 61% as calculated from the relative intensity of
the 1H NMR signals. Each tail of the copolymer g
was grafted by 29 PEO chains and Mn was
1.95·105 g/mol as determined by 1H NMR. The
polydispersity of the amphiphilic twin tadpole-
shaped copolymer was slightly increased (from 1.45
to 1.75) as result of the PEO-grafting in line with the
chromatograms that remained monomodal and
symmetrical and with the data for the PEO grafted
tadpole-shaped copolymer [34].
Dependence of the crystallization on conversion of
the chlorinated tails of the eight-shaped PCL (e) to
the azide containing tails (f) and finally to the PEO
grafted tails (g) was also investigated by DSC.

Comparison of data shows that the crystallization
temperature and enthalpy decreased by 12.5°C and
8 J/g, respectively, upon the grafting of four poly
(#Cl"CL-co-"CL) tails onto the spirocyclic PCL.
The same observation was reported when cyclic
PCL was grafted by two semi-crystalline poly(L-
lactide) tails [33] and by two amorphous poly
(#Cl"CL-co-"CL) tails [34], respectively. As a rule,
the grafting of mono/spiro-cyclic PCL by two/four
polymeric tails, amorphous or not, has a depressive
effect on the crystallization of PCL.
Conversion of the chlorinated chains into the azide
containing version decreased &Hc by 14.5 J/g for
spirocyclic PCL (f vs e). Crystallization of the PEO
grafts was observed for the copolymer g, although
at a much lower temperature (Tc decreased by
42.5°C) and to a lesser extent (&Hc decreased by
121.5 J/g) than homo PEO.
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Figure 9. Synthesis of amphiphilic twin tadpole-shaped copolymers



Comparison of Tm and &Hm for the spirocyclic PCL
and the samples e and f confirms the negative
impact of the tails on the PCL crystallization to an
extent that depends on the tail substituents, thus
chlorides versus azides. The melting temperature of
PCL was indeed decreased by 3.5°C in case of #-
chlorides and by 10.0°C for the #-azide pendant
groups. In parallel to Tm, the melting enthalpy for
PCL was also decreased by 5.0 J/g upon grafting of
the chlorinated tails e and by 16.0 J/g when the tails
contained azides f rather than chlorides. Once again,
there is a clear relationship between property and
macromolecular architecture. When PEO was part
of the copolymer, only this constitutive component
crystallized, although with some restriction imposed
by the complex architecture, as testified by a sub-
stantial decrease in Tm (by 16°C) and &Hm (by
109.5 J/g) compared to linear PEO and in agree-
ment with the PEO-grafting of tadpole-shaped PCL
[34].
Micellization in water as result of the amphiphilic-
ity and self-assembly of the grafted copolymer g
was an additional although qualitative evidence for
the successful grafting of PEO onto the twin tad-
pole-shaped macrocycles. Ellipsoidal micelles were
observed by TEM (Figure 10), that are supposed to
consist of a hydrophobic polyester core surrounded
by a hydrophilic corona of PEO. The size of the
micelles formed by the eight-shaped amphiphilic
PCL/PEO copolymer g (Figure 9) was larger than
by the monocyclic amphiphilic PCL/PEO copoly-
mer (Figure 6) [34].

7. Conclusions
This review has highlighted the novel and efficient
strategies for the synthesis of well-defined macro-

cyclic aliphatic polyesters, to which steadily more
complex topologies can be imparted. In this respect,
combination of controlled ring-opening polymer-
ization initiated by cyclic/spirocyclic tin(IV) dialkox-
ides and intramolecular photo cross-linking of unsat-
urations close to the propagating site proved to be
successful. Compared to the traditional techniques
of cyclization of linear precursors by the end-to-end
coupling at very high dilution, this process has the
substantial advantage that linear species are never
involved while cyclic precursors (CP) are con-
cerned. Accordingly, the new strategy is very well-
suited to the synthesis of high molecular weight
macrocycles (2.4·104–4.2·104) under moderate dilu-
tion, which is a sizeable improvement. Very impor-
tantly, the macrocyclic/macrobicyclic polyesters
prepared in these routes, can be accommodated into
more complex architectures as part of a macromol-
ecular engineering effort of the basic macrocycles/
macrobicycles. Indeed, the propagating tin alkox-
ides remain active after cyclization and available to
further derivatization, so leading to the functional
tadpole-shaped and twin tadpole-shaped architec-
tures, both the size and composition of which can
be extensively tuned. In another version, when a cop-
per mediated ‘click’ reaction was employed, new
amphiphilic PEO/macrocyclic-PCL copolymers
with tadpole architecture and amphiphilic PEO/
macrospirocyclic-PCL copolymers with twin tad-
pole architecture were accordingly made available.
Another engineering route was pioneered to novel
functional macrocyclic copolyesters, so resulting in
amphiphilic sun-shaped copolymers.
The research effort is now devoted to the synthesis
of polyesters with novel architectures based on
macrocyclic/macrospirocyclic building blocks. In
order to shed light on the impact of the architectures
on the macroscopic properties and the self-assem-
bly both in solution and in bulk, synthesis of a
wider range of macrocyclic polyesters with differ-
ent compositions and different molecular weights
will be explored in the future.
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shaped copolymers (Figure 9, g)
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1. Introduction
The use of nanometric-scale sized fillers for the
preparation of thermoplastic polymer composites is
of topical interest in the academia, because of the
significant improvements achievable in terms of
technological properties, such as the elastic modu-
lus, the tensile strength, the barrier properties, the
flexural modulus [1–8]. These enhancements are
promising and attracting also the interest from
industrial world, in sight of several applications
which could benefit from them. On the other hand,

it is known [3] that polymer based nanocomposites
have been struggling to conquer mainstream vol-
ume market shares, and this can be attributed to
some weaknesses. One of these is represented by
their environmental stability, especially when out-
door applications (i.e. furnishing, building, packag-
ing, automotive) are concerned.
It is known from the literature that polymer/silicate
nanocomposites can show significant effects due to
photo-oxidation (in particular, higher photo-oxida-
tion rates and thus reduction of the mechanical prop-
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erties, in comparison to the pristine polymer matrix).
These phenomena have been reported for several
kinds of polymer used and were mainly attributed
to a reduction of the photo-oxidation induction time
[9–17]. This, in turn, was attributed to several fac-
tors, such as the presence of iron ions catalyzing the
photo-oxidation process [9, 10], the formation of cat-
alytic acidic sites or radicals following the decom-
position of the organo-modifier (involving both the
alkyl chain and the ammonium ions) [10–12, 17].
As regards the nanocomposites containing nano-
sized calcium carbonate, it was found [18] that the
photo-oxidation rate increases in comparison to the
pristine polymer matrix, and it was proposed that
this might be attributed to several causes (nucle-
ation phenomena, catalytic effects, presence of impu-
rities or light sensitizers). Morreale et al. [19] per-
formed a direct comparison between the photo-oxi-
dation behaviours of silicate-filled and calcium
carbonate-filled nanocomposites, finding that both
organo-modified clay and nanometric calcium car-
bonate can increase the photo-oxidation rates; in
particular, they showed how the nucleation phe-
nomena, and thus the morphological and structural
changes, can account for the photo-oxidation behav-
iour of calcium carbonate nanocomposites, and also
that the distribution of photo-oxidation products in
these nanocomposites is significantly different from
that typically findable in those filled with organomod-
ified clay.
Literature reports also about the photo-oxidation
behaviour of clay-filled nanocomposites in pres-
ence of compatibilizers such as maleated polyolefins.
Qin et al. [12] reported that maleic anhydride grafted
polypropylene does not significantly modify the
rate of photo-oxidation; Mailhot et al. [13] found
that this compatibilizer can actually introduce some
photo-responsive groups, leading to an acceleration
of the photo-oxidation of polypropylene when used
in combination with organophilic montmorillonite.
However, to our present knowledge, there are few
or no data regarding the photooxidation behaviour
of polyolefin/calcium carbonate nanocomposites
when a maleated polyolefin is added.
In this work, therefore, we investigated the behav-
iour of polypropylene (PP)/calcium carbonate nano -
composites in presence of different amounts of poly -
propylene grafted with maleic anhydride, and com-
pared it with that of PP/organomodified montmoril-
lonite nanocomposites.

2. Experimental
2.1. Materials
The PP used in this work was a Moplen X30G grade
produced by Basell (Italy); the main properties
according to the Producer are: density = 0.9 g·cm–3,
melt index !8 g·(10 min)–1 (at 230°C and 21.6 N)
and melting temperature Tm !170°C. It is also known
from the literature [20] that this general purpose PP
usually contains small amounts of phenolic primary
antioxidants and phosphite secondary antioxidants.
However, it is known from the Literature that they
are able to protect against thermal-oxidation during
the processing [9, 11, 14, 17], but they have only an
indirect influence on the photo-oxidation behaviour
(for instance, by interfering with the formation of
double bonds), which could be seen only as far as the
final conditions are concerned, while the mecha-
nisms and paths are not altered; furthermore, all of
the systems prepared and investigated here contain
practically the same amount of antioxidants, there-
fore their presence does not influence the compar-
isons. The nanosized fillers were a precipitated cal-
cium carbonate, supplied by Solvay (Belgium)
under the commercial name of Socal® 31 (in the fol-
lowing indicated as S31), with a calcite rhombohe-
dral crystal structure, cube-like crystal shape and a
mean particle diameter 50–100 nm [21], and a mont-
morillonite clay produced by Southern Clay Products
(USA) and commercialized as Cloisite® 15A (fur-
ther indicated as CL15A; modified with dimethyl -
dihydrogenated tallow–quaternary ammonium chlo-
ride quaternary surfactant; quaternary concentra-
tion = 12 meq·(100 g)–1 clay; d001 = 3.15 nm; density =
1.66 g·cm–3).
The coupling agent was a polypropylene grafted
with maleic anhydride (PPgMA), supplied by Sigma
Aldrich (USA), with maleic anhydride content 8–
10 wt% and melting temperature = 156°C.
The nanocomposite systems were prepared by always
using a 5 wt% amount of the filler (clay or calcium
carbonate), while the PP/PPgMA ratio changed from
100/0, 95/5, 85/15 to 75/25.

2.2. Processing
The neat PP, the binary PP/PPgMA blend and the
nanocomposites were prepared in a co-rotating inter-
meshing twin-screw extruder (OMC, Italy), having
L/D = 35, D = 19 mm. The adopted temperature pro-
file was 120–130–140–150–160–170–190°C (die),
with screw speed set at 200 rpm and the speed of
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the gravimetric feeder set at 10 rpm. The extrudates
were water cooled and granulated by means of an
Accrapak (UK) rotating blade system. Specimens
for mechanical, calorimetric, morphological and
Fourier transform infrared (FTIR) spectral charac-
terization were prepared by compression moulding,
using a Carver (USA) laboratory press set at 190°C
(15 cm"#15 cm electrically heated and water cooled
plates, pressure about 20 MPa, compression time
3–4 min).

2.3. Accelerated weathering
The compression moulded sheets were subjected to
accelerated weathering conditions in a Q-UV (Q-
Lab Corp., USA) apparatus, containing eight UVB-
313 lamps. The exposure cycle conditions were 8 h
of light at a temperature of 55°C followed by 4 h
condensation at 35°C.

2.4. Mechanical characterization
Tensile properties (elastic modulus, tensile strength
and elongation at break) were determined according
to ASTM D882, with the help of an Instron mod.
3365 (USA) apparatus. The specimens were cut
from the compression-moulded sheets and tested at
5 mm/min crosshead speed. At least seven samples
were tested for each tensile property and the aver-
age values (with the corresponding error bars) are
reported. In the case of photo-oxidized samples, at
least five samples were tested and the reproducibil-
ity was about ±6%.

2.5. Differential scanning calorimetry
Calorimetric data were obtained using a Perkin-Elmer
DSC7 apparatus, at scanning rate of 10°C·min–1 in
the temperature range from 30 to 210°C. At least
three samples for each formulation were tested and
the reproducibility of the collected data was satis-
factory (±4%).

2.6. FTIR analysis
A Fourier Transform Infrared (FTIR) spectrometer
(Spectrum One, Perkin-Elmer, UK) was used to
record FTIR spectra of the samples, performing
16 scans at a resolution of 1 cm–1 (in the range 450–
4000 cm–1). The relative concentration of functional
groups was determined from their peak absorption
area index (absorbance peak area of the chemical
group compared to that of the reference absorption
peak area located at 2722 cm–1 and being known as

the sum of the !(CH2) and "t(CH2) vibrations [22]).
Measurements were obtained from the average of
three samples, with a calculated reproducibility of
±3%.

2.7. Morphological characterization by SEM
The scanning electron microscopic (SEM) analysis
was performed by scanning of the nitrogen frac-
tured surfaces of the specimens, using a FEI (USA)
Quanta F200 equipment.

2.8. X-ray analysis
Wide angle X-ray diffraction (WAXD) patterns were
obtained at room temperature by using a Siemens
(Germany) D-500 X-ray diffractometer in the
reflection mode with Cu K$ incident radiation of
wavelength 0.1542 nm.
The interlayer distance was calculated using Bragg’s
formula (Equation (1)):

                                                       (1)

From the results, it was possible to calculate the
number of clay platelets per average stack with the
interlayer distance d001 using Equation (2):

                                                      (2)

where t is given by the Scherrer’s formula, t =
0.9#/(B1/2·cos$b), # is the wavelength, B1/2 = $1 –%$2
(in radiants) at half peak height (Imax/2), $b =
($1 + $2)/2 [23].

2.9. TEM analysis
Tansmission electron microscopic (TEM) observa-
tions were made with a ZEISS (Germany) EM 900
microscope, at accelerating voltages of 50 and
80 KeV, in the Genoa division of the Institute for
Macromolecular Studies (ISMac) of CNR (Italian
National Research Council). The dimension of the
microtomed sample was about 10 µm.

3. Results and discussion
Figure 1a–1c report respectively the tensile modu-
lus, tensile strength and elongation at break for the
investigated systems (unfilled polymer, composite
with modified clay and composite with nanosized
calcium carbonate) as a function of the PP-PPgMA
ratio (from 100/0 to 75/25, as described in the exper-
imental part).
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As regards the elastic modulus, the addition of
PPgMA leads to a significant reduction of the rigid-
ity of the material (higher upon increasing the MA
content), in agreement with previous results on sim-
ilar systems [17]. The behavior is completely differ-
ent as far as the nanocomposites are concerned: the
elastic modulus keeps practically unchanged, and
some reductions (however, not higher than 5%) are
experienced only in the S31-filled nanocomposite
at higher PPgMA content. On the average, the nano -
composites keep higher moduli than the correspon-
ding unfilled systems, and the CL15A filled ones
show the highest overall values. Indeed, the overall

results can be explained by taking into account two
different factors: the presence of PPgMA and the
effect of the filler. When PPgMA is added to the PP
at sufficiently high amounts, the polymer matrix
actually becomes a polymer blend. In polymer
blends, the properties typically vary according to
the values of the properties of the pure components,
as well as their relative amounts [24]. Significant
deviations from this behavior can be present mainly
when synergistic or strong incompatibility issues
occur [24, 25]. In the case of this study, PPgMA has
lower elastic modulus (not reported here for sake of
conciseness) than that of pure PP, therefore the blends
have decreasing modulus (Figure 1a) upon increas-
ing the PPgMA content. The same explanation holds
for the tensile strength (Figure 1b) and the elonga-
tion at break (Figure 1c): in this last case, the value
increases due to the higher ductility of PPgMA.
However, as far as the nanocomposites are con-
cerned, there is one more factor to be taken into
account, i.e. the presence of the filler and the role of
its interface with the matrix. In fact, the presence of
PPgMA can improve the adhesion between the
matrix and the filler, and this effect counterbalances
the lower rigidity given by PPgMA. In summary,
the mechanical properties trends of the nanocom-
posites can be explained by taking into account
both the two factors, which can be in contrast and
lead to opposite directions according to which of
the two prevails.
With particular concern to the tensile strength, the
presence of CL15A and S31 leads to small reduc-
tions of the resistance, in agreement with our previ-
ous results [19]. In general, it can be stated that both
the breaking properties (tensile strength and elonga-
tion at break) are ruled by the heterogeneity of the
system [24], which obviously increases upon increas-
ing the amount of PPgMA and reaches a maximum
at the 75/25 PP-to-PPgMA ratio. This helps to explain
the nanocomposites behavior observable in Figure 1b
and 1c, i.e. the reduction of tensile strength and elon-
gation at break upon increasing the PPgMA con-
tent, and will be further discussed with reference to
morphological analysis, below reported.
Figure 2a, 2b, show respectively the enthalpies of
melting and crystallization for the investigated sys-
tems, obtained by DSC analysis. Both the melting and
the crystallization enthalpy tend to decrease upon
increasing the PPgMA content; it can be, on the
whole, stated that the calorimetric data are in per-
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Figure 1. Main mechanical properties: (a) elastic modulus,
E, (b) tensile strength, TS, (c) elongation at break,
EB, of the unfilled matrix, CL15A nanocompos-
ites and S31 nanocomposites with different
PP/PPgMA ratios



fect agreement with the values of the elastic modu-
lus: the reduced crystallinity upon increasing the
PPgMA content thus accounts for the reduction in
the elastic modulus, which is counterbalanced, in
the nanocomposites, by the presence of the filler
and the compatibilizer.
Figure 3 reports the morphology of some represen-
tative samples, obtained by SEM and TEM analy-
sis, as well as our graphic interpretation of the mor-
phology. It can be observed that the SEM morphol-
ogy of the fracture surface of the polymer (i.e.
without filler) appears, in general, slightly more
homogeneous upon adding PPgMA (see Figure 3a),
while no significant differences are detectable
between the SEM morphologies of CL15A nano -
composites without and with 75/25 PP/PPgMA ratio
(Figure 3b). Important information is, on the other
hand, obtainable from the TEM images reported in
the same figure: the filler dispersion upon adding
PPgMA is significantly improved. However, as pre-
viously mentioned with regard to the mechanical
properties, although PP and PPgMA are physically
miscible (thus forming a polymer blend without
observable phase separation, as shown by the SEM
images), they are not chemically compatible [26,
27]; therefore, higher PPgMA contents (as in the
case of 75/25 systems) are likely to form heteroge-
neous micro-zones as schematically shown in the
drawings in Figure 3b, where a graphical interpreta-
tion of the system structure at nanometric scale is pro-
vided for CL15A nanocomposite (left) and CL15A
nanocomposite with 75/25 PP/PPgMA ratio (right).
The presence of PPgMA increases clay dispersion
(with partial exfoliation, as further proved by XRD
analysis which will be described in the following)
and should therefore improve the mechanical prop-

erties, but its high amount and its chemical incom-
patibility leads to the formation of heterogeneities
(grey in the drawings) consisting in PPgMA with
some clay particles at the inside. The considerations
about selective disposition of the clay platelets and
stakes, especially into the more polar phase, within
the incompatible polymer blends, have been also
made on the base of our previous studies [28, 29].
This can also help in explaining the reduction of the
tensile strength and the elongation at break upon
increasing the PPgMA content, as already pointed
out in the discussion about the mechanical proper-
ties (Figures 1b and 1c), in spite of the improved filler
dispersion. As regards the S31 nanocomposites with
and without PPgMA, SEM images as well as our
graphical interpretations of the inner morphology at
nanometric scale are provided in Figure 3c. The
presence of PPgMA helps in improving the disper-
sion but, on the other hand, similar phenomena as in
the case of CL15A nanocomposites can occur (grey
zones). It was mentioned above that further informa-
tion in the direction of clay behaviour in terms of
dispersion and morphology was provided by XRD
analysis; the results are reported in Table 1. The
interlayer distance of the clay increases in the nano -
composite without PPgMA, showing that some inter-
calation occurs and confirming the result suggested
by the TEM image (predominantly intercalated mor-
phology). When PPgMA is added, the interlayer dis-
tance increases upon increasing the PPgMA content,
to such a level that, when a 75/25 PP-to-PPgMA ratio
is adopted, the results coming from XRD and TEM
analyses prove that a mixed intercalated/exfoliated
(predominantly exfoliated) morphology is achieved.
Figure 4a and 4b report, respectively, the dimen-
sionless elastic modulus (E at time ‘t’ vs E at time

                                              Morreale et al. – eXPRESS Polymer Letters Vol.7, No.8 (2013) 703–715

                                                                                                    707

Figure 2. Enthalpies of (a) melting and (b) crystallization of the unfilled matrix, CL15A nanocomposites and S31 nanocom-
posites with different PP/PPgMA ratios



zero) of the samples containing clay (a) or calcium
carbonate (b), upon increasing the photo-oxidation
time; the figures contain also the data of the PP-
PPgMA blends. The reported data clearly outline

that an increase of the elastic modulus occurs upon
increasing the accelerated weathering time, in agree-
ment with our previous results and other studies on
similar systems [9, 19]. The presence of the nano-
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Figure 3a, b. SEM, TEM images and graphic interpretation of some investigated samples: (a) PP/PPgMA = 100/0 and
75/25, (b) CL15A nanocomposite where PP/PPgMA = 100/0 and 75/25
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Figure 3c. SEM, TEM images and graphic interpretation of some investigated samples: (c) S31 nanocomposite where
PP/PPgMA = 100/0 and 75/25

Table 1. Main XRD peaks and interlayer distances for pristine clay and nanocomposite systems

Sample Main peak 2!
[°]

Interlayer distance d001
[nm]

Platelets/stack
[N]

CL15A 2.80 3.15 3.11
PP/PPgMA/CL15A = 100/0/5 2.67 3.30 2.61
PP/PPgMA/CL15A = 95/5/5 2.58 3.42 2.33
PP/PPgMA/CL15A = 85/15/5 2.32 3.81 2.08
PP/PPgMA/CL15A = 75/25/5 2.16 4.10 2.02

Figure 4. Dimensionless elastic modulus of samples at different PP/PPgMA ratios with (a) CL15A and (b) S31, as a func-
tion of the photo-oxidation times



sized fillers does not lead to significant differences
in the increase of the elastic modulus, if compared to
the unfilled binary blends. On the other hand, from
all of the systems (binary blend, clay-filled nano -
composite and calcium carbonate filled nanocom-
posite) a clear tendency emerges, i.e. the decrease
of the stiffening effect with time, when higher
amounts of PPgMA are used; in other words, the
presence of increasing amounts of PPgMA seems to
lead to reduced photo-oxidation effects, although
the differences are not striking.
The dimensionless tensile strength and elongation
at break upon increasing the photo-oxidation time
are reported in Figure 5a and 5b, respectively. The
breaking properties experience a dramatic drop

upon increasing the photo-oxidation time (espe-
cially after 48 h), while the presence of PPgMA and
the variation of its percentage do not significantly
change the overall behavior: the difficulties in extrap-
olating variations in the systems with different
PPgMA amount and/or filler type are due, once
more, to the previously mentioned heterogeneity of
the investigated systems.
Carbonyl index (CI) is reported in Figure 6a and 6b,
for CL15A and S31 filled nanocomposites, respec-
tively, and compared with the unfilled binary blends.
The diagrams show an expected increase of the CIs
of all the investigated samples upon increasing the
photo-oxidation time. However, a very clear trend
emerges, which was already, at least partially, pres-
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Figure 5. Dimensionless (a) tensile strength and (b) elongation at break of some investigated samples (at different
PP/PPgMA ratios) as a function of the photo-oxidation times

Figure 6. Carbonyl index of (a) CL15A and (b) S31 nanocomposites at different PP/PPgMA ratios, as a function the photo-
oxidation times



ent in the previous discussed experimental observa-
tions on the mechanical behavior: the increase of CI
is lower upon increasing the PPgMA, both in the
unfilled binary blends and in the nanocomposites.
This suggests that the presence of PPgMA actually
reduces the photo-oxidation products formation.
This is particularly true in the nanocomposites where,
after 120 hours, the CIs of the systems at 75/25 PP-
to-PPgMA ratios are approximately one half of
those of the nanocomposites without PPgMA. This

is a striking result, since it suggests that the addition
of PPgMA to a PP based nanocomposite, filled with
either organomodified clay or precipitated calcium
carbonate, can reduce the photo-oxidation rates. As
regards the role of the fillers alone (i.e. without tak-
ing into account the PPgMA), it can be stated that
their presence leads to higher sensitivity to photo-
oxidation, in agreement with our previous studies
[19].
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Figure 7. Carbonyl region of FT-IR spectra at 0 h and 120 h: (a) PP/PPgMA = 100/0, (b) PP/PPgMA = 75/25, (c) CL15A
nanocomposites where PP/PPgMA = 100/0, (d) CL15A nanocomposites where PP/PPgMA = 75/25, (e) S31
nanocomposites where PP/PPgMA = 100/0, (f) S31 nanocomposites where PP/PPgMA = 75/25



The FT-IR spectra in the carbonyl region are reported
in Figure 7a–7f. The spectra show the formation of
a peak centered at 1712 cm–1 in PP, PP/CL15A and
PP/S31 samples upon increasing the photo-oxida-
tion time up to 120 h; furthermore, a wide band at
approx. 1600 cm–1 appears in the PP/S31 sample
after 120 h, while it is much less evident in the pre-
vious samples. This band is attributable to the for-
mation of carboxylic acid salts during weathering,
as a result of the reaction between carboxylic acids
coming from the PP degradation, and the basic
fillers (S31) used in the nanocomposites [19]. How-
ever, the situation is different as far as the systems
with 75/25 PP-to-PPgMA ratio are concerned. In
the case of the binary blend and the CL15A nano -
composite, the shapes of the peaks are similar to
those found in the samples without the compatibi-
lizer. With particular concern to the CL15A nanocom-
posite, the subtended area is significantly smaller,
as already shown by the CI data, suggesting that the
presence of PPgMA actually reduces the photo-oxi-
dation products formation in the carbonyl region.
This can be explained by considering that the acid
sites formed onto the clay platelets during photo-
oxidation (due to the Hoffmann elimination of the
organomodifier [17]) are partially hindered by the
presence of the maleic anhydride which creates a
physical barrier. However, the results are even more
interesting when the S31 nanocomposite is taken
into account. The spectra clearly show that the band
at 1600 cm–1 does not appear, even after 120 h of
accelerated weathering. This suggests that the pres-
ence of a high amount of PPgMA hinders the reac-

tion between the filler and the degradation products
coming from the photo-oxidized PP, and thus the
formation of carboxylic acid salts. This is probably
due to the PPgMA encapsulating (at least partially,
as already described in the discussion on the mor-
phology) the S31 particles and thus slowing down
the reactions with the carboxylic acids.
The above considerations regarding the role of
PPgMA are proved also by the morphology improve-
ments already investigated by SEM and TEM and
discussed before. The complex morphology of both
CL15A and S31 filled nanocomposites with 75/25
PP-to-PPgMA ratio is due to two contrasting
effects, i.e. the blend formation and the effect of the
filler. Finally, Figure 8 and Figure 9a–9f, report
respectively the Hydroxyl index (HI) and the FT-IR
spectra in the hydroxyl region of the same samples.
The results confirm the observations done with
regard to the carbonyl region: the presence of PPgMA
reduces the formation of photo-oxidation products,
increasingly upon increasing the PPgMA content.

4. Conclusions
In this work, the effect of the addition of different
amounts of PPgMA to PP-based nanocomposites
has been investigated. An accurate study on the
mechanical behavior, as well as the morphology of
the prepared systems before accelerated weathering
has been carried out. It was found that the addition
of PPgMA leads to a reduction of the elastic modu-
lus of pristine PP, however it can also improve the
adhesion between the filler and the polymer matrix,
thus leading to improvements of the elastic modu-
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Figure 8. Hydroxyl index of (a) CL15A and (b) S31 nanocomposites at different PP/PPgMA ratios, as a function of the
photo-oxidation times



lus. On the other hand, higher amounts of PPgMA
can also lead to the formation of heterogeneities
which, in turn, affect the tensile strength and the
elongation at break. However, the morphology was
positively affected by the presence of PPgMA,
especially in the case of clay-filled nanocompos-
ites, where the clay morphology turned from pre-
dominantly intercalated to predominantly exfoli-
ated.

The photo-oxidation behavior seems to be posi-
tively affected by the presence of PPgMA. From the
mechanical properties standpoint, most of the sys-
tems appeared to have similar behavior starting
from about 48 hours accelerated weathering, due to
the heterogeneity of the systems; on the other hand,
FT-IR analysis revealed that the addition of PPgMA
significantly reduced the formation of photo-oxida-
tion products in the nanocomposites; in particular,
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Figure 9. Hydroxyl region of FT-IR spectra at 0 h and 120 h: (a) PP/PPgMA = 100/0, (b) PP/PPgMA = 75/25, (c) CL15A
nanocomposites where PP/PPgMA = 100/0, (d) CL15A nanocomposites where PP/PPgMA = 75/25, (e) S31
nanocomposites where PP/PPgMA = 100/0, (f) S31 nanocomposites where PP/PPgMA = 75/25



clay nanocomposites showed a reduced formation
of photo-oxidation products in the carbonyl region,
while calcium carbonate nanocomposites experi-
enced a dramatic reduction in the formation of
photo-oxidation products related to carboxylic acid
salts, coming from the interaction between the basic
filler and the photo-oxidation products from the PP.
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1. Introduction
Organic electronics is one of top rising research
fields nowadays, the understanding of how we can
manipulate organic materials and their physical
properties have opened field to several applications,
e.g. organic solar cells [1, 2], OLEDs [3, 4], etc. Some
of these devices, like the dye-sensitized solar cell
[5], put together organic compounds and inorganic
semiconductor nanoparticles in order to absorb sun-
light and transport charge carriers. The inclusion of
metallic or semiconductor nanoparticles changes
the optical properties of the polymers [6–11], result-
ing in new characteristics of the materials that can
be explored to technologic applications. In this sense,
knowing how inorganic nanoparticles influence
organic materials is extremely important.
Even with its relatively low conductivity, poly(p-
phenylene vinylene) (PPV) is one of the conjugated

polymers used in solar cell fabrication [12, 13]. Its
precursor, poly(p-xylene tetrahydrothiophenium
chloride) (PTHT), is soluble in water, a characteris-
tic that is getting increasing importance due to the
increasing concern on environmental and safety
problems related to the organic solvents [12, 14–
16]. The thermal treatment of PPV’s precursor is
the conventional route to produce PPV, but the
resulting film has some chain defects, due to the
high temperatures (above 200°C) used, undermin-
ing its conductivity [17]. In addition, high tempera-
ture severely affects the properties of indium-tin
oxide (ITO)/polymeric layer interface, as reported
by Poças et al. [18]. To reduce the harmful effect of
the thermal treatment, PPV can be produced by an
alternative route in which a compound having a
SO3

– group is incorporated [19] (Figure 1). These
compounds replaces the chloride anions present on
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the precursor with the radical SO3
–, facilitating the

thermal elimination and reducing the thermal
energy activation [19]. Many synthetic dyes exhibit
this group and have been used to help the conver-
sion of PPV [20].
In this work we used the dye Reactive Black 5 to
produce PPV thin films from the alternative route
proposed by Marletta et al. [19, 20]. It was observed
that, in addition to allowing the conversion of the
PPV precursor at lower temperatures, the PPV:dye
film presented an absorption band extended to longer
wavelengths, which is broader than absorbance of
PPV produced without the dye. This can be benefi-
cial to light harvesting capacity of this compound, if
it is used as donor material in an active layer of a
photovoltaic device. Different amounts of TiO2
(acceptor material) were then added to the polymer
solution, to see how this mixture reacts in the pres-
ence of inorganic nanoparticles. All components,
dissolved in aqueous solution, were cast-deposited
to form a bulk layer film, and the optical and struc-
tural properties of these blends were investigated by
absorbance, photoluminescence (PL), Raman scat-
tering and Scanning Electron Microscopy (SEM)
techniques.

2. Experimental procedures
All solutions and films were prepared under ambi-
ent conditions, using ultrapure water (resistivity
18.2 M!/cm). Reactive Black 5 (code 306452) and
PTHT (code 540765) were purchased from Sigma-
Aldrich (USA) and TiO2 nanoparticles (P25 Aerox-

ide; 70/30 anatase/rutile; d "#20 nm) from Evonik-
Degussa (Germany). The mixing ratio between
PTHT and dye was 1:1 (mol/mol), and their molari-
ties were 1,25·10–3 M. The concentration of TiO2
solution was 2 mg/mL. All solutions were first mag-
netically stirred for 15 min and put at ultrasonic
bath for another 15 min. After mixing PPV’s pre-
cursor, Reactive Black 5 and TiO2, the resulting solu-
tion was again magnetically stirred and put at ultra-
sonic bath. The following samples were made using
glass as substrate: (a) 100 µL PTHT/dye; (b) 100 µL
PTHT/dye + 10 µL TiO2; (c) 100 µL PTHT/dye +
50 µL TiO2; (d) 100 µL PTHT/dye + 200 µL TiO2.
All samples were cast-deposited and stored, pro-
tected from any light, for the period of 24 hours for
water evaporation. After that, the samples were
heated at 110°C for 30 minutes in air and in a home-
made oven, according to [20]. The UV-Vis absorbance
was measured by using a DT-Mini-2-GS model
UV-Vis lamp and an USB-4000 minispectrometer
(Ocean Optics). The same spectrometer was used to
detect the PL of the films, whereas a solid-state
laser (! = 405 nm) was used as excitation source.
During the PL measurements, the samples were
under rough vacuum (10–2 mbar). The Raman spec-
tra were obtained with a portable spectrometer
Raman Advantage532® from Delta Nu, excited in
532 nm. NuSpec software from Delta Nu was used,
making use of baseline resources, in order to remove
the background fluorescence. To make SEM images,
first an Au layer of approximately 40 nm was
deposited using Bal-Tec SCD OSO sputter coater.
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Figure 1. Conventional and alternative route of PPV’s production (a). Chemical structure of Reactive Black 5 (b).



SEM images were made using FEI Quanta 200
SEM. All measures were performed at room tem-
perature.

3. Results and discussion
The normalized absorbance of pure PPV, samples (a)
and (b), all made by the alternative route are shown
in Figure 2. This route reduces the preparation time
and overall cost of the sample, since it uses a faster
thermal treatment at lower temperature when com-
pared to the conventional route. The maximum of
the absorption, near 450 nm, is a signature of con-
verted PPV. The absorption band in 550–700 nm is
only present when the dye is introduced, since stan-
dard PPV ends its absorption near 530 nm [21].
This extra absorption band can increase the quantity
of photons collected in the farther region of the
solar spectrum, offering the possibility to enhance
the overall efficiency of photovoltaic devices. The
introduction of TiO2 nanoparticles increases the thin
films opacity, as seen in Figure 2 (black curve, base-
line corrected). However, the PPV absorption band
(~450 nm) and the dye absorption band (~650 nm)
are still present. After the thermal treatment of
110°C, PPV+dye films exhibit characteristics of
PPV made by the conventional route [21].
The Raman spectra of all samples made in this work
are shown in Figure 3. Also the spectra of pure PPV
film and of the dye aqueous solution were included
in this figure. The pure PPV sample was made with

the 1:1 mol/mol proportion between PTHT and DBS
(sodium dodecylbenzenesulfonate) [19].
The assignments of the most important Raman
peaks are shown in Table 1 [22–24]. The peaks at
1284 and 1496 cm–1 are exclusive from the dye, since
the naphthalene group and the C–N bound are only
present in Reactive Black 5’s structure. The intro-
duction of TiO2 nanoparticles leads to an increase
of intensity of these peaks, suggesting that a portion
of dye molecules is remaining intact after the ther-
mal treatment. Another important aspect is the
behavior of the peak at 1170 cm–1, which is exclu-
sive from PPV. Its intensity decreases as the quan-
tity of TiO2 increase, showing that less converted
films are produced. This indicates that a portion of
dye molecules can be adsorbed on the surface of
TiO2 and is not participating in the chemical reac-
tion with the PPV precursor.
We believe that the dye is adsorbing in the TiO2’s
very rough surface, since its particles dimensions
are in the range of 20 nm. These small particles
however, form large clusters of approximately
200 nm, as shown in SEM image of sample (d) (Fig-
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Figure 2. Normalized absorbance of pure PPV (line with
circles), samples with 0 (a) and 10 µL (b) of TiO2
(red and black lines, respectively). All samples
were produced following the alternative route.
The pure PPV sample was made using DBS
(sodium dodecylbenzenesulfonate) as SO3

– com-
pound. The baselines of all spectra were cor-
rected.

Figure 3. Raman spectra of the samples. Anatase and rutile
peaks of TiO2 are only visible in the range of
600 cm–1 (not showed here).

Table 1. Assignment of important peaks of Raman spectra
of samples [22–24]

Wavenumber
[cm–1] Attribution

1170 C–C stretching + C–H bending of the phenyl ring
1284 C=C stretching of the naphthalene group
1323 C=C stretching + C–H bending of the vinyl group
1496 C–N vibration
1550 C=C stretching of the phenyl ring
1585 C–C stretching of the phenyl ring
1625 C=C stretching of the vinyl group



ure 4). We observed, as expected, that as the amount
of TiO2 increased, the number of clusters also
increased. Although these large clusters can result
in films with high surface roughness, the polymer
could easily penetrate this matrix and have a sub-
stantial contact with the inorganic particles, which
is extremely important to rapidly dissociate the
excitons [25]. 
The presence of TiO2 interferes in the photolumi-
nescence spectra, as seen in Figure 5. Even the
smallest quantity results in a blue-shift of approxi-
mately 17 nm. As the number of nanoparticles
increases, the photoluminescence intensity increases
up to 7 times. This is contrary to the PL quenching
expected due to donor-acceptor interaction [7, 12,
14, 26, 27]. However, the PL enhancement was also

observed in other works using different materials
mixed with PPV [28–30].
Son et al. [31] and Zhang et al. [32] showed that a
break on the conjugation length of PPV leads to an
enhanced photoluminescence. In the work of Son,
they engineered cis linkages into the PPV chain.
These cis linkages interrupt the conjugation and
interfere with the packing of the polymer chains,
resulting in a gain of photoluminescence [31]. Zhang
et al. made several thermal treatments on PPV’s
precursor using different temperatures. They observed
that as the temperature increases, the PL intensity
decreases, indicating that partially conjugated PPV
have enhanced photoluminescence [32]. Our obser-
vations corroborates with these works: both PL blue
shift and enhanced PL intensity is showing that
PPV:dye mixed with TiO2 results in smaller conju-
gated segments than pure PPV. The presence of dye
molecules adsorbed on the TiO2 surface, as sug-
gested by the results of Raman scattering, may indi-
cate that the amount of dye participating in the ion
exchange with the pre-PPV decreased, resulting in
less conjugated PPV chains after the thermal con-
version, which explains the PL blue shift. More-
over, the formation of large agglomerates of TiO2
may be affecting the inter-chain polymer interac-
tion, resulting in a greater localization of the photo-
generated carriers and therefore increasing the PL
intensity. Thus, both agglomeration of TiO2 nano -
particles and the availability of dye molecules to
participate in the PPV conversion process must be
controlled to produce PPV:dye:TiO2 blends in which
the polymer chains have larger effective conjuga-
tion length.
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Figure 4. SEM images of TiO2 nanoparticles in sample d).
The large clusters (around 200 nm) are formed by
the small particles (approximately 20 nm).

Figure 5. Photoluminescence spectra (a) and normalized photoluminescence spectra (b) of the samples



4. Conclusions
PPV thin films were produced by an alternative
route, adding Reactive Black 5 dye to the precursor
polymer solution. The dye enabled the conversion
of PPV at lower temperatures than that used con-
ventionally, and led to a gain of absorption at the
region of 550–700 nm, where the pure PPV is opti-
cally inert. Raman scattering analysis showed that
more dye molecules remain intact after the thermal
conversion when TiO2 nanoparticles are incorpo-
rated into pre-PPV:dye mixture. The SEM images
showed the formation of TiO2 agglomerates with
diameter around 200 nm. The enhanced intensity and
the blue-shift observed in the PL spectra were due
to the formation of partially conjugated PPV when
TiO2 is introduced. However, the additional absorp-
tion band towards longer wavelengths increases the
light harvesting capacity of the film, therefore
enhancing the possibility to use this blend as active
layer in free organic solvent photovoltaic devices.
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