
After some decades of success, polymers have been
going through a hard time recently. For the first
time since the oil crisis of the early 1970s, global
production decreased in 2008 as a result of the eco-
nomic crisis. At the same time, public perception of
‘plastics’ deteriorated, with critical views on issues
like the release of endocrine disruptors, littering
and waste.
While some of these arguments may be justified,
many remain superficial like the quarrel about sin-
gle-use plastic shopping bags, where a total ban in
Italy was the latest important news. The efficiency of
these polyethylene (PE) bags is high in one-way sys-
tems already: In Austria, the amount of bags used per
capita and year equals the energy content of just
0.7 litres of diesel fuel. In practice many of these
bags are being re-used, and a comparably strong
paper bag would have to be re-used about ten times
more often to arrive at the same ecological footprint.
But polyolefins can do far more, in terms of lifetime,
performance and energy efficiency. Bimodal high
and medium density PE grades have revolutionized
the water and gas distribution system, being light,
corrosion-resistant and the safest choice in case of
earthquakes. ‘Smart’ electrical power grids allowing
the increased use of renewable energy sources call
for high-performance insulation systems, and
crosslinked LDPE will remain the material of
choice. Efficient individual mobility requires cars
combining low weight and high passenger safety,
and only polymers will be able to fulfil that need at
reasonable cost, with high-impact polypropylene
(PP) copolymers at the frontline of development.
And polyolefins have certainly not reached their
theoretical performance limit yet. Through continued

research on the structure-property relations govern-
ing the performance of PP and PE, researchers in
academia and industry contribute to a continuous
expansion of the application range. Recent exam-
ples of previously impossible applications are
replacement of glass-fibre reinforced polyamide for
air-intake manifolds in cars by an advanced PP
grade, and substitution of plasticized poly(vinyl
chloride) (PVC) by advanced super-soft PP grades
for medical applications. While future achievements
will depend upon the availability of new catalyst
generations giving better control over molecular
weight distribution and comonomer incorporation,
developments in processing technology will sup-
port this advance.
In 2008, 46% of the plastics processed in Europe
were polyolefins, corresponding to a volume of
22.3 Mt/a. About 6% of the total crude oil consump-
tion is employed for polymer production – and, from
an efficiency perspective, that is a far better idea than
just refining and burning the oil. While adaptation to
new resources will be required in the long run, it
remains to be seen whether bio-based and biodegrad-
able polymers can challenge polyolefins for major
market shares, given the mechanical and optical lim-
itations exhibited by these materials so far.
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1. Introduction
Poly(lactic acid) (PLA) is an example of a promis-
ing biopolymer prepared through a combination of
biotechnology and chemistry. It is prepared from
100% renewable resources such as corn, sugar beets
or rice [1, 2]. PLA degrades biologically into lactic
acid, a product of the carbohydrate metabolism.
Thanks to its biocompatibility, PLA is suitable for
sutures [3, 4], drug delivery systems [5, 6], scaffold
material [7], and implants for bone fixation [8, 9]. It
offers a potential alternative to petrochemical plas-
tics for many applications, partially because of its
high strength and stiffness. However, its toughness
is not satisfactory. Blending PLA with other poly-
mers presents a practical and economic measure to
obtain toughened products [10]. To retain the integrity
of biodegradability, blending PLA with other bio -

degradable polymers is particularly interesting.
PLA/poly(!-caprolactone) (PCL) blends have been
extensively studied and have shown greatly improved
mechanical properties compared to neat PLA [11–
13]. Previous researchers also have shown that the
addition of plasticizers such as polyethylene glycol
(PEG), glucosemonoesters, poly(vinyl acetate) and
partial fatty acid esters  successfully overcame the
brittleness and widened the application of PLA [14–
16]. Jacobsen and Fritz [14] revealed that plasti-
cization played an important role in  improving the
elongation at break and impact strength of PLA.
Poly(propylene carbonate) (PPC) is a new thermo-
plastic polymer derived from carbon dioxide and
propylene oxide [17]. It is also a biodegradable
polymer, many studies concentrated on the bio -
degradability, we know the molecular weight would
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decrease in specific solutions [18]. It has interesting
physical and chemical properties, being an attrac-
tive green environmental material for many appli-
cations [19–22]. It can be used in adhesives, solid
electrolytes, polyols, photoresists, propellants, bar-
rier materials, flexibilizers and plasticizers. The
ester units provide PPC with chain flexibility and
good melt flow characteristics. Although PPC can
be melt processed, its poor thermal stability has lim-
ited its application. Many efforts have been devoted
to improve the thermal stability of the PPC [23–25].
Tao et al. [25] prepared UV-crosslinkable PPC
through terpolymerization of CO2, propylene oxide
(PO), and allyl glycidyl ether (AGE). The crosslinked
PPC showed obvious improvement in thermal and
mechanical properties in comparison with pure
PPC. However, its preparation process is very com-
plicated.
Furthermore, PPC is an amorphous polymer, with
about 40–50% of units in the PPC copolymer chain
being carbonate. Recently, some efforts have been
invested to apply PPC as plasticizer for rubber or
thermoplastics, and surfactant [26–29]. PPC is an
amorphous polymer with a chemical structure simi-
lar with PLA. In the study reported by Ma et al.
[30], the compatibility of melt-mixed blends of
PLA/PPC in different ratios was characterized. They
illustrated that PLA and PPC are partially miscible
and compatible to some extent due to their similar-
ity in chemical structure. However, they reported that
more than 40 wt% of PPC are needed in the PLA to
modify its brittle fracture behavior. As a result, the
strength of the blends is largely affected by the
large content of PPC. Inevitably, the process-ability
of the blends containing large content of PPC is
quite poor due to the poor thermal stability of PPC.
The blend of PLA and PPC is a biodegradable poly-
mer system, and it has potential as medical and
packing materials. In our previous work, it was
demonstrated that the mechanical and thermal prop-
erties of PPC can be improved dramatically through
end-capping PPC with MA [31]. In this article, MA
will be added to the binary blend of PLA and PPC
to further improve the properties.
To the best of our knowledge, no systematic study
has been reported so far to investigate the properties
of MA end-capped PPC toughened PLA compos-
ites. Therefore, it is the aim of this study to investi-
gate the effect of MA content on the mechanical,

thermal and rheological properties of PLA/MA/
PPC blends. The weight ratio between PLA and
PPC ranges from 90:10 to 10:90, and the weight
percentage of the MA was varied from 0 to 1.5 wt%
of the total weight of the PLA/PPC blends. Scan-
ning electron microscopy (SEM), Differential Scan-
ning Calorimetry (DSC), Dynamic mechanical analy-
sis (DMA), Gel permeation chromatography (GPC),
tensile test and rheological study are carried out on
these blends to perform systematic investigation. It
is proposed that part of the MA is end-caped onto
PPC, and the rest is present as a blend. Furthermore,
possible homopolymerization of MA is also sug-
gested.

2. Experimental
2.1. Materials
1. PLA is provided by Zhejiang Haizheng Bioma-
terial Co (Zhejiang, China). It is levorotatory, repre-
sents a semi-crystalline and biodegradability. Its
GPC measured weight-average molecular weight is
1.59·105 g/mol, and Mw/Mn = 2.75. PPC is obtained
from State Key Polymer Physics and Chemistry
Laboratory, Changchun Institute of Applied Chem-
istry, China. Its weight-average molecular weight is
2.48·105 g/mol, and Mw/Mn = 3.2. MA (purity >
99.5 wt%) was purchased from Tianjin Bodi Chem-
ical Co (Tianjin, China).

2.2. Preparation of PLA/PPC and
PLA/MA/PPC blend

Blends containing PLA and PPC in the ratio of 90/10,
70/30, 50/50, 30/70, and blends containing PLA, MA
and PPC with the ratio of 70/0/30, 70/0.15/30, 70/0.3/30,
70/0.6/30, 70/0.9/30, 70/1.5/30, 10/0.3/90, 30/0.3/70,
50/0.3/50, 70/0.3/30 and 90/0.3/10 were melt com-
pounded using a Haake Rheomix internal mixer
(Thermo Fisher Scientific, Waltham, MA, USA) at
a barrel temperature of 150°C and a rotation speed
of 50 rpm for 5 mins, respectively. PLA, PPC and
MA were dried at 50°C overnight before the melt
blending to prevent PLA and PPC from hydrolysis
during blending. Then, PLA/MA/ PPC blends were
ground into fine particles for further sample prepa-
ration. All specimens used were manufactured with
a hot compression molding method. It was con-
ducted at 160°C for 6 mins, with a holding pressure
of 10 MPa.
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2.3. Characterizations
2.3.1. Mechanical testing
Tensile properties were characterized with Univer-
sal Testing Machine (SANS company, Shenzhen,
China) in tension mode. Specimens used for tensile
test were cut from hot pressed films of PLA/MA/
PPC. And the sample dimension was 4 mm in width,
0.4–0.5 mm in thickness and 75 mm in length. They
are slabs with dog bone shapes. Five samples were
used for each measurement and averaged results are
reported. The cross-head speed used was
10 mm/min.

2.3.2. Gel permeation chromatography (GPC)
The molecular weight (Mw) and molecular weight
distribution (MWD) of the blends were measured
with gel permeation chromatography system (GPC,
agilent1100, Agilent Technologies, Santal Clara,
CA, USA) with tetrahydrofuran (THF) as solvent.
Calibration was performed with polystyrene stan-
dards.

2.3.3. Scanning electron microscopy (SEM)
The morphologies of etched specimens and tensile
fractured surfaces were examined under an acceler-
ation voltage of 20 kV with SEM (JEOL JSM-5900
LV, Jeol, Tokyo, Japan). Prior to examination, the
specimens of blends were cryogenically fractured
in liquid nitrogen, then the fracture surfaces were
etched with the acetone/ethanol (1:1) mixed solu-
tion to remove PPC and MA. For the tensile frac-
tured specimens, a thin layer of gold was coated on
their fracture surfaces before examination.

2.3.4. Dynamic mechanical analysis (DMA)
Dynamic mechanical properties of the prepared
composites (storage modulus and tan ) were charac-
terized with DMA (Q800, TA Instruments, New
Castle, DE, USA) in tension mode. Temperature
scan was conducted from –20 to 120°C at a heating
rate of 3°C/min. A fixed frequency of 1 Hz was
used. A static force of 0.01 N and the force track of
120.0% were employed. The film was cut into the
plates for DMA test. And the sample dimension of
the film was 4 mm in width, 0.4–0.5 mm in thick-
ness and 14–18 mm in length.

2.3.5. Differential scanning calorimetry (DSC)
A DSC (Perkin-Elmer Pyris I, Perkin Elmer Corp.
Waltham, MA, USA) with nitrogen as the purge gas
was used to investigate the melting and crystalliza-
tion behaviors of the blends. The mass of tested
sample was around 5 mg. The sample was heated
from room temperature to 200°C at a heating rate of
10°C/min. This first heating process was regarded
as melting scan for the analysis. The crystallization
and melting temperatures were determined as the
temperatures at the maximum values of crystalliza-
tion and melting peaks.

2.3.6. Rheological measurement
Oscillatory shear measurements in the linear vis-
coelastic region were performed on a Gemini 200
dynamic rheometer (Malvern Instruments Ltd,
Malvern, UK) using 2.5 cm diameter and 1.2 mm
distance parallel plates at 160°C. Dynamic fre-
quency sweep was performed in the region of linear
viscoelastic response (LVR), with 1% strain for the
blends, starting from high frequency, 100 down to
0.01 rad/s. Dynamic frequency sweep tests were
subsequently performed to determine the dynamic
properties of the materials. Test sample disks with a
thickness of 1.5 mm and a diameter of 2.5 mm were
prepared by compression molding at 160°C.

3. Results and discussion
3.1. Mechanical properties
Mechanical test was performed to investigate the
mechanical performance of PLA and blends. Neat
PLA exhibits yielding with a short quasi constant
stress regime, and fails at a strain around 3.6% (see
Figure 1a). It is noted that all the neat PLA speci-
mens fractures without necking. In the binary
PLA/PPC blends, the strain at break is increased
from 10.1 to 82% with PPC content increasing from
10 to 70%. However, the tensile strength is decreas-
ing with increasing PPC loading, and the blends
fracture in an almost brittle manner without yield-
ing, except the one containing 70% PPC. This is
slightly different from the work reported by Ma et al.
[30], as the strain at break is much smaller in the
current work. It might be caused by the difference
in the neat PLA used. For PLA/MA/PPC blends con-
taining the same amount of MA (see Figure 1b), the
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elongation at break is obviously improved compar-
ing with their original binary blends, respectively.
Nevertheless, their strength is almost the same with
the previous values (see Figure 2a).

To investigate the effect of MA content on the prop-
erties of ternary blends, PLA/MA/PPC blends with
PLA/PPC in the ratio of 70/30 containing different
amount of MA is characterized (see Figure 2b). The
addition of 0.15 wt% MA results in a slight increase
in tensile strength compared with the PLA/PPC
binary blend. Interestingly, the specimens show
intense stress whitening followed by necking, result-
ing in a large yielding regime and hence slight
increase in strain at break (20.4%). With the addi-
tion of 0.3, 0.6 and 0.9 wt% MA, the strain at break
is dramatically increased to 59.3, 164.3 and 142.5%,
respectively. Consequently, the toughness which
are calculated from the definite integrals of the
strain -stress curves is 1.5, 3.1, 5.8, 13.4, 44.7, 42.0
and 60.6 MJ/m3 for neat PLA, PLA/PPC (70/30),
PLA/MA/PPC (70/0.15/30), PLA/MA/PPC (70/0.3/30),
PLA/MA/PPC (70/0.6/30), PLA/MA/PPC (70/0.9/30),
PLA/MA/PPC (70/1.5/30), respectively. It is inter-
esting to notice that the mechanical properties
including toughness and strength is improved
(8.2% increase in strength, 188.7% increase in
toughness) by adding very low content (as low as
0.15%) of MA into the blends. While a maximum of
1961.2% increase in toughness is obtained for the
blends containing 1.5% of MA. And the toughness
can be improved by 1355% while the strength was
almost kept constant by adding very low content (as
low as 0.9%) of MA into the blends. All the PLA/
MA/PPC blends yields with noted stress whitening
across the whole gauge length accompanied with
necking. However, there is little improvement in
tensile strength compared with the binary blend.
Above results are summarized in Table 1, it can be
concluded that the PLA/MA/PPC ternary blends
experience significant necking. This indicates the
presence of shear yielding. The improvement in
toughness with additional MA shows the interface
between PLA and PPC polymer chains may be
effectively enhanced by end-capping MA onto PPC,
MA can be grafted onto PPC molecules by reactive
blending. The scheme is shown in Figure 3 [31].
Furthermore, the increased molecular weight of the
PPC component (as discussed in our previous work
[31]) could also be partially responsible for this sig-
nificant increase in toughness, as more entangle-
ments between polymer chains might be formed at
higher molecular weight. Nevertheless, the tensile
strength shows an obvious decrease with increasing
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Figure 1. Stress–strain curves for (a) PLA, PLA/PPC
blends in the ratio of 90/10, 70/30, 50/50 and
30/70, (b) PLA/MA/PPC blends in the ratio of
90/0.3/10, 70/0.3/30, 50/0.3/50, 30/0.3/70 and
10/0.3/90, (c) PLA/MA/PPC blends in the ratio of
70/0.15/30, 70/0.3/30, 70/0.6/30, 70/0.9/30 and
70/1.5/30



MA content. For the PLA/MA/PPC blends contain-
ing 1.5 wt% MA, the tensile yield strength is
decreased dramatically, meanwhile the strain at
break is significantly increased to 243.1%. The
excess MA may act as plasticizer, which might be
responsible for the decrease in strength and the
increase in strain at break. In order to further inves-
tigate the effect of MA on the blends, PLA is com-
pounded with different contents of MA. The mechan-
ical properties of these compounds are summarized
in Table 2. It is obvious to note that MA is not act-
ing as plasticizer for neat PLA. The excess MA may
only act as plasticizer to PPC component. As inter-

esting behavior has been demonstrated by blends
containing different amounts of MA, following
characterization is mainly carried out to investigate
the effect of MA content on different properties.
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Figure 2. (a) Tensile strength and elongation at break of PLA/PPC, PLA/MA/PPC (0.3 phr MA is loaded) blends as a func-
tion of PPC content. (b) tensile strength and elongation at break of PLA/MA/PPC(PLA/PPC wt. ratio is 70/30)
blends as a function of MA content.

Table 1. Summary of mechanical properties of the specimens shown in Figure 1.
Tensile strength [MPa] Elongation at break [%] Toughness [MJ/m3]

PLA 67.3±1.33 3.6±0.31 1.5
PLA/PPC (90/10) 58.6±0.74 11.2±0.37 4.9
PLA/ PPC (70/30) 42.7±1.21 10.1±2.43 3.1
PLA/ PPC (50/50) 39.5±2.03 3 ±0.65 0.9
PLA/ PPC (30/70) 28.9±1.00 82±5.76 15.0
PLA/MA/PPC (90/0.3/10) 56.7±1.58 7.5±1.51 2.2
PLA/MA /PPC (70/0.3/30) 41.7±1.25 59.3±3.79 13.4
PLA/MA /PPC (50/0.3/50) 36.6±1.54 27.4±4.55 8.6
PLA/MA /PPC (30/0.3/70) 27.4±1.40 127.4±6.08 21.4
PLA/MA /PPC (10/0.3/90) 31.7±0.40 88.5±5.21 12.6
PLA/MA/PPC(70/0.15/30) 46.2±0.94 20.4±9.95 5.8
PLA/MA/PPC(70/0.3/30) 41.7±0.88 59.3±16.35 13.4
PLA/MA/PPC(70/0.6/30) 39.7±1.36 164.3±20.07 44.7
PLA/MA/PPC(70/0.9/30) 40.5±1.26 142.5±18.35 42.0
PLA/MA/PPC(70/1.5/30) 34.5±1.10 243.1±4.55 60.6

Figure 3. Melt end-capping PPC with MA

Table 2. mechanical properties of the PLA/MA blends with
different content of MA

Tensile strength
[MPa]

Elongation at break
[%]

PLA 67.3±1.33 3.6±0.31
PLA/MA (100/0.15) 65.39±2.69 3.8±0.39
PLA/MA (100/0.3) 61.72±4.58 3.6±0.70
PLA/MA (100/0.6) 54.22±3.82 3.5±0.33
PLA/MA (100/0.9) 62.65±1.45 3.7±0.29
PLA/MA (100/1.5) 61.88±1.49 3.7±0.45



3.2. GPC measurement
To understand the effect of processing and the addi-
tion of MA on the molecular weight of PPC and
PLA, blends were studied by GPC measurements.
The weight average molecular weight (Mw) and the
molecular weight distribution (MWD) of PLA/PPC
(70/30) and PLA/MA/PPC blends are summarized
in Table 3. It is well known that the thermal degra-
dation of PPC molecular chain is likely to occur
during melt compounding [31]. However, Mw for
PLA/MA/PPC (70/0.15/30, 70/0.3/30) is obviously
higher than that of processed neat blends. This indi-
cates that the addition of MA prevents the thermal
degradation of PPC. As MA serves as end capping
agent, which inhibits initial chain unzipping and pre-
vents the thermal decomposition of PPC [32]. It is
noted that the Mw is obviously decreasing with
increasing more MA content (see the Mw for the
blend PLA/MA/PPC (70/0.6/30, 70/0.9/30, 70/1.5/30)).
It might be due to the fact that the end capping reac-
tion is better performed at lower MA contents.
Since the chance for homo-polymerization of MA
increases with increasing MA content, which com-
petes with end-capping reaction. This results in
improvement in the molecular weight (especially
for PLA/MA/PPC (70/1.5/30)), where the excessive
MA could even promotes the degradation of the

polymer during processing (in our previous work
have proved it [31]).

3.3. Morphology analysis
To explore the mechanism for toughening observed
in the blends, the morphology of tensile specimens
and etched specimens were investigated with SEM.
PLA/MA/PPC ternary blends with different con-
tent of MA and PLA/PPC (70/30) binary blend
were selected to be investigated as shown in Fig-
ure 4 and 5.
It can be observed from the fractured surfaces of
specimens taken from tensile test that a smooth sur-
face without obvious plastic deformation is obtained
in PLA/PPC (70/30) (Figure 4a). It clearly reveals
that some PPC spheres remains at the fracture sur-
face. This indicates that the weak interfacial adhe-
sion associated with the incompatibility in PLA/
PPC blend. The applied stress could not be effi-
ciently transferred through the interface between
polymers, which in turn result in a limited improve-
ment in mechanical properties. The morphology of
the tensile fractured surface from PLA/MA/PPC
(70/0.9/30) ternary blend is distinctly different from
binary blend, exhibiting considerable ductile behav-
ior. In Figure 1c, PLA/MA/PPC (70/0.9/30) demon-
strates necking behavior and a large strain at break
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Table 3. The weight average molecular weight (Mw), distributing index (D) of PLA/PPC and PLA/MAPPC blends
PLA/PPC

(70/30)
PLA/MA/PPC

(70/0.15/30)
PLA/MA/PPC

(70/0.3/30)
PLA/MA/PPC

(70/0.6/30)
PLA/MA/PPC

(70/0.9/30)
PLA/MA/PPC

(70/1.5/30)
Mw 4.67·104 5.45·104 6.17·104 5.20·104 4.61·104 3.88·104

D 2.35 2.35 2.18 2.19 2.33 2.56

Figure 4. Tensile-fractured surface morphology of the blends: (a) PLA/PPC (70/30), 5000"; (b) PLA/MA/PPC (70/0.9/30),
5000"
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Figure 5. SEM micrographs of the surfaces of PLA/PPC (70/30 w/w) blends with varying MA contents. The surfaces were
prepared by etched with the acetone/ethanol (1:1) mixed solution to remove PPC and MA. (a) PLA/PPC (70/30),
(b) PLA/MA/PPC (70/0.15/30), (c) PLA/MA/PPC (70/0.3/30), (d) PLA/MA/PPC (70/0.6/30), (e) PLA/MA/PPC
(70/0.9/30), (f) PLA/MA/PPC (70/1.5/30).



value. Correspondingly, its SEM micrograph exhibits
intensive plastic deformation (Figure 4b), indicat-
ing the presence of large deformation in the blend.
The rough fracture surface suggesting that the crack-
ing propagation absorbs considerable amount of
strain energy before failure [33]. And the addition
of MA increases the interfacial adhesion between
PLA and PPC components, leading to a significant
improvement in toughness.
PPC component is etched out to investigate the
phase morphology in the blends as shown in Fig-
ure 5. The size of PPC component is quite large for
the binary blend (see Figure 5a). It decreases with
the addition of MA, indicating the compatibility
between PPC and PLA is improved. With further
increase in MA content, the size of the PPC compo-
nent is almost kept constant (see Figure 5b–f), indi-
cating only a small amount of MA is needed to
achieve compatibilization.

3.4. Dynamic mechanical analysis
DMA study was carried out to study the thermal
mechanical properties and glass transition tempera-
ture of these blends. Figure 6a shows the dynamic
storage modulus (E#) of neat PLA matrix, PLA/PPC
and PLA/MA/PPC blends over a temperature range
of -20–80°C. The storage modulus (E#) is plotted
against temperature. For most samples, a decrease
in E# can be observed for the investigated tempera-
ture range comparing with that of neat PLA, indi-
cating elastic properties is reduced by additional
PPC. All samples lost most of their stiffness at tem-
peratures above their Tg. The stiffness of blends and
pure polymers below Tg is governed by the glassy
phase, where polymer chain movement is restricted.
Above 60°C, the E# curves for the blends display a
short plateau comparing with pure PLA. This indi-
cates a decrease in thermal-mechanical stability
with additional PPC in PLA. The addition of impact
modifier and plasticizer in PLA is often reported to
decrease the stiffness, where a dramatic decrease in
E# of PLA is noted with the addition of polyethylene
glycol (PEG) as plasticizer [34]. Comparing PLA/
PPC with PLA/MA/PPC, the storage modulus grad-
ually decreases with further increasing MA content.
Accordingly, the temperatures corresponding to a rel-
ative modulus (the ratio of storage modulus to ini-
tial modulus) of 0.8 are 34.7, 34.7, 34.7, 31.7, 28.8
and 26.1°C (Figure 6b) for PLA/PPC, PLA/MA/

PPC (30/0.15/70, 30/0.3/70, 30/0.6/70, 30/0.9/70,
30/1.5/70), respectively. This indicates that the
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Figure 6. DMA curves including (a) storage modulus,
(b) ralative modulus (the ratio of storage modulus
to initial modulus) and (c) tan$ as a function of
temperature for PPC, PLA, PLA/PPC (70/30) and
PLA/MA/PPC blends with different MA content



stiffness of PLA/MA/PPC blends is decreasing with
the addition of large amount of MA. This result
agrees well with the above results from mechanical
test.
Figure 6c shows tan$ as a function of temperature
for the pure polymer, PLA/PPC and PLA/MA/PPC
blends. Two relaxation peaks, a and a# correspon-
ding to Tg1 of the PPC-rich phase and Tg2 of the PLA-
rich, respectively, are observed in each tan$ curve.
Tg1 and Tg2 are summarized in Table 4. For PLA/PPC
(70/30) and PLA/MA/PPC (70/0.15/30, 70/0.3/30),
the tan$ peak is shifted to slightly higher tempera-
tures comparing with pure polymers. Tg is shifted to
lower temperatures with further increasing MA
content. This may be due to the fact that excessive
MA serve as plasticizer. However, Tg1 decreases
from 41 to 33.6°C, showing a much larger drop
than Tg2 (which decreases only 3°C). It indicates
that most of the excessive MA mainly plasticize
PPC phase. In the blends, the plasticized PPC plas-
ticize PLA phase. This agrees well with the mechan-
ical behavior observed in Figure 1 and Table 2. Fur-
thermore, no improvement in toughness is observed
while MA is added into neat PLA (see Table 2).
Therefore, it is concluded that most of the excessive
MA mainly plasticize PPC phase as the toughness

of the blends is significantly improved with the
addition of MA.
We know that, if the blends is completely compati-
ble, the Tg calculated from the compositions by
applying Fox's equation is 55.96°C, when the Tg1
and Tg2 close to it, indicate the compatibility is
improved [17]. As shown in Table 4, only for the
PLA/MA/PPC (70/0.15/30) blend have the trend
that Tg close to each other comparing with neat
binary blend, and the Tg1 corresponding to the PPC-
rich phase increase suggesting that the blend is par-
tially miscible. This result agrees well with the
above mechanical property result, where the tensile
strength and elongation at break for PLA/MA/PPC
(70/0.15/30) is increased. In addition, the Tg for
other blends move farther indicating the poorer
compatibility is obtained while more MA is added.
As a result, decreasing tensile strength is obtained
with increasing MA content.

3.5. Differential scanning calorimetry
To further understand the mechanical behavior
observed, DSC was carried out to investigate the
melting and crystallization behavior of these blends.
Figure 7 shows the DSC results of PLA binary and
ternary blends from the first heat scan at a rate of
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Figure 7. DSC traces of the PLA, PLA/PPC (70/30) and PLA/MA/PPC (70/0.15/30, 70/0.3/30, 70/0.6/30, 70/0.9/30,
70/1.5/30) blends at a heating rate of 10°C/min

Table 4. The Tg1 for PPC, Tg2 for PLA obtained from the tan$ curve of PPC, PLA, PLA/PPC (70/30) and PLA/MA/PPC
blends with different MA content

PLA PPC PLA/PPC
(70/30)

PLA/MA/PPC
(70/0.15/30)

PLA/MA/PPC
(70/0.3/30)

PLA/MA/PPC
(70/0.6/30)

PLA/MA/PPC
(70/0.9/30)

PLA/MA/PPC
(70/1.5/30)

Tg1 [°C] 40.7±0.2 41.0±0.2 41.9±0.2 41.4±0.2 38.9±0.2 37.0±0.2 33.6±0.2
Tg2 [°C] 62.5±0.2 63.6±0.2 63.7±0.2 63.7±0.2 62.3±0.2 62.3±0.2 60.7±0.2



10°C/min. The exothermic peaks can be correlated
to the crystallization of PLA due to the amorphous
nature of PPC and semi-crystalline nature of PLA.
As the processed PLA is heated upon testing, some
of the molecular chains in the amorphous regions
gain enough mobility to rearrange into an ordered
crystalline phase, giving out energy and forming an
exothermic re-crystallization peak. In Figure 7a the
cold crystallization temperature (106.7°C) of the
neat PLA is clearly decreased with the incorpora-
tion of PPC, the reason may be the presence of PPC
increase the mobility of PLA chains. The presence
of PPC result in a lower cold crystallization temper-
ature (Tc) without additional MA. This could be
caused by the increased number of low molecular
polymer arising from the decomposition of PPC
[35]. For the blends, the decomposition of PPC is
largely avoided during processing thanks to the
addition of MA. Therefore, the Tc observed for the
blends is higher than that of neat binary blend.
In Figure 7b, neat PLA shows a melting peak at
150.1°C (Tm1) and 158.3°C (Tm2). The increase in
additional MA content gradually decreases the melt-
ing temperature. This bimodal melting peak is
induced during slow DSC scan while the less per-
fect crystals have enough time to be melted and
reorganized into crystals with higher structural per-
fection, and re-melted at higher temperature [36,
37]. Low-melting-temperature crystals have similar
structure with high-melting-temperature ones, but
with smaller lamellar thickness. For PLA/PPC binary
blend, the decrease in the first peak temperatures
(Tm1) suggesting larger number of less perfect crys-
tals are nucleated at the particle surface. They are
reorganized into a more stable form at higher tem-
perature (Tm2) and melted again at around the same
temperature. By comparing PLA/PPC (70/30) with
PLA, the melting enthalpy of these is almost the
same. This suggests that the amorphous PPC has no
apparent effect on the crystallinity. For PLA/MA/
PPC (70/0.15/30, 70/0.3/30, 70/0.6/30, 70/0.9/30),
Tm1 is kept almost constant, but Tm2 is decreased due
to the crystallization of perfect PLA crystalline is
hindered by high molecule weight PPC component.
With increasing MA content, a decrease in melting
temperature is observed. This agrees with above
results that excessive MA serves as plasticizer in
the blends.

3.6. Rheological properties
The rheological properties of the blends are investi-
gated in this study to understand the properties vari-
ations shown in Figure 1c. As shown in Figure 8,
the shear storage moduli (G#), shear loss moduli
(G%), and complex viscosities (&*) are plotted ver-
sus the applied shear frequency, respectively. All
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Figure 8. (a) storage modulus (G#); (b) loss modulus (G%);
(c) complex viscosity (&*) versus frequency for
the PLA/PPC (70/30) and PLA/MA/PPC
(70/0.15/30, 70/0.3/30, 70/0.6/30, 70/0.9/30,
70/1.5/30) blends



the samples are featured by a typical increase in G#
and G% with increasing frequency ('). At the fre-
quency scanned area for all the samples the G# is
smaller than G%, indicating a classical liquid-like
behavior of polymer melt.
The complex viscosities of the PLA/MA/PPC
(70/0.6/30, 70/0.9/30, 70/1.5/30) blends exhibit a
Newtonian behavior (&* is independent of frequency)
with values around 250, 170 and 60 Pa·s, respec-
tively. Then, a shear-thinning takes place at fre-
quency above 30 rad/s. In Figure 8, the increase in
moduli and viscosity obtained for PLA/MA/PPC
(70/0.15/30, 70/0.3/30) demonstrates the reinforc-
ing effect from additional MA on the polymer melt.
It is thought that such an effect originates from the
higher molecular weight of PPC and better interfa-
cial adhesion in these specimens. Furthermore, the
lowest moduli and viscosity is obtained for PLA/
MA/PPC (70/1.5/30). This agrees well with the
results observed above as excessive MA serve as
plasticizer in the system. It is also interesting to
note that neat binary blend is demonstrating stronger
shear thinning effect comparing with other blends,
especially the ones containing higher MA content.
It is reported in literature that low molecular weight
polymer shows Newtonian-like behavior at shear
rates similar with film extrusion [38]. Therefore,
such an effect is likely caused by the presence of
low molecular PPC chains which come from the
decomposition of PPC.

4. Conclusions
In order to improve the mechanical performance of
PLA, PPC and MA is melt compounded with PLA.
The PLA/MA/PPC blends yield with noted stress
whitening across the whole gauge length accompa-
nied with necking with the addition of MA. The
strain-at-break is dramatically increased comparing
with PLA/PPC binary blend. It is interesting to note
that the toughness can be improved by 1355% while
the strength is almost kept constant by adding very
low content (as low as 0.9%) of MA into the blends.
DMA study shows that the Tg of PPC and PLA
decrease with the addition of relative large amount
of MA, indicating the plasticizing effect of MA in the
blends. However, the magnitude of such a decrease
is more pronounced in PPC. By considering the
results from both mechanical test and DMA, it is

believed that MA mainly plasticize PPC component
in the blends. SEM results indicate that the addition
of MA increases the interfacial adhesion between
PLA and PPC phases, leading to ductile fracture
behavior and decrease in the size of PPC domain.
Rheological analysis demonstrates that the viscos-
ity is increased by adding small amount of MA into
the polymer melt. Such an increase is thought to be
caused by the largely retained molecular weight of
PPC during processing and improved interfacial
adhesion between PLA and PPC phases. As a result,
enhanced mechanical properties for PLA/PPC
blends are observed.
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1. Introduction
In recent years, fabrication of polymer based micro
components for optical and biomedical applications
has gained increasing attention [1]. Micro-molding
of polymer-based materials has the advantages of
low cost, good biocompatibility, high optical clarity
and high impact strength. Hot embossing and micro
injection molding are the most industrially viable
processes used for molding micro- and nano-pat-
terns. The hot embossing process uses a pre-heated
mold in an evacuated chamber, and is subsequently
brought into contact with the thermoplastic polymer
melt. After pressing the mold onto the polymer
melt, the system that consists of the tool and part is
cooled down, after which the part is demolded. The
hot embossing process is suitable for replicating
complex or high aspect ratio (> 2) microstructures

[2, 3]. However, a major inconvenience encountered
through this process is the need of long cycle times
for heating and cooling both the mold and the mate-
rial [4]. In comparison, micro injection molding
possesses promising possibilities for mass produc-
tion due to the short cycle time and the process abil-
ity to be easily automated. In this context, micro-
injection molding of polymer materials is a key
technology for micro-and nano molding. With the
existing injection molding equipment and tech-
niques, complete replication of the micro- and sub-
micron structures with aspect ratios larger than 2
are hard to obtain for various reasons [5]. In order
to avoid incomplete filling of micro- and nano-pat-
terns, the mold temperature should be near or higher
than the softening temperature of the polymer dur-
ing the filling and packing phases. This is due to the
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fact that polymer melt above the glass transition
temperature exhibits sufficient fluidity, and thus the
polymer melt can adequately fill the sub-micron
patterns before entering the glassy state. [6, 7]. As
the aspect ratio increases, the mold temperature
must also increase [8, 9]. The variotherm system
[10] can satisfactorily reach such temperatures
without a dramatic increase in cycle time. However,
this process ultimately reduces the mold lifetime
[11] and demands expensive tools. Liou and Suh
[12] proposed an insulated mold insert that was
coated with Teflon for retaining the heat in the mold
cavity. Kim et al. [13] introduced nano-pattern
insert molding (NPIM) in which the nano-pattern is
molded using the poly(vinly alcohol) (PVA) tem-
plate film with nano-patterns on its surface. The
temperature near the mold surface would be main-
tained above no-flow temperature for a relatively
long duration by the polymeric stamper or coating
material that acted as a thermal barrier, inevitably
delaying the solidification of the polymer near the
mold surface. As a result, transcription would be
continued during the packing phase improving the
quality of replication. Recently, polymeric stampers
using PDMS have also been used for hot embossing
due to their economic and straightforward approach
to fabricate micro feature [14].

This study demonstrated the viability of a method
to use polymeric film as a stamper for injection
molding of micro patterns with a high aspect ratio
(> 9). The polymeric stamper patterned with
polyurethane acrylate (PUA) on the surface effec-
tively delayed solidification near the mold surface.
PUA resin used in this study is an ultra-violet (UV)-
curable polymer and forms cross-links after cure.
Therefore, the polymeric stamper using the PUA
does not have a melting temperature. In addition to
the thermal stability, PUA is a Rigiflex polymer that
possesses relatively high rigidity (>40 MPa) com-
pared to PDMS and has low surface energy.
The effects of the polymeric stamper on the temper-
ature profiles of the polymer melt and cavity sur-
face were analyzed using commercial software
Moldex3D. In order to verify the effect of the pack-
ing pressure and packing time on the transcription
during the delayed solidification provided by the
polymeric stamper, we fabricated micro-patterns
that have a width within the range of one to tens of
micrometers with a height of approximately 10 !m.

2. Experiment and heat transfer analysis
2.1. Fabrication of polymeric stamper
The polymeric stamper was prepared using polyeth-
ylene terephthalate (PET) film as a substrate with
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Figure 1. Illustration of silicon master fabrication process. (a) Si3N4 deposition and photolithography. (b) RIE.
(c) Anisotropic KOH etching. Si is vertically etched. (d) LOCOS. (e) RIE for removal of Si3N4 mask and RIE or
deep-RIE for Si etching. (f) Dioxide layer deposition for sealing. (g) Illustration showing the top side view of
anisotropic KOH etching. (h) Schematic view of microchambers at the end of nanochannel arrays.



PUA forming micro-patterns on the film surface.
First, a silicon master to imprint the micro pattern
was fabricated. The fabrication process comprises a
combination of anisotropic etching, the local oxida-
tion of silicon and the plasma etching of silicon

[15]. Figure 1 shows the fabrication process of the
silicon master using a 3-inch <100> oriented single
crystalline silicon wafer.
Once the silicon master is ready, the polymeric
stamper was prepared by imprinting micro pattern
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Figure 2. Illustration of fabrication process of flexible polymeric stamper and its installation on the mold wall. (a) Silicon
master is prepared. (b) PUA is dispensed on the silicon master. (c) PET film is pressed against the silicon master
with liquid PUA resin dispensed. (d) PUA resin is cured by irradiating ultraviolet light. (e) Pet film with PUA
micro pattern on the surface (polymeric stamper) is detached from the silicon master. (f) Polymeric stamper is
ready. (g) Polymeric stamper is attached on the mold wall.

Figure 3. The SEM surface image of the silicon master patterns and replicated PUA patterns. The pattern widths are about
90 !m (a and b) and about 1 µm (c and d). The height of the patterns is 10 !m



of PUA resin using the silicon master on PET film.
As illustrated in Figure 2, PUA (MINS 311RM,
Minuta Tech, Korea) resin was dispensed on the sil-
icon master. The silicon master was composed of
lines structure of varying channel widths, between
80 and 1.0 !m, with a channel depth of 10 !m (Fig-
ure 2a). Once the photocurable PUA was drop-dis-
pensed onto a master pattern (Figure 2b), a flexible
50 !m thick PET film was pressed against the liq-
uid drop (Figure 2c). A roller was used to distribute
the resin evenly. The film was then exposed to
ultraviolet light (wavelength: 250 ~ 356 nm) for
4 minutes, at an intensity of 90 mW/cm2 (Fig -
ure 2d). After UV curing, the fabricated stamper
was peeled off from the master using tweezers (Fig-
ure 2e). The patterned stamper thus prepared was
installed on one side of the injection mold cavity
(Figure 2f).
Different micro patterns were used in this study as
shown in Figure 3. Above mentioned technique
allowed self-replication of the mold even for very
fine patterns (less than 100 nm) with high aspect
ratio. The scanning electron microscopic (SEM)
micrographs are presented in Figures 3a and 3c for
the master and Figures 3b and 3d for the replicated
patterns with PUA. These micrographs demonstrate
the replication capability of the proposed method
for various pattern widths and aspect ratios.

2.2. Replication by injection molding
The injection molded plate used in this study was
rectangular in shape having dimensions of 60.0 mm"#
60.0 mm#1.0 mm. Polymethylmethacrylate (PMMA)
was injected into the cavity using an injection

molding machine (SE150 by Sumimoto). The injec-
tion molding conditions are listed in Table 1. The
injection speed, filling time, and melt temperature
were set to 250 mm/s, 0.09 s and 265°C, respec-
tively. In addition, three different packing pressures
were selected and two different packing times were
considered to see the effect of these parameters.
The above mentioned molding conditions were
chosen to evaluate the quality of transcription for
cases in which the patterns were less than 4 !m.
Patterns with channel width greater than 5 !m were
completely filled for the packing pressure above
5 MPa and the packing time of 0.5 s (Figure 4).
The replication of the micro pattern was quantified
using the ratio between the micro pattern depth and
the filling depth. The degree of transcription (DOT)
was defined as Equation (1):

                                                         (1)

where hf is the depth of filling and hm is the depth of
the pattern in the stamper.
It is noted that the polymeric stampers lasted more
than 100 injections for the patterning without caus-
ing significant deformation. Investigations of repli-
cated polymer surfaces by SEM and atomic force
microscopy (AFM) provided no evidence for abra-

DOT 5
hf

hm
DOT 5

hf

hm
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Table 1. Injection molding process parameters
Mold temperature [°C] 25
Melt temperature [°C] 265
Injection speed [mm/s] 250
Packing time [s] 0.5, 2
Packing pressure [MPa] 5, 10, 40
Filling time [s] 0.09

Figure 4. SEM image of the replicated pattern. Packing time was 0.5 s and packing pressure was 40 MPa: (a) Pattern with
low aspect ratio; (b) pattern with high aspect ratio.



sion residues of the PUA master on the polymer
surface.

2.3. Numerical analysis of temperature 
In order to investigate further the effectiveness of
the polymeric stamper as a thermal barrier, heat
transfer analysis was done numerically. The injec-
tion molding analysis software Moldex3D was used
to simulate the polymeric stamper effects on the
temperature variation during injection molding by
setting similar boundary and initial conditions to
the real processes. During the mold filling in the
injection molding, due to the thermal contact resist-
ance between the mold and the melt, the mold-melt
interface temperature (Tmt) is usually higher than
the set mold temperature (Tmb). In many cases,
however, Tmt may not be so different from Tmb [16].
In this study, Tmb was used to represent Tmt in the
molding simulations. In the simulations, initial
mold temperatures and the resin temperature were
set to be 30 and 265°C, respectively. Various film
thicknesses (50, 75, and 100 !m) were also assumed
for the simulations. Thermophysical properties
used in the calculations are listed in Table 2.
For the energy equation, the boundary condition is
defined as Equations (2) and (3):

q = hc(Tmt – Tmb) (z = p, Figure 5)               (2)

(z = p +f, Figure 5)           (3)

The heat transfer coefficient hc between the part and
mold base depends on materials, temperature, and
process conditions. The default value in Moldex3D

was used and the heat transfer coefficient in this
study was 5000 W/m2·K.

3.Results and discussion
3.1. Heat transfer analysis
The influence of the polymeric stamper on heat
transfer is identified by comparing the rate of tem-
perature increase on the mold surface with and
without the polymeric stamper and shows the effect
of PET film thickness (Figure 6). For conventional
injection molding, mold surface temperature rap-
idly rises when the melt contacts the mold surface
during the filling phase. For the case in which the
polymeric stamper is used, it retards heat flow into
the mold surface, resulting in a slower rise in the
mold surface temperature. As a result, the tempera-
ture of the polymer near the polymeric stamper sur-
face was maintained above no-flow temperature for
longer duration than the conventional injection
molding process, as shown in Figure 7 and Figure 8.
Because the viscosity is a function of temperature,
the fluidity of the polymer melt improved markedly.
Also, the fluidity was maintained for a relatively
longer period of time. This improvement indicates
that the polymer melt near the polymeric stamper
easily flows into the micro patterns even during the
packing phase as well as the filling phase.

km 5
0Tm

0z
5 kf

0Tf

0z
km 5

0Tm

0z
5 kf

0Tf

0z
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Table 2. Thermophysical properties used for heat transfer
anaysis

Mold (Steel) PMMA PET
Density [kg/m3] 7820 1160 1405
Thermal conductivity [W/m°C] 50.2 0.15 0.2745
Specific heat [J/kg°C] 485 2050 1924

Figure 5. Illustration of temperature profiles with the poly-
meric stamper as a thermal barrier

Figure 6. Change in mold cavity surface temperature with
time. Comparison of numerical results with and
without polymeric stamper.



3.2. Effect of the packing pressure and
packing time

A key to better transcription of micro patterns dur-
ing injection molding would be high fluidity of the
melt especially near the mold wall where the micro
patterns are located. The parameters related to flu-
idity of the melt would be, among others, the injec-
tion velocity and the melt temperature, and the
mold temperature. At higher melt temperature, the
polymer flows longer because of lower viscosity of
the melt and thus the degree of transcription and
pattern definition will be improved. Higher injec-
tion velocity also reduces cooling of the melt during
filling, and thus, improves pattern replication.
While higher mold temperatures will slow the cool-
ing and allow more melt to flow into the micro pat-
terns, the mold temperature significantly affects
how the packing pressure and packing time influ-
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Figure 7. Temperature profile near the polymeric stamper right after contact with the melt (0.01 to 2.0 s after the contact):
(a) with 50 !m thickness polymeric stamper, (b) without polymeric stamper. Results of numerical simulation

Figure 8. Temperature profile near the polymeric stamper
(10 !m from the mold or polymer stamper) and in
the interface between mold and melt right after
contact with the melt (0.01 to 1.0 s after the con-
tact). Results of numerical simulation.

Figure 9. Effect of the packing pressure and the packing time on the degree of transcription. Experimental data. (a) Degree
of transcription in relation to the packing time for the packing pressure of 5 MPa. (b) Degree of transcription in
relation to the packing pressure for the packing time of 0.5 s.



ences the transcription [17]. For cases in which the
mold temperature is low, packing pressure and
packing time do not significantly influence the fill-
ing depth in comparison to other conditions. It is
because the solidified layer near the mold wall pre-
vents polymer melt from flowing into the micro
patterns. As a result, if the temperature of the poly-
mer near the stamper surface is maintained above
the no-flow temperature for a long period of time,
packing pressure would improve the transcription.
The relationship between transcription and the
packing time is shown in Figure 9a. While the
packing pressure was maintained, the degree of
transcription increased. The degree of transcription
in relation to the packing pressure is shown in Fig-
ure 9b. As the packing pressure increased from 5 to
40 MPa, micro-patterns were completely replicated
without increasing the packing time. In addition,
the patterns with larger line-width were completely
filled at lower packing pressure and packing time.
For patterns with width less than 1!m, replication

quality was not consistent as can be seen from Fig-
ure 10. In summary, at relatively high packing pres-
sure (40 MPa) and long packing time (5 s), micro
patterns with narrow line width (down to about
1 !m) and high aspect ratio (above 9) was success-
fully replicated (Figure 11).
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Figure 10. SEM image of the replicated patterns under various packing pressures and times pattern width of 1 !m. As can
be seen, replication quality was not consistent (a–d).

Figure 11. SEM image of the replicated pattern with high
aspect ratio of 9.24.



4. Conclusions
This study demonstrates the viability to fabricate
micro patterns with high aspect ratios (>9) using the
polymeric stamper patterned with PUA on the sur-
face. The silicon master was made with a novel fab-
rication technique for generating silicon dioxide
channel arrays without the use of the nanolithogra-
phy technique and polymeric stamper was used
instead of the nickel mold insert. The temperature
of the polymer melt near the polymeric stamper sur-
face was maintained above the no-flow temperature
for a longer duration in comparison to conventional
injection molding. As a result, delaying the devel-
opment of the solidified layer and increasing the
fluidity of the polymer melt during the packing
phase as well as the filling phase near the stamper
surface improved the transcription quality for pat-
terns with a high aspect ratio (>9). The life of the
polymer stamper well exceeded 100 cycles, which
suggest a possibility of practical application. Com-
pared with conventional hard masters, durability
can be an issue for polymeric molds used in this
study. In order for the proposed method to be used
in the applications with high production runs, dura-
bility of the polymer stampers should be investi-
gated thoroughly.
Another important point is that the micro patterns
with high aspect ratio were fabricated without frac-
ture. The PUA mold used in this study had low sur-
face energy. Because of these advantages, the poly-
mer stamp using PUA had good demolding charac-
teristics and releasing the polymer from the stamper
was easy.
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1. Introduction
Azobenzene-containing polymers have received
increasing attention due to their unique properties
allowing various applications, such as in micro-flu-
idic or in membrane based separation systems, to
optically change the materials surfaces wettability
[1–5], in biology, to generate photosensitive micel-
lar systems for drug delivery purposes, for example
[6, 7], in optics or optoelectronics, to generate opti-
cal switching and data storage functions [8–13].
The distinct properties of these materials are attrib-
uted to the photo-isomerization of azobenzene mol-

ecules which undergo reversible trans–cis isomer-
ization of the double bond [14], under external
stimuli. It should be emphasized that isomerization
of the azobenzene is accompanied by large changes
in both geometry and dipole moment [15–19].
These photo responsive properties are determined
by both azo-chromophore structure and polymeric
architecture.
One of the most interesting applications is con-
nected to the possibility to induce a certain type of
relief on the surface of azo-polymeric film, by laser
irradiation, [20–22]. This surface nano-structura-
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tion can be used, for example, to improve the per-
formances of devices such as organic light emitting
diodes (OLEDs), organic photovoltaic devices (OPV
cells) [23, 24] or in biological applications as a sup-
port to modify the behavior of cell cultures [25].
It is known that the relief formation is based on a
directional flowing process [26]; however, despite
the nano-structuration procedure being investigated
for more than 15 years [5, 6] the mechanism has not
been completely elucidated yet. Indeed, the photo-
induced mass-transport process, at the base of the
surface deformation, enables direct production of
surface relief gratings, through exposition of the
films to a spatially modulated intensity pattern. This
method appears thus as a simple tool enabling the
realization of complex surface structures, through a
single step procedure [27]. An important aspect
concerning the relief quality is the geometrical sur-
face stability, directly connected with the glass tran-
sition temperature (Tg) value of the polymer. Espe-
cially in the case of polysiloxane main-chain sys-
tems, some problems concerning the surface relief
stability can appear due to Tg values close to room
temperature. While the high flexibility of the poly-
siloxane backbone should provide an increased sen-
sitivity of the azopolymer film topography to light
stimulation, a competition between the optically
controlled mass transport and the isotropic thermal
redistribution of the material at ambient tempera-
ture can occur. This phenomenon will then limit the
potential of such materials for applications involv-
ing nanostructured films. In this case, the physical
interactions between donor/acceptor (D/A) groups
connected to the polymeric chains can offer a sup-
plementary stability of the surface relief.
In this context, the aim of this work was to investi-
gate the photochromic behavior and nano-structura-
tion capacity of azo-polymers with different archi-
tectures and main chain flexibilities, modified with
D/A groups. Two types of polymer architectures
were investigated: flexible main-chain polysilox-
anes and rigid poly(chloromethyl styrene) deriva-
tives. Herein, we studied the photo-isomerization
process in solution and solid states, and the effect of
polymers backbone and substitution degree with
azobenzene and D/A groups in these processes. Pre-
liminary tests concerning the nano-structuration
capacity were also performed at room temperature,
using the intensity modulations of an interference

pattern produced with laser irradiation [28]. The
interest to obtain azo-polysiloxane nano-structured
films is moreover justified by their potential biolog-
ical applications. Thus, preliminary cell prolifera-
tion experiments using two different cell lines evi-
denced not only a normal attachment to the sub-
strate, but also, a division rate similar to controls,
even on the plane films. This behavior is very
encouraging, especially in the light of the literature
data published so far in the field. To our knowledge,
there is only one study reporting the possibility to
use azopolymer films as cell growth support. This
showed that a commercial copolymer poly[(methyl-
methacrylate)-co-(disperse red 1 acrylate)], was not
able to sustain the development of fibroblast cells
on the plane surface of the azopolymeric films, only
the structured region allowing cell adhesion and
growth [25].

2. Experimental part
Methylene chloride (code 270997), dimethylsulfox-
ide (code 494429), methanol (code 494437), chlo-
roform (code 472476) 4-phenylazophenol (code
131083) and 2,4-dinitrophenol (code 42170) were
purchased from Aldrich, Steinheim, Germany and
used without supplementary purification. The
((chloromethyl)phenylethyl)methyldichlorosillane
(AB110958) was purchased from ABCR GmbH &
Co. KG, Karlsruhe, Germany and used without sup-
plementary purification. The azopolymers were
synthesized in two steps by nucleophilic substitu-
tion of chlorobenzyl groups with the sodium salt of
4-(phenylazo) phenol or 2,4-dinitrophenol as shown
in Figure 1. More details concerning polymer syn-
thesis can be found in our previous reports [29, 30].
All polymers were characterized by 1H-NMR, dif-
ferential scanning calorimetry (DSC), UV spec-
troscopy and surface contact angle measurements.
The photochromic behavior (azobenzene trans-cis
isomerization and the cis-trans relaxation phenom-
ena) was investigated in solid state by UV spec-
troscopy using a Shimadzu spectrophotometer (Shi-
madzu UV 1700 Pharma Spy, Kyoto, Japan). For
the measurements in solid state, thin film were
coated on the surface of a quartz cuvette. The azo-
polymer solutions and films were irradiated using a
UV lamp (100 W) equipped with 365 nm filter and
during irradiation experiments the surface of the
films was cooled with compressed air, the tempera-
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ture being maintained at 22°C (±1°C). The isomer-
ization kinetics of azobenzene can be investigated
due to the fact that the trans and the cis isomers
absorption occurs at different wavelengths: a strong
absorption peaking at 350 nm, attributed to the !-!*
of azobenzene chromophore and a weak broad band
in the visible region with a maximum at 440 nm,
corresponding to the n-!* electronic transition of
the same moiety. During UV irradiation at 365 nm
the absorbance corresponding to the !-!* transition
of azobenzene strongly decreases, whereas intensity
of the n-!* electronic transition slightly increases.
Subsequently, visible light irradiation leads to recov-
ery of the shape of the absorbance spectra, but only
partially. 1H-NMR spectra were recorded on Bruker
400 MHz apparatus (Bruker, Rheinstetten, Ger-
many). DSC analysis was performed with a Mettler
DSC-1 machine (METTLER-TOLEDO GMB,
Switzerland) with a heating rate 10°C/min under N2
atmosphere. The GPC (Polymer Laboratories PL-
GPC 129 United Kingdom) measurements were
effectuated in THF using polystyrene standard. The
isomerization phenomena were measured with the
Shimadzu spectrophotometer. The static contact
angle values were measured using EasyDrop Shape
Analysis System (KRUSS Easy Drop Standard,
Hamburg, Germany) equipped with DSA 1 evalua-
tion software. A drop of liquid (10 µl) is placed on
the film surface.

The nanostructured surfaces were obtained by illu-
mination of the polymer films with an interference
pattern produced by the superposition of two coher-
ent light beams absorbed by the azo-molecules. The
beams were incident with a " angle on the film sur-
face, schematically show in Figure 2, resulting in a
pattern with a sinusoidal modulated intensity. The
excitation was performed in the visible range, with
a laser diode delivering a 488 nm wavelength beam.
The intensity of irradiation was 170 mW/cm2 and
the beams were p-polarized, i.e. with a polarization
in the beams incidence plane. In this configuration
the polarization axes are perpendicular to the fringes
of the interference pattern, in order to favor a migra-
tion of the material from the high intensity regions
of the interference pattern to the low ones [31].
The HepG2 (human hepatoblastoma) and HeLa
(human ovarian cancer) cells were maintained at
37°C, in RPMI medium supplemented with 10% fetal
calf serum, 50 units/ml penicillin, 50 µg/ml strepto-
mycin and 2 mM GlutaMAX (Gibco® Cell Culture,
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Figure 1. Synthesis of azopolymers modified with 2,4-dinitrophenol

Figure 2. Excitation configuration for the induction of sur-
face relief gratings in azo-polymer films



USA) in a 5% CO2 atmosphere. An equal number
of cells were seeded onto the azo-polymer film and
control (microscope cover glass) substrates. Cell
attachment and multiplication were visualized
24 hours later, using an inverted Nikon microscope
(Nikon Instruments Europe B.V.)

3. Results and discussion
Two different polymer groups (having a flexible or
a rigid main-chain) modified with 4-(phenyl-azo)
phenol and 2,4-dinitrophenol were investigated, in
order to identify the best candidates concerning the
nano-structuration process. Some characteristics of
the synthesized polymers are presented in Table 1.
The synthesized polymers were modified with
azobenzene and 2,4-dinitrophenol, to a 45–90 and
22–56% substitution degree, respectively, The molec-
ular weights (Mn) of the polymers are situated in the
range of 5900 to 8800. The glass transitions Tg val-
ues are strongly influenced by the main-chain flexi-
bility being located between 15 and 30°C, in the
case of polysiloxanes and from 106 to 123°C, in the
case of modified PCMS.
The UV-Vis spectra (in solid state) corresponding to
the synthesized polymers are presented in Figure 3.
All the films, except sample 9, are characterized by
two peaks of absorbance. The weak broad peak, in
the visible region at 440 nm, corresponds to both
the trans and the cis isomers and the strong peak,
with maximum at 343–345 nm is attributed to the
trans isomer absorption. These two configurations
can be easily inter-converted by light, involving
large changes in dipole moment and geometry.
When the films are exposed to UV light, the stable
trans form (lower energy) can be photo-isomerized

to the methastable cis form (higher energy), the cis-
trans relaxation process is occurring thermally
or/and photo-chemically (induced by visible light).
In the case of samples 7 and 8 a red-shift displace-
ment of the maximum absorption corresponding to
the trans-azobenzene isomer can be observed, sug-
gesting some association processes between azo-
and 2,4-dinitrophenol groups.
Upon irradiation of the film at 365 nm, the strong
absorption band (345 nm) decreases in intensity,
reflecting the isomerization process and the cis-iso-
mer formation. Based on this absorption band at
345 nm, the percentage of the cis-isomer can be cal-
culated and the kinetic curves of the isomerization
process can be plotted. In Figure 4, for similar sub-
stitution degrees of the polysiloxane and the poly
(chloromethyl styrene), the main-chain flexibility
influences significantly the photochromic behavior
only if the substitution degree is lower than 50%
(samples 2 and 4). In the other cases, only the
chemical structure of the substituents influences the
maximum conversion degree in cis-isomer. For
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Table 1. Characteristics of the synthesized polymers

Mn – molecular weight
Tg – glass transition temperature

Sample no. Polymer Substituents Substitution degree [%] Mn Tg [°C]
1 Polysiloxanes Azobenzene 90 7500 30
2 Polysiloxanes Azobenzene 46 5900 15
3 PCMS Azobenzene 82 7320 115
4 PCMS Azobenzene 45 8800 112

5 Polysiloxanes Azobenzene
2,4-dinitrophenol

73
22 8000 29

6 PCMS azobenzene
2,4-dinitrophenol

60
23 6800 123

7 Polysiloxanes Azobenzene
2,4-dinitrophenol

50
24 7500 23

8 PCMS Azobenzene
2,4-dinitrophenol

51
26 7000 112

9 Polysiloxanes 2,4-dinitrophenol 56 5900 –

Figure 3. UV-Vis spectra in solid state of azo-polymers



materials with 2,4-dinitrophenol, a strong differ-
ence concerning the maximum cis-isomer content
and the time constant to reach the plateau value was
observed when the azobenzene groups content
decreased (samples 5 and 6 compared to samples 7
and 8). An increase of the maximum content of
azobenzene molecules in the cis form also occurs
for the polymers substituted with azobenzene mole-
cules only, when the substitution degree is reduced.
However, the isomerization kinetic modifications
are smaller for high substitution degrees. For exam-
ple, the maximum content of azobenzene molecules
in the cis form can be 11% higher for sample 2
compared to sample 1 while the substitution degree
of azobenzene molecules in sample 2 is almost the
half of sample 1. Comparison of samples 5 and 7,
shows that for equivalent 2,4-dinitrophenol substi-
tution degrees, a similar increase (12%) of the max-
imum content of azobenzene molecules in the cis

form results from only a 23% decrease of the azoben-
zene substitution degree. This suggests some asso-
ciation processes between 2,4-dinitrophenol and
azobenzene groups, in agreement with UV-VIS
spectral information. To verify this assumption, an
associate between samples 2 and 9 (gravimetric
ratio 1:1) was prepared, dissolving both polymers
in chloroform and evaporating the solvent. Figure 5
shows the difference concerning the photochromic
behavior of this associate compared to sample 2. In
the case of the associate, the maximum cis-isomer
content is 44, by 32% lower than that of sample 2.
Sample 9 (a polymer substituted only with 2,4-dini-
trophenol) was preferred to verify the association
capacity of the azo-polymers, taking into considera-
tion the potential steric hindrance generated by the
length differences between azobenzene and 2,4-
dinitrophenol groups.
The associations between azo and 2,4-dinitrophenol
groups are more evident during the cis-trans relax-
ation processes (Figure 6 and Figure 7). Moreover,
the association influences are more evident in the
case of the thermal relaxations which take place
much slower compared with the visible light induced
one. For the visible light induced relaxation in Fig-
ure 6, a step-way process was also observed for
samples 5 and 6.
This step-way relaxation is very clearly reflected
when the cis-trans isomerization is activated only
thermally (Figure 6, samples 5 and 6). In the case of
samples 7 and 8, the relaxation rate is strongly
diminished by the interactions between 2,4-dinitro-
phenol and azo-groups. Thus, more than 12 and
10 days, respectively, were necessary for samples 7
and 8 to obtain a 100% trans-isomer. The samples
behavior during relaxation suggests a complicated
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Figure 4. The kinetic curves corresponding to the trans-cis
isomerization in solid state of the synthesized
azo-polymerst

Figure 5. The kinetic curves corresponding to the trans-cis
isomerization process (in solid state) of the asso-
ciate 1 between sample 2 and sample 9, associate
2 between sample 4 and sample 9.

Figure 6. The kinetic curves corresponding to the cis-trans
relaxation in visible light of azo-polymers



chain re-ordering process that imposes supplemen-
tary studies.
The complexity of the re-ordering processes was
also confirmed by the contact angle measurement.
During the azobenzene isomerization, the wettabil-
ity of the surface was also modified, as a result of
geometry and dipole moment changes. Previous
molecular modeling studies [32] evidenced a dipole-
moment value for the trans-azophenol of 1.6 D that
increases to 4.5 D in the cis configuration. These
molecular modeling studies showed the displace-
ment of the azo-groups at the film surface. In addi-
tion, we carried out contact angle experiments for
the non-irradiated polymeric film and during the
relaxation process (Figure 8).
The contact angle values of the non-irradiated sam-
ple are placed at t = 0 min, the first point after irra-
diation corresponding to the value t = 2 min. After
2 minutes of irradiation, important modifications of
the surface properties take place as a consequence

of the trans-cis isomerization process of the azo-
groups.
Another conclusion is connected to the chains re-
organization processes; this is more evident in the
case of the flexible main-chain polymer, the contact
angle value continuously decreasing during the 30–
240 min interval, after irradiation. In the case of the
rigid main-chain (PCMS) the changing of the sur-
face properties is only the consequence of the
dipole-moment increasing from 1.6 to 4.5 D, due to
the trans-cis isomerization process.
Preliminary studies concerning the nano-structura-
tion capacity under visible laser irradiation (# =
488 nm) were performed. The typical modulation
dynamics representing the evolution of the modula-
tion amplitudes in function of the irradiation time is
shown in Figure 9. The curve is obtained by record-
ing with a photodiode the diffracted intensity of a
He-Ne laser beam sent onto the irradiated area of
the polymer film, during the irradiation as a probe.
The 633 nm wavelength of the He-Ne laser was
chosen since it is not absorbed by the azobenzene
molecules and thus would not perturb the film
structuration process.
The curve presented in Figure 9 shows a sigmoidal
shape, with a slow increase in the first minutes fol-
lowed by a rapid increase, reaching finally a plateau
value. The slow increase in the first minutes can be
related to a periodical re-organization of the azoben-
zene molecules occurring in the bulk, while for
longer irradiation times the increase of the dif-
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Figure 7. The kinetic curves corresponding to the cis-trans
thermal relaxation of azo-polymers

Figure 8. Evolution of contact angle over time for the azo-
polysiloxanes and azo-PCMS in dark; non-radi-
ated, 30, 90, 180 and 240 min after irradiation,
solvent water (Samples 1 and 3 – Table 1)

Figure 9. Evolution of the He-Ne laser beam intensity dif-
fracted by a polymer film of sample 4 exposed to
an interference pattern in function of the irradia-
tion time. The curve is related to the evolution of
the modulation amplitudes recorded in film sur-
face during the irradiation.



fracted intensity has been correlated to an increase
of the modulation amplitudes.
When the signal reached the plateau value, the
experiment was stopped and the topography of the
irradiated surface was characterized by atomic
force microscopy (AFM). The next figure shows an
image of the surface topography of an irradiated
area of the film.
Figure 10 shows a sinusoidal modulation of the
film surface, as a result of the excitation, with the
interference pattern presenting a sinusoidal modu-
lated intensity profile. The period corresponds to
the fringes spacing of the interference pattern, which
is set by the " incidence angle. In the present case
gratings with a period of $ = 3390 nm and a modu-
lation amplitude of %h = 235 nm were obtained.
The sample with similar azo-benzene content (46%)
but having a flexible polymeric main-chain (sam-
ple 2) was irradiated under the experimental condi-
tions described above. The He-Ne diffracted inten-
sity-time curve in Figure 11 shows a small increase
of the diffracted signal intensity (three orders of
magnitude lower than that of the PCMS) limited to
the first minutes before a stable signal intensity is
reached. AFM measurements confirmed that any
surface grating has been inscribed in sample 2. An
explanation lays probably in the very low Tg value
of this material (Tg = 15°C), which does not allow
sufficient stability onto the polymer film, the induced
surface deformations being continuously erased at
ambient temperature, during the irradiation.

This hypothesis was confirmed by experiments per-
formed on sample 7, with an azobenzene substitu-
tion degree close to that of sample 2, but with addi-
tional 2,4-dinitrophenol groups (substitution degree
24%). In this case, the material has a Tg close to
23°C, higher than the Tg of sample 2. For this mate-
rial, we were able to record a variation of the dif-
fracted He-Ne intensity with a similar shape to that
of sample 4. The result is illustrated in Figure 12 for
both samples and normalized intensities.
The evolution of the diffracted intensities shows a
sigmoidal shape for both samples, however, it is
important to note that a significantly slower evolu-
tion of the intensity is observed for sample 7. Indeed,
the saturation is reached after 70 minutes for sam-
ple 4, while for sample 7 almost 2 hours are needed.
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Figure 10. AFM topographic image (a) and cross section (b) of a surface grating induced in a thin film of sample 4 after
laser irradiation in the visible range (# = 488 nm)

Figure 11. Plot of the He-Ne laser intensity diffracted by
the film as a function of irradiation time



A first explanation for this behavior may rely on the
polymer chain properties. The different flexibilities
of the poly(chloromethyl styrene) and the polysilox-
ane matrices resulting in different Tg can indeed
have strong consequences on the stability of the
surface relief grating formation and thus on the effi-
ciency of the process, as highlighted by sample 2.
Another possible explanation concerns an effect of
association between the 2,4-dinitrophenol and the
azobenzene molecules on the trans-cis-trans iso-
merization of the azobenzene, which is the driving
force in the nano-structuration process. Indeed,
while a direct influence of the 2,4-dinitrophenol
additional groups on the azobenzene molecules iso-
merization is not visible when comparing samples 4
and 7; since these materials present similar trans to
cis conversion kinetics and efficiencies (Figure 4),
the photo-induced relaxation appears to be less effi-
cient for sample 7, as evidenced in Figure 5. A reduc-
tion of the isomerization complete cycle efficiency
is coherent with a slower modulation dynamics for
sample 7. As well, the influence of the 2,4-dinitro-
phenol groups on the flexibility and the conforma-
tional reorganization process of the polysiloxane
chains around the azobenzene molecules could play
an important part in the structuration process. A
competition between physical associations occur-
ring in the azo-polymers containing donor/acceptor
groups (as evidenced by Figures 4 and 5) and the
polymer main chain flexibility is thus expected to
take place. The precise identification of the parame-
ters influencing the surface structure is not an easy
task and will need further experiments involving

azo-polymers with different donor/acceptor groups
and substitution degrees, in order to selectively
modify each feature of the materials. Additionally,
the investigation of the relative contributions of the
birefringence grating, resulting from the photo-
induced azobenzene molecules angular redistribu-
tion, and the surface grating can be an efficient tool
in understanding the influence of the material
chemical structure on the nano-structuration mech-
anisms [33–35].
Preliminary tests to determine the ability of the azo-
polysiloxanic films to support cell growth were also
performed using the HepG2 and HeLa cell lines, of
human hepatic and epithelial origin. The films
showed remarkable properties to sustain both cell
adhesion and proliferation, as revealed by micro -
scopy analysis of the cell cultures at 24 hours post-
seeding (Figure 13). Importantly, the films were
easily sterilized by incubation in 100% ethanol, for
30 minutes and were stable during all cell culture
procedures. These promising results make the azo-
polymer films important candidates for future bio-
logical applications.

4. Conclusions
The possibility to obtain azo-polymers with flexible
or rigid main-chain, containing D/A group was pre-
sented. The chemical structure, photochromic behav-
ior and surface nano-structuration capacity of the
polymers were characterized. Depending on the
chemical structure and the substitution degree, the
azo-polymers can generate physical interactions
and modify the materials conformational re-organi-
zation, after optical excitation, with important con-
sequences on the nano-structure of the azo-polymer
films. These associations were evidenced by UV/
VIS spectroscopy or by a specific photochromic
behavior, especially during the cis-trans relaxation
processes. The complex reorganization process after
the UV irradiation, especially in the case of flexible
main-chain polymers, was evidenced by the pho-
tochromic behavior study related to the contact
angle measurements. The complex phenomena that
take place during the nano-structuration process
were reflected in the behavior of three samples dur-
ing laser irradiation. A significantly faster modula-
tion was observed in the case of PCMS rigid main-
chain, suggesting that interactions between azo-
benzene and dinitro-phenol groups coupled to
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Figure 12. Normalized diffracted He-Ne laser beam inten-
sity in function of the irradiation time for sam-
ple 4 and sample 7



supplementary re-ordering phenomena permitted
by the chain flexibility in polysiloxane based azo -
polymers can play an important role in the differ-
ences observed on the relief formation processes.
The first results reported on the nano-structuration
properties are promising, as concerns the use of
additional donor/acceptor groups to control the struc-
turation properties of flexible azo-polysiloxanes
films. These preliminary experiments represent a
first step towards the development of materials with
high sensitivity to optical stimulation, due to a flex-
ible polymer backbone, and efficient and stable

structure properties, at the same time. A better under-
standing of the phenomena involved azo-polysilox-
anes will require further optimization studies regard-
ing the nano-structuration properties of such poly-
mer films. Preliminary tests to determine the ability
of the azo-polysiloxanic films to support cell growth
were performed. The films showed remarkable
properties to sustain both cell adhesion and prolifer-
ation. These promising results make the azo-poly-
mer films important candidates for future biological
applications.
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Figure 13. Equal number of HepG2 (a, b) and HeLa (c, d) cells were seeded on either azo-polymer (Sample 1) film (a, c) or
microscope cover glass, as control (b, d). Cell development was visualized at 24 hours post-seeding, using an
inverted microscope (20& magnification).
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1. Introduction
Stimuli responsive polymers (SRP) are materials
that exhibit dramatic changes of their properties
upon slight changes in the environmental condi-
tions [1, 2]. For biomedical purposes surface-immo-
bilized SRP films with a thermally stimulated phase
transition close to the physiological range are of
particular interest [3]. When immersed in aqueous
media, the abrupt change in solubility at the lower
critical solution temperature (LCST) leads to a
reversible swelling and collapsing of the immobi-
lized film upon small temperature changes [4]. To
meet the specific requirements for sophisticated
applications like the control of cell surface adhe-
sion, there is a strong need to fine-tune the physico-
chemical properties of the SRP coating [5, 6]. While
the most popular thermo-responsive material for

this purpose is poly(N isopropylacrylamide) (PNi-
PAAm, LCST = 32°C) [7, 8], the approach reported
here is based on poly(vinyl methyl ether) (PVME,
LCST = 34°C) [9, 10]. The distinct thermo-respon-
sive behavior with a LCST only a few Kelvin below
the standard cell cultivation temperature predes-
tines PVME as a coating for thermo-responsive cell
culture carriers. However, there are only few stud-
ies on the application of polyvinylether based hydro-
gels for this purpose [11]. Contrary to PNiPAAm,
PVME possesses a high affinity to electron beam
cross-linking [12, 13]. This allows to immobilize
PVME films on polymeric substrates like poly-
styrene with a defined thickness and swelling behav-
ior in wide range.
Beyond that, the functional modulation of a thermo-
responsive coating with bioactive molecules can
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further improve the performance. Hatakeyama et al.
demonstrate the promotion of cell adhesion and
proliferation on thin PNiPAAm films by the immo-
bilization of cell adhesive peptides and growth fac-
tors [14]. On the other hand, Kwon et al. [15] show
the acceleration of cell detachment from PNiPAAm-
based cell culture carriers by the introduction of
poly(ethylene glycol) chains. Altogether, these
strategies allow to adjust initial adhesion and detach-
ment properties for a particular type of cell culture.
Towards this goal, PVME-based thermo-responsive
coatings can be chemically functionalized by cross-
linking as a mixture with other (co)polymers. In
particular, the introduction of anhydride moieties
allows for a number of biomolecular functionaliza-
tion strategies without toxic coupling agents [16].
This is demonstrated for the binding of laminin and
chondroitin-6-sulphate to promote initial cell attatch-
ment of immortalized, adult human corneal endothe-
lial cells (HCEC). This cell type established by
Bednarz et al. [17] and further characterized by
Valtink et al. [18] was cultivated on maleic anhydride
(MA) functionalized SRP substrates either with
covalently bound or physisorbed proteins.

2. Experimental
2.1. Materials and sample preparation
For the experiments of this work two SRP materials
were investigated (Figure 1): i) Poly(vinyl methyl
ether) (TCI Europe, Zwijndrecht, Belgium) and ii) a
mixture of PVME and the alternating copolymer of
PVME and maleic anhydride (Sigma-Aldrich,
Munich, Germany) with a copolymer content of
10% wt/wt (PVME-MA). Electron beam irradiation
was carried out with the low energy electron facility
ADU (Advanced Electron Beams, Wilmington,
USA) under nitrogen atmosphere at room tempera-
ture. The electron energy of 150 keV corresponds to
a maximum penetration depth of about 200 !m in
polymeric materials.

To study the effect of electron beam cross-linking
on the structure of the SRP, thin films of about
70 nm were applied by spin coating (solution
2% wt/wt in methanol, 2000 rpm, 1500 rpm/s, 30 s)
onto internal reflection elements for ATR-FTIR
spectroscopy. Subsequently, the samples were irra-
diated with an absorbed dose of 260 kGy in 11 steps
in order to reduce temperature increase during elec-
tron treatment.
To allow in situ investigations of the swelling behav-
ior of immobilized SRP layers by spectroscopic
ellipsometry, polystyrene coated silicon wafers were
used as substrates for the experiments of this work.
For that purpose polystyrene coatings (PS, type
148H, BASF, Ludwigshafen, Germany) of about
30 nm thickness were applied by spin coating onto
silicon wafers 15"20 mm2 (solution 1% wt/wt in
toluene, 2000 rpm, 1500 rpm/s, 30 s). PS surfaces
were treated in air plasma to obtain an appropriate
wetting behavior (Harrick Plasma Cleaner PDC
002, 1 min). Subsequently, a SRP layer was prepared
by spin coating (solution 2% wt/wt in methanol,
2000 rpm, 1500 rpm/s, 30 s) on top of the PS film.
The samples were irradiated with different absorbed
doses (118–780 kGy) in steps of 23.6 kGy in order
to reduce the temperature increase during electron
treatment. Finally, they were rinsed in water to
remove unbound material. For the cell culture exper-
iments cover slips (Menzel-Gläser, Braunschweig,
Germany) with a diameter of 20 mm were used
instead of silicon wafers.

2.2. Spectroscopic ellipsometry
Ellipsometric measurements were performed using
a variable angle spectroscopic ellipsometer M-
2000VI (J. A. Woollam Co., Inc., Lincoln, USA). It
is a Diode Array Rotating Compensator Ellipsome-
ter (DARCE!) in polarizer compensator sample
analyzer configuration equipped with a computer-
controlled goniometer and a horizontally mounted
sample stage. The light source is a 50 W mercury
lamp. For a given angle of incidence, the M-2000VI
measures 500 wavelengths simultaneously cover-
ing the spectral range from 370–1700 nm. Accurate
measurements over the full # and $ range were
acquired (# = 0°–360°; $ = 0°–90°).
In case of dry samples, values from three angles of
incidence, 65, 70 and 75° were acquired. To investi-
gate swollen hydrogel layers, a liquid media cell
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Figure 1. Poly(vinyl methyl ether) and poly(vinyl methyl
ether–co–maleic acid)



(angle of incidence 68°) with de-ionized water (pH
6.5) was used. For the variation of temperature with
a rate of 1 K·min–1, a computer-controlled heating
device for the liquid media cell was used.
To calculate the thickness and the optical properties
of the polymer films under investigation, fit proce-
dures based on Cauchy multilayer models were
applied to the the ellipsometric data (Figure 2). An
effective medium approximation was used in case
of swollen hydrogel layers.
The swelling degree was calculated as Q = dT/ddry,
were dT corresponds to the swollen film thickness at
a given temperature and ddry to the dry film thick-
ness.

2.3. Infrared spectroscopy
FTIR-ATR spectra were obtained with a Vector 22
FTIR spectrometer (Bruker, Ettlingen, Germany)
using trapezoidal shaped internal reflection ele-
ments (IRE) made of chalcogenide glass IRG100
[19] with 45° incident angle and 17 reflections (9
effective reflections on the coated side). Sample
spectrum and background spectrum were acquired
with the coated IRE and the clean IRE respectively.
For the film thickness used in this work, the thin-
film case of ATR spectroscopy applies [20]. In this
case the film thickness limits the sampling depth,
i.e., there is no variation of the sampling depth with
wavelength. Consequently, absorbance units are
given instead of ATR units.

2.4. Cell cultivation
Sterilization of the SRP-coated cover slips was per-
formed by incubating for 24 h in 0.02% ProClin®

300 Preservative (Supleco, Sigma-Aldrich, Munich,
Germany) diluted in phosphate buffered saline
(PBS, w/o Mg2+, Ca2+) at room temperature, fol-
lowed by a rinsing step and incubation in PBS (w/o

Mg2+, Ca2+) for 24 h. MA containing surfaces were
either tempered under sterile conditions overnight
at 90°C to activate the MA moieties witch allows
the covalent binding of proteins. Control surfaces
were not tempered which allows only physisorptive
protein binding. The samples were incubated for 2 h
at 37°C with the protein mixture of 10 mg/ml laminin
(Invitrogen, Karlsruhe, Germany) and 10 mg/ml
chondroitin-6-sulphate (Sigma-Aldrich, Munich,
Germany). Then samples were rinsed with pre-
warmed PBS (w/o Mg2+, Ca2+) and conditioned
with the growth medium for 30 min. Finally, cells
were seeded at a density of 5000 cells per cm2.
They were grown serum-supplemented in F99HCEC
[Nutrient Mixture Ham’s F12/Medium 199 (Bio -
chrom AG, Berlin, Germany) with 5% FCS (Invit-
rogen), 20 mg/ml ascorbic acid (Sigma-Aldrich),
10 ng/ml human recombinant FGF-2 (Invitrogen),
20 mg/ml human recombinant insulin (Sigma-
Aldrich) and antibiotics (2.5 mg/ml amphotericin B
and 50 mg/ml gentamycin; Biochrom)] at 37°C and
5% CO2.

3. Results and discussion
Figure 3 shows the efficiency of PVME immobi-
lization as a function of the absorbed dose. At an
absorbed dose of at least 500 kGy the material of a
pre-deposited PVME thin film is fully immobilized
on a polystyrene carrier. For lower dose values a
part of the pre-deposited and electron beam irradi-
ated PVME is removed when immersed in distilled
water. However, the known fraction according to
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Figure 2. Multilayer model for ellipsometric investigations

Figure 3. Efficiency of PVME immobilization on poly-
styrene as a function of absorbed dose



Figure 3 allows to prepare a coating with a given
thickness of the immobilized material.
The structure retention of the PVME upon electron
beam immobilization was proven by infrared spec-
troscopy. Figure 4 compares the spectra of non-irra-
diated and irradiated PVME. The only significant
difference is the appearance of a C=O stretching
band at 1720 cm–1 which is attributed to oxidative
degradation of PVME due to post reaction of per-
sistent radicals formed as a result of the irradiation.
Figure 5 illustrates the temperature dependent
swelling behavior of immobilized PVME thin films
as determined by spectroscopic ellipsometry. Irre-
spective of the applied dose, the material shows a
thermo-responsive effect with a critical temperature

of about 34°C. While all films are fully collapsed
above this threshold, a dose dependent degree of
swelling is found when cooling down the system. For
a lower absorbed dose, i.e. for a lower degree of
cross-linking of the hydrogel, the degree of swelling
increases (Figure 6). Furthermore, the onset of the
swelling gets sharper and more pronounced while
the gradient of the swelling curve slightly below the
critical temperature increases significantly. The tem-
perature dependent swelling is fully reversible for
all cases investigated. The process does not show a
pronounced hysteresis, i.e. heating and cooling
curves are virtually the same. The water is fully
expelled in the collapsed state (degree of swelling =
1). Both facts set apart PVME from PNiPAAm and
NiPAAm containing copolymers as investigated in
previous studies [4, 21]. The influence of the cell
culture medium to the transition behavior is expected
to lower the transition temperature by 1–2 K [22].
The shown behavior of PVME thin films on poly-
styrene substrates corroborate the results of Hege-
wald et al. [23] obtained for thicker layers of PVME
directly prepared on silicon oxide surfaces.
To allow for biomolecular functionalization of the
thermo-responsive coating described so far, a mix-
ture of PVME and the copolymer of PVME and
maleic acid (PVME-MA) was immobilized and
characterized in the same way. Figure 7 illustrates,
that the thermo-responsive behavior of the system
is largely preserved when adding 10% wt/wt of the
functional copolymer. The acid groups in the immo-
bilized film can be transformed into anhydride moi-
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Figure 4. Infrared spectra of non-irradiated and irradiated
PVME

Figure 5. Temperature dependent swelling behavior of
immobilized PVME thin fims during heating and
cooling

Figure 6. Degree of swelling of immobilized PVME thin
films at 15°C depending on the absorbed dose



eties when stored at 120°C for 2 h (Figure 8). This
was proven by infrared spectroscopy (Figure 9).
The band at 1725 cm–1 (C=O stretching in COOH)
is gradually disappearing and replaced by two
bands at 1775 and 1860 cm–1 (C=O stretching of
cyclic anhydrides) [24].
The restored anhydride moieties are now available
for further biomolecular modifications with extra-
cellular matrix proteins, peptides or amino end group
functionalized polyethylene glycols. This allows to
precisely adjust the physicochemical characteristic

of the surface for enhanced adhesion and prolifera-
tion or accelerated detachment of cultured cells.
The enhanced adhesion after the covalent decora-
tion is demonstrated in Figure 10. It shows the adhe-
sion and growth of HCEC after two days of cultiva-
tion on a blend SRP layer of  PVME and 10% wt/wt
PVME-MA (33 nm dry thickness, 260 kGy absorbed
dose) with physisorptive and covalent binding of
laminin and chondroitin-6-sulfate.

4. Conclusions
Thin films of the thermo-responsive polymer poly
(vinyl methyl ether) were immobilized on poly-
styrene, the most common material for cell culture
carriers. The high affinity to electron beam cross-
linking allows to tailor the properties of the PVME
films easily. Stable coatings with a dry thickness up
to 100 !m can be achieved using an electron energy
of 150 keV. The swelling behavior of the immobi-
lized PVME films can be adjusted by variation of
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Figure 7. Changes in the temperature dependent swelling
behavior of immobilized PVME after adding
10% wt/wt PVME-MA

Figure 8. Example of the anhydride formation in the added
copolymer

Figure 9. Infrared spectra of immobilized PVME-MA
before and after storage at 120°C for 2 h

Figure 10. Adhesion and growth of HCEC after two days of cultivation on a blend SRP layer of  PVME and 10% wt/wt
PVME-MA (33 nm dry thickness, 260 kGy absorbed dose) with physisorptive (a)  and covalent binding (b) of
laminin and chondroitin-6-sulfate



the absorbed dose. Systems with a critical tempera-
ture of 34°C and a different cross-linking corre-
sponding to a degree of swelling between 2.5 and 7.7
were demonstrated. The variability of the mechani-
cal properties of the thermo responsive coating is
complemented with a chemical functionalization by
introducing a copolymer carrying reactive anhy-
dride sites. This approach combines the concept of
thermo responsive cell culture carriers with an
anhydride-based platform technology for biomolec-
ular modification.
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1. Introduction
Poly(trimethylene terephthalate) PTT is relatively
recently commercialized polyester under trade
names Corterra and bio-based Sorrona produced by
Shell Chemicals and DuPont respectively [1–3].
PTT is produced by the polycondensation reaction
of 1,3-propanediol (PDO) with terephthalic acid or
dimethyl terephthalate. The main problem in com-

mercialization of PTT was the high cost of PDO
production, which was solved by Shell, which devel-
oped the low cost method of producing (petrochem-
ical) PDO from ethylene oxide. At present the 1,3-
propanediol used for the polymerization can be
prepared either chemically or biologically. DuPont
Tate & Lyle recently developed a biological process
for the large-scale production of PDO using corn
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Abstract. Poly(trimethylene terephthalate) nanocomposites containing COOH functionalized multi-walled nanotubes were
synthesized with in situ polymerization method. The microstructure of the nanocomposites was studied by SEM, in terms
of the dispersion state of the nanotubes and the polymer–nanotube interface. The thermal behaviour, mechanical properties
and conductivity of these resultant PTT/MWCNTs nanocomposites were studied. The effect of the presence of MWCNTs
on cold crystallization of PTT was monitored by dielectric spectroscopy. From thermal analysis study, it is found that the
melting temperature and glass transition temperature are not significantly affected by the addition of MWCNTs. The crys-
tallization temperature of PTT matrix is affected by the presence of CNTs. Nanocomposites have slightly higher degree of
crystallinity than neat PTT and their thermo-oxidative stability is not significantly affected by the addition of MWCNTs.
The study of the isothermal cold crystallization of amorphous PTT and its nanocomposites monitored by dielectric spec-
troscopy reveals that the presence of MWCNTs have influence on crystallization rate, especially at higher concentration
(0.3 wt%). In comparison with neat PTT, the MWCNTs reinforced nanocomposites posses higher tensile strength and
Young’s modulus at low MWCNTs loading (0.05–0.3 wt%). In addition, all nanocomposites show reduction of brittleness
as compared to the neat PTT. The electrical percolation threshold was found between 0.3 and 0.4 wt% loading of MWC-
NTs.
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sugar as the raw material in place of petroleum [2–
5]. DuPont’s PTT Sorrona fibers are made from
PDO derived from renewable corn sugar and fossil
fuel derived terephthalic acid.
PTT is a semicrystalline polymer which combines
the advantageous properties of polyesters and poly -
amides with main application field in textile indus-
try. Many research groups [3, 6–8] have shown that
the structure of PTT is very different from that of
commercially well known aromatic linear poly-
esters poly(ethylene terephthalate) (PET) and poly
(butylene terephthalate) (PBT), although their chem-
ical composition is very similar. Owing to unusual
properties such as excellent elastic recovery, high
thermal and chemical resistance and dyeability,
PTT is now a potential competitor of PBT and PET
in textile, packing and engineering thermoplastic
markets. Review of literature concerning recent
advances in the field of PTT based copolymers [9–
11], blends [12–14] and composites [15–17] shows
a evident trend toward the development of such
materials.
PTT is an important candidate for being compounded
with various nanoparticles to further broaden its
utility. Significant improvements in ultimate prop-
erties have been observed after incorporation of vari-
ous types of nanoparticles into engineering poly-
mers [18, 19]. In particular, carbon nanotubes (CNTs)
due to their relatively high surface to volume and
aspect ratios, extraordinary mechanical properties,
low density and their superior thermal and electrical
properties [20–22] are recognized as an ideal
nanofiller material in structural and functional poly-
mer composites. Introduction of small quantities of
CNTs into a polymer matrix can lead to obtain
structural composites with high elastic modulus,
high tensile and compressive strength and stiffness.
The mechanical properties combined with electri-
cal, thermal, optical and many other properties have
been extensively investigated by many research
groups for wide range of applications [22–30].
In this work, poly(trimethylene terephthalate)/multi-
walled carbon nanotubes nanocomposites were pre-
pared by in situ polymerization method. The effect
of carboxy-functionalized multi-walled nanotubes
(MWCNTs) concentration on thermal, mechanical,
and electric properties of the obtained composites
was studied. Here we show that at low loading of
MWCNTs it is possible to obtain electrical conduc-

tive PTT nanocomposites with improved mechani-
cal properties, and the presence of carbon nan-
otubes have effect on cold crystallization rate of
nanocomposites.

2. Experimental
2.1. Materials
Dimethyl terephthalate (DMT, Elana S.A., Torun,
Poland), 1,3-propanenediol (PDO, Shell Chemicals
Europe B.V., The Netherlands), anhydrous N-methyl-
2-pyrrolidone (NMP, Sigma-Aldrich), COOH-func-
tionalized multi-walled carbon nanotubes (MWC-
NTs, Nanocyl S. A., Belgium) with diameter !
9.5 nm, length <1.5 µm, and COOH functionaliza-
tion <4 wt%, were applied to prepare PTT nanocom-
posites. Purity of MWCNTs as received was > 97%.
PDO was distilled before using. As catalyst the tetra-
butyl orthotitanate (Ti(OBu)4, Fluka), and as antioxi-
dant the tetrakis(methylene(3,5-dit-butyl-4-hydrox-
yphenylhydro-cinnamate))methane (Irganox 1010,
Ciba-Geigy, Basel, Switzerland) were used as
received.

2.2. Preparation of PTT/MWCNTs
nanocomposites

Nanocomposites containing 0.05, 0.1, 0.2, 0.3, 0.4
0.5 wt% of COOH functionalized MWCNTs were
prepared by polycondensation in the molten state.
The polymerizations were carried out in a 1L high
pressure reactor (Autoclave Engineers Pennsylva-
nia, USA) equipped with a vacuum pump, con-
denser, and cold trap for collecting the by-products.
Before introduction to the reaction mixture the
MWCNTs were dispersed in 300 ml of N-methyl-2-
pyrrolidone (NMP) using ultra-high speed stirrer
and then ultrasound (Homogenizator HD 2200,
Sonopuls, Bandelin, Berlin, Germany). Completed
time of dispersing was 30 min. During the last
10 min of dispersing time the PDO was introduced
into MWCNTs dispersion in NMP. Then the disper-
sion was introduced into reactor containing melted
DMT. The first step of polycondensation, the trans-
esterification reaction, was carried out under a con-
stant flow of nitrogen at 165°C in the presence of
catalyst (0.15 wt%) for one and half hour. During
the reaction, methanol was distilled off. The con-
version of the transesterification reaction was cal-
culated by monitoring the amount of effluent
methanol. When the reaction was completed, the
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thermal stabilizer Irganox 1010 (0.5 wt%) and the
second portion of catalyst (0.1 wt%) were intro-
duced to the reactor. Then the reaction temperature
was increased slowly to 220°C and the pressure was
reduced slowly. When the NMP was distilled off,
the reaction temperature was increased to 260°C
and pressure reduced below 25 Pa for the 2nd step of
the polycondensation reaction. The stirring torque
change was monitored in order to estimate the melt
viscosity of the product. All syntheses were fin-
ished when melt reach the same value of viscosity
at 260°C. The molten composite was extruded from
reactor into water cooling bath, and then granulated
and dried before processing. At the same conditions
the neat PTT was synthesized as reference.

2.3. Sample preparation
Dumbbell shape samples of nanocomposites for
tensile and DMTA tests were obtained by injection
moulding at a pressure of around 50 MPa and at
temperature 250°C, into a mould at temperature
40°C. Before tests samples were annealed at 80°C
for 8 hours. Amorphous films of about 280 µm thick-
ness for conductivity and dielectric properties stud-
ies were prepared by press moulding (Collin P
200E) at 245°C and 15 bar for 2 min and subse-
quently quenched (250°C/min). Subsequently, circu-
lar gold electrodes 2 cm in diameter were deposited
onto the surface of the film sample.

2.4. Characterization methods
The limiting viscosity number (intrinsic viscosity)
[!] of PTT and PTT/MWCNTs nanocomposites
was measured 30°C on Ubbelohde viscometer with
capillary Ic (K = 0.03294) using a polymer solution
of 0.5 g/dl in phenol/trichloroethylene (60/40 by
weight). The limiting viscosity number is related to
the molecular weight, Mv, through the Mark-
Houwink equation (Equation (1)):

[!] = K·Mv
!                                                            (1)

where K and " are constants specific to the solvent
and temperature. The viscosity average molecular
weight (Mv) of PTT and its nanocomposites was
calculated by using constants: K = 5.36·10–4 dl/g
and " = 0.69 available in literature [31]. The meas-
urements of [!] were repeated for some samples,
which have been earlier purified by means of the
following procedure: PTT/MWCNTs (or PTT) was

dissolved in phenol/trichloroethylene (60/40 w/w),
then filtered to separate the CNTs. The sample was
precipitated by adding methanol and recovered by
filtration and again dissolved and re-precipitated
twice. Finally, the precipitated solid was dried in
vacuum at 60°C for 24 hours. The aim of this pro-
cedure was to eliminate the influence of MWCNTs
presence on measured [!] values.
The melt flow rate (MFR) of all the samples was
determined using a melt flow tester (CEAST, Italy)
according to ISO 1133 specification, under 21.18 N
load, orifice diameter 2.095 mm and at temperature
230°C. The samples before measurements were
dried in a vacuum dryer at 60°C for 24 hours.
The melt viscosity (!) of the nanocomposites were
measured at 240°C on an ARES rheometer (Rheo-
metric Scientific Inc.,USA) at frequency of 1 Hz
during 10 min, in a parallel-plate fixture (d =
25 mm) with a gap distance of 2 mm.
The calorimetric measurements were carried out by
means of a TA Instruments DSC Q-100 (New Cas-
tle, DE, USA). Indium was employed for the tem-
perature and heat flow calibration. The heat capac-
ity at each temperature was evaluated with respect
to sapphire standard. Weighed (10±0.2 mg) and
encapsulated in aluminum pans samples were
heated from 20 to 250°C, and kept at 250°C for five
minutes and cooled back down to –25 °C, and then
measurements were taken over a temperature range
of -25÷250°C at a heating rate of 10°C/min, and
under nitrogen flow. The glass transition tempera-
ture (Tg) was taken as the midpoint of the change of
heat capacity increment ("Cp/2) associated with the
glass-rubber transition. The specific heat increment
"Cp associated with Tg of amorphous phase of
semicrystalline PTT, was calculated from the verti-
cal distance between two extrapolated baselines at
the glass transition temperature according to the lit-
erature [32]. The nominal melting temperature (Tm)
was defined as the of peak of the melting endo therm
during heating from 25 to 250°C, and the nominal
crystallization temperature (Tc) was defined as the
peak of the crystallization exotherm upon cooling
from 250 to –25°C. The heat of fusion ("Hm) and
the heat of crystallization ("Hc) of the crystal phase
were calculated from the area of the DSC endo- and
exotherm, respectively. The degree of crystallinity,
xc, (i.e. the weight fraction crystallinity) was deter-
mined according to Equation (2) as the ratio of the
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integrated heat of fusion "Hm value of the sample
over the heat of fusion of fully crystalline PTT, i.e.
"Hm

0 = 145.6 J/g [3, 33]:

                                                   (2)

The thermogravimetric analysis (TGA) was carried
out on a SETARAM TGA 92-16 apparatus. Sam-
ples (5±0.1 mg) were placed in alumina crucibles
and heated from ambient to 700°C at heating rate of
10°C/min in a 20 ml/min flow of argon or dray air.
Dynamic mechanical thermal properties were
measured by DMTA Mk-II apparatus (Polymer
Laboratories, Church Stretton UK.) using the bend-
ing mode at a frequency of 1 Hz, and at a heating
rate of 3°C/min from –100 to 250°C. The glass tran-
sition temperature was taken as the temperature at
the maximum !-relaxation peak of the loss modulus
E# and tan# curves [32].
The tensile tests were performed on an Instron 1112
tensile testing machine (Norwood, MA,USA) at
room temperature. Tensile examinations were meas-
ured on dumbbell samples at a constant crosshead
speed of 5 mm/min. Young’s modulus, yield strength,
stress and elongation at break, were calculated from
the stress–strain curves on an average of twelve
specimens for each kind of materials according to
DIN 53455 standards.
The morphology of the fracture surface of compos-
ite samples was examined by a JEOL JSM-610 scan-
ning electron microscope (SEM). Samples were
fractured at liquid nitrogen and gold sputtered prior
to observation.
Measurements of the complex permittivity $* =
$$ –%i$#, where $$ represents the permittivity and $#
the dielectric loss, of the nanocomposites were per-
formed in the frequency range of 10–1 Hz< f<107 Hz,
using a Novocontrol system (Hundsangen, Ger-
many) integrating an ALPHA dielectric interface.
Sputtered gold electrodes, 2 cm diameter, were
employed to prepare a sandwich type capacitor. The
temperature was controlled by means of a Novo-
control Quatro Cryosystem nitrogen gas jet, leading
to isothermal conditions within an error of 0.1°C
during every single sweep. The dielectric relax-
ations were empirical described in terms of the
Havriliak-Negami (HN) Equation (3) [34]:

$*                         (3)

where "$ = $0 –%$& is the dielectric strength; $0, $&
are the relaxed and unrelaxed dielectric constant
value, respectively; % = 2&f is the frequency; 'HN is
the central relaxation time; b and c are parameters
that describe the shape of the relaxation time distri-
bution function (symmetric and asymmetric broad-
ening). Obtained values of $#(%) $$(%) were fitted to
approximated with Equation (1). HN curve fits were
performed using the WinFit v.2.9 software program
from Novocontrol.
Alternating current (ac) electrical conductivity
measured at room temperature was derived by
((%) = $02!f$#, where f and $0 are frequency and
vacuum permittivity respectively.

3. Results and discussion
3.1. Dispersion of PTT/MWCNTs

nanocomposites
Nanocomposites were prepared by using in situ poly -
condensation method. The control of the degree of
dispersion of the nanotubes in a polymer matrix is
difficult because of the strong intramolecular forces
that exist between carbon nanotubes which are
responsible for the formation of 10–50 nm nanotube
bundles. These bundles are difficult to exfoliate since
the nanotubes may be hundreds to thousands of nano -
meters long, disturbing the uniform dispersion of
the nanotubes in a polymer matrix [24, 20]. In order
to obtain a homogenous distribution of MWCNTs
in the whole composite system, the CNTs were
mechanically and sonically dispersed in solvent
(NMP) and then introduced to the reaction mixture.
The presence of dispersing solvent which was dis-
tilled off during the synthesis and the presence of
COOH functionalized MWCNTs had a slight influ-
ence on the syntheses of PTT nanocomposites. In
comparison to the net polymer the reaction of poly-
mer chain growth monitored by increase of reactive
mixture viscosity proceeded slower and the reaction
time lasted about one hour. The highest content of
CNTs achieved in the prepared nanocomposites
was 0.5 weight%. The introduction of higher con-
tent of CNTs was not possible because, the melt
does not flow.
In Table 1 the physical properties of obtained nano -
composites are listed. The average molecular weight
(Mv
— ) of neat PTT and PTT in the nanocomposites

determined from limiting viscosity number meas-
urements is range from 44000 to 37000 g/mol. The1v 2 2 eq 5

e0 2 eq

31 1 1ivtHN 2b 4 c

xc 3, 4 5 DHm

DHm
0xc 3, 4 5 DHm

DHm
0

1v 2 2 eq 5
e0 2 eq

31 1 1ivtHN 2b 4 c
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values of the melt flow rate of nanocomposites are
lower than for neat PTT suggesting their higher
melt viscosity. Measurements of the viscosity (!) of
the nanocomposites determined on ARES-rheome-
ter have confirmed that nanocomposites have higher
viscosity 240°C than the neat PTT. Moreover, the
increase in viscosity does not change appreciably
with the CNTs content. Higher melt viscosity of
nanocomposites in comparison to the neat PTT sug-
gest the existence of interconnected or network struc-
tures formed as a result of CNT-CNT and CNT-
polymer interactions. The COOH functional groups

at the surface of MWCNTs can interact in the PTT/
MWCNTs composite with ester groups of PTT mol-
ecules through hydrogen bonding. The presence of
hydrogen bond interaction between functional groups
of CNT and polyester molecules has been con-
firmed in PEN/CNTs composites [35].

3.2. Thermal stability
The mass loss (TG) and its derivative (DTG) curves
of PTT and PTT/MWCNTs composites with differ-
ent weight content of CNTs in argon and air atmos-
phere are shown in Figures 1a–d. The values of the
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Table 1. Characteristic of PTT and PTT/MWCNTs nanocomposites

wCNT – weight fraction of MWCNTs; ['] – limiting viscosity number; Mv
— – viscosity average molecular weight determined from [!];

MFR – melt flow rate at 230°C; ! – melt viscosity of polymer at 240°C and frequency of 1 Hz.

Sample wCNT
[wt%]

[!]
[dl/g]

Mv
— ·104

[g/mol]
MFR

[g/10 min]
!

Pa··s
PTT 0 0.82; 0.83A 4.2A 16.8 210
PTT/0.05 0.05 0.84 4.3 15.7 –
PTT/0.1 0.1 0.82; 0.82A 4.1A 16.1 330
PTT/0.2 0.2 0.78; 0.80A 4.0 15.9 372
PTT/0.3 0.3 0.78; 0.76A 3.7A 15.2 359
PTT/0.4 0.4 0.77 3.8 14.4 343
PTT/0.5 0.5 0.78; 0.76A 3.7A 13.7 342

Figure 1. The mass loss (TG) and its derivative (DTG) curves as a function temperature for PTT nanocomposites in argon
(a, c) and in air atmosphere (b, d)



characteristic temperatures, including the tempera-
ture of 2 and 10% weight loss (T2%, T10%) and the
temperature at the maximum weight loss rate
(TDTG) of neat PTT and MWCNTs-filled nanocom-
posites are presented in Table 2. It is evident that
neat PTT and its nanocomposites exhibit one decom-
position step in argon and two decomposition steps
in air. The study of the thermal decomposition kinet-
ics of PTT [36] have shown that the first step of the
decomposition of PTT in both argon and air atmos-
pheres is an overlapping of two decomposition
processes. The first process is caused by degrada-
tion of the polymer chain implying an end group
initiation mechanism affected by the molecular
weight of PTT. The second degradation process is
mainly caused by the thermal degradation of the
products formed during the first decomposition
process and it is not affected by the molecular weight
(end groups) of PTT. Wang et al. [37] have shown
that the first small weight-loss process (weight loss
2–4%) in argon is highly sensitive to molecular
weight and the weight loss during this step decreased
steadily with increasing molecular weight. These
effect is a result of relatively poor thermal stability
of hydroxyl terminal groups in PTT which initiate
thermal degradation of PTT (especially ester groups).
Additionally, Kelsey et al. [38] have shown that the
predominant thermal degradation mechanism of
PTT and other commercially important aromatic
polyesters as PET and PBT is consistent with con-
certed, electrocyclic oxo retro-ene reaction [39–41],
sometimes referred to as the McLafferty (ML)
rearrangement. Hence, during thermal degradation
of PTT one of the two ester groups between ben-
zene rings forms hexatomic ring, and then after ML

rearrangement some chain fragments with end-
COO group and end-allyl ester group are formed,
which are easy to decarboxylation and latter to de-
esterification under high-temperature condition. In
these processes products of thermal degradation of
PTT, among others, CO2, CO, acrylaldehyde and
some fragments such as phenyl-containing chain
were indentified [42].
Studies by Wang et al. [36] indicated a three over-
lapping weight-loss stages for the degradation of
PTT in air. During the first process the PTT chains
are degraded into smaller fragments by an initial
end chain scission. These small fragments during
the second processes are oxidized into volatile prod-
ucts. Decomposition of initially stable structures
formed in first and second processes forming prob-
ably crosslinked residues take place during the third
stage of the thermo-oxidative degradation of PTT.
According to the Figures 1c–d, neat PTT and all the
nanocomposites starts with a first main degradation
stage in air at around 335°C independent of the con-
tent of MWCNTs. The weak second degradation
step in the temperature range 450–600°C (Fig-
ure 1d) is due to the decomposition of some ther-
mostable species formed during first degradation
step. These may include decomposition of cross-
linked carbonaceous structures and also carbon nan-
otubes. For nanocomposites, the temperature of the
maximum weight loss rate (TDTG2) at this post-major/
second weight loss step is shifted to higher temper-
atures. The obtained results show that the thermal
and oxidative stability of PTT is independent of the
COOH functionalized MWCNT content. These
results are in agreement in other researchers [43]
observed for PET/CNT nanocomposites which have
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Table 2. The characteristic temperatures of the decomposition of the PTT and PTT/MWCNTs nanocomposites in argon and
air

T2%, T10% – temperature of 2 and 10% weight loss respectively; TDTG – temperature at the maximum weight loss rate

MWCNT content [wt%]
0 0.05 0.1 0.2 0.3 0.4 0.5

in argon
T2% [°C] 358 360 364 360 361 362 360
T10% [°C] 383 384 384 384 384 385 384
TDTG [°C] 405 405 405 407 405 407 406

in air
T2% [°C] 354 360 358 360 365 365 353
T10% [°C] 382 382 379 381 383 383 382
TDTG1 [°C] 404 405 403 406 406 407 406
TDTG2 [°C] 503 511 506 530 538 540 528



confirmed also that functionalization of CNTs and
concentration have no influence of thermal stability
of polyester nanocomposites.

3.3. Microstructure of the PTT
nanocomposites

Morphology of PTT nanocomposites containing
short thin COOH functionalized MWCNTs was
investigated by using SEM analysis. Figures 2a–d
shows SEM micrographs of fracture surfaces of
PTT nanocomposites with MWCNTs. As men-
tioned above, CNTs often tend to bundle together
by van der Waals interaction between the individual
nanotubes with high aspect ratio and large surface
area and lead to some agglomerations, which pre-
vent efficient load transfer to nanotube. Moreover,
most of the nanotubes show pulling out and sliding
at the surface of nanocomposite, suggesting a limi-
tation of load transfer [44–45]. SEM analysis of the
fracture surfaces of PTT/MWCNTs nanocompos-
ites indicate rather homogenous distribution of car-
bon nanotubes in the PTT matrix. Individual nan-
otubes, some entanglements or bundles of CNTs,
apparently pulled out from the matrix during frac-
turing are observed on the surface.

3.4. Effect of MWCNTs addition on the
thermal transition of PTT 

Carbon nanotube functionalization inducing inter-
actions between polymeric matrix and carbon nan-
otubes can cause changes in the crystallization and
melting behavior of the semicrystalline polymer. In
many polymer systems after introduction of carbon
nanotubes the increase in crystallization tempera-
ture, enhancing in nucleation density and in some
causes reduction of crystallization time was observed
[35, 43, 46–50]. The effect of the presence of COOH
functionalized MWCNT in PTT matrix on the melt-
ing and crystallization processes was studied by
DSC. Table 3 summarizes data obtained from heating
and cooling DSC scans for PTT and PTT/MWCNTs
nanocomposites which are presented on Figure 3.
PTT/MWCNTs nanocomposites exhibit a negligi-
ble decrease (1–2°C) in the glass transition com-
pared to pure PTT. Nanocomposites with different
amount of MWCNTs have very slightly lower values
of "Cp at Tg than neat PTT. Introduction of CNTs
can separates the long polymer chain into shorter
cooperatively rearranging (CRR) segments [51].
The shift of Tg toward lower temperatures can be a
result of the higher mobility of these shorter CRR
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Figure 2. SEM images of cryofractured PTT nanocomposites with 0.3 wt% (a–b) and 0.5 wt% (c–d) of MWCNTs



segments. Recently, for semicrystalline polymers
such PTT, PET, PEEK [51–53], a three phase model
consisting of crystalline, mobile amorphous phase
(MAP) and rigid amorphous phase (RAP) was used
to describe the structural formation of PTT at vari-
ous conditions. The RAP exists at the interface of
crystal and amorphous phase as a result of the
immobilization of a polymer chain due to the crys-
tal. In semicrystalline nanocomposites, the RAP frac-
tion sometimes exists at the surface of nanofillers in
the polymer nanocomposites material. Ma and Cebe
[53] have used these model in to explain lowering
the Tg and decreasing degree of crystallinity with
the CNTs loading for PTT/MWCNTs (with aspect
ratio 36) fibers prepared by electrospinning. They
have established that addition of CNTs results in
increase in the RAP, which indicates an enhance-
ment in the constrains on the polymer chains in
PTT composites nanofibers due to the decrease of
chain mobility. Here, the melting temperature and
degree of crystallinity of the PTT/MWCNTs nano -
composites (Table 3) are not significantly affected

by the presence on the MWCNTs. The degree of
crystallinity of nanocomposites increase very slightly
around 2–2.6%. Nanocomposites have wider crys-
tallization peak than those of neat PTT, indicating
the heterogenous nucleation effect of the CNTs for
the PTT matrix. In PTT/MWCNTs nanocomposites,
the onset crystallization temperature (Tc,on) increase
by about 6–10°C, whereas the crystallization peak
temperature (Tc) decreases by about 2–4°C. Usually
the lower degree of supercooling reflects higher
nucleation and crystallization rates. The PTT/
MWCNTs nanocomposites have a little higher
degree of supercooling ("T = 61–63°C, Table 3)
with the introduction of the MWCNTs in compari-
son with pure PTT ("T = 59°C). Crystallization of
polymer occurs from the alignment of mobile poly-
mer chains. The addition of filler in polymer com-
posites changes the thermal properties of the mate-
rials due to the formation of interfacial connections
between the filler surfaces and polymer. The con-
nections, which may be physical adsorption or chem-
ical bonding, or a combination of both, restrict the
mobility of the polymer chains. Here, the intro-
duced short and thin MWCNTs into PTT matrix are
not effective nucleating agent caused the increase
of the degree of supercooling. These can be a result
of their low aspect ratio or their strong interactions
with PTT chains. The topological confinement of
macromolecular chains at their interfaces and strong
interactions between them can increase of super-
cooling. Recent study on crystallization behaviour
of nanocomposites based on high density polyethyl-
ene and CNTs performed by Müller and coworkers
[54, 55] have shown that in nanocomposites a com-
petition between super-nucleation and confinement
occur. At low contents the nucleation effect domi-
nates. The confinement increases as the nano-filler
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Table 3. Thermal properties of PTT and PTT/MWCNTs nanocomposites

Tg – glass transition temperature; Tm, "Hm – temperature and enthalpy of melting respectively; "Cp – change of heat capacity;Tc, on – onset
temperature of crystallization; Tc, "Hc – temperature and enthalpy of crystallization respectively; xc – degree of crystallinity of the sample;
"T = Tm –%Tc – degree of supercooling

Sample Tg
[°C]

"Cp
[J/(g·°C)]

Tm
[°C]

"Hm
[J/g]

Tc, on
[°C]

Tc
[°C]

"Hc
[J/g]

"T
[°C]

xc
[%]

PTT 52 0.18 229 50.7 180 170 50.3 59 34.8
PTT/0.05 50 0.15 229 53.7 186 168 53.7 61 36.9
PTT/0.1 51 0.16 229 54.4 186 166 53.5 63 37.4
PTT/0.2 50 0.16 229 54.1 190 166 54.0 63 37.1
PTT/0.3 51 0.16 230 54.3 186 167 54.4 63 37.2
PTT/0.4 51 0.15 230 53.9 187 168 53.5 62 37.0
PTT/0.5 51 0.16 230 54.2 186 168 53.7 62 37.2

Figure 3. DSC heating and cooling curves for PTT nano -
composites; where:
1 –%PTT, 2 –%PTT/0.05, 3 –%PTT/0.1, 4 –%PTT/0.2,
5 –%PTT/0.3, 6 –%PTT/0.4, 7 –%PTT/0.5



content increases. In consequence of confinement
the reduction of both crystallization and melting
temperatures, a strong reduction of the crystallinity
degree, an increase in the supercooling needed for
isothermal crystallization and a depression of the
overall crystallization rate were observed.
The effect of the presence of MWCNT on non-
isothermal crystallization behavior of PTT nanocom-
posites observed here, is in contrast to the results
reported in literature for aromatic polyester/CNT
nanocomposites. For example, poly(ethylene 2,6-
naphthalate) (PEN) nanocomposites [35, 47] have
shown the increase in the crystallization tempera-
ture of PEN by incorporating pristine MWCNTs
and COOH functionalized MWCNTs. Moreover,
PEN nanocomposites have a lower degree of super-
cooling for crystallization with the introduction of
the MWCNTs. This behavior has suggested that
nanotubes act as effective nucleating agents in the
PEN matrix, resulting in the enhancement of the
crystallization of the PEN nanocomposites. The
increase in the crystallization temperature and
degree of crystallinity was observed for poly(buty-
lene terephthalate) nanocomposites containing of
0.2 wt% of pristine MWCNTs and NH2 functional-
ized MWCNTs [44] and for poly(ethylene tereph-
thalate) (PET) nanocomposites containing acid
treated MWCNTs [43, 48–49]. Correlation of spec-
troscopic measurements with DSC have shown that
acid treated MWCNTs present in PET nanocom-
posites not only enhanced crystallinity but also lead
to a much better polymer crystalline order [49]. The
presence of MWCNTs in PET matrix transforms
trans conformers of the noncrystalline phase into
crystalline domains with the nanotubes acting as
moderate nucleation agents. Xu et al. [50] have stud-
ied the crystallization behaviour of PTT/MWCNTs
nanocomposites, which were prepared by solution
blending. They report that for such PTT nanocom-
posites the melting temperature and crystallinity
were not affected by the presence on the MWCNTs.
However, an increase of crystallization temperature
and a decrease of the degree of supercooling was
observed with increasing nanotube concentration.
Comparison of the results obtained for PTT nano -
composites prepared by solvent blending [50] and
those studied here for PTT nanocomposites pre-
pared by in situ polymerization seems to indicate
that the preparation method in addition to the type

of carbon nanotube can affect the crystallization
behavior of PTT.

3.5. Effect of MWCNTs on cold crystallization
of PTT nanocomposites

In situ real time dielectric isothermal crystallization
of amorphous PTT and PTT/MWCNTs nanocom-
posites at 50°C was monitored by dielectric spec-
troscopy. Figure 4 shows dielectric loss $# and dielec-
tric permittivity $$ at different crystallization times
(tc) of amorphous neat PTT (a–b) and PTT nano -
composites containing 0.05 wt% (c–d) and 0.3 wt%
(e–f) of MWCNTs. The obtained spectra recorded
in each sweep (4 min) are representative of an
isostructure at a given stage of crystallization
because the time scale for a sweep is short in com-
parison with time scale for crystallization. The ini-
tial dielectric spectrum for amorphous neat PTT
and PTT nanocomposites shows the typical !-relax-
ation associated with the segmental motions of the
amorphous chains above the glass transition. Regard-
ing the analysis of the dynamics of the amorphous
phase during isothermal crystallization, the seg-
mental motions of the amorphous polymer chains
are confined between the crystalline regions thus
modifying the main !-relaxation. It was established
for many polymers, that the occurrence of crys-
tallinity in a polymer affects the segmental dynam-
ics, as characterized by DS, in the following way:
i) a decrease of the dielectric strength, ii) a shift of
the relaxation rate to lower values and iii) a consid-
erable broadening of the relation function [34, 55–
58]. The dielectric strength of a relaxation process
is, in a first approach, proportional to the total
amount of relaxing units participating in the process.
The decrease of the dielectric strength (reduction of
the relaxing material) is caused by crystal formation
due to the progressive transfer of the amorphous
material to the growing crystalline phase [34, 56–
58]. For neat PTT and PTT/MWCNTs nanocom-
posites it is observed a decrease in the intensity of
the !-relaxation process, characterized by the value
of the dielectric loss at the maximum ($#max) and a
positional shift of the maximum of the !-relaxation
towards lower frequencies with increasing crystal-
lization time in agreement with previous results
[55–58]. Figure 5 represents the variation of $#max
and fmax with crystallization time. Analysis of the
changes of $#max and fmax indicates that the presence
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of MWCNTs has an effect on cold crystallization of
PTT, especially at higher content of MWCNTs
(0.3 wt%). As crystallization time increases, for
nanocomposite containing 0.3 wt% of MWCNTs
the faster shift of fmax in the direction of low fre-
quencies and a higher decrease in the intensity of
$#max than for PTT and PTT with 0.05 wt% of
MWCNTs was observed. The changes of the values
of the dielectric parameters: "$, 'HN, b, c obtained
after fitting the Equation (1) are presented in Fig-
ure 6 as a function of crystallization time. After tc =

40 min a 92, 74 and 82% reduction of the dielectric
strength (Figure 6a) for PTT/0.3 and PTT/0.05 and
neat PTT, respectively was observed. These results
indicate that PTT/0.3 nanocomposite crystallizes
faster than PTT and PTT/0.05 nanocomposite. PTT
and its nanocomposites show a slight increase of
the relaxation time (HN values (calculated by Equa-
tion (1), Figure 6b). For neat PTT, the relaxation
time 'HN of the ! process tends to be slower with
crystallization time in a linear fashion with time
during the whole crystallization period. The same
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Figure 4. Real time evolution of the dielectric loss (a, c, e) and the dielectric constant (b, d, f) during isothermal crystalliza-
tion at 50°C as a function of frequency at different crystallization times



behaviour of relaxation time was detected for cold
crystallization of PTT by A. Sanz et al. [58]. This
effect is a result of the restricted mobility by crys-
tals. As crystallization time increase, the segmental
dynamics in the amorphous phase slows down due
to an increase of the crystalline phase. PTT
nanocomposites containing: 0.3 and 0.05 wt% of
MWCNTs shows higher initial (tc = 0) values of

their relaxation times than that of unfilled PTT. This
effect could be due to a restricted mobility of the
polymer chains at the polymer/nanofiller interface
where the interactions between PTT chains and
CNTs surface can play role. Obviously, this interac-
tion is not present for unfilled PTT. As shown in
Figure 6b–c, a continuous change of b and c shape
parameters with crystallinity is observed. For neat
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Figure 5. Variation of the maximum dielectric loss values $#max (a) and frequency of the maximum loss fmax (b) as a func-
tion of crystallization time at 50°C. (Doted lines are to guide the eyes).

Figure 6. Real time evolution of the HN parameters: "$ (a), 'HN (b), b (c), c (d) during isothermal crystallization processes
of net PTT and PTT/MWCNTs nanocomposites at 50°C. (Doted lines are to guide the eyes).



PTT, the increase of the c parameter towards the
highest possible value of c = 1 after tc = 40 min
indicates a decrease of the asymmetry of the relax-
ation upon crystallization. For PTT nanocomposite
with 0.05 wt% at the beginning of crystallization
time (tc < 32 min) an increase of the value of c
parameter is found. Then, independent on the crys-
tallization time, remains constant (c ) 0.5–0.6).
Also a gradual increase with crystallization time of
the c parameter is observed for PTT with 0.3 wt%
of MWCNTs. During crystallization of neat PTT, a
decrease of the b parameter (Figure 6b) with crys-
tallization time is found. This indicates that the
relaxation curve become broader. Broader curves,
higher b values, are observed for PTT nanocompos-
ites around 0.5 and 0.8 for PTT/0.05 and PTT/0.05
nanocomposites respectively, and then his decrease
with crystallization time is observed. This study of
the isothermal cold crystallization of amorphous
PTT and its nanocomposites reveals that the pres-
ence of MWCNTs have influence on crystallization
rate, especially at higher concentration (0.3 wt%) of
CNTs.

3.6. Dynamic mechanical thermal analysis
The storage and loss modulus and the loss factor tan#,
determined by DMTA measurements for the pure
PTT matrix and nanocomposites filled with MWC-
NTs, are plotted versus the temperature in Fig-
ures 7a, 7b and 7c respectively. It can be seen that
magnitudes of the storage modulus and location of
the loss peak change significantly for nanocompos-
ites. The addition of MWCNTs to PTT matrix show
an influence of the nanotube content on the storage
modulus in the glassy region and also in some sam-
ples in the rubbery region above the glass transition.
For convenience of comparison, data of E$ modulus
at 25°C are presented in Table 4. All nanocompos-
ites have higher values of E$ modulus compared to
pure PTT. The highest increase by about of 55% of
E$ modulus at 25°C was observed for the sample
containing 0.3 wt% of MWCNTs. These changes of
the E$ modulus can be attributed to cohesive inter-
actions between the large surface area of nanotubes
and PTT [59]. On loss modulus E# and tan# curves
(Figure 7b–c), the two relaxation peaks * and ! are
observed. The *-relaxation peak at about –75°C is
attributed to the reorientation of the hydroxyl groups
and the local motions of the carboxyl groups in the

amorphous phase. The !-relaxation peak corre-
sponds to the glass transition of amorphous PTT.
Usually for semicrystalline polymers the increasing
of the T! and decreasing intensity of of !-relaxation
peak is observed with the increase of crystallinity.
Tan# is sensitive to all molecular movements occur-
ring in polymer. For nanocomposites, the molecular
movement at the interface contribute to the value of
the tan # that enables to estimate the bonding
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Figure 7. The storage and loss modulus and normalized
tan + as a function of temperature for PTT and
PTT/MWCNTs nanocomposites



between the interphase of the matrix and the CNTs.
The normalized tan# peak of nanocomposites (except
0.5 wt%) was narrower than for neat PTT, which
can be indicative of changes in the molecular
dynamics for the polymer nanocomposites. Inde-
pendent on the MWCNTs content, the T! is shifted
on tan# curves from 70°C for the neat PTT to 85°C
for PTT/ MWCNTs nanocomposites. This can be
due to reduction of the mobility of the PTT chains
around the nanotubes by interfacial interactions
between CNTs and polymer matrix. The values of
Tg determined form the peak maximum of tan# or E#
curves are found to be higher than from DSC data
because of the different frequency of perturbation
involved in their measurements and sample prepa-
ration. Samples studied by DMTA were prepared by
injection molding and then annealed at 80°C. As the
MWCNTs content increases, the increase of the
intensity of *-relaxation peak is observed for nano -
composites. As mentioned above this peak is asso-
ciated with the motions of the short chin-segments
of PTT and is cooperatively related to the glass
transition, the increase of these peak associated
with this transition can be regarded as evidence for
partial activation of PTT chains by the COOH func-
tionalized MWCNTs.

3.7. Mechanical properties of
nanocomposites

The tensile properties of the synthesized PTT/
MWCNTs nanocomposites are listed in Table 5 and
representative stress-strain curves are shown in Fig-
ure 8. The variation of tensile strength and tensile
modulus of the nanocomposites are shown in Fig-
ure 9. As the content of the MWCNTs increase to
0.3 wt%, the nanocomposites tensile strength and

Young’s modulus increases. However, further addi-
tion of MWCNTs (0.4–0.5 wt%) lowers tensile
strength and Young’s modulus, but their values are
still comparable or higher (modulus) to neat PTT.
The values of elongation at break are higher or
comparable to the neat PTT. SEM analysis (Fig-
ure 2) have shown that the CNTs are well distrib-
uted in the polymer matrix for all concentrations,
note that the increase of CNT content does not lead
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Table 5. Tensile properties and brittleness of PTT/MWC-
NTs nanocomposites

E – tensile modulus;  (b – stress at break; $b – elongation at break;
B (=1/($b·E$)) – brittleness [61]

Sample E
[GPa]

#b
[MPa]

$b
[%]

B
[1010··(%··Pa)]

PTT 2.10±0.03 69.1±2.6 4.3±0.3 1.089
PTT/0.05 2.20±0.04 70.5±2.2 4.4±0.5 0.847
PTT/0.1 2.21±0.05 72.4±2.9 4.6±0.6 0.861
PTT/0.2 2.22±0.04 73.4±2.7 4.2±0.5 0.773
PTT/0.3 2.25±0.04 74.5±1.5 4.7±0.4 0.641
PTT/0.4 2.25±0.03 69.2±2.9 4.2±0.5 0.801
PTT/0.5 2.24±0.05 69.7±3.3 4.4±0.4 0.836

Table 4. DMTA properties of PTT and PTT/MWCNTs
nanocomposites

E$ – storage modulus at 25°C and 1 Hz; T! – temperature of !-relax-
ation corresponding the glass transition determined from maximum
of loss modulus (E#) and tan#

Sample E% at 25°C
[MPa]

T& (E')
[°C]

T& (tan()
[°C]

PTT 2136 59 70
PTT/0.05 2683 70 85
PTT/0.1 2524 70 85
PTT/0.2 3081 70 85
PTT/0.3 3316 70 84
PTT/0.4 2971 70 85
PTT/0.5 2716 70 84

Figure 8. Representative stress strain curves of nanocom-
posites

Figure 9. Stress at break and Young’s modulus of nanocom-
posites as a function of MWCNTs weight fraction



to formation of visible agglomerates (except small
entangled CNTs structures) in the bulk volume of
the polymer. When two immiscible phases such
PTT and MWCNTs meet, the interaction between
them occurs at their interfaces. At the interface, the
net internal force of each phase is not zero and will
lead to the appearance of a tension called interfacial
tension. Interfacial tension is somewhat similar to
surface tension in that cohesive forces are also
involved [60]. However, the main forces involved
in interfacial tension are adhesive forces, i.e., ten-
sion between phases. The interphase in PTT nano -
composites is influenced by the Van der Waals forces
between MWCNTs and PTT matrix. Additional
effect can rise from the interactions of the COOH
functional groups at the surface of MWCNTs with
ester groups of PTT molecules (hydrogen bonds)
and from the interactions between the graphene
rings of the MWCNTs and benzene rings of tereph-
thalate moiety. The increase of the tensile strength
can be attributed to strong interphase interaction
between the matrix and the CNTs. The lower values
of tensile strength of nanocomposites compared
with neat PTT could be explained by the lower
molecular weight (Table 1) of PTT. The molecular
weight strongly affects the cohesion of polymer. It
was mentioned earlier, that the syntheses of PTT/
MWCNTs nanocomposites was carried out to the
define viscosity of the reaction mixture at estab-
lished temperature, which was controlled by the
stirrer torque. The presence of CNTs strongly influ-
ence on the melt viscosity of polymer and hence the
molecular weight of polymer in composites (0.3–
0.5 wt%) have lower values of molecular weight
compared with neat PTT. Brittleness of the nanocom-
posites was calculated by Equation (4) [61]:

                                                           (4)

where $b is the tensile elongation at break an E$ is
the storage modulus determined at 1 Hz and 25°C
by DMTA. It can be seen (Table 5) that addition of
CNTs reduces the brittleness of the nanocompos-
ites. Brittleness of nanocomposites shows opposite
tendency to the tensile strength, i.e. brittleness was
found to decrease with the CNTs loading until
0.3 wt%, while at CNTs loading above 0.3 wt%
increase.

In recent years, many studies with different focuses
on mechanical properties of polymer/CNTs com-
posites have been published. Due to the extraordi-
nary mechanical properties, high aspect ratio and
low density, the outstanding potential of CNTs as
reinforcements in many polymer composites is evi-
dent. For example, the mechanical properties
improvement was observed for the polyacronitrile/
CNTs [62] composite fibers containing single wall
carbon nanotubes (SWCNTs), double wall carbon
nanotubes (DWNCTs) and multiwall carbon nan-
otubes (MWCNTs). The low-strain properties (mod-
ulus and thermal shrinkage) were most improved by
SWNT, while the high-strain properties were most
improved by MWCNTs. Gao et al. [63] have stud-
ied the nylon 6/CNTs composites fibers, which
were prepared by in situ ring-opening polymeriza-
tion of caprolactam in the presence of carboxylated
SWNTS. These composites containing 1 wt% of
SWCNTs show a 153% increase in Young’s modu-
lus and 103% increase in tensile strength. Rein-
forcement effects were also observed by adding of
CNTs in polystyrene [64], epoxy resin [65], poly
(ethylene oxide) [66]. Nevertheless, for many poly-
mer/CNTs nanocomposites a critical CNTs content
in the matrix could be found when the CNT rein-
forcement effect on randomly oriented polymer/
CNTs composites was studied. Below this content,
the reinforcement effect for polymer/CNTs com-
posites increases with increasing CNT content.
Above this content, the strength of the polymer/
CNTs composites decreases, and in some cases,
even lower than that of the polymer matrix. For
example, the epoxy/CNT [67] and polypropylene/
CNT [68] composites shows the critical CNTs con-
tent at about 0.5 wt%. At higher CNTs content, the
extent of improvement in mechanical properties
might be limited by the high viscosity of the com-
posite and by poor load transfer between CNTs and
polymer matrix resulted from imperfect dispersion
and not completely covered some surface of the
CNTs by polymer matrix due to the large specific
area of CNTs. As will be noted in many reports,
most of randomly oriented polymer/CNTs compos-
ites show only a moderate or no strength enhance-
ment, especially for composites containing untreated
CNTs, mainly attributed to poor load transfer
between polymer matrix and CNTs.
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1
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3.8. Electrical properties
When electrically conducting particles such as car-
bon nanotubes are randomly distributed within an
insulating polymer matrix, the sample is non-con-
ducting, before a critical volume fraction of the
conducting phase is reached. This critical value is
known as the percolation threshold. In addition,
close to the percolation threshold, the electrical
properties show a nonlinear (critical) behaviour
characterized by small variations in the physical
parameters, such as temperature, composition or
voltage, result in large variations of electrical prop-
erties [69].The percolation threshold for the electri-
cal conductivity in polymer/CNTs nanocomposites
shows the complex dependence on a variety of fac-
tors, including nanotube characteristics (aspect ratio,
single- or multi-wall), and fabrication/processing
conditions, which affect the filler’s distribution and
orientation and the filler-matrix interactions [70].
Figures 10 and 11 show the alternating current con-
ductivity, at room temperature, as a function of fre-
quency and the conductivity measured at 0.1 Hz
respectively, for PTT nanocomposites with differ-
ent MWCNTs content. At loadings below 0.26 vol%,
the PTT nanocomposites exhibit a strong frequency
dependence of the conductivity, which is typical for
insulating materials. At loadings in excess of
0.20 vol% (percolation threshold), the composites
exhibited a conductive behaviour which is nearly
independent of frequency.
The critical concentration of MWCNTs dispersed in
PTT matrix can be estimated on the concept of
excluded volume for a system of randomly ori-
ented, nanotubes as capped cylinders by using Equa-
tion (5) [71]:

  (5)

where Vex (= 1.4) is total excluded volumes for con-
tinuum, randomly infinitely thin rods. The nan-
otubes were modeled as capped cylinders of radius
r = D/2 and length L, in the limit of very high aspect
ratio (r/L <<1) [71]. The critical volume percentage
of nanotubes was predicted to be 0.434 vol%, which
is about one half higher than of the experimental
value (0.262 vol%). This results indicate that con-

ductive pathways due to the content between adja-
cent nanotube are formed at lower content of nan-
otubes than was predicted. It can be also a result of
well-dispersion of short-thin MWCNTs in PTT
matrix, because the presence of aggregates usually
increase the conductivity percolation threshold.

4. Conclusions
In situ polycondensation of PDO and dimethyl tereph-
thalate in the presence of carboxylated MWCNTs
(with aspect ratio around 158) was carried to obtain
the PTT/MWCNTs nanocomposites. The poly
(timetylene terephthalates) (PTT), with average
molecular weight in range 4.3–3.7·104 g/mol were
obtained. The melting and glass transition tempera-
tures of nanocomposites obtained by non-isother-
mal crystallization (DSC results) were not signifi-
cantly affected by the presence of CNTs. Nanocom-
posites have slightly higher degree of crystallinity
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Figure 10. Frequency dependence of ac conductivity at
room temperature of PTT/MWCNTs nanocom-
posites with different MWCNTs content

Figure 11. Electrical conductivity of PTT/MWCNTs nano -
composites at frequency of 0.1 Hz and at room
temperature as a function of MWCNTs volume
fraction



than pure PTT. The study of the isothermal cold
crystallization of amorphous PTT and its nanocom-
posites monitored by dielectric spectroscopy reveals
that the presence of MWCNTs have influence on
crystallization rate, especially at higher concentra-
tion (0.3 wt%). Dynamic mechanical analysis stud-
ies revealed an enhancement of the storage modu-
lus, in the glassy state, up to 55% at an CNTs load-
ing of 0.3 wt%, and for nanocomposites the increase
the glass transition temperature about 10–15°C.
With increasing of MWCNTs loading from 0.05 to
0.3 wt%, the increase of tensile strength and Young’s
modulus of nanocomposites was found. All nano -
composites show reduction of brittleness in com-
parison to as compared to the neat PTT. The electri-
cal percolation threshold was found at an loading
between 0.3 and 0.4 wt% of MWCNTs.
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1. Introduction
A variety of materials have been used for replace-
ment and repair of damaged or traumatized tissues
[1–8].These materials include metals, ceramics,
polymers (natural and synthetic) and their combina-
tions. Polymers have great design flexibility because
their composition and structure can be tailored to
the specific needs [9, 10]. They are therefore attrac-
tive candidates for various clinical applications.
Synthetic biodegradable polymers, poly (esters)
based on polylactide (PLA), polyglycolide (PGA),
polycaprolactone (PCL) and their copolymers are
approved by the World Health Organization (WHO)

and Food and Drug Administration (FDA) as mate-
rials that can be used in medicine and pharmacy
[11–14]. Poly (DL-lactide-co-glycolide) (PLGA), a
biocompatible and biodegradable copolymer of
PLA and PGA, is widely used in various medical
applications; controlled release of delivering drugs,
scaffolds in the tissue engineering, fixation of bone
fractures, chirurgical strings, etc. [15–17]. PLGA
particles are used for the controlled delivery of sev-
eral types of medicaments, including anticancer
agents, antihypertensive agents, immunomodula-
tory drugs, hormones, vitamins, etc. [18–20].
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Scaffold provides temporary support for cell prolif-
eration and differentiated function, allowing neotis-
sue formation and initial remodeling [19]. The
choice of the best scaffold for a particular tissue
engineering application and how to change an exist-
ing scaffold to improve its performance are impor-
tant components of any tissue engineering research
project [19]. Numerous techniques have been used
for scaffold design, such as solvent casting/particu-
late leaching, phase separation, microsphere sinter-
ing, electrospining, emulsion freeze drying, fiber
extrusion, gas foaming and 3-D printing [19–21].
Many factors are important when designing materi-
als for use in biomedicine. The main advantage of
nano and microspheres used in tissue engineering,
compared to the more traditional macroporous
block scaffolds, is that nano and microspheres pos-
sess not only better drug-delivery properties, but
also the ability to fill the bone defects with irregular
and complex shapes and sizes [22]. The interstitial
space between the particles of the microspheres is
crucial for effective and functional bone regenera-
tion [22–24] as they allow for both bone and vascu-
lar ingrowths. Appropriate porosity is a crucial bio-
material design criterion for materials used in tissue
engineering applications as it can allow increased
cell adhesion, migration, proliferation and extracel-
lular matrix production within the scaffold at a tis-
sue defect site [25].
In controlled drug delivery porosity is also a very
important factor influencing the degradation process
of poly(DL-lactide-co-glycolide). The presence of
pores does not only increase the mobility of the
involved species (drug molecules, acids and bases),
but fundamentally alters the underlying drug release
mechanisms. Generally, the release of medicament
during the degradation process will be faster in case
of porous particles. A factor related to the sphere
porosity is, also, the initial burst effect, which cor-
responds to the rapid initial release of drug and is
normally followed by the relatively controlled lin-
ear release [26].
The goal of the study reported here was to investi-
gate the influence of different porogens on the mor-
phological characteristics and formation of pores in
PLGA based materials, nano and microspheres
obtained by physicochemical solvent/non-solvent
method, and also very important to eliminate the
release-delayed phenomenon of macromolecular

drug delivery system at the early stage of the degra-
dation. Porous, PLGA materials were prepared with
polyvinyl pyrrolidone (PVP) as a stabilizer and
with silicone oil, paraffin, hydrogen peroxide or
sodium chloride as a porogen. PVP acting as stabi-
lizer and dispersant i.e. has role to prevent coales-
cence or aggregation of the particles. In the process
of the preparation of the porous PLGA, we have
obtained non-particulate templates in the forms of
porous films and scaffolds. Using the synthesis pro-
tocol nanoparticulate PLGA materials were obtained
only in the absence of porogens [27]. Since the
recent studies have pointed out that the higher toxic
potential of nanomaterials in comparison to their
larger counterparts is most probably due to oxida-
tive stress as a consequence of increased production
of reactive oxygen species (ROS) [28, 29], it is very
important to establish ROS-inducing potential of
our model nanomaterial, PLGA nanospheres, which
is determined in this paper.

2. Experimental
2.1. Materials
Poly(DL-lactide-co-glycolide) (PLGA) was pur-
chased from Durect, Lactel (Birmingham, Ala-
bama, USA) and had a lactide-to-glycolide ratio of
50:50. Molecular weight of the polymer is 40000–
50000 g/mol. The time for its complete resorption
in the body is 4 to 8 weeks. Polyvinyl pyrrolidone
(povidone, PVP) was obtained from Merck Chemi-
cals Ltd (k-25, Merck, Germany). Silicon oil, sodium
chloride, hydrogen peroxide (all from Centrohem,
Serbia) and paraffin (melting point 53–57ºC, Merck,
Germany) were used as porogens. Cyclohexane
(boiling point 81°C, Merck, Germany), n-heptane
(Centrohem, Serbia) and distilled water were used
as solvents of a porogens.
The degradation medium used was phosphate
buffered saline (PBS, one tablet dissolved in 200 ml
of deionized water yields 0.137 mol/l sodium chlo-
ride, 0.01 mol/l phosphate buffer and 0.0027 mol/l
potassium chloride, pH is 7.4 at 25°C, Sigma-
Aldrich, St. Louis, USA) with sodium azide (Sigma-
Aldrich Chemie GmbH Germany ), 0.1 mol/l solu-
tion NaN3).
Chemicals for determining intracellular reactive
oxygen species formation (DCFH-DA assay) [30],
Minimal Essential Medium Eagle, penicillin/strep-
tomycin, L-glutamine, phosphate buffered saline,
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trypsin, foetal bovine serum, non-essential amino
acid solution (100!), and 2,7-dichlorofluorescein
diacetate (DCFH-DA) were obtained from Sigma
Aldrich (St. Louis, USA).

2.2. Preparation of PLGA nanospheres and
preparation of porous PLGA samples by
different porogens and different solvents
of the porogens

PLGA nano and microparticles were synthesized
following method previously described in our work
[31] i.e. by using physicochemical method with sol-
vent/nonsolvent systems where obtained solutions
were centrifuged. Polyvinyl pyrrolidone was used
as a stabilizer of the particles.
Briefly, commercial granules poly(D,L-lactide-co-
glycolide) (250 mg) have been dissolved in the ace-
tone (20 ml) and, after approximately two hours,
ethanol (25 ml) has been added into the solvent
mixture. PLGA was precipitated by the addition of
ethanol and the solution became whitish. The poly-
meric solution thus obtained has been very slowly
poured into aqueous PVP solution (0.05% w/w)
while continuously stirring at 1200 rpm by a stirrer.
After that porogen (silicon oil, paraffin, hydrogen
peroxide or sodium chloride) has been added into
the mixture and then the solution has been cen-
trifuged at 6000 rpm and at 5ºC for 120 min (Uni-
versal 320R, Hettich, Germany) and decanted. In
all experiments PLGA:porogen ratio was 1:10. This
ratio was used because; in case porogen content is
sufficiently high, the resulting pores must be with
some interconnectivity simply due to geometrical
packing. The sediment was placed into the Petri
dish and allowed to dry overnight at room tempera-
ture. The dried polymer films were removed from
the Petri dish and soaked in appropriate solvent for
72 h to remove the porogen. The solvent was
changed, approximately, every 12 h to allow the
porogen to leach out. Paraffin as porogen has been
removed from polymeric film with cyclohexane,
silicone oil with n-heptan and sodium chloride with
distilled water. This was repeated several times to
remove the porogen in its entirety. PLGA films
were vacuum dried (Vaciotem P-Selecta) for 48 h to
allow the solvent to evaporate.

2.3. The structural analysis of the samples
In order to investigate the characteristics of the
PLGA particles and PLGA porous materials obtained
with different porogens i.e. to confirm the quality
composition of the samples, X-ray diffraction
(XRD) has been used. Phase analyses were per-
formed by XRD, using a Philips PW 1050 diffrac-
tometer with Cu-K"1,2 radiation (Ni filter). Meas-
urements were done in 2# range of 10–70° with
scanning step width of 0.05° and 2 s of time per
step.
The quality analysis of the samples was, also, per-
formed using IR spectroscopy. IR spectra were
recorded in the range of 400–4000 cm–1 at a MIDAC
M 2000 Series Research Laboratory FTIR Spec-
trometer, at 4 cm–1 resolution.

2.4. Zeta potential measurements
Zeta potential was measured by Zetasizer (Nano
ZS, Model ZEN3600, particles size range for zeta
potential determination (5 nm–10 µm), Malvern
Instruments, Malvern, UK) using the principle of
electrophoretic mobility under an electric field.
Zeta potential is the function of dispersion/suspen-
sion pH which determines particle stability in dis-
persion.

2.5. Determining intracellular reactive oxygen
species formation – DCFH-DA assay

The formation of intracellular reactive oxygen
species (ROS) was measured spectrophotometri-
cally using a fluorescent probe, DCFH-DA as
described by Osseni et al. [30], with minor modifi-
cations [32]. DCFH-DA readily diffuses through
the cell membrane and is hydrolyzed by intracellu-
lar esterases to non-fluorescent 2#,7#-dichlorofluo-
rescin. It is then rapidly oxidized to highly fluores-
cent 2#,7#-dichlorofluorescein in the presence of
ROS. The DCF fluorescence intensity is propor-
tional to the amount of reactive oxygen species
formed intracellularly. H2O2 is the principle ROS
responsible for the oxidation of DCFH-DA to DCF
[33].
In this assay we used cells HepG2, which were
grown in Minimal Essential Medium Eagle medium
containing 10% foetal bovine serum, 1% non-essen-
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tial amino acid solution, 2 mM L-glutamine and
100 U/ml penicillin plus 100 µg/ml streptomycin at
37°C in humidified atmosphere and 5% CO2. 
HepG2 cells were seeded at a density of
75 000 cells/ml into 96-well, black, tissue culture
treated microtiter plates (Nunc, Naperville IL,
USA) in five replicates. After 20 h of incubation at
37°C in 5% CO2, cells were incubated with 20 µM
DCFH-DA. After 30 min, DCFH-DA was removed
and cells were treated with 0, 1, 10, 25, 50 and
66,5 µg/ml of PLGA nanoparticles without poro-
gens in PBS. In each experiment were included
negative control (non-treated cells), positive control
(0,5 mM t-BOOH) and a vehicle control (5% emul-
sion; emulsion consists of acetone, ethanol and PVP,
in the same ratio as used in the experiment, without
PLGA) in order to exclude possible effects of the
solvent (emulsion). For kinetic analyses the dishes
were maintained at 37°C and the fluorescence inten-
sity was determined every 30 min during the 5 h
incubation using a microplate reading spectrofluo-
rimeter (Tecan, Genios) at the excitation wave-
length of 485 nm and the emission wavelength of
530 nm.
Statistical significance between treated groups and
controls was determined by two tailed Student’s t-
test and P<0.05 was considered as statistically sig-
nificant. Two independent experiments with five
replicates were performed.
In our study we tested ROS-inducing potential of
PLGA nanoparticles without porogens only and we
did not test ROS-inducing potential of porous
PLGA material, since it is much more difficult to
perform testing of material in form of the scaffold
than of particles that can be dispersed. Testing of
materials in the form of scaffold requires seeding of
cells onto material surface instead of seeding onto
plastic surfaces, which is regularly used for in vitro
toxicology tests. For the analysis of ROS-inducing
potential of such material it is necessary to detach
the cells from the material (with trypsinization or
cell scraping), process that itself generates cellular
oxidative stress and result in artificial changes in
fluorescence, due to which we can observe false
positive results. Because of this we tested only
ROS-inducing potential of PLGA nanoparticles
without porogens.

2.6. Morphology studies
The morphology of obtained nano and microparti-
cles and porous samples was evaluated by scanning
electron microscope (SEM) (JEOL JSM-639OLV)
and SUPRA 35 VP Carl Zeiss field emission scan-
ning electron microscope (FESEM). The powder
samples for SEM analysis were coated with gold
using the physical vapour deposition (PVD) process.
Samples were covered with gold (Baltec SCD 005
sputter coater), using 30 mA current from the dis-
tance of 50 mm during 180 s. SEM recordings were,
also, used to obtain information about profiles and
sizes of the particles and pores.

2.7. Water absorption
Water absorption of the polymeric films or scaf-
folds was measured in the manner described in
detail elsewhere [34–38]. Water absorption was
measured by immersing the samples in distilled
water for a predetermined time span (55 hours), then
the samples were taken out and dried by removing
the free water on the surface with filter paper and
weighed (W1). Then the samples were thoroughly
vacuum-dried and weighed again (W2). The water
absorption could be calculated as shown in Equa-
tion (1) and five specimens were averaged.

    (1)

2.8. In vitro degradation studies 
The degradation of PLGA nanoparticles and PLGA
porous materials obtained with sodium chloride as
porogen were studied during the 39 days in phos-
phate buffered saline as a degradation medium.
Taking into account that the degradation products
of PLGA, among others, are lactic and glycolic acid
[31], a calibration curve for lactic acid was made.
By tracking the increase of the concentration of lac-
tic acid in the solution, the degradation of the sam-
ples was monitored.
The concentration of lactic acid in the phosphate
buffered saline as a release medium was determined
by UV spectroscopy. Based on measuring absorbance
of the solution with a known concentration of lactic
acid at 220 nm, a calibration curve was prepared.
The linear relationship between light absorbance at

Water absorption 3, 4 5 W1 2 W2
W2

· 100Water absorption 3, 4 5 W1 2 W2
W2

· 100
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220 nm and lactic acid concentration is shown
according to the Beer-Lambert Law (Equation (2)):

A = $cl                                                                  (2)

where A is absorbance at sample concentration c (in
this case concentration of the lactic acid [mg/ml]),
l is path length of quartz cell and $ is the absorptiv-
ity. By applying this standardized relationship, PBS
solution, in which the samples were suspended, was
analyzed to determine the concentration and amount
of lactic acid as product of the degradation of
PLGA samples whether it is porous or whether it is
not porous. The in vitro degradation of PLGA nano -
particles and PLGA porous materials obtained with
sodium chloride as porogen was studied by sus-
pending samples in PBS in the absence of light at
37±1ºC (VIMS elektrik, SCG). Measurements of
the degradation of both samples were undertaken
by exposing 2 mg of the sample to 2 ml of PBS.
The UV measurements were performed on GBC,
Cintra 101 UV-VIS Spectrophotometer in the fre-
quency interval of 200–400 nm.

2.9. pH measurements
The pH of the physiological solution has been
measured using pH indicator strips obtained from
Merck (KGaA, Germany) at various time periods
(during the 39 days) to follow the acidity of the
degrading medium with time.

3. Results and discussion
3.1. The structural analysis of the samples
The IR spectra illustrate all characteristic groups for
copolymer poly(DL-lactide-coglycolide). The IR
spectra of PLGA show peaks at 2995, 2948 ,
2841 cm–1 (C–H bend of the –CH2 and –CH3
group), 1769 cm–1 (C=O ester), 1461, 1425,
1370 cm–1 (C–H bend of the CH3 group), 1150,
1069, 987 cm–1 (C–O stretch), 735, 510 cm–1 (C–H
bend). The IR spectra, also, shows a broad band in
the range 3100–3600 cm–1 which belongs to the
OH$ group of the water molecule [39, 40].
The X-ray diffractograms of PLGA nanoparticles
and PLGA porous materials are presented in Fig-
ure 1. PLGA did not exhibit any crystalline peak

under the present experimental conditions because
PLGA is amorphous. Also, X-ray patterns show that
there is no presence of residual porogens in the
samples (Figure 1b–d). On the Figure 1e strong
background and the up-shift of the broad structure
can be observed. We may assume this is probably
related to residual sodium chloride. However, as
known from the literature [41], sodium chloride is
crystalline and has strong peaks at 2# = 31.8, 45.6
and 66.2º assigned to (200), (400) and (220) planes
respectively, which are not present. Thus we con-
clude the amount of the residual sodium chloride is
negligible.

3.2. Zeta potential measurements
PVP was used as a stabilizer which creates nega-
tively charged PLGA particles, that is, induces a
specific zeta potential. PVP reduces the agglomera-
tion because the particles of the same charge are not
attracted to each other. A refractive index (RI) value
of 1.4 was used in determination of the size of
nanoparticles. The RI value is estimated from prod-
uct literature values for the RI of polylactic acid
(1.35–1.45, Natureworks LLC) and for the monomers
(lactic acid = 1.42, glycolic acid = 1.41, Sigma-

                                           Stevanovi! et al. – eXPRESS Polymer Letters Vol.5, No.11 (2011) 996–1008

                                                                                                   1000

Figure 1. XRD patterns of a) PLGA particles prepared
without porogen, b) PLGA obtained with silicone
oil as porogen and n-heptan as solvent of the
porogen; c) PLGA obtained with paraffin as poro-
gen and cyclohexane as solvent of the porogen;
d) PLGA obtained with hydrogen peroxide and
e) PLGA obtained with sodium chloride as poro-
gen and water as solvent of the porogen

Table 1. Zeta potential of PLGA dispersion and size of PLGA particles in dispersion

Values given are mean ± standard deviation (n = 5).

Particle size [nm] pH Polydispersity index Zeta potential [mV]
PLGA2 275±5 4.30–4.37 0.053 –9.5±0.3



Aldrich Corp.) [42]. The polydispersity index (PDI)
which is a dimensionless number indicating the
width of the size distribution, having a value
between 0 and 1 (0 being for monodispersed parti-
cles) was also obtained (Table 1).
Values for the size of particles from the dispersion
of the same sample determined by Malvern particle
analyzer were bigger from the values obtained by
SEM for particles of the powder of the same sam-
ple. The reason is, as we reported earlier [43], that
time and velocity of centrifugal processing influ-
ences the morphology (size and shape) and unifor-
mity of PLGA polymer powder. An influence of the
centrifugation process on the particle sizes is sup-
ported by the fact that coefficient of friction for
smaller and more compact spherical particles is less
than those with irregular shapes and same mass,
which makes spherical particles sediment faster
[43]. Also, values for sizes of the particles in the
dispersion can be bigger because of the hydrody-
namic effect, layer of ions around the particles,
aggregates of the particles, etc [44].

3.3. Induction of intracellular ROS formation
HepG2 cells are of human origin and retain many of
the specialized liver functions and drug metaboliz-
ing enzyme activities present in human hepato-
cytes. They are considered to better reflect the
processes in normal human liver than other in vitro

toxicity test systems. In our previous study we have
shown that exposure of HepG2 cells to 0, 1, 10, 25,
50 and 66,5 µg/ml of PLGA nanoparticles for 24 h
did not affect the viability of the cells [18]. There-
fore, these concentrations were used in further
experiments.
Exposure of HepG2 cells to PLGA nanoparticles
did not induce significant increase of DCF fluores-
cence intensity, while exposure to t-BOOH, the posi-
tive control, induced significant, up to six fold
increase in DCF fluorescence intensity over the
control, non-treated cells (Figure 2). Based on these
results we conclude that PLGA nanoparticles are
not inducers of intracellular ROS formation.

3.4. Morphology studies
The morphological characteristics of the particles
are extremely important for the controlled drug
delivery and tissue engineering and particularly
influence the adhesion and interaction with cells
(intracellular uptake). Dynamics of the release (rate
and concentration) depends on the morphology, i.e.
structure of the copolymer.
The morphological characteristics of PLGA parti-
cles and PLGA porous materials obtained with dif-
ferent porogens, were observed by a scanning elec-
tron microscope. Different morphologies of PLGA
were prepared using no porogen, and silicon oil,
paraffin, hydrogen peroxide or sodium chloride as
porogens. By using different porogens the samples
with diferent morphological characteristics, at
macroscopic and as well on microscopic level, were
obtained.
From the micrograph of non-porous PLGA particles
it is visible the particles have spherical shape,
smooth surface, low level of agglomeration and high
level of uniformity (Figure 3). The size distribution
of all nanoparticles was unimodal with sizes of
about 100–200 nm. The particles are without cracks
and pores.
From SEM images of PLGA material obtained in the
experiment with silicone oil as porogen and n-hep-
tan as solvent of the porogen it is visible that use of
silicon oil as porogen has no major impact on the for-
mation of pores in the sample (Figure 4). The parti-
cles are much agglomerated and they create the
film. On the film cracks and roughness can be seen.
In the sample spherical particles of smaller and larger
sizes that are distributed sporadically are still present.
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Figure 2. PLGA-induced intracellular ROS formation in
HepG2 cells. The HepG2 cells were pretreated
with DCFH-DA (20 µM) for 30 min, washed and
then exposed to different concentrations of
PLGA (0, 1, 10, 25, 50 and 66,5 µg/ml) or
0,5 mM t-BOOH as the positive control (PC).
DCF fluorescence intensity was measured at
30 min intervals during the 5 h incubation. Each
point represents the mean of five replicates (±SD)
of two independent experiments. (*) denotes a
significant difference (p < 0,05).



SEM images revealed porous morphologies of the
samples when paraffin was used in the experiment
as porogen and cyclohexane as solvent of the poro-
gen (Figure 5). We can see from SEM micrographs
that the resulting pores are with irregular shapes
and without a good interconnectivity.

Figure 6 shows SEM observation of the interior
pore structure of PLGA material obtained in the
experiment when hydrogen peroxide was used as
porogen. In this case the sample with high porosity
and with good interconnectivity was obtained. The
pores are with spherical but also irregular shapes.
The pore size has mean value of about 10 µm.
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Figure 3. FESEM images of PLGA particles obtained in the experiment without porogen (a–d)

Figure 4. SEM images of PLGA material obtained in the experiment with silicone oil as porogen and n-heptan as solvent of
the porogen (a–c)

Figure 5. SEM images of PLGA material obtained in the experiment with paraffin as porogen and cyclohexane as solvent
of the porogen (a–c)



Figure 7a–b shows digital photographs of PLGA
material obtained with sodium chloride as porogen.
PLGA porous material appeared well formed and a
highly porous sponge-like where the pores are sim-
ilar in the size and shape.
The optimum morphological characteristics were
obtained when sodium chloride was used as pore
former. SEM micrographs showed that porous
PLGA scaffolds obtained in the experiment with
sodium chloride as porogen and water as solvent of
the porogen had apparently uniform pore morphol-
ogy with spheroidal pore in shape and well con-
trolled three-dimensional interconnected network
(Figure 7c–f). This PLGA samples are highly porous
with similar porosity values. The pore size varies
from 50 to 150 µm based on SEM images. The uni-
fied and well organized porous structure can be
seen. It is evident that pores have more precise con-
tours.

3.5. Water absorption
In the literature, it has been reported that wetting of
a polymer scaffold is very important for homoge-
neous and sufficient cell seeding throughout the
porous scaffold [38]. To evaluate hydrophilicity of
PLGA porous samples water absorption was meas-
ured. The water absorption of the samples changed
with their porosity (Figure 8). PLGA porous scaf-
folds obtained with sodium chloride as porogen
exhibited higher water absorption than other sam-
ples. It could be seen that the water absorption
increased with the degree of porosity increasing and
all the samples had higher water absorption than
non-porous PLGA.

3.6. Degradation studies
The degradation of PLGA particles and PLGA
porous materials obtained with sodium chloride as
porogen was measured in PBS as a degradation
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Figure 6. SEM images of PLGA material obtained in the experiment with hydrogen peroxide as porogen (a–i)



medium during the 39 days (Table 2). By the end of
39 days, the samples have fully degraded and there
were no more traces of them in the solution. Litera-
ture describes two approaches for the study of poly-
meric degradation and they vary according to whether
examination is under dynamic or static conditions
[45]. In our case degradation of non-porous and
porous PLGA was measured under static condi-
tions. It was observed, the degradation medium, in
which porous PLGA was suspended, at the begin-
ning of the process of the degradation (measured in
the second day), contains much more lactic acid
than degradation medium in which PLGA nanopar-
ticles were suspended, which means porous PLGA
degrades faster (Table 2 gives cumulative concen-
trations of the released lactic acid). The release-
delayed phenomenon of macromolecular drug
delivery system at the early stage of the degradation
was eliminated in the case of porous PLGA
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Figure 7. a–b) Macroscopic observation of PLGA scaffold obtained with NaCl as pore former and c–f) SEM images of
PLGA material obtained in the experiment with sodium chloride as porogen and water as solvent of the porogen

Figure 8. Change of water absorption of various PLGA
porous samples in comparison with non-porous
PLGA as function of time: a) non-porous PLGA
particles; b) porus PLGA material obtained with
silicone oil as porogen and n-heptan as solvent of
the porogen; c) with paraffin as porogen and
cyclohexane as solvent of the porogen; d) with
hydrogen peroxide as porogen and e) with
sodium chloride as porogen and water as solvent
of the porogen



obtained with sodium chloride as porogen and
water as solvent of the porogen. The explanation for
this phenomenon is very simple. During the degra-
dation process the non-porous PLGA particles are
in a very close contact which brings to higher
agglomeration of the particles and creation of the
porous film [18]. The degradation of the PLGA
becomes faster when the degradation medium passes
through the polymeric membrane, i.e. the degrada-
tion is more rapid when polymeric film becomes
sufficiently porous. We have already elaborated this
process elsewhere [18]. The sample obtained in the
experiment with sodium chloride as porogen and
water as solvent of the porogen has already porous
structure so degradation becomes more rapid with-
out delay, i.e. immediately and so the release of,
potentially encapsulated, drug will be starting, also,
without delay.

3.7. pH measurements
The pH of PBS solution has begun to decrease,
approximately, after 48hrs of storage, in the case of
porous PLGA when sodium chloride was used as
pore former as well as in the case of non-porous
PLGA (Figure 9). This is presumably due to an
accumulation of lactic and glycolic acid. PLGA
degrades via backbone hydrolysis (bulk erosion)
and the degradation products are the monomers, lac-
tic acid and glycolic acid. It could be expected that
the faster degradation of the lower molar mass frac-
tion, present in copolymer, increases the local acid-
ity, thereby, accelerating the hydrolysis of higher
molar mass species. In another words, when acid
accumulation creates a local pH drop, catalytic
degradation of the polymer itself occurs [24]. The
pH of PBS medium in which porous PLGA scaffold
was stored decreases faster at the beginning of the
degradation and the reason for these phenomena is
that the degradation medium diffuse through the
sample i.e. medium passes into pores of the sample.
Also, as already noted, PLGA porous scaffolds
obtained with sodium chloride as porogen exhibited

higher water absorption than other samples and
degradation medium in which PLGA porous scaf-
folds were suspended contains more lactic acid
after two days of the degradation. In the case of non-
porous PLGA, during the degradation process the
particles are in a very close contact which leads to
higher agglomeration of the particles and formation
of the porous film [18]. The degradation becomes
more rapid when polymeric film becomes suffi-
ciently porous. Because of that, after approximately
20 days, degradation of newly generated porous film
(initially non-porous PLGA particles) becomes faster
and thus it comes to a faster decrease of pH than in
the case of pH of the porous PLGA scaffold. Thin
PLGA films degraded faster than thick scaffold
because thin films had a greater surface area to vol-
ume ratio and thus a greater extent of degradation
medium uptake.

4. Conclusions
The physicochemical method has produced non-
agglomerated PLGA nanospheres with spherical
and uniform shapes. We have shown that PLGA
nanospheres are not cytotoxic and they do not induce
increased production of ROS for HepG2 cells in
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Table 2. The concentration of lactic acid calculated on the basis of absorbance at the wavelength of absorption maximum at
220 nm from spectra recorded after 39 days of the degradation and calibration curve for lactic acid

The data are presented as mean values of three independent

Absorbance at 220 nm Concentration [mg/ml]
After two days After 39 days After two days After 39 days

PLGA 0.068 0.507 0.07 1.00
Porous PLGA (NaCl as pore former) 0.242 0.561 0.42 1.12

Figure 9. Changes in the pH of the degradation medium
with time for the PLGA in the case of a) non
porous PLGA nanoparticles and b) porous PLGA
obtained when sodium chloride was used as pore
forme



vitro, which is an optimistic result for usage of PLGA
nanospheres for in vivo applications. Porous poly
(DL-lactid-co-glycolid) materials were fabricated
using different porogens, silicon oil, paraffin, hydro-
gen peroxide or sodium chloride. It was found that
silicon oil as porogen has no major impact on the
formation of pores in the sample. Paraffin leads to
the formation of pores with irregular shapes and
without a good interconnectivity. When hydrogen
peroxide was used as porogen, sample with high
porosity and with good interconnectivity was
obtained but pore size has mean value only of about
10 µm. SEM micrographs showed that porous PLGA
scaffolds obtained in the experiment with sodium
chloride as porogen and water as solvent of the
porogen had apparently uniform pore morphology
with spherical pore in shape and well controlled
three-dimensional interconnected network. These
PLGA samples are highly porous with similar
porosity values and exhibit higher water absorption
than porous samples obtained with another poro-
gens. To eliminate the release-delayed phenomenon
of PLGA macromolecular drug delivery system at
the early stage, biodegradable implantable drug
delivery system with porous structure was designed
when sodium chloride was used as pore former and
by physicochemical solvent/non-solvent method. An
important clinical application of this porous PLGA
material is reflected in the case of many chronic
diseases where long term therapy is needed, but one
has to start treatment immediately. Besides for the
controlled delivery of drugs, this porous material is
also very suitable in many other biomedical appli-
cations, for example in tissue engineering because
it provides the required properties needed for the
survival of cells (cell adhesion, proliferation, migra-
tion, and/or differentiation) and formation of tissue.
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1. Introduction
Due to their versatility and easy shaping properties,
polymers have successively replaced classic materi-
als such as wood and leather for automobile interi-
ors since the middle of the last century. Especially
thermoplastic polyolefin (TPO) compounds based
on isotactic polypropylene (iPP) as matrix polymer
are widely used as interior parts (e.g. instrument
panels, pillar trims, door claddings) in the automo-
tive industry. The property spectrum of this poly-
mer class is very broad and can be tailored by vary-
ing the type and content of elastomers and fillers as
well as the use of special additives [1–8]. The mate-
rial can be adjusted to achieve desired properties
with regard to the original part manufacturer (OEM)
specifications, with the key material properties con-

sidered for interior applications illustrated in Fig-
ure 1.
The OEM specifications require a balanced mechan-
ical performance in combination with a material
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Figure 1. Illustration of the considered material specifica-
tions for plastics for automotive interior applica-
tions



surface offering high scratch resistance, low gloss,
and good ‘surface feel’ or haptics [9]. Haptic prop-
erties refer to the subjective surface impression dur-
ing touching and qualitatively rank between com-
pletely non-tacky surfaces and tacky surfaces gen-
erally characterized by a high level of adhesiveness
[10]. Although adhesiveness might be required in
many applications, like adhesive tapes or notes, it is
highly undesirable for automotive interior parts. In
some cases, OEMs observed tackiness on part sur-
faces after weathering (elevated temperature and
UV-irradiation, among other parameters) and
assumed that the migration of incorporated addi-
tives is a main driver for this phenomenon. The
migratory additives in TPO-compounds include
antioxidants, UV-stabilizers, anti-scratch additives
and mould release agents. Other possible sources of
surface adhesion are amorphous low molecular
weight fractions of the polymer composition itself
[11].
A major concern around the surface tack phenome-
non is the lack of an appropriate test method and
standardized test equipment or methodology to
characterize this important phenomenon. It can
hardly be compared to tack measurements for adhe-
sives [12, 13] because the respective tack forces are
orders of magnitude lower than for e.g. for pressure-
sensitive adhesives while the complex detachment
phenomena like cavitation [14] will not play a role.
For pure elastomers (like natural rubber) surface
tack measurement is an established method and
mostly related to the quantification of adhesive
forces [10, 15] with short contact time measure-
ments playing an important role  [16, 17]. For poly-
mers, such measurements have been developed for
the film area [18] but rather with a focus on self-
adhesion as desired for cling films. Rigid surfaces
not subjected to a coating or painting process have
mostly been neglected in this respect so far.
In the automotive area, OEMs and material suppli-
ers have previously designed their own methods to
assess tackiness. Most of these techniques make use
of haptic reference scales or describe the correspon-
ding sensory perception  [9, 12, 19]. One example is
the ‘Sensotact tactile reference frame’ (manufac-
turer: Cemas, Besançon, France). This reference
scale consists of a set of ten descriptors, each made
up of five reference parts in ascending order of
sense of touch intensity. Each descriptor represents

a different haptic sense. In this way, Sensotact dis-
tinguishes ten surface characteristics, which are
determined according to specific finger movements
– orthogonal or tangential – across the surface. To
determine the tackiness of a surface, the index, mid-
dle, and ring fingers are lightly pressed onto the sur-
face at an angle of about 15°. The resistance felt
during the subsequent lifting of the fingers is
regarded as a measure for tack [20]. Unfortunately,
these methods generally lack reproducibility as they
are based on testers’ impressions of surface tack
which are quite subjective, time-consuming and dif-
ficult to compare between laboratories.
An attempt to really quantify the tackiness of plas-
tic surfaces was made by Huber and Solera [21] in
adapting a film block tester normally used to deter-
mine the block strength or lubricity of plastic films.
In order to assess the tackiness of artificially aged
plates, low density polyethylene (LDPE) films were
pressed onto the still-warm plates (30 min with a
load of 5 kg). After a defined conditioning period,
the films were peeled off with the block tester, and
the adhesive force recorded. With this setup it could
be shown that under corresponding UV radiation of
the components, the decomposition products of eru-
camide resulted in higher film adhesion. No attempt
was made to relate the measured forces to human
perception, and the film block tester only permitted
a differentiation of adhesive forces up to 21 N. All
samples with higher values were classified as ‘bad’.
The target of the present study was therefore to
develop a test setup and surface tack method suit-
able for the characterization of rigid surfaces typi-
cal for automotive interiors, the results of which
should be related to those of a haptic panel, i.e.
human perception. An important factor in designing
the experiment should be a realistic contact time,
avoiding both the very short contact typical for
elastomer testing (0.1 s, see [17]) and the very long
times for film block testing (30 min, see [21]).

2. Experimental work
2.1. Materials and specimen preparation
Three different model TPO-compound formula-
tions based on a high-impact ethylene-propylene
copolymer from sequential copolymerization in a
reactor cascade [22] were used for these investiga-
tions. The compounds were formulated with vary-
ing amounts and types of slip agents to reduce
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scratch sensitivity, while the other constituents (base
resin, talc, antioxidants and UV-stabilizer) were
kept constant. The base polymer was a commercial
grade having a melt flow rate (melt flow rate
(MFR) 230°C/2.16 kg, ISO 1133) of 18 g/10 min
and a total ethylene content of 20 wt%, to which
11 wt% high density polyethylene (HDPE) (density
964 kg/m3) and 17 wt% talc (Steamic T1CA, Luze-
nac, France) as well as a stabilization package and
carbon black were added. One migratory additive,
oleamide (Crodamide OR, Croda, Italy) at 0.15 wt%
was compared to the neat material and a silicone
(Tegomer Antiscratch 100, Evonik, Germany) as
non-migratory additive at 2.0 wt%.
The stickiness test was performed on injection
moulded ‘VW’ multigrain plaques (see Figure 2)
with a film gate using the grain K29 to characterize
the tackiness. The K29 surface is defined as a grain
with a grain depth of 0.01 mm, and a minimum draft
angle of 1° for ejection from the injection moulding
tool [23]. The section with this grain was cut out
from the plaque with a bench shear.
As the surface tack phenomenon is often considered
as a consequence of weathering conditions, the mate-
rial examination was performed after various inter-
vals of weathering. The specimens were faced around
a light source in an environmental chamber (Weath-
erOmeter Ci4000, Atlas Material Testing Technol-
ogy GmbH; Linsengericht, Germany) and artifi-
cially weathered. The Kalahari weathering condi-
tion in dry and hot climate was performed, which is
a well-known test in the automotive industry [24].
The weathering conditions of the chamber were:
–!light source: Xenon arc light
–!filter: Pyrex S
–!black standard temperature: 90°C
–!chamber temperature in the dry phase: 50°C

–!relative humidity: 20%
–!intensity of irradiation (300–400 nm): 75 W/m2.
In the current investigation the specimens were irra-
diated for 24, 48, 96, 192, and 384 h. After the UV-
exposure, the specimens were conditioned for
approximately 1 h at 23°C and 50% relative humid-
ity before testing surface tack.

2.2. Test setup and surface tack investigation
The requirements for an ideal surface tack measure-
ment were summarized as follows:
–!objective measured values instead of human
impression
–!reproducible and reliable results
–!good correlation of test results to human impres-
sion of stickiness
–!easy to implement on existing equipment
–!short measurement times
–!flexible in terms of pre-treatment.
After evaluation of different concepts a promising
route was identified. The basic idea was to perform
a compression-tensile test combination, where a die
is first pressed vertically onto the specimen surface
with a constant controlled force. After a holding
time, the die is detracted at constant pull-off speed,
recording the maximum force necessary to remove
the die vertically as the surface tack force. This par-
ticular procedure of verifying stickiness is similar
to the manual assessment according to the Senso-
tact haptic frame [20].
First of all, the material of the die tip had to be cho-
sen for the further verification of the parameter
influences. Since this material is in direct contact
with the specimen surface, it should not contain any
migrating constituents and have elasticity and soft-
ness comparable to a human finger. This should
allow the material to adapt completely to a profiled
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Figure 2. Schematic demonstration of the VW multigrain plaque and topography of the cut-out specimen K29



surface as typical for automotive interior compo-
nents while not deforming plastically in the process.
Furthermore, it should be easy to process and have
good long-term availability. Several materials in a
Shore A hardness range from 40 to 70 were screened
and a natural rubber/styrene butadiene rubber (NR/
SBR) blend (Semperflex A 560, Semperit Techni-
sche Produkte GmbH, Wimpassing, Austria; see
[25]) was found to give the best balance between
hardness (surface adaptation and ‘finger-like’ behav-
iour) and surface tack (no plastic deformation and
enhanced adhesion).
An aluminium sheet was chosen as reference sur-
face to be measured prior to each test. The influence
of inherent engineering fluctuations of the die tip
elastomer on the test result was minimized, and the
reproducibility was increased by this procedure.
Moreover, to reduce the possibility of transferring
surface components from one specimen to another a
new die was used for each specimen characteriza-
tion.
For handling reasons, the elastomer was supplied
with a separating agent on its surface which caused
large fluctuations in the surface tack test results. In
order to minimize the fluctuations, different clean-
ing conditions using either acetone or water were
tested and the standard deviation was monitored.
Each cleaning method had several test runs which
were compared to a reference non-cleaned elas-
tomer. The acetone cleaned die tips were tested both
immediately after cleaning and after 24 h to verify

if there was a change of the elastomer surface
(swelling, acetone residuals etc.).
The mechanical properties of the die tip elastomer
also change over its lifetime, and the die tip will not
show the same behaviour after long time and/or
high temperature in surface tack testing. This influ-
ence factor was eliminated by using a new elas-
tomer die tip for each measurement, assuming the
properties to remain constant for the short testing
time window.
In principle, the test setup developed in the present
study can be adapted to any tensile testing machine
capable of handling the defined test parameters.
Figure 3 shows a schematic picture of the setup and
a photograph of the installation on the tensile tester.
For the current investigations an Instron tensile test-
ing machine (ElectroPuls E3000, Instron Deutsch-
land GmbH; Darmstadt, DEU) was used to perform
the experiments.
Each single surface tack measurement was per-
formed with this setup in the following way: After
the elastomer (NR/SBR) tip had been cleaned and
attached to the die by means of a double-side adhe-
sive tape, the tackiness force FT of both the alu-
minium reference and the specimen (sample) were
measured. Figure 4 shows an example of the force/
displacement curve from a reference measurement
on the aluminium plaque. The tack quotient QT was
calculated by Equation (1):

                                                (1)QT 5
FT, sample

FT, reference
QT 5

FT, sample

FT, reference
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Figure 3. Schematic test setup (a) and photograph of real equipment (b) for surface tack measurements



and averaged over a minimum of three successive
measurements.

2.3. Test parameter selection and reference
The main parameters of the stickiness test are the
compressive force (F), holding time (tH) and haul-
off speed (v). A number of other parameters such as
environment and specimen clamping were not con-
sidered or kept constant during the test. The tests
were performed at standard laboratory climate con-
ditions (+23°C and 50% relative humidity). A design
of experiments (DoE) was used to determine the
effect of the main factors on the measurement,
where for each factor two levels were selected.
A DoE with three factors and two levels (23)
required eight experiments to analyze the signifi-
cance and effect of each factor (see Table 1). The
design of experiments was applied according to
Montgomery [26]. The statistical analyses of vari-
ances (ANOVA) of the experimental results were
examined and the significances of the factors were
verified with the aid of the F-test (hypotheses test).
The effect of a factor or an interaction (i.e. the com-
bined impact of factors) is the difference in aver-
ages between the four treatment combinations at
high level minus the average of the four runs where
the factor or interaction is at the low level.
A haptic panel according to DIN 10963, which is
equivalent to ISO 8587 (2007) [27], was organized

as reference to verify if the human sense of touch is
correlating to the results of the surface tack test.
Consisting of about 30 persons of different ages and
genders, the testers were trained using a Sensotact
tactile frame [20] to assess and rank sticky surfaces
and operated at identical environmental conditions
as the mechanical test. The fact that the pH-value
and the moisture of the testers’ fingers also influ-
ence their sense of touch was not considered in the
haptic panel, and the testers were only instructed to
wash their hands. A separate specimen was pre-
pared from each material for each test person. The
results of the Friedman-Test show if the same spec-
imens are ranked significantly different by the
testers (general difference) and if pairs of speci-
mens are significantly different.

                                            Çakmak et al. – eXPRESS Polymer Letters Vol.5, No.11 (2011) 1009–1016

                                                                                                   1013

Figure 4. Force / displacement curve from the tack measurement process; the negative displacement shows the compression
of the die tip elastomer (tested material: aluminum reference)

Table 1. Tabulation of performed tests with different levels
of the factors according to a 23 design of experi-
ments; F – compressive force, tH – holding time,
v – haul-off speed

Number of
tests

F
[N]

tH
[s]

v
[mm/s]

1 –5 1 10
10 –5 1 100
5 –5 180 10
7 –5 180 100
8 –50 1 10
6 –50 1 100
4 –50 180 10
2 –50 180 100



3. Results and discussion
3.1. Cleaning conditions and reproducibility
The tests performed to select the most appropriate
die-tip cleaning conditions were also used to check
the reproducibility of the surface tack test. Table 2
summarizes the results of the four series performed
with different cleaning conditions, measuring the
non-equipped TPO-compound. It shows the clear
advantage of acetone as cleaning agent over water,
and the rather negligible effect of a waiting period
of 24 hours after cleaning, excluding the possible
problem of swelling or interaction between acetone
and the SBR material.

3.2. Parameter selection by DoE
After performing the test series indicated in Table 1
in randomized fashion and identifying both effect
level and interaction of the three investigated param-
eters, it can be deduced that all main and interaction
effects are significant for the response value (QT)
and thus for the tackiness test. However, the factor
F (compressive force) is clearly the most significant
factor for the tackiness value. Since the significance
of the factors tH (holding time) and v (haul-off speed)
is much lower, the standardized test parameters for
the further investigations were defined as factor F
at high level, tH and v at the center level:
–!compressive force, F  = –50 N
–!holding time, tH =   91 s
–!haul-off speed, v   =   55 mm/s
The test is also illustrated in the force/displacement
graph (see Figure 4), where the two phases of the
tackiness test and the tackiness force evaluation are
shown. The first phase is force controlled at –50 N
until the holding time (91 s) runs off. During this
phase, the die tip elastomer is creeping at constant
force. In the second phase, which is displacement
controlled (55 mm/s) the peak value in the force-
displacement curve was reported as tackiness force,

i.e. force needed to remove the die tip from the
specimen’s surface.

3.3. Composition effects and relation to haptic
panel results 

Figure 5 summarizes and compares the results from
the mechanical tack quotient measurements and the
haptic panel ranking for the three investigated com-
positions. While the correlation appears to be only a
qualitative one, the relative ranking of surface tack
between the newly developed test method and the
established method based on individual human per-
ception is clearly identical. It can therefore be
assumed that relative changes in surface tack result-
ing from variations of polymer composition can be
quantified or at least ranked reliably with the new
method.

3.4. Weathering effects and time dependence
The fact that surface tack of polymer components
change over times due to migration and ageing
effects has been mentioned before. To compare the
relative effects for the three investigated composi-
tions, artificial ageing according to the Kalahari
weathering conditions in dry and hot climate as
defined above were performed. As Figure 6 shows,
not only the absolute level of the individual compo-
sitions’ surface tack, but even the relative ranking
changed over time, pointing out the high impor-
tance of well defined sample preparation and pre-
treatment for achieving relevant results. The strong
variations at short time for both the reference com-
position and the one containing the migratory addi-
tive (oleamide) probably result from a combination
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Table 2. Tack force quotient results from checking the
influence of different cleaning conditions of the
elastomer die tips

Uncleaned Water Acetone Acetone/24 h
Measurement 1 0.68 0.53 0.38 0.39
Measurement 2 0.47 0.37 0.41 0.36
Measurement 3 0.30 0.44 0.35 0.36
QT average 0.68 0.53 0.38 0.39
S.dev. QT 0.19 0.08 0.03 0.01

Figure 5. Comparison of results from tack force measure-
ment and haptic panel for the three investigated
TPO-compounds with different additivation



of migration and subsequent decomposition of
additives. This is in line with experience from hap-
tic panel tests combined with ageing tests before.

4. Conclusions 
In the present study it could be demonstrated that
by means of corresponding development work in
the area of measurement methods, it is possible to
make very subjective sensory perceptions such as
the haptic properties of a surface quantifiable. The
key to success lies in breaking down complex sen-
sory perceptions to the most important influencing
factors. If this simplification is successful, it is pos-
sible to make deductions about the complex human
sense of touch also if a very simple test setup is
used.
The present results show the possibilities of the
developed method, both in respect to comparing
different material compositions qualitatively and
even (semi-)quantitatively and in assessing the
effect of artificial weathering on surface tack. In
standard material development this provides a fast
method for both assessing the effect of polymer
composition variations and different additive for-
mulations. For more complex variations (like mas-
sive changes of material mechanics) it will proba-
bly still be necessary to reference such results to
human perception by involving haptic panel testing.
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1. Introduction
It is well known that when fibers are introduced
into a semi-crystalline polymer matrix, the matrix
may be nucleated and fascinating crystalline mor-
phology with various features will be developed at
the interface. Such distinct morphology is defined
as transcrystalline layer or transcrystallinity. This
structure is always considered as an effective and
economical method to improve interfacial adhesion
[1–5].
Owing to the outstanding properties of !-iPP (e.g.
better impact resistance and toughness) [6–11], !-
crystallinty has attracted much attention in the past
decades. Among them, !-transcrystallinity of iPP
reinforced by fibers is particularly interesting.
However, as for fiber/iPP composites, a number of
studies have demonstrated that their interfacial
morphology is mainly composed of "-transcrys-

tallinity. Up to now, a few special approaches such
as pulling fiber in iPP melt [12–14] and controlling
the fiber’s introduction temperature [15–17], have
been proposed to prepare !-transcrystallinity.
Recently, !-NA was even chemically supported
onto the surface of multi-wall carbon nanotubes by
Wang et al. [18]. The results indicate that the multi-
wall carbon nanotubes after being supported with !-
NA show enhanced !-nucleating ability towards iPP
matrix. Except for the methods mentioned above,
few approaches have been reported by which the !-
transcrystallinity in fiber/iPP composites can be
directly formed under static conditions.
Rare earth !-NA (WBG- II) exhibits considerable
!-selectivity and nucleating efficiency to induce !-
iPP [19, 20]. There exist two crucial problems about
the addition of !-NA: first, for directly mixed !-
NA/iPP system, comparatively large amount of !-
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NA is needed; the second is that, owing to the addi-
tion of mass !-NA, the polymer composite’s process-
ability would be weakened. In view of these, a
problem naturally arises: how to develop abundant
!-modification on the premise that the extremely
small content of !-NA is added. However, to the
best of our knowledge, there are scarcely studies
concerning: (1) rich !-transcrystallinity developed
directly in PET fiber/iPP system under static condi-
tion and (2) the effect of the fraction of additive
introduced into PET fibers on the crystalline modi-
fications at the interface.
Owing to its scientific interest and industrial signif-
icance [21], in this study, we will focus on a facile
method by which rich !-transcrystallinity can be
created under quiescent condition. Inspired by work
of Dai et al. [22], !-NA with different contents was
first melt mixed with PET pellets, and then PET
fiber containing !-NA was prepared via melt spin-
ning. The spun PET fibers were introduced into iPP
melt to get PET fiber/iPP composites. The crys-
talline morphology at the polymer composites’ inter-
face was investigated in detail by POM, DSC as
well as WAXD. This study could provide an effec-
tive way to fabricate rich !-transcrystallinity in PET/
iPP composites in the absence of stress and temper-
ature control.

2. Experimental
2.1. Materials
The iPP (T30S) used in this work is a commercial
product from Lanzhou Petroleum Chemical Co.,
China. Its melt flow rate (MFR) is 2.6 g/10 min
(230˚C, 2.16 kg), and   is ca. 11.0·104 g/mol. The PET
pellet, which is blow molding grade with an intrin-
sic viscosity of 0.65 dl/g, was purchased from
Liaoyang Petroleum Chemical Co., China.
The !-NA (WGB-II), a heteronuclear bimetal com-
plex of lanthanum and calcium with some specific
ligands, was kindly provided by Winner Functional
Materials Co. Ltd., China. It is an organic complex
synthesized by rare earth elements and organic
compounds (other information about this !-NA is
available in the Supplement Material) [23]. Note
that this kind of !-NA exhibits considerably !-
selectivity and efficiency.

2.2. Sample preparation
To achieve a good dispersion of !-NA, WGB-II
with different content (0.5, 1, 1.5, 2 wt%) was
mixed with PET pellets in a Haake internal mixer
(Haake Polylab System-Rheomex 252p series,
RC9000, Haake company, Germany) at 270°C, for
5 min. Pure PET pellets were also treated under the
same conditions. After crushing and drying, the
fibers containing !-NA (fibers’ diameter is about
40 µm) were melt-spun by a reconstructive melt
flow index rheometer (RL-5, Shanghai S.R.D. Sci-
entific Instrument Company, Shanghai, China) at
270°C with a take-up speed of 3 m/min. In a con-
venient manner, the as-spun PET fiber is labeled as
x-PET, where x represents the mass percentage of
!-NA. Hereafter, its corresponding composite is
labeled as x-PET/iPP. The schematic illustration of
PET fiber preparation is shown in Figure 1.
PET fiber/iPP composites were prepared as follows:
for the POM experiment, a given amount of iPP
was put on a coverslip of a Linkam TMS 600 hot
stage with a preset temperature of 200°C, and then a
single PET fibe was introduced into the iPP melt
(Figure 1). Subsequently, another coverslip was put
on and a film with a thickness of about 20 µm was
formed under the press of tweezers; For DSC and
WAXD experiments, 5 wt% PET fibers and 95 wt%
iPP were mixed in a Haake internal mixer (Haake
Polylab System-Rheomex 252p series, RC9000,
Haake company, Germany) at 200°C, for 5 min.
The sample preparing procedure is shown in Fig-
ure 1. It is noteworthy that, before iPP was melt
blended with PET fibers, PET fibers had been cut
into short fibers with a length of ca. 5 mm. In addi-
tion, the selection of 5 wt.% PET fibers in the com-
posites has an important purpose: because of a
smaller amount of !-transcrystallinity existing in
single fiber reinforced composites, !-transcrys-
tallinity might not be detected by WAXD and DSC.
Therefore, 5 wt% PET fibers were introduced into
iPP matrix to fabricate abundant !-transcrystallinity
which can be detected easily by DSC and WAXD.

2.3. Characterization
2.3.1. POM
The polymer composites were held at 200°C for
5 min on a Linkam hot stage (TMS600) to remove
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the stress involved during sample preparation, and
then cooled to room temperature at a cooling rate of
10°C/min. The morphological observation during
cooling was carried out with a POM (Olympus
BX61, Olympus Corporation, Japan). The fabrica-
tion procedure of the sample is illustrated in Fig-
ure 1(a composites).

2.3.2. DSC
Thermal analysis was performed on a DSC (TA
DSC-2920, TA Instruments, USA). About 5~10 mg
composite was sealed into an aluminum pan, heated
from room temperature to 200°C at a heating rate of
10°C /min and held for 5 min in order to erase the
effect of thermal and mechanical history. Since !-
iPP samples cooled down below T("!) = 100°C can
recrystallize into the "-modification during the par-
tial melting of the "-phase, the end temperature of
cooling (TR) was set at 100°C. This limited recool-
ing technique prevents !"-recrystallisation [11, 24,
25]. Then the samples were cooled to 100°C at a
rate of 10°C/min. After that, they were heated to
200°C at a heating rate of 10°C/min. The DSC exper-
iment has the same thermal process as POM.

2.3.3. WAXD
WAXD measurements were carried out on a Philips
X’Pert Graphics and Indentify instrument (X’Pert
PRO, PANalytical B.V., Netherlands) operating at
50 kV and 30 mA with Ni-filtered Cu K" radiation
source. The composite film for WAXD test com-
posed 5 wt% PET fibers and 95 wt% iPP and its

preparing procedure is also displayed in Fig ure 1(b
composites). Note that it was thermally treated under
the same conditions as those for POM and DSC
measurements. Clearly, although the proportion of
!-NA in PET fibers is between 0–2 wt%, but the
proportion of PET fibers in the composite is just
5 wt%, so the proportion of !-NA in the composite
is just 0–0.1 wt%, which is a much smaller than that
of iPP.

2.2.4. Scanning electron microscope (SEM)
The surface morphology of PET fiber was observed
by a scanning electron microscopy (SEM, Quonxe-
2000, Phillips, FEI company, Netherlands) operat-
ing with an acceleration voltage of 20 kV. All the
samples were sputtered with gold before taking
images.

3. Results and discussion
3.1. The effect of !-NA loaded in PET fiber on

the interfacial morphology 
The formation of the transcrystalline layer, origi-
nated by fiber surface, is generally studied by single
fiber model composites. In this study, the samples
were crystallized under non-isothermal conditions
after the erasure of thermal and mechanical history.
Figure 2a shows a series of optical micrographs for
0-PET/iPP taken at three representative crystalliza-
tion stages (i.e., the beginning, medium, and the end)
during the cooling process. It can be clearly seen
that once the temperature decreases to ca. 128°C,
dense transcrystallinity immediately appears on
PET fibers’ surface. Simultaneously, dot-like nuclei
are developed in the iPP matrix. With further decreas-
ing temperature, the crystallites grow from these
nuclei until they impinge on each other and a well
developed transcrystalline layer can be obtained
along the PET fibers. According to the birefrin-
gence of the crystals, it suggested that the crystal-
lites in the matrix and those on the surface of PET
fiber are of the same crystalline form. For the sam-
ple in which smaller amount of !-NA was added
(0.5-PET/iPP), its matrix and interfacial feature is
strongly analogous to that of 0-PET/iPP (see Fig-
ure 2b), indicating that low content of !-NA loaded
in PET fiber is not enough to change the interfacial
morphology. Furthermore, this also confirmed that
the PET fiber used in this study shows obvious het-
erogeneous nucleating ability toward iPP.
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Figure 1. Schematic illustration of the preparation of PET
fiber/iPP composites for characterization



Figure 2c–e shows the series of optical micrographs
of 1-PET/iPP, 1.5-PET/iPP and 2-PET/iPP, respec-
tively. It is very interesting that when the samples

were cooled down to ca. 135°C, many characteristic
dendritic structures first appeared randomly on the
lateral surface of PET fibers (see Figure 2c–e), and
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Figure 2. A series of optical micrographs of the PET fiber/iPP composites taken at different temperatures during the cooling
process: (a) 0-PET/iPP; (b) 0.5-PET/iPP; (c) 1-PET/iPP; (d) 1.5-PET/iPP; (e) 2-PET/iPP. Temperature decreases
from the left image to the right one.



the dendritic structures grew quickly with decreas-
ing temperature. Compared with the crystals that
emerged surrounding the PET fiber in 0-PET/iPP
and 0.5-PET/iPP, the temperature at which the den-
dritic structures appeared is higher than that for 0-
PET/iPP and 0.5-PET/iPP systems. Varga and Meny-
hárd [9] has also found the similar structure when
they study the solubility and nucleating duality of
N, N#-Dicyclohexyl-2, 6-naphthalenedicarboxam-
ide (NJS) in iPP matrix. The formation of dendritic
structures can be explained as follows: the !-NA
can be partially molten at higher temperature, and
then dendritic structures (i.e. nuclei) can be devel-
oped through high level of self-organization during
cooling process.
Furthermore, as the temperature further decreases
to 128°C, nuclei in bulk begin to appear sporadi-
cally. Thus taking into account above results, the !-
NA filled PET fiber shows strong heterogeneous
nucleating ability toward iPP at the interface of the
composite. Moreover, when the samples’ tempera-
ture further decreased to 123°C, the closely packed
dendritic structures around the PET fiber caused the
formation of transcrystallinity due to the limitation
from the neighboring crystallites. Simultaneously,
the bulk is still not fully occupied by the growing
spherulites in matrix. This crystallization process is
not completed until the sample is cooled to 116°C.
It is worth noting that the spherulites in the bulk and
the transcrystallinity are not of the same birefrin-

gence, suggesting that they are of different crys-
talline modifications.
To clarify what kind of  crystalline forms are pres-
ent in both the bulk and transtrystalline layers, these
completely crystallized samples were heated to
158°C (this temperature is above the melting point
of !-iPP but below that of "-iPP) at a rate of
10 °C/min. Figure 3 shows the optical micrographs
of the composites after selective melting at 158°C.
In Figure 3a and b, it is evident that neither the
spherulites nor the transcrystalline layer in 0-PET/
iPP and 0.5-PET/iPP exhibit any change. More inter-
estingly, as shown in Figure 3c–e, transcrystallinity
in 1-PET/iPP, 1.5-PET/iPP and 2-PET/iPP signifi-
cantly disappeared, resulting in the occurrence of
sporadic fragmentary nuclei in the area near the sur-
face of the PET fiber (shown by the arrows). Addi-
tionally, the spherulites in the matrix and the den-
drites on the fibers’ surface still exist. The selective
melting test preliminarily confirms that the crys-
talline column surrounding the PET fiber in 0-PET/
iPP and 0.5-PET/iPP is "-transcrystallinity, while
that for 1-PET/iPP, 1.5-PET/iPP and 2-PET/iPP is !-
transcrystallinity. During the crystallization process,
the !-iPP grew faster and thus hindered the expan-
sion of " front in the later stage of the crystalliza-
tion. As a consequence,the transcrystallization
formed in 1-PET/iPP, 1.5-PET/iPP and 2-PET/iPP
were all !-modification. Dendrites have mixed poly-
morphic composite can be proved by presence of "-
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Figure 3. The optical micrographs of the samples after selective melting at 158°C: (a) 0-PET/iPP; (b) 0.5-PET/iPP; (c) 1-
PET/iPP; (d) 1.5-PET/iPP; (e) 2-PET/iPP



crystallities left behind by the separate melting of !-
modification.
To further verify the crystalline form of the tran-
scrystallinity, WAXD measurement was carried out.
Because of a smaller amount of !-transcrystallinity
existing in single fiber reinforced composites, !-tran-
scrystallinity might not be easily detected by WAXD
and DSC. Therefore, 5 wt% PET fibers were intro-
duced into iPP matrix to fabricate abundant !-tran-
scrystallinity which can be detected easily by DSC
and WAXD. Figure 4 shows the WAXD result of
the selected composites. Generally, for all samples,
three apparent "-crystal diffraction peaks appear at
around 14.2, 16.9, and 18.7°, which  correspond to
" (110), " (040), and " (130), respectively. Further-
more, for 1-PET/iPP and 2-PET/iPP, it is obvious
that there is an intense diffraction peak at approxi-
mately 16.1°, which corresponds to the ! (300)
reflection of !-crystal [26]. It indicates that a cer-
tain amount of !-modification was generated in
these composites. However, as the case of 0.5-PET/
iPP, there exists a very small ! (300) diffraction
peak at 16.1°, indicating that an extremely small
content of !-form crystal was formed in this com-
posite. Furthermore, any evidence of !-modifica-
tion can not be found in WAXD results of 0-PET/
iPP. Clearly, the WAXD result proves that !-NA
loaded in the PET fibers can induce the formation
of !-transcrystallinity. In addition, with the increas-
ing content of !-NA loaded in PET fibers, the inten-
sity of the reflection of ! (300) increases.
To gain deeper insight into the effect of !-NA
loaded in PET fiber on non-isothermal crystalliza-
tion of the composites, the crystallization and melt-
ing characteristics of the composites were studied
by DSC (details of the sample preparation and

experimental procedures were described in Experi-
mental Section). Figure 5 shows the DSC heating
curves of all the samples. For the curves of 0-PET/
iPP and 0.5-PET/iPP, there is only one melting peak
at 166.2°C, revealing that "-crystal is dominated in
these composites. However, for 1-PET/iPP, 1.5-PET/
iPP and 2-PET/iPP, there exist double melting
peaks, which are caused by different types of nucle-
ation. The peak at the higher temperature (ca.
166.2°C) is evidently "-melting peak, and the other
at the lower temperature (ca.152°C) is attributed to
the melting of !-crystal. Once more, this result indi-
cates that the !-NA in the PET fiber exhibits strong
nucleating ability towards iPP matrix and leads to
abundant !-modification, which is consistent well
with the POM and WAXD results.
The non-isothermal crystallization curves are
shown in Figure 6. One can observe that the onset
crystallization temperature generally increases with
the increasing content of !-NA loaded in PET fiber.
For example, the onset temperature for 0-PET/iPP
is ca.127°C, and that for 0.5-PET/iPP is a little higher
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Figure 4. WAXD spectra of 0-PET/iPP, 0.5-PET/iPP, 1-
PET/iPP and 2-PET/iPP composite samples

Figure 5. DSC melting curves of all the composites at a
heating rate of 10°C/min

Figure 6. DSC cooling curves of all the composites at a
cooling rate of 10°C/min



(ca. 128°C). However, onset temperatures for 1-PET/
iPP, 1.5-PET/iPP and 2-PET/iPP are obviously above
130°C. In addition, it can be clearly seen that the
crystallization peak temperature for 0-PET/iPP is
ca. 116°C, but that for the other four samples are
ca.118°C. Clearly, the increased onset crystalliza-
tion temperature and crystallization peak tempera-
ture are related to the elevating content of the !-NA
filled in PET fiber.

3.2. The mechanism for the formation of
!-transcrystallinity in the presence of
!-NA filled in PET fiber

It is scientifically and technologically significant to
understand the origin of !-transcrystallinity in the
presence of !-NA loaded in PET fiber. From the
above experimental results, it is evident that the
occurrence of !-transcrystallinity is undoubtedly
related to the !-NA loaded in the PET fiber. More
importantly, there is a critical content of !-NA
required (i.e., 1 wt%) for the development of !-tran-
scrystallinity. In other words, only the !-NA content
exceeds this critical value, a certain amount of !-NA
can be distributed on the surface of the PET fiber.
Thus, the surface of the as-spun PET fibers with
excessive !-NA content (take those containing 1

and 2 wt% as examples) were investigated by SEM,
and the results are shown in Figure 7. In order to
avoid the surface damage, no etching procedure
was adopted. One observes that many aggregations
of !-NA regularly distributed on the surface of the
as-spun PET fiber containing 1 wt% !-NA (shown
by arrows in Figure 7a). Furthermore, as shown by
Figure 7a’, numerous aggregations with smaller
size are also distributed on the surface of PET fiber
(shown by arrows). For the case of the PET fiber
containing 2 wt% !-NA, although isolated aggrega-
tions of !-NA can be found on the surface of the as-
spun PET fiber (shown by the arrows in Figure 7b),
much larger aggregation (shown by circle) can be
also observed due to the excessive !-NA added.
More interestingly, the larger aggregation consists
of many oval-shaped entities with uniform size
(shown by the arrows in Figure 7b’). The SEM result
indicates that !-NA can distribute on the surface of
PET fiber after being spun.
Note that this kind of !-NA has modest solubility at
200°C, and can  self-assemble into anisotropic enti-
ties during cooling [27]. Therefore, the aggrega-
tions in the region near PET fibers surface (shown
in Figure 7) are a result of self-organization of par-
tially molten !-NA during cooling process. In addi-

                                               Hao et al. – eXPRESS Polymer Letters Vol.5, No.11 (2011) 1017–1026

                                                                                                   1023

Figure 7. SEM images showing the surface of as-spun PET fiber containing different contents of !-NA. (a) 1 wt%;
(b) 2 wt%; (a’) and (b’) are enlarged images of the cricle area in (a) and (b), respectively.



tion, during the process of self-organization, the !-
NA loaded in PET fiber would go into the iPP com-
ponent through such self-organization process and
form dendritic structures [28]. Combined with the
SEM images in this study, !-transcrystallinity can
be understood as follows: during POM observation,
when the composites were heated to 200°C and
held for 5 min, !-NA decorated on the PET fiber
can be molten partially. During cooling, molten !-
NA would self-assemble into a more complicated
dendritic structures which nucleates the subsequent
!-transcrystallinity into the branch-like agglomer-
ate (Figure 2c, 2d and 2e) [9, 27].
Another interesting thing is that, after selective
melting, many dot-like "-nuclei appear on the sur-
face of the fibers loaded with excessive !-NA
(shown in Figure 3). It is well known that PET fiber
can provide "-nucleating sites for iPP [16], which is
also demonstrated in our study (see Figure 2a).
Therefore, the PET fiber containing higher content
of !-NA has dual nucleation ability, viz., it has both
! nucleating ability and " nucleating ability. It is
logical that the !-NA loaded in the PET fiber would
lead to dense !-nuclei and enhance the growth of !-
transcrystallinity, while the local surface without !-
NA of the fiber induce the formation of " crystal-
lites. Accordingly, such interfacial morphology
evolution and that after  selective melting in sam-
ples containing larger amount of !-NA can be
schematically shown in Figure 8.

4. Conclusions
The effect of !-NA loaded in the PET fibers on the
crystal morphology at the interface and in the bulk
was investigated by POM, DSC and WAXD. The
result shows, for 0-PET/iPP and 0.5-PET/iPP, the
crystals in both iPP matrix and those at the interface
are "-phase. Furthermore, nuclei in the two areas
appear at the same time. For 0.5-PET/iPP, though it
has a small fraction of !-NA in the PET fiber, there
is rarely !-NA on the lateral surface of the fiber, so
it is hard to induce !-transcrystallinity. However, for
1-PET/iPP, 1.5-PET/iPP and 2-PET/iPP, the nuclei
surrounding the fiber occur earlier than that in the
matrix, indicating that !-NA loaded in the PET fiber
shows heterogeneous nucleation towards iPP matrix.
Furthermore, if the content of !-NA exceeds a criti-
cal value (i.e., 1 wt%), the PET fiber loading !-NA
shows nucleating duality. Meanwhile, the PET fiber
loaded the content of !-NA above the critical value
will show nucleating durability.
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