
There are enough evidences nowadays for the fail-
ure of the concept of nanocomposites – the expecta-
tions for drastic improvement of mechanical prop-
erties using extremely low filler concentrations
(around 1%) were not realized. To the main reasons
for this situation belong: poor dispersion, poor inter-
facial load transfer, process-related deficiencies,
poor alignment, poor load transfer to the interior of
filler bundles, the fractal nature of filler clusters.
Due to a generic property of nano-sized materials
they agglomerate strongly, and the problem of poor
dispersion seems to be practically non-soluble. For
this reason it was suggested to convert polymers
themselves into nano-sized materials, instead of
blending them with nano-fillers. This idea seems to
be realistic having in mind the characteristic fea-
tures of polymers as materials: (i) a large and flexi-
ble variety of processing techniques (in melt, in solu-
tion, during polymerization), (ii) they can be blended
with other polymer(s), (iii) due to presence of vari-
ety of functional groups they are capable to estab-
lish chemical bonds of different strength (covalent,
hydrogen bonding, ionic), (iv) due to the chain
character of macromolecules it is possible to realize
different spatial conformations resulting in different
properties. This set of ‘tools’ can be used for modi-
fication of polymers towards creation materials
with new or improved properties instead of a simple
blending.

After converting the bulk polymer into nanofibrils
there are many opportunities for their further appli-
cation: (i) as nanofibrillar polymer-polymer com-
posites (via compression molding of the drawn blend
before removing the second polymer), and after
removing of the second blend component, (ii) using
the neat nanofibrils as starting material for nanofib-
rillar single polymer composites, (iii) or as materi-
als for biomedical applications (scaffolds in the
regenerative medicine, or carriers for controlled
drug delivery), particularly if the second polymer is
water soluble, (iv) as well as for technical purposes
(as nanofilters or electroconductive nanowires), a.o.
Recent findings demonstrated that the final nano-
morphology can be controlled via hydrogen bond-
ing between the blend partners: individual, not mutu-
ally connected ‘endless’ nanofibrils in case of no
H-bonding, or a 3-D nanofibrillar nanoporous net-
work if H-bonding is possible.
What the science and technology of polymer nano -
composites concerns, the new results allows us to
formulate and realize the concept of converting
instead of adding.
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1. Introduction
Traditionally, epoxidized vegetable oils (EVO) are
used as poly(vinyl chloride) plasticizers, stabilizers
and lubricants. Recently, modified vegetable oils
could be used to synthesize segmented polyure -
thane [1], thermoplastic polyurethanes [2], poly
(methyl methacrylate)-multigraft copolymers [3],
novel thermosets and rubbers [4–5] and ‘green’
composites [6]. In recent years, there has been sub-
stantial growth in biopolymers from EVO. These
EVO from biological origin substrates could bring
along numerous advantages and new beneficial
properties, which may not be able to gain from petro-
leum-based epoxy resins. For example, EVO have
been evaluated as ecological and environmental
friendly alternative for petroleum-based epoxy resins
since they are neutral in the carbon dioxide cycle
and are readily biodegradable. Other advantages of

the EVO include cost effectiveness, renewability
and availability.
In general, epoxidized soybean oil (ESO) is a triglyc-
eride made up of a complex multi-component mix-
ture of functionalized oleic, linoleic and linolenic
acid methyl esters as well as saturated fatty acids
(i.e. palmitic and stearic acids). It has been recog-
nized in the literature that these functionalized fatty
acids in ESO could be thermally cured with a ther-
mal latent initiator [7], thermally cured with acid
anhydride under the catalytic reaction of tertiary
amines catalyst [8] and ultraviolet (UV) cured in
the presence of photo-initiators [9]. However, satu-
rated fatty acids in ESO do not take part in the poly-
mer network formation. This is due to the fact that
they do not possess any epoxy functional groups in
their saturated backbone structures.
Specifically, in the open literature, there exist numer-
ous models to explain the curing mechanisms for
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ESO. Jin and Park [7] proposed thermally induced
ring opening polymerization route for ESO ther-
moset initiated by N-benzylquinoxalinium hexaflu-
oroantimonate thermal latent initiator. Ortiz et al.
[9] reported that radical induced cationic photo-
polymerization of ESO thermoset in the presence of
diarylinodonium salt photo-initiator follows con-
ventional cationic polymerization mechanism and
chain reaction mechanism. Gao [10] proposed that
the curing mechanism of catalytic ESO-anhydride
thermosets involves reaction of the tertiary amine
with ESO monomer followed by the ring opening of
the anhydride functional group with the alkoxide.
Although the EVO based thermosetting materials
are more environmental friendly, they tend to suffer
from shortcomings in terms of long curing sched-
ule, high curing temperature, poor thermo-physical
properties and high degree of water uptake. In order
to overcome some of these limitations, our work
aims to chemically synthesize a thermally curable
ESO thermosetting resin in the presence of the
tetraethylammonium bromide (TEAB) catalyst. It is
hypothesized that the TEAB-catalyzed ESO ther-
mosetting resin can be prepared using shorter cur-
ing schedules and lower curing temperature due to
the fast cure rate of the TEAB catalyst. Accord-
ingly, the primary objective of this present study is
to investigate the effect of TEAB catalyst concen-
tration on the curing characteristics, thermal proper-
ties and kinetics of water absorption of ESO
thermoset. A plausible curing mechanism of the
thermal curable ESO thermoset under the catalytic
reaction of TEAB catalyst will also be proposed.

2. Experimental
2.1. Materials
Epoxidized soybean oil (ESO; trade name Mingchen
ESO-1) resin with 6.1 wt% epoxy oxirane content
and molecular weight of about 950 g/mol was pur-
chased from Shangdong Longkou Longda Chemi-

cal Industry Co., Ltd., China. Industrial grade
methylhexahydropthalic anhydride (MHHPA) cur-
ing agent was purchased from CAPE Technology
Sdn. Bhd., Malaysia. Tetraethylammonium bro-
mide (TEAB: code T7012) catalyst was supplied by
Sigma-Aldrich, Malaysia. The materials designa-
tion and composition of the ESO thermoset were
summarized in Table 1.

2.2. Preparation of thermal curable ESO
thermoset

MHHPA curing agent was pre-mixed with TEAB
catalyst at a predetermined ratio. ESO resin and
MHHPA/TEAB mixture were then mixed at room
temperature and stirred mechanically. The mixture
was then poured into the cavities of mould and sub-
jected to thermal curing process in an oven at 140°C
for 3 hours. The dimension of the mould used to pre-
pare the ESO thermoset is 300 mm!"100 mm!"3 mm
(length " width " thickness).

2.3. Curing characteristics of ESO thermoset
The curing characteristics of the TEAB-catalyzed
ESO thermoset were characterized using Fourier
transform infrared spectroscopy (Spectrum 100
FTIR, Perkin Elmer, USA), gas chromatography-
mass spectroscopy (GC-MS, Perkin Elmer Clarus
600T, USA), DSC Diamond Analyzer (Perkin Elmer,
USA) and DMA 8000 (Perkin Elmer, USA).
The curing characteristics of ESO thermoset which
thermally cured for 1, 2 and 3 hours were deter-
mined with FTIR. The FTIR spectra of the thermal
curable ESO thermoset from the wavelength of
4000 to 550 cm–1 were recorded as the infrared
radiation transmitted through the sample. The car-
bonyl index (C.I.) values of the samples were calcu-
lated based on the ratio of absorbance (A) at two
different wave-numbers as shown in Equation (1):

                                                        (1)

where A1700 represents the absorbance band at
1700 cm–1 due to the presence of carbonyl stretch
of the aromatic acid whereas A1456 represents the
band at 1456 cm–1 corresponding to the absorbance
from the presence of methyl group in MHHPA cur-
ing agent, which is taken as a reference band.
The pure ESO and extracted molecular fragments
of the ESO thermoset were analyzed by gas chro-

C.I. 5
A1700

A1456
C.I. 5

A1700

A1456
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Table 1. Materials designation and composition of ESO
thermoset

Materials designation Concentration of TEAB catalyst
[phr]

ES_0.3A 0.3
ES_0.4A 0.4
ES_0.5A 0.5
ES_0.6A 0.6
ES_0.7A 0.7
ES_0.8A 0.8



matography mass spectroscopy (GC-MS). One µl
injection volume using splitless mode was performed
on capillary column (30 m"250 µm) with helium
flows at constant pressure. The initial temperature,
injection temperature and transfer temperature of
the GC-MS test were set at 65, 250 and 180°C,
respectively. The holding time was set for 10 min-
utes at a ramp rate of 8°C/min. The molecular frag-
ments of the ESO were determined using Turbo-
Mass™ software.
The degree of conversion of ESO thermoset was
determined using DSC and calculated based on
Equation (2). The crosslink density (vc) and molec-
ular weight between cross-linking (Mc) of the ESO
thermoset were determined using DMA and calcu-
lated based on Equations (3) and (4) respectively
[11–12]:

                                                (2)

                                                            (3)

                                                              (4)

where ! is the degree of conversion, #Hc is the total
exothermic heat generated for a fully cured system
and #Hr is the total residual exothermic heat gener-
ated during a specified period of time. vc is the
crosslink density for the epoxy network, E$ is the
storage modulus of the thermoset in the rubbery
plateau region at Tg + 40°C, R is the gas constant, T
is the absolute temperature, d is the density
(1.1 g/cm3) and Mc is the molecular weight between
crosslink.

2.4. Thermal characterization of ESO
thermoset

The curing profile of ESO thermoset was examined
using DSC Diamond Analyzer (Perkin Elmer, USA).
Approximately 20 mg of the sample was placed into
the DSC aluminium pans, followed by thermal scan-
ning from 30 to 300°C at a heating rate of 10°C/min,
in nitrogen gas atmosphere. The onset curing tem-
perature (Tonset), the temperature where maximum
cross-linking reaction takes place (Tpeak) and the
total heat released during curing reaction (#H) of
ESO thermoset were determined. The dynamic
mechanical properties of ESO thermoset were deter-

mined using DMA 8000 (Perkin Elmer, USA). The
specimen with the dimension of 25 mm"10 mm"
2 mm was heated from –100 to 200°C at a heating
rate of 2°C/min in nitrogen atmosphere. Specimen
held in a single cantilever mode was fixed at one
end and the other end was vibrated by the bending
stress at the frequency of 1 Hz with the displace-
ment of 0.05 mm. The glass transition temperature
(Tg), storage modulus (E$) and damping properties
(tan") of ESO thermoset were examined with DMA.
The thermal stability of ESO thermoset was charac-
terized using TGA Pyris 6 (Perkin Elmer, USA).
Approximately 5 mg of the specimen was heated
from room temperature to 600°C at a heating rate of
10°C/min under nitrogen gas atmosphere.

2.5. Water absorption of ESO thermoset
Water absorption test according to the ASTM D570
was conducted on ESO thermoset by immersing the
specimens in distilled water at room temperature
for three months. The weight gained of the ESO ther-
moset at any time t, Mt as a result of water absorp-
tion was determined using Equation (5). The water
diffusion coefficient (D) of ESO thermoset was
determined using Equation (6) [13]:

                                        (5)

                         (6)

where Wd and Ww represent the material dry weight
and weight of materials after being exposed to the
water absorption at a period of time t respectively.
Mm is the percentage equilibrium or the maximum
water absorption of ESO thermoset, t is the time
taken for the ESO thermoset to reach the saturated
stage, and h is the thickness of the ESO specimen.

3. Results and discussion
3.1. Curing characteristics of ESO thermoset
3.1.1. FTIR characterization
Figure 1 shows the FTIR spectra of TEAB catalyst,
MHHPA curing agent and the mixture of MHHPA/
TEAB. One may observe that FTIR spectrum of the
MHHPA/TEAB mixture consists of a new 1700 cm–1

shoulder peak. The appearance of this peak is asso-
ciated to the carbonyl stretch (C=O) of the aromatic
acid, which indicates the asymmetric cleavage of
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the MHHPA functional group by TEAB catalyst to
form the zwitterions. The amount of carbonyl groups
present and the extent of MHHPA ring opening are
estimated based on the carbonyl index value obtained
from the FTIR study (c.f. Table 2). It is proposed
that the ring opening of MHHPA curing agent by
the TEAB catalyst involves SN2 reaction. The tri-
ethylamine formed as a result of the dequaterniza-
tion reaction of TEAB catalyst, serves as a nucle-
ophile and attacks the MHHPA curing agent to yield
zwitterions. Although the exact absorbance band
representing the zwitterions is undetected from
FTIR spectra, the intensity reduction of the infrared
absorbance bands that appear at 1856, 1775 and
887 cm–1 in the FTIR spectra is a good indicator to
support the phenomenon of MHHPA ring opening
by the TEAB catalyst. This is due to the fact that
these absorbance bands are the characteristic bands
for the conjugated cyclic anhydride which could be
assigned to the C=O and C–O stretches. Consider-
ing these phenomena, a plausible assumption that

the zwitterions are generated during the pre-mixed
reaction could be made.
It is noticed that the intensity of the 1700 cm–1

shoulder peak increases with increasing the TEAB
catalyst concentration in MHHPA/TEAB mixture.
This incident could be evidenced by the increment in
the carbonyl index calculated as reported in Table 2.
While, the absorbance assignable to the C=O and
C–O stretches of MHHPA curing agent show a
decreasing trend. These findings suggest the
increased anhydride ring opening reaction between
the TEAB catalyst and MHHPA curing agent as the
TEAB catalyst concentration increases from 0.3 to
0.8 phr. This may be due to the increased potential
of TEAB catalyst to facilitate the MHHPA ring open-
ing forming more zwitterions species at higher
TEAB concentration. However, it is noted that only
low conversion of zwitterions is achieved during
the pre-mixed reaction. The lower efficiency of the
TEAB catalyst to cleavage the anhydride ring dur-
ing pre-mix reaction is strongly believed to be attrib-
uted to the relatively stable and low reactivity of
these quaternary ammonium salts. It is also experi-
mentally determined in this study that no MHHPA
ring opening is detected at low level of TEAB con-
centration (<%0.3 phr).
During the heating reaction of ESO/MHHPA/TEAB
mixture at 140°C in the oven, the zwitterions formed
would eventually react with the epoxy rings on the
ESO backbone chains and subsequently generate
the alkoxide intermediates. The alkoxide intermedi-
ates would then cleave another MHHPA curing
agent to yield carboxylate anions during the propa-
gation stage. These carboxylate anions would chemi-
cally react with another ESO resins to yield the
reaction intermediates product and propagate the
cycles. The polyesterification reaction in ESO/
MHHPA/TEAB mixture is completed after 3 hours
of curing reaction. This evidently results in the for-
mation of ESO thermoset with 3-dimensional poly-
ester-type of linkages. To support the curing trans-
formations proposed, the curing characteristics of
ESO thermoset at three different curing times (i.e.
1, 2 and 3 hours) were evaluated using FTIR study
as shown in Figure 2.
As observed in Figure 2, the intensities of absorbance
bands corresponding to the C–O and C=O stretches
of MHHPA curing agent show a progressive decrease
as a function of curing reaction time for the ESO/
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Figure 1. FTIR spectra representing the ring opening of
MHHPA with TEAB (Note: Arrow shows the
1700 cm–1 shoulder peak)

Table 2. Curing characteristics of TEAB-catalyzed ESO
thermoset

acalculated from FTIR analysis
bcalculated from DSC analysis
ccalculated from DMA analysis

Characteristics ES_0.3A ES_0.6A ES_0.8A

Carbonyl indexa

MHHPA/TEAB
mixture 0.62 0.64 0.79

Curing
1 h 1.03 1.69 1.68
2 h 2.39 2.96 3.55
3 h 2.96 3.79 3.95

Degree of conversionb [%] 95.6 98.6 99.8
Crosslink densityc [10–3 mol/cm3) 0.215 0.260 0.446
Mc

c [g/mol] 5116 4230 2471



MHHPA/TEAB mixture. Additionally, it is clearly
noticeable that the stretching vibrations of the
C–O–C and C–C–O functional groups in MHHPA
curing agent which in the range of 1300–1100 cm–1

disappear gradually with curing time. The reduction
in intensities of these absorbance bands suggest the
ring opening reaction of MHHPA curing agent and
the polyesterification reaction of MHHPA curing
agent with alkoxide. Furthermore, it is discovered
that the absorbance bands at 1695 and 1161 cm–1

which corresponding to the C=O and O–C–C vibra-
tions of ester groups increasingly emerge with cur-
ing time. This finding further signifies that the poly-

esterification process has taken place in the ESO/
MHHPA/TEAB mixture as these absorbance bands
are the representative bands for esters. Chemical
reactions of epoxy groups in ESO with carboxylate
anions followed by reacting with anhydrides during
the propagation cycle give rise to the formation of
polyester-type linkages between ESO and MHHPA
curing agents. The polyesterification reaction of
ESO/MHHPA/TEAB mixture forming the poly-
ester-type of linkages is also verified with the aid of
gas chromatography-mass spectroscopy analysis
(c.f. Figure 3).
From Figure 2, it is noted that the peaks which are
corresponding to epoxy groups in ESO disappeared
and are substituted by the peaks assignable to C=O
and C–O functional groups of the conjugated cyclic
anhydride and the C=O and O–C–C of the ester
groups after curing process for 3 hours. As shown
in Figure 3, it is noted that the peak (i.e. 7.63 min)
corresponding to the epoxy group in ESO resin dis-
appear after being thermally cured for 3 hours. How-
ever, the peaks (i.e. 15.81 and 20.82 min) corre-
sponding to the ester functional groups are detected
in the cured ESO thermoset. Furthermore, the peak
(i.e. 16.18 min) representing the molecular frag-
ments of MHHPA curing agent with ring-opened
structures are also being detected in thermally cured
ESO thermoset. One possible explanation to these
findings could be linked to the polyesterification
process of ESO/MHHPA/TEAB. Based on the infor-
mation obtained from the FTIR spectra and GC-
MS, the curing mechanism of ESO thermoset is
proposed. Figure 4 shows the proposed mechanism
for the thermally cured ESO thermoset.
Furthermore, as shown in Figure 2, it is determined
that the polyesterification reaction of the ESO/
MHHPA/TEAB mixture proceeds at relatively fast
manner at the beginning stage during thermal cur-
ing compared to that of at the pre-mix stage. This is
owing to the fact that TEAB catalyst tends to expe-
rience the chemical reaction of dequaternization at
the temperature range of 100–200°C to generate tri-
alkylamine. The tertiary amines formed during the
internal displacement reaction will eventually boost
the polyesterification rate of ESO/MHHPA/TEAB
mixture. However, it is determined that the poly-
esterification reaction of the mixture proceeds at
relatively slow manner after 2 hours of thermal cur-
ing. This event occurs as the overall catalytic reac-
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Figure 2. (a) FTIR spectra representing the curing charac-
teristics of ES_0.3A thermoset, (b) FTIR spectra
representing the curing characteristics of ES_0.6A
thermoset, (c)&FTIR spectra representing the cur-
ing characteristics of ES_0.8A thermoset



tion in the mixture begins to change from kinetic to
diffusion-controlled. The curing process in bisphe-
nol-S epoxy resin/phthalic anhydride epoxy system
changing from kinetically controlled to diffusion
controlled was also reported by Li et al. [14].
Apart from that, the effects of the TEAB concentra-
tion on the ESO thermoset are also being displayed
in Figure 2. An intensity reduction in representative
bands for the MHHPA curing agent and an incre-
ment in absorbance bands intensities for esters are
observed when increasing the TEAB concentration
from 0.3 to 0.8 phr. These results indicate the poly-
esterification rate is higher in thermally cured ESO
containing higher TEAB concentration. Lower lev-
els of TEAB concentration (<%0.3 phr) are also stud-
ied in this work, perhaps even a 0-level catalyst
experiment. However, it is found that the polyester-
ification reactions of the ESO mixture are highly
unfavourable. The mixture is unable to be thermally
cured at low level of TEAB concentration. One pos-
sible explanation could be linked to the very limited

or even no chemical reaction between the ESO
resin and MHHPA curing agent without the pres-
ence of a catalyst.

3.1.2. DSC characterization
The DSC heating thermograms showing the non-
isothermal curing profiles of TEAB-catalyzed ESO
thermoset are demonstrated in Figure 5. An exother-
mic peak representing the epoxy curing reactions is
detected on the DSC heating curves. The enthalpy
of ESO/MHHPA/TEAB polymerization can be
examined by integrating the exothermic peak. It is
experimentally proven that the ESO thermoset cat-
alyzed with higher TEAB catalyst concentration
shows higher #H value. The differences in the #H
values obtained are mainly due to the different
extent of conversion of the liquid ESO monomers to
ESO thermosets during the thermal heating process
in DSC. These findings show that the higher the
TEAB concentration, the greater the extent of con-
version in ESO thermoset, and the higher the cross-
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Figure 3. (a) GC-MS chromatogram of ESO, (b) GC-MS chromatogram of ES_0.6A thermoset
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Figure 4. Curing mechanism of TEAB-catalyzed ESO thermoset



linking formation seems to be. One possible expla-
nation is that the higher conversion of zwitterions is
achieved during the pre-mix reaction to initiate the
thermal curing reaction of ESO thermoset catalyzed
with higher TEAB concentration.
From the DSC thermograms, second exotherm peak
or shoulder after the Tpeak is not observable. This may
give us a hint that homo-polymerizations of ESO
resin do not take place. According to Boquillon and
Fringant [12] who studied on the thermal curing of
epoxidized linseed oil under the influence of differ-
ent catalysts and anhydride hardeners, second shoul-
der exotherm peak after the main exotherm peak
appearing at lower temperature could be associated
to the epoxy homo-polymerization. Therefore, it can
be concluded that ESO/MHHPA polymerization is
the only chemical reaction occurs during polyesteri-
fication process and the crosslinked ESO thermoset
does not contain any epoxy homo polymer. This
finding is also consistent with the curing mecha-
nism proposed (cf. Figure 4) in which the ESO resin
will chemically react with the MHHPA curing agent
in the presence of TEAB catalyst forming 3-dimen-
sional polyester linkages instead of forming poly-
ether linkages among ESO resins. It is also noticed
that the Tonset and Tpeak (c.f. Table 3) of the ESO
thermoset shift to lower temperature as the TEAB
concentration is increased from 0.3 to 0.8 phr. The
shifts of DSC heating thermograms to lower tempera-
ture are presumably due to the increase in the
crosslinking reaction rate. There was a direct rela-
tionship between initial curing reaction rate and cat-
alyst concentration of a catalyzed reaction [12]. This
is consistent with the finding by Liu et al. [15] which
stated that the increase in catalyst concentration in
epoxy-phenol/montmorillonite nanocomposites
will shift Tonset and Tpeak to lower temperature.

Also, as shown in Figure 5, ESO thermoset under-
goes the enthalpy relaxation phenomenon at rela-
tively low TEAB concentration. The extent reduces
progressively as the TEAB catalyst concentration
increases from 0.3 to 0.8 phr. The reduction of this
enthalpy relaxation phenomenon is believed to be
due to the increase in crosslink density resulting
from an increase in the extent of ESO conversion in
ESO thermoset. Shin and coworkers [16, 17] also
reported that the restriction of enthalpy relaxation
can be directly related to an increase in crosslink
density and activation energy for the enthalpy
relaxation.
The influence of TEAB concentration on the degree
of conversion (!) of ESO thermoset is summarized
in Table 2. The degree of conversion increases about
4.2% when the TEAB concentration is increased
from 0.3 to 0.8 phr. This result indicates that the
efficiency of TEAB to facilitate the ring opening of
MHHPA curing agent and to create more reactive
sites on the anhydride (zwitterions) increases with
increasing TEAB catalyst concentration. The
increased number of zwitterions formation favours
the polyesterification reaction in ESO thermoset
and accounts for the increment in degree of conver-
sion eventually. This finding is in good agreement
with the study on the curing kinetics of bisphenol-F
resin using benzyl dimethyl amine as a catalyst
reported by Shokrolahi et al. [18] who determined
the positive relationship between the catalyst con-
centration and the extent of conversion rate.

3.1.3. DMA characterization
The crosslink density and the molecular weight
between crosslink (Mc) of the ESO thermoset as a
function of TEAB concentrations are reported in
Table 2. It is found that the crosslink density of
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Figure 5. DSC heating thermograms of TEAB-catalyzed
ESO thermoset

Table 3. Thermal properties of TEAB-catalyzed ESO ther-
moset

adetected from DSC
bdetected from TGA
cdetected from DMA

Thermal
characteristics

ESO thermosetting resins
ES_0.3A ES_0.6A ES_0.8A

Tonset
a [°C] 183.0 162.1 150.7

Tpeak
a [°C] 211.9 203.8 200.8

To1
b [°C] 200.0 206.0 210.0

To2
b [°C] 351.0 342.0 347.0

Td
b [°C] 458.0 454.0 456.0

Tg
c [°C] 53.0 59.0 69.8



ESO thermoset increases with TEAB concentration
whereas Mc exhibits a different trend. Generally,
the crosslink density and Mc obtained for the ESO
thermosets are found to be lower than the epoxi-
dized vegetable oil (EVO)/petroleum-based epoxy
blends [19], but close to those triethylamine cat-
alyzed ESO/anhydride systems [20]. The increase
in TEAB concentration gives rise to an increase in
the number of reactive sites on the MHHPA curing
agents. The consequence is an increase in the cat-
alyzed reaction rate and the extent of conversion.
This incident will attribute to an increment in
crosslink density. These findings seem to contradict
with the previous findings reported by Boquillon
and Fringant [12] who mentioned that the crosslink
density reduces with the catalyst concentration due
to the diffusional restriction of the reagent at high
catalyst concentration. One possible explanation
could be linked to the difference in the polymeriza-
tion reaction rate in both epoxy systems. The high
concentration of 2-methylimidazole (2MI) catalyst
in epoxidized linseed oil (ELO)/ tetrahydrophthalic
anhydride (THPA) system leads to a fast gelling of
the ELO thermoset. Consequently, the diffusion of
the reagents is slow and results in lower extent of
conversion. While, in ESO thermoset catalyzed with
low TEAB concentrations, the diffusion restriction
associated to vitrification is less hindered. There-
fore, the extent of conversion and crosslink density
increase with the catalyst concentrations. This would
inherently result in lower Mc value in ESO ther-
moset catalyzed with higher TEAB concentration.

3.2. Thermal properties of ESO thermoset
3.2.1. Dynamic mechanical analysis
The storage modulus (E$), damping properties (tan")
and the glass transition temperature (Tg) of ther-
mally cured ESO thermoset are studied with DMA.
The E$ and tan" of cured ESO as a function of tem-
perature are shown in Figure 6. Basically, in the
testing temperature range, the ESO thermosetting
resin shows three regions of viscoelasticity: the
glassy state, the leathery state and the rubbery state.
As shown in Figure 6, it is determined that the E$-T
curve shifts to higher temperature as the TEAB
concentration in the ESO thermoset increased from
0.3 to 0.8 phr. The increment in E$ as a function of
TEAB concentration is attributed to the increment
in crosslink density and the reduction in the molec-

ular weight between crosslink (Mc) of the ESO ther-
moset. The reduction in Mc as discussed in the pre-
vious section indicates a reduction in the chain’s
mobility and consequently an increase in stiffness
and storage modulus. This finding is in good agree-
ment with the reduction in storage modulus with
increasing Mc reported by Jin and Park [21].
Figure 6 shows the effects of TEAB concentration
on the tan" of the ESO thermosetting materials. The
shifting of tan"-T curve to lower temperature can be
associated to the depression of glass transition tem-
perature (Tg). Damping value (tan") of the cured
ESO catalyzed with higher TEAB concentration is
lower than that of those with lesser catalyst concen-
tration. Higher crosslinked ESO thermosetting resin
has the tendency to render higher elastic stiffness.
Generally, the reduction in elastic constant will lead
to the improvement in damping properties. There-
fore, more flexible ESO thermosetting resins with
lower crosslink densities would possess higher tan"
peak. In addition, it can be seen that the damping
peak intensity decreases with increasing TEAB con-
centration. The broadening and reduction in the
damping peak height with increasing TEAB con-
centration are due to the increase in degree of cross-
linking [22, 23]. This is owing to the fact that highly
cross-linked network structure can retard and restrict
the chains mobility and subsequently lead to the
reduction in the damping peak intensity [24].
Table 3 shows the influence of TEAB concentration
on the glass transition temperature (Tg) of cured
ESO thermoset. It is determined that the Tg values
obtained for the TEAB-catalyzed ESO thermosets
are comparable to or even higher than the existing
epoxy resins based on ESO. An increment in the Tg
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Figure 6. Effect of TEAB concentration on the E$ and tan"
of ESO thermoset



value is detected if the TEAB catalyst concentration
increase from 0.3 to 0.8 phr. These changes in Tg
values can be related to the increase in cross-link
density of the curable ESO thermoset and the
reduced amounts of unreacted monomer in the ESO
thermoset. The presence of unreacted monomers in
the thermoset would plasticize the specimens dra-
matically and lower the Tg value. This is owing to
the fact that the plasticizing effect of unreacted
monomers will add flexibility and enhance the
degree of freedom for movement of the molecular
chain in the 3-dimensional crosslink network struc-
ture.
However, from the DSC characterization as dis-
cussed previously, it is determined that the degrees
of conversion of TEAB-catalyzed ESO thermosets,
except for the ES_0.3A thermoset, approach 99%.
Hence, the residual monomer concentration in
cured ESO thermoset is found to be very low. It is
therefore, expected that the observed change in Tg
value is solely due to the influence of crosslink den-
sity in ESO thermoset. The increase in TEAB con-
centration gives rise to an increment in crosslink
density and a reduction in degree of freedom for
chain movements and internal rotation in the net-
work structure. Moreover, the increase in TEAB
concentration in ESO thermoset is expected to
induce more complete curing reaction in which
about all the unreacted monomers are built into
three dimensional infusible cross-linked network
structure of ESO thermoset. Thus, ESO thermoset
catalyzed with higher TEAB concentration tends to
possess higher Tg value.

3.2.2. Thermogravimetry analysis
Thermogravimetry analysis (TGA) was used in this
present study to determine the thermal stability of
TEAB-catalyzed ESO thermoset. Figure 7 presents
the TGA and DTG curves as a function of tempera-
ture for the cured ESO thermoset. Table 3 summa-
rizes the TGA results [i.e. onset decomposition
temperature (To) and the maximum decomposition
temperature (Td)] for the cured ESO thermoset. It is
clearly noted in Figure 7 that ESO thermoset expe-
riences two-stage thermal decomposition when
being heated up to 600°C. TEAB-catalyzed ESO
thermoset passes through To1 at nearly 200°C, To2 at
350°C and Td at 450°C. With approximation 25 wt%
of thermal curable ESO decomposes during the first

stage of thermal decomposition and about 71 wt%
is lost during the second stage of decomposition.
The remaining 4 wt% of the ESO residuals decom-
pose totally as the heating temperature is further
increased up to 500°C.
The first stage of decomposition is believed to be
due to the decomposition of the low-molecular-
weight components such as MHHPA curing agent
or catalysts. It is believed that, generally, the low-
molecular-weight compound will show lower ther-
mal stability as the thermal stability is determined
to be proportional to molecular weight. The second
stage of the major decomposition which takes place
at the temperature range of 350 to 400°C could be
attributed to the thermal decomposition of ESO
component. Similar decomposition behaviour was
reported by Gerbase et al. [20] for the ESO/triethy-
lamine/dodecenylsuccinic anhydride mixtures,
where two different thermal decomposition stages
present. Also, Hazer et al. [25] found that the decom-
position temperature of the soya components in
microbial elastomers is at around 310°C. Referring
to Figure 7, the first stage effect of ESO thermoset
with different TEAB concentration is found to be
diverged from each other. ESO thermoset with
higher TEAB concentration is determined to be
more thermal stable than those thermosets with
lower concentration. This finding is believed to be
attributed to the increase in degree of crosslinking
and crosslink density as the TEAB catalyst concen-
tration is increased. Foussier and Rabek [26] also
reported in their study that polymer system with
highly cross-linked network structure commonly
exhibit greater thermal stability than those systems
with lower crosslinking.
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Figure 7. TGA and DTG traces of TEAB-catalyzed ESO
thermosets



3.3. Kinetics of water absorption of ESO
thermoset

Figure 8 shows the effect of TEAB concentration
on the water uptake of the ESO thermoset after sub-
jected to water absorption test. It is seen that the
water uptake of all TEAB-catalyzed ESO ther-
mosetting resins reach the saturation stage at approx-
imately 2000 hours. This is owing to the fact that the
water uptake of TEAB-catalyzed ESO thermoset
has achieved the equilibrium condition. The water
uptake would reach the real saturation at equilib-
rium stage, in which all the micro-voids in the 3-
dimensional crosslinked network structure are filled
with water molecules [27]. Water uptake of cured
ESO thermosets is attributed to the presence of free
volume and hydrophilic functional groups such as
hydroxyl groups in their backbone structure. The
hydroxyl groups in cured ESO thermoset tend to
attract water molecules which are polar in nature.
The water molecules absorbed in ESO thermoset
may exist as bound water or unbounded cluster.
It is clearly noted that the maximum water uptake
(Mm) and water diffusion coefficient (D) of the
cured TEAB-catalyzed ESO thermoset decrease
with increasing TEAB concentration as shown in
Table 4. It is determined that increase the number of
crosslink in cured ESO thermoset would reduce the
penetration of water molecules into the ESO net-
work structure. This is owing to the fact that the
intense crosslink network would hinder the water
molecules to diffuse into the free volume followed
by residing in the volume available in the ESO ther-
moset. Research study conducted by Saijun et al.,
[28] also showed that polymeric systems with
higher crosslink density will possess lower free vol-
ume and lower water uptake. The water absorption

behaviour is highly dependent on the free volume
and chemical nature of polymer material. The high
TEAB concentration in ESO thermoset would give
rise to an increase in crosslinking and a decrease in
free volume. This phenomenon will eventually lead
to a reduction in the capability of the water mole-
cules to penetrate and reside in the free volume.
Therefore, the maximum water uptake and water
diffusion coefficient of the ESO thermoset decrease
with increasing TEAB concentration.

4. Conclusions
Based on the work devoted to study the effect of
tetraethylammonium bromide concentration on the
curing characteristic, thermal properties and kinet-
ics of water absorption of ESO thermoset, the fol-
lowing conclusions can be drawn:
The polyesterification rate, degree of conversion
and crosslink density were higher for ESO ther-
moset catalyzed with higher TEAB concentration.
From the DMA and TGA studies, it was found that
ESO thermoset with higher TEAB concentration
possessed higher storage modulus, glass transition
temperature and thermal stability. It was found that
the water absorption behaviour of ESO thermoset
obeyed Fickian law. The maximum water absorp-
tion (Mm) and water diffusion coefficient (D) of the
ESO thermosets were in the range of 1.77 to 2.94%
and 0.48 to 1.09·10–12 m2/s respectively. Water
uptake and diffusivity of ESO thermoset can be
reduced by increasing the crosslink density in the
thermoset.

Acknowledgements
Authors would like to express their appreciation to Univer-
siti Sains Malaysia for the Incentive Grant (8021013) and
the Research University Postgraduate Research Grant
Scheme (USM-RU-PRGS 8043019). Authors also thank
Ministry of Science, Technology and Innovation (MOSTI),
Malaysia for the National Science Foundation fellowship.

                                              Tan and Chow – eXPRESS Polymer Letters Vol.5, No.6 (2011) 480–492

                                                                                                    490

Figure 8. Effect of TEAB concentration on water uptake of
ESO thermoset

Table 4. Maximum water absorption (Mm) and diffusion
coefficient (D) of ESO thermoset

ESO thermoset Mm [%] D [10–12 m2/s]

TEAB-catalyzed

ES_0.3A 2.94 1.09
ES_0.4A 2.60 0.87
ES_0.5A 2.34 0.73
ES_0.6A 2.28 0.70
ES_0.7A 2.09 0.51
ES_0.8A 1.77 0.48
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1. Introduction
Conductive polymers have been electrochemically
preferred because of their physical or chemical
properties such as volume, color, stored charge or
porosity and used for a number of applications such
as electrochromic displays [1–11], smart windows
[12], solar cells [13–14], supercapacitors [15–16]
and biosensors [17–18].
3,4-alkylenedioxythiophene based polymers exhibit
low oxidation potential, high and quite stable con-
ductivities, a high degree of optical transparency as
a conductor, and the ability to be rapidly switched
between conducting doped and insulating neutral

states. Substitution at the 3- and 4-positions of thio-
phene prevents the occurrence of !-" and "-" cou-
pling during electropolymerization, yielding more
ordered polymers with longer conjugation lengths.
The synthesis of 3,4-disubstituted polythiophenes
was carried out stabilizing the oxidized form, pro-
viding solubility, processability [19].
Poly(ProDOT) was synthesized by the traditional
double-Williamson etherification route, having
#!%T of 66% at !max compared to the 54% trans-
mittance change for PEDOT [20]. ProDOT exhib-
ited higher contrast in comparison to conjugated
polymers from EDOT [1].
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Side-chain derivatization is possible due to ProDOT
flexibility of the conjugated backbone structure.
The dimethyl and diethyl derivatives especially
exhibit enhanced electrochromic contrasts through-
out the visible region [21] and high capacitive
behaviors [15–16]. A series of Poly(ProDOTs) are
disubstituted with long chain esters. This function-
ality enhances solubility in polar solvents [22].
Electropolymerization of hydroxymethyl-substi-
tuted 3, 4-Propylene dioxythiophene monomer
(ProDOT-OH) was easily performed [23]. Multi-
walled carbon nanotubes (MWNTs) were function-
alized with Poly(ProDOT) by oxidative polymer-
ization and MWNT-g-PProDOT hybrid was pre-
pared and showed that improved thermal stability
[24].
Films of conjugated polymers are generally synthe-
sized onto a support electrode surface by elec-
tropolymerization (anodic oxidation) of the corre-
sponding monomer in the presence of an electrolyte
solution. Carbon fibers have highly accessible sur-
face area, low resistivity and high stability which
consist of stacked hexagonal carbon layers, forming
small coherent units (crystallites) of only a few
micrometers in the stacking direction [25]. Elec-
tropolymerization on carbon fiber microelectrode
(CFME) can improve the interfacial properties
between the carbon fiber and polymeric matrix.
Generally electrocoating of conjugated polymers on
carbon fiber easily allows the characterization of
the deposited films by spectroscopic, morphologi-
cal and electrochemical techniques. Conducting
polymers which were coated electrochemically
onto CFMEs were studied in detail and reported by
Sarac and coworkers [16, 26–33].
Electrochemical impedance spectroscopy (EIS) is a
powerful technique to study charge transfer, ion dif-
fusion and capacitance of conducting polymer mod-
ified electrodes [34–39]. EIS has been used to
develop equivalent electric circuits to describe the
electrochemical properties of films of conducting
polymers in organic solution [40–41]. EIS has also
provided information concerning corrosion protec-
tion by inhibitors [42–47].
The chemical synthesis through two different meth-
ods of N-phenylsulfonyl pyrrole (PSP) was reported
and used as a gas sensitive resistor [48]. N-phenyl
sulfonyl-1H-pyrrole-3-sulfonyl chloride was syn-

thesized by using chromosulphonic acid in acetoni-
trile [49].
The copolymers from different monomers or
comonomers have been synthesized by both elec-
trochemical and chemical oxidative polymeriza-
tions to efficiently modify the structure and to
improve the properties of the conducting polymers
[50–55]. The electrochemical polymerization allows
obtaining materials with controlled properties with-
out suffering the experimental disadvantages [56].
In this paper, we report the electrochemical random
copolymerization of ProDOT and PSP onto differ-
ent working electrodes. The electrochemical and
morphological properties of Poly(ProDOT) and
copolymer films were characterized by FTIR-ATR,
EIS, SEM and AFM. The electrochemical imped-
ance data was fitted to an equivalent circuit in order
to identify differences between the conductivities of
Poly(ProDOT) and copolymers. Briefly, the effect
of PSP mole fractions on the electrochemical and
morphologic properties of resulting copolymers
using alternative characterization techniques was
shown with this paper.

2. Experimental details
2.1. Chemicals and materials 
SGL SIGRAFIL C 320B (SGL Carbon Group,
Meitingen, Germany; a high strength and high mod-
ulus of elasticity coupled with high electrical con-
ductivity carbon fibers) containing single filament
in a roving were used as a working electrode.
ProDOT and PSP were purchased from Sigma-
Aldrich (Germany) and used as received. Electro-
chemical polymerizations (electrocoatings) were
performed in acetonitrile (ACN, Merck, Darmstadt,
Germany) containing NaClO4 (Sigma-Aldrich,
Germany) at the same scan rate (30 mV/s) and dep-
osition cycle numbers (10 cycles) (applied charges).

2.2. Characterization
Electrochemical measurements (EIS with supplied
Power Sine software package and Cyclic Voltam-
mograms) were performed with a Princeton Applied
Research (PAR) Parstat 2263 potentiostat (Oak
Ridge, USA). The potentiostat is a self-contained
unit that combines potentiostatic circuitry with phase-
sensitive detection. The impedance measurements
were carried out by scanning in the frequency range
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10 mHz–100 kHz with applied AC signal amplitude
of 10 mV using Power Sine. The impedance spec-
trum was analyzed using AC impedance data analy-
sis software (ZSimpWin V3.10, Michigan, USA).
For spectroscopic measurements, Poly(ProDOT-co-
PSP) copolymers were synthesized onto ITO-PET
(NV Innovative Sputtering Technology, Zulte, Bel-
gium, PET 175 $m,Coating ITO-60) in the poten-
tial range from –0.8 to 1.5 V at a scan rate of
50 mV/s in 0.1M NaClO4/ACN. Polymer films on
ITO-PET were analysed using an ATR-FTIR
reflectance spectrometer (Perkin Elmer, Spectrum
One, California, USA; having a universal ATR
attachment with a diamond and ZnSe crystal
C70951). Perkin Elmer Spectrum software was
used to carry out FTIR-ATR measurements between
650–4000 cm–1.
Thin films of copolymers, electrocoated onto car-
bon fibers were analyzed by scanning electron
microscopy on a Nanoeye Desktop Mini-SEM (SEC.
Co., Ltd.; South Korea) The increase in the average
values of film thicknesses was obtained via SEM
images taking into account the diameter of the
uncoated fiber. The diameters for the fibers were
calculated from an average of 5–6 measurements
on individual fibers.
Thin film of copolymer, electrocoated onto silicon
wafer (n-doped, Cz type; Wacker Siltronic AG.,
München, Germany) was analyzed by atomic force
microscopy (AFM) using a Nanosurf Easyscan
2 AFM (Nanoscience Instruments, Liestal ,Switzer-
land) instrument with a 10 $m AFM head.

2.3. Preparation of Single Carbon Fiber
Microelectrodes (SCFMEs)

A three-electrode system was used employing
SCFME which was prepared by using a single car-
bon fiber (diameter ~7 $m) that was rolled to a cop-
per wire and fixed with a Teflon tape and inserted
into a glass capillary (diameter ~4.45 mm) as work-
ing electrode. The single carbon fiber and copper
wire were attached and connected to the potentio-
stat. ~1 cm of SCFME was dipped into the elec-
trolyte solution to keep the electrode area costant
(~2·10–3 cm2). Button electrodes were prepared by
using Ag and Pt wires in glass capillary (~4.45 mm
diameter) filled with MMA and polymerized by UV
light, which was inert against the electrolyte solu-
tion. The reference and counter electrode surface

areas were kept constant (~0.47 mm2) during the
experiments.

3. Results and discussions
3.1. Electrocopolymerization of ProDOT and

PSP
ProDOT and PSP were electrochemically copoly-
merized on SCFMEs in the potential range from 
–0.8 to 1.5 V at a scan rate of 30 mV/s in 0.1M
NaClO4/ACN. After 10 potential cycles completed,
the working electrode surfaces were washed and
analyzed in monomer free solution (0.1M NaClO4/
ACN) to find out their redox behaviour at different
scan rates between 15 and 200 mV·s–1 by CV. The
amount of PSP concentration was increased from 5
to 20 mM when ProDOT concentration was held
constant (10 mM). Three copolymers with different
compositions were synthesized with by using XPSP =
[(PSP/(ProDOT+PSP)] mole fraction [CP1 (0.33),
CP2 (0.50), and CP3 (0.66)].
The potential shift to the positive direction with an
increase of PSP concentration in the feed indicates
that the monomer ratio affects the copolymer com-
position and its electrochemical properties. The
obvious peak potential shift provided information
about the increase in the electrical resistance in the
copolymer film. As shown at multisweep cyclic
voltammograms of ProDOT (10 mM) in the pres-
ence of PSP (5; 10; 20 mM); the intensity of the
current peaks increased with increase in the number
of potential cycles indicating a continuous growth
of electroactive copolymer on the electrode (Fig-
ure 1a, c).
For repeated cycling the cathodic peak current
decreases and the anodic one increases until a steady-
state pattern. Also the current during the first cycle
was quite different from that in the second cycle.
After 5 cycles the system has settled down. Results
obtained from multiple cycling showed that the first
five cycles of the voltammogram were usually in
unstable stage (Figure 1a–c). After five cycles,
steady state condition (6th cycle) was achieved.
Oxidation potentials (EONSET) of CP1 and CP2 were
obtained as 1.139 and 1.127 V higher than oxida-
tion potential of CP3 (1.19 V) during the elec-
trogrowth process. This is due to increased PSP
concentration in feed ratio. The strong electron–
withdrawing sulfonyl group in PSP can be stabi-
lized by using the radical cation intermediates to
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diffuse away from the electrode and thus inhibiting
electropolymerization (Table 1). The peak current
decreased in direct proportion with decrease of oxi-
dation potential (Figure 2).

The anodic and cathodic peak current increased
with increase in scan rate. Figure 3a and b show that
the anodic and cathodic redox reaction for the copoly-
mers formed in 0.1M NaCIO4/ACN appear to be
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Figure 1. Cyclic voltammetry of electrogrowth of 10 mM ProDOT and (a) 5 mM (CP1), (b) 10 mM (CP2), (c) 20 mM
(CP3) PSP in 0.1M NaClO4/ACN; scan rate: 30 mV/s; scan number: 10 cycles on SCFME. Graphs on right hand
side: CV of monomer-free diagrams belongs to Poly(ProDOT-co-PSP) in 0.1M NaClO4/ACN at different scan
rates (15 to 200 mV/s)



diffusion-controlled, as proved by the linearity of
the plot and are extremely reversible even at high
scan rates.

3.2. Ex-situ FTIR-ATR measurements of
Poly(ProDOT-co-PSP) and Poly(ProDOT)

For spectroscopic characterization of Poly(ProDOT-
co-PSP) films, the same mole fractions of the copoly-

mers were also prepared by cyclic voltammetry on
ITO-PET with the same conditions of random Poly
(ProDOT-co-PSP) films formation on SCFME (Fig-
ure 4).
Inclusion of PSP into the electrocopolymerized thin
film, and doping with the respective anion of the sup-
porting electrolyte were followed by FTIR-ATR (Fig-
ure 5). This technique allows us to assign correspon-
ding functional groups in the resulting copolymer.
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Table 1. Comparison of thickness of copolymer coated
SCFME, %Q, CLF and phase angle of copolymer
films

*ipa values are anodic current peaks, obtained from 10th cycles of
cyclic voltammograms

Copolymers CP1 CP2 CP3
%Q [mC] 7.184 5.498 3.305
Thickness of copolymer coated
SCFME [$m] 19.86 15.75 11.15

CLF [mF·cm–2] 173.5 172.3 65.5
~ipa

* [mA] 0.044 0.038 0.018
EONSET [V] 1.139 1.127 1.119
Phase of Z [°] 66.99° 51.18° 43.28°

Figure 2. Plot of oxidation potential and maximum peak
current obtained from CV for different mole frac-
tion of Poly(ProDOT-co-PSP)

Figure 3. Plots of anodic and cathodic peak current density (a) square root of scan rate, (b) scan rate dependent on the
copolymer films in monomer free solution in 0.1M NaClO4/ACN

Figure 4. Chemical structure of random Poly(ProDOT-co-PSP)



The band at 1466–1471 cm–1 (stretching of C=C
bond) and the peak at 1276–1279 cm–1 (the stretch-
ing quinoidal structure of thiophene) are known to
be characteristic vibrational peaks of polythio-
phene. Vibrations at 1151–1156 cm–1 are assigned to
stretching in the alkylenedioxy group (C–O–C
bond). The band at 1015–1018 cm–1 (C–N stretch-
ing) originated from the N-substitued pyrrole of
PSP. Sulfonyl stretching at 1072–1075 cm–1, aro-
matic C–H bending (815–820 cm–1) and aromatic

C–H stretching (3008–3064 cm–1) become distinct
when PSP ratio is increased in the copolymer. Fur-
ther vibrations from the C–S bond, in the thiophene
ring, can be seen at 872–879 cm–1, attributed to C–S
stretching. All assignments were denoted in Table 2.

3.3. Morphological analysis of 
Poly(ProDOT-co-PSP) films

The morphologies of copolymer coatings onto
SCMFEs were investigated by SEM (Figure 6). By
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Figure 5. Ex-Situ FTIR-ATR spectrum of Poly(ProDOT-co-PSP) and Poly(ProDOT) films on ITO-PET

Table 2. FTIR-ATR assignments of Poly(ProDOT-co-PSP)s and Poly(ProDOT)
[cm–1] Poly(ProDOT) CP1 CP2 CP3

C–H stretching (aromatic) – 3008 3011 3064
C–H deformation (aromatic) – – 2657 2660
CH2 wagging 1123 1122 1124 1123
C=C stretching (thiophene ring) 1466 1471 1471 1471
Sulfonyl stretching – 1075 1075 1072
The stretching quonidal structure of thiophene 1276 1279 1278 1279
C–O–C group stretching 1151 1153 1152 1156
C–N stretching (N-substitued pyrrole) – 1015 1018 1017
C–O bending 955 963 968 966
C–H bending (aromatic) – 815 820 818
C–S stretching 872 877 878 879



using small size electrolyte anions as ClO4
–, a high

density of pores was obtained in the films. SEM
images of copolymers of this study have similar
porous structure with ProDOT-Et2 [57]. The observed
differences at film thicknesses were obtained due to
an increase of PSP in the feed (Table 1).

This thickness difference helps us to follow the
incorporation of PSP into the copolymer structure.
The difference in the capacitance is also due to
change of film thickness and fiber morphology in
the course of their modification. A continuous
increase in current with successive scans is observed,
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Figure 6. SEM images of CP1 (a), CP2 (b) and CP3 (c) electrocoated onto SCMFE in 0.1M NaClO4/ACN after 10 cycles

Figure 7. AFM (a) and 3D AFM (b) topographies of the silicon wafer electrode surface after modification with the CP1



indicating an increase in the thickness, and also in
the conductivity of the polymeric film formed on
the electrode surface, which is followed by CV
measurements [58].
The monomer mixture of ProDOT (10 mM) and
PSP (5 mM) was copolymerized at constant poten-
tial (1.0 V) by chronoamperometry onto silicon
wafer for AFM analysis. The images were obtained
at none-contact mode AFM (Figure 7). Root mean
square (RMS), roughness value was calculated via
Nanosurf Easyscan 2 software program by selecting
raw data (RMS: 65.8 nm). The SEM image was
also obtained for modified silicon wafer (Figure 8).
These spherical-shape aggregates were obtained by
the growth of much smaller nanoscale aggregates
dependent on the polymerization charge.

3.4. Electrochemical Impedance Spectroscopy
The electrical properties of Poly(ProDOT) and
copolymers on SCFMEs were determined by elec-
trochemical impedance measurements in monomer
free solution. The Nyquist, Bode Magnitude and
Bode Phase plots of thin films were given in the fre-
quency range 0.01 Hz–100 kHz (Figure 9a–c).
The copolymers are also exhibiting different imped-
ance data from that of Poly(ProDOT) which shown
an ideal capacitive line (Bode phase angles close to
90°) by the application of electrochemical imped-
ance spectroscopic measurements, indicating fast
charge transfer at the carbon fiber/polymer and
polymer/solution interfaces, as well as fast charge
transport in the polymer bulk. Bode-phase angles
which approached the maximum at 0.01 Hz were ~
66.99° for CP1, ~51.18° for CP2 and ~43.28° for

CP3, respectively, (Figure 9c). That indicates the
presence of PSP in copolymer structure. The Bode-
phase peaks of the copolymers in the frequency
range of 10 Hz–10 000 Hz appeared which should
be caused by the transition from resistor to capaci-
tor with the increase of PSP ratio. The Bode magni-
tude plots for copolymers were presented in Fig-
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Figure 8. SEM image of the silicon wafer electrode surface
after modification with the CP1

Figure 9. (a) Nyquist (b) Bode magnitude (c) Bode phase
plots of of different mole fractions of Poly
(ProDOT-co-PSP) electrografted on SCFMEs;
correlated with the calculated data from the equiv-
alent circuit modelling; (R(W(CR)(QR))(CR))



ure 9b, CP1 had higher conductivity compared to
CP2 and CP3. Nyquist plots were also used to esti-
mate the low-frequency redox capacitance (CLF) of
the copolymer-modified SCFMEs. It can be evalu-
ated from the equation CLF = –1/(2&·f·ZIM), where
ZIM is the obtained from the slope of a plot of the
imaginary component of the impedance at low fre-
quencies versus inverse of the reciprocal frequency
f (f = 0.01 Hz) and other symbols have their usual
meanings.
The CLF and film thickness of copolymers decreased
which indicates the increase of PSP concentration
in the feed. Total charges were obtained during
electrogrowth process as 7.184, 5.489 and 3.305 mC
(Table 1). The increase of PSP concentration in the
feed resulted the decrease in film thickness and
growth rate of copolymer. This is confirmed by the

cyclic voltammetry of mixture of monomers, the
decrease found in the total charge, film thickness
and CLF in the plot of it against PSP mole fraction
of copolymer (Figure 10).
The Nyquist plots (complex plane plots) were semi-
circles and formed under ideal conditions for biosens-
ing [59]. The diameter of the semi-circle increased
with an increase of PSP in the feed that destroys the
integrated aromatic system of thiophene. It corre-
sponds to the charge transfer resistance which
included in the equivalent circuit (Figure 11) as the
resistance of the modified electrode.

3.5. Electrical equivalent circuit
The EIS data were fitted with an equivalent electri-
cal circuit in order to characterize the electrochemi-
cal properties of copolymer. The experimental results
obtained from equivalent circuit have shown that
both the double-layer and the film capacitances
decreased with the increase of incorporated PSP
ratio into copolymer structure, while the charge-
transfer and the pore resistance increased.
The most widely used is the constant phase element
(CPE), which has a non-integer power dependence
on the frequency. CPE is used in a model in place of
a capacitor Cdl (double layer capacity) to compen-
sate for roughness of the electrode, porosity and
nonhomogeneity in the system. A rough or porous
surface can cause a double-layer capacitance to
appear as a CPE with a n value between 0.9 and 1
[60]. In this study, CPE was used as double layer
capacitance due to a porous structure (n~1) (Table 3).
The impedance spectra for copolymers may be
described by the equivalent circuit of Figure 11,
(R(W(CR)(QR))(CR)). The model is composed of
the electrolyte and pore resistance (Rs), the adsorp-
tion capacitance and resistance (Ca and Ra), double-
layer capacitance and charge-transfer resistance
(Cdl and Rct), Warburg impedance (W), resitance and
capacitance of the copolymer film onto SCMFE (Rf
and Cf). Ra and Ca connected with the charging/dis-
charging process in the surface of the film. Both of
these parameters improve the quality-of-fit of the
frequency dispersion transition between the charge
transfer semi-circle and the Warburg impedance or
capacitance line. Cdl and Rct formed by the inward
penetration of ClO4

– anion along pores at the elec-
trolyte|copolymer interface. W is related to diffu-
sion of species along the micropores and depends
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Figure 10. Thicknesses of copolymer coated SCFMEs
obtained from SEM, low frequency capacitances
and total charges (%Q) which were applied dur-
ing the electropolymerization, for different mole
fractions of Poly(ProDOT-co-PSP)

Figure 11. The equivalent circuit model of Poly(ProDOT),
CP1, CP2 and CP3 coating on a single carbon
fiber electrode. (Rs = solution and pore resist-
ance and W = Warburg impedance, ZW; Ra and
Ca are the resistance and the adsorption capaci-
tance; Rct = charge transfer resistance; CPE is
used for modelling the double layer capacitance,
Cdl; Rf and Cf are film resistance and film capac-
itance of coated copolymer film on carbon fiber
microelectrode)



on the electrode geometry (spherical diffusion at
microelectrode).
At Nyquist plots of copolymers, appeared semi-cir-
cle in high frequency range was associated with
anion transfer at the film|solution interface and can
be described by the charge transfer resistance Rct, in
series combination with a CPE. The increase in diam-
eter of the circle, i.e., higher the charge transfer
resistance (Rct), is most useful for biosensing [59].
After the charge transfer semi-circle, straight line at
the x-axis can be related to Warburg impedance, ZW,
due to the diffusion of charged species in the film at
low frequency.
The copolymers have high electrolyte and pore
resistivity (Rs), resulting from the decrease in pore
size and film thickness, making it more difficult to
maintain connectivity between the pores and caus-
ing the lowest interfacial area for charge transport.
Film capacitance (Cf), double-layer capacitance
(Cdl) and adsorption capacitance (Ca) were found to
be inversely proportional to the concentration of
PSP (Figure 12).

4. Conclusions
A new copolymer, obtained from ProDOT and PSP
by the cyclic voltammetry, was successfully synthe-
sized. The experimental results from CV and EIS
and the theoretical results obtained from equivalent
circuit combined with morphological characteriza-
tion. FTIR-ATR characteristic peaks of PSP indicate
the inclusion into copolymer. A decrease in peak
currents and total charges of copolymer was observed
as compared to homopolymer of Poly(ProDOT).
The changing of the capacitance properties, film
thickness and fiber morphology was found to be
inversely proportional to the increasing PSP con-
centration in the feed. These information hints that
sulfonyl group in PSP has very strong electron-
withdrawing effect thus making it difficult to poly-
merize electrochemically. The capacitance proper-
ties of copolymers at lower frequency become
smaller as compared to Poly(ProDOT), hence sug-
gesting an increase in the sulfonyl content in the
copolymer due to the addition of PSP, which in turn
suggests more sulfonyl structure in the copolymer.
The changing of the capacitance of the copolymer
is reflected by the equivalent circuit model by the
dependency of the mole fractions. The decreasing
of the film thickness obtained from SEM and the
decrease of capacitance values clearly indicates the
inclusion of PSP into copolymer. The well-defined
electrochemistry of Poly(ProDOT-co-PSP) films
onto SCMFEs opens up the possibility for bioelec-
trochemical sensor electrodes.
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Table 3. Mole fraction dependence of parameters calculated from the equivalent circuit model for Poly(ProDOT) and
Poly(ProDOT-co-PSP) films on SCFME

Poly(ProDOT) CP1 CP2 CP3
RS ['·cm2] 2.528 4.738 12.574 14.656
W/Y0 [$S·s–n·cm–2] 0.0253 0.218 0.278 0.528
Ca [mF·cm–2] 92.35 41.35 27.98 5.08
Ra ['·cm2] 8.25 11.37 15.57 34.06
Cdl [mF·cm–2] 466.95 176.05 118.80 55.30
n 0.946 0.974 0.902 0.906
Rct ['·cm2] 19.75 41.66 78.34 167.84
Cf [mF·cm–2] 117.22 0.02 0.013 0.0053
Rf ['·cm2] 3.85 19.19 25.26 107.60
Chi Squred, (2 1.955·10–4 7.565·10–4 7.878·10–4 2.969·10–3

Figure 12. Charge transfer (Rct) and film (Rf) resistances;
double layer (Cdl) and film (Cf) capacitances
obtained by fitting experimental data to the
equivalent circuit model for Poly(ProDOT),
CP1, CP2 and CP3
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1. Introduction
Oppositely charged polymers form polyelectrolyte
complexes (PEC) after mixing of their solutions
[1]. PECs are of interest due to their facile prepara-
tion and responsiveness to environmental stimuli.
Moreover, using water as a solvent, PECs are attrac-
tive for biomedical applications. Examples include
controlled drug delivery systems, enzyme and DNA
carriers, surface modification of medical implants,
membranes for cell culture and growth, biosensors,
and nanostructured materials [2–5].
At relatively low concentrations and when one of
the components is taken in excess, PEC formation
can lead to stable colloidal dispersions [6–12]. The
characteristics of the polyelectrolyte components

(molecular weight, nature of ionic groups, charge
density, and architecture) and the solvent (ionic
strength, pH) determine the internal structure of the
particles. The level of aggregation is dominantly
controlled by the concentration of the polymer solu-
tion. PECs as colloidal dispersions are interesting
for industrial applications as coatings, auxiliary
products in paper manufacturing, and for special
purposes in biotechnology and medicine [13–15].
When weak polyelectrolytes are involved in PEC
preparation, the molar ratio between charges when
neutral complex particles were obtained is strongly
influenced by the pH value of polyions solutions,
conferring an amphoteric character to thePEC aggre-
gates [16]. The amphoteric behavior of the PEC
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particles, namely the sign of net surface charge, is
determined by the positive or negative charges on
the chain loops and chain ends on the particle sur-
face. 
Chitosan (CS) is a natural amino-polysaccharide
(copolymer of !-(1-4) linked 2-acetamido-2-deoxy-
D-glycopyranose and 2-amino-2-deoxy-D-glycopy-
ranose) produced by deacetylation of chitin from
crustaceans’ exoskeletons and fungal cell walls
[17]. Sustainable interest in the biomedical applica-
tion of chitosan to discourage bacterial adhesion
and implant infection is stimulated strongly by its
non-toxicity [18], biodegradability [19], and strong
antibacterial properties [20]. It has been already
shown that polyelectrolyte complexes and multilay-
ers based on chitosan, by virtue of their biocompat-
ibility, have valuable biomedical applications such
as membranes for dialysis, packaging, coatings and
wounds dressing, polyelectrolyte complex beads
for controlled delivery of proteins, drugs, vaccines
[21–28]. Promising results were obtained in appli-
cation of chitosan based nonstoichiometric PECs as
flocculants [29].
Our previous studies dealt with the preparation of
PECs nanoparticles as stable colloidal dispersions
using strong synthetic polyanions and synthetic or
natural (CS) polycations. Also, the factors (polyions
structure and molar mass, molar ratio between
charges, addition order, titrant addition rate) which
influence particles size, morphology, and storage
stability were investigated [30–33]. This study aims
to obtain PECs as colloidal dispersion using some
weak polyelectrolytes: CS and poly(allylamine
hidrochloride) (PAH) as polycations and poly(acrylic
acid) (PAA) and poly(2-acrylamido-2-methyl-
propanesulfonic acid – co – acrylic acid) (PAMP-
SAA) as polyanions. PAA and PAH, which have
identical polymer backbones and differ only in the
ionic side group, were chosen as model weak poly-
mers for PEC formation. The influence of polyelec-
troytes structure and the molar ratio between ionic
charges on the complex particles morphology, size,
and colloidal stability have been deeply investi-
gated by turbidimetry, dynamic light scattering
(DLS) and atomic force microscopy (AFM).

2. Materials and methods
2.1. Materials
CS sample was kindly provided by Yaizu Suisanka-
gaku Ind. (Shizuoka, Japan), as powder and was used
without further purification. The viscometric aver-
age molar masses of CS sample, Mv = 80 000 g/mol,
was estimated using Equation (1) [34]:

[#] = 6.95 " 10–4 " Mv
0.81                                      (1)

The intrinsic viscosity of CS solution in 0.3 M
CH3COOH – 0.2 M CH3COONa (1:1, v/v) was meas-
ured with an Ubbelohde viscometer at 25±0.1°C.
The deacetylation degree was determined by two
metods:
–#by potentiometric titration, according to ref. [35],

dissolving CS in a known excess of HCl and per-
forming potentiometric titration with 0.1 N
NaOH, using an all-purpose titrator 716DMS
Titrino, Metrohm (Herisau, Switzerland), equipped
with a dosing unit and a combined glass elec-
trode;

–#from 1H-NMR spectra recorded on Bruker NMR
model Avance DRX 400 (400 MHz) spectrome-
ter (Bruker, Switzerland). The CS sample was dis-
solved in D2O and, to avoid the overlap between
the signals of acetic acid and acetyl groups, some
drops of HCl have been added to solubilize the
polymer. The deacetylation degree was calcu-
lated as described before by Hirai et al. [36].

A deacetylation degree of about 82.5% was deter-
mined by both methods.
PAH, purchased from Aldrich (code no: 283215),
with Mw = 15 000 g/mol, was used as received.
PAA with a molar mass Mw = 70 000 g/mol was
synthesized and purified according to ref. [37]. The
copolymer PAMPSAA, which contains 55 mol% of
2-acrylamido-2-methylpropanesulfonic acid (AMPS)
and 45 mol% of acrylic acid (AA), was synthesized
and purified according to ref. [38]. The intrinsic
viscosity of the copolymer, determined in 1M NaCl
at 25°C, was [#] = 0.72 dl/g.

2.2. Preparation of polyelectrolyte complexes
as colloidal dispersions

CS solution was prepared in 1 vol% acetic acid
solution, and 0.02 M NaCl. PAH and polyanions
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solutions, were prepared by dissolution of appropri-
ate amounts in 0.02 M NaCl aqueous solution. The
concentration of polycations solution was 5·10–4 M
and that of polyanions solutions was 5·10–3 M.
Dispersions of PECs were prepared at room tem-
perature, by mixing the solutions of oppositely
charged polyelectrolytes in appropriate proportions.
The amount of polycation was kept constant within
a complex series, while the amount of polyanion
was varied according to the desired mixing molar
ratio, n–/n+. The polyanion solution was added drop-
wise to the polycation solution, under magnetic stir-
ring. A constant addition rate of 3.8 ml polyanion/
(ml polycation"h) was used as optimum addition
rate, taking into account the complex morphology
and the preparation speed, according to our previ-
ous investigations on the formation of PECs as col-
loidal dispersion from synthetic polycations and
polyanions [30–33]. After mixing, the formed dis-
persions were stirred 60 min and were characterized
after 24 h, if other conditions were not specified.

2.3. Characterization methods
Polyelectrolyte and potentiometric titrations were
performed with the particle charge detector Mütek
PCD 03 (BTG Instruments GmbH, Herrsching,
Germany). The particle charge detector includes a
Teflon piston, which moves up and down in a cylin-
drical Teflon cell containing the polyelectrolyte
solution in the slit between the cylinder and piston.
Displacement of the ion cloud around the polymer
chains which are stuck on the porous wall of Teflon
cylinder creates the streaming potential (measured
in mV) at the electrode pair located in upper and
bottom parts of the cell. The measured streaming
potential is linearly correlated with the charge den-
sity of polyelectrolytes and it becomes zero in case
of charge neutrality. The concentration of the
charged groups of each solution was evaluated by
titration with a standard solution of a strong oppo-
sitely charged polyelectrolyte, poly(sodium ethyle-
nesulfonate) or poly(diallyldimethyl-ammonium
chloride), with a concentration of 10–3 M. The con-
centration of the charged groups in the examined
solution was calculated from the amount of stan-
dard solution needed to reach the zero value of the
streaming potential. All measurements were made
at room temperature. Potentiometric titration was

carried out between pH 2 and 10, using 0.1 M
NaOH and HCl, respectively.
The turbidity of the complex dispersions was char-
acterized by the optical density at $ = 500 nm
(OD500), with a Lambda 900 spectrometer (Perkin-
Elmer Co. Ltd., Massachusetts, USA), using deion-
ized water to establish the baseline. At this wave-
length, the used polyelectrolytes do not absorb.
Optical density results were expressed as the aver-
age of at least three independent measurements.
DLS measurements of PEC dispersions were car-
ried out using a Zetasizer 3000 (Malvern Instru-
ments, Worcestershire, UK) equipped with a 10 mW
He-Ne laser (633 nm) as light source. The measure-
ments were performed at a scattering angle of 90°,
and the reported results are the average of two DLS
independent measurements. The samples were kept
at a constant temperature of 25°C during all experi-
ments. DLS measures the light diffusion in particle
dispersions, which can be interpreted using the
Stokes-Einstein equation (Equation (2)) to yield the
particle average hydrodynamic diameter, Dh:

                                                      (2)

where kB is the Boltzmann constant, T is the absolute
temperature (298 K), #s is the dynamic viscosity of
the solvent (for water 0.8872 cP), and D is the z-
average translational diffusion coefficient. To get
information about the size distribution of PEC par-
ticles, the size polydispersity was also included in
the interpretation.
The shapes of PEC particles were examined by
means of a SPM Solver PRO-M AFM (NT-MTD
Co. Zelenograd, Moscow, Russia), using a high res-
olution ‘Golden’ silicon NSG10/Au/50 cantilever
with an Au conductive coating. The topographic
images were obtained in tapping mode and were
repeated on different areas of the same sample.
Prior to use, the silicon wafers substrates were care-
fully cleaned in two steps: first in ‘piranha solution’
followed by intensive rinsing with deionized water
and second with the mixture NH4OH/H2O2/deion-
ized water, at 70°C, in ultrasonic bath, intensively
rinsed with water and finally dried under a nitrogen
flow. The clean silicon wafers substrates were
immersed in PEC dispersions, identical with those
used for DLS, for 20 min, then three times each

Dh 5
kBT

3phsD
Dh 5

kBT
3phsD
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1 min in distilled water and finally air-dried at room
temperature (in a dust-free environment) for 48 h.

3. Results and discussion
3.1. Potentiometric titration of

polyelectrolytes
Although the value of streaming potential depends
on numerous factors and can not be used as an
absolute value (in the same way as $-potential), the
method of colloidal titration with streaming poten-
tial detection is useful to determine the point of zero
charge (pzc) in solutions of polyelectrolytes and
colloidal dispersions. The pzc was considered to be
the numeric value of pH where the streaming cur-
rent is zero mV. When the pH is lower than the pzc
value, the system is below the pzc. Below the pzc,
the acidic water donates more protons than hydrox-
ide groups, and so the adsorbent surface is posi-
tively charged. Conversely, above pzc the basic
water donates more hydroxide groups than protons
and the adsorbent surface is negatively charged.
Figure 1 shows the potentiometric titrations curves
for all polymers involved in this study, in the pres-
ence or absence of NaCl.
As it is already known, the net charge on the weak
polyelectrolyte molecules is affected by pH of their
surrounding environment. The polyanions used in
this study contain carboxyl groups. Below pzc, the
carboxyl group can undergo protonation (–COOH2

+)
at either the carbonyl oxygen or at the hydroxyl oxy-
gen, and a small positive potential was obtained.
Above pzc, located at pH 1.8 for PAMPSAA and
2.2 for PAA (Figure 1), the presence of hydroxyl

ions induced the dissociation of carboxyl groups
(–COO–). Thus, above the pzc the polyanions had
negative streaming potential. At pzc the ionization
degree of polyanions is zero; e.g., the ionization
degree of PAA at pH = 2.2 is 0.007, taking into
account that pKa of PAA is close to 4.3.
On the other hand, below pzc, in the presence of
hydronium ions, the primary amino groups (–NH2)
of the polycations PAH and CS can be protonated
(–NH3

+), leading to pzc around pH 7.4 for CS and
9.2 for PAH. Primary amines have protic hydrogens
and therefore possess a small degree of acidity.
Thus, above pzc a proton from amine group can be
dissociated (–NH–), due to the strongly basic medium
and a negative streaming potential is obtained.
In the presence of a small amount of low molecular
weight salt (0.02 M NaCl), no significant changes
in the shape of titration curves are observed, and the
pzc remains almost unchanged (Figure 1).
Taking into account the results obtained by poten-
tiometric titration, for PECs preparation the pH
value of polyions solutions was adjusted to 5.5, to
ensure a similar ionization degree of the comple-
mentary polyelectrolytes, suggested by the comple-
mentary streaming potential values at this pH:
~600 mV for polycations and ~–600 mV for polyan-
ions.

3.2. Preparation and characterization of
PECs

3.2.1. Turbidimetric titration
The formation of colloidal PECs between all stud-
ied polyelectrolyte pairs was followed firstly by tur-
bidimetric titration, OD500, as a function of the mix-
ing ratio n–/n+, i.e., the molar ratio between anionic
and cationic units (Figure 2).
It is well known that the turbidity values reflect the
influence of some parameters that characterize the
PECs dispersions such as concentration, size, shape
and polydispersity [6–8, 14, 30, 31]. Therefore, the
increase of OD500 values with the increase of molar
ratio between charges n–/n+, observed in Figure 2,
could be assigned also to the increase of the sizes
and polydispersities of the complex particles.
As it is already known, the values of molar ratio
n–/n+ corresponding to neutral PECs particles (n–/n+)n
is strongly influenced by the structure of the com-
plementary polyelectrolytes, namely by their struc-
tural ability to intrinsic compensate their ionic
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Figure 1. Potentiometric titration of CS (square), PAH (tri-
angle), PAA (diamond), PAMPSAA (circles) in
salt-free aqueous solution (close symbols), and
0.02 M NaCl aqueous solution (open symbols);
pzc = point of zero charges.



charges (polymer/polymer ion pairs) [39]. The val-
ues of molar ratio (n–/n+)n was considered as the
abscissa value of the rising curve corresponded to
the one-half of the maximum of OD500. As Figure 2
shows, neutral complex particles were obtained at a
molar ratio between charges of around n–/n+ = 1,
when PAA was the polyanion, and around n–/n+ =
0.7 when PAMPSAA was used, irrespective the
polycation structure. A deviation of the endpoint of
polyelectrolyte interactions to lower values of (n–/n+)n
was also observed for other studied systems [31]
and was ascribed to the difficulties in the intrinsic
charge compensation between the complementary
polyions.
For the same polyanion, higher values were obtained
when CS was the polycation, along the whole range
of molar ratio, n–/n+ (Figure 2). These results may
be ascribed to the lower flexibility of CS chain
(which has a semi-rigid chain unlike the synthetic
polycation which is flexible), which probably
induced the formation of particles with higher size,
reflected by higher OD500 values. For the same
polycation, the OD500 values were higher when
PAMPSAA was used, comparative with PAA.

3.2.2. Dynamic light scattering
DLS is a suitable method to monitor the formation
of PEC particles as a function of the mixing molar
ratio n–/n+. Figure 3 shows the DLS profiles on the
PEC formation between CS and PAH, as starting
polycations, and PAA and PAMPSAA as added
polyanions.

The shape of the DLS curves was clearly influenced
by the complementary polyelectrolytes structure.
Thus, for PAH based complexes, Dh values slowly
increased up to about 0.9 and 0.6 when PAA and
PAMPSAA was used, respectively, abruptly
increased around (n–/n+)n, and remains almost con-
stant after that. For CS based PECs, a slight
decrease in the particle sizes was evident when CS
was in excess, i.e. from 300 to 280 nm when
PAMPSAA was used and from 265 to 248 nm when
PAA was the added polyanion (Figure 3). This
behavior suggests that below (n–/n+)n the addition
of polyanions allows both the formation of new par-
ticles, evidenced by the slow increase of the OD500
values (Figure 2), and also their rearrangement
toward more compact structures. At values of molar
ratio n–/n+ higher than that corresponding to (n–/n+)n,
the inter-particles aggregation took place, leading to
the monotonous increase of the complex particles
sizes. It seems that this kind of behavior is charac-
teristic for CS based systems, as it was previously
observed for PECs prepared with other polyanions
[29, 33, 40].
DLS results confirm the values of molar ratio
(n–/n+)n, observed in Figures 2, at n–/n+ = 1, when
PAA was the polyanion, and around n–/n+ = 0.7
when PAMPSAA was used, irrespective the polyca-
tion structure. When PAMPSAA was used as polyan-
ion, the particle sizes after the molar ratio (n–/n+)n
were higher than the sizes of the PEC formed with
PAA as polyanion, irrespective of polycation nature
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Figure 2. OD500 values as a function of the molar ratio
between charges, n–/n+. The values are the mean
of three independent experiments that deviated 0–
7%. The continuous lines are ‘hand-drawn’ lines.

Figure 3. Dh of the PEC dispersions as a function of the
molar ratio between charges (n–/n+). The values
are the mean of three independent experiments
that deviated 0–7%. The continuous lines are
‘hand-drawn’ lines.



and molar ratio between charges. The copolymer
contains 55% AMPS units, with the ionic group
attached by a longer spacer to the macromolecular
backbone, with high flexibility, and a higher ability
to compensate the ionic charges of the polycation.
Thus, probably part of the AA and CS ionic sites are
hindered, and remain extrinsic compensated by
small ions, leading to values of molar ratio (n–/n+)n
lower than 1.0.
To evidence the influence of polyions structure on
the size and polydispersity of PECs, the intensity of
particle size distribution, determined by DLS, was
also represented for all studied systems and some
selected molar ratio between charges (Figure 4).
As Figure 4 shows, unimodal size distribution was
observed for all studied systems, irrespective of the
molar ratio between charges. At the same time, high
values of polydispersity were observed at values of
molar ratio n–/n+ below and around (n–/n+)n, the
highest values being obtained for the PAH/PAMP-
SAA pair. Moreover, a small decrease of the inten-
sity of particle size distribution at n–/n+ = 1.2 was
evident for all studied samples. This behavior sug-
gests that the secondary aggregation by inter-parti-
cles interactions was not so fast and took place only
when the polyanion was in excess, leading to a
monotonous increase of the complex particles sizes
(Figure 3).

3.2.3. Atomic force microscopy
In Figure 5, the AFM images of the PEC dispersion
formed between all the studied polyions, at a molar
ratio between charges of 1.2 are presented.
As Figure 5 shows, the adsorption of PEC particles
on silicon wafers surface, resulted in an inhomoge-
neous mixture of smaller and bigger particles, for
the studied samples. This is not surprising since the
PEC particles showed a high polydispersity, evi-
denced by DLS measurements (Figure 4). More-
over, the AFM images confirm the results presented
in Figure 3, namely bigger particle sizes can be
observed for PECs prepared with CS as compared
to PAH for the same polyanion (Figures 5a and c),
and with PAMPSAA as compared to PAA for the
same polycation (Figures 5b and d).
The structure of polyanion strongly influenced the
PECs particles shape: with PAA almost spherical
particles were formed, but with PAMPSAA an
irregular shape is evident, irrespective of polycation
structure, probably due to the irregular compensa-
tion of the copolymer ionic sites.
The profiles of some selected particles of each sam-
ple (marked with a white line in Figures 5a–d) are
presented in Figure 6.
Even if the interaction with the silica surface could
induce conformational changes in the individual
PEC particles, due to electrostatic interactions dur-
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Figure 4. The particle size distribution analysis by intensity, obtain by DLS, for all studied systems and some selected molar
ratios between charges



ing adsorption, after the air-drying procedure, the
PECs particles still display 3D structures, the val-
ues of particles height increasing with their diame-
ter, irrespective of the polyion pair involved in their
preparation. Moreover, the values of the particles
height were in agreement with the hydrodynamic
diameter values (Figure 3), the smallest values
being obtained for PAH/PAA complex particles and
the highest for CS/PAMPSAA particles.
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Figure 6. AFM profiles of some selected PEC particles (see
white lines labeled particles in Figure 5) adsorbed
on silicon wafers

Figure 5. Tapping mode amplitude AFM images of the complex particles at a molar ratio between charges of 1.2, adsorbed
on the silicon wafers



3.3. Colloidal stability
When the complexation takes place between poly-
electrolytes having significantly different molecular
weights, weak ionic groups, in nonstoichiometric
mixing ratios and under dilute conditions, the reac-
tion mixture develops a colloidal, Tyndall effect.
This behavior is ascribed to PECs structure, con-
sisting of a neutral core surrounded by the polyelec-
trolyte in excess, which stabilizes PECs particles
against aggregation, to provide practical nanoscale
and microscale products [2, 6, 9, 11]. The excess
polyelectrolyte dictates the conditions for stability
in different medium conditions. A very important
characteristic of the PECs as colloidal dispersion is
their colloidal stability. Storage colloidal stability
of PECs is very sensitive to the structure of the
complementary polyions, to the molar ratio between
charges, i.e., the complex is closer or further to the
molar ratio (n–/n+)n, to the polyions addition order,
especially when the complementarities of oppo-
sitely charged polyions is disturbed by their struc-
ture, and very much to the titrant addition rate, as it
was previously demonstrated for PECs prepared
with strong polyanions [31–33]. Therefore, the par-
ticle sizes, Dh, measured after 24 h from prepara-
tion were compared with those measured after two
weeks of storage at room temperature (~22°C),
without stirring (data not shown here). A high col-
loidal stability, i.e., low changes in the particle
sizes, was found for PAH based PECs, along the
whole range of investigated molar ratios between
charges. As concerns the CS based PECs, when the
polyanion is in excess the values of the particle
sizes only slightly changed, the differences being
more significant when CS was in excess, compared
with those measured after 24 h, the increase of the
particles size being in the range of 15–30 nm. These
differences can be ascribed to the possible interac-
tions between the primary aggregates, accompanied
by rearrangements of chains and the formation of
compact particles with higher sizes.

4. Conclusions
Two polyanions, PAA and a copolymer of AMPS
with AA, and two weak polycations, PAH and CS,
were used in the preparation of some PEC disper-
sions. Turbidimetry, DLS and AFM have been used
as complementary methods to describe the charac-

teristics of the PEC dispersions as a function of the
polyions structure and the ratio between charges.
The value of molar ratio (n–/n+)n was clearly influ-
enced by the polyanion structure, and was located at
about 1.0 and 0.7 when PAA and PAMPSAA were
respectively involved in the complexes preparation,
irrespective of the polycation structure. The devia-
tion of the endpoint of polyelectrolyte interactions
to lower values of (n–/n+)n, in the case of PAMP-
SAA based PECs, can be ascribed to the presence
of AMPS groups, which probably hindered the AA
groups, conducting to a partially intrinsic compen-
sate of carboxylic groups by the small counterions. 
The AFM images indicated that the adsorbed parti-
cles prepared with a molar ratio between charges of
n–/n+ = 1.2, appeared as compact particles, their
size and shape being strongly influenced by the
complementary polyelectrolytes structure.
A high colloidal stability was found for PAH based
PECs, on the whole range of investigated molar
ratios between charges, and after the (n–/n+)n for the
CS based PECs.
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1. Introduction
Carbon nanotubes (CNTs) have been expected to be
an ideal reinforcement for polymers due to their
unique one-dimensional structure with good electri-
cal conductivity, robust mechanical and thermal
properties [1–3]. Because of their large aspect ratio
and high van der Waals interactions, CNTs are nor-
mally difficult to be dispersed into polymeric matri-
ces. Meanwhile, their chemical inertness makes
them difficult to achieve good interaction with
polymers. Chemical functionalizations were shown
to be feasible and effective for improving the solu-
bility and dispersion of CNTs. Moreover the func-
tionalized CNTs can provide bonding sites to the
polymer matrix so that the adhesion between the
polymer and CNTs can be enhanced. So far, the wet
chemical modification is the most conventional
method to introduce oxygen-containing moieties
onto the CNT surface [4, 5]. However, the liquid
wastes generated from these solution-phase oxida-
tion methodologies together with the tedious purifi-

cation procedures would greatly limit their further
development of applications. Ozone (O3) as an
environmental friendly route to functionalize CNTs
has aroused strong interests for both academia and
industry recently [6–9]. One of the most prominent
advantages is that this method works under dry con-
ditions without dispersing CNTs into solvents and
therefore is convenient for further scale-up. Fur-
thermore, according to our previous study [10], this
method can be even carried out at atmospheric pres-
sure and room temperature, leading to compara-
tively cheaper equipments and lower running costs.
Although the oxidation of CNTs by O3 has been
extensively studied [6–9], little research has been
done so far on the effect of functionalized CNTs to
the mechanical performance of polymer matrices,
especially for thermoplastics. Some researchers
reported the usage of O3 oxidized CNTs by either
subsequent grafting of a coupling agent or direct
dispersing into epoxy resins [11, 12]. In this study,
we incorporate O3 functionalized multi-walled car-
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bon nanotubes (MWCNTs) into a polycarbonate
(PC) matrix by melt mixing. The amorphous PC
was chosen since it is known that CNTs may mod-
ify the crystalline morphology in semi-crystalline
polymers, which may complicate the interpretation
of the effect of O3 functionalized MWCNTs.

2. Experimental
2.1. Materials
The pristine MWCNTs (marked as p-MWCNTs in
this paper) were prepared by a chemical vapor dep-
osition method with purity >95 wt.%, average diam-
eter between 10 and 20 nm, and length between
1 and 10 µm. The PC has a brand name as Macrolon
2800, with the melt flow index = 9 g/10 min at
300°C, and density ! = 1.2 g/cm3. Both MWCNTs
and PC were supplied by Bayer MaterialScience
AG (Leverkusen, Germany). Before further func-
tionalization or melt-mixing process, the MWCNTs,
PC or master-batches were dried at 373 K overnight
within a vacuum oven.

2.2. Functionalization of MWCNTs
The MWCNTs were functionalized with O3 at room
temperature, which has been discussed in our recent
work [10]. Generally, 3 g of p-MWCNTs was placed
into a homemade vertical reactor each time. The O3
(5 wt% in O3/O2 mixture) was continuously passed
through the reactor chamber at room temperature
during the oxidation process. The reaction time was
fixed for 2 or 4 hours, and then the functionalized
MWCNTs were defined as 2h-MWCNTs and 4h-
MWCNTs in this paper.

2.3. Preparation of nanocomposite
A master batch of 15 wt% MWCNTs in PC was
produced by the melt-mixing process in a twin
screw extruder (HAAKE-Polylab OS, Haake being
part of Thermo Scientific). The screw speed was set
at 150 rpm. All barrels of the extruder were set to a
heating temperature of 280°C except the barrels of
the melting zone which was 270°C. After extrusion,
the PC/MWCNT composites were cooled down in a
water bath and then finally granulated with a pel-
letizer. The master batch was diluted by pure PC to
obtain concentrations of 1, 3 and 5 wt% MWCNTs
in the matrix. Dog-bone samples were prepared
using a HAAKE mini-injection molding machine.
The barrel temperature was 300°C and the mold

temperature was 120°C, and the injection pressure
was 800 bar.

2.4. Characterization
Tensile tests were carried out according to a stan-
dard methodology of ASTM D638. They were per-
formed using a SANS CMT2000 Tester equipped
with an extensometer at a crosshead speed of
1 mm/min at ambient temperature. Young’s modu-
lus, yield stress, and elongation at break of each
sample were obtained based on at least five speci-
mens per sample.
The composite films were prepared by hot press at
290°C, and the pressure was 5 MPa. The final dimen-
sion of the film was 5!5!0.1 mm3 (length!width!
thickness). The Raman spectra were obtained using
a Renishaw 2000 MicroRaman spectrometer (Rein-
shaw, Wotton-under-Edge, UK) with an excitation
length of 633 nm. The compressive stresses were
produced in the MWCNTs by quenching the com-
posite specimen down to specific temperature using
the cooling cell. Quenching was performed by inject-
ing nitrogen gas from a liquid nitrogen reservoir
through the thermally isolated cooling cell. The tem-
peratures used in our experiment ranged from 353 K
down to 193 K, with a cooling rate of 10°C/min.
Thermal equilibrium in each case was obtained by
holding the specimen for 10 min at a constant tem-
perature.
The fracture surface of the composite samples was
analyzed using a Hitachi S4800 scanning electron
microscope (SEM). The morphology of O3 func-
tionalized MWCNTs was observed using transmis-
sion electron microscope (TEM, FEI Tecnai G2

F20, FEI, Hillsboro, Oregon, USA).
Fourier transform infrared (FTIR) spectra were
recorded on Perkin Elmer Spectrum One spectrom-
eter. The MWCNTs were pressed into pellet with
potassium bromide and scanned from 4000 to
800 cm–1 with a resolution of 2 cm–1. Thermogravi-
metric analysis (TGA) was performed in a Perkin
Elmer Diamond thermogravimetric analyzer under
nitrogen atmosphere from 30 to 700°C at a speed of
20°C/min.
The volume resistivity (!v) was measured on strips
(12!10!20 mm3) prepared by compression mold-
ing. Four-point fixture combined with a Keithley
4200-SCS electrometer (Keithley, Cleveland, Ohio,
USA) was used to measure volume resistance (Rv)
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of PC/MWCNT composite samples. The Rv was
converted to "v, using Equation (1):

                                                        (1)

where A is the effective area of the measuring elec-
trode and t is the specimen thickness.

3. Results and discussion
3.1. Surface functionalization of MWCNTs
Figure 1 gives the typical FTIR spectra of MWCNTs
before and after O3 treatment. For the p-MWCNTs,

the peak at 1580 cm–1 is assigned to the stretching
mode of "(C=C) of the double bonds in the MWCNT
backbone near the surface active sites. After O3
treatment, the intensity of peak around 1720 cm–1

related to carboxylic groups shows an increasing
trend, which suggested the MWCNTs were func-
tionalized by treating with O3. The broad band
appeared at 1170 cm–1 is attributed to the vibration
mode of "(O–C–O) of ester or "(C–O) of carboxylic
acid [13].

3.2. Mechanical property
Figure 2a shows typical stress-strain curves for the
PC and PC/MWCNT composites at 3 wt% MWCNT
concentration. The values of the elastic modulus as
a function of the MWCNT concentration are pre-
sented graphically in Figure 2b. Young’s modulus
of the PC composites visibly increases with increase
of MWCNT content regardless of the functionaliza-
tion. As the MWCNT loadings increase, yield stress
of the composite filled with 2h-MWCNTs increased
over the range we studied (Figure 2c), whereas
yield stress of the composite filled with p-MWC-
NTs decreases at 5 wt% MWCNT concentration.

rv 5 Rv ?
A
t

rv 5 Rv ?
A
t
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Figure 1. FTIR spectra of the MWCNTs before and after O3
treatment

Figure 2. Mechanical properties of MWCNT-filled polycarbonate: (a) stress-strain curves of pure PC and PC/MWCNT
composites; (b)~(d) elastic modulus, yield stress and elongation at break as a function of MWCNT content for
PC-MWCNTs, PC-2h-MWCNTs and PC-4h-MWCNT samples



Figure 2d shows that elongation at break of PC
composites reduces significantly from 60% for neat
PC to 2% when p-MWCNT content is 5 wt%. How-
ever, elongation at break of PC-2h-MWCNT com-
posite had no obvious variation. Notably, for the
PC-4h-MWCNT composite, the Young’s modulus,
yield stress and elongation at break show the simi-
lar trend, compared with the p-MWCNT based
composite, which will be discussed further on.

3.3. Morphology characterization
The quality of the MWCNT dispersion in the com-
posite is examined by SEM. Usually, good disper-
sion is necessary for optimal mechanical properties
[14, 15]. Figure 3 shows the SEM images of the frac-
ture surface of composites at 5 wt% MWCNT con-
centration, providing some insights of the MWCNT
dispersion state. The p-MWCNTs are presented
mainly in the form of agglomerates, whereas the
2h-MWCNTs are dispersed more uniformly, con-
firming that O3 treatment can facilitate MWCNT
dispersion in PC matrix, as compared in Figure 3a
and b. The agglomerates in poorly dispersed com-
posites cause cracks to initiate and propagate easily,
and the generated cracks reduce the strength of the
composite. On the contrary, well dispersed MWC-
NTs are more efficient than the aggregated MWC-
NTs in transferring applied load. Therefore, a sig-
nificant enhancement in mechanical property of
PC-2h-MWCNT composite compared with that of
PC-MWCNTs composite is observed.

3.4. Temperature dependent Raman
spectroscopy

Except for the good dispersion, strong interface is
also important for CNTs reinforced composite
because the external stresses applied to the compos-
ite as a whole can be efficiently transferred to the
CNTs, allowing them to take a disproportionate
share of the load. Due to its sensitivity to the inter-
atomic distance, Raman spectroscopy has been
widely used to evaluate the interaction between
polymers and CNTs in CNT based composites [16].
Generally, the interaction between CNTs and matrix
can be reflected by the Raman shifts of the charac-
teristic peaks [17, 18]. Figure 4a shows the most
prominent Raman spectra modes of MWCNTs are
the G-band (1580 cm–1), the D-band (1340 cm–1)
and the G#-band (2650 cm–1), exited with 633 nm
laser [19]. According to Wagner’s studies [17], the
G#-band was found to be exact and convenient to
monitor the temperature-induced strain of CNTs
embedded in the polymer. In the present study, we
induced a compressive deformation in MWCNTs
embedded in the PC matrix by cooling the speci-
mens from 353 to 193 K. As shown in Figure 4b,
the G#-band Raman spectra for 2h-MWCNTs peaked
at 2645 cm–1, whereas the G#-band for 2h-MWC-
NTs embedded in PC matrix peaks at 2655 cm–1 at
353 K. The higher frequencies shifts were caused
by the compression of C=C bonds, which resulted
from mismatch in the coefficient of thermal expan-
sion between MWCNTs and PC matrix [17]. With
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Figure 3. SEM images of composite fracture surfaces showing the dispersion states of MWCNTs. (a) 5 wt% p-MWCNTs;
(b) 5 wt% 2hr-MWCNTs



decreased temperature, the obvious upward shifts
of Raman G#-band peak position for the embedded
MWCNTs are expected, and arise from the further
shortening of C=C bond length due to the compres-
sive stresses from the matrix. As seen in Figure 4c,
the cooling of the embedded materials from 353 K

down to 193 K causes 5 and 8 cm–1 shift for
p-MWCNTs and 2h-MWCNTs, respectively. Com-
paring with p-MWCNT based composite, the 2h-
MWCNTs embedded in PC matrix shows larger G#-
band shift over the temperature range we studied,
illuminating more efficient load transfer between the
2h-MWCNTs and PC matrix. The results also indi-
cate that G#-band appears larger up-shift with
increase of O3 treatment time. By extending O3 treat-
ment time, more functional groups can be attached
onto the MWCNT surface [10]. Therefore, with the
higher degree functionalization on the nanotube
surface, PC-4h-MWCNT composite shows much
better load transfer behavior.
Furthermore, the morphology of the fracture sur-
face of MWCNTs based nanocomposites can also
reflect the interface status. We can find that many
holes exist on the fracture surface of PC-p-MWCNT
composite indicated by the arrow in Figure 5a,
which means MWCNTs are pulled out of the matrix
due to the poor interfacial bonding between p-
MWCNTs and PC. However, there is no obvious
hole on the fracture surface of PC-2h-MWCNT
composite (Figure 5b), suggesting improved inter-
facial adhesion between 2h-MWCNTs and matrix.

3.5. Thermal stability
The effect of MWCNT presence on the thermal sta-
bility of PC composites is studied by means of TGA
in N2 atmosphere, as shown in Figure 6. The tem-
perature corresponding to an initial 5% of weight
loss (T5%), to 50% of weight loss (T50%), and the
temperature of the maximum rate of weight loss
(Tmax) obtained by TGA and by TGA derivative
weight curves are given in Table 1. For pure PC, the
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Figure 4. (a) Raman spectra of MWCNTs excited with
633 nm laser; (b) and (c) effects of embedment
and cooling on the frequency shift of the G#-band
of MWCNTs

Figure 5. SEM images of composite fracture surfaces: (a) PC-3wt%-MWCNTs; (b) PC-3wt%-2hr-MWCNTs



major degradation occurs between 460 and 530°C,
and that is followed by a much slower degradation
process; Tmax is 520°C. The TGA results indicate
that adding MWCNTs and 2h-MWCNTs into the
PC matrix can increase the initial decomposition
temperature T5%. However, the T5% of PC-1wt%-4h-
MWCNT composite appears to be lower than that
of pure PC, implying worse thermal stability for PC-
1wt%-4h-MWCNT composite. The major degrada-
tion step for the PC-MWCNTs, PC-2h-MWCNTs
and PC-4h-MWCNT composites occur at a much
lower temperature. Tmax for PC-1wt%-MWCNTs,
PC-1wt%-2h-MWCNTs and PC-1wt%-4h-MWC-
NTs are 507, 504 and 482°C, lower than that of pure
PC. Additionally, Tmax for PC-5wt%-4h-MWCNTs
is just 482°C, which evidently decreases as the
MWCNT content increase. Due to the depressed

thermal stability of nanocomposites from TGA
results, we can conclude that the molecular weight
of the PC matrix degrades in the presence of MWC-
NTs, as demonstrated by Pötschke [20].
In order to further explore the effects of different
blending processes on the degradation of PC, the
melt viscosity behavior during mixing in a Haake
Minilab ctw5 is monitored in terms of melt viscos-
ity. The viscosity changes during mixing PC with
MWCNT and mixing PC with 4h-MWCNTs are
compared with that of pure PC, respectively. As
shown in Figure 7, the melt viscosity of PC-MWCNT
composite is obviously higher than that of pure PC
at the same shear rate. However, the incorporation
of 4h-MWCNTs leads to the decrease of the melt
viscosity due to the degradation of PC matrix dur-
ing the melt mixing. Usually, alcohols and car-
boxylic acids can lead to molecular degradation
through ester interchange. According to Legras’s
studies [21, 22], arylcarboxylate salts can attack the
carboxylate groups on the carbonate group through
nucleophilic and severely degrade the PC. There-
fore, the degradation of PC in our study is due to the
carboxylic and carbonyl groups on the MWCNT
surface. According to Pötschke’s study [20], there
are two counteracting effects on mechanical prop-
erty of composites during the composites prepared
by dilution of master-batch: on the one hand, the
MWCNT addition can enhance the mechanical
property of composite; on the other hand, the degra-
dation of PC would reduce the mechanical perform-
ance. Therefore, the mechanical property of PC-2h-
MWCNT composite was improved, while as that of
PC-4h-MWCNT composite is degraded, as already
given in Figure 2.
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Figure 6. TGA curves of the PC and its composites in N2 atmosphere: (a) weight loss curves; (b) derivate weight curves

Table 1. TGA data of the PC and its composites
Sample T5% [°C] T50% [°C] Tmax [°C]

PC 452 518 520
PC-1wt%-MWCNTs 472 510 507
PC-1wt%-2h-MWCNTs 470 507 504
PC-1wt%-4h-MWCNTs 441 494 482
PC-5wt%-4h-MWCNTs 428 474 468

Figure 7. Melt viscosity behavior of composite at 270°C



3.6. Electrical conductivity
The concentration dependencies of !v of PC com-
posites with pristine and surface modified MWC-
NTs for three types are plotted in Figure 8. It can be
seen that all MWCNT based PC composites exhibit
a typical percolation behavior. The introduction of
MWCNTs to PC decreases the !v of the resulting
composites. As shown in Figure 8, the percolation
threshold value for PC-MWCNTs and PC-2h-
MWCNT composites is 1.0 wt% and reaches up to
5 wt% for PC-4h-MWCNT composite.
According to "v measurement results, the surface
modification exhibits a practical effect on them. At
the same MWCNT content, the "v of the composite
increases with extending O3 treatment time to
MWCNTs, as shown in Figure 8. To our knowl-
edge, there are three main requirements for !v of
CNTs based composites. These are intrinsic CNT
resistance, good dispersion and aspect ratio. Usu-
ally, the CNTs show increase in their Rv due to the
damage to their intrinsic structures after oxidative
treatment [23, 24]. According to Simmons and co-

worker’s study [24], since the $-conjugated path on
the sidewalls of the SWCNTs can be disrupted by
O3 treatment, the resistance of SWCNTs increased
after oxidation. Therefore, the electrical conductiv-
ity of MWCNTs could be lowered after O3 treat-
ment in our case.
To exclude the aspect ratio effect of MWCNTs on !v
of composites, the two type MWCNTs are extracted
after PC-MWCNTs and PC-4h-MWCNT compos-
ites are dissolved in tetrahydrofuran. Both had
almost the same aspect ratio, as shown in Figure 9.
The morphologies of p-MWCNTs, 2h-MWCNTs
and 4h-MWCNTs on the carbon grids were observed
by TEM, which were extracted from composite.
Figure 10 display TEM images of MWCNTs
extracted from the PC matrix. From Figure 9a, it
can be seen that p-MWCNTs keep the same as that
of their original. However, from Figure 9b and c, it
is clear that the O3 modified MWCNT surface is
covered by a polymer layer, which should be the PC
component. This observation further proves that
ester interchange reaction is expected to occur
between MWCNTs and PC matrix due to the exis-
tence of carboxyl groups on the MWCNT surface.
Moreover, according to the statistical analysis, the
average thickness of coverage polymer for 2h-
MWCNTs and 4h-MWCNTs are 3.54±0.35 nm and
7.38±1.78 nm, respectively. Apparently, the thick-
ness of polymer layer increases with the increased
O3 treatment time of MWCNTs. The polymer layer
around MWCNT surface would increase the con-
tact resistance between the MWCNTs, which would
impair the conductivity of the composite further.
The !v results suggest that the PC-coating could
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Figure 8. Volume resistivity versus MWCNT content in PC

Figure 9. SEM images of MWCNTs extracted from PC/MWCNT composite: (a) PC-MWCNTs; (b) PC-4h-MWCNTs



effectively insulate the MWCNT surface due to
their highly non-conducting property. Additionally,
the lower !v value in the case of PC-2h-MWCNTs
than that of the PC-4h-MWCNT sample is due to
the presence of less amount of PC polymer on the
surface of 2h-MWCNTs.

4. Conclusions
Series of as-received and O3 treated MWCNTs
based PC composites are prepared by diluting a mas-
ter-batch containing 15 wt% MWCNTs using melt
mixing. The findings highlighted in this paper may

contribute to our understanding on the efficiency of
ozonolysis of PC/MWCNT nanocomposites. There-
fore, following conclusions can be drawn:
1) Relatively good dispersion is achieved for the

O3 treated MWCNTs. A number of 2h-MWC-
NTs are found to break rather than pull out at the
fracture surface, suggesting that strong bonding
exists between PC matrix and MWCNTs. The
strong interaction between the 2h-MWCNTs
and PC matrix would facilitate the load transfer,
resulting improved tensile property in their PC
matrix.

                                                Zhang et al. – eXPRESS Polymer Letters Vol.5, No.6 (2011) 516–525

                                                                                                    523

Figure 10. TEM images of MWCNTs extracted from PC/MWCNT composite: (a) PC-MWCNTs; (b) PC-2h-MWCNTs;
(c) PC-4h-MWCNTs



2) The thermal stability of PC shows an unusual
behavior after adding MWCNTs. According to
TGA results, the thermal stability of MWCNT
based PC composite reveals a significant decrease
after incorporation of O3 treated MWCNTs due
to the degradation of PC matrix, especially for
4h-MWCNTs. This effect leads to the decreased
mechanical properties.

3) Notably, the results also indicate that the surface
modification of MWCNTs as obtained by O3
treatment can influence in the electrical prop-
erty. The percolation threshold value for PC-
MWCNTs and PC-2h-MWCNT composites is
1.0 wt% and reaches up to 5 wt% for PC-4h-
MWCNT composite. The O3 treatment does affect
the !v negatively due to the change in the
MWCNT lattice structure and the formation of a
strongly adhered isolating PC layer around the
surface of modified MWCNTs.
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1. Introduction
Ferroelectrics such as barium titanate (BaTiO3),
lead titanate (PbTiO3) and lead zirconium titanate
(PZT) with the perovskite crystal structure have
gained considerable interest in industrial sectors.
Ferroelectric ceramics exhibit excellent dielectric
properties but poor mechanical performances. On
the other hand, polymers possess good flexibility
but low dielectric permittivity. Thus, combination
ferroelectric fillers and polymer can overcome these
deficiencies. Despite the advantages of being well
processable, inexpensive and low dielectric loss,
the dielectric constant of 0–3 composites remains
unsatisfactory. For example, Venkatragavaraj et al.
[1] incorporated PZT of high permittivity (!! =
1750) into polyvinylidene fluoride (PVDF) (!! =
12) using both solution-mixing and melt-blending
processes. They found that the dielectric constant of

resulting composites at room temperature is below
100 even at 50% filler loading. Such composites are
ineffective to be used as materials for capacitors
and transducers.
The dielectric properties of polymer-BaTiO3 com-
posites depend on several factors including the size
and filler content as well as the interfacial bonding
between the filler and polymer matrix [1–4]. In gen-
eral, the dielectric permittivity of barium titanate
degrades markedly when its grain size reduces from
the micrometer down to nanometer level. A transi-
tion from tetragonal to cubic crystal structure occurs
by refining its grain size to the nanometer regime
[4]. The cubic phase of barium titanate exhibits low
permittivity. In a recent study, Xie et al. [5] demon-
strated that the addition of 50 vol% BaTiO3 nanopar-
ticles (100 nm) to polyimide only yield a dielectric
constant of 35.
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According to the literature, the dielectric constant
of polymers filled with BaTiO3 microparticles can
be enhanced greatly by adding conducting metal
and carbon black microparticles as well as vapor
grown carbon fibers [6–8]. A significant rise in
dielectric constant of such three-component 0–3
composites occurs near the percolation threshold.
This is due to the formation of a large quantity of
minicapacitors. The conducting fillers are in very
close proximity to one another, but remain insulated
by thin polymer surface layers. In this respect, con-
ducting nanoparticles are anticipated to be more
effective than their microparticle fillers to increase
the permittivity of polymer composites.
Graphite is a polymorphic form of carbon consist-
ing of graphene layers stacked along its long crystal
axis. Sulfuric acid intercalant is incorporated into
graphite interlayers, forming the so-called graphite
intercalation compound (GIC). GIC is then sub-
jected to rapid heating or thermal shock to release
the intercalant, leading to the formation of expanded
graphite (EG). The EG can be further exfoliated
into graphite nanosheets of large aspect ratios under
sonication. It is considered that graphite nanosheet
additions are also beneficial in enhancing dielectric
permittivity of PVDF/BaTiO3 nanocomposites. In
this study, binary PVDF/BaTiO3 and ternary graphite
nanosheet doped PVDF/BaTiO3 nanocomposites
were fabricated via solution mixing followed by
compression molding. The purpose is to investigate
the electrical responses of polymer composites
filled with both conducting graphite nanosheets and
insulating BaTiO3 nanofillers.

2. Experimental
2.1. Materials
PVDF resin (Kynar 740) with a density of 1.78 g/cm3

was supplied by Atofina Chemicals Inc. (Philadel-
phia, Pennsylvania, USA). Spherical barium titanate
nanoparticles (85–128 nm) with density of 5.85 g/cm3

were purchased from Nanostructured & Amorphous
Materials Inc. (Houston, Texas, USA). Graphite
nanosheet (GN) was supplied by Institute of Poly-
mer and Nanomaterials, Huaqiao University
(Quanzhou, China) [9]. The detailed fabrication
method of GN was briefly described herein. Natural
graphite flake with an average diameter of 500 µm
was treated with concentrated sulfuric acid and
fuming nitric acid (4:1, v/v) for several hours to

produce GIC. Then, the resulting GIC was sub-
jected to a thermal shock at ~1000°C in a furnace to
yield EG. Finally, EG was exfoliated into GN in an
alcohol-based solvent under sonication for several
hours. The resulting GNs with a large aspect ratio
of ~250 were collected and used in this study.

2.2. Fabrication of nanocomposites
PVDF was dissolved initially in a flask containing
15 wt% N,N-dimethylformamide (DMF) solvent.
Barium titanate nanofillers of 10–60 wt% were then
added to the mixed solution for fabricating PVDF/
BaTiO3 nanocomposites. To prepare three-compo-
nent hybrid nanocomposites, the weight ratio of
PVDF/BaTiO3 was kept at 80/20. Graphite nanosheet
of 1 to 4 phr was also added independently to the
precursor solution. The nanocomposite solution
was sonicated for 10 h and then heated at 70°C for
solvent removal. The resulting products were dried
and compression-molded at 220°C for 10 min.

2.3. Structural and electrical measurements
The microstructure of composites was observed in a
scanning electron microscope (SEM, JEOL JSM-
820, JEOL, Tokyo, Japan). A thin gold layer was
sputter-coated onto the composite specimens prior
to SEM observation. X-ray diffraction (XRD) meas-
urements were performed using a Philip X’pert dif-
fractometer (PANalytical, Almelo, The Nether-
lands) in the 2" range of 2–50° at a scanning speed
of 3°/min. Disk specimens for electrical measure-
ments were coated with a silver paste. The fre-
quency dependent electrical properties were meas-
ured with an impedance analyzer (Agilent model
4294 A, Agilent, Santa Clara, California, USA) at
room temperature. Therefore, a complex permittiv-
ity of the composites can be obtained: !* = !! –"j!#,
where !! is the real part of permittivity and !# is the
dielectric loss. The impedance analyzer was equipped
with a small furnace for measuring temperature
dependent electrical properties. The heating rate of
the furnace was maintained at 5°C/min.

3. Results and discussion
3.1. Dielectric responses of PVDF/BaTiO3

composites
Figure 1 shows the variation of !! with BaTiO3 con-
tent for the PVDF/BaTiO3 nanocomposites tested at
a frequency of 1 kHz. It can be seen that the !!
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increases with increasing filler content. At 31.5 vol%
BaTiO3, !! value reaches to 31.4, being ~3.5 times
higher than that of neat PVDF. Theoretically, the
dielectric responses of ceramic-polymer systems
can be described by the logarithmic mixing rule and
Maxwell–Garnett approximation [6, 10, 11]. Loga-
rithmic mixing rule simply relates the permittivity
of a composite to a combined dielectric effect of its
individual constituents, see Equation (1):

log!c! = xlog!f! + (1 – x)log!p!                              (1)

Maxwell–Garnett approximation is applicable to
the inclusions embedded in a continuum matrix of
the polymer composite. Mathematically, the permit-
tivity can be expressed by Eqution (2):

                                  (2)

where A = (!f! – !p!)/(!f! + 2!p!), x denotes the vol-
ume fraction of BaTiO3 filler, !c!, !f!, !p! denote the
real part permittivity of the composite, BaTiO3 and
PVDF, respectively. Using !f! = 500, !p! = 9.5 and
f = 1 kHz, Equation (1) and (2) are plotted as dash
and dot curves respectively as shown in Figure 1. It
is evident that the experimental data points obey the
logarithmic mixing rule at high filler content while
follow the Maxwell–Garnett approximation at low
filler content.
Figure 2a–b shows the respective plots of !! and
tan# vs frequency for the PVDF/BaTiO3 nanocom-
posites. There exists a distinct enhancement in
dielectric constant with increasing filler content
while the loss tangent remains nearly the same. The
!! values of nanocomposites decrease with increas-
ing frequency. A significant drop in $! occurs when

the frequency reaches to 3·105 Hz. This is attributed
to the dipole relaxation of the composites lags behind
the fast change of applied fields. In this regime,
characteristic relaxation peaks of PVDF matrix can
be observed (Figure 2b).
Figure 3a–b shows SEM images of the PVDF/
BaTiO3 80/20 and PVDF/BaTiO3 50/50 nanocom-
posites. Barium titanate nanoparticles are found to
disperse homogeneously in the matrix of nanocom-
posites prepared by means of solution mixing. A
representative SEM image for the GN/BaTiO3/
PVDF 2.5/20/80 hybrid is shown in Figure 4.
Figure 5 shows XRD patterns of PVDF, BaTiO3,
PVDF/BaTiO3 80/20 and PVDF/BaTiO3/GN
80/20/2.5 nanocomposites. The peaks located at 2" =
18.5 and 20° are characteristic reflections of %-
PVDF. A distinct peak at 2" = 26.6° is assigned to
the (002) graphite characteristic reflection for the
PVDF/BaTiO3/GN 80/20/2.5 nanocomposite. Bar-
ium titanate exhibits several diffraction peaks in the
tested two-theta range. The peak at 2" = 45° clearly
indicates the presence of cubic barium titanate.
As recognized, PVDF/BaTiO3 composites filled with
BaTiO3 microparticles are well studied ceramic/
polymer composite materials due to their high
dielectric constant [12]. This is because BaTiO3
microparticles with a tetragonal structure exhibit
high permittivity. By refining the grain size of
BaTiO3 down to nanometer regime, its permittivity

ec9 5 ep9 a1 1
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Figure 1. Dielectric constant vs BaTiO3 contents for
PVDF/BaTiO3 nanocomposites

Figure 2. (a) Dielectric constant and (b) loss tangent as a
function of frequency for PVDF and PVDF/
BaTiO3 nanocomposites



reduces significantly owing to a transition from
tetragonal (ferroelectric) to cubic structure with a
low dielectric constant. Therefore, PVDF/BaTiO3
nanocomposites require larger volume fractions of
BaTiO3 nanoparticles to achieve a higher permittiv-
ity [13, 14]. Table 1 lists the !! and tan# values of
neat PVDF and representative PVDF/BaTiO3 nano -
composites. Apparently, it requires 60 wt% BaTiO3
nanoparticle (31.5 vol%) addition to PVDF to
achieve a dielectric constant of 31.4. Very recently,
Dou et al. [13] reported that BaTiO3/PVDF nano -
composite exhibits a dielectric constant of ~29 by
adding 50 wt% BaTiO3 nanoparticle. Similarly, the
dielectric constant of polyester-styrene resin can be
increased from 9.2 to 25.0 by adding heat treated
BaTiO3 nanoparticle of 60 wt% (22 vol%). Heat
treatment was employed in order to induce grain

and particle growth as well as lattice relaxation of
BaTiO3 nanoparticles [15]. It appears that thermal
treatment of BaTiO3 nanoparticles has little effect
in achieving large permittivity for the polymer
nanocomposites. In this respect, we employed GN as
a third component or hybrid filler to further enhance
the permittivity of binary PVDF/BaTiO3 nanocom-
posites.
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Figure 3. SEM micrographs of (a) PVDF/BaTiO3 80/20 and (b) PVDF/BaTiO3 50/50 nanocomposites

Figure 4. SEM image of PVDF/BaTiO3/GN 80/20/2.5
hybrid

Figure 5. XRD patterns of (a) PVDF, (b) BaTiO3, (c) PVDF/
BaTiO3 80/20 composite, and (d) PVDF/BaTiO3/
GN 80/20/2.5 hybrid

Table 1. !! and tan# values for neat PVDF and its nanocom-
posites determined at 1 kHz

Specimen !" tan#
Neat PVDF 9.7 0.018
PVDF/BaTiO3 80/20 11.6 0.019
PVDF/BaTiO3 40/60 31.4 0.026
PVDF/BaTiO3/GN 80/20/2.5 50.0 0.072
PVDF/BaTiO3/GN 80/20/3 492.0 49.1



3.2. Electrical performance of
GN/BaTiO3/PVDF hybrids

Figure 6a shows dielectric responses of the PVDF/
BaTiO3/GN hybrids filled with low GN loading
levels. Both the !! and tan# values increase slowly
with increasing GN content up to 2.5 phr. Thereafter,
they increase sharply as the GN content approaches
the percolation threshold. The PVDF/BaTiO3/GN
80/20/2.5 hybrid exhibits a large dielectric constant
of 50 and low loss tangent of 0.072 at 1 kHz. The
dielectric constant is four times larger than that of
PVDF/BaTiO3 80/20 nanocomposite (~11.9). The
PVDF/BaTiO3/GN 80/20/2.5 hybrid also exhibits
larger permittivity than the PVDF/BaTiO3 40/60
system (!! = 31.4) as described above. In other
words, BaTiO3 content of the composite can be
reduced markedly from 60 to 20 wt% by adding
only 2.5 phr GN without sacrificing but rather
improving the permittivity. The !! and tan & values
of PVDF/BaTiO3/GN 80/20/2.5 and PVDF/BaTiO3/
GN 80/20/3 hybrids are also listed in Table 1. An
extremely large value of !! = 492 can be achieved
by adding 3 phr GN loading. However, this hybrid
is unsuitable for energy storage applications due to
its extremely large dielectric loss resulting from the
formation of GN network. The formation of con-
ducting network enables trapped carriers to pass
through readily, thereby dissipating stored energy
considerably. A sharp transition from an insulator to

conductor can be also seen from the plot of electri-
cal conductivity vs GN content (Figure 6b).
In fact, large permittivity is beneficial for enhanc-
ing energy density stored in a capacitor as given by
the expression: $ = !!oE2/2, where $ is the stored
energy density, ! the permittivity, and !o the vacuum
permittivity (= 8.85·10–12 F·m–1) and E the applied
field [16]. For instance, to generate an energy den-
sity of 0.1 J/cm3, which is the value for the high
performing piezoelectric ceramics, assuming a 50%
energy conversion efficiency, the electric field
required is 47.5 MV/m for a capacitor with a dielec-
tric constant of 10 (permittivity of pure PVDF). For
the composite materials with higher permittivity,
the lower electrical field is needed to reach a
required energy density. Since the permittivity of
PVDF/BaTiO3/GN 80/20/2.5 hybrid composite is
50, an electrical field of only 21.3 MV/m is needed
to satisfy an energy density of 0.1 J/cm3.
Figure 7a–c shows the frequency dependent dielec-
tric constant, loss tangent and electrical conductiv-
ity of the PVDF/BaTiO3/GN hybrids. It can be seen
from Figure 7a that the !! value of hybrids decreases
with increasing frequency. For hybrids with higher
GN loadings, the variation of dielectric constant
with frequency is even more apparent. The incorpo-
ration of a conducting graphite phase into the PVDF/
BaTiO3 system affects its dielectric loss signifi-
cantly, particularly at low frequency region (Fig-
ure 7b). The loss tangent increases dramatically by
several orders of magnitude in the vicinity of perco-
lation threshold, resulting from the formation of a
conducting network. Figure 7c shows the variation
of conductivity with frequency. The conductivity of
hybrids with low GN contents increases linearly
with frequency in a double logarithmic scale.
Above the percolation threshold, a frequency inde-
pendent conductivity or plateau predominates at the
low frequency region. This is generally regarded as
the dc conductivity. The electrical conductivity
becomes frequency dependent when the frequency
(f) approaches a critical value fc (at % = 110% %dc).
In general, ‘ac universal’ law (see Equation (3)) can
be used to describe electrical conducting behavior
of hybrids:

%ac! = %dc + A&u                                                    (3)

where %ac!, are %dc are the ac and dc conductivity of
the composites, respectively; A is a temperature
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Figure 6. Variations of (a) dielectric constant and loss tan-
gent, and (b) electrical conductivity with GN con-
tent for PVDF/BaTiO3/GN hybrids



dependant constant, u the critical exponent, and & =
2'f. Below the percolation threshold, the dc con-
ductivity of composites is very small. Accordingly,
the %dc term can be neglected and Equation (3) con-
verts to: %ac! = A&u. Therefore, ‘ac universal’ law can
predict the conducting behavior of composites with
filler content above the percolation threshold more
accurately. A representative fitting curve for the
PVDF/BaTiO3/GN 80/20/3 hybrid is shown in Fig-
ure 7c. A critical exponent u = 0.70 is obtained
accordingly.
The ac conductivity and dielectric constant of com-
posites in the vicinity of the percolation threshold
generally follow the power law relation [17], see
Equations (4) and (5):

%!(f,'c) ! &u                                                         (4)

!!(f,'c) ! &–v                                                        (5)

where v is a critical exponent that obeys the relation
u + v = 1. The %! data of PVDF/BaTiO3/GN 80/20/2.5

and PVDF/BaTiO3/GN 80/20/3 hybrids can be best
fitted using Equations (4) and (3) that prevail near
and above the percolation threshold (Figure 7c).
The u values for PVDF/BaTiO3/GN 80/20/2.5 and
PVDF/BaTiO3/GN 80/20/3 hybrids are 0.97 and 0.7
respectively. The fitting curves and v values for
dielectric constant of these two hybrids are shown
in Figure 7a. The solid fitting curve for the PVDF/
BaTiO3/GN 80/20/3 hybrid using Equation (5) shows
a slight deviation from experimental data. As men-
tioned above, Equation (5) prevails near the perco-
lation threshold and the GN content of this compos-
ite is higher than the threshold. By reducing GN
content to 2.5, the solid curve of PVDF/BaTiO3/GN
80/20/2.5 hybrid agrees reasonably with experi-
mental data. The u + v values for PVDF/BaTiO3/GN
80/20/2.5 and PVDF/BaTiO3/GN 80/20/3 hybrids
are 1.07 and 0.95, respectively, which obey closely
the power law criterion.

3.3. The effect of temperature
Figure 8a shows temperature dependent dielectric
constant of PVDF, PVDF/BaTiO3 80/20 nanocom-
posite and their representative hybrids. For neat
PVDF, the dielectric constant displays two distinct
relaxation regions, showing transitions from low to
high temperatures. These correspond to its (- and %-
relaxation processes [18]. The %-relaxation in this
spectrum is associated with the molecular motion of
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Figure 7. (a) Dielectric constant, (b) loss tangent and (c) con-
ductivity as a function of frequency for PVDF/
BaTiO3/GN hybrids

Figure 8. Dielectric constant and loss tangent vs tempera-
ture plots for PVDF, PVDF/BaTiO3 80/20 nano -
composite and their hybrids



PVDF matrix near the melting temperature (Tm),
while the (-relaxation is due to the segment move-
ment of PVDF chains near Tg. The effect of filler
additions on these relaxations can be clearly seen in
the plots of dielectric loss vs temperature (Fig-
ure 8b). The %-relaxation peak intensity of the
PVDF/BaTiO3 80/20 nanocomposite decreases by
adding barium titanate.
Figure 9 shows DSC heating and cooling curves for
PVDF, PVDF/BaTiO3 80/20 nanocomposite and rep-
resentative hybrids. These measurements were deter-
mined using a differential scanning calorimeter
(Perkin model 2910) under a rate of 10ºC/min in a
protected nitrogen atmosphere. The melting tem-
perature of PVDF shows little changes by adding
barium titanate and graphite nanosheet. However, a
distinct increase in the crystallization temperature
of PVDF is observed due to the nanofiller additions.
This implies an effective nucleating effect of bar-
ium titanate and graphite nanosheet for the molecu-
lar chains of PVDF during the crystallization
process.

The variation of resistivity (reciprocal of conductiv-
ity), normalized to that at 25°C, with temperature of
PVDF/BaTiO3/GN 80/20/3 and PVDF/BaTiO3/GN
80/20/4 hybrids is shown in Figure 10. It is seen
that the normalized resistivity of hybrids increases
slowly with increasing temperature up to the vicin-
ity of Tm, follows by a sharp increase at Tm. Such an
increase in resistivity before Tm is commonly seen
in many conducting polymers. This behavior is gen-
erally known as the positive temperature coefficient
(PTC) effect that is mainly associated with thermal
expansion of the polymer matrix. Moreover, the
PTC peak intensity tends to decrease with increas-
ing GN content. Due to the thermal expansion of
polymer matrix, the distance between graphite
nanosheets increases markedly. Thus, the intercon-
necting conduction paths within the polymer matrix
are disturbed accordingly.
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Figure 9. DSC (a) heating and (b) cooling curves for PVDF, PVDF/BaTiO3 80/20 nanocomposite and their hybrids

Figure10. Normalized resistivity vs temperature plots for
PVDF/BaTiO3/GN 80/20/3 and PVDF/BaTiO3/
GN 80/20/4 hybrids

Figure 11. Variation of dielectric constant with temperature
at different frequencies for (a) neat PVDF and
(b) PVDF/ BaTiO3/GN 80/20/2.5 hybrid



Figure 11a–11b illustrates the change in !! with
temperature under different frequencies for neat
PVDF and the PVDF/BaTiO3/GN 80/20/2.5 hybrid,
respectively. It can be seen that the dielectric con-
stant decreases with increasing frequency for both
specimens. Furthermore, both the onset temperature
of %- and (-relaxation peaks shifts to higher temper-
atures with increasing frequency.

4. Conclusions
In summary, binary PVDF/BaTiO3 nanocomposites
and ternary PVDF/BaTiO3/GN hybrids were fabri-
cated using solution mixing followed by compres-
sion molding. Electrical measurements showed that
the real part of permittivity of PVDF/BaTiO3 nano -
composites increases with increasing BaTiO3 con-
tent. Moreover, the incorporation of low loading
levels of graphite nanosheets to the PVDF/BaTiO3
system led to a significant enhancement in dielec-
tric permittivity, especially at the percolation thresh-
old. The $! value of the PVDF/BaTiO3/GN 80/20/2.5
hybrid was 50, being four times higher than that of
the PVDF/BaTiO3 80/20 nanocomposite. Finally,
the electrical behavior of nanographite doped PVDF/
BaTiO3 composites can be well interpreted using
the percolation theory. In addition, the dielectric
constant and conductivity of the composites were
strongly dependent on temperature.
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1. Introduction
Being challenged with environmental and petro-
leum resources issues, polymers from renewable
resources are considered as the future macromolec-
ular materials [1]. Starch is an annually renewable
and biodegradable agriculturally derived polysac-
charide. It has been receiving growing attention for
decades, and is regarded as a promising candidate
for developing sustainable materials [2]. Poly(vinyl
alcohol) (PVA) is a water soluble synthetic polymer
that exhibits several advantages such as biodegrad-
ability, biocompatibility and capacity of forming
physically cross-linked hydrogel under mild condi-
tion [3–4]. Combination of starch and PVA has been

mainly documented as the relevant blend [5] and
graft copolymer [6].
It is well known that the structure and function of
polymers are intimately related. Subtle modulation
of chain architecture probably generates new mate-
rials with dramatically different properties [7].
Among the tools to define polymers well, reversible
addition-fragmentation chain transfer (RAFT) poly-
merization is a facile, convenient and versatile
approach to prepare functionalized polymers with
controlled architecture [8–9]. It may be an effective
way for combining the advantages of starch and
PVA components with controllable macromolecular
architectures. As a natural polymer, the structure of
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starch is unavailable to be controlled [10]. Thus,
one feasible strategy is to attach the precisely tailor-
made PVA onto starch.
As well known, PVA is easy to be derived from
saponification of poly(vinyl acetate) (PVAc). More-
over, Stenzel and her coworkers have revealed that
RAFT/MADIX (macromolecular design via inter-
change of xanthates) polymerization enables the
monomer VAc to polymerize in a controlled manner
[11]. McLeary group has performed the grafting
copolymerization of VAc onto two derivatives of
cellulose via RAFT polymerization [12]. But rare
attention has been paid to the RAFT polymerization
of VAc using abundant starch as substrate [13].
These facts encourage us to conduct the research on
conjugating starch with well-defined PVA. This
article aims at tailoring the synthesis and properties
of starch-based conjugates. Herein, starch-based
xanthate-mediated living radical polymerization of
VAc and subsequent alcoholysis were carried out to
generate two kinds of conjugates. The properties of
the conjugates were investigated to find out the
characters of the starch-based polymers.

2. Experimental
2.1. Materials
Water-soluble starch (Shanghai Chemical Agents
Ltd. Co., China) was dried before use. Vinyl acetate
(VAc, Shanghai Chemical Agents Ltd. Co., China)
was purified by distillation. Maleic anhydride
(MAn, m.p. 54–55°C, Shanghai Chemical Agents
Ltd. Co., China) and N,N!-Azobisisobutyronitrile
(AIBN, Shanghai Chemical Agents Ltd. Co., China)
were purified by recrystallizing from benzene
(Shanghai Chemical Agents Ltd. Co., China) and
anhydrous ethanol (Shanghai Chemical Agents Ltd.
Co., China) respectively. Carbon disulfide (Shang-
hai Chemical Agents Ltd. Co., China) was dried by
anhydrous magnesium sulfate (Shanghai Chemical
Agents Ltd. Co., China) before used. Dimethyl sul-
foxide (DMSO, Shanghai Chemical Agents Ltd.
Co., China), anhydrous ethanol, 95% ethanol (Shang-
hai Chemical Agents Ltd. Co., China), methanol
(Shanghai Chemical Agents Ltd. Co., China),
sodium hydroxide (Shanghai Chemical Agents Ltd.
Co., China), potassium hydroxide (Shanghai Chem-
ical Agents Ltd. Co., China), pyridine (Shanghai
Chemical Agents Ltd. Co., China), N,N!-Dimethyl-

formamide (DMF, Shanghai Chemical Agents Ltd.
Co., China), potassium ethyl xanthogenate (Shang-
hai Chemical Agents Ltd. Co., China) and hydrochlo-
ric acid (HCl, Shanghai Chemical Agents Ltd. Co.,
China) were all analytical grade reagents and used
as received.

2.2. Synthesis of starch-based xanthate agent
Firstly, unsaturated starch-based macromonomer
(SM) was prepared according to the literature [14]
by the esterification between starch and MAn.
Briefly, 24 g dry starch was dissolved in 28 ml
water at 100°C, mixed with 60 ml DMF and trans-
ferred into a 250 ml flask. A mixture of 24 g MAn,
24 ml pyridine and 60 ml DMF was added into the
flask in droplet under stirring. The reaction mixture
was allowed to react for 24 h with agitation at room
temperature. The crude product was precipitated
from 95% ethanol and purified by extracting with
95% ethanol in a Soxhlet apparatus for 24 h. The
dried light yellow powder was pure SM. Yield: 65%.
Carbon-carbon double bond percentage: 22.5%
(calculated from titration results). FTIR (KBr, cm–1):
3450 (–OH), 2931 (–CH2–, –CH3), 1732 (–C=O),
1638 (–C=C–).
Starch-based xanthate agent (SXA) was prepared
according to the literature [15] with some improve-
ments. Briefly, 10 g SM was dissolved in 40 ml
DMSO at 80°C. The solution and proper amount of
acetic acid were added into a 100 ml round-bottom
flask. Constant HBr gas was bubbled through the
solution and the mixture was kept stirring for 24 h
at 60°C. Then 10 g potassium ethyl xanthogenate
was added and the mixture was allowed to react for
another 24 h. After isolating the by-product KBr by
filtration, the crude product was precipitated from
200 ml anhydrous ethanol and purified by 24 h-
extraction with ethanol in a Soxhlet apparatus. The
dried dark yellow powder was SXA. Yield: 55%.
FTIR (KBr, cm–1): 3425 (–OH), 2924 (–CH2–, 
–CH3), 1042 (–C=S). UV (C=S): 385 nm (n"#"!*,
"max), 300 nm (n"#"!*, "), H2O as solvent. 1H NMR
(D2O, # ppm): 1.12 (a: O–CH2–CH3, 3H, t), 2.59 (d:
CH–CH2–OCO–, 2H, d), 4.06 (c: –CH2–CH(S)–C=O,
1H, d), 4.43 (e: O–CH2–CH, 2H, d, on starch), 4.86
(b: O–CH2–CH3, 2H, q), 5.01, 5.31 and 3.2–3.7 (f:
protons on starch backbone).
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2.3. SXA-mediated VAc RAFT polymerization 
To prepare conjugates (SVAc) of starch and molec-
ular weight-controlled poly(vinyl acetate), the RAFT
polymerization of VAc mediated via starch-based
xanthate agent was conducted [11]. Briefly, 0.1 g
SXA was dissolved in 6 ml DMSO at 80°C, and
cooled down to room temperature, then a mixture of
0.04 g AIBN and 4 ml VAc was added dropwise.
The mixture was transferred into a Schlenk tube
which was thoroughly deoxygenated by three con-
secutive freeze-pump-thaw cycles. Several tubes
were kept at 60°C water bath and removed at regular
time intervals. The reactions were terminated by
plunging the tubes into iced water. SVAc was pre-
cipitated from plenty of water, filtered, washed with
water for three times, and dried. The samples were
extracted with anhydrous ethanol for 48 h to remove
the homopolymer. The conversion of monomer was
determined by gravimetric method. FTIR (KBr,
cm–1): 3455 (–OH), 2931 (–CH2–, -CH–), 1754
(–C=O). 1H NMR (CDCl3, # ppm): 1.26 (a:
O–CH2–CH3, 3H, t), 1.64–1.94 (e: –CH2–CH, 2H,
t, in PVAc moiety), 1.96–2.12 (c: –OCO–CH3, s, in
PVAc moiety), 2.64 (f: CH–CH2–OCO–, 2H, d),
4.09 (g: CH2–CH–COOH, 1H, t), 4.46 (h:
O–CH2–CH, 2H, d, on starch), 4.72 (b: O–CH2–CH3,
2H, q), 4.82–5.05 (d: –OCO–CH–CH2–, 1H, m, in
PVAc moiety), 5.23, 5.43, and 3.3–3.8 (i: protons
on starch backbone).

2.4. Physical formation of SVAc micelles and
SVA hydrogel

A predetermined amount of SVAc was dissolved in
THF to obtain 0.004 g/ml solution, and then 1 ml
SVAc/THF solution was added into 10 ml water
slowly with vigorous stirring and kept at room tem-
perature for 12 h. THF was removed and the SVAc
micelles were formed. The final concentration of
SVAc micellar solution was 4·10–4 g/ml.
The conjugates (SVA) of starch and chain length-
controlled PVA were obtained by alcoholysis of
SVAc. Briefly, A mixture of 2.0 g SVAc and 15 ml
5 wt% NaOH/methanol was kept refluxing for 2 h.
The yellowish-white SVA powder was filtered and
dried.
To form physically cross-linked hydrogel, the aque-
ous solution of 10 wt% SVA was subjected to three
repeated freezing/thawing cycles, 24 h at –16°C
and 3 h at ambient temperature.

2.5. Characterizations
The powdered SM, SXA, SVAc and SVA were
mixed with dry KBr and compressed into disks
respectively. Fourier transform infrared spectra
(FTIR) of the samples were recorded using a Nexus
470 FTIR spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA). The thio-carbonyl bond
(–C=S) in the structure of SXA was identified with
Shimadzu UV-2450 UV-Visible spectrometer (Shi-
madzu Corporation, Kyoto, Japan). 1H NMR spec-
tra of SXA, SVAc and the hydrolysis product of
SVAc were recorded on a Bruker AV400 NMR
spectrometer (Bruker BioSpin, Rheinstetten, Ger-
many) using D2O, DMSO-d6 and CDCl3 as solvent
respectively. Thermogravimetric analysis (TGA) of
the SM, SVAc and SVA were performed with a TA
V2.4F thermoanalyzer (Thermo Fisher Scientific,
Waltham, MA, USA). Analyses were conducted over
the temperature range from 25 to 800°C with a pro-
grammed temperature increment of 20°C/min under
N2 atmosphere. A mixture of 0.5 g SVAc, 10 ml 1M
HCl and 10 ml THF was kept refluxing for 6 days to
remove starch component completely. Then the
apparent molecular weight and polydispersity index
(PDI) of the acidic hydrolysis remainder were meas-
ured on a Waters gel permeation chromatography
(GPC) with three linear Styragel columns, Waters
1515 pump, and Waters 2414 differential refractive
index detector at 30°C (Waters Corporation, Mil-
ford, MA, USA). THF was used as eluent at a flow
rate of 1.0mL/min and polystyrene standards were
employed for calibration.
Static contact angle of water on SVAc with defined
PVAc, starch, and PVAc films was measured with a
JC-2000C contact angle analyzer (Shanghai
Zhongchen Digital Technique Equipment Co. Ltd,
Shanghai, China), an average of five measurements
was taken. The surface morphology of the films
was observed with Hitachi S-3500N scanning elec-
tron microscope (SEM, Hitachi High-Tech, Tokyo,
Japan) at the acceleration voltage of 15 kV. For
TEM observation [16], about 0.02 ml SVAc micel-
lar solution was deposited on a carbon-coated elec-
tron microscopy copper grid. Water was evaporated
at ambient temperature and atmospheric pressure.
The morphology of the micelles was measured with
Hitachi H-7650 TEM (Hitachi High-Tech, Tokyo,
Japan) at an acceleration voltage of 80 kV. The size
of SVAc micelles was measured using a Brookhaven
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Instruments Corporation (Holtsville, NY) ZetaPlus
dynamic light scattering (DLS) apparatus at scatter-
ing angle of 90° at 25°C.
X-ray diffraction (XRD) profiles of the dried SVA
hydrogel powder were collected with a Bruker D8-
Advanced diffractometer (Bruker AXS Inv., Madi-
son WI, USA) using Nickel-filtered Cu-K$ radia-
tion (k = 0.15406 nm) and scanned from 2 to 60° at
a scan speed of 3°/min. The viscoelastic properties
of the SVA hydrogels were investigated using a
dynamic mechanical thermal analysis instrument
(DMTA IV, Rhemoteric Scientific Inc., Piscataway,
NJ, USA) with compression mode at 25°C [17].

3. Results and discussion
3.1. Synthesis of intermediate and controlled

polymerization
Incorporation of PVA will greatly improve the
processability, mechanical strength and other prop-
erties of starch [18–19], which has been achieved
by either radical graft copolymerization or blending
means. However, to our best knowledge, no report
has mentioned about tuning the architecture and
property of starch-based polymers with well-defined
PVA so far. RAFT polymerization has the potential
to be a key living/controlled polymerization (LCP)
method for highly value added fields or large scale
applications [20]. Especially it is suitable for syn-
thesizing PVAc, the precursor of PVA, with con-
trolled molecular weight and molecular weight dis-
tribution [11]. In view of these, the strategy that

performs RAFT polymerization of VAc in the pres-
ence of starch-based RAFT agent is adopted to inte-
grate starch and PVA with defined macromolecular
architectures.
Two steps are involved in synthesis of starch-based
RAFT agents (Figure 1). Macromonomer SM con-
tains 22.5% C=C is derived from the esterification
of starch and MAn. By using acetic acid as catalyst,
the addition of HBr to the double bonds on SM is
easily to be carried out. Then the bromium atoms
are substituted with xanthogenate groups to obtain
SXA. Though two forms of SXA may be formed,
both of them contain the xanthogenate functional
groups. No matter which one is the major product,
either is available to conduct the expected starch-
based xanthate-mediated living radical polymeriza-
tion of VAc. According to the Markovnikov addi-
tion principle, the probable major intermediates and
the target product are 3, 5 and 7.
The structures of SM and SXA are confirmed with
FTIR (Figure 2), UV and 1H NMR (Figure 3a). The
characteristic absorption bands on the FTIR spectra
of SM at 1732 and 1638 cm–1 are attributed to the
stretching vibration of –C=O and C=C. An absorp-
tion peak appears at 1042 cm–1 on the FTIR spectra
and UV absorptions of thio-carbonyl bond (–C=S)
exhibit at 300 and 38 nm, which verify the samples
contain –C=S groups. In addition, the 1H NMR
analysis results also demonstrate SXA has been
synthesized successfully. The proton signals at
4.43, 5.01, 5.31 and 3.2~3.7 ppm belong to the
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Figure 1. Route of controlled incorporation of well-defined PVAc onto starch via RAFT polymerization



starch backbone. And the peaks at 1.12, 4.06 and
4.86 ppm indicate that xanthogenate group has been
bonded onto starch backbone.
Owing to the characteristic structure of VAc
monomer, few RAFT agents are available for its
controlled polymerization [21]. Fortunately, poly-
saccharides can be played as a leaving group to
mediate the RAFT polymerization [12, 22–23]. The
utilization of polysaccharides-based RAFT agent
not only retains the characteristics of natural poly-
mers, but also forms well-defined structure. In cur-
rent study, SXA is used as macro-RAFT agent and
the controlled polymerization of VAc is carried out
as expected. The enhanced absorption peak at
1754 cm–1 on the FTIR spectra of corresponding
polymer (Figure 2) is attributed to carbonyl group,
which suggests that the sample is the target product
SVAc. On the FTIR spectra of the alcoholysis

derivatives of SVAc (Figure 2), the characteristic
absorption band of carbonyl group has disappeared
whereas the absorption band of hydroxyl group is
strengthened. This proof indicates that SVAc has
converted into SVA completely. 1H NMR spectra
(Figure 3b) also verify the structure of SVAc. The
signs at 1.64~1.94, 1.96~2.12 and 4.82~5.05 ppm
are related to the protons on PVAc chain. The peaks
at 2.64, 4.09, 4.46, 3.3–3.8, 5.23 and 5.43 ppm belong
to that on the starch segment. And the protons of
xanthogenate group show their chemical shifts at
1.26 and 4.72 ppm.
Figure 4 exhibits the thermal degradation profiles
of SM, SVAc and SVA. Their thermal stabilities also
reveal the success of the polymerization and alco-
holysis reaction. The initial difference of weight
loss among SM, SVAc and SVA reflects their water
content or hydrophilicity variance. It is found that
both SVAc and SVA show two degradation plat-
forms. The first stages (200–350°C) are assigned to
both the decomposition of SM backbone and PVAc
segments, and the second ones (390–480°C) are
related to the PVAc or PVA moiety [24]. Since both
SM and SVA contain more hydroxyl groups than
SVAc, and there are carboxyl groups on the back-
bone of SM, the ability to form intermolecular hydro-
gen-bond is in the following order: SM">"SVA">
SVAc. As a result, the final residual weight fraction
of the samples is in the same order. These phenom-
ena confirm the structures of SM, SVAc and SVA
once more.

                                                   Lu et al. – eXPRESS Polymer Letters Vol.5, No.6 (2011) 535–544

                                                                                                    539

Figure 2. FTIR spectra of SM (a), SXA (b), SVA (c) and
SVAc (d)

Figure 3. 1H NMR spectra of Starch-based xanthate agent (a) and SVAc (b)



To verify starch component of SVAc is removed
thoroughly, the structure of acidolysis residue is

characterized with the 1H NMR spectra (Figure 5).
The signals at 3.2–3.7 ppm have disappeared, which
suggests starch is removed completely and the
structure of PVAc is kept during the acidolysis.
GPC analysis results of the hydrolysis products
reveal the dependence of the number-average molec-
ular weight (Mn) and PDI on monomer conversions
(Figure 6). Mn values increase almost linearly with
monomer conversions. PDI ranges from 1.26 to
1.46, which is rather low. The rate plot, ln([M]0/[M])
versus time, is almost linear (Figure 7), which indi-
cates the propagating radical concentration is invari-
ant during the polymerization. These results are
consistent with the characteristics of LCP [25–26].
In other words, the reaction has implemented as
designed.

3.2. Tunable micellization of SVAc and
gelation of SVA

SVAc is composed of hydrophilic starch and hydro -
phobic PVAc segments, which indicates that SVAc
may be amphiphilic. To evaluate the hydrophilic
character of SVAc, the films of starch, PVAc and
SVAc are prepared by spin coating. The surface of
the films is smooth, as observed with scanning elec-
tron microscope (data not shown), which suggests the
effect of the surface roughness on the contact angle
value can be neglected. Thus, the contact angle val-
ues of the samples only rely on their structure. The
static contact angle values of water on the starch,
PVAc and SVAc indicate that the hydrophobicity of
SVAc is intervenient between starch and PVAc
(Figure 8). Furthermore, the hydrophobicity of the
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Figure 4. Thermogravimetric analysis profiles of SM (a),
SVAc (b, Mn =8.6·104) and its derivative SVA (c)

Figure 5. 1H NMR spectrum of the hydrolysis remainder of
SVAc

Figure 6. Number-average molecular weight (Mn) and the
polydispersity index (PDI) as the functions of
monomer conversion for vinyl acetate RAFT
polymerization mediated via starch-based xan-
thate agent, conditions: 2.44·10–4 mol/l AIBN,
4.33·10–2 mol/l VAc, 0.1 g starch-based xanthate
agent, 6ml DMSO, 60°C

Figure 7. Kinetic curve of RAFT polymerization of vinyl
acetate mediated via starch-based xanthate agent
(2.44·10–4 mol/l AIBN, 4.33·10–2 mol/l VAc,
0.1 g starch-based xanthate agent, 6 ml DMSO, at
60°C)



SVAc increases with the chain length of hydropho-
bic PVAc segment. It can be inferred that the differ-
ence in solubility of two segments in water may
result in forming core-corona type micelles [27]. As

shown in Figure 9, the morphology of SVAc micelles
is regular sphere and disperses well without aggre-
gation. The diameter of the micelles is around 100~
200 nm. In addition, DLS measurement results nar-
rate that the size of the micelles in aqueous solution
increases with the chain length of PVAc segment
(Table 1). Evidently, the hydrophobicity and self-
assembly behavior of SVAc depend on molecular
weight and are controllable.
It is anticipated that the incorporation of PVA seg-
ment will improve the properties of starch evi-
dently. SVAc can be readily converted into SVA by
the classical saponification reaction [28]. Herein,
what we concerned is the capacity of SVA forming
hydrogel in mild physical way, as this property is
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Table 1. Hydrophobicity and micellar mean size of SVAc
with different molecular weight and its distribution

aMn is the molecular weight of PVAc, the hydrolysis product of
SVAc
bMn and PDI are determined with GPC

Sample Mn
a,b

[g/mol] PDIb Contact angle
[°]

Mean diameter
[nm]

SVAc-I 53 033 1.37 59.5 137.5
SVAc-II 86 383 1.33 63.0 153.0
SVAc-III 134 659 1.46 68.0 186.1

Figure 8. Contact angle of water on (a) starch, (b) PVAc (Mn = 1.7·105), (c) SVAc-I (Mn = 5.3·104, (d) SVAc-II (Mn =
8.6·104) and (e) SVAc-III (Mn = 1.3·105)

Figure 9. TEM image of SVAc micelle (the solution con-
centration is 4·10–4 g/ml), and the size distribu-
tions of SVAc micelles assembled in aqueous
solution: (1) SVAc-I, (2) SVAc-II, (3) SVAc-III



quite useful for medical applications such as drug
delivery and tissue engineering [29]. To compare
the relevant information, DMTA measurements of
starch and SVA gels with controlled chain length
are implemented. Unlike SVA, starch is difficult to
form physically cross-linked hydrogel via freezing/
thawing cycles [6]. Noting a starch gel obtained
from 16~33% aqueous solution and three freezing/
thawing cycles will disaggregate into powder after
being kept in the water for twelve hours, the starch
gel used for DMTA test in this article is prepared by
subjecting a 50% aqueous solution of starch to three
freezing/thawing cycles. Figure 10 shows the storage
modulus (E!) and loss modulus (E%) of starch gel
and SVA hydrogels. E! and E% of starch gel increase
with the frequency and level off at last. E! of starch
gel is about five times higher than its E%. DMTA
analysis results of SVA hydrogels reflect that their
mechanical properties are sensitive to the PVA net-
work structure [30]. In the range of 0.1~10 Hz, the
relationships between E! (or E%) and frequency of
SVA hydrogels are linear. E! of SVA hydrogels are
ten times greater than their E% in value. Moreover,
E! and E% of SVA hydrogels increase as the chain
length of PVA segments increases. The crystallinity
of the dried SVA hydrogels calculated from the
XRD profiles [31] are 29.4, 33.6 and 37.1% for
SVA-1, SVA-3 and SVA-5 respectively. This indi-
cates the relationship between the physical crosslink
degree of SVA hydrogel and the molecular weight
of PVA segment is in direct ratio and interprets the
effect of Mn on E! well. These results demonstrate

the formation of SVA hydrogels [32]. Noting the
concentration of SVA aqueous solution for forming
hydrogel is just 10%, it is evident that the incorpo-
ration of PVA segment greatly enhance the capabil-
ity of starch to form physical 3D network structure.
Moreover, such ability can be tuned with the molec-
ular weight of PVA.

4. Conclusions
Developing starch-based polymers may offer an
effective route to enhance the added-value of natu-
ral biopolymers and provide an answer for environ-
mental issue. Integration of starch with synthetic
PVA is one of the possible ways to this target. Tai-
loring the chain length of PVA may offer an approach
to modulate the properties of starch-PVA biohybrid.
In view of these, the conjugate of starch and well-
defined PVAc, is developed by conducting starch-
based xanthate agent mediated-RAFT polymeriza-
tion of vinyl acetate. Another starch-based conjugate,
SVA, is obtained from its precursor SVAc subse-
quently. Two conjugates show some interesting prop-
erties: SVAc self-assembling into spheral micelles
and SVA forming physically cross-linked hydrogel.
Moreover, the characteristics of SVAc and SVA are
linear-dependence on the molecular weight of PVAc
or PVA segments, and the chain lengths of PVAc or
PVA segments are controllable. As starch and PVA
are biocompatible, SVA may be a potential candi-
date for biomedical applications. The presented
method may also provide an available way for tai-
lor-making starch-based functional materials.
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1. Introduction
Bone is considered as a nanocomposite of minerals
and proteins. Recently nano-sized hydroxyapatite
(HAP) and its composites with polymers have been
investigated with fascination and demonstrated a
good impact on cell–biomaterial interaction [1, 2].
However, the migration of the nano HAP particles
from the implanted site into surrounding tissues
might cause damage to healthy tissues. Current
advances in molecular biomimetics suggest that a
biomineral-inspired approach may be of value in
new classes of biomaterials [3, 4]. This approach is
based primarily on the idea of macromolecules as
templates to control inorganic crystal formation,
and seeks to reproduce the nanoscopic and hierar-
chical structures of natural bone through biological

principles and the processes of self-assembly or
self-organization [5]. Biomimetic mineralization is
a powerful approach for the synthesis of advanced
scaffold materials with complex shapes, hierarchi-
cal organization and controlled size, shape and
polymorphism under ambient conditions in aqueous
environments.
Chitosan is partially deacetylated chitin, which is
found in nature as a major organic component in
several biocomposites, and has a crucial role in the
hierarchical control of the biomineralization process.
Furthermore, chitosan is one of the most important
candidates for bone tissue engineering scaffolds,
and possesses better mechanical properties than
other natural polymers [6, 7]. Therefore, in this study
polysaccharide chitosan scaffolds were selected as
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the porous matrix for mineralization, which control
the nucleation, deposition and growth of the nanome-
ter scaled HAP. It will be always very difficult to
mimic exactly the calcification process that occurs
in bone. This is further complicated by the fact that
all mineralization processes are ultimately con-
trolled by the cells directly associated to the tissue
formation [8]. In literatures, nanometer scaled HAP
powders and coatings can be synthesized using a
number of strategies including sol-gel processing
[9], co-precipitation [10, 11], emulsion techniques
[12], batch hydrothermal processes [13–17],
mechano-chemical methods [18] and chemical vapor
deposition [19]. However, bio-compatible and envi-
ronment-friendly pathway to synthesize biocom-
posites of HAP-biomolecule is also being explored.
In this study, authors tried to prepare nanoscopic
composite materials with a fast, facile and efficient
way in large quantities. An ethanol-water solvent
was used to control the formation, morphology and
phase transition of HAP under 80ºC. Urea was uti-
lized as a buffer reagent to balance pH value of the
system, which decomposes into carbonate ion and
ammonia in aqueous solution.
Such one-pot approach was easily manipulated and
repeated. Furthermore, large quantity of nano HAP
and mineralized scaffolds could be obtained sponta-
neously. The main aim of our study is not only to
emulate a particular biological architecture or sys-
tem, but to abstract the guiding principles and use
such ideas for a broad application. Therefore, this
rapid synthesis approach could also be extended to
design other mineralized materials and devices.

2. Experimental section
2.1. Materials
Chitosan (MW 150,000, viscosity 200 mPas, 85%
deacetylation) was obtained from Fluka Biochemi-
cal Ltd (Sigma-Aldrich Chemie GmbH, Buchs,
Switzerland) and was purified before use. Hydrox-
yapatite (HAP, thermal spraying powder) were pur-
chased from Plasma Biotal Limited (Buxton, UK),
used as a control. Other chemicals in this study were:
acetic acid, ethanol and calcium chloride from Merck
GmbH (Darmstadt, Germany); sodium hydroxide
from Fluka Biochemical Ltd; urea from Sigma/
Aldrich Inc (Sigma-Aldrich Chemie GmbH, Buchs,
Switzerland). All the chemicals were analytical
reagent grade.

2.2. Preparation of chitosan scaffolds
Chitosan flakes were dissolved in 1 wt% acetic acid
solution at room temperature to obtain 1.5 wt%
homogeneous solution. The solution was filtered to
remove air bubbles trapped in the viscous solution.
Afterwards chitosan solution was cast into a poly-
styrene Petri dish and frozen at –80ºC for 2 h, and
then freeze-dried overnight. The chitosan scaffolds
(named as CS scaffolds) were washed with sodium
hydroxyl/ethanol solution and 85 wt% ethanol to
remove acetic acid, and then underwent a second
freeze-drying.

2.3. Mineralization of CS scaffolds
CS scaffolds were placed in a wide-mouth bottle
containing 0.3 g urea and 20 ml mixed solvents of
ethanol and distilled water (3:1, v/v). Afterwards, a
certain amount of dibasic sodium phosphate (0.1M)
and calcium chloride (0.1M) with the molar ratio of
1.67 were introduced under magnetic stirring. This
mixture was adjusted to become weakly alkaline by
adding sodium hydroxide solution. Finally, the bot-
tle was closed tightly and kept in the oven at 80ºC
for 24 and 48 hours respectively. (The scaffolds
were named as BCS-24h and BCS-48h respec-
tively). After mineralization process, the scaffolds
were washed with 85% ethanol thoroughly and
were freeze-dried. The precipitation in suspension
was centrifuged and washed with distilled water
and dried at 60ºC for further study (named as
apatite-24 h and apatite-48 h respectively).

2.4. Characterization of the scaffolds
The crystal structure of BCS scaffolds and the
apatite formed in suspension were determined with
a powder X-ray diffractometer (D8 X-ray diffrac-
tometer) employing the Cu–K! line. Data were col-
lected from 10 to 60° (2! values), with a step size of
0.02°, and a counting time of 1 s per step. The com-
position of the BCS scaffolds was measured by a
Fourier Transform Infrared spectrometer (FT-IR,
FTS 6000 Spectrometer, Bio-RAD). Transmission
electron microscopy (TEM) was used to evaluate
the crystals formed in the solution and on the chi-
tosan matrix which were achieved by ultrasonic dis-
persion. An environmental scanning electron micro-
scope (ESEM, Quanta 600 FEG, FE-ESEM, FEI
Europe) was employed to detect the surface topog-
raphy and microstructure of the scaffolds. To ana-
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lyze the mechanical property improvement of these
scaffolds, the compression test was performed at
room temperature using a Zwick universal testing
machine (Zwick Z010, Zwick GmbH, Germany,
software Testexpert V10.11). Three cubic scaffolds
(dry state) were tested for each sample. Tests were
conducted with a constant strain rate of 2 mm·min"1,
either up to failure or until 70% reduction in speci-
men height. The compressive modulus (E) was
determined by linear regression from the slopes in
the initial elastic portion of the stress-strain dia-
gram.

3. Results and discussion
3. 1. Determination of crystalline component

with XRD
Figure 1 shows the XRD patterns of the BCS scaf-
folds and the apatite in the suspension. The Bragg
peaks observed approximately at 26, 28, 29, 30–35,
39, 46, 49, and 50º (2!) correspond to the pure phase
HAP [20], as the bar graph shows in the bottom of
Figure 1. Figure 1a demonstrates that the apatite
formed in the suspension was HAP but with poor
crystallinity. However apatite on BCS-24h presents
the characteristic peaks of HAP and dicalcium
phosphate phase (DCP, marked as solid dots in Fig-
ure 1b). The non-uniformity of reaction microenvi-
ronments in bulk solution and around chitosan scaf-
folds surface may be responsible for this difference.
Generally, the DCP is not stable in alkaline solution
at chemistry laboratory [21]. HAP phase always co-
existed with other calcium phosphates even in natu-
ral bone, such as DCP, TCP (tricalcium phosphate),
OCP (octacalcium phosphate), amorphous phases,
etc [22, 23]. After 48 h, the XRD peaks of DCP phase
disappears in the chitosan composites and all sharp

peaks can be indexed as pure phase of HAP with
high crystallinity (Figure 1d). And the XRD pattern
of apatite-48 h (Figure 1c) has no typical differ-
ences from that of apatite-24 h, wherein the broad
peaks may be attributed to the small particle size
and crystal lattice strains.

3.2. Determination of phase composition with
FT-IR

The spectra of native chitosan (see Figure 2a)
exhibited the characteristic bands at 1648 cm–1

(amide I), 1590 cm–1 (amide II) and 1375 cm–1

(amide III). Wave number 1026 cm–1 was the pri-
mary amino groups (–NH2) at C2 position of glu-
cosamine. Stretching of primary alcoholic groups
(–CH2OH) was at 1056 cm–1.  The FT-IR spectra of
mineralized CS scaffolds (Figure2b and c) showed
a strong band at near 1020 cm–1 which means that
the absorption of –NH2 and PO4

3– were aligned. Fur-
thermore it could be detected that the three charac-
teristic signals of HAP (1089, 1018 and 961 cm–1)
were more intensive in BCS-48h than in BCS-24h.
Figure 2d is the spectra of commercial HAP, where
the three peaks were assigned as stretching vibra-
tions of PO4

3– ions. 

3.3. Morphology of the scaffolds
Figure 3a) is the image of white and soft CS scaf-
fold, which possessed thin, smooth and porous walls.
ESEM image of apatite-48 (Figure 3b) showed that
the nanorods are uniform and the diameter is about
100 nm. However the apatite deposited on the chi-
tosan scaffolds was different from that suspended in
solution. From the previous reports, HAP tends to
form one dimensional nanowires or sea-urchin aggre-
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Figure 1. XRD patterns of samples: (a) apatite-24 h;
(b) BCS-24h; (c) apatite-48 h and (d) BCS-48h.
The bar graph at the bottom is indexed HAP
peaks according to JCPDS 9-432. The solid dot
marked in (b) is DCP (JCPDS 9-80).

Figure 2. FT-IR spectra of samples: (a) native CS, (b) BCS-
24h sponge, (c) BCS-48h sponge and (d) com-
mercial HAP powder, Plasma Biotal Limited, UK



gates consisting of nanorods or nanowires in aque-
ous solution [24–26]. Here, the interesting point is
the different morphologies of HAP formed in solu-
tion and on chitosan scaffolds walls. Figure 3c pres-

ents one ESEM image of the apatite deposited on
the scaffolds for 24 hours (BCS-24h), which shows
loose mineral layer of sea-urchin structure with dif-
ferent sizes. From flat areas to the pores of the
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Figure 3. ESEM images of original CS sponge (a), apatite-48 h (b), BCS-24h (c), BCS-48h (d), higher magnification
images of the large apatite aggregates (e) and small aggregates (f)



matrix, the apatite aggregates become bigger. In the
pores of the scaffolds, the aggregates are more than
ten times larger than that on the other areas. The
HAP mineral layer becomes thicker and tighter on
the BCS-48h scaffolds, as shown in Figure 3d. Sim-
ilar to what happened on BCS-24h scaffolds, large
amount of sea-urchin aggregates with bigger sizes
in the pores, and the smaller size of the aggregates
in flat areas are also visible. More details of HAP
aggregates with larger size in the pores were present
in Figure 3e. It demonstrates that the diameter of the
sea-urchin HAP aggregates are more than 20 µm,
which consist of uniform thin nanowires with a
length of more than 10 µm and a diameter of less than
150 nm. And these sea-urchin like HAP structures
aggregated together to form a network in the pores
of the scaffolds. Small sea-urchin aggregates (diam-
eter ca. 2 #m) made a thick deposit on the flat areas

(BCS-48h, Figure 3f). Here, it is worth to note that
the size of the aggregates in pores is ten times of
that on the flat areas by checking most areas on the
matrix during the ESEM measurement.
To check the mineralization inside the scaffolds,
cryo-fractured cross sections were observed with
ESEM as well. Both scaffolds (BCS-24h, 48h)
showed plenty of apatite aggregation on the matrix
walls (see Figure 4a and 4c). From Figure 4b, nano-
sized apatite particles and some spheres adhere on
the inside walls of BCS-24h. After 48 hours miner-
alization, HAP nanopaticles grew bigger and contin-
uously to form a dense film covering on the BCS-
48h scaffolds (Figure 4d). Moreover, the amount of
micron size spheres increased and joined together.
It is obvious that the HAP film became denser and
thicker when the chitosan scaffolds were mineral-
ized for 48 hours. Hence, the mineralization of HAP
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Figure 4. Cross section of the chitosan scaffolds with SEM observation. (a) and (b) BCS-24h scaffolds. (c) and (d) BCS-48
scaffolds with different magnification.



on the chitosan scaffolds is successful, which the
dense mineral layer attached on the outside and
inside surfaces of the scaffolds.

3.4. TEM micrographs
Transmission electron microscope (TEM) images
of the apatite-48 h (Figure 5a) revealed well defined
crystalline tapes of ca. 80$15 nm (aspect ratio ca.
5.5). The HAP nanorods are monodisperse and uni-
form in size, although there is some random aggre-
gation of HAP nanorods. The HAP on BCS-48h scaf-
folds was collected with ultrasonic vibration. The
TEM image demonstrates that the HAP crystals are
much larger in size and aggregate into sea-urchin
structure (Figure 5b). This observation is accor-
dance with the SEM images.

3.5. Mechanical properties
In nature, bone strength depends on bone matrix
volume, micro architecture, and also on the degree
of mineralization. The more cancellous tissue is
mineralized, the higher stiffness it is [27]. In this
study we achieved similar results. The original chi-
tosan sponges were very soft, with compressive
strength of 0.09±0.012 MPa. After mineralization,
the compression strength of CS scaffolds got a
dramatic increase, rising to 0.54±0.005 and
0.55±0.003 MPa respectively. This increase in
compression strength can be attributed to the miner-
alized mineral layer on the chitosan, and thicker
mineral layer leads to the higher compression
strength of the scaffolds (0.55 MPa, BCS-48h).

Moreover, the compressive modulus of BCS-48h
(29.29±1.25 MPa) is obviously higher than that of
the BCS-24h (24.47±0.45 MPa), which reveals that
thick nano HAP layer makes the scaffolds stiffer.
Comparing with the data of human bone, the com-
pressive strength of the composite scaffold is still
far from that of cortical bone (Strength of 130–
180 MPa, modulus of 12–18·103 MPa) and cancel-
lous bone (Strength of 4–12 MPa, modulus of 0.1–
0.5·103 MPa) [28–30], but closer to cartilage
(Strength of 4–59 MPa and modulus of 1.9–
14.4 MPa [31, 32] or initial soft callus which has
modulus closer to 1 MPa. Therefore these materials
can be suggested to be  used as substitute for carti-
lage, non-load-bearing bone or initial fracture heal-
ing callus substitute, which can remodel and develop
into bone tissue.

3.6. Mechanism of mineralization
One of the fundamental aspects controlling the final
habit of a growing crystal is the balance between
kinetic and thermodynamic control, which plays a
key role in crystal growth, determines the final
crystal habit, phase, shape, and structure [33, 34].
The precipitation of calcium phosphate from aque-
ous solution is somewhat complicated due to the
possible occurrence of several different calcium
phosphates with or without hydrogen/hydroxide
group, depending on the solution composition and
the pH value [35–37]. These phosphates salts
include dicalcium phosphate (DCP), dicalcium phos-
phate dehydrate (DCPD), tricalcium phosphate
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Figure 5. Transmission electron micrographs of hydroxyapatite: (a) apatite-48h and (b) apatite on the BCS-48h scaffolds



(TCP), octacalcium phosphate (OCP), HAP, amor-
phous calcium phosphate (ACP), and so on [38,
39]. However, HAP phase is more stable than other
salts stated above in alkaline aqueous. Hence, some
people report that these phosphate salts were used
as precursor for preparation of HAP or were observed
as transitory by-products in their experiments [21,
40]. In this work, DCP were characterized at the
early stage of reaction, which can be regarded as
transition phase or precursor. At 80°C, urea decom-
posed into CO2 and NH3, then dissolved in aqueous
solution and hydrolyzed to HCO3

– or CO3
2– and NH4

+

in solution. These ions kept the solution weakly
alkaline for the slow hydrolysis of DCP and crystal-
lization of HAP. The mechanics of the mineraliza-
tion in this study was analyzed as following.

Crystallization in bulk solution and on chitosan
surface
The spatially periodic functional groups –NH3

+ on
the surface of the CS substrate interacted with the
phosphate anions when the dibasic sodium phos-
phate solution was introduced into the wide mouth
bottle containing urea mixed solvents and CS. Here,
it should be noted that one part of the phosphate
anions would be stabilized by the –NH3

+ group of
CS and the other part of free phosphate anions
would stay in bulk solution, as shown in the scheme
(Figure 6a and 6b). Then DCP phase formed on CS
surface or in bulk solution when the calcium chlo-

ride solution was introduced into the bottle by the
reaction between the hydrogen phosphate and cal-
cium (Figure 6c). However, the salt was not stable
in alkaline solution and especially at 80°C. Then, the
hydrolysis was carried on for the formation of the
thermodynamic stable HAP phase (Figure 6d) [41].
During the hydrolysis of DCP phase for formation
of HAP phase, the free cations and anions in bulk
solution crystallized homogenously to form uni-
form HAP nanorods (Figure3b and 5a). Consider-
ing the strong binding between the phosphate ions
and CS, it is reasonable to assume that hydrolysis of
the DCP on the CS would slow down. With the
comparison of XRD patterns of BCS-24h and
apatite-24h (Figure 1a and b), it is found that DCP
phase is still resident on the CS surface after even
24 hours reaction (Figure 1b), while all of powders
suspended in bulk solution were characterized as
pure phase of HAP (Figure 1a). In one previous
paper for elucidate the residue of DCP phase, the
author found that the formation of HAP and the
hydrolysis of DCP were competitive [41]. But, in
this work, this viewpoint can not be interpreted
completely why DCP phase was only resident on
the CS surface and no DCP phase mixed in powders
outside of the scaffolds. Hence, this phenomenon
proved laterally that the DCP crystallized at the
interface of phosphate-chitosan, and the interface
can stabilize the meta-stable DCP phase for a long
time. Moreover, the stabilization of DCP precursor
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Figure 6. Schematic illustration of the major steps involved in the mineralization on chitosan matrix. (a) a scheme of chi-
tosan molecule role in the mineralization of CS matrix, and scheme of chitosan sponge substrate mineralization:
(b) Strong interaction between CS and phosphate, which facilitates the nucleation of crystals. (c) Colloidal cloud
of amorphous calcium phosphate forms after addition of Ca2+ ions (formation of DCP phase after addition of Ca2+

ions) and (d) HAP crystals grow on the substrate.



changed kinetic factors of crystallization of HAP to
some extent, leading to the different morphology on
the CS surface.

Mechanism of chitosan-HAP bio-composite film
The strong binding of phosphate anions with the
positive charge on the chitosan (a linear polysac-
charide) will induce a high supersaturation degree
near to the chitosan. And this binding was func-
tioned for nucleating DCP firstly (Figure 6c) and
then HAP secondly (Figure 6d) by hydrolysis of
DCP. As stated above, the –NH3

+ group is periodi-
cally arranged in the CS. The nucleuses of HAP
were bound by the –NH3

+ group protruding on the
CS and covered the scaffolds surface in the process
of DCP hydrolysis. The covering of HAP nucleuses
on the scaffolds should be responsible for the for-
mation of HAP film and the HAP-biocomposites.
Moreover, it was reported that CS bound preferen-
tially to the (100) face of the HAP crystal [42]. So,
the HAP nuclei then grew out of CS surface along
the c-axis by the Oswald-ripening mechanism [43].
With the time extension, HAP nano crystals grew
bigger, and the mineral film become denser and
thicker by the hydrolysis of DCP residue, which can
be observed from Figure 3c–d.
The similar process also happened in the inside sur-
face of CS. Crystals on the cross section of CS (Fig-
ure 4b, 4d) were much smaller than that on the
outer surface (Figure3c–f), because the outer sur-
face was surrounded by bulk reaction solution and
inside surface of scaffolds not. For the inside sur-
face of CS, the nuclei of HAP were also bound by
the positive charge, and then grew bigger by hydrol-
ysis of DCP. But the concentration of cations and
anions inside of CS were lower than that in bulk
solution, so the HAP crystal was smaller. But, the
mineral layer became thicker and denser when the
reaction time elongated to 2 days (Figure 4). In a
word, the HAP layer covered both outside and
inside the surface of CS. It is found that the chitosan
improved the crystalline quality of HAP phase which
grew on CS (Figure 1c–d), although the exact rea-
son is not clear now.

Mechanical properties of the biocomposites
The mineral layer deposited on the CS scaffolds
greatly improved the mechanical properties. In bio-
mineralized tissues such as bone, the recurring

structural motif at the supramolecular level is an
anisotropic stiff inorganic component reinforcing
the soft organic matrix. There would be two aspects
to improve the mechanical properties of the com-
posite. The stiff nano HAP crystals covered on the
surface of CS film and filled in the micropores of
the CS scaffolds, which increased the hardness of
the chitosan matrix. At the same time, thick mineral
layer limited the conformation of the CS during
compression, redistributed effectively the strain
energy within materials and improve the toughness
[44]. With the elongation of mineralization time,
the mineral layer became thicker (Figure 4), there-
fore composites became stiffer and tougher, result-
ing in higher compression strength and modulus.

4. Conclusions
In a summary, biomimetic mineralization of CS
scaffolds was performed successfully in a rapid and
efficient approach. HAP crystals formed in scaf-
folds possessed higher crystallinity than that in
solution. HAP mineral layer densely covered CS
both outside and inside surfaces. Moreover, the
mineralized HAP layer increased the mechanical
properties of HAP-CS bio-composites. A mecha-
nism was proposed to elucidate the formation, and
the effects of CS on the nucleation of HAP were
analyzed not only from the viewpoint of nucleation
kinetics but also from the viewpoint of a molecular
level. We can foresee that the one-pot process to
form large quantities of mineralized materials and
nano HAP. Further work is underway to study the
properties of the 3D porous hybrid materials.
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1. Introduction
Advancements in semiconductor miniaturization
have propelled an increasing interest in high per-
formance insulating materials, which are character-
ized with outstanding integrated properties includ-
ing high mechanical properties, low dielectric
constant and loss, good thermal stability, and desir-
able lower coefficient of thermal expansion (CTE).
Thermosetting resins have gained considerable
attention owing to their attractive processing char-
acteristics and strong design-ability, so they are

considered as the most promising materials for pro-
ducing insulators [1, 2].
Bismaleimide (BMI), considered as a thermosetting
polyimide, has been widespread used in various
electronics and advanced technological applica-
tions. A few examples of these applications include
radar and microwave structural composites, stealth
technologies, space-ware composites, circuit boards,
interconnects, and adhesives for microelectronics
applications (e.g. flexible and rigid die-attach adhe-
sives) [3–5]. However, its thermal stability, mechani-
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cal and dielectric properties need to be improved to
meet the harsh requirements of future cutting-edge
fields.
In fact, developing high performance insulators
based on BMI resin has been one of the hottest top-
ics in recent years. Some kinds of inorganic fillers
have been used to prepare BMI resin matrix compos-
ites [6–9], of them mesoporous silica has attracted
considerable interests owing to its highly ordered
and uniform mesoporosity [10] as well as extremely
low dielectric constant (1.4–2.1) [11–14]. However,
present mesoporous silica mainly consists of Si–O–Si
like zeolite, showing brittleness and poor interac-
tion with organic polymers, and thus can not signif-
icantly improve the integrated performance of orig-
inal polymers.
This article gives the first presentation of preparing
new composites based on a new organic/inorganic
mesoporous silica (MPSA) with functional –NH2
groups and 2,2!-diallylbisphenol A (DBA) modified
4,4!-bismaleimidodiphenylmethane (BDM) resin,
and systematically investigating the influence of
MPSA on the typical properties (curing behavior
and mechanism, thermal stability, mechanical and
dielectric properties) of composites and their ori-
gins. The aim of this article is not only to develop a
new kind of high performance insulating compos-
ite, but also to provide a new example in evaluating
the relationship of structure-property of advanced
polymeric composites.

2. Experimental
2.1. Materials
4, 4!-Bismaleimidodiphenol methane (BDM) was
obtained from Fengguang Chemical Co., Ltd.
(China). 2, 2!-Diallylbisphenol A (DBA) was pur-
chased from Laiyu Chemical Factory (China). "-
Aminopropyltriethoxysilane (analytical grade) was
supplied by Jingzhou Jianghan Chemical Co., Ltd.
(China). Tetraethoxysilane, tetramethylammonium
hydroxide·5H2O, methanol, dimethyldichlorosilane,
hexane, and dimethylformamide were commercial
products with analytical grades, they were pur-
chased from Sinopharm Chemical Reagent Co., Ltd
(China), and purified prior to use.

2.2. Preparation of MPSA
Cubic octameric silicate anion was prepared accord-
ing to literature [15]. 20.8 g (0.1 mol) tetraethoxysi-

lane was added dropwise into a three-necked bot-
tom flask containing 0.1 mol tetramethylammo-
nium hydroxide and 91 ml water. The reaction mix-
ture was vigorously stirred at 23±2°C for 24 h, and
then 60°C for 10 h. After that, the mixture was con-
centrated by distillation under reduced pressure.
The concentrated product was cooled to 4°C, and
then microcrystallites were precipitated from the
cool solution. The crystal was separated by filtra-
tion, washed with acetone and dried in vacuum to
afford cubic octameric silicate anion, (Me4N)8Si8O20,
coded as D4R.
5–10 ml methanolic solution of D4R (2 g) was
added dropwise to a mixture of dimethyldichlorosi-
lane (2 ml), hexane (30 ml) and dimethylformamide
(50 ml) with vigorous stirring in an ice bath. After
the mixture was stirred for 1 h, 100 ml water was
added dropwise in 10 min, followed by continuous
stirring for 20 min at room temperature. After that,
a hexane solution containing the resultant was sepa-
rated, and hexane was removed at 60°C in vacuum,
producing white solid (N-MPS) which was heated
to 250°C in air and maintained at that temperature
for 1.5 h, and the resultant product is coded as MPS.
10 g MPS were added into 20 ml ethanol solution of
"-aminopropyl triethoxy silane (1.5 g) with ultra-
sonic agitation for 30 min to form a homogenous sus-
pension. Then distilled water (2.22 g) was poured
into the suspension with magnetic stirring for 4 h at
50–60°C. The suspension was separated by filtra-
tion, washed with ethanol and dried in air at about
100°C. The resultant material was ground to pass
through a 400 mesh sieve for analyses, and was
coded as MPSA.
The structure of MPSA is illustrated in Figure 1 and
Figure 2.
Solid-state 29Si NMR of MPS (ppm): –50.5 (T2,
CH3Si(OSi)2(O–)), –60.7 (T3, CH3Si(OSi)3), –13.3
(D2, Si(CH3)2(O–)2), –96.2 (Q3, Si(OSi)3(O–)), 
–104.6 (Q4, Si(OSi)4). The existence of T2, T3 and
Q3 demonstrates that some D units in MPS are oxi-
dized during the heat treatment.
FTIR of MPSA (KBr, cm–1): 3440 (–OH stretching
vibration), 2965 (C–H stretching vibration), 1265
(Si–CH3 deformation vibration), 1083 (Si–O–Si
stretching vibration), 1641 (–NH2 deformation
vibration), 850, 806 (Si–CH3 stretching vibration).
The specific surface area of N-MPS is 22 m2/g,
while MPSA is 238 m2/g, indicating that MPSA has
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a large amount of porosity. Some researchers have
used similar method to demonstrate the existence of
the ‘porous’ structure [14, 16–18].

2.3. Preparation of MPSA/DBA/BDM
composites

Four formulations (Table 1) were evaluated to see
the effect of differing stoichiometry of MPSA on
the processing and performance parameters, and
also to establish the formulational latitude this sys-
tem provides.
Appropriate quantities of BDM and DBA were
placed in a beaker with a mechanical stirrer and a
thermometer. The mixture was heated to 130–135°C,

                                                   Hu et al. – eXPRESS Polymer Letters Vol.5, No.6 (2011) 555–568

                                                                                                    557

Figure 1. The chemical connection of MPSA (a), and chemical structure of MPSA (b)

Figure 2. The TEM micrograph of MPSA



and maintained within that temperature range with
stirring until a clear and brown liquid was obtained.
The liquid was maintained at that temperature for
additional 15 min to obtain a transparent liquid.
Preweighted MPSA was added to the beaker slowly.
After that, the mixture was kept at 130–135°C for
10min to obtain MPSA/DBA/BDM prepolymer.
Each prepolymer was thoroughly degassed at 120°C,
and poured into a preheated (120°C) glass mold,
then cured per the following curing procedure of
150°C/2 h + 180°C/2 h + 200°C/2 h. After that the
cured sample was demolded and postcured in an air
oven at 230°C for 4 h. The resultant composite was
coded as MPSA/DBA/BDM.

2.4. Preparation of DBA/BDM resin
Appropriate quantities of BDM and DBA were
placed in a beaker with a mechanical stirrer and a
thermometer. The mixture was heated to 130–135°C
and maintained within that temperature range with
stirring until a clear and brown liquid was obtained.
The liquid was maintained at that temperature for
additional 25 min to obtain a transparent liquid,
which was DBA/BDM prepolymer.
Each prepolymer was thoroughly degassed at 120°C
and poured into a preheated (120°C) glass mold,
then cured per the following curing procedure of
150°C/2 h + 180°C/2 h + 200°C/2 h. After that the
cured sample was demolded and postcured in an air
oven at 230°C for 4 h. The resultant product was
cured DBA/BDM resin.

2.5. Measurements
Solid-state 29Si NMR spectrum was recorded using
TMS as an internal standard on a UNITY INOVA-
400 (400 MHz NMR spectrometer, USA).
Fourier Transform Infrared (FTIR) spectra were
recorded between 400 and 4000 cm–1 with a resolu-
tion of 2 cm–1 on a Nicolet FTIR 5700 spectrometer

(USA), and the sample powder was pressed into a
pellet with KBr.
Differential Scanning Calorimetry (DSC) analyses
were done using DSC 200 F3 (NETZSCH, Ger-
many) between 80 and 320°C at a heating rate of
10°C/min in a nitrogen atmosphere.
Dynamic Mechanical Analysis (DMA) scans were
performed in single-cantilever blending mode using
a TA Instruments dynamic mechanical analyzer
(DMA Q800, USA) from 50 to 350°C at a heating
rate of 3°C/min and a frequency of 1 Hz.
Dielectric property was conducted over a frequency
range from 10 to 106 Hz at room temperature using
a Broad Band Dielectric Spectrometer (Novocon-
trol Concept 80 Analyzer, Germany). The dimen-
sions of each sample were (25±0.2)#(25±0.2)#
(3±0.1) mm3. The powders of MPSA were pressed
into a pellet with a diameter of 20 mm and a thick-
ness of 3 mm.
Thermogravimetric (TG) analyses were performed
using PerkinElmer TGA-7 (USA) at a heating rate
of 10°C/min in a nitrogen atmosphere from 60 to
780°C. The initial decomposition temperature (Tdi)
was defined as the point of intersection at which the
tangent of onset temperature and the tangent of the
maximum degradation rate temperature.
Coefficient of Thermal Expansion (CTE) was meas-
ured using Diamond TMA (USA) from 60 to 270°C.
Each sample was dried to constant weight under
110°C before tests.
Flexural tests were done using a universal tester
(China) according to GB2570-95. Impact strength
was measured according to GB2571-95. At least
five samples for each system were tested, and the
average value was taken as the tested value.
The char residues of DBA/BDM resin and MPSA/
DBA/BDM composites were observed by an opti-
cal microscope (SMZ-T2, China).
The specific surface (BET) was performed with
ASAP2020M (USA) automatic surface analyzer.
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Table 1. Formulations and typical data from DSC analyses of DBA/BDM resin and MPSA/DBA/BDM composites

Code Weight ratio
DBA:BDM:MPSA

Ton
[°C]

Texo
[°C]

!H
[w/g]

" (E#)
[mol/m3]

DBA/BDM 82: 100:0.00 199 253 18.45 9492
MPSA1/DBA/BDM 82: 100:1.82 193 252 19.31 10895
MPSA3/DBA/BDM 82: 100:5.46 194 250 18.28 14418
MPSA5/DBA/BDM 82: 100:9.10 199 251 17.52 22149
MPSA8/DBA/BDM 82: 100:14.56 196 250 19.16 21919



3. Results and discussion
3.1. Curing behavior of MPSA/DBA/BDM

composites
It is known that the curing behavior of a thermoset-
ting resin determines its cross-linking network, and
thereby the properties of the cured resin, so curing
behavior is the first issue needs to be investigated
on developing any thermosetting resin and related
composites.
Figure 3 shows the DSC curves of DBA/BDM and
MPSA/DBA/BDM prepolymers, each system shows
one exothermic peak in the temperature range from
190 to 300°C, the typical data such as the onset
temperature (Ton), the maximum temperature of
exothermic peaks (Texo), and the amount of exother-
mic heat ($H) obtained from these curves are sum-
marized in Table 1. These results indicate that MPSA/
DBA/BDM systems have similar curing tempera-
ture and exothermic heat as DBA/BDM; hence the
addition of MPSA to DBA/BDM resin does not
change the curing profile of the resin. This conclu-
sion can be confirmed from the FTIR spectra of
MPSA/DBA/BDM systems with different curing
processes as shown in Figure 4. For all systems, as
the curing time and the curing temperature increase,
the peak intensities of C=C bonds at 3098, 1600,
1153, 910, and 686 cm–1 gradually decrease, and

finally disappear, suggesting that under the curing
and postcuring condition developed herein, the cur-
ing of all composites is complete [19].
However, the composites have different curing
mechanism from DBA/BDM resin. For DBA/BDM
resin, its curing mechanism contains multiple reac-
tions, for example ‘Ene’ and ‘Diels-Alder’ reactions
between maleimide group of BDM and allyl group
of DBA, and the self-polymerization of BDM via
C=C bonds (Figure 5a) [20, 21]; while in the case
of MPSA/DBA/BDM system, besides above reac-
tions of DBA/BDM, there is a Michael reaction
between maleimide and –NH2 groups [22]. This
additional reaction not only supplies a chemical
bonding between MPSA and DBA/BDM (Fig-
ure 5b) to guarantee a good dispersion of MPSA in
the matrix, but also leads to a different structure of
crosslinked network.
Specifically, the effect of MPSA on the crosslinked
structure is complicated, because MPSA is an
organic/inorganic hybrid containing flexible Si–O–Si
bonds and aliphatic chains, rigid SiO2 with cage
structure as well as functional –NH2 groups. First,
because the Michael reaction between BDM and 
–NH2 takes place at lower temperature than the
homopolymerization of BDM does, so the addition
of MPSA to DBA/BDM resin will produce flexible
segments, and decrease the amount of the rigid
polybismaleimide. Second, although the content of
MPSA is small, there are a lot of –NH2 groups on
the surface of MPSA, meaning that the presence of
MPSA tends to shorten the distance between the-
crosslinking points, and thus increases the crosslink-
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Figure 3. DSC curves of DBA/BDM and MPSA/DBA/
BDM prepolymers

Figure 4. FTIR spectra of DBA/BDM (a) and MPSA5/
DBA/BDM (b) after being cured via different
procedures (1 – without curing; 2–150°C/2 h; 3 –
after postcured)

Table 2. Coefficient C and CTE values of DBA/BDM and
MPSA/DBA/BDM composites

Sample Coefficient C CTE [ppm/°C]
DBA/BDM N/A 93
MPSA1/DBA/BDM 0.91 85
MPSA3/DBA/BDM 0.70 75
MPSA5/DBA/BDM 0.49 80
MPSA8/DBA/BDM 0.52 90



ing density (!(E!)) of the resultant network. Third,
the cage units of MPSA connect with each other to
form a compact network, as one part of the whole
crosslinked network of composites, tending to
improve the crosslinking density of the composites.
In order to confirm the effect of MPSA on the
crosslink density, the !(E!) values of DBA/BDM
resin and MPSA/DBA/BDM composites were cal-
culated. Generally, the !(E!) values of a highly cross-
linked polymer and related particle filled compos-
ites can be calculated by the classical equation
based on the statistical theory of rubber elasticity
[23] as shown in Equation (1):

                                                      (1)

where G! is the storage modulus (Figure 6) of the
sample at the temperature T from DMA analyses; %
is the front factor, and assumed to be 1 [23]; T is the
absolute temperature at which the sample is in rub-
bery state, herein T is selected as the temperature
which is 40°C higher than the glass transition tem-
perature; R is the gas constant. 
According to Equation (1), the calculated !(E!) val-
ues of cured DBA/BDM resin and MPSA/DBA/
BDM composites were summarized in Table 1. It can
be seen that all composites have bigger crosslink
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Figure 5. The chemical reactions among BDM, DBA (a) and MPSA (b)



densities than DBA/BDM resin; moreover, with
increasing the content of MPSA, the crosslink den-
sity of composite initially increases and then levels
off.

3.2. Mechanical properties of
MPSA/DBA/BDM composites

Flexural property is usually used for evaluating the
mechanical properties of a material because the flex-
ural loading is very complicated and may contain
different types of loadings such as tensile, shearing
and/or compressive loads [24]. Figure 7 shows the
flexural properties of cured DBA/BDM resin and
MPSA/DBA/BDM composites. With a small addi-
tion of MPSA to DBA/BDM resin, both flexural
strength and modulus increase, and then reach their
respective maximum values at about 3 wt% of
MPSA. Specifically, the maximum flexural strength
and modulus are 187 MPa and 4.5 GPa, respectively,
which are about 20 and 10% higher than the corre-
sponding values of DBA/BDM resin. Further increas-

ing the content of MPSA, both flexural strength and
modulus of composites decrease.
Although some mesoporous silica/polymer com-
posites have been reported [14, 25], the majority of
them are in the form of films; hence their flexural
properties were almost not investigated. With regard
to polyhedral oligomeric silsesquioxane (POSS)/
polymer composites, only several pieces of litera-
ture report the flexural properties. Liang’s group
prepared POSS/cyanate ester nanocomposites, and
found that the flexural modulus of the nanocompos-
ite with 3 wt% POSS is about 15% higher than that
of neat cyanate ester resin, while the composite has
the similar flexural strength as the resin does [26].
Li’s group also reported similar results in the POSS/
epoxy nanocomposites [27]. However, Rashid’s
group reported a different phenomenon [28], in detail,
the addition of POSS to epoxy resin can obviously
increase the flexural strength, but does not change
the flexural modulus. Comparing these results in
literature with the data in this paper, an interesting
but preliminary conclusion could be stated that
MPSA which consists of a large amount of POSS
units and organic chains maybe more effective in
improving both flexural strength and modulus than
single POSS. A reasonable mechanism is not clear,
which is worthy to be intensively investigated.
It is well known that the flexural strength of a mate-
rial reflects the rigidity and toughness of the mate-
rial, so those factors which are beneficial to improve
the stiffness and/or the toughness can improve the
flexural strength. Flexural modulus reflects the co-
inherent energy of a material, and the ability to
resist strain, so a thermosetting resin with bigger
molecular weight and a larger amount of rigid struc-
ture generally has higher modulus [29]. For a well-
dispersed particle/thermosetting resin composite,
the crosslinking density is an important factor of
determining the stiffness and toughness, and thus
has significant influence on the flexural strength; in
addition, the interfacial adhesion determines the
stress transfer under an external loading, and thus
provides additional contribution to the flexural
properties.
As for MPSA/DBA/BDM composites, the co-reac-
tion between MPSA and DBA/BDM resin supplies
good interfacial adhesion, and a large amount of
aminopropyl chains grafted on the surface of MPSA
are expected to constitute a rough particle surface,

                                                   Hu et al. – eXPRESS Polymer Letters Vol.5, No.6 (2011) 555–568

                                                                                                    561

Figure 6. Storage moduli of cured DBA/BDM resin and
MPSA/DBA/BDM composites

Figure 7. Flexural strengths and moduli of cured DBA/
BDM resin and MPSA/DBA/BDM composites



which may give rise to a distinct structural differ-
ence between the interfacial zone and the bulk, and
thus further improve the strength and modulus of
MPSA/DBA/BDM composites [30, 31]. In addition,
compared with cured DBA/BDM resin, MPSA/DBA/
BDM composites have larger crosslink density,
leading to the increment of flexural strength and
modulus. In detail, the Michael reaction between
maleimide and –NH2 groups in composites decreases
the amount of the rigid homopolymer of BDM,
resulting in decreased flexural properties. Note that
the Michael reaction also introduces flexible Si–O–Si
chains into the crosslinked network, leading to
increased flexural strength but decreased modulus.
Obviously these opposite influences play a com-
bined role on the flexural properties, and therefore
there is an optimum content of MPSA to get the
highest flexural strength and modulus.
Figure 8 shows the impact strengths of cured DBA/
BDM resin and MPSA/DBA/BDM composites with
different contents of MPSA, it can be seen that the
impact strength of MPSA/DBA/BDM composites
is closely dependent on the content of MPSA, fol-
lowing the similar trend of flexural properties. Specif-
ically, there exists an optimum content of MPSA to
obtain the biggest impact strength, that is, the impact
strengths of MPSA3/DBA/BDM is 17.2 kJ/m2,
about 1.4 times of that of DBA/BDM resin.
Similar increment of impact strength owing to the
addition of rod-like attapulgite to polyimide resin is
observed [30], which is considered as the particle
toughening effect. Some other models including
crack pinning, crack bridging, and debonding of
particles as well as crack deflection have been pro-
posed to explain this effect [32, 33].

Besides, two opposite influences are also responsi-
ble for the effect of the content of MPSA on the
impact strength. In detail, the introduced flexible
Si–O–Si chains and decreased amount of rigid
homopolymer of BDM are beneficial to increase
the impact strength; while oppositely, the increased
crosslinking density will decrease the impact
strength. As a result, the impact strength of MPSA/
DBA/BDM composites exhibit strong composition
dependence.
The coefficient (C) is generally used to describe the
effectiveness of fillers on the modulus of compos-
ite, which can be calculated by Equation (2) [34]:

                                           (2)

where E!G and E!R are the storage moduli in the
glassy and rubbery regions from DMA tests, respec-
tively.
For MPSA/DBA/BDM composites developed herein,
the modulus of each composite at 60 or 320°C is
regarded as E!G or E!R, respectively. Table 2 gives the
calculated coefficient C values of all MPSA/DBA/
BDM composites, because a small C value reflects a
big effectiveness of fillers on the modulus of com-
posite, so it can be concluded that the composition of
MPSA/DBA/BDM composites has obvious effect
on the C value. The composite with larger content
of MPSA tends to have a smaller C value, that is,
with the increase of the content of MPSA, the C value
obviously decreases; however when the content of
MPSA is bigger than 5 wt%, the C value almost
levels off.
From the viewpoint of molecular structure, the
intensity of the storage modulus below Tg reflects
the rigidity of materials. Figure 6 shows that the
intensities of storage moduli of MPSA/DBA/BDM
composites in glassy state are lower than that of
DBA/BDM resin, this phenomenon is different from
the common inorganic filler/polymer composites
[35], indicating that MPSA is not a rigid filler
owing to the presence of a large amount of organic
chains between POSS structures as well as the
porous.
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Figure 8. Impact strengths of cured DBA/BDM resin and
MPSA/DBA/BDM composites



3.3. Dielectric properties
As described above, one important reason to syn-
thesize and employ MPSA for developing high per-
formance insulators is that MPSA is expected to
have extremely low dielectric constant and loss
owing to its unique porous structure. Figures 9 and
10 confirm this expectation, so it is easy to under-
stand that the addition of MPSA to DBA/BDM
resin decreases the dielectric constant over the whole
frequency range, and the larger is the content of
MPSA, the lower is the dielectric constant; how-
ever, this trend does not fit MPSA8/DBA/BDM
composite. Specifically, the magnitude of dielectric
constant follows the order of DBA/BDM &MPSA8/
DBA/BDM > MPSA1/DBA/BDM > MPSA3/DBA/
BDM > MPSA5/DBA/BDM. This is because with
the increase of the content of MPSA, the amount of
the flexible chains resulting from the Michael reac-
tion between BDM and MPSA increases, at the same
time, the amount of the rigid polybismaleimide

decreases, so the polarization and relaxation of
dipoles are easy to occur, and thus increase the dielec-
tric constant and loss. This influence enhances with
the increase of the content of MPSA.
For the binary composites, its dielectric constant
can be calculated by Equation (3) [36]:

log"c = Y1·log"1 +Y2·log"2                                    (3)

where "c, "1, and "2 stand for the dielectric constant
of MPSA/DBA/BDM composites, DBA/BDM resin
and MPSA at 10 Hz, respectively; Y1 and Y2 repre-
sent the volume fraction of DBA/BDM resin and
MPSA, respectively.
The theoretical dielectric constants calculated by
Equation (3) and the experimental data of MPSA/
DBA/BDM composites are shown in Figure 11.
There is obvious deviation between theoretical and
experimental values, and the larger is the content of
MPSA, the bigger is the deviation. This is because
that Equation (3) is developed without considering
the interfacial effect on the dielectric constant of a
composite. A good interfacial adhesion is beneficial
to restrict the polarization and relaxation of dipoles,
so it is not surprise to find that the dielectric con-
stant of MPSA/DBA/BDM composites has a devia-
tion from the values calculated by Equation (3), and
the composite with larger content of MPSA has big-
ger difference. In addition, it is expected that
MPSA/ DBA/BDM composites have lower dielec-
tric constant than the values calculated from Equa-
tion (3). However, MPSA8/DBA/BDM composite
does not follow this expectation again, owing to the
reason described above.
The dependence of dielectric loss on frequency for
DBA/BDM resin and all composites is shown in
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Figure 9. Dependence of dielectric constant on frequency
of cured DBA/BDM resin and MPSA/DBA/
BDM composites

Figure 10. Dependence of dielectric loss on frequency of
cured DBA/BDM resin and MPSA/DBA/BDM
composites

Figure 11. Theoretical and experimental dielectric constants
of cured DBA/BDM resin and MPSA/DBA/
BDM composites



Figure 10. The dielectric loss of DBA/BDM resin
increases with the increase of frequency because
the molecule movement can not follow up the vari-
ety of frequency of the applied electric field [37];
while that of MPSA shows opposite trend owing to
its special structure. MPSA is a kind of organic/
inorganic mesoporous silica, the existence of porous
structure will lead to big space charge polarization
and thus big dielectric loss at low frequency. There-
fore, the resultant composites exhibit a combined fea-
ture of their separate components. Compared with
DBA/BDM resin, MPSA/DBA/BDM composites
have slightly bigger dielectric loss at low frequency,
and obviously smaller values at high frequency,
indicating that these composites have better fre-
quency stability of dielectric loss. This is an impor-
tant and attractive merit for developing high per-
formance insulators.

3.4. Thermal properties
Heat-resistance of a material can be reflected by
many properties, among them the glass transition
temperature (Tg), TG behavior and CTE are three
most important aspects for high performance insu-
lators.
Several methods can be used to detect the Tg value
of a polymer, however, DMA technique is the most
effective one [34]. The peak temperature of loss mod-
ulus-temperature plot is defined as the glass transi-
tion temperature herein. As shown in Figure 12 that
DBA/BDM resin shows a sharp peak with a shoul-
der at higher temperature. By Gaussian fitting [38],
each curve can be divided into two peaks, one small
peak appears at 296°C, and another big peak appears
at 305°C, indicating that DBA/BDM resin has a
multi-phase structure, and thus two Tg values.
According to the thermal stability, the first damping
peak of cured DBA/BDM resin at the lower temper-
ature could be attributed to the Tg of the addition
product resulted from the ‘Ene’ and ‘Diels-Alder’
reactions between maleimide groups of BDM and

allyl groups of DBA; while the second damping
peak at higher temperature might be assigned to the
homopolymer of BDM and further crosslinked
structure between BDM and DBA [19].
MPSA/DBA/BDM composites exhibit similar shapes
to those of the DBA/BDM resin, but the first damp-
ing peak slightly shifts toward lower temperature,
while the second damping peak almost does not
change. Obviously, the curing mechanism of com-
posites results in this phenomenon. As discussed
above, the curing mechanism of MPSA/DBA/BDM
composites not only includes the curing reactions
taking place in the DBA/BDM resin, but also con-
tains additional co-reaction between –NH2 groups on
MPSA and maleimide groups of BDM, forming flex-
ible Si–O–Si chains, and thus lower Tg value; while
oppositely, interfacial confinement effect is con-
ducive to improve the Tg value. Obviously, the above
two aspects play a combined role. In addition, the
multi-reactions are also responsible for the broad-
ened shapes of damping peaks for composites.
The thermogravimetric behavior can be reflected by
TG analyses, Figure 13 shows the TG and DTG
curves of all samples, the typical data such as the
initial decomposition temperature (Tdi), the temper-
ature of the maximum degradation rate (Tmax), and

                                                   Hu et al. – eXPRESS Polymer Letters Vol.5, No.6 (2011) 555–568

                                                                                                    564

Table 3. Characteristic data from TG analyses of DBA/BDM and MPSA/DBA/BDM composites

Resin Tdi
[°C]

Tmax
[°C]

Intensity
[%/°C]

Yc at 780°C [%]
Theoretical Experimental

DBA/BDM 410 450 0.67 29.1 29.1
MPSA1/DBA/BDM 413 449 0.57 30.0 31.8
MPSA3/DBA/BDM 410 449 0.50 31.7 40.7
MPSA5/DBA/BDM 409 449 0.48 33.4 44.3
MPSA8/DBA/BDM 410 449 0.46 35.9 46.1
MPSA 465 534/754 0.04/0.07 86.1 86.1

Figure 12. Overlay plots of loss modulus-temperature for
cured DBA/BDM resin and MPSA/DBA/BDM
composites



char yield (Yc) at 780°C obtained from these curves
are summarized in Table 3. All composites have
similar Tdi and Tmax values as DBA/BDM resin, indi-
cating that they have similar thermal degradation
mechanism; however, the peak intensity of DBA/
BDM resin is significantly higher than that of MPSA/
DBA/BDM composites, suggesting that the thermal
decomposition is delayed because of the presence
of MPSA. It is worth noting that the experimental
Yc of composites is much larger than that of DBA/
BDM resin, and even more interestingly, the former
is bigger than its theoretical value calculated by the
‘Mixture Rule’, and this phenomenon is enhanced
as the content of MPSA increases, demonstrating
that there is a synergistic effect in the composites
which is believed to come from the interaction
between MPSA and the matrix described above.
Figure 14 shows the micrographs of char residues
after TG tests. The char residue of DBA/BDM resin
shows loose structure; while that of each composite
is dense, and the composite with a larger content of
MPSA has denser char residue. That is because a
large amount of MPSA will form more amount of
inert silica layer, which can act as a thermal barrier
to inhibit further degradation of the inner part of the
matrix [39]. That is also the reason why the com-
posite with a larger content of MPSA has bigger
experimental Yc than theoretical value.
CTE is a very important property in actual applica-
tions, which denotes the dimension stability of a
material with the variation of service temperature.
For example, heat is produced when a microelec-
tronic product (especially that with high perform-
ance) works, so organic resins with a low CTE are
needed to reduce the mismatch in thermal expan-

sion among different materials in the product, oth-
erwise the product tends to deform during the serv-
ice, and may lead to break down [28].
CTE values of DBA/BDM resin and MPSA/DBA/
BDM composites over a temperature range from
60–270°C are summarized in Table 2. It is interest-
ing to find that all MPSA/DBA/BDM composites
have lower CTE values than DBA/BDM resin. In
detail, CTE values of MPSA/DBA/BDM composites
are related to the content of MPSA. Specifically,
with the initial increase of the content of MPSA, the
CTE value decreases, and reaches the minimum
value at 3 wt% MPSA; further increasing the con-
tent of MPSA, the CTE value gradually increases.
The decreased CTE value for composites is attrib-
uted to a combined influence consisting in three
aspects. First, the interfacial interaction between
MPSA and DBA/BDM resin constrains the move-
ment of the polymer network due to the presence of
covalently bonded polymer layers, and thus leads to
decreased CTE values; however, second, which also
decreases the amount of the homopolymer of BDM,
and thus tends to increase the CTE value. Third, the
decrement in nanoparticle dispersion at larger load-
ings, and the effect of decreased interparticle dis-
tance which gives rise to the additional loss in con-
figurational entropy at the interface and in density
fluctuation in the zone surrounding nanoparticles
[40] also increase the CTE value; Obviously, the
determining aspect varies with the content of
MPSA, the former plays the dominate role when the
content of MPSA is small, while the latter becomes
the key one when the content of MPSA is big.

4. Conclusions
A new organic/inorganic mesoporous silica (MPSA)
is used to develop new high performance bis-
maleimide/diallylbisphenol A resin matrix compos-
ites with improved mechanical and dielectric prop-
erties as well as thermal resistance.
The addition of MPSA to DBA/BDM resin does not
change the curing profile of DBA/BDM resin, but
varies the curing mechanism, leading to different
crosslinked networks, and thus the integrated per-
formance of cured composites. Apparently, the con-
tent of MPSA exhibits a great influence on the inte-
grated performance of cured composites. The
outstanding integrated performance of MPSA/DBA/
BDM composites with suitable content of MPSA
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Figure 13. TG and DTG curves of cured DBA/BDM resin
and MPSA/DBA/BDM composites



show a great potentiality to be used as high per-
formance insulators for applications needing harsh
requirements in thermal, mechanical and dielectric
properties.
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Figure 14. Optical pictures of the char residues of cured DBA/BDM resin (a) and MPSA/DBA/BDM composites
(b: MPSA1/DBA/BDM, c: MPSA3/DBA/BDM, d: MPSA5/DBA/BDM, e: MPSA8/DBA/BDM)
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