
It is well known that the mechanical behaviour of a
plastic component is determined by several factors
like deformation rate, material composition,
design, processing, and service conditions. Many
commercially significant polymers exhibit abrupt
changes in fracture behavior from ductile to brittle
– or vice versa – over relatively narrow intervals of
test or structural variables. The discontinuous tran-
sition from unstable to stable crack propagation has
been described as ‘brittle to ductile transition’.
Conversely, within the ductile-to-brittle region
materials display mixed ductile and brittle behav-
iour. This pattern is characterized by a broad distri-
bution of failure energies. The scatter does not arise
from differences in specimen preparation or in test-
ing procedures, but because both brittle and ductile
failure micromechanisms occur simultaneously.
Consequently, plastic parts exhibit a random spatial
fluctuation of material toughness characteristics.
Although plenty of research has been devoted into
trying to understand the role of the different param-
eters contributing to this phenomenon, a consistent
fundamental model in which to base the interpreta-
tion of empirical data regarding this transition is
still absent. The inherent scatter in toughness val-
ues displayed by polymers within ductile-brittle
transition has been rarely reported on in the specific
literature nor has it been taken into account in frac-
ture mechanics determinations. Assuming that the
fracture resistance can be measured in terms of a
single critical parameter, this problem is not

amenable to a conventional linear and non-linear
fracture mechanics analysis. When scatter is con-
sidered, a single average toughness parameter fails
to describe properly the experimental results.
Nowadays, new methodologies and strategies,
based on micromechanical analysis of materials,
have been developed. They have demonstrated to
be of use in characterizing and interpreting the
inherent scatter of fracture energy values in other
engineering materials which show a similar phe-
nomenon. These approaches require to know the
full micromechanisms acting during crack propaga-
tion and the modifications in the stress field ahead
of a propagating crack. This type of knowledge in
the field of integral structural of polymer parts is
still incipient. It is my belief that such investiga-
tions will contribute to understand and model duc-
tile to brittle fracture transition in plastics, and to
give insight into the difficult problem of transfer-
ring laboratory results to real applications. There-
fore, new plastic parts with improved fracture
performance and enhanced reliability can be pro-
duced in the near future.
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1. Introduction
Polyamides, also known as nylons, are a class of
engineering thermoplastics that play an important
role in modern industrial and commercial applica-
tions [1]. They can be economically produced by
melt processing, but their poor dimensional stabil-
ity and thermal properties impose limitations on
successful applications in some industrial and other
fields, especially in the surface mount technology
(SMT) and the shell of automobile engine. For
improving the heat resistance and strength of
polyamides, aromatic rings were incorporated into
the backbone of them [2–10]. According to these
strategies, lots of aromatic and semiaromatic
polyamides are commercially available, such as
poly(p-phenylene terephthalamide) (PPTA) [11],
Poly(m-phenyleneisophthalamide) (PMIA) [12],
poly(hexamethyleneterephthalamide) (PA6T) [13],

poly(hexamethyleneisophthalamide) (PA6I) [14,
15], poly(nonamethylene-terephthalamide) (PA9T)
[16–19]. These aromatic and semiaromatic
polyamides have been noted for their high thermal
stability, chemical resistance, high strength, and
high modulus as fibers. However, it is impossible to
produce them except for PA9T by melting process
due to their high glass transition and melting tem-
peratures. So authors prepared aromatic and semi-
aromatic polyamides based on p-phenylenediacetic
acid and 2,6-naphthalenedicarboxylic acid [20–22],
however few people prepared long chain semiaro-
matic polyamides based on p-phenylenediacetic
acid. These polyamides could have good physical
and mechanical properties, good flow and low
water-absorbance therefore, it is of great signifi-
cance to synthesize novel long chain semiaromatic
polyamides based on p-phenylenediacetic acid.
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We have synthesized semiaromatic polyamides
based on p-phenylenediacetic acid and decanedi-
amine [23]. In this contribution, we synthesized a
series of novel semiaromatic polyamides: poly
(decamethylene-p-phenylenediacetamide) (PA10P),
poly(undecanediamine p-phenylenediacetic amides)
(PA11P), poly(dodecanediamine p-phenylenedi-
acetic amides) (PA12P) and poly(tridecanediamine
p-phenylenediacetic amides) (PA13P) by using
1,10-decanediamine, 1,11-undecanediamine, 1,12-
dodecanediamine, 1,13-tridecanediamine and
respectively. The long chain diamines are prepared
from the corresponding long chain diacids by cya-
nating and aminating subsequently, which can be
facilely obtained from light wax. The resultant
polyamides were investigated by Fourier transform
infrared spectrum (FTIR) and nuclear magnetic res-
onance (1H NMR), thermal analysis, physical and
mechanical properties, and dynamic mechanical
analysis (DMA).

2. Experimental

2.1. Materials 

p-Phenylenediacetic acid was purchased from Bei-
jing Yanshan Lithification Chemical Co. Ltd
(China) and 1,10-decanediamine, 1,11-undecanedi-
amine, 1,12-dodecanediamine, 1,13-tridecanedi-
amine were provided commercially by Zibo
Guangtong Chemical Co. Ltd (China). They were
purified by vacuum distillation before use.

2.2. Synthesis

PA10P was synthesized as follows (Figure 1). 1,10-
decanediamine (258 g, 1.5 mol) was dissolved in
distilled water (1000 ml) at 70°C. Then the solution
was added slowly into 500 ml distilled water mix-
ture of p-phenylenediacetic acid (291.2 g, 1.5 mol)

with vigorous stirring and then stirred for 120 min
at 85–95°C. The white 1,10-decanediamine-p-
phenylenediacetic acid salt (PA10P salt) precipi-
tated from the solution was filtered over a Buchner
funnel and then repeatedly washed with distilled
water. After drying in a vacuum desiccator for 12 h,
the salt was obtained as a white powder (476.6 g,
94%).
PA10P salt (476.6 g) was added into an autoclave
and distilled water (400 g) was added to reduce
volatilization of diamine during the polymeriza-
tion. The autoclave was filled with carbon dioxide
at room temperature and then heated to 220°C
meanwhile the pressure up to 2.3 MPa. After 2 h,
the pressure of the autoclave was gradually
decreased to atmospheric pressure in 2 h by deflat-
ing and the reaction temperature of the autoclave
was increased to 240°C. After reaction for another
2 h, the prepolymer of PA10P was obtained
(433.6 g, 91%, intrinsic viscosity [η] = 1.3 dl·g–1,
Tm = 279°C).
The prepolymer of PA10P was added into a solid-
state polymerization kettle. Then, the kettle was
evacuated to 10 Pa and the reaction temperature
was increased to 220°C. After 24 h, the kettle was
cooled to room temperature and the high molecular
weight of PA10P was obtained (412 g, 95%,
[η] = 2.1 dl·g–1, Tm = 290°C).
PA11P, PA12P and PA13P were prepared by the
similar procedures with 1,11-undecanediamine,
1,12-dodecanediamine, and 1,13-tridecanediamine
instead of 1,10-decanediamine, respectively.

2.3. Characterization

The polyamides were characterized by FTIR,
1H NMR, intrinsic viscosity, DSC, DMA and TGA.
The physical and mechanical properties were also
investigated.
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Figure 1. Synthesis routes of the obtained polyamides



The intrinsic viscosities of the polyamides dis-
solved in concentrated sulfuric acid were deter-
mined in an Ubbelohde viscometer at 25 ± 0.1°C.
The FTIR spectra were prepared by melting
pressed-disc technique on a NICOLET 460 spec-
trometer. Proton nuclear magnetic resonance spec-
tra were recorded with a Bruker DPX-400
(400 MHz), using deuterated trifluoroacetic acid as
solvents and tetramethylsilane (TMS) as an internal
reference.
DSC and TGA were carried out in a nitrogen
stream using a NETSCH 204 calorimeter with a
heating rate of 10°C·min–1. DMA was performed
on a NETZSCH DMA-242 apparatus operating in
tensile mode at a frequency of 2 Hz in the tempera-
ture ranged from –160 to 160°C with a heating rate
of 3°C·min–1.

3. Results and discussion

3.1. Syntheses of PA10P, PA11P, PA12P and
PA13P

A series of novel high molecular weights semiaro-
matic polyamides were synthesized by using p-
phenylenediacetic acid with long chain diamines.
For improving the molecular weights of the
polyamides, polyamide salts were prepared before-
hand so as to maintain the accurately equal reaction
ratio of the diacid and the diamine. It is worth not-
ing that the solvent for the salt forming reaction is
water, which is cheaper and environmental friendly
compared with ethanol used in preparing other
common polyamides. At the stages of the prepoly-
merization, high vapor pressure was applied to
reduce the diamine loss. In the step of solid-state
polycondensation, high vacuum was maintained,
which is benefit for improving the molecular
weights of the polyamides. The molecular weights
of the polyamides were characterized by intrinsic
viscosities, which are listed in Table 1.

3.2. Fourier transform infrared spectra

FTIR spectra of the PA10P, PA11P, PA12P and
PA13P are shown in Figure 2. All the characteristic
absorptions of amide groups and methylene seg-
ments of polyamide are listed as following:
3301 cm–1 (hydrogen-bonded and N–H stretching
vibration), 2925 cm–1 (N–H in-plane bending
vibration and CH2 vibration), 1647 cm–1 (amide I,
C=O stretching vibration), 1539 cm–1 (amide II,
C–N stretching and CO–N–H bending vibration),
1020 cm–1 (amide IV, C–CO stretching vibration),
795 cm–1 (CH2 wagging), 716 cm–1 (amide V, N–H
out-of-plane bending vibration) and 846 cm–1 (CH
of phenylene vibration).

3.3. Proton nuclear magnetic resonance

Figure 3 presents the proton nuclear magnetic reso-
nance spectra of the resultant polyamides in deuter-
ated trifluoroacetic acid. The chemical shifts in the
range at 7.2–7.4 ppm (4H) are attributed to the aro-
matic protons (position a). The chemical shifts at
3.9–4.1 ppm (4H) originate from the protons of
methylene adjacent to aromatic ring at the posi-
tion b while that at 3.4–3.6 ppm (4H) come from
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Figure 2. FT-IR spectra of the obtained polyamides

Table 1. The physical and mechanical properties of the obtained polyamides compared to PA9T

PA10P PA11P PA12P PA13P PA9T
density [g·cm–3] 1.13 1.12 1.10 1.09 1.14
intrinsicviscosity [dl·g–1] 2.1 1.9 2.0 1.8 –
water absorption [%] 0.14 0.14 0.12 0.11 0.17
melting temperature [C°] 290 279 270 254 308
glass transition temperature [°C] 113 102 96 87 126
tensile strength [MPa] 89 86 85 81 92
breaking elongation [%] 42 47 52 63 20
bengding modulus [GPa] 2.4 2.1 2.1 1.9 2.6



the protons of methylene adjacent to NH group at
the position c. The peak at 1.6–1.7 ppm (4H)
belong to protons at the position d. The peak at 1.6–
1.7 ppm belong to the other protons of the aliphatic
chains (position e). The peak at 11.6 ppm is attrib-
uted to trifluoroacetic acid.
The Chemical Shifts of the proton nuclear magnetic
resonance and FTIR spectra of the resultant
polyamides agree well with the theoretical values
of the title compounds.

3.4. Water absorption of the obtained
polyamides

The water absorptions of the obtained polyamides
were measured according to ASTM D570 Stan-
dard, and the results are listed in Table 1. It can be
seen the water absorption of the obtained
polyamides decrease slowly with increasing the
amount of methylene of polymer backbone, and all
of them are lower than that of PA9T. The low water
absorption is conducive to maintain dimensional
and mechanical stability of products.

3.5. Thermal behaviors

Figure 4 depicts the DSC curves of the polyamides.
The obtained polyamides exhibit double-melting
endotherms, which is a common phenomenon
observed in semicrystalline polymers [24–26].
Additionally, the melting temperatures (Tm) of the
polyamides decrease with increasing the amount of
methylene of polymeric backbone. PA13P has the

lowest melting point among the series of the result-
ant polyamides. Tm of the PA10P, PA11P, PA12P
and PA13P are 290, 279, 270 and 254°C.
TG curves of the resultant polyamides are shown in
Figure 5. All the polyamides begin decomposition
at ca. 426°C, with the framework collapses temper-
atures (Td) at ca. 482°C, which are higher than
those of nylon 66. The results suggest that the ther-
mal stability of the polyamides has been improved
by insetting phenylated linkage into the polymeric
backbone.

3.6. Dynamic mechanical analysis

DMA was used to characterize the obtained
polyamides and the curves are shown in Figure 6.
Three obvious transition behaviors can be observed,
and are defined as α, β and γ relaxation, respec-
tively. It is well known that the glass transition tem-
perature (Tg) of polyamide can be determined by α
relaxation, since it is usually related to the segment
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Figure 4. DSC curves of the obtained polyamides

Figure 3. 1H NMR spectra of the obtained polyamides

Figure 5. TG curves of the obtained polyamides



movements in the noncrystalline area [27]. The β
relaxation reflects the mobility of carbonyl group
of amorphous region, and the γ relaxation reflects
the co-moving of amido and methenes. The γ relax-
ation also reflects the resultant polyamides exhibit
fine low-temperature mechanical properties. The
temperatures of α relaxation of the polyamides are
113.2, 102.4, 96.5 and 87.1°C, the temperatures of
β relaxation are –48.9, –54.1, –56.2 and –60.2°C,
and the temperatures of γ relaxation are –122.9,
–126.6, –128.8 and –130.6°C. The α, β and γ relax-
ation temperatures decrease with increasing the
amount of methylene of polymeric backbone.

3.7. Mechanical properties

Dry and standard specimens of the obtained
polyamides by injection-moulding were prepared
and their mechanical properties were measured
according to ASTM D638 Standard. From Table 1,
it can be observed the tensile strength and bending
strength of PA10P are almost the same as that of
PA9T at room temperature [28] and water absorp-
tion are lower than that of PA9T.

3.8. The solubility of the resultant polyamides 

The solubility of the resultant polyamides was
tested with different organic solvents which are
shown in Table 2. The sample (100 mg) of the
polyamides was added into test tube (10 ml) con-
taining appropriate solvent, and the solubility was
observed. The resultant polyamides can easily dis-
solve in acidic solvents such as concentrated sulfu-

ric acid and trifluoroacetic acid (TFA) at room tem-
perature, while they are insoluble in dimethyl-
sulphoxide (DMSO), N,N′-dimethylformamide
(DMF), 1-methyl-2-pyrrolidenone (NMP), dimethy-
lacetamide (DMAc), m-cresol, tetrahydrofuran
(THF), and chloroform. The result shows that the
resultant polyamides exhibit good chemical sol-
vents resistance.

4. Conclusions

A series of novel high molecular weights semaiaro-
matic polyamides including PA10P, PA11P,
PA12P and PA13P were synthesized by using p-
phenylenediacetic acid with 1,10-decanediamine,
1,11-undecanediamine, 1,12-dodecanediamine and
1,13-tridecanediamine, respectively. FTIR and pro-
ton nuclear magnetic resonance spectra confirmed
the chemical structure of the prepared polyamides.
The thermal, mechanical properties and dynamic
mechanical properties were studied. Among the
long chain polyamides, the mechanical properties
of PA10P achieved the best performance, which are
almost the same as those of PA9T. It’s worth noting
that PA10T can be prepared from convenient raw
materials using the environmental friendly solvents
(water). Compared to PA9T, the low water absorp-
tion and good flexibility of PA10P demonstrates it
could be a promising, heat resistant and processable
engineering plastic and its applications in wide
fields could be desired.
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Figure 6. DMA curves of the obtained polyamides

Table 2. The solubility of the obtained polyamides

+: soluble at room temperature, + –: partial soluble at room tem-
perature, –: not soluble at room temperature

PA10P PA11P PA12P PA13P
DMF – – – –
NMP – – – –
DMAc – – – –
DMSO – – – –
sulfuric acid + + + +
m-Cresol + – + – + – + –
pyridine – – – –
chloroform – – – –
tetrachloroethane – – – –
chlorobenzene – – – –
toluene – – – –
methanol – – – –
TFA + + + +
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1. Introduction
Polycyanurates (PCN) offer a variety of excellent
thermal and good mechanical properties, which
commend them for use in high performance tech-
nology (e.g. as matrices for composites for high-
speed electronic circuitry and transportation). For
the electronics market, attractive features of PCN
are their low dielectric loss characteristics, dimen-
sional stability at molten solder temperatures
(220–270°C), high purity, inherent flame-retar-
dancy (giving the potential to eliminate brominated
flame retardants) and excellent adhesion to conduc-
tor metals at temperatures up to 250°C [1]. Since
the late 1970s, cyanate ester resins have been used
with glass or aramid fibre in high-speed multilayer
circuit boards and this remains their primary appli-
cation. Several reviews [1–5] collected the numer-

ous publications (papers and patents) in the field of
PCN synthesis, processing, characterization, modi-
fication and application have appeared since 1990s.
In addition, like conventional FR-4 diepoxides,
cyanate ester laminates retain the desirable (ketone)
solution processing characteristics and the ability to
be drilled, making it possible to employ them in
printed circuit board manufacture. In the last two
decades, aerospace composites have evolved into
damage-tolerant primary and secondary structures
utilizing both thermoset and thermoplastic resins.
PCN homopolymers develop approximately twice
the fracture toughness of multifunctional epoxies
while qualifying for service temperatures of at least
150°C, intermediate between epoxy and bis-
maleimides capabilities. PCN have already flown
in prototype radomes and high gain antennae, with
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Abstract. Kinetic peculiarities of polycyclotrimerization process of dicyanate ester of bisphenol A (DCBA) in the presence
of multi-walled carbon nanotubes (MWCNTs) have been investigated using Fourier Transform Infrared Spectroscopy
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reaction of polycyclotrimerization of DCBA leading to formation of polycyanurate network (PCN)/MWCNTs nanocom-
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of activation were found to be significantly decreased even at low contents of MWCNTs.
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possible applications in primary and secondary
structures of the High Speed Civil Transport
(HSCT) and European Fighter Aircraft. PCN are
also being qualified for satellite truss and tube
structures and cryogenic, radiation-resistant com-
ponents in the Superconducting Supercollider [3].
PCN are synthesized by a polycyclotrimerization
reaction of cyanate esters (CER) of bisphenols (cf.
Figure 1).
In the review [6] the kinetic peculiarities of the
homopolycyclotrimerization of cyanate esters (see
Figure 1) is analyzed. It is noted that full conver-
sion of the cyanate groups can be achieved at suffi-
ciently high temperature. At this some catalysts are
used to accelerate the reaction and to decrease the
final temperature of curing. The most popular cata-
lysts are metal acetyl acetonates with nonyl phenol
as a co-catalyst.
In our previous works [7, 8] at synthesis of poly-
cyanurate/polyurethane semi-IPNs we have found
that the polycyclotrimerization process of cyanate
esters is accelerated by polyurethane component.
Thus the synthesis was carried out without using
any traditional catalysts. Recently [9] at synthesis
of polycyanurate/montmorillonite (MMT) nano-
composites we have also demonstrated the catalytic
effect of MMT on conversion of cyanate groups.
Zhou et al. [10] have reviewed several publications
on the effect of unmodified CNTs on the cure reac-
tion of some epoxy systems. The results showed
that, at the initial curing stage, MWCNTs act as cat-
alyst and facilitate the curing, moreover, this accel-

erating effect is already noticeable at the lowest
content of MWCNTs investigated (1 wt%).
Few papers were published [11, 12] on synthesis of
PCN/CNTs nanocomposites but no information of
kinetic effect of CNTs was reported. Tang et al.
[13] described the kinetics of polymerization of the
mixture of epoxy resin and cyanate esters with
addition of functionalized MWCNTs. Authors
explained the catalytic effect of MWCNTs by the
presence of hydroxyl groups on CNTs surface that
were formed due to their functionalization. No data
on catalytic effect of CNTs on polymerization of
cyanate esters have been found in the literature.
Logically, we have decided to check if there is any
acceleration at polymerization of cyanate ester in
the presence of carbon nanotubes (CNTs). Thus the
purpose of this work was study of possible catalytic
effect of carbon nanotubes on conversion of cyanate
groups at synthesis of PCN/CNT nanocomposites

2. Experimental section

Pre-polymer of 2,2’-Bis(4-cyanatophenyl)isopropy-
lidene (DCBA) was used for PCN synthesis. DCBA
was kindly supplied by Lonza Ltd. as Primaset
BADCy (purity > 99%) was used as received. The
pre-polymer was prepared by heating of DCBA at
150°C for 40 h.
MWCNTs were furnished from TM Spetsmash,
Kiev, Ukraine. MWVNTs have outer diameter 10–
20 nm, the length is about 100 µm and the specific
surface is 0,286 m2/kg.
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Figure 1. Generalized monomer structure and polycyanurate network formation



The nanocomposites were prepared by sonication
of MWCNTs in a liquid pre-polymer at room tem-
perature at 44 Hz during 45 min on the ultrasound
equipment UZDN-2E. The step by step curing
schedule for all the systems consisted of the follow-
ing stages: 3 h at 180°C, 1 h at 210°C, 1 h at 230°C,
1 h at 250°C. The concentration of MWCNTs was
0.01 and 0.1 wt%. Kinetic peculiarities of the poly-
merization reaction were studied by using FTIR
spectroscopy technique. FTIR measurements were
made by a Bruker TENSOR 37 spectrometer in the
range of 4000–500 cm–1. The mixture of MWCNTs
dispersed in pre-polymer was deposited between
two NaCl windows and the measurements were
performed after each stage of curing.

3. Results and discussion

The conversion of cyanate groups was determined
from changes of absorbance of the band with maxi-
mum at 2236–2272 cm–1, corresponding to the
valence vibrations of the –O–C≡N group. As an
internal standard band the band at 2968 cm–1 of the
valence vibrations of CH3-group in FTIR spectra of
the reactive composition was chosen. On Figure 2
the FTIR spectra of DCBA monomer, DCBA pre-
polymer and PCN synthesized without using any
catalyst are shown. It is seen that at polymerization
of the DCBA an intensity of the peaks of cyanate
groups at 2236–2272 cm–1 decreases and the peaks

at 1367 and 1564 cm–1 corresponding to polycya-
nurate cycle [3] appear in the FTIR spectra.
The conversion of resin was calculated using Equa-
tion (1):

(1)

where A(t)2236–2272 is the area under absorbance
peak of –O–C≡N at 2236–2272 cm–1 at time t;
A(t)2968 is the area under absorbance peak of –CH3

at 2968 cm–1 at time t; A(0) are the areas under
absorbance peaks of corresponding groups in initial
DCBA monomer.
The conversion of cyanate groups in DCBA pre-
polymer was found to be 28% and that in PCN sam-
ple – 92.5%. It should be noted here that for achiev-
ing full conversion post-curing is needed at 270–
300°C even at using conventional catalysts [3].
On Figure 3 the conversion of cyanate groups of
DCBA pre-polymer as well as in the presence of
the small amounts of MWCNTs versus time is
shown. The FTIR data evidence an acceleration
effect of MWCNTs on kinetics of the early stages
of PCN formation. The higher the MWCNTs con-
tent in the system the higher the conversion of the
cyanate groups into cyanurate cycles at least in the
range of the concentrations used. The attempt to
study the system with 0.5 wt% of MWCNTs has led
to vitrification as early as in a stage of components
blending in 2 min after starting ultrasound action.
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Figure 2. FTIR spectra for a) DCBA monomer; b) DCBA
pre-polymer; c) PCN

Figure 3. The conversion of DCBA in dependence of
reaction time



However, as can be seen from Table 1, in spite of
the higher reaction speed of polycyclotrimerization
process of the cyanate ester in the presence of
MWCNTs the final conversion of –O–C≡N groups
for the temperature/time schedule used was some
lower compared to that for neat PCN. 
One can suppose that the acceleration effect of car-
bon nanotubes on polymerization of cyanate ester
is due to adsorption of DCBA pre-polymer mole-
cules on high surface of MWCNTs. However, this
phenomenon can play negative role in the final
stage of PCN network formation, when some unre-
acted molecules are not easy accessible, and the
probability of elementary reaction act is very low
(as can be seen from Figure 1 three molecules of
cyanate ester have to meet each other to react with
cyanurate cycle formation).
As it was above mentioned this problem can be
solved by post-curing of the polymer product at
higher temperatures, when the mobility of the reac-
tive molecules and fragments is higher.
The manufacturer of MWCNTs used in this study
reports that catalyst residue in MWCNTs is the
mixture of SiO2, Al2O3, Fe2O3, MoO3. For the
moment, there are no references in the literature
that describe the catalytic action of such oxides on
reaction of cyclotrimerization of cyanate esters.
Normally, reaction of cyclotrimerization of the aryl
dicyanates can be catalyzed by the mixture of cata-
lyst and co-catalyst. The most common types of
catalyst are carboxylate salts and chelates of transi-
tion metal ions (Cu2+, Co2+, Zn2+, Mn2+ …) [3] that
facilitate the reaction of cyclotrimerization by for-
mation of co-ordination complexes. The co-catalyst

serves a dual purpose of acting as a solvent for cat-
alyst and completing ring closure of the triazine
ring via hydrogen transfer. The most commonly
used co-catalyst is nonylphenol.
The data obtained from FTIR studies for DCBA
and DCBA with 0.01 and 0.1 wt% of MWCNTs
were analyzed using an empirical Equation 2 [3]:

(2)

where k is the rate constant and n is the order of
overall reaction. The parameters k and n are evalu-
ated from the data region where the reaction rate
depends on monomer concentration and sharp
increase in conversion is observed. Equation (2)
was integrated and fitted to experimental concen-
tration profiles of both the unfilled and the filled
with MWCNTs systems. It was observed that the
data calculated from FTIR spectra is in a good
agreement with Equation (2) when the order of
reaction n = 1. This means that DCBA or DCBA/
MWCNTs systems can be described by a first-
order autocatalytic rate law.
The values of the observed rate constants obtained
from the first-order reaction analysis for DCBA
and DCBA/MWCNTs nanocomposites are listed in
the Table 2. The values of kinetic constants for
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Table 2. Values of the observed rate constants obtained from the first-order reaction analysis for DCBA and
DCBA/MWCNTs nanocomposites

Temperature
[°C]

Rate constant k·104 (conc.s)–1

DCBA DCBA/MWCNTs 0.01 wt% DCBA/MWCNTs 0.1 wt%
150 0.02 0.02 0.02
180 0.05 0.06 0.09
210 0.08 0.10 0.12
230 0.10 0.12 0.14

Table 1. Effect of MWCNTs content in the reactive com-
position on final conversion of cyanate groups

MWCNTs content
[wt%]

Conversion of –O–C≡≡N groups
[%]

0 92.5
0.01 89.1
0.10 88.8

Figure 4. Arrhenius plot for the cure of DCBA and
DCBA/MWCNTs



unfilled DCBA are lower than the values reported
for the catalyzed DCBA [14]. The results show that
the kinetic constant increases with the addition of
MWCNTs on each isothermal step of polymeriza-
tion of DCBA. The activation energies and pre-
exponential factors were determined from Arrhe-
nius plots, shown on Figure 4. A summary of the
results is given in Table 3. The activation energies
for the reaction ranged from 17 to 33 kJ/mol for
pure system of DCBA and for the systems filled
with MWCNTs and agree with the values reported
earlier [14, 15]. The activation energies for the
samples cured with MWCNTs are much lower than
the values obtained for virgin DCBA and they
decrease with increasing MWCNTs content. This
effect is quite similar to the decrease of activation
energy with adding catalysts in reactive systems
[16].
Presence of low molar mass compounds (for exam-
ple, conventional catalysts) in polymer networks
can influences negatively the thermal properties of
the final material. In this work we have shown that
synthesis of PCN/CNTs nanocomposites can be
effectively realized without using the conventional
catalysts.

4. Conclusions

The kinetics of polymerization of DCBA and
DCBA containing MWCNTs was investigated by
FTIR analysis. It was found that the conversion of
–O–C≡N increases significantly with adding of
even small quantities of MWCNTs (e.g. 0.01 and
0.1 wt%). However, the final degree of reaction for
nanocomposites is slightly decreased in compari-
son with pure PCN matrix. This can be changed by
a post-curing procedure. The reaction of DCBA
was determined as the first-order autocatalytic
reaction. The rate constants were calculated and
they were found to be higher for filled systems in
comparison to pure DCBA. The obtained data fol-
lows the Arrhenius relationship and activation

energies estimated from the Arrhenius plots
decrease with the addition of MWCNTs. It has
been established that due to catalytic effect of
MWCNTs on polycyclotrimerization process of
cyanate ester resins the polycyanurate/MWCNTs
nanocomposites can be synthesized without appli-
cation of complicated traditional catalytic systems.
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1. Introduction
Fluorescent DNA probe is known as DNA biosen-
sor based on fluorescence resonance energy trans-
fer (FRET) which occurs when the electronic
excitation energy of a donor chromophore is trans-
ferred to an acceptor molecule nearby via a
through-space dipole–dipole interaction between
the donor-acceptor pair [1]. The strong distance-
dependence of the FRET efficiency has been
widely exploited in studying the structure and
dynamics of proteins and nucleic acids, in the
detection and visualization of intermolecular asso-
ciation and in the development of intermolecular
binding assays [2].
As novel luminescent inorganic fluorophores,
Quantum dots (QDs) are currently being widely

used in biological probes, in vitro assay detection,
in vivo cell labeling and imaging, because QDs
show a broad and continuous excitation spectrum,
narrow size-tunable symmetric emission spectrum
and high fluorescence quantum yield [3–8].
Recently, complex nanostructures formed by link-
ing QDs as energy donors and gold nanoparticles
(AuNPs) as energy acceptors through DNA
hybridization or streptavidin-biotin interaction
have also been realized [9–13] and applied in the
sensing biomolecular concentration [10]. AuNPs
have a high extinction coefficient and a broad
absorption spectrum in visible light that is over-
lapped by the emission wavelength of the usual
energy donors. The key challenge of the hybrid
DNA probe is to immobilize single-stranded DNA
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Abstract. Fluorescent DNA probe based on fluorescence resonance energy transfer (FRET) was prepared by solid-phase
organic synthesis when CdTe quantum dots (QDs) were as energy donors and Au nanoparticles (AuNPs) were as energy
accepters. The poly(divinylbenzene) core/poly(4-vinylpyridine) shell microspheres, as solid-phase carriers, were prepared
by seeds distillation-precipitation polymerization with 2,2′-azobisisobutyronitrile (AIBN) as initiator in neat acetonitrile.
The CdTe QDs and AuNPs were self-assembled on the surface of core/shell microspheres, and then the linkage of CdTe
QDs with oligonucleotides (CdTe-DNA) and AuNPs with complementary single-stranded DNA (Au-DNA) was on the
solid-phase carriers instead of in aqueous solution. The hybridization of complementary double stranded DNA (dsDNA)
bonded to the QDs and AuNPs (CdTe-dsDNA-Au) determined the FRET distance of CdTe QDs and AuNPs. Compared
with the fluorescence of CdTe-DNA, the fluorescence of CdTe-dsDNA-Au conjugates (DNA probes) decreased extremely,
which indicated that the FRET occurred between CdTe QDs and AuNPs. The probe system would have a certain degree
recovery of fluorescence when the complementary single stranded DNA was introduced into this system, which showed
that the distance between CdTe QDs and AuNPs was increased.
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(ssDNA) onto the surfaces of QDs and AuNPs,
respectively. The Gueroui and Libchaber [11]
reported that carboxyl-modified QDs, activated
with 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide hydrochloride (EDC) and sulpho N-hydroxy-
succinimide (NHS), could be covalently linked to
ssDNA, streptavidin-coated QDs also could be con-
jugated with ssDNA [9]. ssDNA modified AuNPs
were achieved by ssDNA being covalently linked
to AuNPs functionalized with a single NHS ester
[11, 14]. In our previous works, we utilized the
self-assembly of mercapto group modified ssDNA
(HS-DNA) on AuNPs to simplify the process of
probe preparation, and prepared DNA probe by the
hybridization between QDs linked with a DNA
sequence and AuNPs with a DNA strand [15].
However, because QDs and AuNPs both were less
than 20 nm in diameters, it was hard to separate
DNA probe from this mixture system. In reported
works, the amount of nanoparticles (QDs or
AuNPs) exceeded that of DNA [11, 15], thus less
unreacted DNA would exist in system and the sep-

aration and purification of ssDNA conjugated
AuNPs (Au-DNA) and QDs (QD-DNA) from reac-
tion system could be mainly focused on the utiliza-
tion of the differences between free nanoparticles
and ssDNA conjugated nanoparticles. In traditional
way, nanoparticles which were not linked to DNA
were not subject to purification processes [12, 15]
or removed by ethanol precipitation [11] or spin fil-
tration [13], and so on. Free ssDNA and nanoparti-
cles which remained in system would influence the
precision of detection and repetition ability of DNA
probe. On the other hand, the structures of ssDNA
conjugated AuNPS (Au-DNA) and QDs (QD-
DNA) and hybridized double-stranded DNA
(dsDNA) probe were very complicated. Fu et al. [9]
confirmed that a CdTe QD could be conjugated
with 1 to 4 ssDNA, which resulted in the differ-
ences of the solubility and molecular weight of
QD-DNA with different DNA number. Therefore,
a more effective purification way with another
mechanism should be investigated.
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Figure 1. Illustration of preparation of fluorescent DNA probe on microspheres, and the base sequence of DNA2 was
complementary with the base sequence of DNA1



The objective of the present work was to utilize
functional polymeric micospheres as solid-phase
carriers to simplify the process of probe purifica-
tion. Because of the larger size of carriers, the free
ssDNA and nanoparticles could be removed by fil-
tration or centrifugation easily. The whole process
was shown in Figure 1. Poly(divinylbenzene-80)
(PDVB) microspheres as cores prepared by distilla-
tion-precipitation polymerization had a large aver-
age particle size (>1 μm), which could be purified
easily, and poly(4-vinylpyrindin) (PVPy) was
coated on the PDVB core when PDVB micros-
pheres were as seeds, 4-vinylpyrindin (VPy) as
monomer and divinylbenzene-80 (DVB) as
crosslinker by seeds distillation-precipitation poly-
merization. The ssDNA modified nanoparticles
(Au-DNA and QD-DNA) were completed on the
surface of PDVB/PVPy core/shell microspheres by
self-assembly respectively. Only simple filtration
or ultracentrifugation could remove the free ssDNA
and nanoparticles because of the heterogeneous
characteristic of solid-phase organic synthesis. The
double-stranded DNA (dsDNA) probe was
obtained when Au-DNA and CdTe-DNA were
cleaved from the solid-phase carriers and
hybridized each other.

2. Experimental

2.1. Materials

Divinylbenzene-80 (DVB, 80% divinylbenzene
isomers) was supplied by Aldrich Chemical Co. It
was washed with 5% aqueous sodium hydroxide,
water and then dried over anhydrous magnesium
sulfate prior to use. 4-vinylpyrindin (VPy) was
obtained from Aldrich Chemical Co. and purified
by vacuum distillation before use. 2,2′-Azobi-
sisobutyronitrile (AIBN) was analytical grade avail-
able from Tianjin Xida Rare Chemical Reagent Co.
and was recrystallized from methanol. Acetonitrile
(Tianjin Chemical Reagents II Co.) was dried over
4 Å molecular sieves and distilled prior to utiliza-
tion. All Other reagents were of analytical grade
and used as received without any further purifica-
tion. The fluorescent DNA probe was designed to
hybridize to a 24 base portion of the Yersinia pestis
(sequence 3). DNA oligonucleotides were pur-
chased from Shanghai Invitrogen Biotechnique Co.
Ltd., and the base sequences were listed as follows:

DNA Sequence 1: 5′-AGT AAG CAA GAG AGA
GCC GGG GGG-(CH2)6-3′-SH

DNA Sequence 2: NH2-5′-(CH2)6-GGC TCT CTC
TTG CTT ACT-3′

DNA Sequence 3: 5′-CCC CCC GGC TCT CTC
TTG CTT ACT-3′

2.2. Preparation of PVPy coated PDVB
core/shell microspheres

The core/shell microspheres (PDVB@PVPy) were
prepared by seeds distillation-precipitation poly-
merization. In the first stage, poly(divinylbenzene)
microspheres (PDVB) were prepared by distilla-
tion-precipitation polymerization when divinylben-
zene-80 (DVB) (20 ml) as monomer and 2,2-azobi-
sisobutyronitrile (AIBN) (0.4 g) as initiator in
acetonitrile (800 ml) [16], then the solid-phase car-
riers were obtained when PDVB microspheres
were as seeds (0.5 g), 4-vinylpyridine (VPy)
(0.2 ml) as monomer, DVB (0.4 ml) as crosslinker
and AIBN (0.02 g) as initiator in acetonitrile
(80 ml) by seeds distillation-precipitation polymer-
ization and the reaction was ended when 40 ml of
acetonitrile was distilled from the reaction system
within 1.5 h. The resultant polymer microspheres
were separated and purified by vacuum filtration
over a G5 sintered glass filter, and washed three
times with tetrahydrofuran (THF), ethanol and ace-
tone. The particles were dried at 40°C under vac-
uum overnight.

2.3. Preparation of HS-DNA conjugated Au
nanoparticles (Au-DNA)

–SH modified microspheres (PDVB@PVPy-SH)
were prepared by the self-assembly of thioglycollic
acid (TGA, 700 μl) on the PDVB@PVPy micros-
pheres (0.4 g) in ethanol-water solution (30 ml,
5:1 v/v) at 37°C for 24 h, the resultant
PDVB@PVPy-SH microspheres were separated
and purified by vacuum filtration over a G5 sin-
tered glass filter and washed three times with
ethanol-water solution (5:1 v/v), and the particles
were dried at 40°C under vacuum overnight. Au
nanoparticles (AuNPs) prepared by the citrate
reduction of HAuCl4 [17] with 16 nm in diameter,
as energy acceptors, was purified by ultracentrifu-
gation. Then AuNPs (110 μl, 0.2 mmol/l) were
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self-assembled onto the surface of PDVB@PVPy-
SH microspheres (0.02 g) in ethanol-water solution
(20 ml, 1:1 v/v) at 37°C for 24 h to get
PDVB@PVPy-Au. Then, the residual pyridyl
group on PDVB@PVPy-Au particles was pro-
tected by acetic acid (100 μl) was added in
solution at 37°C for 5 h under shake. The
PDVB@PVPy-Au particles were purified by vac-
uum filtration and washed with ethanol-water solu-
tion (1:1 v/v) for three times, and dried at 40°C
under vacuum overnight. HS-DNA (Sequence 1,
33 μg) was mixed with purified PDVB@PVPy-Au
microspheres in 10 ml of water at 37°C for 16 h.
Then, the mixture solution was added into 10 ml of
phosphate buffer solution (PBS, pH = 7.0), and the
HS-DNA were self-assembled on the solid-phase
carriers (PDVB@PVPy-Au-DNA) at 37°C for 40 h
under shake. The PDVB@PVPy-Au-DNA micros-
pheres separated and purified by ultracentrifugation
(7000 r/min for 30 min) and washed with PBS
(pH = 7.0) for three times. Finally, the washed
PDVB@PVPy-Au-DNA microspheres were resus-
pended in 5 ml of water, and the Au-DNA was cut
off from the carriers when pH was adjusted to 10.0
for 48 h at 50°C under shake. The carriers were
removed by ultracentrifugation (7000 r/min for
30 min), and the pH of supernatant (Au-DNA aque-
ous solution) was adjusted to 7.0.

2.4. Preparation of NH2-DNA conjugated
CdTe QDs (QD-DNA)

3 nm of CdTe QDs in diameters as energy donors
were prepared according to the reference work in
aqueous solution when (3-mercaptopropionic acid)
MPA was as stabilizer [15]. Before the self-assem-
bly of QDs on microspheres, the pH of QDs aque-
ous solution was adjusted to 7.0 and purified by
ethanol precipitation and ultracentrifugation
(12 000 r/min for 60 min). After that, the CdTe
QDs (17 μl, 0.25 mM aqueous solution) were self-
assembled on the PDVB@PVPy microspheres
(0.02 g in 20 ml of ethanol-water solution (1:1 v/v))
for 24 h at 37°C under shake because of the hydro-
gen-bonding between carboxyl of MPA on CdTe
QDs and pyridine ring. Then, the residual pyridyl
group on PDVB@PVPy-QDs particles was pro-
tected by acetic acid (100 μl) was added in solution
at 37°C for 5 h under shake. The PDVB@PVPy-
QDs microspheres were purified by ultracentrifu-

gation (7000 r/min for 30 min) and washed with
ethanol-water solution (1:1 v/v) for three times, and
resuspended in 1 ml Tris-HCl buffer (10 mM Tris-
HCl, 20 mM NaCl, pH = 7.2). Then, NH2-DNA
(sequence 2, 33 μg) with 1 ml Tris-HCl buffer
(10 mM Tris-HCl, 20 mM NaCl, pH = 7.2) and
1-ethyl-3-(3-dimethylaminopropyl) carbodi-imide
hydrochloride (EDC, 22 μl, 0.01 M, 50-fold mole
more than NH2-DNA) were added into the
PDVB@PVPy-QDs Tris-HCl buffer solution. The
NH2-DNA was conjugated with QDs on the solid
carriers (PDVB@PVPy-QD-DNA) at 37°C for
40 h under shake. Finally, the QD-DNA was
cleaved from the carriers when pH was adjusted to
10.0 for 48 h at 50°C under shake. The carriers
were removed by ultracentrifugation (7000 r/min
for 30 min), and the pH of supernatant (QD-DNA
aqueous solution) was adjusted to 7.0.

2.5. Hybridization of QD-DNA and Au-DNA
and detection of target DNA

The resultant solution prepared in 2.3 and in 2.4
were mixed together and the hybridization of QD-
DNA and Au-DNA (the ratio of Au/QDs was about
10:1) was when a buffer solution of 20 mM Tris-
HCl, 50 mM KCl, and 5 mM MgCl2 (pH = 8.0)
existed in system at 37°C, for 1 h under shake. The
detection program was as follows: target DNA
(sequence 3, 33 μg) was added into the CdTe/
AuNPs conjugated probe system at 37°C, for 1 h
under shake, and the changes of fluorescent spectra
of detection system were measured.

2.6. Characterization

The morphology of the resultant polymeric micros-
pheres was determined by transmission electron
microscopy (TEM) using a Tecnao G2 20 S-TWIN
on a copper grid coated with a carbon membrane.
Samples for TEM were dispersed in PBS buffer
and a drop of the suspension was spread onto the
surface of a thin carbon film supported on copper
grid, then dried in vacuum.
The laser scanning confocal microscope (LSCM)
images were obtained using Olympus FV1000S
system. Samples of LSCM were dropped onto
35 mm glass-bottom culture dishes (Mattek Corp.)
and were viewed by the LSCM microscope with
390 nm excitation and 570 nm emission.
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The fluorescence spectra of the probe system were
measured with a WGY-10 Luminescence Spec-
trometer. According to Foster’s theory, The FRET
efficiency (quenching efficiency) could be meas-
ured experimentally and was commonly defined
according to Equation (1) [18]:

(1)

where FDA is the integrated fluorescence intensity
of the donor in the presence of the acceptor(s) and
FD is the integrated fluorescence intensity of the
donor alone (no acceptors present).
The loading capacity of the pyridine group on the
surface of polymer microspheres was measured by
back-titration [19]: 0.3 g of PDVB@PVPy micros-
pheres were suspended in 25 ml of 0.10 mol/l HCl
solution with stirring for 5 h at room temperature.
Then the resultant microspheres were separated by
vacuum filtration over a G5 sintered glass filter and
washed with distilled water for three times. The
combined filtrate was re-titrated by 0.10 mol/l
NaOH aqueous solution with phenolphtalein as
indicator. The loading capacity of the pyridyl group
on the surface layer of the microspheres was calcu-
lated according to Equation (2):

(2)

where npy [mmol/g] is the accessible loading capac-
ity of pyridyl group, cHCl is the concentration of
HCl solution [mol/l], VHCl is the volume of HCl
solution used for suspension [ml], cNaOH is the con-
centration of NaOH for titration [mol/l], VNaOH is
the volume of NaOH for titration [ml], m is the
weight of the microspheres determined [g], respec-
tively.

3. Results and discussion

3.1. PVPy coated PDVB core/shell
microspheres

Stöver et al. reported that highly crosslinked
PDVB55 microspheres can be prepared with a
diameter between 2 and 5 μm by precipitation
polymerization [20]. This reaction was carried out
in bottles attached to a slowly rotating umbrella-
shaped rotor, and the residual double bonds located
at the surface permit the further growth of the parti-
cles by radical capture of oligomers and monomers

[21]. An important concern for core-shell polymer-
ization is to retain the particle monodispersity. The
distillation-precipitation polymerization was con-
venient to prepare PDVB80 microspheres in the
absence of any stabilizer without stirring [16].
Moreover, Yang and coworkers found that mono-
dispersity core/shell microspheres could be pre-
pared by seeds distillation-precipitation polymer-
ization easily with hydrophilic or hydrophobic
monomer [22, 23]. In this case, PDVB micros-
pheres as cores prepared by distillation-precipita-
tion polymerization had a large particle size
(>1 μm) which could be purified easily, and the
residual double bonds on the surface of micros-
pheres could be reacted with other vinyl monomer
on the particle surfaces for future modification.
The FT-IR spectra of PDVB and poly(4-vinylpyri-
dine) (PVPy) which had been coated PDVB
core/shell microspheres (PDVB@PVPy) are shown
in Figure 2. FT-IR spectra of PDVB microspheres
(Figure 2 a) shows a peak at 2923 cm–1 attributed to
the asymmetrical stretching of methylene groups
while the band at 1603 cm–1 originated from the
asymmetrical stretching of conjugated double
bonds [21]. The increase of 1415 cm–1 absorptions
was caused by the introduction of pyridine ring
[24] (Figure 2b) of PDVB@PVPy microspheres,
and the loading capacity of the pyridyl group on the
polymer microspheres was 0.134 mmol/g.

3.2. Preparation of DNA conjugated
nanoparticles by solid-phase carriers

CdTe QDs of about 3 nm diameter as energy
donors were prepared in aqueous solution when

m

VcVc
n NaOHNaOHHClHCl

py
·· −=

D

DA

F

F
E −= 1
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Figure 2. FT-IR spectra of polymer microspheres:
a) PDVB microspheres; b) PDVB@P(VPy)



(3-mercaptopropionic acid) MPA was used as sta-
bilizer [15] and because of the large particle size
and functional groups of core/shell microspheres,
the synthesis of mercapto group modified ssDNA
(HS-DNA, sequence 1) conjugated Au nanoparti-
cles (Au-DNA) was completed on the surface of
microspheres. The TEM graphs of Au-DNA on
PDVB@PVPy microspheres (PDVB@PVPy-Au-
DNA) are shown in Figure 3.
AuNPs were prepared by the citrate reduction of
HAuCl4 [17] with 16 nm in diameter. The results
indicated that the particle size of PDVB@PVPy
microspheres was about 1.65 μm and the Au-DNA
conjugates were self-assembled on the surface of
microspheres successfully. The large size of carri-
ers made it easily for PDVB@PVPy-Au-DNA
microspheres to be separated and purified from the
reaction system. Li et al. [19] prepared poly(ethyl-
eneglycol dimethacrylate-co-4-vinylpyridine)
(P(EGDMA-co-VPy)) microspheres by distillation-
precipitation copolymerization, and only when the
fraction of VPy was higher that 40% (v/v) in total
monomer, the particle size of P(EGDMA-co-VPy)
could be over 1 μm (1.72 μm) and the loading
capacity of pyridyl group on microspheres was
about 1.76 mmol/g. However, in this work, the
loading capacity of pyridyl group on carriers
should be controlled at a very low level because the
amount of AuNPs and ssDNA were both trace
amounts to avoid the interaction between excessive

pyridyl group on carriers and HS-DNA. Therefore,
the structure of suitable carriers was PDVB/PVPy
core/shell microspheres, when PDVB core pro-
vided a large size in diameters and PVPy shell had
a low loading capacity of pyridyl group (about
0.134 mmol/g).
The laser scanning confocal microscope (LSCM)
graphs of NH2-DNA (sequence 2, complementary
with sequence 1) conjugated CdTe QDs (QD-DNA)
on PDVB@PVPy microspheres (PDVB@PVPy-
QD-DNA) are shown in Figure 4, which indicated
that the ssDNA conjugated QDs (QD-DNA) were
self-assembled on the surface of microspheres.
In traditional way, the amount of nanoparticles
(QDs or AuNPs) is in excess of DNA [11, 15] to
reduce the influence of residual unreacted ssDNA,
but which resulted in the residue of nanoparticles,
especially when the particle size was too small, for
example QDs was only about 2–3 nm in size [15].
The residual free QDs would increase the back-
ground fluorescence of probe based on inorganic
nanoparticles, and the residual unreacted ssDNA
would hybridize with the complementary ssDNA in
the system.
In this work, the amount of QDs and ssDNA were
nearly equal, and only simple filtration could
remove the free ssDNA and nanoparticles because
of the huge difference of particle sizes between
solid-phase carriers and ssDNA rather than the
slight difference of particle size or solubility
between residual free nanoparticles and ssDNA
conjugated nanoparticles in traditional ways
[11–13, 15]. When the pH was about 10, the Au-
DNA and QD-DNA were cut off from the carriers.
After hybridization of Au-DNA and QD-DNA in a
buffer solution (pH = 8), the double-stranded
(dsDNA) fluorescent DNA probe was obtained.
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Figure 4. LSCM graphs of PDVB@PVPy-QD-DNA

Figure 3. TEM graphs of Au-DNA on PDVB@PVPy
microspheres



3.3. Detection of DNA probe
According to the FRET process, when the distance
between the donor and acceptor was 1–10 nm and
the emission spectrum of the donors could overlap
the absorption spectrum of the acceptors, the
energy could be transferred from the energy donors
to acceptors [1, 25]. CdTe QDs and AuNPs are a
suitable donor-acceptor pair [13] because the emis-
sion spectrum of CdTe QDs and the absorption
spectrum of AuNPs have a large overlap [15]. After
hybridization between CdTe-DNA and Au-DNA,
the CdTe and Au nanoparticles were close, there-
fore the fluorescence intensity of donors would
decrease because of the energy transfer from the
donors to acceptors and the formation of fluores-
cence probes with inorganic nanoparticles conju-
gated double-stranded DNA (QD-dsDNA-Au
probe) [14, 15]. The fluorescence emission spectra
of the QD-DNA, QD-dsDNA-Au probe, and QD-
dsDNA-Au probe with single-stranded target DNA
(sequence 3, completely complementary with
sequence 1) are shown in Figure 5.
Compared with the fluorescence intensity of QD-
DNA, the fluorescence intensity of QD-dsDNA-Au
probe decreased tremendously, which indicated
that the FRET process occurred in the QD-dsDNA-
Au conjugated system after the hybridization pro-
gram, and the quenching efficiency was about
73.7%. In our previous work, the quenching effi-
ciency was 55–67% obtained when the QDs
reacted with ssDNA with no purification [15]. In
most cases, the background fluorescence of DNA

probes with inorganic nanoparticles conjugated
double-stranded DNA (QD-dsDNA-Au probe) was
a common phenomenon [15, 26–27], because of the
residual QDs and ratio of energy acceptors/donors,
which resulted in a limit of FRET efficiency
(quenching efficiency). Zhang et al. increased the
number of energy acceptors (Cy5) which sur-
rounded energy donors (QDs) to get a low level of
background fluorescence [28]. AuNPs-DNA could
be separated from reaction system by ultracentrifu-
gation because of its larger particle size (>10 nm).
However, the particle size of QDs was too small
(2–3 nm) which caused the residue of unreacted
QDs and ssDNA in the QD-DNA solution. The free
QDs increased the background fluorescence, and
when these free ssDNA (sequence 2) hybridized
with ssDNA (sequence 1) on AuNPs, no FRET
process could occur in that structure, which would
decrease the quenching efficiency. Therefore when
there was no purification process in preparation of
QD-DNA, the quenching efficiency was lower
(55–67%) by changing the ratio of acceptors/
donors (Au-DNA/QD-DNA), and quenching effi-
ciency reached the maximum (about 67%) when
the Au-DNA/QD-DNA was 10:1 [15]. In this
work, the separation and purification were easier
because of the large size of solid carriers (about
1.6 μm in diameters), and the quenching efficiency
was increased to 73.7% when the Au-DNA/QD-
DNA was 10:1. But the background fluorescence
phenomenon still existed, which indicated that the
future work would be focused on the control of
ratio of AuNPs/QDs.
After target single-stranded DNA (sequence 3,
complementary with sequence 1) was introduced
into the probe system, the double-stranded DNA of
the probe system opened and the distance between
the CdTe QDs and Au nanoparticles increased. The
target DNA could replace the DNA (sequence 2) on
the QDs surface and hybridize with the DNA
(sequence 1) on Au nanoparticles, because the tar-
get DNA had more complementary bases than the
sequence 2 DNA, which resulted in a stronger
hydrogen-bonding between the target DNA and the
sequence 1 DNA, thus the fluorescent intensity of
the system was recovered about 2.4 times than that
of probe.
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Figure 5. Fluorescence spectra of QD-DNA (a),
QD-dsDNA-Au probe (b) and QD-dsDNA-Au
probe with target DNA (c)



4. Conclusions

Fluorescent DNA probe which can be used as DNA
biosensor was prepared by solid-phase organic syn-
thesis on polymer functional core/shell micros-
pheres in large diameters. PDVB microspheres as
cores provided the large particles size in diameters
and PVPy shell was coated on the PDVB cores
were obtained by seeds distillation-precipitation
polymerization. The preparation of Au-DNA and
QD-DNA were on the PVPy functional shell
respectively. After the hybridization program, the
FRET occurred because the donors and acceptors
were close enough and the quenching efficiency
was about 73.7%. When complete complementary
target DNA was added into this probe system, the
fluorescence intensity of this system was recovered
about 2.4 times than that of probe.
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1. Introduction
Elastomeric materials are usually reinforced by car-
bon black, silica and other microscopic fillers for
improving/enhancing/achieving the desired proper-
ties [1–3]. Composites filled with nanofillers such
as metallic nanoparticles and carbon nanotubes
have been envisaged to have superior physical and
mechanical properties compared to the conven-
tional fiber or particle reinforced composites [4, 5].
Multiwalled nanocarbon tubes (MWNTs) have
been widely used with different kinds of polymers
for the development of high performance compos-
ite materials [6, 7], however MWCNT/rubber
nano-composites is still a evolving field and very
little work has been documented on the subject.
Ethylene vinyl acetate (EVA) is widely used as an
insulating and sheath material for high voltage

cables and also in the footwear and toy industries
due to its high flexibility and chemical inertness
[8, 9]. High-energy ionizing radiation has recently
received a great deal of attention, primarily because
of its ability to produce crosslinked networks with a
wide range of polymers. The low operation cost,
additive-free technique and room temperature oper-
ations are among the added advantages of radiation
vulcanization over the existing vulcanizing tech-
niques [10–14]. The modification and processing of
particulate filled EVA using high energy radiation
has been widely practiced, however not significant
work has been reported on radiation induced effects
on EVA reinforced with nanomaterials [15–17].
The nano-composites of EVA with MWNT are of
special interest because incorporation of suitable
amount of MWNT in EVA matrix is expected to
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significantly enhance its thermal and mechanical
properties. However, high absorbed dose require-
ment for desired extent of crosslinking leads to cost
enhancement as well as deterioration of mechanical
properties of EVA at higher doses. Use of multi-
functional acrylates (MFAs) and allylic reactive
molecules during radiation processing have been
proposed to overcome these drawbacks of radiation
processing [18–21].
Radiation crosslinking i.e. gelation characteristic of
filler reinforced polymer has been a subject of
debate for various workers in the field [22, 23]. The
objective of the present work was to analyze the
effect of MWNT addition on the radiation induced
crosslinking behavior of EVA-MWNT nano-com-
posites. In addition to it, an attempt has also been
made to look for suitable multifunctional acrylates
for efficient radiation cross-linking of these nano-
composite blends.

2. Materials and methods

2.1. Materials

EVA in granular form was supplied by a local sup-
plier (M/s Polystar Chemicals, Mumbai), MWNT
powder from M/s Nanocyl, Belgium was used
without further purification. Toluene and xylene
used for studies were of AnalaR grade (Purity
99.9%). The multifunctional acrylates were pro-
cured from Aldrich chemicals, USA and used as
such without further purification.

2.2. Sample preparation and characterization

A series of nano-composites of EVA and MWNT
was prepared by initially mixing the two compo-
nents homogeneously on a Brabender Plasticorder
from M/s Brabender, Germany at 130°C for
15 min. The nano-composites compositions and
sample designations have been represented in
Table 1. The homogeneous mix was cut to small
pieces and compressed into sheets of size 12×
12 cm of different thicknesses in range 1–4 mm
using compression-molding machine at 1500 N/m2

pressure for 2 minutes at 130°C.
Irradiation was carried out under aerated condition
in a gamma chamber 5000 (GC-5000) having
Co-60 gamma source supplied by M/s BRIT India.

The dose rate of gamma chamber was ascertained
to be 3.5 kGy/hr by using Fricke dosimetry prior to
irradiation of samples.
For the sorption studies, radiation crosslinked
blends were Soxhlet extracted at elevated tempera-
ture for 12 hours to extract any sol content using
xylene as solvent. The insoluble gel part was then
dried initially under room conditions and later in a
dissector. The dried blend so obtained was cut into
uniform square pieces (1 cm×1 cm) using a sharp
edged die and used for swelling studies. Pre-
weighed samples were placed in a 200-mesh stain-
less steel compartment and immersed in excess
xylene. The swelled samples were periodically
removed, blotted free of surface xylene using labo-
ratory tissue paper, weighed on AND analytical
balance (accuracy 0.00001 g) in stopper bottles and
returned to the swelling medium. Measurements
were taken until the samples reached constant
weight.
Hardness was measured in accordance with ASTM
D2240 using durometer (M/s Asha-testers, Blue-
steel Eng. (P) Ltd, India). The units of hardness
were expressed in shore A. The density (in g·cm–3)
was determined by using density balance from M/s
AND (accuracy 0.00001 g) using suitable liquids.
The gel content was determined by refluxing the
samples with xylene for 12 hrs. The insoluble por-
tion obtained was rinsed with methanol and dried in
vacuum oven at 60°C to a constant weight. Gel
content was evaluated using following relationship
(Equation 1):

(1)

where Wg and Wi are the weight of insoluble frac-
tion and initial weight respectively.

3. Results and discussion

3.1. Scanning electron microscopy

The scanning electron micrographs of fractured
surfaces have been shown in Figure 1. It is clear
that for all compositions EVA-MWNT were well
mixed as no agglomeration of nanotubes was
observed in the composition range studied.
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3.2. Effect of gamma radiation on
nano-composites

Figure 2 shows the change in the gel content of
EVA-MWNTs nano-composites on irradiation.
Un-irradiated samples were easily soluble in hot
xylene, however nano-composites irradiated to a
dose > 50 kGy were partly soluble due to the for-
mation of a three-dimensional network.
In order to quantitatively evaluate crosslinking and
chain scission yields of irradiated EVA-MWNT
nano-composites, plots of S + S1/2 vs. 1/absorbed
dose from the Charlesby-Pinner equation (Equa-
tion 2) for the different blend compositions were
drawn (Figure 3) [24–25]:

(2)
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Figure 1. Scanning electron micrographs of EVA-MWNT nano-composites a) 2% MWNT, b) 3% WNT, c) 4% MWNT,
d) 5% MWNT

Figure 2. Gel fraction of EVA-MWNT nano-composites
on irradiation at a dose rate of 5 kGy·h–1

a) EVNT00, b) EVNT05, c) EVNT1, d) EVNT2,
e) EVNT3, f) EVNT5



where S is the sol fraction, Pn the number averaged
degree of polymerization, D radiation dose, p0 and
q0 are fraction of ruptured and crosslinked main-
chain units per unit dose (proportional to the radia-
tion chemical yields of degradation and
crosslinking).
From Table 1 and Figure 3 it is clear that EVNT5 is
most efficiently crosslinked on irradiation and the
crosslinking extent increases almost linearly with
MWNT content in the nano-composite. Lower val-
ues of p0/q0 for higher MWNT content are sugges-
tive of relatively improved radical-radical interac-
tions in polymer nano-composites probably due to
decrease in free-volume as reported by other work-
ers for similar systems [22, 23, 26].

3.3. Crosslinking density of radiation
processed nano-composites

In order to gain further insight into radiation
crosslinking of the EVA-MWNT nano-composites,
crosslinking density measurements were carried
out. The key parameters determining the amount of
solvent absorbed at equilibrium swelling by a

crosslinked network are the crosslink density and
the extent of polymer-solvent interaction which is
reported as the value of Flory-Huggins parameter χ
[27, 28]. The diffusion into solid samples depends
on the availability of appropriate molecular size
holes in the network, however the kinetic response
which includes solvent sorption rate, the rate of
approach to equilibrium and the transport mecha-
nism controlling the solvent sorption may also
depend upon additional factors like history of the
samples and their composition [28, 29]. The molec-
ular weight between cross-links (Mc) was estimated
using the following relation, based on the theory
initially proposed by Flory and Rehner (Equa-
tion 3) [30]:

(3)

where, V1 is the molar volume of the solvent, ρp is
the polymer density, φp is the volume fraction of
the polymer in the swollen matrix and χ is the
Flory–Huggins interaction parameter between sol-
vent and polymer which can be calculated using
Equation (4):

(4)

where δs and δp are the solubility parameters of the
solvent and the polymer, β is the lattice constant
whose value is taken as 0.34, R is the universal gas
constant and T is absolute temperature. The varia-
tion in crosslinking density with absorbed dose for
nano-composites is plotted in Figure 4. It is clear
from the figure that though at lower doses there is
not much difference among the crosslink densities
of different nano-composites but the difference is
significant at higher absorbed doses. This observa-
tion reflects the higher radiation sensitivity of
nano-composites with higher MWNT fraction. The
inferences from the p0/q0 values, from sol-gel
analysis give an idea of the predominant process
(crosslinking/degradation) which the polymer
undergoes in the dose range of study. The crosslink-
ing density measurements on the other hand indi-
cate that even if all samples predominantly undergo
same process (crosslinking in this study) which
among them is more prone to crosslinking at a
given dose.
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Figure 3. Charlesby-Pinner plot for EVA-MWNT nano-
composites a) EVNT00, b) EVNT05, c) EVNT1,
d) EVNT2, e) EVNT3, f) EVNT5

Table 1. Compositional characteristics, designation and
p0/q0 for nano-composite blends

MWNT [%] Sample designation p0/q0

00 EVNT00 1.16
0.5 EVNT05 1.11
1.0 EVNT1 1.08
2.0 EVNT2 1.06
3.0 EVNT3 1.01
5.0 EVNT5 0.98



It is thus not improbable that the gel content attains
a plateau value whereas, crosslinking density keeps
increasing due to further increase in intermolecular
radical-radical combinations and other rearrange-
ments. Nevertheless, crosslinking density values
followed the order EVNT5>EVNT3>EVNT2>EVNT1>
EVNT05>EVNT00, in the complete dose range stud-
ied indicating predominantly crosslinking behavior
of nano-composites on irradiation and enhance-
ment in the crosslinking density with the incorpora-
tion of MWNT.
In general, additives are expected to induce a
diminishing effect of radiation, as part of energy
deposited during irradiation is expected to be
absorbed by additives in addition to the bulk
matrix. Furthermore, fillers may scavenge the radi-
cals generated on the polymer matrix this may hin-
der the radical-radical interactions and hence
reduce overall crosslinking density and gel fraction.
Studies have shown that rate of radiation induced
polymerization decreases in presence of inorganic
fillers though the kinetics remains unchanged
[22, 23, 26].
Nanoparticulate fillers like carbon nanotubes, if
distributed uniformly, are expected to sit in the
available free volume of the matrix, also the con-
centration of MWNTs in the study is too small to
directly contribute to significant absorption of
energy. Thus, the enhancement in the crosslinking
yield after the MWNT incorporation indicates the
formation of multi ionization spurs yielding
Y-crosslinking and also increased possibility of
spur overlap due to reduced free volume. It can

therefore be safely said that neutralization of single
ionization spurs, with increase in MWNT, is not
significant in the present system as reported earlier
[31, 32].

3.4. Density of the nano-composites

The density of nano-composites is expected to
change after irradiation because of the change in
free-volume associated with radiation induced
crosslinking or degradation. Densities of the EVA-
MWNT nano-composite were found to increase
marginally with the radiations dose and with
MWNT fraction except that with highest content of
MWNT as shown in Figure 5. This behavior can be
explained on the basis of free volume theory; the
increase in crosslinking with increase in absorbed
dose for the samples with higher content of MWNT
decreases the free volume due to strong interfacial
interaction between EVA and nanotube surfaces,
and thus increases the density, on the other hand,
irradiation of EVA with lower MWNT content
leads to increase in density but not to that extent as
it still has free volume due to lower concentration
of MWNT [33]. The samples did not show any sig-
nificant increase in density after certain absorbed
doses clearly, indicating that increase in crosslink
density of samples does not contribute to decrease
in free volume after certain extent of crosslinking.

3.5. Hardness

Figure 6 shows the compositional dependence of
hardness of the samples with increase in radiation
dose. It was found that initially the hardness of the
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Figure 5. Density of EVA-MWNT nano-composites on
irradiation at a dose rate of 5 kGy·h–1 a) EVNT00,
b) EVNT05, c) EVNT1, d) EVNT2, e) EVNT3,
f) EVNT5

Figure 4. Crosslinking density of EVA-MWNT nano-
composites on irradiation at a dose rate of
5 kGy·h–1 a) EVNT00, b) EVNT05, c) EVNT1,
d) EVNT2, e) EVNT3, f) EVNT5



EVA-MWNT nano-composites increases sharply
for >1% MWNT loading. By definition, hardness is
generally referred to the resistance of material to
the local deformation, and the results proved that
the EVA-MWNT nano-composites, with higher
nanotube content, are more resistant towards local
deformations. Though radiation-induced crosslink-
ing in polymeric systems is expected to increase the
hardness of the samples linearly on irradiation, the
hardness values of irradiated EVA-MWNT nano-
composites did show this trend only after a thresh-
old amount of MWNT was incorporated in the
nano-composites indicating MWNT content and
not the absorbed dose was predominant reason for
increase in hardness for these nanocomposites.

3.6. Radiation sensitivity of EVA-MWNT
nano-composites in presence of MFAs

The studies in earlier sections indicated that gel
content of the nano-composites varied in the range
0.25–0.55 depending on the radiation dose. Multi-
functional acrylates (MFAs) are generally used for
lowering the absorbed dose requirement [18–20].
The Table 2 provides the details of acrylates used
for the study and Figure 7 and 8 depicts the varia-
tion in gel content on incorporation of two TMPTA
and TMPTMA in EVA-MWNT composites.
It is evident from the figures that the nano-compos-
ites are more efficiently crosslinked after incorpo-
ration of MFAs. The improvement in the radiation
sensitivity of the nano-composite after MFA addi-
tion was further established by crosslinking density
measurements of nano-composites crosslinked
using MFAs as shown in Figure 9 and 10.

Increase in the gel content on introduction of MFAs
in the pure nano-composites was obviously due to
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Figure 6. Variation of shore A hardness of EVA-MWNT
nano-composites

Figure 8. Gel fraction of EVA-MWNT nano-composites
containing TMPTMA (3%), on irradiation at a
dose rate of 5 kGy·h–1 (a EVNT00TMM,
b) EVNT1TMM, c) EVNT3TMM

Figure 7. Gel fractions of EVA-MWNT nano-composites
containing TMPTA (3%) on irradiation at a dose
rate of 5 kGy·h–1 a) EVNT00TM, b) EVNT1TM,
c) EVNT3TM

Figure 9. Crosslinking density of EVA-MWNT nano-
composites containing TMPTA (3%), on irradia-
tion at a dose rate of 5 kGy·h–1 a) EVNT00TM,
b) EVNT1TM, c) EVNT3TM



multifunctional acrylates employed in this study, as
they are known to efficiently form bridges between
the radicals generated on two different polymer
chains causing inter molecular crosslinking thereby
contributing to increased gel fraction as shown in
Figure 11 [10–13].
In accordance with Figure 11 the crosslinking effi-
ciency of a MFA is expected to be a function of its
extent of unsaturation (functionality) and its com-
patibility with the polymer matrix. Since, the acry-
lates employed in the study were of same
functionality, it was interesting to observe that radi-
ation sensitivity of acrylate was much higher than
methacrylate. This may due to better compatibility
of acrylate in comparison to methacrylate with that
of matrix being crosslinked using these MFAs. The
compatibility of MFA with a polymer blend can be
adequately judged by its swelling behavior in that
MFA. The MFA uptake per 100 g of rubber blend
has been represented in Figure 12, higher swelling

indicating similarity in cohesive energy densities of
the two and better interaction between TMPTA
molecules and nano-composite.
However, penetration of MFA molecules was
found to decrease with increase in MWNT loading.
Furthermore, the higher efficiency of the TMPTA
over TMPTMA, in addition to above mentioned
better interaction of TMPTA with nano-composite
matrix, can be explained on the basis of the poly-
merization kinetics of acrylate and methacrylate
monomers. Rate constants for propagation reported
in the literature for methacrylates are almost two
orders of magnitude lower than those of acrylates.
A comparison between rate constant for propaga-
tion values and average termination rate constant
values for some acrylates and methacrylates is
given in Table 3. Due to low kp values of
methacrylates as compared to the acrylates the
crosslinking reaction with methacrylates (radical
recombination) is expected to be less efficient.

4. Conclusions

Gel fraction, crosslinking density measurements
and Charleby-Pinner parameter for the different
compositions of EVA-MWNT nano-composites
indicated higher radiation sensitivity of the nano-
composite matrix with higher MWNT concentra-
tion. This was attributed to the enhanced probabil-
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Figure 10. Crosslinking density of EVA-MWNT nano-
composites containing TMPTMA (3%), on
irradiation at a dose rate of 5 kGy·h–1

a) EVNT00TMM, b) EVNT1TMM, c) EVNT3TMM

Figure 11. Scheme of the effect of multifunctional acry-
lates (MFA) on the corsslinking process

Figure 12. Multifunctional acrylate uptake by EVA-
MWNT nano-composites

Table 2. Properties of multifunctional acrylates used in the study

Multi functional acrylate (MFA) Structure Functionality M.W. Designation
Blank – Nil – EV
Trimethylolpropane triacrylate (TMPTA) (H2C=CHCO2CH2)3CC2H5 3 296.32 EVTM

Trimethylolpropane trimethacrylate (TMPTMA) [H2C=C(CH3)CO2CH2]3CC2H5 3 338.40 EVTMM



ity of spur overlap, due to the reduction in the free
volume of the nano-composite matrix with higher
MWNT content. The incorporation of MWNT also
results in the increased hardness and higher density
of the nano-composite matrix. A significant reduc-
tion in the dose requirement was achieved with
incorporation of multifunctional acrylates and the
results established lower efficiency of trimethylol-
propane trimethacrylate than trimethylolpropane
triacrylate in radiation induced crosslinking
process.
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1. Introduction
Epoxy resins have been known to possess good
mechanical properties and excellent adhesive prop-
erties, and thus have been widely used in industry,
such as adhesive, coating, laminating, electronic
encapsulating materials, and composite applica-
tions [1–7]. However, the conventional epoxy
resins are inefficient to satisfy the required proper-
ties of advanced materials, such as, high thermal
resistance [8–10]. It is known that several ways can
be taken to enhance the thermal property of epoxy
compound. Firstly, the aromatic ring was intro-
duced into epoxy backbone during synthesis, for
example, naphthalene ring and biphenyl group
were often used to improve the heat resistance of
epoxy resin [11–15]. Secondly, multifunctional
epoxy resin is a way to enhance heat-resistant prop-

erty because of higher curing density [16–18].
Recently, multifunctional epoxy resins attracted
extensive interest of researchers and producers, and
some multifunctional epoxy resins have been
reported and even used in industrial application
[19, 20], for example [21–23], novolac epoxy resin,
cycloalphatic epoxy resin, tetraglycidyl diamine
diphenol methane (TGDDM), triglycidyl ether
p-aminophenol (AGF-90) and resorcinol-formalde-
hyde type epoxy resin (F-76). Some typical struc-
tures of multifunctional epoxy resin were showed
in Figure 1, which are mainly employed as matrix
for high performance fiber-reinforced composites
in the aerospace industry and as encapsulant for
electronic components.
Thirdly, the properties and performance of cured
compounds of epoxy resins are also dependent on
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the type of curing agent, and curing conditions
[24]. Among the long list of curing agents, the aro-
matic primary amines are known to impart high
glass transition temperature (Tg) to cured resins, for
example, 4, 4′-diaminodiphenyl sulfone (DDS) and
4, 4′-diaminodiphenylmethane (DDM). The Tg of
cured resin with DDS as hardener is higher than
DDM because of its sulfone structure.

In this paper, the resin is a new kind of trifunctional
resin synthesized in our lab [25] with the structure
shown in Figure 2 (structure 2), and DDS is chosen
as hardener. The aim of our work is to investigate
the curing behavior and thermal stability of the
novel TMBPBTH-EPOXY/DDS system by Fourier
Transform Infrared Spectroscopy (FTIR), differen-
tial scanning calorimetry (DSC), dynamic mechan-
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Figure 1. The structures of some typical multifunctional epoxy resins

Figure 2. Reaction mechanisms of THBPBTH and TMBPBTH-EPOXY



ical thermal analysis (DMTA), and thermo-gravi-
metric analysis (TGA). The FTIR was used to mon-
itor the residual epoxide functional groups during
the curing process with the curing temperatures
changing from 140 to 220°C, and curing time last-
ing from 1 to 6 hours. DSC was used to investigate
the curing kinetics of TMBPBTH-EPOXY/DDS
system. DMTA and TGA were used to characterize
the glass transition temperature and decomposition
temperature of cured compounds as a function of
cure temperature, respectively.

2. Materials and methods

2.1. Materials

Epichlorohydrin was supplied by Beijing Chemi-
cal Plant. Quaternary ammonium salt was from
Tianjin Jinke fine Chemical institute used as phase
transition catalyst. NaOH was analytical reagent
supplied by Beijing Chemical Plant. DDS was sup-
plied by Shanghai SSS Reagent Co., Ltd. used as
curing agent. 4-(3, 3-dihydro-7-hydroxy-2, 4, 4-
trimethyl-2H-1-benzopyran-2-yl)-1, 3-benzenediol
(THBPBTH) was a trifunctional phenol synthe-
sized by the reaction of resorcinol and acetone [25]
and the reaction mechanism was showed in Fig-
ure 2.

2.2. Synthesis of trifunctional epoxy resin

TMBPBTH-EPOXY was synthesized by the reac-
tion of described THBPBTH and epichlorohydrin
through well-known two-step process with quater-
nary ammonium salt as catalyst. The THBPBTH
and epichlorohydrin react in the four-neck flask
equipped with thermometer, vacuum unit, nitrogen
tank and peristaltic pump for 1 hour at 100°C under
nitrogen atmosphere. Then, NaOH aqueous
(50 wt%) is added gradually for another 1.5 hour at
65°C. After reaction the product is dissolved in
toluene and washed by deionized water three times.
The epoxy resin was obtained after drying under
the vacuum. The epoxide equivalent weight (EEW)
of TMBPBTH-EPOXY is 161–164 analyzed by
hydrocholoride-acetone method. Accordingly,
based on the determined EEW value, TMBPBTH-
EPOXY mixed with DDS at the weight ratio of
100:41.

2.3. DSC measurements for curing kinetics
A PerkinElmer Pyrisl differential scanning calorime-
ter was used to investigate the curing behavior of
TMBPBTH-EPOXY/DDS in nitrogen atmosphere.
TMBPBTH-EPOXY/DDS mixtures (about 4.0 mg
each) were subjected to DSC scans at heating rates
of 5, 10, 15, and 20 K·min–1, respectively, the test
specification is from room temperature to 350°C.
The curing reaction kinetic parameters can be eval-
uated with a multiple-heating-rate method by deter-
mining the exothermic peak temperatures at several
heating rates. In practice, two convenient multiple-
heating-rate methods are generally used. One is the
maximum reaction rate method proposed by
Kissinger, which is based on the fact that the
exothermic peak temperature (Tp) varied with the
heating rates. The other is the iso-conversion
method proposed by Flynn, Wall, and Ozawa,
which is based on the fact that iso-conversion can
be reached at different temperatures with various
heating rates [26].
Kissinger’s approach assumed that the maximum
reaction rate occurred at peak temperatures, where
d2α/dt2, it can be expressed by Equation (1):

(1)

where α is the state of cure, β is the linear heating
rate [K·min–1], Tp is he peak temperature [K], A is
the pre-exponential factor, Ea is the activation
energy, and R is the universal gas constant (R =
8.314 kJ/mol·K). Therefore, a plot of ln(β/Tp

2) ver-
sus 1/Tp gives the values of Ea and A.
Flynn-Wall-Ozawa method assumes that the degree
of conversation at peak temperatures for different
heating rates is constant. It can be expressed by
Equation (2):

(2)

where C is a constant, T is the iso-conversion tem-
perature, and other parameters are the same as
described earlier. Plotting logβ versus 1/T the acti-
vation energy can be obtained from the slope.

2.4. FTIR measurements for curing reaction

A Nicolet Nexus 670 spectrometer was used to
monitor the variation of epoxide functional groups
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of TMBPBTH-EPOXY/DDS system as the func-
tion of curing temperature and curing time during
curing process. The sample was made into powder,
and mixed with potassium bromide, and then it was
made as a thin film at room temperature and the
resolution was 4 cm–1. The potassium bromide was
used as the background.

2.5. TGA measurements for thermal
decomposition temperature

A TG209C thermo-gravimetric analyzer produced
by Netzsch Company was used to determine the
thermal decomposition temperatures of cured mate-
rials in nitrogen atmosphere at heating rate of
20 K·min–1. The onsets are at about 5% weight loss,
the test specification is from room temperature to
600°C.

2.6. Tg analyzed by DMTA

An American Rheometric Scientific DMTA V
dynamic mechanical thermal analysis was used to
determine the Tg of cured TMBPBTH-EPOXY
sample. The bending method was used with a fre-
quency of 1 Hz and a strain level of 0.04% in the
temperature range from 20 to 350°C. The heating
rate was 5 K·min–1. The testing was performed by
using rectangular bars of approximate 50×8×
2 mm3. The exact dimensions of each specimen
were measured before the scanning.
It can determine continuously in wide temperature
or frequency range, and get the relationship of
rigidity and damping with temperature, frequency
or time in a short time. At the aspect of determining
material’s glass transition and secondary transition,
it has better sensitivity than DTA and DSC.

3. Results and discussion

3.1. Curing kinetics

In Figure 3, the heat flow is plotted as a function of
the temperature for four different heating rates. It is
seen that the exothermic reaction proceed in a wide
temperature range, and the maximum rate tempera-
tures of the curing reaction increased with increas-
ing heating rate. The values of activation energy Ea

and A of TMBPBTH-EPOXY/DDS systems can be
calculated from the slopes of the linear lines in Fig-
ure 4, and all the exothermic peak temperatures

(Tp) of the DSC curves at different heating rates are
listed in Table 1, and the curing kinetic parameters
determined by the Kissinger and Flynn-Wall-
Ozawa methods are also summarized in Table 1.
According to the Equation (1), it was calculated
that Ea of TMBPBTH-EPOXY/DDS curing system
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Figure 3. DSC curves of TMBPBTH-EPOXY/DDS.
Heating rate: 1 – 5 K·min–1; 2 – 10 K·min–1;
3 – 15 K·min–1; 4 – 20 K·min–1. 

Figure 4. Kinetics analysis of TMBPBTH-EPOXY/DDS
curing system TMBPBTH-EPOXY/DDS:
a) ln(β/Tp

2)–1/Tp, b) logβ–1/Tp



is 64.0 kJ/mol, and A is 38.05 s–1. According to
Equation (2), it was calculated that Ea of
TMBPBTH-EPOXY/DDS curing system is
68.7 kJ/mol.
Because of thermal hysteresis, curing temperatures
were different according to different heating rates.
However, materials are often cured at constant tem-
perature or stepped heating state actually, because
at that time the heating rate is 0 K/min. Therefore,
method of extrapolation of T–β is used to get the
isothermal curing temperature of curing system,
and then determine the best curing process. The
data is showed in Table 2, and Figure 5 is T–β
analysis, whereas, Ti, Tp and T0 means onset tem-
perature, peak temperature and end temperature
respectively.
When the T–β analysis in Figure 5 are extrapolated
until β equals to 0, Ti, Tp and T0 of isothermal cur-
ing would be gained. Ti, Tp and T0 of TMBPBTH-
EPOXY/DDS system is 136.7, 196.1 and 241.1°C

respectively. The curing system was heated from
136.7 to 196.1°C gradually, and then cured at
196.1°C isothermally for 2 hours; at last, it was
heated to 241.1°C and remained for a certain time.
Because all of these, the best curing process was
determined, which is shown in Table 3.

3.2. FTIR study of curing reaction

The epoxide functional group is the characteristic
group in the epoxy resin, and epoxide rings will
open under the attack of amine molecule during the
curing reaction of epoxy resins by amine curing
agent, which will decrease the content of epoxide
groups drastically. The curing mechanism of
TMBPBTH-EPOXY and DDS is shown in Fig-
ure 6. Thus, FTIR is effective method to investigate
the curing behavior of epoxy resin by determining
the change of functional groups before and after
curing reactions of epoxy resin. The experimental
results were shown in Figure 7 and Table 4.
Figure 7 presents the FTIR spectra of the cured
compound of TMBPBTH-EPOXY/DDS system.
The assignments of the absorption features are as
follows: about 1595, 1503 cm–1 to phenyl group,
1257 cm–1 to phenylate, 1104, 1032 cm–1 to fatty
ether, 910 cm–1 to epoxide group and 827 cm–1 to
the out-of-plane deformation of the aromatic CH.
It can be seen from Figure 7 that after cured at
140°C for 1 hour, the relative absorption intensity
of epoxide group still remained obviously, and
even if the curing time was increased up to 6 hours
the absorption peak at 910 cm–1 decreased a little
(see Figure 7a and 7b). When the curing tempera-
ture was up to 160°C, the absorption intensity at
910 cm–1 weakened compared to that cured at
140°C, and 6 hours curing time had a little influ-
ence on the opening reaction of epoxide ring com-
pared with 1 hour cured (see Figure 7c and 7d).
When the curing temperature was up to 180°C, the
absorption peak at 910 cm–1 became not clear,
especially for the curing time of 6 hours (see Fig-
ure 7e and 7f). Furthermore, when the curing tem-
perature rose to 220°C, after cured for 2 hours, the
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Table 2. DSC data of TMBPBTH-EPOXY/DDS curing
system

ββ [K·min–1]
5 10 15 20

Ti [K] 415.900 425.520 432.515 437.551
Tp [K] 479.532 498.526 510.674 519.118
T0 [K] 534.391 578.552 603.912 618.820

Figure 5. T–β analysis of TMBPBTH-EPOXY/DDS cur-
ing system

Table 3. Curing processes of TMBPBTH-EPOXY/DDS
curing system

Curing system Curing process [°C/h]
TMBPBTH-EPOXY/DDS 140/2+200/2+220/4

Table 1. Kinetics data of TMBPBTH-EPOXY/DDS

ββ [K·min–1]
5 10 15 20

Tp [K] 479.532 498.526 510.674 519.118
1/Tp [×10–3/K] 2.085 2.006 1.958 1.926
lnβ 1.609 2.303 2.708 2.996
logβ 0.699 1.000 1.176 1.301
ln(β/Tp

2) –10.736 –10.121 –9.763 –9.509



absorption intensity of residual epoxide groups at
910 cm–1 was tiny, when the curing time reached
6 hours, the absorption peak at 910 cm–1 disap-
peared (see Figure 7g and 7h).

The FTIR analysis results elucidated that curing
temperature impacted on the curing reaction more
obvious than curing time. In order to show the
changes of residual epoxide group with the curing
temperature and curing time, the epoxide group
index was calculated by using absorption intensity
of phenyl groups as internal standard and the calcu-
lation equation as follows:

The area of epoxide group in FTIR spectra is from
887 to 923 cm–1, the area of phenyl group in FTIR
spectra is from 1548 to 1680 cm–1.
The calculated results were shown in Table 4.

3.3. Thermal decomposition temperature of
TMBPBTH-EPOXY/DDS system

The thermal decomposition temperatures of cured
compounds are different depending on the curing
conditions of different curing temperature and cur-
ing time. TGA was used to determine thermal
decomposition temperatures of TMBPBTH-
EPOXY/DDS curing system at curing temperatures
of 140, 160,180 and 220°C for curing time of 1, 2,
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Figure 6. the curing reaction mechanism of THTMBPB-EPOXY with DDS

Table 4. The epoxide groups index of TMBPBTH-EPOXY/DDS system

Curing time
[h]

T [°C]
140 160 180 220

1 0.0370±0.0008 0.0199±0.0005 0.0144±0.0006 0.0083±0.0004
6 0.0191±0.0006 0.0163±0.0011 0.0142±0.0009 0.0078±0.0009

Figure 7. FTIR spectra of the TMBPBTH-EPOXY/DDS
system cured at different temperature



3, 4 and 6 h respectively. The measurement results
of sample cured at 140°C were plotted in Figure 8
and all samples results with T0, Ti and Te data were
listed in Table 5, whereas, T0, Ti and Te are onset
temperature, middle temperature and offset temper-
ature of thermal decomposition.
It indicated in Table 5 that thermal decomposition
temperature increased slightly with the increasing
of curing time from 1 to 6 hours at the same curing
temperature of 140 and 160°C. This change was
attributed to the increase of density of cross linking
caused by curing for longer time, which resulted in
more perfectly crosslinked network.

However, thermal decomposition temperatures
decreased slightly with the increasing of curing
time from 1 to 6 hours at 180 and 220°C. This
change can be explained to excess cross linking of
epoxy resin and hardener, or overcured which gave
inner stress and then deficiency appeared. These
deficiencies made the thermal decomposition tem-
perature declined. With the increase of curing time
the deficiencies became more serious and decom-
position temperature decreased gradually.
However, thermal decomposition temperatures
cured at 180 and 220°C are higher than cured at 140
and 160°C, it means high curing temperature is
more helpful for curing reaction, and the increasing
of curing time has advantageous effect on curing
reaction when the curing temperature is lower than
160°C. This is coincident with the analysis of
FTIR.

3.4. Glass transition temperature of epoxy
resin network

Tg of an epoxy resin network is the reflection of the
structure for different epoxy resins when the curing
reaction is complete.
DMTA is used to determine dynamic mechanical
property of materials in a certain temperature
range. Here, TMBPBTH-EPOXY/DDS curing sys-
tem was studied by DMTA at fixed frequency. At
fixed frequency, the value of tanδ reaches maxi-
mum at glass transition temperature, so the value of
Tg can determined by the curve of tanδ.
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Figure 8. TGA curves of TMBPBTH-EPOXY/DDS cur-
ing system cured at 140°C. Curing time: 1, 2, 3,
4, 6 h.

Figure 9. DMTA curve of TMBPBTH-EPOXY/DDS cur-
ing system

Table 5. Thermal decomposition temperatures of
TMBPBTH-EPOXY/DDS

Curing temperature
[°C]

Curing time
[h]

T0 [°C] Ti [°C] Te [°C]

140

1 389.0 424.6 443.4
2 389.3 424.2 443.2
3 391.5 422.3 441.0
4 393.0 420.3 440.9
6 394.0 421.2 441.9

160

1 391.1 424.8 443.7
2 392.1 424.6 443.3
3 394.9 426.3 443.9
4 394.6 425.5 443.8
6 395.3 426.1 442.7

180

1 394.2 425.5 443.1
2 389.1 424.0 441.7
3 387.3 422.3 441.6
4 388.8 423.4 442.6
6 386.3 420.8 440.7

220

1 396.4 426.6 442.9
2 392.3 425.4 444.4
3 390.8 424.3 441.4
4 390.7 424.3 443.5
6 390.6 424.5 443.1



Figure 9 is DMTA spectra of TMBPBTH-EPOXY/
DDS. Tg of TMBPBTH-EPOXY/DDS curing sys-
tem is about 290.1°C.

4. Conclusions

DSC studies show that the curing activation ener-
gies of TMBPBTH-EPOXY/DDS systems are
64.0 kJ/mol estimated by Kissinger’s approach and
68.7 kJ/mol estimated by Flynn-Wall-Ozawa
method respectively. FTIR studies indicates that
state of cure of TMBPBTH-EPOXY/DDS curing
system is mainly dependent on curing temperature
and it is increased with increasing temperature,
however, it changed a little with increasing curing
time at the same curing temperature. TGA studies
presents that thermal decomposition temperature
increased with increasing curing temperature and
time, but it is declined at 180 and 220°C for more
than 1 h curing time because of overcuring. The
DMTA studies elucidated that Tg of TMBPBTH-
EPOXY/DDS is 290.1°C.
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1. Introduction
Dendrimers are highly branched macromolecules
possessing a large surface area to volume ratio with
well-defined interior and exterior regions. A large
number of terminal groups on the dendrimers, in
which each round of synthesis (or ‘generation’)
geometrically increases the number of units added,
are available for further functionalization. These
terminal groups influence the solubility and adhe-
sive properties of dendrimers. These characteristics
of dendrimers confer unique chemical and physical
properties, which provide the impetus for further
studies of this class of macromolecules [1–5].
Currently, most of PAMAM dendrimers surface-
modified by cationic [6, 7], anionic [8, 9] and PEG
chain [10–12] have been used as drug delivery car-
rier. Allen and Polverari [13] investigated poly
(propylene imine) (PPI) dendrimers as new reten-

tion aids in the production of newsprint, mechani-
cal printing grades, and boards. These dendrimers
were found to be very effective retention aids for
fines, dispersed extractives, and ash in papermak-
ing. They claimed that a retention system of den-
drimers could increase not only the retention rate of
pulp fines and fillers but also the paper machine
dehydration velocity and could effectively remove
resin and plastic ropy materials. PAMAM den-
drimers can also serve as flocculants for the dyeing
wastewater treatment [14] and silica scale growth
inhibitors that relates to industrial water treatment
[15–17]. In general, these modified dendrimers are
cationic or nonionic polymers. There has been little
work reported on amphoteric dendrimers modifica-
tion. Our previous study on the surface-modified
cationic PAMAM dendrimers indicated that they
had excellent performances in flocculating and
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wastewater treatment [18]. In this paper a series of
new-type amphoteric dendrimers with rigid
branched structure were designed. The branching
molecules were prepared by attaching dimethyl-
benzylaminoethyl acrylate chloride, sodium acrylic
acid or modified polyoxyethylene units to a third-
generation poly(amidoamine) dendrimer core via
Michael addition reaction. MPEO was employed as
a major component in the modified dendrimers
because of not only its long chain which can control
dendrimer molecule size with various molecule
weights but also the structure which benefits for
increasing flocculation bridge. A series of MPEO
were prepared by the reaction of various molecule
weight PEG with acrylchloride. Intrinsic viscosity,
thermal stability and flocculation efficiency of the
dendrimers were presented.

2. Experimental

2.1. Materials

Poly(amidoamine) (PAMAM, G3.0) dendrimer
was prepared by a divergent synthesis method start-
ing from ethylenediamine by consecutive Michael
addition and ester amidation reaction. It was based
on an ethylenediamine core, and branched units
were composed of both methyl acrylate and ethyl-

enediamine [18]. Modified polyoxyethylenes
(MPEO, Mr = 454, 654, 1054) were prepared
according to the reported procedure [19]. Dimethyl-
benzylaminoethyl acrylate chloride (Bz80),
sodium acrylic acid (SAA) and polyacrylamide
(PAM, VN728) were commercial products and
used as received. Other organic reagents employed
in the investigation were analytical reagents. They
were used without further purification. Poly(tetra-
fluoroethylene) membrane (D34mm, 3500) was
obtained from Tianjing Lianxin Biotechnology
Co., Ltd.

2.2. Instruments
1H NMR and 13C NMR spectra were recorded with
a Bruker DRX-400 NMR spectrometer. FTIR
measurements were carried out by a Nicolet
MAGNA-IR 760 spectrophotometer via the KBr
pellet method. Elemental analysis was run in an
Elementer Vario EL instrument. Paper Forming
Model 255 instrument (MESSMER INSTRU-
MENTS), Standards Paper Squeezer PNP Model
(MESSMER INSTRUMENTS). TGA data were
recorded with a TGA 2050, V5.4A instruments
(USA). Absorbance was performed using a 721
spectrophotometer.
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Figure 1. Surface modification of PAMAM G3.0 with Bz80, SAA and MPEO



2.3. Synthesis of the amphoteric PAMAM
dendrimers

PAMAM G3.0/Bz80/SAA/MPEO dendrimers were
prepared according to Figure 1.
Michael addition reaction was carried out in a water
bath of 50°C with a 500 ml, three-necked, round-
bottom flask fitted with a condenser and a magnetic
stirrer under nitrogen. PAMAM G3.0 dendrimer
was dissolved in methanol to an appropriate con-
centration, and then required amounts of Bz80,
SAA and MPEO were introduced to the reaction
flask. After 4 day reaction insoluble materials was
filtered to be removed and the residue soluble in
methanol was heated under reflux in 50 ml diethyl
ether for 30 min. The residue was filtered through a
poly(tetrafluoroethylene) membrane. The product
was dried in a vacuum oven at 40°C for 48 h. The
purified product was obtained as golden transparent
ropy material. Three kinds of amphoteric PAMAM
dendrimers (P1, P2, P3) were prepared by using
three different molecular weight MPEO (Mr = 454,
654, 1054) and the yield was 72.4–78.2%.
Elemental analysis was performed for P1, P2 and P3.
Found (%) of P1: C 53.20, H 8.06, N 11.16; Calcd
(%) according to nominal molecular formula
C724H1318O232N132Cl10Na10: C 53.77, H 8.21, N
11.43. Found (%) of P2: C 53.15, H 8.30, N 9.78.
Calcd (%) for C820H1510O280N132Cl10Na10: C 53.86,
H 8.32, N 10.11; Found (%) of P3: C 53.87, H 8.32,
N 7.94. Calcd (%) for C1036H1942O388N132Cl10Na10:
C 54.0, H 8.49, N 8.02. Found and calculated
results are quite consistent for the three dendrimers.

2.4. Property measurement

Intrinsic viscosity of the amphoteric PAMAM den-
drimers was detemined by Ubbelchde viscosity
measurement at 25°C in methanol solution. Ther-
mal decomposition properties were conducted with
a TGA 2050 in N2 atmosphere.
Flocculation efficiency of the amphoteric PAMAM
dendrimers was measured as follows. A 80 ml
printing and dyeing wastewater was add in the
250 ml beaker, and then an appropriate concentra-
tion of amphoteric PAMAM dendrimers was intro-
duced to the container. After the mixture was
magnetic stirrer at room temperature for 10 min,
the residue was filtrated. The required amounts of
filter liquor (such as 1, 2, 4, 6 and 8 ml) was put
into 50 ml volumetric flask and diluted to scale

with distilled water, then the concentration ratio
was 0.02, 0.04, 0.08, 0.12 and 0.16, respectively.
Using 721-type spectrophotometer at λ = 454 nm
measured absorbance of different concentrations to
compare the effect of their flocculation.
The retention efficiency of the amphoteric
PAMAM dendrimers was measured as follows.
The test was operated according to a manual paper-
making process with a 12.2 g broadleaf pulp. After
pulp was put into the papermaking machinery,
0.1% retention aid was added to the pulp. Then, a
manual papermaking test was carried out. The
retention rate (rpu) was calculated from Equa-
tion (1):

(1)

where mpa is the dry mass of the paper and mpu is
the absolute dry mass of the pulp.

3. Results and discussion

3.1. Characterization of the amphoteric
PAMAM dendrimers

The obtained amphoteric PAMAM dendrimers P1,
P2 and P3 have almost similar characteristic archi-
tectures. The results of FTIR, 1H NMR, 13C NMR
of P3 are shown as the follows.
P3(PAMAM G3.0/Bz80/SAA/MPEOMr=1054) FTIR
peaks: (KBr) cm–1, 2918(s), 2874(s), 1641(s)
(amide I), 1559(s) (amide II), 1457(m),1103,
950(s), 3413(s), 1724(m), 1350, 1241(m), 772,
715(s), 600(m); 1H (D2O, 400 MHz) δ(ppm) 7.40,
7.56, 8.15, 4.68, 3.61, 3.27–3.53, 3.20, 2.58, 2.72,
2.32, 2.62–2.66, 2.52; 13C(CDCl3,100 MHz):
δ(ppm) 174.73, 174.24, 172.85, 164.35, 160.23,
133.28, 132.45, 131.79, 129.56, 68.80, 65.59,
54.02, 55.65, 49.61, 49.77, 47.45, 38.76, 35.54,
32.98.
In FTIR spectrum two peaks, one at 1641 cm–1

(amide I) and the other at 1559 cm–1 (amide II), are
assigned to the asymmetric stretching vibration
(C=O) and the bending vibration (N–H) of
HN–C=O (PAMAM dendrimers). The characteris-
tic peaks of ether group (C–O–C) are found at 1103
and 950 cm–1, respectively, which come from PEO.
The peak at 3413 cm–1 due to –OH stretching
vibration is evident. The characteristic peaks of
methyl (–N–CH3), phenyl (–C6H5) and chlorine

%100·
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groups (–CH3Cl–) are found at 1350, 1241, 772,
715 and 600 cm–1. The results indicate that Bz80
and PEO chain are successfully attached to
PAMAM dendrimer. In addition, the peak at
1724 cm–1 due to stretching vibration(C=O) of car-
boxyl groups suggests that a chain of SAA is suc-
cessfully attached to the terminal groups of
PAMAM G3.0 dendrimer.
1H NMR and 13C NMR also provide the same evi-
dence. The single peak at δ 4.68 ppm is associated
with ether bond methylene protons (CH2CH2–O–)
in 1H NMR spectrum. Similarly, a series of strong
peaks due to methyl groups protons appear in the
region of δ 3.27–3.53 ppm (–CH3Cl–) and the char-
acteristic peaks of phenyl (–C6H5) appear in δ 7.40,
7.56, 8.15 ppm, which come from Bz80 monomer.
Furthermore, the results of 13C NMR spectral data
are also depicted. The signals at δ 68.80, 65.59 ppm
(–CH2CH2–O–) evidence the formation of the den-
drimers. The characteristic peaks of the amphoteric
PAMAM dendrimer appear at δ 133.28, 132.45,
131.79, 129.56 ppm and δ 49.61 ppm, which repre-
sent the –C6H5 and –N–CH3 groups that come from
Bz80 monomer. The peak values at δ 164.35,
160.23 ppm represent –COO– group. The results
show the amphoteric PAMAM dendrimer is syn-
thesized.

3.2. Intrinsic viscosity of the amphoteric
PAMAM dendrimers

In general, intrinsic viscosity of polymer was used
to investigate intermolecule or intramolecule inter-
action beween polymer and solvent. Yamakawa
[20] and Long et al. [21] investigated the hydrody-
namic radius (Rη) of dendrimers according to an
intrinsic viscosity measurement. The molecular
volume of dendrimers can be calculated from
Equation (2):

(2)

Then the hydrodynamic radius (Rη) would be
(Equation (3)):

(3)

where M is the molecular weight and NA is the
Avgadro constant. Therefore, for each amphoteric

PAMAM dendrimer, hydrodynamic radius can be
calculated using measured intrinsic viscosity. The
date presented in Table 1 illustrates the intrinsic
viscosity [η] and hydrodynamic radius Rη of
amphoteric PAMAM dendrimer.
It is clear from Table 1 that P2 has a maximum
intrinsic viscosity value (5.8·10–2 d1·g–1), and the
hydrodynamic radius Rη was 2.57 nm. P3, however,
has smaller intrinsic viscosity value (4.1·10–2 d1·g–1)
than PAMAM G3.0 dendrimer, but has larger
hydrodynamic radius Rη. On the one hand, this may
be due to the effect of some charge repulsive force
interaction of the amphoteric PAMAM dendrimers.
On the other hand, the length of PEO chain results
in an increased twist onto the dendrimer surface.
Therefore, the exterior terminal groups are main
cause to affect intrinsic viscosity of dendrimers.
The amphoteric PAMAM dendrimers are water-
soluble dendrimers. They are insoluble in diethyl
ether, petroleum ether, but are highly soluble in car-
bon tetrachloride, trichloromethane.

3.3. Thermal decomposition of the
amphoteric PAMAM dendrimers

Figure 2 shows the TGA and DTG traces of
PAMAM G3.0 dendrimer, P1, P2 and P3 in N2. It is
apparent that the thermal stepwise decomposition
of the dendrimers contains signals originating from
both PAMAM G3.0 dendrimer and the amphoteric
PAMAM dendrimers. There is 26.7% mass loss
from room temperature to 160°C in the TGA curve
of PAMAM G3.0, mainly attributed to the decom-
position of the amine-terminal groups of the
peripheral dendrimer. A mass loss of 55.7% occurs
in the range of 220–350°C and the maximal peak
rate temperature (Tmax) appears at 289°C, assigned
to decomposition of the PAMAM G3.0 dendrimer
inner layer. Compared to the two-step mass loss of
PAMAM G3.0, three-step mass loss trend of the
amphoteric PAMAM dendrimers become more and
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Table 1. Intrinsic viscosity [η] and hydrodynamic radius
Rη of amphoteric PAMAM dendrimers at 25°C

Dendrimers
Molecular

weight
Mr [cal. val.]

Intrinsic vis-
cosity

[ηη] [d1·g–1]

Hydrody-
namic radius

Rηη  [nm]
PAMAM G3.0 6.91·103 5.50·10–2 1.82

P1 1.65·104 5.64·10–2 2.44
P2 1.86·104 5.82·10–2 2.57
P3 2.30·104 4.13·10–2 2.46



more evident with increasing molecular weight of
used PEO. Three-step decomposition of P3 is
apparently observed in DTG curve. The initial mass
loss from room temperature to 120°C is 11.3%,
mainly attributed to the decomposition of the Bz80
and SAA chains bond of the peripheral dendrimer.
The second stage from 175 to 275°C results in a
mass loss of 28.5% due to the PAMAM G3.0 den-
drimer thermal decomposition and PEO chain
breakage, and the maximal mass loss temperature
at 200°C. In the third stage of mass loss, P3 shows a
rapid weight loss of 40.5% from 300 to 410°C, cor-
responding to a spot of rudimental nucleus of the
PAMAM dendrimer and PEO and the peak temper-
ature at 392°C. The results of P1 and P2 are almost

the same as P3. The data are presented in Table 2.
The thermal stability of P3 is more excellent than
that of P1 and P2. It can be concluded from the
experimental results that the chain length of PEO
affects the thermal decomposition behavior of the
amphoteric PAMAM dendrimers, and the longer
chain length of PEO has a better thermal stability in
nitrogen. This may be because the amphoteric
PAMAM dendrimers peripheral terminated groups
and linear PEO chains could form the dendritic
sphericity architecture. On the one hand, efficiency
of the charge adsorption produces aggregation
intermolecular; on the other hand, the longer chain
length of PEO is the easier twist among the periph-
eral dendrimers. Therefore the thermal stability is
enhanced.

3.4. Flocculation efficiency of the amphoteric
PAMAM dendrimers

Decolorizing rate (dr) of printing and dyeing waste-
water disposed by the amphoteric PAMAM den-
drimers are used to estimate their flocculating
performances. The results for P1, P2 and P3 (λ =
454 nm) are shown in Figure 3.
It can be seen from Figure 3a that an effective floc-
culation occurred when the flocculation system of
amphoteric PAMAM dendrimers was used. The
flocculation efficiency of P3 was superior to P1 and
P2. One possible reason is that its molecule archi-
tecture is beneficial to bridge and charge neutral-
ization coagulation. It has already been found that
the combined use of the amphoteric PAMAM den-
drimers and PAM can significantly enhance the
flocculation efficiency. The flocculation results
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Figure 2. TGA (a) and DTG (b) curves of PAMAM G3.0,
P1, P2 and P3

Table 2. TGA and DTG analysis of amphoteric PAMAM
dendrimers

Samples
Temperature range

[°C]
Mass loss

[%]
Tmax

[°C]

PAMAM G3.0
25–160 26.7

289
220–350 55.7

P1

25–120 10.0
213175–275 42.4

300–410 21.8

P2

25–120 20.8
208175–275 33.5

300–410 24.7

P3

25–120 11.3
392175–275 28.5

300–410 40.5



obtained by the combination of P3 and PAM are
shown in Figure 3b. It can be seen that higher floc-
culation efficiency is produced when the mass ratio
of P3 and PAM is 2:3. The suggested flocculation
mechanism may be that the amphoteric PAMAM
dendrimers first create effective patches on the
solid suspension of wastewater surface, and then
PAM with high affinity to the particle surface
makes bridges through those charged patches.
The other investigation is to determine the retention
efficiency of the dendrimers as a retention aid in
manual papermaking. The experiments were per-
formed in a conventional manual papermaking pro-
cedure. The effects of retention rate for various
mass fraction of retention aid are given in Figure 4.
As can be seen in Figure 4a and 4b an evident ini-
tial increase in retention rate (rpu) happens with
increasing mass fraction of retention aid until the
maximum value. Thereafter a decrease in retention
rate occurs with increasing retention aid. A suitable
mass fraction of retention aid is about 0.2%. P3

shows the highest retention performance whose

retention rate achieves 89.4%. P2 and P1 are about
88.2 and 87.5%, respectively. The results clearly
indicate that the longer chain length of PEO can
induce the better retention efficiency. The retention
rate can be significantly improved if the amphoteric
PAMAM dendrimers are used in combination with
PAM. The suitable mass ratio of P3 and PAM is
2:3, and the maximum value of retention rate
reaches 90.9%. All these effects can be explained
by assuming that the amphoteric PAMAM den-
drimers have particular molecule architecture,
which has not only highly branched core-shell
structure of dendrimers but also many long linear
arms. The possible mechanism for this flocculation
system is mainly through microparticle bridging in
which fines or fillers can be captured and is subse-
quently swept up by the fibers. As a result, both the
linear PAM and P3 which has a long chain of PEO
into liquid to from more effective bridge, and thus
give better retention efficiency.
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Figure 3. Decolorizing rate of flocculated wastewater dis-
posed by a) P1, P2 and P3; b) a combination of P3

and PAM in different ratios; decolorizing rate:
dr=(1–A1/A2)·100%, where A1 is the absorbance
of the flocculated wastewater and A2 is the
absorbance of the wastewater

Figure 4. Effect of retention rate for various mass fraction
of retention aid



4. Conclusions

The amphoteric PAMAM dendrimers were synthe-
sized based on Michael addition reaction of
PAMAM G3.0 dendrimer with dimethylbenzy-
laminoethyl acrylate chloride (Bz80), sodium
acrylic acid (SAA) and modified polyoxyethylene
(MPEO) groups. FTIR, 1H NMR, 13C NMR and
elemental analysis characterized the new den-
drimers. These results demonstrated that the pre-
pared dendrimers were composed of chain units of
PAMAM G3.0, Bz80, SAA and MPEO. The exte-
rior terminal groups of amphoteric PAMAM den-
drimers were main cause to affect intrinsic
viscosity, thermal stability and flocculation effi-
ciency of the dendrimers. The flocculation effi-
ciency of the amphoteric PAMAM dendrimers can
be significantly improved by the combination of
PAM. The dendrimers will have a potential appli-
cation as a flocculant in wastewater treatment and
as a new paper retention aid in papermaking.
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1. Introduction
Recent epidemiologic data report a strong growing
up of tuberculosis in several countries. World
Health Organization (WHO) indicates that about
one third of world population is infected by
Mycobacterium tuberculosis [1]. Among several
reasons, the blowing up of AIDS cases, low nutri-
tional and immunologic level of several parts of
world, bacterial resistance caused by partial treat-
ment and the inadequate bioavailability of the cur-
rent pharmaceutical forms play an important role
on this neglected epidemic [2].
In order to minimize the bacterial resistance and
enhance the adhesion to the treatment by the
patients, the Center of Disease Control (CDC), the
International Union Against Tuberculosis and Lung

Disease (IUATLD) and WHO have recommended
the use of fixed dose combination (FDC). Tubercu-
losis treatment preconized by WHO involves the
use of rifampicin, isoniazid, pirazinamide and
ethambutol for a period of 6 months. However,
FDC’s are effective in tuberculosis treatment if cor-
rectly dosed in blood plasma [3]. Rifampicin is a
class II drug (low solubility and high permeability)
of biopharmaceutics classification system (BCS)
and is well known for its poor solubility in water
and bioavailability problems [4]. Figure 1 shows
the chemical structure of rifampicin.
In order to enhance the solubility and bioavailabil-
ity of poorly water-soluble hydrophobic drugs as
rifampicin, several methods have been employed:
decreasing of particle size and the crystallinity of
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the drug and/or using a carrier with high specific
surface area. The adsorption of the drug onto a high
surface area carrier is an interesting technique to
modify the dissolution profile of rifampicin. It is
well known that inorganic species can be used in
order to improve the dissolution rate of drugs.
Monkhouse and Lach (1972) were the first to report
the use of silica in order to improve the dissolution
rate of several drugs, including chloramphenicol,
aspirin and indomethacin [5, 6]. It was observed
that smectite increases the dissolution rate of non-
ionic drugs due the hydrophilic nature of the clay
[7, 8]. Recently, Aguzzi and co-authors published a
comprehensive review of the use of clay minerals
as drug delivery systems [9].
We have utilized natural sepiolite in order to
improve the dissolution rate of rifampicin. Sepiolite
is a fibrous clay mineral with fine microporous
channels of dimensions 0.37×1.06 nm running par-
allel to the length of fibers. Typically, sepiolite
shows an average size of 800×25×4 nm, resulting
in a material with an external surface area of the
same order of magnitude as the area of macrop-
orous. The structure of sepiolite, in some aspects, is
similar to zeolites [10]. The presence of structural
tunnels and blocks together with the fine particle
size and the fibrous nature explain the high specific
surface area present in sepiolite. Nevertheless, the
use of sepiolite in order to improve the dissolution
rate of poorly water-soluble drugs is still
indaquately studied. However, changes on the
microstructure of the polymeric matrix due the
simultaneous presence of the clay and the drug
must be predicted in order to avoid misinterpreta-
tion of the obtained results. 
In the present investigation hydrogels based on
poly(vinyl alcohol) (PVA) and sepiolite were pre-
pared and loaded with rifampicin. The effect of the
presence of sepiolite and rifampicin on the physical

properties and swelling behavior of the hydrogels
was studied.

2. Materials and methods

2.1. Materials

Poly(vinyl alcohol), degree of hydrolysis 99%,
Mw = 120 000, was purchased by Sigma. Natural
sepiolite was purchased by Fluka. Rifampicin was
kindly supplied by Najiecun Pharmaceutical,
China. All materials were used without further
purification.

2.2. Preparation of hydrogels

An appropriate amount of clay was stirred in dis-
tilled water at room temperature for 1 h, followed
by mechanical stirring during 30 min. To the result-
ing suspension, 5 g of PVA and 0.025 g of sodium
benzoate (a multi-purpose preservative) were
added and the suspension was heated under reflux
at 95°C for 4 h under stirring. Rifampicin was pre-
viously dispersed in polysorbate (Tween 80 –
Vetec). Recently, Mehta and collaborators reported
the use of Tween 80 in order to increase the solubil-
ity of rifampicin in water [11]. After the reflux
time, PVA solution was cooled until 40°C. Then,
rifampicin was added and the final suspension was
stirred with an Ultra Turrax homogenizer (IKA)
during 10 min at 6500 rpm. Table 1 shows the sam-
ple designation of the obtained hydrogels. The sus-
pension was poured in Petri dishes and maintained
in a refrigerator at 8–10°C for 24 h in order to form
stable hydrogels.

2.3. Swelling behavior

The hydrogels matrices were allowed to swell in
pH 7.4 phosphate saline buffer solution (PBS) at
30°C for 24 h. At predetermined time intervals, the
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Figure 1. Chemical structure of rifampicin

Table 1. Composition and designation of nanocomposite
hydrogels

Sample
designation

PVA
[wt%]

Sepiolite
[wt%]

Rifampicin

PVA 100 – –
PVAR 100 – 150 mg
PVAS1 99 1 –
PVAS5 95 5 –
PVAS1R 99 1 150 mg
PVAS5R 95 5 150 mg



weight of the hydrogels was checked in an elec-
tronic balance after wiping the hydrogel surface
with a filter paper. The swelling ratio, S, was then
calculated from Equation (1):

(1)

where Ws and Wd are the swollen and the dry
weight of the hydrogel, respectively. The average
standard deviation was set in 10%.

2.4. Samples characterization

Wide-angle X-ray scattering (WAXS) was per-
formed in a Rigaku Miniflex in a 2θ range of 2–40°
at room temperature, operating under a CuKα radi-
ation (λ = 1.5405 Å). Thermal analyses were
assessed by a Perkin-Elmer DSC-7. All measure-
ments were made at a scan rate of 10°C/min, in the
temperature range of 40 to 250°C, under continu-
ous nitrogen gas flow. The structural stability of the
samples was evaluated spectrometrically. The
amount of PVA released from the hydrogels sam-
ples was determined by immersing small pieces of
the hydrogels in distilled/deionized water. Then,
after pre-established times (1, 2, 8 and 24 h) an
aliquot of 10 ml of the releasing solution was
removed and replaced with the same amount of
fresh distilled water. The aliquot was then treated
with a 0.65 M boric acid solution and a 0.05 M I2/
0.15 M KI solution. It is well known that PVA and
boric acid/iodine complexes, resulting in a green
complex [12]. The absorbance of visible light at
670 nm was then measured in a Cary 100 (Varian)
UV-Visible spectrophotometer.

3. Results and discussion

The WAXS patterns of the hydrogels are shown in
Figure 2. The strong diffraction peak observed at
2θ = 7.5° for sepiolite is related to the (110) crys-
tallographic plane. This plane corresponds to the
zeolitic pore inside the sepiolite needles that cannot
be modified by chemical modifications or prepara-
tion from solution [13]. Unfortunately, it is not pos-
sible to calculate the degree of crystallinity of the
samples containing sepiolite, since the 2θ = 19.75°
and 20.65° (060 and 131 reflections, respectively
[14]) of sepiolite overlaps the 101 and 101

–
reflec-

tions of PVA (2θ = 19.5 and 20.1°, respectively).
Therefore, WAXS results will be used to evaluate
possible changes on the crystalline structure of
PVA.
At first glance, the presence of rifampicin and sepi-
olite do not cause significant change on the mono-
clinic crystal of PVA. The strong reflection at 2θ =
19.6° (plane 101 of PVA) does not show significant
shifts with the presence of both sepiolite and
rifampicin, indicating that no preferential crys-
talline orientation or constriction was detected.
Despite the several reflections peaks observed in
pure rifampicin (not shown), WAXS results of the
PVAR sample do not show any evidence of crys-
talline reflections associated to rifampicin. Thus,
the content of rifampicin added in the PVA matrix
was not able to cause significant changes on the
monoclinic crystal of PVA. It is known that the
presence of lamella-type phyllosilicates, as mont-
morillonite, causes significant changes on the crys-
talline structure of several polymers [15, 16]. This
fact is mainly caused by the confining crystalliza-
tion environment provided by the clay platelets, On
the other hand, the high aspect ratio of sepiolite
fibers leads to a less confinement effect, resulting
in a stable PVA crystallite. This behavior is consis-
tent with observed to the samples PVAS1 and
PVAS1R. However, for the samples containing 5%
of sepiolite (PVAS5 and PVAS5R) it is possible to
observe a relative small reflection corresponding to
the 110 plane of sepiolite. These features indicate
that higher content of sepiolite leads to the agglom-
eration of the sepiolite fibers. Similar behavior was
reported by Chen and co-authors to sepiolite/
polyurethane nanocomposites [17].
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Figure 2. WAXS patterns of nanocomposite hydrogels.
The curves are vertically offset for clarity.



In order to evaluate the crystalline nature of the
hydrogels, the influence of sepiolite and rifampicin
on the crystallinity of PVA matrix was also evalu-
ated by DSC. Figure 3 presents the DSC heating
curves and the Table 2 summarizes the crystalline
melting parameters for the PVA-based samples.
Pure PVA exhibits an endothermic peak at 227°C,
corresponding to the crystalline melting point (Tm)
of PVA. The presence of rifampicin causes a slight
shifting of the melting peak of PVA to lower tem-
peratures. This effect is attributed to the interac-
tions between PVA and rifampicin and its large
molecular size (Mw = 823). PVA hydroxyl groups
can interact via hydrogen bonding with rifampicin.
As can be seen in Figure 1 rifampicin has a lot of
functional groups that can create hydrogen bonding
[18]. These interactions together the large molecu-
lar size cause some disruption of the lamellar
arrangement of the crystalline domains of PVA,
consequently leading to lower Tm [19]. Table 2
shows that ΔT and fwhm (full-width half-maxi-

mum) decrease by the addition of rifampicin on
PVA matrix, indicating simultaneous increases in
the rate of melting and the average crystalline size.
Rifampicin shows its melting followed by recrys-
tallization and decomposition in the range of
180–223°C and 247–266°C, respectively [20].
Unfortunately, the melting temperature of PVA is
located at the same range. Nevertheless, no evi-
dence of both processes of rifampicin was observed
in DSC curves. It seems that rifampicin undergoes
an amorphization process during the preparation of
the hydrogels. Schierholz has reported a similar
effect in shunts based on poly(dimethylsiloxane)
loaded with 0.5–10% (w/w) of rifampicin [21].
Therefore, rifampicin acts as nucleating agent for
PVA, resulting in less ordered crystalline domains
and higher degree of crystallinity when compared
to the pure PVA. The same behavior is observed to
PVAS1R and PVAS5R, confirming the strong
interaction between rifampicin and PVA. However,
the monoclinic crystal of PVA does not undergo
significant changes as can be seen in WAXS pat-
terns. As a fact, the microstructure of PVA hydro-
gels is formed by a bicontinuous structure with a
PVA-rich phase (crystalline domains) and a PVA-
poor phase (amorphous domains) [22]. Thus, the
DSC results reflect the changes on the crystalline
domains which correspond to the PVA-rich phase.
In concordance with the WAXS results, the pres-
ence of sepiolite does not cause changes in Tm of
the samples PVAS1 and PVAS5.
The dispersion state of sepiolite can be evaluated
by changes on degree of crystallinity (Xc) of the
samples PVAS1 and PVAS5. The highly dispersed
state of sepiolite fibers in PVAS1 can be con-
firmed, since no changes occur in the crystalline
parameters listed in Table 2 when compared with
pure PVA. However, the presence of 5% of sepio-
lite has a nucleating effect on the PVA matrix. Sim-
ilar results were recently reported by Ma and
collaborators for polypropylene/sepiolite nanocom-
posites [23]. The thermal parameters of PVAS1R
and PVAS5R samples reveal a clear evidence that
rifampicin plays a key role in the formation of the
crystalline domains of PVA. Even with increasing
amounts of sepiolite, the crystalline parameters of
the samples tend to follow the behavior showed to
PVAR sample. It is important to note that the addi-
tion of rifampicin was realized after the incorpora-
tion of the clay, as can be seen in Section 2.2.
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Figure 3. DSC curves of nanocomposite hydrogels. The
curves are vertically offset for clarity.

Table 2. Thermal parameters of nanocomposite hydrogels
obtained by DSC*

*The experimental errors associated with the thermal analysis
experiments are ± 0.8°C and ±1.5% for Tm and Xc, respectively.
aΔT = Tm – Tonset

bfwhm = full width at half maximum
cXc is calculated by the ratio of ΔH/ΔHm°, where ΔHm° is the melt-
ing enthalpy of 100% crystalline PVA, i.e. 150 J/g [20].

Sample Tm [°C] Tonset [°C] ΔΔTa fwhmb Xc [%]c

PVA 226.6 215.0 11.6 7.8 37.3
PVAR 224.2 218.1 06.1 6.7 43.4
PVAS1 226.0 215.0 11.0 8.0 36.3
PVAS5 226.8 217.4 09.4 7.2 51.4
PVAS1R 224.2 210.8 13.4 9.3 44.6
PVAS5R 224.8 213.5 11.3 8.6 42.2



Therefore, the presence of rifampicin affects
directly the final crystalline domains of PVA.
The results of the structural stability of the PVA
matrix after 24 h immersed in PBS were evaluated
spectrometrically, as can be seen in Figure 4. It is
possible to note that all formulations containing
sepiolite contribute to stabilize the residual PVA
chains, except for PVAS1 sample. The presence of
rifampicin results in an increasing number of PVA
chains that does not contribute to form new crystal-
lites, resulting in less ordered crystallites. This is
consistent with the DSC results. It seems that the
presence of sepiolite tends to prevent the diffusion
of the residual PVA chains through the hydrogel.
Since the presence of sepiolite does not impede the
crystalline disorder caused by rifampicin, it is rea-
sonable to expect that residual PVA chains are
readily linked with sepiolite fibers. The case of
PVAS1 sample is quite different, presenting the
same amount of residual PVA chains observed to
PVAR. This trend is consistent with a highly dis-
persed state of sepiolite. Since the average distance
between clay fibers is considerable, it is expected
that the intensity of the interactions between PVA
and sepiolite is diminished; therefore the presence
of small amounts of sepiolite do not contribute to
retain the residual PVA chains.
Swelling behavior is an important parameter to
characterize the hydrogels because it has a signifi-
cant influence on the process of controlled release
of drugs [24]. The swelling ratios as a function of
the time for the hydrogels in PBS are shown in Fig-
ure 5. It is possible to note that the presence of sepi-
olite causes a decrease in the swelling capacities of

the hydrogels when compared to pure PVA. The
highly dispersed clay causes a decrease in available
free volume of the PVA matrix, leading to lower
swelling ratio. In the case of PVAS5, increase on Xc

also contributes to diminish the available free vol-
ume for water diffusion. PVAR shows similar low
degree of swelling when compared to PVAS5.
However, PVAR has lowest Xc observed between
the samples. This fact indicates that the presence of
amorphized rifampicin leads to an obstruction
effect, therefore reducing the number of pores
available for water diffusion into the matrix. This
effect is simultaneous with the increase of Xc in
PVAR samples.
The dynamics of water sorption process was stud-
ied by monitoring the water imbibed by the hydro-
gels using Equation (2) [25]:

(2)

where Wt and W∞ is the weight of swollen hydrogel
at time t and at infinitely equilibrium swollen state,
respectively, K is a characteristic constant and n is a
characteristic exponent of the mode transport of the
water. According to the classification of the diffu-
sion mechanism, n = 0.5 indicates a quasi-Fickian
diffusion; for 1/2 < n < 1 anomalous, non-Fickian
diffusion model operates and for n = 1 occurs a
non-Fickian case II mechanism [25]. Table 3 sum-
marizes the diffusion parameters of the PVA-based
hydrogels. The obtained data indicate that the
swelling transport mechanism is consistent with a
quasi-Fickian process. This feature reveals a simul-
taneous contribution of the random mobility of
water molecules into the PVA matrix and the solva-
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Figure 5. Swelling ratio of nanocomposite hydrogels in
pH 7.4 at 30°CFigure 4. UV-Vis spectra of nanocomposite hydrogels

after 24 h immersed in PBS



tion of the high hydrophilic groups of PVA chains.
The following model (Equation (3)) was used to
calculate the diffusion coefficient, D, for Wt/W∞ ≤
0.8 [25]:

(3)

where l is the initial thickness of the hydrogel. The
calculated diffusion coefficients are shown in
Table 3. Since the degree of crystallinity of PVAR
is higher than pure PVA, increase of diffusion coef-
ficient of PVAR can be evaluated in terms of the
interactions between rifampicin and PVA. The
hydrophobic nature of rifampicin contributes to
impede the complete solvation of the hydrophilic
groups of PVA by water molecules. Besides this
fact, hydrogen bonding between rifampicin and
PVA leads to a hindered effect to the water mole-
cules; therefore, the migration of water is more pro-
nounced in the polymeric matrix, resulting in
higher diffusion coefficient.
The effect of the dispersion state of sepiolite on the
PVA matrix could be confirmed in PVAS1 sample.
The obstruction effect caused by the highly dis-
persed clay fibers contribute to a slow-mode migra-
tion of the water molecules, leading to a decrease of
diffusion coefficient. As a fact, PVAS1 shows
lower diffusion coefficient and the same Xc of pure
PVA. An interesting result is observed to PVAS5.
Decreasing diffusion coefficient is expected with
both higher clay content and Xc. Nevertheless, 5%
of sepiolite leads to highest diffusion coefficient
between the samples. Increasing content of sepio-
lite leads to aggregation of the clay fibers, as
observed in WAXS patterns. However, the aggre-
gation state contributes to form preferential water
channels by the zeolite-like porous of sepiolite,

resulting in an increasing diffusion coefficient
when compared to PVA. Zhang and collaborators
have found a similar behavior in poly(acrylic acid-
co-acrylamide)/sepiolite nanocomposite hydrogels
[26]. In the case of PVAS1R and PVAS5R sam-
ples, it seems that the amorphized rifampicin tends
to block the access of water molecules to sepiolite
pores, leading to a decrease of diffusion coefficient. 
In order to evaluate the use of the nanocomposite
hydrogels for drug release systems, it is necessary a
complete understanding of how the presence of
both rifampicin and sepiolite changes the swelling
capacities and crystallinity of the hydrogels.

4. Conclusions

Nanocomposite hydrogels based on poly(vinyl
alcohol) and sepiolite with loaded-rifampicin was
successfully prepared. High amounts of sepiolite
lead to an increasing degree of crystallinity and to a
decrease in swelling capacities. However, the
aggregation state of the clay fibers favors the for-
mation of water channels, resulting in higher diffu-
sion coefficient of water. High degree of dispersion
was achieved with 1% (w/w) of sepiolite. This fact
contributes to diminish the swelling capacity and
the water migration into the PVA matrix. The pres-
ence of amorphized rifampicin contributes to
decrease diffusion coefficient of water and changes
the nature of the crystalline domains of PVA. The
overall changes on swelling behavior and crys-
tallinity of the nanocomposite hydrogels must be
understood in order to evaluate the drug release
profile of rifampicin under in vitro and in vivo con-
ditions.
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1. Introduction
The environmental impact of the steadily increas-
ing use of plastic materials requires the develop-
ment of new combinations of materials, possibly
with improved properties but with reduced environ-
mental harm. The creation of single polymer com-
posites (SPCs) seems to be an alternative in this
respect because they do not contain mineral fillers
and are characterized by improved adhesion quality
between the matrix and the reinforcement.
Formulated for the first time by Capiati and Porter
[1], this type of material was further developed by
Ward and his group [2–8] including patenting and
commercialization of the ‘hot compaction’ tech-
nique [2]. This method used an assembly of highly
oriented polymer fibers or tapes subjected to heat-
ing to a critical temperature, while being held
together under pressure such that a thin volume of
material on the surface of each oriented element is
‘selectively melted’ creating a matrix [9]. The

uniqueness of the hot compaction technique is the
use of one constituent only.
In contrast to the foregoing approach, the most fre-
quently used technique is film stacking where the
film is generally chosen to have a lower melting
temperature (Tm) compared to the orientated fibers
[10–16]. A characteristic feature of this technique
[10–19] is that the two constituents of the same
polymer are used as starting materials for manufac-
turing of SPCs. Recently, the authors have explored
both of these approaches for preparation of SPCs
based on poly(ethylene terephthalate) (PET) using
a new type of reinforcement, namely, PET nanofib-
rils, by means of techniques developed earlier [20,
21] for nanofibrillar composites (NFCs). In the case
of two-constituent SPCs, layers of PET nanofibrils
with diameters between 50 and 150 nm were sand-
wiched between PET film with lower Tm and there-
after compression moulded [22]. The improve-
ments in both, the tensile modulus (E) and the
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ultimate tensile strength (σuts) were around 65%
and for some specimens up to 100%, thus approach-
ing the improvement values of the PET SPCs pre-
pared by Hine and Ward [6] by means of the hot
compaction method.
The same nanofibrils were used for the preparation
of nanofibrillar SPCs applying the one-constituent
approach and the improvements of E, σuts and yield
strength were all around 300% [23]. One specimen
even showed the maximum modulus value of
10.6 GPa, which was very close to that of PET/
glass fibre (60/40 wt%) composites reaching a
modulus of around 11 GPa [6].
In addition to these studies with nanofibrils, the two-
constituent approach was applied to polyamide 66
(PA 66) for the manufacture of SPCs using it as the
matrix and as the reinforcement with rather differ-
ent melting temperatures. They were thought to be
the two well known polymorphic modifications of
PA 66 [24]. In the present paper, the same study is
extended to polyamide 6 (PA 6), where again an
attempt was made to use the extremely high ability
of formation of polymorphic crystalline modifica-
tions [25]. For example, PA 6 quenched from its
melt, crystallizes in the γ-modification, while at
higher temperatures and/or during drawing it
undergoes crystallization in the α-modification
with the higher-melting temperature. This poly-
morphic transition takes place in such a smooth
way that the existence of the γ-modification cannot
be detected during the heating in the differential
scanning calorimeter. Only after applying a chemi-
cal cross-linking in the amorphous areas before
scanning Fakirov and Avramova [26] succeeded to
prevent the recrystallization process and thus deter-
mined the equilibrium melting temperature (Tm

0) of
the γ-modification of PA 6 amounting to Tm

0 =
208°C (against Tm

0 = 278°C of the α-modification)
[26].
An additional reason for performing this study is
the fact that, to the best of the authors’ knowledge,
there has been no report on single polymer compos-
ites based on PA 6.

2. Experimental details

2.1. Materials and sample preparation

PA 6 commercial type 2650 from Hoechst, Ger-
many, in the form of pellets was used as the matrix.

Commercial UV stabilized high tenacity PA 6 yarn
of the code 222 and, according to Firestone,
Nashville, Tennessee, USA, of 1848 dtex and 136
filaments played the role of reinforcement. In order
to get reinforcement with a higher Tm, the yarn was
subjected to annealing in vacuum for 3 h at 150°C.
The matrix was prepared in the form of a thin film
(thickness of 150 μm) by means of compression
moulding at 260°C for 5 min and at a pressure of
about 35 MPa followed by quenching in ice water
together with the covering of Teflon films. Another
film was prepared using slow cooling to room tem-
perature. The reinforcing yarn of continuous fila-
ments was wound onto a metal plate using a lathe.
Each of the two yarn layers was sandwiched
between two matrix films and subjected to com-
pression molding at 200°C for 5 min under a pres-
sure of ~15 MPa. The pressure was maintained
during cooling to room temperature. In this way
composite films with an average thickness of
~500 μm were prepared. All the materials used
were dried in a vacuum oven at 80°C for 24 h
before being subjected to any thermal treatment.
Sb2O3 as a catalyst for transreactions was supplied
by Sigma Aldrich and used in its ‘as supplied’
form. For this purpose filaments were coated with
the powder-like material amounting to 1–2 wt% of
the composite.

2.2. Methods of characterisation

The melting temperature values and the melting
intervals, which were of particular importance in
this study, along with the degree of crystallinity
(wc(DSC)) were determined using a differential
scanning calorimeter (DSC) of type DSC Q 1000
of TA Instruments. Typically 6 to 8 mg of material
was subjected to scanning at a heating rate of
10°C/min. The wc(DSC) was calculated by the
Equation (1):

(1)

where ΔHexp and ΔH0 are the experimentally meas-
ured and the ideal (for 100% crystalline sample)
values of the heat of fusion, respectively. For ΔH0

the value of 204.0 J /g [27] was used. Scanning
electron microscope (SEM) observations were per-
formed on a Philips XL30S instrument with an

0

exp)DSC(
H

H
wc Δ

Δ
=
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acceleration voltage of 5 kV. Images were taken
from the fracture surfaces of the composite samples
following the mechanical testing.
The mechanical performance of the starting
isotropic films of PA 6 (matrix) and the prepared
SPC was evaluated in tensile mode using an Instron
5567 machine equipped with a load cell interface,
model SN-1000N, gauge length of 50 mm and
cross-head speed of 5 mm/min at a temperature of
20°C and 50% humidity. The testing was per-
formed after room conditioning of the samples for
two weeks since the absorbed moisture (2.2% as an
equilibrium amount) had a dramatic effect on the
mechanical properties as demonstrated by Hine and
Ward for PA 66 [3]. The testing was performed
according to ASTM D882 on 15 mm wide strips,
punched by means of a die from the compression
moulded films. The results of five specimens were
averaged for each sample.
It is important to note that the calculation of the
cross-sectional area of the reinforcing filaments via
their textile characteristics seemed to be less reli-
able than the use of microscopes for the same pur-
pose. In addition, because of the unusual thermal
behaviour of the samples, the DSC measurements
were repeated with newly prepared samples, which
were also mechanically tested immediately. In this
way, a second series of samples was prepared using
as a matrix PA 6 film subjected to slow cooling
after compression molding and thus hoping to get a
more realistic idea about the reinforcing effect.
Since this series of sample was tested mechanically
on the same day, it was denoted as ‘1 day’ in con-
trast to the first series denoted as ‘14 days’. In both
cases the annealed PA 6 yarn was used as rein-
forcement.

3. Results and discussion

While dealing with single polymer composites an
issue of particular importance is the selection of the
proper temperature for the thermal treatment lead-
ing up to the consolidation of the reinforcing ele-
ments without melting them completely. For
example, a successful hot compaction of PET tex-
tile filaments was performed by Hine and Ward [6]
only within 2°C of the Tm of the respective PET
sample. In this way, various approaches have been
used for the preparation of constructs with as differ-

ent as possible Tm when the two-constituent
approach has been used.
Following the experience of Karger-Kocsis and
coworkers on polypropylene [14–16] as well as
authors’ recent work on PA 66 [24], in the present
study it is attempted to prepare PA 6 film with Tm

as low as possible using the fact that quenched
PA 6 melt crystallises predominantly in the lower
melting γ-modification [25, 26]. This film is used
later as the matrix in the SPCs prepared afterwards.
The role of the reinforcement is played by the high
tenacity PA 6 commercial yarn. In order to enhance
the subsequent processing an attempt was under-
taken to increase the yarn’s melting temperature via
annealing. The thermal behaviour of the starting
materials and the final SPC was tested by DSC
measurements – the results are displayed in Fig-
ure 1. Surprisingly, all the samples studied show

527

Bhattacharyya et al. – eXPRESS Polymer Letters Vol.3, No.8 (2009) 525–532

Figure 1. DSC traces of: a) PA 6 film (matrix), b) PA 6
yarn (reinforcement), c) PA 6 yarn (reinforce-
ment) after annealing at 150°C for 360 min in a
vacuum, d) PA 6-SPC



two melting peaks, a lower one (Tm′) in vicinity of
100°C and a higher one (Tm″ ) at 220°C.
The observation that the highly drawn PA 6 dis-
plays also the presence of a lower-melting modifi-
cation, Figure 1b, which is still present after
annealing of the yarn at 150°C is rather unusual.
Even more surprising is the result that the same
fraction melts at a lower temperature after anneal-
ing (Tm′ = 64.5°C instead of 92.5°C for the case
without annealing, Figures 1c and 1b, respec-
tively). At the same time, the amount of this lower
melting fraction decreases threefold after anneal-
ing, see Figure 1. Regardless of the nature of this
lower melting fraction, its presence in the two start-
ing materials, the film and the yarn, is very
favourable for composite processing since its early
melting contributes to the good adhesion quality
between the matrix and reinforcement.
It is quite evident that such a thermal behaviour is
not a typical one for a neat homopolymer. One of
the possible explanation for this observation is that
the samples subjected to DSC analysis do not rep-
resent a neat homopolymer, but a polymer blend.
Many companies are using this approach for get-
ting uncommon for the respective homopolymer
properties. Just for polyamides it is known that
the company EMS, Germany, blends various
polyamides, thus demonstrating unusual for the
neat polyamide properties.
The clarification for this uncommon thermal
behaviour could be a subject of an independent
study as such a task is beyond the frame of this
study because the melting parameters of the respec-
tive matrix and reinforcement were of interest only

for selecting the proper processing temperatures.
The latter has to be in such a range, where a com-
plete melting of the reinforcement is excluded. As
far as the matrix is concerned, there is no such lim-
itation – the further the melting progresses, the bet-
ter is the result. From this point of view, the
‘unusual’ thermal behaviour of the matrix and rein-
forcement, regardless of the reasons for such a
behaviour, seems to be very favourable for manu-
facturing of single polymer composites, what is the
main task of this study.
It is to be noted that as the relevant analysis (X-ray
scattering) is missing, statements regarding poly-
morphic modifications might be hypothesis. How-
ever, notwithstanding this lack of evidence, the
primary parameter of this study is the melting tem-
perature.
The final PA 6-based SPC also demonstrates a two
melting-peak phenomenon, Figure 1d, where the
first one shows the same crystallinity as that of the
annealed yarn (~10%), while the second peak is
characterised by the highest degree of crystallinity
(wc = 36%), Table 1.
SEM images of the PA 6 yarns, which have been
used as reinforcement are shown in Figure 2a,
whereas the cross-sections of the final PA 6 single
polymer composite at progressing magnifications
are depicted in Figures 2b–2d. It is evident that the
textile filaments are very homogeneous with
respect to their diameters being around 50 μm, Fig-
ure 2a. The composite film clearly demonstrates a
layered structure comprised of two outer film lay-
ers and a layer in-between of the uniaxially aligned
yarn filaments. What is particularly important for
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Table 1. Thermal (DSC) data (first peak of melting Tm′, second peak of melting, Tm″, and degree of crystallinity, (wc) as well
as mechanical test data (tensile modulus, E, and ultimate tensile strength, σuts) of the PA 6 matrix, PA 6 yarn rein-
forcement, PA 6 single polymer composite (PA 6-SPC) with and without catalyst, all averaged from 5 specimens

No Material
Thermal data

[°C]
wc

[%]
Mechanical data

E [GPa] σσuts [MPa]
Tm′′ Tm″″ wc′′ wc″″ 14 days 1 day 14 days 1 day

1
PA 6 film
(matrix)

127.67 220.20 19.10 32.92 0.86 ± 0.3 1.5 ± 0.07 24.63 ± 2.4 47.75 ± 3.1

2
PA 6 yarn
(reinforcement)

092.48 222.26 31.77 32.31 3.29 ± 0.2 – 760.8 ± 41.5 –

4
PA 6-SPC
(without catalyst)

107.09 219.10 12.83 35.87 2.75 ± 0.2 4.04 ± 0.05 102 ± 20.4 271.52 ± 42.4

5
Improvement of PA 6-SPC
(without catalyst) [%]

– – – – 220 169 314 470

6
PA 6-SPC
(with catalyst)

– – – – 2.97 ± 0.51 5.31 ± 0.1 122.3 ± 14.4 359.07 ± 77.3

7
Improvement of PA 6-SPC
(with catalyst) [%]

– – – – 245 254 395 650



this reinforcing layer is the fact that during the hot
pressing at the selected temperature, the fiber sur-
faces were melted resulting in the traditional hot
compaction. Obviously, this process was enhanced
by the fact that even in the highly drawn PA 6
material crystalline species with very low melting
temperature (Tm′ = 92.5°C and Tm′ = 64.5°C after
annealing, Figures 1b and 1c, respectively) were
present.
The matrix film of the SPC preserved its homo-
geneity and did not penetrate into the filaments. In
fact, in the present case one deals with a layered
structure of the composite material as a result of the
combination of the two processes, hot compaction
and film stacking, Figures 2b–2d. As demonstrated
by Hine et al. [9], such a combination of film stack-
ing with hot compaction gives a better overall bal-
ance of mechanical properties and a wider tempera-
ture range for processing, compared to a standard
hot compaction procedure without a film. Another
advantage of this combination is the better wetting
of the reinforcement compared to the traditional
film stacking process, due to the partial melting of
all the fiber surfaces [9]. The fact that the used PA
6 comprises a low-melting crystalline fraction
(Tm′ = 127.6°C, Figure 1a, amounting to 30% of the

film mass, Table 1) also contributed in the same
direction. The same holds for the reinforcing fibers
(Figures 1b and 1c, Table 1). These low-melting
crystalline fractions of the two constituents ensure
good compaction and wetting between the compos-
ite elements during the hot pressing.
Stress-strain curves of the starting materials, the
PA 6 film and the yarn as well as those of the final
SPC are shown in Figure 3. The SPC samples were
prepared in the presence or absence of a catalyst
enhancing the transreactions. Results for the two
series of samples, the dry (1 day) and wet (14 days)
are given; the enlarged portions of the stress-strain
curves used for the evaluation of the E modulus are
also shown.
The reason for the experiments with a catalyst may
be attributed to the well known fact that the con-
densation polymers (polyesters, polyamides, etc)
undergo additional condensation and transreac-
tions, also called exchange reactions if the appro-
priate conditions (temperature, vacuum, duration,
catalyst) are available [28]. Since the processing
temperature used for manufacturing of SPCs coin-
cides with the temperature interval typical for the
occurrence of transreactions, it would seem appeal-
ing to explore this opportunity for the creation of
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Figure 2. SEM micrographs of: a) PA 6 yarn (reinforcement), b)–d) cross section of PA 6-SPC at increasing magnifica-
tions



chemical bonds between the matrix and the rein-
forcement and therefore, to reach the ideal case of
interfacial adhesion.
Coming back to the tensile testing experiments,
Figure 3, it should be noted that the starting materi-
als behave quite differently. While the matrix films,
Figures 3a and 3b, show a ductile type of deforma-
tion behaviour, particularly the wet sample, Fig-
ure 3a, the rest of the samples demonstrate some-
what brittle characteristics, Figures 3b–3g.
Of particular importance in this respect is the fail-
ure behaviour of the tested SPCs. The photograph
displayed in Figure 4 was taken from a sample after
tensile testing. It is quite evident that the expected
delamination, being typical for such materials, is
missing and a brittle mode of failure is observed.
It is also interesting to have a closer look at the
enlarged stress-strain curves for the strain range
0.05–0.25% plotted in Figure 3. A more detailed
inspection of these curves shows that the curve for
the commercial yarn, Figure 3g, differs from the
others with respect of its shape and position. This
deviation from the general behaviour of the stress-

strain curves in this narrow strain interval could
originate from the fact that the sample under testing
represents a multifilament yarn, where all the fila-
ment do not experience the loading at the same time
but, to some extent, subsequently. The stress-strain
curves in the insertion were used for the evaluation
of the E modulus values, while the same curves in
the larger strain range (0–20%), gave the strength
values. The obtained results are summarized in
Table 1.
The PA 6 films have rather modest mechanical
properties in contrast to those of PA 6 yarns. The
yarns have an E modulus value, which is 3–4 times
higher, while the tensile strength (σuts) is even
higher, Table 1. The situation changes drastically
when layered SPC is prepared – an improvement in
the E modulus of 200%, and of the σuts values of
300–400% can be observed as compared to the
starting isotropic film.
As expected, the application of transreaction cata-
lyst shows quite impressive results: the improve-
ment in E modulus is 30% (for the dry samples) and
8% (for the wet samples) and for the ultimate ten-
sile strength these values are 32 and 20%, respec-
tively, compared to the same samples without
catalyst, Table 1. It is worth mentioning that the
observation that the wet samples have in average
two-fold lower mechanical properties as compared
to the dry ones, Table 1, is in a very good agree-
ment with the findings of Hine and Ward for PA 66
[3].

4. Conclusions

It should be noted that the combination of the hot
compaction approach along with film stacking rep-
resents a promising route for manufacturing single
polymer composites with superior mechanical
properties. The first results of catalyst application
for improving the adhesion quality are also encour-
aging. Experiments for the optimisation of the
described technique with the involvement of other
polymer condensates are in progress.
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Figure 4. Photograph of a PA 6-SPC after tensile testing

Figure 3. Stress-strain curves and their enlarged sections
in the axial strain interval between 0,05 and
0,25% (insertion) of: a) 14 days PA 6 matrix, b)
1 day PA 6 matrix, c) 14 day PA 6-SPC without
catalyst, d) 14 day PA 6-SPC with catalyst, e)
1 day PA 6-SPC without catalyst, f) 1 day PA 6-
SPC with catalyst, and g) PA 6 yarn
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