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ISOTHERMAL AND NON-ISOTHERMAL CRYSTALLISATION
KINETICS OF pCBT AND PBT
Polymers as studied by DSC
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The crystallisation behaviour of in situ polymerised cyclic butylene terephthalates (pCBT) and poly(butylene terephthalate)s (PBT)
were studied by differential scanning calorimetry (DSC) both under isothermal and non-isothermal conditions. The crystallisation
was analysed by adopting the Avrami, Ozawa and Kissinger methods for the isothermal and non-isothermal crystallisations, respec-
tively. An Avrami exponent n between 2 and 3 was found for the pCBTs whereas the exponent ranged between 3 and 4 for the
PBTs. The Ozawa exponent m varied for all materials between 2 and 3. Differences in the crystallisation kinetics were also reflected

in the related activation energy data.
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Introduction

Traditional semicrystalline engineering thermoplas-
tics, such as poly(butylene terephthalate) (PBT), are
potential candidates to replace thermosetting resins in
various composite applications due to their competi-
tive thermal stability. Key aspect of the targeted re-
placement is whether the melt viscosity of the related
thermoplastics can be substantially reduced. The re-
quired viscosity reduction can be achieved by using
macrocyclic oligomers which undergo ring-opening
polymerisation yielding linear thermoplastic poly-
mers (e.g. [1]). This strategy is now followed even for
high-temperature resistant thermoplastics [2].

Cyclic butylene terephthalate oligomers (CBT)
became commercially available recently. Prior to
polymerisation the melt viscosity of the CBT at tem-
peratures 7=140°C may be as low as 20 mPa s [3]
matching the viscosity of usual thermosetting resins
well. The polymerisation time of the CBT can be tai-
lored upon request by the type and amount of the cata-
lysts [4]. A further advantage of CBT is that poly-
merisation can be performed also below the melting
temperature of the resulting PBT. In industrial prac-
tice an isothermal treatment at 7=190°C is preferred
because the polymerisation is accompanied with
crystallisation due to which the solidified product can
be removed from the mould without cooling of the
latter [5, 6]. The polymerisation and crystallisation of
the in situ polymerising CBT show several peculiari-
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ties. Though the ring-opening polymerisation should
be athermic [1], modulated differential scanning calo-
rimetric (MDSC) investigations demonstrated the on-
set of some exothermic processes [7, 8]. This was at-
tributed to recrystallisation phenomena among the
various oligomers [7], and even to the polymerisation
[8], nonetheless, without further proofs. Wide angle
X-ray scattering (WAXS) works evidenced that PBT
from CBT (denoted as pCBT hereafter) has higher
crystallinity and far more perfect crystals than PBTs
produced by the usual polycondensation techniques
[9, 10]. Numerous papers underlined this difference
in the crystallinity based on DSC results
(e.g. [6, 9, 10]).

The crystallisation kinetics of pCBT were not
yet addressed in the scientific literature. Accordingly,
aims of the present work were to study the
crystallisation behaviour of pCBTs both under iso-
thermal and non-isothermal conditions and compare
the related results with those of selected traditional
PBTs. A further goal of this work was to study
whether the CBT type (i.e. compositional change of
the oligomers) affects the crystallisation behaviour.

Experimental

Four materials have been investigated in this study:
CBT 160, CBT XB3-CA4, PBT B4520 and
PBT B6550.
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The one-component CBTs were produced by
Cyclics Co. and marketed under CBT-XB3-CA4 and
CBT-160, respectively. They differ from one another
in the composition of the constituent macrocyclic oli-
gomers, namely CBT-160 contained more tetramer
than CBT-XB3-CA4. This is well reflected by their
melt viscosities: at 7=150°C the melt viscosity of the
CBT-XB3 is 160 mPa s, whereas that of CBT 160 is
10 Pass.

PBT B6550 and PBT B4520 were analysed as
reference materials. They are commercially available
and were used as kindly supplied by the BASF AG.

The measurements have been executed on a Dia-
mond DSC from PerkinElmer, taking always around
3—4 mg for the measurements. Both CBT materials
have been dried in an oven for 2 h at 80°C before DSC
measurements.

The CBT160 and CBT-XB3-CA4 have been
polymerised in situ during the 1* heating step with a
heating rate of 20°C min ™' up to 250°C. The influence
of additional time on the polymerisation has been in-
vestigated, too, as previous DSC results indicated that
the holding time in the melt may affect the
crystallisation behaviour [7, 8]. For this purpose, the
crystallisation properties have been compared with
and without a 15 min isothermal holding step after the
first heating step.

The isothermal crystallisation temperatures
(covering the range from 190 to 195°C) have been ap-
proached with a cooling temperature of 80°C min .
Though the isothermal crystallisation of the PBTs,
produced by polycondensation, might have been stud-
ied in a broader temperature range, for sake of com-
parison the same temperature interval was selected in
which the crystallisation of the pCBTs could be stud-
ied properly.

For the non-isothermal investigations, the fol-
lowing cooling rates were selected: 2, 3, 5, 10 and
20°C min ™",

Results and discussion
Isothermal crystallisation

The crystallisation kinetics of polymers under isother-
mal conditions for various modes of nucleation and
growth can well be approximated by the known
Avrami equation [11, 12]:

Xe=1-exp(-ht") (1)

where X; is the relative crystallinity at different
crystallisation times, #n is a constant depending on the
mechanism of nucleation and the form of crystal
growth, and £ is the crystallisation rate constant re-
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lated to nucleation and growth parameters. X; can be
calculated according to Eq. (2):

X, =0,/0, :j'(dH/dt)dt/]g(dH/dt)dt )

where X; is thus the ratio of the heat generated at time
t and infinite time 7, respectively. As the heat of
crystallisation after infinite time ¢, is not available,
the heat of crystallisation of the respective material
measured under dynamic conditions with 2°C min"'
heating rate was applied.

The Avrami equation can be linearised as fol-
lows:

log{-In[1-X]}=nlogs+logk 3)

From a plot of log{-In[1-X{]} vs. logt, n (the
slope of the straight line) and the crystallisation rate
constant & (the intersection with the y-axis) can be ob-
tained.

The crystallisation traces of the isothermal holding
step used for the evaluation of the Avrami parameters is
shown for all materials in Figs 1-6. Common is, for all
materials, that the Avrami parameters can be extracted
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Fig. 1 Crystallisation traces of the isothermal measurements
of pCBT 160, 0 min 250°C
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Fig. 2 Crystallisation traces of the isothermal measurements
of pCBT 160, 15 min 250°C
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Fig. 3 Crystallisation traces of the isothermal measurements
of pCBT XB3-CA4, 0 min 250°C
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Fig. 4 Crystallisation traces of the isothermal measurements
of pCBT XB3-CA4, 15 min 250°C
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Fig. 5 Crystallisation traces of the isothermal measurements
of PBT4520

most precisely when the crystallisation traces at 195°C
are considered. This is due to the fact that the DSC sig-
nal is not significantly distorted by the transient signal
of the DSC machine. According to Lorenzo ef al., the
crystallisation traces at temperatures below 195°C lead
to an error of around 20% in values of n and & [13].
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Fig. 7 Avrami plot of all investigated materials as obtained at
195°C

Therefore, the most reliable Avrami parameters can be
obtained from the tests at 195°C.

The Avrami plot for all pCBTs and PBTs at
195°C is shown in Fig. 7. In the diagram the plot cov-
ers the range of crystallisation from 5 to 95%. Devia-
tions from linearity of the Avrami-plot at later stages
of crystallisation have been neglected in the evalua-
tion. Usually, the deviation from linearity is assigned
to the beginning of secondary crystallisation. This oc-
curs at very high crystallinities in our polymers, ex-
cept in the case of pCBT XB3-CA4.

As mentioned before, the Avrami parameters at
temperatures lower than 195°C in Table 1 have to be
interpreted with caution due to the overlapping tran-
sient signal of the DSC machine at the beginning of
isothermal crystallisation at these temperatures.
Nonetheless, based on the results listed in Table 1
conclusions may be drawn.

The temperature dependence of the overall
crystallisation is linked solely with the constant k£ in
Egs (1) and (3). But this holds only under the prerequi-
site that the morphology of the growing crystals do not
change with the crystallisation temperature. If this is the
case, a master curve should be obtained by moving the
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Table 1 Parameters of isothermal crystallisation from the
Avrami equation (7¢: the crystallisation temperature,
Ink: the crystallisation rate constant, n: the Avrami
exponent, 7y s: the crystallisation half-time)

Material Tc/°C n Ink tp.s/min
pCBT 160 190 3.74 0.64 0.55
0 min 250°C 191 3.20 0.20 0.65
192 3.25 -0.07 0.78
193 3.28 -0.32 0.93
194 3.36 -0.58 1.13
195 3.31 -0.87 1.41
pCBT 160 190 3.70 0.66 0.54
15 min 250°C 191 3.28 0.26 0.65
192 3.33 -0.02 0.79
193 3.28 -0.31 0.97
194 3.24 -0.63 1.21
195 3.03 -0.93 1.52
pCBT XB3-CA4 190 2.16 -0.32 0.84
0 min 250°C 191 2.25 -0.53 1.05
192 2.22 -0.80 1.36
193 2.06 —-1.04 1.73
194 2.17 -1.35 2.24
195 2.11 -1.60 343
pCBT XB3-CA4 190 2.01 -0.27 0.84
15 min 250°C 191 1.80 -0.68 1.03
192 1.80 —0.68 1.22
193 1.70 -0.87 1.66
194 1.78 —-1.13 2.08
195 1.80 -1.42 2.99
PBT B4520 190 4.03 0.44 0.67
191 4.04 0.29 0.73
192 3.69 -0.04 0.81
193 3.78 -0.12 0.92
194 3.85 -0.29 1.04
195 3.83 -0.49 1.19
PBT B6550 190 2.62 -0.80 1.53
191 2.70 -0.90 1.64
192 2.77 -1.00 1.76
193 2.83 -1.05 1.86
194 3.03 -0.93 1.88
195 3.12 -1.05 1.86

Avrami-lines along the time axis. As can be seen from
the data in Table 1, the two pCBT materials
(pCBT XB3-CA4 and pCBT 160, at both polymerisa-
tion holding temperatures) and the PBT B4520 allow
the construction of a master curve. In contrast, the
PBT B6550 shows a continuously decreasing Avrami
exponent with decreasing temperature. In this case, it
has to be surmised that the geometry of the growing
crystal phase depends on the crystallisation temperature.

The deviation from linearity of the Avrami plot
of the pCBT XB3-CA4 may suggest some influence
of the catalyst or of the molecular mass distribution.
Either fractions of pCBT XB3-CA4 with low molecu-
lar mass or of the catalyst are not incorporated in the
crystallised polymer consisting of macromolecules
with considerably higher molecular mass. This can be
explained with the increasing mobility with decreas-
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ing molecule size. Eventually, the concentrations of
catalyst and/or of fractions with low molecular mass
increase in the remaining molten phase and conse-
quently retard the complete crystallisation. The effect
is frequently observed in other polymer systems,
too [14]. This arguing, being speculative, should be
checked next based on gel permeation chromato-
graphic (GPC) and wide angle X-ray scatter-
ing (WAXS) studies.

A nucleation effect can be excluded when consid-
ering the results with pCBT 160, which also contained
catalyst. This corroborates our suggestion that the early
deviation from linearity of the pCBT XB3-CA4 is due
to considerably stronger fractionation.

Compilations of the crystallisation kinetics data
of various polymers show that the dependence of the
crystallisation half time follows a clear pattern with
increasing molecular mass [15, 16]. The double loga-
rithmic plot of the crystallisation half time over the
molecular mass yields a parabola. The shape of the
parabola changes with decreasing crystallisation tem-
perature, such that the arms get farther away from
each other and additionally, the average
crystallisation half time is reduced.

From these usually observed crystallisation be-
haviours, it can be assumed that the molecular mass of
the polymerised pCBT XB3-CA4 is higher than that
of the pCBT 160. This is due to the fact that the
crystallisation half times 7y s increase with increasing
crystallisation temperature stronger for
pCBT XB3-CA4 than for the pCBT 160. Unfortu-
nately, no direct (from GPC measurements) or indi-
rect (from rheological tests following exactly the
DSC testing conditions) experimental proofs are
available for the authors at present to substantiate the
above suggestion.

From the above mentioned dependence of the
crystallisation half time #, 5 with respect to the molec-
ular mass, nothing can be deducted to compare the
molecular mass of the pCBTs with the PBTs. Note-
worthy are observations showing that in general the
molecular mass of the in situ polymerised pCBT is
higher than of PBTs [17].

The same analysis as performed for the pCBTs is
applicable for the PBTs. The PBT B6550 should have
a higher molecular mass compared to the PBT B4520,
applying the general behaviour of the recrystallisation
temperature half time dependence with molecular
mass: the crystallisation half time of the PBT B6550
is higher than that of the PBT B4520 for every
crystallisation temperature as should be the case for
high molecular mass fractions.

At 195°C the Avrami exponent allows some con-
clusions with respect to crystal growth. Interesting is the
distinct difference in Avrami exponents between the
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pCBT 160 and the pCBT XB3-CA4. For both pCBT
materials, the type of nucleation can be assumed to be
athermal due to the presence of the catalyst. Then, the
pCBT 160 shows an Avrami exponent of n=3, corre-
sponding to spherical crystal growth and the
pCBT XB3-CA4 exhibits an Avrami exponent of n=2,
indicating two dimensional plate-like crystal growth.
The influence of the polymerisation conditions
(i.e. holding time in the melt) on the Avrami exponent is
different for the investigated pCBTs. For the pCBT 160,
no change was detected in the crystallisation behaviour.
For the pCBT-XB3-CA4 the Avrami exponent de-
creases slightly after subjecting the material to the
15 min at 250°C holding step prior to cooling to the
crystallisation temperature. However, an interpretation
of these differences without knowing the molecular
mass distribution is not possible.

The commercial PBT B4520 displays an Avrami
exponent of n~4, leaving only thermal nucleation with
spherical crystal growth according to the Avrami theory.
For the other reference, PBT B6550, the Avrami expo-
nent is n~3, indication either athermal nucleation with
three dimensional crystal growth or thermal nucleation
with two-dimensional crystal growth.

Until now, the predicted crystal morphology by
the Avrami theory could not be confirmed by direct
observation.

Non-isothermal crystallisation

Even more important for the praxis is the kinetic be-
haviour of the polymer under non-isothermal crystal-
lisation conditions. There are several modes for the
studying the non-isothermal crystallisation kinetics of
polymers. Ozawa [18] amended the Avrami approach
such that the effect of the heating or cooling rate is
taken into account, assuming that the mathematical
derivation from Evans [19] is valid. The extended
Avrami equation according to Ozawa is:

Xr=1-exp[-K1/D™] (4)

where X7 is the crystallinity at a given temperature but
varying cooling rate, ® is the cooling rate, m is the
Ozawa exponent that depends on the crystal growth
and nucleation mechanism and Ky 1is the
crystallisation rate constant.

The double logarithmic transformation, used to
obtain the Ozawa plot, yields:

In{-In[1-X;]}=InK1—mIn® (5)

In Table 2 the Ozawa parameters for all materi-
als are given for the temperature range from 190 to
195°C. Note that only PBT B4520 and PBT B6550
have practically the same slope m, so the related
Ozawa plots yield a series of parallel lines.
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Table 2 Parameters of non-isothermal crystallisation from
the Ozawa equation (7;: the crystallisation tempera-
ture, InK7: the crystallisation rate constant, m: the
Ozawa exponent)

Material T./°C m InKt
pCBT 160 190 5.40 14.42
0 min 250°C 191 4.51 10.75
192 2.88 5.88
193 3.27 6.32
194 3.59 6.53
195 3.31 5.13
pCBT 160 190 3.93 10.05
15 min 250°C 191 245 5.58
192 2.85 6.08
193 3.27 6.57
194 3.04 5.79
195 344 6.01
pCBT XB3-CA4 190 1.77 3.37
0 min 250°C 191 2.04 3.63
192 2.30 3.86
193 2.54 4.00
194 2.74 3.99
195 2.85 3.76
pCBT XB3-CA4 190 2.52 5.26
15 min 250°C 191 2.31 4.57
192 247 4.56
193 2.61 4.46
194 1.92 2.70
195 2.16 2.73
PBT B4520 190 3.21 5.77
191 3.13 5.08
192 3.29 4.88
193 2.92 3.71
194 3.10 3.47
195 3.28 3.16
PBT B6550 190 2.18 3.01
191 1.96 2.44
192 2.00 2.20
193 2.08 1.98
194 2.20 1.79
195 2.07 1.30

For the pCBT materials, a distinct change in
Ozawa exponent is observed from 190 to 191°C in
most cases. The different melt prehistories (0 or
15 min at 250°C) change the crystallisation kinetics
considerably, although, incidentally, some matching
in the Ozawa parameters may be noticed. Further in-
vestigations will be necessary to gain insight in the
dynamic crystallisation of the pCBT materials.

For direct comparison with the Avrami results,
only the Ozawa plot at 195°C is shown in Fig. 8.
Clearly, the results show that secondary crystallisation
as influencing parameter can be excluded. The Avrami
(cf. Fig. 7) and Ozawa plots (cf. Fig. 8) of the pCBTs
and PBTs are sufficiently linear.

For an ideal material, the Ozawa exponent should
match with the Avrami exponent. However, the agree-
ment between the Ozawa exponent m and the Avrami
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Fig. 8 Ozawa plot for all investigated materials as obtained at
195°C

exponent n occurs for each material at different temper-
atures and the Ozawa exponent m changes stronger with
temperature than the Avrami exponent n (cf. Tables 1
and 2). This may suggest that the activation energy
changes in the investigated temperature range.

At every crystallisation temperature, the cooling
rate function Kt for the pCBT 160 is larger than for
the pCBT XB3-CA4. This indicates that the
pCBT 160 crystallises faster than pCBT XB3-CA4.
This conclusion is in agreement with the results of the
Avrami analysis.

The deviation from the ’ideal’” material (i.e. with
identical Avrami and Ozawa parameters) may be due
to the small amount of catalyst which is necessary for
the bulk polymerisation of CBT. The catalyst residue
may work as heterogeneous nuclei for crystallisation.
Note that the content of any catalyst or additive
within PBT B4520 and PBT B6550 were not known.

Activation energy

An additional way to gain more information about the
differences between isothermal and non-isothermal
crystallisation is the determination of the activation
energy. A method often used to evaluate the activa-
tion energy at various cooling rates is the method pro-
posed by Kissinger [20]:

d[In(®/T))d(1/T,)=—AE/R (6)

where R is the universal gas constant and £ is the activa-
tion energy of crystallisation. The activation energies of
the non-isothermal crystallisation are calculated with the
data from the plot of In(®/T’ pz ) vs. 1/T,, (Fig. 9).
Equation (6) predicts a negative slope due to the
fact that initially only melting processes were investi-
gated. The slope for all materials is positive in this
case because the recrystallisation temperature de-
creases rather than increases with higher cooling
rates. Obviously, two distinctly different ranges can
be observed for all material variations, i.e. above and
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Table 3 Activation energies E. evaluated according to the
Kissinger method

E./kJ mol ™! for E,/kJ mol ™! for

Material In(F/T?)>-9.5 In(F/T?)<-9.5
pCBT 160, 400 181
0 min 250°C

pCBT 160, 408 181
15 min 250°C

pCBT XB3-CA4, 367 156
0 min 250°C

pCBT XB3-CA4, 367 156
15 min 250°C

PBT B4520 217 203
PBT B6550 217 218

below the ordinate value of In(®/T pz)z—9.5. The acti-
vation energies have been calculated in these regions
and are listed in Table 3.

At high temperatures the crystallisation occurs
easily in the commercial PBTs while the pCBTs are
almost incapable of crystallisation. At lower tempera-
tures (£190°C), the scenario changes completely. The
pCBTs crystallise slightly easier than the commercial
PBTs. Possible explanations for the higher activation
energy at temperatures >190°C of the pCBTs may be
related to their inherent higher molecular mass and
readiness to pronounced fractionation of the mole-
cules during polymerisation compared to PBTs.
The observed activation energies match sufficiently
well with other PBT variations. e.g. an activation en-
ergy of E.=275 kJ mol™ has been found for the
PBT 1097A [21] and E.=260 kJ mol ™" for bulk poly-
merised PBT [22]. A precise comparison with the re-
sults obtained in this work with the above one is not
possible because the details of the Kissinger analysis
(peak temperatures and corresponding heating rates)
were not disclosed in the cited works.
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Conclusions

Commercial PBT and in situ polymerised pCBT ma-
terials were investigated in this study with respect to
their isothermal and non-isothermal crystallisation
behaviours. To produce pCBTs two different kinds of
CBT oligomers were used. The isothermal crystal-
lisation has been evaluated by using the Avrami anal-
ysis whereas for the non-isothermal crystallisation the
Ozawa method was adopted. Additionally, the activa-
tion energy has been calculated according to the
Kissinger method.

It was established that the crystallisation of
pCBTs depend more strongly on the experimental
conditions than the PBTs. The results of the pCBTs
indicated that the crystallisation occurs in a tempera-
ture range where a change in the activation energy
takes place. This complicates the data reduction using
the Avrami and Ozawa equations. So, the activation
energies were determined for two temperature ranges,
viz. above and below 190°C. Noteworthy is that the
activation energy for the pCBT produced from the
higher molecular mass CBT oligomer (CBT 160) was
higher compared to the counterpart with low
molecular mass (CBT XB3-CA4).

For the resulting crystallisation kinetics, the
polymerisation conditions are of crucial importance,
as evidenced by the different results obtained with
varying in situ polymerisation conditions.

The commercial PBTs B4520 and B6550 show a
more stable crystallisation behaviour compared to the
investigated pCBTs. Their behaviour obey to the
Avrami, Ozawa and Kissinger formalism better than
the pCBTs.

Acknowledgements

This project was supported by the BMBF (project: ‘Pro-PBT’)
and partly also by the DAAD (PPP-Ungarn 2008/2009).
Thanks are due to the BASF AG, Ludwigshafen, Germany for
supplying the PBT materials.

References

1 D.J. Brunelle, Synthesis and Polymerization of Cyclic
Polyester Oligomers, J. Scheirs, T. E. Long, Eds, Modern

J. Therm. Anal. Cal., 95, 2009

Polyesters: Chemistry and Technology of Polyesters and
Copolyesters, John Wiley & Sons, Chichester 2003,
pp. 117-142.

2 L. N. Song, M. Xiao, D. Shu, S. J. Wang and Y. Z. Meng,
J. Mater. Sci., 42 (2007) 1156.

3 Z. A. Mohd Ishak, K. G. Gatos and J. Karger-Kocsis,
Polym. Eng. Sci., 46 (2006) 743.

4 A.R. Tripathy, A. Elmoumni, H. H. Winter and
W. J. MacKnight, Macromolecules, 38 (2005) 709.

5 H. Parton and I. Verpoest, Polym. Composites,
26 (2005) 60.

6 Z. A. Mohd Ishak, Y. W. Leong, M. Steeg and
J. Karger-Kocsis, Compos. Sci. Technol.,
67 (2007) 390.

7 J. Karger-Kocsis, P. P. Shang, Z. A. Mohd Ishak and
M. Résch, eXPRESS Polym. Lett., 1 (2007) 60.

8 Z. A. Mohd Ishak, P. P. Shang and J. Karger-Kocsis,
J. Therm. Anal. Cal., 84 (2006) 637.

9 H. Parton, J. Baets, P. Lipnik, B. Goderis, J. Devaux and
1. Verpoest, Polymer, 46 (2005) 9871.

10 M. Harsch,J. Karger-Kocsis and A. A. Apostolov, J. Appl.
Polym. Sci., 108 (2008) 1455.

11 M. Avrami, J. Chem. Phys., 7 (1939) 1103.

12 M. Avrami, J. Chem. Phys., 9 (1941) 177.

13 A.T. Lorenzo, M. L. Arnal, J. Albuerne and A. J. Mueller,
Polymer Test., 26 (2007) 222.

14 M. Hoffmann, H. Kroemer and R. Kuhn, Polymeranalytik,
Georg Thieme Verlag, Stuttgart 1977.

15 J. G. Fatou, Encyclopedia of Polymer Science and
Engineering, Wiley-Interscience, New York 1989,
pp- 231-296.

16 J. H. Magill, Polymer Handbook, Vol. VI, John Wiley and
Sons, New York 1989, pp. 279-286.

17 H. Parton, Characterisation of the in-situ Polymerisation
Production Process for Continuous Fibre Reinforced
Thermoplastics, Ph.D. thesis, Leuven, Belgium 2006.

18 T. Ozawa, Polymer, 12 (1971) 150.

19 U. R. Evans, Trans. Faraday Soc., 41 (1945) 365.

20 H. E. Kissinger, J. Res. Natl. Bur. Stand., 57 (1956) 217.

21 D. Wu, C. Zhou, X. Fan, D. Mao and Z. Bian, J. Appl.
Polym. Sci., 99 (2006) 3257.

22 J.Yu, D. Zhou, W. Chai, B. Lee, S. W. Lee, J. Yoon and
M. Ree, Macromolecular Res., 11 (2003) 25.

Received: December 20, 2007
Accepted: May 29, 2008
OnlineFirst: September 20, 2008

DOI: 10.1007/s10973-007-8939-1

227




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


