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ABSTRACT

The non-isothermal melt crystallization kinetics of the synthesized poly(€-caprolactone)
(PCL) and poly(L-lactide) (PLL) with identical number average molecular weight (]\_/I”: 1.8x10%
and polydispersity index (PDI = 1.8) was studied by differential scanning calorimetry (DSC).
The crystallizations of PCL and PLL were performed under the cooling rates of 5.0, 7.5, 10.0
and 12.5 °C.min™'. From non-isothermal DSC analysis, the ctystallization rates increased
with increasing of the cooling rates, while the crystallization time decreased for both polymers.
The Avrami, Ozawa and Liu models were applied to describe non-isothermal crystallization
and determine kinetic parameters for PCL and PLL crystallizations. From Avrami, Ozawa
and Liu models, the crystallization mechanism of PCL and PLL was nucleation with three
dimensional growths. From Avrami, Liu and Friedman analysis, the synthesized PCL crystallized
faster than PLL with the identical molecular weight and PDI value.

Keywords: crystallization, kinetics, differential scanning calorimetry (DSC), poly(L-lactide),
poly(é-caprolactone), biodegradable polymer

1. INTRODUCTION

Poly(g-caprolactone) (PCL) and poly
(L-lactide) (PLL), the biodegradable and
biocompatible polymers, are widely used in
biomedical applications and packaging
materials [1-2]. They have been approved
by food and drug administration (FDA) as a
safe substance that can be used in the
human body since their products from

degradation were nontoxic [3-4]. PCL and
PLL are generally prepared by ring-opening
polymerization (ROP) of &-caprolactone
(e-CL) and L-lactide (LL), respectively using
metal alkoxide initiators [4-5]. It is important
to understand the crystallization behavior
of these polymers because it affects
various properties of polymers such as the
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bioresorption, degradation rate, physical and
mechanical properties [6-9]. For example,
Glauser and co-workers [7] studied the effect
of crystallinity on the deformation mechanism
and bulk mechanical properties of PLL.
They found that amorphous PLL deformed
through crazing in the dry, wet and degraded
states. Tsuji and lkada [9] reported the
properties of pure PLL membrane at several
temperatures. They found that the property
of PLL membrane depended strongly on the
crystallinity. Moreover, the stress and modulus
increased with increasing crystallinity but
tension decreased. Therefore, understanding
of the crystallization kinetics is necessary
for identifying crystallization behavior of
polymeric materials since the obtained
kinetic parameters can provide the factors
that affect properties of polymer such as
crystalline melting temperature (T ), heat of
melting (AH ), and %crystallinity, which are
important for processing conditions [9-10].
The crystallization kinetics of PCL and PLL
has been reported in the literatures [8-15].
However, to the best of our knowledge,
there are no reports about the comparison
of the crystallization behavior of PCL and
PLL with the identical molecular weight
and polydispersity index. In order to
understand the kinetics of the crystallization
of PCL and PLL, the differential scanning
calorimetry (DSC) is employed to determine
the liberated heat from crystallization
process [12-13]. By analyzing the data
collected from DSC, the kinetic parameters
of crystallization process such as the
crystallization rate (dX(T)/d?), rate constant
of crystallization (K(1)) and activation energy
(E) can be obtained. We also describe the
mechanism of non-isothermal crystallizations
of PCL and PLL using Avrami, Ozawa
and Liu models. The results obtained from
all models will be compared and discussed.
Finally, the dependency of E with relative
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crystallinity (X(T1)) is investigated by Friedman
isoconversional method.

2. MATERIALS AND METHODS
2.1 Materials Preparation

PCL (number average molecular weight
(M) = 1.8x10*and polydispersity index (PDI)
= 1.83) and PLL ( = 1.8x10* and PDI = 1.89)
were synthesized from ROP of purified
€-CL (Acros Organics, 99.0%) and LL
(synthesized from L-lactic acid (Grand
Chemical Far East, 88.0%)) using the
method described in our previous work [10].
The chemical structures of PCL and PLL
are illustrated in Figure 1.
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Figure 1. The chemical structures of PCL and
PLL.

2.2 DSC Measurements

For crystallization kinetic studies
employing Perkin Elmer DSC-7 differential
scanning calorimeter, approximately 3 mg of
PCL and PLL were weighed into aluminum
pan and then hermetically sealed. For PCL
crystallization, the samples were firstly
heated from 20.0 °C to 80.0 °C at heating
rate of 10.0 °C.min"and held at 80.0 °C for
3 minutes to remove all thermal histories.
After that, the molten PCL was cooled
from 80.0 °C to 20.0 °C at the cooling rates
of 5.0,7.5,10.0 and 12.5 °C.min’". In the case
of PLL, the samples were heated from
20.0 °C to 200.0 °C at heating rate of
10.0 °C.min'and held at 200.0 °C for
3 minutes similar to PCL. Then, the PLL at
melt state was cooled from 200.0 °C to
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20.0 °C at the cooling rates of 5.0, 7.5, 10.0
and 12.5 °C.min"". Finally, the crystallized
PCL and PLL were heated from 20.0 °C to
80.0 and 200.0 °C, respectively, at heating
rate of 10.0 °C.min! to determine the
crystalline melting temperature (1) and heat
of melting (AH ).

3. RESULTS AND DISCUSSION
3.1 Non-isothermal Crystallizations of
PCL and PLL

In this work, we used PCL and PLL
with the same molecular weight and PDI
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values to reduce the variation on the kinetic
parameters calculation because the molecular
weight of polymer dictates the crystallization
rate as reported in literatures [6]. The non-
isothermal DSC curves for the crystallization
of the molten PCL and PLL at different
cooling rates are displayed in Figure 2.
It can be seen that the crystallization exotherms
shift to lower temperature range and
become wider as cooling rate increases.
These generally occur for the crystallization
of pure polymers or polymer blends [8, 10,
11-13].
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Figure 2. Non-isothermal DSC curves for PCL (a) and PLL (b) crystallizations at the cooling

rates of 5, 7.5, 10 and 12.5 °C.min"".

From the released heat during
crystallization, the relative crystallinity (X(1))

can be determined from Equation (1) [8].

e [ W )dT M

d

To

where X(T) is the temperature dependence
relative crystallinity and dH is the measurable
heat released from crystallization for
infinitesimal range of temperature (dT).
Plots of X(T) against temperature and time
for PCL and PLL crystallizations are illustrated
in Figure 3. Under non-isothermal condition,

the crystallization time must be normalized
by cooling rate before comparing the
crystallization of polymers [17].

From Figure 3 (a, ¢), it is found that at
the highest cooling rate, the X(T) reaches 1
at the lowest temperature compared to
those of lower cooling rates [8]. When X(T)
is plotted against time shown in Figure 3
(b, d), at the higher cooling rate, the X(T)
approached 1 faster than those of lower
cooling rates due to the fast crystallization of
PCL and PLL. The plots of both systems
show sigmoid shape indicating the fast
crystallization of primary stage and the slower
of secondary stage which are the fact of the
nucleation and growth of polymer crystal [18].
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Figure 3. Plots of X(T) against crystallization temperature and time for PCL (a, b) and PLL
(c, d) crystallizations at the cooling rates of 5, 7.5, 10 and 12.5 °C.min".

To investigate the influence of cooling
rate on the values of T and AH_ of the
crystallized PCL and PLL, the DSC melting
curves for PCL and PLL displayed in
Figure 4(a) and 4(b) are utilized. After the
second heating, the PCL melting curves
show only one peak but PLL exhibit two
peaks which may be corresponded to the
different crystal sizes of PLL suggesting the
self-nucleation of short PLL chains. Moreover,
the second heating DSC curves do not show
the cold crystallization exotherms indicate
that the PCL and PLL are fully crystallized
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from melt state under the condition used in
this work. The results show the values of
T of PCL and PLL around 50-60 °C and
140-170 °C, respectively. Furthermore, the
values of AH_ obtained from both polymers
(PCL = 64.5-74.7 J/g and PLL = 43.0-59.2
J/g) seem to decrease with increasing
of cooling rate. The mechanism of non-
isothermal crystallization of PCL and PLL
can be described using Avrami, Ozawa
and Liu models. The results obtained from
all models will be compared and discussed

as follow.
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Figure 4. The DSC melting curves for PCL (a) and PLL (b) cooled down with the cooling
rates of 5.0 (A, E), 7.5 (B, F), 10.0 (C, G) and 12.5 (D, H) °C.min".
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Avrami Model

Concerning about crystallization
mechanism, Avrami model as shown in
Equation (2) is used to determine the Avrami
exponent (#), which can describe the
crystallization mechanism as reported in
literatures |8, 19].

In(-In(1-X(1))) = nlnz+ InK(T) 2
where # is the Avrami exponent and K(1)
is the crystallization rate constant in the
non-isothermal crystallization process. For
non-isothermal condition, the logarithmic
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of K(T) is divided by cooling rate (A1) shown
in Equation (3), where K is the modified
crystallization rate constant [20]. From the
Equation (3), the half life of crystallization

(t,,, = (n2/K)"")) can be calculated.

logK(D

logK = ©)
The plots of In(-In(1-X(1)) against Inz are
shown in Figure 5. In order to determine the
Avrami exponent (), the X(T) values (%X(T)
< 60%) from the primary crystallization stage
of PCL and PLL for all heating rates are
utilized [21].
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Figure 5. Plots of In(-In(1-X(1)) against In# for the whole crystallizations of PCL and PLL
(a, ¢) and plots of In(-In(1-X(1)) against In7 for the early stage of crystallizations of PCL and

PLL (b, d).

The obtained kinetic parameters: the heat
of crystallization (AH ), the onset temperature
of crystallization (T)), the Avrami exponent
(n), the crystallization rate constant (K(1)) and
the half life of crystallization (7,,))
summarized in Table 1. The values of #

are

decrease as the cooling rate increases whereas

K(T) is found to increase as the cooling rate
increases, that causes the decreasing of the
time required for 50% of crystallization is
reached. By considering K(1), it is found that
the values of K(T) of PCL crystallization are
higher than PLL suggesting the higher
crystallization rate of PCL.
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Table 1. The obtained Avrami kinetic parameters from non-isothermal crystallizations of
PCL and PLL at the cooling rates of 5.0, 7.5, 10.0 and 12.5 °C.min".

Samples A AH. T, n K(T) t,
CCmin’) (g €O (x10%)  (min)

PCL 5.0 74.1 43.7 9.1 3.9 1.01
7.5 74.9 42.7 8.3 68.0 0.98

10.0 75.6 39.5 5.9 405.0 0.93

12.5 66.6 38.3 5.9 9280.0 0.93

PLL 5.0 48.4 124.1 8.4 1.9 1.24
7.5 32.2 116.1 3.6 81.0 0.99

10.0 49.5 112.1 3.0 223.0 0.93

12.5 28.7 110.2 3.3 472.0 0.91

For PCL crystallization, the high values
of n (> 4) are obtained implying that the
crystallization mechanism starts with a
nucleation process and follows by complex
three dimensional growths similar to literatures
[8, 21]. The values of # > 4 may be caused by
an increasing of the rate of nucleation
indicating the different growth mechanisms
occur throughout the crystallization process
of PCL. Furthermore, the Avrami plots for
PCL crystallization at high relative crystallinity
(> 80%) deviate from a linear behavior as
shown in Figure 5(a). This deviation is caused
by a slower crystallization rate occurring in
the secondary crystallization stage of PCL.
The decreasing of crystallization rate may be
caused by the change of the crystallization
mechanism. In the case of PLL crystallization
shown in Table 1, the determined # value
at low cooling rate of 5 °C.min" was 8.4
indicating the complex three dimensional
growths of PLL crystal similar to PCL.

The PCL and PLL crystallizations from
the melt state under non-isothermal condition
to the crystalline state can be explained by
the simple model as illustrated in Figure 6.
At melt state (I'> T ), the PCL and PLL
chains are in the amorphous phase due to
the high energy, free volume, chain mobility,
chain rotation, e¢#c. These cause them not able

to orient and rearrange themselves to form
the crystal structure. After removing of all
thermal history at melt state, PCL. and PLL
are cooled down (T'< T ) to induce the
crystallization. At this stage, PCL and PLL
chains have lower energy that causes the
decreasing of chain mobility and free volume
between chains. Then, the nucleation is
occurred by some parts of chains are oriented
to crystalline phase with high chain order.
After the nucleation process, the PCL and PLL
crystal growth by the more connected and
ordered chains at crystalline region. Finally, the
three dimensional growths of PCL and PLL
are formed.

Melt state Solid state
N Cooled
s - .
= \ﬁi s Amorphous @
-
& ﬁ \ .

Unoriented chains
Nucleation

s Nucleus
(Crystal)

T>T,

Oriented chains

Three dimensional growth
Figure 6. The crystallizations of PCL and

PLL with nucleation and growth mechanism
under non-isothermal condition.
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Ozawa Model

The Ozawa model is the alternative
approach to describe the crystallization
mechanism of polymeric materials based on
Avrami theory. Ozawa modified Avrami
equation to explain the non-isothermal
crystallization for a molten polymer sample
cooled at a constant cooling rate as shown in
Equation (4) [22].

1-X(T) = exp| - |

O]
where 7 is the Ozawa exponent which
depends on the dimensions of the crystal
growth. K(T)is the crystallization rate constant.
The validity of Ozawa method can be

20

RSN
. \\§§

(a)

In-In{1-X(T))

-8.04
——37°C =—%—36°C —»—35°C ——34°C
—4—33°C —v—32°C —4—31°C —e—30°C
-10.0 r T T T
1.50 1.75 2.00 2.25 2.50 275

Ini

335

determined from the linearity of double
logarithmic plots of In(-ln(1-X(T))) against
InA as shown in Figure 7. The results show
that this model fails to describe the
crystallization of PCL due to the nonlinear
plots as shown in Figure 7(a) [11]. However,
the Ozawa plots for PLL crystallization at
100-109 °C showed a good linear correlation
(R* > 0.97) suggesting that this model is
satisfied to describe the non-isothermal
crystallization of PLL. The average » value
for PLL crystallization about 4 indicates
the crystallization mechanism is complex
three dimensional growths similar to Avrami

analysis.
4
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Figure 7. Plots of In(-In(1-X(T))) against InA based on Ozawa model for non-isothermal

crystallizations of PCL (a) and PLL (b).

Liu Model

The better model for describing the non-
isothermal crystallization of polymeric
materials is Liu model [23]. Liu and co-
workers combine the Avrami and Ozawa
equations with the assumption that the degree
of crystallinity is corrected to A and
temperature (or time). The combined Avrami
and Ozawa equations are shown in the

following equation.
InA = InF(T) - alns 5)

where the parameter F(T) = (&(T)/K)V/™ is

the necessary value of A to reach a defined
degree of crystallinity at unit crystallization
time and o is the ratio of Avrami (7) and
Ozawa exponents (), where & = n/m.
According to Equation (5), at a constant
X, the plots of InA against In# for PCL and
PLL crystallizations (Figure 8) show a good
linear behavior with R?*> 0.95 and 0.97,
respectively. This indicates that Liu model
can well describe the non-isothermal
crystallization of PCL and PLL. The values
of acand (1) are determined from the slope
and intercept of these plots, respectively and
summarized in Table 2.
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Figure 8. Plots of InA against In# based on Liu model for non-isothermal crystallizations of

PCL (a) and PLL (b).

The results show the increasing of o
and F(T) with X similar to literature [11].
The increasing of F(I) for both polymers
indicating the higher cooling rates are needed
to achieve high crystallinity at the same time.
Moreover, the higher F(T) values of PLL

than PCL suggest that the crystallization
rate of PLL is lower than PCL [24].
Furthermore, the data obtained from Liu
model will be supported by the values of
activation energy (E ) determined from
Friedman isoconversional method.

Table 2. The non-isothermal crystallization kinetics parameters of PCL and PLL obtained

from Liu model.

X, PCL PLL
(04 F(T) R? o F(T) R?
0.1 0.732 7.105 0950 0.592 8.832 0.968
0.2 0.762 7.548 0953 0.659 10087 0.966
0.3 0.783 7.883 0.952 0.716 11177 0.967
0.4 0.772 8143 0957 0.766 12275 0.974
0.5 0.816 8.511 0952 0.809 13351 0.982
0.6 0.827 8814 0.952 0.861 14.699 0.989
0.7 0.841 9.187 0953 0.924 16585 0.996
0.8 0.857 9.659 0950 0.972 18681 0.999
0.9 0.882 10375 0.950 1.061 22667 0.996

Activation Energy Determination by
Friedman Isoconversional Method
From the obtained non-isothermal
kinetics data, the dependency of E with X(T)
is determined using the well known Friedman
isoconversional method [11, 25]. This method
employs the relationship of the natural
logarithm of reaction rate, In(da/d4), as a
function of the reciprocal temperature to
provide the E for each fraction of conversion

() as shown in Equation ().

E
o
RT

In () = In(Af (@) - ©)
where A is the frequency factor and f0) is
the function of conversion. Therefore, E
can be simply obtained from the slope of
the plot of -In(de/d7) against 1000/T.
The dependency of E with X(T) are
illustrated in Figure 9. The results show the
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higher values of E_(less negative) for
PLL crystallization indicating the lower
crystallization rate than PCL. This lower
crystallization rate of PLL is caused by the
steric effect of methyl (CH,) side group of
PLL chain that reduces the chain connection.
The results from Friedman isoconversional
analysis are similar to the results obtained
from Avrami and Liu models

-80
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95
-100
-105 -
-110 4
1151
-120
-125

-130 T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 10

X(m)

Figure 9. Plots of E against X(T) for PCL
and PLL crystallizations obtained from

E, (kJ/mol)

Friedman isoconversional methods.

4. CONCLUSIONS

The PCL and PLIL with identical
molecular weight (M = 1.8X10%) were
successfully synthesized using the ROP of
&-CL and LL, respectively. The crystallization
kinetics of PCL and PLL was investigated
by non-isothermal DSC technique and
the crystallization mechanism was analyzed
by Avrami, Ozawa and Liu models. These
three models are suitable to describe
the crystallization kinetic of PLL, however
the Ozawa model fails to describe the
crystallization kinetic of PCL. The obtained
results from three models suggest that the
mechanisms of PCL and PLL crystallizations
under non-isothermal condition are nucleation
process with complex three dimensional
growths. Moreover, the E values obtained
by Friedman isoconversional method for
PCL crystallization are lower than those of

337

PLL crystallization. Furthermore, the average
E values for PCL and PLL crystallization
are -100 and -85 kJ/mol, respectively. The
results from this work may be useful for
other systems such as copolymers or polymer
blends of PCL and PLL.
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