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ABSTRACT: The crystallization behaviors of poly(p-diox-
anone) (PPDO) with different molecular weights (MWs)
have been studied using a differential scanning calorimetry.
The results showed that the MW of PPDO affects the crys-
tallization rate and crystallinity obviously during the dy-
namic crystallization process. The Avrami equation has been
used to analyze the overall isothermal crystallization of
PPDO. Avrami exponents ranging from 2 to 3 were obtained
with good fits (correlation coefficients were greater than

0.999 in all the cases) at Tc ranged from 55 to 75°C. Although
no significant influence of MW on Avrami exponent has
been found, the MW of PPDO plays dominant role on the
rate constant k. The values of k increase with the MW in a Tc
range from 55 to 75°C. © 2006 Wiley Periodicals, Inc. J Appl
Polym Sci 100: 2331–2335, 2006
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INTRODUCTION

Poly(p-dioxanone) {poly(1,4-dioxan-2-one), PPDO} is a
kind of material with outstanding biodegradability,
bioabsorbability, biocompatibility, and good flex-
ibility,1 and is well known as a good candidate for
medical use. In 1970s, PPDO has been applied to pro-
duce absorbable monofilament suture PDS by Ethicon
Inc. More applications in the medical field, such as
bone or tissue fixation device and drug delivery sys-
tem, were also reported frequently in the recent
years.2–7 Furthermore, PPDO also has great potential
for general uses such as films, molded products, lam-
inates, foams, nonwoven materials, adhesives, and
coatings.8 However, PPDO has not attracted interest
because the polymerization of the PPDO is not an easy
work. Until recently, more attention has been paid on
the synthesis of PPDO.9–14 The researches on proper-
ties and modification of PPDO begin to flourish.15–24

Our research group has synthesized a series of PPDO

with different molecular weights (MWs) that bring
great convenience for the further research of PPDO.

As a crystalline polyester, the crystallization behav-
ior of PPDO is a very important character, which
became the research focus in a short time. Sabino et
al.15 studied the crystallization and morphology of
PPDO suture (PDS), using polarized optical micros-
copy (PM) and differential scanning calorimetry
(DSC). The equilibrium melting point was determined
to be 127°C. The Avrami exponents were found to
range from 3 to 4 as isothermal crystallization temper-
ature increased from 50 to 100°C. Furthermore, And-
jelic et al.16 studied both isothermal crystallization and
nonisothermal crystallization of PDS and dyed PDS.
Pezzin et al.17 also used PDS as the object to study the
melt behavior, crystallinity, and morphology. The
equilibrium melting temperature was determined at
114°C. MW is one of the key factors, which not only
governed the thermodynamic and kinetic parameters
of polymer crystallization but also influenced the equi-
librium melting point, crystal thickness, crystallization
kinetics, degree of crystallinity, and crystalline mor-
phology. The aim of this article is to deal with this
issue by using PPDO with different MWs synthesized
via the same method in our laboratory.

EXPERIMENTAL

Materials

PPDO was synthesized by bulk polymerization of p-
dioxanone (PDO), which was provided by the Center
for Degradable and Flame-Retardant Polymeric Mate-
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rials (Chengdu, China) and was dried before use.
Ring-opening polymerization of p-dioxanone was per-
formed with magnetic stirring in flame-dried glass
reactors. The reactors were evacuated and purged
with argon several times prior to addition of PDO and
stannous octoate catalyst solution with a syringe (the
mole ratio of PDO monomer and stannous octoate is
15,000:1). Then, the reactors were immersed into a
silicone oil bath kept at 80°C for predetermined inter-
vals. The reactors were rapidly cooled down to room
temperature, and the products were purified by pre-
cipitation from the phenol/1,1,2,2-tetrachloroethane
(2 : 3 w/w) solution with methanol and dried under
vacuum to a constant weight.

As the conventional solvents such as chloroform,
tetrahydrofuran, and toluene used in GPC measure-
ments cannot resolve PPDO with high MWs, only the
viscosity-average MWs of the resulting polymers were
measured in phenol/1,1,2,2-tetrachloroethane (2 : 3
w/w) solution using an Ubbelohde viscosimeter ther-
mostated at 25°C. The MWs of PPDO can be calculated
from the intrinsic viscosity [�] according to Mark-
Houwink equation ��� � � KM� �

�� , where � � 0.63 and K
� 79 � 10�3 cm3/g (Table I).15 Therefore, the infor-
mation of MW distribution cannot be supplied in the
present work.

Differential scanning calorimetry

Dynamic crystallization of PPDO

Thermal analysis was performed with a SEIKO EX-
STAR60000 DSC. Samples were first heated to 140°C
for 5 min to erase all previous thermal history, then
were cooled to �50°C at rate of 10°C/min, and then
were heated to 140°C at the same rate. Both the cooling
scan and heating scan have been recorded for the
analysis.

Isothermal crystallization of PPDO

Samples were first heated to 140°C for 5 min to erase
all previous thermal history and were then quenched
at a rate of 80°C/min to the required isothermal crys-
tallization temperature (Tc). The sample was held at Tc

for enough time to develop the maximum possible
crystallinity degree.

RESULTS AND DISCUSSION

Dynamic crystallization of PPDO

Figures 1 and 2 illustrate the cooling and heating scan
of PPDO with different MWs. The relevant data de-
rived from Figures 1 and 2 were tabulated in Table II.
After the same scanning procedure, the five PPDO
samples showed different results. PPDO-1 and
PPDO-5, the samples with highest MW and lowest
MW, developed the fully possible crystallinity during
cooling scan (Fig. 1), and no crystallization behavior
has been found in the following heating scan (Fig. 2).
The absolute crystallinities of PPDO-1 and PPDO-5
were 40.0 and 43.5%, respectively, (Table II). (The heat
of fusion �Hm

0 for 100% crystalline PPDO has been
determined by Wunderlich and coworkers25 as
14.4kJ/mol). Otherwise, the rest of the three samples
exhibited different behaviors: the endothermal peaks
appeared both in cooling scan and heating scan in the
curves of PPDO-2, PPDO-3, and PPDO-4. To differen-
tiate the crystallization proportion in the first and
second scans, we introduced the conception of relative
crystallinity and deemed the total crystallization after
the whole scan procedure as 100%. The data derived
of all the samples are listed in Table II. In detail, the
relative crystallinities were 100, 71.3, 30.6, 87.5, and
100% in the cooling scan and 0, 28.7, 69.4, 12.5, and 0%
in the heating scan for PPDO-1, PPDO-2, PPD0–3,
PPDO-4, and PPDO-5, respectively.

TABLE I
Viscosity Average Molecular Weight of PPDO Samples

Sample M� v
a (104 g/mol)

PPDO-1 18.78
PPDO-2 8.54
PPDO-3 4.77
PPDO-4 2.20
PPDO-5 0.27

a M� v was calculated from Mark-Houwink equation [�]
� KM� v

�, where � � 0.63 and K � 79 � 10�3 cm3/g.15

Figure 1 DSC cooling scan of PPDO with different inherent
viscosity at 10°C/min after erasing thermal history at 140°C
for 5 min.
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It is well known that there are two key factors that
control the overall crystallization rate, one is the nu-
cleation and the other is the crystal.26,27 The MW of
polymer affects these two factors on significant level.
The nucleation of polymer has been found to be an
increasing function of the MW of polymer, but the
crystal varies with MW in an opposite way.28 Further-
more, both these factors are temperature-dependent.
Nucleation is a decreasing function of temperature;
however, crystal is an increasing function of temper-

ature.27,28 Moreover, the crystallization of PPDO sam-
ples was a dynamic process in this case, and so the
scanning procedure (first the cooling scan, followed
by heating scan) and the scanning rate will also influ-
ence the crystallization behavior. The former deter-
mined the crystallization process of all PPDO samples,
which should begin with a temperature-dropping pro-
cess and then a temperature-rising process; the latter
determined the interval of time, in which the samples
stay in a suitable crystallization temperature range.
The combination of all those factors may result in the
aforementioned crystallization behaviors of PPDO.

The effect of MW acted not only on the crystalliza-
tion behavior but also on the glass transition temper-
ature (Tg) to a certain extent. In very low MW range, Tg

is an increasing function of MW, but the MW of poly-
mers will no longer affect Tg if it is higher than the
critical value. In this work, Tg of PPDO-1, PPDO-2,
and PPDO-3 with higher MW are very close, �16
through �14°C, but Tg of PPDO-4 with lower MW is
found at �24.8°C, much lower than the aforemen-
tioned three samples. Moreover, no glass transition
has been found in the programmed temperature range
of PPDO-5 due to its extremely low MW (Fig. 2). On
the other hand, the Tg transition also displayed some
information of crystallinity of PPDO. The glass tran-
sition of PPDO-2 was more obvious compared with
that of PPDO-1 (Fig. 2), which is related to the crys-
tallinity of those two samples. The absolute crystallin-
ity of PPDO-1 reached 40.0% (Table II) after the first
cooling scan, and the fraction of amorphous region is
about 60%. However, the absolute crystallinity of
PPDO-2 is 24.5% after the first cooling scan, and 75.5%
amorphous region in the sample is left. It is evident
that the fraction of amorphous region of PPDO-2 is
greater than that of PPDO-1, and therefore its glass
transition is more clear than PPDO-1. Similarly, this
phenomenon could be found in PPDO-3 and PPDO-4
(Fig. 2).

Figure 2 DSC heating scan of PPDO with different inher-
ent viscosity after the cooling scan shown in Figure 1.

TABLE II
Relevant Data Derived from Figures 1 and 2

PPDO-1 PPDO-2 PPDO-3 PPDO-4 PPDO-5

Tc1
Tc1 (°C) 46.1 46.0 45.0 22.9 40.3
�H (J/g) �56.46 �34.62 �14.84 �43.31 �61.46
Xc,r (%) 100 71.3 30.6 87.5 100

Tc2
Tc2 (°C) – 28.4 29.8 –
�H (J/g) – �13.92 �34.06 �6.16 –
Xc,r (%) 0 28.7 69.4 12.5 0
Xc,a (%) 40.0 34.4 34.6 35.0 43.5
Tg (°C) �16.4 �14.4 �16.3 �24.8 –
Tm (°C) 107.8 107.3 107.7 104.7 96.0

Xc,r, relative crystallinity; and Xc,a, absolute crystallinity.

CRYSTALLIZATION BEHAVIORS OF PPDO 2333



Isothermal crystallization of PPDO

In this case, three samples of PPDO with different
MW, PPDO-1, PPDO-2, and PPDO-4, have been cho-
sen to investigate the influence of the MW on the
kinetic parameters of PPDO crystallization. Isothermal
crystallization was carried out at five different tem-
peratures 55, 60, 65, 70, and 75°C, respectively. Figure
3 illustrates the typical plots of relative crystalline
fraction versus crystallization time for PPDO-1.
PPDO-2 and PPDO-4 have the same trend and is not
shown here. The figure showed that the higher Tc, the
longer crystallization time is needed in this tempera-
ture range. If t1/2 is used to express the time in which
50% crystalline has been finished, then �1/2 (�1/2
� (t1/2)�1) can be used to express the crystallization
rate.27,29 The calculated data manifest that the crystal-
lization rate is a decreasing function of Tc ranged from
55 to 75°C (Fig. 4). The influence of MW was also
evident. In most cases, the higher the MW of sample,
the faster is the crystallization rate. In detail, the val-
ues of �1/2 are 0.016, 0.012, and 0.0076 s�1 at 55°C for
PPDO-1, PPDO-2, and PPDO-4, respectively. In other
words, �1/2 of PPDO-1 is 1.33 time faster than PPDO-2
and 2.11 time than PPDO-4.

Avrami’s equation 26–27,29 has been utilized to ana-
lyze the isothermal crystallization data obtained by
DSC.

1 � X�t� � exp� � ktn�

where n is the Avrami exponent, k is the rate constant,
and X(t) is the relative crystalline fraction of the poly-
mer. The logarithmic form of it can be given as follows

log[�ln(1�X�t�)] � logk � n logt

From this equation, it is an easy work to obtain
values of n for various crystallization temperatures by
plotting log t against log[ � ln(1-X(t))].

Figure 5 shows typical isothermal Avrami plots for
PPDO-1. PPDO-2 and PPDO-4 have the same trend
and is not shown here. It is well known that Avrami
equation works well in the primary crystallization
range, and divergence appears when the secondary
crystallization occurs.15,26–27 On a significant level, the
value of n was found to be dependent on the conver-
sion degree range selected. In the present work, a
conversion range from 0 to 65% has been chosen, and
very good fits have been obtained. In detail, correla-
tion coefficients were greater than 0.999 in all the
cases. The values of n and k derived from the Avrami
analysis for the samples are tabulated in Table III.
Here, all values of n range from 2 to 3, and the mean
values of Avrami exponents for PPDO-1, PPDO-2, and
PPDO-4 are 2.34, 2.28, and 2.28, respectively. Appar-

Figure 3 Relative crystalline fraction versus time at differ-
ent isothermal crystallization temperature for PPDO-1.

Figure 4 �1/2 as a function of Tc.

Figure 5 Avrami curve for PPDO-1.
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ently, the MW of PPDO has no significant influence on
the values of Avrami exponent (Table III). In other
words, the spherulitic morphology of PPDO is inde-
pendent of the MW. Furthermore, it indicates the nu-
cleation growth of the PPDO samples in this condi-
tion, following a two-dimensional discs growth mech-
anism. Otherwise, all these three samples (PPDO-1,
PPDO-2, and PPDO-4) exhibited the same trend that is
the slight decrease in Avrami exponent with increase
of Tc. However, the influences of Tc or MW on the
values of k are distinct. In one hand, k is a decreasing
function of Tc ranged from 55 to 75°C for all samples
in most cases. In other hand, k is an increasing func-
tion of MW in most cases. It agrees quite well with the
results obtained earlier. In recent literature,16 Tmax of
PPDO at the maximum rate has been found at 45°C,
and so the Tc chosen in this case are greater than Tmax.
It is well known that the overall crystallization rate is
a decreasing function of Tc in this range.26 Further-
more, the growth rate of nucleation acts dominant role
of the overall crystallization rate in this range of Tc,
and the growth rate of nucleation increases with the
MW. Then, it is undoubting that the overall crystalli-
zation rate increases with the MW of PPDO.

CONCLUSIONS

The investigation in present work suggests that the
MW of PPDO plays a very important role not only in
dynamic crystallization process but also in isothermal
crystallization process. In dynamic crystallization pro-
cess of PPDO, the DSC curves vary with MW. The
MW of PPDO influences both crystallization growth
rate and the crystallinity.

The Avrami equation has been applied to analyze
the isothermal crystallization behavior. Avrami expo-
nents ranged from 2 to 3 were obtained with good fits
at Tc ranged from 55 to 75°C. Although no significant
influence of MW on Avrami exponent has been found,
the MW of PPDO plays dominant role on the rate
constant k. The values of k increase with the MW in a
Tc range between 55 and 75°C.
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TABLE III
Relevant Data of Avrami Curves for PPDO

Sample Tc (°C) k (s�n) n

PPDO-1 55 1.07 � 10�5 2.66
60 2.34 � 10�5 2.43
65 1.91 � 10�5 2.29
70 2.82 � 10�6 2.21
75 1.82 � 10�6 2.11

PPDO-2 55 1.48 � 10�5 2.42
60 1.02 � 10�5 2.32
65 2.57 � 10�6 2.35
70 2.08 � 10�6 2.15
75 2.69 � 10�7 2.16

PPDO-4 55 4.57 � 10�6 2.45
60 2.95 � 10�6 2.43
65 2.75 � 10�6 2.27
70 8.51 � 10�7 2.25
75 9.77 � 10�7 2.00
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