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ABSTRACT: The kinetics of polymerization of �-caprolac-
tone (CL) in bulk was studied by irradiating with micro-
wave of 350 W and frequency of 2.45 GHz with different
cycle-heating periods (30–50 s). The molecular weight dis-
tributions were determined as a function of reaction time by
gel permeation chromatography. Because the temperature of
the system continuously varied with reaction time, a model
based on continuous distribution kinetics with time/tem-
perature-dependent rate coefficients was proposed. To
quantify the effect of microwave on polymerization, exper-
iments were conducted under thermal heating. The poly-
merization was also investigated with thermal and micro-

wave heating in the presence of zinc catalyst. The activation
energies determined from temperature-dependent rate coef-
ficients for pure thermal heating, thermally aided catalytic
polymerization, and microwave-aided catalytic polymeriza-
tion were 24.3, 13.4, and 5.7 kcal/mol, respectively. This
indicates that microwaves increase the polymerization rate
by lowering the activation energy. © 2003 Wiley Periodicals,
Inc. J Appl Polym Sci 91: 1450–1456, 2004
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INTRODUCTION

Microwave radiation may be used as an alternative to
thermal polymerization processes.1 The advantages of
microwaves are increased rate of production, im-
proved product characteristics, uniform processing,
less floor area, and convenience and controllability of
the processes.2 There are reports3–6 that show similar
kinetics under both microwave and thermal methods,
indicating that microwave does not alter the reaction
products observed in conventional heating but up to
threefold increase in magnitude.

However, some controversy surrounding the mech-
anism of microwave-aided processes still exists. There
are reports that show no enhancement in reaction rate
under both microwave and thermal methods at com-
parable temperatures,7–9 suggesting simple dielectric
heating of materials. Other investigations, however,
show enhancement in reaction rates using microwave
radiation over thermal method,10–13 indicating a spe-
cific microwave effect rather than dielectric heating.
Microwaves are also found to increase the overall
diffusion rate of mass transfer limited process and
decrease the activation energy for diffusion.14 The in-
creased reaction rates are attributed to improved
transport properties.14,15 Superior morphological be-
haviors have been reported for microwave-cured ep-

oxy resins.16,17 In addition, microwave was also found
to increase the selectivity of the product in some
Diels–Alder reactions,18 cracking of solvents,19 and
dry organic dry reactions.20 Microwave heating has
been proven to enhance the rate of polymerization,
especially in the case of polar materials.21 Whitaker
and Mingos22 reported a review on the influence of
microwave energy on organic reactions.

Poly(�-caprolactone) (PCL) continues to be the focus
of increasing attention for applications in the biomed-
ical field such as biodegradable sutures, artificial
skins, and implantable carriers for drug delivery sys-
tems.23 It also serves as an alternative for packing
materials because of its interesting properties such as
nontoxicity, biodegradability, biocompatibility, and
miscibility with other polymers.24,25

PCL can be synthesized by various methods such as
enzymatic synthesis,26 step condensation polymeriza-
tion,27 monomer insertion mechanisms,28 activated
monomer mechanism,29 and by use of alkoxides.30–32

The various catalysts used for catalytic polymerization
of �-caprolactone are zinc,23 tin,33 aluminum,34 alkali
metals,35 early transition metals and rare earth ha-
lides,34,36 and organo-lanthanide series.37 However,
high molecular weights are obtained by using coordi-
nate catalysts.34,36

From the biomedical viewpoint, extremely high pu-
rity of PCL is required especially without any toxic
compounds. Ring-opening polymerization (ROP) of
�-caprolactone in supercritical CO2 is reported to be
pollution-free mode of PCL preparation.38 Recently,
microwave-assisted ROP of �-caprolactone has been
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reported.39 Zinc is an oligoelement, which can be
present in the human body at a level of 1.36–2.32 g.40

In this aspect, even if zinc residue is left in the poly-
meric material, it can be conveniently applied for bio-
medical applications.23

The zinc-aided polymerization is purely catalytic
and heterogeneous and thus the downstream process-
ing for the separation of zinc from polymer is rela-
tively easy. This also does not impose any limitation
on the upper limit on the usage of the catalyst loading
because it can be separated. However, the method of
synthesizing PCL by ROP using zinc is fairly new
(apart from a recent study demonstrating the use of
zinc as a catalyst for PCL synthesis39) and results of
kinetic investigations with continuous distribution ki-
netics are presented here.

In the present investigation, the kinetics of zinc-
catalyzed polymerization of �-caprolactone under mi-
crowave heating was studied. To quantify the effect of
microwave on polymerization, catalytic experiments
were conducted under thermal heating. Pure conden-
sation polymerizations under both thermal and micro-
wave heating were carried out to quantify the catalytic
effect. The activation energies were determined from
temperature-dependent rate coefficients for pure ther-
mal heating, thermally aided catalytic polymerization,
and microwave-aided catalytic polymerization.

EXPERIMENTAL

Catalyst characterization

Analytical-grade zinc (S. D. Fine Chemicals, Mumbai,
India) was used for the present investigation. Before
use, zinc was heated at 250°C for 3–4 h in air for
activation. X-ray diffraction (XRD) pattern of Zn was
recorded using a Seimens (D-5005, Bruker-AXS, Mad-

ison, WI) diffractometer using Cu–K� radiation with a
scan rate of 2°/min and is given in Figure 1. There was
no change in the zinc structure during reaction and
thus the XRD pattern was unaltered because of the
reaction.

Polymerization experiments

CL (Aldrich Chemical, Milwaukee, WI) was dried
over calcium hydride (CaH2) for 2 days at room tem-
perature and vacuum distilled just before use. A
monomer of 50 mL volume was placed exactly below
the magnetron in a top-heated microwave oven (350
W, 2.45 GHz; Essentia, India). The heating cycle times
(th) were varied from 30 to 50 s. The cyclic operation
with period of � s consisted of heating the reactants for
a set cycle time of th and cooling in an ice-cooled water
bath maintained at 20°C for 60 s (tc). Each sample was
irradiated for 50 cycles (� � th � tc). For example, the
total reaction time for 40-s heating cycle is 5000 s with
2000 s of microwave heating time. The temperature
gradient in the solution is negligibly small at low
heating cycle times (� 100 s) because of natural con-
vection of fluid in top-heated microwave ovens.41

During heating, viscosity of the polymer increases
because of polymerization. Thus the exponential ris-
ing and linear falling ramps constitute the tempera-
ture profile as shown in Figure 2. The time evolution
of molecular weight distribution was obtained by gel
permeation chromatography (GPC) with THF as
eluent at the rate of 1 mL/min. The details of the GPC
are presented elsewhere.42 All experiments were con-
ducted in triplicate sets and the rate coefficients deter-
mined had less than 2% SD. Thermal experiments
were carried out in a two-neck 100-mL flask by a
heating mantle controlled with a PID controller
(�2°C) with constant stirring to the required temper-
ature; the calculated amount of zinc was then added to
the reaction mixture. The range of temperatures inves-

Figure 1 XRD pattern of the catalyst zinc used for the
polymerization reaction.

Figure 2 Temperature variation during the heating and
falling periods of the microwave cycle.
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tigated was 150 to 230°C. Samples of 0.5 mL were
collected at regular intervals for GPC analysis.

THEORETICAL MODELS

Model for thermal heating

Continuous distribution kinetics provides a straight-
forward technique to determine the molecular weight
dynamics (MWD). The polymer P(x) of molecular
weight x has the distribution p(x, t) by assuming that
x is a continuous variable. The MWD is defined in
such a way that p(x, t) dx is the amount of polymer
present at any time between the size interval of (x, x
� dx). Because the range of polymerization was lim-
ited below a ceiling temperature of above 250°C, the
degradation rates were not significant. The general
polymerization reaction to form a polymer of molec-
ular weight x is given as follows:

P�x�� � P�x � x��O¡
k�a�x�,x�x��

P�x� (A)

The polymer of molecular weight x can disappear by
the reaction with any species such as monomer or any
polymeric species. The generalized reaction can be
written for the disappearance step of the polymer as
follows:

P�x�� � P�x�O¡
k�a�x,x��

P�x � x�� (B)

the population balance for P(x) based on reactions (A)
and (B) is

�p�x, t�
�t � �2p�x, t� �

0

	

k�a�x, x��p�x�, t� dx�

� �
0

x

k�a�x�, x � x��p�x�, t�p�x � x�, t� dx� (1)

The factor 2 in the disappearance term of eq. (1) is to
satisfy the conservation of mass during the reaction.
The polymerization rate coefficients are shown to be
dependent on the molecular weight of the reaction
constituent.

In practice, however, all the active species are
equally active by the equal reactivity condition

k�a�x, x�� � k�a�x�, x � x�� � ka (2)

Applying the moment operation p( j)(t) � 
0
	 xjp(x, t) dx

to eq. (1) results in

dp�j�

dt � �2kap�j�p�0� � ka �
i�0

j

jCip
�j�i�p�i� (3)

The molar (p(0))and mass (p(1)) concentrations are
represented by zeroth and first moment and are ob-
tained by setting j � 0 and 1, respectively, in eq. (3).

dp�0�

dt � �ka�p�0��2 (4)

dp�1�

dt � 0 (5)

Using the invariant mass concentration as implied
from eq. (5), eq. (4) can be integrated using the initial
condition of p(0) (t � 0) � p0

(0) to

1
p0

�0� �
1

p�0� � �kat (6)

Rearranging the above equation in terms of molecular
weight results in

Mn

Mn0
� 1 �

kap0
�1�

Mn0
t � kt (7)

Equation (7) suggests that the plot of Mn/Mn0 against
t will result in a straight line with slope being the
overall rate coefficient.

Model for microwave heating

The temperature during the reaction continuously
varies with time; thus the direct moment solution
cannot be used as can be done for thermal heating. The
rising temperature profile measured experimentally
showed an exponential increase and the falling period
was assumed to be linear. The temperature profile
used was

T � �Tw � Tpeak�1 � exp��kht�� @t � �0, th�

Tpeak �
Tpeak � Tw

� � th
�t � th� @t � �th, �� (8)

where Tpeak is the maximum temperature reached
during the heating cycle, Tw is the ice-cooled water
bath temperature, th is time of microwave heating, � is
the total cycle time, and kh is the growth coefficient
(�0.06213 s�1). The MWD was obtained by simulta-
neously solving eqs. (1) and (8) numerically. The max-
imum temperatures obtained were measured experi-
mentally and are depicted in Figure 3. The actual
temperature dynamics during the microwave heating
and cooling for 40- and 50-s cycles are represented in
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Figure 4(a) and (b), respectively. The kinetic parame-
ters for polymerization can be found by the nonlinear
regression of the experimental data.

RESULTS AND DISCUSSION

Proton NMR analysis of the PCL obtained by the
zinc-aided polymerization of �-CL was recorded on a
Bruker AC-F 200 MHz spectrometer (Bruker Instru-
ments, Billerica, MA) in CDCl3 and chemical shifts
were measured in ppm with reference to tetramethyl
silane. The proton NMR spectrum of PCL showed
resonance signals at 1.4, 1.7, 2.3, and 4.1 ppm, which
were assigned to different methylene groups in the
PCL chain. This can also be exactly indexed to the PCL
synthesized by pure thermal route and standard poly-
mer (80,000 g/mol; Sigma Aldrich, St. Louis, MO) and
is consistent with the NMR analysis reported else-
where.39

The microwave-assisted catalytic polymerization of
�-caprolactone was investigated at different micro-
wave heating times ranging from 30 to 50 s. The
experiments were conducted with zinc concentrations
ranging from 0.5 to 5 kg/m3 by irradiating the reac-
tants for prescribed heating cycle time th, and then
cooling the reaction mixture in the ice-cooled water
bath for 60 s for 50 cycles. Figure 5 shows the effect of
amount of catalyst loading on the molecular weight of
the polymer formed when exposed to microwave for
20 cycles of the 50-s heating cycle. It can be seen from
the figure that the increase in the molecular weight
beyond 5 kg/m3 is small and thus in the present study
the zinc concentration of 5 kg/m3 was used as the
optimal concentration. The maximum conversion
achieved in the present study was 42% and the poly-

dispersity increased from a monodisperse distribution
of monomers (with polydispersity of 1.0) to the poly-
disperse polymer with saturation polydispersity rang-
ing from 1.5 to 1.9 depending on the heating cycles.

To study the self-polymerization behavior of �-cap-
rolactone, only monomer was heated in the micro-
wave for different heating cycles of 30 to 50 s with 20
cycles each (Fig. 6). It further implies that the rate of
polymerization in the absence of initiator or catalyst is
considerably less. The molecular weight dynamics
during the microwave heating of zinc-catalyzed poly-
merization for 40- and 50-s cycles for the nonlinearly
regressed experimental parameters is shown in Figure
7(a) and (b), respectively. The curves were obtained as
theoretical values obtained from the parameters deter-

Figure 3 Maximum temperature profile for microwave
heating along the number of cycles for f 40-s cycle, F 50-s
cycle.

Figure 4 (a) Temperature variation during the microwave
heating along the number of cycles for 40-s heating cycle. (b)
Temperature variation during the microwave heating along
the number of cycles for 50-s heating cycle.
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mined from the experimental data by nonlinear re-
gression. This curve essentially represents the solution
of eq. (1) with a temperature constraint imposed by eq.
(8). It can be seen from the figure that molecular
weight increases in steps. The steep rise in the molec-
ular weight corresponds to the heating period where
the rates are higher as the temperature increases. The
saturating or horizontal portion is attributed to the
cooling period where the rates descend as the temper-
ature is decreasing. These two steps constitute a com-
plete heating and cooling cycle.

Figure 8 shows the experimental molecular weight
variation for the microwave-catalyzed reaction. The
solid lines are the model prediction obtained by using

the kinetic parameters obtained by using the nonlinear
regression as explained earlier. The agreement be-
tween the experimental and model predictions is sat-
isfactory. The activation energy obtained from the ex-
perimental data is 5.7 kcal/mol.

Thermally aided polymerizations were conducted un-
der both catalytic and noncatalytic conditions. These
reactions were carried out at constant temperatures us-
ing heating mantles under constant stirring controlled by
the PID controllers with temperature variation of �1°C.
The molecular weight variation was determined by an-
alyzing the samples at different reaction times. Figure 9
shows the variation of molecular weight distribution
with time of heating for the catalyzed reactions at vari-
ous temperatures (150–230°C). The rate coefficients were

Figure 5 Effect of different catalytic loading on the poly-
merization for caprolactone for 50-s cycle with 20 cycles
each.

Figure 6 Effect of cycle times for uncatalyzed microwave-
aided polymerization of 20 cycles each.

Figure 7 (a) Molecular weight dynamics during the micro-
wave heating for 40-s heating cycle. (b) Molecular weight
dynamics during the microwave heating for 50-s heating
cycle.
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determined from the slope of the plots. This plot shows
the validity of eq. (7) derived for isothermal reaction
cases. Figure 10 shows the variation of number-average
molecular weight with time for noncatalyzed reaction at
210 and 230°C. The rate coefficients were determined
from the slopes of lines. The monomer conversions were
determined at various times and followed a first-order
kinetics. This is also true in accordance with our assump-
tion made in eq. (1). The activation energies were deter-
mined from the Arrhenius plot of rate coefficients, as
shown in Figure 11. The activation energies for the cat-
alyzed and noncatalyzed reactions are 13.4 and 24.3

kcal/mol, respectively, which suggests that microwave-
assisted catalytic polymerization followed a low activa-
tion energy path compared to thermally aided processes.

CONCLUSIONS

The kinetics of polymerization of CL catalyzed by zinc
in bulk was studied under microwave irradiation. To
quantify the effect of microwave on polymerization,
catalytic experiments were conducted under thermal
heating. The effect of catalyst loading on polymeriza-
tion was also studied. Pure condensation polymeriza-
tions under both thermal and microwave heating were

Figure 8 Molecular weight variation of microwave-aided
catalyzed polymerization of caprolactone: f, 40-s heating; F,
50-s heating.

Figure 9 Variation of number-average molecular weight
for catalyzed reaction with thermal aid: f, 150°C; F 170°C; Œ
190°C; �, 210°C; �, 230°C.

Figure 10 Variation of number-average molecular weight
for pure condensation reaction with thermal aid: f, 210°C;
F, 230°C.

Figure 11 Arrhenius plot of thermally aided polymeriza-
tion for catalyzed and uncatalyzed reactions: f, uncata-
lyzed; F, catalyzed.
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done to quantify the catalytic effect. A model based on
continuous distribution kinetics with time/tempera-
ture-dependent and -independent rate coefficients
were proposed for microwave-aided and thermally
aided processes, respectively. The agreement between
experimental and model predictions was satisfactory.
The activation energies for pure thermal heating, ther-
mally aided catalytic polymerization, and microwave-
aided catalytic polymerization were 24.3, 13.4, and 5.7
kcal/mol, respectively.

The authors gratefully acknowledge financial support pro-
vided by the Department of Science and Technology.
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