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ABSTRACT
Poly(ε-caprolactone) (PCL) is a biodegradable polymer that is very attractive because of its properties such as high
crystallinity, high permeability, and non-toxic. In this research, two series of bis(β-diketonato)zirconium (IV)
chloride have been synthesized to be performed as a catalyst in the ring-opening polymerization (ROP) of εcaprolactone (ε-CL). The polymerization reaction was performed at 100 °C by stirring the mixture in the oil bath for
4 hours. The results showed that the PCL has been successfully polymerized using bis(β-diketonato)zirconium (IV)
chloride catalysts complex and its molecular structure has been determined by Fourier Transform Infrared (FTIR),
Proton nuclear magnetic resonance (1HNMR), Carbon Nuclear Magnetic Resonance (13CNMR), X-ray Diffraction
(XRD), Differential Scanning Calorimetry (DSC), and Thermogravimetric Analysis (TGA). On the other hand, the
plausible reaction mechanism of the use of bis(β-diketonato)zirconium (IV) chloride catalyst in the ROP of ε-CL
was also proposed in this research.
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INTRODUCTION
Recent years, many researchers are interested in the synthesis of biodegradable polymers to reduce
environmental pollution as a result of the inability of microorganisms to degrade petroleum base
polymers.1-4 Unlike synthetic polymers, PCL is one of the biodegradable polymers that are easy to
decompose.5-6 PCL also has long term degradation so it’s widely used for drug delivery systems and longterm implant devices. In addition, PCL has other interesting properties such as high crystallinity5,
thermoplastic and mechanical properties that can be controlled5, biocompatibillity5-6, permeability, and
non-toxic materials. Hence, PCL has been adopted in various applications including packaging materials,
implants, surgical sutures, vascular grafts, composite5, reinforcing agent6, and bone screws.7-9
ROP of ε-CL is called living polymerization7 because as long as there is still a monomer, its reaction
occurs continuously. Because of that, this polymerization has been widely interesting for many
researchers for the last many years. They also have conducted ROP ε-CL by using modified Lewis acid
complex as a catalyst and initiators.7-15 They have employed some of the catalysts and initiators such as
nanoporous alumina membranes7, alkali metal salts8, bis-ligated magnesium complexes9, Ti Al-MCM4110, tetrakis (acetylacetonato)zirconium11, metanesulfonic acid12, aluminum complex13, zinc complex14,
and distannoxane.15 But, some of their catalysts performed have some weaknesses. For example, they
suffered from moisture and air. Then, they can also exposure to corrosive. In addition, they were difficult
to control the Lewis acidity at the metal center.
Moreover, the ROP of ε-CL has been performed by using the tetrakis(acetyletonato)zirconium (IV)
complex as a catalyst by another group research. Their catalysts have a similar β-diketonate ligand. But,
they have a different coordination number (CN=4). PCL that they produced only resulted in a low degree
of polymerization (DP) degree (DP = 8).11 It is expected that, this research can produce PCL which has a
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high degree of polymerization (DP>8) by using bis(β-diketonato)zirconium (IV) chloride catalysts. The
PCL which high DP will produce good mechanical properties such as high crystalline, high
decomposition temperature, and biocompatible.5-9
In this research, ROP of ε-CL will have been performed by using two series of bis(βdiketonato)zirconium (IV) chloride complex catalyst (CN=2) as a modified Lewis acid catalyst. This
complex is not corrosive, and also not moisture and air-sensitive based on the results of characterization
(FT-IR, 1H NMR, elemental analysis) and its reaction as depicted in scheme-1.16-17 Moreover, the
zirconium complex is easy to control the Lewis acidity at the metal center by changing the withdrawing
(phenyl) or donor electron character on the ligand (methyl).
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Scheme-1: Synthesis of bis(β-diketonates)zirconium (IV) chloride.16-17

EXPERIMENTAL
Material and Methods
This research was carried out at the Inorganic Laboratory, Universitas Negeri Medan. Zirconium
tetrachloride, β-diketonate ligands, and ε-CL were obtained from Merck. Perkin Elmer Life spectrometer
displayed the IR spectra while KBR pellets were used for the solid form in samples. 1H NMR and 13C
NMR (500 MHz) spectra were recorded on Agilent 500 spectrometer in CDCl3. X-ray powder
diffractions (XRD) were performed on an XRD-6100 Shimadzu diffractometer using Cu-Kα radiation.
The melting temperature and enthalpy melting were analyzed by differential scanning calorimetry (DSC60 Plus Series: SHIMADZU) at 10 °C/min which the heating is ranged between 40 °C and 550 °C. The
decomposition temperature was analyzed by thermogravimetry analysis (NETZSCH STA 449 F1 Jupiter)
at 10 °C/min which the heating is ranged between 40 °C and 550 °C.

Synthesis of Bis(β-diketonates)Zirconium (IV) Chloride
A mixture of zirconium tetrachloride (1 mmol), acetylacetone ligand (1a) (2.4 mmol), and benzene
solvent was stirred under an inert atmosphere at room temperature for 3 hours. After that, the mixture
which had been reacted was refluxed for 14 hours. Furthermore, the resulting mixture was cooled and
then left until the product precipitate forms whereas the filtrate are removed. Finally, the product was
washed using n-hexane and dried in vacuo to produce bis(acetylacetone)zirconium (IV) chloride (2a). The
same treatment was also done for the reaction using dibenzoylmethane (1b) ligand to produce
bis(dibenzoylmethane)zirconium (IV) chloride (2b).16-17

Ring-Opening Polymerization of ε-Caprolactone
Bis(β-diketonates)zirconium (IV) chloride (0.21 mmol) catalyst was dissolved in 5 mL methanol and put
into a schlenk flask. Then, methanol was evaporated by heating at 80 °C and drying in vacuo for 4 hours.
Furthermore, ε-CL monomer (44 mmol) and zirconium β-diketonate catalyst were mixed at room
temperature in the schlenk flask.
Polymerizations were heated at 100 °C for 4 h in the oil bath. The product was then slowly dissolved
using 30 mL chloroform and stirred using the sonication method for 30 minutes. After that, the product
was stirred for 2 hours until dissolved and then refluxed to produce a clear solution. Next, that solution
was precipitated using diethyl ether. Last, it is filtrated and dried in a vacuum pump to produce a white
polymeric solid. The resulting PCL was measured by using FT-IR, 1H NMR, XRD, TGA, and DSC.15
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Computational Method
PM3 semi-empirical method was carried out to optimize the complex and reactant structure which is
proved more accurate to calculate the geometries of zirconium complexes. Then, the geometry structure
was calculated and visualized using the HyperChem 8.0 program package which runs by a personal
computer with Windows 07 operating system.18-20 Furthermore, all energies were applied to the PolakRibiere minimization algorithm and were minimized to the RMS gradient of less than 0.1 kcal/ (A°
mol).11

RESULTS AND DISCUSSION
IR and 1H NMR Spectroscopies
The FT-IR spectra of two PCL obtained by using catalyst 2a – 2b as founded by other research groups are
shown in Figure-1.21 All FT-IR spectra showed CH2- asymmetric absorption and CH2- symmetrical
absorption group at 2949 cm-1 and at 2865 cm-1. Then, the absorption band at 1470 cm-1 is related to
asymmetric CH- from CH2- scissoring. While the absorption band at 732 cm-1 is related to the rocking
movements of methylene (CH-).
Furthermore, the characteristic absorption band at 1724 cm-1 is related to an ester group of PCL (C=O)
while the absorption band at 1248 cm-1 is related to a strain of C-O ester. Based on these FTIR spectra,
PCLs have been formed and the reaction is depicted in Scheme-2.

Fig-1: FTIR Spectra of PCL Generated by Catalyst 2a (PCL2a); PCL Generated by Catalyst 2b (PCL2b).
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Scheme-2: ROP of ε-CL using 2a – 2b Catalyst

HNMR spectra of PCL generated by catalyst 2a – 2b in CDCl3 solvent showed a similar 1HNMR pattern
as depicted in Fig.-2.
Based on the 1H NMR analysis as reported in the previous research22-23, the chemical shifts in the range of
3.95 - 4.12 ppm are related to -CH2 protons close to oxygen in ester bonds (Ha). While the chemical shifts
in the range of 2.23 - 2.37 ppm is related to -CH2 protons close to the carbonyl group (Hd). Last, the
chemical shifts in the range 1.61 - 1.73 ppm and around 1.30 - 1.47 ppm is related to -CH2 protons in the
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polymer center (Hb and Hc). Based on this 1H NMR result, ε-CL has been successfully polymerized in the
existence of catalyst 2a – 2b.
The degree of polymerization (DP) of PCL had also been calculated by using a comparison method
between the integration ratio of naphthalene (proton signal He and Hf) with PCL (Ha, Hb, Hc, Hd) in the 1H
NMR spectrum. According to this calculation, it can be seen that the DP of PCL obtained using catalyst
2b is 20.

Fig-2.1HNMR Spectra of the PCLs Obtained Using Catalyst 2a – 2b.

Fig-3: 13CNMR Spectra of the Obtained PCLs Using Catalyst 2a.

According to the 13C NMR analysis, as shown in Fig.-3, it can be seen that the chemical shift at 173.5
ppm is related to the carbon that is in the carbonyl group (-Ca), while the chemical shift in the range of
64.1 ppm is related to -CH2f close to oxygen in the bond ester. Subsequently, chemical shifts at 34.06 ppm
are related to -CH2b close to the carbonyl group. Last, chemical shifts at 28.29 ppm, 25.46 ppm, and
around 24.55 ppm are related to -CH2c,d,e at the polymer center. This result is in the almost similar
chemical shifts range as explained by previous work.21 Based on this 13C NMR result, ε-CL has been
successfully polymerized in the existence of catalyst 2a.

X-Ray Diffraction (XRD) Analysis
The characterization of the crystal and amorphous structure of PCL was conducted by using XRD
analysis. XRD analysis can also be done to determine the crystal size and the level of PCL crystallinity.
Crystalline polymers will produce sharp peaks, while amorphous polymers will produce wide peaks. In
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general, polymers consist of crystalline and amorphous phases so that most of the polymers tend to be
semicrystalline.
The XRD pattern of PCL obtained using catalyst 2a – 2b as reported in the previous research which is
shown in Fig.-4.24 The PCL crystal peak is overlapping at a wide peak (2θ) from 15° to 50° which
indicates an amorphous and crystalline contribution to PCL. Meanwhile, the sharp crystalline peak is
located at around 2θ = 21°; 22°; and 23° in corresponding with reflection planes (110), (111) and (200).24
Based on the degree of crystallinity (Xc) calculation as depicted in Table 1, the Xc of PCL obtained using
catalyst 2a – 2b is in the range of 80 - 83%.24 These results indicate that the PCL obtained using 2a – 2b
catalyst is semicrystalline polymer so that the polymer reset unit in its chain is well organized.
Meanwhile, the structure of the PCL is orthorhombic.

Fig.-4: XRD Pattern of PCL Obtained Using Catalyst 2a – 2b (PCL 2a – PCL 2b)

The Scherrer equation as shown below (equation-1) is used to determine the crystallite size (D) of the
PCL crystal. It is derived from calculating the amount of FWHM (Full Width at Half Maximum) from the
peak of the XRD field. Whereas, the Origin software is used to make the Bragg angle.
ఒ

(1)

 = ܦிௐுெ ୡ୭ୱ ఏ

The meanings are, the value of Scherrer constant (k)= 0.94, the value of X-ray wavelength (λ)= 0.15406.
FWHM is the crystal grain size, θ is the diffraction angle.25 The results of calculating the crystalline size
of PCL are presented in Table-1.
Table-1. Crystallite Size (nm) for PCL (110), (111), and (200) Orientation Planes
Crystallite
size

PCL-2a

PCL-2b

2θ
21

nm
20.03

Xc (%)

nm
22.65

Xc (%)

D110
D 111

22

16.89

83

16.43

80

D 200

23

16.56

19.38

Xc= [the area inside the crystalline peaks / the total area inside all the peaks] x100%

According to the results from calculating, the crystal size in the orientation plane 110 (D110), it was
found that the D110 of PCL obtained using 2a – 2b catalysts were in the range 20.03-22.65 nm. Whereas,
the crystal size of PCL obtained using 2a – 2b catalysts in the orientation plane 111 (D111) were in the
range 16.43-16.89 nm. Furthermore, the crystal size of PCL obtained using 2a – 2b catalysts in the
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orientation plane 200 (D200) were in the range 16.56-19.38 nm. These results show that the grains of
nanocrystalline embedded in the amorphous matrix.

Thermal Analysis
The thermal properties of PCL analyzed using DSC as shown in Fig.-5. In particular, the DSC was used
to investigate the melting temperature (Tm) and melting enthalpy (∆Hm) of PCL. The melting enthalpy
(∆Hm) shows some energy needed to reform the solid to the liquid.

Fig.-5: DSC Thermograms of the Obtained PCL Using Catalyst 2a (PCL-2a), obtained PCL Using Catalyst 2b
(PCL-2b).

The Tm of PCL obtained using catalyst 2a-2b were observed between 59.6 °C and 63.1 °C. The Tm of
PCL is in the almost similar temperature range as previously have reported26-27 as shown in Table-2.
Meanwhile, the melting enthalpy (∆Hm) of PCL obtained using catalyst 2b shows higher ∆Hm compared
to those catalyzed by 2a as shown in Table-2.
The thermal properties of PCL are also characterized by using TGA which is shown in Fig.-6. TGA is an
instrument that can measure the mass changes and the decomposition temperature (Td) of PCL. The TGA
curve for all PCL obtained using catalyst 2a-2b only shows one mass decrease curve, which is started
from 272 °C to 438 °C. Subsequently, the thermal decomposition of PCL occurs at the above
temperatures 438 °C and no again change occurs (plateau). Based on the TGA curve, the Td of all PCLs
obtained using catalyst 2a – 2b had the same results with the previous work, so the thermal stability of it
is also almost the same.21,24

Fig.-6: TGA Thermogram of the PCL Obtained Using Catalyst 2a (PCL2a) and 2b (PCL2b).
Table-2: Thermal Analysis of PCL Obtained Using Catalyst 2a – 2b
Catal

Td (°C)

Tm (°C)

Enthalpy (J/g)

Polymer Phase

2a

274-438

63.18

111.2

White solid

2b

295-435

59.62

109.0

White solid
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After analyzing PCL by using FTIR, 1H NMR, 13C NMR, XRD, DSC, and TGA, it is shown that the PCL
obtained in this research have the same result as the previous work.21-27 But the catalyst carried out in this
work was 2a-2b catalysts.

Plausible Mechanism of ROP of ε-CL
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Scheme-3: The proposed mechanism of ROP of ε-CL using bis(β -diketonato)zirconium(IV) chloride catalyst

There are several reaction steps to obtain PCL using bis(β-diketonato)zirconium (IV) chloride catalyst,
i.e. coordination, deprotonation, insertion, and the chain propagation step as shown in Scheme-3.11 The
first step was the formation an unstable five-coordination compound (Complex 1) via coordination of
carbonyl oxygen from ε-CL on the zirconium central atom. The second step was deprotonation of ε-CL
followed by the proton transfer on the acac ligands causes ligand exchange reactions that produce a stable
four-coordination compound (complex 2). At this step, Hacac ligand dissociation also occurred. The third
step was the coordination of the second ε-CL molecule to the zirconium central atom via the carbonyl
oxygen-free electron pair (ε-CL) to form an intermediate five-coordination compound (complex 3). As a
result, an acyl oxygen-zirconium bond was formed. The fourth step was the chain propagation through the
insertion of the ε-CL molecule that corresponding with the coordination mechanism (dimer ε-CL). The
insertion process can be continued to form a longer PCL after the next ε-CL molecule was coordinated at
the zirconium central atom. The optimized geometries of reactant and complex as shown in Fig.-7.

Zr-complex

ε-CL
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Complex 1

Complex 2

Complex 3
Fig.-7: Optimized Geometries of the Intermediates States During ROP of ε-CL using bis(βdiketonato)Zirconium (IV) Chloride Catalyst

CONCLUSION
PCL has been successfully obtained in this research by using catalyst 2a-2b at 100 ° C for 4 h. PCL
generated by using catalyst 2b has a DP of 20. Meanwhile, PCL generated by using 2a-2b catalysts has
the degree crystallinity (Xc) around 83% (PCL-2a) and 80% (PCL-2b) so it's a semicrystalline polymer.
The high Xc of PCL generated by using 2a-2b related to the high regularity of the PCL chain.
Furthermore, PCL generated by using catalyst 2a-2b has a melting temperature of around 59.6 °C and
63.7 °C respectively. Whereas the thermal decomposition of PCL occurs starts from 272 °C to 438 °C. On
the other hand, the reaction mechanism of PCL obtained using bis(β-diketonato)zirconium(IV) chloride
catalyst occurs through four reaction steps, they are coordination, deprotonation, insertion, and chain
propagation.
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