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Abstract. Poly(e-caprolactone) (PCL) is very attractive synthetic polymer due to
its properties, such as a high permeability, the lack of toxicity, and also
biodegradability. However, it has limited application because of low melting
point (60 °C), high crystallinity, and brittleness. The aim of the experiments is
designed to improve the properties of PCL by formation of their polymers with
2,2-dimethyl-1,3-propandiol monomers with various chain length as a raw
material to prepare poly(urethane-ester). These polymers were synthesized by a
ring-opening polymerization of 2,2-dimethyl-1,3-propandiol and e-caprolactone
monomers in various composition in the presence of 1-hydroxy-3-chloro-
tetraisobuthyldistanoxane as a catalyst. Polymers were characterized by analysis
of functional groups (FTIR), microstructure (*H and *C NMR), viscosity,
hydroxyl number, and also melting point of polymers (DSC). Based on the
structure analysis indicate that polymerization of 2,2-dimethyl-1,3-propandiol
and e-caprolactone monomers produced polymers with various molecular
weights, which depend on the ratio of e-caprolactone / 2,2-dimethyl-1,3-
propandiol used in polymerization. The reactivity of CL monomer decreases to
the active site of polymers with longer chain size. The melting points of
polymers increase with the increasing of e-caprolactone composition used in
polymerization, whereas hydroxyl number decreases.
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1 Introduction

Increasing volumes of synthetic polymers are manufactured for various
applications, mostly for packaging materials. Disposal of the used polymers has
been accumulated under the land surface. Unlike natural polymers, most
synthetic polymers can not be decomposed by microorganisms, hence the
landfill approach becomes inefficient, and other plastics waste management
should be found. New techniques have been developed to obtain
environmentally friendly polymers.
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Biopolyesters (PHAS) (poly(3-hydroxyalkanoates) and other synthetic linear
polyesters, such as polylactide (PLA), polycaprolactone (PCL), and poly(3-
hydroxybutyrate) (PHB), are very interesting because of their biocompatibility,
biodegradability, and permeability [1]. However, practical applications of these
polyesters have often been limited by its brittleness and crystallinity. These
materials need chemical modification to improve their mechanical and
viscoelastic properties for some medical and industrial applications. Chemical
modifications have been achieved through the copolymerization, blending,
branching, and cross-linking of biodegradable polyesters [2]. Several
researchers have attempted to modify and improve the degradability and
mechanical property of PCL and PLA through copolymerization, such as
poly(caprolactone-co-lactide acid) P(CL-co-LA) and poly(lactide acid-block-
ethylene glycol) P(LA-block-EG). These polymers generally exhibit good
mechanical strength, biocompatibility, and biodegradability [3,4]. Other
researcher has synthesized block copolymer of polycaprolactone-polyethylene
glycol (PCL-block-PEG) by copolymerization of e-caprolactone with PEG in
the presence of a common esterification catalyst of tetra-n-butyl titanate Ti(n-
Bu), [5]. The degradation of this copolymer increased with decreasing
crystallinity of the copolymer, and can be controlled by adjusting the
component ratio of PCL and PEG. The physical properties and degradability of
the blends of PCL and its copolymer comprising PCL and PEG with polyolefins
have been reported [6,7]. As blends of PCL and polyolefins are immiscible,
compatibilization and modification of polyolefins are needed to minimize the
interfacial tension and to improve adhesion between the dispersed phase and
matrix of PCL/polyolefins blends.

One of degradable synthetic polymers that has been developed so far is aliphatic
polyester, such as PCL [8,9]. PCL is very attractive due to its properties, such as
a high permeability, the lack of toxicity, and also biodegradability [10,11]. PCL
can be easily synthesized by ring-opening polymerization of e-CL monomer in
the presence of a complex distannoxane catalyst [7,12]. However, it has limited
application because of low melting point (60 °C), high crystallinity, and
brittleness. The aim of the experiments is designed to improve the properties of
PCL by formation of their polymers with 2,2-dimethyl-1,3-propandiol
monomers and also to obtain polymers with various chain length size as a raw
material to prepare poly(urethane-ester).

This paper presents the structure and properties of polymers P(CL-co-DP)
prepared by a ring-opening polymerization between g-caprolactone and 2,2-
dimethyl-1,3-propandiol monomers by using a distannoxane catalyst. The
structure-property relationship of polymers were investigated by Fourier
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Transform Infrared (FTIR), Differential Scanning Calorimeter (DSC), ‘H and
3C NMR spectroscopy, viscosity, and hydroxyl number.

2 Experimental

2.1 Materials

e-caprolactone (e-CL) and 2,2-dimethyl-1,3-propandiol (DP) monomers were
obtained commercially from Aldrich Chem. Co., and dried over CaH, and
distilled under a reduced pressure. Dibutyltin oxide (C4Hg),SnO and dibutyltin
dichloride (C4H,),SnCl, as catalyst precursors were also obtained from Aldrich
Chemical Co. 1-hydroxy-3-chlorotetrabutyl-distannoxane was prepared by
reaction of dibutyltin oxide and dibutyltin dichloride in ethanol 95 % [12].

2.2 Preparation of Polymers

1-hydroxy-3-chlorotetrabutyl-distannoxane (1.2 x 10 mol) in 5 mL hexane was
first added to the reactor and then hexane was evaporated by heating in silicone
oil bath at 80 °C under vacuum (10° mmHg) for 6 hours. Monomers of &-
caprolactone (0.06 mol) and 2,2-dimethyl-1,3-propandiol (0.006 mol) were
added to the reactor at room temperature. The mixture was degassed during
three freeze-thaw cycles and finally sealed under vacuum. Polymerization
reactions were carried out at 100 °C for 4 hours. The resulting mixture was
dissolved in chloroform (100 mL/g of initial monomer), and the polymer
solution was stirred for 12 hours at room temperature and refluxed for 30
minutes. The clear solution was then concentrated (10 mL/g of initial
monomer), followed by precipitation in diethyl ether to give a white solid of
polymers. The same manner was done for other polymerizations with different
composition of monomers (CL/DP =10/1, 20/1, 30/1, 40/1, and 50/1)

2.3  Characterization of Polymers

FTIR (Shimadzu 5800) was used to characterize chemical structure of
polymers. The sample used in FTIR was in KBr pellet form. The *H NMR and
3C NMR measurements were recorded at 400 MHz and 100.5 MHz on JEOL
JNM-FX 400 spectrometer. The sample concentrations used in this
measurement was typically 0.1% wt/vol. NMR spectrum of the polymers was
recorded at 25-30 °C with CDCl; as solvent. Tetramethylsilane (TMS) was used
as a reference. Differential Scanning Calorimeter (DSC) (General Du Pont
2000) was used to determine the thermal behavior of the polymers. All the scans
were carried out from -50°C to 250 °C at a heating rate of 10 °C min™
Molecular weights of polymers were determined by viscometer and 'H NMR
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spectra. Hydroxyl number of polymers was determined by titration method
according to ASTM method (D2849-69).

3 Results and Discussion

Preparation of polymers P(CL-block-DP) were done by ring-opening
polymerization of ¢-caprolactone (CL) and 2,2-dimethyl-1,3-propandiol (DP)
monomers in the presence of complex distannoxane catalyst in the same
condition with optimal condition for preparation of poly-(R,S)-B-
hydroxybutyrate (PHB) by polymerization of -(R,S)-butyrolactone monomer
[8,13], as reaction shown in Figure 1.

The aim of this work is designed to improve the properties of PCL, especially
high crystallinity and brittleness by formation of their polymers with 2,2-
dimethyl-1,3-propandiol, and also to obtain polymers with various chain length
size, which will be used as a raw material to prepare poly(urethane-ester). In
this paper is presented the influence of e-caprolactone/2,2-dimethyl-1,3-
propandiol proportions on the structure and properties of polymers.
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Figure 1 Scheme for the preparation of poly(e-caprolactone-block-2,2-
dimethyl-1,3-propandiol) in the presence of complex distannoxane catalyst.

FTIR spectra for polymers of e-caprolactone and 2,2-dimethyl-1,3-propandiol
monomers show the presence of superposition and displacement of
characteristic peaks of each components (Figure. 2c). The peak intensity of
hydroxyl group (-OH) for polymers at wave number about 3440 cm™ decreases
significantly compared to that of hydroxyl group for 2,2-dimethyl-1,3-
propandiol monomer (Figure. 2a). These results indicate the presence of
chemical reaction between hydroxyl group of 2,2-dimethyl-1,3-propandiol and
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carboxylate group (-COOH) of e-caprolactone to produce poly(e-caprolactone-
block-2,2-dimethyl-1,3-propandiol) P(CL-block-DP). The absorption peak of —
OH group in polymers is attributed by hydroxyl group in the end of polymer
chain, and each polymer chain has two hydroxyl groups bound in the end of
polymer chain as showed in Figure.1.
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Figure 2 FTIR Spectra of. a). 2,2-dimethyl-1,3-propandiol, b). poly(e-
caprolactone), and c). Poly(e-caprolactone-block-2,2-dimethyl-1,3-propandiol)
with CL/DP ratio of 30/1
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Table 1 The ratio of the absorption intensity of hydroxyl and carbonyl groups to
that of methyl group at wave number of 2870 cm™ of polymers.

No  Monomer ratio®  Polymer ratio” Intensity ratio” Intensity ratio”
CL/DP PCL/DP —OH/CH3; —CO-/CH3;
1 10/1 9/1 0.53 1.06
2 20/1 17/1 0.44 1.09
3 30/1 29/1 0.38 1.21
4 40/1 36/1 0.29 1.79
5 50/1 41/1 0.33 1.69
6 CL (0.06 mol) 100/0 0.05 3.90

“Monomer compositions (in mol ); ”Polymer compositions (in mol) determined by *H NMR
spectroscopy; 9Absorption intensity ratio determined by FTIR spectroscopy.

Furthermore, it was observed that the absorption peak intensity of hydroxyl
group (-OH) at wave number of 3440 cm™ decreased with increasing e-
caprolactone composition in polymers, whereas the absorption peak intensity of
carbonyl group (-CO-) group at wave number of 1728 cm™ increased. The
quantitative ratios of the absorption intensity of hydroxyl (3440 cm™ ) and
carbonyl groups (1728 cm™ ) to that of methyl group (-CHs) at wave number of
2870 cm™ of polymers in various compositions of &-CL monomer were
determined by measurement of absorption intensity in FTIR spectra as shown in
Table 1.

The ratios of the absorption intensity of hydroxyl group in polymers decrease
significantly with increasing e-caprolactone composition in polymers, whereas
the ratios of the absorption intensity of carbonyl group increase. In addition, the
absorption intensity ratios of hydroxyl and carbonyl groups to that of methyl
group for pure PCL without addition of 2,2-dimethyl-1,3-propandiol were
calculated about 0.05 and 3.90, respectively. These results are caused by the
increase of e-caprolactone monomer bound in polymer chain producing
polymers with longer chain length. This is supported by the increasing intrinsic
viscosity and molecular weight of polymers with the increasing CL monomer
composition used in polymerization (Table 2). For more detail structure analysis
was carried out chemical structure analysis by *H and **C NMR spectroscopy.

'H and ®C NMR spectrum of poly(2,2-dimethyl-1,3-propandiol-co-¢-
caprolactone) are shown in Fig. 3 and 4, respectively. Resonance peak
distributions of proton observed in *H NMR spectra for polymers are as follows
: 0.83-0.92 ppm for methyl hydrogen (CHs)(f), 1.55-1.68 ppm for CH,(b), 2.25-
2.35 ppm for CHy(d), 3.56-3.62 ppm for CH,(e), and 3.98-4.07 ppm for CHy(a).
The resonance peak distributions of carbon observed in *C NMR spectra for
polymers are as follows : 22.0 ppm for methyl carbon (CHjs) (h), 24.5 ppm for
CHa(c), 25.2 ppm for CH,(d), 28.3 ppm for CHy(b), 32.2 ppm for -C(i), 34.1
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ppm for CHy(e), 62.5 ppm for CHx(g), 64.1 ppm for CHy(a) , and 173.5 ppm for
carbonyl carbon (-CO). The distributions of resonance peaks in *H and *C
NMR spectrum indicate that polymerization of e¢-caprolactone and 2,2-
dimethyl-1,3-propandiol monomers in the presence of distannoxane catalyst
produce block polymers with the chain structure as proposed in reaction above
(Figure 1).
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Figure 3 'H NMR spectra of poly(e-caprolactone -block-2,2-dimethyl-1,3-
propandiol).

'H NMR spectroscopy was used to determine compositions of each components
in polymers by integration of resonance peak intensity of methylene hydrogen
CHa(c) of CL component at chemical displacement of 2.25 ppm and methyl
hydrogen (CH3) of 2,2-dimethyl-1,3-propandiol component at 0.90 ppm
(Figure 3). The PCL component composition in polymers increases with the
increase of CL monomer compositions used in polymerization as shown in
Table 2. However, the PCL component composition in polymers is slightly
lower than the initial composition of CL monomer, and the difference between
the composition of PCL component in polymers and the initial composition of
CL monomer increases with the increasing CL monomer composition used in
polymerization. This result might be attributed by the lower reactivity of CL
monomer to react with active site of polymers with longer chain length due to
the presence of polymer chain folding, so that active site of polymers with
longer chain length in its chain propagation is more difficult reacted with CL
monomer.



Structure and Properties of CL-DP Polymers 85

The melting points of polymers by using a differential scanning calorimeter
(DSC) in various proportions of CL monomer are described in Table 2.The
melting point of polymers increases from 56.6 to 79.5°C with increasing CL
monomer compositions used in polymerization, while the melting point of pure
PCL reported in previous paper is 74.7°C with high crystalline structure [7].
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Figure 4 ®*C NMR spectra of Poly(e-caprolactone-block-2,2-dimethyl-1,3-
propandiol).

Table 2 Characteristics of the polymers synthesized by polymerization of 2,2-
dimethyl-1,3-propandiol and e-caprolactone in the presence of distannoxane catalyst

N Mol ratio Mol ratioc  Mn® Polymer Tm" M1®  Hydroxyl
0 CL/DP? PCL/DP” phase (°C)  x10®  number®
1 10/1 9/1 1240 Gel 56.6 45.4 2195
2 20/1 17/1 2380 Pasta 60.5 51.8 215.2
3 30/1 29/1 3520 Soft solid 64.4 73,1 172.2
4 40/1 36/1 4660 Soft powder 68.7 84.7 161.8
5 50/1 41/1 5800 Powder 79.5 95.6 119.5
6 CL(0.06 mol) PCL 3850 Hard powder 74.7 75.5 165.0

Reaction condition : Mol ratio of CL/catalyst = 500, Mol of CL = 0.06 mol (6.84 @),
Polymerization temperature: 100°C; Polymerization time : 4 hours; ®Monomer compositions (in
mol ); ®Polymer compositions (in mol) determined by *H NMR spectroscopy. “Molecular weight
determined by 'H NMR spectroscopy, ®Intrinsic viscosity in chloroform solvent. ®Hydroxyl
number determined by titration with KOH, "Melting point determined by DSC.

These results indicate that the addition of 2,2-dimethyl-1,3-propandiol in
polymerization can disturb the polymerization of CL monomer to produce
polymer with lower molecular weight, thermal properties, and crystalline
structure (Table 2). However, the higher CL/DP ratios result in polymers with
higher molecular weights and melting points, whereas their brittleness of
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polymers decrease compared to the brittleness of pure PCL. This result was
proven by the difficulty of pure PCL to form polymer films, but the polymer
obtained by polymerization of CL monomer with addition of 2,2-dimethyl-1,3-
propandiol can be easily formed polymer films. Furthermore, the hydroxyl
number of polymers decreases with the increase of CL compositions. This
result may be associated to the structure of polymers to become more regular
and denser with increasing the chain length of PCL sequence in polymers. The
decrease of hydroxyl number of polymers is related to the decrease ratio of
hydroxyl group (-OH) to chain length of polymers. The hydroxyl group of
polymers is only in the end of polymer chain, and each polymer chain has two
hydroxyl groups bound in the end of polymer chain, whereas the chain length of
polymers increases with increasing PCL sequence in polymers. These results
also supported the previous analysis that it was occurred the formation of block
polymers between e-caprolactone monomer and 2,2-dimethyl-1,3-propandiol in
the presence of complex distannoxane catalyst.

4  Conclusion

Polymerization of 2,2-dimethyl-1,3-propandiol and e-caprolactone monomers in
the presence of 1-hydroxy-3-chloro-tetraisobuthyldistanoxane as a catalyst
produced block polymers with various chain length depend on CL/DP ratio used
in polymerization. The higher CL/DP ratios result in polymers with higher
molecular weights and melting points, whereas their brittleness of polymers
decrease compared to that of pure PCL. The hydroxyl number of polymers
decreases with the increase of CL compositions. The reactivity of CL monomer
decreases to the active site of polymers with longer chain size. The presence of
polymer chain folding leads the active site of polymers to be difficult reacted
with CL monomer.
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