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a b s t r a c t

Polymerization of 1,4-dioxan-2-one was carried out more detailed with immobilized lipase CA as the
catalyst. The effect of the enzyme amount, reaction temperature and water content on polymerization
was investigated, respectively. Both the conversion of monomer and the Mv of poly(1,4-dioxan-2-one)
1 September 2008
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vailable online 8 October 2008
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increased with the increase of enzyme amount, and maximized at 80 ◦C. At the beginning of polymeriza-
tion, water molecules act as initiators. As the reaction time increased, linear condensation had gradually
became dominant and water was released into the reaction system. Excess water may act as a chain
cleavage agent. To obtain poly(1,4-dioxan-2-one) with an ideal molecular weight, polymerization of 1,4-
dioxan-2-one was conducted by adding solvent and MS to reaction system, and product with a higher
molecular weight (Mv = 58,000) was gained.
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. Introduction

As an aliphatic polyester with excellent biodegradability,
ioabsorbability, biocompatibility, and flexibility, poly(1,4-dioxan-
-one) (PPDO) has attracted great concern of researches in recent
ears. It has been approved by the Food and Drug Administration
FDA) to be used as surgical suture material [1]. In addition, PPDO
an be applied to bone and tissue fixation and drug delivery system
2–8].

PPDO was synthesized extensively by chemical polymerization
ith organic metallic catalysts such as organic-tin [6,9], organic-

luminum [10,11], organic-zinc [12], organic rare earth compounds
13], etc. As its usage is focused mainly on pharmacological and sur-
ical applications, the metallic catalysts should be removed before
se. The purification process will increase the cost of PPDO. To
uppress the harmful effects of metallic residues in PPDO for med-
cal applications, some nontoxic catalysts were investigated, and
nzymes were the expected catalysts for preparing harmless PPDO.
he reported routes for lipase-catalyzed polymerization are shown
n Scheme 1 [14].
There were many reports on the enzymatic synthesis of lactones
15–21]. However, only one study on the enzymatic synthesis of
PDO has been illustrated [14]. Nishida et al. reported that immo-
ilized lipase CA for the bulk polymerization of PDO showed higher
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olymerization activity than other enzymes. Both the conversion
nd Mw of PPDO increased with increasing enzyme loading amount.
he water component acts not only as a substrate of the initiation
rocess but also as a chain cleavage agent. However, there were
till some questions, such as: how does reaction temperature influ-
nce polymerization, how does water content change during the
nzymatic reaction and what is the relationship of water content
hange, monomer conversion and Mw of PPDO? So, it is neces-
ary that investigation on the enzymatic synthesis of PPDO was
erformed in more detail. In this paper, we further studied poly-
erization of PDO catalyzed by immobilized lipase CA. Moreover,
strategy for increasing molecular weight of PPDO was intro-

uced.

. Experimental

.1. Materials

Immobilized lipases CA (Novozym 435) with specific activity
0,000 PLU/g, derived from Candida antarctica, were purchased
rom Novo Nordisk Bioindustrials, Inc. in China. The enzymes were
ried in vacuo at 25 ◦C for 1 day before use. 1,4-dioxan-2-one (PDO),
gift from the Pilot Plant of Center for Degradable and Flame-
etardant Polymeric Materials (Chengdu, China), was dried over
aH2 for 48 h, distilled under reduced pressure, stored under nitro-
en, and twice distilled in vacuo immediately before use. Other
olvents were purchased from Hehong Chemical Factory (Chengdu,
hina).

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:yzwang@mail.sc.cninfo.net
dx.doi.org/10.1016/j.molcatb.2008.09.013
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enzyme activity. In this research, we investigated the effects of
reaction temperature on polymerization. The polymerizations were
conducted at temperatures from 40 to 120 ◦C for 15 h. The results
were shown in Fig. 2. Both the conversion of PDO and Mv of PPDO
maximized at 80 ◦C. The conversion and Mv at more than 80 ◦C
Scheme 1. Synthesis of poly(p-dioxanone).

.2. Synthesis of PPDO

The polymerization was carried out in bulk. Prescribed amounts
onomer and immobilized lipases CA were mixed in a dry vial

nd sealed. All procedures were carried out in an atmosphere
f highly purified nitrogen. The reactor was immersed into a
emperature-adjusted oil bath with magnetic stirring for predeter-

ined intervals. The reaction mixture was dissolved in chloroform
nd then the enzyme was separated by filtration. One fraction
f the organic phase was used to measure the conversion of
onomer by gas chromatography (GC). The other fraction was

dded cool methanol. The cloudy methanolic solution was cen-
rifuged (3000 rpm, 30 min). The white precipitate was placed
nder vacuum to remove methanol and the dry polymer was pre-
ared for 1H NMR, 13C NMR and IR spectroscopy.

.3. Determination of PPDO structure

The structure of PPDO was determined by NMR and IR spec-
roscopy. The 1H NMR spectra and 13C NMR were recorded in
DCl3 on a Varian Germini 400 MHz NMR spectrometer. The spec-
ra were obtained with a pulse angle of 25◦, a delay time of 10 s,
nd an acquisition time of 2 s. All chemical shifts were reported in
arts per million with tetramethylsilane as a reference. The infrared
bsorption spectra were performed on a Nicolet FTIR 170SX infrared
pectrometer using KBr wafer.

.4. Determination of PPDO molecular weight

As the conventional solvents such as chloroform, tetrahydro-
uran, and toluene used in GPC measurements cannot resolve
he resulting polymers with higher molecular weights, only the
iscosity–average molecular weights of the resulting polymers
ere measured in phenol/1,1,2,2-tetrachloroethane (2:3 w/w) solu-

ion using an Ubbelohde viscosimeter thermostated at 25 ◦C. The
olecular weights of PPDO can be calculated from the intrinsic vis-

osity [�] according to Mark–Houwink equation [�] = KMv
˛, where

= 0.63 and K = 79 × 10−3 cm3 g−1 [22].

.5. Determination of monomer conversion

The monomer conversion was determined with a Shimadzu
C14-B GC equipped with an OE-54 capillary column (Altech,
.25 mm × 30 m), hydrogen flame ionization detector, and CR-6A
HROMATOPAC. The injection volume was 1.0 mL. The pressures
f nitrogen gas, hydrogen gas, and air were 600, 70, and 50 kPa,
espectively. The temperature of the injection pool and detector
ere 250 ◦C. Upon injection, the column oven was held at 180 ◦C

or 3 min and programmed to rise at 10 ◦C/min to a final temper-
ture of 210 ◦C which was maintained for 2 min. The calibration
urve was made with the monomer.
.6. Measurement of water content in reaction system

The total reaction water content was determined with a 831
F Coulometer (Metrohm Ltd. CH-9101 Herisau Switzerland), in

F
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hich 0.10 g of reaction mixture was dissolved in 3.0 mL 1,1,2,2-
etrachloroethane. The water content of the supernatant was

easured with a Karl Fischer titrator relative to a 3.0-mL 1,1,2,2-
etrachloroethane control.

. Results and discussion

.1. Structural characterization

The 1H NMR (CDCl3, d, ppm) spectrum of the product showed
he three characteristic signals: 4.16, 3.79, and 4.35. The 13C NMR
CDCl3, d, ppm) spectrum of the product also showed the char-
cteristic signals: 170.0, 69.2, 68.3, and 63.9. These data was in
ccord with published result [1,22,23]. The IR spectrum of PPDO
ad the characteristic absorption at 3445, 2960, 2926, 1745, 1434,
386, 1203, 1130, and 1060 cm−1. The broad absorption band at
445 cm−1 is attributed to the vibrations of �O–H of hydroxyl group.
he two bands at 2960 and 2926 cm−1 are the characteristic absorp-
ion peaks of �C–H. The band at 1745 cm−1 is ascribed to �C O
f carbonate group. The band at 1434 cm−1 is ıC–H of methylene
roup. The bands at 1203, 1130 and 1060 cm−1 are the characteristic
bsorption peaks of �C–O.

.2. Effect of the enzyme amount on polymerization

Experiments were conducted with immobilized lipases CA of
ifferent weight percentage based on the PDO monomer (5.0 g).
he polymerizations were carried out in bulk at 60 ◦C for 15 h. As
hown in Fig. 1, the conversion of monomer, the yield and the Mv

f PPDO increased with increasing immobilized lipases CA amount.
owever, the addition of immobilized lipases CA more than 10 wt.%
ased on 5.0 g PDO led to slight increasing of these values. So, the
ollowing experiments were conducted with 10 wt.% of immobi-
ized lipases CA. In the polymerization without the enzyme (control
xperiment), the monomer was found unreacted, suggesting that
he polymerization proceeded through the lipase catalysis.

.3. Effect of reaction temperature on polymerization

Reaction temperature is one of important factors for enzymatic
olymerization because it not only influences reaction rate but
ig. 1. Effect of the immobilized lipases CA amount on the PDO polymerization.
olymerization: 5.0 g of PDO with immobilized lipases CA at 60 ◦C for 15 h in bulk.
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activity and therefore the chain initiation rate as well [26]. On

F
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ig. 2. Effect of the reaction temperature on the PDO polymerization. Polymeriza-
ion: 5.0 g of PDO with immobilized lipases CA of 10 wt.% for 15 h in bulk.

ecreased considerably, which was probably due to activity low-
ring of lipase CA with reaction temperature rising.
.4. Effect of water content on polymerization

The activity of enzymes in non-aqueous media depends greatly
n the water content of the reaction system. Gutman et al. believed
ater molecules surrounding the enzyme play an important role

t
a
r
e

ig. 3. Effect of water content on the PDO polymerization during the beginning of enzym
0 wt.% at 80 ◦C for 12 h in bulk.
sis B: Enzymatic 57 (2009) 224–228

n maintaining the enzyme’s conformational flexibility [24]. Bisht
t al. proposed a mechanism for TMC polymerization with lipase
A in which water may act as a substrate in the initiation pro-
ess [25]. Huan et al. found that water plays a different role during
olymerization, in which the water is consumed at the initial stage
nd produced at later stage by linear condensation [26]. Matthijs et
l. suggested that water dominates the initial initiation process of
nzymatic polymerization [27]. Further more, Matthijs et al. found
hat the method of enzyme drying can have a significant effect on
he results of enzymatic ring opening polymerization [28].

In order to investigate the effects of water on the enzymatic poly-
erization of PDO, the reactions were firstly carried out at 80 ◦C
ith water content in monomer in a range of 62.3–441.8 ppm by

he addition of water during the beginning of enzymatic polymer-
zation. Since all the immobilized lipases CA (Novozym 435) were
ried in vacuo at 25 ◦C for 1 day before use in our experiments,
e only consider the effects of water in monomer on the enzy-
atic polymerization. As shown in Fig. 3, the monomer conversion

ncreased with increasing of water content in monomer during the
nitial stages of the reaction. However, the Mv of PPDO maximized

ith the water content at 152.8 ppm. Huan et al. believed that at
ow water content, the enzyme conformation was relatively rigid,
nd that in non-aqueous media, this rigidity decreased the enzyme
he other hand, although high monomer conversion was achieved
t high water content (indicating an increase in chain initiation
ate and thus an increase in the number of propagation chains),
xcess water also led to the hydrolysis of polymer, resulting in lower

atic polymerization. Polymerization: 5.0 g of PDO with immobilized lipases CA of
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Table 1
Method for increasing the molecular weight.

Bulka 1,1,2,2-
Tetrachloroethane

1,1,2,2-
Tetrachloroethane + MS
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ig. 4. Variation of water content, molecular weight, and monomer conversion
uring enzymatic polymerization. Polymerization: 5.0 g of PDO with immobilized

ipases CA of 10 wt.% at 80 ◦C for 12 h in bulk.

olecular weight of polymer. So, the 152.8 ppm system produced
igher molecular weight of PPDO than others.

To investigate the effects of water content on the Mv and
onomer conversion for the entire enzymatic polymerization pro-

ess, bulk polymerization of PPDO was performed at 80 ◦C with
ater content at 152.8 ppm for the initial reaction. As shown in

ig. 4, Mv increased slowly to 2800 (g L−1) during the first 4 h, and
hen increased steadily during 4–20 h. The PDO was completely
onsumed by 20 h. After 20 h, Mv continued to increase, which indi-
ated that linear condensation reactions had become important
n chain propagation at this stage. The water content decreased
rom 152.8 to 62.8 ppm by 12 h, and then increased to 90.3 ppm
y 28 h. These results suggested that: at the beginning of polymer-
zation, water molecules participate in the chain initiation. As the
eaction time increased, linear condensation had gradually became
ominant and water is released into the reaction system.
.5. Methods for increasing the molecular weight

The molecular weight is one of most important properties of
olymers. The higher the molecular weight, the more stability the
v (g dL−1) 36,000 55,000 58,000
ield (%) 91.3 93.5 94.3

Polymerization conducted in bulk until Mv of polymer did not increase.

PDO polymer exhibits during its thermal processing and stor-
ge. Furthermore, the most important result of increased PPDO
olecular weight will be improved material mechanical prop-

rties. Therefore, obtaining high-molecular weight production is
ery important for degradable PPDO. In order to increase the
olecular weight, some methods must be applied to regulate the
ater content in the reaction system and overcome the diffusion

imitation stemming from the increase of viscosity during poly-
erization process [11]. In the present study, adding solvent and
S to reaction system was introduced. Both PDO and PPDO are

oluble in 1,1,2,2-tetrachloroethane, moreover, the boiling point
f 1,1,2,2-tetrachloroethane (146.2 ◦C) is higher than the polymer-
zation temperature (80 ◦C). Hence, 1,1,2,2-tetrachloroethane was
hoose as solvent. According to the preceding experiments, the Mv

alues of the polymer stop changing after 28 h of bulk polymeriza-
ion. To increase the molecular weight, 4.0 g of the above reaction

ixture and 10.0 mL of dry solvent were mixed, with and with-
ut 4 Å MS. Both reaction mixtures were incubated with shaking
t 80 ◦C until Mw of polymer did not increase. As shown in Table 1,
dding solvent and MS increased obviously the molecular weight
f PPDO as we expected. However, adding the solvent resulted in an
ven greater increase than adding MS, which indicated that the dif-
usion limitation may be the major factor determining the increase
f molecular weight in bulk polymerization.

. Conclusion

In this article, the enzymatic synthesis of PPDO was performed
n more detail. Effects of the loading amount of enzyme, reaction
emperature and water content on polymerization were inves-
igated. Both the conversion of monomer and the Mv of PPDO
ncreased with increasing enzyme loading amount, and maximized
t 80 ◦C. At the beginning of polymerization, water molecules act as
nitiators. As the reaction time increased, linear condensation had
radually became dominant and water is released into the reaction
ystem. Excess water may act as a chain cleavage agent. Further-
ore, adding solvent and MS to reaction system was conducted to

ncrease the molecular weight of PPDO, and PPDO with a higher
olecular weight (Mv = 58,000) was obtained.
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