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ABSTRACT: Terminal-functionalized polyesters and triblock polyesters were synthesized by lipase-CA-catalyzed
ring-opening polymerization of seven-membered ring lactones, i.e., 1,5-dioxepan-2-one (DX&)agrdlactone

(CL), in the bulk in the presence of an appropriate alcohol that acts as an initiator. To introduce a double bond
at the chain end, 4-pentene-2-ol was used to initiate the polymerization of the lactones. The unsaturation introduced
at the chain end in this way is a useful approach for synthesizing comb polymers. Two different dihydroxyl
compounds, viz. poly(caprolactone diol) and poly(ethylene glycol), were used as macro-initiators. Triblock
copolymers were synthesized in this way, where the macro-initiator formed the middle block. Polymers having
different degrees of polymerization were synthesized by varying the molar feed ratio of monomer to initiator.
DXO and CL showed significant differences in reactivity toward lipase-CA-catalyzed polymerization initiated
by different alcohols as initiators. The polymers were characterized by FTIR, NMR, SEC, optical microscopy,
and DSC techniques.

Introduction from different sources were screened to determine their relative

Functionalized polyesters are of interest in various industrial aPilities to catalyze the polymerization afpentadecalactone
and biomedical applications where the functional groups can (PDL) using 2-hydroxyethyl methacrylate anehydroxyl-w'-
be used for covalently attaching a pro-drug: for preparing comb, Methacrylate poly(ethylene glycol) as initiatéBrush copoly-
graft, and network polymers; and for varying the hydrophilicity Mers could be synthesized from these macromers using an azo-
of the polymers. Such polyesters have also been synthesizednitiator. Block copolymers of CL or PDL with monohydroxyl-
by the lipase-catalyzed ring-opening polymerization (ROP) of termmat_ed polybutadlene were prepared_ via I|pase-ca_talyzed
lactones in the presence of a functional alcohol. The lipase- Polymerizatiorf Copolymerization of CL with mono- or dihy-
catalyzed ROP of lactones, e.gscaprolactone (CL) and droxyl-termlnat.ed EEG was performed to .yleld di- or trlblock
dodecalactone (DDL), initiated by a functionalized alcohol such COPolymers using lipase as the catafifsThiol-end-function-
as 5-hexen-1-ol, 5-hexyn-1-ol, or 2-hydroxyethyl methacrylate alized PCL haslalso been synthesized using 2-mercaptoethanol
to introduce unsaturation at the polymer terminal has been @S the initiator! _ _
reportedt A single-step production of methacryl-type polyester  Our intérest in poly(1,5-dioxepan-2-one) (PDXO) is due to
macromonomer by the lipase-catalyzed polymerization of DDL the versatility of this polymer as a component in random and
in the presence of vinyl methacrylate was performed where the Plock copolymers and in cross-linked systems suitable for
vinyl ester acted as a terminator during the polymerization, and Piomedical and pharmaceutical applications. The lipase-
the method was therefore called the “terminator method” to form Catalyzed ROP of DXO has recently been repotfedhe
terminal-functionalized polymefs? Lipase could also be ot_)JectNe of t_he present studies was to sy_ntheS|ze end-function-
utilized to selectively functionalize carbohydrates and thus avoid @lized or triblock copolymers using different alcohols as
the time-consuming protectierdeprotection chemistry usually initiators via Ilpase-CAjcataIyzed ROP of seven-membered ring
involved in the selective functionalization of carbohydrates. lactones such as 1,5-dioxepan-2-one (DXO) and CL. 4-Pentene-
Regiospecific acylation of the primary hydroxyl group of methyl 2-ol was us_ed as the initiator to introduce unsaturation at the
B-p-glucopyranoside was combined with the ROP of CL in the polymer chain end, which was useful for tandem reactions, such
presence of lipase to give methyl 6-O-pehdaprolactone)3- as the folrmation. of comblike .polymers or hydrophilic/
p-glucopyranosidé.A multi-arm heteroblock star copolymer ~ Nydrophobic grafts in polyvinyls. Dihydroxyl-terminated macro-
consisting of polyé-caprolactone) (PCL) and poly(lactic acid) initiators such as poly(caprol_actone diol) (PCL-d|o_I) or poly-
(PLA) chain segments was synthesized using 1-ethyl glucopy- (ethylene glycql) (PEG) of d|fferen'§ molecular weights were
ranoside as the initiator and porcine pancreatic lipase as thetSed to form triblock copolymers with DXO or CL.
catalyst® PCL amphiphilic macromonomers were prepared by
first using di- to hexahydroxyl group initiators for the regiose- _ ) _
lective ROP of CL, followed by selective functionalization of y &A?te”arlﬁ' Tetrat?ydro;4H-%y{2ne-4-cénle .(Ma)yt:jr.ldrﬂe Chert?:cal,
the PCL hydroxyl end groupsThe hydroxyl compounds used ~ >-f-); TrCNIOroperbenzoic acid (ACros, Beigium), dichioromethane,
as initiators in this approach included hexahydroxy-functional MgSQ, NaHSQ, NaHCQ, and diethyl ether (Labora, Sweden)

. . L were used as received-Caprolactone (Aldrich, Germany) was
dendrimer, benzyl ester of 2;Bis(hydroxymethyl)propionic dried and distilled over CaHat reduced pressure prior to use.

acid, and ethyf-o-glucopyranoside. In another study, lipases 4 pentene-2-ol (Aldrich, Germany), poly(caprolactonediol) (PCL-
diol, molwt 1250 and 2000 g/mol; Aldrich, Germany), poly-
* Corresponding author. E-mail: aila@polymer.kth.se. (ethylene glycol) (PEG, mekt 1000 and 2000 g/mol; Aldrich,
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Germany) were used as received. Novozyme 435 (activity ap-
proximately 10 000 PLU/g according to the supplier) was donated
by Novozyme Inc., Denmark. Novozyme 435 (lipase-CA) is a lipase
(B lipase) from Candida antarcticaproduced by submerged
fermentation of a genetically modifieflspergillus oryzaemicro-

organism absorbed on a microporous resin. It consists of bead-

shaped particles with a diameter in the range of-@.® mm. The
bulk density of Novozyme 435 is approximately 0.43 gfcand
its moisture content is-12% w/w. The enzyme, Novozyme 435,
was dried over FOs (Merck, Germany) at 0.1 mmHg for 42 h
before use. DXO was synthesized in the laboratory.

Synthesis of 1,5-Dioxepan-2-one (DXOPXO was synthesized
from tetrahydro-4H-pyran-4-one through Bay#&filliger oxidation
according to the method reported by Mathisen €€ dlhe DXO
obtained was purified by recrystallization from diethyl ether and

two subsequent distillations under reduced pressure. Finally thep

monomer was dried over Caldvernight and distilled under reduced
pressure’H NMR 6 (ppm): 4.2 (t, 2H,—CH,-OCO-), 3.8 {t,
2H, —CH,-CH,-0OCO-), 3.7 (t, 2H,—CH,_CH,_COO-), 2.6 {(t,
2H, —CH,_COO-).

Polymerization of DXO in the Presence of Alcohol as an
Initiator. All glassware was silanized, flame-dried, and stored under
a nitrogen atmosphere at 0 ppm moisture in a glovebox. In a typical
polymerization, the lactone, enzyme (5.0 wt % of monomer), and
alcohol were weighed in a round-bottom flask inside the glovebox.
The flask was sealed and immersed in an oil bath &t@€or 2 h
under continuous stirring. After 2 h, when the viscosity of the
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of 80 mL/min) with a sample mass of-5 1 mg and a heating rate
of 5 °C/min. The samples were subjected to a heatitwpling—
heating cycle from-70 to 100°C, and the analysis was performed
on the second heating plot.

The relative crystallinity of the PCL segment of different samples
was calculated according to equation 1

AH;
o X 100

f

We

1)

wherew, is the crystallinity AH; is the heat of fusion of the sample,
andAH? is the heat of fusion of 100% crystalline PCL. The value
of AH? used for the calculations was 139.5 #g.

FTIR Spectroscopy.FTIR measurements were performed on a
erkin-Elmer 200@ FTIR spectrometer, equipped with a golden-
gate single-reflection ATR unit with a diamond crystal. The spectra
were taken as averages of 30 scans at a resolution of 4. cm

Optical Microscopy. A polarized optical microscope (Leitz
Ortholux POL-BK II) was used to examine the morphology of the
samples.

Results and Discussion

Novozyme 435 (lipase-CA) has a high polymerization activity
for lactones. It also has the merit of being a metal-free catalyst
that can easily be removed from the final product by filtration

reaction mixture became very high and the magnetic bar stoppedand does not release any toxic metallic residues. When it was

stirring, the flask was removed from the oil bath, and a sample of
the reaction mixture was taken f8 NMR analysis to determine

used as a catalyst for the ROP of DXO or CL in the bulk at 60
°C, the reaction mixture could be described as a suspension of

the percentage monomer conversion. The polymer was obtalnedenzyme beads in the monomer. An increase in viscosity was

by dissolving the reaction mixture in a small amount of chloroform
and then precipitating it in excess cold hexane. The polymer was
dried under vacuum before analysis by NMR spectroscopy, SEC,
DSC, FTIR spectroscopy, and optical microscopy. Different series
of polymers with different degrees of polymerization were synthe-
sized with each initiator.

Polymerization of CL in the Presence of Alcohol as an
Initiator. A procedure similar to that described above for DXO
was used to polymerize CL with different alcohols as initiators,
except that the polymerization was performed 4oh at 60°C.

The percentage monomer conversion was determinéti lyMR
analysis of the crude reaction mixture. The polymer was obtained
by dissolving the reaction mixture in a small amount of chloroform
and then precipitating it in excess cold hexane. The polymer was
dried under vacuum before characterization.

Characterization

NMR Spectroscopy.The percentage monomer conversion and
the degree of polymerization were determined Hy NMR
spectroscopy, and the monomer sequence in block copolymers wa
evaluated using’C NMR spectroscopy. A Bruker Avance 400 MHz
NMR instrument operating at 400.13 and 100.62 MHzYdrand
13C, respectively, was used for this purpose. CP@hs used as
the solvent as well as the internal standadd={ 7.26 and 77.0
ppm).

SEC. The molecular weights of the polymers were determined
by size-exclusion chromatography (SEC) using dimethylformamide
(DMF) as the eluent at a flow rate of 1.0 mL/min. The injection
volume was 5QuL. A Waters 717 plus autosampler and a Waters
model M-6000A solvent pump equipped with a PL-EMD 960 light-
scattering evaporative detector, two PL gel 10-mm mixed B
columns (300x 7.5 mm) from Polymer Laboratories, and one
Ultrahydrogel linear column (30& 7.8 mm) from Waters and
connected to an IBM-compatible PC were used. Narrow-molecular-
weight polystyrene standards were used for calibration. Millenium
version 3.20 software was used to process the data.

DSC. The thermal properties of the polymers were determined
by differential scanning calorimetry (DSC) using a Mettler-Toledo
DSC 820 module under a nitrogen atmosphere (nitrogen flow rate

S

observed with time, which is a typical characteristic of bulk
polymerization. In an earlier publication, we reported the bulk
polymerization of DXO with lipase-CA without drying the
enzyme or rigorously drying the glassware used to carry out
the polymerizatiot? Under such conditions, the amount of
water present in the enzyme could act as an initiator. In the
present studies, the enzyme was dried oy€sRinder reduced
pressure, and the glass apparatus was silanized and flame-dried
before use. The polymerization was therefore initiated only by
the hydroxyl group of the added alcohol.

During the bulk polymerization of DXO with lipase-CA at
60 °C in our previous study, an increase in viscosity of the
reaction mixture was observed in LhAfter 4 h, the magnetic
bar stopped stirring because of the very high viscosity of the
reaction mixture, and no sample could be withdrawn for kinetic
measurements. In the present study, when DXO was bulk
polymerized with lipase-CA at 6TC in the presence of different
alcohols as initiators, an increase in viscosity was observed
within 30 min in all cases. The polymerization of DXO was
therefore carried out only for 2 h, at which point the viscosity
of the reaction mixture became very high and the magnetic bar
stopped stirring. In the case of CL, the polymerizations were
carried out for 4 h, as the increase in viscosity was not observed
until after 2 h. This shows the difference in reactivity of DXO
and CL toward lipase-catalyzed polymerization. This difference
in the behavior of these two lactones indicates a difference in
their specificities toward lipase catalysis. CL might have acted
as a poor substrate for the lipase-catalyzed polymerization
because of its weak binding at the enzyme’s active surface.
Similar behavior was observed in our previous investigations
when water was allowed to act as the initiatbr.

4-Pentene-2-ol was used as an initiator to synthesize PDXO
or PCL macromers having a double bond at one chain end.
Dihydroxyl-terminated macro-initiators such as PCL-diol or
PEG were used to synthesize triblock copolymers with DXO
or CL. The hydroxyl group at the two ends of the macro-initiaé(BV
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Scheme 1. Enzymatic Synthesis of End-Functionalized or Triblock Polyesters Based on DXO Using Different Alcohols as Initiatdrs
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a(a) PCL-diol forming the middle block of the triblock copolymer, (b) 4-pentene-2-ol introducing terminal unsaturation, (c) PEG forming the
middle block of the triblock copolymer.

Scheme 2. Enzymatic Synthesis of End-Functionalized or Triblock Polyesters Based on CL Using Different Alcohols as Initiatérs
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& (a) PCL-diol acting as a chain extender to form PCL homopolymer, (b) 4-pentene-2-ol introducing terminal unsaturation, (c) PEG forming the
middle block of the triblock copolymer.

Table 1. Lipase-CA-Catalyzed ROP of DXO in the Presence of

chain initiated the polymerization generating a triblock copoly- J-Pentene-2-ol as an Initiator

mer with the macro-initiator as the middle block. The reaction — -
pathways for the synthesis of homo- and copolymers of DXO gy i * (o) " DF P M Me M PDE (&)
or CL with these initiators are shown in Schemes 1 and 2,

1 30 92.6 28 29 3400 7500 13000 1.740.6

respectively. 2 55 787 43 44 5200 9900 20000 2.0-39.5
The percentage monomer conversion in each of the polymers 3 100 63.0 63 63 7400 15300 33900 2.2-38.4
was determined from théH NMR spectrum of the crude aMonomer-to-initiator molar feed rati®.Determined by!H NMR

reaction mixture of each sample by taking the ratio of peak spectroscopy of the crude reaction mixtui@P calculated by feed
ntensies due to polymer and monomer, For DXO-based ¢MbCsior Sl oersn g e o U -
polymers, the ratio of the intensities of oxymethylene protons polymer.© Obtained by SEC analysis with polystyrene standdr@tained
of PDXO at 4.1 ppm (t, 2H;-CH,—OCO-) to those of DXO by DSC analysis.
at 4.2 ppm (t, 2H,—CH,—OCO-) was used to calculate the
percentage monomer conversion. In the case of CL, the ratiopp values of 30, 55, and 100 were synthesized with DXO as
of peak intensities used to obtain the percentage monomershown in Table 1. The percentage monomer conversion was
conversion was based on the oxymethylene protons at 4.0 ppmgetermined from théH NMR spectrum of the crude reaction
due to PCL (t, 2H-CH,—OCO~) and at 4.1 ppm due to CL  mjxture in all cases, and it was found to decrease with increasing
(t, 2H, —CH,—0OCO~). molar feed ratio of monomer to initiator (Table 1). This was
Use of 4-Pentene-2-ol as the Initiatord-Pentene-2-ol was  because the polymerization was allowed to run for a limited
used as an initiator to introduce terminal functionalization in period of time. With an increase in the monomer-to-initiator
PDXO or PCL. Polymers having different degrees of poly- molar ratio, the number of growing chains at any given time
merization (DP) were synthesized by varying the molar ratio was less. Because the polymerization was performed in the bulk,
of monomer to initiator. Three different polymers of theoretical the viscosity increased with time, so that the accessibilit)éBfV
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Figure 1. *H NMR spectrum of PCL synthesized by the lipase-CA-catalyzed ROP of CL in the presence of 4-pentene-2-ol as an initiator (entry
1, Table 2).

monomer to the growing polymer chains was limited. Therefore, Table 2. LipaseACPA-Ctatalygec: Ro; o: C_:t!_ tin the Presence of

a high viscosity and fewer growing centers led to low monomer “rentene-2-of as the Initiator

conversion. conversiol W

. . try M/ % DPF D MgZ Me M.t PDE (%

The DP values of different PDXO samples were determined ety 06) 06)
1 ; : ; ; 1 30 93.6 28 26 3000 6600 9500 1.4 57.6

by H NMR spectroscopy by taking the ratio of the intensity of o5 a1 S se 5400 12000 17500 15 518

OXymetherne protons at 4.2 ppm to that of the terminal 3 130 66.7 87 87 10000 22000 31500 1.4 47.8

methylene protons at 3.6 ppm. As can be seen in Table 1, the - ) .

DP .y pd ith i pp lar feed ratio of t aMonomer-to-initiator molar feed ratid.Determined by'H NMR

DF Increased with increasing molar feed ratio ot monomer to spectroscopy of the crude reaction mixtui®P calculated by feed

initiator, which confirmed that the alcohol had acted as an composition and monomer conversion using the formula=D@/In) x

initiator. The number-average molecular weight,) of each (conversion/100)¢ Determined byH NMR spectroscopy of the precipitated

sample was calculated from these DP values, and the resunspolymer.eObtai_ned by SEC analysis with polystyrene standdr@atained

are also presented in Table 1. Another way to calculate the DpPY DSC analysis.

of the polymers obtained is to take into account the monomer-

to-initiator molar feed ratio (M/In) and the monomer conversion

the polymerization at higher conversion, which resulted in the

by using eq 2. This is on the assumption that the polymerization occurrence of transesterification reactions and, in turn, increased

has the characteristics of living polymerization. If so, all of the Muw without changing\/l.n. .
chains are initiated at the same time, and equal numbers of 1 N€ thermal properties of the polymers were determined by

monomer units are therefore attached to each growing polymerPSC- The glass transition temperatufg) (of the PDXO samples

chain. increased with increasing molecular weight of the polymer, as
shown in Table 1.
DP = (M/In) x (conversion/100) (2) Three different polymers of theoretical DP values of 30, 65,

and 130 were synthesized with CL, and the results are presented

The DP values calculated in these two ways were very close toin Table 2. The monomer conversion decreased with increasing
each other, as can be seen in columns 4 and 5 of Table 1. Thisnolar feed ratio of monomer to initiator, and this can be
shows that almost equal numbers of monomers were indeedexplained on the basis of reasons similar to those discussed
incorporated into each growing polymer chain. These results before for DXO. The incorporation of the pentene moiety was
thus indicate that lipase-CA-catalyzed polymerization has the confirmed by the presence of respective proton signals in the
characteristics of living polymerization. This also confirmed the H NMR spectra. Figure 1 shows a representafideNMR
role of the added alcoholic moiety as an initiator. spectrum for PCL having an olefin moiety at one chain end.

An increase in molecular weight was observed in SEC  The ratio of oxymethylene protons at 4.0 ppm to terminal
chromatograms with an increase in the molar ratio of monomer methylene protons at 3.6 ppm was used to calculate the DP
to initiator. This further supports the role of added alcohol as values of different 4-pentene-2-ol-initiated PCL samples, and
an initiator. The PDI values increased from 1.7 to 2.2 with these values were found to increase with increasing monomer-
increasing monomer-to-initiator molar feed ratio. This could be to-initiator molar feed ratio. Th¥l, values calculated from these
due to the fast polymerization kinetics of DXO, which led to a DP results are presented in Table 2. The DP for each sample
high viscosity of the reaction mixture in a short period of time. was also calculated using eq 2, and the values determined by
The longer chains generated at the high monomer-to-initiator the two methods were found to be quite close to each other, as
ratio have a high probability of undergoing transesterification shown in Table 2. This again shows that the lipase-CA-catalyzed
reactions under such conditions of polymerization. The increase polymerization of CL in the presence of 4-pentene-2-ol as an
in PDI was therefore due to the diffusion-controlled nature of initiator has the characteristics of living polymerization. CDV
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Table 3. Lipase-CA-catalyzed ROP of DXO in the Presence of
PCL-diol as the Macroinitiator

conver-

M/ siorP T W
entry initiator In2 (%) DF DP¥ M4 M M, PDIE (°C) (%)
PCL1250 25 89.5 22 21 3700 8700 13900 1:649.2 0.6
PCL1250 40 77.8 31 27 4400 14400 27900 1944 0.3
PCL1250 60 58.3 35 31 4800 19700 34200 1425 0.0
PCL2000 25 83.3 21 23 4700 10000 15700 1-617.6 17.5
PCL2000 40 78.9 32 30 5500 15000 26800 1-85.7 1.9
PCL2000 60 54.5 33 34 5900 18800 42800 2:310.3 1.1

%T

U WNPE

=+« Commercial PCL

— = Eniry 3, Table 2 aMonomer-to-initiator molar feed rati®.Determined by!H NMR
=== Entry 2, Table 2 spectroscopy of the crude reaction mixti®P calculated by feed
Entry 1, Table 2 composition and monomer conversion using the formula=B@/In) x
- (conversion/100)d Determined byH NMR spectroscopy of the precipitated
4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 p0|ymer_e Data obtained by SEC with polystyrene standafrﬂlata obtained

om-1 by DSC.
Figure 2. FTIR spectra of PCL samples having different degrees of

polymerization (entries-23 in Table 2) synthesized by the lipase-CA- o PR ; ;
catalyzed ROP of CL in the presence of 4-pentene-2-ol as an initiator; crystallinity was observed with increasing chain length of the

the peak at-1645 cnt confirms the presence of unsaturation at the PCL homopolymers, as shown in Table 2. This could be due to
polymer chain end, and the intensity of the peak decreases with a more regular packing of small chains generating more regular

increasing degree of polymerization of PCL. crystals. The short polymer chains crystallized in extended
chains or in once- or twice-folded crystals with a very small

proportion of amorphous material. On the other hand, the long
chains could not as effectively be accommodated into the
crystals and had a large proportion of statistical chains in the
amorphous phase, resulting in reduced crystallinity.

The role of the added alcohol as an initiator was also
confirmed by the increase in molecular weight with increasing
molar ratio of monomer to initiator observed in the SEC
chromatograms. No significant change in PDI was observed with
increasing monomer-to-initiator ratio, indicating that no change
in the extent of transesterification reactions occurred when the  The presence of a carbesarbon double bond due to the

feed ratio was changed. All of these values are presented in4-pentene-2-ol initiator in the PDXO or PCL homopolymers
Table 2. was also confirmed by FTIR spectroscopy. The spectra of all

No clear glass transition of PCL could be observed in the three PCL samples are compared with that of commercial PCL
DSC thermograms as the heating began-@6 °C, which is in Figure 2. The low-intensity peak at1645 cnt* due to C=
very close to the expecte®y of the polymer. The relative  C stretching indicates the presence of unsaturation. The relative
crystallinity of PCL homopolymers was calculated from the intensity of this peak decreased with increasing DP of the PCL
melting peak (heat of fusion) at about 8C. A decrease in chain.

a I
HO/\/O \/\o%/\/\/ﬂ/o\/\o/\: o\/\OH
[o) N o] A O
h
j
C
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€
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Figure 3. *H NMR spectrum of poly(DXOB-CL-b-DXO) synthesized by the lipase-CA-catalyzed ROP of DXO in the presence of PCL-diol as
an initiator (entry 1, Table 3). CDV
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DD the percentage monomer conversion using eq 2. The DP values
obtained by the two methods were quite close to each other, as
shown in columns 5 and 6 of Table 3, indicating the living
character of the polymerization.

To further verify the structure of the synthesized polymers,
sequence analysis was carried out in the carbonyl region of the
cc 13C NMR spectra because of the greater sensitivity to sequence
effects of 13C compared to'H NMR spectroscopy? The
e spectrum of poly(DXOb-CL-b-DXO) (entry 1 in Table 3) is

cD H shown in Figure 4. Four different peaks corresponding to the
homopolymer and two dyads, i.e., transition between DXO (D)

and CL (C) and vice versa, are assigned in the spectrum. Two

L S L L L B L B A B BRSNS B additional low-intensity peaks were also seen close to the DXO
174017135 1730 1725 1720 1715 1710 1705 region arising from possible transesterification reactions of the
ppm growing DXO chain. The sequence lengths of the PDXO and

Figure 4. *3C NMR spectrum of poly(DXCB-CL-b-DXO) synthesized  pCL blocks were determined using egs 3 and 4, respectivel
by the lipase-CA-catalyzed ROP of DXO in the presence of PCL-diol g€a ' P y-

as an initiator (entry 1, Table 3).

DD
——-- entry 3, table3 LD = E +1 (3)
———= entry 2, table 3
------ entry 1, table 3 _ |
—— PCLI2SO Le= IEZ +1 (4)
cD
A sequence length of 8 was obtained for the PCL block, which
was calculated to be 10 using thd NMR spectrum, and a
sequence length of 16 was obtained for the PDXO segment,
which was 21 according to thiéd NMR spectrum.

SEC chromatograms of all of the polymers showed an
increase in molecular weight with increasing monomer-to-
initiator molar feed ratio, and a slight increase in the PDI value
of poly(DXO-b-CL-b-DXO) was also observed. This can again

o0 7267407 eb" a0 b Tiab” Tdab T ab” b Tih Tdeb’ b Tdab Taob b’ T be explained by the occurrence of transesterification reactions

Figure 5. SEC chromatograms depicting the increase in molecular @t the higher monomer-to-initiator ratio, where the higher

weight of poly(DXOb-CL-b-DXO) copolymers (entries-13 in Table viscosity and longer chains promote such reactions. Figure 5

3) with increasing monomer-to-initiator ratio in comparison with that shows the SEC chromatograms of different poly(DK@L-

of PCL1250. b-DXO) samples (entries-13 in Table 3) in comparison to that
Use of PCL-diol as a Macro-initiator. Dihydroxyl- of PCL1250. No peak at higher retention times was observed,

terminated PCL-diols of different molecular weights (1250 and indicating that all of the PCL-diol was involved in initiating
2000 g/mol) were used to initiate the DXO or CL polymerization the polymerization.
with lipase-CA. With DXO, the triblock copolymer poly(DXO- An increase iy of PDXO with an increase in the molecular
b-CL-b-DXO) was obtained. Six different triblock copolymers  weight of the PDXO block was observed in the DSC thermo-
of DXO and PCL-diol were synthesized by changing the grams of poly(DXOb-CL-b-DXO), as shown in the Table 3.
monomer-to-initiator molar feed ratio from 25 to 60 as shown The relative crystallinity of the PCL middle block in the triblock
in Table 3. The percentage monomer conversion and DP werepolymer poly(DXOh-CL-b-DXO) was found to decrease with
calculated fromH NMR analyses of the crude reaction mixture increasing block length of the PDXO segments, because of the
and the precipitated polymer, respectively. In both sets of hindrance created by the PDXO segments to the crystallization
polymers synthesized by PCL1000 or PCL2000, the percentageof the PCL blocks.
monomer conversion decreased with increasing monomer-to- PCL is a semicrystalline polymer with a melting temperature,
initiator ratio. This is for similar reasons as discussed before in Ty, of ~60 °C whereas PDXO is an amorphous polymer. In
the case of 4-pentene-2-ol. poly(DXO-b-CL-b-DXO) triblock copolymers, the PCL middle
The ratio of the peak intensity of the methylene protons at block showed a tendency to crystallize that was affected by the
2.6 ppm to that of the terminal methylene protons at 3.6 ppm length of the PDXO blocks. To investigate this effect of the
was used to calculate the DP values for different DXO triblock PDXO blocks on the crystallinity of the PCL segment, samples
copolymers with PCL-diol. These DP results, included in Table (entries 4-6 in Table 3) were analyzed by optical microscopy.
3, are the overall values and therefore should be divided by 2 As shown in Figure 6, the presence of crystalline domains due
to obtain the actual DP of the polymer chain attached to eachto the PCL segment was significantly reduced as the PDXO
hydroxyl group of the macro-initiator. For example, the BP block length was increased. As explained before, the longer the
30 in entry 5 of Table 3 indicates that each hydroxyl group of PDXO chains, the more hindrance they provide to PCL
the macro-initiator has a PDXO chain of DR 15. A crystallization.
representativéH NMR spectrum of poly(DXCOs-CL-b-DXO) Poly(DXO--CL-b-DXO) triblock copolymers synthesized in
is shown in Figure 3. Thd/l, values calculated from the DP  this way can be used as slowly degrading sutures, temporary
results from'H NMR spectra for all samples are summarized implants, or drug-delivery systems, because PCL segments
in Table 3, together with the other results. The DP was also exhibit outstanding permeability and biodegradability and the
calculated from the monomer-to-initiator molar feed ratio and product of PCL degradation, hydroxyhexanoic acid, is nont%cv
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(@) (b)

(c)

Figure 6. Optical microscope images of poly(DXB®CL-b-DXO) samples having different DP values (entriesé4in Table 3) showing the
relative change in the degree of crystallinity of the PCL segment of the terpolymer. DP of PDXO=bl(k23, (b) 30, and (c) 34.

Table 4. Lipase-CA-catalyzed ROP of CL in the Presence of amorphous, hydrophilic, and biocompatible polymer that can
PCL-diol as Macroinitiator degrade rapidly.
M/ conversioft Wel PCL-diol acted as a chain extender when it was used as an

entry initiator In2 (%) DF DPY M4 Me  M,® PDIe (0/3) o . X .
initiator to polymerize CL in the presence of lipase-CA, and
PCL1250 25 847 21 20 3500 11100 14900 1.3 54.0

PCL1250 40 763 31 32 4900 16400 21200 13 504 CL homopolymer was therefore finally generated. Six poly-
PCL1250 70  66.2 46 46 6500 23100 29100 1.3 50.0 mMmers having different DP values were synthesized as reported
Egt;ggg 4218 %'8 ;g %2 2888 13?388 g égg 1; ig-; in Table 4. The monomer conversion decreased with increasing
POL2000 70 586 41 43 6900 20000 26500 13 431 monomer-to-lmtla'tor ratio following the same trend as observed
o _ _ for DXO. The ratio of oxymethylene protons at 4.0 ppm and
a Monomer-to-initiator molar feed ratid.Determined by'H NMR terminal methylene protons at 3.6 ppm was used to determine

spectroscopy of the crude reaction mixtur®P calculated by feed .
composition and monomer conversion using the formula=b@/In) x the DP of each PCL sample. The DP values obtained were

(conversion/100)! Determined byH NMR spectroscopy of the precipitated ~ decreased by 10 (the repeat units counted for the PCL1250
polymer.¢ Data obtained by SEC with polystyrene standat@sata obtained macro-initiator fromtH NMR spectroscopy) or by 16 (the repeat

U WNE

by DSC. unit counted for the PCL2000 macro-initiator frofd NMR
Table 5. Lipase-CA-catalyzed ROP of DXO in the Presence of PEG spectroscopy) to obtain the final values. TM values
as Macroinitiator calculated from these DP results are presented in Table 4. The
M/ conversioh T/ DP values calculated using eq 2 were similar to thos_e o_bta_ined
entry initiator Ina (%) DFP DP M MeE My PDEE (°C) by 'H NMR spectroscopy (proton peak ratio method), indicating
1 PEG1000 25 914 23 20 3300 8800 13200 LH7.0 similar polymerization behavior as observed before.
2 PEG1000 45 809 36 33 4800 14300 30200 2:16.8 An increase irM,, with increasing monomer-to-PCL-diol ratio
3 PEG1000 90  67.7 61 56 7500 21700 51500 245.3 : !
4 PEG2000 25 863 22 18 4100 8600 14400 L7162 was observed from SEC chromatograms, and this confirms the
5 PEG2000 45 81.2 37 32 5700 13200 27000 2:@4.4 role of PCL-diol as an initiator. The PDI values for all of the
6 PEG2000 80 709 57 54 8300 20500 43300 2-40.6 PCL samples were close to 1.3, indicating that the initiator had
a Monomer-to-initiator molar feed rati®.Determined byH NMR no effect on the molecular weight distribution or the transes-
spectroscopy of the crude reaction mixtf@P calculated by feed terification reactions. A decrease in relative crytallinity of PCL
composition and monomer conversion using the formula=b@/In) x homopolymers was observed with an increase in the polymer

(conversion/100)4 Determined byH NMR spectroscopy of the precipitated : o :
polymer. Data obtained by SEC with polystyrene standat@ta obtained chain length, for reasons similar to those discussed before.

by DSC. Use of PEG as a Macro-initiator. Dihydroxyl-terminated
PEG of different molecular weights (1000 and 2000 g/mol) were
and can be metabolized in the human body. On the other handused to initiate the polymerization of DXO or CL with lipase-
the fact that PCL is hydrophobic in nature means that it has a CA. In this way, triblock copolymers of DXO or CL with PEG,
lower rate of degradation, which can be compensated by theviz. poly(DXO-b-EG+H-DXO) or poly(CLb-EG+H-CL), were
PDXO segments of the triblock copolymer. PDXO is an synthesized. Six different polymers of DXO were obtainedéBV
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Figure 7. 'H NMR spectrum of poly(DXOb-EG-h-DXO) synthesized by the Laipse-CA-catalyzed ROP of DXO in the presence of PEG as an
initiator (entry 1, Table 5).

changing the monomer-to-initiator molar feed ratio as indicated —-.—-- Entry 6, table 5 i
in Table 5. The percentage monomer conversion and DP were ———— Entry 5, table 5 1\11
\

and the precipitated polymer sample, respectively. As can be
seen in Table 5, the monomer conversion decreased with
increasing monomer-to-initiator ratio. This observation follows If
the same trend as noticed before using 4-pentene-2-ol or PCL- il
diols as initiators, and therefore, it can be explained by similar :."
reasons. The DP for each PDXO sample was calculated by i
taking the ratio of the peak intensity of the oxymethylene protons
at 4.2 ppm to that of the terminal methylene protons at 3.6 ppm. A
A representativetH NMR spectrum of poly(DXOs-EG-b-
DXO) is shown in Figure 7M,, was calculated from these DP
values, and the results are presented in Table 5. The DP was
also calculated using eq 2, and the living character of the "
polymerization was indicated when these DP values were Figure 8. SEC chromatograms depicting the increase in molecular
compared with the values obtained by taking the ratio of proton Weight of poly(DXOb-EG-b-DXO) (entries 4-6 in Table 5) copoly-

. mers with Increasing monomer-to-initiator ratio in comparison with
peaks from'H NMR spectroscopy as described above. The ihe initiator PEG2000.
values are presented in columns 5 and 6 of Table 5.
_ The expected increase in polymer molecular weight with hercentage monomer conversion decreased with increasing
increasing monomer-to-initiator ratio was observed in the SEC ,,nomer-to-initiator ratio, as observed before. The ratio of
results. An increase in dispersity was observed with increasing methylene protons due to PCL at 4.0 ppm to methylene protons
DP of different poly(DXOB-EG-b-DXO) samples because of g6 5 pEG at-3.7 ppm was used to determine the DP of each
the occurrence of possible transesterlﬂcatlon reactions. FlgurePCL triblock copolymer. These DP results were used to calculate
8 shows the SEC chromatograms of different poly(DEGG-b M, values for the polymers, which are presented in Table 6.

-DX0) samplﬁs (entriels 5 in Table 5) togefther with that of h The DP values calculated using eq 2 were close to the values

PEG2000. The complete consumption of PEG2000 as the . . .

initiator is revealed Ey the absenge of any peak at higher obtained by taking the ratio of proton peaks due to monomer
and initiator.

retention timesT of the PDXO blocks in poly(DXOs-EG-b-
DXO) increased with increasing PDXO block length, as can ~ The My values of the polymers, as obtained from SEC
be seen in Table 5. chromatograms, increased with increasing monomer-to-initiator
Poly(CL-b-EG-b-CL) triblock copolymers were synthesized molar ratio, confirming PEG’s role as an initiator. The poly-
when PEG was used as initiator for CL polymerization in the dispersity of the poly(Clb-EG-b-CL) polymers did not change
presence of lipase-CA. Six different polymers with different with changing initiator or DP. The relative crystallinity of the
DP values were generated, as reported in Table 6. ThePCL blocks in the different poly(Clb-EG-b-CL) ponmersCDV

]

|

calculated fromtH NMR spectra of the crude reaction mixture | ______ Entry 4, table 5 ,'
PEG2000 :
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Table 6. Lipase-CA-catalyzed ROP of CL in the Presence of PEG as
Macroinitiator

M/ conversiof W
entry initiator In2 (%) DF DP M4 M M,® PDE (%)

Macromolecules, Vol. 39, No. 1, 2006

the polymer chain terminal (monohydroxyl initiator) or inside
polymer chain (dihydroxyl initiator), yielding polyester in a
versatile single-step reaction. The degree of polymerization of
the polyester chain segments could be easily controlled by

% ﬁEgiggg ig gg-g gg :1%?1 431588 159288 igggg ig gg-é varying the molar feed ratio of monomer to initiator. The role
3 PEG1000 90 630 57 54 7200 21000 27500 13 375 of alcohol as an initiator was confirmed by NMR SEC, and
4 PEG2000 25 73.7 18 16 3800 8200 10300 1.3 39.7 FTIR analyses. The DP values calculated in different ways
5 PEG2000 45 722 32 31 5500 12100 16000 1.3 36.8 showed the living character of the lipase-CA-catalyzed poly-
6 PEG2000 80 649 52 52 7900 18300 24100 1.3 294 merization of seven-membered ring lactones and also confirmed
a Monomer-to-initiator molar feed ratid.Determined by!H NMR the role of the added alcohol as an initiator.

spectroscopy of the crude reaction mixtr®P calculated by feed .

composition and monomer conversion using the formula=D@//In) x Acknowledgment. The authors thank STINT (The Swedish

(conversion/100)? Determined byH NMR spectroscopy of the precipitated  Foundation for International Cooperation in Research and Higher
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