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Candida antarcticaLipase B (CALB), a metal-free enzyme, was successfully employed as catalyst for ring-
opening copolymerization ab-pentadecalactone (PDL) wigirdioxanone (DO) under mild reaction conditions
(<80°C, atmospheric pressure). Poly(PBb-DO) with high molecular weight\,, > 30 000) and a wide range

of comonomer contents was synthesized using various PDL/DO feed ratios. During the copolymerization reaction,
large ring PDL was found to be more reactive than its smaller counterpart DO, resulting in higher PDL/DO unit
ratios in polymer chains than the corresponding PDL/DO monomer ratios in the feed. The copolymers were
typically isolated in 56-90 wt % yields as the monomer conversion was limited by the equilibrium between
monomers and copolymeld and13C NMR analysis on poly(PDlco-DO) formed by CALB showed that the
copolymers contain nearly random sequences of PDL and DO units with a slight tendency toward alternating
arrangements. Copolymerization with PDL was found to remarkably enhance PDO thermal stability. Differential
scanning calorimetry (DSC) and wide-angle X-ray scattering (WAXS) results demonstrate high crystallinity in
all copolymers over the whole range of compositions. Depending on copolymer composition, the crystal lattice
of either PDO or PPDL hosts units of the other comonomer, a behavior typical of an isodimorphic system. In
poly(PDL-co-DO), both melting temperature and melting enthalpy display a minimum at 70 mol % DO, that is,
at the pseudoeutectic composition. WAXS diffractograms show one crystal phase (that of either PPDL or PDO)
on either side of the pseudoeutectic and coexistence of PPDL and PDO crystals at the pseudoeutectic.

Introduction lower hydrophilicity and hydrolytic susceptibility versus DO
units, which should render PDL more effective than smaller

Poly(p-dioxanone) (PDO), poly(glycolide), and poly(lactide)  ring size lactone monomers (e.g-caprolactone, glycolide,
are well-known semicrystalline polymers that are extensively |actide) in altering or reducing PDO biodegradation rate.
used as bioabsorbable materials for constructing surgical suturesgyrthermore, upon hydrolysis and degradation, PDL units would
staples, screws, and reinforcing plates as well as controlledpg converted to-hydroxypentadecanoic acid that represents a

release drug carriers. PDO, a poly(ether-ester), was synthesizegynical hydroxyl-substituted fatty acid and that is expected to
originally for coating and textile fiber applications but was found pose minimal adverse health effects.

unsuitable because of its high susceptibility to hydrolysis.
However, the poly(ether-ester) with fast degradability, desirable
physical properties, and excellent biocompatibility was later
recognized and was found to serve remarkably well as materials
for biomedical application3.

It is well-known that copolymerization is an effective

Current commercial processes for producing PDO and DO-
containing copolyesters employ organometallic catalysts. As
indicated in recent patent literature, minimal residual metal
contents are essential to ensure safety of these polymeric
materials in biomedical applications. Indeed, new synthetic
approach to obtain materials with tailored properties that are methods are_negded to reduce metal co_ncentranons for certain
usually improved with respect to those of the respective polymer a_ppllcatlonéMetaI_-free en;ymatlc catalysts would be
homopolymers. In medical applications, the hydrolysis/biodeg- MOSt desirable for preparing medical grade PDO and related
radation rates and physical properties of PDO-based materialscoPolyestersCandida antarticalipase B (CALB) is a metal-
are often controlled and regulated by incorporating other frée catalyst and is known to be highly efficient for PDL and
monomers along the polymer backbone. Thus, varipus  Other lactone ring-opening polymerizatioh€ALB-catalyzed

dioxanone-containing copolyesters, including pplgiioxanone- processes have recently b_een reported to synthesize random and
co-e-caprolactone), polytdioxanoneco-glycolide), polyp- block copolymers of 1,5-dioxepan-2-one andaprolacton
dioxanoneeo-lactide), and polyg-dioxanoneco-alkylene oxide), ~ and poly(pentadecalactowe-oxo-crown ether§*5Herein, we

have been disclosed and proposed as alternative bioresorbabléeport for the first time the synthesis of poly(P2b-DO)

materials® However, copolymers op-dioxanone (DO) with copolymers with various PDL/DO unit ratios under mild reaction

large ring size lactone monomers, suchuapentadecalactone  conditions using metal-free CALB as the catalyst. Copolymer

(PDL), have not been reported thus far. Poly(P&iPO) is microstructure was analyzed by both proton and carbon-13 NMR

of great interest because PDL repeating units have substantiallyspectroscopy. The thermal properties of nearly random poly-
10.1021/bm070138a CCC: $37.00  © 2007 American Chemical Society
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(PDL-co-DO) as a function of copolymer composition were Scheme 1. Ring-Opening Copolymerization between PDL and
investigated by thermogravimetric analysis (TGA) and dif- DO Catalyzed by N435

ferential scanning calorimetry (DSC). Wide-angle X-ray scat- o

tering (WAXS) analyses were performed to study copolymer o o. o
crystal structures. In contrast to expected random copolymer

behavior, poly(PDLeo-DO) samples maintain high crystallinity + [ j

over the entire compositional range. An explanation for this o

behavior is presented.

Experimental Section N435, Solvent
70°C, N,

Materials. w-Pentadecalactone monomer (PDL, 98%), anhydrous
toluene, and diphenyl ether were purchased from Aldrich Chemical
Co. and were used as receivpeDioxanone (DO), a gift from Johnson o] 0
and Johnson company, was dried over calcium hydride and then was W H\/o\)l\ ]/
vacuum distilled under nitrogen. N435 (specific activity 10 000 PLU/ 1 O (0]
g) was a gift from Novozymes (Bagsvaerd, Denmark) and consists of " n
Candida antarcticaLipase B (CALB) physically adsorbed within the
macroporous resin Lewatit VPOC 1600 (poly[methyl methacrylate- washed with methanol three times, and was dried overnight 4€50
co-butyl methacrylate], supplied by Bayer). Lewatit VPOC 1600 has a In vacuo. The results ofH and**C NMR spectral analyses were as
surface area of 110150 nt/g and an average pore diameter of 100 follows.
nm. N435 contains 10 wt % CALB that is located on the outer 100  Poly(PDL-co-DO): (a)*H NMR (CDCl) (ppm) PDL units: 4.05
um of 600um average diameter Lewatit beads. 4.13 (M, —CHz—CH;—(CHp)10—CH,—CH,—COO-); 2.32 (2H, m,

Instrumental Methods. H and 3C NMR spectra were recorded =~ —CHz—CH;—(CHz)10~CH,—CH,—COO~-); 1.62 (4H, br, —CH,—
on a Bruker AVANCE 300 spectrometer or a Bruker AVANCE 500 CHz—(CHg)10—~CH,—CH,—COO-); 1.26 (20H, br, —CH,—CH—
spectrometer. The chemical shifts reported were referenced to internal(CHz)10~CH,—CH,—COO-); DO units: 4.35/4.27 (2H, t-CHo—
tetramethylsilane (0.00 ppm) or to the solvent resonance at the CH,—O—CH,—COO-); 4.13-4.19 (m, —CH;—CH,—O—CH>—
appropriate frequency. The number-average molecular weights andCOO-); 3.80 (2H, br,—~CH;—CH,—0—CH,—COO-). (b) Selected
weight-average molecular weightdvi{ and M,, respectively) of 3C NMR absorptions (CDGJ (ppm): 174.0 (PDE-PDL*—PDL/DO—
polymers were measured by gel permeation chromatography (GPC)PDL*—PDL, —~CH,—CH,—(CHy)10~CH,—CH,—COO-); 173.8 (PDL-
using a Waters HPLC system equipped with a model 510 pump, a PDL*—DO/DO-PDL*—DO,—CH,—CH,—(CHy)15—CH,—CH,—COO0-);
Waters model 717 autosampler, and a Model 410 refractive index 170.2,170.13/170.11, 170.0 (PBDO*—PDL, PDL-DO*—~DO/DO—
detector with 500, 19 10¢, and 106 A Ultrastyragel columns in series.  DO*—PDL, DO-DO*—DO, —CH,—CH,—0—CH,—COO-); 69.6/
Trisec GPC software version 3 was used for calculations. Chloroform 69.3 (-CH;—CH,—0O—CH,—COO-); 68.5/68.3/68.2 { CH,—CH,—
was used as the eluent at a flow rate of 1.0 mL/min. Sample O—CH,—COO-); 65.1/64.4 (-CHp—CH;—(CHz)10—CH,—CH,—
concentrations of 2 mg/mL and injection volumes of 10wvere used. COO0-); 63.8/63.2 {-CH,—CH,—O—CH,—COO-); 34.4/34.2 - CH,—
Molecular weights were determined on the basis of a conventional CHz—(CHz)10—CH,—CH,—COO-); resonances at 24:29.6 ppm
calibration curve generated by narrow polydispersity polystyrene (—CHz—CHz—(CHz)10~CH,—CH,—COO-).
standards from Aldrich Chemical Co. Thermogravimetric analysis
(TGA) measurements were performed with a TA Instruments TGA2950 . .
thermogravimetric analyzer from room temperature to 6G0 at a Results and Discussion
heating rate of 10°C/min, in a nitrogen atmosphere. Differential
scanning calorimetry (DSC) analysis was carried out using a TA  Ring-Opening Copolymerization of PDL with DO. Scheme
Instruments Q100 DSC equipped with the liquid nitrogen cooling 1 illustrates the general copolymerization reaction between PDL
system (LNCS) low-temperature accessory. The temperature scale wagind DO. N435 (5 wt % vs total monomer) catalyzed polymer-
calibrated with high-purity standards. DSC scans were performed in izations were conducted in dried toluene or diphenyl ether (200
the temperature range from100 °C to 150°C. Wide-angle X-ray wt % vs total monomer) at 78C under nitrogen for 26 h. To
diffraction measurements (WAXS) were carried out at room temperature synthesize copolymers with different PDL or DO contents,
with a PANalytical X'Pert PRO diffractometer equipped with an various PDL/DO monomer feed ratios were used. Since excess
XCelerator detector. CuK radiation € 0.15418 nm) was used as X-ray  water in reactions can limit copolymer molecular weighés),
source. The degree of crystallinityf was evaluated as the ratio of  reactants and solvents were either obtained predried or were

the crystalline peak areas to the total area under the scattering’curve. dried prior to polymerization reactions (see Experimental
The amorphous and crystalline contributions were calculated by fitting gection).

method using the WinFit prografiChe primary beam and air scattering
contribution to the incoherent scattering was considered equal to the
contribution of an empty sample holder recorded in the same conditions
which was therefore subtracted from the sample spectrum.

General Procedures for Preparing Poly(PDLeo-DO) Copoly-

The choice of solvent for polymerization reactions was
determined by the solubility of poly(PDte-DO) copolymers
"formed. At <80:20 (mol/mol) DO/PDL monomer feed ratios,
toluene is a desirable solvent since it readily dissolved the
mers. A reaction mixture containing PDL, DO, and N435 (5 wt % vs resultant copolymers. However, a80:20 DO/PDL monomer

total monomer, dried under 1.0 mmHg at8Dfor 18 h) in toluene or (€€ ratios, the low solubility of copolymers formed in toluene
dipheny! ether (200 wt % vs total monomer) was magnetically stirred Was ev_|dent by their pr_eC|p|tat|o_n from reaction solutions after
at 70°C under nitrogen (1 atm) for 26 h. At the end of the reaction, @Pproximate} 5 h reaction, leading to low polymer molecular
the product mixture was dissolved in chloroform, and the resultant Weights. Further studies showed that dipheny! ether is a better
solution was filtered to remove catalyst particles. The filtrate was then Solvent than toluene for PDEDO copolymers with high DO
concentrated at 5060 °C under vacuum. A white solid precipitate was ~ contents. Thus, all PDEDO copolymerization reactions aig80:
obtained by dropwise adding the concentrated polymer solution into 20 (mol/mol) DO/PDL feed ratio were performed in diphenyl
magnetically stirred methanol. Precipitated polymer was filtered, was ether to increase copolymer molecular weights. HomopolyrE(B%/
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Table 1. N435-Catalyzed Copolymerization of PDL with DO

sample name PPDL P80D20 P68D32 P43D57 P29D71 P16D84 PDO
PDL/DO feed ratio (mol/mol) 100:0 70:30 50:50 30:70 20:80 10:90 0:100
solvent toluene toluene toluene toluene toluene Ph,0O toluene
isolated yield (wt %)2 90% 7% 87% 70% 74% 51% 75%
DO content, mol %? 0 20 32 57 71 84 100
DO content, wt % 0 10 17 36 51 69 100
PDL/DO unit ratio 100/0 80/20 68/32 43/57 29/71 16/84 0/100
M, (kDa) 16200 19800 15500 29100 14800 11300 6200
My, (kDa) 48600 107000 54300 55900 31200 18900 22900
polydispersity (Mw/My) 3.0 5.4 35 1.9 2.1 1.7 3.7

aYield was calculated on the basis of total monomer weight. » Calculated from the proton NMR spectra.
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Figure 1. Carbonyl C-13 absorptions of P43D57 in CDCls. (a) PDL—PDL*—PDL and DO—PDL*—PDL; (b) PDL—PDL*~DO and DO—PDL*—
DO: (c) PDL—DO*—PDL; (d) PDL—DO*—DO and DO—DO*—PDL; (¢) DO—DO*—DO.

PPDL and PDO were prepared in toluene following procedures Table 2. Structures of PDL—DO Copolymers

analogous to those used for poly(PBa-DO) synthesis. sample name P43D57 P29D71 P16D84
The copolymerization results regarding reaction conditions, Calcd Triads in Random Copolymera

product yields, polymer molecular weights, and polydispersity pp, —ppL*—pDL + DO-PDL*~PDL  0.18 0.08 0.03

are summarized in Table 1. High molecular weight,(> PDL—PDL*~DO + DO—PDL*~DO 0.24 0.21 0.13
30 000) poly(PDLeo-DO) polymers were synthesized by N435-  pp| —po*—PDL 0.11 0.06 0.02
catalyzed polymerization reactions (see Experimental Section). pp. —po*—D0O + DO—DO*—PDL 0.28 0.29 0.23
In all cases, PDL content in copolymers exceeded that in the po-po*—po 0.19 0.36 0.59

monomer feed, suggesting that N435 favors polymerization of
PDL over DO. Isolated yields after polymer precipitation were
>70% except for the highest DO monomer feed ratio (90 mol

Observed Triads?
PDL—-PDL*-PDL + DO—-PDL*—PDL 0.16 0.08 0.02
PDL—-PDL*-DO + DO—-PDL*-DO 0.25 0.22 0.12

%) in which the isolated yield is 51%. Since ring-opening pp, _po«_ppL 014 0.07 003
polymerizations involve equilibrium reactions between mono- pp, o+ po + DO—DO*—PDL 0.28 0.30 0.26
mers and copolymer, previous studies have shown that this ispo_po*—po 0.17 0.33 0.57
an important factor which limits monomer conversions and

polymer yieldl® Given the difficulty in PDL polymerizations 2 For a random A—B copolymer, distribution of triad X—Y*~Z = fx x fy

- . . P x f2 (X, Y, and Z independently equal A or B; fx, fy, and f; are molar
by conventional chemical methodfsit is eXpeCted that similar fractions of corresponding repeating units X, Y, and Z in the polymer

problems would be encountered if conventional chemical chains). # Calculated from the 13C NMR spectra.

methods were attempted to prepare PO copolymers.

Furthermore, undoubtedly, DO would be more reactive than

PDL with conventional chemical catalysts giving copolymers (Figure 1). The two carbonyl absorptions of PDL units at 173.8

enriched in DO units. and 174.0 ppm are due to corresponding PIPIDL*—DO/
Structures of Poly(PDL-co-DO). Structures of PDEDO DO—-PDL*-DO and PDI--PDL*—PDL/DO—PDL*—PDL tri-

copolymers with various PDL/DO repeating unit compositions ads, respectively. The four carbonyl absorptions of DO units at

were analyzed by both protofH) and carbon-13%C) NMR 170.2, 170.13/170.11, and 170.0 are assigned to-FDQ*—

spectroscopy. Assignment of NMR resonances was made byPDL, PDL-DO*—-DO/DO-DO*—PDL, and DG-DO*—-DO

comparing peak positions for PPDL, PDO homopolymers, and triads, respectively.

PDL—DO copolymers with different DO content. The ratio of Table 2 shows the distribution of triad structures for

PDL versus DO units in copolymers was calculated from proton copolymers P43D57, P29D71, and P16D84. To quantitatively

NMR absorptions, for example, PDL methylereGH,—CH,— determine the repeat unit sequence or arrangement of PDL and

(CHy)10—CH,—CH,—COO-) resonances at 2.32 ppm and DO DO units along copolymer chains, distributions of triad struc-

methylene { CH,—CH,—0O—CH,—COO-) resonances at 3.80 tures for statistically random copolymers at corresponding PDL/

ppm, and the results are summarized in Table 1. DO unit ratios were calculated. The experimental results and
Ester carbonyC NMR resonances of PDL and DO units theoretically calculated data were compared (Table 2). This

were observed at approximately 174 and 170 ppm, respectivelyanalysis shows that PBtDO copolymers formed by N438DV
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Table 3. Thermal Properties and Crystallinity of Poly(PDL-co-DO)

DSC
TGA WAXS cooling® heating®
sample Tmax (°C) X:2 (%) AH, (J/g) AHm (PPDL) (J/g) AH, (PDO) (J/g) AHq (PDO) (J/g)
PPDL 414 63 127 127
P80D20 412 57 122 123
P68D32 407 59 105 107
P43D57 396 56 69 71
P29D71 389 44 52 49 3
P16D84 334, 389 45 34 21 40 53
PDO 309 58 50 32 82

a Crystallinity degree from WAXS (£5%). ? Cooling run at —10 °C/min. ¢ Heating run (20 °C/min) following the cooling run.

catalysis contain nearly random sequences of PDL and DO units
with a slight tendency toward alternating sequences. Analysis
of the other two copolymers (P80D20, P68D32) showed similar
results regarding polymer microstructures.

The copolymerization between PDL and DO could initially
form polymer chains with block structures as the result of higher
polymerization activity of PDL versus DO. However, by
extending the reaction time, PPDL and PDO blocks are
converted to random structures through transesterification
promoted by CALB catalysi&

Solid-State Characterization. Thermal properties of poly-
(PDL-co-DO) were investigated by TGA and DSC, and the
results are summarized in Table 3 together with those of the
reference homopolymers. The two homopolymers exhibit dif-
ferent thermal stabilities, where the temperature of maximum
degradation rateTgay of PPDL is about 100C higher than I
that of PDO. All copolymers, with up to 71 mol % of DO units, ‘ ‘
degrade in a single weight loss step centeredlafathat slowly 0 10 20 30 40 50
decreases with increasing DO unit content, that is, with 2 theta (°)
increasing amount of the less thermally stable component. GivenFigure 2. WAXS diffractograms of (a) PPDL, (b) P80D20, (c)
the large molecular weight difference between the two comono- P68D32, (d) P43D57, (e) P29D71, (f) P16D84, and (g) PDO. Broken
mer units (molecular weight of PDL unit is more than twice and coptinuous arrows mark main reflections and minor reflections,
that of DO), a relatively small molar amount of PDL (such as respectively.

29 mol %) represents a rather large amount by weight (49 wt
%), which is sufficient to significantly improve copolymer
thermal stability.

A different behavior is shown by the copolymer richest in
DO units (84 mol %), which exhibits two degradation steps:
(1) one at high temperature close to that of P29D71 copolymer
and (2) the other at a lower temperature that corresponds to
thermal degradation of DO-rich sequences. The different TGA
behavior of P16D84 copolymer can be explained by taking into
account the high DO unit content of this sample and the
remarkably different thermal stability of the two homopolymers.

Arbitrary Units

PPDL — a

EXO ——»

The TGA data show that copolymerization with PDL is an 11 Wig
effective way to enhance PDO thermal stability, provided that . i ' ' i .
PDL content is=30 mol %. -60 -30 0 Tempesrgture (°c?0 90 120

Figure 2 illustrates WAXS diffractograms of all copolym'ers Fiaure 3. DSC curves of PPDL (a. b) and PDO (c. d) homopolvimers
and homopolymers (PPDL, PDO). _The (_iegrees of crystallinity, Cgoling runs were conducted a(t i0)°C/min (a,(c’), )and su%sgquent
X, derived from X-ray curves, are listed in Table 3. Both PPDL  heating runs were at 20 °C/min (b, d).
and PDO are semicrystalline materials with a similar degree of
crystallinity and similar X-ray patterns exhibiting main reflec-
tions (marked with broken arrows in Figure 2) that appear at in an orthorhombic unit cellgd = 0.970 nm,b = 0.742 nm,
close but not identical 2angles. Literature datad*reporting andc (chain axis)= 0.682 nm).*
the unit cells of the two polymers are consistent with the  Differences in calorimetric behavior for the two homopoly-
observed WAXS patterns. A previous study by the autfors mers are appreciable from their corresponding DSC curves
showed that PPDL crystallizes with an all-trans chain conforma- displayed in Figure 3. For PPDL, during cooling from the melt
tion, in a pseudorthorombic monoclinic unit cedl € 0.749 (curve a), a crystallization exotherm of remarkable magnitude
nm, b = 0.503 nm, ancc (fiber axis) = 2.00 nm), whereas  (seeAH. in Table 3) appears at low undercooling,(— T, =
PDO was reported to crystallize with a Relix conformation, 15 °C), clearly indicating a strong ability of PPDL chains &DV
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crystallize. In the subsequent heating run, a single melting
endotherm is observed @, = 93 °C. The absence of a cold
crystallization process shows that the polymer completely
crystallized during the cooling run. This point is confirmed by
that identical crystallization and melting enthalpy values were
obtained in cooling and heating runs (Table 3). The melting
results of the PPDL used in this work agree with earlier
published data on both lipase-cataly®ednd chemically
synthesizetf PPDL.

Unlike PPDL, PDO chains are unable to completely crystal-
lize during cooling from the melt at 1C/min (note the small
exotherm in curve 3c). Indeed, in the subsequent heating curve,
the polymer shows cold crystallization over a broad temperature
range prior to meltingT, = 107°C). The endotherm represents
fusion of both crystals formed during cooling and those formed
or recrystallized during the heating run, as demonstrated by the
melting enthalpy that is identical to the sum of the enthalpies
of the two crystallization phenomena. To our knowledge, this
is the first report on calorimetric properties of an enzymatically
synthesized PDO sample. The DSC results obtained are in
agreement with previous literature data on chemically synthe-
sized PDOX17

Another difference in the calorimetric behavior of PPDL and
PDO homopolymers regards their glass transitions. As previ-
ously reported® PPDL crystallizes so quickly from the melt
that it cannot be quenched effectively enough to give a sample
with a large amorphous fraction, whereas this is readily
achievable with PDO. As a consequence, the glass-transition
temperatureTy) of PPDL is not easily obtained by DSC but is
better revealed by relaxation techniques (a valuggof —27
°C was earlier obtained by dynamic mechanical anal§)sit
contrast, the PDO homopolymer after melt quenching exhibits
an intense glass transition in the DSC curv@gt —10°C, in
agreement with literature resufd’ In summary, the two
reference homopolymers investigated in the present work show
a remarkably different crystallization behavior that alters the
ability to observe correspondirify transitions by DSC.

Poly(PDL-co-DO) of varying composition was subjected to
the same thermal cycle described above for the two homopoly-

Jiang et al.
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Figure 4. DSC curves of poly(PDL-co-DO) and respective ho-

mopolymers. (A) Cooling runs at 10 °C/min. (B) Heating runs at
20 °C/min for (a) PPDL, (b) P80D20, (c) P68D32, (d) P43D57, (e)
P29D71, (f) P16D84, and (g) PDO.

To gain further understanding on this unusual behavior, DSC
curves of copolymers (Figure 4) were analyzed with the aid of
corresponding WAXS diffractograms (Figure 2). In Figure 2,
all copolymers up to P43D57 show X-ray diffractograms very
similar to that of PPDL, with main reflections located at the
same positions as those of the homopolymer (see broken and
solid arrows). Analysis of DSC cooling scans in Figure 4A

mers. Figure 4 compares DSC curves of all copolymers togetherghows that a single, remarkably sharp exotherm appears in all
with those of homopolymers with separate cooling and heating ¢onolymers up to 57 mol % DO, at a temperature that decreases
runs. Upon first inspection, DSC patterns appear to change it increasing DO content. The corresponding subsequent
gradually with copolymer composition, both in cooling and peating runs reported in Figure 4B show a rather sharp melting

subsequent heating scans. Remarkably, all copolymers, inde-gnqotherm whosg,, decreases with increasing DO content. The

pendent of composition, show crystallization and melting
phenomena.

As discussed above, the poly(P2b-DO) copolymers are
nearly random polymers. According to common knowlegtle,

PPDL exotherm in the cooling run (Figure 4A) starts abruptly
and develops a typical sharp shape, different from that (very
broad) of the PDO homopolymer. Comparative analysis of
Figures 2 and 4 suggests that the crystallinity developed in

random copolymers are expected to show a progressive decreasgopolymers, at least up to 57 mol % DO units, is associated

in crystallinity with increasing comonomer content and degree

with a PPDL-type crystal phase. This implies that, up to

of randomness, unless the repeat units undergo isomorphou$43D57, DO units can crystallize in the PPDL crystal lattice,

substitution. In the present case, given the fact that the
homopolymers of the two repeat units (PDL and DO) have
different crystal structures, isomorphism of repeat units should
not be expected. Therefore, increasing amounts of DO units
within PDL sequence upon copolymerization should lead to a
substantial decrease in crystallinity relative to PPDL.

In contrast to expected random copolymer behavior, poly-
(PDL-co-DO) samples maintain high crystallinity over the entire
compositional range. This result was obtained from WAXS
diffractograms reported in Figure 2. Degree of crystallinity
values are collected in Table 3. Even an equimolar nearly
random copolymer, such as P43D57, develops an amount of
crystallinity close to 60%.

thus justifying the high crystalline content of all copolymers
with DO < 57 mol %.

Poly(PDL-co-DO) samples with higher DO content (i.e.,
P29D71 and P16D84) exhibit more complex thermal and
crystallographic behavior than the other copolymers. One
difficulty in analyzing the diffractograms of poly(PDte-DO)
in Figure 2 is related to the apparent similarity of tieerggion
between 20 and 25 in the WAXS patterns of the reference
homopolymers. However, besides the two main reflections
located in the central spectral region (broken arrows), minor
reflections (solid arrows) attP= 2—5° for PPDL and at 2 =
29° for PDO are unique to the respective homopolymers and,
therefore, are useful in identifying the crystal phase of cop&%—v



Lipase-Catalyzed Copolymerization Biomacromolecules, Vol. 8, No. 7, 2007 2267

mers. Analysis of WAXS diffractograms for the two copolymers 120
rich in DO units indicates that PDO reflections, and hence the °
crystal phase of PDO, are present in both samples (Figure 2). °
In P29D71, the PDO phase seems to coexist with PPDL-type %07 ] o
crystals, whereas in sample P16D84, only PDO reflections are
appreciable in the WAXS diffractogram.

Evidence collected so far indicates that poly(PEd:DO)
exhibits crystallinity over the entire composition range but with
two crystal phases that are stable in different copolymer
composition regions. DSC curves of the two copolymers rich a
in DO units (71 mol % and 84 mol %), reported in Figure 4, 0 e |
are difficult to interpret compared with those of the other 0 10 20 30 40 50 60 70 80 90 100
samples. The 71 mol % DO copolymer shows a double-peak
crystallization exotherm (Figure 4A), and in a subsequent
heating run it melts over two distinct temperature ranges (Figure
4B). The first melting endotherm has multiple peaks (&
and 51°C), whereas the second very small fusion (see arrow A
in Figure 4B) is located at a higher temperatifg & 78 °C). 120 5
The low-temperature multiple endotherm is tentatively associ- A
ated with melting and recrystallization of PPDL-type crystals,
because its temperature location follows the decreasing trend
of the previous samples richer in PDL units. Moreover, the
additional high-temperature fusion process of P29D71 is at-
tributed to melting of a very small amount of PDO-type crystals. 30 -
These assignments are consistent with WAXS results discussed b
above, which showed the presence of both PPDL and PDO 0
crystal patterns in the diffractogram of P29D71. 0 10 20 30 40 50 60 70 80 90 100

A hypothesis to explain the observed calorimetric behavior dioxanone (mol%)

of thiS_ sa_mple is the following: during .the cooling run, Figure 5. (a) Melting temperature (heating run at 20 °C/min after
CrySta”'Za_t'on of PPDL-type qrys_tals starts in the temperature co?nrolled cE)o)Iing at 1g0 °C/nF;in) and ((b) totalgmelting enthalpy of poly-
range typical of PDO crystallization (compare curves € and g (PbL-co-DO) as a function of molar composition.
in Figure 4A). Hence, as the PPDL crystals form, they act as
heterogeneous nucleants for PDO-type crystals. However, the(sharp exotherm in Figure 4A). It is therefore reasonable to
latter cannot grow much owing to continued cooling that inhibits attribute the difference (53 J/d\Hm) — 40 J/g AH.) = 13 J/g
this process while promoting fast crystallization of a PPDL- (AH,)) to the missing crystallization enthalpy of the PDO phase,
type phase. Hence, the PDO phase formed in P29D71 duringcompensated in the ex@ndo phenomena appearing in the
cooling is modest. heating scan. This enthalpy value must be added not only to
Regarding the P16D84 copolymer, the DSC curve in Figure the cold crystallization of the PDO phase, thus matching
4A shows one crystallization exotherm that is attributed to crystallization and melting enthalpies, but also to the low-
crystallization of the PPDL-phase, consistent with the sharp temperature fusion of the PPDL phase. As a result, a value of
shape of the exotherm (see above). Though the DO content isAHy, = 21 J/g+ 13 J/g= 34 J/g is obtained, which agrees
higher in this copolymer than in P29D71, no efficient hetero- perfectly with the crystallization enthalpy of the PPDL phase
geneous nucleation is provided by the PPDL crystals for PDO in the cooling run AH; = 34 J/ g).
crystallization in P16D84, owing to the low-temperature range  In summary, the DSC curve of P16D84 (Figure 4B) shows
where PPDL crystals appear during cooling (Figure 4A). The that, after melting of the PPDL crystal phase, a PDO-type phase
subsequent heating run of P16D84 (Figure 4B) is quite complex. develops upon heating, which is likely to incorporate PDL units.
Several phenomena can be observed: a rather sharp low-The above discussion regarding this complex system is finalized
temperature melting, incomplete owing to overlapping with a through the analysis of the melting temperatures of all copoly-
strong exothermal phenomenon, and a final high-temperaturemers. The data obtained after controlled cooling af@min
fusion. This behavior was confirmed by analyzing different are reported in Figure 5a. Only offg, is observed up to a
sample portions and obtaining perfectly reproducible DSC scans.composition of 57 mol % of DO, which is attributed to fusion
To gain further understanding on this peculiar thermal behavior, of a PPDL-type crystal phase. Also, only ofig is plotted for
the crystallization and melting enthalpies reported in Table 3 P16D84, which is associated with melting of PDO-type crystals
for this copolymer have been analyzed in detail. (no temperature is reasonably attributable to the incomplete
The melting endotherm at high temperatufg & 85 °C) is sharp endotherm at 37C). For the copolymer containing 71
reasonably attributed to the melting of PDO-type crystals, given mol % of DO, two melting temperatures are reported: (1) a
the high DO content in this copolymer and thg value close  low Ty (temperature of the high melting peak in the multiple
to that of the PDO homopolymer. This endotherm is character- endotherm) associated with melting of PPDL-type crystals and
ized by a value ofAH,, = 53 J/g and is preceded by a cold (2) a highT, corresponding to the small melting endotherm of
crystallization exotherm witlAH. = 40 J/g (Table 3) that is =~ PDO-type crystals. The total melting enthalpy for each copoly-
clearly underestimated owing to overlapping with the sharp low- mer is also plotted as a function of composition in Figure 5b
temperature melting process (peak temperatu’ °C, AHp, and shows a minimum in correspondence to copolymer P29D71.
= 21 J/g). This latter endothermal phenomenon is attributed to  The experimental evidence collected in the course of this
melting of PPDL-type crystals formed during the cooling run investigation suggests that, depending on copolymer com&tﬁ{-/

60 - °

Tm (°C)

30 4

dioxanone (mol%)

150

AHm (J/g)
8

(2]
o
1




2268 Biomacromolecules, Vol. 8, No. 7, 2007

Jiang et al.

tion, both PDO and PPDL crystal lattices can host units of the References and Notes

other comonomer. For the copolymer composition around 70
mol % DO, the crystal phase changes from one lattice to the
other with both crystal types found side by side. The described
behavior was identified as isodimorphism by Natta éfand
Allegra and Bassi® and the composition where tHg, versus
concentration content shows a minimum is denoted as
pseudoeutectita1% For poly(PDLco-DO), the minimum of

Tm occurs around 70 mol % DO where two crystal phases
coexist. An earlier paper by the authBrshowed the isodi-
morphic behavior of random poly(3-hydroxybutyrate-3-
hydroxyvalerate) PHBV copolymers. Like the presently inves-
tigated poly(PDLeo-DO), PHBV showed a minimum in both
Tm and AHy at intermediate copolymer composition. The
decrease of both parameters toward a minimum reflects the
difficulty of either crystal lattice to accommodate increasing
amounts of guest monomer units during cocrystallization.

Previously investigated PDL-based copolymer sysféms
showed isomorphism. In such systems, both comonomer units
crystallized in the same crystal lattice, whose parameters
continuously changed from those of one homopolymer to those
of the other. In contrast, PBEDO copolymers show isodimor-
phic behavior. Owing to the remarkable difference in crystal-
lization kinetics of the two homopolymers, the amount and type
of crystal phase that develops upon solidification from the melt
is highly dependent on the sample’s thermal history. A deeper
investigation on the role played by crystallization kinetics on
this copolymer system is in progress, and further evidence for
isodimorphic behavior of poly(PDice-DO) will be reported
in a separate paper.

Conclusions

This work represents the first report where high molecular
weight copolyesters containing DO units were synthesized using
a metal-free enzyme catalyst. The synthesis of poly(RDL-
DO) was performed so that copolymers possess nearly random
sequences of comonomer units along chains. Copolymerization
with PDL was found to be an effective way to enhance PDO
thermal stability provided that the PDL contenti80 mol %.

All copolymers were highly crystalline, even that with almost
equimolar comonomer content (P43D57), and had close-to-
random unit distribution. Depending on copolymer composition,
both PDO and PPDL crystal lattices were able to host units of
the other comonomer. This behavior was interpreted as isodi-
morphism of poly(PDLeo-DO). The two homopolymers differ

in hydrophilicity, the DO unit being much more hydrophilic
than the long PDL unit. A practical implication of this intrinsic
difference is that hydrophilicity of PDEDO copolymers, and
hence their rate of hydrolytic degradation, can be modulated
by systematic changes in copolymer composition. Composi-
tional changes also influence overall sample crystallinity, there-
by providing an additional parameter that can be tuned to con-
trol hydrolytic degradation rate. Copolymerization of PDL and
DO is expected to produce materials with good mechanical
properties and tailored hydrophilicity for targeted biomedical
applications.
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