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Novel biodegradable star-shaped polymers that consist of poly(L-lactide) (PLLA) arms and
a starburst PAMAM dendrimer core were prepared by ring-opening polymerization of
L-lactide with PAMAM-OH dendrimer (generation 1—4) initiators and a stannous octoate
catalyst in bulk at 130 °C. The molecular weights of the star-shaped polymers were measured
by GPC, 'H NMR, and SLS. It was found that the molecular weight of the synthesized star-
shaped polylactides can be controlled by variation of the generation of the dendrimer initiators
and the molar ratio of monomer to initiator. Effects of molecular weight and number of
arms on the thermal properties and hydrolytic degradation of the star-shaped polylactides
were investigated. For polylactides initiated with the same dendrimer initiator, the melting
temperature and crystallinity increased with increasing molecular weight. For star-shaped
polylactides initiated with dendrimer initiators with different generations, the melting point,
crystallinity, crystallization rate, and maximum decomposition temperature decreased as

the number of arms increased, while the corresponding hydrolysis rate increased.

Introduction

Aliphatic polyesters such as polylactide, poly(e-capro-
lactone), polyglycolide, and their copolymers are biode-
gradable and biocompatible polymers that have been
successfully applied as biomaterials.? Until now, al-
though poly(L-lactide) (PLLA) has been extensively used
in surgical sutures, drug delivery systems, and internal
bone fixation,? it has suffered from the lack of controlled
degradation based on its high crystallinity and the
induction of material defects based on lability of melt
viscosity, so it is necessary to modify its physical
properties. The promising approaches to overcoming
these problems are the introduction of hydrophilic units
to control the biodegradability and use of a branched
structure to stabilize the melt viscosity and/or decrease
the crystallinity of PLLA.2 Up to this point, many
branched macromolecular architectures, such as comb,3a4
star,® hyperbranched, and dendritic macromolecules®
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that contain aliphatic polyester chains have been syn-
thesized.

As a rapidly increasing family of macromolecules,
dendrimers have wide potential applications in biomedi-
cine, materials science, and supramolecular chemistry
because of their unique structures and properties.”
Among them, the modification and functionality of poly-
(amidoamine) (PAMAM) dendrimers have been attract-
ing much attention because they are safe, nonimmuno-
genic, commercially available, and can function as
highly efficient cationic polymer vectors for delivering
genetic material into cells.® For instance, the poly-
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(ethylene glycol)-conjugated PAMAM dendrimer was
demonstrated to be a biocompatible and highly efficient
DNA delivery reagent.8«

To decrease the crystallinity and improve the biode-
gradability of polylactide, the synthesis of star-shaped
polylactides initiated with starburst PAMAM-OH den-
drimer (generation 3) was studied in a previous paper.®
It is found that the molecular weight of star-shaped
polylactides can be controlled by variation of molar
ratios of monomer to initiator and polymerization time,
and the star-shaped polylactides possess lower glass
transition temperature, melting point, crystallinity, and
maximum decomposition temperature than those of
linear polylactide. To further investigate the effects of
number of arms and molecular weight on thermal
properties and hydrolysis degradation of star polylac-
tides with various branching, PAMAM-OH dendrimers
with different generations (Gn-OH, n = 1—4) as mac-
roinitiator for the ring-opening polymerization of L-
lactide were investigated, and star-shaped polylactides
with a PAMAM dendrimer core and 5—32 arms were
synthesized and characterized in this study.

Experimental Section
Materials. L-Lactide (Aldrich) was purified by recrystalli-

zation in dry toluene and dried in a vacuum overnight at room
temperature. Starburst PAMAM-OH dendrimers (Gn-OH, n
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= 3, 4) were obtained from Aldrich and used as received.
PAMAM-OH (generation 1 and 2) which has the ethylenedi-
amine core, poly(amidoamine) interior, and ethanol surface
group was prepared and purified according to the literature.8210
Pentaerythritol (PTL) was purified by sublimation under
reduced pressure. Stannous octoate (Sigma) was distilled
under reduced pressure before use. Toluene was distilled from
metallic sodium and benzophenone. All the other reagents
were of analytical grade and used without further purification.

Synthesis of Hydroxyl-Terminated Star-Shaped Poly-
lactides. The PAMAM-OH dendrimer initiator was injected
into a dried glass ampule and evaporated under vacuum to
remove the solvent completely. Then L-lactide and stannous
octoate were added, and the ampule was purged three times
with dry nitrogen and sealed under vacuum. Under rigorous
stirring, the bulk polymerization was carried out at 130 °C
for 24 h. After polymerization, the crude product was dissolved
in chloroform and then microfiltered through a 0.45-um-pore
membrane filter. The polymer was purified by repeated
reprecipations from chloroform into methanol.

Characterization. *H NMR spectra were recorded on a
Varian 300 MHz spectrometer in CDCl3; at room temperature.
The molecular weight and molecular weight distribution were
measured on a Waters 150C gel permeation chromatograph
equipped with microstyragel columns at 35 °C. Tetrahydro-
furan (THF) was used as the eluent at a flow rate of 1.0 mL/
min, and polystyrene standards were used as calibrations. The
weight-average molecular weight was calculated on a DLS-
700 light scattering photometer equipped with a RM-102
differential refractormeter at 25 °C. Differential scanning
calorimetric analysis (DSC) was carried out on a Perkin-Elmer
DSC7 series thermal analysis system with a heating rate of
10 °C/min under nitrogen atmosphere, relative to indium
standards. Glass transition temperatures (Ty) were determined
from the second run. For isothermal crystallization Kinetics
studies, the samples were sealed in aluminum pans, heated
to a temperature 30 °C higher than the melting point, held at
the final temperature for 5 min to erase thermal history, then
quenched at 300 °C/min to the desired temperature. The
exothermic curves as a function of time were then recorded.
Thermogravimetric analysis (TGA) was carried out on a
Perkin-Elmer thermogravimetric analyzer in the temperature
range of 30—500 °C under nitrogen atmosphere. The wide-
angle X-ray scattering (WAXS) was carried out on a Rigaku
Dmax-2400 diffractometer (40 kV, 126 mA) at ambient tem-
perature under atmospheric conditions, using high-intensity
monochromatic Cu Ka radiation from 5 to 30° (in 26). The
samples were melt-pressed into pellets and annealed at 80 °C
for 8 h.

Hydrolysis. The solution-cast samples were prepared via
a casting method. Hydrolysis of PLLA films was performed in
20 mL of phosphate buffer saline solution (pH 7.4) at 37 °C
for predetermined periods of time. The buffer solution was
replaced every 7 days. After hydrolysis, PLLA films were
washed intensively with distilled water to remove the residual
buffer solution, followed by drying under reduced pressure for
one week. The molecular weight of the hydrolyzed samples was
determined by GPC.

Results and Discussion

It is well-known that star-shaped polymers have
different physicochemical properties compared to their
linear counterparts as a consequence of their unique
molecular architecture. To investigate the effects of
chain lengths and number of arms on thermal properties
and hydrolysis degradation, five kinds of star-shaped
polylactides were synthesized, using stannous octoate
as catalyst and Pentaerythritol and PAMAM-OH den-
drimers (Gn-OH, n = 1—4, with functionality of 8, 16,
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Table 1. Molecular Weight and Molecular Weight Distribution of PLLAs Obtained Using Various Initiators?

sample initiator Fb [LAJo:[OH]o yield (%) Mnp(GPC)° Mu/Mp¢ DpPd nd Mn(NMR)4 Mw(SLS)®
1fe 1 97.2 64000 1.78 1000 1 72000 148000
2 PTL 4 400 86.4 82370 1.36 320 4 112000 254000
3 G1-OH 8 100 95.4 26600 1.65 78.5 7.0 41000 112000
4 G1-OH 8 50 88.8 18700 1.72 63.0 6.2 29560 72000
5 G1-OH 8 25 80.7 9600 1.78 29.2 5.7 13420 35800
6 G2-OH 16 100 94.8 29480 1.56 67.0 13.2 66950 208000
7 G2-OH 16 50 88.5 23350 1.68 55.5 12.8 54420 172000
8 G2-OH 16 25 79.2 17500 1.81 40.1 11.8 37340 97000
99 G3-OH 32 100 92.4 46250 1.75 76.1 20.0 116500 496000
109 G3-OH 32 50 85.6 32960 1.80 49.5 18.0 71000 312000
119 G3-OH 32 25 77.5 19540 1.85 31.6 17.6 47000 204000
12 G4-OH 64 100 89.6 58400 1.74 59.2 32.0 150700 756000
13 G4-OH 64 50 82.3 38240 1.72 38.3 29.7 96200 486000
14 G4-OH 64 25 78.0 22480 1.88 24.4 27.8 63100 325000

a Polymerization conditions: [SnOct,]/[LA] = 0.15:100, 24 h at 130 °C. ® F means the functionality of various initiators. ¢ Determined
by GPC analysis with polystyrene standards; THF was used as eluent. @ Determined by *H NMR analysis, Mp(NMR) = 72 x DP x n +
MW(initiator). ¢ Determined by light scattering in THF. f Linear polylactide, prepared only using SnOct,. 9 Part of results have been

reported in the literature (ref 9).

32, and 64, respectively) as initiators, respectively. As
a comparison, the linear polylactide (Sample 1) was also
prepared (Table 1).

Synthesis of Polylactides with Different Num-
bers of Arms. Under rigorously anhydrous conditions,
the bulk polymerization of L-lactide was conducted at
130 °C with stannous octoate as a catalyst in the
presence of dendrimer initiators. The average chain
length (DP) of poly(L-lactide)s was determined by H
NMR spectroscopy, using average signal intensity ratios
of methine protons of PLLA (5.17 ppm) to the terminal
methine protons (4.36 ppm). As for the star-shaped
polymers initiated with dendrimers, the average num-
ber of arms (n) was calculated from the average signal
intensity ratios of reacted methylene protons of the
dendrimer (4.27 ppm) to the unreacted methylene
protons (3.59 ppm), combined with the number of
surface hydroxyl groups. On this basis, the molecular
weight of the resulting polymers (Mn(NMR)) was ob-
tained. From Table 1, it can be estimated that 5—8 arms
were attached to the surface of G1-OH, 11—14 arms
were attached to the surface of G2-OH, 16—21 arms
were attached to the surface of G3-OH, and 25—32 arms
were attached to the surface of G4-OH. It is obvious that
not all of the hydroxyl groups in the dendrimer initiators
were reacted, which can be attributed to the change in
the density and distribution of hydroxyl groups on
different dendrimer surfaces and steric hindrance of the
attached polylactide chains.1!

It is well-known that GPC analysis is not the method
of choice to determine the molecular weight of star-
shaped polymers due to their smaller hydrodynamic
volume compared to linear polystyrene of the same
molecular weight.12 In this study, the molecular weights
of various PLLAs were measured by GPC, 'H NMR, and
SLS and the results are listed in Table 1. For linear
PLLA, the molecular weight determined by 'H NMR
and SLS was close to the GPC result. For star-shaped
PLLASs, however, the number-average molecular weight
values estimated by 'H NMR (Mp(NMR)) and the
weight-average molecular weights determined by SLS
(Mw(SLS)) were obviously larger than the corresponding

(11) Wang, D.; Kopetkova, P.; Minko, T.; Nanayakkara, V.; Kopecek,
J. Polym. Prepr. 2000, 41, 994.

(12) Aoi, K.; Hatanaka, T.; Tsutsumiuchi, K.; Okada, M.; Imae, T.
Macromol. Rapid Commun. 1999, 20, 378.
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Elution time (min)
Figure 1. GPC traces of various polylactides: (a) PTL-PLLA,
M, = 82370, Mw/M, = 1.36; (b) G4-PLLA, M, = 38240, M\/M,
=1.72; (c) G3-PLLA, M,, = 32960, M,,/M, = 1.80; (d) G2-PLLA,
M, = 29480, Mw/M, = 1.56; (e) G1-PLLA, M, = 26600, M\/M,
= 1.65.

values obtained by GPC. Taking into account the
polydispersities of the various polylactides, the molec-
ular weights estimated by 'H NMR were closer to those
obtained by SLS, which suggests that the molecular
weights of the star-shaped polylactides obtained by 'H
NMR may be much closer to the real values.

In this study, all polymers were synthesized under
rigorously anhydrous conditions. As a comparison, the
GPC traces of star-shaped polylactides synthesized by
various initiators are shown in Figure 1. Although the
polydispersities of various star polymers were relatively
broad (1.36 < My/M, < 1.80), the GPC traces were
symmetrical and monomodal, suggesting that no mix-
ture of star and linear polymers was formed.3@ When
PAMAM-OH with different generations were used as
initiators, the relationship between the molecular weight
and molar ratios of monomer to initiator was as outlined
in Figure 2. The more hydroxyl groups present during
the polymerization, the lower the molecular weight of
the polymers, which indicates the role of the hydroxyl
groups in dendrimer surfaces as effective propagation
centers. As the molar ratios of monomer to initiator were
constant, the molecular weights of star-shaped PLLAs
increased with an increase in generations of dendrimer
initiators. The above results demonstrate that the
molecular weights of polylactides can be controlled by
change of the generation of initiators and molar ratios
of monomer to initiator.
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Figure 2. Effects of molar ratios of OH to monomer on
molecular weight of various star-shaped polylactides. Polym-
erization conditions: [LA]:[SnOct;] = 100:0.15, 130 °C, 24 h.

Table 2. Thermal Properties of Various Polylactides
Determined by DSC and TGA

Tg Tm AHm_AHt: Xc TlO% Tmax
sample n  (°C) (°C) (I9) (%) (°C) (°©

12 1 59.6 176.6 38.5 41.1 286.1 307.3
2 4 59.0 166.2 36.3 38.8 271.5 296.0
3 7.0 57.3 158.0 34.2 36.5 266.0 294.6
4 6.2 54.2 1405 314 33.6 264.2 294.0
5 5.7 51.8 133.3 27.7 29.6 260.4 292.1
6 13.2 57.5 153.8 31.8 34.0 262.4 291.7
7 12.8 55.0 146.2 29.6 31.6 260.8 290.5
8 11.8 52.4 140.8 27.0 28.8 259.3 288.4
92  20.0 56.9 126.0, 135.2 27.9 29.8 259.2 288.9
102 18.0 54.7 122.4,129.5 23.1 24.7 258.8 287.2
112
12
13
14

17.6 50.8 111.5,119.2 19.2 20.5 256.7 285.4
32.0 56.5 117.8,127.0 25.4 27.1 255.4 284.5
29.7 53.3 110.7,120.9 20.8 22.2 252.1 281.7
27.8 51.6 105.1,116.4 19.0 20.3 250.8 278.1

a Part of results have been reported in the literature (ref 9).

Thermal Properties of Star-Shaped Polylac-
tides. DSC and TGA analyses were used to determine
the thermal properties of the various polylactides, and
the results are listed in Table 2. From Table 2, the
expected decreases in the glass transition temperatures
(Tg), melting points (Tm), and degree of crystallinity (Xc)
can be observed. The Ty, value of PTL-PLLA (Sample
2) was determined to be 166.2 °C, the Ty, values of G1-
PLLA and G2-PLLA were obtained in the range of 140—
160 °C, and the T, values of G3-PLLA and G4-PLLA
were obtained in the range of 100—140 °C. The melting
point gradually shifted to lower temperatures as the
number of arms increased, which is attributed to the
crystalline imperfections due to increased free end
groups and branching points in the more branched
polymers.13

For polylactides with different numbers of arms, the
DSC curves of native, melted, and annealed polylactide
samples are shown in Figure 3. These curves indicate
the presence of a few characteristic transitions such as
glass transition, cold crystallization, and melting, which
are typical for semicrystalline polylactide samples. For
the star-shaped polylactides initiated with G3-OH and
G4-0OH, however, the cooling crystallization and melting
peak in the second heating run cannot be observed,
which can be attributed to the relatively slow crystal-
lization rate. With increasing number of arms, the

(13) Choi, Y. K.; Bae, Y. H.; Kim, S. W. Macromolecules 1998, 31,
8766.
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Figure 3. Comparison of DSC traces of native (a), melted (b),
and annealed (c) polylactides. Numbers beside the curves
indicate the samples as shown in Table 1.

resulting polymers possess a similar globular structure.
The existence of a globular structure will decrease the
intermolecular interactions and restrict the macromo-
lecular conformations, which considerably refine the
crystallization behavior of polymers.

From Figure 3, it is found that the melting peak
broadened as the branching increased. This phenom-
enon was also observed by Kim et al. in the DSC curves
of star-shaped poly(ether-ester) block copolymers,3
which is ascribed to the branching effect. With increas-
ing branches, more defects in the star-shaped PLLA will
decrease the interchain cooperativity, resulting in broad-
ening of the melting range. Moreover, it is also noted
that there were always two melting signals in DSC
curves of star-shaped polymers initiated with dendrimer
initiators, which are derived from the crystallinities of
different size and different degree of crystalline perfec-
tion.%14
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Figure 4. Effects of molecular weight on degree of crystal-
linity of star-shaped polylactides initiated with different
hydroxyl-terminated dendrimers.
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Figure 5. TGA thermograms of various polylactides. Num-
bers beside the curves indicate the samples as shown in Table
1.

Degree of crystallinity (X;) of polylactides was deter-
mined from DSC measurements by the equation X; =
(AH;m — AHQ)/AHRC, with the aid of the enthalpy of
fusion of 93.6 J/g for the perfectly crystalline PLLA.15
From Table 2, it is found that the degree of crystallinity
tends to decrease with an increase in degree of branch-
ing, which can be attributed to the restricted conforma-
tion. The dependence of the crystallinity of star-shaped
PLLAs on molecular weight is presented in Figure 4. It
can be seen that the degree of crystallinity of star-
shaped polylactides initiated with the same initiator
increases with increasing molecular weight. For poly-
lactides with the same molecular weight and differ-
ent branches, however, the degree of crystallinity
decreases with increasing of number of arms. The result
suggests that the crystallinity of PLLAs can be con-
trolled by variation of the molecular weight and number
of arms.

Meanwhile, the thermal stability of PLLAs was also
investigated. From TGA thermograms (Figure 5), it is
found that all the PLLAs start to decompose at about
210 °C, but the maximum decomposition temperatures
(Tmax) Of various PLLAs are different from each other.
As a comparison, the temperature of 10% weight loss

(14) (a) Cohn, D.; Younes, H.; Marom, G. Polymer 1987, 28, 2018.
(b) Migliaresi, C.; De Lollis, A.; Fambri, L.; Cohn, D. Clin. Mater. 1991,
8, 111. (c) Hoogsteen, W.; Postema, A. R.; Pennings, A. J.; ten Brinke,
G.; Zugenmaier, P. Macromolecules 1990, 23, 634. (d) Sosnowski, S.
Polymer 2001, 42, 637.

(15) Fischer, E. W.; Sterzel, H. J.; Wegner, G. K.-Z. u Z. Polymere
1973, 251, 980.
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Figure 6. Effects of annealing time on crystallinity of
polylactides. Numbers beside the curves indicate the samples
as shown in Table 1.

(T10%) and the maximum decomposition temperature are
listed in Table 2. The results indicate that the thermal
stability of polylactides slightly decreases with increas-
ing number of arms. For instance, the values of Tigy
and Tmax of 7-arm polylactide (Sample 3) are 266.0 and
294.6 °C, whereas the corresponding values of 32-arm
polylactide (Sample 12) are 255.4 and 284.5 °C, respec-
tively. The relatively poor thermal stability can be
ascribed to the thermally unstable nature of hydroxyl-
terminated polylactides.®

Effects of Annealing on Crystallinity. Gaining
control over crystallinity has attracted much attention,
as the mechanical properties and degradation rates of
biodegradable polymers strongly depend on their mor-
phology or crystallinity as well as their chemical struc-
tures. For polylactide, the crystallinity is relative to
many factors such as thermal history (e.g., annealing),
molecular weight, copolymerization, orientation, blend-
ing, and stereosequence (e.g., S-length distribution).1p-17
Among them, annealing of polylactide at temperatures
above Ty is considered to be a promising way to achieve
control over the degree of crystallinity.24d18 In this
study, effects of annealing at 80 °C on crystallinity were
investigated.

To investigate the influence of annealing time on
crystallinity, several typical samples with different
numbers of arms were annealed at 80 °C for various
times. From curves of crystallinity vs annealing time
(Figure 6), it is found that various PLLAs exhibit
different crystallization behaviors. The crystallization
rate decreases as the branching increases, and the
crystallinity of polylactides increases with increasing
annealing times. It is worth noting that for PLLAs with
fewer numbers of arms, the degree of crystallinity can
be controlled over a broader range. For instance, for
Sample 12 with 32 arms (G4-PLLA) the proper adjust-
ment of annealing time allowed obtention of polymers
with X; in the range from 0 to 38.4%, whereas for
Sample 2 with 4 arms (PTL-PLLA) values of X; could
be regulated in the range from 0 to 54.0%. As the
number of arms increased, the increased disturbance

(16) Jamshidi, K.; Hyon, S. H.; Ikada, Y. Polymer 1988, 29, 2229.

(17) Thakur, K. A. M.; Kean, R. T.; Zupfer, J. M.; Buehler, N. U.
Macromolecules 1996, 29, 8844.

(18) (a) Tsuji, H.; Ikada, Y. Polymer 1995, 36, 2709. (b) Cai, H.;
Dave, V.; Gross, R. A.; McCarthy, S. P. J. Polym. Sci., Part A: Polym.
Chem. 1996, 34, 2701.
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Figure 7. Plots of WAXS profiles vs scattering angle (26) for

various PLLAs. (a) linear PLLA; (b) PTL-PLLA; (c) G1-PLLA,;
(d) G2-PLLA; (e) G3-PLLA; (f) G4-PLLA.

in order due to a larger number of end groups and
branching results in less intermolecular interaction,
which will lead to decreasing of the enthalpy of fusion.'3
Hence, the range of crystallinity varied with the number
of arms of star-shaped polymers.

Wide-Angle X-ray Scattering Analysis. It is re-
ported that there are two crystalline forms: o form (10s-
helix) and 8 form (3;-helix) in crystallized PLLA.14¢.19
In general, the pure polylactides predominantly form
an a crystalline form, whereas the g crystalline is
formed only in stress-induced crystallinity. In this study,
the WAXS measurements were used to investigate the
crystal structures of various polylactides. After the
specimen was quenched from 200 °C and annealed at
80 °C for 8 h, the WAXS profiles were as exhibited in
Figure 7. From Figure 7, only the o crystalline form is
found to exist in linear and star-shaped PLLAs, which
suggests that the samples with different numbers of
arms have almost the same crystal structure. Mean-
while, it is noted that the distinct diffraction located at
260 = 15.0° and 22.5° was observed in G3-PLLA and G4-
PLLA, which suggests that increasing order of packing
of PLLA chains may exist in crystalline domains of star-
shaped PLLAs when the number of arms increases to
some extent.

In addition to DSC, FTIR, and solid-state NMR
techniques, 1441720 WAXS is an effective approach to
investigate the crystallinity of PLLA.I*21 From the
results presented in Figure 7, the degree of crystallinity
can be obtained by the peak separation of crystalline
and amorphous areas. As shown in Table 3, the crystal-
linity results obtained by WAXS are in good agreement
with DSC results. The smaller crystallinity obtained
from WAXS compared with DSC results is because only
appropriate crystal size and perfect crystalline region
contribute to the crystalline peaks in WAXS.1f

Isothermal Crystallization Behavior of Various
Polylactides. The isothermal crystallization of various
polylactides was investigated in a wide range of tem-
peratures, and the Avrami equation?? was used to

(19) (a) Eling, B.; Gogolewski, S.; Pennings, A. J. Polymer 1982,
23, 1587. (b) Kobayashi, J.; Asahi, T.; Ichiki, M.; Okikawa, A.; Suzuki,
H.; Watanabe, T.; Fukada, E.; Shikinami, Y. J. Appl. Phys. 1995, 77,
2957. (c) Brizzolara, D.; Cantow, H. J.; Diederichs, K.; Keller, E.; Domb,
A. J. Macromolecules 1996, 29, 191.

(20) Fujiwara, T.; Miyamoto, M.; Kimura, Y.; Sakurai, S. Polymer
2001, 42, 1515.

(21) Miyata, T.; Masuko, T. Polymer 1998, 39, 5515.

(22) (a) Avrami, M. J. Chem. Phys. 1939, 7, 1103. (b) Avrami, M.
J. Chem. Phys. 1940, 8, 212.
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Table 3. Crystallinity and Interplanar Spacing (d) of

Polylactides
X(DSC) X(WAXS) interplanar spacing

sample (%)2 (%)P (Ap

1 58.5 57.6 5.35,4.71, 3.62

2 53.8 52.2 5.35, 4.69, 3.63

3 51.2 48.4 5.36, 4.72, 3.63

6 48.0 45.2 5.33, 4.68, 3.63

9 41.2 39.6 5.90, 5.25, 4.61, 3.95, 3.62

12 38.4 37.2 5.91, 5.26, 4.63, 3.96, 3.66

a Determined by DSC. P Calculated from WAXS.

Table 4. Isothermal Crystallization Parameters of

Polylactides

sample T (°C) t2 (min) n K (min™")
1 90 3.86 2.90 0.0138
2 90 6.86 2.71 0.00375
3 90 5.06 2.50 0.0120
6 90 12.62 2.60 0.00095
9 90 7.43 2.80 0.00252
12 90 14.52 2.92 0.00028
1 110 1.47 2.86 0.230
2 110 3.05 2.69 0.0345
3 110 2.74 2.54 0.0536
6 110 7.36 2.66 0.00343

analyze the isothermal crystallization process. When the
temperature was 90 °C (a) and 110 °C (b), the plots of
In(—In(1 — X(t))) vs Int were as shown in Figure 8. Each
curve exhibits a good linear relationship, suggesting
that the isothermal crystallization kinetics is in good
agreement with the Avrami equation, and the secondary
crystallization is not obvious. The values of n and K
determined from the line in Figure 8 are listed in Table
4. The Avrami exponent n varied in the range of 2.5
and 3.0, which means that the crystallization mode is
of three-dimensional growth with a heterogeneous
nucleation.

It is well-known that the crystallization rate can be
described by the reciprocal of the crystallization half-
time, tyo. As a comparison, the curves of 1/ty, versus
crystallization temperature are shown in Figure 9. As
the number of arms increased, the range of crystalliza-
tion temperature obviously decreased, which can be
ascribed to the relatively low melting point of higher
branching polylactides. From Figure 9, it is also found
the maximum crystallization temperature of different
polylactides decreased with increasing number of arms.
This may be attributed to the stronger restriction to
polymer chain in higher branching polymer resulting
from the “pseudo-cross-linking” effect in polymer struc-
ture.

Hydrolysis. The possible factors contributing to
accelerated degradation are the crystallinity, the nature
of the end group and the dendritic core, and the number
of terminal groups.523 In this study, the hydrolysis
degradation of PLLAs with different numbers of arms
was investigated.

The hydrolysis behavior of the star-shaped polylac-
tides was investigated in phosphate buffer saline solu-
tion (pH 7.4) at 37 °C and compared with that of linear
PLLA. The relationships between weight loss, molecular
weight reduction, and hydrolysis time are shown in
Figures 10 and 11. As can be seen, the hydrolysis
behavior of PLLAs was greatly improved by grafting

(23) Shih, C. J. Controlled Release 1995, 34, 9.
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Figure 8. Isothermal crystallization kinetics curves of PLLAs in 90 °C (a) and 110 °C (b). Numbers beside the curves indicate

the samples as shown in Table 1.
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Figure 9. Effect of temperature on crystallization rate of
PLLAs. Numbers beside the curves indicate the samples as
shown in Table 1.
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Figure 10. Weight loss after the hydrolytic degradation of
various polylactides. Numbers beside the curves indicate the
samples as shown in Table 1.

onto multifunctional hydrophilic dendrimers, and these
characteristics are strongly dependent on the number
of arms. It is obvious that the degradation rates of the
star-shaped PLLAs were significantly larger than that
of linear PLLA. For example, after immersion in phos-
phate buffer saline solution for 64 days, the weight loss
of linear polylactide was 4.8%, and the remaining
molecular weight was 92.4%. However, for the star-
shaped polylactides with 4—32 arms, the weight loss
varied from 12% to 32%, and the residual molecular
weight changed from 85.2% to 50.4%, respectively. From
Figure 10, the star-shaped PLLAs with more hydroxyl
end groups show a faster degradation rate, which is
correspondent to the result reported by Li et al. 2*
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Figure 11. Remaining molecular weight after the hydrolytic
degradation of various polylactides. Numbers beside the curves
indicate the samples as shown in Table 1.

In addition to the number of arms, the crystal
behavior also plays an important role in PLLA degrada-
tion.5 The major factors for crystal behavior are crystal
structure, crystallinity, and crystal size. From Figure
10, it is also found that the degradation rate of PLLAS
increased with decrease in the degree of crystallinity.
As previously described, PLLAs with different branches,
crystallinities, and crystal sizes have almost the same
crystal structure. Then the distinction of degradation
behavior for star-shaped PLLAs primarily derives from
the different crystallinity.

It is worth noting that the stability of the dendritic
core may have an obvious effect on the degradation
behavior of dendrimer-like star polymers. However, the
PAMAM dendrimer core used in this study was rela-
tively stable. For instance, when PAMAM-OH (genera-
tion 4) was immersed into the solution for 27 days, the
weight loss of the dendrimer initiator determined by
dialysis was less than 4%, which was much lower than
that of Sample 12 (26.3% of weight loss under similar
conditions). Hence, the various hydrolysis behaviors of
star-shaped polylactides primarily lie in the decreased
crystallinity derived from the branching nature of
polylactide materials.

By variation of the generation of dendrimer initiators
and molar ratios of monomer to initiator, PLLAs with
lower crystallinity and more branching can be prepared.
Thus, the hydrolysis behavior of star-shaped PLLAs can
be regulated in a wide range by manipulation of
crystallinity and number of arms.

(24) Li, Y.; Nothnagel, J.; Kissel, T. Polymer 1997, 38, 6197.
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Conclusions

Novel star-shaped polymers that consist of poly(L-
lactide) (PLLA) arms and a starburst PAMAM den-
drimer core were prepared by ring-opening polymeri-
zation of L-lactide in the presence of PAMAM-OH
dendrimers (generation 1—4) and a catalytic amount of
stannous octoate. The molecular weights of star-shaped
polylactides can be controlled by changes of generations
of dendrimer initiators and molar ratios of monomer to
initiator. Effects of molecular weight and number of
arms on the thermal properties and hydrolysis degrada-
tion of star-shaped polymers were investigated. The
thermal properties showed the branching effect on

Chem. Mater., Vol. 15, No. 14, 2003 2843

polymer structure. The melting point, crystallinity,
crysrallization rate, and maximum decomposition tem-
perature decreased as the number of arms increased.
As compared with linear polylactide, star-shaped PLLAs
exhibited a faster hydrolysis rate due to lower crystal-
linity and increased branching.
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