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This study presents new investigations on chemical syntheses and characterization of new asymmetric AB
shaped amphiphilic diblock methoxy poly(ethylene glyds{poly(L-lactide)}, MPEGH-(PLLA), (n= 2, 4, and

8), bridged with dendritic ester linkages. First, a new series of A(@Haped hydroxy end-capped MPEG-
(OH),, MPEG-(OH),, and MPEG-(OHy bearing corresponding one- to three-generation dendritic ester moieties
were efficiently derived from the starting MPE®I{ = 2 KDa) and 2,2bis(hydroxymethyl)propionic acid (Bis-
HMPA) via ester coupling and a facile hydroxy protectiaadeprotection cycle, and then, chemical structures of
these functional MPEG-(OH)were characterized by nuclear magnetic resonance spectrometry (NMR) and
MALDI —FTMS. Subsequently, by employing these MPEG-(@4&$) functional macroinitiators, new asymmetric
AB-shaped amphiphilic MPE®-(PLLA), S1, MPEGb-(PLLA), S2, and MPEGb-(PLLA)g S3 bridged with
dendritic Bis-HMPA ester linkages @f1l —L3 as well as linear structural MPEGPLLA referencesR1—R3)

were synthesized through the Sn@catalyzed ring-opening polymerization (ROP) wefactide at 130°C in
m-xylene solution, and their structures were further examined by NMR and gel permeation chromatography (GPC).
It was demonstrated that the functional MPEG-(®@Hifficiently initiated the ROP of LLA, finally leading to
successful formation of the ABshaped amphiphilic MPE®-(PLLA), (n = 2, 4, and 8) with each PLLA arm
weight close to 2 KDa and very narrow molecular weight distribution. Moreover, thermal history, crystallization,
and spherulite morphologies were studied by means of differential scanning calorimeter (DSC), thermal gravimetric
analyzer (TGA), and polarized microscope (POM) for these new structural amphitiiS3 as well as the

linear R1—R3, intriguingly indicating a strong molecular architecture dependence of segmental crystallizability,
spherulite morphology, and apparent crystal growth rate. Due to the favorable biodegradability and biocompatibility
of the PLLA and MPEG, these results may therefore create new possibilities for these novel structdral AB
shaped amphiphilic MPEB-(PLLA), as potential biomaterials.

Introduction ization (ROP), atom-transfer radical polymerization (ATRP),
and nitroxide-mediated radical polymerization (NMRPMost
recently, Armes et &P reported a Y-shaped stimulus-
responsive amphiphilic block copolymer with aid of monoam-
ine-capped poly(alkylene oxide)s and ATRP, and structurally
well-defined Y-shaped zwitterionic poly(2-diethylamino ethyl

Since self-assembly of asymmetric star-shaped copolymers
with AB,, AB3, and AB, block architectures has been known
to possess unique characteristics during micellization and/or in
the condensed staté this category of new functional polymers

has recently been intensively studied. Asymmetric AB- methacrylatels-[poly(succinyloxyethyl methacrylate)PDEA-

shaped (here denoted as Y-shaped) block copolymers Wereb—(PSEMA)z were further synthesized. In addition, Gnanou et

reported to be routinely synthesized in a chemical strategy via _ % . . .
living anionic or cationic polymerizatioh?8°In the past decade, al.** combined an ATRP strategy and a multistep preparation

recent advances in polymerization techniques allow more fOUte to synthesize a Y-shaped polystyrérjgoly(tert-butyl
sophisticated approaches to nontraditional polymers bearing@cry/ate)t PSb-(PBA),, and new series of mikto-armed am-
complicated architectures (grafted, star-shaped, mikto-armed,Phiphilic polystyrenes-[poly(acrylic acid)k PSb-(PAA), and
hyperbranched, dendritiéf- 12 For instance, Gnanou et 8. Polystyreneb-[poly(glutamic acid}} PSb-(PGA), were interest-
designed and prepared heteroarm Y-shaped polystyrématy- ingly found to be water-soluble and stimuli-responsive.
(ethylene oxide)] PSb-(PEO) with a combination of anionic Regarding the macromolecular architecture dependence of
polymerization and group protection chemistry. New ABC- self-assembled structures and their properties, morphological
shaped functional polymers bearing three distinct arms were behavior has been predicted by Mil#&tfor new AnBy-shaped
synthesized by combining three different controlled/living block copolymers bearing individual 28,21 A3B,22 AsB,23
polymerization methodologies, namely, ring-opening polymer- A B, 24and multigrafted architectures. The aggregation number
and overall size of AB-shaped diblock P$-(P1); micelles self-
6 4;6A6“1t£‘gré°r correspondence. Tek86-21-54925303. Fax+86-21- assembled in selective solvent were found to be smaller than
. Email: acao@mail.sioc.ac.cn. . . .
t Chinese Academy of Sciences. those of corresponding linear structural diblock countergarts.
* Donghua University. As for the amphiphilic star-shaped ARliblock copolymer of
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PEOb-(PS),,25-28 their molecule self-assembly and surface
morphology have been investigated to organize interesting well-
ordered curved interfaces and microscopic domain structures.
On the other hand, biodegradable polymers have nowadays
been attracting great interest in both fundamental research anc
industrial applications. Among them, synthetic poHdctide)
(PLLA), which could be derived from renewable biomass, was
focused on for its important biomedical applications and as a
sound candidate for ecological plastics due to its favorable
resorbability in vivo and its biodegradabili#y-32 Furthermore,
hydrophilic poly(ethylene glycol) (PEG) has also been recog-
nized as a water-soluble biocompatible polymer or building
block with important biological and pharmaceutical applica-
tions34 With the advantages of PLLA and poly(ethylene glycol),
a number of diblock methoxy poly(ethylene glycthpoly(L-
lactide)s (MPEGh-PLLA) have been synthesizé®land their

morphologies, crystallization behavior, and biomedical applica- 3

tions were thereby investigatéél’” Because the architecture

of block structural functional polymers would play very
important roles in the self-assembled interfaces and microscopic
domains, new asymmetric ABhaped amphiphilic diblock
copolymers bearing hydrophilic PEG (A) and hydrophobic
PLLA arms (B, seem interesting for self-assembly of new
functional hierarchies.

In this study, a series of new ABhaped (AB, AB4, and
ABg) biodegradable amphiphilic methoxy poly(ethylene glycol)-
b-[poly(L-lactide)], MPEG-h-(PLLA), have been rationally
designed and synthesized with dendritic polyester linkalgés (
L2, and L3). Subsequently, their chemical structures were
characterized by NMR, MALD+FTMS, and GPC. Finally, a
molecular architecture dependence of thermal and crystallization
behavior and spherulitic morphologies was studied and will be
carefully discussed.

Experimental Section

Materials. 2,2-Bis(hydroxymethyl)propionic acid (Bis-HMPA) (AR
grade) was purchased from Tokyo Kasei Ltd., Japari-Qipethoxy
propane (98%) was commercially supplied by Lancaster. Reagents of
4-dimethylamino pyridine (DMAP) (99%) and methoxy poly(ethylene
glycol) MPEG-2K M, = 2 KDa) were received from Aldrich Chemical,
and the MPEG-2K was dissolved in @El,, then precipitated in dried
ethyl ether and dried over,®s under vacuum prior to use. Monomer
of L-lactide was kindly provided by X. Pan of Synica Chemical Ltd.,
China, and was further purified four times via recrystallization in ethyl
acetate. Stannous octanoate from Aldrich Chemical was distilled under
reduced pressure and then dissolved in dry toluene before use. In
addition, solvents of toluene amaxylene were distilled with metallic
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Scheme 1. Chemical Preparation of New AB,-Shaped
MPEG-b-(PLLA) » with Linkage L1
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solution (0.16 g), the solvent was evaporated at room temperature. The
residual mass was again dissolved in 250 mL obClkland was further
extracted twice with 20 mL of distilled water. Then, the organic phase
was collected and dried over anhydrous Mg®@d evaporated to give
a final white crystal product with a yield of 77%.

H NMR (CDCls, in ppm) 1.21 (s, 3H, 63), 1.44 (dd, 6H, El3),
3.71 (d, 2H, ®i,), 4.21 (d, 2H, Eiy).

Preparation of Hydroxy-Protected MPEG-(Of8ynthetic Precursor
with First-Generation Dendritic Ester LinkageStarting MPEG-2K
(20.0 g, 10 mmol), 2.61 g of the above-synthesized compduf(icb
mol,1.5 equiv), N,N'-dicyclohexylcarbodiimide (DCC) (3.4 g¢,16.5
mmol,1.65 equiv), DMAP (372 mg, 3 mmol, 0.2 equiv), and 150 mL
of CH.Cl, were placed into a 250-mL one-necked round-bottom flask,
and the reaction mixture was stirred at ambient temperature for 36 h.
Afterward, the reaction mixture was filtered to remove insoluble mass
and further concentrate the filtrate to 40 mL. Finally, the mixture was
precipitated in ethyl ether, and the collected solid pro@ustas dried
in a vacuum oven with a yield of 97%.

Synthesis of New MPEG-(OHWacroinitiator with First-Generation
Dendritic Ester Linkagé.1. Ten grams of the above obtained product
2 (5 mmol) was dissolved in 100 mL of methanol, and then, 10 mL of
1 M HCL was added into the mixture solution, and the mixture kept
stirring at 50°C for 6 h. When the reaction completed, the mixture
was evaporated under reduced pressure to remove the solvent. The
obtained solid product was further dissolved in 200 mL of C{#tid
dried with anhydrous MgSfovernight. Finally, the reaction mixture
was filtered and concentrated to 40 mL and then precipitated in dry
ethyl ether. The resulting solid produgtwvas further dried over s
under vacuum with a yield of 65%.

sodium and benzophenone, and all the other reagents of analytical grade |n a similar way, new A-(OH)shaped MPEG-(OH)macroinitiators

were used as received.

Preparation of the A-(OH),-Shaped MPEG-(OH), Macroinitia-
tors (n = 2, 4, and 8).For the sake of preparing new amphiphilic
AB-shaped diblock MPE®-(PLLA),, the hydroxy end-capped mac-
roinitiators of MPEG-(OH) (n = 2, 4, and 8) were first synthesized
with corresponding dendritic Bis-HMPA ester linkagéd (L2, and
L3). For instance, a MPEG-(OHjn = 2) was synthesized via a three-
step strategy as shown in Scheme 1.

Synthesis of Isopropylidene-2fds(methoxyl) Propionic AcidAt
first, compoundl of isopropylidene-2,2bis(methoxyl) propionic acid
was synthesized as partially described in the literaRiteBis-HMPA
(10 g, 74.55 mmol), 2,2dimethoxypropane (13.8 mL, 111.83 mmol),
and p-toluenesulfonic acid monohydrate (0.71 g, 3.73 mmol) were in
turn dissolved in 50 mL of acetone, and then, the mixture was stirred
at room temperature for 2 h. After neutralization of the residual
p-toluenesulfonic acid by adding about 5 mL of NaOH methanol

(n = 4 and 8) were prepared with corresponding two- and three-
generation dendritic Bis-HMPA ester linkages.&f (yield: 62%) and
L3 (yield: 57%).

Synthesis of New ABBhaped MPEG-b-(PLLA)MPEG-b-(PLLA),
and MPEG-b-(PLLA) With the prepared MPEG-(OK)3 as a
macroinitiator, new AB-shaped amphiphilic diblock MPEG-PLLA)»
was synthesized through ring-opening polymerization-zfctide in a
Schlenk tube with stannous octanoate catalyst. First, a flame-dried flask
containing 0.5 g of MPEG-(OH)3 macroinitiator (0.25 mmol) and
1.0 g ofL-lactide (6.94 mmol) was purged with dry,Nand then, 0.3
mL of the SnOct toluene solution (46 mg/mL) and 5 mL afxylene
were added. Subsequently, this reaction mixture was allowed to heat
up to 130°C and kept stirring for 48 h. When the reaction completed
(tracked byH NMR), the mixture was cooled to ambient temperature
and precipitated in an excess amount of ethyl ether; the collected
precipitates were washed several times with ethyl ether and then 8?‘5“\‘}
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Scheme 2. New AB,-Shaped Asymmetric Amphiphilic MPEG-b-(PLLA) , (n = 2, 4, 8) Bridged with Dendritic Bis-MPA Ester Linkages L1,

L2, and L3
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under vacuum. As a result, new ABhaped amphiphilic MPE®- gravimetrical analyzer (TGA). First, 2:8.0 mg of a synthesized
(PLLA), denoted sampl&1 was obtained. polymer sample was sealed in an aluminum pan and then the sample
IHNMR (CDCls, in ppm) 5.20 (g7 CH-OCO), 3.60 (d;-OCH,CH,0- heated from ambient temperature to T@at 20°C/min (first heating
), 1.50 (s,—CHj). In the same strategy, two new ABand ABs-shaped run). Melting point ) and enthalpy of fusionHm) were evaluated
amphiphilic copolymers MPE®-(PLLA)4 (S2 and MPEGb-(PLLA)s as the melting peak top temperature and the integral of endothermic
(S3 were initiated with corresponding MPEG-(QHind MPEG-(OHj, traces, respectively. Subsequently, the sample melt at*C7for 1

and these block copolymer§2—S3) were prepared with PLLA arm min was cooled to OC at a cooling rate of 20C /min (cooling run),
lengths similar to those db1 via tuning the initial LLA monomer to and the crystallization temperaturé:) of each crystallizable block
macroinitiator feeding molar ratios. component was evaluated as the peak top temperature of the exothermic
Additionally, to clarify the polymer architecture dependence of trace. In addition, TGA analyses (TGA) were implemented from 50 to
physical properties, linear structural amphiphilic diblock MPEG- 450°C at 20°C/min under flowing nitrogen atmosphere (45 mL/min).
PLLA references denoteR1—R3 bearing similar PLLA component Weight loss profiles were employed to evaluate individual block
compositions were also synthesized through ring-opening polymeriza- component composition, and peak top temperatufgsof the dTGA

tion of L-lactide with the starting MPEG-2K and Sn@chtalyst. trace were evaluated to assess thermal stability for each block
Characterization Procedures.GPC CharacterizationMolecular component.

weights of the synthesized ABhaped MPEG>-(PLLA), as well as Polarized Microscope (POM¥Bpherulite morphologies and isother-

their linear structural counterparts were measured undéiC46n a mal growth rates were characterized under various crystallization

Perkin-Elmer 200 Series gel permeation chromatograph equipped withtemperatures for the linear MPHEGPLLA and new AB-shaped

a refractive index detector (RI) and a network chromatography interface MPEG--(PLLA), samples on an Olympus BX51 polarized microscope

NCI 900. Double PLgel :m mixed-D type GPC columns (300 7.5 with an attached hot stage. First, a synthesized MBEBLLA),

mm, Polymer Laboratories Ltd., U.K.) were employed in a series with sample was sandwiched between two thin glass cover slides. Subse-

chloroform as the eluent at a flow rate of 1.0 mL/min. A commercial quently, the sample was allowed to heat up over their corresponding

calibration kit of polystyrene standards (Showa Denko Ltd., Japan) was melting temperatures and further kept for 1 min. Finally, the sample

utilized to calibrate the GPC elution traces. As a result, the molecular temperature was rapidly decreased to a predetermined isothermal

weights My, M;) and their distributions were thus evaluated. crystallization temperature for crystallization kinetic and spherulite
IH and *3C NMR.Measurements of NMR spectra were conducted morphological studies.

under ambient temperature in CRON a Bruker AMX300 spectrom-

eter and Varian VXR 300 Fourier transform NMR spectrometer

operating at 300.0 and 75.5 MHz for the correspondidgand °C Results and Discussion
nuclei, respectively. Tetramethylsilane (TMS) was hereby employed .
as the internal chemical shift reference. As a general approach to new ABhaped asymmetric

Mass SpectraStructural characterization of starting MPEG-2K and  @mphiphilic diblock MPEGs-(PLLA),, chemical synthesis of
its hydroxy end-capped derivative MPEG-(QHbearing various  an ABz-shaped MPEG)-(PLLA); is illustrated in Scheme 1.
dendritic ester linkages was conducted on an lonSpec MALDI 4.70 Since Bis-HMPA has been widely applied as one of the most
T-FTMS system with Mlaser beami = 337 nm) and a mass scanning  important biocompatible building blocks to construct dendritic
range of 406-3000m/z. degradable polyesters with abundant favorable hydroxy-terminal
Thermal AnalysisThermal properties were characterized on a Perkin- functional group$?-46 the macroinitiators of MPEG-(OHith
Elmer Pyris 1 differential scanning calorimeter (DSC) and a thermal n hydroxy end groups were therefore designed and V&%Q/
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Figure 1. H NMR spectrum of the hydroxy-deprotected macroini- L ‘

tiator of MPEG2K—(OH). 180 160 140 120 100 80 60 40 20 0

synthesized with one- to three-generation dendritic Bis-HMPA Chemical ghft (ppm)
ester linkaged.1—-L3, and a new series of the ABhaped Figure 2. 13C NMR spectrum of the hydroxy-deprotected macroini-
amphiphilic MPEGb-(PLLA), with well-defined structures as  tiator of MPEG2K—(OH)..
shown in Scheme 2 were further prepared with a successive(OH), (Figure 3b). It was seen that the main mass spectral
SnOct catalyzed ring-opening polymerization oflactide. signals occurring at 1860, 1903, 1947, 1991, 2036, 2124, and

Chemical Synthesis of Functional MPEG-(OH) Macro- 2168 mV/z could be assigned to the Naonized species of
initiators. Typically, the hydroxy-terminated MPEG-(OH) CH30(CH,CH,0),OH with corresponding degree of polymer-
comprising hydrophilic methoxy poly(ethylene glycol) MPEG ization (m) equal to 41, 42, 43, 44, 45, 47, and 48, respectively.
with number average molecular weight equal to 2.0 KDa and a This indicates a narrow molecular weight distribution of the
first generation of dendritic Bis-HMPA ester was prepared via monofunctional starting MPEG-2K. In contrast, MALBFTMS
coupling the hydroxy group of a MPEG and the carboxylic of the synthesized MPEG-(OKkxhibited a series of mass
group of a hydroxy-protected Bis-MPA and a successive spectral signals at 2021, 2065, 2153, 2197, 2285, and 2830
hydroxy functional group deprotectidh?34”To characterize  and these signals could further be attributed to thé idaized
the molecular structures of synthesized MPEG-(Pbbaring macromolecular species bearing correspondinglues equal
different dendritic ester linkages &fl—L3, 'H NMR spectra to 42, 43, 45, 46, 48, and 49, respectively. Moreover, a new
were measured for the hydroxy-protected and hydroxy-depro- series of the K ionized MPEG-(OH) species at 2037, 2125,
tected MPEG-(OH) as well as their starting MPEG-2K. As 2169, 2213, 2257, and 2304z were concurrently observed in
for the MPEG-(OH) synthesis, a new occurrence of proton Figure 3b. Furthermore, with respect to the synthesized MPEG-
resonance at 4.30 ppm indicated a successful coupling betweerfOH), bearing dendritic linkage2, new characteristic MALD+
the carboxylic group of acetonide-protected Bis-HMPA and a FTMS signals at 2211, 2255, 2299, 2343, 2388, 2432, 2475,
hydroxy group of a MPEG-2K. Meanwhile, new additional and 2519m/z were detected and could reasonably be assigned
proton resonances at 3.40 and 1.10 ppm could be assigned tdo the corresponding Naionized species witlm values equal
corresponding methylene and methyl proton nuclei of the Bis- to 41, 42, 43, 44, 45, 46, 47, and 48. In contrast, MAEDI
HMPA moiety. After theL1 hydroxy deprotection, characteristic  FTMS of the prepared MPEG-(OkHjvith dendritic linkage.3
proton resonance at 1.43.46 ppm originated from the  exhibited a distinct series of mass spectral signals at 2692, 2736,
acetonide protection moiety entirely disappearing, and this 2780, and 2824n/z, which could further be attributed to the
demonstrated a complete deprotection of the terminal hydroxy H* ionized species witlm values equal to 41, 42, 43, and 44,
groups and successful preparation of functional dihydroxy respectively. Therefore, this evidence quantitatively demon-
MPEG-(OH) as shown in Figure 4t Furthermore, Figure 2  strated successful syntheses of new hydroxy end-capped func-
depicts the*C NMR spectrum for the deprotected dihydroxy tional MPEG-(OH) (n = 2, 4, 8) with diverse dendritic Bis-
MPEG-(OH) with a first-generation dendritic ester linkagé. HMPA linkages.
As compared with the starting MPEG-2K, né¥C resonance Syntheses of Asymmetric Amphiphilic Diblock MPEG-
signals could be observed at 17.8, 50.3, 62.2, 63.9, 67.5, andb-(PLLA) , (h = 2, 4, 8).Up to the present date, aliphatic poly-
176.1 ppm for the dihydroxy MPEG-(OHl)and these resonance (L-lactide) seems to be an important biodegradable polyester
signals could be assigned #&C nuclei of methyl tert-butyl, and/or an ideal lipophilic building block to construct a wide
methylene, and carbonyl of the Bis-HMPA moiety of the variety of biodegradable amphiphilies, and thus, it has been
prepared MPEG-(OH) The disappearance of a characteristic intensively investigated in functional biological vectors and
resonance around 2@5 ppm attributed to the acetonide moiety biomimetic system3?-33 In general, the poly¢lactide) was
could further imply a complete deprotection of terminal hydroxy routinely synthesized through ring-opening polymerization of
functional groups for the MPEG-(Obiproduct?! In a similar enantiopura -lactide monomer under a catalyst of alkylmetal
characterization!H and13C NMR spectra also confirmed the or metal alkoxide with an alcohol initiat8p;3848.53and linear
successful formation of functional MPEG-(QH)earing den- structural amphiphilic MPEG-PLLA and PLLA-b-PEGbhH-
dritic linkagesL2—L3 of two to three generation and four to PLLA had been extensively studiédlin our pervious study,
eight hydroxy terminal groups. the ROP of_-lactide under 130C and a SnOgftcatalyst seemed

To further shed new light on the molecular structures of the to be better inm-xylene solution for preparation of more
prepared functional MPEG-(OH)their MALDI—FTMS were structurally perfect star-shaped PLLA produ3herefore, in
measured. Figure 3 shows the MALBFTMS for the starting this work, new AB-shaped diblock MPE®-(PLLA),, were
MPEG-2K (Figure 3a) and corresponding dihydroxy MPEG- synthesized under 13%C via the SnOgt catalyzed ROP O&DV



Asymmetric AB,-Shaped Amphiphilic Copolymers Biomacromolecules, Vol. 7, No. 8, 2006 2381

(a)

Voyager Spec #1[BP = 1990.8, 199]

100, 1e81 1994
2124
80l 1903
194703
80/
2256
70 186 2168
2312
60/ 1771
= |
2
2 50 2300
#
172
40 2388
168! 2344
30 163
| 2432
20 I 2520
150
» 141 | | { —
10| 124 |1375 g a77 21081979523 % 1
111 | ﬁﬁﬁqﬁi 543 a0
ol WWA ,MNHM%MI@J ﬁﬂw’.ﬁLdJMmm.“,.“ i i
999.0 1599.4 2199.8 3400.6 4001.0
Mass (miz)
Voyager Spec #1[BP = 2153.0, 1009]
2153
100- 2037 1009
1949 | 205
2197
1905
%0 20201 | 2125
1861
2169 | 2285
80-
1817
| 18
‘\ 2213 2330
70 ‘
| 1B
Y \ 2357 | 2374
60~ 1729 ‘ [ |
z ‘ O sang
=
50
£ 1 1801 2 2462
* |
; 1
40 2390
15 ! |
2434 | 2550
- 15/ h
2478 | 2504
| 2
. 2322| 636
76 i | |2566| 2682
13
| 2810|2726
12 | 2142155
10 1200 ‘a-‘r \' 2053 [ 2273 | 2981 | ngsl
vuu«».hw.u.«..kwmm J,uvﬁ.;)amw"v*lml‘”h’rm--‘ 4"'1'hr'rf”‘""“‘""\“” "M\"w’-w-‘\mum.fw&«wmmm
19830 1651.2 1919.4 22876 2666.8 30240

Mass (miz)

Figure 3. MALDI-TOF mass spectra of (a) the starting MPEG-2K and (b) the resulted MPEG2K—(OH), derivative.

L-lactide with corresponding MPEG-(OKinacroinitiators 1 diblock MPEGh-(PLLA), obviously shifted toward the high
= 2, 4, 8) inm-xylene solution. molecular weight region, and more arms) ©f a prepared
Figure 4 shows GPC elution traces for the synthesized MPEG-h-(PLLA), finally led to an apparent higher molecular
dihydroxy MPEG-(OH) macroinitiator (a), new MPE®- weight of the achieved product. AlternativelfH NMR
(PLLA), (b), MPEGH-(PLLA)4 (c), and MPEGs-(PLLA)g spectrum of the synthesized diblock MPB&PLLA), concur-
products (d) with designed molecular weight of PLLA arms rently exhibited characteristic resonances around-33600 and
close to 2 KDa, regardless of their different architectures. It 5.20 ppm, which could be attributed to the methylene proton
was found that either a MPEG-(OH)macroinitiator or a of —CH,CH,0— of the MPEG block and the methine proton
prepared new MPE®-(PLLA), exhibited a much narrower  of —O—CH(CH3)—CO— of the lactide building blocks. Fur-
symmetric GPC elution trace, implying an efficient initiation thermore, the EG/LA comonomer molar ratios of the synthesized
of the hydroxy end-capped MPEG-(QHAfter the copolym- diblock copolymers were evaluatéd,and number average
erization of the PLLA arm, GPC elution traces for the new molecular weights denotetl, nvr could be calculated i%DV
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taneously prepared with similar PLLA compositions to 8te

S2 andS3 It was seen that after a polymerization time of 48
h both branched and linearR series of diblock amphiphilic
copolymers were prepared with LLA monomer conversions
higher than 95%, and narrow molecular weight distribution equal
to 1.10-1.20 were achieved, indicating uniform and well-
controlled molecular architectures of the linear and new,-AB
shaped MPEG»-(PLLA),. It was also noteworthy that the GPC
molecular weights of the linear reference diblock MPEG-
PLLA (R1, R2, andR3) tended to be lower than those values
evaluated byH NMR, while a different tendency in molecular
weights could be observed for the ABhaped asymmetric
MPEGH-(PLLA), (S1, S2 andS3), and this result might be
accounted for by two possible factors: (i) The molecular
architecture would influence apparent molecular weights evalu-
ated by size exclusion chromatography as often rep8té).

Elution time (min) During the preparation of new MPEG-(OHnacroinitiators,
Figure 4. GPC traces for the macroinitiator and new AB,-shaped some components bearing different degrees of polymerization
polymers: (a) dihydroxy MPEG-(OH)z; (b) AB2-shaped MPEG-b- (m) for the MPEG would be lost as evidenced by MALDI
(PLLA)2; (c) ABs-shaped MPEG-b-(PLLA)4; (d) ABg-shaped MPEG- FTMS, and this would decrease the fraction of macroinitiator,

b-(PLLA)s. thus leading to a LA/EG comonomer ratio higher than the

theoretical value for th&3

Thermal Characterization. Figure 5 depicts DSC traces
M, nvr = DPypeg x 44+ DPp 4 x 144 1) recorded by the first heating scan for new Aghaped diblock
MPEG+®H-(PLLA), S1, S2 and S3 as well as corresponding
DPpa =2 x DPpeg x (I55dl369 2 linear referenceR1, R2, andR3. It seems that only the MPEG-
b-(PLLA), S1and MPEGbB-PLLA R1 with low PLLA weight
Where DRypec and DR 4 indicate the degree of polymeriza-  fractions exhibited two endothermic peaks respectively attributed
tion for individual MPEG and PLLA blockis ¢sandls »odenote to crystal melting of the MPEG and PLLA blocks, and much
the integral resonance intensities at 3.65 and 5.20 ppm attributecharrower endothermic peaks and relatively high melting points
to the MPEG and PLLA comonomers, respectively. (Tm) were apparently detected for the linear counterst
Table 1 summarizes synthetic results for the new-ABaped This could be interpreted due to the architecture of two shortened
amphiphilic MPEGb-(PLLA), S1, MPEGH-(PLLA)4 S2 and PLLA arms for the synthesized MPEK(PLLA), S1 When
MPEGH-(PLLA)g S3bearing a MPEG-2K block and multiple  increasing the PLLA weight fractions of the diblo€kand S
PLLA arms (each arm designed to be 2 KDa). In the meantime, samples, increased melting points could be observed for the

accordance with egs 1 and 2

linear structural MPEG»-PLLA R1, R2, andR3 were simul- linear MPEGb-PLLA due to the capability of their extended
Table 1. Synthetic Results for New AB,-Shaped Diblock Amphiphilic Biodegradable MPEG-b-(PLLA), (n = 2, 4, 8)
LLA feeding LLA [-CH2CH,O-]/[LA] PLLA in
molar ratio conversion? Mh theor? Mh.cpc® Manvr? comonomer molar ratio copolymers®
sample [-CH,CH,0-1/[LA] (%) (KDa) (KDa) (KDa) M Mn© in copolymers? (wt %)
S1 1:0.61 98 59 7.5 5.8 1.15 1:0.53 63.6
S2 1:1.22 96 9.7 12.2 9.6 1.13 1:1.19 79.6
S3 1:2.44 97 17.7 24.8 17.5 1.16 1:2.64 88.8
R1 1:0.61 95 5.8 5.8 5.7 1.22 1:0.44 58.6
R2 1:1.22 95 9.6 7.1 9.5 1.17 1:0.95 73.7
R3 1:2.44 98 17.8 12.1 17.6 1.10 1:2.25 86.0

aL LA monomer conversions were evaluated by 'H NMR. ? Theoretical molecular weights were calculated by a sum of MPEG and PLLA blocks and
the dendritic ester linkages. ¢ Molecular weights were determined by GPC with polystyrene standards. ¢ Molecular weights and comonomer molar ratios
were evaluated by 'H NMR. € PLLA block weight percentages were measured by TGA.

Table 2. Thermal Properties for the New AB,-Shaped Diblock Amphiphilic Biodegradable MPEG-b-(PLLA), (n = 2, 4, 8)

MPEG block PLLA block
sample Tm?(°C) AHm? (3/9) T.2(°C) T4? (°C) Tn?(°C) AHn? (J/g) T:2(°C) T4? (°C)

S1 29.1 62.6 —-8.5 391.4 127.3 37.1 71.0 285.2
S2 n.d.c n.d.c n.d.c 399.5 130.2 49.6 69.1 255.1
S3 n.d.c n.d.c n.d.c 390.2 138.8 29.1 75.0 260.4
R1 40.4 54.3 17.6 411.9 136.5 42.8 88.0 258.7
R2 40.0 114 n.d.c 412.3 142.8 49.0 87.8 261.7
R3 n.d.c n.d.c n.d.c 4115 150.0 64.7 97.8 296.7
MPEG-2K¢ 47.8 187.2 32.3

PLLA-8K¢ 147.7 60.6 110

aMelting points, crystallization temperatures, and heat of fusion for individual block component were measured by DSC. ® Thermal degradation
temperatures were evaluated by TGA. ¢ Not detected.  MPEG-2K and linear PLLA-8K expresses the references.
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Figure 6. DSC traces by the cooling scan for the prepared AB,-
shaped amphiphilic MPEG-b-(PLLA).

PLLA arms to fold thicker crystal lamelfZ and during the
heating scan, cold crystallization was obviously detected for
the new MPEGh-(PLLA), S2and MPEGb-PLLA R2. For the
MPEG+H-(PLLA)g S3bearing eight PLLA arms bridged with a
dendritic linkagel3, low chain/segmental crystallizabilities of
both MPEG and PLLA blocks could be found even though the
S3andR3 have similar overall PLLA weight fractions higher
than 85 wt %. This clearly demonstrated a strong macromo-
lecular architecture dependence of crystallizability for the new
ABp-shaped MPEG»>-(PLLA),. Furthermore, Figure 6 depicts
DSC thermal diagrams measured by the first cooling scan for
the prepared ARshaped amphiphilic MPE®-(PLLA), (S1,
S2 andS3 as well as the linear MPEG-PLLA references
(R1, R2, andR3). It was found that linear diblock MPEG-
PLLA R1, R2, andR3 exhibited crystallization peak temper-
atures Tc) around 95°C for the PLLA block, and crystallization
of the MPEG block could only be observed for the linear
MPEGH-PLLA R1 with a high EG to LA comonomer molar 10 um
ratio equal to 1/0.44. In contrast, very slow and weak crystal- (b) —
lization could be detected for the ABhaped amphiphilic  Figure 8. Spherulitic morphologies after 1-min isothermal crystal-
MPEGH-(PLLA), (S2 and S3), indicating a significantly lization at 105 °C for the samples bearing different architectures: (a)
depressed chain and/or segmental crystallizability due to possibleR1; (b) S1.
densely packed multiarmed architectures as ever revealed for
the three- to six-armed star-shaped PL¥A. stages were typically observed, and the component degraded
Figure 7 presents thermal degradation profiles for the new in a temperature range from 250 to 300 was attributed to
amphiphilic biodegradable MPEG{PLLA),. Two weight-loss the PLLA block, while the block of MPEG showed high&bv
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10 um

(b) —

Figure 9. Spherulitic morphologies after 1-min isothermal crystal-
lization at 105 °C for the samples bearing different architectures: (a)
R2; (b) S2.

thermal stability; therefore, the weight fraction of each com-
ponent was evaluated by TGA as shown in Table 1, indicating
good agreement with the calculated results by NMR. In a view
of thermal degradation temperaturdg)(as seen in Table 2, a
longer PLLA block of linear diblock MPE@-PLLA or a less-
armed structure of new MPEG{PLLA), would lead to a
higher thermal degradation temperature, and the lower thermal
stabilities of new AR-shaped diblock copolymers could be
accounted for by more active terminal functional groups which
could accelerate the chain-end-initiated PLLA thermal degrada-
tion.

Spherulitic Morphologies of New AB,-Shaped Semicrys-
talline Amphiphilic MPEG- b-(PLLA) . Until now, there have
been a number of articles in the literature on crystal morphol-
ogies of biodegradable PLLA bearing diverse molecular archi-
tectures as well as diblock MPEKGPLLA.38:50-51 Here, Figure
8 depicts spherulite morphologies after 1-min isothermal crystal-
lization at a given temperature of 106 for the linear MPEG-
b-PLLA R1 (a) and new Y-shaped MPEG{PLLA), S1 (b).

A larger number of tiny crystal nuclei immediately occurred
after 1-min isothermal crystallization at 10&, indicating a
very fast nucleation rate for the lineRd bearing similar weight
fractions of the MPEG and PLLA blocks. In contrast, very few

Li et al.

10 um
(b) —
Figure 10. Spherulitic morphologies after 1-min isothermal crystal-
lization at 110 °C for the samples bearing different architectures: (a)
R3; (b) S3.

Sperulite dimeter{um)
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Figure 11. Isothermal crystallization time dependence of spherulite
diameters at 105 °C for the synthesized copolymers R1, R2, S1, and
S2.

crystal nuclei could be observed for the Y-shaped MREG-
(PLLA), S1, demonstrating that the multiarmed molecular
architecture significantly depressed the crystallizability of PL&BV
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Figure 12. Isothermal crystallization time dependence of spherulite
diameters at 110 °C for the synthesized copolymers R3 and S3.
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weight fraction (more than 70 wt %). In addition, at an increased
temperature of 110C, large and rapidly impinged spherulites
after 1-min isothermal crystallization were shown in Figure 10
for the linear MPEGh-PLLA R3 (a). With increasing isothermal
crystallization temperature, the diblock MPEHERLLA R3
bearing a greatly extended PLLA block tended to organize low-
density crystal nuclei and large-sized spherulites in a rapid
crystal growth way. In the meantime, new asymmetricgAB
shaped MPEGs-(PLLA)g S3 only showed a small number of
tiny crystal nuclei, regardless of its PLLA component weight
fraction higher than 88 wt %.

Figures 11 and 12 depict the spherulite diameters as a function
of isothermal crystallization time at corresponding crystallization
temperatures of 105 and 12Q for the linear MPEG3-PLLA
and new AB-shaped MPEGs-(PLLA),, respectively, and good
linear relationships were apparently detected. Furthermore, the
spherulite growth rates at 10% were evaluated to be 0.20
and 0.16um s1 for the R1 and S1, respectively, indicating a

segments. Furthermore, spherulite morphologies after 1-mindecreased spherulite growth rate for the multiple-arrséd

isothermal crystallization at 108 were also shown in Figure

9 for the linear diblock MPEG-PLLA R2 (a) and new
asymmetric AB-shaped MPEG»>-(PLLA)s S2 (b). During
1-min isothermal crystallization, both tiny and large-sized
spherulites concurrently occurred and rapidly impinged with
each other for the lined&2, exhibiting a spherulite texture much
different from that of theR1 with shorter PLLA block length,
while there were few detectable crystal nuclei for the ,AB
shaped MPEGa-(PLLA)4 S2even though it has a similar PLLA

Similarly, under the same isothermal crystallization temperature,
the R2 and S2 showed spherulite growth rates equal to 1.05
and 0.20um s, respectively, implying a more obviously
depressed crystallization rate for t88 and different spherulite
growth rates of 0.47 and 0.28m s! were respectively
evaluated for théR3 andS3under an increased crystallization
temperaturel; of 110 °C. In addition, it was also found that
after a long isothermal crystallization time much different well-
developed spherulite textures appeared as shown in Figure 13,

10 um

(d) —

Figure 13. Developed spherulitic morphologies for the isothermally crystallized AB,-shaped samples as well as linear structural references at

105 °C: (a) R1; (b) S1; (c) R2; (d) S2.
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i.e., the linear structurd®1 eventually showed tiny spherulites
with a high density of crystal nuclei, and impinged spherulites
with greatly increased sizes could be found for the sarR@e
with extended PLLA block length. In contrast, the new MPEG-
b-(PLLA), S1finally exhibited an interesting coarse spherulitic
texture with a large amount of amorphous components en-
trapped, and relatively large-sized spherulites were observed for
the MPEGb-(PLLA)4 S2 On this evidence, the ABshaped
molecular architecture could therefore be concluded to signifi-
cantly influence the crystallization kinetics and spherulite
morphologies.

Conclusions

In this work, a new series of asymmetric ABhaped
amphiphilic biodegradable diblock methoxy poly(ethylene
glycol)-b-[poly(L-lactide)}, MPEGH-(PLLA), (n= 2, 4, 8) have
been rationally designed and successfully synthesized with
corresponding dendritic Bis-HMPA linkagéd —L3. At first,
new hydroxy end-capped functional MPEG-(QHhacroini-
tiators were derived from a starting monofunctional MPEG-2K
and Bis-HMPA via ester coupling and a facile hydroxy
protectior-deprotection cycle, and chemical structures of these
prepared hydroxy-terminated macroinitiators were further char-
acterized by NMR and MALD+FTMS. The new occurrence
of ester bonds and MALDIFTMS signals demonstrated
successful preparation of the A-(QH)n = 2, 4, 8)-shaped
macroinitiators. Subsequently, novel asymmetric,ABaped
ampbhiphilic diblock MPEGs-(PLLA), S1, MPEGb-(PLLA)4
S2 and MPEGE-(PLLA)g S3bearing similar PLLA arm weight
close to 2 KDa as well as linear diblock MPH&PLLA (R1—

R3) were synthesized through ring-opening polymerization of
L-lactide with corresponding macroinitiators at 13C in
m-xylene. GPC results indicated that either the prepared
macroinitiator or a new ABshaped amphiphilic diblock MPEG-
b-(PLLA), exhibited narrow molecular weight distribution,
demonstrating its well-defined structure. Furthermore, regarding
the molecular architecture dependence of crystallization behavior
and spherulite morphologies, thermal analysis of these neyw AB
shaped MPEG-(PLLA), showed greatly depressed crystalli-
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