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ABSTRACT: “Linear” aliphatic polyesters composed of two poly(L-lactide) arms attached to 1,3-propanediol and “star-shaped” ones

composed of four poly(L-lactide) arms attached to pentaerythritol (2-L and 4-L polymers, respectively) with number-average molecu-

lar weight (Mn) 5 1.4–8.4 3 104g/mol were hydrolytically degraded at 37�C and pH 5 7.4. The effects of the branching architecture

and crystallinity on the hydrolytic degradation and crystalline morphology change were investigated. The degradation mechanism of

initially amorphous and crystallized 2-L polymers changed from bulk degradation to surface degradation with decreasing initial Mn;

in contrast, initially crystallized higher molecular weight 4-L polymer degraded via bulk degradation, while the degradation mecha-

nism of other 4-L polymers could not be determined. The hydrolytic-degradation rates monitored by molecular-weight decreases

decreased significantly with increasing branch architecture and/or higher number of hydroxyl groups per unit mass. The hydrolytic

degradation rate determined from the molecular weight decrease was higher for initially crystallized samples than for initially amor-

phous samples; however, that of 2-L polymers monitored by weight loss was larger for initially amorphous samples than for initially

crystallized samples. Initially amorphous 2-L polymers with an Mn below 3.5 3 104g/mol crystallized during hydrolytic degradation.

In contrast, the branching architecture disturbed crystallization of initially amorphous 4-L polymers during hydrolytic degradation.

All initially crystallized 2-L and 4-L polymers had d-form crystallites before hydrolytic degradation, which did not change during

hydrolytic degradation. During hydrolytic degradation, the glass transition temperatures of initially amorphous and crystallized 2-L

and 4-L polymers and the cold crystallization temperatures of initially amorphous 2-L and 4-L polymers showed similar changes to

those reported for 1-armed poly(L-lactide). VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41983.
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INTRODUCTION

Poly(lactide)s [i.e., poly(lactic acid)s (PLAs)] are utilized for

biomedical, pharmaceutical, and environmental applications.1–11

The degradation mechanism, behavior, and rate of PLA-based

materials depend on their molecular structures, higher order

structures, fillers or additives, and material morphology. The

degradation rate of PLA-based materials should be tuned

depending on the application and purpose. Among the available

molecular structures, the effects of the molecular weight and

type, fraction, and distribution of comonomer units have been

intensively studied to control the degradation rate and behavior

of PLA-based materials.12,13 The multifunctional alcohols that

are incorporated during ring-opening polymerization of lactides

(i.e., the cyclic dimer of lactic acid) induce the formation of lin-

ear and star-shaped (branching) architectures, increased num-

bers of hydroxyl-terminal groups per unit mass, and a change

in the chain direction in the middle of the molecules for PLAs

with 2 or more arms. In contrast, PLAs with linear architectures

(i.e., 1-armed PLAs) and the coinitiator moieties incorporated

at the end of molecules do not undergo a change in chain

direction in the middle of the molecules.14–16

Yuan et al., hydrolytically degraded linear 1-armed poly(DL-lac-

tide) [i.e., poly(DL-lactic acid) (PDLLA)] and star-shaped 6-

armed PDLLA with similar molecular weights and found that

the hydrolytic-degradation rate, as monitored by weight loss,

was higher for the 6-armed PDLLA.17 Fu et al. hydrolytically

degraded 1-armed PDLLA and multi-armed PDLLA synthesized

with epoxidized soybean oil and reported that multiarmed
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VC 2015 Wiley Periodicals, Inc.

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4198341983 (1 of 13)

http://www.materialsviews.com/


PDLLA had a lower hydrolytic degradation rate, as traced by

weight loss and molecular weight decrease, than 1-armed

PDLLA.18 However, in these cases, the effects of the presence or

absence of chain-directional change in the middle of the mole-

cules and differences in the types of terminal groups (i.e., one car-

boxyl and one hydroxyl group for 1-armed PDLLA and four and

six hydroxyl groups for 4- and 6-armed PDLLA, respectively) on

hydrolytic degradation were not excluded. In a previous study,

the relative hydrolytic degradation of 1-armed (carboxyl- and

hydroxyl-terminated) and 2-armed (hydroxyl-terminated) amor-

phous PDLLAs was investigated in a phosphate-buffered solution

at 97�C to determine the isolated effects of the chain directional

change and coinitiator moiety in the middle of molecules and

types of terminal groups.15 Moreover, a comparative hydrolytic

degradation study of 2-armed (hydroxyl-terminated) and 4-

armed (hydroxyl-terminated) amorphous PDLLA was performed

in phosphate-buffered solution at 97�C to elucidate the effects of

star-shaped (branching) architectures and/or the number of ter-

minal hydroxyl groups per unit mass on hydrolytic degradation.16

The degradation mechanism gradually changes from bulk degra-

dation to surface degradation with increasing number of arms

and hydroxyl groups per unit mass.15,16 Surprisingly, no signifi-

cant change in molecular weight was observed for 4-armed

PDLLA even when the samples were exposed to aqueous media at

97�C.16 However, the hydrolytic degradation in these studies was

carried out at the elevated temperature of 97�C for a short period

of only 10 h. The information obtained during such accelerated

hydrolytic degradation is likely different from that occurs at body

temperature (37�C) over a long time period, as was performed in

our previous study on linear 1-armed poly(L-lactide) [i.e., poly(L-

lactic acid) (PLLA)], which was 3 year study.19 Information

obtained from hydrolytic degradation at body temperature is cru-

cial for biomedical and pharmaceutical applications.

Furthermore, Anderson et al. investigated the hydrolytic degrada-

tion of PLLA stereocomplexed with star-shaped poly(D-lactide)

[i.e., poly(D-lactic acid) (PDLA)] oligomers with different num-

bers of arms and found that the stereocomplex crystallinity, num-

ber of arms and end-groups of the star-shaped PDLA oligomers

clearly altered the degradation rate and affected the degradation-

product patterns.20

The crystallization behavior of crystallizable 1-, 2-, and 4-armed

poly(L-lactide) [i.e., poly(L-lactic acid) (PLLA)] from the melt

was also investigated.14,21 It was found that the branching archi-

tecture and chain-directional change and coinitiator moiety in

the middle of the molecules and/or an increased number of ter-

minal hydroxyl groups and decreased number of carboxyl groups

per unit mass decelerated crystallization; however, these factors

did not affect the glass transition temperature (Tg) or melting

temperature (Tm) of molecules with similar number-average

molecular weight (Mn) values or Mn values per arm. Kim et al.

investigated the hydrolytic degradation of linear 1-armed and

star-shaped 4-armed PLLAs and found that the molecular weight

decrease was initially faster for 1-armed PLLA than for 4-armed

PLLA but this trend reversed at a later stage.22 In this case, how-

ever, the effects of chain-directional change and the coinitiator

moiety in the middle of the molecules, differences in types of ter-

minal groups, and the crystallinity of PLLAs were not excluded,

and the crystallization behavior during hydrolytic degradation of

1-armed and 4-armed PLLAs was not reported.

To the best of our knowledge, the isolated effects of branching

architecture (and/or increased number of terminal hydroxyl

groups per unit mass) and crystallinity on hydrolytic degrada-

tion and the crystallization behavior of linear 2-armed and star-

shaped 4-armed PLLAs (hereafter abbreviated as 2-L and 4-L

polymers, respectively, Figure 1) during hydrolytic degradation

have not yet been reported. In the present study, to investigate

the isolated effects of the branching architecture (and/or

Figure 1. Molecular structures of linear 2-armed PLLA (2-L) and star-shaped 4-armed PLLA (4-L).
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increased number of terminal hydroxyl groups per unit mass)

and crystallinity on the hydrolytic-degradation and crystalliza-

tion behavior of PLLAs, linear 2-L and star-shaped 4-L poly-

mers with Mn values in the range of 1.4–8.4 3 104 g mol21

were synthesized; their hydrolytic degradation and crystallization

behavior were investigated at 37�C using initially amorphous

and crystallized samples. The relatively low degradation temper-

ature of 37�C (i.e., body temperature) in the present study as

compared to the high degradation temperature of 97�C in the

previous studies15,16 was selected to avoid rapid crystallization

of 2-L and 4-L polymers at temperatures above the Tg (i.e., 50–

60�C), which would reduce the crystallinity differences between

the initially amorphous and crystallized samples, and to accu-

mulate information beneficial to biomedical and pharmaceutical

applications.

EXPERIMENTAL

Materials

Linear 2-L and star-shaped 4-L polymers were synthesized by

ring-opening polymerization of L-lactide (PURASORB LVR ,

Purac Biomaterials, Gorinchem, The Netherlands) in bulk at

140�C for 10 h initiated using 0.03 wt % tin(II) 2-

ethylhexanoate (Nacalai Tesque, Kyoto, Japan) in the presence

of varying amounts of 1,3-propanediol (Sigma-Aldrich, St.

Louis, MO) and pentaerythritol (Sigma-Aldrich) as the coinitia-

tors.21,23 Before polymerization, L-lactide was purified by

repeated recrystallization from ethyl acetate (guaranteed grade,

Nacalai Tesque). Tin(II) 2-ethylhexanoate was purified by distil-

lation under reduced pressure. 1,3-Propanediol and pentaeryth-

ritol were used as received. By altering the ratios of the

coinitiator to L-lactide, 2-L and 4-L polymers with different Mn

values were synthesized. The synthesized polymers were purified

by dissolution in chloroform (guaranteed grade, Nacalai Tesque)

followed by reprecipitation using methanol (guaranteed grade,

Nacalai Tesque). The purified polymers were dried under

reduced pressure for at least seven days. The molecular charac-

teristics and thermal properties of 2-L and 4-L polymers used

in this study are listed in Table I. Here, the numbers immedi-

ately following the terms of 2-L and 4-L polymers show the Mn

values in units of 103 g mol21 and ‘A’ and ‘C’ immediately fol-

lowing the Mn values indicate that the compounds were amor-

phous and crystallized, respectively, before hydrolytic

degradation. Schwach and Vert reported that the hydrophobic

tin(II) 2-ethylhexanoate residue in PLLA delays water uptake

and hydrolytic degradation.24 However, in the present study, we

synthesized 2-L and 4-L polymers at the same low concentra-

tion of tin(II) 2-ethylhexanoate of 0.03 wt % and the did not

find evidence of 2-ethylhexanoate residue via 1H NMR spectros-

copy. Therefore, 2-ethylhexanoate residue will not affect the

water uptake and hydrolytic degradation of the polymers.

The solution-cast samples, which were �100 mm thick, were

prepared at 25�C using dichloromethane as the solvent. After

solvent evaporation under atmospheric pressure, the cast sam-

ples were further dried under reduced pressure for at least seven

days before being subjected to thermal treatment. To prepare

the amorphous samples, each sample was sealed in a test tube

under reduced pressure, melted at 200�C for 5 min, and then

quenched at 0�C for 5 min. To prepare the crystallized samples,

the amorphous samples were crystallized at 120�C for 10 min.

The crystallization time was short compared to that for direct

crystallization from the melt because the quenching process

before crystallization induced the formation of a high number

of spherulite nuclei per unit mass, resulting in rapid

crystallization.25

Hydrolytic Degradation

Hydrolytic degradation of each sample (�100 mm thick,

�25 mg) was performed in 10 mL of phosphate-buffered solu-

tion (pH 7.4) at 37�C; one sample was used for each experi-

mental point. After hydrolytic degradation, the samples were

rinsed twice with fresh distilled water (HPLC grade, Nacalai

Tesque), soaked in fresh distilled water for one day, and then

dried under reduced pressure for at least seven days.

Measurements

The weight-average molecular weight (Mw) and Mn values of

the samples were evaluated in chloroform at 40�C using a

Tosoh (Tokyo, Japan) GPC system with two TSK gel columns

(GMHXL, Tosoh) and polystyrene standards. Calibration was

performed in the molecular weight range of 5.00 3 10328.42

3 106 g mol21. The Mw and Mn values estimated by GPC are

referred to as Mw (GPC) and Mn (GPC), respectively. From a

previous study, the Mn (GPC) values of the 2-L and 4-L poly-

mers were correlated to the Mn values estimated by 1H NMR

Table I. Molecular Characteristics of Linear 2-Armed and Branched 4-Armed PLLAs (2 and 4-L Polymers, Respectively) After Purification and Before

Thermal Treatment

Arm
number Coinitiator Code

LLA/
coinitiatora

(mol/mol)
Mn (GPC)b

(g mol21)

Mn (GPC)
per one armb

(g mol21)
Mn (NMR)c

(g mol21)
Mw(GPC)b/
Mn(GPC)

2 1,3-Propanediol 2-L14 69/1 1.42 3 104 7.10 3 103 8.55 3 103 1.13

2-L36 208/1 3.59 3 104 1.80 3 104 2.04 3 104 1.32

2-L56 417/1 5.62 3 104 2.81 3 104 3.10 3 104 1.52

4 Pentaerythritol 4-L48 208/1 4.79 3 104 1.20 3 104 2.90 3 104 1.25

4-L84 417/1 8.43 3 104 2.11 3 104 4.67 3 104 1.10

a
L-Lactide (LLA)/coinitiator ratio for polymer synthesis.

b Mw (GPC) and Mn (GPC) are the weight- and number-average molecular weights, respectively, as evaluated by GPC.
c Mn (NMR) was calculated from Mn (GPC) using eqs. (1) and (2) for 2 and 4-L, respectively.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4198341983 (3 of 13)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


spectroscopy [Mn(NMR)] to eliminate the effects of molecular

architecture,21,23 as shown in the following equations:

Mn NMRð Þ 5 1:10 3 Mn GPCð Þ0:937ð2-L polymersÞ (1)

Mn NMRð Þ 5 3:40 3 Mn GPCð Þ0:840ð4-L polymersÞ (2)

Using eqs. (1) and (2), the Mn(GPC) values were converted to

Mn(NMR) values. The crystallinity (Xc) values of the samples

were estimated using wide-angle X-ray diffractometry (WAXD).

The WAXD measurements were performed at 25�C using a

Rigaku (Tokyo, Japan) RINT-2500 equipped with a Cu-Ka

source (k 5 0.15418 nm), which was operated at 40 kV and 200

mA. In the 2h range of 7.5�–25.0�, the crystalline diffraction

peak area relative to the total area between the diffraction pro-

file and baseline was used to determine the Xc values. The glass

transition, cold crystallization, and melting temperatures (Tg,

Tcc, and Tm, respectively) and enthalpies of cold crystallization

and melting (DHcc and DHm, respectively) of the samples were

determined using a Shimadzu (Kyoto, Japan) DSC-50 differen-

tial scanning calorimeter under a nitrogen gas flow rate of

50 mL min21. The samples (�3 mg) were heated from room

temperature to 200�C at a rate of 10�C min21. The Tg, Tcc, and

Tm values were calibrated using tin, indium, and benzophenone

(all guaranteed grade, Nacalai Tesque) as standards. The weight

losses of the samples after hydrolytic degradation were deter-

mined using the following equation:

Weight loss %ð Þ 5 100 3 Wb2Wað Þ=Wb (3)

where Wb and Wa are the sample weights before and after

hydrolytic degradation, respectively.

Data Analysis

One-way analysis of variance (ANOVA) was performed on the

Mn (GPC) values of the hydrolytically degraded samples to

determine the significance at 95% confidence. The samples were

divided into two groups for the former and latter half of each

degradation period to judge the significance of the Mn (GPC)

decrease during immersion in a phosphate-buffered solution.

RESULTS AND DISCUSSION

Weight Loss

Weight loss during hydrolytic degradation is caused by the for-

mation of water-soluble low molecular weight oligomers and

monomers formed by chain cleavage and their release from the

materials. Therefore, weight loss can be used as an indicator of

the fraction of water-soluble low molecular weight oligomers

and monomers formed within the materials.15,16 During bulk

degradation, the degradation process can be divided into two

stages: In the first stage, a significant molecular weight decrease

with no significant weight loss occurs; in the second stage, a sig-

nificant weight loss takes place in addition to a molecular

weight decrease. During surface degradation, a significant

weight loss occurs with no significant molecular weight

decrease.

Figure 2 shows the weight losses of hydrolytically degraded

amorphous and crystallized 2-L and 4-L samples. The weight

losses at 20 weeks are plotted in Figure 3(a,d) as functions of

the initial Mn(GPC) and Mn(GPC) values per arm, respectively.

Considering the distribution of data, a significant weight loss

(>5%) was only observed for the following 2-L samples:

Initially amorphous 2-L14A (16 weeks) and 2-L36A (36 weeks)

and initially crystallized 2-L14C (20 weeks) and 2-L36C (36

weeks). The induction period difference of 2-L samples can be

explained by the difference in the molecular weights; that is, a

shorter induction period was required for the formation of

water-soluble low–molecular–weight oligomers in the sample

with a lower molecular weight. Comparison of the initially

amorphous and crystallized samples of 2-L14 and 2-L36

revealed that the weight loss values were higher for the amor-

phous samples. In the case of 2-L samples, the induction period

Figure 2. Weight losses of initially amorphous (a) and crystallized (b) 2-L and 4-L samples during hydrolytic degradation as a function of degradation

time. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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for significant weight loss and the weight loss at 20 weeks respec-

tively increased and decreased with increasing initial Mn(GPC) or

Mn(GPC) value per arm. Because there were no significant differ-

ences in the weight losses of 2-L and 4-L at 20 weeks, the effects

of the molecular architecture (and/or number of terminal

hydroxyl groups per unit mass) could not be determined.

Furthermore, for the 4-L samples, the effects of crystallinity could

not be assessed because of their low weight loss values.

Molecular Weight

To elucidate the molecular-level degradation, GPC measure-

ments were performed. Figures S1 and S2, Supporting

Information show GPC profiles of initially amorphous and crys-

tallized 2-L and 4-L samples that were hydrolytically degraded

for different periods of time. According to the results of one-

way ANOVA analysis, the Mn(GPC) decreases were significant

for all the samples except 4-L48A and 4-L48C. The GPC profiles

of initially amorphous 2-L56A, initially crystallized 2-L56C, and

4-L84C all shifted toward lower molecular weights. This sug-

gested that the hydrolytic degradation of these samples mainly

proceeded via the bulk degradation mechanism. In contrast,

either a high molecular weight fraction or all fractions remained

unchanged or slightly increased in the GPC profiles of initially

amorphous 2-L14A, 2-L36A, 4-L48A, and 4-L84A and initially

crystallized 2-L14C and 4-L48C, which suggested that either the

surface degradation mechanism was active or insignificant deg-

radation of these samples occurred. 2-L36C underwent surface

degradation during the first 20 weeks and bulk degradation sub-

sequently. These results revealed that the degradation mecha-

nism of initially amorphous and crystallized 2-L samples

changed from bulk degradation to surface degradation with

decreasing initial molecular weight; in contrast, the degradation

mechanism of initially crystallized higher molecular weight 4-L

(4-L84C) was bulk degradation while that of other 4-L samples

could not be determined due to the insignificant molecular-

weight decrease.

The Mn (GPC) values of 2-L and 4-L samples obtained from

the GPC profiles in Figures S1 and S2, Supporting Information

are plotted in Figure 4 as a function of degradation time. The

Mn(NMR) values of 2-L and 4-L samples obtained from the

Mn(GPC) values via eqs. (1) and (2) are shown in Figure S3,

Supporting Information. The similarity between (a) and (b) in

Figures 4 and S3, Supporting Information indicated that the

crystallinity had a very small impact on the decrease of the

Mn(GPC) or Mn(NMR) values. Monotonous decreases in

Mn(GPC) and Mn(NMR) were observed for initially amorphous

and crystallized 2-L samples. In contrast, either a very small

decrease or no decrease in Mn(GPC) and Mn(NMR) was noted

for initially amorphous and crystallized 4-L samples. Such insig-

nificant changes in the Mn(GPC) and Mn(NMR) values of ini-

tially amorphous 4-L48A and 4-L48C were attributed to the

removal of water-soluble components from the sample, which

was evident from the disappearance of the bottom edge of the

GPC profiles at the lower molecular-weight side at longer degra-

dation periods. The hydrolytic degradation rate (k) values were

Figure 3. Weight losses at 20 weeks (a, d), hydrolytic degradation rate constants [k(GPC)] (b, e), maximum Mw/Mn (c,f) as functions of initial

Mn(GPC)/103 (a–c) and Mn(GPC)/103 per arm (d–f).
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estimated from Figure 4 according to the following

equation12,13:

lnMn tð Þ 5 lnMn t0ð Þ – k t – t0ð Þ (4)

where Mn(t) and Mn(t0) are the Mn values at hydrolytic degra-

dation times t and t0, respectively. The k values obtained using

Mn(GPC) and Mn(NMR) [k(GPC) and k(NMR), respectively]

are summarized in Table II, and the k(GPC) values are plotted

in Figures 3(b,e) as functions of the initial Mn(GPC) and

Mn(GPC) values per arm, respectively. As seen in Table II, the

k(NMR) values showed a dependence on Mn(GPC) and

Mn(GPC) per arm similar to that of the k(GPC) values. The

negative values of k(GPC) and k(NMR) for 4-L48A and 4-L48C

indicated that the molecular weight increased because of insig-

nificant degradation of the samples and removal of low

molecular-weight water-soluble oligomers from the samples.

The k(GPC) values of amorphous and crystallized 2-L samples

were higher than those of amorphous and crystallized 4-L sam-

ples when compared at similar initial Mn(GPC) values or

Mn(GPC) values per arm [Figures 3(b,e)]. The k(GPC) values of

2-L samples decreased with increasing initial Mn(GPC) and

Mn(GPC) values per arm, whereas those of 4-L samples were

almost constant around zero. The higher k(GPC) for the ini-

tially low molecular weight of 2-L samples was explained by the

increased chain mobility and hydrophilic terminal groups per

unit mass, which increased the diffusion rate and concentration

of water in the sample.

The results here indicated that the branching architecture and/

or the increased number of terminal hydroxyl groups per unit

mass reduced the hydrolytic-degradation rate monitored by

k(GPC). A similar result was observed for the hydrolytic degra-

dation of 2- and 4-armed amorphous PDLLAs.16 As stated in a

previous study,16 the higher number of terminal hydroxyl

groups per unit mass that occurred with greater numbers of

arms was postulated to accelerate hydrolytic degradation

because the higher hydrophilicity of the hydroxyl groups

attracted more water molecules; additionally, the higher number

of terminal hydroxyl groups, around which cleavage of the ester

groups occurred, elevated the cleavage rate26 when the terminal

hydroxyl groups were in the free state. However, the terminal

hydroxyl groups could form hydrogen bonds with adjacent ter-

minal hydroxyl groups; such intra- and intermolecular hydrogen

bonding prevented the terminal hydroxyl groups from interact-

ing with water molecules and participating in cleavage of the

ester groups around the terminal hydroxyl groups resulting in

hindered hydrolytic degradation. Furthermore, hydrogen bond-

ing between different molecules increased the apparent molecu-

lar weight and thereby reduces the chain mobility. The

decreased chain mobility would disturb the diffusion of water

molecules into materials and delayed hydrolytic degradation.

For both 2-L and 4-L samples, the k(GPC) values were higher

for the initially crystallized samples than for the initially amor-

phous samples, which was in agreement with the results

reported for high molecular weight 1-armed linear PLLA15,26;

thus, similar to the result for 1-armed PLLA, crystallization

accelerated the hydrolytic degradation of linear 2-armed 2-L

and star-shaped 4-armed 4-L.

Mw (GPC)/Mn (GPC) values were obtained from Figures S1 and

S2, Supporting Information and are plotted in Figure 5 as a

function of degradation time. The Mw(GPC)/Mn(GPC) values

of 2-L samples increased with degradation time; the increase

was remarkable for 2-L14A and 2-L14C in the period exceeding

8 weeks and for 2-L36A and 2-L36C in the periods exceeding

32 and 28 weeks, respectively. On the other hand, no significant

increase was noticed for the 4-L samples. The maximum

Mw(GPC)/Mn(GPC) values obtained from Figure 5 are plotted

in Figure 3(c,f) as functions of the initial Mn(GPC) and

Mn(GPC) values per arm, respectively. Regardless of the initial

crystallinity and initial Mn(GPC) and Mn(GPC) values per arm,

Figure 4. Mn(GPC) of initially amorphous (a) and crystallized (b) 2-L and 4-L samples during hydrolytic degradation as a function of degradation time.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the Mw(GPC)/Mn(GPC) values were much larger for 2-L sam-

ples than 4-L samples. The higher values of Mw(GPC)/Mn(GPC)

for 2-L samples as compared with those for 4-L samples reflect

the high degree of degradation and strongly suggested inhomo-

geneous degradation that depended on the depth from the

material surface.

Higher-Order Structure

To investigate the higher-order structural changes during hydro-

lytic degradation, WAXD measurements were performed for the

initially amorphous and crystallized samples after hydrolytic

degradation for different periods of time (Figures S4 and S5,

Supporting Information). Crystalline diffraction peaks at

around 17� and 19� were observed for initially amorphous 2-

L14A and 2-L36A after 20 and 24–36 weeks, respectively (Figure

S4, Supporting Information) and all initially crystallized samples

(Figure S5, Supporting Information) for which the peaks were

assigned to (110)/(200) and (203) reflections of the a- or d-

form of PLLA crystallites.27–31 The crystallinity (Xc) values were

estimated from the WAXD profiles in Figures S4 and S5,

Supporting Information and are plotted in Figure 6 as a func-

tion of hydrolytic degradation time. Initially amorphous 2-L56A

and all 4-L samples remain amorphous during the hydrolytic

degradation period studied here. In contrast, crystallization of

PLLA segments occurred in initially amorphous 2-L14A and

2-L36A for degradation periods longer than 20 and 24 weeks,

respectively. The results here were indicative of the fact that ini-

tially amorphous 2-L samples with an Mn(GPC) value of less

than 3.5 3 104 g mol21 was crystallizable during hydrolytic

degradation, as in the case of 1-armed PLLA,19,32–36 and that

the branching architecture and/or higher density of terminal

hydroxyl groups per unit mass disturbed the crystallization of

initially amorphous 4-L samples during hydrolytic degradation.

In addition to crystallization during hydrolytic degradation in

the presence of water as a plasticizer, degradation and removal

of the chains in the amorphous regions increased the Xc of 2-

L14A and 2-L36A to maximum values of �7 and 39%, respec-

tively. For the initially crystallized samples, the Xc values

remained unchanged during the degradation period studied

here; this indicated that neither further crystallization nor selec-

tive degradation and removal of amorphous chains occurred in

the crystallized samples during hydrolytic degradation. The

selective removal of amorphous chains did not have a signifi-

cant effect on the initially crystalline samples that had negligible

or very low weight losses during hydrolytic degradation (Figure

2). However, longer hydrolytic degradation periods (>36 weeks)

could potentially facilitate the crystallization of samples that did

not crystallize within the periods studied here.

To elucidate the crystalline form (i.e., a- or d-form) of the ini-

tially crystallized samples and the changes upon hydrolytic

Table II. Molecular Characteristics of Linear 2-Armed and Branched 4-Armed PLLAs (2 and 4-L Polymers, Respectively) Before and After

Hydrolytic Degradation

Initial
statea Code

HDTb

(weeks
Mn (GPC)c

(g mol21)
Mn (NMR)d

(g mol21)
Mw (GPC)c /
Mn (GPC)

k (GPC)e

(day21)
k (NMR)e

(g mol21)

A 2-L14A 0 1.17 3 104 7.13 3 103 1.15 9.74 3 1023 9.13 3 1023

20 2.99 3 103 1.99 3 103 2.99

2-L36A 0 3.51 3 104 2.00 3 104 1.23 2.88 3 1023 1.89 3 1023

36 1.23 3 104 7.48 3 103 2.86

2-L56A 0 5.28 3 104 3.15 3 104 1.42 2.87 3 1023 2.69 3 1023

36 2.30 3 104 1.57 3 104 2.05

4-L48A 0 4.77 3 104 2.89 3 104 1.15 22.01 3 1024 21.69 3 1024

36 5.32 3 104 3.17 3 104 1.11

4-L84A 0 8.47 3 104 4.69 3 104 1.09 8.54 3 1024 7.18 3 1024

36 6.33 3 104 3.67 3 104 1.09

C 2-L14C 0 1.07 3 104 6.56 3 103 1.21 8.53 3 1023 7.99 3 1023

20 3.51 3 103 2.31 3 103 2.76

2-L36C 0 3.25 3 104 1.86 3 104 1.33 7.59 3 1023 5.86 3 1023

36 4.72 3 103 4.15 3 103 4.16

2-L56C 0 5.16 3 104 3.09 3 104 1.61 4.95 3 1023 4.15 3 1023

28 2.03 3 104 1.41 3 104 2.04

4-L48C 0 4.78 3 104 2.90 3 104 1.15 5.63 3 1024 4.73 3 1024

36 3.94 3 104 2.46 3 104 1.12

4-L84C 0 8.58 3 104 4.74 3 104 1.09 1.28 3 1023 1.07 3 1023

36 6.06 3 104 3.54 3 104 1.08

a A and C indicate amorphous and crystallized, respectively.
b Hydrolytic degradation time.
c Mw (GPC) and Mn (GPC) are the weight- and number-average molecular weights, respectively, as evaluated by GPC.
d Mn (NMR) was calculated from Mn (GPC) using eqs. (1) and (2) for 2-L and 4-L, polymers, respectively.
e k (GPC) and k(NMR) are the hydrolytic degradation constants estimated from Mn (GPC) and Mn (NMR), respectively.
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degradation, WAXD profiles of the samples before and after

hydrolytic degradation for 36 weeks were magnified along the

vertical direction (Figure 7). The crystalline diffraction angles of

12.5�, 22.5�, 24�, and 25�corresponded to the (004/103), (015),

(016), and (206) reflections, respectively, of the a-form crystalli-

tes.30 Of these peaks, the crystalline diffraction peaks at 24� and

25� were important for identifying the a- or d-form. As seen,

the set of crystalline diffraction peaks at 24� and 25�, which

were characteristic of the a-form, were not observed for all ini-

tially crystallized samples before and after hydrolytic degrada-

tion. Instead, a single crystalline diffraction peak at 24.6�, which

was characteristic of the d-form,30 was observed for all initially

crystallized samples before and after hydrolytic degradation.

These results indicated that all the initially crystallized samples

included d-form homo-crystallites as crystalline species and

hydrolytic degradation did not alter the crystalline modification.

Thermal Properties

To elucidate the changes in the thermal properties during hydro-

lytic degradation, DSC measurements were performed. Figures

S6 and S7, Supporting Information show the DSC thermograms

of 2-L and 4-L samples, respectively, before and after hydrolytic

degradation for different periods of time. In these figures, the

glass transition, cold crystallization (only for the initially

Figure 6. Crystallinity (Xc) of initially amorphous (a) and crystallized (b) 2-L and 4-L samples during hydrolytic degradation as a function of degrada-

tion time. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. Mw(GPC)/Mn(GPC) of initially amorphous (a) and crystallized (b) 2-L and 4-L samples during hydrolytic degradation as a function of degra-

dation time. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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amorphous samples), and melting peaks were observed at 50–70,

80–130, and 130–180�C, respectively. The thermal properties

were estimated from the DSC thermograms in Figures S6 and

S7, Supporting Information. The thermal properties thus

obtained are tabulated in Table III and the Tg, Tcc, DHcc, and Tm

values of the lower temperature subpeak and higher temperature

main peak are plotted in Figures 8–11 as a function of degrada-

tion time. In Figure 10, the Tm data are only provided for sam-

ples that had melting subpeaks at lower temperatures.

As seen in Figure 8, the Tg values of all the samples, except 2-

L14A, increased by 5�C or more within 4–12 weeks and then

decreased gradually with increasing degradation time. This trend

has often been reported for 1-armed PLLA during hydrolytic

degradation.19,32,36 Normally, the initial increase was ascribed to

the effect of low temperature annealing in the presence of water

as a plasticizer, which stabilized chain packing and thereby

reduced segmental mobility; in contrast, the later decrease was

attributed to the decreased molecular weight, which resulted in

increased segmental mobility. For the initially crystallized sam-

ples, the shortened chains with a free terminal group and the

amorphous chains with a free terminal group formed from tie

chains may have slightly reduced the Mn and have had a signifi-

cant effect on elevating the segmental mobility of the amor-

phous chains. In contrast, for the initially amorphous samples,

although 2-L36A and 2-L56A featured a gradually decreasing or

constant Tg value after the initial increase of about 5�C at four

weeks, the Tg of other initially amorphous samples showed

complicated changes or distributions. The distribution was

larger for 4-L samples than for 2-L samples; this may have been

caused by the high density of hydrophilic terminal hydroxyl

groups at lower molecular weights, which may have resulted in

hydrogen bonding between the different molecules thereby

reducing the chain mobility and increasing the Tg.

The Tcc values of all the samples, except for 2-L14A, rapidly

decreased during the first four weeks and then slowly decreased

or remained steady (Figure 9). The initial rapid decrease in Tcc

was ascribed to the stabilized chain packing caused by low-

temperature annealing in the presence of water, which facilitated

nucleation and crystallization at a lower temperature; this is con-

sistent with the results reported for 1-armed PLLA.19,32 The later

slow decrease in Tcc occurred because of the decreased molecular

weight, which increased the segmental mobility and facilitated

Figure 7. Magnified and smoothed WAXD profiles of initially crystallized 2-L and 4-L samples before and after hydrolytic degradation for 20, 28, or 36

weeks. Broken lines indicate the diffraction angles that are specific to the a-form.
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nucleation and crystallization at a lower temperature. The Tcc of

2-L14A split into higher and lower values after 4 weeks, returned

to a single value after 8 weeks, and then decreased Tcc at 20 weeks.

The Tcc values of 4-L48A and 4-L84A decreased rapidly for the

first 4 weeks, decreased slowly for the period of 4–20 and 4–16

weeks, and split into higher and lower values at 24 and 20 weeks,

Table III. Thermal Properties of Linear 2-Armed and Branched 4-Armed PLLAs (2 and 4-L Polymers, Respectively) Before and After Hydrolytic

Degradation

Initial statea Code HDTb (weeks) Tg
c (�C) Tcc

c(�C) Tm
c(�C) DHcc

d(�C) DHm
d(J g2) DHcc 1 DHm

d) (J g21)

A 2-L14A 0 53.6 95.3 152.3 250.7 50.4 20.3

20 64.3 82.8 143.1 231.4 40.7 9.3

2-L36A 0 56.5 103.7 166.0 250.7 50.4 20.3

36 55.6 87.1 165.1 249.1 49.6 0.5

2-L56A 0 56.3 110.5 172.8 250.7 51.5 0.8

36 59.8 90.7 161.3, 169.8 249.2 50.3 1.1

4-L48A 0 57.3 126.1 163.1 241.5 41.9 0.4

36 58.4 96.0 150.8, 162.2 241.4 42.9 1.5

4-L84A 0 56.7 106.8 156.3, 167.8 243.0 43.8 0.8

36 58.2 91.6 155.6, 166.4 246.0 45.6 20.4

C 2-L14C 0 49.6 152.4 50.2 50.2

20 –e 149.9 57.3 57.3

2-L36C 0 –e 165.3 57.8 57.8

36 –e 163.1 52.6 52.6

2-L56C 0 57.4 161.3, 171.3 49.9 49.9

28 2e 169.9 49.0 49.0

4-L48C 0 57.7 154.8, 162.7 48.2 48.2

36 –e 162.9 51.5 51.5

4-L84C 0 59.9 154.7, 167.6 43.4 43.4

36 –e 163.9 56.8 56.8

a A and C indicate amorphous and crystallized, respectively.
b Hydrolytic degradation time.
c Tg, Tcc, and Tm are the glass transition, cold crystallization, melting temperatures, respectively.
d DHcc and DHm are the enthalpies of cold crystallization and melting, respectively.
e The glass transition peak was too diffuse to estimate Tg.

Figure 8. Glass transition temperature (Tg) of initially amorphous (a) and crystallized (b) 2-L and 4-L samples during hydrolytic degradation as a func-

tion of degradation time. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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respectively. The two Tcc values became equivalent at 36 and 28

weeks, respectively, and then the Tcc of 4-L84A remained steady

for the period of 28–36 weeks. The two Tcc values observed for 2-

L14A, 4-L48A, and 4-L84A were ascribed to separate crystalliza-

tion in the domains with high and low chain mobility (because of

low and high density chain packing, respectively) or primary and

secondary crystallization in one type of domain. To elucidate the

reason for the multiple cold crystallization peaks, further detailed

study is required. In contrast, the DHcc values remained

unchanged for the hydrolytic degradation period studied here,

except for a gradual decrease in the DHcc of 2-L14A, which was

caused by a large decrease in molecular weight.

When a double melting peak was observed, the melting subpeak

at a lower temperature was regarded as the real melting point

of the original crystalline regions, whereas the main melting

peak at a higher temperature was due to melting of the crystal-

lites that formed or recrystallized during the DSC heating scan.

However, in the present study, since only four and three of the

initially amorphous and crystallized samples had low tempera-

ture melting subpeaks (Figure 10), respectively, we could not

compare the Tm values of the subpeaks for all samples with

respect to the original crystalline regions. The Tm of the subpeak

(Figure 10) remained steady or slightly increased. The increase

in the Tm of the subpeak of 2-L56C was attributed to thickening

Figure 9. (a) Cold crystallization temperature (Tcc) and (b) enthalpy (DHcc) of initially amorphous 2-L and 4-L samples during hydrolytic degradation

as a function of degradation time. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 10. Melting temperature (Tm) of the melting subpeak of initially amorphous (a) and crystallized (b) 2-L and 4-L samples during hydrolytic degra-

dation as a function of degradation time. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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of the crystalline regions during hydrolytic degradation; this

could have occurred via cleavage of the chains which hindered

further crystallization. A very small or no significant decrease in

the Tm of the main melting peak was observed for all samples,

excluding the rapid decrease of the Tm of 2-L14A in the period

exceeding 12 weeks (Figure 11). The rapid decrease in the Tm of

the main peak of initially amorphous 2-L14A for the period

exceeding 12 weeks, which suggested a large decrease in the

crystalline thickness formed during the DSC heating scan, was

attributed to the dramatic decrease in molecular weight (Figure

4). On the other hand, a very small or no significant decrease

in Tm of other samples was ascribed to the fact that the degra-

dation occurred in the initial stage wherein degradation occurs

only in the amorphous region and the crystalline region does

not degrade. The decreases in the molecular weights of the sam-

ples other than 2-L14A were not sufficient to significantly

reduce the Tm.

CONCLUSIONS

The effects of the branching architecture (and/or a high number

of hydroxyl groups per unit mass) and crystallinity on hydro-

lytic degradation and crystallization behavior were investigated

using “linear” 2-armed 2-L polymers and “star-shaped” 4-armed

4-L polymers. The degradation mechanism of initially amor-

phous and crystallized 2-L samples changed from bulk degrada-

tion to surface degradation with decreasing initial Mn; in

contrast, the degradation mechanism of initially crystallized

higher molecular weight 4-L sample was bulk degradation while

that of other 4-L samples could not be determined because of

the insignificant molecular weight decrease. The hydrolytic deg-

radation rates monitored by molecular weight decrease

decreased significantly with greater branching architecture and/

or a high number of hydroxyl groups per unit mass. The

hydrolytic-degradation rate traced by the decrease in molecular

weight was higher for the initially crystallized samples than for

the initially amorphous samples; however, the reverse trend was

evident for 2-L samples when monitored by weight loss.

Initially amorphous 2-L samples with a Mn(GPC) below 3.5 3

104 g mol21 crystallized during hydrolytic degradation. In con-

trast, a branching architecture and/or high number of hydroxyl

groups per unit mass disturbed crystallization of initially amor-

phous 4-L samples during hydrolytic degradation. All initially

crystallized 2-L and 4-L samples had d-form crystallites before

and after hydrolytic degradation. During hydrolytic degradation,

the Tg values of initially amorphous and crystallized 2-L and 4-

L samples and the Tcc values of initially amorphous 2-L and 4-

L samples showed changes similar to those reported for 1-

armed PLLA.
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