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Abstract

Linear 1-arm and 2-arm poly(L-lactide) [i.e., poly(L-lactic acid) (PLLA)] polymers having relatively low number-average molecular weights
(M,) (<5 x 10* gmol™") were synthesized by ring-opening polymerization of L-lactide initiated with tin(II) 2-ethylhexanoate (i.e., stannous oc-
toate) and coinitiators of L-lactic acid, 1-dodecanol (i.e., lauryl alcohol), and ethylene glycol (these PLLA polymers are abbreviated as LA, DN,
and EG, respectively). For M,, below 1.5 x 10* gmol ™', non-isothermal crystallization during heating and isothermal spherulite growth were
disturbed in linear 2-arm PLLA (EG) compared to those in linear 1-arm PLLA (LA and DN). This finding indicates that the chain directional
change, the incorporation of the coinitiator moiety as an impurity in the middle of the molecule, and their mixed effect disturbed the crystal-
lization of linear 2-arm PLLA compared to that of linear 1-arm PLLA, in which the chain direction is unvaried and the coinitiator moiety is
incorporated in the chain terminal. Also, the finding strongly suggests that the reported low crystallizability of multi-arm PLLA (arm
number > 3) compared to that of linear 1-arm PLLA is caused not only by the presence of branching points but also by the chain directional
change, the incorporation of the coinitiator moiety in the middle of the molecule, and their mixed effect. The effects of the chain directional
change and the position of the incorporated coinitiator moiety on the crystallization and physical properties of linear 1-arm and 2-arm

PLLA decreased with an increase in M,,.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Poly(L-lactide) [i.e., poly(L-lactic acid) (PLLA)] is attracting
much attention because it is biomass-derived, biodegradable,
compostable, and non-toxic to the human body and the environ-
ment [1—14]. Linear PLLA with high molecular weight has
high mechanical performance and, therefore, is utilized as com-
modity and industrial materials, as well as biomedical material
for tissue regeneration. PLLA-based material is also utilized for
matrices for drug delivery systems (DDS). The crystallization
behavior of linear 1-arm and 2-arm, and branched multi-arm
(arm number > 3) PLLA is a matter of concern because its
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crystallinity affects the in vivo degradation behavior and drug
release profiles. For linear 1-arm PLLA and its copolymers,
the effects of various parameters on crystallization and spheru-
lite growth behavior have been studied intensively and a great
amount of information has been accumulated [15—48]. Linear
2-arm and branched multi-arm PLLA and L-lactide copolymers
have been prepared by homo- and co-polymerization of L-lac-
tide using diols and polyols as coinitiators [1,5,11,37,49—57].
In most of these investigations, the focus is on the synthesis
of 2-arm and multi-arm (arm number > 3) PLLA and, therefore,
there is limited information about its crystallization and spher-
ulite growth behavior [37,53—57].

In one of our previous papers, the effects of an additional
arm attached to linear PLLA on the physical properties, crys-
tallization, and spherulite growth behavior were studied using
l-arm and 3-arm PLLA prepared with 1-dodecanol and
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glycerol as monofunctional and trifunctional coinitiators by
employing differential scanning calorimetry (DSC) and polar-
ized optical microscopy [37]. Three-arm PLLA showed slower
non-isothermal crystallization during heating and isothermal
spheruilte growth compared to those of linear 1-arm PLLA
prepared with 1-dodecanol. However, the effects of only one
extra arm or branching point, which is attached to linear
PLLA, seem too high to disturb the crystallization of linear
PLLA. Another probable reason for the disturbed crystalliza-
tion of 3-arm PLLA is the chain directional change and the
incorporation of the coinitiator moiety as an impurity in the
middle of the molecule compared to that of 1-arm PLLA, in
which the chain direction is unvaried and the coinitiator
moiety is incorporated in the chain terminal. Fig. 1 schemati-
cally illustrates the chain directions of linear 1-arm and 2-arm
PLLA used in the present study, in which the direction of
oxygen (in the main chain) toward acyl carbon is regarded
as a positive chain direction (arrow direction). In the case of
2-arm PLLA synthesized with a bifunctional coinitiator such
as ethylene glycol, the chain direction is reversed and the
coinitiator moiety as an impurity is incorporated in the middle
of the molecule.

To investigate the pure effects of the chain directional
change and the position of the coinitiator moiety on the crys-
tallization behavior, we synthesized linear 1-arm and 2-arm
PLLA by bulk ring-opening polymerization of L-lactide initi-
ated with tin(Il) 2-ethylhexanoate (i.e., stannous octoate) in
the presence of the monofunctional coinitiator of L-lactic
acid, 1-dodecanol (i.e., lauryl alcohol), and the bifunctional
coinitiator, ethylene glycol. L-Lactic acid and 1-dodecanol
have one hydroxyl group as the initiating point of L-lactide
polymerization and, therefore, the chain direction of
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Fig. 1. Schematic representation of chain directions of 1-arm PLLA prepared
with L-lactic acid (LA) and 1-dodecanol (DN) and 2-arm PLLA prepared with
ethylene glycol (EG). Arrows indicate the direction of oxygen (in the main
chain) toward acyl carbon.

synthesized linear PLLA is consistent throughout the molecule
and the coinitiator moiety is incorporated in the chain terminal
(Fig. 1). Although vr-lactic acid is “bifunctional” in normal
usage, we use the term ‘““monofunctional” for L-lactic acid
in the present study, focusing only on the number of hydroxyl
groups as the initiating point of polymerization. In contrast,
ethylene glycol has two hydroxyl groups as the initiating
points of polymerization and, therefore, the chain direction
of synthesized linear PLLA changes and the coinitiator-
derived impurity is incorporated in the middle of the
molecule. Here, two types of linear 1-arm PLLA were syn-
thesized with two coinitiators, L-lactic acid and 1-dodecanol,
to discuss the effects of the coinitiator moiety and to ex-
clude the effects of the type of coinitiator moiety when dis-
cussing the effects of the chain directional change and the
position of the coinitiator moiety of linear 2-arm PLLA.
To enhance the effects of the chain directional change and
the position of the coinitiator moiety, l-arm and 2-arm
PLLAs with relatively low number-average molecular
weights (M,) below 5 x 10* gmol™' were prepared. Non-
isothermal crystallization and isothermal spherulite growth
behavior were investigated by the use of differential scan-
ning calorimetry (DSC) and polarized optical microscopy,
respectively.

2. Experimental section
2.1. Materials

Linear 1-arm and 2-arm PLLA polymers were synthesized
by ring-opening polymerization of L-lactide (Sigma—Aldrich
Co., St. Louis, MO) in bulk at 140 °C initiated with 0.03 wt%
of tin(Il) 2-ethylhexanoate (Nacalai Tesque, Inc., Kyoto, Japan)
in the presence of different amounts of L-lactic acid (>85 wt%
in water, Sigma—Aldrich Co.), 1-dodecanol (guaranteed grade,
Nacalai Tesque Inc., Kyoto, Japan), and ethylene glycol (anhy-
drous, 99.8%, Sigma—Aldrich Co.) as coinitiators. Before
polymerization, L-lactide was purified by repeated recrystalliza-
tion using ethylacetate as the solvent, while tin(II) 2-ethylhex-
anoate was purified by distillation under reduced pressure.
The alcohols as coinitiators were used as received. Synthesized
polymers were purified by reprecipitation using chloroform and
methanol as the solvent and non-solvent, respectively. The
purified polymers were dried in vacuo for at least 1 week. In
the present study, the codes LA, DN, and EG stand for PLLA
polymers synthesized using L-lactic acid, 1-dodecanol, and
ethylene glycol, respectively, and the numbers immediately
following the codes are the number-average molecular weight
M,) x 1073 g mol ~'. Here, the M,, values are those estimated
by gel permeation chromatography (GPC). The molecular char-
acteristics and thermal properties of PLLA used in this study are
listed in Table 1.

2.2. Measurements and observation

The respective weight- and number-average molecular
weights [M,(GPC) and M,(GPC)], of polymers were
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Table 1

Characteristics and properties of linear 1-arm and 2-arm PLLA

Arm Code LLA/ M,(theor)®  M,(GPC) M(GPC) M,NMR) TS T.* Tt AH,S AH,. + AH®

number coinitiator in ~ (gmol ") (gmol ™) IM,(GPC)  (gmol ") cC)  (°C) °C) ggh dgh

the feed®
(mol/mol)

1 LA2® 21/1 312x10°  1.72x10° 1.8 47.1 92.7 1455 518 0.0
LA3® 21/1 3.12x10°  349x10° 147 196 x 10> 47.9 87.4 1522 552 —0.4
LA7® 70/1 1.02x 10 679x10°  1.29 52.3 92.3 166.0  58.0 -13
LA15° 70/1 1.02x10*  151x10* 1.80 1.05x 10* 543 99.0 1709  55.8 0.2
LA20° 70/1 1.02x 10  2.01x10* 1.15 54.8 98.5 1683  57.0 -0.5
LA28°  210/1 3.04 x 10 283 x10*  1.15 56.0 1037 1654, 1743 479 0.3
DN2f 7/1 120x 10>  242x10° 1.24 1.68 x 10> 19.8 68.2 1122 427 0.2
DN9’ 21/1 321x10° 854x10° 1.17 42.8 76.5 1482, 154.6 409 -0.3
DN15f 70/1 1.03x 10" 147 x10* 191 926x 10° 535 946  155.8,169.0  42.5 —0.8
DN50" 21071 3.04 x 10 5.00x 10*  1.09 547 1050  156.0,172.7 492 1.1

2 EG3® 7/1 1.07 x 10> 2.67x10®°  1.61 227%x10° 366 — - 0.0 0.0
EG62 21/1 3.09x10° 645x10°  1.18 445 1081 1202, 130.1 9.0 0.9
EG8® 21/1 3.09%x10°  810x10° 1.15 51.1  108.1  142.8,1489  43.6 —0.6
EG14® 70/1 1.01 x 10 142x10* 147 8.86 x 10° 532 1039 1565  41.1 —04
EG33¢ 70/1 1.01 x 10  335x10* 1.15 563 1122 1649  50.0 -0.3
EG49¢  210/1 3.03x10* 488 x10* 121 56.7 1108 169.2  46.0 —0.7
EG548  210/1 3.03x 10*  535x10*  1.17 564  111.6  165.0, 1713 472 -0.5

* LLA represents the L-lactide unit (molecular weight = 144.1 gmol™").

d

¢ 1-Arm poly(L-lactide) prepared with L-lactic acid.
' 1-Arm poly(i-lactide) prepared with 1-dodecanol.
2-Arm poly(L-lactide) prepared with ethylene glycol.

evaluated in chloroform at 40 °C by a Tosoh (Tokyo, Japan)
GPC system with two TSK gel columns (GMH,; ) using poly-
styrene standards. Therefore, the molecular weights are those
relative to polystyrene. The theoretical M,, [M,(theor)] values
were calculated using the following equation, assuming that
all the alcohol molecules acted as coinitiators, that all the
hydroxyl groups in the alcohols acted as initiating sites of
L-lactide polymerization, and that the alcohol molecules
were incorporated in the synthesized polymers:

M,,(theor) = M (coinitiator)
+ [r-lactide/coinitiator (mol/mol) in the feed]
x 144.1, (1)

where M(coinitiator) is the molecular weight of the coinitiator
and 144.1 gmol ™" is the molecular weight of L-lactide. The
M(coinitiator) values are 90.1, 186.3, and 62.1 gm017l for
L-lactic acid, 1-dodecanol, and ethylene glycol, respectively.
The calculated M, (theor) values are listed in Table 1.

For reference, the M, values of the polymers selected for
spherulite growth experiments [M,(NMR)] were determined
from the 300 MHz 'H NMR spectra obtained in deuterated
chloroform (50 mg mL ") by a Varian Mercury 300 Spectrom-
eter using tetramethylsilane as the internal standard. The
M,(NMR) values of LA and DN were estimated according
to the following equation using the peak intensity for methine
protons of L-lactide units at chain terminals (/;) and inside the

The number-average molecular weight calculated from LLA/coinitiator in the feed.
The glass transition, cold crystallization, and melting temperatures (T, T, and Ty,, respectively) were obtained by DSC of amorphous specimens.
The enthalpies of cold crystallization and melting temperatures (AH,. and AH,,, respectively) were obtained by DSC of amorphous specimens.

chains (/,), observed at around 4.4 and 5.2 ppm, respectively
[58,59]:

M, (NMR) = M (coinitiator) + (144.1/2)(I, + 1) /1,. (2)

In the case of LA, M(coinitiator) was not added because the
molecule is composed only of L-lactic acid units. The
M, (NMR) values of EG were evaluated according to the fol-
lowing equation using the peak intensity for the two terminal
methine protons of the L-lactide units and the four methylene
protons of ethylene glycol (/3), observed at around 4.4 ppm
[58] and I5:

M,(NMR) = M(coinitiator) + (144.1/2)[I, + (15/3)]/(13/6).
(3)

In the following section “M,” means “M,(GPC)” not
“M,(NMR)”.

The glass transition, cold crystallization, melting tempera-
tures (T, Tc., and Ty, respectively) and enthalpies of cold
crystallization and the melting (AH.. and AH,,) of PLLA
specimens were determined with a Shimadzu (Kyoto, Japan)
DSC-50 differential scanning calorimeter under a nitrogen
gas flow at a rate of 50 mL min~'. For investigating non-
isothermal crystallization during heating from room tempera-
ture, about 3 mg of PLLA specimens were heated at a rate
of 10°Cmin~"' from room temperature to 200 °C, quenched
at 25 °C, and then the melt-quenched specimens were heated
again at a rate of 10°Cmin~' from room temperature to
200 °C (glass transition, cold crystallization, and melting
were monitored here). The Ty, Tec, T, AH,, and AH,, values
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Fig. 2. DSC thermograms of amorphous 1-arm PLLA [LA (a) and DN (b)] and 2-arm PLLA [EG (¢)].

were calibrated using tin, indium, and benzophenone as stan-
dards. By definition, AH.. and AH,, are negative and positive,
respectively.

The isothermal spherulite growth of the PLLA specimens
was observed using an Olympus (Tokyo, Japan) polarized
optical microscope (BX50) equipped with a heating—cooling
stage and a temperature controller (LK-600PM, Linkam
Scientific Instruments, Surrey, UK) under a constant nitrogen
gas flow. The powdery PLLA polymers were heated to
200 °C at 100 °C minfl, held at this temperatures for 3 min,
cooled at 100°Cmin~' to a desired crystallization

temperature (T,) in the range of 80—140 °C, and then held
at the T, (spherulite growth was observed here).

3. Results
3.1. Differential scanning calorimetry

Fig. 2 shows the typical DSC thermograms of amorphous
linear 1-arm PLLA (LA and DN) and 2-arm PLLA (EG).

All PLLA specimens had glass transition, cold crystallization,
and melting peaks in the temperature ranges of 20—60,
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Fig. 3. Ty (a), T¢c (b), Ty, (¢), and AH,, (d) of amorphous 1-arm PLLA (LA and DN), and 2-arm PLLA (EG) as a function of M,

60—120, and 110—180 °C, respectively, except for the thermo-
gram of 2-arm EG3, in which no cold crystallization or melt-
ing peaks were observed. Similarly, no cold crystallization or
melting peaks were observed for 3-arm and 5-arm PLLA,
when their M, values were lowered to 5.4 X 10> and
2.6 x 10° gmolfl, respectively [53,54]. The T, Tcc, Ty, and
AH,,, values of PLLA were estimated from Fig. 2 and are plot-
ted in Fig. 3 as a function of M,. When two or more melting
peaks were observed in the DSC thermograms, we assumed
the peak temperature of the highest melting peak as the melt-
ing temperature because some PLLA specimens have only one
melting peak even when the data were expected to show
multiple peaks. We found in the previous study that the selec-
tion of the highest or lowest peak will not give a difference
with respect to the estimation of the melting temperature at
an infinite molecular weight [37].

As seen in Fig. 3, for M, exceeding 2 x 10* gmol ', the T,,
Te., Ty, and AH,, values of the three types of linear PLLA

were very similar to each other, whereas the difference among
these values for the three types of linear PLLA became larger
for M,, below 1 x 10* gmol . For M,, below 1 x 10* gmol ",
the T, values of LA, EG, and DN were, respectively, highest,
medium, and lowest. LA is composed of only L-lactic acid
units, while EG and DN, respectively, contain two methylene
units and an n-dedecyl group (i.e., 11 methylene units and one
methyl group) in addition to the r-lactic acid units. These
methylene unit sequences are expected to enhance the
segmental mobility on the basis of the low T, value of polyeth-
ylene (<0 °C), which practically consists of methylene units
[60]. It seems probable that the chain mobility and T, become
higher and lower, respectively, with an increase in the methyl-
ene unit sequence length.

Another probable cause is that the differences in the
strength of hydrogen bonding originated from the molecular
architectural difference. That is, the terminal groups of LA,
DN, and EG are hydroxyl and carbonyl groups, hydroxyl
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and dodecyoxl groups, and two hydroxyl groups, respectively.
Such interaction differences will give rise to chain mobility
differences. These interaction differences, in addition to the
chain mobility differences due to the difference in methylene
unit length, should have caused the T, differences at low
molecular weight. Especially in DN, in addition to the pres-
ence of soft, long methylene unit sequences, the incorporation
of the n-dodecyl group in one chain terminal should have
reduced the effect of hydrogen bonding, which further in-
creased the chain mobility, resulting in the lowest T,. The
T.. values decreased in the following order: EG > LA > DN
for the M, range studied here [Fig. 3(b)]. For M, below
1.0 x 10* gmolfl, T, and AH_, became lower in the follow-
ing order: LA > DN > EG [Fig. 3(c) and (d)].

To obtain the T, and T}, values of 1-arm and 2-arm PLLA at
infinite molecular weight (Ty and Ty, respectively), the T,
and T, ~1 values are plotted in Fig. 4(a) and (b), as a function

a 60 T T T T T
Ty
[
5 _
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I I I I I
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b 2.6 T
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3
W= o
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Fig. 4. Ty (a) and Ty, 1 (b) of amorphous 1-arm PLLA (LA and DN), and
2-arm PLLA (EG) as a function of M, ~'.

of M;l according to the Flory—Fox [61] and Flory [62]
equations, respectively:

P,=P7 —K/M,, (4)

T, = (T2) ™' =2RMo/(AHLM,,), (5)
where P, and P, are the physical property and the physical
property at an infinite molecular weight, respectively, K is
a constant representing the excess free volume of the end
groups of the polymer chains, M, is the molecular weight of
a half lactide unit (72.1 gmol "), and R is the gas constant.
The Flory—Fox plot for Ty holds approximately well for
polymers having high M,,. The T, values estimated using Eq.
(4) from Fig. 4(a) were all 57 °C for LA, DN, and EG. The K
values evaluated using Eq. (4) from Fig. 4(a) were 3.0 x 10%,
9.0 x 10*, and 5.8 x 10* K gmol ' for LA, DN, and EG,
respectively, reflecting the larger excess free volume of terminal
groups for DN. The estimated T, values for the three types of
linear PLLA in the present study are in complete agreement
with 58 °C reported by Jamshidi et al. and ourselves [37,63].
The K values estimated for DN in the present study are very
close to the 1.7 x 10° K gmol ' reported for 1-arm PLLA
prepared with 1-dodecanol [37], but much lower than the
5.5x 10° K gmol ' reported for 1-arm PLLA prepared by
polycondensation [63]. On the other hand, the Ty, values esti-
mated using Eq. (5) from Fig. 4(b) were 176, 178, and 176 °C
for LA, DN, and EG, respectively. The value of 178 °C for
DN is in complete agreement with that reported for PLLA
prepared with 1-dodecanol [37]. The evaluated Ty, values for
the three types of linear PLLA are slightly lower than the
184 °C reported for PLLA prepared by polycondensation [63].

3.2. Spherulite growth

For further investigation of the crystallization behavior of
1-arm and 2-arm PLLA, we observed the isothermal spherulite
growth of the three types of linear PLLA having M,, of about
3 x 10° gmol ™', LA3, DN2, and EG3, together with that of
the PLLA polymers having M, of about 1.5 x 10* gmol ',
LA15, DN15, and EG14, for comparison. Here, we utilized
PLLA specimens having similar M, of around 3 x 10° and
1.5 x 10* gmol ™!, because the crystallization behaviors of
LA3, DN2, and EG3 during DSC heating were completely
different from each other, whereas such differences were
very small for LA15, DN15, and EG14. Figs. 5 and 6 show
the typical polarized photomicrographs of the spherulites of
PLLA having M,, of 3.0 x 10* and 1.5 x 10* gmol " crystal-
lized isothermally at various crystallization temperatures (7).

As seen in Fig. 5, normal spherulites were formed in LA3 at
a T, of 100 and 130 °C and in DN2 at a T, of 80 °C, whereas
rather disordered spherulites were seen in DN2 at a T, of
100 °C and EG3 at a T, of 80 and 100 °C. The latter disorder
strongly suggests that the incorporation of coinitiator moieties
in DN2 and EG3 and the chain directional change in EG3
caused the macroscopic defects in the spherulites. Such
structural disorder is attributable to decreased orientation of
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100°C, 1 min

LA3

80°C, 2 min
DN2

80°C, 75 min
EG3

130°C, 7.2 min

100°C, 5.5 min

100°C, 72 min

100 um

Fig. 5. Polarized photomicrographs of spherulites of 1-arm PLLA (LA3 and DN2), and 2-arm PLLA (EG3) crystallized at the shown temperatures and times.

lamellae and has been observed in L-lactide copolymers with
D-lactide or other lactones [22,42]. The spherulites of EG3
formed at a T, of 80 °C have periodical distinction rings, indi-
cating periodical twisting of lamellae along the radius direc-
tion. In contrast, typical spherulitic structures were observed
for LA15, DN15, and EG14 (Fig. 6).

The radius growth rate of spherulites (G) and the induction
period of spherulite formation (#) of PLLA having M,, of
3 % 10° and 1.5 x 10* gmol ' are plotted in Figs. 7 and 8 as
a function of T.. It should be noted that the T, ranges in parts
(a) and (b) are different. Here, the G values were estimated
from the slopes of spherulite radii plotted as a function of
crystallization time, whereas the f# values were evaluated
from extrapolation of the spherulite radius lines plotted against
crystallization time to a radius of O pm [33]. As seen in Fig. 7,
the G values of 2-arm EG3 (1.2—1.8 um min~") were one or-
der of magnitude lower than the 17—33 and 15—37 pm min ™'

of 1-arm LA3 and DN2, respectively. On the other hand, #; was
longer for 2-arm EG3 than for 1-arm LA3 and DN2, reflecting
delayed nuclei formation of spherulites in EG compared to
that in LA3 and DN2. The slightly negative # values of LA3
and DN2 for relatively low T, are attributable to the growth
of spherulites during cooling to a predetermined 7.

The comparison of Fig. 7(a) and (b) indicates that the differ-
ence among the G values of the three types of linear PLLA at
around M, of 1.5 x 10* g mol " was smaller than that at around
M, of 3.0 x 103 g mol~!. Here again, the G values of EG were
smallest among the G values of the three types of linear PLLA
for T, of 100—140 °C. Similarly, Wang and Dong prepared
l-arm and 2-arm PLLA using benzyl alcohol and hexanediol
having M, of 6.8 x 10° and 9.6 x 10° gmol ', respectively,
and reported a lower G value for 2-arm PLLA (16 pm min~")
compared to 42 um min~" for 1-arm PLLA [57]. In this study,
T. was fixed at 120 °C and 2-arm PLLA contains six long
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LA15

DN15

3.0 min

EG14

100 um

Fig. 6. Polarized photomicrographs of spherulites of 1-arm PLLA (LA1S5 and
DNI15), and 2-arm PLLA (EG14) crystallized at 125 °C at the shown times.

methylene units [57], which themselves should have a crucial
effect on crystallization compared to our 2-arm PLLA having
two short methylene units. The G values of LA15, DN15, and
EG14 have two maxima, reflecting two types of regime, as
stated below. The ¢; values of LA15, DN15, and EG14 were
very similar to each other (practically zero).

The T, values which gave Gax values [T¢(max)] are summa-
rized in Table 2. The Tmaxy of LA3 with M, of
3.5 x 10° gmol ' (120 °C) is consistent with the 110—120 °C
reported for 1-arm PLLA synthesized with or without 1-dodec-
anol and having M,, of 3.1 x 10*—5.6 x 10° g mol_l, whereas
the respective T¢max) values at 85 and 90 °C for DN2 and EG3
with M,, of 2.4 x 10° and 2.7 x 10° g mol ! were much lower
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Fig. 7. Radius growth rate of spherulites (G) of LA3, DN2, and EG3 (a), and
LA1S5, DN15, and EG14 (b) as a function of crystallization temperature (7).

than the reported values. Moreover, the crystallizable T, ranges
of DN2 and EG3 were much lower than that of LA3. These find-
ings indicate that the low temperature shifts of the T (yax) values
and crystallizable T, ranges of DN2 and EG3 are attributable to
the increased effects of the incorporated coinitiator moieties and
the chain directional change upon decreasing the molecular
weight. These two effects should have disturbed the crystallite
growth of the L-lactide unit chains and lowered the crystalline
thickness or T,,, of DN2 (112 °C) and EG3 (<130 °C) compared
to the 146 °C of LA3. This, therefore, reduced the supercooling
(AT) values of DN2 and EG3, resulting in the low temperature
shifts of the Tmax) values and crystallizable T, ranges. With
an increase in M,, from 3 x 10° to 1.5 x 10* gmolfl, T'e(max)
of DN and EG was increased by 25 and 35 °C, while that of
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Fig. 8. Induction period for spherulite formation (#;) of LA3, DN2, and EG3

(a), and LA1S5, DN15, and EG14 (b) as a function of crystallization tempera-
ture (T.).

Table 2

LA remained almost unchanged. The difference in AT of the
three types of linear PLLA became smaller and their T(max)
values (110—125 °C) were in the range of reported values
(110—130 °C) for 1-arm PLLA synthesized with and without
1-dodecanol and having M,, of 9.2 x 10°—5.6 x 10° gmol
[42].

3.3. Nucleation and front constants

We estimated the nucleation constant (K,) and the front
constant (Gg) for 1-arm and 2-arm PLLA using the nucleation
theory established by Hoffman et al. [64,65], in which G can
be expressed by the following equation:

G=Goexp|— U /R(T. = Tu)| exp[ — K, /(TATf)],  (6)

where AT is supercooling Tﬁl — T. when Tﬁl is equilibrium T,,,
fis the factor expressed by 2TC/(Tﬁ1 + T.) which accounts for
the changes in the heat of fusion as the temperature is
decreased below T4, U* is the activation energy for the trans-
portation of segments to the crystallization site, R is the gas
constant, and T, is the hypothetical temperature where all
motion associated with viscous flow ceases.

Fig. 9 illustrates the In G 4 1500/R(T, — T« ) of 1-arm and
2-arm PLLA having M, of 3 x 10* and 1.5 x 10* gmol ' as
a function of 1/(T. AT f), assuming that T?n is 212 °C [20].
Here, we used the universal value of U* = 1500 cal mol™'
and T, =T, — 30 K for comparison with the reported values
[17,27,33,37,38,42], although Urbanovici et al. suggested
that U* has to be temperature-dependent (not a constant)
and that instead of T, =T, — 30K, T, should be used for
T [24]. The plots in this figure give K, as a slope and the in-
tercept In Gy. The estimated K, and G values are tabulated in
Table 2. The In G + 1500/R(T. — T ) values of DN2 and EG3
were much lower than that of LA3, whereas the difference be-
came smaller for LA15, DN15, and EG14. The experimental
data of LA3, LAI1S5, DNI15, and EG14 were composed of
two lines having different slopes. The slope difference is
caused by the kinetic difference in the growth of regimes I-
III. The reported transition temperatures of regimes III-1I
and regimes II-I are, respectively, around 120 °C and around
150 °C or higher [17,23,27,30,37,42]. In the present study,
we have estimated the K, and G, values from the two lines,
assuming that the lines having high and low slopes are for re-
gimes III and II kinetics, respectively [17,27,37,42]. The T,

The T, which gave maximum G (Gmax) [Tc(max)]> the T at which the transition from regime II to regime III took place [T¢i—mr)l, front constant (Gy), and nucleation

constant (K,)

Code Te(maxy (°C) Ginax Teq—mp' (°C) Go(D* (um min~") K, (D" (K% Go(II)* (um min ") K (IID)*
(ummin~") K>

LA3 120 32.8 100 3.24 x 10'° 433 % 10° 8.68 x 10" 8.86 x 10°
DN2 85 36.9 - - - 7.84 x 10'° 1.06 x 10°
EG3 90 1.8 - - - 1.30 x 10'® 1.04 x 10°
LA15 115 27.2 120 8.86 x 107 2.50 x 10° 1.07 x 10" 470 x 10°
DN15 110 325 125 3.98 x 107 220 % 10° 7.20 x 10'° 448 x 10°
EG14 125 14.4 115 8.86 x 107 2.59 x 10° 1.31 x 10" 6.57 x 10°

4 (IT) and (II1) represent regimes Il and III, respectively.
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values at which the transition from regime II kinetics to re-
gime III kinetics took place [Tcq—nr] were obtained from
Fig. 9 and are summarized in Table 2.

With respect to PLLA having M,, of 3 x 10> gmol ', the
smaller K, value of LA3 (4.33 x 10°K?) for a T, of 100—
130°C is in the range of reported K, (III) values (4.20—
5.51 x 10° K?) for l-arm PLLA or poly(p-lactide) (PDLA)
prepared with and without 1-dodecanol and having M, of
7.7 x 10°=5.6 x 10° g mol ' [33,37,42]. However, the higher
K, value of LA3 (8.86 x 10° K?) for a T, of 90—100 °C is twice
that of the smaller K, value for a T, of 100—130 °C. The latter
finding strongly suggests that LA3 crystallizes according to re-
gime I kinetics for a T, of 90—100 °C and, therefore, to regime
I kinetics for a T of 100—130 °C. The estimated K, values for
regime 11 [K,(I1)] (4.33 x 10° K?) and for regime IIT [Ky(IIT)]
(8.86 x 10° K?) of LA3 were larger than our previously reported
values [36,40,45]. However, they are in the range of reported

values for K (IT) = 1.85—5.01 x 10° K> [17,27,30,33,37,38,42]
and K, (IIT) = 4.20—9.94 x 10° K? [27,33,37,38,42]. The K,
values for DN2 (1.06 x 10° K?) and EG3 (1.06 x 10° K?) of
80—100°C are similar to the K (III) value of LA3
(8.86 x 10° K?). This reflects that DN2 and EG3 crystallize
according to regime III kinetics for T, of 80—100 °C.

In contrast, the three types of linear PLLA having M, of
1.5 x 10* gmol " have two K, values and larger K, values at
lower T, have twice or more than that of smaller K, values at
higher T.. This indicates that the three types of linear PLLLA hav-
ing M,, of 1.5 x 10* g mol ! crystallize according to regimes II
and III kinetics. Their K (IT) values (2.20—2.59 x 10° K?) and
K,(III) values (4.48—6.57 X 10° Kz) were, respectively, almost
in the range of the K (II) values (2.27—2.55 x 10° K*) and
K, (1) values (4.20—5.51 x 10° K?) reported for 1-arm PLLA
or PDLA prepared with and without 1-dodecanol and having
M, of 7.7 x 10°=5.6 x 10° gmol ' [33,37,42].

On the other hand, the G, for regime II kinetics [Go(ID)]
(3.24 x 10" pmmin™") and the G, for regime III kinetics
[Go(IID] (8.7 x 10"°—1.1 x 10"® um min ") of the three types
of linear PLLA having M, of 3 x 10*gmol™' are much
higher than the Gy(II)=1.8—4.0 x 10’ ymmin~' and
Go(II) = 1.8 x 10'°—9.7 x 10" um min~"! of 1-arm PLLA or
PDLA prepared with and without 1-dodecanol and having M,
of 7.7 x 10°=5.6 x 10° gmor1 [36,40,45]. In contrast, with re-
spectto PLLA having M, of 1.5 x 10* g mol ", the G (1) values
of LA15, DN15, and EG14 (4.0 and 8.9 x 10’ um min~') and
Go(Ill) values of LA15 and DNI15 (1.1 x 10" and
7.2 x 10" um min™") are very similar to the reported values,
although the Go(IIT) value of EG3 (1.3 x 10" pmmin™") is
much higher.

4. Discussion

The obtained results summarized below indicate that the
crystallization of linear 2-arm PLLA, EG, was disturbed com-
pared to that of linear 1-arm PLLA, LA and DN:

(1) The DSC thermograms in Fig. 2(a) and (b), showed that
for M,, exceeding 2 x 10° gmol ', all the amorphous 1-
arm LA and DN were crystallizable during DSC heating.
In contrast, the DSC thermograms in Fig. 2(c) revealed
that the amorphous 2-arm EG lost its crystallizability dur-
ing DSC heating, when the molecular weight was lowered
to 3 x 10> gmol .

(2) The T, and the T, and AH,, of 2-arm EG were highest
and lowest, respectively, among the three types of PLLA.

(3) The G of 2-arm EG was lower than that of 1-arm LA and
DN for an M, range below 1.5 x 10* g mol ' (Fig. 7). Fur-
thermore, the #; of 2-arm EG3 was longer than that of
1-arm LA3 and DN2 for T, of 80—100 °C [Fig. 8(a)].

The initiator-derived two methylene units in EG and the
initiator-derived n-dodecyl group (11 methylene units and
one methyl group) in DN should be excluded from the growth
sites of crystallites. They can disturb the crystallization and
can be traced as high T, low T, (crystalline thickness), low
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AH,, (crystallinity), low G, and long #;. Considering the length
of the methylene units as impurities, such a disturbance effect
on crystallization is expected to be stronger for the long n-do-
decyl group in DN than for the two short methylene units in
EG. However, the disturbance effect of the two short methyl-
ene units in EG was much higher. It is probable that in the
case of EG the growth site of crystallites should exclude the
large impurities of the coinitiator-derived two methylene units
and adjacent long L-lactide unit sequences having a reverse
chain direction to that already trapped by the growth site.
The large impurities are located in the middle of the molecule.
The exclusion of impurities from the middle of the chain in
2-arm EG where two chains are connected to the impurity
part must delay the crystallization compared to that of 1-arm
DN where one chain is connected to the impurity part (coinitia-
tor moiety). Moreover, it is reported that L-lactyl unit sequences
are crystallizable when the number of continuous L-lactyl units
is higher than 11 [66] or 15 [22], i.e., their molecular weight is
higher than 790 or 1080 g mol~'. The M,, of one arm of 2-arm
EG3 (2670/2 gmol ") is very close to the critical molecular
weight. This also reduces the crystallizability of EG having
low molecular weight.

The factors described in the previous paragraph delayed the
crystallization of the L-lactide unit sequences of EG, resulting
in high T, low T}, (crystalline thickness), low AH,, (crystal-
linity), low G, and long t;, as expected. Therefore, the results
obtained in the present study indicate that the chain directional
change and the incorporation of the coinitiator moiety in the
middle of the molecule disturbed the crystallization of linear
2-arm EG compared to that of linear 1-arm LA and DN, in
which the chain direction is unvaried and the coinitiator moi-
ety is incorporated in the chain terminal. Also, the results
strongly suggest that the low crystallizability of multi-arm
PLLA compared to that of 1-arm PLLA [37] is caused by
not only the presence of branching points but also by the chain
directional change and the incorporation of the coinitiator
moiety in the middle of the molecule.

A very low G of EG3, compared to that of 1-arm LA3 and
DN2 [Fig. 7(a)], was also observed for linear 1-arm L-lactide
copolymers with no chain directional change only when the
comonomer contents of glycolide and p-lactide units exceeded
13 and 8 wt%, respectively [42]. These weight fractions for the
copolymers are much higher than the 1 wt% (GPC) and 2 wt%
(NMR) of ethylene glycol units in EG3. This finding strongly
supports the fact that not only the two methylene units but also
the adjacent long L-lactide unit sequences of 2-arm EG are ex-
cluded from the growth sites of crystallization due to the chain
directional change and thereby delay its crystallization. In
other words, this finding means that the chain directional
change, the position of the coinitiator moiety, and their mixed
effect are dominant for determining the crystallization behav-
ior of EG3. In the case of DN2, long n-dodecyl group as an
impurity must be excluded from crystalline regions during
crystallization. The exclusion of long impurities should have
increased the strain of chains in the amorphous regions, result-
ing in the morphological disorder in the spherulites of EG3
and DN2 in Fig. 5.

In the present study, however, we could not separate the ef-
fect of chain directional change from the effects of the position
of coinitiator moiety and the incorporated two methylene units
and adjacent long lactyl unit sequences having different chain
direction as impurity, although ethylene glycol should be the
shortest coinitiator and, therefore, two methylene units are
the shortest connecting unit. Despite the intense disturbing ef-
fect of the two methylene units and adjacent long L-lactyl units
of EG, its crystallization mechanism is not expected to differ
from that of other L-lactide copolymers such as poly(L-lac-
tide-co-glycolide) and poly(L-lactide-co-p-lactide), where no
chain directional change takes place. That is, impurity parts
are excluded from the crystallite growth sites. Only difference
should be that in the case of EG the excluded L-lactyl unit se-
quences rejected as an impurity from a certain growth site can
be trapped by another growth site as a crystallizable compo-
nent if they are sufficiently long.

Interestingly, DN2 had the lowest T, and the highest G (or
Gmax) among those of the three types of PLLA, although DN2
contains a large amount of n-dodecyl group [8 wt% (GPC) and
11 wt% (NMR)]. This is probably due to the highest segmental
motion due to the presence of the soft, long terminal n-dodecyl
group which reduces hydrogen bonding, as suggested by the
lowest T, values among the three types of PLLA. Despite of
the highest crystallization rate, as evidenced by the lowest
T.. and highest G (or G,,,) values of DN among the three
types of linear PLLA, the lower T}, and AH,,, of DN, compared
to those of LA, are indicative of the fact that the long terminal
n-dodecyl group in DN should have had a significant distur-
bance effect on the crystallite growth of L-lactide unit chains
at the final stage, resulting in lower crystalline thickness and
crystallinity. Despite the aforementioned difference in the
crystallization behavior of the three types of PLLA, the similar
K,(III) values of LA3, DN2, and EG3 show that the chain di-
rectional change in EG and the incorporation of coinitiator
moieties in EG and DN have very small effects on the crystal-
lization kinetics of L-lactide unit sequences.

The effects of the chain directional change in EG and long
terminal n-dodecyl group in DN on the physical properties
traced by DSC, and on the spherulite growth behavior and mor-
phology become smaller with increasing the molecular weight,
although such effects were significant for the total M,, range
here. This is due to the decreased relative length of the chains
which disturbs crystallization. The insignificant or very small
difference in the T, and Ty, values of LA, DN, and EG
(Fig. 4) strongly suggests that at an infinite M,,, the chain direc-
tional change and the type and position of the coinitiator moiety
have no significant effect on the segmental mobility and crystal-
line thickness of PLLA.

5. Conclusions

The following conclusions can be derived for the crystalli-
zation and physical properties of linear 1-arm PLLA (LA and
DN) and linear 2-arm PLLA (EG) from the aforementioned
experimental results:
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(1) For M,, below 1.5 x 10* g mol ', the non-isothermal crys-
tallization during heating traced by DSC and the isothermal
spherulite growth traced by polarized optical microscopy
were disturbed in linear 2-arm EG, compared to those in lin-
ear 1-arm LA and DN. This finding indicates that the chain
directional change, the incorporation of the coinitiator moi-
ety as an impurity in the middle of the molecule, and their
mixed effect disturbed the crystallization of linear 2-arm
EG compared to that of linear 1-arm LA and DN, in which
the chain direction is unvaried and the coinitiator moiety
is incorporated in the chain terminal. Also, this finding
strongly suggests that the reported low crystallizability of
multi-arm PLLA (arm number > 3) compared to that of
1-arm PLLA is caused not only by the presence of branching
points but also by the chain directional change, the incorpo-
ration of the coinitiator moiety in the middle of the mole-
cule, and their mixed effect.

(2) The effects of chain directional change and the position of
the incorporated initiator moiety on the crystallization and
physical properties of linear PLLA decreased with an
increase in M,,.
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