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ABSTRACT: The shapes of the edge-on lamellar crystals of
equiweight poly(r-lactide) (PLLA)/poly(p-lactide) (PDLA)
stereocomplexes with various combinations of molecular
weights were investigated by using atomic force microscopy.
In the cases of the PLLA/PDLA blends with equivalent
molecular weights, the straight-shaped edge-on lamellae were
observed. On the other hand, the curved edge-on crystals were
able to be seen for the PLLA/PDLA stereocomplexes with
nonequivalent molecular weights. It was revealed that the
direction of lamellar curvature in the polylactide (PLA)
stereocomplexes with nonequivalent molecular weights is the
same as that of PLA having lower molecular weight. In
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addition to the PLLA/PDLA blending ratio, the incidence of chain folding, which is strongly influenced by molecular weight, was
considered to have a crucial effect on the lamellar curvature in the edge-on crystals of PLA stereocomplexes.

Polylactide (PLA) is one of the biobased polymers expected to
be alternatives to the petroleum-based polymers." PLA has
optically active enantiomers due to the chirality of the
monomer: poly(i-lactide) (PLLA) and poly(p-lactide)
(PDLA).

It is well-known that PLLA forms several types of crystal
structures (crystal polymorphism) depending on the surround-
ing conditions: a->* o' ()" a’-°% p-7 and y-*forms.
Furthermore, PLLA forms the cocrystals with the specific
low-molecular-weight compounds in the specific conditions:
CO, complex® and solvent complex (e-form).” Roughly
speaking, PLLA chains take the 10/7 (left-handed 10/3)
helical conformation in the @, a’, CO, complex, and solvent
complexes and the 3/2 (left-handed 3/1) helical conformation
in the f- and y-forms. For the PLLA crystals with 10/7 helices
(a, @, and &), it was reported that PLLA chains are distorted
from the ideal 10/7 helix.>>° The a-form, which is considered
to be the most stable phase of PLLA, possesses the
orthorhombic unit cell with a = 1.068 nm, b = 0.617 nm,
and ¢ (fiber axis) = 2.886 nm (25 °C).°

In 1987, Tkada et al. discovered that PLLA and PDLA
crystallize into a 1/1 stereocomplex, which exhibits a 50 °C
higher melting point compared to the enantiomeric compo-
nents.' In the stereocomplexation, PLLA 3/2 and PDLA 3/1
helices are packed side by side in the unit cell (triclinic'"'* or
trigonal;m’14 the latter would be preferred in terms of the
symmetry). The lattice constants of the trigonal cell of the PLA
stereocomplex are as follows: a = b = 1.498 nm, ¢ (fiber axis) =
0.870 nm, a@ = f# = 90°, and y = 120°."® The highly unusual
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triangular morphology is observed in single crystals of the
PLLA/PDLA stereocomplex.n’13

Recently, the crystalline morphologies of PLA in thin films
have been investigated by means of atomic force microscopy
(AFM). Kikkawa et al. proposed that the different thermal
behavior of each sector in PLLA lamellar crystals (100 and 110)
can be explained in terms of the chain folding, crystal growth
direction, and molecular chain packing.'® They also reported
that the edge-on PLLA lamellar crystals, which have nucleated
and elongated at the initial stage of crystallization, show the S-
shaped morphology and change their orientation from edge-on
manner to flat-on one.'® Maillard and Prud’homme revealed
that the PLLA edge-on lamellae are S-shaped and the PDLA Z-
shaped in ultrathin films (15 nm) using AFM."”'® Furthermore,
it was proposed that the direction of curvature of the lamellae
can be linked with the sense of twisting of the PLA lamellae in
banded spherulites on a micrometer scale, and the temperature
dependence of the radius of curvature can be correlated to the
distance between the extinction rings. They also showed that
the equimolar PLA stereocomplex exhibits a hexagonal crystal
shape that becomes triangular for the nonequimolar mixtures
(dendritic flat-on crystals).'” In addition, the primary and
secondary branches of the triangular dendritic crystals, obtained
at thicknesses of 20 nm, exhibited a circular crystallization
mode (clockwise when PDLA is in excess and counter-
clockwise when PLLA is in excess). In contrast, in the
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Figure 1. AFM height images of PLA thin films: (a) PLLA-H melt-crystallized at 120 °C for 30 min and (b) PDLA-H melt-crystallized at 120 °C for
60 min. Zoom-in images are also shown in the upper right corner (a) and the upper left corner (b).
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Figure 2. AFM height images of PLLA/PDLA thin films with equivalent molecular weights: (a) PLLA-h/PDLA-h melt-crystallized at 180 °C for 1 h

and (b) PLLA-1/PDLA-] melt-crystallized at 170 °C for 24 h.

hexagonal dendritic crystal (equimolar PLA stereocomplex),
the primary and secondary branches grew linearly.

The PLLA/PDLA stereocomplexation is known to strongly
depend on the blend ratios of polyenantiomers, the molecular
weights of polyenantiomers, the annealing time, and the
annealing temperature.m Furthermore, the different stereo-
complexation behavior is seen between dry and wet
processes.”’ As far as we know, there have been no reports
on the effect of molecular weight on the lamellar curvature of
the PLA stereocomplex. In this paper, we investigated the
shapes of the edge-on crystals of equiweight PLLA/PDLA
stereocomplexes in various combinations of molecular weights
using AFM. We propose the idea that the incidence of chain
folding, which is strongly affected by molecular weight, has a
great effect on the lamellar curvature in the edge-on crystal of
the PLA stereocomplex.

Figure 1 shows the edge-on crystals of PLLA-H and PDLA-H
in thin films (homocrystals). The S-shaped PLLA edge-on
crystals with a length of 1—2 um were observed, while the Z-
shaped PDLA lamellae with several micrometers length were
confirmed, as previously reported.w_18 Such a definite
relationship between the direction of lamellar curvature and
the chain chirality can be explained by two reasons:'® one is the
difference of the chain-folding direction on the two sides of the
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lamella, and the other is the exit angle with a specific value of
the chain from the lamella. The lamellar curvature and twist are
considered to be driven by the unbalanced surface stresses on
the lamellar crystal.'””~'*?*7*” The Keith—Padden model shows
that the chain tilt relative to the lamellar basal plane is
responsible for differential aggregation of the chain folds on the
lamellar surfaces, which brings about the unbalanced surface
stresses and results in curving and twisting of crystalline
lamellae ***’

Figure 2 exhibits the edge-on lamellae of PLLA/PDLA
stereocomplexes with equivalent molecular weights. Crystal-
lization temperatures were set to 170—180 °C, at which only
the stereocomplexation occurs (melting of homocrystals of
PLLA and PDLA). For both PLLA-h/PDLA-h and PLLA-l/
PDLA-], the edge-on crystals were observed, although there is a
difference in the length of the edge-on lamella. In the case of
the PLLA-1/PDLA-I blend (Figure 2b), a small number of flat-
on crystals were also seen. As can be seen, the edge-on crystals
grew linearly and showed no curvature for both PLLA-h/
PDLA-h and PLLA-I/PDLA-L This result is in good agreement
with the case of dendritic flat-on crystals of the equimolar PLA
stereocomplex reported by Maillard and Prud’homme."”
Because of the symmetry of the trigonal unit cell, in which
three PLLA chains and three PDLA ones are contained,™® the
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Figure 3. AFM height images of PLLA/PDLA thin films with nonequivalent molecular weights: (a) PLLA-h/PDLA-1 melt-crystallized at 180 °C for

1 h and (b) PLLA-1/PDLA-h melt-crystallized at 180 °C for 24 h.

chains exit from the crystal with a s%)eciﬁc angle, and this angle
is inverted from PLLA to PDLA."” The top surface of the
lamella is constituted of an equal number of PLLA and PDLA
chains, so that the surface stresses would cancel each other out,
resulting in the formation of linear edge-on crystals.

Figure 3 displays the edge-on lamellae of PLLA/PDLA
stereocomplexes with significantly different molecular weights
(PLLA-h/PDLA-1 and PLLA-1/PDLA-h). For both cases, the
radial crystal growth from a core can be seen. The length from
the core to the crystal growth front was several micrometers for
PLLA-h/PDLA-] (Figure 3a) and longer than 10 ym for PLLA-
1/PDLA-h (Figure 3b). For the PLLA-1/PDLA-h blend (Figure
3b), dendritic crystals as well as edge-on crystals were observed.
Interestingly, the edge-on crystals of the PLLA-h/PDLA-I
stereocomplex curved in the left direction (Z-shape: Figure 3a),
whereas those of the PLLA-1/PDLA-h stereocomplex showed
the curvature in the right direction (S-shape: Figure 3b). Thus,
in the PLA stereocomplexes with nonequivalent molecular
weights, it was found that the edge-on crystals show the
lamellar curvature, and the direction of curvature is the same as
that of PLA having lower molecular weight.

Why does the edge-on lamella of equiweight PLA stereo-
complexes show the curvature by following the polyenantiomer
with lower molecular weight? In answer to this question, we
propose here that the incidence of chain folding has a key role in
determining the lamellar curvature of equiweight PLLA/PDLA
stereocomplexes with significantly different molecular weights.
With decreasing molecular weight, the chain folding would
occur with a lower incidence. When the chain length reduces
sufficiently, polymer chains would no longer fold, ie., the
formation of crystals composed of the extended chains. Kawai
et al. mentioned the difficulty in the occurrence of the extended
chain crystals, which may be attributed to the reductions in the
entropy of the system on the extension of the coiled chains and
the gathering of the extended chains and would be highly
dependent upon molecular weight.”® The ratio that polymer
chains exit from the lamella surface without folding (R.) will
be approximated by the following equation

X 100

Ryw= 77—~
(M/M,) X 2 (1)

where M is the molecular weight of polymer and M, is the
molecular weight corresponding to the lamellar thickness

357

containing the length of folded segments. The numerator (2)
means the number of chain ends per molecule, and the
denominator represents the number of chains passing through
the interior—surface boundary of the lamella. The possibility
that two separate chains pair their ends within the crystal makes
the situation rather complicated and hence is not considered
here. In addition, the folding manner was assumed to be sharp
folds, not loose loops. Assuming that the lamellar thickness is
independent of M, it follows that M, ;, shows a constant value.
In this case, R,y can be represented by only M (R, & M™").
The lamellar thickness containing the length of folded
segments, which is needed to calculate M., was obtained
from the flat-on lamellar crystals of various PLA stereo-
complexes because the accuracy in the height direction is
superior to that in the width direction for AFM observation. As
a result, the averaged lamellar thickness (I) was 8.7 nm. The
fiber period is 0.87 nm, which is the same as the c-axis length
because of the ab plane perpendicular to ¢ (chain axis direction)
for the PLLA/PDLA stereocomplex.'>'* The molecular weight
per fiber period (three residues) Mg, is 216. Therefore, M., =
I/c X Mg, = 2160. Figure 4 shows the molecular weight (M)
dependence of R, As can be seen, R, increases with
decreasing molecular weight, and when the molecular weight
becomes smaller than 1 X 10% there is a drastic increase in Ry,
with decreasing molecular weight. When M,, was used as M,
R.¢s for our PLA samples were calculated as follows: 2% for
PLLA-h, 48% for PLLA-1, 1% for PDLA-h, and 58% for PDLA-I.
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Figure 4. Ratio that PLA chains exit from the lamella without folding
(Reqt) as a function of molecular weight. Schematic illustrations
representing a difference in the incidence of chain folding are also
shown.
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Figure S. Top (a): schematic representation of the edge-on crystal of the PLLA/PDLA stereocomplex, in which the region enclosed by a red dotted
line is focused below. Bottom (b, ¢, d): schematic illustration showing a difference in the incidence of chain folding for PLLA and PDLA chains in
the edge-on stereocomplex crystals with various combinations of molecular weights, in which blue and red triangles represent PLLA and PDLA
chains, respectively (axial view): (b) PLLA-h/PDLA-], (c) PLLA-h/PDLA-h, and (d) PLLA-I/PDLA-h.

Thus, the incidence of chain folding can be controlled by
changing the molecular weight of PLA.

For the PLA stereocomplexes with equivalent molecular
weights (PLLA-h/PDLA-h and PLLA-1/PDLA-]), the edge-on
lamellae grew linearly (Figure 2). On the other hand, in the
cases of the PLLA/PDLA stereocomplexes with nonequivalent
molecular weights (i.e, PLLA-h/PDLA-1 and PLLA-l/PDLA-
h), the curvature of the edge-on lamella was observed (Figure
3). In the latter case, there should be a significant difference in
the incidence of chain folding between PLLA and PDLA, as
expected from eq 1 (Figure 4). As mentioned above, the chain
folding naturally induces a stress on the lamellar surface and
leads to the lamellar curvature.'” '*?*727 Here, it should be
reasonable to consider that the stress induced by the folded
segments is different from that given by the segments which
exit from the lamella without folding (unfolded segments). If
so, there would be a substantial difference in the magnitude of
surface stress between the PLA enantiomer with higher
molecular weight (lower R.;) and that with lower molecular
weight (higher R.y). As a result, there should remain the
unbalanced surface stresses, resulting in the formation of curved
edge-on crystals.

Figure S is a schematic illustration of a difference in the
incidence of chain folding for PLLA and PDLA chains in the
edge-on stereocomplex lamellae having various combinations of
molecular weights. For both PLLA-h/PDLA-h (Figure Sc) and
PLLA-I/PDLA-l (not shown), the magnitude of the overall
stress on the lamellar surface can be approximated to zero,
leading to the formation of linear edge-on lamellae (Figure 2).
In the cases of PLLA-h/PDLA-l (Figure Sb) and PLLA-l/
PDLA-h (Figure Sd), the remaining surface stresses would
possess the opposite direction, resulting in the opposite curving
direction of lamellar crystals, as shown in Figure 3. Since the
curving direction of the edge-on lamella followed the
polyenantiomer with lower molecular weight (higher R.g),
we propose here that the surface stress induced by the unfolded
segments is higher than that derived from the folded segments.

Taking into account polydispersity (M,,/M,) of our PLA
samples, there would be distribution in R,y. Although PLLA-]
has relatively high polydispersity (2.74), M, and M,, themselves
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are much lower than those of PLLA-h and PDLA-h (double-
digit difference). Therefore, the above-mentioned discussion on
Rt would be valid. In addition, relatively low T, of PDLA-l (22
°C) implies that its molecular weight is below the entanglement
molecular weight (M,). M, of PLA has been reported to be
8700—10 500 g/ mol. > Although M,, of PLLA-1 is also below
the reported M, values, relatively high polydispersity (2.74) as
well as slightly higher molecular weight should be responsible
for much higher T, (40 °C) compared to PDLA-l (22 °C).
Here, when molecular weight reduces to around the reported
M, values, R, shows a drastic increase (Figure 4), implying the
correlation between M, and the chain folding.

In summary, AFM observation revealed that molecular
weight has a great effect on the curvature of the edge-on
crystals of equiweight PLLA/PDLA stereocomplexes. The
correlation between the curving direction of the edge-on
lamella and molecular weight was reasonably understood in
terms of the incidence of chain folding. The insight into the
molecular weight dependence of the lamellar curvature of
equiweight PLA stereocomplexes is expected to be of great help
for better understanding of the lamellar twisting and the
spherulitic morphology (e.g, banded morphology) in the
stereocomplexes with various combinations of molecular
weights.

B EXPERIMENTAL SECTION

Samples. PLA (PLLA and PDLA) samples with different
molecular weights were used in this study. Weight-average molecular
weight (M,,), polydispersity (M,/M,), specific optical rotation
([a]®p), and thermal properties [glass transition temperature (Ty),
crystallization temperature (T.), and melting temperature (T,,)] of
PLLA and PDLA used are summarized in Table 1. High-molecular-
weight PLLA and PDLA, which were named “PLLA-H” and “PDLA-
H?”, respectively, were used only for studies on homocrystals. PLLA-H
was supplied from Shimadzu Corp., and PDLA-H was provided by Dr.
Lee from Pukyong National University. As samples for stereo-
complexes, two kinds of PLLA and two kinds of PDLA with different
molecular weights were chosen. PLLA having higher molecular weight
was named “PLLA-h”, and that with lower molecular weight was
referred to as “PLLA-I". “PDLA-h” and “PDLA-1" were defined in a
similar way. PLLA-h was purchased from Polysciences, Inc.; PDLA-h
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Table 1. Molecular Weight, Specific Optical Rotation, and
Thermal Properties of PLLA and PDLA Used in This Study

c c 23 d Zg Zce ](:me

name M, M/MS o] (°C)  (°C)  (°C)
PLLA-H” 2.77 X 10° 1.44 —152 61 122 169
PLLA-h® 122 X 10° 1.51 —153 49 101 168
PLLA-I” 449 x 10° 2.74 —144 40 922 128
PDLA-H? 6.93 x 10* 141 143 56 103 168
PDLA-h® 1.67 x 10° 1.63 153 59 122 172
PDLA-IY 3.70 x 10° 1.16 12§ 22 72 116

“Used only for homocrystals. bUsed only for stereocomplexes.
“Measured by gel permeation chromatography with CHCIl; as a
diluent and polystyrene as a standard. “The specific optical rotation
(degree dm™ g™' mL) measured by a polarimeter (¢ = 1.0 g/dL, 23
°C, CHCl;). “Measured by differential scanning calorimetry (second
run, 20 °C/min).

was supplied from Teijin, Ltd.; and PDLA-1 was provided by Dr. Lee
from Pukyong National University. PLLA-1 was synthesized by ring-
opening polymerization of L-lactide at 60 °C for the desired period
with stannous 2-ethyl hexanoate as a catalyst.

Preparation of PLA Homocrystal Thin Films. PLLA-H thin
films were prepared by spin-coating of 20 uL of chloroform solution of
PLLA-H with a concentration of 0.1 wt % on a mica substrate at a
rotation speed of 2000 rpm for 1 min. Preparation of PDLA-H thin
films was conducted in a similar way. To obtain PLA homocrystals,
PLLA-H and PDLA-H thin films were annealed at 120 °C for 30—60
min after melting at 220 °C.

Preparation of PLA Stereocomplex Thin Films. First, PLLA
thin films were prepared by spin-coating of 20 uL of chloroform
solution of PLLA (PLLA-h or PLLA-1) with a concentration of 0.25 wt
% on a mica substrate at a rotation speed of 2000 rpm for 1 min.
Second, chloroform solution of PDLA-h or PDLA-1 (0.25 wt %, 20
uL) was spin-coated on the PLLA thin film on a mica substrate. As a
result, a total of four types of PLLA/PDLA thin films were prepared
(PLLA-h/PDLA-h, PLLA-h/PDLA-, PLLA-l/PDLA-h, and PLLA-l/
PDLA-l). For stereocomplexation, the obtained thin films were
crystallized at 170—180 °C for 1—24 h after melting at 240 °C.

Atomic Force Microscopy. The surface morphologies of PLA
thin films were observed by using a scanning probe system comprising
SPA-300 and SN-3800 (SII nanotechnology Inc.) units and a
cantilever (SN-AF-01, SII nanotechnology Inc.) in a dynamic force
microscope (DFM) mode.
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