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ABSTRACT

In this paper, various thicknesses of PLLA film between PC layers are obtained by spin coating
of different amount of solution. The crystal morphologies and isothermal crystallization rates of
poly(L-lactide) (PLLA) in the confined spaces between polycarbonate (PC) layers have been
studied by polarized optical microscopy. The Crystal morphologies of poly(L-lactide) are little
influenced by the thickness of PLLA films between PC layers. Nevertheless, the crystal growth
and nucleation rates of PLLA films between PC layers are remarkably affected by the thickness
of PLLA films. In the confined space, the nucleation and growth rates of PLLA films decrease
as its thickness decreases. The observed phenomena has been ascribed to the reduction of
molecular chain mobility, and the slow diffusion process of molecular chains. The results offer
greater insights into the materials process-structure-property relationship, and help with design
of future biomaterials with tailored/controlled structures/properties (such as crystallinity/
degradation rate) for specific biomedical applications.
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INTRODUCTION environmental 8 applications. Particularly, in

Poly(L-lactide) (PLLA), an important celltissue regeneration applications, the growth
biodegradable and biocompatible material, has  kinetics of cells and/or tissues have been
attracted a lot of interest in biomedical®and remarkably improved on PLLA substrates
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designed with appropriate degradation rate .
The degradation of PLLA normally starts from
its amorphous phase and subsequently
progresses into the crystalline phase from the
edges of crystalline lamellar stacks "2, As a
result, the degradation behavior of PLLA is very
much dependent on its crystallinity and crystal
structure, which is strongly influenced by the
materials crystallization history 38, To gain
better control of the materials degradation
properties and optimize the materials
processing parameters, it is important to
understand the crystal nucleation and growth
process of PLLA.

Crystallization of bulk PLLA has been
extensively studied in the past ['*2", Usually,
bulk PLLA crystallizes from melt to form
spherulites. Double melting behavior takes
place when PLLA is crystallized below 120
°C, leading to formation of o and o phases
with the same crystal structure but very minor
difference in chain conformation and packing
density ["°-211.  QOther PLLA crystal
morphologies are also possible, e.g., the
fibrillar crystal 22 can be formed under stress
conditions, while dendritic and hexagonal flat-
on crystals 2% can be formed in thin films with
nanoscale thicknesses. Recently,
crystallization of PLLA in a confined space
both between grapheme oxide nanosheets 4
and between adjacent spherulites ?* has been
explored, the resulting PLLA crystalline
morphology was suppressed to a two-
dimensional mode due to the confined growth
spaces. Although several new interesting
morphologies have been discovered,
especially those achieved in a confined space.
In this paper, we aim to carry out a brief study
to understand the crystallization process of
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PLLA films in a confined space between layers
of polycarbonate (PC). The nucleation and
growth rates of PLLA with various film
thicknesses have been investigated in detail.
By adjusting the PLLA film thickness, the
nucleation and growth rates of PLLA can be
tailored, enabling the fine tuning of the
materials crystallinity and crystalline
morphology, and potentially, the degradation
rates of PLLA products.

EXPERIMENTAL

Materials

PLLA with average molecular weight (Mw) of 150,000
g/mol was supplied by Nature Works LLC (USA).
Polycarbonate was obtained from Kotex Co. (Japan)
and methylene chloride was supplied by Huamei Co.
(China).

Methods

The bulk PLLA film with a thickness of ~0.5 mm was
prepared by solution casting method. PLLA-methylene
chloride solution (10 w.t.%) was casted into a glass
plate and a PC plate, and then kept at room temperature
for 24 hours until the solvent is completely evaporated.
The obtained PLLA films were further dried in vacuum
at 50 °C overnight.

The PC-PLLA-PC sandwiched film structure was
fabricated using a KW-4A spin-casting machine (USA)
by drop casting a small amount (about 5 ml) of PC
methylene chloride solution (10 w.t.%) onto a flat glass
substrate and rotate at 6000 rpm for 45 s. The coated
substrate is then spin coated with small amount of PLLA,
following by another layer of PC using the same
procedure after the solvents were totally evaporated,
subsequently, to form the sandwich film structure. The
thickness of the PLLA film is adjusted according to the
concentrations and weight of the PLLA-methylene
chloride solution used. The PC-PLLA-PC sandwiched
film structure observed under a JEOL 6500F SEM
(Japan) with an operating voltage of 5.0 kV is shown in
Figure 1. The thickness of PLLA film within the PC-
PLLA-PC structure is shown in Table 1.
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The morphology of PLLA was observed using a
polarized optical microscope (POM) equipped with a
CSS450 shear hot stage. The sample was heated to
200 °C and hold for 2 min to allow complete melting,
before cooling down to its crystallization temperature
(T,) for isothermal crystallization at a rate of 80 °C/min.
The radius of the spherulites was recorded as a
function of the crystallization time using a calibrated
video caliper. The spherulitic growth rates were
calculated from the slope of the spherulite radius versus
time plots.

TABLE 1. PLLA film in PC-PLLA-PC structure prepared
using different amount of PLLA-methylene chloride
solutions

PLLA solution content |{0.5ml{ 1ml|{2ml|{3ml| 5ml
(10 w.t.%)

Thickness of 2.2 [11.3(25.1|52.7| 97.9
PLLA film (um)

XRD measurements of PLLA samples after isothermally
crystallized at 125 °C for 45 min on glass substrate, PC
substrate and between PC films, respectively, were
performed under a nitrogen flow using a D8 ADVANCE
X-ray diffractometer (Bruker Inc., Germany) with Cu
Ko radiation source. The X-ray source was set at a
voltage of 40 kV, and the scattering angles 26 ranged
from 10° to 40°.

(M)

Fig. 1. SEM image of the PC-PLLA-PC sandwiched
film structure.

173

RESULTS AND DISCUSSION

Previous reports suggest that the morphologies
of isothermally melt-crystallized bulk PLLA are
mainly spherulitic ['-2", In our present study,
perfect spherulites of PLLA isothermally
crystallized on the glass substrate at 125 °C
have also been observed under the POM, Figure
2, the spherulites shows negative birefringence
and the Maltese Cross can be clearly seen.
The radius of spherulite increases with the
crystallization time until the adjacent
spherulites impinge each other.

Fig. 3 represents the POM graphs of PLLA
isothermally crystallized on the PC substrate
at 125 °C for different times. It appears that the
morphology of PLLA is mainly spherulites,
which is similar as the results for the sample
crystallized on the glass substrate. However,
from figure 3 one can find that the number of
nuclei for PLLA crystallized on PC substrate
is a little more than that crystallized on glass
substrate, this is because heterogeneous
nucleation takes place when PLLA crystallized
on the PC layers, resulting in accelerating the
nucleation rate of PLLA when crystallized on
the PC substrates.

Figure 4 shows that typically, much fewer
spherulite can be observed under POM for the
sandwiched PC-PLLA-PC fiims. Although the
morphology of PLLA in the sandwiched PC-PLLA-
PC film (thickness of the PLLA film is about 2.2
um) is spherulitic, no more nuclei has been
observed during the whole crystallization
process. This indicates that the thickness of
PLLA in PC-PLLA-PC sandwich structure plays
a key role in the nucleation of PLLA. Generally
speaking, heterogeneous nucleation takes place
when PLLA crystallized on the PC layers,
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Fig. 2. POM graphs of PLLA isothermally crystallized on the glass substrate at 125 °C for
a: 4 min; b: 10 min; ¢: 20 min; d: 28 min.

Fig. 3. POM graphs of PLLA isothermally crystallized on the PC substrate at 125 °C for
a: 4 min; b: 10 min; c: 21 min; d: 31 min
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Fig. 4. POM graphs of thin PLLA film (2.2 um) in PC-PLLA-PC sandwich structure isothermally crystallized
at 125 °C for a: 6 min; b: 8 min; ¢: 23 min; d: 30 min.

indicating an accelerated nucleation rate of PLLA
should be observed. However, our results show
that the nucleation rate of PLLA has been
significantly decreased as a result of the reduced
PLLA film thickness. According to the previous
literature 25291, the glass transition temperature
of a polymer decreases as the thickness of
polymer films decreases, resulting in the
widening of the T_ regions. This means the
supercooling of the thin PLLA film is decreased
compared to the bulk PLLA when crystallized
under the same temperature, hence the
nucleation rate is slower for the sandwiched
PLLA film.

Figure 5a shows the dependence of spherulite
diameter on the crystallization time for various
PLLA film thicknesses in the PC-PLLA-PC
sandwich structure. As expected, the
spherulite diameter of PLLA increases linearly
with crystallization time. From the plot gradient,

the spherulite growth rate of PLLA with various
thickness can be obtained at T_of 125 °C, just
as shown in Figure 3b. It can be seen from
Figure 5b that the spherulite growth rate is
greatly affected by the thickness of the PLLA
film in the PC-PLLA-PC sandwich structure.
The spherulite growth rate increases from 0.079
um/s for the 2.2 um film to 0.091 im/s for the
97.9 um film. The spherulite growth reaches a
plateau (~0.091 um/s, similar to that of bulk
PLLA) when the thickness of the PLLA film is
over 100 um. The present finding is consistent
with past literatures ¥°-33, where in general, the
growth rate of polymers decreases with
decreasing polymer film thickness.

Figure 6 shows the spherulite growth rates of
the bulk PLLA on glass substrate, PC substrate
and the 2.2 pm PLLA film between PC films,
respectively, isothermally melt-crystallized at
different temperatures. For the bulk PLLA
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Fig. 5. (a): PLLA spherulite diameter vs. crystallization time; (b): spherulite growth rate vs. thickness for PLLA
film isothermally crystallized at 125 °C.

crystallized on glass substrate and PC
substrate, the spherulite growth rate peaked at
the T_ = 125 °C and then decreases as the
temperature increases further. It is not possible
to obtain the spherulite growth rate for T_< 110
°C, as the nucleation rate are very fast, resulting
in the small spherulites. Moreover, the spherulite

growth rate for these two samples are almost
identical when crystallized at the same T_. This
means that the spherulite growth rate of PLLA
has little influenced by the substrate. As for the
thin PLLA film (with selected thickness of 2.2
um) in the PC-PLLA-PC sandwich structure, the
spherulite growth rate increases from 100 to
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Fig. 6. Dependence of spherulite growth rate on T_ for PLLA crystallized on glass substrate,
PC substrate and between PC films respectively.
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Fig. 7. XRD diffraction patterns of PLLA samples after melt-crystallized at 125 °C for 45 min on glass
substrate, PC substrate and between PC films, respectively.

125 °C. Nevertheless, no spherulite has been
observed even after 3 hours isothermal
crystallization for T_ > 125 °C due to the very
slow nucleation rate. It can be seen from Figure
6 that the spherulite growth rate of thin PLLA
film is slower than that of the bulk PLLA.

The decreased PLLA nucleation and growth rate
with decreasing film thickness can be attributed
to the following reasons : 1) the glass transition
temperature of PLLA decreases with the
thickness of film, resulting in the broadening of
the T_ regions, which decreases the
supercooling for the crystallization and slows
down the nucleation and growth rate 2629,
2) the mobility of the polymer chains is reduced
at the PLLA/PC interfaces %%, Considering
the molecule chain diffusion near the substrate

is more limited, molecules can be hardly
transported to the crystal growth front because
of their much lower T, comparing to the rest of
the film. As a result, the nucleation and growth
rate of the PLLA film is further reduced 733,
Additionally, the presence of PC on both side
of the PLLA film further suppresses the mobility
of PLLA molecular chains, creating more
barrier towards molecular chain diffusion to the
crystal growth front 2631,

Figure 7 represents the X-ray diffraction patterns
of PLLA samples after isothermally crystallized
at 125 °C for 45 min on glass substrate, PC
substrate and between PC films,
respectively. All diffraction patterns have
been normalized using the strongest (200)/
(110) reflection intensity. The observed
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reflections were indexed on the basis of
PLLA o crystal phase %44, As can be seen
from Figure 7, only amorphous peack can
be observed for the amorphous PLLA, and
the strong reflection peaks (200)/(110) is
presented in all crystallized PLLA samples.
The intensity of (200)/(110) peak increases
as the thickness of PLLA films crystallized
between PC films, indicating the crystallinity
of PLLA increases. When the thickness of
PLLA film is more than 50 um, the intensity
of (200)/(110) peak is almost identical as
that of PLLA crystallized on PC and glass
substrate. This phenomenon shows that the
PLLA film thickness plays a great role in
the nucleation and growth rate which finally
determines its crystallinity.

CONCLUSION

In this work, the nucleation and growth rates of
the PLLA films in a confined space between
polycarbonate has been investigated in details.
Results show that the nucleation and growth
rates decrease with reduced PLLA film
thickness. The presence of PC also contributes
to the retardation of the PLLA crystal nucleation
and growth by limiting the PLLA molecular chain
mobility and their diffusion rate. The results offer
greater insights into the materials process-
structure-property relationship, and help with
design of future biomaterials with tailored/
controlled structures/properties (such as
crystallinity/degradation rate) for specific
biomedical applications.
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