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Obtained by Solvent Evaporation in PLLA /PAAC Blend Films
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Poly(L-lactic acid) (PLLA) has been attracting much
attention for its biodegradability, high drug permeability and
biocompatibility.' The crystallization and morphology of
PLLA have been extensively investigated.*~’ It was reported
that the common non-banded spherulites with simple extinction
crosses were obtained during isothermal crystallization after
fast cooling from the melt. However, after blending with a
compatible polymer, such as atactic poly(3-hydroxybuty-
rate),®? poly(ethylene glycol),'®!! and poly(ethylene oxide),'?
PLLA can form banded spherulites crystallized from the melt.

Banded spherulites are commonly observed under polarized
optical microscope in semicrystalline polymers and polymer
blends, and banding in polymers has been studied for a long
time.!329 It is generally believed that the basic mechanism
leading to the extinction bands should be periodic twisting of
lamellae along the radial growth direction of the spherulites
under the influence of surface stress.!>2?2 However, the
twisting of lamellar crystals might not be the only reason for
the formation of ring-banded structures. In the 1950s, Keith
and Padden found the same concentric rings in polyethylene
spherulites under an unpolarized configuration and proposed
that the formation of ring-banded structures was attributed to
structural discontinuities caused by rhythmic crystal growth.
The past ten years, rhythmic crystal growth mechanism was
gradually proved by large numbers of experiment.?>=2¢ In 2004,
Schultz et al. reported that depletion of material at the growth
front, due to the specific volume decrement between crystal
and melt, in melt-crystallized isotactic polystyrene thin films,
resulted in nonbirefringent banded hedritic structures.”’ In
2007, a nonlinear diffusion process induced rhythmic growth
based on periodically changing concentration gradient in the
polymer solution was proposed.?

Recently, we have successfully synthesized a new kind of
electroactive polyamide that has alternating conjugated seg-
ment (amine-capped aniline pentamer) and nonconjugated
segment in the main chain.?® In this work, by controlling the
solvent evaporation rate, we have obtained concentric ring-
banded structures in thin films of poly(L-lactic acid) and the
electroactive polyamide blends, and the crystallization mech-
anism has been studied.

EXPERIMENTAL

Materials

Poly(L-lactic acid) (PLLA) was kindly supplied by State
Key Laboratory of Polymer Physics and Chemistry,
Changchun Institute of Applied Chemistry. The number-
average molecular weight of PLLA is about 30000, with a
polydispersity of 1.6. Its melting temperature was measured to
be 169 °C.

A new kind of electroactive polyamide with amine-capped
aniline pentamer in the main chain (PAAC) was synthesized by
oxidative coupling polymerization as described in our previous
article.?>3 Figure 1 shows its chemical structure. Its Mn is
29000, with a polydispersity of 1.9.

Sample Preparation and Instruments

PLLA/PAAC blends were dissolved in N,N-dimethylform-
amide (DMF), stirring for at least 12 h at room temperature, to
produce solution with different concentration. When use, the
solution and cleaned substrates (glass slides), was heated to
crystallization temperature for a certain time on a hot stage.
Then one droplet of solution (5 pL.) was cast onto the substrates
with a close vessel covering on it. Under these conditions,
solvent can only escape through the small gap between the cover
and the hot stage. A certain air pressure existed above the surface
of the film during the whole process of crystallization. The
solvent evaporation rate was controlled by using vessels with
different volume which can be calculated. A solvent evaporation
rate of 2.8 uLL/min was achieved by using a vessel with volume
of 95.0cm?. After the solvent was completely volatilized, the
films were cooled to room temperature slowly and then were
used directly for optical microscopic observations.

The tetrahydrofuran (THF) solvent, which can only dissolve
the PLLA in the blends, was selected for solvent washing
experiment. The blend films supported by substrates (glass
slides) etched in the THF for 20 min. The etched films were
observed under AFM after the solvent was completely
volatilized.

The PLM observations of the thin films were performed
using a Leica DM-LP microscope equipped with a CCD
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Figure 1. The chemical structure of PAAC.

camera. The AFM studies were performed with a SPM-9500 J2
atomic force microscope, the contact mode was used to obtain
height images. Thermal analysis was performed using a Mettler
Toledo differential scanning calorimeter (DSC821¢). Samples
for DSC analysis were initially annealed at 180 °C for 3 min to
destroy any thermal history, followed by quenching them to
liquid nitrogen. Following this, the samples were heated at a
rate of 10°C/min under nitrogen atmosphere with a flow rate
of 100cm®/min to evaluate the glass transition temperatures
and melting point temperatures of the blends.

RESULTS AND DISCUSSION

Thermal Behavior of the PLLA/PAAC Blends

The thermal behavior of the PLLA/PAAC blends was
characterized by DSC. Figure 2 shows the DSC traces of
PLLA/PAAC blends after melt quenching at a scanning rate of
10°C/min. Each of the PLLA/PAAC blends only exhibits a
single composition dependent T,. We can conclude that PLLA
and PAAC are miscible when the content of PAAC is not more
than 20 wt % in the blends.

Ring-banded Spherulites in PLLA/PAAC Blends

By controlling the solvent evaporation rate during polymer
solution casting, we have obtained concentric ring-banded
structures in the PLLA/PAAC blends. Figure 3 shows the
PLM images of concentric ring-banded spherulites formed at
the solvent evaporation rate of 2.8 uL./min from 3-wt. % DMF
solution at 130 °C in the PLLA/PAAC blends.
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Figure 2. DSC traces of PLLA/PAAC blends after melt quenching at a
scanning rate of 10°C/min.

The ring-banded structure can also be examined with AFM.
A typical AFM topography image is shown in Figure 4a. The
brightness contrast of the alternating bright and dark bands is
attributed to height contrast. The banded structure observed by
AFM is similar to the alternate bright and dark bands observed
by PLM. The width of the bands is 10-20 um and the diameter
of the ring-banded spherulites is about 100 um. The AFM
height trace (Figure 4b) shows that the vertical distance
between the lowest and the highest points on the sample
surface (band height amplitude) ranges from 270 to 330 nm.

To identify the material composition in both the light (ridge)
and dark (valley) regions of the ring-banded spherulites, a
solvent washing experiment was carried out. Tetrahydrofuran
(THF), which can only dissolve PLLA in the blends, was
chosen as the washing solvent. Figure Sa shows the AFM
image of the etched ring-banded spherulites in the 90:10
PLLA/PAAC blend. After etched, the concentric bright and
dark bands are also observed. But the surface fluctuation of the
ring-banded spherulites is obviously lower than that before
etched. The vertical distance between the lowest and the
highest points on the sample surface changes to from 150 to
250nm. This height change is because PLLA is dissolved in
THF. So we can conclude that in Figure 4a the bright rings are
mainly composed of the PLLA phase (which could be washed
out by the solvent and cause the height change), while PAAC
mainly exists in the dark rings.’!

Crystallization Mechanism of Ring-banded Spherulites
Formation

Pure PLLA was also crystallized at the solvent evaporation
rate of 2.8 uL/min from 3-wt. % DMF solution at 130°C, and
the common non-banded spherulites with simple extinction
crosses were observed under PLM. Therefore, the presence of
noncrystallizing component PAAC played an important role on
morphology in the blends.

During the solvent evaporation process, the concentration
of both component increased gradually. Because of the bad
solubility, some of PAAC deposited first from the solution, and
congregated to form a nucleus of the ring-banded spherulites.
Then the crystallizing component PLLA crystallized around
the PAAC core, and formed the first ring. At the same time,
PAAC molecular chains were rejected away from crystalliza-
tion region, forming the PAAC-rich regions (the first dark
region) outside the PLLA ring. Repeating the rhythmic growth
process, PLLA grew to form the ridge and PAAC was rejected
and accumulated in the valley regions. The ring-banded
spherulites structure was formed.

To be noted, the ring-banded spherulites structure can not be
observed in the 90:10 PLLA/PAAC blend during isothermal
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Figure 4.

Figure 5.

crystallization after fast cooling from the melt. Because the
movement capability of PAAC in the solidification state was
worse than in the solution, PAAC can not be rejected
effectively away from crystallization region and accumulate
in the valley regions. In addition, solvent evaporation rate also
has a significant effect on the formation of the ring-banded
spherulites.?® The blends can form the ring-banded spherulites
in a narrow solvent evaporation rate range. At lower solvent
evaporation rate, the authors think, the abundance PAAC
around the crystallization front may diffuse away to the far
field, the PAAC-rich regions can not be formed. And at higher
solvent evaporation rate, the crystallization rate is too fast.
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(a) AFM height image of ring-banded spherulites in thin films of the 90:10 PLLA/PAAC blend. (b) a through A-B height trace.
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(a) AFM height image of the etched ring-banded spherulites in thin films of the 90:10 PLLA/PAAC blend. (b) a through A-B height trace.

The polymer chains have no enough time to transport, and
accumulate locally. The ring-banded spherulites can not be
formed. The effect of solvent evaporation rate on the
spherulites morphology is still under a further research.

CONCLUSION

By controlling the solvent evaporation rate, we have
obtained concentric ring-banded structures in thin films of
poly(L-lactic acid) and the electroactive polyamide blends
when the content of PLLA is above 80 wt % in the blends. By
contrasting the vertical distance between the lowest and the
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highest points on the surface of blend films and the etched
films, we concluded that the bright rings in the ring-banded
spherulites in AFM height images are mainly composed of the
poly(L-lactic acid). In addition, the crystallization mechanism
was also discussed.
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