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Formation of Porous Spherulites of Poly(L-lactide)
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Porous soft materials possessing high surface to volume
ratio have been attracted much attention because of their
potential applications such as functional filters, catalyst, and
biomedical materials. Various techniques to fabricate materials
with high porosity have been developed up to the present,
which utilize the layer-by-layer deposition,' freeze-drying,?
electro-spinning,’ etc. In addition, crystallization of polymers
from suitable solutions is another potential technique to obtain
porous materials as small particles. Very porous particles of
polyamide and poly(ethylene oxide) (PEO) have been obtained
via spherulitic growth in solutions.*> Such characteristic
feature of morphology seems to be closely related to
complicated mechanisms specific to solution crystallization.
We have studied the mechanism of solution crystallization
especially in viscous solvents, and have revealed an unusual
diffusion aspect for isotactic polystyrene/viscous solvent
systems.® Another important feature of solution crystallization
is that polymer-solvent interaction plays an important role,
which is responsible for the resulting crystalline morphology.
For example, crystallization of PEO in a very viscous solvent
results in highly swollen spherulites with solvent, while in
dimethyl sulfoxide crystallites with outer polygonal contours
are formed suggesting that liquid-liquid phase separation
occurs during the crystallization.”

For many biomedical applications of the porous materials,
biocompatibility and biodegradability is usually required.
In this respect, poly(L-lacide) (PLLA) is one of the most
promising materials for the fabrication of porous particles by
the solution crystallization method. It has been shown that
single crystals of PLLA are formed from very dilute solutions,
and their structure has been well characterized.®® On the other
hand, spherulites of PLLA are generally formed from more
concentrated solutions and from melt.®!° Porous PLLA fibres
can be obtained by precipitation in a non-solvent under
stirring.'!

In this paper, we investigate the morphology of very porous
PLLA particles which are obtained by solution crystallization.
We employed four solvents with different viscosities, i.e.,
diethyl phthalate (DEP), glycerol tri-n-propionate (TP), N,N-
dimethylformamide (DMF), and dimethyl sulfoxide (DMSO).
Porous spherulites exhibiting remarkable morphology of a

Table 1. Viscosity of the solvents at 25°C
solvent viscosity (cP)
DEP 10.06
TP 5.06
DMF 0.802
DMSO 1.996

flower-like appearance (assembled petals) are successfully
obtained especially from viscous solvents (DEP and TP).

EXPERIMENTAL

PLLA (M,, =210kgmol~!) was supplied from Mitsui
Chemicals Co., which contained 98% L units. The four
solvents (DEP, TP, DMF, and DMSO) were distilled under
reduced pressure before use. Table I shows viscosity of the
solvents at 25°C. PLLA was added to each solvent in a glass
tube and heated at 150 °C for 15-30 min to make an apparently
homogeneous solution of which the PLLA content was
5.0wt %. Then, the sample tube was rapidly immersed in a
water bath, where the temperature was controlled at 25, 30, and
35°C, and the temperature was kept constant within 0.1 K for
741 to allow isothermal crystallization. The obtained crystal-
lites were separated from the solution by filtration using a
Millipore filter (1.0 or 0.2 um pore size), and they were washed
with methanol several times. Finally, the crystallites were dried
under vacuum at 30°C for 24h. To investigate further the
crystalline morphology by removing amorphous portion in
the obtained PLLA crystallites, etching treatment (hydrolysis)
was performed as follows.®!® The PLLA crystallites were
immersed in a 0.025 mol L~! NaOH solution of H,O/methanol
(1:2 by weight), and the mixture was stirred for 6h at
60°C.

Morphology of the obtained PLLA crystallites was inves-
tigated by scanning electron microscopy (SEM) by using a
Hitachi S-2600 electron microscope. Polarized optical mi-
croscopy was also performed by using an Olympus BH-2
microscope. Rough estimation of dissolution temperature of
PLLA in the four solvents was done by differential scanning
calorimetry (DSC). PLLA was first crystallized from the melt
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Figure 1.

at 80°C for 1h (isothermal crystallization), and the obtained
crystalline PLLA was encapsulated in a hermetically sealed
pan together with the solvent (PLLA content was ca. 10 wt %).
We estimated the dissolution temperature as the observed
endothermic peak due to dissolution that was observed in a
DSC heating scan at a rate of 10°Cmin~!. Also, degree of
crystallinity of the solution-grown PLLA samples was esti-
mated as the peak area of melting endotherm observed during
the DSC heating scan. We here employed a reported value
90.9J g~ K~! for the enthalpy of fusion of complete crystal-
line PLLA.'? All the DSC measurements were performed in a
nitrogen atmosphere by using a Perkin Elmer Pyris Diamond
calorimeter. FT-IR spectroscopy was performed to investigate
the crystalline modification of the solution-grown PLLA by use
of a Nicolet Magna 560 spectrometer.

RESULTS AND DISCUSSION

Figure 1 shows polarized optical micrographs of crystallites
grown from the four solutions at 35°C. Spherulites are
apparently formed from DEP and TP solutions. Birefringence
revealed that the observed spherulites are negative both for
DEP and TP systems. The size of the spherulite from DEP
is greater than that from TP. This is probably due to the
difference in degree of supercooling. Since supercooling
dependence of the nucleation rate is greater than that of the
spherulitic growth rate, the nucleation event dominates the
spherulitic growth at higher supercoolings. The estimated
dissolution temperatures of PLLA listed in Table II suggest a

Polarized optical micrographs for the PLLA crystals formed at 35°C from (a) DEP, (b) TP, (c) DMF, and (d) DMSO solutions.

Table Il. Dissolution temperature Ty of melt-crystallized PLLA
solvent Ty (K)
DEP 368
TP 378
DMF 324
DMSO 355

greater supercooling for TP than for DEP, if we assume that the
dissolution temperatures in Table Il are in parallel with
equilibrium dissolution temperatures. From less viscous sol-
vents (DMF and DMSO), on the other hand, crystallites with
non-spherical shapes are observed, which probably consist of a
number of aggregated lamellae. These crystallites seem to be
rather thick, but crystallites from DMSO solution exhibit a
weak Maltese cross, suggesting also a spherulitic growth
process. It was revealed that the above morphological features
do not depend significantly on crystallization temperature in
the present range 25-35°C for all the four solvents inves-
tigated.

Figure 2 shows scanning electron micrographs for the
spherulites obtained from DEP and TP solutions. Sphere-
shaped particles are spherulites that are observed by optical
microscopy. This was confirmed by their diameters which are
approximately identical to those in the optical micrographs.
The spherulites from DEP and TP solutions exhibit a fine
structure on the surface of the spheres with a flower-like
appearance: expanded images show that the spherulites are
composed of assembly of petal-like structural units. Each
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(a)

Figure 2. Scanning electron micrographs for the PLLA crystals formed at 30°C in viscous solvents of (a), (b) DEP and (c), (d) TP.

(a) (b)

Figure 3. Scanning electron micrographs for the PLLA crystals formed at 30°C in less viscous solvents of (a), (b) DMF and (c), (d) DMSO.

curved petal is probably composed of a stack of a number of The crystallites obtained from DMF and DMSO solutions
lamellar or fibrillar crystals of PLLA, which may have been  exhibit rather densely aggregated morphology as shown in
grown by branching due to dislocation. Figure 3, which contrasts with those from DEP and TP solutions.
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Figure 4. Scanning electron micrographs for the solution-grown PLLA crystals after the etching treatment. The solvents are (a) DEP, (b) TP, (c) DMF, and (d)

DMSO.

This is consistent with the observation by optical microscopy
(Figure 1). For crystallites from DMF solution, the SEM images
show less porous particles of which the surface is rather smooth.
As for the crystallites from DMSO solution, fine structures are
seen which suggest a densely stacked lamellar structure.

Figure 4 shows scanning electron micrographs for the
crystallites after the etching treatment with NaOH/H,O/
methanol. The crystallites from DEP and TP solutions exhibit
a similar morphological feature (flower-like particles) to that of
undegraded crystallites (Figure 2). No significant morpholog-
ical change with the etching treatment for the crystallites from
DEP and TP solutions suggests that amorphous materials are
largely distributed in the petals. On the other hand, the
degraded crystallites from DMF and DMSO solutions, porous
fine structures are clearly observed. During the crystallization
in DMF and DMSO solutions, amorphous PLLA may tend to
deposit between the petals that have been grown as stacked
lamellar crystals. The etching treatment promotes selective
hydrolysis for the amorphous portion in the inter-petal region,
which probably results in the remarkable change in morphol-
ogy as shown in Figure 4.

We here discuss the origin of the solvent dependence of the
morphology. Two possible scenarios may be considered for
the present crystallization process. (1) Crystallization occurs
directly from a solution state via a usual nucleation-growth
mechanism. (2) Liquid-liquid phase separation (demixing)
occurs, and the crystallization proceeds in the higher polymer
content phase (or possibly the polymer content in this phase is

so high that it is almost amorphous solid state). Which of the
above mechanisms (1) and (2) is preferred is determined by the
interplay of the demixing and crystallization processes, which
may depend on polymer-solvent interactions, interface free
energy, mobility of the polymer chains, solvent viscosity, etc.
From the presently observed morphologies we speculate that in
DEP and TP solutions, direct crystallization from the solution
occurs, and that in DMF and DMSO, the interplay of the
crystallization and phase separation occurs. In the former
viscous solutions, spherulites are uniformly distributed in the
solution, and they are very porous. Such morphological
features suggest the direct crystallization with no preceding
phase separation: crystallization occurs in a swollen state with
the solvent, which results in porous spherulites after drying
even without the etching treatment. In the latter less viscous
solutions, bulky particles greater than the spherulites from DEP
and TP solutions are formed, and in each particle, the inter-
petal regions are filled with amorphous material. This suggests
that the crystallization has occurred in a highly concentrated
PLLA phase (or in nearly amorphous bulk phase).

In the above speculation, we consider that the observed
morphology difference with respect to the solvent depends on
relative values of the rates of crystallization r. and phase
separation 7,s. For DMF and DMSO solutions, 7y > 7. is
suggested, and for DEP and TP solutions, rps < r¢ is suggested
or the phase separation may not occur essentially. Since r. and
rps depend on the degree of supercooling and quench depth
(nucleation and growth mechanism), the binodal line for the
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Table lll. Melting temperatures and crystallinity of solution-grown PLLA
solvent Tt (K) Tm2 (K) crystallinity
DEP 422 442 0.48
TP 422 442 0.52
DMF 423 444 0.59
DMSO 426 438 0.63

*) Crystallization temperature was 35°C.

phase separation might be located not far from the dissolution
curve (crystal-liquid line) for DMF and DMSO solution systems.
Such a feature of phase separation may eventually be governed
by the stability of the demixed state: for the DMF and DMSO
solutions, the stability is relatively high compared with that for
DEP and TP solutions. It has been reported for some systems that
liquid-liquid demixing plays a role in polymer crystallization in
solutions.!313 For these systems, the observed phase diagrams
indicate that the demixing can occur thermodynamically prior to
crystallization. However, even if it is not the case, i.e., if the
binodal line for demixing is always located below the dissolution
line, the interplay of the demixing and crystallization may still
occur kinetically. For further discussion on this issue, detailed
phase diagram is to be obtained entirely, though this may be
rather difficult from the experimental point of view.

Table III shows crystallinity of solution-grown PLLA
estimated by the DSC measurement, which indicates that the
crystallites from DEP and TP solutions have relatively low
crystallinity compared with those from DMF and DMSO. This
may be partially due to higher supercoolings for DEP and TP
solutions as assumed by the T4 values in Table II. The DSC
heating traces of the solution-grown PLLAs from all the four
solvents exhibited double-melting behavior. These two melting
temperatures T, and T}, are also listed in Table III. Double-
melting behavior has been generally observed for solution-
grown PLLA, which has been attributed to melting-recrystal-
lization-remelting process.® In the present case, the enthalpy of
the higher melting was much greater than that of the lower one.
The higher melting temperature Ty, is around 440 K, which is
identical to that for melt-crystallized PLLA of the same
material.'® This supports the melting-recrystallization-remelt-
ing process.

As for crystalline modification of PLLA, a less ordered «
phase has been reported to occur, which is referred to as the o
structure.'”"!° The o phase generally occurs at lower crystal-
lization temperatures below 120°C during melt or cold
crystallization. For the present solution-grown PLLA crystals,
we confirmed by FT-IR that the less ordered o phase is
dominantly formed from all the four solutions: absorption
bands at 1749, 1444, and 1382 cm™~! which are characteristic to
the ordered « structure'* were not observed.

CONCLUSION

We have shown that solution-grown PLLA exhibits a
remarkable morphological feature with high porosity. From
DEP and TP soutions, very porous flower-like spherulites are
formed. Such morphology is very similar to that reported for

solution-grown polyamide and PEO.*® This suggests that
solution crystallization is a universal method to fabricate very
porous semicrystalline polymer particles. From DMF and
DMSO solutions, crystalline aggregates with relatively smooth
surface are formed, but these are converted to porous particles
by hydrolysis with NaOH/H,O/methanol. The observed sol-
vent dependence of morphology may be interpreted by different
mechanisms including the demixing process, which is governed
by various factors such as polymer-solvent interaction, polymer
mobility, and solvent viscosity. To investigate further the origin
of the present unique morphology of the solution-grown PLLA,
precise assessment of phase diagrams for the PLLA/solvent
systems as well as a kinetic study on crystallization rate are
required, and this will be reported in the near future.
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