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1. INTRODUCTION

In the past few years, poly(i-lactide) (PLLA) has attracted
increasing attention due to its excellent biocompatibility and
processability.' > As an eco-friendly thermoplastic polyester,
PLLA can be produced completely from renewable sources, such
as corn, and degrade into carbon dioxide and water in soil or a
composting environment.*”® This sustainability makes PLLA a
suitable alternative to traditional petrochemical-based polymers
where their recycling still remains a challenge. PLLA has good
mechanical properties at room temperature, such as high tensile
strength and elastic modulus, but its article prepared by practical
processing methods (e.g, injection molding) exhibits poor me-
chanical performance above its glass transition temperature
(around 60 °C) since it remains almost amorphous after proces-
sing due to its slow crystallization rate.”® Moreover, PLLA is brittle
and its long-term behavior is poor because of a pronounced
creep. The crystallization can restrict molecular mobility and
then improve the long-term performance. Obviously, PLLA
article with suitable crystallinity is required in many commercial
applications. On the other hand, the mechanical, thermal proper-
ties, and even biodegradability of such semicrystalline polymer
have been demonstrated to be strongly dependent on the crystal
morphology and structure.””'* Therefore, the realization of
effective control on the crystal superstructure consisting of
crystalline lamella, such as spherulites and shish-kebab structure,
is of great scientific and technical significance because it might
provide a route to prepare PLLA products with excellent macro-
scopic performance.

In most cases, isotropic spherulite-like crystal morphology is
observed for semicrystalline polymer including PLLA, while
shish-like fibril crystals are often obtained from the sheared
melt."™"7 Many researchers reported that adding nucleating
agent is a useful method for controlling the crystal superstructure
of polymer, such as polyolefins.'”'>"* ™! For example, the
exclusive formation of bundle-like superstructure for f-phase
and the radiating, spherulitic superstructure for a-phase in
polypropylene (PP) can be induced by adding highly active

form and o-form nucleating agent, respectively.''¥'®">°
Moreover, the assembled structure could vary with its concen-
tration and the thermal conditions during melting and crystal-
lization if the nucleating agent is partially or completely dissolved
in the polymer melt and recrystallize during cooling. As a result,
different superstructures of PP could be induced.">'* "' For
instance, sorbitol-based nucleating agents, such as well-known
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1,3:2,4-bis(3,4-dimethylbenzylidene )sorbitol (DMDBS), can
self-organize into nanofibils on cooling, and then lateral growth
of PP lamellae occurs orthogonally to the fibrils, forming a typical
shish-kebab structure.”” Thus, adding nucleating agent with the
ability of self-organizing in polymer melt is believed to be an
important method to manipulate crystal morphology as well as
properties of polymer articles. Similar to DMDBS, 1,3,5-benze-
netricarboxylamide derivatives, another family of nucleating
agents for PP, are also found to be capable of self-organizing in
PP melt through intermolecular hydrogen bonding of the amides
in the form of a three-dimensional fibrillar network.”>”>* Very
recently, the derivatives have been successfully used to enhance
the crystallization of PLLA.*® However, no attention has been
paid to the self-organization of the derivatives in PLLA melt and
its subsequent effect on the crystal morphology of PLLA though
it is very important for the macroscopic performance. Therefore,
in this Communication, we use one of the above derivatives, i.e.,
N,N',N"-tricyclohexyl-1,3,5-benzenetricarboxylamide (TMC-328),
as amodel to tailor the crystal superstructure of PLLA, and three
crystal morphologies including cone-like, shish-kebab, and
needle-like structures have been successfully obtained for the first
time using melt crystallization. Furthermore, the evolution of
crystal morphology during crystallization is investigated using
in-situ POM and rheological measurement.

2. EXPERIMENTAL SECTION

2.1. Materials and Sample Preparation. Commercially
available PLLA (trade name 4032D, NatureWorks) with high
stereoregularity (1.2—1.6% D-isomer lactide) was used in this
study. It has a density of 1.25 g/cm’. The weight-averaged
molecular weight and polydispersity are 207 kDa and 1.74,
respectively. The novel nucleating agent N,N',N”-tricyclohexyl-
1,3,5-benzenetricarboxylamide (TMC-328) with a melt tempera-
ture of about 375 °C was kindly supplied by Shanxi Provin-
cial Institute of Chemical Industry, China. The chemical structure
is shown in Supporting Information Figure S1.

To achieve desired loading and good dispersion of small
amounts of nucleating agent (below 0.5 wt %) in PLLA, a master
batch of 5 wt % TMC-328 in PLLA was first prepared using a
corotating twin-screw extruder (TSSJ-25) at 170—190 °C, and
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then the master batch was diluted with PLLA in a Haake internal
mixer (Rheomix 600) at 190 °C and 60 rpm for 6 min. For
comparison, PLLA without nucleating agent was also processed
with the same method. The concentrations of TMC-328 in
PLLA were 0.05,0.1,0.2, 0.3, and 0.5 wt %. For convenience, they
were denoted as a code of PLLA-x, where x indicates the weight
percentage of TMC-328 in the system. Please note that both
PLLA and TMC-328 were dried in a vacuum oven at 60 °C for
12 h before compounding.

2.2. Characterizations. Morphological observations of PLLA
crystallites were conducted on a polarized optical microscopy
(POM, Leica DMLP) equipped with a hot stage (Linkam THMS
600) under crossed polarizers. All samples were first inserted
between two microscope coverslips and squeezed at 200 °C to
obtain a slice with a thickness of around 20 um. Subsequently, the
as-prepared slice was transferred to the hot stage and held at 200 °C
for S min to achieve thermal equilibrium. It is followed by rapid
cooling to a selected crystallization temperature of 130 °C. The
in-situ POM micrographs during isothermal crystallization were
recorded by a Cannon digital camera.

The spin-coating method was applied to prepare the samples
for atomic force microscopy (AFM) measurement. Thin films
with a thickness of around 2 ym were obtained with spin-coating
a chloroform solution of PLLA/TMC-328 (20 mg/mL) on a
microscope coverslip (20 X 20 mm). After drying under vacuum
oven at 60 °C for 12 h to remove residual solvent, the obtained
thin films on the glass substrate were melted at 200 °C for S min
on a hot stage (Linkam THMS 600) and then quickly quenched
to 130 °C to allow an isothermal crystallization for several
minutes. The measurement was performed in tapping mode
with a commercial AFM (SP14000/SPA400, Seiko Instruments).
Both height and phase images were recorded simultaneously
during scanning.

The rheological behavior of all samples were characterized
using a stress-controlled rotational rheometer (AR2000ex, TA
Instruments) with 25 mm diameter and 1 mm gap parallel plates.
Before the measurement, each disk-shaped specimen prepared
by compression molding was heated to 240 °C and held for 3 min
to completely melt PLLA and TMC-328, and then it was
subjected to a dynamic temperature sweep with —3 °C/min
ramp to monitor the evolution of the storage modulus with
temperature during nonisothermal crystallization. The applied
stress and oscillation frequency were set at 10 Pa and 2 rad/s,
respectively. All rheological measurements were performed
under a nitrogen atmosphere to minimize degradation.

3. RESULTS AND DISCUSSION

3.1. Nucleated Crystallization of PLLA As Studied via
DSC. Nucleating agent is often used to accelerate crystallization
by decreasing nucleation barrier and increasing nucleation den-
sity. In order to identify the nucleation efficiency of TMC-328 in
PLLA, isothermal and nonisothermal crystallization behaviors
were investigated with DSC. The results indicate that TMC-328
acts as an effective nucleating agent for PLLA crystallization, but
no extra nucleation effect can be obtained when its contents
exceed 0.2 wt % (see Supporting Information Figure S2). In
addition, it is noteworthy that the presence of TMC-328 can
greatly enhance the crystallization of PLLA but has no influence
on the crystalline modification. In all the cases, a-form crystal
structure of PLLA is exclusively obtained (see Supporting
Information Figure S3).

cone root

. i
&Cone tip

Figure 1. POM micrographs of the crystal morphology for PLLA-0 (a),
PLLA-0.2 (b), PLLA-0.3 (c), and PLLA-0.5 (d) prepared by isothermal
crystallization at 130 °C for 5SS, 7, 10, and 10 min, respectively. Image (a)
shows a typical PLLA spherulitic morphology; image (b) shows macro-
scopic cone-like structure; but for images (c) and (d), macroscopic
shish-kebab-like and needle-like structure are observed, respectively.
AFM height (e) and phase (f) images of PLLA-0.2 show a typical shish-
kebab-like superstructure. The sample was first produced by the spin-
coating method and then crystallized isothermally at 130 °C.

It is well-known that the crystallization and resultant super-
structure of semicrystalline polymers largely depend on the
nucleation, especially the morphology of nucleating agent in
polymer melt before crystallization.”">"* > For a given thermal
condition during heating and cooling, the structural morphology
is essentially determined by the concentration-dependent solu-
bility of nucleating agent in polymer.”'>"* ™ It is expected that
the nucleating agent could be completely dissolved in polymer
melt and self-associate into uniform structures upon cooling at
relatively low concentrations. However, it may become partly
insoluble in polymer melt at concentrations exceeding the
solubility limit. In this case, the crystal morphology is largely
dependent on the undissolved state (e.g, shape and size) of
nucleating agent. In current study, the crystallization rate of
PLLA are hardly affected by TMC-328 concentrations in the
range of 0.2—0.5 wt %, but the self-associated morphology of
TMC-328 in PLLA may be different with different TMC-328
concentrations, thus inducing various crystal superstructures in
PLLA. Therefore, the morphology of TMC-328 and resultant
superstructure of PLLA was investigated with POM, and the
result is presented as follows.

3.2. Crystal Morphology of PLLA As Investigated via POM.
The crystal morphology of PLLA was observed with POM, and the
results are shown in Figure 1. As expected, a typical spherulitic
morphology is observed for PLLA-0 (Figure la). However, the
crystal morphology for nucleated PLLA is clearly different from
that of PLLA-0 and dependent on the loading levels of TMC-328
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Figure 2. Time evolution of POM micrographs of crystal morphology
for PLLA-0.2 during isothermal crystallization at 130 °C. The corre-
sponding crystallization time is given in the profiles.

in PLLA. PLLA-0.3 presents a macroscopic shish-kebab-like struc-
ture, in which disk-shaped kebab-like structure is uniformly located
on the surface of fine fibrils (serves as shish) with a length of
hundreds of micrometers (Figure 1c). The fine fibrils can be
formed through the self-organization of TMC-328, as demon-
strated by in-situ POM observation and rheological measure-
ment (see below). With further increase of TMC-328 concen-
tration to 0.5 wt %, the length of shish becomes shorter and
only needle-like morphology is observed (Figure 1d). It is
interesting to note that the size of the disk-shaped kebab-like
structure for PLLA-0.2 changes gradually from large to small
along the long axis of the shish, and then a unique macroscopic
cone-like structure is formed (Figure 1b). Moreover, the
package density of PLLA lamellae around the cone tip appears to
be much larger than those around its root. However, it is very
difficult to identify individual kebab-like structure with POM;
therefore, the detailed structure is characterized with AFM at a
microscopic level. As shown in Figure lef, AFM results illustrate
that bundled lamellae are periodically decorated on the surface of
the fibril with a diameter of around 300 nm for PLLA-0.2.

To reveal the nucleation in detail and subsequent evolution
of the macroscopic crystal morphology during crystallization,
in-situ POM measurement was performed. Shown as an example,
Figure 2 shows the evolution of the macroscopic cone-like struc-
ture for PLLA-0.2 during isothermal crystallization at 130 °C.
Obviously, no birefringence arising from the undissolved TMC-
328 particles or their self-assembled structures is detected at the
initial stage of crystallization (Figure 2a). However, some fine
fibrils are observed as the crystallization time reaches 3 min
(Figure 2b), indicating that TMC-328 can be dissolved in PLLA
melt and recrystallizes during cooling. With further increasing
crystallization time, more self-organized structure of TMC-328
molecules at the growth front is observed. It is followed by the
growth of disk-shaped kebab-like structure on such self-orga-
nized fibrils surface (Figure 2c—f). Under this condition, the
dimension of the disk-shaped kebab-like structure near the cone

tip (growth front of the fibrillar structure) is smaller than that
near the initially formed cone root as the growth time of the
kebabs varies with their locations on shish surface. As a conse-
quence, the unique cone-like structure is formed. Furthermore,
the package density of kebab-like structure along the shish axis is
not uniform; less closely packed kebab-like lamellae is observed
around the cone root. It is probably due to the fact that the
diameter of shish near the cone root is relatively larger than that
near the cone tip. In contrast, for PLLA-0.3, TMC-328 self-
associates into highly ordered fibrils in the melt rapidly before the
onset of PLLA crystallization. Thus, the growth of PLLA bundled
lamellae (kebab) is induced, forming a charming macroscopic
shish-kebab-like structure, where the disk-shaped kebab-like
structure is uniformly located along the shish axis (see Support-
ing Information Figure S4). Clearly, the evolution of crystal
morphology is largely determined by the nucleation in PLLA-0.2
and PLLA-0.3. Once the formation of self-organized fibrils is
achieved in the melt, PLLA lamellae begin to grow on their
surface shortly. Nevertheless, the self-association rate of TMC-
328 molecules in PLLA-0.2 is much lower than the crystallization
rate of PLLA, causing the growth time of the kebabs is signifi-
cantly different along the shish axis. On the contrary, the
crystallization rate of TMC-328 is quite higher than that of
PLLA in PLLA-0.3 due to the significant decreased solubility of
TMC-328 with further increase in its concentration. The self-
organization of fibrils is already completed prior to PLLA
crystallization at 130 °C. This may be the main reason for the
distinct crystal morphologies observed in PLLA-0.2 and PLLA-
0.3. To further clarify the dependence of PLLA crystal morphol-
ogy on the relative crystallization rate of PLLA and TMC-328,
the evolution of the crystal morphology of PLLA in PLLA-0.3 is
detected at 120 °C where the relative crystallization rate becomes
faster compared with that at 130 °C due to the decreased self-
organization rate of TMC-328 and increased crystallization rate
of PLLA (see Supporting Information Figure SS). Obviously, in
this case, disk-shaped kebabs can grow on the surface of the
rapidly self-organized fibrils and thus form the macroscopic
shish-kebab-like structure. However, with the further develop-
ment of the fibrils, the unique cone-like structure is formed at
their growth front (shown by the arrows), which is similar to that
in PLLA-0.2. Very importantly, as the crystallization temperature
further depresses to 110 °C, more cone-like structure can be
observed in PLLA-0.3 due to the significant decrease in the self-
organization rate of TMC-328 (see Supporting Information
Figure S6a). The results suggest that the relative crystallization
rate of the PLLA and TMC-328 determines the crystal morphol-
ogy of PLLA. The shish-kebab-like structure can be obtained
only if the relative crystallization rate of PLLA and TMC-328 is
very slow. It can be well supported by the crystal morphology of
PLLA-0.2 obtained at 140 °C, where the crystallization rate of
TMC-328 is much higher than that of PLLA, disk-shaped kebabs
grow slowly on the surface of the self-organized fibrils and then
forms the shish-kebab-like structure (see Supporting Informa-
tion Figure S6b).

The evolutions of the macroscopic crystal morphology for
PLLA-0.S during isothermal crystallization can be found in
Supporting Information Figure S7. Obviously, TMC-328 is
partly insoluble, and large amount of undissolved fibrillar struc-
tures is observed even in PLLA melt at 200 °C (Figure S7a). In
this case, the self-organizing ability of TMC-328 deteriorates
significantly upon cooling, and then the undissolved short
fibrillar crystals instead of self-organized long fibrils serve as
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Figure 3. Evolution of storage modulus with temperature during
crystallization at a cooling rate of 3 °C/min for the samples. The
arrows represent the onset of TMC-328 phase separation on cooling
which leads to a gel-like network of TMC-328 fibrils suspended in
the PLLA melt.

nucleation sites, inducing a needle-like structure of PLLA crystals. A
similar concentration dependence of self-organized morphology
of nucleating agent in polymer melt has been reported elsewhere
for aryl amide derivative (TMB-5) nucleated PP by Dong et al."®

3.3. Crystallization Studied via Rheological Measurement.
Rheological measurement is well-known to be very sensitive to
the microstructural changes in polymers. It is frequently used to
investigate the crystallization process of polymers.'>***' Figure 3
shows the evolution of storage modulus (G') with temperature
during crystallization from the melt for PLLA with or without
TMC-328. For PLLA-0, it is clear that an approximately linear
increase in storage modulus with decreasing temperature from
240 to 110 °C s observed due to the increased viscosity. A similar
tendency is also obtained in the curve of complex viscosity vs
temperature (not shown here). A sharp increase in G’ at 110 °C is
caused by the crystallization of PLLA. For PLLA-0.3, a sudden
and dramatic increase in storage modulus is observed around
215 °C, which is far above the crystallization temperature of
PLLA. This indicates the formation of a self-organized three-
dimensional fibrillar network due to phase separation of TMC-
328 molecules in PLLA melt.*>*" In this case, crystallization
occurs around 140 °C, as indicated by a sharp increase in storage
modulus. With increasing concentration up to 0.5 wt %, TMC-
328 phase separation shifts to a higher temperature. Further-
more, the level of G’ for PLLA-0.5 is lower than that for PLLA-0.3
after the formation of the three-dimensional network. This can
be explained by the difference in entanglement density in the two
fibrillar networks. Comparing with short fibrils in PLLA-0.5 (as
shown in Figure 1d), the self-organized long fibrils in PLLA-0.3
(as shown in Figure 1c) endow the network with higher
entanglement density, thus leading to a stiffer fibrillar network.
Regarding to PLLA-0.2, a step increase in G’ is observed at
180 °C, but a rapid enhancement of G’ dose not appears until the
onset of PLLA crystallization. This suggests that only a fraction of
TMC-328 molecules self-organize into some fine fibrils, and no
stable physical network is formed upon cooling. The rheological
measurement result suggests that the crystallization takes place
around 140 °C for all the PLLA containing TMC-328 disregard-
ing its concentration. This is consistent with the result obtained
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Figure 4. Schematic representation of the evolution of crystal mor-
phologies during crystallization for nucleated PLLA with different
loading levels of TMC-328: (a) PLLA-0.2, (b) PLLA-0.3, and (c)
PLLA-0.5.

with DSC. It should be mentioned that the dissolved TMC-328
molecules in PLLA melt may act as a low-molecular-weight
diluent at high temperatures, driving G’ shift to lower values
compared with neat PLLA.

3.4. Schematic Representation of the Evolution of Crystal
Morphologies. Similar to the study previously reported for
PP,>" > TMC-328 can be dissolved in PLLA melt and self-
assemble through intermolecular hydrogen bonding of the
amides upon cooling, leading to highly ordered fibrils with large
surface capable of nucleating PLLA. Although the underlying
mechanism of the nucleation is not well understood, it is widely
accepted that polzrmer chains grow epitaxially on the surface of
nucleating agent.”” Lotz and co-workers”**” discussed the epi-
taxial growth of PP on the surface of various families of nucleating
agents and proposed that the epitaxy matching between the two
in terms of crystal structure and lattice parameters is required to
obtain a highly active nucleating efficiency. Herein, PLLA and the
self-organized fibrils of TMC-328 must have a matching struc-
tural feature. The fibrils serve as shish to promote epitaxial
growth of kebab-like lamellae on their surface. The crystal mor-
phology evolution of the nucleated PLLA with different loading
levels of TMC-328 during crystallization is described schemati-
cally as shown in Figure 4. The morphology of TMC-328 in
PLLA melt varies with the increase of its concentrations (0.2, 0.3,
and 0.5 wt %), inducing three characteristic crystal morphologies,
ie, cone-like, shish-kebab-like, and needle-like macroscopic
structure, respectively. It should be noted that the shish-kebab-
like structure containing bundled lamellae as kebab observed
in this study is definitely different from the conventional
shish-kebab structure where lamellar single crystals are peri-
odically located on the shish core. Furthermore, the package
density of lamellae around shish in the latter is much larger
than that in the former.

4. CONCLUSION

In summary, we have demonstrated that nucleating agent can
be used to control the superstructure of PLLA effectively. Three
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unique crystal superstructures, including cone-like, shish-kebab-
like, and needle-like structure, have been obtained for the first
time by melt crystallization. In-situ POM and rheological mea-
surements show that TMC-328 can be dissolved in PLLA melt
and self-organize into fine fibrils prior to PLLA crystallization.
And then, these fibrils serve as shish to induce the epitaxial
growth of kebab-like structure approximately orthogonal to the
long axis. Since the crystal superstructure is of great significance
in polymer science and technology, this report is expected to
prompt us to further explore the underlying formation mecha-
nisms and exploit novel high-performance eco-friendly PLLA
articles.
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ments, chemical structure of the nucleating agent TMC-328,
nucleated crystallization behaviors of PLLA measured from DSC,
wide-angle X-ray diffraction patterns of the nucleated PLLA, time
evolution of crystal morphology for PLLA-0.3 and PLLA-0.5
during isothermal crystallization at 130 °C, time evolution of
crystal morphology for PLLA-0.3 during isothermal crystalliza-
tion at 120 °C, and POM micrographs of crystal morphology for
PLLA-0.3 and PLLA-0.2 isothermally crystallized at different
temperatures. This material is available free of charge via the
Internet at http://pubs.acs.org.
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