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The morphologies and microstructures of neat 1,3:2,4-dibenzylidene-D-sorbitol (DBS) and DBS/

poly(L-lactic acid) (PLLA) samples have been investigated by polarizing optical microscopy (POM) and

scanning electron microscopy (SEM). The morphology of neat DBS samples prepared from solution

had unspecific structures, and no fibrils formed. In comparison, DBS molecules self-assembled into

fibrils with diameters ranging from 100 nm to 1 mm when samples were prepared from the melt. The

DBS fibrils were also found in DBS/PLLA systems, but the average diameter was only around 20 nm.

The DBS architectures could be well tuned by varying the DBS contents and PLLA crystallization

temperatures. Micron-sized fibrillar rings or disks due to the aggregation of DBS nanofibrils were

found using SEM in samples with DBS contents more than 3 wt% and crystallized above 120 �C.

Meanwhile, ‘‘concentric-circled’’ PLLA spherulites were observed by POM. The DBS nanofibrils

largely formed at the circles, but some nanofibrils formed beyond the circles and were dispersed in the

PLLA spherulites. These dispersed nanofibrils affected the orientation of PLLA lamellae and caused

a change in birefringence, yet the growth rate of PLLA was not significantly influenced by the

formation of DBS nanofibrils. In addition, porous PLLA structures could be obtained by solvent

extraction of the DBS nanofibrils.
Introduction

1,3:2,4-Dibenzylidene sorbitol (DBS) is an amphiphilic molecule,

which is derived from the sugar alcohol D-glucitol. Fig. 1 displays

the chemical structure of DBS. DBS could self-assemble into

nanofibrils through the hydrogen bonding in a wide variety of

organic solvents and liquid polymers.1–6 Electron microscopy

and atomic force microscopy show that the diameter of these

DBS nanofibrils generally ranges from 10 nm to 0.8 mm. On the
Fig. 1 Chemical structure of 1,3:2,4-dibenzylidene-D-sorbitol (DBS).
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other hand, the microstructures of neat DBS prepared from the

melt have been also discussed.6 The diameter of neat DBS fibrils,

ranging from 100 nm to 1 mm, is much larger than that of DBS

nanofibrils found in organic solvents or liquid polymers. In some

cases, DBS molecules dissolved in organic media can cause

physical gelation. The resulting materials are a type of ‘‘orga-

nogels’’. The DBS organogels could provide some applications

such as gel antiperspirants, gel electrolytes, cosmetics and so

on.7–9 Recently, Wilder et al.10,11 reported the preparation of

dental composites with improved mechanical strength by

utilizing the organogel formed in dental monomers including an

ethoxylated bisphenol A dimethacrylate (EBPADMA).

In our earlier studies,12 DBS organogels were used as self-

assembled scaffolds for preparing polystyrene (PS) nano-

composites and porous materials. DBS molecules were dissolved

in styrene/initiator mixtures at high temperature. After cooling to

room temperature, DBS organogels were obtained as a result of

the DBS nanofibrillar networks formed. The PS materials with

DBS nanofibrils were then synthesized using thermal-initiated

polymerization. DBS nanofibrils could act as reinforcing mate-

rials for improved mechanical properties. In addition, the porous

PS materials were prepared by the solvent extraction of DBS

nanofibrils.

The sample preparation here is much easier than that in our

previous studies: DBS and a crystalline polymer, poly(L-lactic

acid) (PLLA), were directly blended by solution casting. We

found that DBS nanofibrils can form after heat treatments. In
This journal is ª The Royal Society of Chemistry 2011
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addition, we also discussed how the formation of DBS nano-

fibrils affected the morphologies and microstructures of the

crystalline polymer. Recently, many researchers have used DBS

as a nucleating agent to change the crystallization rate and

optical properties of crystalline polymers, such as polyethylene

and polypropylene.13–15 Though some reported the observation

of the DBS fibrils in these polymers, there is no detailed discus-

sion on the microstructures or the formation process of the DBS

fibrils. Here, we investigated the microstructures and morpholo-

gies of DBS/PLLA systems by SEM and POM. Our results show

that the aggregated structures of DBS nanofibrils could be

controlled by the change in DBS amounts and PLLA crystalli-

zation temperatures. Furthermore, the structure and

morphology of neat DBS samples prepared from solution were

also discussed, on which little information is available.

The temperature range of the formation of DBS fibrils was

very close to that of crystallization temperature of PLLA

spherulites. The temperature range for DBS fibrils formation

depends on the DBS concentration and cooling/heating rate.

Usually, the range is between 100 and 200 �C. Therefore, in this

study, we examined the interaction between DBS fibrils and

PLLA crystals as well. Moreover, we attempted to prepare

porous PLLA materials by the removal of DBS nanofibrils.

PLLA has attracted much attention due to their potential

applications as biomedical and green materials,16–18 and such

porous PLLA materials could be used as scaffolds for the cell

transplantation and tissue regeneration.19 There are a lot of ways

to prepare porous PLLA films, such as solution-casting-leaching,

thermal precipitation, solvent evaporation, immersion precipi-

tation, and so on.20–24 The method proposed here might provide

useful information on the fabrication of porous PLLA of

different morphologies.

Experimental

Materials

DBS (1,3:2,4-dibenzylidene-D-sorbitol) was obtained from

Milliken Chemicals. PLLA (poly(L-lactic acid)) was purchased

from NatureWorks. The molecular weight and polydispersity of

PLLA determined by GPC are 58 000 g mol�1 and 1.73. Ethanol

was of reagent grade and was obtained from Fluka.

Sample preparation

The neat DBS samples were prepared by dissolving 0.08% (w/v)

DBS in chloroform at room temperature under constant agita-

tion. After the DBS was completely dissolved, the solution was

subsequently poured onto a glass plate. A film was obtained after

evaporating chloroform solvent very slowly under ambient

conditions at room temperature. The film was then further dried

in vacuum at 80 �C for 24 hours. Also, TGA was used to check

the residual solvent in the final films. The results showed no

measurable residual solvent in the films.

Preparation of DBS/PLLA samples was also carried out by

solution casting. DBS and PLLA were dissolved in chloroform

yielding a 2% (w/v) solution. The DBS contents in DBS/PLLA

samples were 0, 1, 2, 3 and 4 wt%. As the DBS amount was

increased to 5 wt%, DBS could not dissolve completely, and only

opaque solution was observed. Therefore, the DBS contents
This journal is ª The Royal Society of Chemistry 2011
ranging from 0 to 4 wt% were chosen for the following investi-

gations.

The molecular interactions between DBS and PLLA were

determined using Fourier transform infrared (FTIR) spectros-

copy (NICOLET iS10). The samples were dissolved in chloro-

form yielding a 2% (w/v) solution, cast onto KBr plates, and then

dried in vacuum.

Porous PLLA samples were prepared by solvent extraction of

the DBS nanofibrils. The DBS was washed by the ethanol for

a week. The removal was confirmed by a Bruker AC300 FT-

nuclear magnetic resonance spectrometer (NMR). NMR spectra

were measured in chloroform-d with tetramethylsilane (TMS) as

an internal standard.

Polarized optical microscopy

The morphologies of neat DBS and DBS/PLLA samples were

observed using a Precisa XT-200A polarized optical microscope

(POM) with a compensator. Neat DBS or DBS/PLLA solution

was dropped onto a glass pate, and the films would be obtained

after the evaporation of the solvent. The samples were then put in

vacuum at 80 �C for 24 hours. For POM experiments, the DBS/

PLLA samples were fist melted on a Linkam THMS 600 hot

stage equipped with a Linkam CI94 programmable temperature-

controller at 200 �C for 3 minutes. The samples were quickly

cooled to their crystallization temperature, where the resultant

morphologies were observed until the PLLA spherulites formed

completely. The spherulitic growth of DBS/PLLA samples with 3

wt% DBS crystallizing at 120 �C was observed by a POM.

Micrographs were taken at interval for measuring the spherulite

radii of PLLA at different time periods. The growth rate was

calculated from the change of spherulite radius with time, dR/dt.

Scanning electron microscopy

The microstructures of neat DBS and DBS/PLLA samples were

observed by a Leo-1530 field emission scanning electron micro-

scope (FE-SEM). The samples prepared for the POM observa-

tion were repeatedly used in the SEM experiments. DBS/PLLA

samples with 3 wt% DBS crystallized at 120 �C for different

crystallization times were prepared on a hot stage equipped with

a programmable temperature-controller by quenching to room

temperature after 10, 20, 30 and 40 minutes of crystallization,

respectively.

Results and discussion

Morphology and microstructure of neat DBS

DBS could self-assemble into nanofibrillar networks through

hydrogen bonding in a range of organic solvents. Most

researchers focused on the structure of DBS-induced gelation in

organic solvents or low molecular weight polymers. Our previous

studies have discussed the morphologies of neat DBS and DBS/

poly(propylene glycol) (PPG) gels.6 Neat DBS could self-

assemble into fibrils and exhibited the spherulite-like textures

during cooling from the melt, which are similar to the structures

observed in DBS/PPG. However, the diameter sizes of neat DBS,

ranging from 100 nm to 1 mm, are much larger than those of

DBS/PPG gels. In this study, we focus on the morphology and
Soft Matter, 2011, 7, 3844–3851 | 3845
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microstructure of neat DBS samples prepared from solution, on

which no references are available to our knowledge. The samples

were prepared by dissolving small amounts of DBS in chloro-

form and solution casting (details in Experimental section).

Fig. 2(a) and (c) display the POM and SEM micrographs of neat

DBS samples prepared by solution casting at room temperature.

These structures were quite different from those of neat DBS

prepared from the melt.6 No distinct, birefringent spherulite-like

morphology was observed by POM (Fig. 2(a)). POM photo-

graph shows that the aggregations of DBS scattered over the

surface of the substrate. The structure of the aggregated (or

concentrated) DBS molecules was more irregular than that of

neat DBS prepared from the melt,6 and no fibrils were observed

by SEM (Fig. 2(c)). Also, there were no fibrillar networks. These

samples were then heated up to 200 �C at a rate of 10 �C min�1

and cooled to room temperature. Fig. 2(b) and (d) demonstrate

the POM and SEM micrographs of the solution-cast samples

after the heat treatment. The fibrils formed around 185 �C, and

the overall growth was similar to that of the typical spherulites

from the POM observation. However, the change in birefrin-

gence was not obvious. The DBS molecules could self-assemble

into fibrils and the diameters of the aggregated fibrils ranged

from 100 nm to 1 mm by SEM, which was very similar to those of

neat DBS prepared from the melt.6 Thus, the condition for DBS

fibril formation seems to be that the number of aggregated DBS

molecules has to be large enough. At high temperature, the

DBS molecules start to move and easily aggregate together due

to the existence of hydrogen bonding between DBS because of

the hydroxyl groups, and therefore the DBS fibrils would form

(see Fig. 2(b) and (d)). On the other hand, if DBS molecules are

less aggregated, no fibrils form and only irregular shapes can be

observed (see Fig. 2(a) and (c)).
Morphology and microstructure of DBS/PLLA

The DBS/PLLA samples prepared using the same procedure by

solution casting. The DBS contents in the solutions of DBS/

PLLA samples were similar to those in the solutions of neat DBS.
Fig. 2 POM micrographs of neat DBS samples prepared by solution

casting (a) at room temperature and (b) after the heat treatment. The

respective SEM micrographs are shown in (c) and (d).

3846 | Soft Matter, 2011, 7, 3844–3851
Nevertheless, neither DBS fibrils nor irregular structures of

aggregated DBS were found by POM and SEM in the DBS/

PLLA samples after casting. Only PLLA spherulites appeared.

Moreover, when the samples were heated up to 185 �C, the

PLLA spherulites melted (the melting point of PLLA determined

by differential scanning calorimetry is around 160 �C), but there

was still no DBS fibril formation. Therefore, it is believed that

there could be some interactions between DBS and PLLA

limiting the formation of DBS fibrils in DBS/PLLA systems.

Since the formation of DBS fibrils was not observed during the

same heat treatment used for neat DBS samples, we tried other

treatment conditions. In addition, at lower temperatures, the

PLLA spherulites would appear, and it should be interesting to

investigate the competition between the growth of PLLA

spherulites and that of DBS fibrils if the DBS fibrils could form in

such situations. Hence, a series of DBS/PLLA samples with DBS

contents of 0–4 wt% were prepared, and the samples were heated

to 200 �C and then quickly cooled to different temperatures, 90–

140 �C, for PLLA to crystallize. Intriguingly, as the samples

contained at least 3 wt% DBS and the crystallization temperature

was above 120 �C, new structures were found using POM

(Fig. 3(a)): concentric circles in PLLA spherulites. It was unlike

the typical spherulites of PLLA or the ringed-banded spheru-

lites,25 which had periodic extinction rings. In comparison, the

circles appeared only once. We call the new PLLA structures

‘‘concentric-circled spherulites’’. The spherulitic morphologies

and microstructures of samples with 3 wt% DBS at 120 �C by

POM and SEM are shown in Fig. 3(a) and (b), where the iden-

tical sample was used. Labels 1, 2, 3 and 4 in both photographs

mark the spherulites to be examined. It was found that most of

the fibrils aggregated around the concentric circles. Moreover,

the size of fibrils in DBS/PLLA system was ‘‘nano-scaled’’ (so we

would call them ‘‘nanofibrils’’). The size was very different from

that in the neat DBS system. However, the size of DBS nano-

fibrils was quite close to those of DBS in organic solvents or

liquid polymers,1,2 and these systems all exhibited the 3-D

nanofibrillar networks.

Samples crystallized at 120 �C with 0–2 wt% DBS exhibited

typical PLLA spherulites, and samples with 3 and 4 wt% DBS

had concentric-circled spherulites as observed by POM. No ring-

banded structures were found (POM photographs are not

shown). Fig. 4 displays a series of SEM photographs of DBS/

PLLA samples with different DBS contents crystallized at

120 �C. The positions of aggregated DBS nanofibrils are related
Fig. 3 (a) POM and (b) SEM micrographs of the spherulitic

morphology and microstructure of PLLA samples with 3 wt% DBS

crystallized at 120 �C, where labels 1, 2, 3 and 4 in both photographs

mark the spherulites to be examined. Some of the concentric circles are

indicated by arrows.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 A series of SEM photographs of DBS/PLLA samples crystallized

at 120 �C with (a) 0, (b) 1, (c) 2, and (d) 4 wt% DBS. Areas where the

nanofibrils aggregated in (c) and (d) are shown in (e) and (f) at higher

magnification (50 000�). The inset in (b) is at 100 000�.

Fig. 5 A schematic representation of the DBS/PLLA samples with

different DBS contents crystallized at 120 �C.

Fig. 6 SEM photographs of DBS/PLLA samples with 3 wt% DBS

crystallized at (a) 100 �C and (b) 120 �C.
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to the contents of DBS. Few DBS nanofibrils were observed in

the sample with 1 wt% DBS. However, a large amount of DBS

nanofibrils formed as DBS content reached 2 wt% (see Fig. 4(c)).

The fibrils segregated between spherulites, but POM showed no

obvious differences. Moreover, the PLLA spherulites almost

completely filled the space at the final crystallization stage. It

seemed that the aggregated DBS nanofibrils formed after the

PLLA crystallization, and thus hardly influenced the growth of

PLLA spherulites.

When the concentration of DBS reached 3 and 4 wt%, the

fibrils aggregated to form circles inside spherulitic regions

(Fig. 3(b) and 4(d)). The concentric-circled structures were also

observed by POM. The DBS aggregated structures were different

from those in samples with 2 wt% DBS. The DBS nanofibrils in

samples containing 3 and 4 wt% DBS aggregated into mm sized

‘‘fibrillar rings’’ or ‘‘fibrillar disks.’’ The high-magnification SEM

micrographs of samples containing 2 and 4 wt% DBS are shown

in Fig. 4(e) and (f). Independent of the location of the DBS self-

assembled inside or outside spherulitic regions, the diameter sizes

of these nanofibrils ranged from 10 nm to 200 nm, and the

average diameter size was near 20 nm. Furthermore, the average

diameter of the DBS fibrillar rings and disks in samples con-

taining 3 wt% DBS was around 100 mm (Fig. 3(b)). In addition,

the average diameter of fibrillar rings and disks in samples with 4

wt% DBS was about 50 mm (Fig. 4(d)).

Fig. 5 displays a schematic representation of the DBS/PLLA

samples with different DBS contents crystallized at 120 �C. As

the PLLA crystallizes, DBS molecules are excluded outside the

crystals; hence the concentration of DBS in the amorphous
This journal is ª The Royal Society of Chemistry 2011
region increases. It is supposed that the local DBS concentration

must be high enough to form the nanofibrils. Thus, at 1 wt%

DBS, few nanofibrils form. As the DBS content reaches 2 wt%,

the local concentration of DBS is still not sufficient at the early

stages of PLLA crystallization. However, when the PLLA crys-

tallization is complete, the concentration of DBS molecules

ejected outside the PLLA crystals is relatively high. As a result,

DBS molecules self-assemble to form the nanofibrils between

spherulites. On the other hand, as the DBS contents are 3 and 4

wt%, the formation of nanofibrils is much easier due to the higher

DBS contents. Therefore, DBS nanofibrils form earlier during

the PLLA crystallization process and aggregate inside the

spherulites. Moreover, the formation of DBS nanofibrils in

samples containing 4 wt% DBS is much earlier than that in

samples containing 3wt% DBS due to the higher DBS contents,

which is evident in SEM observations. The average diameter of

the fibrillar rings or disks (the primary location where DBS

nanofibrils aggregate) in samples with 4 wt% DBS was much

smaller than that in samples with 3 wt% DBS (Fig. 3(b) and 4(d)).

The structures of aggregated fibrils could be finely controlled

not only by the different amounts of DBS but also by the PLLA

crystallization temperatures. For example, as the samples con-

taining 3 wt% DBS were crystallized at temperatures higher than

120 �C, the concentric-circled structures could be observed (see

Fig. 6(b)). That is, the DBS molecules aggregated inside the

spherulites. When the crystallization temperature was lower than

120 �C, few concentric-circled spherulites were found, and most

of the DBS nanofibrils aggregated outside the spherulites (see

Fig. 6(a)). As the crystallization temperature was increased,

PLLA crystallization rate decreased, and DBS molecules were

excluded by PLLA crystals more easily, leading to a significant

increase in the DBS concentration at the crystal front. Thus,

DBS nanofibrils formed earlier in the PLLA crystallization

process, which resulted in the concentric-circled structures. In
Soft Matter, 2011, 7, 3844–3851 | 3847
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Fig. 8 POM photographs of DBS/PLLA samples with 3 wt% DBS

crystallized at 120 �C for (a) 10, (b) 20, (c) 30, and (d) 40 minutes, where

label A means the region inside a PLLA spherulite or inside the circle

within a concentric-circled spherulite, B represents the region outside the

circle within a concentric-circled spherulite, and C is the amorphous
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contrast, DBS concentration was high enough only near the end

of PLLA crystallization at lower crystallization temperatures,

and DBS nanofibrils were mostly found at the spherulitic

boundaries.

In addition, the concentrations of aggregated DBS molecules

have to be high enough for the fibrils to form in both the neat

DBS and DBS/PLLA systems. However, the sizes of fibrils in the

two systems were quite different. The fibril diameter of neat DBS

was much larger than that in DBS/PLLA systems. It is possible

that some interactions (such as hydrogen bonding) between

PLLA and DBS interfere the aggregation of DBS molecules. As

a result, DBS ‘‘nanofibrils’’ were found in DBS/PLLA systems.

FTIR spectroscopy was used to determine if there are inter-

molecular interactions between DBS and PLLA. Fig. 7 shows

FTIR spectra of DBS, PLLA and DBS/PLLA samples with 4

wt% DBS. The C]O stretching band in PLLA sample at

1755 cm�1 was much broader as DBS was added. It is known that

the hydrogen bonding would affect the molecular vibrations of

nearby groups,26 which may cause such a broadening. The result

indicates that there was hydrogen bonding between DBS and

PLLA.

PLLA region.
Formation process of DBS nanofibrils in DBS/PLLA

We attempted to observe the formation process of DBS nano-

fibrils in DBS/PLLA systems during PLLA crystallization, in

particular, when the DBS fibrils formed, and discussed the cause

of the concentric-circled structures in this system. The DBS/

PLLA samples of 3 wt% DBS were prepared by quenching the

samples crystallized at 120 �C for different periods of time (0, 10,

20, 30 and 40 minutes). Fig. 8 and 9 show the POM and SEM

photographs of these samples. As can be seen in Fig. 8, typical

spherulites of PLLA were found in samples crystallized for less

than 30 minutes, whereas concentric-circled PLLA spherulites

appeared in samples crystallized for 40 minutes. SEM observa-

tions (Fig. 9) show that a considerable amount of the DBS

nanofibrils formed after the appearance of concentric-circled

structures. For clarity, regions were labeled A, B and C in Fig. 8

and 9, where A means the region inside a PLLA spherulite or
Fig. 7 FTIR spectra of DBS, PLLA and DBS/PLLA samples with 4

wt% DBS.

3848 | Soft Matter, 2011, 7, 3844–3851
inside the circle within a concentric-circled spherulite, B repre-

sents the region outside the circle within a concentric-circled

spherulite, and C is the amorphous PLLA region. As PLLA

crystallized for 20 minutes, few DBS fibrils were found in regions

A and C. The morphology in region A was typical of PLLA
Fig. 9 SEM photographs of DBS/PLLA samples with 3 wt% DBS

crystallized at 120 �C for (a) 20, (c) 30, and (e) 40 minutes (5000�). (b),

(d), and (f) are at higher magnification (30 000�), where the meaning of

labels A, B and C is the same as that in Fig. 8.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 10 A schematic representation of the formation of DBS nanofibrils during the crystallization of PLLA.
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spherulites, and region C exhibited a smooth and flat surface (see

Fig. 9(a) and (b)). However, after PLLA crystallized for

30 minutes, region C became irregular and rough, which may be

caused by the increased number of aggregated DBS molecules.

Meanwhile, region A still exhibited the typical PLLA spherulites
Fig. 11 NMR spectra of (a) the sample aft

This journal is ª The Royal Society of Chemistry 2011
(see Fig. 9(c) and (d)). When PLLA crystallized for 40 minutes,

region B appeared. The DBS nanofibrils largely formed at the

circle (between regions A and B), and some nanofibrils were still

found in regions B and C. Note that region B was much irregular

than region A (see Fig. 9(e) and (f)).
er washing and (b) a neat DBS sample.

Soft Matter, 2011, 7, 3844–3851 | 3849
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Fig. 12 (a) POM and (b) SEM photographs of the DBS/PLLA samples

crystallized at 120 �C with 3 wt% DBS after extraction by ethanol, where

label A means the region inside a PLLA spherulite or inside the circle

within a concentric-circled spherulite, B represents the region outside the

circle within a concentric-circled spherulite. (c and d) show an area near

the spherulitic boundary of the sample at magnification 50 000� and

100 000�, respectively.

Fig. 13 A cross-sectional SEM image of a DBS/PLLA sample crystal-

lized at 120 �C with 3 wt% DBS after DBS extraction by ethanol.
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The above observation is summarized in Fig. 10, which

displays a schematic representation of the formation of DBS

nanofibrils during the crystallization of PLLA. In the first

20 minutes of PLLA crystallization, the amount of aggregated

DBS molecules are small, and the DBS molecules can be easily

excluded by the PLLA crystals. Thus, the PLLA crystals are

typical spherulites. As the crystallization time increases, more

DBS molecules aggregate at the PLLA growth front. As a result,

the irregular and rough morphology of aggregated DBS can be

seen. However, the increased concentration of DBS is still not

high enough for a large amount of DBS nanofibrils to form.

During the crystallization time between 30 and 40 minutes, the

aggregated DBS molecules are sufficient to form the nanofibrils

at the PLLA growth front. Hence, the fibrillar rings or disks

appear. These results are coincident with what we found in neat

DBS. In addition, the formation of DBS nanofibrils seems to

influence the PLLA spherulites. The structures inside and outside

the circle within a concentric-circled spherulite were quite

different. The detailed observation will be discussed in the next

section.

Porous PLLA materials prepared by solvent extraction of DBS

nanofibrils

The PLLA samples crystallized at 120 �C with 3 wt% DBS were

immerged into ethanol, a good solvent for DBS, for a week to

remove the DBS fibrils. Fig. 11 displays the NMR spectra of the

sample after washing and a neat DBS sample. In Fig. 11(a),

peaks around d ¼ 5.1 ppm and d ¼ 1.5 ppm can be seen, corre-

sponding to the methylene and methyl proton resonance of the

lactide.27 That is, only neat PLLA characteristic peaks were

observed after the sample was washed by ethanol. The peaks for

the protons in the aromatic compounds (7.3–7.6 ppm), which are

clear in the neat DBS sample (Fig. 11(b)), are absent. Therefore,

the removal of DBS could be confirmed. Fig. 12, where the
3850 | Soft Matter, 2011, 7, 3844–3851
meaning of labels A and B was the same as that in Fig. 8 and 9,

and Fig. 13 show the POM (top view) and SEM (top view and

cross-sectional view) photographs of such a sample after DBS

extraction by ethanol. As seen in Fig. 12(a), the concentric-

circled PLLA spherulites could still be observed by POM, though

the DBS nanofibrils were removed, as reconfirmed by SEM

(Fig. 12(b)–(d)). Thus, it seems that the change in birefringence is

caused by the irregular PLLA lamellae. Fig. 12(b) shows that

there were no pores in region A and that the porous structure

only appeared in region B. Fig. 12(c) and (d) are the SEM

photographs of the same sample at different magnifications near

the spherulitic boundary in region B, clearly showing the porous

structure. The shape of the pores was similar to that of the DBS

nanofibrils. The average diameter was around 20 nm, also very

close to that of nanofibrils. Therefore, the porous structure seems

to be the result of the removal of nanofibrils. The porous PLLA

obtained may serve as a nanoscale scaffold, an alternate to

extracellular matrix (ECM) for better cell in-growth, and be used

in cell transplantation and tissue regeneration.19,28,29 Also note

that although the DBS nanofibrils could aggregate into fibrillar

disks (see Fig. 3(b) and 4(d)), nanofibrils were not trapped in

PLLA spherulites inside the circles. Actually, the nanofibrils

seemed to be ejected out of PLLA at the circles to form the

fibrillar disks. We will investigate the cause of these intriguing

behaviors in our further studies.

In addition, the porous structures in region B also confirmed

that some DBS nanofibrils did form beyond the circles and were

dispersed in the spherulites. The dispersed nanofibrils affected

the orientation of PLLA lamellae and led to a change in bire-

fringence. As a result, the regions outside the circles in the

concentric-circled PLLA spherulites were slightly different from

the typical PLLA spherulites (see Fig. 8(d), for example).

Fig. 14 presents the spherulite radius of a PLLA sample with 3

wt% DBS crystallized at 120 �C as a function of time. The varia-

tion of PLLA spherulite radius with time was linear both inside

and outside the circle within the same spherulite. The spherulitic

growth rates (G ¼ dR/dt) inside and outside the circle were 2.19

and 2.24 mm min�1, respectively. The two values were very close,

which means the dispersed DBS nanofibrils outside the circle did

not significantly affect the PLLA growth rate. However, the

growth was slightly delayed and discontinuous around the circle.

Thus, it seems that the large amounts of DBS nanofibrils formed

at the circle influenced the crystallization of PLLA nearby.
This journal is ª The Royal Society of Chemistry 2011
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Fig. 14 The spherulite radius of a PLLA sample with 3 wt% DBS

crystallized at 120 �C as a function of time.
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Conclusions

The morphology and microstructure of neat DBS samples

prepared from solution were different from those of the samples

prepared from the melt. As the samples were prepared from

solution, the DBS molecules were less aggregated, and no fibrils

were observed by SEM; POM showed that there was no spher-

ulite-like morphology. However, after the samples were heated to

200 �C and cooled to room temperature, the structures of

samples became very close to those of the samples prepared from

the melt. Fibrils would form, with diameters ranging from

100 nm to 1 mm. We assumed the number of aggregated DBS has

to be large enough and the fibrils would form. If DBS molecules

were less aggregated, only irregular shapes were observed and no

fibrils formed.

The addition of DBS to PLLA resulted in different

morphology and microstructure. Concentric-circled PLLA

spherulites were found in DBS/PLLA systems with DBS contents

larger than 3 wt% and crystallized above 120 �C. The DBS

nanofibrils largely formed at the circles, but some formed beyond

the circles and were dispersed in the PLLA spherulites. These

dispersed nanofibrils affected the orientation of PLLA lamellae

and led to a change in birefringence. Therefore, the regions

outside the circles in the concentric-circled PLLA spherulites

were slightly different from the typical PLLA spherulites. In

addition, the formation process of DBS nanofibrils in DBS/

PLLA systems was also discussed. When the PLLA crystallized,

the DBS molecules were excluded by the PLLA crystals and the

concentration of DBS in the amorphous region increased. As the

amounts of aggregated DBS molecules were large enough,

the DBS nanofibrils would form. The porous PLLA structures

were obtained after the extraction of DBS nanofibrils by ethanol.

The shape and average diameter of the pores were found to be

similar to those of DBS nanofibrils, as observed by SEM. The
This journal is ª The Royal Society of Chemistry 2011
PLLA growth radius of samples with time was discontinuous

around the circle. The large amounts of DBS nanofibrils formed

at the circle affected the crystallization of PLLA, but not

significantly influenced on the PLLA growth rate.
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