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ABSTRACT

Two kinds of low molecular weight aliphatic amides, N, N'-ethylenebis (12-hydroxystearamide) (EBH) and
N, N'-ethylenebisstearamide (EBSA), have been selected in present study to mediate the crystallization
behavior of poly (L-lactic acid) (PLLA). The results showed that the crystallization rate of PLLA was
significantly improved with the addition of EBH and EBSA, and EBH presented a stronger nucleating effi-
ciency. The correlation between the variation of chain conformation during the early stages of isothermal
crystallization and the enhancement of crystallization rate for pure PLLA and its mixtures was investigated
by time-resolved FTIR. The formation of interchain conformational-ordered structure and intrachain 103
helix structure for amide-doped PLLA preceded that for pure PLLA, suggesting a stimulatory nucleating
effect of EBH and EBSA. In the case of PLLA/EBH, the interchain interactions of —(COC + CH3) and —CH3
groups were faster than the —(CH3+CC) intrachain interactions, while the interchain interactions and the
intrachain 103 helix formation were nearly synchronous for PLLA/EBSA. The hydrogen bond interaction
between hydroxyl groups in EBH and the carbonyl groups in PLLA was proposed to be an important factor

influencing the conformation variation during isothermal crystallization of PLLA.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Poly (L-lactic acid) (PLLA) is one of the most important
biocompatible and biodegradable polymers, the monomers of
which are generally produced by fermentation of renewable
natural resources like corn and sugar cane [1], etc. PLLA not only
has been widely used in biomedical applications such as surgical
sutures and controlled drug delivery systems [2—4], but also has
substituted some conventional plastics to a certain extent [5—8],
due to its good mechanical properties. However, the crystallization
rate of PLLA is rather slow, which leads to a long processing period
and poor heat resistance, limiting its extensive applications.
Numerous studies have been carried out for improving the crys-
tallization rate of polymers, such as blending with other polymers
[9—13] and addition of inorganic additives [14—20], etc. Sakai et al.
[9] showed that only a small amount of PCL can improve the
crystallization rate of PLLA significantly. The PLLA chain mobility at
the interface between PCL domains and PLLA matrix was activated
locally by the presence of PCL, contributing to the strong
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enhancement of PLLA nucleation. Krikorian et al. [16] studied the
effect of organically modified montmorillonite clay on the crystal-
lization of PLLA, and found that the overall bulk crystallization rate
was increased in the intercalated system relative to neat PLLA. In
PLLA composites prepared through addition of functionalized
multiwalled carbon nanotubes (F-MWNTs) [19], the F-MWNTs
acted as a nucleating agent to enhance the crystallization of PLLA
when below the percolation concentration, while as a hindrance
retarding the crystallization above the percolation concentration.
It has been reported that some organic compounds can also be
used to promote the crystallization rate of PLLA, e g, deca-
methylenedicarboxylic dibenzoylhydrazide and citrate esters
[21,22]. Among these organic compounds, low molecular weight
aliphatic amides, N, N'-ethylenebis (12-hydroxystearamide) (EBH)
and N, N'-ethylenebisstearamide (EBSA) with environmental
friendliness, are usually used as lubricant, release agent or
dispersing agent to enhance processability of polymers, while some
researchers [23,24] have found that EBH and EBSA are efficient
nucleating agents for PLLA crystallization. Nam et al. [23] observed
that EBH crystallized at the very early stage of PLLA crystallization
and acted as a nucleating agent for PLLA crystallization. As a result,
typical transcrystallites formed at the interface between PLLA and
EBH, and the overall crystallization rate of PLLA was increased.
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Harris et al. [24] suggested that EBSA can also improve both the
isothermal and nonisothermal crystallization rate of PLLA as well as
the crystallinity. These reports seldom concern the interaction
between PLLA and EBH or EBSA at the molecular level, which is
believed to influence the intramolecular movements and inter-
molecular packing of polymer chains during crystallization process.

Therefore, in present study, EBH and EBSA were selected to
mediate the crystallization behavior of PLLA, and the nucleating
efficiency of the two low-molecular weight aliphatic amides has
been compared, based on their interactions with PLLA. The main
aim is to compare the effect of EBH and EBSA on the crystallization
behavior of PLLA and further explore their nucleating mechanisms.
The interactions between EBH/EBSA and PLLA were illustrated at
the molecular level during crystallization induction period before
primary nucleation [14,25,26]. Time-resolved FTIR was applied to
understand the conformational changes and crystalline ordering of
PLLA by following the intensity and shape changes of characteristic
bands [27,28]. It has been found that EBH shows much stronger
nucleation efficiency for PLLA than EBSA, which might be attributed
to the hydrogen bond interaction between hydroxyl groups in EBH
and the carbonyl groups in PLLA.

2. Experimental section
2.1. Materials

PLLA of commercial grade 2002D with 4.6 wt% of D-isomer units
was purchased from NatureWorks. The number-average molecular
weight and weight-average molecular weight are 1.5 x 10° g/mol
and 2.0 x 10° g/mol, respectively. The melt flow index is 3—4 g/
10 min (190 °C/2.16 kg). The nucleating agent EBH was kindly
supplied by Beijing University of Chemical Technology (T, = 130 °C,
Tm = 142 °C, DSC, 10 °C/min). EBSA was supplied by ] & K Scientific
Ltd. (T = 142 °C, Ty = 146 °C, DSC, 10 °C/min). The chemical
structures of PLLA, EBH and EBSA are illustrated in Scheme 1. The
received materials were dried in a vacuum oven for 24 h at 70 °C,
and then stored in a desiccator before use.

2.2. Sample preparation

PLLA/EBH mixture was prepared by the solution casting method.
1 g PLLA was first dissolved in 100 ml chloroform at 50 °C, followed
by the addition of 0.01 g EBH into the solution and stirring for 3 h.
PLLA/ESBA mixture was prepared with the same method. Sample
films for FTIR measurement were prepared by casting the solution
onto KBr windows. Films for other tests including DSC, SEM and
POM were prepared by casting solutions on glass dishes. The as-
prepared films were kept in a vacuum oven 50 °C for 3 days, and
then cooled to room temperature.
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2.3. Scanning Electron Microscopy (SEM)

A JSM-6700F JEOL scanning electron microscope operated at
5 kV was applied to examine the dispersion of EBH and EBSA in
PLLA. A platinum layer was deposited on the surface of obtained
films prior to SEM observation.

2.4. Transmission Electron Microscopy (TEM)

The spin-coating method was applied to prepare the specimens
for transmission electron microscopic measurement. Samples for
TEM observation were collected from water on 300 mesh carbon-
coated copper grids. TEM imaging was performed on a Hitachi H-
800 electron microscope operated at an accelerating voltage of
100 kV.

2.5. Differential Scanning Calorimetry (DSC)

The crystallization behavior of PLLA and its mixtures with EBH
or EBSA were measured on a Perkin—Elmer DSC-7 analyzer. The
temperature and heat flow were calibrated by using indium as the
standard. The measurements were conducted under nitrogen
atmosphere. The samples of about 5 mg were weighed and sealed
in an aluminum pan, heated to 200 °C and held for 3 min to
eliminate the thermal history. For the non-isothermal crystalliza-
tion measurement, the samples were first cooled to 50 °C at 2 °C/
min, and then heated to 200 °C at 10 °C/min. In the case of
isothermal crystallization measurement, the samples were
quenched to 125 °C at 40 °C/min and held until the samples crys-
tallized completely.

2.6. Polarized Optical Microscopy (POM)

The nucleation and growth of PLLA spherulites during
isothermal crystallization were observed with an Olympus BX51
polarized optical microscope equipped with a Canon 40D camera
system. The temperature was controlled by a Linkam LTS 350 hot
stage. The solution cast films with thickness of 30 um were sand-
wiched by two glass slides, and then held at 200 °C for 3 min,
followed by quenching to 125 °C for isothermal crystallization.

2.7. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra were measured by using a Bruker EQUINOX 55
spectrometer equipped with a DTGS detector in transmission
mode. Time-resolved FTIR spectra were collected at a resolution of
2 cm~! by averaging 16 scans with 1 min intervals for PLLA
mixtures and 2 min intervals for pure PLLA. The background spectra
used for reduction were collected at the same temperatures as the

n

Scheme 1. Chemical structures of PLLA, EBH and EBSA.
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samples. The samples prepared by solution casting were set in an
Instec Standalone Temperature Controller (STC 200), which was
placed in the compartment of the spectrometer. Each sample was
kept at 200 °C for 3 min to completely erase the thermal history and
then cooled to 125 °C at 30 °C/min. When the temperature reached
125 °C, data collection started. The baseline of each spectrum was
linearly corrected according to the same standard.

3. Results and discussion
3.1. Dispersion of EBSA and EBH in PLLA

In order to check the dispersion state of EBH and EBSA in PLLA
matrix, the morphology of the as-received films was observed by
SEM and TEM. It can be seen from Fig. 1 that EBH and EBSA are
homogenously dispersed in PLLA matrix with the similar sizes in
sub-microns, and the size distribution is narrow. The difference
between the SEM and TEM images is attributed to the different
preparation methods of the PLLA films. The films for SEM obser-
vation were solution casting prepared, while the TEM films were
spin-coating results.

3.2. Nucleation effect of EBSA and EBH

The DSC thermograms for the non-isothermal crystallization of
pure PLLA and its mixtures are shown in Fig. 2. The characteristic
quantities are summarized in Table 1. In the cooling scan, there is
almost no heat flow detected for pure PLLA, and only the crystal-
lization peak of EBSA emerges at around 137.3 °C for PLLA/EBSA,
indicating the slow crystallization rate of pure PLLA and PLLA in
PLLA/EBSA mixture. For PLLA/EBH sample, however, there are two
exothermic peaks at 121.8 and 109.6 °C assigned to the crystalli-
zation peaks of EBH and PLLA, suggesting that EBH effectively
promotes the crystallization of PLLA during the cooling process.

lum [

In the following heating scan, pure PLLA and PLLA/EBSA samples
exhibit large heat relaxation peaks accompanying the glass transi-
tion at around 63 °C, indicated by the arrows in Fig. 2b, which may be
attributed to the rearrangement of amorphous molecular chains of
PLLA. Cold crystallization peak emerges in PLLA/EBSA mixture at
126 °C, whereas no cold crystallization peak can be observed for pure
PLLA. This indicates that EBSA can promote PLLA molecular chains to
form ordered structures in the heating process, although it is not able
to induce the crystallization of PLLA in the cooling scan. The melting
enthalpies decrease as follows: PLLA/EBH, PLLA/EBSA, and pure PLLA.
Thus, it is obvious that EBH and EBSA act as effective nucleating
agents for PLLA crystallization, and EBH is much more efficient.

The isothermal crystallization traces of PLLA and its mixtures at
125 °C are shown in Fig. 3. The heat flow of pure PLLA changes very
slow, and there is no visible crystallization peak in the experiment
course. In contrast, PLLA/EBSA and PLLA/EBH show remarkable
crystallization peaks. It's notable that the overall crystallization
time of pure PLLA is much longer than that of PLLA mixtures,
confirming that the addition of EBH and EBSA improves the crys-
tallization rate of PLLA greatly. Compared with PLLA/EBSA, PLLA/
EBH displays a sharper crystallization peak and a shorter crystalli-
zation time, meaning that EBH has stronger nucleating ability than
EBSA, and the crystallization rate of PLLA in PLLA/EBH is faster than
that of PLLA/EBSA.

The well-known Avrami equation [29] is described as Eq. (1):

1—X; = exp(—Kt") (1)

which is employed to analyze the isothermal crystallization
kinetics of polymers, and its linear form is given as Eq. (2):

In[ - In(1 — X;)] = InK + nint (2)

where X; is the relative degree of crystallinity at a given time ¢,
which can be calculated from the integrated area of the DSC curve

Fig. 1. SEM (a, b) and TEM (c, d) images showing the dispersion of EBH (a, c) and EBSA (b, d) in PLLA matrix. The insets are the high-magnification images.
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Fig. 2. DSC thermograms of pure PLLA and its mixtures:

from t = 0 to t = t divided by the integrated area of the whole heat
flow curve. n is the Avrami index and K is the overall rate constant.
The crystallization half-time tg 5, defined as the time when X; rea-
ches 50%, can be determined from the X; vs t plot. In Eq. (2), the unit
of Kis min~", and n is not a constant. Thereafter, it is not reasonable
to compare the total crystallization rate through K. The crystalli-
zation half-time ¢g5 calculated by Eq. (3) is applied to analyze the
crystallization kinetics related to the bulk crystallization.

In2)\ /™
tos = K

Fig. 4 shows the relative crystallinity as a function of crystalli-
zation time for PLLA mixtures. Because the heat flow in the
isothermal crystallization of pure PLLA is hardly observed, its
isothermal crystallization kinetics is not analyzed by Avrami
equation. The curves of Avrami equation in Fig. 5 show a good linear
fit for PLLA mixtures. The slope of the curves is the Avrami expo-
nent n and the intercept is In K.

Based on Figs. 4 and 5, the parameters of isothermal crystalli-
zation kinetics calculated by employing Avrami equation are listed
in Table 2. The induction time is determined by the time required to
detect a considerable increase in X; relative to the initial stage.
According to the nucleation and growth theory of polymer crys-
tallization, the induction time is correlated to the nucleation
characteristics of the system [14]. It can be seen that both tg 5 and t;
of PLLA with the addition of EBH are shorter than those of PLLA in
PLLA/EBSA, indicating that EBH reduces the induction period and
the overall crystallization time more effectively.

The effect of nucleating agents on the crystalline morphology of
PLLA was further observed with POM, and the results are shown in
Fig. 6. There is nothing visible in the POM image of pure PLLA after
isothermal crystallization at 125 °C for 10 min, indicating that the
nucleation and crystal growth have not occurred within the
observation time. However, a variety of tiny spherulites are formed
in PLLA mixtures at the same experimental conditions. It can be
seen that the nucleation density of PLLA/EBH is larger than that of
PLLA/EBSA. Consequently, PLLA/EBH has a smaller spherulite size
and shows a faster crystallization rate.

(3)

180
Temperature ( °C)

(a) cooling curves (2 °C/min), (b) heating curves (10 °C/min).

3.3. Time-resolved FTIR investigation on crystallization behavior

FTIR spectroscopy, which has been widely used for the charac-
terization of polymers [30—34], is one of the most suitable means
for the detection of conformational changes, crystal structure and
the packing of the molecular chains. Furthermore, the crystalliza-
tion kinetics can also be evaluated through tracing the variation of
the characteristic bands during crystallization.

3.3.1. Band assignments

There are a variety of conformation sensitive and crystalline
sensitive bands for PLLA. The spectral evolution during the
isothermal crystallization process is shown in Fig. 7a—c. The
difference spectra calculated by subtracting the initial spectrum
from the rest of spectra in Fig. 7 a—c are depicted in Fig. 7d—e. In the
difference spectra, the positive regions are crystalline-dependent,
while the negative regions indicates the amorphous component.
The specific assignments of the characteristic bands in the range
1500—830 cm~! are summarized in Table 3 based on literature
[25,35,36].

The band in the region from 1500 to 1000 cm~' is highly
sensitive to the crystallization process of PLLA [25,27]. As the
crystallization progresses, the peak intensity changes and the peak
position shifts. Compared with the original FTIR spectra, the
difference spectra of pure PLLA and PLLA mixtures with EBH and
EBSA show the band splitting phenomenon during isothermal
crystallization. The band around 1454 cm~), attributed to the
asymmetric deformation mode of CH3, splits into two bands at 1458
and 1442 cm™, intensities of which increase with the crystalliza-
tion time. The band at around 1200 cm™! is ascribed to the asym-
metric vibrations of C—O—C groups linked with asymmetric CHs
rocking vibrations, and shifts to higher wavenumbers with the
crystallization of PLLA. Furthermore, this band in the difference
spectra also splits into two bands at 1210 and 1180 cm . It is
reported [37] that band splitting due to the dipole—dipole coupling
occurs when the ordered structure of molecules forms in polymer
systems. If the intermolecular forces between polymer chains are
sufficient, the fundamental modes of a single polymer chain split
into different spectral components. Thereafter, the band splitting at

Table 1
Crystallization and melting results for pure PLLA and its mixtures.
Samples Crystallization Cold crystallization Melting
Temperature (°C) Enthalpy (J/g) Temperature (°C) Enthalpy (J/g) Temperature (°C) Enthalpy (J/g)
PLLA - - - - 149.6 0.5
PLLA/EBSA 137.3 — 126.3 5.0 144.1/149.3 8.3
PLLA/EBH 121.8/109.6 229 - — 146.9/151.3 30.7
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Fig. 3. DSC curves of pure PLLA and its mixtures isothermally crystallized at 125 °C.
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Fig. 4. The relative crystallinity (X;) as a function of crystallization time for PLLA
mixtures isothermally crystallized at 125 °C.

around 1458 and 1200 cm~! may be caused by the dipole—dipole
interaction due to the interchain packing in the crystal unit cell of
PLLA and its mixtures. It is reasonable to correlate the changes of
the band at around 1458 and 1210 cm~! with interchain interac-
tion. On the other hand, the band at 1267 cm™!, ascribed to the

0.3
0.0
o 034
-
=
E -0.64
._ PLLA/EBSA
i O  PLLA/EBH
-0.94 linear fit of PLLA/EBSA
linear fit of PLLA/EBH
L} L} L}
2.0 2.5 3.0 3.5 4.0

Int

Fig. 5. The Avrami plot of PLLA mixtures isothermally crystallized at 125 °C.

Table 2
The Avrami parameters of PLLA mixtures.
Samples Induction Crystallization n K (min™")
time t; (min) half-time to 5 (min)
PLLA/EBSA 5.8 239 3.6 7.66 x 1076
PLLA/EBH 33 12.0 3.2 246 x 1074

C—0—C asymmetric vibration linked with the CH deformation
mode of the less energy-favorable gg conformers of PLLA, is
sensitive to the amorphous phase of PLLA [28,38], and its intensity
decreases with crystallization time.

The band ranging from 960 to 830 cm~! is sensitive to the
degree of crystallinity [25,28]. The bands at around 920 and
956 cm™!, arising from the coupling of C—C backbone stretching

Fig. 6. POM images of (a) pure PLLA, (b) PLLA/EBSA and (c) PLLA/EBH isothermally
crystallized at 125 °C for 10 min.
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Fig. 7. Time-resolved FTIR spectra of PLLA (a), PLLA/EBSA (b), and PLLA/EBH (c) isothermally crystallized at 125 °C; and the corresponding difference spectra of PLLA (d), PLLA/EBSA
(e), and PLLA/EBH (f). (The spectra of PLLA were stacked every 16 min, and the spectra of the mixtures were stacked every 2 min).

and the CHs rocking mode, are assigned to the crystalline phase of
a-form in PLLA crystals and the amorphous phase, respectively. The
a-form is the lowest energy conformation of single PLLA chain with
a distorted 103 helix conformation [39]. In the initial stage of

Table 3
Band assignments of PLLA in the 800—1500 cm ™' region.

Wavenumbers Assignments

(cm™)

1454 0as(CH3) Conformation-sensitive,

1209-1186 V25(COC) + 7vas(CH3) interchain interaction

1267 va5(COC) + 6(CH) Conformation sensitive

956 y(CH3) + v(CC) Amorphous-specific

920 Crystalline-specific, 103
helix formation sensitive,
intrachain interaction

865 v(C—C0O0) Crystalline-specific

crystallization, the peak at around 920 cm™! cannot be detected,
suggesting the absence of crystals, while it emerges and the peak
intensity increases monotonously as the crystallization progresses.
In contrast, the peak intensity of band at 956 cm~' decreases
gradually. The band at around 865 cm™!, corresponding to the
stretching mode of C—COO, shifts to higher wavenumbers and
becomes sharper, indicating a transition from disorder to ordered
structure.

3.3.2. Isothermal crystallization kinetics

As mentioned above, the bands at 920 and 956 cm~! are
assigned to a 103 helix sensitive band and an amorphous band,
respectively. They are well separated in the original IR spectra.
Therefore, it is possible to determine the relative crystallinity (X;) of
pure PLLA and its mixtures by using the intensity ratio of the two
bands (Eq. (4)).
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Xr = Ag20/Ags6 (4)

The calculated relative crystallinity is shown in Fig. 8. The
overall crystallization time t is obtained by the time when X; rea-
ches a plateau, and the induction time t; is defined by the time
when the considerable increase of X; relative to the initial stage can
be detected. As shown in Table 4, the values of t and t; are the largest
for pure PLLA, followed by PLLA/EBSA and PLLA/EBH. The addition
of EBH and EBSA reduces the induction time and the overall crys-
tallization time of PLLA remarkably, and EBH acts as a much more
efficient nucleating agent to accelerate the crystallization of PLLA.
Therefore, the FTIR results are in good agreement with the DSC
data.

The difference in crystallization behaviors of pure PLLA and its
mixtures may pertain to different conformational transformation
during isothermal crystallization. With time-resolved FTIR spec-
troscopy, the origin and mechanism of the nucleating effects of EBH
and EBSA on PLLA crystallization can be elucidated. The normalized
peak intensity Xjr; of pure PLLA and its mixtures can be calculated
by Eq. (5), where I; is the peak intensity at the crystallization time t,
and Ip and I, are the initial and final peak intensities during
isothermal crystallization, respectively.

I — I
Io —Io
1

The normalized intensities at 1210, 1458, and 920 cm™ are
plotted as a function of crystallization time (Fig. 9), so as to
qualitatively compare the variations of 103 helix sensitive bands
and the skeletal vibrations over the course of crystallization. The
bands at 1210 and 1458 cm~! are conformation-sensitive, while
920 cm™! is a pure crystalline band and sensitive to 103 helix
formation in PLLA crystalline phase. As is reported [25,40], the
former conformation-sensitive bands are representative of the
interchain interactions, while the latter crystalline band is corre-
lated to the intrachain interactions. Both t; and tys of PLLA
mixtures are shorter than those of pure PLLA for each band,
indicating that the formation of the ordered skeletal conformation
and 103 helix structure occurs in the earlier stage compared with
that in pure PLLA. It can be seen that EBH and EBSA promotes the
occurrence of both the interchain interactions and intrachain
interactions, and thus the crystallization rate of PLLA is enhanced.
The tj and tg 5 associated with PLLA/EBH is the shortest, suggesting
the faster nucleation rate and bulk crystallization kinetics than
pure PLLA and PLLA/EBSA.

Xpe = x 100% (5)
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Fig. 8. The relative crystallinity of pure PLLA and its mixtures as a function of crys-

tallization time at 125 °C.

Table 4
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Crystallization kinetics parameters obtained from time-resolved FTIR.

Samples Induction time ¢; (min) Overall crystallization time ¢ (min)
PLLA 100 640
PLLA/EBSA 16 84
PLLA/EBH 11 50

To compare the variation of skeletal conformational order and
helix formation, normalized peak intensities at 920, 1210 and
1458 cm™! are presented as a function of crystallization time
(Fig. 10). The order of intensity changes in the earlier stages is as

follows:
a
1.0 ﬁ
&
z 0.8 g PLLA
§ Bg ©  PLLA/EBH
£ 064 A PLLA/EBSA
L Ay
§ ‘_ﬁ‘ PRIV
= 04 2 z
= @& £
£ o z
= . H
2 024 8 H
@ H PLLAEBH
[aY ) d * PLLA/EBSA
pa 0.0 corondt
{'.U- )l e z':}Tl‘me(nllnl G .
T Ll T M T T T T T ol T ¥
0 100 200 300 400 500 600 700
Time (min)
b ‘
v F
Eig
z 084 o4
E Oﬁ PLLA/EBH
E 061 o & PLLA/EBSA
= 044 2 i
= o] z
g P 2o
i S e
2024 % O nia
kg Soz g:ﬁ:ﬁss\
0.04 Fiom o] =
2 mTlme(min) 2 o
T T ¥ T T T | B T
0 100 200 300 400 500 600 700
Time (min)
C
1.0 1
0.8 5 o PLLA
B " © PLLA/EBH
- o) o
= ¢
= o & PLLA/EBSA
3] i
i
yay 1.0
= o'y ey,
,§ 044 & £ 0
o i G Bos PLLA
2 M 3 e T
C S 02 S
2 2
004 & B
’ = N mTlmelmlu) o “
T - L i T d T M T v T ¥ T ¥
1} 100 200 300 400 500 600 700
Time (min)

Fig. 9. Normalized peak intensities at 920 (a), 1210 (b) and 1458 cm~! (c) as a function
of crystallization time for pure PLLA, PLLA/EBSA, and PLLA/EBH.
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Fig. 10. Normalized peak intensities at 920, 1210, and 1458 cm™! as a function of
crystallization time for pure PLLA and its mixtures. PLLA (a), PLLA/EBH (b), and PLLA/
EBSA (c).

PLLA: 1458 cm™! > 1210 cm~!~920 cm™!

PLLA/EBH: 1458 cm~!~1210 cm~' > 920 cm™!

PLLA/EBSA: 1458 cm ™' ~1210 cm~!~920 cm™!

During the crystallization induction period of pure PLLA
(Fig. 10a), the change of band at 1458 cm™! is detected considerably
earlier than that of bands at 1210 and 920 cm™ . This suggests that
the 0,5 (CH3) interchain interactions precede that the v,5 (COC)+7as
(CH3) interchain interactions and 103 helix formation. In Fig. 10b,
for PLLA/EBH, the intensity changes of bands at 1458 and 1210 cm™!
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start at a similar stage and are prior to the change of band at
920 cm~L This means that the interchain interactions corre-
sponding to 0,5 (CH3) and v,s (COC) + vas (CH3) take place simul-
taneously, and they dominate the creation of stable nuclei which
act as precursors for the formation of 103 helix structure. Other-
wise, for PLLA/EBSA (Fig.10c), it’s difficult to distinguish the differ-
ence in intensity changes of bands at 1458, 1210 and 920 cm ™,
implying that the interchain interactions and 103 helix formation
occur synchronously.

The differences in kinetics of skeletal conformational ordering
and helix formation signify the different crystallization mecha-
nisms for pure PLLA and its mixtures. The conformational evolution
of pure PLLA with the beginning of —CHj3 interchain interactions is
prior to the intrachain 103 helix formation, which is requisite for
the stable nucleus. This result is in well accordance with the
extensive research in literature where for pure PLLA long-range
order has been observed earlier than the formation of crystalline
short-range order in the crystallization induction time [26,37,41].
However, it should take a long time for PLLA molecular chains to
form an ordered conformation, since there is no extra drive for the
interchain interactions. In the case of PLLA/EBH, the hydroxyl
groups in EBH might interact with the carbonyl groups in PLLA
main chains through hydrogen bonding, which acts as a template to
adsorb the molecular chains. As reported in previous literature [42],
in nylon-6/clay nanocomposites systems, one molecular layer is
nucleated on the clay surface through hydrogen bonding during
crystallization, thus preparing the surface for interaction with the
subsequent molecules. This gives rise to a pseudo-hexagonally
packed lamellar structure on both sides of the clay and promotes
the crystallization of nylon-6. In the present case, the PLLA back-
bones may contact with the preadsorbed ones, promoting the
formation of conformational ordered structure. Meanwhile, the
—CHj3 groups among different PLLA chains are in close contact, and
they can easily interact with each other. Correspondingly, the band
at 1210 cm~! in relation to vas (COC) + Yas (CH3) and the band at
1458 cm ™! to 6,5 (CH3) start to increase. The interchain interactions
dominate the creation of stable nuclei and induce the following
formation of 103 helix structure. In PLLA/EBSA, EBSA serves as
a heterogeneous nucleus to induce skeletal conformational ordered
structure and 103 helix formation. The interchain interactions are
detected synchronously with the 103 helix formation, and thus it is
not able to serve as efficient nucleating precursors with respect to
EBH. Therefore, the nucleating effect of EBSA is weaker, and the
overall crystallization rate of PLLA/EBSA is slower than that of
PLLA/EBH.

Based on above discussion, it can be concluded that the inter-
action between EBH (or EBSA) and PLLA plays a critical role in the
crystallization of PLLA, which generates different chain packing and
skeletal conformation changes. As a consequence, the nucleation
efficiency of the two low molecular weight amides differs from
each other.

4. Conclusions

The effect of EBH and EBSA on the crystallization behavior of
PLLA has been investigated in this work. The addition of EBSA and
EBH can improve the crystallization of PLLA during non-isothermal
crystallization and isothermal crystallization, and EBH shows much
stronger nucleating ability than that of EBSA. Time-resolved FTIR
spectroscopic investigation indicates that the formation of both
skeletal conformational-ordered structure and 103 helix structure
of amide-doped PLLA precedes that of pure PLLA. For pure PLLA,
during isothermal crystallization, the —CHj3 interchain interactions
at 1458 cm~! occurs before the -(COC + CHs) interchain interac-
tions at 1210 cm~! and the intrachain 103 helix formation at
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920 cm™ L In the case of PLLA/EBH, the interchain interactions are
faster than the intrachain interactions. The interchain interactions
dominate the creation of stable nuclei which act as precursors
inducing the subsequent formation of 103 helix structure. However,
for PLLA/EBSA mixture, the skeletal conformational ordering and
103 helix formation are nearly synchronous. It is suggested that the
hydrogen bond interaction between hydroxyl groups in EBH and
the carbonyl groups in PLLA, may be responsible for the stronger
effect of EBH on the nucleating ability and crystallization kinetics of
PLLA, with respect to EBSA.
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