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ABSTRACT: The structural evolution and crystallization dynamics of poly(L-lactide) (PLLA) during
isothermal cold-crystallization process are studied by infrared (IR) spectroscopy and two-dimensional
correlation analysis. In the CdO stretching region, the band shift to a higher wavenumber taking place
during the crystallization of PLLA is attributed to the dipole-dipole interaction between the CdO groups.
A detailed analysis is performed for the range of 1500-1000 cm-1 where bands are highly overlapped. It
was found that the 1458 cm-1 band reflects the structural order of the CH3 group, and the band at 1109
cm-1 is related to the C-O-C trans conformation in the crystalline phase of PLLA. The band at 1193
cm-1 is sensitive not only to the structural adjustment of the C-O-C backbone but also to the structural
order of CH3 group in crystalline phase. From the analysis of the difference spectra and 2D correlation
spectra in the 1500-1000 cm-1 region, it is shown that the structural adjustment of the CH3 group
unambiguously precedes that of the ester group. Moreover, the detailed crystallization kinetic of PLLA
is investigated by analyzing difference spectra.

1. Introduction

In the past decade, great attention has been focused
on biodegradable and biocompatible polymers, both from
application and ecological perspectives.1,2 Poly(L-lactide)
(PLLA) (-[CH2CH(CH3)COO]n-) is a biocompatible
semicrystalline polymer, which can be hydrolytically
degraded to produce fully biodegradable oligomers.
PLLA possesses thermal and mechanical properties
useful for many applications and especially superior
transparency of the processed materials.3-6 The me-
chanical properties and chemical stability of a crystal-
line polymer, in general, strongly depend on its crystal
structures and their morphology. Therefore, the mor-
phology and crystal structure of PLLA have been
investigated extensively by AFM, TEM, X-ray scatter-
ing, etc.7-12 Depending on the preparation conditions,
three different crystalline modifications (R, â, γ) can be
attained for PLLA. Recently, the fine details of dynamic
processes during the crystallization of PLLA have
become a matter of keen interest. For example, Doi et
al.13,14 successfully observed the initial stage of crystal-
lization and development of lamellae during the iso-
thermal crystallization at 165 °C by using temperature-
controlled AFM. Mijoivic et al. also monitored the
molecular dynamics of PLLA during the melt and cold
crystallization by utilizing broad-band dielectric relax-
ation spectroscopy (DRS) over a wide range of frequency
and temperature.15

Fourier transform infrared spectroscopy (FTIR) is
sensitive to the conformation and local molecular envi-
ronment of polymers. Therefore, IR spectroscopy has

been used to elucidate the structure of this crystalline
polymer.16 Early IR studies on PLLA mainly focused on
the identification of characteristic bands to investigate
the polymer crystallinity. In fact, this technique shows
many advantages that make it ideal for dynamic studies
of the crystalline behavior of polymer. For example, only
a small amount of sample is necessary, and precise
temperature control can be achieved easily. Moreover,
structural evolution at the molecular level can be
simultaneously monitored in real time. Therefore, the
IR probe has been widely applied to reveal the struc-
tural and conformational changes of macromolecules
during the melting and crystallization process. There
are many examples where the crystallization process
of various semicrystalline polymers has been monitored
by the FTIR technique.17-20 However, surprisingly little
study has been reported on the structural changes
taking place during the melting and crystallization
process of PLLA using IR. One of the reasons for this
apparent lack of previous IR work may be due to the
fact that the spectral region in 1300-1000 cm-1 mainly
associated with ester groups is highly overlapped, and
the detailed analysis and assignment on this spectral
region have been difficult. To circumvent this limitation,
we use in this study 2D IR correlation spectroscopy in
addition to conventional IR methods to elucidate the
detailed crystallization dynamics of PLLA.

Since the introduction of generalized two-dimensional
(2D) correlation spectroscopy by Noda in 1993,21-23 this
technique has become a powerful and versatile tool for
elucidating subtle spectral changes induced by an
external perturbation such as temperature, concentra-
tion, time, etc. Generalized 2D correlation spectroscopy
has gained popularity in the analysis of IR spectra of
polymers for two major reasons. One is that 2D spec-
troscopy enhances apparent spectral resolution by de-
convoluting highly overlapped bands into individual
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component bands. Another reason is that it gives the
information about specific order of the spectral intensity
changes taking place during the measurement from the
analysis of the asynchronous spectra.

Several important papers have been published con-
cerning the infrared and Raman spectra of PLA. For
example, the effects of morphology, conformation, and
configuration on the IR and Raman spectra of various
poly(lactic acid)s were investigated by Kister et al.24 A
Raman analysis was also conducted to examine the
disordered structures of poly(lactic acid).25 In the present
study, the structural changes and crystallization kinet-
ics of PLLA during the cold-crystallization process of
PLLA at 78 °C are investigated by using IR spectros-
copy. Using conventional spectral analysis methods for
IR spectra, such as the difference spectra and second
derivatives, together with 2D correlation analysis, the
time-dependent IR spectra of PLLA are examined in
detail. The isothermal cold crystallization kinetics is
analyzed on the basis of difference IR spectra.

2. Experimental Section
2.1. Material and Sample Preparation Procedures. The

synthesis and purification of PLLA (PLLA: Mw = 150 000 g
mol-1, Mw/Mn ) 1.8) used in the present study were performed
according to procedures reported previously.26 PLLA film
for an IR measurement was cast on KBr windows from a
1% (w/v) PLLA chloroform solution. After the majority of the
solvent had evaporated, the film was placed under vacuum at
room temperature for 48 h to completely remove the residual
solvent. Special attention was paid to ensure that the film
examined was sufficiently thin to be within the absorption
range where the Beer-Lambert law is obeyed. IR spectra
verified that the film thus prepared was amorphous.

2.2. FTIR Spectroscopy. For studying the cold crystal-
lization process of PLLA by IR spectroscopy, the sample was
set on a homemade variable temperature cell, which was
placed in the sample compartment of a Thermo Nicholet
Magna 870 spectrometer equipped with a MCT detector. The
sample was then heated at 10 °C/min up to 78 °C and annealed
for 2 h. All the IR spectra of the specimen were collected at 2
cm-1 resolution with 2 min interval during the annealing
process at 78 °C. The spectra were obtained by coadding 16
scans.

2.3. 2D IR Correlation Analysis. Before performing the
2D correlation analysis, the IR spectra were preprocessed to
minimize the effects of baseline instabilities and other non-
selective effects. The wavenumber regions of interest (1840-
1680, 1300-1000 cm-1) were truncated first and subjected to
a linear baseline correction, followed by offsetting to the zero
absorbance value. Ten spectra with an equal temperature
interval in a certain wavenumber range were selected for the
2D correlation analysis, which was carried out by using the
software named “2D Pocha” composed by D. Adachi (Kwansei
Gakuin University). The temperature-averaged 1D reference
spectrum is shown at the side and top of the 2D correlation
map for reference. In the 2D correlation map, areas without
dots indicate positive correlation intensities, while those with
dots indicate negative correlation intensities.

3. Results and Discussion
3.1. Structure Formation and Bands Assign-

ment. To elucidate structural changes during the cold-
crystallization process of PLLA, we first investigate the
spectral difference between amorphous and semicrys-
talline PLLA samples. Figure 1 shows IR spectra of the
PLLA cast film used for cold crystallization before and
after annealing at 78 °C for 2 h. The enlarged spectra
region in the 1000-800 cm-1 is plotted in the inset
graph of Figure 1. The IR spectrum of the PLLA cast
film before annealing shows the complete lack of the

band at 923 cm-1, which is assigned to the coupling of
C-C backbone stretching with the CH3 rocking mode
and sensitive to the 103 helix chain conformation of
PLLA R crystals.27-29 It indicates that the sample
prepared for the cold crystallization is initially in the
amorphous state, and R crystals of PLLA were formed
after the cold crystallization at 78 °C for 2 h.

It should be pointed out that the crystalline structure
of the R form of PLLA has yet to be assigned definitively.
For example, Hoogsten et al.9 observed extra 00l reflec-
tions which suggest some deviation from a “pure” 103
helix conformation. Recent research by potential energy
calculations has also shown that a distorted helix exists
in R crystals of PLLA.30 However, there is no doubt that
the 923 cm-1 band is related to the R crystals of PLLA.
Obviously, the IR spectra of amorphous and semicrys-
talline PLLA yield distinct differences (Figure 1). It is
noted that two regions of the IR spectra are very
sensitive to the structural changes taking place during
the crystallization process of PLLA. One is the CdO
stretching vibration region of 1860-1660 cm-1, and the
other is the region of 1500-1000 cm-1 which is involved
in the CH3, CH bending, and C-O-C stretching vibra-
tion. In contrast, the spectral change of the C-H
stretching vibration in the high wavenumber region of
3000-2800 cm-1 is relatively very small. Detailed
analysis and discussion on the two crystallization-
sensitive regions will be shown separately as below.

3.1.1. CdO Stretching Region. The spectral evolu-
tion in the CdO stretching region during the cold-
crystallization process is shown in Figure 2a. Difference
spectra calculated by subtracting the initial spectrum
from the rest of spectra in Figure 2a are displayed in
Figure 2b. Obviously, during the crystallization process,
the intensity of a positive peak at 1762 cm-1 increases
gradually with time, while that of a negative peak at
1749 cm-1 decreases. It seems rational to assign the
1762 cm-1 band to the ν(CdO) in the crystalline phase
and the 1749 cm-1 band to the ν(CdO) in the amorphous
phase. However, from the second derivative (Figure 3)
of the spectra shown in Figure 2a, no two fixed peak
position can be observed in the ν(CdO) spectral region,
and only a high-wavenumber shift is observed. There-
fore, the positive and negative differential absorbance

Figure 1. IR spectra of the PLLA samples used for cold
crystallization before (‚ ‚ ‚) and after (s) annealing at 78 °C
for 2 h.

6434 Zhang et al. Macromolecules, Vol. 37, No. 17, 2004



peaks in the difference spectra in the 1840-1680 cm-1

region maybe artificially generated in the difference
spectra by the crystallization-induced frequency shift
and bandwidth narrowing of the actual IR spectra. In
general, the asynchronous 2D correlation spectra have
been used to identify the sequential changes of spectral
intensities. However, it is found that some features
generated in a 2D asynchronous map may be the result
of small frequency shifts or bandwidth changes.31-33

From asynchronous correlation spectra (Figure 4) cal-
culated with the spectra in Figure 2, it is not difficult
to see that the so-called “butterfly pattern” appears in
the CdO stretching region. Usually, the appearance of
such a pattern in an asynchronous spectrum is attrib-
uted to a peak shift combined with the intensity
changes.31,32

On the basis of the analysis above, we can conclude
that two-phase model is not suitable for explaining the
spectral changes in the ν(CdO) region during the cold-
crystallization process of PLLA. Kister et al.24 reported
that the ν(CdO) stretching mode is split into three

components in Raman spectra for semicrystalline PLLA.
It is well-known that for polymer systems a band
splitting occurs due to the dipole-dipole coupling when
the molecules form an ordered structure.34 Usually, the
dipole-dipole interaction provides quite different spec-
tral patterns for IR and Raman spectra, which is
consistent with the case for semicrystalline PLLA
sample. Accordingly, a possible interpretation for the
high-frequency shift of the ν(CdO) band is due to the
transition dipole coupling of the CdO bonds in the
crystalline state. Moreover, according to the crystal
structure of PLLA revealed by X-ray crystallography,9
the PLLA chains form a distorted 103 helical structure
in R crystals, and its crystal unit cell contains two left-
handed helical molecules in antiparallel orientation.
However, the distance between the neighboring CdO
groups along the chain can be estimated to be 3.26 Å
from the crystal structure revealed by X-ray crystal-
lography, which is larger than the distance (∼2.7 Å) for
inducing the dipole-dipole interaction.35 Therefore, one
may speculate that the dipole-dipole interaction be-
tween the CdO groups belongs to the interchain inter-
action and not intrachain interaction during the crys-
tallization process of PLLA.

3.1.2. CH3 and CH Bending and C-O-C Stretch-
ing Region. In this study, we are particularly inter-
ested in the range from 1500 to 1000 cm-1, which is
highly sensitive to the crystallization process, but
detailed analysis in this spectral region has been
somewhat lacking. Figure 5a shows the spectral changes
of the PLLA cast film in the region of 1500-1000 cm-1

as a function of annealing time. As the crystallization
progresses at 78 °C, the intensities of some bands
change greatly, and the others show a frequency shift.
From the original spectral data shown in Figure 5a, the
bands in the 1500-1300 cm-1 region, which are as-
signed to the deformation vibrations of the CH3 group
and the bending vibration of CH group, show only slight
changes. A band around 1454 cm-1 is assigned to the
CH3 asymmetric deformation mode, which can usually
be taken as an internal standard.24 It is noted that this
band shows a small high-wavenumber shift and inten-
sity increase during the crystallization. This phenom-
enon has not been noted in the literature. The high-
wavenumber shift of this band is probably caused by
the appearance of a new peak at a high wavenumber
that corresponds to the development of the crystalline
phase. Usually, the convolution of the old and new peaks

Figure 2. (a) Temporal changes of the IR spectrum in the
wavenumber range of 1860-1660 cm-1 during the cold-
crystallization process of PLLA at 78 °C. The spectra were
arranged with a 4 min interval. (b) Difference spectra obtained
by subtraction of the initial spectrum from the spectra shown
in (a).

Figure 3. Second derivatives of the spectra shown in Figure
2a.
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produces the apparent shift. Subsequently, the differ-
ence spectra verify that the new band relating to the
crystallization process does appear in this spectral
region. A band around 1384 cm-1 is due to the CH3
symmetric deformation mode, and bands in 1368-1360
cm-1 may be associated with the combination of δs(CH3)
and δ(CH). Some small spectral changes take place for
these bands, while relatively large changes occur in the
C-O-C stretching region from 1300 to 1000 cm-1. To
emphasize the spectral changes and to relate the
intensity changes of these peaks to the crystallization
kinetics, a series of difference spectra are calculated by
subtracting the initial (amorphous state) spectrum from
the semicrystalline state spectra displayed in Figure 5a.
Figure 5b depicts them. The difference spectra show two
interesting new features: one is a symmetric positive
peak appearing at 1458 cm-1, and the other is a pair of
double positive peaks occurring in the 1368-1359 cm-1

region. These new peaks all show positive intensities
in the difference spectra. The new features at 1458,
1368, and 1359 cm-1 should be related to the structural
order of the CH3 group in the crystalline phase during
the cold crystallization of PLLA at 78 °C.

In the 1300-1000 cm-1 region, pronounced spectral
changes during the cold crystallization could be ob-
served not only in the original spectra in Figure 5a but
also in the difference spectra in Figure 5b. However,
bands in this region are heavily overlapped, and thus
the second-derivative IR spectra in the 1000-1300 cm-1

region are calculated for the amorphous and semicrys-
talline PLLA films measured at before and after an-
nealing at 78 °C (Figure 6). It should be noted that there
are some small differences in the peak positions between
the second-derivative spectra and the difference spectra.
Six component bands are revealed in this region for the
amorphous PLLA sample, whereas eight bands for the
semicrystalline sample. Two bands around 1194 and
1107 cm-1, which do not appear in the spectrum of the
amorphous PLLA sample, may be characteristic of the
crystalline state. According to the literature,24,26 the
bands at 1183 and 1212 cm-1 of the amorphous PLLA
are assigned to the combination of νas(C-O-C) and
ras(CH3).

In the crystalline state, the band at 1212 cm-1 shifts
to 1215 cm-1, whereas the band at 1183 cm-1 splits into
two bands at 1194 and 1184 cm-1. A similar case can
also be seen in the νs(C-O-C) region, where only one
band appears at 1089 cm-1 for the amorphous state, but
two bands are observed at 1107 and 1089 cm-1 for the

crystalline state. During the crystallization of PLLA, the
adjustment of the conformation of C-O-C backbone
seems to be a precondition for the formation of the
ordered helix conformation of polymer chain. Moreover,
in the difference spectra shown in Figure 5b, the band
intensities around 1194 and 1107 cm-1 increase with
the annealing time. Therefore, it is rational to propose
that the two new bands due to the vibrational modes
involving the C-O-C stretching vibrations are related
with the planar trans conformational state of ester
group in the crystalline phase of PLLA. The other two
bands (1133 and 1044 cm-1) appearing in both the
amorphous and crystalline states are assigned respec-
tively to the CH3 rocking and C-CH3 stretching mode.
Table 1 lists band assignments of the amorphous and
semicrystalline PLLA samples in the range 1500-1000
cm-1.

3.2. Crystallization Kinetics. To investigate the
crystallization kinetics, normalized peak heights of the
crystalline sensitive bands at 1458, 1193, 1133, and

Figure 4. Asynchronous correlation spectra of PLLA in the
region of 1840-1680 cm-1 calculated from the spectra obtained
during annealing at 78 °C.

Figure 5. (a) Temporal changes of the IR spectrum in the
wavenumber range of 1500-1000 cm-1 during the cold crystal-
lization process of PLLA at 78 °C. The spectra were collected
with 4 min interval. (b) Difference spectra obtained by
subtraction of the initial spectrum from the spectra shown
in (a).
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1109 cm-1 of PLLA are plotted as a function of crystal-
lization time at 78 °C in Figure 7. An interesting result
is that the 1193 cm-1 band shows the fastest rate of
change while the 1109 cm-1 band shows the slowest.
The order of intensity changes is as follows: 1193 cm-1

> 1458 ≈ 1133 cm-1 > 1109 cm-1. According to the band
assignments above, the 1193 cm-1 band is assigned to
νas(C-O-C) + ras(CH3), and the bands at 1458 and 1133
cm-1 are the pure band relative to the CH3 group. The
1109 cm-1 band is due to νs(C-O-C), which is a pure
band relative to the C-O-C backbone of PLLA. In the
previous analysis, we have pointed out that the bands
located around 1193 and 1109 cm-1 are both sensitive
to the C-O-C trans conformation in the crystalline
phase of PLLA, whereas the band at 1458 cm-1 reflects
the structure order of the CH3 group in the crystalline
phase. However, from the sequence of intensity changes
shown in Figure 7, additional conclusions may be
drawn. Considering the band assignments and the order
of intensity changes, the proper description may be
given as follows: the band at 1193 cm-1 is sensitive not
only to the structural adjustment of the C-O-C back-
bone but also to the structural order of the CH3 group.
Under such consideration, we can derive a molecular
level mechanism that the structural adjustment of CH3
group occurs faster than that of C-O-C group during
the crystalline process of bulk PLLA. From the molec-
ular structure of PLLA repeat unit, this conclusion also

seems to be reasonable. At the same time, the reason
for the fastest changing rate of the 1193 cm-1 band can
also be provided.

It has been well established that the information
about the specific order of spectral intensity changes
taking place during the measurement can also be
derived from the analysis of the 2D asynchronous
spectra. To confirm the conclusion above, we further
investigate the 2D correlation spectra of PLLA calcu-
lated from the spectra obtained during annealing at 78
°C. Figure 8a,b shows the synchronous Φ(ν1,ν2) and
asynchronous Ψ(v1,ν2) 2D correlation spectra. In both
2D spectra, it can be seen that highly overlapped peaks
in the range 1300-1000 cm-1 are deconvoluted ef-
fectively by spreading the peaks along the second
spectral dimension. An asynchronous spectrum repre-
sents sequential or successive changes of spectral
intensities measured at v1 and v2. According to Noda’s
rule,21,22 the sign of an asynchronous cross-peak be-
comes positive if the intensity change at v1 occurs
predominantly before v2 in the sequential order of t. It
becomes negative, on the other hand, if the change
occurs after v2. This rule is, however, reversed if the
corresponding synchronous intensity becomes negative,
i.e., Φ(v1,v2) < 0. Compared with the synchronous
spectrum in Figure 8a, the corresponding asynchronous
spectrum in Figure 8b is more strongly influenced by
fine details of spectral fluctuations. The information
about the sequential changes of the bands at 1193, 1133,
and 1109 cm-1 can be obtained from several well-
separated cross-peaks in Figure 8a,b. In the synchro-
nous spectrum (Figure 8a), Φ(1193, 1133), Φ(1193,
1109), and Φ(1133, 1109) > 0, and in the corresponding
asynchronous spectrum Ψ (1193, 1133), Ψ (1193, 1109),
and Ψ (1133, 1109) > 0 (Figure 8b). These observations
indicate that the sequential order of these three bands
is 1193 cm-1 > 1133 cm-1 > 1109 cm-1, which is
consistent with the result of Figure 7. Therefore, from
the 2D correlation analysis, the same sequential order
can also be derived.

Usually, it is believed that the structural changes of
various functionalities within a polymer occur coopera-
tively during the crystallization. However, in the case
of cold crystallization of PLLA, different rates of changes

Figure 6. Second-derivative IR spectra in the region of 1300-
1000 cm-1 for the PLLA sample (a) in the amorphous and (b)
semicrystalline state PLLA at 78 °C.

Table 1. Band Assignments of Amorphous and
Semicrystalline PLLA in the 500-1000 cm-1 Region

IR frequencies (cm-1)

amorphous semicrystalline assignments

1454 1458 δas(CH3)
1383 1386 δs(CH3)
1363 1368 δ(CH), CH wagging (bending)

1360
1268 1268 ν(CH) + ν(COC)
1212 1215 νas(COC) + ras(CH3)
1182 1194

1184
1133 1133 rs(CH3)
1089 1107 νs(COC)

1089
1044 1044 ν(C-CH3)

Figure 7. Normalized peak heights of the crystalline sensitive
bands at 1458, 1193, 1133, and 1109 cm-1 of PLLA as a
function of crystallization time at 78 °C calculated from the
difference spectra shown in Figure 5b.
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for the CH3 and ester groups are unambiguously verified
by the analysis of 1D and 2D spectra. To explain the
distorted helix conformation in R crystals of PLLA,
Hoogsteen et al.9 suggested that the interchain contacts
between CH3 groups force this distortion, in a way
similar to the R-helix conformation of poly(L-alanine),
which is the polypeptide analogue of poly(L-lactide).
Therefore, it seems that the difference in the rate of
changes between CH3 group and C-O-C group during
the process of R crystals formation of PLLA should be
related to the interchain interaction between the CH3
groups.

The well-known Avrami equation36,37 is often used to
analyze the isothermal crystallization process of poly-
mer. When IR data in difference spectra are used,
Avrami’s equation can be stated as follows:

where At is the peak intensity at the crystallization time

t, A∞ and A0 are respectively the initial and final peak
intensities during isothermal crystallization, k is the
crystallization rate constant dependent on the nucle-
ation and growth rates, t is the time of the crystalliza-
tion, and n is the Avrami exponent, which is related to
the nature of nucleation and to the geometry of the
growing crystals.38 Equation 1 can also be expressed in
the following form.

Accordingly, the Avrami parameters n and k can be
obtained from the slope and the intercept, respectively,
by plotting the first term versus ln t. Figure 9 gives an
example of the plot of Avrami equation using the peak
height of the band at 1458 cm-1 for the isothermal cold
crystallization of PLLA at 78 °C. The curve shows an
initial linear portion that subsequently tends to level
off. This deviation maybe thought to be due to the
secondary crystallization that is caused by the spheru-
lite impingement in the later stage.

The half-life, t1/2, is an important parameter for the
discussion of the crystallization kinetics and can be
expressed as follows:

The parameters of crystallization kinetics calculated
according to different bands shown in Figure 7 are listed
in Table 2. It can be seen that the variations in these
crystalline parameters calculated from different bands

Figure 8. Synchronous (a) and asynchronous (b) correlation
spectra of PLLA in the region of 1300-1000 cm-1 calculated
from the spectra obtained during the annealing at 78 °C.

At - A∞

A0 - A∞
) exp(-ktn) (1)

Figure 9. An example of the plot of Avrami equation for the
isothermal cold crystallization of PLLA at 78 °C. The peak
height of the band at 1458 cm-1 in the difference spectra is
used for this plot.

Table 2. Avrami Parameters Derived from the Analysis of
Isothermal Cold Crystallization of PLLA by Using the

Normalized Peak Heights As Shown in Figure 7

bands used for
calculation (cm-1)

parameters 1458 1193 1133 1109 av

rate constant, k (min-n × 104) 6.75 6.75 3.85 2.75 7.34
Avrami index, n 1.98 1.98 2.08 2.14 2.02
half-time, t1/2 (min) 33 33 37 39 36

ln[-ln(At - A∞

A0 - A∞
)] ) ln k + n ln t (2)

t1/2 ) (ln 2
k )1/n

(3)
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are very small. For isothermal cold crystallization of
PLLA at 78 °C, the average value of the Avrami
exponent is n ≈ 2, which suggests that the crystalliza-
tion started from heterogeneous nucleation and the
primary crystallization stage might correspond to a two-
dimensional, circular, diffusion-controlled growth of
nucleation.

3.3. Conclusion. The IR spectral variations and band
assignments during the cold crystallization of PLLA at
78 °C have been investigated in detail by conventional
spectral analysis methods as well as 2D correlation
analysis. In the CdO region, a high wavenumber shift
has been attributed to the dipole-dipole interaction
between the CdO groups taking place during the
crystallization of PLLA. Several new bands reflecting
the structural order of polymer chain have been dis-
closed in the range 1500-1000 cm-1. Among these
crystalline sensitive bands, the 1458 cm-1 band has
been assigned to the structural order of the CH3 group,
and the band at 1109 cm-1 relates to the C-O-C trans
conformation in the crystalline phase of PLLA. The band
at 1193 cm-1 is sensitive not only to the structural
adjustment of C-O-C but also to the structural order
of CH3 group in the crystalline phase. It has been shown
that the structural adjustment of the CH3 groups
precedes that of ester backbone form the analysis of the
1D spectra and the 2D correlation spectra. Moreover,
the isothermal cold-crystallization kinetics of PLLA has
been investigated by the data of difference spectra. The
Avrami equation describes the primary stage of isother-
mal crystallization kinetics with the exponent n ≈ 2 for
the cold crystallization of PLLA at 78 °C.
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