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Abstract

The structure of uniaxially oriented poly(l-lactic acid) (PLLA) with different drawn ratios was studied in the solid state using13C NMR
spectroscopy. The spectra of uniaxially oriented PLLA films were observed by changing the angle between the draw direction of the samples
and the magnetic field. The observed spectra of the samples with draw ratios of 3 and 4 were well reproduced by the simulated spectra,
indicating the presence of two kinds of oriented components and one unoriented component in these samples. The angles,uCyO, between the
CyO bond direction of PLLA and the oriented axis of the chain were calculated to be 132 and 1288 for two oriented components,
respectively, by assuming that the chemical shift tensor direction relative to the molecular symmetry axis of the carbonyl carbon nucleus
of PLLA was the same as that for the carbonyl carbon of poly(ethylene terephthalate) reported previously. The angles, 132 and 1288, are in
agreement with the reported angles for PLLA 31 helix model in theb form and PLLA 103 helix model in thea form, respectively. The
relatively small value ofp (characterizing the distribution of the fiber axis) obtained in the simulation indicates the high orientation in the
oriented domain in the PLLA film samples. The fraction of each component in the samples was also determined.q 1999 Elsevier Science
Ltd. All rights reserved.
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1. Introduction

Poly(l-lactic acid) (PLLA) is one of the biodegradable
polymers and is formed froml-lactic acid produced from
natural renewable sources such as corn. This polymer
decomposes rapidly and completely in a typical compost
environment which makes it an ideal replacement for non-
degradable polymers in numerous applications like yard-
waste bag and food containers, etc. [1,2]. Thus, because of
its potential applications, a large number of studies on
PLLA, synthesis [3–6], morphology [7–10], thermal and
mechanical properties [11–16], and degradation kinetics
in both in vitro and in vivo [17–21] have been reported
including the 13C CP MAS NMR study [22]. Depending
on the spinning and drawing conditions, two crystal struc-
tures are obtained. The pseudoorthorhombica structure
(a� 1.06 nm,b� 0.61 nm, andc� 2.88 nm) contains two
chains in the unit cell and is found at relatively low drawing
temperatures and/or low hot-draw ratios. On the contrary,
a second b structure (orthorhombic unit cell with
a� 1.03 nm, b� 1.82 nm, andc� 0.90 nm) appears at

higher drawing temperatures and/or higher hot-draw ratios.
The similar values of the cell dimensions are also reported
by Okihara et al. [23]. The chain conformations of thea and
b structures are left-handed 103 and 31 helices, respectively.
The preference for one of the two structures has been
considered depending on the packing of PLLA chains
strongly.

The recently developed solid state13C and15N CP NMR
methods for the structural analysis of uniaxially aligned
polymers including proteins are well suited for the structural
analysis of polymers at atomic resolution [24,25]. In solid
state NMR studies of oriented samples, orientation-depen-
dent nuclear spin interaction tensors serve as probes with
which the relative orientations of specific bond vectors can
be determined. In our previous paper [26],13C solid state
NMR spectra of uniaxially oriented poly(ethylene
terephthalate) PET films with different draw ratios have
been observed in order to determine the fraction of highly
oriented and low oriented structures together with non-
oriented structures in the films. In addition, the highly
oriented structure is the same as that reported from X-ray
diffraction analysis. However, the low oriented structure
detected from such solid state NMR analysis is a unique
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structure that could not be observed in the X-ray diffraction
analysis. The NMR is more sensitive to the shorter range
ordered structure than X-ray diffraction and can be recog-
nized as an ordered structure with a relatively large distribu-
tion axis. In the structural analysis, the attention is focused
on the carbonyl carbons with large chemical shift aniso-
tropy. The13C carbonyl carbon labeled PET samples were
used to eliminate the contribution of the aromatic carbon
peaks overlapped in the natural abundance13C CP spectrum
[27,28]. Such solid state NMR analyses have been already
applied to uniaxially aligned silk fibers [29–31] and poly-
amide fibers [32–35]. Especially, the determination of the
torsion angles of silk fibroin backbone chains was possible
by the combination of13C and 15N solid state NMR, and
stable isotope labeling of the silk samples.

In the present paper,13C solid state NMR spectra of
uniaxially oriented PLLA films with different draw ratios
are reported as a function of the angle between the mechani-
cally drawn direction and the magnetic field in order to
determine details of the structure of oriented PLLA samples
including the fraction of the individual structural component.

Because of the large13C chemical shift difference of

methyl, methine and carbonyl carbons in the PLLA spectra,
the angular-dependent spectra could be observed for each
spectrum without overlapping. However, in this paper, our
attention is focused on the carbonyl carbon analysis because
of the large chemical shift anisotropy. In addition, we did
not discuss whether or not the PLLA chains are oriented
upwards and downwards at the corresponding position in
the unit cell although the coexistence of the upward and
downward chains might change the PLLA spectra because
of the difference in the packing effect from only upward or
downward chains.

2. Theory

The method of the spectral analysis is essentially the
same as that in the previous papers [26,29] and so is only
briefly described here. The13C chemical shift anisotropy
(CSA) principal axis system (PAS) is the reference frame
in which the 13C CSA tensor is diagonal with principal
componentss11 , s22 , s33. These tensor elements can
be determined by observing the powder pattern arising
from a randomly dispersed sample. The FAS (fiber axis
system) is a reference frame fixed in the aligned sample,
defined in such a way that such that the macroscopic fiber
axis lies in thezdirection (Fig. 1(A)). Here, the macroscopic
fiber direction is assumed to be the same as that of the
mechanically drawn direction (MD) of the films. In addi-
tion, the sample is considered to be of axial symmetry with
respect to orientation.

To transform the13C CSA tensor from the PAS represen-
tation to the FAS representation, the13C CSA tensor is first
rotated abouts33 by aF to brings22 into thexy plane (Fig.
1(A)) followed by a rotation abouts22 by bF to brings33

coincident withzFAS. The NMR spectra are observed in the
laboratory frame of reference (LAB), in which the magnetic
field (B0) lies in theZ direction (Fig. 1(B)). The angles,aL

andbL, are the Euler angles that transform the FAS into the
LAB frame of reference. Only two angles are required for
this transformation because the NMR experiment is sensi-
tive only to the component of the tensor parallel toB0.
Therefore, the position of the FAS within theXY plane is
arbitrary, and the Euler angle,gL, conveniently can be set to
zero. The angle,bL, is set in the experiment as an angle
betweenzFAS andZLAB (B0). On the contrary, all values ofaL

are equally represented in the spectrum (08 , aL , 3608).
Since the samples usually have an orientational distribu-

tion around the fiber axis, a Gaussian distribution (around
bL) is assumed with the distribution characterized byp, the
standard deviation of the assumed Gaussian distribution,
defined as follows [26]:

f �x� � 1=�2pp�exp�2�x 2 bL�2=2p2�
where f(x) is the probability of the oriented polymer
molecules having anglex between the fiber axis andB0.

The possible orientations obtained by the above method
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Fig. 1. Transformations from the13C principal axis system (PAS) to the
fiber axis system (FAS) (A) and from the FAS to the laboratory (LAB)
frame of reference (B). The PAS is related to the FAS by the Euler angles,
aF andbF. The FAS is related to the LAB reference frame by the Euler
angles,aL andbL. The macroscopic fiber direction is assumed to be the
same as that of the mechanically drawn direction (MD) of the PLLA film.



can be readily expressed in terms of bond angle orientations,
provided the orientation of the13C PAS is known relative to
the bonds of interest. Here, we concentrated on the analysis
of the carbonyl carbon spectrum. The angles between13C
PAS and molecular symmetry axis (MSA) frame of refer-
ence (the C–C bond axis, C–O and CyO bonds of PLLA
molecule) for the carbonyl carbon were assumed to be the
same as those for PET. Namely, thes11 axis is approxi-
mately perpendicular to the O–CyO plane. Thes33 makes
an angle of 298 with the C–O bond direction ands22 is very
close to the CyO bond direction in the O–CyO plane.

3. Experimental

3.1. Materials

A commercial sample of PLLA produced from Mitsui
Chemical Ltd. (Japan) was used for solid state NMR
observation. The weight average molecular weight is
Mw� 1.6× 105 which is determined with the GPC method
in chloroform at 408C, using MIXED-C (300–7.5 mm) GPC
column. The uniaxial films were prepared as follows. Amor-
phous PLLA films (2 mm thick) were first obtained by injec-
tion-molding method: melting at a temperature of 2008C
and then quenching at 168C. The uniaxial films were then

prepared with a draw rate of 10 m/min at 708C, made by the
one-way stretching of injection-mold sheet using Biaxial
Stretching Machine (Toyo Seiki Ltd.). The films
(4 × 3 mm2) with draw ratio of 2, 3, and 4 were set as
shown in Fig. 2 and used for13C NMR observation.

The [1–13C]PLLA sample (Mw� 1.1× 105) was
prepared by the polymerization of a mixture of [1–13C] l-
lactic acid (98% enrichment, Shoko Tsusho Ltd., Japan) in
30 mol% and natural abundancel-lactic acid in 70 mol%.
Taking into account the loss in the polymerization process,
the mixture of labeled and unlabeled monomers was used.
The powder of [1–13C] labeled PLLA was used for the deter-
mination of the chemical shift tensors of the carbonyl carbon.

3.2. 13C NMR measurements

A JEOL EX-270 spectrometer was used for13C solid
state NMR observation operating at 67.8 MHz at 258C.
The cross-polarization (CP) technique (Hartmann–Hahn-
matched conditions) with CPmix� 2 ms was used with a
recycle delay of 5 s and the spin locking field strength
was 1.2 mT. Phase cycling was used to minimize artifacts.
A goniometer was used to adjust the sample at different
angles,bL, 0, 30, 60 and 908 between the draw direction
MD and the magnetic field. Typically 15 000 FIDs were
accumulated for each spectrum. The chemical shift of
methyl peak of hexamethylbenzene was used as an external
chemical shift reference and converted as 17.3 ppm from
TMS. All the peak simulations were performed with the
programs made by us [24,25] using a INDIGO II silicon
graphics work station.

4. Results

4.1. 13C solid state NMR spectra of oriented PLLA samples

Fig. 3 shows the13C CP NMR spectra of a PLLA sample
(draw ratio 2) as a function of the angle,bL. Because of the
large 13C chemical shift difference among the methyl,
methine and carbonyl peaks, the angular-dependence can
be studied for each spectrum clearly. The three main
peaks with different shapes are observed. The carbonyl
peaks observed at the lowest field show large chemical
shift anisotropies. The peak shapes are essentially indepen-
dent of the angle between the MD direction and magnetic
field which is a similar case of PET sample with draw ratio
of 2 reported previously. The methyl peaks at the highest
field (about 18 ppm) have shoulders at both sides and thus
show chemical shift anisotropy although the degree of the
anisotropy is not large. The angle dependence of the shape
can be neglected. On the contrary, a small angle dependence
was observed for the methine peaks; two peaks atbL � 08
and asymmetric peaks with a tail at the higher field with
increasingbL. This indicates the initial stage of the orientation
of the PLLA chain is observed clearly at only the methine
peak. This will be discussed later in detail.
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Fig. 2. Preparation of an uniaxially oriented block sample of PLLA films for
13C CP NMR observations as a function ofbL, the angle between the
mechanically drawn direction MD and the magnetic field.



The angle-dependent spectra of PLLA samples with draw
ratios of 3 and 4 are shown in Fig. 4. The line shapes of three
kinds of carbons including the angle-dependent spectral
patterns are similar between the samples with draw ratios
of 3 and 4. The methyl peak becomes sharper than that of the
sample with a draw ratio of 2 atbL � 08. With increasing
bL, the intensities of both sides of the main methyl peak
increase. AtbL � 908, the head of the peak tends to be flat.

The shapes of the methine peaks change dramatically
with increasingbL. The methine peak becomes sharp and
with a shoulder at a lower field atbL � 08. At bL � 308, the
peak becomes broader and a small peak is observed at the
higher field than the main peak atbL � 08. The peak
becomes sharp again atbL � 908, but the peak position
shifts to a lower field than that atbL � 08.

The carbonyl peaks also change dramatically with

increasingbL. The peak looks a broad doublet atbL � 08
and becomes sharper atbL � 908. Here, we concentrate to
analyze the change in these carbonyl peaks below.

4.2. 13C solid state NMR powder pattern spectrum of
[1–13C]PLLA sample

In the process of structural analysis for oriented polymers
with angle-dependent solid state NMR, it is required to
determine the chemical shift tensor values of the carbonyl
peak of PLLA powder precisely. Therefore, the determina-
tion was performed with carbonyl carbon labeled PLLA
powder as determined for PET sample previously. Fig. 5
shows the expanded carbonyl carbon region in the13C CP
NMR spectrum of [1–13C]PLLA powder sample. By the
simulation [29], the chemical shift tensor values were
determined to bes11� 113 ppm, s22� 134 ppm and
s33� 266 ppm. Here, the line broadening was assumed to
be 5 ppm in the simulation. Thus, thes iso chemical shift
value of the carbonyl peak of amorphous PLLA sample
was 171 ppm and coincide with the value, 170.2 ppm,
reported from the13C CP/MAS NMR spectrum of amor-
phous PLLA sample [22]. The chemical shift tensor values
determined here will be used for the structural analysis of
the oriented components in the PLLA samples below.

4.3. Structural analyses from13C NMR carbonyl carbon
peaks of oriented PLLA samples with draw ratios of 3 and 4

Since the spectral patterns of the carbonyl carbons includ-
ing the angle-dependent patterns are similar between the
samples with draw ratios of 3 and 4, only the carbonyl
carbon region of the sample with draw ratio of 3 is expanded
in Fig. 6. The simulated spectra (dot line) are also shown.
The observed spectra can be reproduced by assuming the
presence of unoriented powder component and two oriented
components in the sample. The Euler anglesaF and bF

defined in Fig. 1 were determined as 5 and 428, respectively,
and the distribution parameterp determined by assuming
Gaussian was 118 for one oriented component. For another
oriented component, the anglesaF andbF were 5 and 358,
respectively, with the distribution parameterp is 98. By
assuming that the angles between13C PAS and molecular
symmetry axis (MSA) frame of reference (the C–C bond
axis, C–O and CyO bonds of PLLA molecule) for the
carbonyl carbon are the same as those for the carbonyl
carbon of PET sample, the angle,uCyO, between the CyO
bond and MD direction can be calculated. The angle,uCyO,
was 1328 for the former oriented component which
corresponds to theb structure and left-handed 31 helix.
Similarly, the angle for the latter oriented component
could be calculated as 1288 which corresponds to thea
structure and left-handed 103 helix. Judging from thep
value, the latter component is more highly oriented. The
structural parameters obtained for these uniaxially oriented
PLLA films are summarized in Table 1 together with the
fraction of each component. Although the structural
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Fig. 3. The13C CP NMR spectra of uniaxially draw (×2 at 708C) PLLA film
as a function ofbL, the angle between the draw direction and the magnetic
field.



parameters of the two oriented components are almost the
same between the samples of draw ratios of 3 and 4 listed in
Table 1, the fraction of each component is slightly different
between two samples. That is, the fraction of the low
oriented component in PLLA sample increases from 30%
at draw ratio of 3 to 36% at a draw ratio of 4. Similarly, the
fraction of high oriented component increases from 20%
(draw ratio: 3) to 24% (draw ratio: 4). Instead of this, the
fraction of the unoriented component decreases from 50%
(draw ratio: 3) to 40% (draw ratio: 3).

5. Discussion

The large 13C chemical shift difference among the
methyl, methine and carbonyl carbon peaks of PLLA
spectra enable us to analyze all peaks from the angular-

dependent spectra for obtaining structural information
although only carbonyl carbon peaks are used in this
paper. Actually, the peaks of the carbonyl and methyl
carbons of PLLA sample with a draw ratio of 2 shows
angular-independent patterns, but the shape of the methine
carbon peak is different amongbL � 08 and other angles.
This indicates the initial stage of the orientation of the
PLLA chain is observed clearly at only the methine peak.
Miyata et al. reported that the oriented components in the
uniaxially drawn PLLA films were clearly observed
between the samples with draw ratios of more than 2.5
from the DSC measurements [36]. Walls reported that
the stress-induced crystallization process of PET sample
occurs for uniaxially draw ratios between 2 and 3 from
ATR-IR measurement [37]. Thus, even in the case of
the PLLA sample with a draw ratio of 2, the initial
orientation in the sample occur locally and this is
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Fig. 4. The13C CP NMR spectra of uniaxially draw (×3 and×4 at 708C) PLLA film as a function ofbL, the angle between the draw direction and the magnetic
field.



monitored with the methine carbon peaks with13C solid
state NMR.

The three different components (one disordered compo-
nent and two oriented components) were observed in the
spectra of the oriented PLLA samples with draw ratio of 3
and 4. The angle,uCyO, between the CyO bond and MD
direction could be calculated for the oriented components.
The angle,uCyO, was 1328 for one oriented component
which corresponds to theb structure and left-handed 31

helix, and 1288 which corresponds to thea structure and
left-handed 103 helix for another oriented component.
Hoogsteen et al. reported the presence of a mixture ofb
(31 helix) anda structures (103 helix) in the PLLA fiber
and the influence of the two crystal modifications on the
ultimate fiber properties was discussed. In fibers containing
a mixture ofa andb structures, the latter was considered to
bear most of the load during stress–strain experiments. In
addition, meridional small-angle X-ray scattering experi-
ments by them yielded a maximum for fibers containing
only a structure pointing to a lamellar folded-chain
morphology. On the contrary, theb structure seemed to
correspond to a fibrillar morphology. Differential scanning
calorimetry on unconstrained fibers showed that theb struc-
ture melts at a lower temperature than thea structure [9].
Thus, it is important to determine the relative amounts of
both crystal modifications,a andb forms, as well as the
fraction of non-crystal components in oriented PLLA
samples. In the spectral simulation, the high field peak of
PLLA sample with a draw ratio of 3 observed atbL � 08
indicates the presence of the unoriented component in the

sample. Four kinds of observed spectra with differentbL

angles should be reproduced as functions of fraction of
each component,aF and bF values, andp values. Thus,
the structural parameters including fraction of each compo-
nent can be determined with high precision. It is reasonable
that the fraction ofa andb structures increases with increas-
ing draw ratio from 3 to 4 although the degree of the
increase is not much (Table 1).

Okihara et al. reported that a 31 PLLA helix (b structure)
is more stable than the PLLA 103 helix in thea-form crystal
from the conformational energy calculation and therefore
the b-form crystal in drawn films should be more stable
than thea-form crystal. However, 31 PLLA helix could
not be packed densely in a crystal comprising helices of
the same helical sense and therefore thea-form is rather
stable than theb-form in view of packing considerations.
Actually, theb-form is easily transformed to thea-form by
annealing. The fraction ofb-form is 50% larger than that of
a-form for oriented PLLA samples with draw ratios of 3 and
4 prepared in this experiment. This tendency is the same
even if the draw ratio was changed from 3 to 4. The differ-
ence was the value ofp (characterizing the distribution of
the fiber axis). The value of theb-form is slightly larger than
that of thea-form although the value itself is relatively
small. This is in agreement with the packing considerations
by Okihara et al.

6. Conclusions

The 13C CP NMR spectra of uniaxially oriented poly(l-
lactic acid) films observed as a function of the draw direc-
tion and magnetic field provide the determination of the
fraction of each component, two oriented and one unor-
iented component. In addition, from the determination of
the angles between the CyO bond axis and the draw direc-
tion for the two oriented components, the presence of theb

T. Ito et al. / Polymer 41 (2000) 859–866864

Fig. 5. The 13C powder pattern spectra of13C-carbonyl carbon labeled
PLLA powder. (The observed spectrum: solid line and the simulated spec-
trum: dotted line.) The13C chemical shift tensors are determined as
s11� 113 ppm,s22� 134 ppm ands33� 266 ppm (s iso� 171 ppm).

Table 1
Structural parameters (degrees) for the ordered components and fraction
(%) of each component for uniaxially oriented PLLA films determined
from 13C CP NMR (the definition of the angles,aF andbF, is shown in
Fig. 1(A) andaF was 58)

Draw ratio at 708C pa bF u b Fraction (%) Order level

×2 – – – 100 Disordered
– – – 50 Disordered

×3 11 42 132 30 Lowc

9 35 128 20 Highd

– – – 40 Disordered
×4 11 42 132 36 Lowc

9 35 128 24 Highd

a The orientational distribution around the fiber axis.
b The angle between the CyO bond direction and the MD direction of

oriented PLLA films.
c Low ordered component.
d High ordered component.
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structure (left-handed 31 helix) and thea structure (left-
handed 103 helix) in the sample was clarified as well as
the relative amounts and the distribution of the chain axis
of each structure. These structural analyses were performed
with only the carbonyl carbon region in the spectra. In
future, if the methyl and methine carbon regions will be
analyzed with a similar manner, the results obtained here
will be confirmed and a further detailed structural informa-
tion of oriented PLLA films will be obtained.
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