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Molecular orientation distributions in the crystalline and amorphous regions of a biaxially oriented poly(L-lactic
acid) film were analyzed fully by polarized Raman spectroscopy. Raman bands at 926 and 875 cm-1 were chosen
for the determination of the most probable molecular orientation distribution functions for the crystalline and
amorphous regions in the film. It was revealed that the PLLA molecules were oriented biaxially in both the
crystalline and amorphous regions. The orientation distribution normal to the film surface was found to be broader
in the amorphous regions than in the crystalline regions. Furthermore, a predominant unidirectional molecular
orientation was observed in the crystalline regions, whereas the molecular orientation distribution in the amorphous
regions was isotropic in the plane parallel to the film surface. The different behavior of the crystalline and amorphous
regions suggests that each region underwent different deformation mechanisms during the film formation.

1. Introduction

Poly(L-lactic acid) (PLLA) is well-known as a biomaterial
owing to its biosorbable and biocompatible capabilities. PLLA
is also an environmentally friendly compostable material and,
hence, is processed into fibers and oriented films for a number
of applications. The physical properties of oriented PLLA
materials1,2 are related closely to aspects of their microstructure
such as their degree of crystallinity and molecular orientation.
Recent studies have shown that the degradation rates of PLLA
films are dependent on both the degree of crystallinity3 and the
presence of biaxial orientation4 as well as the morphology of
the film surface.5 In addition, the degree of biaxial orientation
in a polymer film is known to affect its barrier properties.6,7

The degree of crystallinity of semicrystalline polymers can
be measured simply by thermal analysis or by wide-angle X-ray
diffraction (WAXD), which can also give an indication of
crystallite orientation. On the other hand, polarized Raman
spectroscopy8-10 has been regarded as a powerful technique to
quantify the molecular orientation distributions, since it is
capable of obtaining the fourth-order molecular orientation
distribution coefficients as well as the second-order coefficients.
The technique also enables the molecular orientation distribu-
tions in both the crystalline and amorphous regions of a polymer
to be determined independently.11-14

Polarized Raman spectroscopy has been used mainly for the
study of molecular orientation distributions in uniaxially oriented
materials.10-16 Since only a small number of the distribution
coefficients have to be determined, polarized Raman scattering
intensities can be measured for the backscattering (BS) geometry
only. Meanwhile, only a few publications17-19 have employed
the technique for the study of molecular orientation distributions
in biaxially oriented materials, where the scattering intensities
have to be measured for the right-angle scattering (RAS)
geometry as well as the BS geometry to determine all of the

coefficients. The number of the coefficients to quantify the
biaxial orientation distributions can, however, be reduced20 by
using Raman bands for which their tensors have cylindrical
symmetry.

In the present investigation, molecular orientation distributions
in a biaxially oriented poly(L-lactic acid) (PLLA) film have been
studied using polarized Raman spectroscopy for the BS geom-
etry only. The Raman bands of PLLA are assumed to be
cylindrically symmetric20 owing to its helical molecular struc-
ture.21 A Raman band of PLLA at 926 cm-1 was found14 to be
assigned to the crystalline regions only of PLLA, whereas
another band at 875 cm-1 was assigned to both the crystalline
and amorphous regions. These Raman bands were chosen for
the study of molecular orientation distributions in both the
crystalline and amorphous regions, and the results have been
compared with those obtained by WAXD and birefringence
measurements.

2. Experimental Section

2.1. Materials. A biaxially oriented PLLA (BO-PLLA) film,
Ecologe, was kindly supplied by Mitsubishi Plastics. The film thickness
measurements and thermal characteristics of the sample are summarized
in Table 1. The film thickness was determined from averaging nine
independent samples using a micrometer. The glass transition temper-
ature, melting temperature, and the heat of fusion of the film were
determined by differential scanning calorimetry from two replicated
measurements. The degree of crystallinity of the sample was determined
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Table 1. Film Thickness Measurements and Thermal
Characteristicsa of the Biaxially oriented PLLA (BO-PLLA) Film

BO-PLLA

film thickness [µm] 26.2 ( 0.8
glass transition temperature [°C] 64
melting point [°C] 167
crystallinity (øc) [%] 38

a Determined by differential scanning calorimetry.
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from its heat of fusion using a reference value of 93.3 J/g for the melting
of a PLLA single crystal with an infinite size.22

2.2. Methods. 2.2.1. Polarized Raman Spectroscopy.As shown
in Figure 1, the principal axes for a Raman polarizability tensor and
those for a sample were defined asx-y-z and X-Y-Z axes,
respectively, throughout the current study.

Figure 2 shows the angular relationships between thex-y-zRaman
polarizability tensor axes and theX-Y-Z sample axes, where angles
φ, θ, andψ are azimuthal, polar, and rotational angles, respectively.

For a Raman polarizability tensor with a cylindrical symmetry around
the z axis (ψ ) 0), its orientation distributions in a material can be
explained mathematically by the following function:8,23,24

wherePlm0,chainis the molecular orientation distribution coefficient and
Zlm0(cosθ) is an expansion coefficient.

The polarized Raman scattering intensity depends on the angles
between the principal axes of the Raman polarizability tensor and the
direction of light polarization. The coefficientPlm0,chain can be related
to the Raman scattering intensities for different polarization scattering
geometries by

where∑ R′g′gR′p′p is a quadratic representation of the polarized Raman
scattering intensity,No is a term related to the scattering volume,Nlm0

is a constant for orderlm0,17,23 Plm0,tensoris the orientation distribution
coefficient for the Raman polarizability tensor, andAlm0

g′gp′p is a term

related8 to the components of the tensor. The coefficientPlm0,tensorcan
be related to the coefficientPlm0,chain using the following relation-
ship:25,26

where the functionPl00(cosΩ) is a Legendre polynomial function of
order l00 for the parameter cosΩ. The angleΩ is the so-called tilt
angle, which is the angle between the principal axis of the Raman tensor,
z axis, and that of a molecular chain,c axis, as defined in Figure 1.
The tilt angle has been determined14 to be 0° and 44° for the Raman
bands at 926 and 875 cm-1, respectively.

Considering the cylindrical symmetry of the Raman bands of PLLA,
eq 2 gives20 six unknown parameters:No, P200, P220, P400, P420, and
P440. These parameters can be determined by measuring the polarized
Raman scattering intensities for six independent scattering geometries.

The six independent scattering geometries can be achieved for the
BO-PLLA film if the polarized Raman spectra are collected in the
directions along its principalX, Y, andZ axes as defined in Figure 1;
the Z axis is in the direction parallel to the preferential molecular
orientation direction in the film, theX axis is normal to the film surface,
and theY axis is perpendicular to both theX andZ axes. Hereafter, the
polarized scattering geometry will be described using Porto’s notation,27

A(BC)A, where A is the propagation direction of the incident and
scattered light andB andC are the polarization directions of the incident
and scattered light, respectively.

The BO-PLLA film was mounted directly on the sample stage so
as to obtain the polarized Raman spectra for geometryX(BC)X
(through). The polarized Raman spectra for geometriesY(BC)Y (edge)
and Z(BC)Z (end), on the other hand, were obtained from the film
embedded in a cold-cured epoxy resin (Epofix, Struers), whose surface
was mirror-polished in the direction normal to theY axis or Z axis,
respectively. Different sets of polarized Raman spectra were obtained
from each sample by changing the polarization directions of the incident
light and analyzed light, either to the horizontal or vertical direction in
the projection plane, as summarized in Table 2. The table shows that
polarized Raman scattering intensities∑ R′XX

2, ∑ R′YY
2, and∑ R′ZZ

2

are measurable from two samples, although the values may not be
identical due to differences in their Raman scattering volumes. The
effect was, therefore, corrected by following the calculations described
in the Appendix in order to determine the polarized Raman scattering
intensities for the different polarization scattering geometries.

The valuesPlm0 for the crystalline regions,Plm0,c, can be determined14

from the polarized Raman scattering intensities for the 926 cm-1 band
of PLLA after the correction for its tilt angle in eq 3. Similarly, the
Raman band at 875 cm-1 is useful14 for the determination of the values
Plm0 averaged over the crystalline and amorphous regions (Plm0,chain).

Once both the valuesPlm0,c andPlm0,chainare known, the valuesPlm0

for the amorphous regions only can be calculated19 by the following
equation assuming a simple two-phase model:

Figure 1. Definitions of the coordinates for a Raman polarizability
tensor (x-y-z), the molecular chain axis (c), and the sample (X-
Y-Z).

Figure 2. Angular relationships between the x-y-z Raman polar-
izability tensor axes and the X-Y-Z sample axes: azimuthal angle
φ, polar angle θ, and rotational angle ψ.

N(φ,θ) ) ∑
l)0

∞

∑
m)-l

l

Plm0,chainZlm0(cosθ)e-imφ (1)

∑ R′g′gR′p′p )
No

4π2
∑
lm0x2l + 1

2
Nlm0Plm0,tensorAlm0

g′gp′p

(2)

Table 2. Combinations of the Polarized Scattering Geometries
Used for the Measurements of Raman Scattering Intensities in the
BO-PLLA Film

sample section (projection plane)

direction of
polarizer-analyzera through (Y-Z) edge (X-Z) end (X-Y)

H-H ∑ R′ZZ
2 ∑ R′ZZ

2 ∑ R′YY
2

H-V ∑ R′YZ
2 ∑ R′XY

2

V-V ∑ R′YY
2 ∑ R′XX

2 ∑ R′XX
2

V-H ∑ R′ZX
2

a H, horizontal; V, vertical in the projection plane.

Plm0,chain)
Plm0,tensor

Pl00(cosΩ)
(3)

P2m0,a ) 1
1 - øc

(P2m0,chain- øcP2m0,c) (4)
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for order l ) 2. If the P200,a value is positive, theP400,a value may be
estimated28 from theP200,a value by

Except for samples with extremely high levels of molecular orientation
in the amorphous regions, the valuesP420,aandP440,aare considered to
be small,29 and their influence on the functionN(φ, θ) in eq 1 for the
amorphous regions may be assumed to be negligible compared to the
influence of the valuesP200,a, P220,a, andP400,a. To determine the function
N(φ, θ), however, neglecting the valuesPlm0 for ordersl g 6 may cause
a considerable error.

This error can be reduced by replacing the functionN(φ, θ) with
the most probable molecular orientation distribution function,16,18,29

Nmp(φ, θ), in the following equation:

where the coefficientsAlm0
mp were calculated by approximating eq 6 as

under a constraint of

The summations in eqs 7 and 8 were calculated in increments of angles
φ and θ of 2°. It was difficult to determine all of the five variables
A200

mp, A220
mp, A400

mp, A420
mp, andA440

mp simultaneously. Since the valuesA420
mp

and A440
mp are considered to be small relative to the other variables,19

the valuesA200
mp, A220

mp, andA400
mp were calculated initially assuming that

the valuesA420
mp andA440

mp were zero. In the second step, the valuesA420
mp

and A440
mp were calculated by using the valuesAlm0

mp determined in the
first step. The error for the calculation,RA, is defined by

wherenA is the number of the valuesAlm0
mp considered in the calcula-

tion. CoefficientsPlm0,expandPlm0,calcare the valuesPlm0 determined by
polarized Raman spectroscopy and by the calculation using eqs 7 and
8, respectively.

A Raman spectrometer (Raman Imaging Microscope System 1000,
Renishaw) equipped with a near Infrared laser (λ ) 785 nm, 22 mW
output) was used to collect Raman scattering. Polarization filters and
half-wave plates were fitted to control the polarization directions of
incident and scattered light. A×50 objective lens with a numerical
aperture of 0.75 was used to focus the beam on the sample, assuming
that the effect of polarization scrambling due to the lens is insignificant
for the sample with small birefringence.9,30-32 The system was calibrated

for the peak position and scattering intensity using a silicon single
crystal and liquid carbon tetrachloride, respectively, prior to the
experiment. The spectra were analyzed using analytical software
(GRAMS/32, Galactic), and each Raman band was fitted to a
Gaussian-Lorentzian curve12 to improve the accuracy of the intensity
measurement.

The molecular orientation distribution coefficients for the crystalline
(Plm0,c) and amorphous regions (Plm0,a) of the PLLA film were
determined from the set of the polarized Raman scattering intensities
given in Table 2. The polarized Raman scattering intensity for each
scattering geometry was determined by averaging 5 independent spectra
in the same region in the sample. Two independent films were studied
to confirm the reproucibility of the data.

2.2.2. Wide-Angle X-ray Diffraction. The orientation distributions
of the crystallites, which are considered to be equivalent to the molecular
orientation distributions in the crystalline regions, were determined by
WAXD. Two different techniques were employed to measure the
distributions in theX-Z andY-Z planes of the BO-PLLA film. PLLA
is known to have different crystal forms,21,33and only theR-form crystal,
which is the most common form, was observed for the samples in the
current study.

The distribution in theX-Z plane of the sample was studied from
θ-offset profiles using an X-ray diffractometer (X’Pert PW 3040/00,
Philips). Ni-filtered Cu KR radiation was chosen for the analysis using
an excitation condition of 50 kV and 40 mA. In the symmetrical-
transmission geometry, the diffraction intensities for the (0 0 10) plane
of the PLLA R-form crystal were recorded forθ-offset angles between
(15° in increments of 1°.

The distribution in theY-Z plane of the sample was studied using
an X-ray flat plate camera. An X-ray generator (PW 1120/90, Philips)
fitted with Ni-filtered Cu KR radiation (40 kV, 40 mA) was employed
to record the diffraction pattern on a film negative. The film negative
was scanned using a commercial scanner (Scan Jet ADF, Hewlett-
Packard) and analyzed using analytical software34 (Fit2D Ver. 10.95,
ESRF). Diffraction arcs for the (2 0 0)/(1 1 0) planes of PLLAR-form
crystal were analyzed14 to determine the orientation distribution of the
crystallite chains, since diffraction arcs for the (0 0 10) plane of the
PLLA film were found to be overlapped with those for the (1 0 10)
plane.

The distribution function of the diffraction intensity in theX-Z plane,
Ic(θXZ), may be equivalent to the distribution of molecular chains in
the crystallites, since the normal vector for the (0 0 10) plane is in the
direction parallel to the crystallite chain axis (c axis). Similarly, the
distribution function of the crystallite chain axis in theY-Z plane is
defined asIc(θYZ). Both the functionsIc(θXZ) andIc(θYZ) are normalized
to

The two-dimensional parametersIc(θXZ) andIc(θYZ) may be combined
to obtain a three-dimensional orientation distribution of PLLA crys-
tallites in the BO-PLLA film, Ic(φ, θ), by

where the relationship between offset angles (θXZ, θYZ) and Euler angles
(φ, θ) are shown schematically in Figure 3a. However, eq 11 has a
limited application to biaxial orientation distributions in theY-Z plane,
since a low Ic(θXZ) value at an angleθXZ close to 90° may lead
miscalculation of the functionIc(φ, θ) when both anglesφ andθ are
close to 90°. If the distribution in theX-Z plane is narrow, the
relationship shown in Figure 3a may be replaced by an approximation
in Figure 3b. The offset and Euler angles can be correlated with each
other by

P400,a)
P200,a(5P200,a- 2)

5 - 2P200,a
(5)

Nmp(φ,θ) )

exp[∑
l,m

Alm0
mpPlm0(cosφ, cosθ)]

∫0

π ∫0

2π
exp[∑

l,m

Alm0
mpPlm0(cosφ, cosθ)] sin θ dφ dθ

(6)

Nmp(φ,θ) )

exp[∑
l,m

Alm0
mpPlm0(cosφ, cosθ)]

∑
θ)0°

90°

∑
φ)0°

90°

exp[∑
l,m

Alm0
mpPlm0(cosφ, cosθ)] sin θ

(7)

Plm0 )

∑
θ)0°

90°

∑
φ)0°

90°

Nmp(φ,θ)Plm0(cosφ, cosθ) sin θ

∑
θ)0°

90°

∑
φ)0°

90°

Nmp(φ,θ) sin θ

(8)

RA )
1

nA
∑

l,m)0,2,4

|
Plm0, exp- Plm0,calc

Plm0,exp

| (9)

∑
θXZ)-90°

90°

Ic(θXZ) ) ∑
θYZ)-90°

90°

Ic(θYZ) ) 1 (10)

Ic(φ,θ) ) Ic(θXZ)Ic(θYZ) (11)

θYZ ) tan-1(sinφ tanθ) (12)
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The distribution functionIc(φ, θ) can be calculated by combining eqs
11-13, once the functionsIc(θXZ) andIc(θYZ) have been determined by
WAXD.

2.2.3. Birefringence Measurements.The birefringence of the BO-
PLLA film was measured using a transmission optical microscope (BH-
2, Olympus) fitted with a×20 objective lens. Polarized monochromatic
light (λ ) 589 nm) was chosen as a light source. The BO-PLLA film
was sandwiched between a glass slide and a cover glass on the sample
stage, and a Berek compensator was used for the measurement of the
sample birefringence between the sampleY axis andZ axis directions,
∆nYZ.

The sample birefringence∆nYZ can be related15 to the coefficient
P200 determined by birefringence measurement,P200

B , by

where∆no is the intrinsic birefringence for the material and

where∆nc and ∆na are the values of intrinsic birefringence for the
crystalline and amorphous regions of PLLA, which are reported14 to
be 0.0207 and 0.0587, respectively.

3. Results and Discussion

3.1. Polarized Raman Spectroscopy.Figure 4 shows polar-
ized Raman spectra for the BO-PLLA film obtained for
different polarization scattering geometries. In Figure 4b,
different polarized Raman scattering intensities for theY(ZZ)Y
andY(XX)Y geometries were observed for both Raman bands
at 926 and 875 cm-1. This indicates the presence of anisotropy
of Raman polarizability in the film. The anisotropy of polarized
Raman scattering can be seen more clearly in Table 3, which
quantifies the polarized Raman scattering intensities for Raman
bands at 926 and 875 cm-1 for the different polarization
scattering geometries. Using eq 2, the orientation distribution
coefficients (Plm0) were determined for each Raman band.
Subsequently, the valuesPlm0 for the Raman bands at 926 and
875 cm-1 were corrected for their tilt angle using eq 3 in order
to obtain the molecular orientation distribution coefficients for
the crystalline regions only (Plm0,c) and for an average over the
crystalline and amorphous regions (Plm0,chain). Once both coef-
ficients Plm0,c and Plm0,chain were determined, the orientation
distribution coefficients for the amorphous regions (Plm0,a) could
be estimated using eqs 4 and 5. All of the calculated coefficients
for the BO-PLLA film are summarized in Tables 4 and 5. A
relatively large standard deviation of theP200 value for the 926

cm-1 band is due probably to an error of intensity measurements
for the weak Raman band.

Using eqs 7 and 8, coefficientsAlm0
mp in the most probably

molecular orientation distribution function for the BO-PLLA
film were calculated for the crystalline regions only,Nmp,c(φ,
θ), and for the amorphous regions only,Nmp,a(φ, θ). As described
in the Experimental Section, the valuesA200

mp, A220
mp, and A400

mp

were estimated in the first step of the calculation followed by
the determination of the valuesA420

mp and A440
mp in the second

step, and the results are given in Table 6.
Once all of the valuesAlm0

mp were known, the functions
Nmp,c(φ, θ) and Nmp,a(φ, θ) could be determined using a
cylindrical coordinate system,18,29 φ-θ-Nmp(φ, θ), as shown
in Figure 5. Both the functionsNmp,c(φ, θ) andNmp,a(φ, θ) have
been normalized in the figure so that the volume of each
distribution function equals to unity. The molecular orientation
distribution in the crystalline regions of the BO-PLLA (Figure
5a) was predominantly uniaxial in the direction (φ, θ) ) (0°,
0°), which corresponds to the sampleZ axis. In addition, the
functionNmp,c(φ, θ) spreads toward the direction (φ, θ) ) (90°,
90°), which corresponds to the sampleY axis and concentrates
in the regions aroundφ ) 90°. These observations indicated
that the molecules in the crystalline regions of the BO-PLLA

Figure 3. (a) Relationships between offset angles (θXZ, θYZ) and Euler
angles (φ, θ), and (b) with an approximation under the condition where
the angle θXZ is small.

θXZ ) sin-1(cosφ sin θ) (13)

∆nYZ ) P200
B ∆no (14)

∆no ) øc∆nc + (1 - øc)∆na (15)

Figure 4. Polarized Raman spectra for the BO-PLLA film: (a)
through, (b) edge, and (c) end.
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film were highly oriented in the sampleY-Z plane with their
preferential orientation in the direction of theZ axis.

The molecular orientation distribution in the amorphous
regions of the BO-PLLA film in Figure 5b is, on the other
hand, found to be flatter than the functionNmp,c(φ, θ), which
indicates that the molecules in the amorphous regions are
oriented less than in the crystalline regions. The function
Nmp,a(φ, θ) shows no molecular orientation around the axis (φ,
θ) ) (0°, 90°), which corresponds to the sampleX axis, similarly
observed for the functionNmp,c(φ, θ). Although the function
Nmp,a(φ, θ) decreases monotonically toward the direction (φ,
θ) ) (0°, 90°), no significant change is observed toward the
(φ, θ) ) (0°, (90°) directions. These results indicated that the
molecules in the amorphous regions were oriented biaxially in
the Y-Z plane without any unidirectional orientation, and the
molecular orientation distribution for theY-Z plane in the
amorphous regions was considerably broader than in the
crystalline regions.

3.2. Comparison with WAXD Analysis.Figure 6 shows the
intensity of the Bragg peaks for the (0 0 10) plane in theX-Z
direction and for the (2 0 0)/(1 1 0) planes in theY-Z direction
of the PLLA R-form crystals in the BO-PLLA film. The
discrete and continuous intensity profiles ofIc(θXZ) andIc(θYZ),
respectively, are a result of using different techniques to measure
their intensity as described in the Experimental Section. Both
the diffraction intensity profilesIc(θXZ) andIc(θYZ) show a peak
at θXZ ) θYZ ) 0°. This indicates that PLLA crystallites are
oriented preferentially toward the sampleZ axis in both theX-Z
andY-Z planes. The orientation distribution of the crystallites
Ic(φ, θ) in the BO-PLLA film was determined using eq 11
and the angular relationships given in eqs 12 and 13 as shown
in Figure 7.

PLLA crystallites were found to be oriented predominantly
in the direction of (φ, θ) ) (0°, 0°), that is, in the direction of
the sampleZ axis. With regard to theX-Y plane, on the other

hand, the crystallites show preferential orientation in theY-axis
direction. Although a slight asymmetry is observed with respect
to the sampleX-Z plane, the orientation distribution function

Table 3. Polarized Raman Scattering Intensities for Different Polarization Scattering geometries for the BO-PLLA Film after normalization
(∑ R′ZZ

2 ) 100)

Raman band (cm-1) ∑ R′XX
2 ∑ R′YY

2 ∑ R′ZZ
2 ∑ R′YZ

2 ∑ R′ZX
2 ∑ R′XY

2 RN (%)

926 26 ( 6 85 ( 11 100 ( 20 111 ( 19 118 ( 7 51 ( 25 17
875 65 ( 2 85 ( 2 100 ( 1 16 ( 0.2 15 ( 1 11 ( 0.2 1

Table 4. Orientation Distribution Coefficients (Plm0) for Raman Bands at 926 and 875 cm-1 Determined for the BO-PLLA Film

Raman band (cm-1) assignmenta P200 P220 P400 P420 P440

926 C 0.56 ( 0.22 -0.07 ( 0.02 0.25 ( 0.09 -0.01 ( 0.002 0.01 ( 0.007
875 C+A 0.10 ( 0.006 -0.02 ( 0.003 -0.06 ( 0.02 0 ( 0.002 0 ( 0.0003

a C, Raman band assigned to the crystalline region only; C + A, Raman band assigned to both the crystalline and amorphous regions.

Table 5. Molecular Orientation Distribution Coefficients for the Crystalline Regions Only (Plm0,c), for an Average of the Crystalline and
Amorphous Regions (Plm0,chain) and for the Amorphous Regions Only (Plm0,a) for the BO-PLLA Film

P200 P220 P400 P420 P440

Plm0,c 0.56 ( 0.11 -0.07 ( 0.01 0.25 ( 0.04 -0.01 ( 0.001 0.01 ( 0.004
Plm0,chain 0.25 ( 0.02 -0.05 ( 0.01 0.19 ( 0.05 0 ( 0.005 0 ( 0.001
Plm0,a 0.06 ( 0.03 -0.03 ( 0.01 -0.02 ( 0.05 0 0

Table 6. Coefficients Alm0
mp in the Most Probable Molecular

Orientation Distribution functions for the BO-PLLA Film

step A200
mp A220

mp A400
mp A420

mp A440
mp

RA

(%)

Nmp,c(φ, θ) first 17.8 -96.2 -0.5 0.1
second 28.4 -19.9 0.1

Nmp,a(φ, θ) first only 1.3 -7.9 0.2 0.1

Figure 5. Most probable molecular orientation distribution functions
for the (a) crystalline and (b) amorphous regions only of the BO-
PLLA film. Axes along (φ, θ) ) (0°, 90°), (90°, 90°), and (0°, 0°)
correspond to the sample X, Y, and Z axes, respectively.
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of the crystallites in the BO-PLLA film shows reasonable
agreement with the molecular orientation distribution in the
crystalline regions determined by polarized Raman spectroscopy
(Figure 5a). As a quantitative measure of the orientation
distribution of the crystallites in theX-Z andY-Z planes, the
full widths at half-maximum (fwhm) were calculated for
directionsφ ) 0° and 90° for Ic(φ, θ) in Figure 7 and are
compared with those for the functionNmp,c(φ, θ) in Table 7.
The values of fwhm obtained by WAXD are found to be
consistent with those determined by polarized Raman spectros-
copy for both planes, which suggests that the functionNmp,c(φ,
θ) is useful for the study of orientation distributions of
crystallites.

3.3. Comparison with Sample Birefringence.The sample
birefringence for theY-Z plane∆nYZ of the BO-PLLA film
was measured to be 9.3( 0.2 × 10-3, which gives a value of
the coefficientP200

B in eq 14 of 0.23. This value is comparable
to the P200,chain value of 0.25 shown in Table 5, since both
coefficients are quantitative measurements of the molecular
orientation distribution for an average over the crystalline and
amorphous regions of the BO-PLLA film.

3.4. Development of Molecular Orientation in the Crystal-
line and Amorphous Regions.A number of studies34-37 have
reported that the molecular orientation in the crystalline regions

tends to be higher than in the amorphous regions as a result of
biaxial drawing of polymer samples. The anisotropy of the
molecular orientation distribution in the amorphous regions,
however, followed that in the crystalline regions in these studies.
It is significant to note that different levels of orientation in the
crystalline and amorphous regions were observed for the current
BO-PLLA film. Two possible reasons could explain the
difference with respect to the film forming process.

First, the amorphous regions would behave38 like a rubber
following affine deformation when the film is drawn at a
temperature above its glass transition temperature (Tg). A stress
concentration will develop in the molecules in the crystalline
regions and intercrystalline tie molecules. The stresses on the
crystalline regions would lead to intracrystallite slip and
crystallite rotation,39-41 which would result in the reorientation
of crystallites.14 Since it is known39,41 that the occurrence of
the crystallite slip depends on the critical resolved shear stress
on the slip plane, the molecular orientation in the crystalline
regions would be more sensitive to the stress state than in the
amorphous regions undergoing affine deformation. Second, the
stresses built in the molecules in the amorphous regions would
be released, particularly at high temperature, by orientation
relaxation.2,42,43The orientation distributions shown in Figure
5 suggest in the film formation process that the film was initially
drawn biaxially at a temperature aboveTg with a higher stress
along theZ axis than along theY axis. The difference of
molecular orientation distributions in the crystalline and amor-
phous regions is, therefore, considered to be due to the nature
of the molecules in both regions. The molecules in the crystalline
regions are fixed in position below the crystal melting point,
whereas those in the amorphous regions can relax above
their Tg.

4. Conclusions

Molecular orientation distributions in the crystalline and
amorphous regions of a BO-PLLA film were studied fully by
means of polarized Raman spectroscopy. Assuming that Raman
tensors of PLLA have cylindrical symmetry, it was possible to
determine the molecular orientation distribution coefficients
from Raman spectra for the backscattering geometry only.

The Raman band at 926 cm-1 was chosen for the study of
the molecular orientation distribution in the crystalline regions
only. The most probable molecular orientation distribution
function for the crystalline regionsNmp,c(φ, θ) of the BO-PLLA
film showed that PLLA molecules were oriented biaxially in
the sampleY-Z plane with predominant orientation toward the
Z axis, which was consistent with the orientation distribution
of PLLA crystallites determined by WAXD.

Similarly, the Raman band at 875 cm-1 was employed for
the study of the molecular orientation distribution averaged over
the crystalline and amorphous regions. The orientation distribu-
tion of the Raman tensor was corrected for its tilt angleΩ, which
enabled the functionNmp,chain(φ, θ) to be determined. A similar
result was obtained from birefringence measurements.

Furthermore, the molecular orientation distribution coef-
ficients for the amorphous regions only (Plm0,a) of the BO-
PLLA could be calculated from the coefficientsPlm0,c and
Plm0,chain. By comparing the functionNmp,a(φ, θ) with Nmp,c(φ,
θ), the molecular orientation distribution in the amorphous
regions only was found to be biaxial in theY-Z plane, although
the distribution in theX-Z plane was broad with no predominant
orientation toward theZ axis. The difference of molecular
orientation in the crystalline and amorphous regions in the BO-

Figure 6. Bragg peaks for the (0 0 10) plane in the X-Z direction
and the (2 0 0)/(1 1 0) planes in the Y-Z direction of PLLA R-form
crystals in the BO-PLLA film.

Figure 7. Orientation distribution function for crystallites Ic(φ, θ) in
the BO-PLLA film determined by WAXD. (φ, θ) ) (0°, 90°), (90°,
90°), and (0°, 0°) correspond to the sample X, Y, and Z axes,
respectively.

Table 7. Values of the Full Width at Half Maximum (fwhm) for the
Orientation Distribution Functions Nmp,c(φ, θ) and Ic(φ, θ) in the
Sample X-Z and Y-Z Planes of the BO-PLLA Film

fwhm (°)

X-Z plane Y-Z plane

Nmp,c(φ, θ) 13 30
Ic(φ, θ) 8 27
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PLLA film was considered to be due to different deformation
mechanisms in each regions and relaxation of the amorphous
regions during the film processing.

Future work will study the relationships between the micro-
structure of BO-PLLA films, prepared using different process-
ing conditions, and its influence upon the mechanical properties
and degradation behavior of the films.

Appendix

Determination of the Polarized Raman Scattering Intensi-
ties for Different Polarization Scattering Geometries.In this
study, the polarized Raman spectra were obtained from three
different cross-sections of the film. Although the backscattering
geometry was used for all of the measurements, the scattering
volume may vary owing to the nature of each sample. The
following factors may be considered in order to normalize the
polarized Raman scattering intensities for different polarization
scattering geometries measured from different samples. If the
normalized values of∑ R′IJ2 are given as (∑ R′IJ2)N, the
scattering intensities in Table 2 can be correlated by

whereS1, S2, and S3 are correlation factors for the polarized
Raman scattering intensities obtained from the through, edge,
and end samples, respectively. It is, however, difficult to solve
one set of (S1, S2, S3) values from the values∑ R′IJ2 measured
experimentally. For a given set of (S′1, S′2, S′3) values, error
coefficients may be defined for eqs A1-A3 by

and factorsS′i can be chosen by numerical calculations to give
the same amount of errors between the intensity correlations,
hence

The error caused by the normalization process is given by

The polarized Raman scattering intensities after the normaliza-
tion (∑ R′IJ2)N can be defined using factorsS′i by

A program was written using a Solver function in Microsoft
Excel software to calculate the valuesS′i in eqs A9-A14 under
the constraint of eq A7.
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