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1. INTRODUCTION

Semicrystalline lactic acid-based aliphatic polyester (PLLA)
has been used as a biomaterial because the polymer and its
degradation products have been found to be acceptable from a
biocompatibility standpoint in various applications.1,2 The
physical properties of PLLA have been extensively studied by
various research groups; it is well-known that the macroscopic
physical properties such as mechanical strength, thermal
stability,3,4 and degradation kinetics5 depend on its micro-
scopic structure such as the crystal structure and molecular
orientation.6-8

Molecular orientation is known to play a significant role in
determining mechanical performance of drawn polymer films
and fibers. Semicrystalline PLLA is essentially composed of
alternating crystalline and amorphous regions which respond
differently at the structural level to macroscopic deformation.
This difference is critical in physical properties because there is
such a large change between external forces involved in bond
stretching and bending as well as other modes of deformation.9,10

Our interest in orientation effects in these polymers stems
from the development of shape-memory based medical
devices.11 We are particularly interested in understanding the
advantages and limitations of this class of biodegradable polye-
sters in shape memory applications, as parts of implanted devices
such as coronary stents.11,12 For such applications, the polymer is
shaped into a tubular construct, and then shape memory is
incorporated into it in order to facilitate its development in the
body. Although cross-linked polymers are ideal for this sort
of device, we have shown that un-cross-linked polymers may
also be programmed to exhibit adequate shape memory effects.13

However, the details of the changes of orientation with
shape deformation history have not been studied. Thus, char-
acterization of orientation of polymer chains in crystalline and
especially amorphous region is necessary so that physical proper-
ties of the products may be more fully understood and usefully
modified.

While diffraction methods such as X-ray diffraction are capable
of elucidating the crystalline structure, few deterministic
methods allow us to describe the transformation of an iso-
tropic to anisotropic amorphous polymer chains in semicrys-
talline polymer due to the complex conformation and absence
of long-range coherence. Vibrational spectroscopy, however,
is informative in providing valuable orientation properties of
amorphous polymer chains in that they enable the detection of
localized structures at the molecular scale and the separation
of vibration of polymer chains in amorphous region from
those of the crystalline region.14,15

Since the first application of polarized Raman spectroscopy to
establish the quantitative relationship between polarization in-
tensity and the molecular orientation in a polymeric system was
developed by Bower,16 there have been numbers of studies
analyzing molecular orientation of several semicrystalline
polymers.17-19 Recently, Tanaka et al. have introduced a good
way to use polarized Raman spectroscopy for obtaining the
degree of molecular orientation between the amorphous and
crystalline regions in semicrystalline polymers20,21 including
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PLLA.22 In their publications, they reported a methodology for
separating the degree of orientation of polymer chains in the
amorphous and crystalline regions by combining ÆP400æ and
ÆP200æ for the cylindrical symmetry axis of Raman tensor with
orientation information fromXRD and birefringence techniques.

In this study, we will expand the way of using polarized Raman
spectroscopy to quantify the degree of orientation of structural
units in semicrystalline polymer, PLLA, as well as to obtain
qualitative information about responsive behaviors of both
amorphous and crystalline chains with quite different ap-
proaches. Rather than simply reproducing the orientation de-
grees in both crystalline and amorphous chains, the present work
aims at shedding light on the coupling between the analysis of the
anisotropy of polarization intensities of various vibrational
modes and deformation histories of molecules.

2. FUNDAMENTAL INFORMATION

2.1. Polarization of Raman Scattering and Directional
Information. Spectroscopy such as polarized Raman or polar-
ized infrared that uses vibrational modes of the system can
potentially provide a great deal of information about orientation
distribution of molecules in both crystalline and amorphous
regions since crystallinity affects these transitions and can be
separated from amorphous peaks.14

The difference between these two methods arises from the
fundamentally different processes involved in the generation of
the spectra as well as selection rules14,23 to determine whether
the vibration is active in the IR and Raman spectra. Polarized
infrared spectroscopy involves only one beam of polarized
radiation, and the fraction of the radiation absorbed by a single
molecule depends only on the orientation of the molecule with
respect to the polarization vector of the incident radiation. The
intensity of polarized Raman scattering, in contrast, depends on
the orientation of the molecule with respect to two polarization
vectors of incident beam and beam scattered by a molecule. This
means that polarized Raman spectroscopy can in principle yield
more information about the distribution of orientations of
molecules.
When a molecule is placed in an electric field, E, it suffers

distortions which produces an induced dipole moment, P, given
by P = rE. In actual molecular systems, both P and E are vectors
consisting of three components in the x, y, and z directions. Thus,
induced dipole moment, P, can be written in matrix form as

Px
Py
Pz

2
664

3
775 ¼

Rxx Rxy Rxz

Ryx Ryy Ryz

Rzx Rzy Rzz

2
664

3
775

Ex
Ey
Ez

2
664

3
775 ð1Þ

The first matrix of the right-hand side is called the polarizability
tensor.23 Raman scattering occurs with a change in vibrational
energy of molecules if one of these components of the polariz-
ability tensor is changed by the displacement of the kth atom, qk,
during the vibration. Hence, Raman scattering is related to the
rate of change of polarizability, R0 = ∂R/∂qk, which is one of the
tensorial components called a Raman tensor.16,23,24

In anisotropic materials where orientations of molecules are
not distributed uniformly, the anisotropic nature of Raman
tensor is capable of providing information on any ordering in
the oriented system. It can be described by measuring polarized
Raman intensities. As briefly explained earlier, when incident
light consisting of the vibration of an electromagnetic wave

encounters a substance, the light interacts with the atoms and
induces a change in polarizability. The degree of the polarizability
change depends on the angle between the electric vector of the
incident light and the symmetry axes of Raman tensor, which can
thus provide directional information about the distribution of the
symmetry of Raman tensor. In this point of view, light without a
specific electric vector is not suitable to obtain such information
since there is no preferential direction of the electric field vector
and interference may occur in any direction.When polarized light
is incident on a single scattering unit, the analyzed Raman
intensities at various vibration modes depend on the angles
between the electric vector of the incident/scattered light and the
symmetry axes of the Raman tensors as well as the magnitude of
Raman tensor itself. As a result, the amplitude transmitted by
analyzer is determined by the combination of polarization of
incident and scattered light and can be expressed by16,23

Is ¼ k∑ð∑
ij
EiR0

ijEjÞ2 ð2Þ

where Ej is the directional cosine of the incident electric
polarization vector and Ei is the directional cosine of the scattered
electric polarization vector. k is a proportionality constant taking
account of experimental factors such as incident light intensity,
instrumental transmission, light collection efficiency, etc. It is,
therefore, possible to determine the oriented direction of sym-
metry axis of Raman tensor using information about direction
cosine of incident and scattered polarization.
2.2. Orientation Distribution Function. In general, the

orientation information on scattering units can be described by
means of the orientation distribution function (ODF), which can
be expanded in a series of generalized spherical harmonics.25,26

Figure 1 shows the geometry where the scattering unit orients to
a specific direction in a given system, which can be described in
terms of Euler angle (R, β, γ). It may be shown that, whether a
scattering unit has any symmetrical elements or not, it is always
possible to find a set of three mutually perpendicular axes O-
xyz.27 Rotating the scattering unit through 180� about any one of

Figure 1. Euler angles, R, β, γ are defined with principal axes of Raman
tensor,O-xyz, in a macroscopic (laboratory) system of axes,O-XYZ. The
polarization of the Raman scattered light is resolved onto the different
direction of analyzer.
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these axes does not change the distribution of orientation with
respect to a fixed observer.
Using this idea of principal axes, one can look for a set of

orthogonal functions of Euler angle (R, β, γ) that can be used to
construct a simple ODF expansion. For these orthogonal func-
tions, we can make a use of the elements of the Wigner rotation
matrices. This will enable us to transform the orientation
dependence of physical quantities in the macroscopic (or
laboratory) frame of reference O-XYZ to their orientation
dependence in the scattering unit frame, O-xyz. The ODF is
generally expressed as28,29

f ðR, β, γÞ ¼ ∑
¥

L¼ 0
∑
L

m, n¼ - L

2Lþ 1
8π2

ÆDL�
mnæD

L
mnðR, β, γÞ ð3Þ

where Dmn
L (R,β,γ) are the Wigner rotation matrices and ÆDmn

L æ
indicates the statistical average ofDmn

L (R,β,γ). Depending on the
values of L (L ∈ N), the ODF is composed of a set of (2Lþ 1)2

Wigner matrices.28 Since the study of polarized Raman spectros-
copy allows us to obtain information about the cosine direction
up to fourth rank, the expansion of eq 3 is allowed up to L = 4.
Furthermore, if there are certain symmetries in both the sample
and scattering units, a number of components are left out of
consideration so that ODF can be simplified.16,30 The simplest
ODF is for the case of cylindrical symmetry. It is usually assumed
that the distribution of scattering units will be random with
rotation about the Euler angleR and γ, and as a result, theODF is
simplified to be a 1-dimensional function depending on only
polar angle β. In this case, the expansion coefficients ÆDmn

L æ only
have values other than zero when m = 0 and n = 0, and we can
expand this matrix in terms of the series of Legendre polyno-
mials, ÆPL00æ.
As a result of simplicity, the ODF can be expressed by f(β) as

f ðβÞ ¼ 1
8π2

1þ 5
2
ÆP200æð3 cos2 β- 1Þ

�

þ 9
8
ÆP400æð3- 30 cos2 βþ 35 cos4 βÞ

�
ð4Þ

The expansion coefficients, ÆP200æ and ÆP400æ, are called orienta-
tion order parameters and are calculated from the orthogonality
of Legendre polynomials as

ÆP200æ ¼ 1
2

Z π

0
P200f ðβÞ sin β dβ ¼ 1

2
ð3Æcos2 βæ- 1Þ ð5Þ

ÆP400æ ¼ 9
8

Z π

0
P400f ðβÞ sin β dβ ¼ 1

8
ð3- 30Æcos2 βæþ 35Æcos4 βæÞ

ð6Þ
In the study of multiunits which are 3-dimensionally distrib-

uted in a system, it is necessary to consider the orientation
distribution of scattering units on deriving the equation of
statistically averaged polarized Raman intensities. So, the mea-
sured intensity of scattered light includes quantities of scattering
units that contain information about the distribution of orienta-
tion. Therefore, eq 2 should be derived considering orientation
distribution of the scattering units integrated over all possible
orientations as

IijðθÞ ¼ kR0
ij
2
Z
β

Z
R

Z
γ
f ðR, β, γÞðEijðR, β, γ, θÞÞ2 dγ dR sin β dβ

ð7Þ

where Eij is the electric field equations with rotational degree of
freedom. θ is the angle between the incident polarization direction
and the symmetry axis of Raman tensor. The notation Iij denotes the
scattering intensity analyzed in i direction (in our geometry, i� Z,Y)
with incident polarization in j direction (in our geometry, j� Z, Y).
2.3. Symmetry of Raman Tensor andDepolarization Ratio.

As shown in eq 7, it must be emphasized that principal
components of Raman tensor are of prime importance in
determining the directional relationship between scattering units
and E.27 In dealing with the orientation distribution of Raman
tensor axes in a multiunits system, there has been an ambiguity in
the choice of R and γ angle dependences of principal compo-
nents (i.e., a 6¼ b in eq 8), and this is associated with questions
concerning the assumption of local cylindrical symmetry (i.e., a =
b) of the Raman tensor.29

R0 ¼
a 0 0
0 b 0
0 0 c

0
BB@

1
CCA ð8Þ

Discussion about the importance of deviation of cylindrical
symmetry in Raman tensor axes wasmade by Jen et al.,29 and they
showed the insensitivity of uniaxial orientation order parameters
of main principal axis (c, c. a, b) of Raman tensor, i.e., ÆP200æ and
ÆP400æ. Thus, in this study, we will obtain ÆP200æ and ÆP400æ values
for orientation degree of the principal axis of Raman tensor in
stretched samples without considering the expansion coefficients
of ODF related to biaxial symmetry of Raman tensor (i.e., the
cases of nonzero m and n in Wigner rotation matrix). It should,
however, be noticed that this does not necessarily mean that all
Raman bands possess tensor forms with cylindrical symmetry,
while it does mean that ignoring the biaxial terms in ODF may
not significantly affect ÆP200æ and ÆP400æ values. Accordingly, we
will identify the anisotropic distribution of the principal axis of
Raman tensor with respect to the drawing direction (director)
considering only β angle dependence and thus nontrivial order
parameters, ÆP200æ and ÆP400æ, characterizing the “axial” ordering
of principal axis of Raman tensor in stretched films.
For any Raman-active mode, the values of the tensor compo-

nents depend on the choice of coordinate system, and several
choices of coordinate systems leading to an especially simple
tensor form are described in detail elsewhere.27 Suffice it to say
that the pattern of entries in a tensor is essential for analyzing the
orientation distribution of Raman tensor axes. Valuable informa-
tion about the symmetry of Raman tensor can be obtained by
measuring depolarization ratio of polarized Raman intensity in
the isotropic state, Riso. The depolarization ratio is indispensable
in making band assignments for studying the orientation dis-
tribution of scattering units and is defined by16,23,27

R ¼ I^
I )

¼ 3ξ2

10δ2 þ 4ξ2
ð9Þ

where I^ and I ) represent the Raman scattering intensities when
the polarization direction of analyzer is perpendicular and
parallel to that of the incident beam, respectively. δ2 is the
isotropic part of the tensor, and ξ2 is the anisotropic part. These
quantities are defined in terms of the components of the Raman
tensor as

δ2 ¼ 1
3
ðR0

xx þ R
0
yy þ R

0
zzÞ2 ð10Þ
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ξ2 ¼ 1
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The values of δ2 and ξ2 depend on the Raman tensor compo-
nents, and someasurement of Riso can in principle give symmetry
information on Raman tensor in spite of the random molecular
orientation. Conventionally, Raman tensor is said to be sym-
metric (polarized) and have only diagonal components when 0 <
Riso <

3/4 and to be nonsymmetric (depolarized) and have off-
diagonal components when Riso =

3/4.
23,31 From the measure-

ments of Riso, therefore, it is possible to exploit Raman bands
possessing simple symmetric tensor form. Nevertheless, theore-
tically, an interpretation of the peak intensities (eq 7) in terms of
Æcos2 βæ and Æcos4 βæ is not easy because it requires knowledge of
the principal components of the Raman tensor which are quite
complicated to obtain. However, using the depolarization ratio,
R, we can calculate these coefficients without knowing their exact
values. In addition, one can eliminate the proportionality effect, k,
which can be affected by experimental error or laser instability by
defining the depolarization ratio.
In many studies in the literature,22,32-34 depolarization ratios

with specific geometries, R1 = I^/I ) (θ = 0�) and R2 = I^/I ) (θ =
90�), were measured, which made it possible to solve for the two
unknown coefficients, ÆP200æ and ÆP400æ. The value of r = Ryy

0 /Rzz
0

is solved from the value of depolarization ratio at random
orientation state, Riso.

Riso ¼ ð1- rÞ2
3þ 4r þ 8r2

ð12Þ

This methodology has been applied satisfactorily for the mea-
surement of orientation distribution of various polymer
chains.17,34,35 However, from the fact that r value may not be
constant when molecules are under the stress,27 it should be
treated as a variable according to the deformation.
In this work, depolarization ratio profile over the entire range

of 0-360� will be analyzed in order to obtain more accurate
orientation properties, which provides more directional

information on the principal axis of Raman bands than only
parallel and perpendicular polarization of laser excitation.36,37

Orientation order parameters, ÆP200æ and ÆP400æ, and r value are
calculated by fitting measured depolarization ratio profile to the
equation of R(θ) which is derived from eq 7 instead of deducing
from only R1 and R2 values.

RðθÞ ¼ I^ðθÞ
I )ðθÞ

¼ IYZðθÞ
IZZðθÞ ¼ fð-1þ rÞ2½-56- 40ÆP200æ

þ ð105 cos 4θ- 9ÞÆP400æ�g=f-56ð8r2 þ 4r þ 3Þ
þ 40ð4r2 - r - 3Þð1þ 3 cos 2θÞÆP200æ
- 3ðr- 1Þ2ð9þ 20 cos 2θþ 35 cos 4θÞÆP400æg ð13Þ

2.4. Mutually Consistent Values of ÆP200æ and ÆP400æ. In the
case of polymer chains, the orientation distribution does not
necessarily occur with a monotonic pattern but can have more
complicated patterns. Nomura et al.38 and Bower et al.39 showed
the graphical representation of the state of orientation in polymer
system using plots of ÆP400æ against ÆP200æ for several types of
distribution under uniaxial deformation. They simulated the
mutual relations between ÆP200æ and ÆP400æ when determined
from the boundary equations of trigonometric functions. Using
the relationship between Æcos2 βæ and Æcos4 βæ by the Schwarz
inequality, the variation of ÆP400æ should be in the limited area of
the following formula if ÆP200æ value is known:38,40

1
18
ð35ÆP200æ2 - 10ÆP200æ- 7Þ e ÆP400æ e

1
12
ð5ÆP200æþ 7Þ

ð14Þ
In their graphical representations, there are four types of

orientation distribution functions: monotonically increasing or
decreasing function which has a single maximum at β = 0� or 90�,
respectively, unimodal function which has a maximum at specific
angle except at β = 0� and 90�, and bimodal function which has
two maximum peak at β = 0� and 90� and one minimum at
specific angle. Each of the orientation models is illustrated in
Figure 2, and the domain of the variation of ÆP200æ against ÆP400æ
for each model is depicted in Figure 3. Model I represents a
monotonic decrease of the orientation distribution function f(β)

Figure 2. Different types of orientation distribution functions of polymer chain corresponding to the equation of Nomura et al.:40 (a) monotonic
decrease with a single maximum at β = 0�, (b) monotonic increase with a single maximum at β = 90�, (c) bimodal function with a single minimum at
specific angle, (d) unimodal function with a single maximum at specific angle.
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with increasing β, while model II represents a monotonic
increase of the population with increasing β. For model III, the
function f(β) has at least one maximum at β where 0� < β < 90�,
and the function f(β) has at least oneminimum at βwhere 0� < β
< 90� for model IV. By comparing the obtained values of ÆP200æ
and ÆP400æwith four domains in Figure 3, we can predict a type of
orientation distribution of polymer chains in a system.

3. EXPERIMENTAL SECTION

3.1. Sample Preparation. Poly(L-lactide) (PLLA) (Mw = 1.9 �
106) was purchased from Purac Biochem and was used as received. Film
specimens were prepared by casting from an isotropic solution of PLLA
in dichloromethane. Solutions were cast onto glass plates using an
automatic film applicator. The solvent evaporated, and films with a
uniform thickness of 0.1 mm were obtained. Some degree of uniaxial
orientation could be achieved by drawing the solution cast film at 85 �C
and then quenching to room temperature. The crosshead speed of the
machine was 10 mm/min.

Macroscopic uniaxial orientation in stretched films was observed by
polarized optical microscope (POM). Under crossed polarization,
optical microscopic images of stretched films appeared with 2-fold
rotational symmetry of sample in birefringence. When drawing direction
is parallel or perpendicular to polarization direction of incident light, it
became dark, while the maximum intensity of transmitted light was
obtained when rotating the drawing direction is 45� with respect to the
polarization direction of incident light. This indicates that polymer
chains in stretched films are aligned uniaxially on a macroscopic
scale.41,42 Another evidence of the uniaxial nature of the sample comes
from wide-angle X-ray diffraction (WAXRD) data shown in the Sup-
porting Information. Neither method showed any preferred orientation
around the draw direction, thus confirming uniaxial orientation for the
stretched films.

For the determination of Riso values for the Raman bands of PLLA, an
isotropic crystalline film with 30% crystallinity was obtained by cooling
the melted PLLA until the temperature fell to room temperature (at
20 �C/h).
3.2. Experimental Setup and Spectra Analysis. The polar-

ized Raman spectra were obtained using 10� objective and a 785 nm

laser light source (Kaiser Optic System) which has 4 cm-1 resolution in
backscattering geometry as depicted in Figure 1. The polarized compo-
nent, I ), was obtained by setting the analyzer polarization parallel to the
polarization direction of the incident beam while the depolarized
component, I^, was resolved by setting the polarization of the analyzer
perpendicular to that of the incident beam.

In order to obtain any combination of angle of polarization vectors of
incident light (θ) against principal axis of Raman tensor, we rotated the
sample stage against polarization direction of the incident beam.
Detailed analysis of the orientation in terms of incident polarization
vector was performed by recording a series of spectra over the entire
range of 0-360� at 10� intervals. Peaks mixed with multiple compo-
nents were separated using a commercial software package Spectra Cals
(Galactic Industries). Through numerical fitting with a number of mixed
Lorentzian and Gaussian line shapes of different widths and peak
heights, the integrated intensity of the peak shapes could be calculated.
Since the line widths of depolarized and polarized spectra do not differ
appreciably at a given temperature, a simplification in the analysis of the
data is possible by the simple measurements of peak height. These
measured intensities over a wide range of incident angles were fit to
eq 13 using the polynomial regression function in Sigmaplot, which
resulted in three fitting parameters, ÆP200æ, ÆP400æ, and Raman tensor
ratio, r = Ryy

0 /Rzz
0 . Details about fitting procedure are described

elsewhere.43

Differentiation of band assignments between crystalline and amor-
phous regions was carried out bymeasuring the polarized Raman spectra
of undrawn PLLA over the melting temperature (Tm). Temperature of
the film was controlled using a hot stage (Linkam) that provides a
relative accuracy in temperature of (0.1 �C.

4. RESULTS AND DISCUSSION

4.1. Band Assignments. 4.1.1. Morphology Effect on Polar-
ized Raman Spectra of PLLA. Since amorphous regions in
semicrystalline polymer coexist with crystalline regions,44 the
difficulty in analyzing the orientation of both amorphous and
crystalline chain using polarized Raman spectra is the separation
of morphology effect on the scattering intensity. If the crystal-
linity of a sample can be varied substantially as temperature

Figure 3. Possible four planes for the relation of ÆP200æ and ÆP400æ according to the types of ODF; solid line is bounds on the mutually consistent values
of ÆP200æ and ÆP400æ; dashed lines are plotted to divide the ÆP200æ and ÆP400æ planes according to types of ODF.39
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changes, it should be possible to assign some peaks to the
crystalline chains by heat treatments. Thus, in order to evaluate
the contributions of the crystalline and amorphous regions to
peak intensities, polarized Raman spectra of isotropic crystalline
PLLA film was measured at various temperatures from 25 to
200 �C at which the crystalline phase effect can be eliminated
since the melting temperature of PLLA with R-helix form is
known to be 175 �C.45
Figure 4 presents the peak changes in detail over the

frequency regions studied as temperature changes. The changes
of spectra at various temperatures provide information about
morphology effects on the Raman activity for each band of PLLA.
It is clearly seen that the peaks at 520, 708, and 919 cm-1

disappear after temperature reaches above Tm. This indicates
these peaks are assigned to the vibration modes in long stereo-
regular chain segments and are usually absent from the spectrum
of the molten PLLA. This agrees with the result of previous
studies that bands at these frequencies are attributed only or
mostly to the vibrations of chains in a crystalline region.6,22,46

Thus, it is possible to identify orientation of scattering units in
crystalline phases by analyzing Raman scattered intensity of these
bands.22

However, other peaks are present in themelt, and theymust be
the result of the overlap of peaks belonging to each of the two

phases. The contribution of the crystalline and amorphous
phases to peak intensity can be roughly estimated from the
changes of the full width at half-maximum (fwhm) of peaks with
increasing temperature as shown in Figure 5. Increase of fwhm
occurs when the chain conformation changes from well-defined
order states to random states. It is because the structure of
disordered chains encompasses a broad distribution of chain
conformation, and thus their vibrational transitions have broad
bandwidth. There are two features of interest in Figure 5: first,
there is relatively slow increase of fwhm ratio with temperature
up to melting temperature, followed by a sharp increase to a
constant value, where the sharp increase was interpreted as
occurring at the order-disorder phase transition. The slow
broadening of peak width under Tm corresponds that a broad
distribution of chain conformation without order-disorder
phase transition occurring as temperature increases.
Therefore, the degree of change of fwhm gives qualitative

information about how the morphology contributes to the peak
intensity. For instance, the increase of fwhm of the peak at 1751
cm-1 becomes even greater at Tm than that of the 1454 cm-1

peak. With these comparisons, it is plausible to conclude that the
assigned band at 1751 cm-1 is significantly related to the chain
vibration in amorphous regions. Little change of bandwidth at
1454 cm-1 even at the temperatures above Tm may indicate that
the shape of the peak is not dominated by the vibrations of
crystalline chains and does not change much over Tm due to
disappearance of crystalline phase. For other bands, each has
different degrees of fwhm changes as a function of temperature,
which indicates each band may have different contribution from
both phases.
4.1.2. Raman Tensor Form and Symmetry of Vibration. As

the forgoing discussion illustrates, it is necessary to determine the
form of Raman tensor prior to the study of orientation of
scattering units by measuring depolarization ratio in isotropic
state, Riso. Since it has been known that PLLA has R-helix
structure,44,47 and the structure is also likely to be preserved in
the amorphous regions, the tensor forms were classified into two
symmetry types, A- and E-mode.20,31 In addition, we assume that
any deformation in our study does not affect the helical structure
of PLLA since the peak at 919 cm-1, which reflects 103 helix
structure,46 does not shift under the deformation.
Figure 6 shows the measured polarized Raman spectra of an

undrawn PLLA film and deconvolution of mixed peaks.

Figure 4. Polarized Raman spectra, I ), of undrawn PLLA at various temperatures.

Figure 5. Temperature evolution of full width at half-maximum (fwhm)
of various Raman bands normalized to the width of each band at 25 �C.
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According toRiso values of each band, the tensor form is classified
to A-mode ifRiso is smaller than 0.75. In this case, the off-diagonal
components of the Raman tensor are zero. If the Riso value equals
0.75, on the other hand, the Raman band is an E-mode, in which
case the diagonal components of the Raman tensor are zero.
Band assignments and morphology effects on the major bands
are based on published Raman results on PLLA6,22,46,48 and are
tabulated in Table 1. It is noteworthy that A-mode Raman bands
are appropriate to quantify the “axial” ordering with simplified
expression of the ODF. However, if one considers the E-mode,
the coefficients will have to be calculated using nonsimplified
expression for the ODF.
4.2. Orientation of the Principal Axis of Raman Ten-

sor. 4.2.1. Angular Dependence of Polarized Raman Intensity.
All peaks attributed to each band were analyzed over the whole
range of rotating angle in detail, and the intensity profiles for the
four peaks as a function of rotating angle, θ, are shown in
Figure 7. The pattern of 2-fold and 4-fold rotational symmetry

of I )(θ) and I^(θ) is conformable to trigonometric periodicities
of expansion in eq 7. Interesting observation is that there are four
types of angular dependence of I ) which are very similar to
four types of orientation distribution functions as described in
section 2.4.
The pattern of intensity profile of peak at 1388 cm-1 has a

single maximum at θ =0� and monotonically decreases until θ =
90�. The intensity of peak at 1092 and 1454 cm-1 monotonically
increases as the rotating angle increases and has a single max-
imum at 90�. A unimodal intensity profile is seen for the bands at
919 cm-1. Angular dependence of Raman intensities of the other
bands such as 873 cm-1 band appear to be bimodal having two
maxima at θ = 0� and 90� and one minimum at specific angle
when the film is deformed such that λ = 4. Herein it is important
to differentiate polar angle β from the rotating angle, θ. The
intensity profiles are constructed as a function of the rotating
angle, θ and the plots of orientation distribution are made as a
function of polar angle β.

Figure 6. Polarized Raman spectra of isotropic crystalline PLLA measured at room temperature: (a) I ) and I^; (b) decomposition of spectra over the
range from 600 to 1800 cm-1.
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Since the pattern of the intensity profile follows different ODF
types, experimentally obtained intensity profiles at different draw
ratios are fitted to the ODFmodels of Nomura et al.,38 and fitting
results as a function of draw ratios are presented in Figure 8.
From Figure 8, we can see significant changes of the shape of
intensity profiles under the deformation of films. In previous
works about uniaxially drawn PLLA,22,49 the pseudoaffine de-
formation model50 was proposed for the deformation of

molecular chain in the amorphous regions while the degree of
crystalline orientation increases slowly at low draw (or stretch)
ratios followed by a rapid rise as a result of crystal rotation and
slip along the stretching direction at high drawing ratio.
This proposed deformation mechanism accounts for the varia-

tion of intensity profile with various stretch ratios based on
knowledge about morphology contribution to the peak intensity
qualitatively concluded in Table 1. In the case of the bands at 1092,

Table 1. Raman Band Assignments and Morphology Effects on the Peaka

Raman shift (cm-1) morphology effect Riso bands assignments

398M-411M Cr/Am 0.721-0.152 δCCO

520w Cr / δC-CH3þ δCCO

708M Cr . Am 0.089 γCdO

736M Cr/Am 0.062 δCdO

873VS Cr/Am 0.095 νC-COO

919M Cr 0.841 rCH3 þ ν

1042S Am > Cr 0.267 νC-CH3

1092S Cr/Am 0.501 ν(COC)s

1128S Cr/Am 0.109 r(CH3)as

1181M Cr/Am 0.086 ν(COC)as þ r(CH3)as

1297M Cr/Am 0.577 δCH

1388M Cr > Am 0.673 δ(CH3)s

1454S Cr > Am 0.741 δ(CH3)as

1751M Am . Cr 0.463 νCdO

1764M-1774M Cr/Am 0.182-0.146
aVS = very strong; S = strong; M = medium; w = weak; s = symmetric; as = asymmetric, Cr: crystalline chain, Am: amorphous chain, A > B: more
attribution to A rather than B, A . B: even more attribution to A rather than B, Cr/Am: mixed attribution to both phase but portion of effect from
morphology is not definitive, /: difficult to decide.

Figure 7. Angular dependence of polarized Raman intensities of stretched film (λ = 4): (b) measured I ), (Δ) measured I^, and solid lines are their
fitting results. (a) Monotonic decrease of I ) for band at 1388 cm

-1. (b) Monotonic increase of I ) for band at 1092 cm
-1. (c) Unimodal shape of I ) for

band at 919 cm-1. (d) Bimodal shape of I ) for band at 873 cm
-1.
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1297, and 1454 cm-1, for instance, Raman peaks are attributed to
the vibration of chains both in the crystalline region and in the
amorphous region. This mixed contribution of morphology to
peak intensity can explain the difference in intensity profiles
according to stretch ratios in Figure 8. For the above three Raman
bands in Figure 8, Figure 8 shows remarkable changes of profile
shape when stretch ratio changes from λ = 2 into λ = 3, but profile
shape is more or less the same between λ = 3 and λ = 4. This
suggests that scattering units in both the amorphous part and the
crystalline part are involved in the orientation process while the
sample is being deformed to low stretch ratio (λ = 2). However, at
high stretch ratio, λ > 2, the crystal orientation increases dramati-
cally and then levels off due to the essentially complete micro-
fibrillar transformation, and any further increase in orientation is

confined to the amorphous regions. Thus, it results in the change of
profile shape.
This approach is interpreted as evidence for a clear segregation

of the crystalline and amorphous phases. Additional evidence is
shown in the intensity profile of the crystalline peak at 919 cm-1,
where angular dependence of peak intensity increases abruptly
from λ = 2 to λ = 3, but it almost level off at higher stretch ratios.
These behaviors are in accord with previous results.22,49

With the profile changes at other peaks, however, it is difficult
to explain the deformation mechanism of PLLA because angular
dependence of the peak intensity is dependent on not only the
mixed contribution of morphology but also the arbitrary angle of
tilt that the symmetry axis makes against molecular chain axis.
4.2.2. ÆP200æ and ÆP400æ of the Principal Axis of Raman

Tensors. Depolarization ratios, R(θ), for each band were ob-
tained with experimental measurement of I )(θ) and I^(θ).
Orientation order parameters of the principal axis of Raman
tensor, ÆP200æ and ÆP400æ, and Raman tensor ratio, r = Ryy

0 /Rzz
0 ,

were calculated as a result of fitting measured data to eq 13.
Obtained ÆP200æ is plotted against stretch ratios in Figure 9. It was
observed that the ÆP200æ values for Raman bands at 919, 1042,
1297, and 1388 cm-1 increase positively as the stretch ratio
becomes high; this implies the measured axis of symmetry has a
tendency to align toward the drawing direction. In contrast, a
decreasing ÆP200æ value toward negative says that orientation
direction of symmetry axis becomes far away from uniaxially
drawn direction beyond 45�. As seen in Figure 9, decreasing
ÆP200æ values for bands at 1751-1764-1774 cm-1 with increas-
ing stretch ratio imply that the molecular chains orient toward
the drawing direction since the CdO stretching vibration is
thought to occur in a direction perpendicular to the polymer
backbone.
Interesting information on the shape of the ODF comes from

the relation between ÆP200æ and ÆP400æ of the principal axis of

Figure 8. Angular dependence of I ) for various bands at different stretch ratios: dotted line is fitting result of I )(θ) at λ = 2, medium-medium line is
fitting result of I )(θ) at λ = 3, and solid line is fitting result of I )(θ) at λ = 4.

Figure 9. Plots of calculated values of ÆP200æ of vibration bands as a
function of stretch ratio.
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Raman tensor. ÆP200æ and ÆP400æ values obtained for each Raman
band are plotted in the P2P4 plane which is theoretically limited
by Nomura et al.38 and Bower39 in Figure 10. They classified four
domains where mutual relationship between ÆP200æ and ÆP400æ
should be limited according to the four types of ODF. We can
clearly see that the ÆP200æ and ÆP400æ values of each band are
divided to be well inside each domain; values for 1388 cm-1 in
domain I, those for 1092 cm-1 in domain II, value for 919 cm-1

in domain III, and those for other frequencies in domain IV.
These results are consistent with the matches between the

profile shapes of I )(θ) and those of ODF as shown in Figures 8
and 2, respectively. It is more clearly seen in the case of 1297 cm-1

for which ÆP200æ and ÆP400æ ranges from domain III to domain IV
as stretch ratio increases. As shown in Figure 8, the pattern of
I )(θ) of this peak varies from unimodal to bimodal function,
which is thought for the type of ODF to change in the same way.
Thus, values of ÆP200æ and ÆP400æ at λ = 3 and λ = 4 are supposed
to be in domain IV, whereas those of ÆP200æ and ÆP400æ at λ =
2 remain in domain III. The same explanation can be applied to the
case of the Raman band at 1454 cm-1. The Raman band at 1454
cm-1 is assigned to CH3 asymmetric deformation modes, and CH3

groups in PLLA are perpendicular to themolecular chain. Assuming
that the Raman tensor is oriented along the direction of the CH3

bond, our results show that the molecular chains are oriented along
the deformation direction with a Gaussian distribution at high
stretch ratio (refer to Figure 8). Therefore, we are able to predict
the approximate pattern of ODF of polymer chains by measuring
the intensity profile as a function of sample rotating angle.
However, it does not necessarilymean that these derived values of

ÆP200æ and ÆP400æ reflect accurately the ODFs of polymer chains in
the amorphous and crystalline region, respectively. This is because
the analyzed scatterings have contributions from both phases, of
which polymer chains respond differently to macroscopic deforma-
tion. Consequently, ODFs of the principal axis of Raman tensors
averaged over both phases have a unimodal or bimodal function
although the ODF of chains in each phase in fact may change
monotonically. Furthermore, the tilt angle,Ψ, between the symme-
try axis of Raman tensor and the helix axis should be considered to
calculateODFofmolecular chains unlessψ=(nπ, n=0,(1,(2, ....
From the above discussion, we propose that plotting the

intensity profiles, I )(θ), of Raman scattering of certain selected

bands can provide valuable information about the response of
amorphous and crystalline chains separately under the deforma-
tion if the band is attributed to only one phase and the symmetry
axis of Raman tensor is collinear with chain backbone axis.
4.3. Orientation of Amorphous Polymer Chains. 4.3.1.

Orientation of Amorphous Polymer Chain. Since the orientation
information on crystalline chains in PLLA can be obtained using
X-ray diffraction,22 we would focus on discussing the orientation
of amorphous chains in PLLA under deformation. Basic informa-
tion for quantifying the degree of orientation of crystalline parts
is briefly discussed in the Supporting Information.
As discussed above, experimentally obtained ÆP200æ and ÆP400æ

values represent the orientation distribution of the principal axis
of the Raman tensor in a given coordinate system. In order to
quantify the orientation degree of chains in the amorphous
region, not only the contribution of vibration in both amorphous
and crystalline chains to Raman peak should be separated but
also the tilting angle, Ψ, should be considered.
Although morphology effect on Raman intensity was qualita-

tively approximated based on the variations of Raman bandwidth
according to the temperature, exact quantification is still unclear.
Moreover, an accurate knowledge of Ψ is quite complicated,
perhaps impossible, only with analysis of experimentally mea-
sured Raman spectra unless quantum mechanical calculations of
polarizability change during vibration are carried out in parallel.
Tanaka et al. reported an elegant approach to obtain the tilt angle

Ψ by combining ÆP200æ and ÆP400æ for the cylindrical symmetry axis
of Raman tensor with those from wide-angle X-ray diffraction
(WAXRD) and birefringence measurement.21,22 Once the tilt
angle,Ψ, has been determined, the orientational order parameters
of amorphous chains, ÆP200æamorphous, were obtained from ÆP200æ for
the Raman band which is contributed from both crystalline and
amorphous phase. ÆP200æamorphous was calculated from eq 15 with
the knowledge of the degree of crystallinity, χc, and sample
birefringence, Δn.22,51,52

Δn ¼ χcÆP200, cæΔnc þ ð1- χcÞÆP200, aæΔna ð15Þ

Herein lies the difficulty of decoding the individual contributions
from the amorphous and crystalline regions. This equation can be
applied for separating the orientation degree of amorphous and
crystalline chains from the averaged values if the contribution of vibra-
tion of chains in amorphous and crystalline regions to Raman inten-
sity is equal. Although qualitative separation of the contribution of
morphology to Raman intensity is possible as shown in the discus-
sion dealing with the fwhm in Figure 5, quantifying those exactly is
quite difficult and not obvious. It would be quite useful to be able to
figure out how to separate these contributions both qualitatively and,
more importantly, quantitatively and merits further attention.
Free from the degree of contribution, the band at 1751 cm-1

may be used for the orientation of amorphous chains. It can be
assumed that the contribution of crystalline chains to the peak
intensity of band at 1751 cm-1 is so small that it can be ignored. In
addition, the depolarization ratio, 0.463, obtained for this band of
the unstretched sample is again an indication that the band is
symmetric, and hence a good approximation to simple ODF will
be valid to apply eq 13. However, we were not able to obtain the
orientational order parameters of amorphous chains due to the
lack of tilting angle for the Raman band at 1751 cm-1. Although
the direction of transitionmoment of νCdO(ester) was reported
to be tilted about 53( 3� from the molecular chain axis inR-helix
system,53 using this information may also product another

Figure 10. Plots of ÆP400æ against ÆP200æ calculated from fitting mea-
sured intensities to eq 13 for various vibration bands: each mark
corresponds to each Raman band, and different colors with same mark
indicate the values obtained at different stretch ratios (black ones at λ =
2, blue ones at λ = 3, and red ones at λ = 4).
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assumption. Thus, rather than obtaining exact values of orienta-
tion degree for amorphous chains, what we propose is a new way
to analyze polarized Raman spectra to characterize anisotropic
behavior of semicrystalline chains under deformations.

5. CONCLUSIONS

The complex behavior of chain orientation in the semicrys-
talline PLLA system was studied by means of polarized Raman
spectroscopy. The present paper employed a simple approach to
the use of polarized Raman, which seeks to provide additional
information on the orientation distribution from examining the
complete range of orientation of the symmetry axis of Raman
tensor in relation to the polarization directions. The measure-
ments of the angular dependencies of the scattered intensity of
assignable vibration bands, I^(θ) and I )(θ), were performed to
determine the orientation order parameters of scattering units.
Comparison of calculated values, ÆP200æ and ÆP400æ, with pre-
dicted ones was made according to types of ODF, and the results
suggest that measurement of polarization of scattered intensity as
a function of rotating angle can allow the orientation distribution
function to be determined with good accuracy without the use of
information entropy theory.

In order to characterize the orientation degree of crystalline
chains and amorphous chains separately, we assigned Raman bands
according to the effect of morphology on Raman intensity of the
bands. The peak at 1751 cm-1 was mostly attributed to amorphous
chain and could be directly used to obtain the orientation degree of
amorphous chains. The molecular orientation distribution in the
amorphous regions can be determined if the tilt angle,Ψ, is known.
Using this approach, we found that most of the development of
molecular orientation in the crystalline regions of uniaxially oriented
PLLA film was complete after a stretch ratio of 3. The molecular
orientation in the amorphous regions is much lower than that in the
crystalline regions but seemed to be increase continually even after
the molecular orientation in the crystalline regions was completed.
These findings have implications for optimizing the recovery of
semicrystalline polymers, as crystalline orientation generally is less
recoverable compared to amorphous orientation. In turn, this
finding has implications for optimization of the processes used to
incorporate shape memory effects in such polymers.
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