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Molecular Orientation Distributions in a Biaxially oriented
Poly(L-lactic Acid) Film Determined by Polarized Raman
Spectroscopy
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Molecular orientation distributions in the crystalline and amorphous regions of a biaxially oriented-laaiy¢

acid) film were analyzed fully by polarized Raman spectroscopy. Raman bands at 926 and 8¥ecenchosen

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 Table 1. Film Thickness Measurements and Thermal
Characteristics? of the Biaxially oriented PLLA (BO—PLLA) Film
Poly(L-lactic acid) (PLLA) is well-known as a biomaterial BO—PLLA
owing to its blqsorbable and _blocompatlble capab|I|t|es._ PLLA film thickness [m] 26.2 4 0.8
is also an environmentally friendly compostable material and, glass transition temperature [°C] 64
hence, is processed into fibers and oriented films for a number melting point [°C] 167
of applications. The physical properties of oriented PLLA crystallinity (c) [%] 38

materiald-2 are related closely to aspects of their microstructure
such as their degree of crystallinity and molecular orientation. ~ * Determined by differential scanning calorimetry.

Recent studies have shown that the degradation rates of PLLA o . .

films are dependent on both the degree of crystalfiratyd the ~ coefficients. The number of the coefficients to quantify the
presence of biaxial orientatibras well as the morphology of ~ biaxial orientation distributions can, however, be reddgeg

the film surface In addition, the degree of biaxial orientation UsSing Raman bands for which their tensors have cylindrical
in a polymer film is known to affect its barrier properties. symmetry.

The degree of crystallinity of semicrystalline polymers can In t_he present investigation, r_nolepular orientgtion distributions
be measured simply by thermal analysis or by wide-angle X-ray in @ biaxially oriented poly(-lactic acid) (PLLA) film have been
diffraction (WAXD), which can also give an indication of Studied using polarized Raman spectroscopy for the BS geom-
crystallite orientation. On the other hand, polarized Raman etry only. The Raman bands of PLLA are assumed to be
spectroscopy 1% has been regarded as a powerful technique to cYlindrically symmetrié® owing to its helical molecular struc-
quantify the molecular orientation distributions, since it is ture?* A Raman band of PLLA at 926 cm was found*to be
capable of obtaining the fourth-order molecular orientation @ssigned to the crystalline regions only of PLLA, whereas
distribution coefficients as well as the second-order coefficients. another band at 875 cthwas assigned to both the crystalline
The technique also enables the molecular orientation distribu- 2nd amorphous regions. These Raman bands were chosen for
tions in both the Crysta”ine and amorphous regions ofa po|ymer the Study of molecular orientation distributions in both the
to be determined independentfy14 crystalline and amorphous regions, and the results have been

Polarized Raman spectroscopy has been used mainly for theompared with those obtained by WAXD and birefringence

study of molecular orientation distributions in uniaxially oriented Méasurements.
materialsi®~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 publicatioh§'® have employed 2.1. Materials. A biaxially oriented PLLA (BO-PLLA) film,

the technique for the study of molecular orientation distributions gcologe, was kindly supplied by Mitsubishi Plastics. The film thickness

in biaxially oriented materials, where the scattering intensities measurements and thermal characteristics of the sample are summarized
have to be measured for the right-angle scattering (RAS) in Table 1. The film thickness was determined from averaging nine
geometry as well as the BS geometry to determine all of the independent samples using a micrometer. The glass transition temper-
ature, melting temperature, and the heat of fusion of the film were

*To whom correspondence should be addressed. Fel4-161-306- determined by differential scanning calorimetry from two replicated
3551. Fax: +44-161-306-3586. E-mail: robert.young@manchester.ac.uk. measurements. The degree of crystallinity of the sample was determined
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Figure 1. Definitions of the coordinates for a Raman polarizability
tensor (x—y—2z), the molecular chain axis (c), and the sample (X—

Y-2).
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Figure 2. Angular relationships between the x—y—z Raman polar-
izability tensor axes and the X—Y—Z sample axes: azimuthal angle
¢, polar angle 0, and rotational angle .

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 siz&.

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

Figure 2 shows the angular relationships betweenxthe-z Raman
polarizability tensor axes and theé-Y—Z sample axes, where angles
¢, 0, andy are azimuthal, polar, and rotational angles, respectively.

For a Raman polarizability tensor with a cylindrical symmetry around
the z axis @ = 0), its orientation distributions in a material can be
explained mathematically by the following functi&f?2+

(Y |

N(.60) = zo > Pimochaidmo(CosO)e ™ (1)
=0 m=—I

wherePimo chainiS the molecular orientation distribution coefficient and
Zmo(cos ) is an expansion coefficient.
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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-analyzerd  through (Y—2) edge (X—2) end (X—Y)
H—-H S a'z? > a'z? Y a'v?
H-V e S o xy?
V-V Y oy > a'xd > o'l
V—H > o' 24

aH, horizontal; V, vertical in the projection plane.

related to the components of the tensor. The coefficiBib tensorcan
be related to the coefficien®imo chain USing the following relation-
ship25.26

P _ leo,tensor
ImO,chain™
Poo(CcosL)

®3)
where the functiorPo(cos?) is a Legendre polynomial function of
orderl00 for the parameter coQ. The angleQ 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 chaio axis, as defined in Figure 1.
The tilt angle has been determifétb be @ and 44 for the Raman
bands at 926 and 875 ci respectively.

Considering the cylindrical symmetry of the Raman bands of PLLA,
eq 2 give¥ six unknown parametersNo, P2oo, P22o, Paoo, Pazo @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 principaX, 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, thX axis is normal to the film surface,
and theY axis is perpendicular to both théandZ axes. Hereafter, the
polarized scattering geometry will be described using Porto’s not&tion,
ABCO)A, where A is the propagation direction of the incident and
scattered light anB 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 geom&(BC)X
(through). The polarized Raman spectra for geomet{BE)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 tNeaxis 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 intensitigsa'xé, ¥ a'vv, andy o'z
are measurable from two samples, although the values may not be
identical due to differences in their Raman scattering volumes. The

The polarized Raman scattering intensity depends on the angleseffect was, therefore, corrected by following the calculations described
between the principal axes of the Raman polarizability tensor and the i the Appendix in order to determine the polarized Raman scattering

direction of light polarization. The coefficieimo chainCan be related

to the Raman scattering intensities for different polarization scattering

geometries by
pp

z o g =
(2)

wherey ao'qq0'yp iS a quadratic representation of the polarized Raman
scattering intensityl, is a term related to the scattering volunNago

is a constant for orddm0,7:23 Pino tensoriS the orientation distribution
coefficient for the Raman polarizability tensor, afAgY9°P is a term

2+1

No
R I g9
NImOPImO,tenso'rA‘lmO

44'[%

2

intensities for the different polarization scattering geometries.

The value$iny for the crystalline region®imo, can be determinédi
from the polarized Raman scattering intensities for the 926! drand
of PLLA after the correction for its tilt angle in eq 3. Similarly, the
Raman band at 875 crhis usefut* for the determination of the values
Pimo averaged over the crystalline and amorphous regieng dain-

Once both the valueBino,c and Pimo chainare known, the valueBimg
for the amorphous regions only can be calculétéy the following
equation assuming a simple two-phase model:

1

[ 4)

Ccbv

Pomo.a= (P2mo,chain~ XcPamo,0
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for orderl = 2. If the P02 value is positive, thé40 2 value may be for the peak position and scattering intensity using a silicon single
estimateéP from the P,oo 5 value by crystal and liquid carbon tetrachloride, respectively, prior to the
experiment. The spectra were analyzed using analytical software
. P200,9(5P200,a_ 2) (GRAMS/32, Galactic), and each Raman band was fitted to a
Pa00,a= W (®) Gaussianr-Lorentzian curv& to improve the accuracy of the intensity
’ measurement.

Except for samples with extremely high levels of molecular orientation The molecular orientation distribution coefficients for the crystalline
in the amorphous regions, the valtRs aandPasoare consideredto ~ (Pmod and amorphous regionsPio of the PLLA film were
be smalk® and their influence on the functidi(s, 6) in eq 1 for the determined from the set of the polarized Raman scattering intensities
amorphous regions may be assumed to be negligible compared to thediven in Table 2. The polarized Raman scattering intensity for each
influence of the valueBagoa P220.a aNdPago,. TO determine the function  Scattering geometry was determined by averaging 5 independent spectra

N(¢, 6), however, neglecting the valuBs for ordersl = 6 may cause in the same region in the sample. Two independent films were studied
a considerable error. to confirm the reproucibility of the data.

This error can be reduced by replacing the functis, 6) with 2.2.2. Wide-Angle X-ray Diffraction. The orientation distributions
the most probable molecular orientation distribution functfo;2° of the crystallites, which are considered to be equivalent to the molecular
Nmp(¢, 6), in the following equation: orientation distributions in the crystalline regions, were determined by

WAXD. Two different techniques were employed to measure the
Nmp(¢,9) = distributions in theX—Z andY—Z planes of the B&-PLLA film. PLLA
mp is known to have different crystal forms®3and only thex-form crystal,
exp[zAimOPImO(COS‘P' cos0)] which is the most common form, was observed for the samples in the
m ©) current study.
x p2n mp . The distribution in theX—Z plane of the sample was studied from
o Jo exp[;A,mOPmo(COSzb, cos0)] sin 6 d¢ do #-offset profiles using an X-ray diffractometer (X'Pert PW 3040/00,
,m

Philips). Ni-filtered Cu ku 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
N (,0) = of the PLLA a-form crystal were recorded fd@t-offset angles between
mpe +15° in increments of 1
eXp[XAiTn%leo(COS¢7 cosb)] The distribution in theY—Z plane of the sample was studied using
m an X-ray flat plate camera. An X-ray generator (PW 1120/90, Philips)
o 9 (7) fitted with Ni-filtered Cu Ko radiation (40 kV, 40 mA) was employed
exp] A,mpP (cos¢, cosO)] sin 0 to record the diffraction pattern on a film negative. The film negative
HZO Z Z mo" im0 ! was scanned using a commercial scanner (Scan Jet ADF, Hewlett-
e m Packard) and analyzed using analytical soft#a€git2D Ver. 10.95,
under a constraint of ESRF). Diffraction arcs for the (2 0 0)/(1 1 0) planes of PLuAorm
crystal were analyzétito determine the orientation distribution of the
9 9 crystallite chains, since diffraction arcs for the (0 0 10) plane of the
HZ Z Ninp(#,0)Pimo(COS®, cosb) sin 6 PLLA film were found to be overlapped with those for the (1 0 10)
=0°¢=0° plane.
Imo — (8) The distribution function of the diffraction intensity in tie-Z plane,

HE g Nmp(¢10) sing 1(0xz), may be equivalent to the distribution of molecular chains in
=

where the coefficientgym, were calculated by approximating eq 6 as

the crystallites, since the normal vector for the (0 0 10) plane is in the
direction parallel to the crystallite chain axis &xis). Similarly, the

The summations in egs 7 and 8 were calculated in increments of anglesdistribution function of the crystallite chain axis in tive-Z plane is
¢ and 6 of 2°. It was difficult to determine all of the five variables ~ defined ad¢(6y,). Both the functions«(6x,) andl«(6y2) are normalized

T AT AR AR and ATP simultaneously. Since the valudgh, to
and A}}, are considered to be small relative to the other varialiles, o0 o
the valuesAjh, Agx, and Ayl were calculated initially assuming that 1.(6xp) = 1By, = 1 (10)
the valuesA;k, and Ayl were zero. In the second step, the valdgg Z arxz z ATYZ
Ox=—90° Oy=—90°

and A}}, were calculated by using the valuagh determined in the

first step. The error for the calculatioRa, is defined by The two-dimensional parametelgdxz) andl(6vz) may be combined

P ) to obtain a three-dimensional orientation distribution of PLLA crys-
R _1 im0, exp ™ im0, cale ©) tallites in the BO-PLLA film, 1@, 6), by
= I

Manfsae - Proey 186 = 1616y (1)

wheren, is the number of the values’;,‘% considered in the calcula- . )
tion. CoefficientsPim,exandPimcacare the value®m determined by where the relationship between offset angtgs,(fvz) and Euler angles

polarized Raman spectroscopy and by the calculation using egs 7 and®: 9) are shown schematically in Figure 3a. However, eq 11 has a
8, respectively. limited application to biaxial orientation distributions in tfe-Z plane,

A Raman spectrometer (Raman Imaging Microscope System 1000, SiNce @ lowl(6xz) value at an angléx; close to 90 may lead
Renishaw) equipped with a near Infrared laser 785 nm, 22 mw miscalculation of the functioi(¢, 6) when both angleg and 6 are

output) was used to collect Raman scattering. Polarization filters and CIOS? to 96' If the. dis‘tribution in theX—2Z plane is narrow, _the .
half-wave plates were fitted to control the polarization directions of '€ationship shown in Figure 3a may be replaced by an approximation

incident and scattered light. A50 objective lens with a numerical N Figure 3b. The offset and Euler angles can be correlated with each

aperture of 0.75 was used to focus the beam on the sample, assuminé’ther by
that the effect of polarization scrambling due to the lens is insignificant

U P
for the sample with small birefringené&®-32 The system was calibrated 6y, = tan *(sin¢ tano) (12) CDV
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6y, = sin *(cos¢ sin 6) (13)

The distribution functiorl(¢, ) can be calculated by combining eqs
11-13, once the functionis(6xz) andl(fyz) have been determined by
WAXD.

2.2.3. Birefringence MeasurementsT he birefringence of the BO
PLLA film was measured using a transmission optical microscope (BH-
2, Olympus) fitted with ax 20 objective lens. Polarized monochromatic
light (1 = 589 nm) was chosen as a light source. The-BQLA 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 samykxis andZ axis directions,
Anyz.

The sample birefringencAnyz can be related to the coefficient
P20 determined by birefringence measuremdt,, by

Any, = PS,An, (14)
whereAn;, is the intrinsic birefringence for the material and
An, =y An,+ (1 — xJ)An, (15)

where An; and An, are the values of intrinsic birefringence for the
crystalline and amorphous regions of PLLA, which are repéftesl
be 0.0207 and 0.0587, respectively.

3. Results and Discussion

3.1. Polarized Raman Spectroscopyrigure 4 shows polar-
ized Raman spectra for the B&LLA film obtained for
different polarization scattering geometries. In Figure 4b,
different polarized Raman scattering intensities for Y(ig2)Y
and Y(XX)Y geometries were observed for both Raman bands
at 926 and 875 cni. 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 cthfor the different polarization

scattering geometries. Using eq 2, the orientation distribution rigure 4. Polarized Raman spectra for the BO—PLLA film: (a)

Intensity (a.u.) Intensity (a.u.)

i

Intensity (a.u.)
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(a)

1 1 1
800 850 900 950 10
Wavenumber (cm")

Y)Y
Y(ZX)Y

1 1
800 850 900 950 1000
Wavenumber (cm™)

(c)

2(Ynz
Z(Xx)Z

-

1 1 1
800 850 900 950 1000
Wavenumber (cm")

coefficients Pimo) were determined for each Raman band. through, (b) edge, and (c) end.

Subsequently, the valué%y, for the Raman bands at 926 and

875 cntt were corrected for their tilt angle using eq 3 in order cm~1band is due probably to an error of intensity measurements

to obtain the molecular orientation distribution coefficients for for the weak Raman band.

the crystalline regions onlyP{mo o) and for an average over the
crystalline and amorphous regiorn chain- Once both coef-
ficients Pimo,c and Pimo.chain Were determined, the orientation
distribution coefficients for the amorphous regioRg.§ 4 could

relatively large standard deviation of tReyg value for the 926

Using egs 7 and 8, coefficien#, in the most probably
molecular orientation distribution function for the B&LLA
film were calculated for the crystalline regions onlmp, ¢,

0), and for the amorphous regions o, {¢, 9). As described
be estimated using egs 4 and 5. All of the calculated coefficientsjn the Experimental Section, the valugglh, AR and AL,
for the BO-PLLA film are summarized in Tables 4 and 5. A ere estimated in the first step of the calculation followed by

the determination of the value&)y, and Ay} in the second

step, and the results are given in Table 6.

Figure 3. (a) Relationships between offset angles (6xz, 6yz) and Euler
angles (¢, 6), and (b) with an approximation under the condition where
the angle 0xz is small.

Once all of the value

mp
m0

were known, the functions
Nmpd#, 0) and Nmpd¢, 6) could be determined using a
cylindrical coordinate systeA$;?° ¢—6—Nmy(¢, 0), as shown

in Figure 5. Both the functionSimp ¢, 8) andNmp ¢, 0) 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 BEPLLA (Figure

5a) was predominantly uniaxial in the directiap, @) = (0°,

0°), which corresponds to the sampeaxis. In addition, the
functionNmp d¢, 0) spreads toward the directiop,(0) = (90°,
90°), which corresponds to the sampleaxis and concentrates
in the regions aroung = 90°. These observations indicated
that the molecules in the crystalline regions of the-B@LLA
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Table 3. Polarized Raman Scattering Intensities for Different Polarization Scattering geometries for the BO—PLLA Film after normalization

G o'z =100)

Raman band (cm-1) S o X S o' yy? S a'zA S o vA Y o'zl Y oxy? Ry (%)
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 (Pimo) for Raman Bands at 926 and 875 cm~! Determined for the BO—PLLA Film

Raman band (cm™1) assignment? Pooo Pa2o Paoo P20 Paso
926 Cc 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 4+ 0.002 0 + 0.0003

a4 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 (Pjo,c), for an Average of the Crystalline and
Amorphous Regions (Pjmo.chain) @nd for the Amorphous Regions Only (Pjmo.a) for the BO—PLLA Film

P20o P220 Paoo Pazo Paso
Pimo.c 0.56 + 0.11 —0.07 £ 0.01 0.25 + 0.04 —0.01 + 0.001 0.01 + 0.004
Pimo,chain 0.25 + 0.02 —0.05 +0.01 0.19 + 0.05 0 £ 0.005 0+ 0.001
Pimo,a 0.06 + 0.03 —0.03 +£0.01 —0.02 + 0.05 0 0
Table 6. Coefficients A% in the Most Probable Molecular N x 103
Orientation Distribution functions for the BO—PLLA Film mﬂc(¢’ @
Ra
step AT AT Awe Ao Ao (%)
Ninpo(, 6)  first 178 -96.2 -05 0.1
second 284 —19.9 0.1
Nmpa(¢, ) firstonly 1.3 -7.9 0.2 0.1

film were highly oriented in the sampM—Z plane with their
preferential orientation in the direction of tiZeaxis.

The molecular orientation distribution in the amorphous
regions of the BG-PLLA film in Figure 5b is, on the other
hand, found to be flatter than the functidip ¢, 6), which
indicates that the molecules in the amorphous regions are
oriented less than in the crystalline regions. The function (0°;8Q
Nmp.d¢, 8) shows no molecular orientation around the axis (

0) = (0°, 9¢°), which corresponds to the samplaxis, similarly
observed for the functioNmp ¢, 0). Although the function
Nmp d¢, 0) decreases monotonically toward the directign (

0) = (0°, 90°), no significant change is observed toward the
(¢, ) = (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 th¥—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 XeZ
direction and for the (2 0 0)/(1 1 0) planes in thie Z direction
of the PLLA a-form crystals in the B&PLLA film. The
discrete and continuous intensity profileslgfxz) andl(0yz),
respectively, are a result of using different techniques to measure
their intensity as described in the Experimental Section. Both
the diffraction intensity profile(6xz) andl(6yz) show a peak
at Oxz = Oyz = 0°. This indicates that PLLA crystallites are
oriented preferentially toward the sam@exis in both thex—z
andY—Z planes. The orientation distribution of the crystallites Figure 5. Most pr_obable molecular orientatior_1 distribution functions
(¢, 0) in the BO-PLLA film was determined using eq 11 f;[&‘eﬁfg‘). %Ztsa'g?fng”(i’(%)) a‘:m?éﬁ"hggf)’re(gg’o’jsgg[‘)'?’;’rf]dth(%o'?%o)
ﬁ\ngi;huerear;gular relationships given in egs 12 and 13 as showncorrespond to the sample X, Y, and Z axes, respectively.

PLLA crystallites were found to be oriented predominantly hand, the crystallites show preferential orientation intrexis
in the direction of ¢, 8) = (0°, 0°), that is, in the direction of direction. Although a slight asymmetry is observed with respect
the sampleZ axis. With regard to th&X—Y plane, on the other  to the sampleX—Z plane, the orientation distribution functioeDV
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° I,
Ic(e}’Z) R

1(6,),1(6,)(a.u.)

9 -60 30 0 30 60 90
Azimuthal angle 6,,, 6,, (°)

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 o-form
crystals in the BO—PLLA film.

1(¢, 0)

Figure 7. Orientation distribution function for crystallites I(¢, 6) in
the BO—PLLA film determined by WAXD. (¢, 6) = (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 Nmpc(¢, 6) and (¢, 6) in the
Sample X—Z and Y—Z Planes of the BO—PLLA Film

fwhm (°)
X—Z plane Y—Z plane
Nmp.c(¢, 0) 13 30
I(¢, 6) 8 27

of the crystallites in the BOPLLA film shows reasonable

Tanaka and Young

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 beh#Jie a rubber
following affine deformation when the film is drawn at a
temperature above its glass transition temperaflye 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 rotatior?®=41 which would result in the reorientation
of crystallites!* Since it is knowR®*! 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?4243The orientation distributions shown in Figure
5 suggest in the film formation process that the film was initially
drawn biaxially at a temperature aboVgwith 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 BEPLLA 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.

agreement with the molecular orientation distribution in the ~ The Raman band at 926 cwas chosen for the study of
crystalline regions determined by polarized Raman spectroscopythe molecular orientation distribution in the crystalline regions
(Figure 5a). As a quantitative measure of the orientation only. The most probable molecular orientation distribution
distribution of the crystallites in th¥—Z andY—2Z planes, the  function for the crystalline regiorSmp ¢, 0) of the BO-PLLA

full widths at half-maximum (fwhm) were calculated for film showed that PLLA molecules were oriented biaxially in
directions¢ = 0° and 90 for I(¢, 0) in Figure 7 and are  the sampler—Z plane with predominant orientation toward the
compared with those for the functiddm, (¢, 0) in Table 7. Z axis, which was consistent with the orientation distribution
The values of fwhm obtained by WAXD are found to be of PLLA crystallites determined by WAXD.

consistent with those determined by polarized Raman spectros- Similarly, the Raman band at 875 ciwas employed for
copy for both planes, which suggests that the funchipp ¢, the study of the molecular orientation distribution averaged over
0) is useful for the study of orientation distributions of the crystalline and amorphous regions. The orientation distribu-

crystallites.

3.3. Comparison with Sample Birefringence The sample
birefringence for ther—Z plane Anyz of the BO—PLLA film
was measured to be 98 0.2 x 1073, which gives a value of

tion of the Raman tensor was corrected for its tilt arfg|evhich

enabled the functiohmp chai{¢, 0) to be determined. A similar

result was obtained from birefringence measurements.
Furthermore, the molecular orientation distribution coef-

the coefficiemPgooin eq 14 of 0.23. This value is comparable ficients for the amorphous regions onli?fo,s of the BO-
to the Pago chain Value of 0.25 shown in Table 5, since both PLLA could be calculated from the coefficien®yo . and
coefficients are quantitative measurements of the molecular Pimo,chain By comparing the functiofNmp,{¢, 6) with Nmp (¢,
orientation distribution for an average over the crystalline and ), the molecular orientation distribution in the amorphous

amorphous regions of the B&PLLA film.
3.4. Development of Molecular Orientation in the Crystal-
line and Amorphous Regions A number of studie¥—37 have

regions only was found to be biaxial in the-Z plane, although
the distribution in theX—Z plane was broad with no predominant
orientation toward theZ axis. The difference of molecular

reported that the molecular orientation in the crystalline regions orientation in the crystalline and amorphous regions in theBé)DV
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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 ofy o',;2 are given as ¥ o'\39)n, the
scattering intensities in Table 2 can be correlated by

Sl(z OUzzz)through: %(z OL'zzz)edge: (z 0'~'222)N(A1)

Sl(z a'YYz)throuth %(z a'YYz)endZ (z a'YYz)N (A2)
Sz(z OL'xxz)edgez Ss(z O"xxz)endz (z O’~'xx2)N (A3)

whereS;, S, andS; 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 §, S, S) values from the value¥ o'\;> measured
experimentally. For a given set 08{(, S,, S3) values, error
coefficients may be defined for eqs AA3 by

;2 1 2 2
_ [Sl(z Azz )through_ Sz(z Azz )edgg

Rl - s 12 _I_ S 12 2
’ 1(2 Azz )through 2(2 Azz )edg%

2
1 2 1 2 2
R — [Sl(z vy )through_ SB(Z vy )end
2 f '
[Sl(z o YYZ)through+ SS(Z o YYZ)end]2

2
_ [Sz(z a,XXZ)edge_ SS(Z alxxz)end-lz
’SZ(Z a’XXZ )edge+ SB(Z alxxz)en ?

2
and factorsS; can be chosen by numerical calculations to give
the same amount of errors between the intensity correlations,
hence

(A4)

(A5)

Rs (AB)

d

(A7)
The error caused by the normalization process is given by
_ |Sl(z o' 77— (z @'zl _ \/ﬁl
A= 7 2
(2 'z )N

The polarized Raman scattering intensities after the normaliza-
tion (3 o' ,;%)n can be defined using facto® by

(A8)
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S 2(2 a'XXZ)edge+ S 3(2 OL'xxz)end

(z W In = 2

(A9)

(z a,YYz)N — S1(2 a'YYz)throug;+ SS(Z a’YYz)end
(A10)

(z a'zzz)N — Sl(z a'ZZZ)through2+ Sz(z a,ZZZ)edge
(A11)
(Z @z =S 1(2 o'yZ Mrrough (A12)
(z Ol'zxz)N = Sz(z a,ZXZ)edge (A13)
(Z W In = Ss(z @y end (A14)

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