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Morphology, conformation and configuration of a series of aliphatic polyesters of the polylactide-type were
studied by “C n.m.r. and vibrational spectroscopies. Investigations were performed on the stereocomplex
(PLAcomplex) formed by cocrystallisation of poly(L-lactic acid) and poly(D-lactic acid), on poly(D,L-lactic acid)
and on poly(meso-lactide) stereocopolymers. Comparison was made with poly(L-lactic acid) PLA100, taken as a
reference. Fundamental vibrations were correlated to bands characterising morphology, conformation and
configuration of these different polymers. Factor group analysis based on the 10; and 3, helical conformations of
semi-crystalline PLA100 and PLAcomplex, respectively, led to good agreement with information collected from
X-ray diffraction. It was further shown that difference in tacticity between amorphous ‘preferentially isotactic’

poly(D,L-lactic acid) and ‘preferentially syndiotactic’ poly(meso -lactide) can be detected from the vibrational
posmon of 6CH and symmetric 8CH; bending modes. Solid state BC n.m.r. confirmed the different conformations
of semi-crystalline PLA100 and PLAcomplex, but did not allow us to discriminate the different tacticities of the

amorphous stereocopolymers, contrary to Raman spectroscopy. © 1997 Elsevier Science Ltd.

(Keywords: poly(lactic acid); solid state 3¢ n.m.r.; IR; Raman)

INTRODUCTION

Spectral techniques, especially 13C n.m.r. and vibrational
spectroscopies (IR and Raman) are powerful tools for the
study of polymer structures'. So far, high resolution 'H and

BC n.m.r. spectroscopies were pr1mar11y used to determine
the stereoregularity of polymers in solutions. However,
Raman and IR spectra are also sources of information to
quahtatlvely and quantitatively evaluate other characteris-
tics?, namely: (i) extent of conformational and configura-
tlonal isomerisms from band frequency assignments; (ii)
degree and nature of crystalline and non-crystalline order
from the intensities of the assigned bands; (iii) nature of
chain folding from mixed crystal IR and Raman studies.
Raman scattering provides well resolved spectra of vibra-
tional fundamental modes. It does not affect the historical
morphology of the sample. Molecular symmetry analysis is
possible thanks to the complementary nature of IR and
Raman data whose activities obey selection rules governing
the vibrational energy levels’.

The family of aliphatic polymers derived from lactide
stereomers (LA) and other lactones, especially glycolide
(GA) and e-caprolactone (CL), is currently considered as a
source of bloresorbable biomaterials for temporary thera-
peutic apphcatlons namely suture materlals bone fracture
internal fixation devices 1n surgery’, and drug delivery
system in pharmacology®. The biological and physical
properties of these materials are strongly related to the
chemical structure of repeating units and to macromolecular
characteristics such as chiral unit distribution, crystallinity
and tacticity. Degradation kinetics depend on these
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characteristics too. It is therefore worthwhile to identify
the chemical and morphological structures of polymers in
the solid state by techniques requiring no specific prepara-
tion which can always affect the history of samples.

Lactic acid-based aliphatic polyesters can be synthesised
from various monomers. Low molecular weight polymers
are obtained by step-growth polymerisation of lactic acid,
whereas high molecular weight polymers are synthesised by
ring-opening polymerisation of lactide. Lactide is composed
of two lactic acid units linked to form a diester cyclic
monomer. Both lactic acid and lactide are chiral. There are
two lactic acid enantiomers and four different lactides.
Indeed, the lactide cycle bears two identical asymmetric
carbon atoms in L-lactide, D-lactide, and D,L-lactide which
is a 50/50 mixture of L- and D-lactides, or two different ones
in meso-lactide. PLAx is the acronym used to represent
homopolymers and stereocopolymers of lactic acid where X
is the percentage of L-lactyl units. In a PLAyx stereo-
copolymer chain, the distribution of chiral repeating
units can differ very much, depending on the synthesis
route and on the feed. Step growth polymerisation of
optically pure L-lactic acid (or pure D-lactic acid) and ring-
opening polymerisation of optically pure L-lactide (or pure
D-lactide) should lead to the same isotactic chain structure,
provided no racemisation occurs during chain growth.
Actually, dramatic differences in main chain structures are
observed as soon as one deals with stereocopolymers
composed of L- and D-lactic acid repeating units. The step
growth polymerisation of mixtures of L- and D-lactic acid
leads to poly(D,L-lactic acid) or PLA50a with a random
distribution of the L- and D-lactyl units, whereas ring-
opening polymerisation of the lactide dimers leads to
non-random distributions because chains grow through a
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pair addition mechanism’°. Racemic D,L-lactide yields
poly(D,L-lactic acid) or PLLASOi, subscript i standing for
predominantly isotactic because of the predominance of
iso-dyads (L,L or D,D pairs) sequences over L,D or D,L
hetero-dyads. Poly(meso-lactide) or PLASOs obtained
from meso-lactide is predominantly syndiotactic because of
the predominance of hetero-dyads (L,D or D,L pairs)’.
Another lactic acid-based compound is a highly crystalline
material (PLAcomplex)'® which is formed by PLA100
poly(L-lactic acid) and PLAO poly(D-lactic acid) stereo-
complexation. Stereocomplexation was also observed for
stereocopolymers with complementary blocky structures!!.
PLAX and PLAcomplex present different macroscopic solid
state morphologies, depending on the composition in chiral
units. PLASO’s are amorphous, whereas PLA100 (or PLAO)
and PLAcomplex, are highly semi-crystalline with helical
conformations.

In the present study, we wish to report solid state Be n.mr.,
Raman and IR spectra of the different homopolymer,
stereocopolymers and stereocomplex of lactides at room
temperature. Furthermore, the spectra of the PLA stereo-
copolymers and of the stereocomplex were discussed in terms
of morphology, conformation, and configuration on the basis
of a complete assignment of vibrational fundamental
frequencies which are typical of semi-crystalline PLA100.

EXPERIMENTAL

Materials

PLA100 was obtained by bulk ring-opening polymerisa-
tion of L-lactide at 145°C using zinc powder as the initiator.
Low molecular weight residual compounds were removed
by the dissolution—precipitation method with acetone/
methanol as solvent/precipitant. The precipitated powder
was compression moulded (200 bars) as plates and then
machined as parallel side specimens according to the usual
process'2. Quenched poly(L-lactic acid), PLA100am, was
recovered from the cooled mould, whereas semi-crystalline
PLLA100 was obtained after annealing of PLA100am
specimens in an oven at 130°C for 2 hr. The degree of
crystallinity was nearly 73%, as deduced from X-ray
diffractometry. Relative weight average molecular weights
(Mw = 100,000) were determined by size-exclusion
chromatography as referred to polystyrene standards.

PLASOi resulted from the polymerisation of D,L-lactide
at 145°C using zinc powder as the initiator'%. Low
molecular weight residual compounds were removed by
dissolution in acetone and precipitation with methanol. The
recovered polymer was vacuum-dried for 1 week and
compression moulded as round plates.

PLAS0, was obtained from meso-lactide in the presence of
Zn metal at 145°C. PLAS50a resulted from the polycondensa-
tion of D,L-lactic acid at 145°C. Poly(L-lactic acid)/poly(D-
lactic acid) stereocomplex, or PLAcomplex, was prepared
according to the procedure used by Tsuji ez al.! 3. Poly(L-lactic
acid) and poly(D-lactic acid) were dissolved simultaneously
ih acetonitrile (0.25%) at 82°C. The solution was kept at the
same temperature for 1 week. The precipitates were sepa-
rated by filtration and extracted with the solvent to remove
the uncomplexed polymer fraction. Finally, the stereocom-
plex was vacuum-dried for 1 week.

X-ray diffraction

X-ray diffraction spectra were recorded on a diffrac-
tometér equipped with a CuKae (A = 0.155 nm) source, a
monochromator and a CGR goniometric plate.
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Benm.r. spectra

High-resolution solid-state °C n.m.r. spectra were
carried out on a Brucker AM300 spectrometer operating
at 75.470 MHz. For CP/MAS spectra, the contact time was
5 msec and the recycle times were 5 sec. For MAS without
cross polarisation, a 90° pulse of 4-8 usec for carbon was
used. All the spectra were recorded at room temperature.

Raman spectra

Raman spectra were obtained with a Jobin-Yvon HG2S
spectrometer. The 514.5 nm line of the Spectra Physics
2017 argon ion laser was used as excitation source. Laser
power was 100 mW. Scanning operations and data proces-
sing were controlled by a spectralink board and an IBM PC
computer. The integration time was 1 sec with a scanning
increment of 1 cm™' and a bandwith of 2 cm ™. PLAC(s)
were analysed as fragments of polymeric samples, without
specific preparation. Spectra were recorded at room
temperature after the exposure time necessary to decay the
fluorescence.

Band deconvolution to separate the multiple components
observed was carried out using a commercial package
Spectra Calc purchased from Galactic Industries. The band
shape used was a mixture of Gaussian and Lorentz
functions. This program provides the capability to fix, if
necessary, any parameter used to describe the band position,
shape, or intensity. Relative intensity was then measured as
the integrated area of individual deconvoluted peaks.

Infrared spectra

IR spectra were recorded on a Perkin Elmer 983G
spectrometer. Thin films were cast from chloroform
solutions onto a KRSS plate.

RESULTS AND DISCUSSION

X-ray diffraction

The morphology of the various PLA selected for this
study was first checked by X-ray diffraction (Figure I).
These patterns exhibited well-defined bands for PLA100
and for PLAcomplex. The observed peaks (8 = 8.3°, 9.5° for
PLA100 and 6 = 6.0°, 10.35°, 12.0° for PLAcomplex) well
agreed with the characteristics of 103 (a-form) and 3;
helices, respectively, as mentioned in Ref. 14. The broad
diffusion band observed in the spectra of quenched
PLA100am and various PLAS0’s were typical of amor-
phous polymeric compounds.

BC nm.r. spectroscopy

Solid state ’C n.m.r. chemical shifts were obtained
through dipolar decoupling (DD), magic an%le spinning
(MAS) and cross-polarisation (CP) technique 5, Figure 2
shows the solid-state ’C CP/MAS spectra obtained for all
the PLA polymers at room temperature and with a contact
time of 5 ms. Amorphous PLA100am, PLAS50i, PLA50a
and PLASOs presented identical spectra characterised by
broad resonance lines at 169, 69.4 and 170.0 ppm
corresponding to methyl, methine and carbonyl carbon
atoms, respectively. MAS without CP and with high dipolar
decoupling showed the same behavior at room temperature,
and thus did not allow us to differentiate the various
amorphous compounds. In contrast, the spectra of semi-
crystalline PLA100 and PLAcomplex were different. Each
resonance line exhibited splittings or dissymetric bands. In
particular, the carbonyl carbon resonance was split into
three peaks (169.9, 171.0, 172.0 ppm) in PLA100. In
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Figure 1 X-ray diffractograms of poly(L-lactic acid)s: PLA100 (semi-
crystalline), PLA100am (amorphous), PLASOi (isotactic), PLA50s (syn-
diotactic) and PLAcomplex (stereocomplex)
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Figure 2 CP/MAS "C spectra of poly(L-lactic acid)s: PLA100 (semi-
crystalline), PLA100am (amorphous), PLAS0i (isotactic), PLA50a (atac-
tic), PLASOs (syndiotactic) and PLAcomplex (stereocomplex)

PLAcomplex, the same carbon atom line could be
decomposed into an intense peak at 173 ppm with a
shoulder at 174 ppm and two other bands at 170 and
171 ppm. The two latter bands were considered as reflecting
the non-crystalline and crystalline microdomains present in
crystallised PLA100 or PLAO homopolymers'®. Three
methine signals (68.2, 69.3 and 70.3 ppm) and two methyl
signals (16.4 and 17.5 ppm) were observed for PLA100. In
contrast, PLAcomplex spectra showed one dissymmetric
line for each CH and CHj; carbon type, with a maximum at
70.2 ppm and at 16.1 ppm, respectively. These differences
could be generated by corresponding solid state helical
conformations shown by X-ray diffraction (Figure I). In
PLA10O, splittings of resonance lines also reflected a
different crystalline packing in the chains within the lattice.
Besides the 173 ppm peak, the multiple component lines
observed in PLAcomplex can arise from the presence of
amorphous domains and of homopolymer residues.

IR and Raman analysis

Figures 3 and 4 present the IR and Raman spectra of the
various PLA polymers. Comparison was made by spectral
regions with previous data obtained for PLA100'” and for L
and DL-lactic acids and corresponding oligomers'5'?,
Table 1 shows the PLA100 IR and Raman frequencies
which were used as references.

Morphology-conformation

Figure 4 shows that only the Raman spectra of PLA100
and of the stereocomplex exhibited sharp lines. These lines
seemed to result from splittings of the lines which appeared
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Figure 3 Infrared spectra of poly(L-lactic acid)s: PLA100 (semi-crystal-
line), PLA100am (amorphous), PLASOi (isotactic), PLA50a (atactic),
PLAS50s (syndiotactic) and PLAcomplex (stereocomplex) - - - - - : band
sensitive to the tacticity
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Table 1 Wavenumbers (cm ') and vibrational assignments of semi-crystalline PLA100 Poly(L-lactic acid)

Raman IR Assignments
viem™' viem™!

3014 M-3000 sh—-2995 S 2997 M v, CH3

2970 sh v, CH;

2960 sh v CH;

2943 VS 2947TM v CH;3

2901 w-2877TM 2882 w yCH

1773 S-1763 S-1769 sh-1749 S 1760 VS vC=0

1452 S 14528 8,CH;

1394 sh—1388 M-1382 sh 1348-1388 S 8,CH;

1371 M-1366 M-1353 M 1368 S-1360 S 6,CH + 6,CH;
1313 sh—1302 M-1293 M 1315-1300 M §,CH

1270 w 1270 S 8CH + »COC
1216 w—1179 w 1215 VS-1185 VS v,,COC + r,CH;
1128 S 11308 r.CH3

1092 S—1088 sh 1100 VS-1090 sh »,COC

1050 sh—-1042 S 1045 S yC—CH;

954 vw-920 M 960 w—925 w rCH; 4 »CC

873 VS-845 w 875 M-860 sh vC-COO

760 sh—736 M 760 S—740 sh 8C=0

711 M-677 sh—650 sh 715 M-695 M vyC=0

578 w—520 M 515w 6,C-CH; + 6CCO
411 S-398 S 415 sh-400 M 8CCO

347 w 350 M §,C—CH; + 8COC
325 sh—308 S—-300 w 300 M-295 sh 6COC + §,C-CH;
251 w=234 w 240 M CC

218 w—206 w 7CC

160 S skeletal torsion
117 S skeletal torsion
778 skeletal torsion
60 M skeletal torsion

VS = very strong; S = strong; M = medium; w = weak; sh = shoulder; s = symmetric; as = asymmetric.

| ] [ [

1
PLA 100 1
1
1
I

-y

PLA S50

INTENSITY

PLA complex

SR R

1850 1500 1000 500 100

Wavenumbers / cm™!

Figure 4 Raman spectra of poly(L-lactic acid)s: PLA100 (semi-crystal-
line), PLA100am (amorphous), PLAS50i (isotactic), PLA50a (atactic),
PLAS0s (syndiotactic) and PLAcomplex (stereocomplex). — — —: band
sensitive to the tacticity; ™~ ': zones expanded in figures 5-8

270 POLYMER Volume 39 Number 2 1998

broad in the spectra of the amorphous compounds. This
sharpness agreed well with the presence of crystalline
domains in PLA100 and PLAcomplex, whereas the broad
lines formed in the spectra of PLASO stereocopolymers
reflected amorphous compounds. Spectral differences were
observed between semi-crystalline compounds correspond-
ing to the two helical conformations. In the a-form, PLA100
crystallises in a hexagonal or pseudo-orthorhombic system
with two chains per unit cell, each one in a left-handed
helical 105 conformation (ten physical repeat units in three
turns)?°. The triclinic unit cell of PLAcomplex involved
poly(L-lactide) and poly(D-lactide) chains in 3, helical
conformation (three monomers per turn), with left-handed
helical PLA100 chain and right—handed helical PLAO chain
alternatively side by side?!. Factor group analysis was
applied to semi-crystalline c-form PLA100 and to PLA-
complex. The analysis was based on the vibrational theory
of polymers15 .

In the PLA100 o-form, 105 helix contains N = 90 atoms
in the translational repeat unit. The factor group of line
group is C(67/10) isomorphous with the cyclic group C,o
which contains ten symmetry elements (E identity and nine
screw C’fo axes).

H
||

0—C—C
b

Using group theory, the nine atoms of the chemical unit
give rise to 270 ( = 3N) normal vibrations. Among them
four are non-genuine and result from pure translations of the
chain and from rotation around the chain axis:
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T'ip =25A +27B + 26E; +27(E; + E; + E)

Prot — trans — 2A+ El

In the vibrational modes of A symmetry, all physical repeat-
ing units vibrate in phase when related by the screw opera-
tion. In the modes of B symmetry, alternate units vibrate
w-out of phase. The E, species correspond to modes of
doubly degenerate pairs vibrating at the same frequency,
with a phase angle of =6xm/10 between consecutive
units around an axis parallel to the helical axis. Using the
selection rules'® , E3z and E, modes are IR and Raman inac-
tive. A, B, E; and E, are Raman active, whereas only A and
E, modes are IR active.

In PLAcomplex, each translational repeat unit of the 3,
helix is formed of 27 atoms. The factor group of the line
group is isomorphous with the point group C; giving rise to
3N — 4 = 77 genuine vibrations, classified as:

Fvib = 25A + 26E

where A and E modes are IR and Raman active, E modes
being doubly degenerate pairs.

In the case of PLAS50 compounds which were amorphous,
the absence of crystalline phases caused a broadening of
lines in the IR and Raman spectra.

C=0 stretching region. Figure 5 presents the 1650—
1850 cm ™! region of the Raman spectra. In PLA100, the
Raman line assigned to yC=0 stretching mode was split
into components corresponding to A, B, E; and E, species
modes. These modes were observed at 1749, 1763, 1769 and
1773 cm™". In the IR spectrum, the A and E, active modes
overlapped to give a broad asymmetric band at about

PLA 100 am

PLAS0I

PLA 50 a

i

PLAS0s

PLA complex

P S U U T ST SN NN T N TS T

1850 1800 1750 1700 1650

Wavenumbers / cm™!
Figure 5 Raman spectra (1650-1850 em™' region) of poly(L-lactic
acid)s: PLA10O (semi-crystalline), PLA100am (amorphous), PLAS50i
(isotactic), PLASOa (atactic), PLA50s (syndiotactic) and PLAcomplex
(stereocomplex)

1760 cm™. In the spectrum of PLA100am, the Raman
lines were broad and asymmetric and the deconvolution
analysis showed two components at 1768 (S) and 1749
(M) cm™! certainly due to the pair addition mechanisms'®,
These two latter bands were also present in the PL50 stereo-
copolymers, showing perturbation in helical chain structure
caused by the introduction of D,D or D,L units. The spec-
trum of the stereocomplex was simpler than that of PLA100
and showed a sharp peak at 1745cm™' and a 1760-
1780 cm ™' broad diffusion band. The line with the strongest
intensity was assignable to the A-type mode and corre-
sponded to the totally symmetric vibration, whereas the
large diffusion line could be decomposed into the E mode
peak and a band relative to the amorphous component.

In PLAC(s), the C=0 stretching mode is consequently
sensitive to the morphology and the conformation. The
double bands observed at 1768 and 1749 cm™' for amor-
phous compounds were considered as resulting from the
particular chiral unit enchainments generated by the pair
addition mechanism which governs the LA ring opening
polymerisation.

CH; and CH bending region. The CH,; asymmetric
deformation modes appeared at about 1450 * 2cm™ as
intense Raman and IR bands in all the compounds. Their
stability in frequency reflected a pure vibrational mode
(Figure 4).

Figure 6 presents the 1250-1400 cm ™" region of the
Raman spectra. Like in polypropylene22 and poly(a-L-
alanine)23, this region was characterised by three groups of
bands at = 1390, = 1360 and = 1300 c¢m~'. In PLA100,
corresponding deconvolution suggested overlapped split-
tings corresponding to A, B, E; and E; modes with maxima

PLA 100
M PLA 100 am
8
l

1

PLA S0 i

INTENSITY

PLA 50 a

PLASOs

PLA complex

1400 1350 1300 1250
Wavenumbers / cm™!

Figure 6 Raman spectra (1250-1420 em™' region) of poly(L-lactic

acid)s: PLA100 (semi-crystalline), PLA100am, (amorphous), PLA5O0i

(isotactic), PLA50Oa (atactic), PLAS5Os (syndiotactic) and PLAcomplex
(stereocomplex)
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Figure 7 Raman spectra of semi-crystalline PLA100 in the 1250-
1420 cm ™" deconvolution analysis

at 1382-1388-1394 cm“l, 1353-1366-1371 cm™' and
1293-1302-1313 cm ™" (Figure 7). In PLAcomplex, doub-
lets including A and E modes were found at 1382-
1389 cm ™', 13661374 cm ™" and 1298-1308 cm ™" These
splittings characterise the semi-crystalline state of PLA100
and PLAcomplex. It is of value to note that quenching
PLA100 to PLA100am suppressed the sharp peaks and the
band splittings due to crystallinity. These peaks were
replaced by broad asymmetric lines deconvoluated into two
components attributed to the (L,L) unit pairing as in the C=0
stretching region. For amorphous PLAS5O0 stereocopolymers,
the first and the third groups of bands appeared broad
in Raman spectra and showed frequency minor
shifts and similar intensities. They were assigned to the
80,CH; symmetric deformation and the SCH bendings,
respectively.

Skeletal stretching and rCHj rocking region. Figure 3
shows several strong absorption bands in the 1000-
1250 cm™' region. The 1185 and 1215cm™' doublet
observed in PLA100 could be assigned to symmetric
C-0-C stretching modes (A and E; types) of ester
groups. Asymmetric C-O—-C modes were observed at
1090 cm ™' as a disymmetric IR band. The corresponding
Raman lines were of low intensity. Two other bands
appeared near 1130 and 1045 cm™! in the Raman and IR
spectra. They were also found in lactic acid oligomers'® at
the same frequency and were assigned to rCH; rocking and
»vC—CHj stretching, respectively.

The enlarged 800-950 cm™' region is presented in
Figure 8. In all the Raman spectra, the most intense line
was located at ca. 870 cm™'. It was assigned to »C-COO
stretching, as shown bg/ spectral changes during L-lactic
acid polycondensationl . This line becomes asymmetric in
PLAS50’s. For the PLAcomplex, the corresponding peak
appeared at 880 em™'. A second Raman line of medium
intensity was observed at 920 and 908 cm ™" in the spectra of
PLA100 and PLAcomplex, respectively, and was absent in
the amorphous compounds. The first band reflected the 10;
helix, whereas the second one reflected the 3, helix. They
were assigned to the coupling of the »C-C backbone
stretching with CH23 rocking mode, as in polypropylene and
poly(at-L-alanine) 4-26 The presence of this medium line
depends on both the crystallinity of the polymer and the type
of helical conformation.
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Figure 8 Raman spectra (800-950 cm™! region) of poly(L-lactic acid)s:
PLA100 (semi-crystalline), PLLA100am (amorphous), PLASOi (isotactic),
PLA50a (atactic), PLAS50s (syndiotactic) and PLAcomplex (stereocomplex)

Low frequency region. The dC=0 and yC=0 modes of
PLA100 were observed at 736-760 cm ™" and at 650-677—
711 cm™", respectively in Raman spectra (Figure 4). As
compared with the other spectra, the PLAcomplex lines
were sharper and located at slightly higher frequencies.
Below 600 cm™', the Raman lines were more sensitive to
modifications of chain morphology®*. The spectra of semi-
crystalline PLA100 and PLAcomplex showed splittings of
deformation vibrations which are composed of bendings and
torsions. The 398-411 cm ™ doublet in PLA100 and PLA-
complex spectra were assigned to 8CCO mode. Only a
broad line was observed in amorphous stereocopolymers.
For PLAcomplex, the 6COC skeletal chain deformations
appeared as split lines at lower frequencies (291-
309 cm_l). The bands at around 230, 210 and 160 cm ™!
for PLA100 and at 239, 206 and 160 ¢cm ! for PLAcomplex
were characteristic of torsion modes.

Configuration

The presence of D- and L-lactyl units in PLA50 and the
mechanisms of lactic acid polycondensation and of lactide
ring opening polymerisation led to different configurational
structures, namely PLAS50a, PLASOi, PLASOs as recalled in
the Introduction. Spectra seemed to depend on these
configurational structures.

T ﬁ THS ﬁ
O—T—— O—T—
CHa H
n m
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Figure 5 presents the »C=0 region. The intensity of the
shoulder at 1749 cm™' increased with the degree of
syndiotacticity of polymer.

The most important change occurred in the 1310-
1360 cm™' region corresponding to 6,CH; and SCH
modes (Figure 6). As compared with PLA100, the presence
of D-LA units in the chain led to the appearance of a weak
and broad Raman line at 1336 cm ™" of stronger intensity in
the spectrum of the preferentially syndiotactic PLAS0s. A
new absorption band was observed at 1320 cm ™. These two
bands are now considered as specific of the syndiotactic
character of poly(meso-lactide) or PLAS0s and can be used
to discriminate PLAS50i and PLASOs.

The backbone »CC also presented configuration depen-
dent line shapes. Figure 8 shows the 873 cm ™' Raman line
observed for PLA100 which became asymmetric in
PLA50s. The intensity of the shoulder located at about
860 cm ™! increased when going from PLA50i to PLAS0s.

CONCLUSION

Comparison was made of solid state X-ray diffraction, °C
n.m.r. and vibrational (IR and Raman) spectra of various
lactic acid-derived polymers. Solid state '°C n.m.r. did
not allow us to distinguish the specific unit distribution
present in the various amorphous PLAS50. However, it
showed different magnetic environments for semi-crystal-
line PLA100 and PLAcomplex in agreement with the two
different helical arrangements typical of these polymers.
Solid state °C n.m.r. appeared as a limited technique to
provide information on the morphology of PLA polymers. A
new series of CP/MAS '*C magnetic relaxation behavior
experiments will be useful to estimate the optimal contact
time for various mobility phases and thus to allow enhanced
discrimination of the tacticities.

Raman and IR spectra appeared as more sensitive to
molecular arrangement. They allowed us to distinguish 103
and 3 helical conformations of PLA100 and PLAcomplex,
respectively. Moreover, they allowed us to discriminate the
different amorphous PLAS50, namely the preferentially
isotactic, the preferentially syndiotactic and the atactic
ones, based on the frequency shifts and the intensities of the
8CH and 6 ,CH; bendings corresponding lines. Further work
is under way in an attempt to find out simple spectroscopic
investigations capable of identifying both the chemical
nature and the morphology of solid state PLAx GAy and
PLAx CLy copolymers derived from L- or D, L-lactide and
glycolide (GA) or g-caprolactone (CL).
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