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ABSTRACT: Solid-state 13C CP-MAS NMR spectroscopy has been used to investigate highly crystalline,
partially crystalline, and amorphous poly(L-lactide) (PLLA). The amorphous domains have broad
resonances with Gaussian line shapes, while the crystalline domains have narrower resonances with a
high degree of Lorentzian character. Spectra of highly crystalline PLLA have at least five distinct
resonances for the carbonyl and methine functional groups in the polymer, indicating five or more
crystallographically inequivalent sites in the crystalline domains of the polymer. For the amorphous
polymer, broad Gaussian peaks are observed for each of the methyl, methine, and carbonyl functional
groups. Spectra of partially crystalline PLLA contains spectral features of both domains, and furthermore,
the spectra appear to be sensitive to both short range (nanometer) and long range (micrometer) order
within the polymer. A method to extract the information of crystallinity and morphology from the solid-
state CP-MAS NMR spectra of partially crystalline PLLA is discussed.

Introduction

Lactic acid based aliphatic polyesters are well-known
bioresorbable polymers which are increasingly being
explored as an alternative to nondegradable bioresistant
polymers.r The nondegradable polymers are generally
produced from nonrenewable resources like crude oil
and natural gas and are becoming a source of ecological
problems due to the huge amount of wastes generated
from the 70 million tons of polymers produced each year
in the world.? The poly(L-lactide) formed from L-lactic
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acid produced from natural renewable sources (e.g. corn)
decomposes rapidly and completely in a typical compost
environment. This makes it an ideal replacement for
nondegradable polymers in numerous applications like
yard-waste bags, food containers, etc.

Lactic acid possesses one asymmetric carbon and
exists in two configurations, R and S. The lactic acid
produced from corn contains predominantly the S ster-
eoconfiguration which in comparison to L-glyceraldehyde
is also referred to as L-lactic acid. Poly(lactide) polymer
is formed by ring opening polymerization? of lactic acid
cyclic dimers (lactides) which exist as either RR, SS, or
RS configuration. The RR configuration of the cyclic
dimer is sometimes referred to as p-lactide while SS
configuration is referred to as L-lactide. An equimolar
ratio of RR- and SS-lactide is referred to as racemic,
and the RS-lactide is referred to as the meso monomer.
High-purity RR- and SS-lactides form stereoregular
(isotactic) poly(p-lactide) (PDLA) and poly(L-lactide)
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Figure 1. Simple schematic of the various levels of morphol-
ogy in PLLA. The lamellae in the spherulites are comprised
of 103 helical chains stacked together in a well-ordered lattice.
The folds, interlamellar links, and chains adsorbed on the
surface comprise the “partially ordered” and disordered amor-
phous domains separating the lamellae.

(PLLA) respectively, which readily crystallize to a form
with high melting point (~190 °C)3-6 and glass transi-
tion temperature (Tg) of around 60 °C. The meso
monomer on the other hand, forms atactic poly(p,L-
lactide) which does not crystallize.5~8

The percent crystallinity and microscopic morphology
of PLLA varies with its thermal history (e.g. anneal-
ing),® amount and type of additives,’® and stereose-
quence distribution (e.g. S-length distribution). The
crystalline domains grow as spherulites from nucleation
sites with the amorphous component present in between
each of the spherulites.®~11 Each spherulite is formed
by lamellae growth in all directions. The lamellae are
formed by helical PLLA chains stacked normal to the
lamellae growth with each chain folding back on itself
at regular intervals.1213 Some of the lamellae may have
uncrystallized polymer chains adsorbed on the surface
of chain folds.®® A few interlamellar links and unre-
solvable entanglements may also be present.l® The
polymer morphology is pictorially depicted in Figure 1.
From theories of polymer chain folding, the lamellar
thickness is expected to be dependent on the crystal-
lization temperature.’®~15 In PLLA, if the defects of -R-
(from meso-lactide) and -RR- (from p-lactide) stereocon-
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figuration are rejected from the crystalline domains, the
lamellar thickness will be reduced.'* Furthermore,
since there is a distribution of S-lengths in the polymer,
some fraction of the defects may be incorporated into
the crystalline domains.’®> As a consequence, the heat
of crystallization measured by DSC may also depend
on the stereosequence distribution in the polymer.1* The
conformation of the helices in quiescently crystallized
PLLA have been shown to be 103 (a-form) in a number
of studies of thin films and fibers.>1617 Another crystal
form (B) with a 3; helical conformation is known to form
only when PLLA is crystallized under stress.>1617 Talc
which is commonly added as a filler also acts as a
nucleating agent and increases the number of spheru-
lites. It is important to determine the percent crystal-
linity (%) and morphology, since it strongly influences
the physical characteristics of the polymer.18 A number
of techniques can be used to analyze the polymer
including DSC and WAXS to estimate the %’ and
polarized microscopy and SAXS to determine the mor-
phology.®11

Solid-state NMR techniques that have been used to
estimate the crystallinity in polymers include, Ty, Ty,
and T, measurements, multiple quantum coherence
spectroscopy, and deconvolution of resonances in proton-
decoupled NMR spectra.’®=24 In this paper we show
that room temperature (~22 °C) 13C CP-MAS NMR
spectra of partially crystalline PLLA (T4 ~ 60 °C) also
contain quantitative information about %%, and mor-
phology. Since NMR is sensitive to short-range order
(nanometer), regularity of the environment around the
probed nuclei affects the observed spectral line width.
The nuclei in the disordered amorphous domains have
a large number of possible environments. This leads
to a distribution of NMR chemical shifts, resulting in a
broad Gaussian line shape for its spectral absorption.
On the other hand, the nuclei in the crystalline com-
ponent have a restricted range of environments, giving
rise to narrower spectral line widths. The molecules
in the folds do not possess this restricted crystalline
three-dimensional environment but have a range of
environments. The molecules in the crystalline lattice
near the surface of each lamellae also have a nonuni-
form environment. As the lamellar thickness reduces,
the relative spectral contribution from the molecules
near the surface increases. Hence, the spectral line
widths are expected to increase with decreasing lamellar
thickness. Additives like talc also create a nonuniform
environment for molecules near their surface which can
lead to broadening of the spectral resonances. Further-
more, we have found the line width of the crystalline
peaks in 13C CP-MAS spectra of partially crystalline
PLLA to also be correlated with the presence of R
stereoconfiguration defects in the polymer and the
average spherulite size. A simple method to deconvo-
lute the NMR spectra and extract the information about
percent crystallinity and average morphology is dis-
cussed.

Experimental Section

Materials. All poly(lactide) samples were provided by
Cargill Corn Milling EcoPLA Development Group. The almost
pure (>99.9%) Poly(L-lactide) (PLLA) was polymerized and
crystallized at 130 °C in a vial for 1 week. Large spherulites
were observed in this sample. Other PLLA samples which
were polymerized with various fractions of meso-lactide and
p-lactide monomer impurities in a pilot plant were melted and
rapidly cooled (“quenched”) to room temperature. Part of each
sample was “melt-crystallized” by reheating to 200 °C and then
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Table 1. List of PLLA Samples Melt-Crystallized at 130 °C
no. %R % talc AHcryst (3/9) % (by linear fit)?

1 <0.1 0 98.40
2 1.6 0 48.89 53
3 1.6 1 51.37 57
4 1.6 10 47.87 49
5 3.2 0 34.50 38
6 3.2 1 36.90 40
7 3.2 10 32.02 33
8 6.3 0 24.01 15
9 6.3 1 28.99 31
10 6.3 10 26.33 23

a0’ is the fraction of crystalline resonance required for the fit
and includes the contribution from molecules in the chain folds
at the surface of lamellae.

Table 2. List of PLLA Samples with Thin Film Analysis

% thermal AHcryst %% data points
no. % R talc history (J/g9) (by linear fit)2 averaged®
1 16 0 quenched 0.91
2 16 0 melt- 53.09 69 +8
crystallized

3 16 0 quench/ 43.00 56 +10
annealed

4 16 1 quenched 2.14

5 16 1 melt 52.43 69 +10
crystallized

6 1.6 1 quench/ 37.71 50 +12
annealed

a %7 is the fraction of crystalline resonance required for the fit
and includes the contribution from molecules in the chain folds
at the surface of lamellae. ® The numbers represent n in the (2n
+1) “moving average” of data points carried out to represent
broadening of the crystalline resonance in the linear combination
fit to data.

annealing for 2 h at 130 °C. Two samples were “quench/
annealed” by subjecting the quenched polymer to annealing
at 130 °C for 2 h. Talc was also present (1% and 10% by
weight) in some of the samples. The quenched samples are
expected to be mostly amorphous, while the annealed samples
are expected to possess varying amounts of crystallinity. The
samples are listed in Tables 1 and 2. The samples in Table 2
were prepared under highly controlled conditions, and a thin
film of the sample was simultaneously prepared for analysis
by polarized microscopy.

The % R content in each of the polymer samples was
measured by HPLC as % p-lactic acid after complete hydrolysis
of the polymer. This measured R stereoconfiguration content
is expected to be from almost equal amounts of p-lactide and
meso-lactide in the polymer.

Methods. DSC. The crystallinity of samples was deter-
mined as AHcryst = AHexothermic + AHendothermic by DSC USing a
Mettler DSC30. AHexothermic 1S 0bserved (between 80 and 150
°C) if the polymer crystallizes during the DSC scan. By
definition, AHendothermic 1S Positive and AHexothermic IS Negative.
Samples (10 mg) were scanned from —20 to 200 °C at a rate
of 20 °C/min. The cutoffs for assignment of the slope of
baseline and for integration of the endothermic and exothermic
peaks were subjectively assessed and can lead to error in the
calculated AH values. In addition, the reported values of
AHcryst have neither been corrected for the presence of talc nor
for effects due to variations in % R stereoconfiguration content.

Polarized Microscopy. Some of the samples were also
made into thin films and annealed under identical conditions.
Photographs of their morphology were taken with a 35 mm
camera mounted on a cross-polarized light microscope at a
total magnification of 100x.

NMR Spectroscopy. All solid-state NMR spectra were
acquired on a Chemagnetics CMX-2 300 MHz spectrometer
operating at 75.4 MHz for *3C using cross polarization (CP),
magic-angle spinning (MAS), and high-power (>50 kHz) 'H
decoupling. A Chemagnetics double-resonance probe with a
Vespel spinning module housing a 7.5 mm (0.4 cm? sample
size) zirconia rotor with Kel-f drive tip and end caps was used.
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Figure 2. (a) 3C CP-MAS spectrum of partially crystalline
1.6% R PLLA, (b) 3C CP-MAS spectrum of amorphous 1.6%
R PLLA, and (c) *3C solution NMR spectrum of 5% R PLLA as
10% solution in CDCls. The peaks marked by * are spinning
sidebands which are artifacts of MAS. The peaks marked by
¥ in the solution NMR spectrum are due to CDCl; solvent.

All spectra were acquired at a MAS speed of 4.5—4.6 kHz,
contact time of 3 ms, and recycle time between subsequent
acquisitions of 3 s. Between 512 and 2048 data points were
acquired using a spectral width of 30 kHz, corresponding to
acquisition times of 17 to 68 ms, respectively. A total of 1024
transients were typically averaged for each sample.

The 13C solution NMR spectra were acquired on a Varian
300 MHz NMR spectrometer at 75.4 MHz with proton decou-
pling. A total of 64 000 data points were acquired at a spectral
width of 20 kHz corresponding to an acquisition time of 3.2 s.
The recycle time was set at 1 s, and 4000 scans were averaged.

Linear Combination Fit. The carbonyl resonance of a
partially crystalline PLLA sample was fit by a linear combina-
tion of the experimentally observed resonance for a highly
crystalline PLLA sample and the observed resonance for an
amorphous PLLA sample. In order to perform this data
analysis, the spectra containing the three resonances with
identical spectral width and data points were transferred to a
graphing spreadsheet. Since the cross-polarization efficiency
for the amorphous and crystalline PLLA samples was found
to be identical (vide infra), the area of all the resonances was
normalized to 10° arbitrary units. In order to accurately
simulate the line widths of the partially crystalline sample,
the carbonyl resonance of the highly crystalline PLLA was
artificially broadened by averaging adjacent data points. This
simple “moving average” of (2n +1) data points is an ap-
proximation to Gaussian broadening. The fit was generated
as a linear combination of the broadened resonance of highly
crystalline PLLA and the resonance of amorphous PLLA. This
fit was then plotted on the same scale as the resonance of the
partially crystalline resonance and the accuracy of the fit was
visually assessed. There were only two variables in this linear
combination fit, viz. the fraction of highly crystalline reso-
nance used and the number of data points averaged. These
two variables were altered until a good fit was visually
determined. In principle, a computer program could be written
to perform a linear least squares fit using the two variables.

Results and Discussion

Figure 2 shows the 13C CP-MAS NMR spectrum of a
partially crystalline (“melt-crystallized”) 1.6% R PLLA
sample, the 13C CP-MAS spectrum of an amorphous
(“quenched”) 1.6% R PLLA sample, and the proton-
decoupled 3C NMR spectrum of 3.6% R PLLA as 10%
by weight solution in deuterated chloroform. As ex-
pected, the solution NMR resonances are significantly
narrower than the solid-state NMR resonances. The 13C
resonances at approximately 17, 70, and 170 ppm
correspond respectively to the methyl, methine, and
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Figure 3. 13C CP-MAS spectra of (a) methyl, (b) methine, and
(c) carbonyl resonances of a highly crystalline PLLA with less
than 0.1% R-lactide content.

carbonyl carbons in the polymer. The small peaks in
the CP-MAS spectra around 5, 50, 110, and 130 ppm
are spinning sidebands which are artifacts of magic-
angle spinning (MAS). The CP-MAS NMR resonances
of each of the carbon groups in the partially crystalline
PLLA are split into 3—5 distinct peaks. The amorphous
sample has broad spectral resonances with Gaussian
line shapes. The carbonyl resonance in the amorphous
sample is a Gaussian peak centered at ~170.2 ppm,
while the methine and methyl carbon resonances can
each be deconvoluted into two Gaussian peaks centered
at ~69.8 and ~73 ppm and at ~17 and ~18.6 ppm,
respectively.

The methyl, methine, and the carbonyl resonances in
a highly crystalline PLLA sample with less than 0.1%
R content are shown in Figure 3. At least five distinct
peaks can be clearly observed in the methine and
carbonyl resonances, three of them closely spaced in
each of the resonances. The methyl resonance also
comprises at least two closely spaced peaks and one
separate peak. The five distinct peaks represent five
crystallographically inequivalent sites in the a (103)
crystalline form. These may be compared to the NMR
spectra of isotactic polypropylene wherein the two
individual peaks have been assigned to different crys-
tallographic sites which have distinct nuclear environ-
ments in the crystalline domains of the polymer.25-27
Since only stress-induced crystallinity has been shown
to form the S (3,) crystalline form in PLLA 51617 we do
not expect the g form to be present in these quiescently
crystallized PLLA samples.

The carbonyl resonance, due to its narrower and well-
separated peaks, can easily be resolved into five narrow
Lorentzian peaks and a broad Gaussian peak. The
Lorentzian peaks represent the crystalline component,
while the Gaussian peak corresponds to the amorphous
content in the sample. The fraction of polymer chains
in the folds and in between the lamellae also contribute
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Figure 4. Carbonyl resonance in the 13C CP-MAS spectra of
partially crystalline (a) <0.1% R PLLA, (b) 1.6% R PLLA, (c)
3.2% R PLLA, and (d) 6.3% R PLLA. The shaded area is the
approximate contribution from the amorphous content in each
polymer.

to this amorphous component. The width and position
of the Gaussian peak matches the carbonyl resonance
of the amorphous polymer. Since the cross-polarization
efficiency is identical in the amorphous and crystalline
domains of the polymer (vide infra), the normalized
integrated area of the resolved peaks represents the
fraction of molecules in that particular environment.

Several experiments were performed to compare the
cross-polarization efficiency for the crystalline and
amorphous domains in the polymer. They were as-
sumed to be identical on the basis of the following
results. (1) The plots of integrated intensity vs the
contact time for amorphous and partially crystalline
PLLA were identical within the errors in the NMR
measurement. Since the CP-MAS measurements were
made at about 35 °C below the Ty of the polymer, the
mobility differences (in the Kilohertz regime) are ex-
pected to be minimal. (2) The shape of the resonances
in the spectra of partially crystalline PLLA did not
change with varying contact times. (3) The integrated
intensity of the various partially crystalline and amor-
phous polymers was found to be proportional to the
weight of the polymer in the rotor when identical
instrumental conditions were employed. (4) The 1H T;
time for all samples was between 0.94 and 1.11 s,
shorter for amorphous and longer for crystalline PLLA.
Rapid 'H spin diffusion may be responsible for only one
T1 time observed for each of the samples.

Figure 4 shows the carbonyl resonance in the 13C CP-
MAS NMR spectrum of various melt-crystallized PLLA
polymer samples with increasing % R content. The
shaded area depicting a broad Gaussian peak in each
of the carbonyl resonances indicates (approximately) the
amorphous content in the samples. The spectrum of
highly crystalline (<0.1% R) PLLA in Figure 4a indi-
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cates the presence of only 10% amorphous component.
Since this 10% includes contributions from both par-
tially ordered chain folds on the surface of the lamellae
and disordered amorphous domains between the lamel-
lae and between the spherulites, it is an upper limit for
the amorphous component between the lamellae. The
spectra of other partially crystalline PLLA (Figure 4b,c)
are similar to the spectra of poly(L-lactide) and poly(p-
lactide) published previously.?526.28

There are two additional features apparent from the
spectra shown in Figure 4. First, the percent amor-
phous content increases with increasing % R lactide
content, and second, the crystalline resonances appear
to broaden with decreased crystallinity and higher % R
content. The increase in amorphous content is not
surprising since it is known that poly(p,L-lactide) does
not crystallize and an increase in R stereoconfiguration
defect sites will increasingly inhibit crystallization of
the predominantly S stereoconfigured lactide units in
PLLA. Determining the cause of the broadening of the
crystalline resonances with increasing amorphous con-
tent and % R content is more difficult. One explanation
is that the lactide repeat units in the polymer possess
anisotropic bulk magnetic susceptibility (ABMS)?” due
to the presence of carbonyl groups. Within each spher-
ulite, there is sufficient order for an approximate
inversion symmetry at the micrometer level. Upon
rotation, as in MAS, the bulk magnetic susceptibility
of the spherulite will remain almost constant. However
in the surrounding amorphous domains, the disordered
orientation of the repeat units will continuously change
the bulk magnetic susceptibility with rotation of the
sample. This ABMS of the amorphous component will
affect the lattice molecules near the surface of the
spherulites and can broaden the crystalline resonances.
This effect may be compared to the broadening of the
adamantane peaks in a mixture of adamantane and
hexamethylbenzene, as shown by VanderHart et al.2®
The presence of isotropic bulk magnetic susceptibility
differences are not expected to affect the spectra since
they are averaged out by the magic-angle spinning.2®
It is unclear whether relative amounts of crystalline and
amorphous domains or the spherulite shape and size
have a significant broadening effect. Another explana-
tion for a correlation between broadening and increasing
% R content may be a change in the lamellar thickness
and composition. The lamellar thickness is expected to
be related directly to the vL-lactide content in the
polymer. For the lack of a better measurement, the
L-lactide content can be equated to the %S content, i.e.
(100 — % R) content. Since the width of the crystalline
resonance is inversely related to the lamellar thickness,
this is one possibility for correlation between broadening
and % R content. In addition, it is possible that a
fraction of the -R- and -RR- defect sites in the predomi-
nantly -SSSSS- PLLA get trapped within the crystalline
domains. These defect sites would reduce the order in
the crystalline domains and induce the broadening of
their resonance. A higher % R content could mean more
defects incorporated and consequently a broader reso-
nance observed. Further experiments are in progress
to determine whether some fraction of the -R- and -RR-
defect sites are incorporated into the crystalline lattice.

Parts a—c of Figure 5 show the change in the carbonyl
CP-MAS resonance of 1.6% R, 3.2% R, and 6.3% R
PLLA, respectively, when either 0%, 1%, or 10% talc is
present in the three polymers. With the exception of
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Figure 5. Carbonyl resonance in the 3C CP-MAS spectra of
partially crystalline (a) 1.6% R PLLA, (b) 3.2% R PLLA, and
(c) 6.3% R PLLA with the presence of either 0%, 1%, or 10%
talc in the three polymers. All samples were subject to similar
thermal treatments.

the (6.3% R PLLA + 1% talc) sample, for each of the
polymer compositions, the crystalline resonances broaden
with increasing talc content. Addition of talc can
promote crystallization by providing additional nucle-
ation sites. This increased nucleation density usually
results in smaller spherulite size. The molecules at the
surface of the spherulites and at the surface of the talc
nucleation site have a nonuniform local environment.
So, if the number of crystalline lattice molecules near
the surface of the spherulites and at the surface of talc
particles are comparable to those in the bulk of the
spherulites, broadening of the crystalline resonances is
expected (proportional to radius™!). The cause for
narrowing of the crystalline resonance with presence
of 1% talc in 6.3% R PLLA is unclear. The increased
order may be speculated to be either due to formation
of symmetric spherulites instead of nonsymmetric spher-
ulites or due to fewer defect sites incorporated into the
crystalline domains.

The results shown in Figures 4 and 5 indicate a
correlation between the morphology of the polymer
(lamellar thickness, defect sites, additives, etc.) and the
broadening of the crystalline resonances observed in the
NMR spectrum. In order to test whether spherulite size
affects the line widths, six additional samples were
prepared under highly controlled conditions (Table 2).
Thin films were also prepared under identical condi-
tions, and their macroscopic morphology (spherulite
size) was determined by polarized microscopy. Since in
these samples the composition of the polymer and
temperature of crystallization was maintained to be
identical, their lamellar thickness is expected to be
similar. Figure 6 shows the morphology of (a) melt-
crystallized 1.6% R PLLA, (b) quench/annealed 1.6% R
PLLA, (c) melt-crystallized (1.6% R + 1% talc) PLLA,
and (d) quench/annealed (1.6% R + 1% talc) PLLA. The
size of each of the polarized microscope pictures is
approximately 215 um x 145 um. The spherulites in
the melt-crystallized 1.6% R PLLA are intertwined and
have the largest size (~15 um) among the six samples
(Figure 6a). The spherulite size in melt-crystallized
(1.6% R + 1% talc) PLLA ranges from 1 to 10 um (Figure
6¢). The talc acts as a nucleating site during crystal-
lization, causing more spherulites with smaller size to
be formed. The quench/annealed 1.6% R PLLA without
talc also has a similar morphology (1—10 um) (Figure
6b). On the other hand, quench/annealed (1.6% R + 1%
talc) PLLA has tiny spherulites (<0.1 um) (Figure 6d).
The quenched samples showed no crystallization, and
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Figure 6. Morphology of thin films of (a) melt-crystallized
1.6% R PLLA, (b) quench/annealed 1.6% R PLLA, (c) melt-
crystallized (1.6% R PLLA + 1% talc), and (d) quench/annealed
(1.6% R PLLA + 1% talc) photographed using a polarized
microscope. The size of each of the pictures is approximately
215 um x 145 um.

hence their polarized microscope pictures are not shown.
The AHcnyst values obtained by DSC for a—d samples
are 53, 43, 52, and 38 J/g, respectively.

The carbonyl resonance in the NMR spectra and the
spectral fits obtained using the linear combination fit
procedure are shown in Figure 7 for the four samples,
(a) melt-crystallized 1.6% R PLLA, (b) quench/annealed
1.6% R PLLA, (c) melt-crystallized (1.6% R + 1% talc)
PLLA, and (d) quench/annealed (1.6% R + 1% talc)
PLLA. The details of the linear combination fit proce-
dure are described in the Experimental Section. A poor
fit of the fine structure in the closely separated peaks
is an artifact of the way the peaks were artificially
broadened. The line shapes of the narrow crystalline
peaks are expected to gain Gaussian character when
broadened but the “moving average” in the fit is only
an approximation to Gaussian broadening. The spacing
between each data point was 30300 Hz/32 768 points ~
0.925 Hz. Samples b and ¢ had similar average spheru-
lite size, and required similar broadening (+10 points)
of the crystalline resonance. Sample a had the largest
spherulite size and required the least broadening (48
points), while sample d had the smallest spherulite size
and used the most broadening (+12 points) for the fit.

If the lamellar thicknesses in these four samples are
identical, as noted earlier, the only morphological dif-
ference expected between (a) and (b), and between (c)
and (d) is the nucleation density and spherulite size.
The NMR spectra appear to reflects this difference as
broadening of the crystalline resonance. We cannot rule
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Figure 7. Carbonyl resonance in 33C CP-MAS spectra (dashed line) and the fit (solid line) generated using a linear combination
of amorphous and artificially broadened crystalline resonances in (a) melt-crystallized 1.6% R PLLA, (b) quench/annealed 1.6%
R PLLA, (c) melt-crystallized (1.6% R PLLA + 1% talc), and (d) quench/annealed (1.6% R PLLA + 1% talc).

out the possibility of a difference in lamellar thickness
in the two sets of samples contributing to the broaden-
ing. However, since experimental measurement of
lamellar thickness in these four samples is currently
unavailable, and the sensitivity of peak widths to
changes in lamellar thickness is not known, we suspect
that the broadening may due to ABMS of randomly
oriented amorphous domains surrounding the spheru-
lites. For comparison, consider the effect of hexameth-
ylbenzene (HMB) on the resonance of adamantane
crystals of different sizes. In a test experiment, the
peak width of the adamantane resonance in a 10% by
weight mixture with HMB was 33 Hz compared to 3
Hz for pure adamantane. When the adamantane was
first ground using mortar and pestle to form smaller
sized crystals and then mixed with HMB in the same
1:9 ratio by weight, the peak width of its resonance
increased to 50 Hz. Hence, the extent of ABMS broad-
ening is expected to be inversely related to the size of
the crystals. The adamantane crystal, which is cubic
and possesses an isotropic bulk magnetic susceptibility
tensor,?® may be compared to a symmetric PLLA
spherulite which, as mentioned earlier, should have only
minor fluctuations in its bulk magnetic susceptibility.
However, the broadening effect due to ABMS of the
amorphous PLLA will not be as pronounced as in the
case of HMB crystals. The evaluation of a possible
nonlinear relationship between the spherulite size and
broadening was not explored any further. Nonetheless,
if the broadening is related to the surface area of the
spherulites, it would be inversely proportional to the
average radius of the spherulites. Additional experi-

60 Fr—r—r—r——r—r—r—r—TTr—r—r—r——r—r—r—r—
o t 1 i :
[ [—y=-1.37+ 1.11x R= 0.986 | P
3 )
55 f---=—-- e S Toeeeeee dene-]
i 1 ) I
] 1 1 ]
H : H '
3 0] foememmee b Al [ S
5 : | e
g F I I \ I
o 1 1 t '
S L 1 1 1 ]
S 45 -mme---- HRREEE L §-=Ff-- qmemomoes 4
o ] t | ]
R=| 5 1 1 1
= [ ' ' i
| wof i | : '
v A0 p--m-—-—-———- L g — - [§ . [ S A
g r | | i H
13 L 1 1 1
1S3 [ i H ' i
35 -~~~ Femmm e Yo qeumeme-n B p—
) ) 1 ]
Co : | |
) ) ] (]
' i ' i
30 1 1 L 1
30 35 40 45 50 85

AHyyst from DSC measurements

Figure 8. Correlation plot of the percent crystallinity values
determined using the linear combination fit with the AHcryst
values obtained using DSC for various partially crystalline
1.6% R PLLA and 3.2% R PLLA samples listed in Table 1.

ments are being considered to conclusively identify the
extent of broadening caused by ABMS of the amorphous
PLLA.

The DSC values of AHcys: correlate reasonably well
with the percent fraction of crystalline resonance de-
termined by the linear combination fit. These are
plotted in Figures 8 and 9 for a few of the PLLA samples
listed in Tables 1 and 2, respectively. Here, the values
for 6.3% R PLLA samples were not used due to unre-
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Figure 9. Correlation plot of the percent crystallinity values
determined using the linear combination fit with the AHcryst
values obtained using DSC for various 1.6% R PLLA samples
listed in Table 2.

liability of the fit and possible differences in the cor-
relation between the AH values obtained by DSC and
the percent crystallinity in the polymer. The spectra
for samples listed in Table 2 and the reference spectra
of highly crystalline and amorphous PLLA used for the
linear combination fit procedure were acquired under
identical instrumental conditions. However, the spectra
of the samples listed in Table 1 (except no. 1) were
acquired on various days under nonidentical conditions.
This may result in additional subjective error in the

Macromolecules, Vol. 29, No. 27, 1996

crystallinity values determined by the linear combina-
tion fit method for samples in Table 1.

The error associated with estimation of percent
crystallinity by the linear combination fit procedure may
by evaluated by observing the spectral fit simulated
with nonoptimal parameters. For example in Figure 10,
the carbonyl resonance of melt-crystallized 1.6% R
PLLA (sample no. 2 in Table 2) and four simulated fits
with nonoptimal parameters are displayed. Instead of
a crystalline resonance fraction of 69% and broadening
with +£8 data points (Figure 7a), the simulation in (i)
has 64% crystalline resonance fraction and +8 data
point broadening and (ii) has 74% crystalline resonance
and +8 data point broadening. The simulation of the
base of the resonance around data point no. 550 and
around data point no. 400 fits poorly in (i) and (ii). The
effect of nonoptimal broadening is shown in (iii) and (iv)
for averaging with +6 data points and +10 data points,
respectively, instead of the optimal +8 data points. The
width of the pair of peaks around data point no. 325 is
poorly fit in (iii) and (iv).

We have demonstrated that 13C CP-MAS NMR spec-
tra can be used to determine the crystallinity in PLLA
samples. In addition, it may be possible to estimate the
average morphology in the polymer if the lactide com-
position of the polymer is known and the effect of
additives has been accounted for. For a simple correla-
tion between integrated intensity and the molecules in
various domains, the measurement must be made at
temperatures below the Ty of the polymer so that
differences in mobility between the amorphous and
crystalline domains are minimal. It should also be
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Figure 10. Carbonyl resonance in 3C CP-MAS spectra (dashed line) and the fit (solid line) generated using the linear combination
fit procedure for melt-crystallized 1.6% R PLLA with nonoptimal parameter values of (i) 64% crystalline resonance fraction and
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noted that the peak widths and line shapes are ex-
tremely sensitive to positioning of the rotor accurately
at the magic angle with respect to the static magnetic
field (Bo). Any misalignment of the rotor introduces
distortion in the carbonyl peaks from incomplete aver-
aging of the chemical shift anisotropy. The resolution
of the NMR spectrometer, which is affected by a number
of factors including the homogeneity of the field, also
affects the peak widths of the narrow crystalline reso-
nances. These instrumental issues may have minimal
effect in the analysis as long as the spectrum of the
highly crystalline sample is also acquired under identi-
cal conditions. Possible factors affecting the crystalline
peak widths include (1) lamellar thickness and composi-
tion, which may depend on crystallization temperature
and the presence of impurities of p-lactide and meso-
lactide in the poly(L-lactide), (2) presence of additives
like talc, and (3) spherulite shape and size. Further
experiments are in progress to evaluate the extent of
effect of each of these factors.

Conclusion

Solid-state NMR has been successfully used to mea-
sure the percent crystallinity in partially crystalline
PLLA samples. In favorable cases, it may be possible
to estimate the morphology of the crystalline domains
in the PLLA. The short-range order (nanometer) as well
as long-range order (micrometer) in PLLA appears to
affect the 13C CP-MAS spectrum. A simple method
which can be used to extract the information of crystal-
linity and morphology from the NMR spectra was
discussed.
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