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A Spectroscopic Analysis of Chain Flexibility of Poly(lactic acid)
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ABSTRACT: A Raman analysis was conducted to examine the disordered structures of poly(lactic acid).
Simulated spectra were obtained for an ensemble of chains generated by several rotational isomeric state
models. Analysis of the differences between simulated and experimental spectra showed that the rotational
isomeric state reported in earlier work leads to a chain that is much more flexible than the experimental
data suggest. The Raman analysis suggests a chain dominated by tgt conformations in a 3; helix with a
characteristic ratio of 12, consistent with other experimental data.

Introduction

Poly(lactic acid) as an environmentally friendly bio-
degradable polymer with the potential for large volume
applications has recently attracted a great deal of
attention in the polymer community. Applications in-
clude prosthetic devices and sutures,! as a matrix
material in bioresorbable composites,? and in controlled
release of drugs and agricultural chemicals.® High
volume applications in food packaging are being con-
sidered since recently poly(lactic acid) is approved for
this use.*

For poly(lactic acid), the definition of processing
conditions and evaluation of ultimate achievable prop-
erties are hampered by uncertainties in the structures
which develops as a function of deformations. As shown
in Figure 1, poly(lactic acid) has a chiral atom in the
repeat unit. Both poly(L-lactic acid) (PLLA) and the
enantiomer poly(p-lactic acid) (PDLA) have been syn-
thesized and are semicrystalline.® The crystalline chain
conformation is generally considered to be a 103 helix.®
In certain crystallization conditions a distorted 3; helix
has been postulated.” Recent studies also suggest the
presence of frustrated structures.®

Raman spectroscopy has proven to be useful for
investigating the chain conformation of both crystalline
and disordered chains in melt, solution, or other con-
densed states. Raman scattering has been used to follow
the deformation behavior of poly(lactic acid)® and to
characterize the various chain conformations'© in the
processed material. Experimental studies supported by
normal-coordinate analysis have differentiated the vari-
ous possible chain conformations in the crystalline state
and suggested that an intermediate between the 3; and
103 helix structures exists in neat poly(L-lactic acid).!

To evaluate the efficiency of mechanical deformation
and thermal annealing to produce films or fibers with
desired properties, it is necessary to characterize the
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Figure 1. Schematic drawing of poly(L-lactic acid) structure.

initial amorphous state.?® Raman spectroscopy is a useful
technique for this work'? and, by comparison with
synthetic spectra computed using Snyder’s ensemble-
based approach,? facilitates studies of polymer struc-
tures lacking in long-range order.4 Recent work in these
laboratories analyzed features that are associated with
ensembles numbering 2000—5000 of different but rela-
tively probable chain conformations generated using the
conformational probabilities based on a postulated
rotational isomeric states model.

The rotational isomeric states governing the chain
conformation distribution of poly(lactic acid) are not
well-defined. Assuming a planar ester group, Brant
developed a rotational isomeric state model to analyze
the poly(lactic acid) chain conformation.'® Based on the
Brant model, a low characteristic ratio of 4.5 was
estimated for poly(L-lactic acid) when the characteristic
ratio is defined as 2[g/x(I5. + 12, + 130). Here 124 is
the mean-square end-to-end distance, x is the degree of
polymerization, and the term in parentheses is the sum
of the squares of the lengths of the three covalent bonds
contributed to the chain contour by each repeat unit.
This result was consistent with light scattering and
intrinsic viscosity measurements at 85 °C in bromo-
benzene solutions and would imply that poly(L-lactic
acid) is extremely flexible, since even polyethylene has
a characteristic value of C,, = 7.16 The brittle nature of
both poly(L-lactic acid) and poly(p-lactic acid) seems
inconsistent with a polymer possessing such a flexible
backbone.”~19 More recent light scattering measure-
ments of poly(L-lactic acid) in acetonitrile solution
suggest a much higher characteristic value of 11.8.7

In the previous study, structural parameters and force
fields transferred from other polyesters were used to
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simulate vibrational spectra of crystalline poly(lactic
acid).!* Once intensity parameters were included, it was
possible to reproduce experimental data accurately. This
analysis strongly suggested that some of the chain
conformations described in the literature are inconsis-
tent with the experimental data.!! It was also shown
that only one of the four 3; helical structures predicted
by conformational analysis has a synthetic spectrum
that agrees well with experiment. The analysis provided
a new understanding of the relative probability of
occurrence of a 103 or 3; helix for poly(lactic acid). By
convoluting the synthetic spectrum expected for an
ensemble of chains calculated for various rotational
isomeric states models, it is possible to assess the
applicability of each model. Specific conformationally
sensitive spectroscopic features of the backbone bond
stretching vibrations located in the range 1000—200
cm~! indicate that improvement in the rotational iso-
meric states model is needed. In the present study, it
is found that poly(lactic acid) chains are not flexible as
previous studies suggest. The probabilities of finding
various conformers need to be reevaluated.

Experimental Section

Poly(lactic acid) pellets of molecular weight 85 000—100 000
with less than 1% D impurity were purchased from Aldrich.
A transparent and isotropic film sample with 1.4% D impurity
was provided by the Cargill-Dow Co. Based on the AH of 93
J/g,?° the DSC scan revealed a very low degree of crystallinity
(2%). Highly crystalline samples (73%) were obtained by
dissolving the polymer in p-xylene at 130 °C and growing
crystals in 0.05% solution at 80 °C. The melting temperature
was determined to be 168 °C. After filtration, the translucent
layered single-crystal mat was annealed at 130 °C for 24 h
and dried for 3 days in a vacuum oven at room temperature.
No degradation of polymer was observed after annealing. The
conditions employed did not lead to degradation.?! In addition,
consistent with previous studies, we did not observe any
evidence of structural transformation at room temperature.??

Raman spectra were obtained using a Bruker Fourier
transform Raman spectrometer (model FRA 106) excited by
the 1.064 um line of a Nd:YAG laser operated to deliver 200
mW at the sample. The resolution was 4 cm~, and 256 scans
were collected in backscattering geometry. Polarized Raman
spectra were obtained by installing a polarization analyzer
followed by a scrambler in the path of the scattered beam with
the sample facing the incident beam. The polarized component
was obtained by setting the analyzer polarization parallel to
the polarization direction of the incident beam while the
depolarized component was obtained by setting the analyzer
perpendicular to that direction. Isotropic Raman spectra were
calculated from eq 1:

4

liso = |I|_3ID 1

The Raman spectrum of a highly crystalline sample is shown
in Figure 2. Isotropic Raman spectra for the film sample are
shown in Figure 3.

Normal-Coordinate Analysis

The molecular structures (bond lengths, bond and
torsion angles) used in our studies were transferred
from previous structural analysis. Since only limited
studies have been conducted that characterize the
interaction energies, the force constants used in this
work are transferred from past polyester studies.2324
The transferred force field gave frequencies and relative
intensities that compared surprisingly well with the
observed values.!! Two types of vibrational analyses, one
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Figure 2. Simulated isotropic Raman spectrum of poly(L-
lactic acid) 3; helix compared with observed Raman spectrum
obtained from crystalline poly(L-lactic acid). Only amodes are
simulated E modes.
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Figure 3. Simulated and observed isotropic Raman spectrum
of disordered poly(L-lactic acid). Chain statistics are based on
ref 15 (see text).

for specific chain conformations associated with the
crystalline phase and one for disordered structures,
were carried out. For ordered structures of well-defined
chain conformation, the normal-coordinate analysis
performed by using Wilson's GF matrix method was
adapted from computer programs first developed at
University of Michigan and UC Berkeley.?> In these
modified programs, band intensities can be simulated
using polarizability changes associated with backbone
bond stretching and valence angle bending coordi-
nates.4

The computational algorithm used for analyzing
disordered chains was adapted from the program first
developed by Snyder to analyze disordered structures
of polyolefins.?627 The isotropic Raman spectrum of
polymers in the disordered state is the weighted sum
of spectra calculated for an ensemble of individual
chains according to their occurrence probability, derived
from a postulated rotational isomeric states (RIS) model.

Three skeletal bonds occur along the molecular chain
in poly(lactic acid): C—O(ester), O—C, and C—C. The
C—O(ester) bond is assumed to be always trans due to
conjugation with the C=0 double bond.® The O—C bond
has two energy minima around —160° and —48°, and
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the C—C bond has two energy minima around 160° and
—73°.15 Since +160° is close to 180°, the 160° angles are
termed trans (t). In the same way, —48° and —73° are
close to —60° and are termed gauche (g*). The rotational
isomeric states model can then be expressed as statisti-
cal weight matrices with two states.?8

t g t g’
gt (1 o0 g” |00
t gt
Ucc=t [Gtt Otg
g" |y Ogg

The t and g at top of the matrices refer to the
conformation states of the present bond being consid-
ered while those at left side are for the previous bonds
according to Flory’s standard notation.®

For a chain with n repeat units, the partition function
Z can be calculated by6

2=[1 OllUe oUo Ve oI} @

Hence, the probability of a given chain conformation
with m bonds is

m-1

Py =Z [ 3

where o¢),; is the statistical weight matrix element for
bond i whose present state is  and its preceding bond
is in state . Here, the  and ¢ only take values t and
g*. In Brant's rotational isomeric states model, oy =
0.042, oyg = 0.040, o4 = 0.550, and oqq = 0.368 for a C—
C bond which gives rise to four minimum energy
states: 111'(tt), I'(tg), I11(gt), and I(gg).1®

When additivity in bond polarizability is assumed,
only a few parameters are needed to calculate the
isotropic Raman scattering intensities below ~1000
cm~1.2627 \We have adopted this procedure and extended
this type of analysis to other polymers with nonequiva-
lent atoms along the backbone.2°=3! It was found that
reasonable values (as compared to experimental data)
for the relative polarizability tensor elements are 1.0,
1.0, 0.5, 0.2, 0.1, 0.2, 0.01, 0.01, 0.02, 0.6, and 0.3 for
c-0, c-C, O0-C, O-C,—C, O—-C—-C, C—0O-C,,
O0—Cy—Cp, C—Cy—Cg, C,—C=0, and C,—Cs, C=O,
respectively.

A linear octomer of L-lactic acid units was used in the
present study as the model compound. To remove end
effects, only the bands from the middle six repeats were
used. The band shape function used was a mixture of
Lorentzian and Gaussian functions in a ratio of 9 to 1,
and the bandwidth was fixed at 8 cm~. An ensemble
of 2000 chains was generated.

Results and Discussion

If the chain conformation is fixed, the isotropic Raman
spectrum can be simulated accurately for ordered
structures associated with the crystalline phase. Figure
2 shows a comparison of the observed spectra to the one
simulated for a 3; helix. Evidently, the calculated and
observed 873, 700, 400, and 300 cm~! bands all agree
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Figure 4. Simulated isotropic Raman spectra obtained by
varying the relative ratio of unfavorable conformation I' and
111" to favorable conformation | and Ill: model A (Brant's
model), R = 1:9; model B', R = 3:7; model C', R = 5:5.

Table 1. Statistical Weight Matrix Elements for Skeletal
C—C Bond Corresponding to Different Ratios of
Unfavorable to Favorable States

ratio Ot Otg Ogt Ogg
model A (Brant) 1:9 0.05 0.05 0.54 0.36
model B’ 37 0.15 0.15 0.42 0.28
model C' 5:5 0.25 0.25 0.30 0.20

well, which indicates that the structural and intensity
parameters and the force constants used in the analysis
are all acceptable. A comparison of observed and simu-
lated isotropic Raman spectra for a disordered structure
based on earlier rotational isomeric states model is
shown in Figure 3. It was shown in an earlier work that
the skeletal band at 410 cm™! is important for structural
characterization.* However, the simulated features do
not agree well with the experimental data of disordered
structure in either intensity or shape (Figure 3). On the
other hand, an intense band appears around 570 cm™1,
which is not observed in experiment. Given the fact that
we have reproduced the poly(L-lactic acid) crystalline
features accurately, this lack of agreement for the
amorphous structure is the first clue that the model
used to deduce conformational distribution may not be
correct. To fit the simulated disordered spectra to
experimental data, some modification of the chain
statistical weight matrices appears to be needed.

According to proposed model,’5 the states 1'(tg) and
I11'(tt) are unfavorable conformations while states 1(gg)
and I11(gt) are favorable ones. Thus, the first approach
is to change the relative ratio of unfavorable to favorable
states but keep the other ratios the same. The statistical
weight matrix elements used are listed in Table 1 and
the three simulated spectra shown in Figure 4. It can
be seen that the situation is worsened by increasing the
ratio of unfavorable states I'(tg) and I11'(tt) since the
desired band at 410 cm~! decreases while the undesired
band 570 cm~1 increases in intensity and the strongest
band at 870 cm™1 splits unexpectedly.

A second approach is to change the relative ratio of
two favorable states I(gg) and I11(gt) while fixing the
ratio of unfavorable to favorable states. The correspond-
ing statistical weight matrix elements are listed in Table
2, and the simulated spectra are shown in Figure 5. It
can be seen that the agreement between the simulated
spectra and experiment improves consistently by de-
creasing this ratio.
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Figure 5. Simulated isotropic Raman spectra obtained by
varying the relative ratio of two favorable conformations | and
I11: model A (Brandt's model), R = 4:6; model B, R = 3:7;
model C, R = 2:8; model D, R = 1:9.

Table 2. Statistical Weight Matrix Elements for Skeletal
C—C Bond Corresponding to Different Ratios of Two
Favorable States 1(gg) and I11(gt)

ratio Ei— Em
(gg to gt) Ott Otg Ogt ogg  (kcal/mol)
model A 4:6 0.05 0.05 054 0.36 0.083
(Brant)
model B 3.7 0.05 0.05 0.63 0.27 0.264
model C 2:8 0.05 0.05 0.72 0.18 0.667
model D 1:9 0.05 0.05 0.81 0.09 1.148

On the basis of this result, we would conclude that a
distribution containing 70% of conformation I111(gt)
would be appropriate in describing the amorphous state.
The conformation I(gg) should be less than 20%. The
other two chain conformations I'(tg) and IlI'(tt) are
approximately 5% each. The conformational energy
differences between state I(gg) and I1lI(gt) can be
obtained from the relative probabilities.!®

w/w,,, = A exp[—(E, — E;;,)/RT] (4)

where w;, and wy; are the statistical weight matrix
elements ogg and og.. The preexponential factor A is a
constant that reflects the relative population degenera-
cies of these domains and is independent of tempera-
ture. Here, A is equal to 0.77. The energy difference
between these two states can be calculated on the basis
of eq 4. The results are listed in Table 2.

Simulated spectra based on models C and D are quite
close to experimental data. The AE = E,; — Ej;; values
are calculated to be 0.667 kcal/mol for model C and
1.148 kcal/mol for model D. Using the relative energies
found empirically in our simulation experiments. The
characteristic values for different model chains can be
calculated using a program previously published.32 The
value of AE’s requires the characteristic ratio®® to fall
into the range 7—12, which is very close to the values
postulated in more recent publications.18:3334 Appar-
ently, the poly(L-lactic acid) chain is much stiffer than
the original model suggested. It should be noted that
the original study revealed that incorporation of elec-
trostatic interactions can potentially significantly change
the chain dimension.'®

It is necessary then to consider the reason for the
substantial difference between the relative probability
of the various rotational isomeric states deduced from
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light scattering results and Raman analysis. The light
scattering results are based on the chain dimension of
dilute solutions. In contrast, our Raman analysis is
based on samples quenched from the molten phase. The
conformational distribution of a polymer, even in a
®-solution, is not always the same as that in the bulk.
It has been reported previously that the chain dimen-
sional changes measured using small-angle neutron
scattering for bulk polyethylene are consistent with the
data from a ©-solution of polyethylene, but small-angle
neutron scattering data for atactic bulk polypropylene
is quite different from that from a @-solution.®® In an
earlier publication,?® Raman analysis showed that poly-
(ethylene oxide) conformational distribution in ®-solu-
tion differs from the distribution in its molten state. The
results in the current study raise the same question.
Poly(L-lactic acid) conformational distributions may be
quite different in different solvents. The low value of
C. = 2.0 measured in CgHsBr and the high value of C,
= 11.8 in acetonitrile may be special cases. In the
present study, evidence is provided that in the bulk
poly(L-lactic acid) the chain is stiff with C, = 7—12.
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