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Crystal Structure of the a-Form of Poly(L-lactide)

C. Aleman, B. Lotz," and J. Puiggali*

Departament d’Enginyeria Quimica, ETS d’Enginyeria Industrial, Universitat Politécnica de

Catalunya, Diagonal 647, Barcelona E-08028, Spain

Received September 21, 2000; Revised Manuscript Received April 28, 2001

ABSTRACT: Study on the molecular packing of the a-form of poly(L-lactide) has been attempted taking
into account packing energy calculations, refinement against new electron diffraction data, and Monte
Carlo simulations. Packing energy has been evaluated for a fixed 10; conformation and an antiparallel
arrangement of molecular chains. The energetically allowed space seems to be quite restricted, but with
several minima of similar energy. One of them corresponds to a P2,2,2; space group and agrees with the
structure refined against diffraction data. Moreover, Monte Carlo simulations show a spontaneous
evolution toward the refined model when parameters that define the packing, such as chain axis shift
and setting orientation angles, are relaxed. On the other hand, the proposed packing shows asymmetric

interactions that may lead to a molecular distortion.

Introduction

Poly(L-lactide) (—[CH2CH(CH3)COO],—) is a biode-
gradable and biocompatible crystalline polymer! =3 with
potential applications as a suture in microsurgery, since
it could be processed into high-strength fibers.* Depend-
ing on spinning and drawing conditions,® two crystals
modifications (o- and g-forms) are found. The latter is
observed at high draw ratio and drawing temperature
and was reported for the first time by Eling and
co-workers.? Its conformation corresponds to a 3-fold
helix,> and its packing has recently been interpreted®
on the basis of a frustrated structure, which has a
trigonal cell with three chains. A new crystal modifica-
tion, the y form, has recently been obtained by epitaxial
crystallizations on hexamethylbenzene.” In this case,
two 3-fold helices are arranged in an antiparallel
disposition in the orthorhombic unit cell.

The conformation of the most stable a-form was
determined from conformational analysis by De Santis
and Kovacs® and corresponds to a 10, helix. However,
X-ray fiber diffraction patterns display some extra
meridional reflections that indicate some distortion from
the pure 107 conformation. It has been suggested® that
the interchain contacts between methyl groups force this
distortion, in a way similar to the a-helix conformation
of poly(L-alanine),® which is the polypeptide analogous
of poly(L-lactide).

The PLLA a-form is obtained by crystallization from
dilute solutions (p-xylene at 90 °C10 or acetonitrile at
25 °C11). The single crystals show a lozenge habit and
a characteristic hkO electron diffraction pattern, which
features will be discussed below. Unit cell parameters
of the o-form reported by different authors®81112 agre
essentially similar, although some minor differences can
be found. Thus, they correspond to an orthorhombic
lattice with dimensions varying in the intervals a =
10.78—10.50 A, b = 6.45—6.04 A, and ¢ (chain axis) =
27.8—28.8 A. However, neither the packing mode nor
the type of distortion of the 10; helices has been
established. The main purpose of this work is to
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progress in the elucidation of this structure taking into
account new Okl electron diffraction data from epitaxial
crystallization,” packing energy considerations, and
modeling simulations. Furthermore, the proposed pack-
ing mode has been analyzed in detail using Monte Carlo
(MC) simulations.

Methods

Energy Calculations. Energy calculations were
performed with the PCSP (Prediction of the Crystal
Structure of Polymers) computer program.!® This pro-
gram generates the atomic coordinates of a polymer in
a given crystal lattice, the parameters of which are
known from diffraction analysis, and evaluates the
energy of the resulting structure. Specifically, the
program explores the relative stability of the structures
when chain axis shift and setting angles of the mol-
ecules are varied.

Calculations made by PCSP include the energy con-
tributions of van der Waals and electrostatic inter-
actions between nonbonded atoms by applying Lennard-
Jones 6—12 and Coulombic expressions, respectively.
The van der Waals parameters are taken from the
anisotropic parametrization of the AMBER force field;
i.e., the CH3 group is considered as a single sphere
whereas the remaining atoms are explicitly included.4
The partial atomic charges were derived using a meth-
odology previously developed.'® The lattice dimensions
chosen for the PCSP calculations are those given by
Hoogsteen etal..5a=10.60 A, b=6.10 A, and c =28.8
A. Their atomic coordinates were also used to build the
conformation of the repeat unit of poly(L-lactide) (Figure
1) and then the 10; helix (dihedral angles are ¢ =
—64.8°, y = 148.9°, and w = 179.5°). Periodic boundary
conditions are applied in the a-, b-, and c-axes. A cutoff
limit of 10 A is imposed: within this limit, all atoms of
one residue interacting with other residues are included.

Modeling Simulations. For structural refinement
we take into account both the hkO and Okl electron
diffraction patterns of poly(L-lactide) in its a form
(Figure 2). These patterns were obtained® from solution-
grown single crystals and thin films epitaxially crystal-
lized on hexamethylbenzene, respectively. Electron
diffraction patterns were simulated with the appropriate

© 2001 American Chemical Society

Published on Web 06/09/2001



4796 Aleman et al.

a)

b)

Figure 1. Bond lengths (A) (a) and angles (deg) (b) of poly-
(L-lactide) calculated using the Cartesian coordinates reported
by Hoogsteen et al.® The torsional angles ¢, vy, and w are
indicated.

packages of the CERIUS? program.t® Different space
groups, setting angle orientations, and relative shift of
molecules in the unit cell were considered. The packing
arrangements provided by PCSP calculations were also
taken into account. Molecular conformation was not
optimized during the refining process.

Monte Carlo Simulations. MC simulations were
performed using the parallelized version of the MCDP?’
(Monte Carlo simulations of Dense Polymers) computer
program, which was explicitly designed to simulate the
crystal structure of synthetic polymers. The atomistic
model consisted of eight independent chains, which were
packed in an orthorhombic box with the helix axes
oriented parallel to the c-axis at the positions indicated
in Figure 3. Periodic boundary conditions and the
minimum-image convention were applied to all simula-
tions. Nonbonded interactions were again neglected
beyond 10 A. The x- and y-edges of the simulation box
were doubled with respect to the crystallographic unit
cell (Figure 3) in order to avoid interactions between
any one chain and its image.

The model used in the MC simulations assumes fixed
bond lengths and bond angles (Figure 1). Therefore, the
degrees of freedom in simulations of NVT type, i.e.,
without varying the size of the box, are the torsional
angles (¢, v, and ), the setting angles, and the
displacement of the helices along the c-axis. In these
simulations the box edges were defined as displayed in
Figure 3. On the other hand, in NPT type simulations
(P = 1 atm), conformational and molecular displace-
ments along the three axes were combined with volume
changes; i.e., the lengths of the edges of the simulation
box were also considered as degrees of freedom. All the
movements were performed using the Metropolis algo-
rithm,'8 and the left-handed 10; helix symmetry, i.e.,
3.333 residues per turn, was kept fixed in all the
simulations.

The potential functions and force-field parameters
used for van der Waals and electrostatic energies are
the same as in PCSP calculations. A three-term Fourier
series expansion was used to compute the torsional
energy, where the torsional angles are calculated be-
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Figure 2. (a) Okl electron diffraction pattern of an epitaxially
crystallized film of poly(L-lactide) on a single crystal of
hexamethylbenzene. A slight tilt about the b axis is apparent
through the presence, on the upper layer lines, of reflections
from parallel reciprocal planes, i.e., 1kl. (b) hkO electron
diffraction pattern of a single crystal of poly(L-lactide) grown
by slow cooling from 90 °C of a solution in p-xylene.

tween all pairs of atoms that have a 1—4 interaction.
Torsional parameters were taken from AMBER librar-
ies. 14

Results and Discussion

PCSP Calculations. A unit cell with two antiparallel
helices (Figure 4a) was considered, since it agrees with
experimental information (see next section). The system
was defined by using only three variables: (a) the angle
(r) measured between the a axis and the vector linking
the ab projections of the helix center and a representa-
tive C® atom of the first chain; (b) the angle (6)
measured in a similar way by using a C* atom of the
second chain; and (c) the ¢ chain shift (Az) measured as
the difference (z; — z,) between the fractional coordi-
nates of the chosen C*. Thus, the angles = and 6 define
the setting orientation of the two helices and Az is their
relative shift.

In a first step, a packing energy study was carried
out in order to determine the most favorable setting
angle of the parent chain. For this purpose three chains
were arranged in parallel at a distance of 6.10 A ie.,
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Figure 3. Schematic representation of the coordinate system
used in the Monte Carlo simulation. The view is along the helix
axis (c-axis). Only the eight parent-chain helices are repre-
sented. Open and dashed circles represent positions of parallel
and antiparallel chains, respectively.
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Figure 4. ab projections of the optimized packing of poly(L-
lactide) in the P2,2,2; (a) and P222; (b) space groups.

the length of the b-axis.®> The setting angle = was varied
from 0° to 360° in steps of 10° and the energy per
residue evaluated. Figure 5a plots the energy as a
function of the setting angle 7. The most favorable
arrangement corresponds to r = 150° (or —30°), which
was used in all the successive calculations, i.e., in both
PCSP and MC simulations, to fix the orientation of the
parent chain in the unit cell. Note that the energy profile
is symmetrical from —180° to 0° and from 0° to 180°
due to the symmetric environment of the central chain.
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Figure 5. (a) Plot of the energy for three isolated parallel
chains as a function of the setting angle 7. (b) Energy map
computed for poly(L-lactide) considering a packing of antipar-
allel molecular chains. The setting angles and the energy are
expressed in degrees and kcal/mol, respectively. The c axis shift
is expressed in fractional coordinates. Contour lines are drawn
at a 1 kcal/mol interval.

Next, the most favorable arrangement of the poly(L-
lactide) chains within the unit cell was determined by
computing the potential energy surface E = E(Az, 6, ©
= 150°). No symmetry constraint was imposed since the
PCSP program evaluates the energy with respect to a
given residue. Thus, the environment of such a residue
is different for every position, even though some posi-
tions may be equivalent from a crystallographic point
of view; i.e., all the positions within the chain are
distinguishable when the energy is evaluated with
respect to a given residue. Initially, the variables Az and
6 were systematically varied from 0 to 1 and from 0° to
360°, respectively, using grid steps of 0.10 and 20°.
Results provided a rough picture of the potential energy
surface, which was found to be nonsymmetric with
respect to Az = 0.5. These energy differences are due
to the 107 helix symmetry: the packing environment,
which is calculated with respect to a given residue, is
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Table 1. Minimum-Energy Packing Modes Obtained from
PCSP Calculations and MC Simulations of NPT Type
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Table 2. Fractional Coordinates of the First Residue
Atoms of a Molecular Chain Placed at the Position (0.25,
0.5, z) for the Model with a P2,2,2; Space Group

pCsP McC Symmetry and Optimized against Okl Electron
minimum  AE? 6° Az¢  AE? ™ o° Az° Diffraction Data
| 0.0 -39 0.11 0.0 149 —-30 0.15 atom X y z
1 0.1 —-99 047 0.5 155 -104 041 o 0.348 58 0619 08 0.001 74
i 01 -—127 0.07 -01 159 —-144 0.00
Cc 0.290 48 0.465 77 0.026 56
v 0.3 73 0.19 14 —140 88 0.24
v 03 -178 022 -04 132 180 025 e} 0.185 32 0.407 46 0.018 72
' ’ ’ ’ C 0.375 20 0.378 57 0.065 24
a Relative energies (in kcal/mol of residue). P Setting angles (in H 0.436 27 0.503 55 0.076 39
deg). ¢ Chain axis shift (in fractional coordinates). C 0.452 05 0.187 12 0.046 88

different for the 10 residues included in the axial repeat
length, and consequently the intermolecular interac-
tions change with 6 and Az. In all cases, minimum-
energy packing modes for Az < 0.5 were at least 4 kcal/
mol more stable than for Az > 0.5. Accordingly, the
bidimensional energy map was recomputed within this
range but using finer grid steps, i.e., 0.02 and 10° for
Az and 0, respectively. The resulting potential energy
surface E = E(Az, 6, T = 150°) is displayed in Figure
5b. The contour lines correspond tol kcal/mol intervals.

The energetically allowed space is quite restricted. 6
values ranging from 0° to 180° for Az < 0.15 and from
—180° to 0° for 0.25 < Az < 0.40 are forbidden due to
steric conflicts. Furthermore, for regions with lower
energy, the energy surface is rather flat in the 0 reaction
coordinate. Five low-energy arrangements can be seen
in Figure 5b (indicated by black dots). Table 1 lists their
Az and 6 coordinates as well as their relative energies.
Note that energy are below 0.5 kcal/mol and not
therefore very discriminative. Accordingly, the five
minima were further investigated and further compared
to electron diffraction data and Monte Carlo simula-
tions. However, minimum | in Figure 5b and Table 1
corresponds to an arrangement strikingly close to the
P212,2; space group. This feature is clearer when the
position of the second chain is defined by a residue
different from that used in the energy calculations (from
now on, we use primed symbols for this new denomina-
tion). Thus, the second chain is defined by ' = 33° and
AZ' = 0.51, whereas a binary screw axis parallel to b
would give a value of 8" = 30°, in agreement with the
energy calculations.

Structural Refinement. The space groups P2;2:2;
and P222; were considered in the structural refinement,
since they are the only ones that agree with (a) the
observed orthorhombic unit cell, (b) the absence of
symmetry elements such as inversion centers and
mirror or glide planes, which are incompatible with the
chiral nature of the polymer, and (c) the symmetry of
the molecular chains. In this sense, note that a 21 helix
with five residues in its asymmetric unit is compatible
with the postulated 10; conformation.

The P2,2;2; space group corresponds to a unit cell
with two antiparallel molecular chains (Figure 4a)
related by 2-fold screw axes parallel to a and b crystal-
lographic axes. An asymmetric unit made of five con-
secutive residues was built with the coordinates given
by Hoogsteen et al.®> and the molecular symmetry and
was positioned so as to place the center of the resulting
helix at a/2 and b/4 (Figure 4a). In a first step of the
refinement process, the setting angle of the asymmetric
unit was systematically varied by 5° increments be-
tween 0 and —108°, which corresponds to the rotation
angle between consecutive residues according to the 10,
helix conformation. Translations along the ¢ axis from

0 to 0.5 (fractional coordinates) with a grid step of 0.05
were also considered for each rotation angle. Note that
the explored region is more restricted than that studied
in the PCSP calculations due to the imposed space group
symmetry. Table 2 gives the fractional coordinates of
the first residue in the optimized packing, which cor-
responds to the variables T = 138°, §' = 42°, and Az’ =
0.58 (or & = —30° and Az = 0.18, as defined in PCSP
calculations). The resulting Okl electron diffraction
pattern (Figure 6a) is in close agreement with the
experimental one: a R-factor lower than 15% was
determined by considering the 01l and 02l reflections.
The simulated Okl diffraction patterns are very sensitive
to the shift and orientation of chains, and consequently
their relative position could be evaluated with precision.
Note that the calculated pattern displays a strong 025
reflection, in agreement with experimental evidence,
whereas a much weaker reflection is predicted when the
packing is modified. This agreement does not hold for
the hkO pattern, since violations of systematic absences
are observed. Thus, h00 and OkO reflections with h and
k odd appear with a noticeable intensity in our patterns
as well as in those previously reported.!* These viola-
tions are not observed in both Okl electron diffraction
patterns of epitaxially crystallized samples and X-ray
fiber patterns.® This suggests that secondary scattering
may be responsible for the indicated violations of the
axial systematic absences. On the other hand, it is worth
noting that the refined packing mode is close to the
minimum arrangement labeled as I in Figure 5b, i.e. 6
= —39° and Az = 0.11, the latter being about 1 kcal/
mol more stable than the former. The difference between
this minimum-energy packing and that optimized against
electron diffraction data is probably due to a deficiency
in the PCSP strategy. Indeed, despite its power, the
PCSP method has an important shortcoming, namely,
that chain conformation is not relaxed for every packing
arrangement. Considering fixed chain conformations
has important advantages from a computational point
of view since the systematic exploration of a large
number of packing modes is allowed. Nevertheless, in
many cases results must be considered only from a
qualitative point of view.13

The P222; space group is consistent with a statistical
arrangement of up and down chains (Figure 4b). Mol-
ecules with both orientations and half occupancy can
be considered at each site. Note also that no symmetry
element relates the molecules that belong to different
positions. Thus, four variables (the z coordinate and the
setting angle for a C* atom at each site) need be
considered. However, this statistical arrangement was
not taken into account in the energy analysis because
computer packages do not simulate molecules with a
half occupancy. No hkO systematic absences are ex-
pected for this space group. The intensities found in the
simulated patterns for the h0O and 0kO reflections (with
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Figure 6. (a) Simulated Okl electron diffraction pattern of
the optimized packing of poly(L-lactide) in the P2,2,2; space
group. (b) Simulated hkO electron diffraction pattern of the
optimized packing of poly(L-lactide) in the P222; space group.

h and k odd) are far away from the experimental values
(Figure 6b). These maximum intensities are observed
when the major deviation from the 2-fold screw axis
symmetry is reached, that is, for a difference of 18°
between the setting angles of molecules at each position.
It is worth noting that odd h0O or OkO reflections appear
only at high resolution in the simulated patterns. Note
also that hkO reflections, with h + k odd, are also only
expected at high resolution, and consequently the
intense 210 spot is not accounted for. This arises from
the fact that chains with a strict 107 conformation are
very similar in chain axis projection, giving a centered
cell at low resolution.

For the sake of completeness the other minimum-
energy arrangements obtained from PCSP calculations
(Figure 5b) were also considered, although they do not
correspond to any orthorhombic space group symmetry.
No improvement was reached in the resulting simulated
electron diffraction patterns.
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Figure 7. (a) Energy (in kcal/mol) of the system as a function
of the number of steps for NVT and NPT type MC simulations
of poly(L-lactide). (b) Cell parameters (in A) of poly(L-lactide)
as a function of the number of steps. (c) Dihedral angles (in
deg) of the 107 helix as a function of the number of steps for
NPT type MC simulation of poly(L-lactide).

Monte Carlo Simulations. Two different simula-
tions were performed on the antiparallel arrangement.
In both cases the optimized structure with 7 = 138°, 0
= —30°, and Az = 0.18 was used as starting point since
it provided the best simulation of the electron diffraction
pattern (Figure 6a). The first was of NVT type with the
torsional angles (¢, ¥, and w), setting angles (r and 6)
and displacement (Az) as degrees of freedom. In the
second simulation, of NPT type, the cell parameters and
position of the helices within the simulation box were
also varied. Both simulations consist of 1 x 108 steps
and were performed at T = 298 K.

Figure 7a shows the energy as a function of the
number of MC steps for the two simulations. The system
equilibrates rapidly, requiring only about 2 x 10* steps.
After this, the fluctuations of the energy are small and
slightly larger for the NPT simulation than for the NVT
one. In the former indeed, the lattice vibrations induce
some changes in the intermolecular forces which are
neglected in the simulation at constant volume. Another
interesting trend is that the energy resulting from the
NPT simulation is lower than that of the NVT one, since
the cell parameters are allowed to vary.

Figure 7b presents the values of the cell parameters
a, b, and c obtained from the NPT simulation. The three
parameters converge to values close to the experimental
ones, i.e.,, a =9.66 A, b = 5.80 A, and ¢ = 29.01 A
(associated errors are 9%, 5%, and 1% for a, b, and c,
respectively). This good agreement (in particular for b
and c) indicates that the simulation captures the es-
sential trends of the unit cell, despite a clear systematic
deviation: the interchain distances tend to be closer
than experimentally measured. A very similar feature
was recently found in NPT simulations of comblike
polyamides.1® This deviation appears to have a technical
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Figure 8. 7 (a) and 6 (b) setting angles (in deg) as a function
of the number of steps for NVT and NPT type MC simulations
of poly(L-lactide). (c) Chain axis shift (in fractional coordinates)
as a function of the number of steps for NVT and NPT type
MC simulations of poly(L-lactide).

origen: the parameters included in the AMBER librar-
ies were optimized for the simulation of biological
molecules in solution.* Poly(L-lactide) is not included
in the AMBER libraries, and we have mixed our own
electrostatic parameters with the van der Waals pa-
rameters of the AMBER force field. Thus, the wave
function and the number of points used to develop the
electrostatic charges of poly(L-lactide)!® are different
from those used in the original parametrization of the
AMBER force field.

The torsional angles resulting from NVT and NPT
simulations are nearly identical, as expected from the
small variation of the ¢ parameter. Figure 7c shows the
torsional angles ¢, ¥, and w as a function of the number
of steps for the NPT simulation. The final values (¢ =
—61.4°, v = 154.2°, and w = 167.5°) are close to those
proposed by Hoogsteen et al.5 (p = —64.8°, y = 148.9°,
and w = 179.5°) for the 107 helix.

The setting angles T and 0 (and the ¢ axis shift Az)
display sharp periodic variations during the NVT simu-
lation (Figure 8): changes of about 10°—15° occur when
unfavorable interactions appear and the system needs
to overcome them. However, when the size of the box is
allowed to vary, the system has more degrees of
freedom, and the crystal is stabilized by small changes
in all of them. As a result, only small variations of
and 0 around 149° and —30°, respectively, are found in
the NPT simulation, which are very close to the refined
values (138° and —30°), whereas the ¢ axis shift remains
close to the optimized value (Az ~ 0.18) in both NPT
and NVT simulations.

Taken in combination, these results indicate that the
structural refinement yields a quite stable structure.
Furthermore, MC simulations (especially of NPT type)
help overcome the deficiencies of the PCSP strategy
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discussed above. Indeed, pilot calculations, i.e., NPT
simulations of 25 x 10* steps, using as starting point
the minimum-energy arrangement labeled as I in
Figure 5 indicate a spontaneous evolution toward the
packing mode refined against electron diffraction data
(results not shown). However, the a and b cell param-
eters are again underestimated due to the approxima-
tions used in the force field.

MC simulations may also account for the chain
distortion suggested by the X-ray fiber diffraction data.®
The near-hexagonal packing (as deduced from the unit
cell parameters) of helices with a different symmetry
(107 conformation) and the antiparallel arrangement are
certainly at the root of such distortions. Note that
molecular interactions are different in the three packing
directions at 120°, which are nearly equivalent. NPT
Monte Carlo simulations highlight this feature, since
the computed interchain distances indicate a much
larger variation along the unit cell diagonal (8.6% for
the packing between antiparallel chains) than for the b
axis (5%), which corresponds to the packing between
parallel chains. Furthermore, NVT simulations indicate
that unfavorable interactions easily appear when the
dimensions of the cell are fixed, giving a variation of
the setting angles.

As a final step of the energy analysis, we performed
five NPT simulations using as starting points the
minima obtained form PCSP calculations. These calcu-
lations provide a more realistic description of the low-
energy packing modes since the shortcomings of the
PCSP strategy are avoided. In Table 1, the resulting r,
6, and Az parameters and the packing energies are
compared with those performed with the PCSP com-
puter program. The MC simulations yield comparable
energies and do not help to discriminate the different
models. However, the impact of the rigid geometry
approximation on the 7, 6, and Az parameters can be
evaluated: the maximum differences found between
PCSP and MC arrangements for poly(L-lactide) are 18°,
15°, and 0.07 fractional coordinates, respectively, with
the only exception of 7 for the minimum 1V.

Conclusions

Packing energy calculations, structural refinement
against electron diffraction data, and Monte Carlo
simulations point to the same packing mode, which
corresponds to an antiparallel arrangement of molecular
chains and a P2,212; space group. Similar setting angles
(£6°) and chain axis shift (+£0.035) were obtained from
the three calculations, which however were based on a
strict 10; conformation. Several minima with similar
energy were also observed in the rather restricted
potential energy surface. However, none of these other
packing modes are in agreement with diffraction data.

Molecular interactions between neighboring chains
are different along the three directions that define the
hexagonal packing and may lead to distorted conforma-
tions, as revealed by diffraction patterns.
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