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Abstract Geometry optimization results are reported on putative elements of sec-
ondary structure in decameric units of polylactic acid (PLA) analogous to those seen
in protein structure—helical structures (o, 7, 310) as well as a B-sheet—employing
molecular mechanics, semiempirical, ab initio and density functional methods. The
four possible structures of the deca-PLA are generally predicted, with all methods
to be within ~15kcal/mol of each other, with the more stable conformation vary-
ing depending on the method employed. The highest-level method employed here
(MO062x/6-311+G**) predicts that the o, 7 and 3¢ structures have very similar ener-
gies, with 1 slightly favored by values within the error limits of the method; this
is in contrast with results obtained with less accurate semiempirical and empirical
methods, which predict larger differences and other structures as favorites. Relative
energies of poly-L and poly-D,L lactic acid structures indicate the former to be ener-
getically-favored over the latter. Three types of weak interactions appear to dictate the
relative stabilities of secondary structure elements in polylactic acid structures.

Keywords Polylactic acid - Secondary structure - Molecular modeling -
Noncovalent interaction - DFT

1 Introduction

Poly(lactic acid) (PLA) is a biodegradable polymer of interest for medical, pharmaco-
logical and environmental purposes [1-5]. The aliphatic polyester has a chiral carbon
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center in the skeletal chain, allowing for two enantiomers: poly(L-lactic acid) (PLLA)
and poly(D-lactic acid) (PDLA).

Itis known that the PLA homopolymer can crystallize depending on the preparation
condition in three polymorphs: a-[6-10], B-[9,11] and Y [8]. The crystal structures of
these have been studied mainly by diffraction methods. X-ray experiments show the
presence of helical chains of molecules in the crystal structure [7,12].

In the a-form two chains with 103 helical conformation are packed into the unit cell.
Some authors suggest that there are two parallel chains in a triclinic cell [7], others
that antiparallel chains are in an orthorhombic unit cell [11]. Later it was found that the
conformation is distorted periodically from the regular helix owing to the interchain
interactions [8] and the antiparallel chain arrangement plays an important role in the
polymorphism [9]. The two helices turn left or right, respectively for PLLA and PDLA.
The B-form is prepared at high drawing temperature and draw ratio. It has a frustrated
structure containing three parallel chains of 3; helices in the trigonal unit cell [13].
The Y-form was found by the epitaxial crystallization and it is constituted by two anti-
parallel 31 helices in the monoclinic cell [8]. Another important crystal modification
is created by the equimolecular mixture of PLLA and PDLA, and is known as the
sc-form [14]. Six parallel chains of 31 helices are in the trigonal unit cell [15-22]. The
packing in the crystal was also analyzed by computational chemistry. The poly(lactic
acid) polymorphs were studied by rotational isomeric state model [21,23], molecu-
lar dynamics [10,11], Metropolis Monte Carlo model [23,24], molecular mechanics
[10], and quantum chemical [25-27] simulations. It was thus found that the crystal
structure is determined by the intermolecular interactions. The methyl group is contrib-
uting considerably to the interchain van der Waals interactions in the crystallite. The
DFT calculation results indicate that the sc-form is the most energy-favorable among
the four PLA forms studied: the stability order is sc > a > B > Y. Intermolecular
non-conventional hydrogen bonding C*~HO(=C), CH5 O(=C) and CHjy O(ether)
are formed in the stereocomplex crystal [28]. Molecular modeling results support the
hydrogen-bonding arrangement deduced by FTIR results [29]. 103 helical chain con-
formation was analyzed opposite 31 helix by vibrational analysis on the o-form of
PLA [24]. The experimental peak frequencies were better reproduced by the simu-
lated frequencies of 103 helix than those by 3; helix. This confirms that the 103 helix
describes better the a-form of PLA. A spectroscopic analysis was used to study the
conformation of the helices in the stereocomplex PLA. Neither a pure 103 helix nor 3;
helix could fit the experimental data perfectly, suggesting a certain degree of disorder
in the structure.

Computational examination of (bio)polymers employing such methods as density
functional theory (DFT) or Hartree—Fock (HF) has traditionally been restricted to
smaller-size models due to the large computing resources required [30-33]. The reli-
ability of empirical methods for describing biopolymers and related structures has
long been established [32-36]. The present study seeks to estimate the performance
of some of the commonly used computational models in predicting accurate geome-
tries of polymer chains. For several of these methods, this is likely to be a particularly
challenging situation. First, poly(lactic acid) architectures tend to rely primarily on
weak, non-covalent, interactions. Second, those methods requiring parametrization
may not necessarily perform efficiently if they have not been parametrized especially
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for polymers. Equally importantly, the present study aims to investigate the extent to
which classical biochemical structural models, other than those previously observed
in crystallites, may be feasible in PLA. Such results would hold particular relevance
for solution chemistry, where it is not known to which extent the PLA chains would
retain structural patterns seen in crystalline forms.

2 Methods

The present study employs structures resulted from esterification of 10 lactic acid
units, leading to a linear polymeric chain hereafter referred to as LA . These models
were built in the Hyperchem [37] software package using built-in options of the Editor
module for creating helical structures (o, 7 and 31¢) as well as a B-sheet. Geometry
optimizations were performed either in vacuum or with the CPCM continuum solvent
model as implemented in Gaussian09 software package [38]. Molecular mechanics
calculations the UFF force field as implemented in Gaussian09 [38]. The semiem-
pirical PM6 method was employed as implemented in the Gaussian09 [38] (labelled
PM6-G in text) and MOPAC [39] (labeled PM6-M in text) software packages.

HF/3-21G* and density functional theory (M062X) computations were performed
in Gaussian09 [38]. The CPCM solvation model was employed for HF and DFT cal-
culations [38,40]. Standard convergence criteria as defined in the respective software
packages were employed.

3 Results and discussion

A model for poly(lactic acid) consisting in ten repeating units, hereafter referred to as
the PLA decamer was employed throughout the study. Four secondary-type structures
were considered of decameric units of PLA: helical structures (o, ™ and 3;9) and
B-sheet. These structures were built for the poly(L-lactic acid) (PLLA)as well as for
the copolymer of poly(DL-lactic acid) (PDLLA). Reported in the Tables shown here
are the energies, the helix length and the weak interactions presents in these structures.
Figures 1 and 2 illustrate the optimized geometries.

3.1 Energy

The calculated relative energies for the PLLA and PDLLA structures are listed in
Tables 1 and 2, respectively; absolute values are given in Supporting Information
Tables S1 and S2. Comparing the calculated energy of PLLA with the energy of
PDLLA it can be observed that the values in the case of PLLA are generally smaller
(Table 2), suggesting that such structures are more stable. The relative energies are all
within 26 kcal/mol except those made with molecular mechanics method.

The computational prediction on most stable secondary structure motif of those
in Table 1 depends significantly on the method. Thus, an a structure is predicted
at empirical level (UFF); even though the semiempirical method PM6, also predicts
this same structure as more stable, the energy difference towards the least stable
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Table 1 The relative energies of PLLA (kcal/mol)

Methods AE
a-L-LAjg m-L-LAjg 310-L-LA1o B-L-LAjo

MM UFF —68.2 0.0 —64.3 —43.7
PM6-G —1.1 0.0 —-0.8 -0.7
PM6-M —19.1 0.0 —16.6 0.5
PM6-M solution -3.0 0.0 —4.9 0.5
HF/3-21G* —5.8 0.0 —8.1 —13.6
HF/3-21G* water —1.7 0.0 n.a. —12.4
HF/6-31G* 2.1 0.0 1.7 —12.5
DFT/B3LYP/6-31G* 3.5 0.0 2.9 n.a.
DFT/M062x/6-31G* 3.5 0.0 4.4 26.2
DFT/M062x/6-31G** 3.5 0.0 4.4 26.3
DFT/M062x/6-31G** water 0.5 0.0 0.0 18.1
DFT/M062x/6-311+G** 2.7 0.0 2.0 20.1

The energy of the 7 structure was taken as reference

Table 2 The relative energies (kcal/mol) of PDLLA structures, and the relative energy obtained by sub-
tracting the energy of the PDLLA decamer from that of the PDLLA decamer

Methods AE
a-DL-LAjg =w-DL-LAjyg 319-DL-LAj9g B-DL-LA;g DL-L

MM UFF 0.4 16.2 0.0 2.5 19.9
PM6-G —-2.3 —5.4 0.0 —8.3 —4.6
PM6-M —0.8 20.5 0.0 26.1 2.8
PM6-M solution 0.8 5.6 0.0 8.9 5.4
HF/3-21G* 0.2 3.2 0.0 13.2 18.7
HF/3-21G* water 0.1 0.4 0.0 35 13.8
HF/6-31G* 0.9 —-0.3 0.0 1.5 28.8
DFT/B3LYP/6-31G* 22.0 23.1 n.a. 0.0 —4.7
DFT/M062x/6-31G* 0.9 —4.4 0.0 21.2 8.9
DFT/M062x/6-31G** 1.0 —4.6 0.0 21.6 8.5
DFT/M062x/6-31G** water 7.3 7.9 0.0 21.5 0
DFT/M062x/6-311+G** 1.6 4.4 0.0 19.6 41.3

structure ranges from ~70kcal/mol in the molecular mechanics results to 1 kcal/mol
in the PM6-G results. Interestingly, for the PM6-M method the relative order of the
energies differs between the vacuum and solvated structures, hinting towards an essen-
tial role of the environment polarity in dictating the preference towards one or another

type of secondary structure.

The trends seen at the HF/3-21G** level for PLLA energies differ further from
those seen at empirical and semiempirical level, including the fact that solvation no
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longer changes trends in relative energies, by contrast to the PM6 results. Notably, the
trends further differ when comparing HF/3-21G** with 6-31G**, suggesting a strong
influence of the basis set on this parameter.

The DFT results, which include some with a larger basis set with diffuse functions,
may arguably be expected to provide the most reliable data of the methods shown in
Table 1. Remarkably, regardless of the functional, basis set and solvation, the most
stable of the four structures examined is now the 7 helix, and the least stable is the
B sheet. This convergence towards the same trend suggests more reliability in the DFT
data. However, in this case one must note that the empirical and semiempirical data
yields significantly different data, disagreeing with the DFT by 20-60kcal/mol in
predicting the more stable secondary structure of those examined in the present study.

For the DFT data on the PLLA structures, we note that solvation in water tends
to reduce the energy differences between the four structural motifs examined here,
reversing the order between two of the structures (o and 31¢) but not the prediction on
the most stable and least stable structures. Expanding from a double-zeta basis set to
a triple-zeta one with diffuse functions does not change the trends in relative energies,
although it does slightly reduce the energy differences between the four structures.

For the PDLLA structures the same disagreement may be noted as for the PLLA
ones, between empirical, semiempirical and ab initio methods, as seen in Table 2. At
the DFT level, where the 3¢ structure was less stable than the 7 by 2—4 kcal/mol for
PLLA, PDLLA shows a change in preference for 3¢ at the highest level examined
in Table 2 (M062x/6-311+G**). Also worth noting is the difference between the two
functional, MO6 and B3LYP, in predicting relative stabilities of the m and f structures:
the predictions made by the two methods differ by ~40kcal/mol.

3.2 Chain length

The length of the decameric chain was measured between the ester oxygen atoms
of the first monomer and the ester oxygen atoms of the ninth monomer (numbering
starting from the OH terminus of the polylactide). These lengths are shown in Table 5
for PLLA. 3
All the methods preserve the helix length of a -L-LA 1 within £1.5A of the initial
structure. i
The 7 -L-LA1¢ helix lengths obt/ained with HF and DFT methods drop from 21.6 A

in the initial structure to 12.1-14.2A, suggesting convergence towards an a-type struc-

ture. By contrast, MM and PM6 methods elongate the 7 helix by 2.4-3.8A compared
to the starting “canonical” structure.

In the case of 319-L-LAj¢ the helix lengths predicted by all methods are similar to
each other, shorter than in the initial structure and again close to the value seen in the
a structure.

In terms of methodology, we note that solvation has a small effect on the helix
length in all three structures (elongation by up to 0.5 A, i.e. up to ~5% change in helix
length) (Table 3).

Table 4 shows the helix lengths of PDLLA, which appear qualitatively similar to
those seen in Table 5 for PLLA. Thus, as in the case of a-L-LA ¢ the helix length of
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Table 3 The helix lengths of PLLA

Methods Helix length(A)

a-L-LAjg m-L-LAjg 310-L-LAjo

Initial Optimized Initial Optimized Initial Optimized

MM UFF 12.4 12.3 21.6 24.0 16.0 12.1
PM6-G 12.4 12.7 21.6 25.4 16.0 14.4
PM6-M 12.4 10.9 21.6 24.6 16.0 14.0
PM6-M solution 12.4 11.4 21.6 24.5 16.0 12.3
HF/3-21G* 12.4 12.6 21.6 16.7 16.0 12.7
HF/3-21G* water 12.4 13.8 21.6 16.2 16.0 n.a.
HF/6-31G* 12.4 13.9 21.6 14.2 16.0 14.3
DFT/B3LYP/6-31G* 12.4 13.3 21.6 14.0 16.0 13.9
DFT/M062x/6-31G* 12.4 12.0 21.6 12.1 16.0 12.1
DFT/M062x/6-31G** 12.4 12.0 21.6 12.1 16.0 12.0
DFT/M062x/6-31G** water 12.4 12.3 21.6 12.6 16.0 12.5
DFT/M062x/6-311+G** 12.4 12.1 21.6 12.2 16.0 114

Table 4 The helix lengths of PDLLA

Methods Helix length(A)

a-DL-LA1g n-DL-LA1g 310-DL-LA1g

Initial Optimized Initial Optimized Initial Optimized

MM UFF 12.4 12.7 21.6 23.9 16.0 11.6
PM6-G 12.4 12.5 21.6 14.6 16.0 133
PM6-M 12.4 10.8 21.6 242 16.0 13.1
PM6-M solution 12.39 12.0 21.6 239 16.0 13.7
HF/3-21G* 12.4 12.7 21.6 16.6 16.0 12.8
HF/3-21G* water 12.4 13.2 21.6 16.9 16.0 133
HF/6-31G* 12.4 14.4 21.6 14.9 16.0 14.4
DFT/B3LYP/6-31G* 12.4 13.7 21.6 17.4 16.0 n.a.
DFT/M062x/6-31G* 12.4 12.4 21.6 7.8 16.0 12.3
DFT/M062x/6-31G** 12.4 12.3 21.6 7.8 16.0 12.2
DFT/M062x/6-31G** water 12.4 12.8 21.6 10.8 16.0 14.1
DFT/M062x/6-311+G** 12.4 12.3 21.6 13.7 16.0 124

a-DL-LAjg doesn’t change much from the initial values. Also similarly to the PLLA
case, there are two kinds of results by the optimization of T -DL-LAjp. The MM and
PM6 methods induced helix lengths are longer with ~2.5A, while HF and DFT met-
ods lead to shorter helices. In fact, M062x/6-31G* predicts a helix length decrease to
almost one third of the initial value.
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The effect of solvation is somewhat larger in PDLLA than in PLLA (up to ~3 A,
or ~30%).

3.3 Weak interactions

In terms of the non-covalent interactions dictating secondary structure preferences
in poly(lactic acid), three kinds of intramolecular interactions can be expected in the
models employed in the present study.

One of these weak interactions may involve the oxygen atom of the carbonyl group
and the hydrogen atom from the main chain (CO- - -(CH)n+’1). These CO- - -(CH)p41
distan/ces in the initial structures are between 2.75 and 2.90A, all of which exceed the
2.72 A represented by the sum of the atomic van der Waals radii for the hydrogen and
oxygen. However, after geometry optimization these distances are less than 2.72 A
in all models; the average values are between 2.34 A and 2.45 A, implying attractive
interactions even in the p structure (Tables 5, 6, 7, 8). The differences between values
predicted by various methods for the same type of secondary structure range between
0.01 and 0.3 A. The PM6 method implemented by Mopac lead to the shortest values
in all four structures. As a general rule, solvation leads to slight elongation in the O-H
distances, whether computed by the semiempirical or DFT methods. One may also
note that the O—H distances within the same structure are inhomogeneous.

The CO- - -(CH),41 distances measured in optimized DL-helices show two kinds
of values, due to the alternating D and L isomers. The distance between the oxygen
atom of an odd-numbered unit carbonyl group and next unit hydrogen atom is longer

than the sum of van der Waals radii by 1 A. After geometry optimization, only the dis-
tances between oxygen atoms of even-numbered units’ carbonyl groups and next units

hydrogen atoms of the main chain are shorter than 2.72 A, effectively implying that
in PDLLA there are ~half as many O-H interactions compared to PLLA (Tables 9,
10, 11, 12).

One interesting parameter to follow, from the point of view of defining second-
ary structure elements, is the close contact CO- - -(-O-),4x, representing distances
between oxygen atoms from carbonyl groups and oxygen atoms from the ester groups.
The poly(lactic acid) polymer is similar to a polypeptide, except that the peptide bonds
are now replaced by ester bonds. The polypeptide chain is stabilized by intramolecular
hydrogen-bonds involving precisely the peptidic atoms, N(H) and O. The equivalents
of these N—O distances are listed in Tables 13, 14, 15, 16; despite the repulsive inter-
action that one may have expected for a CO-O situation, these distances are, even
with some of the more accurate DFT methods, at the limit of the sum of van der Waals
radii (3.04 A).

The third type of non-covalent interaction involves the oxygen atoms from carbonyl
groups and the hydrogen atoms from the methyl groups. For a-L-LAjo (Table 17)
distances adequate to hydrogen bonding are provided by HF/3-21G** and by DFT
methods; the nearest value to the initial structure was provided })y B3LYP/6-31G*d.

MM and and HF/6-31G*, yield O—H distances longer than 2.72A. The semiempirical
PMB6 yields structures where only some of the CO- - -CH3 interactions are below the
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respective sum of van de Waals radii, illustrating irregularity. Solvation generally leads
to slight elongation of these distances.

The CO - - - (CH3) distances of optimized f-L-LLA10 decamer are shown in Table 18.
The only one method which yields distances corresponding to hydrogen bonding is
MM. )

In the initial structure of 7 -L-LAjo the CO- .. (CHj3) distances are around 7A
(Table 19). The MM and PM6 methods tend to conserve these non-bonding distances,
while HF and DFT distinctly shorten them, to less than the corresponding sum of van
der Waals radii.

As illustrated in Table 20, for the 310-L-Lajq structure all methods retain carbonyl-
methyl distances shorter than the sum of vand der Waals radii, with PM6 yielding the
shortest contacts.

Table 21 shows CO - - - (CH3) distances for o -DL-Lajq. As for the other two param-
eters examined in the present study, there are two kinds of distances, due to the presence
of the D and L isomers. Distances corresponding to hydrogen bonds are between car-
bonyl groups of every second units and methyl groups of n+3 units, but not all methods
predict this patterns to be conserved.

Table 22 shows that in the p -DL-Lajg structure the carbonyl-methyl distances are
predicted to be distinctly longer than in the starting, protein-like structure, although
with most methods values slightly shorter than the sum of van der Waals radii are
retained. Notably, th@ values obtained with B3LYP exceed those predicted by the M06

functional by ~1.5 A.

The presence of CO - - (CH3) distance smaller than 2.72 A is not regular in the
optimized m-DL-Lajg. The results of optimization do not follow any pattern, cf.
Table 23, and differ from method to method in this respect. Shorter contacts are
predicted between the carbonyl groups of odd units and hydrogen atoms of methyl
groups of n+3 units by PM6-G, HF/3-21G*, HF/3-21G* in water, and by DFT/B3LYP,
whereas HF/6-31G* and M062x/6-31G** in water predict such contacts between car-
bonyl groups of even units and hydrogen atoms of methyl groups of n+3 units.

Table 24 shows that for the 319-DL-LA ¢ structure, unlike 7 -DL-Lajq, regularity
is conserved. As in a -DL-LA o, hydrogen bonds can be formed between the carbonyl
groups of every second units and methyl groups of n+3 units.

The data shown here illustrates that protein-like secondary structure elements may
be feasible in short decameric stretches of polylactic acid. Importantly, computational
predictions on the relative stabilities and structural details differ significantly between
empirical, semiempirical and ab initio methods. Even between two DFT methods,
B3LYP and M062x, significant qualitative differences were noted for some of the
structures. These observations underline significant difficulties in accurate predictions
on structures whose integrity relies exclusively on weak, non-covalent interactions.
Solvation, using water as solvent, appears to lead to a slight, but detectable elongation
of the weak contacts.

The highest-level methods employed here predict that a, 7 and 3¢ structures have
very similar energies, with 7 slightly favored by values within the error limits of the
method; this is in contrast with results obtained with less accurate semiempirical and
empirical methods, which predict larger differences and other structures as favorites.

@ Springer
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Relative energies of poly-L and poly-D,L lactic acid structures indicate the former to
be energetically-favored over the latter.

The details of structural features predicted by empirical, semiempirical and ab ini-
tio methods also differ in some of the cases. Three types of weak interactions appear
to dictate the relative stabilities of secondary structure elements in polylactic acid
structures. These non-covalent interactions involve the oxygen atom of the carbonyl
group and atoms of neighboring monomers in the primary structure, as follows: (1)
the hydrogen atom of the CH group in lactic acid, (2) a hydrogen atom in the methyl
group, and (3) the oxygen atom of an ester group.

For studies analogous to the present one, where several methods are used simul-
taneously, we suggest a simple mathematical tool to represent the results where the
methodological variations often hide the essential elements of the findings. We use
the present data and terminology; however, the technique can be easily generalized.

Taking the initial data obtained with method m as L; r,, and the optimized value as
Lopt,m, the variations of helix length of PLLA can be characterized by the quantity

Qm = Lopt,m - Li,m» (1)

and by the weighted average Qyay,

Quv=[1/ 2, > Wi Qul )

(m=1,n)Wp, / (m=1,n)

where the wp,, weights represent a reliability scale for the individual methods m, falling
within the [0,1] interval:

0< wpy <1. 3)

It is customary in many current studies to make a choice for the most reliable
method, and ignore the other results, which in the present scheme would correspond
to choosing one of the weights as unity and all the others as zero, however, this
approach might be less than satisfactory. We may also take this approach, however,
in a future study on a wider range of compounds we plan to suggest values for these
W quantities. Indeed, our preliminary data on peptide structures of various natures
suggest it imperative for such an approach to be implemented.
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