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a b s t r a c t

Poly(lactic acid) (PLA) can crystallize in a-, b-, g- and stereocomplex (sc)- forms. It has been shown that
the formation of stereocomplex between poly(L-lactic acid) and poly(D-lactic acid) significantly improve
thermal stability and mechanical properties. However the mechanisms of enhancements are still unclear.
In this study, we investigate the PLA polymorphs from the first-principles theoretical perspective in order
to understand the intermolecular interaction in the crystals. Density functional theory at the level of
Perdew-Wang generalized-gradient approximation was applied to optimize PLA crystal unit cells.
A comparison of energies in the various unit cells reveals that sc-form is the most energetically favorable
form among the four PLA polymorphs. The order of thermodynamically relative stability is that sc-form is
0.3, 1.1, and 1.3 kcal/mol more stable than a-form, b-form, and g-form, respectively (when using the
ultrasoft pseudopotential and a plane-wave basis set with an energy cutoff of 380 eV) or 0.4, 1.1, and
1.3 kcal/mol more stable than a-form, b-form, and g-form, respectively (when employing the density
functional semi-core pseudopotentials and the double numerical plus polarization orbital basis set with
a global orbital cutoff of 3.7�A). In addition to the energetic properties, structural and electronic prop-
erties were calculated as well. The theoretical predicted stability rank is in agreement with some
reported observations. Such as, sc-form has higher melting point and larger heat of fusion than those of
a-form. The enhanced thermal stability of the sc-form compared to the other three homopolymer forms
may be attributed to the unique intermolecular non-conventional hydrogen bonding CeH/O(]C)
network in the stereocomplex.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Poly(lactic acid)orpolylactide (PLA) is apromising “green”plastic.
The research interests in PLA arise not only from its environmentally
benign synthesis and potential applications, but also from the great
diversity of this polymer’s chain architectures and crystalline struc-
tures. The precursor of PLA, lactic acid (2-hydroxypropanoic acid,
C3H6O3) is chiral, which leads to isotactic, syndiotactic and atactic/
herterotactic PLA primary structures upon polymerization. The
presence of repeating units with L- andD-opposite configurations in
PLA polymer has been shown to provide a useful mean of adjusting
physical and mechanical characteristics. PLA can be amorphous or
crystalline, in general semicrystalline. Both poly(L-lactic acid) (PLLA)
and poly(D-lactic acid) (PDLA) are isotactic, can crystallize in one of
three polymorphs: a-, b- and g-form [1e3]. More importantly,
a 50e50 physical blend of PLLA and PDLA creates a new crystal
65 68727528.
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structure e stereocomplex (sc)-form with a melting point Tm of
230 �C, about 50 �C higher than its individual components [4].

The structures of a [1,5e8], b [2,5,9], g [3], and sc [3,4,10e12]
forms have been solved by diffraction techniques combined with
classical simulations. Empirical conformation analysis [1,13] and
semiempirical molecular simulations (molecular mechanics (MM)
[8,11,14], molecular dynamics (MD) [7,11] and rotational isomeric
state (RIS) Metropolis Monte Carlo (RMMC) [15,16]) have been
employed in investigating conformations and properties of PLA
isolated molecular chains and their packing in a crystal. The studies
showed that the lowest energy conformation of single PLLA chain is
either left-handed helical 103 or 31. The chain packing and the
intermolecular interactions in a crystal would disrupt the regular
helical conformations. The destabilization of the a-helix type
conformation was attributed to the repulsive electrostatic dipo-
leedipole interaction (electrostatic effect) between the dipoles
associated to the ester groups [1]. In these classical studies, rigid
structural parameters (i.e. fixed bond lengths and bond angles,
values being taken from small molecules gas phase microwave
structural analysis) were normally assumed. The ester bond was
assumed planar trans and methyl group was simplified as a single
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sphere in some forcefields. Rotation angles around the backbone
bonds OeCa and CaeC were the only degrees of freedoms. The
advantages of these empirical methods are simple and fast, can be
applied to large systems. However, the simulation results depend
on the forcefields used: potential functions and parameters (partial
charge assignment methods, LeJ potential parameters, equilibrium
bond lengths and angles etc, moreover, these parameters not being
transferable). Hence it is very difficult to compare the results
obtained using different forcefields. In contrast, no empirical input
parameters and molecular geometry constraints are needed in
quantum mechanics simulation, though it is computationally more
intensive. Ab initio methods have been used to study lactides [17],
amorphous PLA [18], oligomers (with repeat unit n� 3) [19,20] and
their interactions with water [21]. However, to the best of our
knowledge, there is no ab initio study done on crystalline PLA,
except one done by the same authors of this work on elastic
constants of single PLA crystals [22].

In this study, we present our systematic investigations on the
energetic, structural, and electronic properties of PLA polymorphs
by employing a quantum mechanical method in the framework of
density functional theory (DFT) self-consistent field (SCF) calcula-
tions within the generalized-gradient approximation (GGA). Our
objective is to provide a theoretical understanding on the mecha-
nism of superior thermal stability through the forming of stereo-
complex and the intermolecular interactions in PLA crystals. This
work is organized as follows: In next section, we first discuss the
computational methods in details. In Section 3, we present the
results of our DFT calculations and findings. Finally, our conclusions
are in Section 4.

2. Computational details

The initial structures of PLLA a-, b- and g-form and PLLA:
PDLA¼ 50:50 stereocomplex sc-form were built according to
crystallographic data published in literature [3,5e9]. Hydrogen
atoms were added to non-fully valent carbon atoms whenever
necessary. Historically, three different unit cells have been
proposed for PLLA a-form [6e8]. In order to clarify which one is
energetically more favorable, we carried out DFT calculations for all
of them. Details of the six starting PLA crystal structures built for
DFT geometry optimization are summarized in Table 1. We shall
refer to the denoted crystal structure codes in the subsequent
sections.

Geometry optimization :relaxation of internal atomistic coordi-
nates was carried out by using quasi-Newton method Broydene
FletchereGoldfarbeShannon (BFGS) algorithm [23] within the
constraints of lattice parameters and space group symmetry.We did
Table 1
The six PLA crystal unit cells built based on the crystallographic data published in literat

Crystal code Crystal system;
symmetry

Lattice constants (�A); angles (�);
cell formula; density (g/cm3)

Nu
co

a-form-1995 Triclinic; P1 a¼ 10.6a, b¼ 6.1, c¼ 28.8; a¼ b¼ g¼ 90;
C60H80O40; 1.285

2;

a-form-2001 Orthorhombic;
P212121

a¼ 10.6, b¼ 6.1, c¼ 28.8; a¼ b¼ g¼ 90;
C60H80O40; 1.285

2;

a-form-2003 Orthorhombic;
P212121

a¼ 10.66, b¼ 6.16, c¼ 28.88; a¼ b¼ g¼ 90;
C60H80O40; 1.262

2;

b-form Trigonal; P32 a¼ b¼ 10.52, c¼ 8.8; a¼ b¼ 90, g¼ 120;
C27H36O18; 1.277

3;
pa

g-form Monoclinic; P21 a¼ 9.95, b¼ 6.25, c¼ 8.8; a¼ b¼ g¼ 90;
C18H24O12; 1.312

2;

sc-form Trigonal; R3c a¼ b¼ 14.98, c¼ 8.8; a¼ b¼ 90, g¼ 120;
C54H72O36; 1.260

6
pa

a In Ref. [6], a¼ 10.5�A, here the lattice constant “a” is set to the same value (10.6�A) as t
antiparallel packing.
not intend to optimize the cell sizes because the densities of the
starting structures (ingramspercm3): 1.260 (sc-form),1.262or1.285
(a-form), 1.277 (b-form) and 1.312 (g-form) as indicated in Table 1,
are already in the rangeof experimentalmeasurements: 1.290 g/cm3

for crystalline, 1.248 g/cm3 for completely amorphous [24].
Calculations were performed using DFT electronic structure

programs DMol3 [25,26] and CASTEP [27], both being available in
the Materials Studio software suite (Accelrys Inc.). The nonlocal
exchange-correlation:generalized-gradient approximation e Per-
deweWang functional (GGA-PW91) was used unless specified. Two
different types (local and nonlocal) of basis sets were used. In
DMol3, numerical orbitals are used for basis functions, each function
corresponding to an atomic orbital (AO). The double numerical plus
polarization (dnp) with a global orbital cutoff of 3.7�A was imple-
mented because the dnp basis set is the most accurate and impor-
tant for hydrogen bonding. For crystals, according to the Bloch’s
theorem, the periodic conditions make it simple to use a plane-
wave basis set to expand the electron wave function. Implementa-
tion of plane-wave basis set in study crystal systems has twomerits.
The kinetic energy is diagonal and potentials are described in term
of the Fourier transforms. Stresses and forces are computationally
cheap in this approach. In CASTEP, a plane-wave basis set with an
energy cutoff of 340 eV was employed for the geometry optimiza-
tion; Core electrons are represented in pseudopotentials. Whereas
norm-conserving psedopotentials e the density functional semi-
core pseudopotentials (dspp) generated by fitting all-electron
relativistic DFT results e was chosen in DMol3, the ultrasoft pseu-
dopotentials (usp) was used in CASTEP because it is more efficient,
with the lowest possible cutoff energy for the plane-wave basis set.
The geometry optimization convergence tolerances of energy,
maximum force, and maximum displacement are 1.0e�5 eV/atom,
0.03 eV/�A and 1.0e�3�A, respectively.

3. Results and discussion

Unit cell total energy (Ecell) of PLA single crystal (a-, b-, g- and sc-
form) was calculated at DFT relaxed geometries. The structural and
electronic properties were also determined at the optimized
structures.

3.1. Unit cell total energy and comparisons

The calculated Ecell of various PLA crystals are given in Table 2.
As the total energy is negative, when the absolute value is larger, the
cell energy is lower and the corresponding crystal structure is more
stable. For the three different proposed unit cells of a-form, the rela-
tive stability order is: a-form-2003> a-form-2001> a-form-1995.
ure.

mber of chains;
nformation; packing

Monomers per chain;
total monomers in the unit cell

Ref.

left-handed 103 helices; parallel 10; 20 [6]

103 helices; antiparallel 10; 20 [7]

Distorted helices; antiparallel 10; 20 [8]

Frustrated left-handed 31 helices;
rallel

3; 9 [9]

31 helices; antiparallel 3; 6 [3]

(3 PLLA and 3 PDLA chains); 31 helices;
rallel

3; 18 [3]

hat of Refs. [5,7], for the convenience of comparison of energies between parallel and



Table 2
Energetic properties: unit cell total energy (Ecell), monomer energy Emonomer¼ Ecell/Nmonomer and relative energy DE (compared to sc-form) of PLA polymorphs at the levels of
GGA-PW91-dspp/dnp (DMol3) and GGA-PW91-usp/plane-wave basis set (CASTEP).

Form code DE (kcal/mol) at the level of theory GGA-PW91-dspp/dnp
(cutoff 3.7�A)

DE (kcal/mol) at the level of theory GGA-PW91-usp/pw
(cutoff 340 eV)

a-form-1995 1.7 2.3
a-form-2001 0.9 1.3
a-form-2003 0.4 0.6
b-form 1.1 1.3
g-form 1.3 1.3
sc-form 0 0
The reference values Ecell(sc-form)¼�4809.9331985 hartree; Emonomer(sc-form)¼

�267.2185110 hartree
Ecell(sc-form)¼�25372.0504 eV; Emonomer(sc-form)¼�1409.5584 eV

Fig. 1. Convergence of (monomer) energy of PLA with respect to basis set energy cutoff
(a) GGA-PW91-usp/plane-wave basis set (cutoffs: 300, 340 and 380 eV) (b) GGA-PBE-
otf/plane-wave basis set (cutoffs: 450, 500, 550 and 610 eV), calculated at unit cell
geometries optimized at the level of GGA-PW91-usp/plane-wave basis set (cutoff
340 eV). In the legends, “alpha” means a-form-2003.
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Therefore, the distorted 103 helices and antiparallel packing a-form-
2003 is the most stable among the three a-form unit cells.

A comparisonof energies amongst dissimilar forms:a-,b-,g- and
sc-form is not straightforward because their unit cells hold different
numbers (Nmonomer) of PLAmonomers (C3H4O2) (refer toTable 1). So
we normalized the cell energies to per monomer, Emonomer¼ Ecell/
Nmonomer (i.e. total energy of a unit cell was divided by the number of
monomers it contains). Table 2 shows that values of Emonomer in the
various forms are rather close to each other and the stereocomplex
has consistently the lowest energy and hence is the most stable
crystal structure of PLA no matter at which level of approximation.
For the convenience of comparison, monomer energy difference
between a homo-crystal and the stereocomplex is defined as
DE¼ Emonomer(a-, b-, or g-form)� Emonomer(sc-form). According to
this definition, DE> 0 indicates a less stable structure than the sc-
form. As shown in Table 2, the b-form and g-form are energetically
indistinguishable at the level of GGA-PW91-usp/plane-wave basis
set with a energy cutoff of 340 eV. Increasing the plane-wave basis
set energy cutoff from 340 eV to 380 eV when calculating single-
point energies of the unit cells optimized at the cutoff 340 eV, and
then we can get the difference. In addition, the energy (monomer)
convergences of PLA polymorphs relating to the basis set energy
cutoff are illustrated in Fig. 1(a) and (b) (where the alternative GGA-
Perdew-Burke-Ernzerhof (PBE) functional and on the fly (otf)
pseudopotentials were chosen to check the consistencies). The
numerical values are available in Table S1 of the supporting
information. For GGA-PW91-usp/pw, a cutoff of 380 eV is enough
to differentiate the four PLA polymorphs correctly while for GGA-
PBE-otf/pw the cutoff increases to 500 eV (minimum) to 610 eV.
Hence using the ultrasoft pseudopotentials can reduce computation
cost in the case of a plane-wave basis set.

In summary, the order of stability is as follows: sc-form (0)>
a-form (0.3)> b-form (1.1)> g-form (1.3) (DFT calculation at the
level of GGA-PW91-usp/pw(cutoff 380 eV)//GGA-PW91-usp/pw
(cutoff 340 eV)) or sc-form (0)> a-form (0.4)> b-form (1.1)>
g-form (1.3) (DFT calculation at the level of GGA-PW91-dspp/dnp
(orbital cutoff 3.7�A)). Hence, using either a localized numerical
(dnp) or a delocalized plane-wave basis set, similar trend of
relative stability for these PLA polymorphs can be predicted.
When employ a plane-wave basis set, the energy cutoff must be
large enough to ensure the energy convergence.

Earlier experimental studies show that the most common and
stable phase of PLLA is a-form. The heat of fusion (Hf) of PLLA with
100% crystallinity was 93 J/g estimated by Fischer et al. [24]. (Higher
values up to 148 J/g had been reported as well [28,29].) The melting
temperature of PLLA is 185 �C [5] and equilibrium melting temper-
ature (Tm0 ) is 215 �C [30].When drawingfibers of PLLA at a high draw
ratio and temperature, a-form transformed to a less stable b-form
[2], which has a melting point of 175 �C [5]. Different forms can
coexist and one form can change into another under thermal or
tension influence [2,5,31,32]. The sc-formhas amuchhighermelting
temperature, 230 �C [4]. Hf of stereocomplex had been established
by Loomis et al., 142 J/g [28]. Kang et al. [33] had examined PLA
stereocomplex by Raman spectra and concluded that C]O stretch-
ing bands were related to the packing formation of the polymer
chain. By combining Raman spectroscopy and DSC techniques, they
deduced Hf of stereocomplex to be 126 J/g. More recently Sawai at al
reported the highest value of Hf (sc-form) 155 J/g [34]. The equilib-
rium melting temperature of sc-form is 279 �C [35,36]. Varied



Table 3
Structural parameters of PLA e helical 103 conformation of single chain or in
a crystal unit cell.

103 helix Single chain a-form-1995 a-form-2001 a-form-2003

Refs. [13,41] DMol3 CASTEP DMol3 CASTEP DMol3 CASTEP

Torsion angle (�)
OeCaeCeO 160 155.9 155.5 160.4 159.9 161.7 161.6
CeOeCaeC �73 �66.9 �66.3 �67.0 �66.5 �68.5 �69.0
CaeCeOeCa 180 174.1 173.9 172.0 170.6 172.4 172.6
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measured values ofHf and Tm
0 for same typeof crystalline PLAmaybe

caused by different molecular weights and sample preparation
conditions and limited by the difficulty in obtaining pure infinite
single crystals. Nevertheless, our theoretical calculated rank of
relative stabilityof thePLApolymorphs is in agreementwith someof
the experimental studies: the melting temperature (differential
scanning calorimetry (DSC) measurement) sequence: sc-form
(230 �C, Ikata & Tsuji, 1987 [4])> a-form (185 �C, Hoogsteen et al.,
1990 [5])> b-form (175 �C, Hoogsteen et al., 1990 [5]), the equilib-
riummelting temperature sc-form (279 �C, Tsuji & Ikada, 1996 [36],
Tsuji, 2005 [35])> a-form (215 �C, Kalb & Pennings,1980 [30]); heat
of fusion sc-form (155 J/g, Sawai, 2007 [34])> a-form (93 J/g,
Fischer,1973 [24]); Activationenergy for thermal degradation: PLLA/
PDLAfilm (205e297 kcal/mol)> PLLAfilm (77e123 kcal/mol) (Tsuji
& Fukui, 2003 [37]); scPLA-H (125e180 kcal/mol)> PLLA
(80e120 kcal/mol) (Fan et al., 2004 [38]).

The intermolecular forces determining the packing of the
polymer in crystal lattice apparently perturb the conformation of
an isolated chain. Molecular symmetry and the non-bonded intra-
or intermolecular interactions can affect the melting point, degree
of crystallinity and glass transition temperature (Tg) [39]. Melting is
a first-order thermodynamic transition, and the melting tempera-
ture, Tm, depends on the ratio of enthalpy and entropy of fusion
Tm¼DHm/DSm. Rigid molecules or molecules with strong inter-
molecular forces (e.g. hydrogen bonds) have high melting points
due to low entropy of fusion. Poly(glycolic acid) or poly(glycolide)
(PGA) is semicrystalline with high crystallinity (50%) and Tm
(230 �C) and a Tg of about 40 �C. Early X-ray diffraction work
revealed that the unit cell contains two antiparallel polymer chains
and these chains have a sheet like molecular arrangement of planar
zigezag conformations. Also the C]O groups of the adjacent
polymers in the unit cell overlap. The density of the crystal was
determined to be rather high at 1.69 g/cm3. It was suggested that
the small eCH2-group allows close packing and strong dipole
interactions among esters, produces the abnormally high melting
temperature and insolubility of the polymer [40]. In contrast to
PGA, the pendant methyl groups force the PLLA chains to be helical
(either 103 or 31). PLLA is also semicrystalline but with lower
crystallinity (35e40%) and a lower Tm (180 �C), presumably due to
methyl groups acting to partially shield dipoleedipole interactions.
The Tg of PLLA is around 60 �C opposed to PGA 40 �C, as the bulky
methyl group increases rotational barriers along backbone bonds
(compared to PGA). PLLA is not flexible at lower temperature. For
PLA sc-form, the highermelting temperature could arise from some
additional special intermolecular interactions.
3.2. Molecular structural parameters

Tables 3 and 4 show (the averaged bond lengths, bond angles are
available in Tables S2 and S3 of the supporting information) torsion
angles of the PLA chain in various conformations: isolated helical
103 and 31 chains and their minor distortions in the crystals. While
Table 4
Structural parameters of PLA e 31 conformation as a single chain or in a crystal unit cell

31 helix Single chain b-form

Ref. [10] DMol3 CASTEP

Torsion angle (�)
OeCaeCeO 151.4/148.3 149.2 148.9
CeOeCaeC �75.0/�73.7 �71.2 �72.0
CaeCeOeCa 180 171.9 172.8
OeCaeCeO �151.4/�148.3
CeOeCaeC 75.0/73.7
CaeCeOeCa 180
most of the DFT calculated bond lengths agree well with those
reported empirical structural parameters, the calculated CaeCb

(1.50e1.52�A) is shorter than 1.54�A. This is because in some
forcefields or experimental characterizations, the methyl groups
were generally treated as a united atom and hydrogen atoms of the
methyl groups were expressed implicitly. In contrast, the calculated
CaeHa length (1.09�A) is longer than 1.07�A (single chain). It is
possible due to the hydrogen of CaeHa takes part in the non-
conventional hydrogen bonding CeH/O]C in the crystals. The
attractive interaction between the CeH and C]O may lead to the
elongation of the CeH bonds. The assumption that the ester bond is
planar trans is not definitely true in the crystals, the calculated
torsion angle CaeCeOeCa is in the range of 167.5 to 175.1�, about
10� deviation from 180� (planar trans) except for g-form. Our DFT
calculated bond lengths are agree well with those reported by
Blomqvist et al. [19,20]: CaeC 1.523�A, CeO 1.355�A, C]O 1.212�A,
CaeCb 1.531�A, which were calculated at the level of B3LYP/6e31þ
(d) using a localized analytical Gaussian basis set for PLA oligomers
(with one or two carbonyl groups); and those reported byWu et al:
CaeO 1.449�A, CaeC 1.5296�A, CeO 1.354�A, C]O 1.204�A, CaeCb

1.527�A, CaeHa 1.101�A, CbeHb 1.093�A calculated at the level of
B3LYP/6e31(d) for L-lactide [17]. The size of the numerical basis set
dnp adopted by us is comparable to the polarized Gaussian basis set
6e31G(d, p).
3.3. Population analysis e Mulliken charges

In classical mechanics simulation, to calculate electrostatic
interaction terms in the forcefields, atomic charges must be spec-
ified. For some simple and small systems, the atomic charges can be
inferred from experimental data or calculated using ab initio
methods. For large systems like polymers, there are two methods
for calculating approximate atomic point charges: the Gasteiger
[42] and the charge equilibration (QEq) [43].

The calculated atomic charges are listed in Table 5. By utilizing
the localized dnp basis set in the DFT calculations, we find that
charges on Ha atoms in the sc-form are larger than those in a-, b- or
g-form. In addition, the charges on three Hb atoms of the same
methyl group are unequal, particularly in sc-form. These are indi-
cations of forming intra- and/or inter-chain non-conventional
.

g-form sc-form

DMol3 CASTEP DMol3 CASTEP

153.8 153.8 149.4 148.8
�71.8 �72.1 �71.4 �72.5
167.6 167.5 172.5 174.1

�149.4 �148.8
71.4 72.5

�172.5 �174.1



Table 5
Calculated atomic charges (unit: e) of PLA molecule in various forms.

DFT calculation at the level of GGA-PW91-dspp/dnp (orbital cutoff 3.7�A)

O_carbonyl O_ether Ca Cb C(]O) Ha Hb

sc-form �0.429 �0.416 0.007 �0.259 0.542 0.180 0.111, 0.145, 0.118

b-form �0.424 �0.429 0.014 �0.279 0.551 0.163 0.138, 0.138, 0.128
�0.422 �0.411 0.027 �0.278 0.537 0.144 0.143, 0.126, 0.137
�0.428 �0.411 0.026 �0.261 0.537 0.145 0.131, 0.143, 0.110

g-form �0.425 �0.425 0.033 �0.294 0.544 0.157 0.129, 0.141, 0.149
�0.413 �0.427 0.019 �0.292 0.541 0.150 0.133, 0.148, 0.135
�0.426 �0.402 0.024 �0.298 0.538 0.151 0.139, 0.121, 0.140

a-form-2003 �0.412 �0.420 0.019 �0.266 0.553 0.149 0.108, 0.128, 0.146
�0.427 �0.437 0.016 �0.266 0.555 0.154 0.119, 0.141, 0.127
�0.442 �0.427 0.025 �0.266 0.556 0.153 0.129, 0.136, 0.129
�0.416 �0.409 0.017 �0.290 0.546 0.162 0.128, 0.154, 0.122
�0.409 �0.435 0.024 �0.265 0.549 0.148 0.117, 0.140, 0.136
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hydrogen bonding in the polymer crystals and will be discussed
further in the next section.

3.4. Non-conventional hydrogen bonding network

Brizzolara et al. [11] employed classical molecular mechanics
(MM) method e Dreilding forcefield to study the sc-form forma-
tion mechanism. They ascribed the higher melting point of sc-
form to the specific energetic interaction-driven packing caused by
the van der Waals forces between helices in the stereocomplex.
Zhang et al. [44] used infrared spectroscopy to explore the
CH3/O]C interaction in the sc-form. Their investigation indi-
cated that the C]O stretching band of sc-form shows a 5 cm�1

low frequency shift during the melt-crystallization while that of
PLLA does not. Tsuji et al. used solution [45] and solid-state [46]
NMR to study the stereocomplex formation. They found that
there are three resonance lines of the carbonyl carbons at 173.3,
172.0 and 169.7 ppm for the PLLA/PDLA blend. They assigned the
Table 6
Non-conventional H-bonding geometry (dH/O< 2.72�A and :CHO> 80�) in PLA polymo

Crystal code No. of H-bonds per repeat unit H-bond type D

sc-form 3 Intramolecular Ca

Intermolecular Ca

Intermolecular Cb

a-form-2003 1.8 Intramolecular Ca

Cb

Intermolecular Cb

Cb

b-form 2.167 Intramolecular Ca

Intermolecular Cb

Cb

g-form 2.333 Intramolecular Ca

Intermolecular Cb
component with spin-lattice relaxation time (T1C) 128 s of
173.3 ppm to sc-form and 172.0 ppm T1C¼ 40 s to homopolymer
crystals. It has been shown that the weak (or non-conventional)
hydrogen bonds [47] are important in biological systems [48,49] as
well as small organic molecule crystallization [50]. Yates et al. have
developed a quantitative method in characterizing the intermo-
lecular CeH/O weak hydrogen bond [51]. They carried out first-
principle calculations of 1H chemical shift for a full crystal and an
isolated molecule respectively and found a good correlation
between the large chemical shift change and hydrogen bond
geometry of both short H/O distance and large :CHO.

We added carbon C as a hydrogen bonding donor to the
conventional donoreacceptor list (N, O, S, halogens as both donor
and acceptor) and built the hydrogen bonds in the ranges of:
maximum hydrogen-acceptor distance dH/O< 2.72�A (the van der
Waals radius for H and O is 1.20 and 1.52�A, respectively. when the
distance dH/O is less than the sumof the atomic vdWradii, aH-bond
may be formed) and minimum donorehydrogen-acceptor angle
rphs (at DFT optimized structures) and calculated charges.

onoreacceptor dH/O (�A) :CHO (�) qH (e) qO (e)

eHa/Ocarbonyl 2.479 87.886 0.180 �0.429
eHa/Ocarbonyl 2.478 135.157 0.180 �0.429
eHb/Ocarbonyl 2.649 147.617 0.145 �0.429

eHa/Ocarbonyl 2.501 88.407 0.149 �0.409
2.524 85.862 0.154 �0.412
2.547 84.866 0.153 �0.427
2.410 91.490 0.162 �0.442
2.551 85.101 0.148 �0.416

eHb/Oether 2.685 96.394 0.122 �0.435
eHb/Ocarbonyl 2.280 159.148 0.154 �0.442

2.659 158.600 0.136 �0.427
eHb/Oether 2.674 162.159 0.128 �0.435

eHa/Ocarbonyl 2.442 90.059 0.163 �0.424
2.484 88.103 0.144 �0.422
2.503 86.961 0.145 �0.428

eHb/Ocarbonyl 2.485 134.973 0.143 �0.424
2.715 137.437 0.138 �0.422
2.397 125.548 0.126 �0.428

eHb/Oether 2.436 148.565 0.143 �0.429

eHa/Ocarbonyl 2.483 90.187 0.151 �0.426
2.411 89.323 0.150 �0.413
2.428 90.417 0.157 �0.425

eHb/Ocarbonyl 2.506 134.812 0.141 �0.425
2.661 127.019 0.129 �0.413
2.696 145.097 0.133 �0.426
2.683 113.794 0.135 �0.425



Fig. 2. Three-dimensional non-conventional hydrogen bonding CeH/O networks (light blue dotted lines, dH/O< 2.72�A, :CHO> 100�) in the PLA crystals: (a) the 2� 2� 3
supercell of sc-form; (b) the 3� 5� 3 supercell of g-form; (c) the 3� 3� 3 supercell of b-form. (d) the 3� 5�1 supercell of a-form. Element color codes: red e oxygen, white e

hydrogen, and dark grey e carbon. Left panels are top view and right panels are side view of the supercells, helical chain axis along z axis (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.).
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:CHO> 80�. The non-conventional H-bonds geometry analysis for
the PLA polymorphs is summarized in Table 6. The intramolecular
H-bonds CaeHa/Ocarbonyl are in the short distance dH/O: 2.41 e

2.55�A and almost acute angle:CHO: 84.9e 91.5� ranges. Each PLA
repeat unit has one such intramolecular H-bond regardless of
crystalline form or chain conformation (either 103 or 31). However,
the intermolecular H-bonds CaeHa/Ocarbonyl are only found in sc-
form. Moreover the angle (:CHO) is obtuse (135.2�), which means
more directional and the intensity would be higher. That also can
explain why the atomic charges on the Ha atoms of sc-form are
(about 0.03e) larger than those in the other three forms because
each Ha takes part in two H-bonds CaeHa/Ocarbonyl. The inter-
molecular CbeHb/Ocarbonyl H-bond make the Hb more positively
charged than the other two non H-bonded Hb atoms of the same
methyl group. PLA in the sc-form has the highest number (three) of
H-bonds per repeat unit. The three-dimensional H-bonding
networks are illustrated in Fig. 2. For showing just the intermo-
lecular H-bonds, we increased minimum angle :CHO> 100�. The
3D interconnecting and symmetric H-bonding network in sc-form
is very notable. Such strong and unique H-bond network may
contribute to the much higher melting point of sc-form. We shall
carry out DFT calculations of solid-state NMR and IR to quantify and
differentiate intensities of the intermolecular H-bonding interac-
tions in these four PLA crystal structures.

4. Conclusions

We have carried out a systematic DFT investigation on the PLA
polymorphs. The 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> g, which is correlated to melting
temperature: sc(230 �C)> a (185 �C)> b (175 �C). We provided
a quantitative theoretical comparison. The huge increase in the
melting point of the sc-form compared to other three homopol-
ymer forms may attribute to the unique three-dimensional
network of intermolecular non-conventional hydrogen bonding
CaeH/O(]C), CH3/O(]C) and CH3/O(ether) formed in the
stereocomplex crystal. Further DFT calculations of solid-state NMR
and IR are under investigations to quantify the intensity of theweak
hydrogen bonding interaction in these four crystal forms of PLA.
Structural and electronic properties of solid PLA have been calcu-
lated as well.

Appendix A. Supporting information

The energy (monomer) convergences of PLA polymorphs
relating to plane-wave basis set energy cutoff. The DFT optimized
bond lengths and angles of PLA. These data are available free of
charge via the Internet.

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.polymer.2010.03.062.
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