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ABSTRACT: An explicit all-atom computational model for amorphous poly(lactide) (PLA) was developed. Molecular dynamics simulations
of PLA glasses were conducted to explore various molecular interactions and predict certain physical properties. The density of a newly
formed PLA glass aged for 100 ns at 298 K was 1.23 g/cm3, close to the experimental range (1.24–1.25 g/cm3). The glass transition
temperature (Tg = 364 K) was higher than experimental values because of the fast cooling rate (0.03 K/ps) in the simulation. The solubility
parameter (20.6 MPa1/2) compared favorably to the literature. The water sorption isotherm obtained by relating the excess chemical
potential of water in PLA to the Henry’s law constant for water sorption was close to the experiment. At 0.6% (w/w), water molecules
localize next to polar ester groups in PLA because of hydrogen bonding. Local mobility in PLA as characterized by the atomic fluctuation
was sharply reduced near the Tg, decreasing further with aging at 298 K. The non-Einsteinian diffusion of water was found to correlate with
the rotational �-relaxation of PLA C=O groups at 298 K. A relaxation–diffusion coupling model proposed recently by the authors gave a
diffusion coefficient (1.3 × 10−8 cm2/s at 298 K) which is comparable to reported experimental values. C© 2014 Wiley Periodicals, Inc. and
the American Pharmacists Association J Pharm Sci 103:2759–2771, 2014
Keywords: amorphous; diffusion; water sorption; glass; glass transition; materials science; mobility; molecular dynamics; polymers;
solid-state stability

INTRODUCTION

The molecular events governing water uptake into pharmaceu-
tical solids and the influence of moisture uptake on solid-state
formulation properties have been recurring themes in the phar-
maceutical literature for several decades. Current understand-
ing in these areas rests to a significant extent on the pioneering
research of Zografi and coworkers.1–9 During a period when the
development of high-energy amorphous drug dispersions has
emerged as a key enabling technology to enhance oral bioavail-
ability of poorly soluble drugs,10 Zografi’s explorations of the
mechanisms of water uptake into amorphous solids and the
role of water as a plasticizer to influence both physical and
chemical stabilities have provided key insights. One of these
was the notion that because of the disordered state of amor-
phous solids, “it is possible for water to dissolve in the solid,”
thus setting the stage for an increased appreciation within the
pharmaceutical sciences community for the profound effects of
water on such properties as the glass transition temperature
(Tg) and changes in molecular mobility that may ultimately
influence the degree of physical and chemical reactivity.1 Be-
cause of the important impact of water on polymer properties
and the stability of amorphous drug formulations, a significant
body of work from Zografi and his coworkers also focused on
the underlying water–polymer interactions.2,3,7,8

Molecular dynamics (MD) simulations are becoming increas-
ingly useful for exploring molecular interactions that govern
drug solubility, moisture uptake, and mobility in amorphous
formulations. Ultimately, predictions from MD simulations
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may facilitate excipient selection and formulation design, ac-
tivities that today require extensive and often costly trial-
and-error experiments.11–17 Work from our own laboratory has
demonstrated the utility of MD simulations for understanding
the nature of interactions that govern the dissolution of water
in amorphous solids and the influence of water content on wa-
ter cluster formation11,12; water mobility11,12; and the influence
of drug–polymer interactions, drug concentration, and water
content on phase miscibility and drug solubility in amorphous
formulations.16,17

Recent years have witnessed a growing interest in the field
of biodegradable polymers and, consequently, in computational
activities to explore various molecular properties of biodegrad-
able polymers.18–21 Poly(lactide) (PLA) and its copolymers are
among the most widely used synthetic biodegradable polymers
for drug encapsulation and delivery with several products for
controlled release of proteins or peptides on the market.22–24

Biodegradable polymers such as PLA and its copolymers are
also useful for applications in biotechnology (e.g., medical de-
vices, implants, and tissue engineering), packaging, and other
areas.24–27

Despite growing interest, explicit all-atom MD studies of
such fundamental properties as water solubility, diffusivity,
and distribution in PLA polymers are still lacking. This study
is intended to develop a realistic molecular representation of
an amorphous PLA solid that can then be useful for predict-
ing PLA properties of pharmaceutical relevance such as the
solubility parameter and structural relaxation parameters. In
particular, using molecular structures and trajectories obtained
from MD simulations, the moisture sorption isotherm of water
in PLA and the heterogeneous distribution and diffusion coeffi-
cient of water in simulated PLA matrices have been character-
ized. These properties are of general importance in determining
the stability of amorphous drug formulations and in this sense
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Figure 1. Chemical structure of the PLA-repeating unit with atomic
numbering (* indicates the position of the chiral center).

such simulations may provide useful insights applicable to a
variety of pharmaceutically relevant amorphous solids.

COMPUTATIONAL METHODS

Poly(lactide) structures were built using Amber/xLeap (Univer-
sity of California, San Francisco, California). The force-field pa-
rameters associated with different atomic types were assigned
by analogy with existing parameters in the Amber database
(ff03). Each PLA chain comprised 100 covalently linked lactic
acid monomers and two –OH end groups for a total molecular
weight (MW) of 7224 Da, which falls within the wide MW range
(2000–200,000) of commercial PLA products.28,29 The backbone
carbon C2 in each PLA monomer (cf., Fig. 1) is a chiral center.
Adjacent lactic acid pairs, or dyads, along a PLA chain are in ei-
ther an (L, L), (D, L), (L, D), or (D, D) conformation. The PLA model
in this study was built with D- and L-lactic acid (50%:50%). The
dyad sequences were determined by assigning to each chiral
center a random number between 0.0 and 1.0 with a D (L) con-
formation being chosen when the random number fell within
0.0–0.50 (0.50–1.0). Partial charges for PLA repeat units (cf.,
Table 1) were determined by using a lactic acid trimer with
two –OH terminal groups as a model molecule. The energy-
minimized trimer was further optimized with HF/6–31G** us-
ing Gaussian 09 followed by an electrostatic potential (ESP)
calculation at the level of B3LYP/ccpVTZ30 along with the IEF-
PCM model using methyl acetate as a model solvent.30–32 The
ESPs obtained were then fitted with the RESP method33,34 to
yield the partial charges in the lactic acid trimer and those
for the central repeat unit were fine-tuned to maintain charge
neutrality.

Table 1. Atomic Names, Types, and Partial Charges for PLA-Repeat
Unit

Atomic Name Atomic Type Charge/e

C1 C 0.7597
C2 CT 0.3091
C3 CT − 0.3892
H1 HC 0.1227
H2 HC 0.1227
H3 HC 0.1227
H4 H1 0.0588
O1 O − 0.5643
O2 OS − 0.5423

Using the molecular model developed for PLA polymer along
with the TIP3P model for water molecules,35 assemblies con-
taining five PLA chains and 12 water molecules were con-
structed. The water content (0.6%, w/w) chosen is comparable to
the experimental water content of 0%–1% (w/w) based on mois-
ture sorption isotherm data obtained within a relative humidity
range of 0%–100%.36,37 These assemblies were first constructed
in an enlarged cubic box to avoid bad contacts and then energy
minimized to further eliminate bad contacts followed by equi-
libration with periodic boundary conditions for approximately
10 ns at 600 K. The equilibrated assemblies were then sub-
jected to dynamic runs during which the systems were cooled
to a final temperature of 200 K at a rate of 0.03 K/ps. After the
completion of the cooling process, a microstructure acquired
at a certain temperature (298–500 K) was used as a start-
ing configuration for a dynamic run (4–100 ns) at 298, 400, or
500 K, during which system trajectories were acquired at 0.01
ns intervals for subsequent analyses. In addition, an assembly
of 1879 water molecules was also simulated at 298 K to com-
pare the interaction energy of water in amorphous PLA solid
and pure liquid water.

The energy minimizations and dynamic runs were per-
formed in Sander 12, wherein Newton’s equations of motion
were evolved using the Verlet leapfrog algorithm38 with a time
step of 1 fs and a dielectric constant of 1.0. The simulated as-
semblies were coupled to an external thermal bath to maintain
a nearly constant temperature and pressure (1 bar).39 Elec-
trostatic interactions were calculated using the Particle Mesh
Ewald method40 with a cutoff of 10 Å. The SHAKE algorithm
was used to constrain all covalent bonds involving hydrogen.
The ptraj/Amber program, the molecular graphics program
VMD 1.8.7,41 and other computer programs developed in-house
were utilized to numerically calculate various structural and
dynamic properties and visually analyze the simulated assem-
blies. Calculations were performed on a Lipscomb HPC cluster
(Dell Inc, Round Rock, TX.) rated at greater than 40 teraflops
at the High Performance Computing Complex, University of
Kentucky, and PCs in the authors’ laboratory.

The excess chemical potential (μexc) for water (w) in simu-
lated PLA polymers was calculated by the method of Widom42

as expressed below:

μexc(w|PLA) = −RT ln < exp(−�Ev→PLA/RT) > (1)

where R is the gas constant, �Ev→PLA is the change in the
potential energy of a simulated PLA assembly as a result of
inserting a water molecule from a vapor phase into it, and
the angled brackets represent an ensemble average over all
the randomly inserted water molecules. As only a very small
number of insertions (<0.3%) gave favorable interaction en-
ergies, the calculation efficiency was improved by first deter-
mining those insertions where the minimum distance between
the inserted water molecule and any atom in the PLA matrix
exceeded 2.45 Å followed by calculation of �Ev→PLA for these
effective insertions. The statistical convergence of the particle
insertion method was tested by varying the number of particle
insertions over Nins = 105–108.

The cohesive energy density, CED = Ev/V, of the simulated
PLA assembly was calculated where Ev and V are the en-
ergy of vaporization and volume of the polymer, respectively.
From the CED, the solubility parameter (δ) could be determined
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according to:

δ =
√

CED (2)

By analogy with the Hansen method,43 δ was decomposed
into electrostatic (δele) and van der Waals components (δvdW),

δ2 = δ2
ele + δ2

vdW = Eele

V
+ EvdW

V
(3)

where the electrostatic component δele includes contributions
from both polar and hydrogen bonding interactions. Ev, Eele,
and EvdW in Eqs. (2) and (3) were calculated, respectively, from
the differences of the total potential energies, electrostatic in-
teraction energies, and van der Waals interaction energies for
all molecules in the simulated assemblies and in a vacuum
when they were infinitely separated from each other.

RESULTS AND DISCUSSION

Physical Properties of PLA Glass

The partial atomic charges for the ester groups in the
present PLA model calculated using the combined methods of
B3LYP/ccpVTZ30, IEFPCM, and RESP were 0.760 (C1), −0.564
(O1), and −0.542 (O2), respectively (Table 1). Using the 6–31G*

basis set and various partitioning schemes, Koller et al.44 stud-
ied the atomic charge distributions in a series of methyl esters
(methyl formate, methyl acetate, and methyl propionate) in the
absence of a solvent model and found the charges for the car-
bonyl carbon and oxygen to be in a narrow range of 0.76–0.98
and −0.58 to −0.62, respectively, whereas that for the ether
oxygen was −0.37 to −0.55. Aside from differences in chem-
ical structure between PLA monomers and the model esters
described above, different quantum-mechanical (QM) methods
and solvent models were also employed. For example, Koller
et al.44 found that the inclusion of a reaction field to account
for the medium effect lowered the energy of the ether oxygen–
water complex perhaps because of a more pronounced polariza-
tion effect of the medium on the charge partitioning between
the carbonyl and ether oxygen atoms. Klauda et al.45 conducted
full AM1 level calculations for methyl acetate and other model
ester molecules, which served as the basis for optimization of
the charges and other nonbonded parameters in more complex
phospholipids, and obtained a set of partial charges for these
three atoms of 0.48 (C1), −0.43 (O1), and −0.36 (O2). The QM
method used in the present study is consistent with the Amber
force field as described by Duan et al.30 The partial charges for
the terminal groups in PLA were judiciously assigned based
on the present ab initio calculations and previous calculations
of the same groups in other molecular species and the assump-
tion of overall charge neutrality for each PLA polymer. For the
terminal hydrogen atom covalently bonded to the –OCH– group
in a PLA repeat unit to form an –OH group, the partial charge
was set at a value of 0.36. A similar value (0.40) was assigned
to the hydrogen atom for the hydroxyl group in heparin.46 To
maintain charge neutrality, the terminal –OH group attached
to the terminal carbonyl group in a PLA repeat unit to form a
–COOH group was assigned charge values of (−0.74 and 0.38).
These are comparable to those obtained for acetic acid (−0.66
and 0.45) using the same ab initio method.

Figure 2. Images of a simulated structure for: (a) a newly formed
amorphous PLA solid at 298 K (central and ±x, ±y, ±z image cells) and
(b) the corresponding water distribution in the same assembly.

Because of the chiral nature of lactic acid (cf., Fig. 1), PLA
polymers can exist in many different conformations differing in
isomeric L/D content and sequence. The ratio of L- to D-lactic acid
units influences the physical properties of PLA polymers.47,48

Those having the greatest diversity in terms of isomeric confor-
mation (i.e., L/D ∼50:50) exist as amorphous solids that resist
crystallization and may thereby be more suitable as formula-
tion matrices for various pharmaceutical applications.47 Thus,
in this study, model PLA polymers comprising randomly dis-
tributed 50% L-lactic acid and 50% D-lactic acid units were
built and used to construct PLA assemblies.

Once a PLA assembly was built and equilibrated at 600 K,
the PLA melt was cooled to 200 K to form a glass at a cooling
rate of 0.03 K/ps. Figure 2a shows a representative microstruc-
ture of a newly formed PLA glass at 298 K. The amorphous PLA
exhibited an apparent Tg, as shown by the plot of density versus
temperature (cf., Fig. 3) obtained during the cooling dynamic
run. As noted in Figure 3, changes of density versus tempera-
ture were steeper at higher temperature, becoming more flat as
temperature was lowered below 350 K. The Tg was determined
from the intersection of straight-line fits above and below Tg.13
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Figure 3. Density vs. temperature phase diagram for the simulated
PLA assembly acquired during a cooling process from 600 to 200 K at
a rate of 0.03 K/ps.

The Tg value so obtained, 364 K, is close to those obtained in
recent MD simulations by Zhang et al.49 (361–392 K depend-
ing on polymer chain length). An experimental Tg of 52◦C (325
K) was reported by Siparsky et al.48 for PLA (L–D = 50:50).
Thus, the Tg values calculated in this and other MD studies49

are tens of degree higher than the experimental value. The fast
cooling rate applied in the MD simulations is considered to be
primarily responsible for this discrepancy. This effect has been
well established by previous experimental and computational
studies.11,50,51

Polymer density (dPLA) or the associated property of mean-
free volume is one of the most important physical properties
characterizing the degree of molecular packing, which in turn
determines the resistance to drug diffusion. It is thus highly
desirable to develop a molecular model that reproduces rea-
sonably well the density of a real PLA glass, even though
glasses are nonequilibrium states having structural proper-
ties that may vary with the preparation method and storage
history. Unfortunately, relatively few density values for PLA
have been reported in the literature, and depending on the
percentage of crystallinity, polymer chain length, and distri-
bution of the D,L isomers, the density could vary over a wide
range of 1.21–1.43 g/cm.3,52 Most recent reports from manufac-
turers (http://www.absorbables.com/technical/properties.html)
list density values between 1.24 and 1.25 g/cm3 depend-
ing on the polymer type and L,D-lactic acid content. In the
present MD simulations using the Amber force field (ff03),
the density for a newly formed PLA glass at 298 K was
1.22 g/cm3. The slightly lower density obtained compared
with the commonly accepted value of 1.24–1.25 g/cm3 may
be attributed to a shorter chain length for the present PLA
model, the equal amounts of D and L isomers that hin-
ders tight packing of the lactic acid repeat units because of
the diversity of conformations,48 and perhaps more impor-
tantly, the fast cooling in MD simulations that should create

Figure 4. Aging evolution of the density and cohesive energy at
298 K following the formation of the amorphous PLA glass.

a less energetically stable PLA glass as the polymer chains
have little time to rearrange to a more tightly packed struc-
ture.

To evaluate the latter contribution and the effects of physical
aging on PLA density and other structural and dynamic prop-
erties, a newly formed PLA glass was subjected to a prolonged
dynamic run (100 ns) at 298 K. Figure 4 shows the evolution
of the mass density and CED with aging time. The density in-
creased within the first 50 ns and then leveled off at longer
simulation times. At the end of the simulation (100 ns), the
density approached a value of 1.23 g/cm3, which is closer to the
experimental density of 1.24–1.25 g/cm3. Over the same time
interval, the CED increased by 0.13% over 100 ns, suggesting
the formation of a slightly more stable PLA glass.

Water Sorption into PLA Polymer

The tendency for water to absorb into PLA was first charac-
terized by its excess chemical potential in the simulated PLA
polymer calculated by the method of Widom.42 This method has
been successfully employed to predict solubility of water in var-
ious polymers and lipid membranes.53–56 The statistical conver-
gence of the calculation was evaluated by changing the number
of insertions (Nins = 105–108) and calculating and comparing
the corresponding errors as presented in Figure 5. The SD (1/2
of the error bar height in Fig. 5) decreased with the number
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Figure 5. Variation of the excess chemical potential for water in a
newly formed PLA glass at 298 K with the number of water molecules
inserted.

of insertions with the excess chemical potential approaching
μexc(w|PLA) = −3.4 ± 0.2 kcal/mol at Nins = 107.

The excess chemical potential of a solute is intrinsically re-
lated to its solubility in the material of interest at a given vapor
pressure. The theoretical representation for generalized solva-
tion processes given by Ben-Naim and Marcus57 was closely
followed in the derivation of this relation. The chemical poten-
tial of water in a PLA glass at a given temperature and pressure
can be expressed as

μ(w|PLA) = μexc(w|PLA) + RT ln
(
ρw/PLA�3

wq−1
w/PLA

)
(4)

where R is the gas constant, ρw/PLA is the number density of
water in PLA, and �w and qw/PLA are the translational and
internal partition functions for water in PLA, respectively. By
definition,57 μexc(w|PLA) is the Gibbs free energy change for
the introduction of water into PLA with the constraint that its
center of mass is at a fixed position and can thus be considered
as the excess chemical potential as derived from the particle
insertion method of Widom42 because of the interaction between
the inserted water and surrounding PLA polymer molecules. A
similar equation can be written for water in the vapor phase
(v):

μ(w|v) = μexc(w|v) + RT ln
(
ρw/v�

3
wq−1

w/v

)
(5)

Consider now that water in the vapor phase is at equilibrium
with water molecules absorbed within PLA:

μ(w|PLA) = μ(w|v) (6)

Substituting Eqs. (4) and (5) into Eq. (6), we have

μexc(w|PLA) − μexc(w|v) = RT ln(ρw/vqw/PLA/ρw/PLAqw/v) (7)

For a similar equilibrium process between a saturated water
vapor (vs) and a pure liquid water (l) phase, we have

μexc(w|l) − μexc(w|vs) = RT ln(ρw|vS
qw|l/ρw|lqw|vs ) (8)

Combining Eqs. (7) and (8) and assuming that the internal
partition function is identical in the condensed PLA and water
phases, qw/l = qw/PLA, we have

δμexc = μexc(w|PLA) − μexc(w|l)
= RT

[
ln(ρw/v/ρw/vs

) + ln(ρw/l/ρw/PLA)
]

(9)

In the limit of low water-vapor pressure where the ideal
gas approximation applies, one has the relation ρw/v/ρw/vs =
P/Ps, where P and Ps are a given water vapor pressure and
the saturated water vapor pressure at temperature T, respec-
tively. Transforming the number density of water in PLA and
pure liquid water in terms of mass density, one has ρw/PLA/ρw/l

= φw(dPLA/dl), where φw is the water content by weight (g/g)
in PLA and dPLA and dl are the mass densities of PLA poly-
mer and pure liquid water, respectively. Substituting these re-
sults into Eq. (9) and assuming low-equilibrium water sorption
where Henry’s law applies, the sorption isotherm between wa-
ter content (φw) and the relative humidity (RH = P/Ps) can be
expressed as a linear relation:

φw = K(P/Ps) (10)

where the Henry’s constant, K, can be approximated as:

K = e−(μexc(w|PLA)−μexc(w|l))/RT (dl/dPLA) (11)

Consequently, the water sorption isotherm is uniquely deter-
mined by the constant K. The excess chemical potential of water
(μexc(w|l) = −5.74 kcal/mol) and density (dl = 1.0 g/cm3) in pure
liquid water have been reported in literature based on avail-
able experimental results.58 Thus, the water sorption isotherm
in PLA can be calculated from μexc(w|PLA) and dPLA results
obtained from the present MD simulations. The results are pre-
sented in Figure 6 along with those obtained experimentally37

for comparison. The agreement is within the statistical uncer-
tainty and both the computational and experimental results
indicate a low level of water sorption in PLA (<2%, w/w, water
content in the range of 0%–100% relative humidity), which can

Figure 6. Comparison of water sorption isotherms in PLA at 298 K
obtained by the present MD simulation and experiment.37
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be ascribed to generally weaker interactions between water and
PLA compared with those in pure liquid water, as discussed in
the next section.

Water Distribution in PLA Polymer

For PLA and related biodegradable polymers, MD simulations
enable one to avoid hydrolytic reactions that complicate in-
terpretation of experimental water solubility/diffusivity data
generated in PLA polymers. Water molecules absorbed within
the PLA matrix may not be distributed uniformly because of
the varying interaction strengths with different atoms in PLA
as well as with each other. Heterogeneous distribution of water
in PLA has been suggested to play an important role in deter-
mining the rate of hydrolysis of PLA, whereas other abnormal
experimental phenomena have also been attributed to the dis-
tribution of water.36,48,59 For example, water clustering has been
proposed as a possible reason for the fact that the observed heat
of water solvation (−9.6 kcal/mol) in certain PLA polymers is
close to that (−10.5 kcal/mol) for pure liquid water.48 In ad-
dition, Siparsky et al.48 and Yoon et al.60 observed that the
solubility and diffusivity of water in PLA polymers are inde-
pendent of the crystallinity content. This observation has been
used as an argument for the existence of water clusters in PLA
glasses, though it does not rule out the possibility that water
clusters may form more readily in crystalline and semicrys-
talline PLA polymers wherein water may be sequestered from
the tightly packed crystalline domains. Other experimental
studies have shown scaling between the percent crystallinity
and water solubility.61

A snapshot of water molecules in a newly formed PLA glass
at 298 K is shown in Figure 2b. It indicates that most water
molecules are not associated with each other in the simulated
PLA glass at 0.6% water content by weight. Snapshots of water
molecules near the end of an aging process (100 ns) were also
inspected visually and no significant change of water distribu-
tion was found, even though water molecules had traversed a
distance of approximately 10 Å over 100 ns (see the section on
Molecular Mobility in PLA Glass and Water Diffusivity in PLA
Glass). These results appear to contradict previous suggestions
of water cluster formation in PLA as mentioned by Cairncross
et al.36 The lack of water clusters observed may, however, stem
from the amorphous nature of PLA (L–D = 50:50) where the
PLA polymers are less densely packed.

Other evidence supporting a lack of water clustering in amor-
phous D,L-PLA polymers is the finding of a lower heat of water
sorption than that in bulk water.48 Thus, a comparison of the
interaction energy of water in amorphous PLA solid and pure
liquid water would be of interest because electrostatic contribu-
tions such as hydrogen bonding are so important to the overall
interaction energy for water molecules. Average interaction en-
ergies for water in the simulated PLA glass and bulk water at
298 K were calculated to be −12.3 and −22.3 kcal/mol, respec-
tively. The much weaker interaction for water in the amorphous
PLA solid supports the experimentally observed higher heat of
water sorption in PLA polymers containing a sizable amount of
both D- and L-lactic acids,48 and suggests once again a lack of
widespread water clustering in amorphous D,L-PLA solid.

Hydrolysis in PLA polymers has been hypothesized to de-
pend on the tendency of water molecules to bind to hydrolytic re-
action sites near the ester groups in PLA. For example, Schmitt
et al.59 identified two types of water: unbound water and water

Figure 7. Radial distribution functions, g(r), between the hydrogen
atoms in water molecules and the oxygen (solid circles) and hydrogen
atoms (open circles) in PLA in the simulated PLA glass at 298 K.

that is hydrogen bonded to the ester groups. Figure 7 shows the
radial distribution function, g(r), between the hydrogen atoms
(HW) in water molecules and the oxygen (O) and hydrogen
atoms (H) in the simulated PLA glass. The absence of a strong
peak for g(r) and a value of g(r) less than 1 at a distance of
less than 3 Å between HW and nonpolar hydrogen atoms in the
methyl/methylene groups on PLA suggest that water molecules
stay away from the nonpolar hydrogen atoms on PLA chains.
In contrast, a strong peak at 1.85 Å for g(r) between water HW
and the oxygen atoms in the ester groups on PLA indicates
preferable binding of water molecules with polar ester groups
in the PLA polymers.

Interactions between water and the ester groups in PLA
were further evaluated by their tendency to form hydrogen
bonds (HBs), which were identified by a proton-acceptor dis-
tance of less than 3.5 Å and an angle between the proton-
donor bond and the line connecting the donor and acceptor
atoms greater than 120◦. Indeed, both bound and unbound wa-
ter molecules were found in the PLA glass, though most of the
water molecules were hydrogen bonded to the carbonyl oxygen
atoms in PLA with probabilities for water to form 0, 1, 2, and 3
HBs with the ester groups in PLA of 0.17, 0.33, 0.50, and 0.0,
respectively. Approximately half of the water molecules were
involved in two HBs with PLA, forming a bridge between two
neighboring lactic acid units, whereas about a third of the wa-
ter molecules formed a single HB with a lactic acid unit. Rep-
resentative configurations of these water HBs are illustrated
in Figure 8. The existence of these distinctive water states,
namely, (1) nonbonded water or water molecules weakly bound
to the ether oxygen atom in PLA, (2) water molecules forming
a single HB to a carbonyl oxygen atom in PLA, and (3) doubly
hydrogen-bonded water molecules, has also been observed in
recent time-resolved ATR–FTIR studies of PLA and PLA–PEG
diblock copolymer films by Jin et al.62,63 Interestingly, water
molecules are bound mostly to the carbonyl oxygen atoms on
PLA (p ∼0.93 vs. 0.06 for the ether oxygen atoms), even though
both the carbonyl and ether oxygen atoms have similar partial
charges (O1: −0.564 and O2: −0.542). An inspection of the HB
geometries between water and PLA in Figure 9 reveals that
the surface accessible area available for water to HB to the
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Figure 8. Representative hydrogen bonding configurations for a water molecule with neighboring PLA ester groups in the simulated PLA glass
at 298 K: left, two HBs; and right, single HB.

Figure 9. Space-filling representation of hydrogen bonding between
a water molecule and a carbonyl (right) and ether group (left) in the
simulated PLA glass. For clarity, only two adjacent lactic acid units in
the simulated PLA along with the hydrogen bonded water molecule are
displayed.

ether oxygen atom is markedly limited compared with the car-
bonyl oxygen atom. Thus, it is this steric hindrance rather than
the atomic charges that effectively excludes the ether oxygen
atoms as hydration sites.44 This is consistent with the experi-
mental evidence that favors water binding at the carbonyl atom
in some simple organic compounds.44 No water molecules were
hydrogen bonded to the terminal –OH groups perhaps because
of the scarcity of these –OH groups compared with the rich
abundance of ester groups in PLA. These results appear to be
in contrast with the suggestion by Cairncross et al.36 based on
their sorption experimental observations that moisture sorp-
tion is controlled by hydrophilic end groups in PLA.36,48

Solubility Parameter for Amorphous PLA Solid

In the pharmaceutical industry, drug–excipient miscibility is
commonly predicted by the solubility parameter method devel-
oped on the basis of Hildebrand’s solubility theory,14,64–66 even
though recent studies have exposed this method’s limitations
for accurately predicting miscibility.17,67 Differences in solubil-
ity parameters, �δ, of less than 7.0 MPa1/2 between materials
have been considered as a criterion for compatible systems,
whereas those with �δ of greater than 10.0 MPa1/2 are consid-
ered likely to be immiscible with each other.64 The solubility
parameter for simulated PLA glass and its polar and nonpolar
components were calculated from the present MD simulations
and compared with some common materials in Table 2.

Table 2. Solubility Parameter (MPa)1/2 for Simulated PLA
Compared with Those for Some Other Common Materials

Substance δ δvdW δele

PLA 20.6a 13.6a 15.0a

n-Hexane 14.9b 14.9c 0
Methyl acetate 18.7c 15.5c 10.5c

Glucose 38.9c – –
Water 47.9b 15.6c 45.2c

Poly(ethylene) 16.2d – –
PEG-4000 20.8e – –
IMC 25.5f 20.6f 14.4f

aPresent MD study.
bRef. 68.
cRef. 69.
dRef. 70.
eRef. 71.
fRef. 17.

The shortcomings of the solubility parameter method may be
attributed in part to the difficulty in determining solubility pa-
rameters experimentally. The reliability of various group con-
tribution methods to estimate solubility parameters is still un-
certain, especially in dealing with amorphous polymeric solids,
as the group-contribution databases are usually based on ex-
perimental results for simple organic compounds. They ignore
such factors as the internal conformational constraints perva-
sive in polymeric materials and changes in internal energy and
density that accompany physical aging for thermodynamically
nonequilibrium glassy solids.

Because of the widespread interest in using PLA polymers,
the solubility parameter for PLA (δPLA) has been extensively
studied. The results reported thus far in the literature vary
over a range of 19–23 MPa1/2, partly because of the use of dif-
ferent PLA species and determination methods. Earlier, using
Fedor’s72 group contribution method, Shogren61 found a δPLA

value of 22.7 MPa1/2. Karst and Yang19 calculated the solubility
parameter for PLA using various group contribution methods,
obtaining an average δPLA of 20.2 MPa1/2. Using similar group
contribution methods, Liu et al.66 obtained δPLA of 23.3 MPa1/2.
Schenderlein et al.73 performed both the turbidity titration ex-
periments and group contribution calculations for D,L-PLA and
various poly(D,L-lactide-co-glycolide) copolymers and obtained
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the solubility parameters of δPLA = 19.8 and 21.7 MPa1/2, respec-
tively. On the basis of swelling experiments, Tsuji and Sumida74

estimated a solubility parameter for L-PLA in a range of 19–
20.5 MPa1/2. In a dissipative particle dynamics study of L-PLA,
Wang et al.21 obtained δPLA of 20.5 MPa1/2. In this explicit all-
atom MD simulation, we obtained a δPLA of 20.6 MPa1/2 for PLA
(L–D = 50:50). This result is near the lower end of previously re-
ported δPLA values. It is comparable to that (18.7 MPa1/2) found
for methyl acetate, a compound structurally similar to PLA
monomers. Compared with the widely used group contribution
methods, the MD calculation has the advantage of taking into
full account the effects of varying polymer conformations and
the thermodynamic (glassy) state on δPLA.

To further understand the interaction mechanisms that ex-
ert a strong influence on the overall solubility parameter, the
van der Waals and electrostatic components of the solubil-
ity parameter were also calculated (δvdW = 13.6 and δele =
15.0 MPa1/2). Both van der Waals and electrostatic interac-
tions have comparable contributions to the overall solubility
parameter. A similar result (9.7 vs. 11.8 MPa1/2) was found by
Liu et al.66 based on a group-contribution method, though both
components are markedly smaller than our results. In contrast,
Wang et al.21 reported a much smaller contribution from elec-
trostatic interactions (6.4 vs. 19.5 MPa1/2 for δvdW). It is unclear
whether this has something to do with their use of a cruder
coarse-grain molecular model in their computation.

Molecular Mobility in PLA Glasses

Molecular mobility is one of the most important properties gov-
erning drug stability and rates of drug release from amorphous
solid dispersion-based drug delivery systems.22 One indicator
of local molecular mobility in the simulated amorphous PLA
solid is the atomic fluctuation within a given time interval,
which was calculated in this study from the root-mean-squared
distance of all atoms in the PLA assembly from their average
positions in adjacent snapshots separated by 1 ns. The results
during the cooling (12 ns from 600 to 200 K) and aging processes
(100 ns at 298 K) are presented in Figure 10. The atomic fluc-
tuation was sharply reduced during the cooling process from
2.1 Å/ns at 600 K to 0.34 Å /ns at 298 K with the turning point
appearing to be somewhere above the Tg (387 K) as determined
from the density-T phase diagram in Figure 3. This is not sur-
prising as, according to the mode-coupling theory,75 molecular
motion effectively ceases near a temperature (Tc) above Tg.
During the aging process, the system mobility continues to de-
crease, albeit at a much slower pace. This is also consistent
with the observed decrease in system density (cf., Fig. 4) and
corresponding free volume that governs molecular mobility.

Because of the nonequilibrium nature of glassy polymers
leading to thermodynamic properties that depend on prepa-
ration and storage history, those relaxation processes that re-
flect residual molecular mobility become extremely important
in understanding the polymer stability. Although active investi-
gation of structural relaxation in L-PLA and related copolymer
networks has been undertaken,76–79 much less has been carried
out for L,D-PLA.80 Structural relaxation can be traced back to
cooperative and noncooperative motions of various polymer seg-
ments, among which the carbonyl groups (C=O) in PLA with
their strong dipole moments may be largely responsible for di-
electric relaxation spectroscopy commonly used to characterize
structural relaxation in PLA. Because of the involvement of

Figure 10. Atomic fluctuation in the PLA assembly during the cooling
(upper panel) and aging processes (bottom panel).

PLA carbonyl groups in HB formation with water, their rota-
tional relaxation should be intimately related to water diffusiv-
ity in PLA glasses. Thus, the reorientation correlation function
for the carbonyl groups in the simulated PLA glasses was cal-
culated. The results averaged over all the carbonyl groups in
the simulated PLA are presented in Figure 11. At 298 K, af-
ter a sharp decay within 1 ps that corresponds to free rotation
within a confining cavity, two distinctive decays, a fast one be-
tween 0.001 and 1 ns and a slow one at more than 1 ns, are
evident. To further understand the dynamic mechanisms for
structural relaxation, molecular trajectories for the PLA poly-
mer were also acquired at 400 and 500 K. These results are also
shown in Figure 11. In contrast to the relaxation profiles below
Tg, only one decaying component exists above Tg, suggesting
a merging of the two relaxation processes that were detected
below Tg. Similar behaviors have been observed in other poly-
meric materials.81,82 The fast and slow decaying components
probably originate from local ($-) and cooperative ("-) relax-
ation processes. In terms of mode-coupling theory, $-relaxation
results mostly from temporary localization of diffusing polymer
segments because of dynamic arrest (caging).13 The dynamic
processes for these two types of structural relaxation are often
fitted to the Kohlrausch−Williams−Watts (KWW) stretched
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Figure 11. Averaged correlation functions for rotational relaxation
of carbonyl groups (C=O) in the simulated PLA assemblies.

exponential function83–85:

CKWW = C0 exp[−(t/τ )β ] (12)

where J and β are the central relaxation time and the stretching
parameter, respectively. $ varies between 0 and 1 and measures
the broadness of the dynamic distribution. Thus, the correla-
tion functions in Figure 11 were fitted with one (at T > Tg)
or two (at T < Tg) KWW functions. The fitted $ value for the
"-process varied in a narrow range of 0.48–0.51 over 298–500
K, which is close to the $ value of 0.51 for the "-process at 353
K in mostly amorphous PLA.79 A much smaller $ (0.23) was ob-
tained for the fast decay at 298 K, suggesting a much broader
distribution of relaxation modes for the $-process. Above Tg,
the calculated relaxation times (J) were 0.6 ns at 500 K and 67
ns at 400 K. A broad-band dielectric relaxation experiment by
Mijovic and Sy77 gave J = ∼0.3 ns at 452 K in amorphous L-
PLA. At a sub-Tg temperature of 298 K, the J values found from
the simulations for the two decaying components were 0.2 ns
and 84 :s, which are markedly smaller than those (∼40 ns and
>1 s) found for $- and "-processes in L-PLA glasses77 or related
L-PLA homopolymer networks.78 The correlation time, 84 :s,
for the slow decay is also smaller than that (0.03 s) found for
the "-process in PLA (L/D = 80/20) at 323 K.80 We note that the
slow decay at 298 K is far from complete and J and $ are highly
correlated with a small change in $ leading to a large change in
J. Thus, the results at 298 K can only be considered as a rough
estimation and an accurate determination would require a sim-
ulation time longer than more than 10 :s. Other factors such as
differences in polymer L/D content, chain length, measurement
subject, and preparative method (an extremely fast cooling rate
is typical for simulations) may also contribute to the discrep-
ancies between simulation and experiment results.

Water Diffusivity in PLA Glass

Molecular mobility in the simulated PLA polymers was further
evaluated by monitoring the diffusivity of water. One of the
major challenges to commercialization of bio-based polymers
for some applications is their inferior moisture barrier proper-
ties compared with conventional synthetic polymers. Shogren61

found that typical values of water vapor permeability (WVTR)

for biodegradable polyesters (20–300 g/m2 per day at 25◦C)
are much higher than those for polymers that display good
barrier properties such as polyethylene (∼1 g/m2 per day).
Furthermore, because PLA is hydrolytically degradable, the
degree of water penetration during manufacturing, shipping,
storage, and end use of PLA products determines the physico-
chemical stability of the polymer.36 Thus, understanding mois-
ture transport, which is usually characterized in terms of the
solubility and diffusion coefficient of water in the polymer of
interest, is extremely important. The experimental determi-
nation of water diffusivity in PLA is particularly challenging
because it is difficult to separate the diffusion process from hy-
drolytic degradation, and as a result, accurate measurement
of water transport requires analyzing the simultaneous diffu-
sion/reaction processes.48

According to the Einstein relation,

D = lim
t−∞

Dt = lim
t→∞

< |r(t0 + t) − r(t0)|2 >

6t
(13)

where the angled brackets represent an ensemble average over
all molecules of the same kind and time origins (t0), solute
diffusivity can be evaluated by monitoring the mean-squared
displacement (MSD) over a sufficiently long time (t). The results
for water molecules in the simulated PLA glass at 298 and 400
K are presented in the left panels of Figure 12 as log–log plots.
The MSD plots as a whole failed to exhibit linear profiles with
slopes of one as predicted from the Einstein relation. The degree
of this non-Einsteinian behavior at different time intervals was
assessed here by the slope (n) of a linear fit, or the following
power law:

< |r(t0 + t) − r(t0)|2 ∝ tn (14)

As shown in Figure 12, at 298 K, n varied from 0.34 at short
times (<1 ns) to 0.62 within the latest time interval (up to 100
ns). Thus, water diffusion became less anomalous with time,
though it remained non-Einsteinian at 100 ns. Similar non-
Einsteinian behaviors have also been observed in another MD
simulation of water diffusion in PLA,86 though it was performed
over a much shorter time scale (1 ns). The non-Einsteinian be-
haviors are greatly diminished above Tg as the n values ap-
proach one (0.95) at 400 K even within a shorter time frame of
10 ns.

To further understand the impact of non-Einsteinian behav-
ior on the determination of water diffusivity, the diffusion re-
sults were analyzed in terms of the apparent diffusivity (Dt) as
defined in Eq. (13) and shown in the right panels of Figure 12.
If Einsteinian diffusion holds, Dt should be a constant indepen-
dent of time. The decay of Dt over time shown in Figure 12
is thus reminiscent of the structural relaxation shown in
Figure 11. In a recent MD study,16 non-Einsteinian diffusion
in glassy solids was attributed to structural relaxation and a
relaxation-coupling diffusion model was formulated on the ba-
sis of this hypothesis:

Dt = D + Cexp[−(t/τ )β ] (15)

Interestingly, as shown in Figure 12, the use of the same
KWW parameters (J= 0.21 ns and $= 0.23) for the $-relaxation
process involving PLA C=O rotations at 298 K gives a very
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Figure 12. Left panel: log–log plots of the MSDs, <r2>, for water molecules in the simulated PLA glass at 298 K (top) and 400 K (bottom).
Right panel: apparent diffusivity (Dt) profiles for water in the PLA glass formed at 298 K (top) and 400 K (bottom) versus time. The solid lines
are the least-squares fits.

good description of the diffusivity profile for water at the same
sub-Tg temperature. Thus, an important conclusion emerges
from the present study that it is the $-process that is largely
responsible for the observed non-Einsteinian diffusion behav-
ior of water. This suggests that the apparent diffusivity profile
for water could be predicted by using certain dynamic param-
eters derived from structural relaxation experiments. Further
study is needed to understand whether this is specific to wa-
ter molecules as they bind strongly with the carbonyl groups
in PLA or more broadly applicable. Correlations between non-
Einsteinian diffusion and $-relaxation have also been found for
diffusion of polymer chain segments in other glassy polymers
(e.g., 1,4-polybutadiene).13 Also, though the rotational relax-
ation for carbonyl groups in PLA at 400 K (cf., Fig. 11) is far
from complete in 10 ns, the Dt profile (cf., Fig. 12) has reached
a plateau value within 1 ns (i.e., <10% change in Dt from 1 to
10 ns), and the use of the KWW parameters obtained from a
fit of the rotational relaxation profile of C=O groups in PLA
at 400 K fails to appropriately describe the diffusivity profile
of water at the same temperature. These results suggest that
this relaxation process, designated as the "-process above Tg,
has little role in causing the observed non-Einsteinian diffusion
behavior observed for water.

A regression analysis of the results in Figure 12 where only
the D and C parameters in Eq. (15) were adjustable gave an
extrapolated diffusion coefficient of 1.3 × 10−8 cm2/s at 298
K. Previous studies of water diffusivity in PLA gave results
varying over several orders of magnitude (10−6–10−9 cm2/s)
under comparable conditions (i.e., water content ≤2%, w/w;
temperature ∼20–50◦C). Using an MD simulation method,
Entrialgo-Castaño et al.86 and Gautieri et al.87 obtained water
diffusivities in amorphous L-PLA acid on the order of approxi-

mately 3–60 × 10−7 cm2/s at a water content of 2% (w/w). Ex-
perimentally, diffusion coefficients for water molecules in PLA
polymers have been measured by various gravimetric and spec-
troscopic techniques.60,62 Yoon et al.60 obtained diffusion coeffi-
cients for water in amorphous L-PLA by measuring water sorp-
tion kinetics. At 36.5◦C and a low humidity (0.024 atm water
vapor), the diffusion coefficient was found to be 8.0 × 10−8 cm2/s.
Comparable results (45 × 10−8 cm2/s at 30◦C and 50% RH; 6.7
× 10−8 cm2/s at 20◦C and 90% RH) were obtained for water dif-
fusion in PLA (L–D = 50:50) by Siparsky et al.48 using a similar
gravimetric method. In contrast, a recent spectroscopic study
by Jin et al.62 using the time-resolved ATR–FTIR method gave
a much smaller diffusion coefficient for water in amorphous L-
PLA (1.4 × 10−9 cm2/s). Our present simulation result (1.3 ×
10−8 cm2/s) is closer to these reported experimental results than
the other MD simulation results reported.86,87 Apart from the
use of different PLA materials, in particular their D–L content,
at least part of the discrepancy between the computational and
experimental results may stem from differences in temperature
and humidity conditions or water content, both of which have
been known to strongly affect water diffusivity in amorphous
polymers. For example, in the work by Siparsky et al.,48 the
water diffusivity in PLA (L–D = 50:50) increased by nearly one
order of magnitude (6.7 × 10−8–50 × 10−8 cm2/s) from 20◦C to
40◦C at 90% RH, and at the same temperature (50◦C), water
diffusivity increased from 26 × 10−8 to 66 × 10−8 cm2/s when
RH was increased from 50% to 90%. In a separate MD study
(to be submitted), we found that water diffusivity in HPMCAS
polymer increases by nearly one order of magnitude when the
water content is increased from 0.7% (w/w) to 5.7% (w/w). Thus,
the higher diffusivity results reported by Entrialgo-Castaño
et al.,86 and Gautieri et al.87 may be partly attributed to their
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use of a higher water content (2%, w/w, vs. 0.6%, w/w, in our
present MD study). Discrepancies may also arise from: (1) ex-
perimental error (∼30%) as reported by Siparsky et al.,48 (2)
hydrolysis reactions in those experiments that deplete water
molecules and may have significantly altered physicochemical
properties of the underlying PLA polymers, and (3) insufficient
equilibration time of the glassy polymers in the experimen-
tal measurements, which lends to non-Fickian diffusion as in-
ferred from thickness-dependent diffusion coefficients,88 and in
the present MD simulations and other computational studies.

CONCLUSIONS

An explicit all-atom simulation model for PLA polymer was
developed that is capable of approximately reproducing some
important physical properties of amorphous PLA solids includ-
ing material density, water sorption isotherm, and diffusion co-
efficient, thus verifying its potential utility in designing PLA-
based drug delivery systems and in particular for predicting
drug–PLA miscibility.17 The combination of MD simulations,
the particle insertion method of Widom,42 and a theoretical
sorption relation elucidated in this work was employed to cal-
culate the water sorption isotherm in PLA. Weak sorption of
water in amorphous PLA solids was predicted similar to ex-
perimental results. Inspection of molecular structures of the
simulated PLA glasses provided further understanding of the
distribution of water in PLA polymers that has been difficult
to obtain experimentally. In particular, water molecules were
found to be mostly separated from each other at a water con-
tent of 0.6% by weight, residing more favorably near the es-
ter groups in PLA where they form HBs with carbonyl oxy-
gen atoms. Water diffusion in the glassy PLA was found to
exhibit non-Einsteinian behavior over the 100 ns simulation
time, which could be modeled satisfactorily by a relaxation–
coupling diffusion model using the same correlation time for
$-relaxation of C=O groups in PLA. Above Tg, water diffu-
sion became Einsteinian after a short non-Einsteinian decay
period (<1 ns), a process that was shown to be distinct from
the structural relaxation ("-process) of C=O groups in PLA at
the same temperatures. Thus, the present study advances the
relaxation–coupling diffusion model16 by verifying that it is the
$ and/or related local relaxation processes that are mostly re-
sponsible for non-Einsteinian diffusion of water molecules in
glassy polymers.
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