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Abstract

Molecular dynamics simulation has been used to investigate the molecular weight dependence of glass transition temperature for amorphous
poly(L-lactide). Amorphous PLLA systems were created using molecular modeling and NPT ensemble MD simulations were carried out using
the modified OPLS-AA force field. The fractal dimension of the PLA systems was 1.62. The molecular weight dependence of glass transition
temperature, self-diffusion coefficient and shear viscosity were studied and the good agreement between the simulation results and experiments

was obtained.
Published by Elsevier Ltd.
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1. Introduction

The disposal problem due to nondegradable petroleum-
based plastics has raised the demand for biodegradable poly-
mers [1]. Poly(lactide) (PLA) is a biodegradable aliphatic
polyester derived from 100% renewable resources, such as corn
and sugar beets. Moreover, it has unique physical properties
that make it useful in diverse applications including paper coat-
ing, fibers, films, and packaging [2]. Currently, PLA is
primarily used for medical applications such as drug delivery
devices, absorbable sutures, and as a material for medical
implants and other related applications [3—13]. PLA, function-
alized PLA and PLA block copolymers can be prepared by
direct condensation or by the ring-opening polymerization
[14—17]. The stereochemical microstructure of polymers can
be controlled by the monomer composition in the feed or by the
stereochemical preference of the initiating/catalytic system
[18—20]. Phase transition behavior, morphology, miscibility
and other physical properties of PLA-based nano-scale structures
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are widely studied recently [21—26]. All these nano-scale re-
search and applications make the fundamental understanding
of the PLA-based material at the molecular level a necessity.

Glass transition temperature T is of great importance con-
cerning drug release, stability of the drug formulation and me-
chanical properties [27—30]. But current theories only can
describe some aspects of glass transition phenomena correctly.
There is no unified description that puts all the phenomena into
one coherent framework. Experimentally, it was found that the
main effect of varying degree of polymerization N is a shift of
the glass transition temperature, which is a sensitive control
parameter to check theories [32—33].

Molecular dynamics simulation has been used extensively
in the study of different aspects of polymer structures and
properties [34—38]. Recently, the resistance of PLA to hydro-
lysis based on the PLLA and PDLA blends and compatibility
of PLLA and PVA blends were studied by molecular modeling
simulations [28—29]. A new PLA force field developed by
O’Brien using quantum mechanic calculations demonstrated
quantitative improvement in performance compared to exist-
ing models [30]. Several approaches to determine the glass
transition of polymers by computer simulations are reported.
One common approach is to determine the kink in a graph
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of the specific volume versus temperature originating from the
change of the thermal expansion coefficient at T, when pass-
ing from a glassy to a rubbery system [27]. Other approaches
also use the increase of potential energy at T, [39—41] or the
temperature dependence of the mean-square displacement of
polymer chains below and above T, [27]. However, this simu-
lation approach has not been used to calculate T, for PLA.

The MD studies described in this work used the Groningen
Machine for Chemical Simulation (GROMACS, version 3.3)
software package [31]. The GROMACS software employs
a Message Passing Interface (MPI) parallelization method,
which enables it to be used on cluster-type supercomputers.
This algorithm couples a simple one dimensional domain
decomposition method with a cyclic calculation procedure.
Although it was developed for biological molecules with com-
plex bonded interactions, GROMACS is still suitable for MD
simulations of nonbiological polymer systems because of its
efficient calculation of nonbonded interactions. Its advanced
algorithm and optimized coding also make it the fastest MD
simulation package available [42—43].

In this paper, the usability of the new PLA force field devel-
oped by O’Brien [30] was examined by glass transition tem-
perature determination using molecular dynamics simulation.
The fractal dimension was calculated. Furthermore, the molec-
ular weight dependence of glass transition temperature, self-
diffusion coefficient and shear viscosity were studied. Our
computational findings are supported by experiments and
theories and provide insight into glass transition behavior of
polymers.

2. Simulation details
2.1. Molecular modeling

The system potential energy was calculated using the GRO-
MACS implementation of the modified OPLS-AA force field
(Eq. (1)) [44]. The force field parameters were obtained
from the new PLA force field developed by O’Brien [30].
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The nontorsional bonded interactions are modeled by first
three harmonic terms for bond stretching, angle bending,
and out of plane deformations for planar groups. The force
constants for intramolecular deformations (k,, kg, kz) define
the magnitude of the energy required to move the internal co-
ordinates (r,6,£) away from their unstrained default values
(ro, 6o, &0). The proper torsions are defined in terms of the spe-
cific dihedral angle (¥) and Ryckaert—Bellemans potential
parameter C,, where n =0, 1,...5. The nonbonded interactions
are modeled by Coulombic and 6-12 Lennard—Jones terms,

where r;; is the distance of two sites, ¢ is the partial atomic
charge, and ¢;; and ¢;; are the Lennard-Jones parameters. The
scaling factor f; is 1.0 for all nonbonded interactions except
for the 1,4-intramolecular interactions.

The amorphous PLA box containing 32 PLA chains were
generated using Materials Studio 4.0 and the resulting output
coordinate files were modified to make them compatible with
GROMACS. The resulting structures were energy-minimized
using steepest descents method. This was done to remove
strain in the polymer backbone and alleviate high energy close
contacts. The resulting periodic systems (as shown in Fig. 1)
were the starting configurations for all MD simulations.

2.2. Simulations of glass transition temperature

All MD simulations were done using the GROMACS 3.3
simulation package on a 40-node IBM xSeries Linux Cluster.
In the simulations, the leapfrog algorithm was used to inte-
grate Newton’s equations of motion with a time step of 2 fs.
Periodic boundary conditions were applied and nonbonded
force calculations employed a grid system for neighbor
searching. In this system, only the atoms in the neighboring
grid cells are considered when building a new neighbor list.
A twin-range cutoff was used for both Lennard-Jones and
Coulombic calculations. A cutoff radius of 1.0 nm was used
for short-range forces, which were calculated at every simula-
tion step, and a cutoff radius of 1.0 nm was employed for long-
range forces, which were calculated during neighbor list
generation. In each simulation, the temperature was controlled
by employing a Nose—Hoover extended ensemble and the
pressure was controlled by employing a Parrinello—Rahman
ensemble. Initial velocities were randomly assigned from
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Fig. 1. Snapshot of PLA box starting configuration.
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a Maxwell distribution at the selected simulation temperature.
The LINCS algorithm was used to constrain all bonds.

For the determination of T, for a certain molecular weight
(polymerization degree N = 10, 20 or 30), different simulation
boxes (32 PLA chains) are generated, minimized and the low-
est energy configuration is chosen. This configuration is fur-
ther relaxed for 10 ns under NPT conditions 550 K, 1 bar to
obtain a well relaxed start structure with the correct density.
The specific volume in turn can be readily calculated as the re-
ciprocal of the density. Afterwards, a cooling process is initi-
ated by lowering the temperature stepwise by 50 K until
a temperature 200 K is reached. At each temperature 2 ns
NPT ensemble dynamics is carried out and the final configura-
tion of this run is used as the starting structure for dynamics at
the next (50 K lower) temperature.

3. Results and discussion
3.1. Glass transition temperature

The procedure to determine the glass transition temperature
T, is demonstrated in Figs. 2—4 showing the computed spe-
cific volume v as a function of temperature 7. The v values
are well equilibrated for each temperature within the chosen
simulation period (2 ns). Plotted values are mean values of v
averaged over the last 1 ns of data sampling at each tempera-
ture taking a snapshot every 5 ps. The increase of v with in-
creasing T is less pronounced below T, yielding a kink in
the v versus T curve with the position of it determining 7.
A first rough estimate of the kink position is obtained by visual
inspection of the data points. Then, these points are divided
into two parts corresponding to the region below (glassy
200 K, 250K and 300 K) and above (rubbery 400 K and
450 K) this estimate and each set of data is fitted to a straight
line by linear regression. The final value of T, results from the
intersection of these two lines.

In Fig. 5 the glass transition temperature versus reciprocal
of degree of polymerization plot of three systems with

096 T T T T T T T T T T T T T

0.94 A -

0.92 1 B

0.90 4

0.88 A

T,=391.9K

Specific Volume (cm’/g)

T T T T T T T ¥ T T T ¥ T
200 250 300 350 400 450 500
Temperature (K)

Fig. 2. The computed specific volume v as a function of temperature T for
N =30.
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Fig. 3. The computed specific volume v as a function of temperature T for
N=20.

different degree of polymerization N (N = 10, 20 and 30) is
given. In 1950, Fox and Flory found that the main effect of
varying N is a shift of the glass transition temperature (Eq.
(2)), where T,( ) is glass transition temperature for infinity
molecular weight and C is a constant [45]. The glass transition
temperature data were fitted to Eq. (2) by linear regression and
R value of the regression is larger than 0.99.

To(N) =Te() = 2)
where To() =408 K; C =473.

3.2. Fractal dimension

The radius of gyration is a common size parameter, which
describes the size of a polymer chain.
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Fig. 4. The computed specific volume v as a function of temperature T for
N=10.
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Fig. 5. The glass transition temperature versus reciprocal N plots of three
systems (N = 10, 20 and 30).

where m; is the mass of atom i and r; the position of atom i
with respect to the center of mass of the molecule. Polymers
are random fractals, quite different from Koch curves and
Sierpinski gaskets, which are examples of regular fractals.
The fractal dimension D of any polymer is defined through
the relation between the number of monomers N and radius
of gyration R, for a specific polymer, because the root-
mean-square size /(r2) is proportional to the radius of gyra-
tion R,. The typical fractal dimensions are: linear ideal chain
D =2, linear chain with short-range repulsion D = 1.7 and
rigid rod chain is D =1 [46].

N~\/(r)? ~(R,)" 4)

Radii of gyration are calculated at each temperature (Fig. 6)
and the R, increased when the system was cooled but
remained constant when the temperature is below glass transi-
tion temperature. The In(N) and In(R,) values were fitted to
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Fig. 6. Radiuses of gyration versus temperature for PLA with different N.
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Fig. 7. In(N) versus In(R,) for PLA with fractal dimension D = 1.62.

a straight line by linear regression (Fig. 7) and the fractal
dimension D = 1.62.

3.3. Self-diffusion coefficient

To determine the self-diffusion coefficient D one can use
the Einstein relation (Eq. (5)) [47].

tim ([r,(6) — ri(O)|),., = 6Dyt (5)

The terms in the angular bracket represent the time averaged
mean-square displacement (MSD). After approximately 100 ps,
the molecules will be moving in a totally random fashion (Brow-
nian motion), and the mean-square deviation of the system will
increase linearly as the atoms drift away from each other. The
MSD from 200 ps to 800 ps was fitted to a linear curve and
the slope is directly related to the self-diffusion coefficient.

The plot of self-diffusion constant Dy versus temperature
for PLA with different degree of polymerization (from
top to bottom N =10, 20 and 30) is shown in Fig. 8. The
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Fig. 8. Plot of self-diffusion constant Dy versus temperature for PLA with
different degree of polymerization (from top to bottom N = 10, 20 and 30).
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Fig. 9. Plot of self-diffusion constant Dy versus reciprocal of different degree
of polymerization 1/N (from top to bottom 7 = 500 K, 450 K and 400 K).

self-diffusion constant Dy increased dramatically when the
temperature is across glass transition temperature. The plot
of self-diffusion constant Dy versus reciprocal of different de-
gree of polymerization 1/N (from top to bottom 7 =500 K,
450 K and 400 K) is shown in Fig. 9. The result agrees with
the existing Rouse model that the self-diffusion constant of
the chains scales inversely with chain length (Eq. (6)) [46,48].

Dy = ksT/(NE(T)) (6)

where {(T) is the friction coefficient experienced by the beads
of the chain in their Brownian motion, kg the Boltzmann’s
constant, and T is the temperature.

3.4. Shear viscosity

The Rouse model for an unentangled polymer melts shows
that the melt viscosity is proportional to the chain length, ¢ be-
ing the number of monomers per volume and b being the
effective bond length [46,49].
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Fig. 10. Plot of shear viscosity versus different degree of polymerization for
PLA at 500 K.

n=c{(T)b’N/36 (7)
The viscosity can be calculated from an equilibrium simu-

lation using an Einstein relation:

fo+t

1V d Ny
T2 kT dr /P”(t)d’ ®)

fo

n

fo

The shear viscosity converged when the temperature is
above 500 K. And the plot of shear viscosity versus different
degree of polymerization for PLA is shown in Fig. 10. The
good agreement between the simulation results and the Rouse
model was obtained.

4. Conclusion

Molecular dynamics simulation has been used to investi-
gate the molecular weight dependence of glass transition tem-
perature for amorphous poly(L-lactide). The new PLA force
field developed by O’Brien [30] was feasible for the amor-
phous PLLA systems. The increase of v with increasing T is
less pronounced below T, yielding a kink in the V versus T
curve with the position of it determining T,. The fractal di-
mension of the PLA systems was 1.62. The self-diffusion con-
stant Dy increased dramatically when the temperature is
across glass transition temperature. The molecular weight de-
pendence of glass transition temperature, self-diffusion coeffi-
cient and shear viscosity were studied and the good agreement
between the simulation results and the Rouse model was
obtained.
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