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Poly(lactic acid) (PLA) fumed silica nanocomposites were prepared by twin-screw extruder. Thermal
properties were investigated by experiments and molecular dynamics simulations. Differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA) were used and 1.34 �C increase of the glass tran-
sition temperature (Tg) and 12 �C improvement of thermal stability were observed for PLA–silica nano-
composites as compared to neat PLA. Molecular dynamics simulations (NPT ensemble) were carried out
using modified OPLS-AA force field, and Tg and root-mean-square radii of gyration (Rg) were calculated. A
good agreement between the simulation results and experiments was obtained.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The problems associated with the disposal of petroleum-derived
plastics have raised the demand for biodegradable polymers [1].
Poly(lactic acid) (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 coating, fibers, films, and
packaging [2]. Currently, PLA is primarily used for medical applica-
tions such as drug delivery devices, absorbable sutures, and as a ma-
terial for medical implants and other related applications [3]. Phase
transition behavior, morphology, miscibility and other physical
properties of PLA-based nanoscale structures have been widely
studied recently [4–9].

Polymer nanocomposites have received considerable attention
because of the remarkable barrier, thermal, and mechanical proper-
ties that they exhibit with respect to conventional polymer com-
posites [10]. Incorporation of nanoscale fumed silica particles into
polymers was found to increase both gas permeability and organic
vapor permanent gas selectivity because fumed silica nanoparticles
modified chain packing of polymers [11,12]. PLA-coated mesopo-
rous silica nanospheres were used as fluorescence probe for detec-
tion of amino-containing neurotransmitters [13]. There is a great
need to understand the underlying principles of the polymer nano-
composites at the molecular level.
þ1 336 334 7417.
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Molecular dynamics (MD) simulation is a tool suited for the mo-
lecular-level study of the influence of nanoparticles on the struc-
ture and dynamics of polymers, since detailed information on the
properties near the surfaces of a nanoparticle is difficult to obtain
experimentally [14]. The diffusion of gases through fumed silica
poly(1-trimethylsilyl-1-propyne) nanocomposite membrane was
studied by molecular dynamics simulation by Zhou et al. [15]. Mo-
lecular model for the montmorillonite (clay) polymer nanocompo-
site was developed by Boulet et al. and Gardebien et al. [16,17]. Both
experimental and molecular dynamics simulation studies have
been conducted to understand different aspects of structures and
properties of polymer nanocomposite. At molecular level, the inter-
actions between silica nanoparticles and polymer and the influence
of silica nanoparticles on the structure, dynamics and thermal
properties of polymer are still unknown. We have studied the glass
transition behavior of neat PLA using MD simulation [18]. However,
there is still no reported work in the literature that uses MD simu-
lation to study the glass transition behavior of nanofiller-modu-
lated PLA.

This paper reports our most recent effort to examine the ther-
mal properties of PLA fumed silica nanocomposites by both exper-
iment and simulations, in order to expand our previous study on
the subject [18]. The MD studies described in this work used the
Groningen Machine for Chemical Simulation (GROMACS, version
3.3) software package [19–21]. Our results showed that fumed sil-
ica nanoparticles modified the polymer chain packing which led to
an increase in the glass transition temperature (Tg) and improved
thermal stability. Our experimental data were used to check the
computational findings. A good agreement between the simula-
tions and the experimental measurement was achieved. This
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Fig. 1. Snapshots of (A) amorphous PLA box containing 32 PLA chains of 50 monomers
and (B) PLA fumed silica box containing 32 PLA chains of 50 monomers and 1 silica
nanoparticle of 132 silicon atoms.
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should provide new insight into thermal properties of polymer
nanocomposites.

2. Experimental and computational methods

The PLA resin in the form of pellets under the commercial
name PLA 4060D was supplied by NatureWorks (Minnetonka,
MN). The surface-treated fumed silica nanoparticles under the
commercial name CAB-O-SIL TS-530 was supplied by Cabot Corpo-
ration (Boston, MA). The nanocomposites were prepared by
mixing the PLA resin with 2% (w/w) fumed silica in a C.W. Bra-
bender (Newark, NJ) twin-screw extruder. The L/D ratio of the
counter-rotating twin screw is 20. The samples were dry-mixed
at room temperature prior to feeding into the twin screw. The
twin-screw melt temperature was kept at 170 �C. The rotation
speed of the screws was set at 20 rpm. The resulting PLA–silica
nanocomposite samples were pelletized at the end of the twin-
screw extruder.

A number of procedures were used to experimentally character-
ize the PLA nanocomposite samples. TA Instruments (New Castle,
DE) differential scanning calorimeter (DSC) Q100 was used to mea-
sure the Tg of the polymer nanocomposite samples with a heating
rate of 5 �C/min. Perkin–Elmer (Waltham, MA) TGA-7 was used
for the thermogravimetric analysis (TGA) of the samples at a heating
rate of 5 �C/min from 50 �C to 550 �C.

The potential energy of the chosen simulation system was calcu-
lated using the GROMACS implementation of the modified OPLS-
AA force field (Eq. (1)). The force field parameters for PLA were
obtained from O’Brien et al. [22] and the parameters for silica
were taken from Wensink et al. [23].
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The nontorsional bonded interactions are modeled by the first
three harmonic terms for bond stretching, angle bending, and
out of plane deformations for planar groups. The force constants
for intramolecular deformations (kr,kq,kx) define the magnitude
of the energy required to move the internal coordinates (r,q,x)
away from their unstrained default values (r0,q0,x0). The proper tor-
sions are defined in terms of the specific dihedral angle (j) and
Ryckaert–Bellemans potential parameter Cn, where n¼ 0, 1,., 5.
The non-bonded interactions are modeled by Coulombic and
6-12 Lennard–Jones terms, where rij is the distance of two sites,
q is the partial atomic charge, and sij and eij are the Lennard–Jones
parameters. The scaling factor fij is 1.0 for all non-bonded inter-
actions except for the 1,4-intramolecular interactions.

The amorphous PLA box containing 32 PLA chains of 50 mono-
mers and the PLA fumed silica box containing 32 PLA chains of 50
monomers and 1 silica nanoparticle of 132 silicon atoms were gen-
erated using the method of shrinking box. All molecules were
placed in a box that had a volume of approximately eight times
the experimental volume. The shrinking procedure was performed
very slowly by gradually increasing the pressure. The real density
was reached after a time span of 1 ns [24]. Then, the system was
equilibrated at NPT conditions for 20 ns at 550 K and 1 bar to obtain
a well relaxed starting structure. The resulting periodic systems
are shown in Fig. 1. For the determination of Tg, a cooling process
was initiated by lowering the temperature stepwise by 50 K until
a temperature of 200 K was reached. At each temperature, 2 ns
NPT ensemble dynamics was carried out and the final configuration
of this run was used as the starting structure for dynamics at the
next (50 K lower) temperature.
All MD simulations were done using the GROMACS 3.3 simula-
tion package on a 40-node IBM xSeries Linux Cluster. In the simu-
lations, the leapfrog algorithm was used to integrate Newton’s
equations of motion with a time step of 2 fs. Periodic boundary con-
ditions were applied. The non-bonded force calculations employed
a grid system for neighbor searching. In this system, only the atoms
in the neighboring grid cells were 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 to
distinguish between the short-range and the long-range forces. In
the 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 a Maxwell distribution at the
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selected simulation temperature. The LINCS algorithm was used to
constrain all bonds [18].

3. Results and discussion

DSC analysis was used to investigate the glass transition and
crystallization/melting phenomena of neat PLA and PLA fumed sil-
ica nanocomposites prepared by the twin-screw extruder. The Tg,
melting temperature (Tm) and melting enthalpy (DH ) are summa-
rized in Table 1. Tg is related to the chain mobility of the amorphous
domains in a polymer sample. The melting temperature is related
to the crystalline domains of a polymer sample. The size of the
melting peak in DSC thermograms is proportional to the degree
of crystallinity of a polymer sample. It can be seen from Fig. 2(A)
that there was a 9 �C increase in the Tg for the PLA nanocomposites
as compared to the neat PLA.

Thermal degradation can be monitored by TGA and the result is
shown in Fig. 2(B) for neat PLA and PLA–silica nanocomposites.
Table 1
DSC characterization results

Sample Tg, �C Tm, �C DH, J/g

Neat PLA 50.89 163.76 0.51
PLA with 2% fume silica 52.23 – –

Fig. 2. (A) DSC heating thermograms recorded at 5 �C/min for neat PLA and PLA with
2% silica nanocomposite. (B) TGA traces recorded at 5 �C/min for neat PLA and PLA with
2% silica nanocomposite.
Two main reaction stages took place during the degradation of
PLA. The first stage represents the decomposition of PLA chain-
ends before 300 �C. The second stage, between 300 �C and
400 �C, represents the random scission of the polymer chains. In
Fig. 2(B), neat PLA displayed these two reaction stages, while the
nanocomposite displayed only the second stage and a 12 �C shift
towards higher temperature, indicating improved thermal stability
for the PLA fumed silica nanocomposites over the neat polymer.
This is a common behavior observed for nanocomposites and is
partly responsible for their usually improved flame-retardant
properties [10].

In Fig. 3(A), the computed specific volume v is plotted as a func-
tion of temperature T. In Fig. 3(B), the computed non-bonded
potential energy is plotted as a function of temperature T. The
specific volume, v, is the reciprocal of the density of the box. The
v values and energy values were well equilibrated for each temper-
ature within the chosen simulation period (2 ns). Each plotted
value was the average value of 200 data points sampled at each
temperature for the duration of the last 1 ns (i.e., taking one data
point for each 5 ps and average over 1 ns). The specific volume,
v, is a function of the temperature, T. The Tg is derived as the
temperature at which the slope in the v vs. T curve (i.e., dv/dT )
changes [25].

It can be seen from Fig. 3(A) and (B) that the simulation pre-
dicted an increase in Tg for PLA–silica nanocomposites as com-
pared to neat PLA. Specifically, the change in Tg was 13 �C from
specific volume calculation and 15 �C from non-bonded potential
energy calculation. This increase in Tg was qualitatively consistent
with the experimental result of 1.34 �C (Fig. 2(A)). The two energy
components were plotted as functions of temperature in Fig. 2(B)
and (C). These two components played different roles in the glass
transition process. We noticed that the bonded potential energy
decreased linearly with decreasing temperature, which suggested
that the degree of freedom for bonded interaction component
was in equilibrium in both rubbery and glassy states. We also
found that there was a small break at Tg in the plot of non-
bonded potential energy. It appears that the non-bonded interac-
tion component played an important role in the glass transition
process.

The radius of gyration is a parameter commonly used to
describe the size of a polymer chain.
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where mi is the mass of atom i, and ri the position of atom i with
respect to the center of mass of the molecule. Fig. 4 shows a plot
of calculated root-mean-square radii of gyration, CR2
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1=2, as a func-
tion of temperature T for PLA chains in the matrix and PLA chains
around silica nanoparticle. The average CR2
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the matrix is 1.94 nm, whereas the average CR2
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around the silica nanoparticle is 1.35 nm. The average CR2

g D

1=2 of sil-
ica nanoparticle is 0.93 nm. It is noted that the radii of gyration of
PLA chains around the silica nanoparticle were much smaller
than that of the neat PLA at the same temperature, which indicated
that silica nanoparticles caused certain changes in the PLA chain
packing at the polymer nanosilica interfaces. This morphological
difference between the neat PLA and the PLA–silica nanocomposite
was an important reason for the observed increase in Tg and the
improvement over thermal stability for the PLA fumed silica
nanocomposites.

In order to further analyze the structural effect the nanoparticle
has on the PLA melt, the radii of gyration of PLA chains around the
silica nanoparticle and PLA chains in the matrix at 500 K were cal-
culated and the box chart is shown in Fig. 5. Starr et al. reported that



Fig. 3. (A) The plot of computed specific volume v as a function of temperature T. (B)
The plot of computed non-bonded potential energy as a function of temperature. (C)
The plot of computed bonded potential energy as a function of temperature.

Fig. 4. The plot of the root-mean-square radii of gyration versus temperature (From
top to bottom: PLA chains in the matrix, PLA around Silica Nano Particle and Silica
Nano Particle).

Fig. 5. Box chart of radii of gyration for PLA chains around silica nanoparticle and PLA
chains in the matrix at 500 K. Inset: plot of radii of gyration as a function of distance
from the silica center of mass for 32 PLA chains around silica nanoparticle surface at
500 K.
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the polymer chains surrounding a nanofiller were elongated and
flattened and had larger CRgD in their simulation system, which in-
cluded small polymers of CRgD¼ 4.72 nm and large nanofiller of
CRgD¼ 10 nm [26]. However, for our system, the radii of gyration
of PLA chains around the nanoparticle decreased because the
CRgD of nanofiller (0.93 nm) is much smaller than CRgD of polymer
chains in the matrix (1.94 nm) and the polymer was bended and
compressed when they attach to the nanoparticle. The inset in
Fig. 5 is the plot of radii of gyration as a function of distance
from the center of mass of the silica nanoparticle for 32 PLA chains
around the silica nanoparticle at 500 K. Although the radii of gyra-
tion of the PLA chains in the matrix, which are far away from the
surface of the silica nanoparticle, tended to be larger than the PLA
chains around the silica nanoparticle, the radii of gyration of 32
PLA chains within 4 nm distance from the center of mass of the sil-
ica nanoparticle still showed a random distribution. We also calcu-
lated the number of monomer units which were directly attached
on the nanoparticle surface for each PLA chain. The plot of dis-
tance from the center of mass of the silica nanoparticle as a func-
tion of number of monomer units is shown in Fig. 6. Linear
relationship was found and no attached monomers were expected
if the distance from the center of mass of the nanoparticle is be-
yond 3 nm.

To determine the self-diffusion coefficient DN, one can use the
Einstein relation (Eq. (3)) [27].



Fig. 6. Plot of distance from the silica center of mass as a function of number of monomer
units which were attached on the silica nanoparticle surface for each PLA chain at 500 K.

Fig. 8. Box plot of shear viscosity for PLA chains around silica nanoparticle and PLA
chains in the matrix.
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The terms in the angular brackets 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 fit to a linear curve and the slope
is directly related to the self-diffusion coefficient. The plot of self-
diffusion constant DN as a function of temperature for PLA chains
in the matrix and PLA chains around the nanoparticle is shown in
Fig. 7. The self-diffusion constant DN increased dramatically when
the temperature is across Tg and the DN decreased as PLA chains
approached the surface of the nanoparticle.

The viscosity can be calculated from an equilibrium simulation
using the Einstein relation [21]:
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The shear viscosity converged when the temperature is above
500 K. And the plot of shear viscosity for PLA chains in the matrix
and PLA chains around the nanoparticle is shown in Fig. 8. The
Fig. 7. Plot of self-diffusion constant DN as a function of temperature for PLA chains in
the matrix (top) and PLA chains around silica nanoparticle (bottom).
shear viscosity increased when PLA chains approached the nano-
particle surface.

4. Conclusion

Poly(lactic acid) fumed silica nanocomposites were prepared by
twin-screw extruder. An increase of 1.34 �C in the Tg and 12 �C
improvement of thermal stability were observed for PLA–silica
nanocomposites as compared to the neat PLA. The increase in Tg

for PLA–silica nanocomposite was qualitatively consistent between
the experimental result and the MD simulation. While the bonded
interaction components appeared to have little influence, the non-
bonded interaction components played an important role in the
glass transition process. The radii of gyration of PLA chains around
the nanoparticle decreased because the polymers were bended and
compressed when they attach to the smaller nanoparticle. The self-
diffusion coefficient decreased and the shear viscosity increased
when PLA chains approached the surface of the nanoparticle.
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