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Molecular dynamics (MD) simulations have been used to study the diffusion behavior of small gas molecules
(COy) in polyethylene terephthalate (PET)/polylactide (PLA) blends. The Flory-Huggins interaction parameters
(y) determined from the cohesive energy densities are smaller than the critical value of Flory-Huggins
interaction parameters (Yeiical), and that indicates the good compatibility of PET/PLA blends. The diffusion
coefficients of CO, are determined via MD simulations at 298 K. That the order of diffusion coefficients is
correlated with the availably fractional free volume (FFV) of CO; in the PET/PLA blends means that the FFV
plays a vital role in the diffusion behavior of CO, molecules in PET/PLA blends. The slopes of the log (MSD)
as a function of log (7) are close to unity over the entire composition range of PET/PLA blends, which confirmes
the feasibility of MD approach reaches the normal diffusion regime of CO, in PET/PLA blends.
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Introduction

In recent years, the quality of polymer-made bottles con-
taining liquids has been improved, and the demand for them
is also increasing. For various reasons, drinks have often
been stored in plastic bottles, so there is a need to limit the
CO; loss due to the relatively high permeability of such
material. Blending different polymers has been widely used
to obtain products with desirable properties that are not
necessarily possessed by an individual component polymer.
The case-study involves the blends of polyethylene terephth-
alate (PET), which is commonly used for food packaging
and drinks storage'~ and polylactide (PLA), a biodegradable
green polyester derived from renewable resources, but
relatively more expensive.*’ Cebe’ has studied the non-
isothermal crystallization of PET/PLA blends by differential
scanning calorimetry (DSC) and X-ray scattering over a
wide composition range from 0% to 100% PLA. For food
packaging, in particular for drinks storage, the most important
characteristic of a blend is its barrier property. The accurate
knowledge of such microcosmic properties is extremely
important for technological applications, since these pro-
perties determine their processability as well as final product
properties.

With the ever-growing computational power and the develop-
ment of theoretical models, molecular dynamics (MD) simu-
lations have become powerful tools and are playing an
increasingly important role in materials modeling and related
technology development, as they provide structural and
dynamic details of certain material at a molecular scale that
have been inaccessible or difficult to be obtained with experi-

mental techniques. Generally, the important factor that deter-
mines the properties of a blend is the compatibility of poly-
mer pairs. Up to now, most of the studies have reported that
MD simulations have recently been successfully used to
investigate the compatibility of polymer blends®® and to
obtain the diffusion coefficients of small molecules in pure
polymers,”!> polymer blends,'*!” organic-inorganic hybrid
members.'® For example, Luo® investigated the miscibility
of PEO/PVC blends by MD simulations. It was found that
PEO/PVC 70/30 and 30/70 blends are more miscible than
50/50 blend by the Flory-Huggins parameters determined
from the cohesive energy densities and the radial distribution
functions of the inter-molecular atoms. Chen’ adopted MD
simulations to study the permeability of CO,/CHy in three
PAIs isomers, 6FDA/8p, 6FDA/8m and 6FDA/12p, and the
results were close to the reported experimental data. And
Pan'” investigated the diffusion behavior of water vapor/
propylene in PVA-P (AA-AMPS) blend membranes by MD
simulations. The results showed the same changing trends
with that of the experimental results. To the best of our
knowledge, the compatibility of PET/PLA blends and diffu-
sion behavior of gas molecules in PET/PLA blends have
never been investigated at a molecular scale. In order to
understand and predict the diffusion coefficients of CO; in
PET/PLA blends, it is very desirable to use molecular simula-
tion method to explore the effects of polymer blend ratio on
the compatibility of PET/PLA blends and the diffusion
behavior of CO; in them from a molecular point of view
through MD simulations. The results can be used to improve
the knowledge on gas diffusion behavior through polymer
blends.
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Model and Simulation Details

Amorphous Cells Building. The chemical structures of
PET, PLA used in this study are shown in Figure 1. PET/
PLA blends are constructed by the following weight ratios
of PET to PLA: 100/0, 90/10, 70/30, 50/50, 30/70, 10/90,
and 0/100. In MD simulations, short chains may lead to end
effects and cannot represent the real systems accurately. On
the other hand, one also wants to avoid using very long
chains because of computer datastorage space limitations
and simulation time. In our previous investigation,'® we have
found that 20 repeat units could represent PET and PLA
chains. Moreover, Pavel®® chose polymer chain with poly-
merization degree ranging from 20 to 60 as a PET chain to
study the diffusion of small molecule penetrants in models
of PET. Sarasua’ found that 20 repeat units were sufficient
for PLA to perform the simulations for the analysis and
prediction of miscibility in PLA/PVPh blends. Thus, 20
repeat units are chosen as PET and PLA chains in this study.
The number of units, chains and initial densities are sum-
marized in Table 1. The densities of PET,”' PLA* are set as
1.330 g-em™ and 1.248 g-cm™, respectively. Densities of the
blends are calculated from the densities of individual
polymer and volume fractions of each polymer.

All simulations are carried out using the Materials Studio
(MS) software package from Accerlys Inc. The Amorphous
Cell module of MS is used to construct the 20 initial
structures of polymers. Periodic boundary conditions are
applied to the cubic simulations cells at 298 K. To eliminate
the unfavorable contacts, and the 20 configurations are sub-
jected to the energy minimization (with the steepest descent,
conjugate gradient, and Newton methods in cascade). Next,
the lowest energy configuration is chosen for a 1000 ps-NPT
(T'=500 K, P =1 bar) MD simulation and then a 10-cycle
thermal annealing is conducted from 300 K to 1000 K and
then back to 300 K with 50 K intervals. The duration of the
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Figure 1. Chemical structures of PET and PLA.
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NPT (P = 1 bar) MD simulation at each temperature is 10 ps.
Afterward, 500 ps NPT (7 =298 K, P =1 bar) and 500 ps
NVT (T = 298 K) MD simulations are carried out. Trajec-
tories are saved every 1 ps and the final 300 ps configu-
rations are used to analyze characteristic of the blends.

COMPASS?* force field is applied to calculate the inter-
atomic interactions in this study. During the whole simu-
lations process, the Ewald summation is adopted for the
Coulombic interactions with an accuracy of 0.0001 kcal'mol ™",
and the Atom-based summation is applied for the van der
Waals interactions with a cutoff distance of 9.5 A, a spline
width of 1 A, and a buffer width of 0.5 A. Pressure and
temperature are controlled by the Berendsen method with
decay constant 0.1 ps. The equations of motion are integ-
rated with a time step of 1 fs for all simulations.

Simulation of Diffusivity. Diffusion coefficients are deter-
mined by adding 10 CO, molecules to each independently
equilibrated configuration to form a new simulation cell at
298 K. After equilibrated by using the same procedure as
mentioned in Section Amorphous Cells Building, each con-
figuration is then subjected to NVT (7 = 298 K) MD
simulation for a total of 3500 ps.

Results and Discussion

Interaction Energy between PET and PLA. When PET
is blended with PLA, inter-molecular interaction becomes
very important in determining the compatibility of the blend.
The interaction energy (AE) between PET and PLA can be
calculated as follows:*

AE = Egiend — (Ever + EpLA) (1

where Epjend 1S the potential energy of PET/PLA blends; Epgr
and Epr A are the potential energy of optimized PET and PLA
polymer, respectively. COMPASS force field is a powerful
force field supporting atomistic simulations of polymeric
materials. In this study, the COMPASS force field has been
used throughout the simulations except the calculation of
non-bond interaction energy since the H-bond force isn’t a
separate term in COMPASS force field and is contained in
other non-bond interaction.** It means COMPASS force
field cannot provide the exact values of the H-bond energy
of the simulated systems. To solve this problem, the Dreid-
ing force field is introduced as a complement. The non-bond
interaction energies are composed of van der Waals (Evaw),

Table 1. PET/PLA blends of different compositions involved in MD simulations

System PET/P.L'A Number.of PLA Number. of PET Number of chains Initial def3151ty Number of atoms
compositions units units (grem™)
1 100/0 - 20 3PET 1.330 1329
2 90/10 20 34 2PET/1PLA 1.321 1685
3 70/30 20 26 2PET/3PLA 1.304 1699
4 50/50 20 23 IPET/3PLA 1.288 1058
5 30/70 20 23 IPET/7PLA 1.272 1790
6 10/90 20 20 1PET/24PLA 1.256 4835
7 0/100 20 - 8PLA 1.248 1464
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Table 2. Interaction energies AE (kcal'mol™) between PET and PLA in PET/PLA blends
90/10 70/30 50/50 30/70 10/90
AETotal -138.08 £5.10 -328.64 £ 24.36 -192.17£9.49 -297.61 £22.68 -326.12 £ 25.06
AEH-pond -1.61+£0.46 -13.10+ 391 -532+1.82 -9.16 £2.38 -6.18+2.83
AEvaw -111.14 £4.72 -233.10 £24.62 -141.38 £12.21 -219.14 £22.93 -246.64 £27.76
AEEect -2533+1.22 -82.43+6.22 -45.46 +4.73 -69.31+4.17 -73.31+6.21
electrostatic (Egject) and H-bond (Eti-bond) interactions. 0.5
Eron-vond = Evaw + EElect + EH-bond (2) 0.0 - .
The results of the interaction energies between PET and '0'5_'
PLA are listed in Table 2. As shown in Table 2, high amount 1.0k
of polar groups in PET and PLA chains form H-bonds w |
between PET and PLA chains. When PET is blended with A5
PLA, the H-bonds increase the interaction between PET and 20 |
PLA, which contributes to the compatibility of PET/PLA ] T e
blends. Both the interaction energies, van der Waals, electro- 251 = (g
static and H-bonds interaction energies are negative values, a0l . . . .
revealing the attractive force between PET and PLA polymer. "o 20 40 60 80 100

Compatibility of PET/PLA Blends. Flory-Huggins inter-
action parameter () can be employed to investigate the
miscibility/compatibility of a binary blend. If the binary
blend is sufficiently equilibrated, the energy of mixing (AEmix)
can be calculated according to:*

ol 0l -5
AEmlx ¢A( % N + ¢B % s % . (3)
where the terms in parenthesis represent the cohesive ener-
gies density of the pure polymers (A and B) and the blend
(mix); the symbols @ and ¢ represent the volume fractions
of A and B, respectively, ga + ¢z = 1.

The 7 can be calculated from AEx according to:*®

AE
mlx) Vmono (4)

XAB:( RT

where Viono 1S @ monomer unit volume per mole; R is the
molar gas constant and 7 is the temperature in Kelvin.

Based on the Flory-Huggins theory, in order to under-
stand the compatibility/incompatibility behavior of PET and
PLA, the critical value of Flory-Huggins interaction para-
meter (Y AB)eitical 1S calculated using the equation:

O = S+ =) )
AB /Jcritical 2 /\/an i

where n4 and np represent the number of repeat units (actual
number of repeating units) of polymer A and B, respectively.
If yaB < ()X AB)critical, the blend is considered to be compatible.
If B is considerably greater than (yag)eritical, then blend is
incompatible. For a value of yap slightly greater than
(%AB)eriticat, the blend is partially compatible. Thus, compar-
ing the measured yap With (YaB)critical provides a good indi-
cation about the compatibility of blend.?® The results of ¥ ap
vs weight fraction of PLA calculated from Eq. (4) and (5) are
displayed in Figure 2. In this study, all simulated yag of the

wt % of PLA

Figure 2. Flory-Huggins interaction parameter vs weight fraction
of PLA.

PET/PLA blends are smaller than (as)crisical, indicating the
good compatibility of PET and PLA in the blends. It agrees
well with experimental data available in literature.?
Fractional Free Volume in PET/PLA Blends. Fractional
free volume (FFV) plays a vital role in the diffusion behavior
of gas molecules in blends, and it can be analyzed by Con-
nolly surface method, which is the locus of the probe centre
as the probe freely rolls over the framework. The gas mole-
cules, CO; are selected as probe molecules which are model-
ed by spheres with the diameter 0.33 nm (kinetic diameter).’
The simulated morphologies of free volumes in the well-
equilibrated models of PET/PLA blends and pure PET, PLA
are shown in Figure 3, the blue regions (outside of the
isosurface) represent the free volume and the grey regions
(inside of the isosurface) represent the occupied volume.
The results of simulated FFV that are accessible to CO; in
PET/PLA blends are shown in Figure 4 and it follows the
order of 0/100 > 90/10 > 30/70 > 10/90 > 50/50 > 70/30 >
100/0, which is the crosscurrent as Flory-Huggins interaction
parameters. For models with same volume, the lower pack-
ing efficiency the smaller of FFV. But in our study, the volume
of each model is various, it depends on the blend ratio and
interaction between PET and PLA in PET/PLA blends. The
weaker interaction (as in the case of 90/10 PET/PLA blend)
reduces the packing efficiency, which results in a looser
structure and a larger FFV. When PET-PLA interaction
becomes stronger (as in the case of 70/30 PET/PLA blend),
the molecules are packed more tightly with each other, thus
free volume voids become much less than that in the case of
90/10 PET/PLA blend, namely, the FFV is smaller than that
in 90/10 PET/PLA blend. Thereby, the change of FFV
depends heavily on the interaction of PET/PLA blends.
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(g) 0/100

Figure 3. Simulated morphologies of free volumes in the well-
equilibrated models of PET/PLA blends.

Diffusion Coefficient from Simulation. Diffusion coefti-
cient is easily obtained through calculating the mean-square
displacement of the respective penetrant during the MD
runs, and it can be calculated by the Einstein relation:*’

1 .. d¥ ,
D=5 lim 2 3IR(O-ROF) ©

where D represents the diffusion coefficient of penetrant;
|R(£)—R(0)* is the mean-square displacement (MSD); R(¢)
and R(0) are positions of the center of mass of a penetrant at
time ¢ and 0, respectively; (---) is the last-squares fit of the
mean-square displacements of centers of mass of the pene-
trant averaged over all possible time origins, namely, means
the ensemble average.

The diffusion coefficients of CO, in the blends of PET/
PLA are listed in Table 3. Free volume properties are the
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Figure 4. The simulated FFV of the PET/PLA blends measured by
a probe of size of COs.

0 10

main factors that determine the diffusion of CO, in PET/
PLA blends. The simulated diffusion coefficients of CO» in
PET/PLA blends increase by the order of 90/10 > 30/70 >
10/90 > 50/50 > 70/30, showing the identical tendency as the
FFV, that is, the larger the FFV in blends, the greater diffu-
sion coefficient of CO,. It indicates that the FFV plays the
most important role in the process of diffusion. Higher FFV
means more accessible free volume voids in the blends for
CO, diffusion. Meanwhile, higher FFV indicates that the
free volume voids connect with each other easily to form
large voids, which might enhance the diffusivity of CO,.
Consequently, the diffusion coefficients of CO; in the blends
of PET/PLA depend heavily on the FFV of PET/PLA
blends. As shown in Table 3, 70/30 PET/PLA blend has a
lower CO» diffusion coefficient and offeres very high barrier
properties of CO,. The simulated diffusion coefficients of
CO; in the pure polymers, PET and PLA are larger com-
pared with the experimental data since there are still some
significant differences in the scale between the simulated
model and the actual system, such as the finite polymer
chains used in the MD simulation, the lower density of the
simulated system as compared to the experimental density
and the fact that the amorphous configurations generated by
the Amorphous Cell program are “too amorphous” while the
experimental diffusion coefficients are measured in the
presence of crystalline phase, thus it has some difficulties in
obtaining really polymeric materials.'*'>*® Besides, some of

Table 3. Diffusion coefficients for CO, in PET/PLA blends

System D (10" m*s7h) exp (1075 m?s7™)
100/0 2.43 1.00%
90/10 10.75 -

70/30 2.67 -
50/50 2.95 -
30/70 6.80 -
10/90 6.35 -
0/100 11.42 4.80+ 0.47°
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Figure 5. Log(MSD) vs log(?) plots for the diffusion of CO» in PET/PLA blends.

the approximations and assumptions in the computational
model possibly result in the discrepancy. A similar discre-
pancy has already been reported in the literature.>!'*!%
However, the trend of the simulated diffusion coefficients of
pure PET and PLA agrees well with the experimental data,
namely, the diffusion coefficient of CO; in PET is smaller
than that in PLA.

The time dependence of the log(MSD) of CO, molecules
in PET/PLA are presented in Figure 5. The criterion for a
model system reaching the normal diffusion regime is the
slope of log(MSD) vs log(f) approaches unity.*> From Figure
5, the slope of the log(MSD) vs log(f) curve increases
approximately to unity after long time MD simulation over
the entire composition range of PET/PLA blends. This result

confirms the feasibility of MD approach to reach the normal
diffusion regime of CO; in PET/PLA blends.

Conclusion

In this study, MD simulations are performed to study the
compatibility of PET/PLA blends and the diffusion behavior
of CO; in the PET/PLA blends at the molecular scale. The
calculation results of interaction energy show that there are
attractive force between PET and PLA polymer. That all
simulated yap of the PET/PLA blends are smaller than
(YAB)eritical €nsures the desirable compatibility in the blends,
which is in fair agreement with the experimental data in
literature. Simulated fractional free volume (FFV) that are



758  Bull. Korean Chem. Soc. 2013, Vol. 34, No. 3

accessible to CO» in PET/PLA blends follows the order of 0/
100 > 90/10 > 30/70 > 10/90 > 50/50 > 70/30 > 100/0. And
the ratio dependence of diffusion coefficients is related to the
FFV of PET/PLA blends. Higher FFV means more accessible
free volume voids and the free volume voids can easily
connect with each other to form large voids in the PET/PLA
blends for CO, diffusion, that is, the higher FFV of PET/
PLA, the larger diffusion coefficient of CO, in the blends,
indicating the lower barrier property of COs.
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