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Chapter 9

Computational Study on the Effect
of Controlled Stereochemistry on
Oxygen Permeability in EVOH

Materials

This work was done as a collaborative effort with Dr. Valeria Molinero in the Goddard

group at Caltech.
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9.1 Abstract

The purpose of this research is to explore the microscopic structure and dynamics
of two ethylene vinyl alcohol (EVOH) copolymers differing only in the relative stereo-
chemistry between neighboring 1,2-diols by means of molecular dynamics simulations.
The spatial distribution of hydroxyl groups, their hydrogen bonding pattern, and free
volume distribution were analyzed in an attempt to explain the different properties
experimentally observed for these two materials which were detailed in Chapter 8. As
expected, the local topology of the 1,2-diols indeed effects the global three-dimensional

polymer structures, as characterized by their hydrogen bond networks.

9.2 Introduction

Ethylene vinyl alcohol (EVOH) copolymers possess excellent barrier properties,
especially towards oxygen gas diffusion.! 2 They have therefore found many commer-
cial applications in the food packaging as well as in the biomedical industries.! 3 *
Until recently, regioregular and stereoregular EVOH materials could not be synthe-
sized. Rather, these copolymers were made through the free-radical copolymeriza-
tion of vinyl acetate and ethylene, which resulted in varying amounts of uncontrolled
branching. Through the use of ring-opening metathesis polymerization (ROMP) with
functional group tolerant late transition metal ruthenium olefin metathesis catalysts,
regio- and stereo-regular EVOH materials can now be synthesized as illustrated in
Scheme 9.1.%*

It was evident from experimental results that a difference in stereochemistry be-
tween neighboring alcohol functionalites in EVOH have a dramatic effect on the struc-
ture of the copolymer both in solution as well as in the solid state.® In order to gain

a better insight into the role that stereochemistry plays in the material morphology

and performance, a detailed set of molecular dynamic simulations was undertaken.

*See Chapter 8.
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Scheme 9.1: General sythetic route to syn-(polymer 5) and anti-diols (polymer
6) along EVOH backbone from the trans- and cis-acetonide monomers 1 and 2,
respectively.
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9.3 Simulation Methods

The initial sample EVOH structures of 5 and 6 were made using the Amorphous
Builder of Cerius2,% which uses Monte Carlo techniques to build an amorphous struc-
ture with a three dimensional periodic cell. This Monte Carlo build was followed with
an extensive series of annealing simulations in which the volume and temperature were
varied systematically to achieve a fully equilibrated system at the target temperature
and pressure. Fach simulated system consists of four wholly syn or anti EVOH 20-mer
chains (total number of atoms in the system is 2088). Three independent samples
were constructed for both polymers 5 and 6.

The annealing procedure for constructing the amorphous structure is as follows.
Since the experimental data indicates that the density is 1.09 g/cm? at 300 K for
EVOH polymer 5, the initial polymer structure was prepared using a supercell ap-
propriate for a density of 1.1 g/cm®. Monte Carlo techniques were employed to
construct initial configurations at 60% of the target density (1.1 g/cm?) which were
then relaxed by applying the following annealing procedure: First, the structure was
gradually expanded by 50% of its initial volume over a period of 50 ps while the
temperature was simultaneously increased from 300 K to 700 K. Next, NVT molecu-

lar dynamics (MD) simulations were performed at 700 K with the expanded volume
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for 50 ps. Next, the structure was compressed back to the initial volume over 50 ps
while cooling the temperature to the target temperature of 300 K. This process was
repeated five times. Then, at the final target density (1.1 g/cm?), 100 ps of NVT MD
(fixed volume and Nose-Hoover thermostat™ ! at 300 K) was carried out. This was
followed by a step-wise increase of the temperature to 430 K where an NVT simula-
tion for 100 ps followed by an NPT simulation for 400 ps to relax the density of the
system were carried out. This was followed by a continuous cooling ramp of temper-
ature from 430 to 300 K over a 520 ps timescale at constant pressure (1 atm). The
annealing simulations were performed with LAMMPS (Large-scale Atomic/Molecular
Massively Parallel Simulator) code from Plimpton at Sandia (modified to handle our
force fields).!> 12 The equations of motion were integrated using the Verlet algorithm!3
with a time step of 1.0 fs, and the Particle-Particle Particle-Mesh (PPPM) method!*
was used for the electrostatic interactions.

After annealing the structures as described above, NPT MD simulations were
performed with the LAMMPS code at 300 K for 1 ns. This led to a final density of
1.03 g/cm?® £ 0.02 g/cm? for both 5 and 6 polymers at 300 K which compares well
with the experimental value of 1.09 g/cm? for 5.

To describe inter- and intra-molecular interactions, the OPLS-AA force field was
employed.'>*® The standard geometric combination rules for the cross van der Waals

interactions were used and the total potential energy is given as follows:
Etotal = EVdW + EQ + Ebond + Eangle + Etorsion

where Etotal, Evaw, EqQ, Ebond; Eangle; and Eiorsion are the total energies and the van
der Waals, electrostatic, bond stretching, angle bending, and torsion components,

respectively.
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9.4 Results and Discussion

9.4.1 Hydrogen Bond Analysis

An attempt was made to identify the glass transition temperature, 7', for both
5 and 6 by analyzing plots of energy vs temperature and volume vs temperature of
the cooling ramps described above. Unfortunately, no significant change in slope was
observed in either system. However, a drastic change in atom mobility as a function
of temperature was noted. At 430 K, both systems possessed liquid-like mobilities
while at 300 K, the atom displacement was < 2 A for 500 ps as seen in Figure 9.1.
This suggests that both polymers are in the glassy state at 300 K in agreement with
the experimentally determined Ty of 34.5 and 50 °C for 5 and 6, respectively. This
conclusion is based on the low value of the atom mobilities and the appearance of a
plateau evident in Figure 9.1. It is worth noting that the mobility of the hydroxyl
group (O) is higher than that of the polymer backbone (C) atoms suggesting that if

any hydrogen bonding exists, it does not impose a constraint on the -OH librations.
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Figure 9.1: Mean square displacement of carbon and oxygen atoms in both syn diol
polymer 5 and anti diol polymer 6 at 300 K.

The local topology of the neighboring 1,2-diols is quite different for EVOH poly-

mers 5 and 6. The formation of 1,2-hydrogen bond interaction between the syn diols
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in 5 is prevalent as seen in Figure 9.2. On the other hand, 1,2-hydrogen bonds are
not observed for the anti diols in 6 (Figure 9.2). In order to form a neighboring
intramolecular hydrogen bond in 6 it is necessary to greatly alter the polymer con-
formation. The structure resulting from this conformational change is likely to have
an unfavorable effect on packing of the polymer chains. Furthermore, in no case are
any hydrogen bonding interactions between adjacent neighboring pairs observed. The
correlation of intra-chain hydrogen bonds is short ranged and micelle-like structures

with segregated hydroxyl domains are not observed.

Figure 9.2: Types of intra-chain hydrogen bonding in both 5 and 6. The blue arrows
indicate the presence of neighboring 1,2-diol intramolecular hydrogen bonds and the
red arrows point to non-neighboring intramolecular hydrogen bonds.
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In an attempt to further characterize the hydrogen bond (H-bond) patterns in the
systems, the three-dimensional H-bonding networks in both polymers and computed
the distribution of H-bonding clusters were analyzed. The hydrogen bond connectivity
was defined using a geometric criterion. A hydrogen bond was considered to be
formed if the donor hydrogen and acceptor oxygen were less than 2.5 A apart. If at
least one hydrogen bond exists between two hydroxyl groups, they were assumed to
belong to the same cluster. Figure 9.3 shows the hydrogen bond networks for typical

configurations of polymers 6 and 5.

anti diols (6) syn diols (5)

Figure 9.3: 3-D representation of extended hydrogen bonding in EVOH.

Both polymers form mainly one-dimensional clusters. This is expected as each
hydroxyl group has only one hydrogen bond donor and acceptor. However, the syn
relationship of the diols in polymer 5 displays a characteristically longer connectivity
than is observed in 6. The average length of the hydrogen bond clusters were quan-
tified and differ by more than 50%: the average number of hydroxyl groups in the
cluster is 4.0 and 6.6 for anti and syn polymers, respectively. Moreover, the difference
in the distribution of the cluster sizes for the two polymers as shown by the graph in
Figure 9.4 is striking. The probability of finding clusters with > 20 hydroxyl groups
is zero for the anti polymer 6. Conversely, syn polymer 5 possesses a broad distri-

bution of cluster sizes. These distribution are in agreement with the qualitative view
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Figure 9.4: Probability of hydrogen bond cluster sizes.

illustrated by the Figure 9.3.

9.4.2 Free Volume Analysis

The free volume (FV) for the two polymers were computed. The FV is defined as
the volume fraction of the total volume available for the probe. The FV accessible to
a probe of radius R, was calculated over a three-dimensional grid of size 0.1 A, and
measuring the space occupied by spheres of radius R, + R, where R, is the contact
radius (1.2, 1.52, and 1.70 A for H, O, and C, respectively). The void percolation
radius Ry, is defined as the largest probe that senses accessible F'V channels percolated
in all directions. A channel is percolated if it is connected with its periodic images in
the three cartesian directions. In a percolated structure, the ratio between the volume
of the largest (percolated) void and any other void is very big. This is illustrated
in Figure 9.5 which shows the FV fraction largest and second largest voids for both
polymers equilibrated at 300 K. The arrow in Figure 9.5 indicates a percolating probe

radius, Rpe, which is approximately 0.6 A. The Rpe is smaller than any molecular
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solute such as oxygen or water; it is close to the 0.55 A for a glass of random close-

packed spheres and well below the 0.9-1.1 A computed for atactic polypropylene.'
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Figure 9.5: Comparison of void spaces in syn and anti EVOH copolymers. 5a and
5b are two separate samples of the syn diol polymer.

The low FV fractions for R, comparable to the size of oxygen (see Figure 9.6)
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in these polymers may be related to the exceptional Oy barrier properties exhibited
by 5.2922 As a result of these simulations, comparable or even better barrier proper-
ties for 6 based on its lower FV percentage are anticipated (Figure 9.6). Moreover,

polymer 6 displays a T, well above ambient temperatures.
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Figure 9.6: Comparison of void spaces in syn and anti EVOH copolymers. 6a
and 6b and 5a and 5b are two separate samples of the anti and syn diol polymers,
respectively.

At 300 K the hydroxyl groups are able to fluctuate over distance comparable to
the size of Oy (Figure 9.1). This implied that the voids in the systems evolve and
suggested an exploration of the void dynamics. A significant restructuring of the FV
voids on the nanosecond scale for both polymers at 300 K is observed. This is shown
for polymer 5 in Figure 9.7 and for polymer 6 in Figure 9.8. Furthermore, the voids
are small and well-dispersed throughout the cell consistent with the good packing in

both systems.
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Figure 9.7: (a) Time evolution of the free volume for EVOH copolymer 5 in a
1 ns dynamics simulation at 300 K with a 1 A probe radius. (b) An overlay of the
free volumes at 500 and 1000 ps, indicating that different void spaces are created
throughout the dynamics simulation.

9.4.3 Oxygen Diffusivity

In an attempt to determine the mobility of oxygen molecules in the EVOH poly-
mers, molecular oxygen in the equilibrated structure for 5 and 6 was loaded at 300 K.
The molecules were inserted at constant pressure using the sorption module of Cerius2
that implements a Grand Canonical Monte Carlo method. Based on standard solu-
bilities of Oy in organic polymers, zero oxygen molecules should be found in the cells
(cell dimension is approximately 26 A). To improve the collection of mobility data,
an extremely high concentration of five Oy molecules in both polymer systems was
imposed. The pressures required to impregnate 5 oxygens were significantly higher for

6 than for 5 in agreement with the lower F'V of 6. The resultant mobilities averaged
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Figure 9.8: Time evolution of the free volume for EVOH copolymer 6 in a 1 ns
dynamics simulation at 300 K with a 1 A probe radius.

over a trajectory of 5 ns are displayed in Figure 9.9 for polymer 5 at 300 K. Note,
the increased mobilities of the polymer (C and O) with respect to those observed in
Figure 9.1 at the same temperature. The higher polymer mobility in the presence of
oxygen indicates a plasticizing effect of this high O, concentration. Similar results
have been observed previously with experiments of high pressures of Xe in polystyrene
blends.?® This is not surprising with the high loading of O, and the proximity to the

expected T, (experimentally determined) for 5
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Figure 9.9: Average displacement of atoms in polymer and O, in molecular dynamics
run.
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9.5 Conclusions

The microscopic structure of both EVOH copolymers has been characterized in
terms of hydrogen bond and FV networks. The FV is very low compared to other
polymers indicating a good packing for both syn and anti diol polymers. The equilib-
rium densities for both polymers at 300 K were comparable (1.03 g/cm? 4 0.02 g/cm?)
and in good agreement with an experimental value of 1.09 g/cm®. Though small, the
FV voids are still mobile at 300 K in due to the hydroxyl group fluctuations. No
significant differences for the mobility between the two EVOH copolymesr at 300 K
was found. A striking difference in the hydrogen bond clustering was observed for
these polymers. While the anti diol polymer does not form neighboring 1,2-hydrogen
bonds, these features are abundant in the syn diol polymer. Perhaps more significant
is the difference in extension of the hydrogen bond networks. Polymer 6 displays
many short H-bond threads while 5 displays a broader distribution of cluster length
with a high proportion of clusters that span over lengths comparable to the simula-
tions cell. The extended H-bond array of polymer 5 does not, however, follow along

the periphery of a single polymer chain.
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