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ABSTRACT: Blends of poly (ethylene-co-methacrylic acid)
(PEMA) and poly (vinyl alcohol-co-ethylene) (EVOH) were
studied for encapsulating Schottky structured organic devices.
A calcium degradation test was used to determine water vapor
transmission rates and to determine the moisture barrier
performance of neat and blend films. Moisture barrier analysis
for the neat and blend compositions was discussed concerning
the interactions in the blend, diffusivity of water molecules
through the unit cell systems, and the occupiable free volumes
available in the unit cells using molecular dynamics
simulations. The experimental results of water vapor
permeation were correlated with diffusion behavior predicted
from molecular dynamics simulations results. The effectiveness of the blend as a suitable barrier material in increasing the lifetime
of an encapsulated Schottky structured organic device was determined.
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1. INTRODUCTION

Moisture barrier materials have a wide range of domestic
applications for construction and food packaging and also for
sensitive applications like pharmaceutical and organic elec-
tronics packaging.1−3 Development of high moisture barrier
material, viable economically, is critical for all packaging
applications. Recent progress in the field of organic
electronics4−6 has led to the increased flexible barrier material
requirements toward moisture and oxygen for the encapsula-
tion. The presence of moisture influences the active layer
resulting in change of morphology and/or delamination of the
interface of the active layer/electrode and increases the extent
of oxidation. This causes the decrease in current density. Thus,
the working lifetime of the device decreases in presence of
moisture. Hence, an encapsulant with high moisture barrier
property is required in order to protect the device from a
humid environment and to increase the lifetime of the
device.7−10 It is estimated that, in order to protect the organic
devices from environmental conditions, flexible moisture
barrier materials with water vapor transmission rate (WVTR)
< 10−6 g m−2 day−1 and oxygen transmission rate (OTR) <
10−5 cm3 m−2 day−1 are required.3,11

Various organic and inorganic materials are being used in
layered architecture to achieve the barrier requirement.12,13 In
organic electronics packaging, the use of inorganic oxide layers
reduces the moisture ingression but the loss in mechanical
flexibility and formation of dark spots reduces the device
performance.14−16 Moreover, the complexity of the deposition
processes involving physical/chemical vapor depositions and in

large area processing makes it an economically unreliable
solution. Hence, polymer based materials such as polymer
nanocomposites are being extensively investigated for achieving
ultra low permeable properties.17,18

In situ curable epoxy composite with amine functionalized
alumina,19 functionalized mesoporous silica based silicone
composites,20 and zinc oxide based poly (vinyl alcohol)
nanocomposite21 materials have been previously investigated
for the purpose of organic device encapsulation. Polymer
blends are investigated to obtain materials with various
improved synergistic properties.22 The specific interactions
like electrostatic, ionic, and hydrogen bonding determine the
extent of compatibility between the blended polymers, which
defines the resultant property at the required temperature.23,24

Polymeric blends without interactions between the two
polymers result in incompatible blends. However, it is necessary
for the blend to have specific interactions to achieve better
barrier property by blending two polymers.25

In this study, the blend of poly (ethylene-co-methacrylic
acid) (PEMA) neutralized with zinc for UV stability and poly
(vinyl alcohol-co-ethylene) (EVOH) was used for organic
device encapsulation. In order to design the flexible encapsulant
with high moisture barrier where the permeation mechanism is
diffusion dominant, ethylene based, amorphous, self-healable
ionomer, PEMA has been chosen as the base material for the
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blend in the present study. PEMA is a highly chemical resistant
polymer with a wide range of processing temperatures.
Moreover, it is possible to encapsulate the device directly by
hot tack without using any epoxy glue/sealant for sealing at the
edges.
Ionomers are defined as polymers whose bulk properties are

governed by ionic interactions within the polymer.26 PEMA
belongs to the category of amphiphilic polymers where the
ethylene backbone is hydrophobic in nature with the pendant
groups like methacrylic acid being capable of interacting with
water by forming hydrogen bonds and with alcohol by forming
ester linkages. The acid groups form aggregates in the
amorphous matrix surrounded by ethylene crystalline chains.
As defined by Eisenberg,27 aggregates consist of several ion
pairs (dimers), and according to the EHM model,28 the ion pair
acts like anchors holding the attached polymer chains. It
provides physical cross-linking in the polymer structure,
thereby reducing the mobility. This synergy between the
thermal and mechanical transitions is due to the presence of
secondary interactions like hydrogen bonding. The presence of
reversible cross-links in forming network polymer results in the
self-healing property of the ionomer. Hence, ionomers of
ethylene/methacrylic acid are extensively being researched for
various applications requiring self-healing property.29,30

Poly (vinyl alcohol-co-ethylene) is a copolymer of poly
ethylene and vinyl alcohol which is a high oxygen barrier
polymer in low humid environments. It has been used for
various food and pharmaceutical packaging in coextruded/
layered structures.31 The polar −OH group of EVOH interacts
with the incoming moisture resulting in plasticization of the
polymer chains, thereby increasing the free volume and oxygen
permeability.32 The blend of PEMA ionomer and EVOH
copolymer helps in forming an interacting intercomplex
polymer structure with reduced gas permeability.33

The gas permeation mechanism through polymers involves
the solution-diffusion mechanism34 which is dependent on the
availability of free volume as well as the interactions between
the penetrant and the matrix polymer. In rubbery polymers like
EVOH, the permeation of a polar molecule is solubility
dominant whereas it is diffusion dominant in glassy polymers
like PEMA. The penetrant molecules first get adsorbed onto
the polymer surface dissolving in the matrix and then are
followed by diffusion through the matrix based on concen-
tration/pressure gradient. Solubility in glassy polymers is
negligible. Further, a highly interacting matrix-permeant system
helps in decreasing the diffusivity of the permeant through the
glassy polymers.35 Therefore, the fundamental interactions
between the polymer, environment, and the permeant
determine the permeability behavior of a system.36 Diffusion
of small molecules through a system is dependent on the size,
shape, connectivity of the system, free volume available,
thermodynamic factors, physical interactions between the
barrier material and penetrant, and environmental parameters,
and thus, it is a complicated phenomenon. However, the key
parameters would be the barrier-permeant system interactions
under experimental conditions. Hence, molecular dynamics
simulation studies at experimental conditions to determine the
permeant diffusivity values help to understand the fundamental
factors affecting diffusion.

2. EXPERIMENTAL METHODS
2.1. Materials. Poly (ethylene-co-methacrylic acid) zinc salt with 9

wt % methacrylic acid (PEMA) and poly (vinyl alcohol-co-ethylene)

containing 38% ethylene (EVOH) were purchased from Sigma Aldrich
Ltd. (St. Louis, MO). Poly (3-hexylthiophene) (P3HT) was obtained
from Rieke Metals Inc. Tetrahydrofuran (THF), chlorobenzene, and
carbontetrachloride (CCl4) solvents of 99.9% purity were obtained
from SD. Fine Chem., India Ltd.

2.2. Film Fabrication. PEMA and EVOH in pellet form were
dried in vacuum for 2 days prior to blending in Haake internal mini
screw extruder at 80 rpm and 210 °C for 10 min under nitrogen
atmosphere. They were blended in wt % of (PEMA ionomer, EVOH
copolymer) at approximately (100, 0), (99, 1), (97, 3), (95, 5), and
(90, 10) and designated as S0, S1, S3, S5, and S10, respectively. The
extruded blend was compression molded at 200 °C by applying a force
of 600 N for 1 min to fabricate into films. Thus obtained films were
found to be ∼130 ± 20 μm thickness. These films were used for
further characterizations.

2.3. Material Characterization. All the blend films were
characterized using a Thermo-Nicolet 6700 IR spectrometer in the
range of 400 to 4000 cm−1 at 4 cm−1 resolution. UV−visible analysis
was carried out using a Perkin-Elmer Lambda-35 spectrometer in the
wavelength range of 230 to 1100 nm with 1 nm interval. Thermal
properties of the blend films were determined using a Mettler Toledo
(DSC 822e) instrument at a heating rate of 5 °C min−1 under nitrogen
atmosphere. Mechanical properties were determined from tensile
analysis of 4 samples for each composition using a Mecmeisin Micro
Universal Testing Machine, with 10 kN load cell at a rate of 25 mm
min−1 following ASTM D882-12 standard. The cryogenically fractured
films were imaged using scanning electron microscopy (SEM) by a
Karl Zeiss ULTRA 55 field emission scanning electron microscope.
The fractured surfaces were sputter coated with gold and then used for
SEM imaging. A Kaleidoscope (India Ltd.) humidity chamber was
used for maintaining a controlled humid environment for calcium
degradation and accelerated device aging experiments.

A density gradient column constructed following ASTM D1505
standard was used to determine the density of the films. The column
of 1 m was filled with THF (886 kg m−3) and CCl4 (1590 kg m−3),
with increasing density compositions from top to bottom of the
column. The mixtures of THF/CCl4 (v/v) 100/0, 80/20, 70/30, 60/
40, 50/50, 40/60, 30/70, 25/75, 20/80, 10/90, 5/95, and 0/100 were
slowly poured into the column from the sides of the column wall.
Standard density glass beads (H & D Fitzgerald Ltd.,St. Asaph, UK)
were dropped into the column, and the column was calibrated for
density using these positions. The sample films were then dropped
slowly into the column one after another and allowed to settle.

2.4. Calcium Degradation Test. A calcium degradation test was
used to determine the water vapor transmission and to calculate the
water vapor diffusivity values through the neat and blend films.
Calcium (density = ∂) of 200 nm thickness was thermally evaporated
onto a 2 cm × 2 cm (l × b) clean glass slide at the center using a
shadow mask. Aluminum was thermally deposited on either side of
calcium to provide electrical contact for measuring the resistance of
calcium, as shown in Figure S1, Supporting Information. The calcium
on the glass slides was sealed with the sample films using curable epoxy
(Lapox L12, Atul Industries, India Ltd.). Thermal deposition of
calcium and aluminum as well as calcium sealing were carried out
inside a Mbraun glovebox (ultra high pure nitrogen atmosphere, H2O
< 10 ppm, O2 < 10 ppm) integrated with a thermal evaporator. Thus,
the sealed calcium on the glass slide reacts when the water vapor
permeates through the film after placing it in a controlled humid
environment of RH = 95% (±3%) and at 35 °C (±0.2 °C). This
results in the increase of resistance (R) which is measured as a function
of time (t) using a programmable digital multimeter.

When calcium reacts with moisture, the thickness of calcium
deposited on the glass slide decreases with time. Hence, the resistance
measured increases, and this change in resistance is correlated to the
change in thickness. The change in thickness gives the amount of
calcium reacted. The change in resistance, over the calcium thickness
variation from 200 to 100 nm, was used for further calculation as the
resistivity of calcium (ρ) is independent of calcium film thickness
above 100 nm.37 As one molecule of calcium can react with two
molecules of H2O, the water vapor permeated through the sample film
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from the calcium test is determined using eq 1 where molecular weight
of water is MH2O (18) and that for calcium is MCa (40).
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In eq 1, all the terms, except R and t, are constant. Hence, the change
in R with t for all the sealed calcium with different barrier films was
used to determine the WVTR through them.
Another control experiment was carried out to verify the WVTR

through the cured epoxy by sealing a similarly calcium deposited glass
slide with a glass slide using the same epoxy. The value of WVTR
through the epoxy sealing was found to be negligible.
2.5. Simulation Details. Materials studio 6.0 (MS), Accelrys Inc.,

was used for generating bulk structures of PEMA and EVOH and for
simulation studies of the neat PEMA and PEMA-EVOH blend
systems. COMPASS (condensed-phase optimized molecular potentials
for atomistic simulation studies) forcefield39,40 was used during all the
simulations for determining the energetic interactions.
Polymer chains were built following Markov transition probability

scheme of MS Build module. The molecular chains of PEMA of chain
length 33 were constructed with 9 wt % of methacrylic acid and
EVOH of chain length 32 were built with 62 mol % of vinyl alcohol
with chirality inversion probability of 1.0 and flip probability of 0. The
part of the polymer molecular chain with the functional repeat unit for
both the built polymer chain units of PEMA and EVOH polymers is
given in Figure S2, Supporting Information. Thus, built molecular
chains of polymers were optimized for geometry and minimized for
energy initially. Throughout the simulations, all of the energy
minimization procedures were followed by using a cascade algorithm
starting with the steepest descent, changing to conjugate-gradient as
the energy derivative on the atom reduces to 1000 kcal mol−1. This is
followed by the quasi Newton−Raphson method when it is below 10
kcal mol−1 and ends when the convergence limit of 2.0 × 10−5 kcal
mol−1 is achieved.
The Amorphous Cell module is used to build unit cell systems with

PEMA/EVOH (in wt %), 100:0 (neat) and 90:10 (blend), at 308 K
and reduced densities of 0.4 g cm−3 following the method of
Theodoreou and Suter.41,42 Four H2O molecules were inserted into
the constructed neat and blend unit cells at various free volume sites.
The neat and blend unit cell structures were energy minimized. Then,
the optimized neat and blend unit cells were relaxed by subjecting
them to a series of short spanned anneal dynamics and stage wise
equilibration procedure. The anneal dynamics consisted of 5 anneal
cycles from 300 to 500 K with 5 heating ramps per cycle. The system
was compressed from 0.0001 GPa (atmospheric pressure) to 100 GPa
gradually in 5 steps using constant pressure ensemble (NPT)
dynamics at pressures of 0.0001, 0.01, 1, 10, and 100 GPa. The
compressed system was finally relaxed to experimental density in 5
steps. Each NPT step was followed by constant energy (NVE) anneal
dynamics for energy minimization with 5000 steps for 0.5 ps. All the
simulation runs were conducted using Nose ensemble control
method43,44 with Q-ratio of 0.01 for temperature control and
Berendsen control method45 with decay constant of 0.1 ps for the
pressure control. A relatively small time step of dt = 1.00 fs was used
during all the equilibration steps. The main aim is to generate neat and
blend unit cells depicting systems at experimental conditions of 308 K
and 1 bar. The final structure resulting from relaxing the unit cell is
equilibrated using NPT molecular dynamics (MD) for 50 ps at 308 K.
For obtaining the mean square displacement (MSD) of H2O
molecules in the neat and blend systems, the final relaxed and
equilibrated neat and blend unit cell structures were subjected to NVE
MD simulation for 50 ps with a time step of 1.0 fs.
During all the simulations, the cut off for nonbonded interactions

was considered as 18.5 Å with spline width of 1 Å and buffer width of
0.5 Å. The Ewald electrostatic summation method46,47 was used with
an accuracy of 10−5 kcal mol−1 at 6 Å of repulsive cutoff distance and
0.5 Å of buffer width.
2.6. Accelerated Aging Experiments. Organic devices were

fabricated using 1.25 wt % of P3HT in chlorobenzene. 150 μL of

P3HT solution was spin coated onto ITO coated glass slides at 1000
rpm for 1 min and then annealed at 110 °C for 10 min. Aluminum
electrodes were thermally evaporated using a shadow mask as shown
in Figure S3, Supporting Information. These fabricated Schottky
structured organic devices were sealed with the blend films using an
epoxy. Current voltage (I−V) characteristics for all the non-
encapsulated and encapsulated devices were measured using a Keithley
source meter (Model 2420). For accelerated device aging studies,
devices were placed in a humid environment of 95% RH at 35 °C.

3. RESULTS AND DISCUSSION
When PEMA is blended with EVOH, the ethylene chains of the
two polymers are compatible, and the −OH groups of EVOH
and −COOH groups of PEMA result in a highly interacting
blend.33 This helps in decreasing the free volume available for
the penetrant to permeate through the layer. Furthermore, both
the polymers used for blending are capable of forming
hydrogen bonds with permeating H2O molecules. This helps
in providing a strongly interacting environment for water
molecules.

3.1. Characterizations. From the density profile (as given
in Table 1), a density of 912 kg m−3 was observed for the neat
ionomer film. With increasing EVOH content in the blend,
density gradually increased to 936 kg m−3 for S10.

Fourier transform infrared (FTIR) spectra for the neat and
blend films is as shown in Figure 1, the peak observed at 720

cm−1 is caused by methylene rocking in the pendant
backbone.48 The peak at 1258 cm−1 is due to the C−O
stretching vibrations of COOH groups in the hydrogen bonded
dimers.49 The peak intensity increased in the blend as
compared to that in the neat ionomer because of the addition
of EVOH. The bands found in the region 1400−1550 cm−1 are
due to the (CO)O−C groups. Their intensity also increased

Table 1. Density and Transition Temperature for the Neat
and Blend Films

melting point
(°C)

sample
order−disorder transition

temperature (°C) PEMA EVOH
density
(kg m−3)

S0 41.8 92.1 912
S1 42.2 92.6 172.3 917
S3 41.8 92.4 172.3 927
S5 42.3 93.6 173.7 933
S10 42.1 93.6 173.7 936

Figure 1. FTIR spectra for the neat and blend films.
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from S0 to S10 films suggesting the interaction of −COOH
ionomer with EVOH copolymer. This linkage would further
help form an interacting ionomer blend. The single peak at
1587 cm−1 can be attributed to a symmetrizable single peak of
carboxylate groups because of the presence of tetra coordinated
Zn complexes in the blend films.50,51 The peak at 1700 cm−1 is
due to the hydrogen bonded carbonyl groups. The region from
3000 to 2900 cm−1 was an overlap of C−H stretching peaks in
PEMA and EVOH. The broadened peak at ∼3330 cm−1 can be
attributed to hydrogen bonded O−H groups, which was
observed only in the blend films. Thus, the blend of ionomer
and copolymer is compatible, because of the electrostatic
interactions as well as hydrogen bonding, resulting in an
interacting complex blend.
Differential scanning calorimetric (DSC) analysis for the neat

and blend films for order−disorder transition (To) and melting
temperatures (Tm) are tabulated in Table 1. The order−
disorder transition temperatures52,53 observed (Figure 2a)
during first heating cycle for the neat film also appeared in
the blend films. The ionic aggregates become disordered at To
with the supply of thermal energy during the first heating.
During the second heating cycle, these aggregates get
suppressed and thus are not visible. To is associated with the
reversible cross-link formation and self-healing capability of the
ionomer. The addition of EVOH up to 10 wt % did not affect
the ionomer in terms of ionic cluster formation. The melting
temperatures (Figure 2b,c) at ∼92.1 °C (S0) and ∼172.1 °C
(EVOH) for the neat, PEMA ionomer and EVOH copolymer
slightly increased to 93.6 and 173.7 °C, respectively, for the
blend film S10. This increase can be attributed to the increase
in energy required to melt the polymer chains in the interacting
complex blend system. The SEM images for the fractured film
surfaces as given in Figure S4, Supporting Information, depict
the increase in extent of crack formation with increasing EVOH
content in the blend, suggesting the increased interfacial
interactions due to the various possible interactions, in the
interacting complex blend systems. The morphology of the neat
ionomer consists of ionic aggregates of <1 nm.54 The SEM
images for the morphology of neat (S0) and blend (S5) films at
different magnifications are given in Figure S5, Supporting
Information. From Figure S5e,f, Supporting Information, it can
be observed that both the neat and blend morphologies are
similar with ionic aggregates distributed uniformly in liquid like
fashion throughout. This is in coherence with the DSC analysis,
that there is no change in ionic aggregate formation due to the
addition of EVOH to PEMA.
It is observed from the stress/strain plots for all the blend

films (Figure 3 and Table 2), that the tensile strength at break
decreases with increasing EVOH content. The percentage
elongation followed a decreasing trend from S0 to S10, i.e., with
increasing EVOH content. This could be due to the decrease in
chain flexibility arising due to the interactions between PEMA
and EVOH chains. However, the percentage elongation was
>70% for all the films. Hence, these blend films are suitable for
flexible packaging applications.
The UV−visible spectroscopic analysis, given in Figure 4,

suggests that the blend films are capable of absorbing UV
radiation and thus can be used in organic electronics
encapsulation applications to provide UV protection. The
visible light transparency of the films increased with increasing
EVOH content. Blend films exhibited greater than 50%
transparency in the visible region (400−700 nm), and it
gradually decreased in the UV region (230−400 nm).

3.2. Calcium Degradation Test. From the calcium
degradation test, the changes in the normalized conductance
(Ro/R) of calcium with time for all the blend films at 95 ± 3%
RH and T = 35 ± 0.2 °C are given in Figure 5a. The WVTR
through the films was calculated for all the composite films and
shown in Figure 5b. It can be observed that the WVTR value
gradually decreased from S0 to S10 with increasing EVOH
content. All the calcium tests were conducted under similar
conditions. It can also be observed that, with increasing EVOH
content, the time required for complete degradation of calcium
also increased from 3000 to 10 000 s from S0 to S10 with
increasing EVOH content. This can be attributed to the
restricted moisture permeation through the blend system as
compared to that through the neat film. The interactions in the
blend decrease the free volume available for permeation. In

Figure 2. DSC thermograms for the neat and blend films (a) transition
temperatures during first and second heating cycles, (b) EVOH
melting peaks during second cycle, and (c) PEMA melting peaks
during second cycle.
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addition, the permeant, being water vapor, must overcome the
interactions from polar groups of EVOH and PEMA while
penetrating through the film matrix. This increases the time
required for the molecule to pass through the film. Hence, a
gradual decrease in the determined diffusion coefficient for
water vapor through the film was observed from S0 to S10,
assuming the diffusion across a two-dimensional membrane, as
calculated following a previously discussed method.21 The
relative decrease in WVTR by two orders and diffusivity by one
order (Table 3) for S0 to S10, from the calcium degradation
test, suggests the improvement in the barrier property of the
blend system.
3.3. Simulation Results. The equilibrated and relaxed unit

cells at experimental conditions for the neat and blend systems,
after being subjected to NVE molecular dynamics simulations,
resulted in 51 frames in 50 ps, which were used for calculating
the MSD of the H2O molecules through the system. The plots
for averaged MSD of the four molecules of H2O through the
neat and blend unit cells are given in Figure 6a,b. The slope to
calculate the diffusion coefficient is estimated from the linear

part of the MSD plot which corresponds to the Einstein
diffusion limit. The calculated diffusivity value from simulation,
for H2O through the neat system, was 1.2 × 10−11 m2 s−1 and
through the blend system was 0.3 × 10−11 m2 s−1. The value of
the diffusivity decreased in the blend system as compared to the
neat system by a factor of 4. Furthermore, the value of the
diffusivity calculated for the blend system (0.3 × 10−11 m2 s−1)
from molecular simulations was found to be of the same order
as that determined for S10 film (0.6 × 10−11 m2 s−1), from the
calcium degradation test. The diffusivities do not match exactly
with the experimental values because of the difference in the
scales of calculations used for simulation (molecular level
diffusion for a few ps) and for the calcium degradation test

Figure 3. Tensile analysis for the neat and blend films.

Table 2. Tensile Properties of the Blend Films

sample
tensile strength
at yield (MPa)

elongation
at yield (%)

tensile strength
at break (MPa)

elongation at
break (%)

S0 9.0 ± 0.2 11 ± 1 16.7 ± 0.3 221 ± 5
S1 7.5 ± 0.3 11 ± 1 12.3 ± 0.1 184 ± 6
S3 7.5 ± 0.5 10 ± 2 12.1 ± 0.3 145 ± 5
S5 8.1 ± 0.2 10 ± 1 11.1 ± 0.2 116 ± 6
S10 8.2 ± 0.3 8 ± 1 10.7 ± 0.1 78 ± 8

Figure 4. UV−visible absorption spectra for the neat and blend films.

Figure 5. Water vapor permeation behavior through the blend and
neat films from the calcium degradation test. (a) Decreasing
conductivity of calcium and (b) WVTR comparison.

Table 3. Water Vapor Transmission Rate and Diffusivity
Values Determined from a Calcium Degradation Test

WVTR (g m−2 day−1)

time (s) S 0 S 1 S 3 S 5 S 10

0−1000 0.00230 0.0152 0.0053 0.0029 0.0061
1000−2000 0.09302 0.0040 0.0016 0.0050 0.0037
2000−3000 0.12380 0.0078 0.0055 0.0003 0.0033
3000−4000 0.0186 0.0232 0.0003 0.0029
4000−7000 0.0004 0.0030
7000−10000 0.0004
diffusion coefficient
1011 (m2 s−1)

11 1.9 1.3 1.1 0.61
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(diffusion through the bulk film of 130 μm thick in a few
seconds).
The occupiable free volumes determined with various solvent

probe radii for both the neat and blend, equilibrated and
relaxed unit cells, at time t = 50 ps of the MD simulation are
given in Table 4. The probe radii from 0.5 to 0.9 Å were used as
the range which is much less than the mean molecular radius of
H2O molecule (1.3 Å)55 as well as O−H bond distance of 0.99
Å.56 The occupiable volume with respect to the occupied
volume is relatively less in the blend system when compared to
that in the neat system at all probe radii. The free volume
available for the H2O molecules to diffuse through the blend
system is less than that in the neat system. Hence, the reduction
in space available for H2O diffusion decreased the displacement
of the molecule in the blend system in agreement with the
lower diffusivity values observed from both the simulation and
experimental studies. With an increase in the probe radius, the
free volume available for permeation was reduced in both the
systems. The representative snapshots of the occupiable

volumes in van der Waals representation are given in Figure
7a,b.

The channel formation for the molecule to permeate is
dependent on the mobility of the polymer chains in the system.
The mobility of chains in the neat and blend systems were
compared by calculating the autocorrelation functions for the
torsion angle of the C−C(O)−O group of PEMA chains over
the 50 ps of MD simulations. The autocorrelation functions can
be used to compare the limiting time for losing memory about
the initial configuration. The local relaxation dynamics of the
PEMA chain was calculated by determining the decay time for
the autocorrelation function of the torsion angle for the C−
C(O)−O group. From Figure 8, it is observed that C−C(O)−
O groups of PEMA decorrelate the memory of their initial
conformation more quickly for the neat system when compared
with the blend system. It implies that the PEMA chains in the
neat system are more dynamic compared to the blend system.
The interactions between the C−C(O)−O of PEMA and OH
groups of EVOH decreased the chain mobility. The decreased
chain mobility in the blend system helps to decrease the extent
of channel formation for H2O diffusion, supporting the
observed decrease in value of diffusivity. The effect of decreased
chain mobility can also be observed from degradation in tensile
property with increasing EVOH content in the blend.

3.4. Accelerated Weathering Studies. On the basis of
current−voltage (I−V) characteristics (see Supporting In-
formation, Figure S6), all the devices behaved as Schottky
barrier devices. I−V characteristics for all the Schottky
structured devices were measured initially (at time t = 0) and
after accelerated aging (95% RH at 35 °C). After time, t of

Figure 6. Mean square displacement of the four water molecules
during 50 ps of NVE MD simulations at 35 °C and 1 bar in (a) neat
and (b) blend unit cell systems. (Experimental data points are denoted
by points, and the linear fit is the straight line.)

Table 4. Occupiable Volumes for Different Probe Radii Determined from Molecular Dynamics Simulations

occupied volume (Å3) occupiable free volume (Å3) solvent surface area (Å2)

probe radius (Å) neat blend neat blend neat blend

0.6 44817.16 48745.07 152.51 144.97 1483.97 1455.05
0.7 44941.12 48865.91 28.55 24.13 298.21 256.15
0.8 44966.16 48887.62 3.58 2.42 38.13 25.4
0.9 44969.41 48889.85 0.27 0.19 2.92 2.14

Figure 7. van der Waals representation of the occupiable free volumes
(blue colored) for the (a) neat and (b) blend unit cells at 0.7 Å of
solvent probe radius.
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aging, the percentage reduction in current density with respect
to the initial current density for all the devices was calculated
from I−V characteristics (within 0 to 1 V range). The
percentage loss in device performance was calculated for
using the following equations:

=
−

×

t
% change in current density

initial current density (at V) current density at time (at V)
initial current density (at V)

100

= −
% loss in device perf ormance

average of % change in current density over 0 1 V

The loss in device performance with time was plotted as
shown in Figure 9. It is observed that, after 15 min of

accelerated aging, there is ∼98% loss in current density for the
nonencapsulated device but the devices encapsulated with
blend films lost by <3%. The encapsulated devices were stable
for more than 60 min, retaining >50% of their initial
performance. Furthermore, the device encapsulated with S10
film lost by only ∼30% of its initial performance, even after 120
min under accelerated conditions while the neat S0 film lost
∼80% of the performance. This is due to the decreased
moisture diffusivity and the increased barrier property of the
complex interacting blend used for encapsulation. From the

device performance, calcium degradation test, and simulation
results, the blend of PEMA and EVOH can be considered as a
high moisture barrier material. This indicates that the blend can
be used for high moisture barrier applications like organic
device encapsulation.
The barrier layer increases the lifetime of the device by not

allowing moisture to permeate through the film and reach the
device. These blend films can further be improved for barrier
property by addition of a third component capable of
interacting with both the copolymers, by decreasing the chain
mobility and free volume availability, or by increasing the
diffusion pathway to the penetrant.

4. CONCLUSIONS
PEMA is an amorphous, self-healing ionomer, with diffusion
dominant regime for permeation. A highly interacting complex
blend was fabricated by addition of EVOH to ionomer which
consequently improved the moisture barrier property of the
blend. To retain the basic PEMA properties as discussed
previously, EVOH content was restricted only up to 10 wt %.
The blend resulted in electrostatic and hydrogen bond
interactions between the two polymers, reducing the chain
mobility and the free volume available for permeant diffusion
affecting the tensile and barrier properties. The WVTRs
calculated from the calcium degradation test decreased by
two orders for the highest content of EVOH (10 wt %) in the
blend. It further suggested that there is an increasing barrier
property for the blend with an increase in EVOH content. The
occupiable free volume determined from MD simulations was
found to be relatively less for the blend as compared to the neat
system. In addition, the values of diffusivity calculated from the
simulations as well as from the calcium degradation test
indicate an there is an improved barrier property with the
addition of EVOH to PEMA. The accelerated weathering
studies for the nonencapsulated and encapsulated organic
devices proved the blend to be efficient by increasing the device
lifetime to 120 min from 10 min by restoring more than 30% of
the initial device performance. Therefore, blends of PEMA and
EVOH can be used for high moisture barrier applications.
Further improvement in the barrier and mechanical properties
can be achieved with the addition of nanofillers to the blend.
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