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A new, flexible, gas barrier material has been synthesized by exfoliating organically modified nano-clays
(MMT) in the blends of Surlyn (PEMA) using a copolymer of vinyl alcohol (EVOH) and demonstrated as a
gas barrier material. The materials were characterized by Fourier transform infra red (FTIR) and UV-visible
spectroscopy, differential scanning calorimetry (DSC), thermo-gravimetric analysis (TGA) and tensile
studies. The oxygen and water-vapor permeabilities of the fabricated films were determined by calcium
degradation test and a novel permeability setup based on cavity ring down spectroscopy, respectively.
Hierarchical simulations of these materials helped us to understand the effect of intermolecular

interactions on diffusivities of oxygen and water molecules in these materials. Schottky structured
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aging studies, the fabricated PEMA/EVOH/MMT composites were found to be effective in decreasing the
permeabilities for gases by about two orders of magnitude and maintaining the lifetime of organic devices.
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of polymeric chains of (a) EVOH and (b) PEMA (with hydrogen, carbon and oxygen
in white, grey and red colors respectively) (Fig. S1), representation of (a) ODA
conformer and (b) APTMS (with hydrogen, carbon, oxygen, nitrogen and silicon
in white, grey, red, blue and yellow colors respectively) (Fig. S2),
montmorillonite clay (a) in crystal lattice with charging (b) platelet structure
with octahedral alumina sandwiched between tetrahedral silicates with basal
surface area of 20 A x 20 A (Fig. S3), (a) modified montmorillonite (MMT) clay
with ODA and APTMS in the gallery spacing (b) PEMA/EVOH/MMT composite
system after MDSA dynamics (Fig. S4), DPD unit system with the beads of
PEMA (P1 (in blue), E1 (in red)), EVOH (E1 (in red), E2 (in green)), H,O (in grey)
and O, (in white) in the blend systems (a) B0O (b) B10 (c) B20 (d) B30 and sliced
unit DPD cells for E1, E2 and P1 densities in (e) B0 and (f) B30 compositions
(Fig. S5), FTIR analysis for the blend compositions B00, B10, B30, B11, B12, B31
and B32 (Fig. S6), DSC analysis for the blend compositions B00, B10, B30, B11,
B12, B31 and B32 (a) for order-disorder transitions (b) for melting properties
(Fig. S7), thermogravimetric analysis for the neat Surlyn, (a) B2 series blend and
(b) B1 and B3 series (Fig. S8), (a) tensile analysis and (b) UV-visible transparency
for the blend compositions B00, B10, B30, B11, B12, B31 and B32 (Fig. S9), (a)
OTR from calcium degradation tests (b) WVTR from CRDS based permeability
setup for the blend compositions B10, B30, B11, B12, B31 and B32 (Fig. S10),
diffusivities of (a) O, and (b) H,O beads through the neat, blend and composite
films (B0O, B10, B11, B12, B30, B31 and B32), over the 400-500 DPD time units
from the scaled DPD simulations (Fig. S11), -V characteristics for encapsulated
P3HT based Schottky device with B0O film before and after accelerated aging at
different times (Fig. S12). See DOI: 10.1039/c3ra47442a
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1. Introduction

Barrier materials are required for encapsulation in various
applications ranging from packaging of food and pharmaceuti-
cals to photovoltaics in order to protect them from detrimental
effects of moisture and oxygen. The permeability of the vapor/
gas through the barrier material determines the lifetime of the
packed product.*® In applications such as organic photovoltaics,
light emitting diodes, thin film solar cells, liquid hydrogen
storage, etc., flexible, lightweight, ultra high gas barrier materials
are needed.*® For such applications, oxygen transmission rates
(OTR) < 10> cm® per m* per day per bar and water vapor
transmission rates (WVTR) < 10~ g per m per day are required.
Though inorganic materials such as glass offer high barrier to
gases, they are not suitable for flexible, roll to roll processing and
lightweight applications.® Polymers are flexible and easily
processable but have poor barrier properties. Therefore, a
secondary phase and/or inorganic component is added as filler/
layer to the neat polymer for achieving high gas barriers.
Inorganic oxides on polymeric substrates in a layered archi-
tecture have been used to achieve the ultra high barrier require-
ment by following complex deposition techniques such as plasma
enhanced chemical vapor deposition and atomic/molecular layer
deposition.”® These techniques are not economical and thus
difficult to commercialize. Moreover, problems like nano level
pinhole mediated permeation, crystal boundary effects, formation
of dark spots are evident in layered materials.” Therefore, in order
to avoid such problems, direct reinforcement of polymers with
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inorganic/organic nano components by simple processing tech-
niques is being extensively investigated.™

Various inorganic nano fillers such as silica,"” alumina,®
zinc-oxide," clays,” boron nitride,' etc., have been previously
used for improving the barrier properties of polymeric mate-
rials. The presence of electrostatic, ionic, hydrogen bonding
and van der Waals interactions would result in better compat-
ibility between the two blended components.'” The geometry of
the filler material and the availability of free volume for the
permeation of gas molecules through the material influences
the resultant barrier property.'®*®

Poly(ethylene-co-methacrylic acid) (PEMA) is a self healable
ionomer**** where permeation of gases is diffusion dominant
while poly(vinyl alcohol-co-ethylene) (EVOH) exhibits good
oxygen barrier property. Blending these two polymers can result
in the formation of ester linkage and hydrogen bonds
decreasing the available free volume for permeation and the
inter-segmental motion of the polymer molecules.”” The addi-
tion of modified nano-clays to neat EVOH will increase the
compactness of the composite by decreasing the free volume
due to the compatibility between the matrix and filler. Further,
addition of inorganic platelets like clays would result in
increased diffusion pathways through the matrix.>® From our
previous studies on the effect of the addition of inorganic
phases such as zinc oxide (ZnO), alumina (Al,0;) and nano clays
on water vapor barrier, modified clay was found to provide
better barrier due to the increased tortuous pathway for the
permeant.”'*** ZnO can form reactive traps for permeating
H,0 with the alcohol groups on polymer. However, the solu-
bility of the polymer will be affected due to the presence of -OH
groups which increases the permeability of the system. There-
fore, in this work, a system with diffusion dominant regime
based on Surlyn was chosen which exhibited improved mois-
ture barrier with the addition of EVOH due to the reduction in
free volume.* In order to improve the barrier properties further,
modified clay has been chosen. All the three components, Sur-
lyn, EVOH and modified montmorillonite clays (MMT) cannot
be blended into single system as it results in phase separation
and aggregation. Therefore, the composite of EVOH and
modified clay fabricated by solution casting was blended with
Surlyn by melt extrusion to achieve the synergistic effect of both
the blend and composite materials.

Apart from designing materials with ultra-high gas barrier
properties, development of techniques for determining ultra-
low permeability measurements is also important. Techniques
based on infrared spectroscopy,” coulometry,” mass spectros-
copy,’® tritium based radioactive decay,”” gravimetry,*® calcium
degradation® and electrochemical methods*® are available for
determination of WVTR. Of all these techniques, only the
tritium based radioactive decay and calcium degradation test
can be used for determining the ultra low permeabilities of
WVTR ~10"° g per m? per day. However, tritium based tech-
nique is neither economical nor environmental friendly.
Calcium degradation test cannot be used for long term studies
due to the constraint on the thickness of the calcium film
deposited. Moreover, the validity of calcium degradation test is
dependent on the resistivity of calcium, which is constant only
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above a film thickness of 100 nm. Below 100 nm, the resistivity
of calcium varies with thickness due to the presence of grain
boundary effects.** One mole of calcium reacts with two moles
of water but only with half mole of oxygen. In this work, calcium
degradation test was used to determine OTR only.

In order to determine WVTR, a novel technique based on
cavity ring down spectroscopy (CRDS) method** was developed
for determining the permeabilities of barrier materials. This
setup is capable of measuring WVTR varying from 10 ° to 100 g
per m> per day. It is based on direct measurement of the
number of permeant water molecules through the barrier films.
This patented technique® has been further used to characterize
the fabricated blend composite barrier films in this work.

Molecular structure and dynamics studies help in the funda-
mental understanding of the system and its properties. Polymer
nanocomposites, because of their hierarchical structures, require
simulations at various time and length scales to correlate the
atomistic phenomena at the macro level.** Several studies have
investigated the diffusivities of oxygen and water in various
polymers such as rubbery polymers,*?® poly(ether-ether-
ketone),?” silicones,*® etc. Therefore, a hierarchical modeling
approach based on molecular dynamics (MD) and dissipative
particle dynamics (DPD) has been developed to ensure the
understanding of the diffusion properties of water and oxygen
molecules through the blend composites developed in this study.

The first objective of this study was to fabricate and char-
acterize the blend composite of Surlyn/EVOH/modified MMT.
The second objective was to determine the barrier property
based on the new CRDS based permeability setup for
measurement of WVTR and study the effect of interactions from
simulations. Finally, the composites were tested for their suit-
ability for encapsulating organic devices based on accelerated
aging experiments.

2. Experimental details

2.1. Materials

PEMA (9 wt% methacrylic acid, neutralized with zinc salt (0.5-
5%)), copolymer of vinyl alcohol and ethylene, EVOH (38%
ethylene) and montmorillonite (MMT) (clay surface modified
with 15-35 wt% of octadecylamine and 0.5-5 wt % of amino-
propyltrimethoxysilane) were obtained from Sigma Aldrich Ltd
(St. Louis, MO). Dimethylsulfoxide (DMSO), tetrahydrofuran
(THF), chlorobenzene and carbon tetrachloride (CCl,) solvents
of ~99.5% purity were obtained from S.D. Fine Chem. (India)
and were used without any further purification. Poly(3-hex-
ylthiophene) (P3HT) was purchased from Rieke Metals Inc.
(USA). A curable epoxy resin, Lapox L12, was obtained from Atul
Industries, Ltd. (India).

2.2. Processing

Modified clays are platelets of aluminosilicates separated by
organic functional groups.® Better dispersion and exfoliation of
the clays in polymer can be achieved by swelling the clays
initially in polymer solution. Direct melt mixing of modified
clays with Surlyn will not result in the complete exfoliation of
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clay platelets due to the lack of favourable interactions between
the two components.*® Therefore, in the present study, modified
clays were initially allowed to swell and intercalate in the EVOH
copolymer, which was then melt mixed with Surlyn. Thus, the
processing of the composite blend consisted of two steps:
solvent casting and melt mixing.

Initially, DMSO was used to dissolve EVOH at 80 °C by
continuous stirring. The wt% of clay added is lower than the
percolation threshold for intercalation (12% for EVOH and
modified MMT), above which transition occurs due to floccu-
lation. Modified MMT was then dispersed in EVOH solution at 5
and 10 wt% for 24 h and subjected to sonication for 15 min.
Mechanical stirring and sonication help in swelling of MMT
layers and their exfoliation, respectively.

The dispersions of EVOH/modified MMT were casted on a
Teflon™ coated mold 100 °C to obtain composite films. These
composite films were completely dried of the residual solvent by
subjecting to vacuum at 30 mm Hg for 24 h. The neat EVOH and
composite films were further cut into pieces and blended with
various wt% of PEMA in Haake mini screw extruder with
counter rotating screws at 100 rpm for 10 min at 190 °C under
nitrogen purging. The first letter 7, in the designation Bijj
represents the composition of the blends of PEMA and EVOH.
B0, B1, B2 and B3 correspond to 100, 95, 90 and 80% of PEMA in
the blend composite. The second letter j represents the % of
modified MMT in the blend composites. The final compositions
of the blend composites obtained (in wt%) (PEMA, EVOH,
modified MMT) were designated as B00 (100, 0, 0), B10 (95, 5, 0),
B11 (95, 4.75, 0.25), B12 (95, 4.5, 0.5), B20 (90, 10, 0), B21 (90,
9.5, 0.5), B22 (90, 9, 1), B30 (80, 20, 0), B31 (80, 19, 1) and B32
(80, 18, 2) and are summarized in Table 1. The wt% of EVOH
was confined to 20% in the blend so that the matrix would be
pertained to diffusion dominant regime of Surlyn. The samples
were classified as Bij where i represents EVOH and j represents
MMT. i, j = 0 implies the absence of the corresponding
component in the blend/composite. The extruded blends were
fabricated into films by compressing with a force of 20 kg cm >
for 1 min at 200 °C. The thickness of the films was ~50 4+ 5 um.

2.3. Material characterization

ASTM D1505 standard was followed to construct the density
gradient column for determining the density of all the
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fabricated films. Various mixtures of THF (890 kg m*) and CCl,
(1590 kg m™~?) with different densities were slowly poured along
the side wall of the column.” Then the films were slowly
released into the column and their positions were noted after
settling.

Fourier transform infrared (FTIR) and UV-visible character-
izations of all the fabricated films were carried out using IR
spectrometer (Thermo-Nicolet 6700) from 400 to 4000 cm ™" at
4 cm™! interval and UV-visible spectrometer (Perkin Elmer
Lambda-35) from 240 to 1100 nm at 1 nm interval, respectively.
Thermal transition and melting properties of all the composi-
tions were determined from differential scanning calorimetry
(DSC) (Mettler Toledo DSC 822°). Heating and cooling rates of
5 °C min~ "' were used during the two consecutive cycles from
—60 to 220 °C and 220 to —60 °C, respectively, under the flow of
nitrogen. Thermal degradation studies were conducted with
heating at 10 K min~ ' with a TG/DTA instrument (Perkin Elmer
S11 Pyris Diamond) under nitrogen.

Tensile analysis was carried out for not less than 3 samples
from each composition. They were characterized on a micro
UTM (Mecmeisin), with a load cell of 10 kN at 25 mm min~" in
accordance with Type V, ASTM D882-12 standard. The X-ray
analysis of the modified MMT and blend composite films was
carried out in grazing mode at an incidence of 0.5° using Rigaku
X-ray diffractometer at a scan rate of 1° min~* from 0.5° to 5°. A
humidity chamber (Kaleidoscope, KEW/PHC-80), was used for
controlling humid environmental conditions during moisture
absorption, calcium degradation, CRDS based WVTR
measurement and accelerated device aging experiments. Water
vapor sorption studies were carried by hanging the films at 95%
RH at 35 °C for 48 h.

2.4. Calcium based permeability test

Degradation of a sealed thin film of calcium was used to
determine the OTR through the barrier films. OTR was deter-
mined by measuring the change in resistance of the calcium
film with time under controlled oxygen conditions.*' Calcium of
density (9) was thermally deposited at the center (I x b =1 cm X
1 cm) onto a cleaned glass slide (I x w = 2 cm x 2 cm). The
200 nm thick calcium film is connected on either side with
thermally deposited 300 nm thick aluminium electrodes. The
glass slide with calcium was then sealed with the barrier film

Table 1 Thermal, mechanical and water vapor absorption properties for all the films

Sample (PEMA : Order-disorder ~ Melting temp.  Onset temp. of Ultimate tensile ~ Elongation = Modulus of = Water vapor
EVOH : modified transition of PEMA degradation strength at break elasticity absorption
MMT) (in wt%) temp. (°C) (°Q) (at 5% wt loss) (°C)  (MPa) (%) (MPa) (Wt%) in 48 h
B00 (100: 0: 0) 45.3 97.3 400.5 9.2 £0.3 140 + 2 105 1.41

B10 (95:5:0) 44.8 97.9 382.2 9.3 £0.4 93 +4 164 1.33

B20 (90:10:0) 44.7 97.4 373.4 10.3 £ 0.4 84 + 3 235 0.88

B30 (80:20:0) 44.7 97.6 365.8 8.2+ 0.2 48 £ 8 226 0.46
B11(95:4.75:0.25) 44.7 97.1 387.0 9.4 £ 0.1 115+ 4 124 1.07

B21 (90:9.5:0.5) 44.7 97.4 342.1 9.1 £0.2 76 £5 201 0.31
B31(80:19:1) 44.7 97.3 327.9 9.3 £0.3 64 5 260 0.17

B12 (95:4.5:0.5) 45.3 97.2 369.3 7.5 £ 0.6 51+7 145 0.48
B22(90:9:1) 45.3 97.3 363.2 10.0 £ 0.3 89 +3 195 <0.01
B32(80:18:2) 45.8 97.3 356.3 9.2 £0.1 91+£5 262 <0.01
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using epoxy. Thermal depositions and sealing were carried
inside the Mbraun glove box with inert atmosphere (H,O < 5
ppm, O, < 10 ppm). The sealed device** was placed in a oxygen
chamber as shown in Fig. 1(a) (at ambient temperature with
moisture content < 100 ppm) OTR experiments. When oxygen
permeates through the sealed barrier film, calcium starts
reacting forming its oxide increasing the resistance of calcium
film. The increase in resistance (R) with time (¢) is continuously
monitored using a digital multimeter. Oxygen (Mo, = 32)
permeated through the barrier film is calculated using eqn (1).

‘(2

1\ Mo, , (I\ \R)|(R.T

TR = |—(= 20p( - — 1
o= |-(aew) (%) W
Mc, = 40 and p, R,, T and P (= 1 bar) correspond to the resis-
tivity of calcium, gas constant, temperature and pressure,
respectively. Due to the dependence of the calcium resistivity on

its film thickness, only thickness higher than 100 nm is used for
determining WVTR/OTR.

2.5. CRDS based WVTR measurement

A new setup based on CRDS has been developed to measure
WVTR. CRDS is generally used for the determination of
concentration of trace analyte species in a flow gas.** It works on
the principle of extinction of light pulse of a particular wave-
length captured in a cavity due to reflectivity losses and
absorption by the analyte species present in the cavity. The time
taken for the intensity of light to decay down to zero in the test
cell is measured by CRDS.**** Hence, this technique is capable
of measuring concentrations up to parts per trillion (ppt) level
of the contaminant/analyte present in the test cell. The patented
setup devised with CRDS for measuring WVTR of the barrier
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films as low as 10~ ° g per m” per day was used for determining
WVTR of the blend composite films.

CRDS (Tiger optics, HALO+ 500 ATM Moisture Analyzer) with
a sensitivity of £0.01 ppb and an accuracy of 4% of reading in
the operating range 20-500 ppm H,O has been used in the
setup. Humidity and temperature sensors (EXTECH, RH520)
with an accuracy of £3% for RH and +1 °C for temperature, a
mass flow meter (Honeywell, AWMS5200 series) in the range of
0-5 LPM, and humidity chamber were used in the setup. All the
sample lines were constructed using 316L stainless steel and 10
Ra surface finished copper tubing and were connected with
VCR™ fittings. Leak rate was tested throughout the setup and
was found to be below 2 x 10~ mbar L s * for N,

The schematic for the CRDS based permeability setup is
shown in Fig. 1(b). The test chamber consists of two flanges
between which the sample to be tested is placed. The bottom
flange is purged with nitrogen at 500 cm® min " with the outlet
connected to the inlet of CRDS test cell. The outlet line from the
CRDS is connected to a flow meter, to measure the flow rate of
the purge gas (N,). The top flange, i.e., the other side of the test
sample is pumped with humid air from the humidity chamber.
The outlet of this line is connected to the humidity sensor to
continuously monitor relative humidity. The water vapor that
permeates through the test sample from humid air into
nitrogen gas is analyzed and the H,O concentration is measured
with time by the CRDS. The pressure in the test cell is main-
tained at 1.12 bar.

Initially N, gas was purged on either side of the sample for
stabilization of CRDS reading as well as to remove the absorbed/
adsorbed moisture in the flow lines. After attaining steady state,
water vapor flow was started on the other side of the film at
30 °C and 93 £ 2% RH. The steady value is considered as the
base line value (C,). The concentration (Cy), reading from CRDS,
starts increasing once the H,0 molecules permeate through the

(€))
IF Oxygen flow inlet
Oxygen flow outlet @
Electrical connections
Sealed calcium device
Hiamidity Flow: Knlet Humidity Flow: Outlet (Connected to humidity sensor) ’
¥ — Top Flange — » (b)
—_— = Bottom Flange ﬂ
—

Purge gas: Inlet

Test chamber

ToCRDS —*

Connected to
Digital mass flow sensor

CRDS Test Cell

-—

l Acceptor gas: Outlet

Fig.1 Schematic for permeability setup for determining (a) OTR by calcium degradation test and (b) WVTR using cavity ring down spectroscopy.
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film (from humid air flow) and enter the other side (to purge
flow). Thus, the increase in the concentration from the base
line, gives the water vapor permeability (WVTR) following eqn
(2), where Ny, is the nitrogen flow rate and A is the effective
area of the test sample exposed to humid air.

(Ci— Co) x (18 X Niow)

WVTR = U 10 )

2.6. Accelerated aging experiments

Schottky structured devices were fabricated using P3HT as the
active organic material. P3HT was dissolved in chlorobenzene
and was spin coated on to ITO coated glass slides at 1000 rpm
for 60 s. All the devices were annealed at 125 °C for 10 min prior
to aluminium electrode deposition. Then the devices were
encapsulated with the blend and composite films using epoxy
sealing at the edges.”” The devices were then placed in accel-
erated conditions of 95% RH and 35 °C for aging studies.
Current-voltage (/-V) characteristics were measured using a
source meter (Keithley, 2420C) at various time intervals.

2.7. Simulation details

The main aim of simulating the blend composite system was to
study the time evolution of the system of particles and to
determine the diffusion properties of gases (O, and H,0) in
these materials. The molecular structures of Surlyn, EVOH,
modified MMT, H,0, O, and beads representing them and for
molecular as well as dissipative particle dynamics simulations
were generated using Materials studio 6.0 (Accelrys Inc.) (MS).
The energetic interactions for PEMA, EVOH, octadecylamine
(ODA) and aminopropyltrimethoxysilane (APTMS) during MD
simulations were acquired using COMPASS forcefield.*> Non-
bonded energy interactions were determined using Ewald
summation method with a convergence limit of 10~> kcal mol ™"
throughout the MD simulations.

Polymer chains of PEMA and EVOH with chain lengths of 34
and 20, respectively, were built using the MS Build module
following Markov transition probability scheme (given in
Fig. S1(a) and (b)T).*® They were constructed in such a way that
PEMA chain contained 9 wt% of methacrylic acid and EVOH
contained 62 mol% of vinyl alcohol with chirality inversion and
flip probabilities set to values of 1.0 and 0, respectively. Simi-
larly, organic functional molecules ODA and APTMS (Fig. S2(a)
and (b)t), H,0, O, were constructed. All the polymers and small
molecules were geometrically optimized and energetically
minimized following the smart algorithm, using series of
steepest descent, conjugate gradient and quasi Newton-Raph-
son methods.*~*° The convergence limit of the energy minimi-
zation step was set to 2.0 x 10> kcal mol~*. Conformers for
PEMA, EVOH, ODA and APTMS were searched for using Boltz-
mann jump distribution over 10° conformers for lowest energy
conformations.”® The conformations with least energies were
further used in next steps. PEMA, EVOH, ODA and APTMS
molecules were allowed for molecular dynamics simulated
anneal (MDSA) dynamics.* Following the MDSA protocol, each
system was equilibrated for energy by NPT (constant pressure)
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molecular dynamics (MD) and NVT (constant volume) at 308 K
and 1 bar for 10 ps. Finally, the MDSA protocol ended with NVE
(constant energy) dynamics for 10 ps. The equilibration simu-
lation runs were carried with Q-ratio of 0.1 in Nose ensemble
control method for temperature control,* with a decay constant
of 0.1 ps using Berendsen control method for the controlling
the pressure,* and with a time step of 1.00 fs.

The charges on the atoms of ODA and APTMS were deter-
mined from MS DMol® calculations. Single point quantum
mechanical energy calculations were used for electrostatic
potential fitting using the PBE exchange-correlation functional®*
with the limit of tolerance at 10~ ® Ha with double numerical plus
polarization 4.4 basis set.>®> The MMT periodic structure with
CEC of 148 mequiv./100 g was built using MS Crystal builder
module with the crystallographic coordinates for pyrophyllite
clays (monoclinic lattice, c2/m) and exchanging sufficient atoms
of aluminium with magnesium.*® The charges were given to the
atoms of MMT according to experimental values.”” The potas-
sium ions in the gallery spacing between clay layers were
removed to obtain negatively charged MMT layers. The built unit
crystal (Fig. S3(a)T) was extended further to obtain a super cell
(Fig. S3(b)f) of dimensions 20 A x 20 A x 20 A. Then the MMT
basal surfaces are covered with charged ODA and APTMS mole-
cules sufficient for maintaining charge neutrality of the modified
MMT and to obtain similar clay as used experimentally.

The amorphous cell module of MS was used to build a cell
system with 3 platelets of modified MMT from the constructed
MMT super cell at 308 K with the simulation box open in one
direction perpendicular to the basal surface of clays for
adjustment of gallery spacing (i.e., clays were allowed to move
only in Z direction). The unit cell was relaxed by subjecting it to
NPT (constant pressure) molecular dynamics (MD) for 50 ps
followed by NVT (constant volume) at 1 bar and 308 K with time
step of 0.1 fs.*® As simulation proceeds with time, the ODA and
APTMS molecules cover the surface of MMT due to the favorable
interactions and the final gallery spacing was found to be ~18 A.
The obtained modified MMT (Fig. S4(a)f) from the final NVT
MD simulation was considered as the optimized clay structure
similar to experimental clay and further used in final MD and
DPD simulations for acquiring the energy and diffusion prop-
erties, respectively.

Two platelets of modified MMT from the previously modified
MMT structure were used along with the polymeric chains of
PEMA and EVOH in a unit cell to simulate the blend composite.
The PEMA and EVOH chains were placed in the gallery spacing
between the platelets. Following MDSA protocol, the system was
allowed to equilibrate using 5 anneal cycles and 5 heating
ramps with mid cycle temperature at 1000 °C and a convergence
limit of 2 x 10~* keal mol~* A~*. Then the system was subjected
to NVT dynamics at 308 K after which the gallery spacing was
found to be 53 A (Fig. S4(b)f). The increase in gallery spacing
was similarly observed experimentally after processing of the
blend composite. A single platelet of modified MMT along with
the polymeric chains PEMA and EVOH from the final equili-
brated cell were inserted in another cell and subjected to 50 ps
of NVT MD simulations followed by NVE dynamics for obtaining
interaction energies between the components of the system.

This journal is © The Royal Society of Chemistry 2014
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The binary interaction energies between any two components of
the system were determined by removing other components
from the final, energy minimized simulation cell and subjecting
to energy of mixing calculations. Thus the obtained total ener-
gies and non bonded energies were further used for calculating
the repulsive interaction DPD parameters required for meso-
scale simulations.

The DPD system for the blend nanocomposite consists of E1,
E2, P1, D1, D2, A1, A2, m, H,O and O, beads. The beads E1, E2,
P1 correspond to ethylene, vinyl alcohol and methacrylic acid
monomer unit constituents of the polymers PEMA and EVOH.
D1 and D2 and A1 and A2 represent head-tails for the ODA and
APTMS groups used for modification of MMT. The H,O0 and O,
beads refer to water and oxygen molecules, respectively. The
bead m corresponds to MMT platelet. All the beads were
calculated for their characteristic dimension according to the
bead volumes as determined by the Connolly algorithm.*® The
DPD systems were constructed by mapping the atomistic
simulation energies on to mesoscale system and following a
similar approach used previously.*®

The DPD simulation box was set with dimensions 40 x 40 X
80 for all the compositions (B00, B10, B20, B30, B11, B21, B31,
B12, B22, B32) with a density of p = 3 using ~3000 beads
(Fig. S5(a)—~(d)t). A repulsive wall has been used to represent
MMT platelet and covered with beads of m type and are fixed in
position. Hence, non bond energy of the bead m is considered
zero during simulations. The contributions from beyond binary
interactions were neglected in all the energy calculations. The
values of self interaction energies (Ej;, i = j) are calculated from
their equilibrium non bonded energies (E,,) and the binary
interaction energies (Ej;, i # j) are calculated from eqn (3) where
n;; represent the number of contacts between the beads.

E\, =n By + npEy + 2nE)) (3)

The interaction energies obtained from molecular dynamics
simulations after rescaling to DPD energies are given in Table 2.
The bead-bead interaction parameter for the P1-P1 system was
set to 25 and the E1-D1 interaction was set to 32. Thus the
energy for P1-P1 interaction and the E1-D1 interaction corre-
sponds to DPD interaction parameters of =25 and 32 respec-
tively. Based on this scale, all the other values of interaction
parameters were rescaled. The calculated values of DPD inter-
action parameters for all the bead combinations are given in
Table 2. The values of wall interactions with beads m are set to
50 and with other beads to >270. In the DPD cells for blends of
PEMA and EVOH (Fig. S5(e) and (f)1), it can be observed that the
methacrylic acid beads (P1) were surrounded by the vinyl
alcohol beads (E2) due to the non-bonded, electrostatic inter-
actions between the two components. The DPD simulation was
carried out for 1000 DPD time units with a time step of 0.1.
From these final DPD simulations, the diffusivities of H,O and
0O, were determined.

DPD simulation following the modified velocity Verlet algo-
rithm®* for integrating the equations of motion of the beads was
used to finally determine the diffusivities of water and oxygen
through the blend composite systems. The diffusivity of H,O
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and O, beads through the neat, blend and composite systems
during the time 400-500 DPD units was considered for
comparison studies.

3. Results and discussion

The complex blend composite of Surlyn, EVOH and modified
MMT forms a highly interacting matrix as well as tortuous
diffusion barrier for permeating molecules. When modified
MMT is dispersed in EVOH, the polymer-filler compatibility and
the gallery spacing between clay platelets increase. The
blending of EVOH/modified MMT composite with Surlyn ion-
omer further results in electrostatic interactions between the
two copolymers. All the interactions in the composite help
decreasing the free volume, segmental chain mobility and
thereby resulting in reduced permeability. The barrier proper-
ties of the composite materials are discussed based on experi-
mental as well as theoretical simulation studies. The figures for
PEMA/EVOH blend with composition (in wt%) 90 : 10, ie., the
B2n series (n= 0, 1, 2) are separately compared with the neat
system (B00) for ease of understanding. The characterization
and results for other compositions are given in the ESLf

3.1. Characterizations

FTIR analyses for the neat, blend and composite films are given
in Fig. 2(a) and S6.f The peaks in the region 474, 523 and
690 cm ' refer to the presence of aluminosilicates in the
composites.” The doublet observed at 729 and 721 cm ™" corre-
sponds to the rocking of methylene in the pendant backbone®
and the peak at 1266 cm™" can be attributed to the stretching
vibrations of C-O of carboxylic acid groups in the dimers with
hydrogen bonds in Surlyn.** These hydrogen bonds help
restricting the segmental mobility of polymer chains. The bands
in the range of 1420-1500 cm ™" are attributed to the bending of
methylene groups.®® The peaks at 1587 and 1697 cm ™" corre-
spond to the carboxylates of tetra coordinated Zn complexes and
to the H-bonded carbonyl groups respectively.®

The band at 2660 cm™' corresponds to the stretching of
hydrogen bonded —-OH of carboxylic acids. The peak intensity
decreased with the addition of EVOH due to the interaction of
—-COOH of Surlyn with EVOH resulting in a decrease in the
availability of COOH for hydrogen bonding. Similarly, the
intensity of the peak increased with the addition of MMT to
the blend of PEMA/EVOH due to the decreased number of -OH
groups of EVOH available for interaction with PEMA (due to
interactions between EVOH and MMT). The resultant band
between 3000 cm™" and 2800 cm ™" can be ascribed to the
overlap of stretching vibrations of C-H in PEMA, EVOH and
MMT. The broad peak at ~3300 cm™ ' for the blend and
composite films can be assigned to the H-bonded ~OH groups.*®
The intensity of this peak increased with the addition of EVOH
and decreased with the addition of MMT and was observed to be
highest for the B21 composition. The narrow peaks at 3603 and
3644 cm™ ' correspond to the stretching vibrations of non
hydrogen bonded OH groups. This indicates that interactions
exist between the EVOH and modified MMT, between PEMA
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Table 2 DPD bead-bead interaction energies rescaled from MD simulations and interaction parameters for all the beads

E1 E2 P1 D1 D2 Al A2 m

E;i (keal mol™)

E1 0.0002 0.0577 0.0048 0.0001 —0.0190 0.0001 —0.0714 —0.0687
E2 0.0577 —0.0057 —0.0700 —0.0190 0.0001 —0.0714 0.0001 —0.0687
P1 0.0048 —0.0700 0.0099 0.1317 0.0001 —0.0038 —0.0038 —0.0006
D1 0.0001 —0.0190 0.1317 0.0480 0.0293 0.0569 0.0569 —0.0327
D2 —0.0190 0.0001 0.0001 0.0293 0.0142 0.0569 0.0569 0.0001
Al —0.0714 0.0001 —0.0038 0.0569 0.0569 0.0052 0.0012 —0.0612
A2 0.0001 —0.0714 —0.0038 0.0569 0.0569 0.0012 —0.0062 0.0001
m —0.0687 —0.0687 —0.0006 —0.0327 0.0001 —0.0612 0.0001 0.0000
iy

E1 31.90 1.00 28.64 31.99 45.64 31.99 83.07 81.14
E2 1.00 36.13 82.07 45.64 31.99 83.07 31.99 81.14
P1 28.64 82.07 25.00 0.15 31.99 34.78 34.78 32.49
D1 31.99 45.64 0.15 1.00 11.14 0.50 0.50 55.42
D2 45.64 31.99 31.99 11.14 21.92 0.50 0.50 31.99
Al 83.07 31.99 34.78 0.50 0.50 28.35 31.21 75.78
A2 31.99 83.07 34.78 0.50 0.50 31.21 36.49 31.99
m 81.14 81.14 32.499 55.42 31.99 75.78 31.99 32.07

densities for the neat, blend and composite films are given in
Fig. 3. Neat Surlyn film was observed to have the lowest density of
~930 kg m>. The density of the Surlyn/EVOH blends increased
with the addition of EVOH content to the blend and it is observed
to be ~960 kg m™* for the B30 composition. Further, with the
addition of modified MMT to EVOH, the density of the blends
increased up to 972 kg m >, as observed for B32 composition. This
suggests the increase in matrix density of Surlyn due to the addi-
tion of the two interacting components.

XRD analysis was carried out in order to verify the extent of
intercalation of modified MMT in the nanocomposites. The

Transmittance (a. u.)

4000 3000 2000 1000

) gallery spacing between the modified MMT layers is ~20 A

Wavenumber (cm’) (Fig. 2(b)). When the modified MMT is blended with polymers,

the layers are further separated due to the mechanical stresses

—B0O during processing of the composites. The organic modifications

""""" B20 of the clays help achieving better compatibility between the
N ﬁ;; hydrophobic polymeric and the hydrophilic inorganic phases.

From XRD analysis of the blend composites (Fig. 2(b) and S77)
with modified MMT, the peaks for gallery spacing are observed

- modified MMT

Intensity (a. u.)

1000

1 i 3 4 5
20

Fig. 2 (a) FTIR spectra and (b) XRD peaks referring to gallery spacing
for the neat (B0O0), blend (B20) and composite (B21, B22).

Density (mg cm’)

and EVOH and are favorable, resulting in compatibility between
the components, thereby decreasing the free volume and 9004
increasing the density synergistically_ B00 B10 B20 B30 B11 B21 B31 B12 B22 B32

Hence, the densities of fabricated films with different compo-  Ffig. 3 Density profiles for neat PEMA, PEMA/EVOH blends and PEMA/
sitions were determined to evaluate the effect of interactions. The EVOH/MMT composites.
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at 20 < 1.5°. This suggests the spacing between the modified
MMT platelets is =60 A in these composites. This increase in
gallery spacing suggests that the processing techniques used
were effective for achieving good barrier materials with
increased diffusion path length® for the penetrant. The peaks
observed at 21.3, 23.7 and 44.6° correspond to the presence of
[110], [200] and [121] crystal planes of the crystalline ethylene
content in the Surlyn ionomer.

Differential scanning calorimetric (DSC) characterization for
the neat, blend and composite films are shown in Fig. 4(a) and
(b), S8(a) and (b).t The self healing mechanism of Surlyn is
related to the reversible ionic aggregate formation when
supplied with thermal energy. The order-disorder transition
temperatures (T,) where the ionic aggregates become disor-
dered® during heating define the self healing capacity of Surlyn.
The value of T, decreased by ~0.6 °C with the addition of EVOH
to Surlyn and it increased with the addition of modified MMT to
the blend. This suggests the self healing capacity of PEMA/
EVOH blend is retained with the addition of filler. The peaks
observed in the DSC thermogram correspond to the melting
temperatures of all the blend composite films and were in the
range 97.1 to 97.9 °C and did not show any significant variation
(Table 1). The thermal stability of these composites was deter-
mined from thermo-gravimetric analysis (Fig. S9(a) and (b)}
and Table 1). It can be observed that the onset temperature of

_—

Heat flow (mW) gy yp

30 35 40 45 50 55 60

Temperature (OC)

(b)

Heat flow (mW) Exo up

125

75 100

Temperature (OC)

Fig. 4 DSC thermograms for BOO, B20, B21 and B22 compositions (a)
order—disorder transition temperatures observed during first heating
cycle (b) PEMA melting peaks from the second heating cycle.
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degradation decreased with the addition of EVOH as well as
modified MMT. However, all the compositions were stable up to
350 °C with less than 5 wt% degradation.

For the application of organic device encapsulation, it is
required for the barrier material to possess flexibility and good
tensile properties in order to sustain long term wear of the
devices.® It is observed from the tensile studies (Fig. 5(a) and
S10(a)t and Table 1) that the modulus of elasticity increased
with the addition of EVOH to PEMA and decreased with
increasing modified MMT content in the blend. The elongation
at break decreased in the blend and composite films, which
could be due to the restricted flexibility because of the inter-
actions with EVOH and modified MMT. However, all the films
were flexible (>50%). The ultimate tensile strength increased up
to 10 wt% addition of EVOH and then decreased with further
addition of EVOH. Therefore, the composite with 10 wt% EVOH
can be considered to be a mechanically optimized composition.

Most of the packed products from food to organic electronics
are prone to degradation due to the incidence of UV radiation.
Based on the UV-visible spectroscopic analysis (Fig. 5(b) and
S10(b)7), it can be observed that the blend and composite films
have lower UV transmission compared to B00. Therefore, they
can shield from UV radiation and thus are suitable for UV
resistant applications. The visible light transparency of all the
composite films is lower than that for neat PEMA. However,
these films are transparent up to 50% in the near IR and visible
region and are resistant to the UV radiation.
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Fig. 5 (a) Tensile analysis and (b) UV-visible transparency for the neat,
blend and composite films.
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3.2. Barrier properties

From the calcium degradation test, the OTR through the films
was calculated and shown in Fig. 6(a) and S11(a).T With the
addition of 5, 10 and 20 wt% of EVOH to PEMA, the OTR of B10,
B20, B30 decreased by 1.4, 2.0 and 3.3 times the OTR for B0O
(neat Surlyn), respectively. The diffusivity of O, beads deter-
mined from DPD simulations (Fig. 7(a) and S12(a)t), for B10,
B20 and B30 compositions, decreased the diffusivity by 1.2, 1.6
and 2 times relative to that of B00. Thus the results obtained by
simulations nearly match that obtained experimentally. The
molecular interactions in the composite hold the polymer
chains in dense packing, reducing the diffusivity of oxygen
molecules, as observed from DPD simulations based on the non
bonded energy interactions between particles. The addition of
MMT to the blend of PEMA/EVOH (B20, B30) further reduced
the OTR of the composite blends (B21, B22, B32) by ~25 times.
The diffusivity of O, beads in the composite blends decreased
by only about 3.5 times compared to the blend diffusivities
based on DPD simulation studies. This indicates that the rela-
tive reduction in permeabilities determined from experiments
do not match with the relative reduction in diffusivities of O,
beads determined from simulations in the composite blends.
This is because of the tortuous pathway provided by nano-clay
to the blends for the incoming oxygen molecules was not
considered in the simulations.

The WVTR through the barrier films was determined from
CRDS based permeability setup as shown in Fig. 6(b) and
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Fig. 6 Values for the neat, blend and composite films determined (a)
OTR from calcium degradation test (b) WVTR from CRDS based
permeability setup.
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Fig. 7 Diffusivities of (a) O, and (b) H,O beads through the neat, blend
and composite films over the 400-500 DPD time units from the
scaled DPD simulations.

S11(b).t With the addition EVOH to Surlyn, the reduction in
WVTR for the blends B20 and B30, was observed to be 8 and 15
times, respectively, when compared with B00. The diffusivity of
H,0 beads in B20 and B30 determined from DPD simulations
(Fig. 7(b) and S12(b)}), decreased by 4.5 and 6.5 times the
diffusivity in B00, respectively. The reduction in diffusivity of
water molecules in the case of blend system can be attributed to
the reduction in free volume and mobility of the polymeric
chains due to the interactions between EVOH and PEMA. With
the addition of modified MMT to the blends (B20, B30), the
WVTR further decreased by ~12 times for the composite blends
(B21, B22, B32). The diffusivities of H,O beads (Fig. 7(b) and
S12(b)}). from DPD simulations in the B21, B22 and B32
compositions, decreased by ~2 to 2.5 times the diffusivities in
their respective blends (B20 and B30). The relative reduction in
diffusivity observed from simulations do not match with
experimental values due to the presence of tortuous path as
discussed earlier. This relative reduction in the diffusivity with
respect to that in the neat PEMA system refers to the increase in
constraint for the diffusing molecule through the composite
due to the inter-molecular interactions from the embedded
EVOH and modified MMT components in PEMA.

Based on the simulations for diffusivities of water and
oxygen molecules, it is clear that the simulations are reasonably
able to predict the decrease in diffusivities for the blends (B20,
B30) but not for blend composites (B21, B22, B31, B32) with

This journal is © The Royal Society of Chemistry 2014
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Fig. 8 Accelerated ageing studies at 95% RH and 35 °C for encapsulated and non encapsulated organic Schottky structured devices after (a) 15

min (b) 90 min and (c) 180 min.

modified MMT. This relative difference in experimental and
simulation results, due to the effect of tortuosity induced with
the addition of nano-clays to the blends is about ~7 times. Since
the interaction parameters were calculated using energies from
MD simulations, the diffusivity values determined from DPD
simulations were purely based on non bonded molecular
interactions which include Coulombic/electrostatic and van der
Waals interactions between the components of the system.
However, it is apparent that the composite system of PEMA/
EVOH/modified MMT can be considered as a complex inter-
acting nanocomposite system from the observed reduction in
diffusivities of oxygen and water molecules. From water vapor
sorption studies (Table 1), with addition of EVOH as well as
modified MMT, the reduction in the percent of water vapor
sorbed by the barrier film was observed. For the composites,
B22 and B32, the absorption of water vapor was much lower
than 0.01%. Therefore, the permeability, diffusion and sorption
studies indicate the efficacy of the fabricated material as a good
gas barrier material.

3.3. Accelerated weathering studies

The J-V characteristics (Fig. S131) for all the encapsulated
Schottky structured, organic devices were measured before and
after accelerated aging, ¢ = 0, 15, and 180 min. The accelerated
aging conditions were at 95% RH and at 35 °C. The loss in the
device performance at these conditions will be roughly 2 orders
higher than the loss in device performance that would be
observed at 35% RH and 25 °C.” The average device perfor-
mance after accelerated aging was determined using the
following, from eqn (4). In eqn (4), I, and I represent the initial
current and current at time ¢. The % loss in device performance
(4) is the average of 4 over 0 to 1 V.

This journal is © The Royal Society of Chemistry 2014

g do1

x 100 (4)
o

The loss in device performance at various time periods is
given in Fig. 8(a)-(c). It can be observed that after 15 min of
accelerated ageing, the non-encapsulated device lost its
performance completely (~100%) and the device encapsulated
with neat Surlyn (B00) film lost about 65% of its performance
while the devices encapsulated with B21 and B32 films lost only
up to 5% of their performance. The devices encapsulated with
B21 and B32 lost only 30% even after 3 h of accelerated aging.
This suggests that these composite films are capable of
increasing the life time of the organic device by over an order of
magnitude under accelerated conditions. This indicates the
potential of the encapsulants to protect the device and can be
used for packaging applications that require high barrier to
oXxygen or water vapor.

4. Conclusions

Surlyn ionomer blend nanocomposites were fabricated using
Surlyn, EVOH and modified MMT. The nano-clays were ensured
to be exfoliated in the Surlyn matrix by initially dispersion in
EVOH. The addition of modified MMT to this blend system
results in a highly interacting complex blend nanocomposite
due to the favorable electrostatic and hydrogen bond interac-
tions. A decrease in water vapor permeation was observed with
increasing EVOH as well as modified MMT in the Surlyn matrix.
The oxygen barrier properties were determined from calcium
degradation test. The CRDS based permeability determination
method has been successfully used for determining WVTR in
this work. The WVTR decreased by about two orders of
magnitude through the composite compared to that through
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neat Surlyn. Molecular dynamics simulations were used to
determine the binary interaction energies between the compo-
nents of the system. These energies were further used for
scaling to macro level by hierarchical modeling of the blend
composite system to indicate the effect of molecular interac-
tions on the diffusivity of water and oxygen molecules through
the composite system. The accelerated aging studies confirm
that these Surlyn blend composites are effective as encapsulants
in increasing the device life times by more than an order of
magnitude. Therefore, the synthesized blend composites of
Surlyn, EVOH and modified MMT were characterized both
experimentally and theoretically to observe the effect on
permeabilities of oxygen and water vapor through the materials
and found to be suitable for flexible packaging applications.
Moreover, these composites can be used as an inter-layer in
multilayered film to further increase the barrier property.
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