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ABSTRACT: Flexible and transparent gas-diffusion barriers
have played an important role in recent years. The present
study describes a flexible barrier film with a tailored architecture
of cationic polyelectrolytes and clay/polymer nanoassemblies.
Highly oriented and well-aligned barrier films were achieved by
the consecutive absorption of flexible cationic polymer and
anionic montmorillonite platelets. The experimental results
showed that the layer-by-layer deposition of oppositely charged
thin films containing self-assembled poly(vinyl alcohol) and
montmorillonites improved their gas barrier characteristics
based on the Ca degradation test, enhancing their optical
transparency. This nanostructure, fabricated using a solution
process, is useful in many applications, for example, flexible and
moisture-free organic electronics. This simple and fast method
is suitable for the mass coating of large surface areas, as required in industry.

■ INTRODUCTION
Significant developments and breakthroughs in the electronics
industry have enabled the production of thinner, lighter, and
more flexible devices. However, the environmental stability and
reliability of flexible devices are still a major concern.1−5 It is
widely known that polymeric devices are highly susceptible to
permeation by water and oxygen.1−4 Many groups have
therefore conducted research into the films produced using
alumina-, and silica-based materials for moisture-diffusion
barrier applications. These materials can be deposited by
various physical and chemical techniques, such as evaporation,
oxidation, chemical vapor deposition, plasma polymerization,
and nanocomposition.1−4 For example, Carcia et al.4 showed
that films fabricated by atomic-layer deposition have high
barrier efficiencies. However, inorganic materials are notorious
for cracking and having pinhole defects in the layer surface
when bent.6 Weaver et al.2 proposed organic/inorganic
multibarrier stacks with ultralow gas permeation rates.
However, these organic/inorganic thin films suffer from low
productivity and high-cost fabrication processes. Conceptually,
new methodologies are therefore needed.
Nanoparticle-based solution processes for the fabrication of

thin-film barriers have been proposed in recent years.7−10 This
concept uses disk-shaped inorganic montmorillonite (MTM)
with polymeric materials to produce hard/soft structures.11−18

The individual clay flakes consist of approximately 1 nm thick
plate-shaped nanoparticles, with an aspect ratio of 100−1000.17
MTM has a cationic exchange capacity of 0.926 meq/g and a

negative surface charge in deionized (DI) water.18 The key
factor for the use of nanoclay in barrier layers is its alignment
parallel to substrates.14−16,18 As shown in Figure 1a, a well-
aligned clay mineral in a polymer matrix can extend the
diffusion path of water molecules and may be able to enhance
the barrier properties. Therefore, the ability to incorporate clay
into a polymeric matrix with a high level of exfoliation and
orientation is one of the most important challenges in the
fabrication of polymer−clay nanocomposites with enhanced
barrier performances. Opacity and irregular platelet alignment
ultimately impair the barrier characteristics. MTMs are
inorganic (SiO2) nanoparticles. Water vapor therefore cannot
penetrate the clay platelets. As shown in Figure 1a, the diffusion
path length of the water vapor can be increased by layered clay,
if the clay platelets lie parallel to the substrates, because clay
platelets have high aspect ratios. Without the layered clay, the
film containing polymer layers cannot show gas barrier
characteristics because water vapors easily pass through the
organic materials.
In this paper, we introduce a simple and rapid methodology

for the fabrication of large-area, lightweight barrier films. We
explored concepts that enable self-assembled single-step layer
growth. A self-aligned clay multilayer can be fabricated by the
absorption of poly(vinyl alcohol) (PVA) onto MTM because of
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their absorption capabilities and strong hydrogen bonding,14,15

as schematically shown in Figure 1b. A thin and transparent gas
barrier can be made by the electrostatic assembly of a cationic
polymer and the MTM/PVA multicomposite. In this case,
strong electrostatic attraction occurs between a charged surface
and oppositely charged molecule in solution.18−20 These films
are homogeneous monolayers arising from submonolayer
coverage after the first deposition cycle and subsequent
completion of the surface coverage. The cyclic repetition of
both absorption steps leads to the formation of multilayer
structures.
The process, which is extremely simple, is depicted in Figure

1c for the case of deposition of a cationic polymer and an
anionic MTM/PVA composite. These steps represent the
absorption of a polyanion and polycation and are the basic
buildup sequence for the simplest film architecture, (A/B/C/
B)n. The counterions are omitted for clarity. MTM/PVA
multilayers can be used to prepare the preparation building-
block structures based on simple, scalable processing methods.
This approach, which enables self-control of the molecular
orientation and nanoscale organization, results in good gas
barrier performance with high light transmission.

■ EXPERIMENTAL SECTION
Materials. Anionic MTM (Cloisite Na+) was purchased from

Southern Clay Products. This is negatively charged in DI water, and
each platelet has a diameter of 100−1000 nm and a thickness of about
1 nm.17 PVA (Mn = 30 000−70 000, 87−90% hydrolyzed),
glutaraldehyde (25 wt % in water), and poly(ethyleneimide) solution
(PEI, Mn = 1200, 50 wt % in water) were purchased from Sigma-
Aldrich. Poly(methyl acrylic acid) solution (PMA, Mw = 4000−6000,

40 wt % in water) was purchased from Fluka (part of Sigma-Aldrich).
The water used for all solutions was 18 MΩ DI Milli-Q water.

Method. Self-assembled MTM/PVA films were fabricated using
the following process. A solution of 0.5 wt % MTM in DI water and
0.5 wt % aqueous PVA in DI water were prepared by magnetic stirring
for 24 h at 20 °C. The MTM solution (pH 6) was poured into the
PVA dispersion (pH 4) and stirred for 3 h to allow for fine absorption
of the polymer onto the clay platelets. Before an air-gun spraying
process, glutaraldehyde was added to the MTM/PVA slurry (pH 7) as
a cross-linking agent. Poly(ethersulfone) (PES, 100 μm, fabricated by
Cheil Industry, Inc., Republic of Korea) substrates were cleaned by
immersion in ethanol for 30 min, followed by thorough sonication,
and rinsing with DI water. The MTM/PVA slurry with glutaraldehyde
was sprayed onto the cleaned PES substrates for a few seconds, and
the resulting film on PES was dried at 80 °C for 30 min.

Layer-by-layer (LbL) deposition19 of cationic polymers, anionic
polymers, and anionic MTM solutions was performed using the
following process. Aqueous dispersions of PEI (0.5 wt % in DI water)
and PMA (0.5 wt % in DI water) were prepared by magnetic stirring
for 24 h at 20 °C. The cleaned PES substrate was treated with
ultraviolet (UV) ozone for 20 min to generate OH− radicals on its
surface. The anionic-treated substrate was dipped in cationic PEI
aqueous solution (pH 10) for 3 min, followed by DI water rinsing and
air drying. The same procedure was performed for the subsequent
layers of anionic PMA (pH 8), cationic PEI, and anionic MTM
aqueous solutions. After the initial layers were depositied, the plastic
sample was dipped and removed immediately from the same solutions.

The LbL assembly of cationic and anionic polymers with a self-
assembled MTM/PVA film was carried out using the following
process. The procedure begins with the preparation of PVA-coated
MTM platelets in water. The undissolved MTM in the PVA solution
can be removed by an in situ sedimentation process by adding a cross-
linking agent, such as glutaraldehyde, to the slurry. After the cleaning
of the PES film, UV ozone treatment, and cationic PEI, anionic PMA,
and PEI dipping procedures, the film with a cationic surface charge was

Figure 1. (a) Schematic representation of the roundabout path that water molecules must take through the nanoclay-filled polymer. (b) Schematic
diagram of the one-step nanocomposite of MTM/PVA. Because of its strong adhesion force and hydrogen bonding, PVA can be easily intercalated in
the MTM platelets. (c) Simplified molecular image of the first two deposition steps, depicting film absorption initiated by the negatively charged PES
surface, followed by the formation of the cationic polymer and anionic MTM/PVA multicomposite.
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dipped in a MTM/PVA mixture solution, followed by gentle removal
and drying at 80 °C for 1 min. The above procedure was repeated
several times as necessary. The thickness and light transmission values
can be varied by changing the weight percentages of the aqueous
solutions, the surface charge of the electrolyte, and the number of
times the LbL processes are repeated.
Ca Degradation Test. The moisture barrier properties were

characterized by measurements of the water vapor transmission rates
(WVTRs, g m−2 day−1). The Ca test based on electrical measurements
of Ca degradation has previously been reported.21,22 The amount of
oxidative degradation in a thin Ca sensor is monitored by resistance
measurements. The water vapor, permeating through the gas barrier
on the PES, oxidizes the Ca. This is reflected by the decrease in the
current when a constant voltage (5 mV) is applied and is monitored
using a two-point probe system.
Analysis Using Transmission Electron Microscopy (TEM) and

UV−Vis Spectrometry. The focused ion beam technique (FIB,
NOVA 600 Nanolab) was used to prepare cross-sectional specimens of
the barrier films deposited on a Si wafer for TEM analysis. Before
deposition of a thin Pt layer on the films to enhance heat and charge
transfer, an acrylate resin layer was coated on the films to protect them
against damage from the electron beam during Pt deposition. A lift-out
technique, consisting of a milling process to form a stair-step trench in
the film area, polishing, and edge-cutting steps, was used. The
specimens, which were suitable for high-resolution imaging, were then
transferred to the TEM grid. The TEM observations were performed
using a Tecnai 20 instrument operated at 200 kV to enhance the
contrast between the clay and polymer layers. TEM detects the
electrons in a fluorescent plate after the accelerated electrons have
passed through the films. The optical transmittance values of the
barrier films were measured using a UV−vis spectrometer (OPTIZEN
3220UV, Mecasys) by determining the transmission of UV−vis light
through the films. The UV−vis spectrometer exposed a barrier film to
the UV and visible regions of the electromagnetic spectrum when the
film was placed in a UV−vis beam. The amount of light that was not
absorbed and therefore passed through the film to the detector
depended upon the type of film. The UV−vis spectrometer was
adjusted so that the wavelength of the emitted light was in the range of
300−800 nm. The bare PES coated with a clay barrier layer was
cleaned because dust might affect the amount of UV light reaching the
detector in the UV−vis spectrometer.

■ RESULTS AND DISCUSSION

For the first reference sample, a MTM/PVA mixture with a
glutaraldehyde cross-linking agent was sprayed onto a PES
substrate. The high-resolution TEM (HRTEM) images in
Figure 2 show a well-spaced composite film. The orientation of

the assembly is assisted by the self-ordering of the high-aspect-
ratio nanoclays, good absorption capabilities, significant PVA
hydrogen bonding, and glutaraldehyde cross-linking.14,15 The
film containing MTM/PVA consisted of nanoclay layers with a
thickness of about 1 nm and PVA layers with a thickness of
about 2−3 nm. The total thickness of the sprayed MTM/PVA
film was about 1 μm. The thicknesses of the PVA layers can be
changed by varying the solution dispersion, but the thicknesses
of the clay layers cannot be changed (1 nm thick and 100−
1000 nm in diameter). Additional mixing time did not assist the
alignment of MTM in PVA even after 1 week of stirring.
However, several misaligned positions were found, and these
will impair the barrier characteristics and lead to opacity (see
the Supporting Information). Fine alignment could be achieved
using an electrostatic assembly method.
As the second reference film, we fabricated a film by LbL

deposition of cationic polymers, anionic polymers, and MTM
solutions. PEI was used as the cationic polymer, and PMA was
used as the anionic polymer. DI water was used for all aqueous
solutions. LbL deposition is a method of laminating functional
thin films through alternating exposure of a substrate to
aqueous anionic and cationic solutions.18−20 As shown in
Figure 3, the fabricated film has a nanoarchitecture with good

positioning of the individual layers. The electrostatic attraction
between the oppositely charged films can assist in nanoscale
multilayer buildup.19 This architecture has an overall thickness
of approximately 50 nm after five cycles of the LbL process.
Figure 3 shows the high level of orientation of the
nanoassembly, with flakes and polyelectrolytes lying parallel
to the PES substrates. This near-perfect orientation is made
possible by the LbL process.18 However, despite the good
orientation and high transparency, the LbL process has the
limitation that numerous dipping processes are required to
form a multilayer, in contrast to the case for MTM/PVA self-
aligned multicomposites.
For the fabrication of a reliable gas barrier film, as shown in

Figure 1c, we exposed the PEI/PMA/PEI-coated PES to a
MTM/PVA slurry for additional self-growth of the organic/
inorganic multicomposite. The cross-sectional TEM images in
Figure 4a of the three-cycle LbL of PEI/PMA/PEI/(MTM/
PVA) coated on a 100 nm PES film show highly ordered clay
platelets with automatically generated MTM/PVA multilayers.
Each polymer molecule connects two or more nanoclay
platelets (the black lines in the TEM images indicate the clay
platelets), and the total thickness of the barrier film was about

Figure 2. Cross-sectional HRTEM image. The MTM/PVA multi-
composite shows a well-spaced layered structure. The black portions
indicate clay platelets. Although the film shows strong orientation of
the nanoclay platelets parallel to the substrate, the misaligned regions
impair the film transparency and barrier properties.

Figure 3. TEM image of the five-cycle LbL film showing the near-
perfectly oriented and aligned clay and polymers. Each layer has a
thickness of about 1 nm, and the overall thickness of the film is
approximately 50 nm. This explains its high transparency.
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500 nm according to Figure 4b. LbL clay/polymer multilayer
films characteristically show strong stratification and a high
degree of layered order. Also, the absorption of PVA onto
MTM by both covalent bonds and physical absorption leads to
the formation of alternating laminate barrier films with a
thickness of approximately 2 nm. Coupling LbL deposition by
electrostatic interactions between oppositely charged thin films
with the strong self-assembling tendency of MTM/PVA causes
the permeating molecules to travel along much longer diffusion
channels between the PEI, PMA, and PEI nanoassemblies and
also between MTM and PVA spaces. This method allows for
simple step layer growth in a self-assembled manner, and a
hard/soft composite is obtained using a low-cost, simple, rapid,
and scalable method. Information on the thickness variations of
the deposition cycles was shown in Figure 5.
With respect to the film coating, the light transmission is of

major importance. The optical properties of the fabricated films
were characterized by UV−vis spectroscopy. UV−vis spectros-
copy reveals that MTM/PVA sprayed on the PES substrate as a
reference has a transmission value of less than 80%. This is
caused by misaligned regions, which form high-density clay
masses and induce undesireble roughness in the film (see the
Supporting Information). Usually, LbL films have a high level
of transparency.18−20 The PEI/PMA/PEI/MTM (as shown in
the Supporting Information), and PEI/PMA/PEI/(MTM/
PVA) LbL films have an average light transmission greater
than 85% throughout the visible spectrum (350−750 nm), as
shown in Figure 6. These high transparencies were the result of
high concentrations of well-oriented nanoclays. As seen in the
inset of Figure 6, the three-cycle LbL PEI/PMA/PEI/(MTM/
PVA) film is not blurred and the background picture is clearly
visible. This result indicates that the process described in this
paper enables the formation of uniform and well-ordered
nanostructured films that can be applied to optical devices.
The gas-diffusion barrier properties were characterized using

WVTR measurements. A Ca test for evaluation of WVTRs
using electrical measurements of Ca oxidation has previously
been reported.21,22 A schematic diagram of the Ca test is shown
in Figure 7a. Using this test cell, we can derive the permeation
rate by measuring the Ca conductance curve when Ca is
oxidized as a result of water permeation through the barrier film
on a plastic substrate. We can calculate the WVTR from

= δ −⎜ ⎟⎛
⎝

⎞
⎠

M
M

R
R

h
t

WVTR
2 [H O]

[Ca]
1

24 h2 i
i

(1)

where h denotes the Ca height, R is the resistance of the Ca
sensor connected to silver electrodes, δ is the Ca density, and
M is the molar mass of the indicated reagent. Ri and hi are the
initial values of R and h. The WVTR is derived from the
conductance, which is indicated by a decrease in the Ca height
Δh versus the elapsed time Δt.21,22

Figure 4. TEM images of three cycles of layered cationic PEI, anionic
PMA, PEI, and anionic MTM/PVA multi-assembly. These images
confirm that numerous hard/soft layers were generated with high
orientation parallel to the substrate. The thickness of each layer is 2−3
nm, and the total thickness of the barrier film is approximately 500 nm.
Scale bars = (a) 20 nm and (b) 50 nm.

Figure 5. Layer thickness versus deposition cycles and information on
WVTRs versus layer number of (a) PEI/PMA/PEI/MTM and (b)
PEI/PMA/PEI/(MTM/PVA).

Figure 6. (a) Light transmission curves of the three-cycle LbL of PEI/
PMA/PEI/(MTM/PVA) coated on a 100 nm PES film (Figure 4
shows the HRTEM image of this) and (b) photographs of this flexible
barrier film. The light transmissions of the other reference films are
shown in the Supporting Information.
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The diffusion paths of water molecules (see Figure 1a) in the
nanolayered films can be predicted as follows. In this
multistructure, the diameters of the inorganic clay platelets in
the polymer matrix are so long in comparison to their
thicknesses that the gas-diffusion vector is almost parallel to
the plane of each layer, thereby extending the diffusion
path.23,24 For a clay of physical thickness t and spacing between
organic regions and clay platelets s, where s ≫ t, the diffusion
path (P) in the multilayer is approximately

= + + + + + + ≈P t s t s t s ns..... n n1 1 2 2 (2)

as shown schematically in Figure 1a.

The WVTRs of these films were evaluated using the Ca test
(Figure 7a). The permeation curves at 20 °C and 60% relative
humidity (RH) of a nanoassembled MTM/PVA thick and
opaque film, a PEI/PMA/PEI/MTM-layered film formed by
five LBL cycles, and a PEI/PMA/PEI/(cross-linked MTM/
PVA) film formed by three LBL cycles are presented in Figure
7b. In comparison to that of bare PES (1.38 g m−2 day−1), the
WVTR of the sprayed MTM/PVA assemblies on the PES
substrate shows a lower permeation value of 4.7 × 10−1 g m−2

day−1 according to the Ca degradation curves versus elapsed
time. This relatively poor barrier performance, which is
attributed to misaligned regions, can provide gas molecules
with diffusion paths even when regions with a high level of clay
orientation exist. This one-step mixture and deposition
procedure cannot achieve high transparency and good barrier
performance because it produces irregular alignments.
Near-perfect orientation and alignment between the clay and

polymer were possible with the LbL process. The use of
polyelectrolytes is advantageous because good adhesion
between the organic layers and underlying surfaces requires
ionic bonds. The WVTR of the five-cycle LbL PEI/PMA/PEI/
MTM film was measured under the same environmental
conditions as shown in Figure 7b. A WVTR of 3.8 × 10−2 g m−2

day−1 was calculated, using the water permeation equation.
Highly aligned nanoparticles with disk-filled polymers have
been shown to exhibit enhanced barrier properties with high
light transmission because of the high-aspect-ratio platelets
causing the gas molecules to travel along an extensive diffusion
path. This barrier performance is also believed to be achieved
because the primary amine groups of PEI and the carboxylic
acid groups of PMA are ideal for cross-linking.18 However,
although this barrier film has high transparency (almost the
same value as that of the bare PES film in the visible region; see
the Supporting Information) and a relatively low permeation
rate, tedious processes (dipping, rinsing, and drying) are
required to improve the impermeability of the barrier.
As shown in Figure 7b, the MTM/PVA composite with PEI

and PMA electrostatic adhesive layers and an overall thickness
of approximately 500 nm showed a WVTR value of 5.6 × 10−3

g m−2 day−1 at 20 °C and 60% RH. In comparison to previous
results, such as 9.3 × 10−2 g m−2 day−1 at 100% RH for 7
quadlayers reported by Grunlan and co-workers18 and 20
bilayers reported by Kang et al.,25 our results showed higher
barrier properties with a lower number of deposition cycles.
Our results are the best reported thus far for gas permeation
performance using a non-vacuum process under the above
environmental conditions. The WVTRs of the films decreased
rapidly, depending upon the manufacturing process, as shown
in Figure 7c. Bare MTM has an ionic energy similar to those of
PEI and PMA. DI water has an electrical resistance of about 18
MΩ. The resistances of the solutions of MTM, PEI, and PMA
were about 35, 20, and 18 KΩ. The electrical resistance of the
MTM/PVA solution was about 37 KΩ; therefore, PVA
aggregated to MTM could not seriously affect the ionic
properties of MTM/PVA solution, and MTM/PVA had a
negative charge similar to that of the MTM solution.
These results confirm that well-oriented clay/polymer

assemblies and the good absorption properties of PVA
significantly extended the gas-diffusion path. In contrast to
LbL layers (deposited one layer at a time), this film
incorporates numerous separate layer (as shown in Figure 4)
by self-assembly of PVA onto MTM and also allows the clay
platelets to orient themselves with the largest dimension

Figure 7. (a) Structure of the Ca test cell. If the water molecules
permeating through the barrier film on the plastic substrate react with
Ca, then the electrical resistance of the thin Ca changes. (b) Ca
degradation curve versus elapsed time through the sprayed MTM/
PVA multicomposite with the glutaraldehyde cross-linking agent, five-
cycle LbL PEI/PMA/PEI/MTM ultrathin barrier film, and three-cycle
LbL PEI/PMA/PEI/(MTM/PVA) multi-assembly at 20 °C and 60%
RH. (c) WVTR for each manufacturing process.
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parallel to the surface through electrostatic forces; the resulting
films show high light transmission characteristics. Although
these nanoparticles provide a route for diffusion of water
molecules through the gaps between the platelets, the hard/soft
structure could effectively decrease the gas permeation rate.

■ CONCLUSION
The developed films are promising for a wide variety of
applications, including flexible organic electronics, because of
their flexibility, transparency, and gas-shielding properties. The
experimental results showed that the LbL deposition of
oppositely charged thin films containing self-assembled PVA
and MTMs improved the barrier characteristics, with well-
aligned hard/soft multilayers. This method led to the formation
of a simple and dynamic structure that provided a well-aligned
and self-assembled thin-film barrier. This LbL assembly of
polyelectrolytes with MTM/PVA nanocomposites will be
useful for many applications. This simple and fast method is
suitable for the mass coating of large areas, and the resulting
films have reliable gas-barrier performances and high light
transmission.
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