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Hydrogen bonded polymer complex thin films for
highly stretchable gas barriers†

Sarah G. Fisher, a Hsu-Cheng Chiang, a Ethan T. Iverson, a Edward Changb

and Jaime C. Grunlan *a,b,c

Clay-containing polyelectrolyte complexes have been investigated as simple and effective gas barrier

coatings for a variety of substrates. Some applications for barrier coatings, such as stretchable electronics,

require films that exhibit high extensibility as well as low oxygen transmission rate. This combination of

properties is difficult to achieve, as barrier tends to go hand-in-hand with film density. In this work, a

stretchable thin film with low oxygen transmission rate (OTR) was prepared through the addition of mon-

tmorillonite (MMT) clay into a hydrogen bonded complex of poly(ethylene oxide) (PEO) and poly(acrylic

acid) (PAA). Interpolymer hydrogen bonding and MMT clay distribution were found to improve with an

increasing ratio of PEO to PAA in the complex, leading to the creation of a highly stretchable coating with

a high gas barrier. This elastomeric system, deposited in three steps on 760 µm thick natural rubber,

reduces the OTR by two orders of magnitude with a thickness of 1.8 µm. This film maintains a >90%

reduction in OTR even after it is subjected to 50% strain. This is believed to be the first gas barrier coating

deposited as a buffer-cured, hydrogen bonded polymer complex.

Introduction

Gas barrier films are desirable for applications such as food
and drug preservation, electronic device encapsulation, and
fuel cell membranes.1–5 While barrier tends to improve with
increased stiffness,6,7 highly stretchable gas barrier films are
required for applications in next-generation stretchable elec-
tronics, such as deformable batteries and flexible OLEDs.8,9

Gas barrier films are often constructed of polymeric materials
due to their light weight, low cost, and easily processable
nature.10 Barrier properties of polymer films can be signifi-
cantly improved via the incorporation of inorganic nano-
materials, even in low concentrations.11,12 These impermeable
nanoparticles, most often nanoplatelets, decrease gas trans-
mission in polymeric thin films by reducing the area available
for gas diffusion and increasing the tortuosity of the diffusion
pathway.13 While polymer nanocomposites have been prepared
with a wide variety of inorganic materials, including carbon

nanotubes and graphene oxide, clays are widely used due to
their availability, low cost, high aspect ratio, platelet geometry,
and straightforward processing.14–17 Several factors, including
aspect ratio, loading fraction, intercalation, and orientation of
nanofillers, can impact the tortuosity of the barrier formed.18

A number of high gas barrier nanocomposite films have
been prepared via layer-by-layer deposition (LbL).19–21 In LbL
assembly, highly ordered films are built up in layers via alter-
nating exposure to species with relatively strong intermolecular
interactions (ionic, hydrogen bonding, pi stacking, etc.).19,22

For barrier films, these interactions are most commonly ionic,
utilizing polyelectrolytes in combination with nanomaterials to
create “nanobrick wall” structures that exhibit high barrier due
to high nanoparticle alignment.19,23,24 Ionically assembled
LbL films tend to be stiff and brittle, especially at high filler
loadings, making them impractical for applications requiring
stretchability.25 One approach to combine stretchability and
low gas permeability is the preparation of LbL films through
hydrogen bonding interactions.26–28

One of the most widely-studied hydrogen bonded systems,
consisting of PEO and PAA, was synthesized as a freestanding
LbL film that exhibited rubbery behavior when stretched up to
3× its original length.26 A major drawback of hydrogen bonded
LbL films is their higher gas permeability, as they are less
dense than ionic LbL films due to lower bonding energy.26,29

Even so, when nanoparticles are incorporated, hydrogen
bonded LbL films have been shown to exhibit good barrier
properties with some retained stretchability.18,30 For example,
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aDepartment of Chemistry, Texas A&M University, College Station, TX 77843, USA.

E-mail: jgrunlan@tamu.edu
bDepartment of Mechanical Engineering, Texas A&M University, College Station, TX

77843, USA
cDepartment of Materials Science & Engineering, Texas A&M University, College

Station, TX 77843, USA

356 | RSCAppl. Polym., 2024, 2, 356–364 © 2024 The Author(s). Published by the Royal Society of Chemistry

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 5
/1

3/
20

25
 4

:4
3:

58
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://rsc.li/rscapplpolym
http://orcid.org/0009-0004-3438-7343
http://orcid.org/0000-0001-9872-7379
http://orcid.org/0000-0002-9231-6058
http://orcid.org/0000-0001-5241-9741
https://doi.org/10.1039/d3lp00194f
https://doi.org/10.1039/d3lp00194f
http://crossmark.crossref.org/dialog/?doi=10.1039/d3lp00194f&domain=pdf&date_stamp=2024-05-20
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3lp00194f
https://rsc.66557.net/en/journals/journal/LP
https://rsc.66557.net/en/journals/journal/LP?issueid=LP002003


a PEO/PAA LbL thin film containing MMT platelets reduced
the oxygen transmission rate (OTR) of polyurethane rubber by
two orders of magnitude (and retained a 54× reduction in OTR
after exposure to a 20% strain).28 The primary drawback with
the LbL procedure is the number of processing steps and the
time required to deposit such coatings,22 which is not ideal
from an industrial standpoint.

Buffer-cured polyelectrolyte complex (PEC) coatings rep-
resent an alternative way that gas barrier films can be pre-
pared. PEC coatings exploit interpolymer interactions that are
similar to the LbL process, but instead of dipping a substrate
into alternating solutions, both polymers coexist in one solu-
tion with the pH and/or salt content manipulated to minimize
intermolecular interaction. After this coating solution is
applied to the desired substrate, it can then be buffer cured,
changing the pH to induce complexation. Ionically assembled
PEC films have already demonstrated excellent gas
barrier.6,31,32 For example, a solution of polyethyleneimine
(PEI) and PAA was deposited on a poly(ethylene terephthalate)
substrate at pH 8, then cured with a pH 3 citric acid buffer to
result in a coating with an undetectable OTR (<0.005 cc (m2

day)−1) at 90% relative humidity.6 Despite exhibiting high
barrier, these high modulus films are not expected to be
stretchable without cracking.

In this work, a buffer-cured, hydrogen bonded polymer
complex (HBPC) coating consisting of PEO, PAA, and MMT
was prepared to combine barrier with stretchability. Polymer
ratios were manipulated to maximize interpolymer hydrogen
bonding interactions for elastomeric behavior.
Simultaneously, increased PEO content was found to improve
MMT platelet dispersion to create a stronger barrier against
gas molecules. The resulting 1.8 µm thick HBPC film provides
a 99% reduction in the OTR of the natural rubber substrate.
Deposited in three steps, this coating also exhibits high
stretchability, maintaining a 93% reduction in OTR after being
subjected to 50% strain. This stretchable gas barrier coating
exhibits higher flexibility and greater OTR reduction relative to
a previously reported LbL analogue, while being deposited
with significantly fewer processing steps.28 This system rep-
resents a simple and effective barrier coating for improved pro-
tection of flexible electronics and pressure retention in various
types of inflatable devices.

Experimental
Materials

Polyethylene oxide (4 000 000 g mol−1) was purchased from
Polysciences (Warrington, PA). Poly(acrylic acid) (250 000 g
mol−1, 35 wt% aqueous solution), branched polyethyleneimine
(25 000 g mol−1), and citric acid (CA) (98%) were purchased
from Sigma-Aldrich (Milwaukee, WI). Natural sodium mon-
tmorillonite clay was purchased from Southern Clay products,
Inc. (Gonzales, TX). All solutions were prepared using 18 MΩ
deionized (DI) water.

Solution preparation

Solutions of PEI were prepared with DI water and adjusted to
pH 11 with 5 M NaOH. Solutions of PEO were prepared with
DI water and adjusted to pH 12 using 5 M NaOH. PAA was dis-
solved in DI water, then MMT was added and the solution was
stirred overnight. The PAA + MMT solution was adjusted to pH
12 using 5 M NaOH. Equal masses of the PEO and PAA + MMT
solutions were combined and mixed overnight to form the
coating solution. All coating solutions were 0.5 wt% MMT and
the total polymer content was 1 wt%. Coating solutions were
prepared in three polymer mass ratios: 2 : 1 (0.67 wt% PEO +
0.33 wt% PAA), 1 : 1 (0.5 wt% PEO + 0.5 wt% PAA), and 1 : 2
(0.33 wt% PEO + 0.67 wt% PAA). The recipes are denoted PPM
2 : 1, PPM 1 : 1, and PPM 1 : 2 respectively (Table 1).

Substrates

Single-side polished, 500-μm-thick Si wafers were purchased
from University Wafer (South Boston, MA) and used as sub-
strates for profilometry, atomic force microscopy (AFM),
nanoindentation, Fourier-transform infrared spectroscopy
(FTIR), differential scanning calorimetry (DSC), and thermo-
gravimetric analysis (TGA). X-ray diffraction (XRD) samples
were prepared on indium-tin-oxide (ITO)-coated glass slides,
also purchased from University Wafer. 7 mil polyethylene tere-
phthalate (PET) film was purchased from Tekra (New Berlin,
WI) and used as the substrate for coat weight measurements.
760 µm thick natural rubber was purchased from McMaster-
Carr (Elmhurst, IL) and used as the substrate for oxygen trans-
mission rate (OTR) testing and scanning electron microscopy
(SEM). All substrates were rinsed with water, then methanol,
then water again, dried with compressed air, and plasma
treated for five minutes before priming to improve primer
adhesion.

Coating deposition

Plasma-treated substrates were primed by dipping in 0.1 wt%
PEI at pH 11 for 5 minutes, then dried at 70 °C for 5 minutes.
This was done to improve coating adhesion to the substrate.
Next, substrates were dipped in a given coating solution for
5 minutes, then dried at 70 °C for 15 minutes. Dried substrates
were cured by dipping in a 200 mM citric acid buffer at pH 2.5
for 15 minutes, then dip-rinsed in 3 separate portions of pH
2.5 DI water for 20 seconds each to remove excess material
without disturbing the hydrogen bonded network. Cured
samples were dried at 70 °C for 5 minutes, then stored in a

Table 1 Hydrogen bonded polymer complex recipes and molar ratios

Sample
name Contents

PEO : PAA
mass ratio

PEO : PAA
molar ratio

PPM
1 : 2

0.33 wt% PEO + 0.67 wt% PAA +
0.5 wt% MMT

1 : 2 0.8 : 1

PPM
1 : 1

0.5 wt% PEO + 0.5 wt% PAA +
0.5 wt% MMT

1 : 1 1.6 : 1

PPM
2 : 1

0.67 wt% PEO + 0.33 wt% PAA +
0.5 wt% MMT

2 : 1 3.2 : 1
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drybox prior to characterization. Samples for FTIR, DSC, and
TGA were scraped off the silicon wafer substrate with a razor
before testing. Fig. 1a summarizes the coating process.

Characterization

Film thickness was measured in triplicate using a KLA-Tencor
P-6 Stylus Profilometer (Milpitas, CA). FTIR spectroscopy was
performed using an Alpha Platinum-ATR FTIR spectrometer
(Bruker Optics Inc., Billerica, MA), with air as a background. A
minimum of 64 scans were signal averaged for each sample
and the scan resolution was 2 cm−1. The thermal properties of
samples were measured using a TA Instruments DSC 2500
(New Castle, DE). 3–5 mg of dry polymer or PPM complex was
placed in an aluminum pan and heated from −70 to 150 °C at
a ramp rate of 5 °C min−1, with a 1-minute isotherm at the
beginning and ending of each ramp. The second heating cycle

was used for analysis. TGA was performed using a Q-50
thermogravimetric analyzer (TA Instruments, New Castle, DE,
USA). Samples were heated isothermally at 100 °C for
20 minutes to remove any residual water, after which the temp-
erature was increased by 10 °C min−1 up to 900 °C under a
60 mL s−1 air flow. XRD was performed using a diffractometer
(Bruker AXS model D8 Discover) with copper K-alpha radiation
equipped with a Vantec 500 2D detector. Samples were ana-
lyzed at a maximum of 40 kV and 40 mA. Individual polymer
films were prepared by drop casting polymer solutions on ITO-
coated glass. All samples were run as films on ITO-coated glass
except MMT, which was run as a powder. An Instron model
4411 tensile tester (Norwood, MA) was used to apply different
strains to coated and uncoated rubber for 2 minutes. Scanning
electron microscope images of uncoated and coated rubber
before and after application of various strains were obtained

Fig. 1 (a) Schematic of the HBPC coating process, (b) chemical structures of materials in coating solution, (c) chemical structures of materials in the
cured coating, and (d) FTIR spectra of cured and uncured PPM 2 : 1 coatings, with key peaks labelled.
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using a Model JSM-7500F FE-SEM (JEOL, Tokyo, Japan) after
sputter coating with 4 nm of a platinum/palladium alloy. Film
surface morphology was analyzed via atomic force microscopy
using a Bruker Dimension Icon AFM (Billerica, MA).
Nanoindentation was performed to determine the reduced
modulus and hardness of the films before and after curing
using a TI 950 Triboindenter (Hysitron, Inc., Minneapolis, MN).
The loading force was 200 μN to ensure indentation depth of
≈10% and mitigate the substrate effect. The loading profile con-
sisted of ten seconds of loading, five seconds at a stationary
position, and two seconds of unloading. The coat weight was
determined by coating each recipe on a 7 mil PET substrate,
then punching 1.9 cm diameter circles of uncoated and coated
PET and measuring the mass on an analytical balance. Oxygen
transmission rate testing was performed by Ametek MOCON,
Inc. (Minneapolis, MN) using an Oxtran 2/10 instrument in
accordance with ASTM F2622. Oxygen was utilized as a test gas
at 23 °C, with a relative humidity (RH) of 0%.

Results and discussion
Structure and bonding in complexed films

Fig. 1b and c illustrate the components of the uncured and
cured system, respectively. At pH 12, the carboxyl groups of
PAA are expected to be largely deprotonated, as the pKa of PAA
is 4.5.33 At this elevated pH, PAA and PEO can coexist in solu-
tion without significant hydrogen bonding interactions. After
curing at pH 2.5, PAA is expected to become highly protonated
and act as a hydrogen bond donor to PEO, forming an in-
soluble but flexible complex.34 This complexation behavior is

demonstrated through the FTIR spectra of the uncured and
cured PPM 2 : 1 system (Fig. 1d). The FTIR spectra of each indi-
vidual component of the system are shown in Fig. S1.†

In the uncured complex, the ether stretching peak of PEO is
observed as a maximum peak at 1104 cm−1, with a smaller
peak at 1128 cm−1. In reality, this is a triplet peak, but the
righthand shoulder is overshadowed by the large MMT peak
centered at 1000 cm−1. In the cured spectrum, the major peak
broadens, indicating increased participation in hydrogen
bonding, and the side peak decreases in intensity, suggesting
a loss in PEO crystallinity that can be attributed to hydrogen
bonding.35 The uncured spectrum shows strong carboxylate
peaks at 1409 and 1563 cm−1, corresponding to symmetric and
asymmetric stretching, respectively.36 These peaks are signifi-
cantly decreased in the cured system, indicating that most of
the carboxyl groups have been protonated. Protonation is
further confirmed by the shift of the minor carbonyl stretch at
1650 cm−1 in the uncured material to a strong peak at
1716 cm−1 in the cured material. The increase in peak inten-
sity indicates that the PAA becomes largely protonated, while
the shift to a higher wavenumber suggests that PAA partici-
pates in intermolecular hydrogen bonding in the cured system
rather than only dimerization with itself.26,37 Finally, the
appearance of an OH stretch at ∼3200 cm−1 in the cured
system can be attributed to the increased presence of hydrogen
bonded hydroxyl groups in the cured material. While “free”
hydroxyls typically appear in the 3400–3600 cm−1 region,
hydrogen bonded hydroxyls show a lower stretching region of
3100–3200 cm−1.38

FTIR spectra of cured PPM 2 : 1, PPM 1 : 1 and PPM 1 : 2
were also compared to evaluate the relative levels of PAA-PEO

Fig. 2 FTIR spectral deconvolution of (a) cured PPM 1 : 2, (b) cured PPM 1 : 1, and (c) cured PPM 2 : 1 from 1850 to 1550 cm−1. (d) Tabulated relative
peak areas for each spectrum. Schemes of (b) PAA dimerization and (c) PEO–PAA hydrogen bonding are included.
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hydrogen bonding in the different recipes, as shown in Fig. 2.
The carbonyl stretching peak at ∼1700 cm−1 consists of mul-
tiple distinct peaks. The peak at 1710 cm−1 corresponds to PAA
dimerization, while the peak at 1725 cm−1 is attributed to
PAA–PEO hydrogen bonding interactions.39,40 The presence of
a minor stretching peak at 1650 cm−1 is attributed to some
uncured material in the film. The 1850 to 1550 cm−1 region
was deconvoluted using a Gaussian model, a common tech-
nique for many types of experimental spectra, including
FTIR.41–43 Comparing the deconvoluted spectra of PPM 1 : 2
(Fig. 2a), PPM 1 : 1 (Fig. 2b), and PPM 2 : 1 (Fig. 2c), it is
apparent that PAA–PEO hydrogen bonding (at 1725 cm−1)
increases relative to PAA dimerization (at 1710 cm−1) as the
PEO : PAA ratio increases. Li et al. observed a similar
phenomenon.44

Intimate mixing of the two polymers is evidenced by DSC
and XRD analyses. In the XRD spectra for all materials except
MMT, which was analyzed as a powder, ITO peaks can be
observed due to the ITO-coated glass substrate used for film
analysis. These peaks, represented by black triangles in
Fig. 3a, are in agreement with reported values in the
literature.45,46 Although the basal (001) peak of montmorillo-
nite is not observed, other characteristic peaks, such as (003)
and (110), are observed in the MMT spectrum as well as the
three PPM spectra, confirming the presence of MMT clay in
each coating.47,48 These peaks are represented by pink circles
in Fig. 3a. It should be noted that the small shoulders on the
(110) and (005) MMT peaks have been observed in the litera-
ture, and are attributed to quartz impurities in the clay
sample.49,50

The XRD spectra of PAA and PEI both exhibit broad peaks
around 25°, marked with a purple star and a gray diamond in
Fig. 3a, indicating that these polymer films are amorphous.51

Similar broad peaks appear in the PPM complexes, indicating
the presence of amorphous PEI and PAA in the coatings. Most
importantly, the (112) and (120) characteristic peaks of semi-
crystalline PEO are observed in the pure PEO spectrum at 19
and 23°, respectively (represented by blue squares).52,53 These

same PEO peaks are not observed in any of the PPM com-
plexes, suggesting that PEO forms minimal crystalline
domains in the PPM films. Furthermore, in DSC, semicrystal-
line PEO exhibits a melting point at ∼66 °C (Fig. 3b). None of
the PPM complexes exhibit a melting transition in this region
(Fig. 3b), indicating that there are no regions of crystallized
PEO within the coatings. In addition, the Tgs of PEO and PAA
(−53 and 105 °C, respectively) are not observed the PPM coat-
ings (Fig. 3b).44 This lack of Tg signatures in DSC suggests that
the two polymers form a single continuous phase within the
coating, which is typical of polymer complexes.54

Oxygen barrier of hydrogen bonded complexes

PPM 1 : 2, 1 : 1, and 2 : 1 were coated on 760 µm thick natural
rubber substrates for OTR measurement. As shown in Table 2,
film barrier properties improve significantly as the PEO
content increases relative to PAA. PPM 1 : 2 provides a modest
1.8× reduction in OTR compared to uncoated rubber, while
PPM 1 : 1 reduces the OTR of rubber by an order of magnitude.
PPM 2 : 1 reduces the OTR of natural rubber by two orders of
magnitude at a similar thickness (∼1.8 µm) to PPM 1 : 2 and
1 : 1. A more complete set of barrier values, at various strains,
along with coat weights, are provided in Table S1.† This
improvement cannot be attributed to the quantity of MMT in
the PPM 2 : 1 coating, as the total clay content of all three

Fig. 3 (a) XRD spectra of coating components and PPM recipes and (b) DSC thermograms of coating components and PPM complexes.

Table 2 Barrier properties of uncoated and coated natural rubber

Sample
name

OTR (cc
(m2 day)−1)

Film thickness
(µm)

Total
permeability
(×10−14 cc cm
(cm2 s Pa)−1)

Film
permeabilitya

(×10−16 cc cm
(cm2 s Pa)−1)

Substrate 2110 — 184 —
PPM 1 : 2 1150 1.07 100 61.8
PPM 1 : 1 262 1.63 22.9 11.2
PPM 2 : 1 21.4 1.79 1.87 0.9

a Film permeability was decoupled from the substrate using a pre-
viously described method.58
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systems was confirmed to be the same (∼40%) via thermo-
gravimetric analysis (Fig. S2†). The improved barrier of PPM
2 : 1 is attributed to the greater relative amount of PEO in the
system, leading to improved clay distribution, despite the total
clay content of each system being the same. It has been
observed that MMT is more fully intercalated and more uni-
formly distributed in a PEO solution as the PEO content
increases.55,56 Although MMT is expected to be fully exfoliated
when dispersed in water,57 it is likely that increased inter-
actions with PEO will lead to more uniform nanosheet distri-
bution within the complex, leading to an increase in tortuosity
for gas molecules.

Improved distribution of MMT platelets with increasing
PEO content can be observed via FTIR. As shown in Fig. 4,
pure PEO exhibits a broad asymmetric CH2 stretching peak
between 2940 and 2840 cm−1, as well as two narrow, weak
bands at 2740 and 2693 cm−1. In contrast, when PEO is associ-
ated with MMT, these peaks should shift to become two
defined peaks at 2918 and 2880 cm−1.55 These peaks, while
present in the FTIR spectra for all three PPM recipes, grow in
sharpness and intensity as PEO content increases (Fig. 4).
These data support the hypothesis that increased PEO content
results in increased polymer interactions with MMT platelets
in the PPM complex. The improved OTR of PPM 2 : 1 relative to
PPM 1 : 1 and 1 : 2 can also be partially attributed to the richer
hydrogen bonding network, which increases the cohesive
energy.4 It has previously been demonstrated that increasing
interpolymer hydrogen bonding interactions within a PEO–
PAA film decreases oxygen permeability, while increasing
intramolecular interactions between PAA repeat units does
little to improve barrier properties.25,27 As PEO content
increases in the coating, interactions are maximized between
PEO and each of the other coating components (PAA and
MMT) leading to a greatly improved oxygen barrier.

AFM data supports the assertion that increased PEO
content leads to improved coating uniformity. As shown in
Fig. 5, film roughness significantly decreases as the PEO : PAA
ratio increases, with PPM 2 : 1 being about twice as smooth as

PPM 1 : 2. Roughness may be attributed to increased PAA
dimerization (at the expense of PEO–PAA hydrogen bonding)
that leads to larger individual polymer domains within the
film, decreasing homogeneity and increasing the roughness.27

Additionally, PPM 2 : 1 exhibits increased dispersion of MMT
platelets due to higher PEO content, which could lead to a
smoother film surface. This assertion is further demonstrated
via phase mapping of the same AFM images (Fig. 5d–f ). When
compared to the other films, the PPM 2 : 1 coating appears to
show more clearly dispersed clay particles throughout the
darker polymer matrix. MMT is less evenly distributed in the
PPM 1 : 2 and 1 : 1 coatings compared to in PPM 2 : 1, leading
to increased permeability and surface roughness.

Mechanical behavior of complexes

The PEO : PAA ratio also plays a major role in determining the
film’s mechanical properties. Neither PEO nor PAA are elasto-
meric on their own, but hydrogen bonded complexes of the
two demonstrate incredibly elastic behavior.44,59 The low Tg,
highly mobile PEO in the complex allows it to be stretched,
while the hydrogen bonds between PEO and PAA act as physi-
cal crosslinks that allow the complex to restore its shape after
stress is removed.26,44 The elasticity of the coating improves
with increasing relative PEO content, because the PEO in the
system is well above its Tg of −53 °C and is prevented from
crystallizing by complexation with PAA.38,51,54 As a result, these
highly mobile PEO chains have a greater ability to relax when
strain is applied. Due to its higher relative PEO content, the
PPM 2 : 1 complex is expected to behave more elastically than
the PPM 1 : 1 or 1 : 2 complexes.44,59,60 Even small changes in
polymer ratios can have a considerable impact on mechanical
behavior. As shown in Fig. 6a, the indentation moduli of PPM
1 : 2, 1 : 1, and 2 : 1 were measured to be 19.2 ± 2.8, 7.1 ± 0.8,
and 3.1 ± 0.2 GPa, respectively. PPM 2 : 1 was chosen for ana-
lysis as a stretchable gas barrier because it has the lowest OTR
and the greatest elasticity.

Influence of strain on gas barrier

The PPM 2 : 1 coating demonstrates excellent retention of
barrier properties upon stretching. When subjected to no
strain, the coating decreases the OTR of natural rubber by
99%. After 10% strain, the OTR is still reduced by 99%, and
after 20% strain, the OTR is reduced by 98%. SEM images of
coated and uncoated substrates after being subjected to 0, 10,
20 and 50% strain reveal that the coating does not begin to
show signs of damage until 50% strain (Fig. S4†). Even after
50% strain, the PPM 2 : 1 coating still reduces the OTR by 93%,
as shown in Fig. 6. The retention of barrier properties even
after stretching is attributed to the highly elastomeric nature
of the PPM 2 : 1 film.

The reduction in OTR and number of processing steps are
considerably improved compared to a previously published
PEO/PAA + MMT LbL system.28 The previous 10-bilayer system,
which required a total of 21 individual dipping steps and 61
rinsing steps, reduced the OTR of the polyurethane substrate
by 80×, and after 20% strain (the maximum strain applied to

Fig. 4 FTIR spectra of cured PPM 1 : 2, 1 : 1, and 2 : 1 complexes and
pure PEO from 3200 to 2600 cm−1.
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the coated substrate), reduced the OTR by 46×. In contrast, the
coating presented here requires a total of three deposition
steps and three rinsing steps, reduces the OTR of the substrate
by 99×, and maintains a 54× reduction in OTR after 20%
strain. Furthermore, this coating is able to withstand 50%
strain, while still providing a 15× reduction in OTR.

It is interesting to note that an inverse relationship between
barrier and ductility of polymer complex films is expected
based on previous work,6 but the present study exhibits the

opposite situation. Indeed, when low permeability is largely
ascribed to high cohesive energy density, barrier properties are
expected to correlate to film stiffness.7 In this work, however,
the barrier must be attributed primarily to the high level of
MMT dispersion obtained by manipulating the PEO content of
the system. Independently, the PEO : PAA ratio in the system is
tuned to obtain high elasticity. In this way, the manipulation
of PEO content allows for the creation of a coating that maxi-
mizes stretchability, while minimizing oxygen transmission.

Fig. 5 AFM height images (a–c) and phase images (d–f ) of PPM 1 : 2 (a and d), PPM 1 : 1 (b and e), and PPM 2 : 1 (c and f), including average rough-
ness (Ra) and root-mean-square roughness (Rq) values.

Fig. 6 (a) OTR of uncoated and coated rubber with reduced moduli (from nanoindentation) of PPM coatings, and (b) OTR of uncoated and PPM
2 : 1-coated rubber as a function of strain applied before OTR testing.
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It is likely that a maximum PEO : PAA ratio exists (above
PPM 2 : 1) that would result in the best possible combination
of high stretchability and low OTR. This ratio would be wher-
ever the critical number of hydrogen bond crosslinks required
to maintain stretchability and prevent PEO crystallization
occurs. At this “critical ratio”, enough crosslinks would be
present to maintain elastomeric behavior, while MMT exfolia-
tion would simultaneously be maximized due to high PEO
content. Above this ratio, stretchability would likely decrease
and OTR increase due to an insufficient number of hydrogen
bonding interactions. Excess PEO in the HBPC would be
expected to crystallize, resulting in crystalline peaks in XRD
and a melting peak in DSC, neither of which were observed for
any of the ratios investigated in this work.

Conclusions

An effective and highly elastic gas barrier coating was realized
through the development of a hydrogen bonded polymer
complex of poly(acrylic acid), poly(ethylene oxide), and mon-
tmorillonite clay. FTIR verifies the protonation of PAA, and
resulting hydrogen bonding interactions, upon changing the
pH of the coating with a buffer step. XRD and DSC analyses
indicate intimate blending of the polymers at all ratios investi-
gated, as no polymer crystallinity was observed for any of the
ratios studied. FTIR analysis further demonstrates that increas-
ing PEO content relative to PAA increases interpolymer hydro-
gen bonds and strengthens interactions between PEO and
MMT clay. As a result, the HBPC with the highest PEO : PAA
ratio exhibits the lowest roughness, the lowest oxygen per-
meability, and the greatest elasticity of the complexes. This
HBPC coating decreases the oxygen transmission rate of the
natural rubber substrate by two orders of magnitude. Even
after exposure to 50% strain, the best-performing coating
retains a 93% reduction in OTR as compared to the uncoated
substrate. Deposited in three steps, with water-based proces-
sing, this hydrogen bonded complex represents a promising
development for the facile construction of stretchable gas
barrier films.
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