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High Gas Barrier Imparted by Similarly Charged 

Multilayers in Nanobrick Wall Thin Films  

D. A. Hagen,a C. Box,b S. Greenlee,a F. Xiang,a O. Regev,*b and J. C. 
Grunlan*a,c,d  

Super oxygen barrier trilayer thin films have been deposited using two successive anionic 

layers of clay and polymer following every cationic polymer layer during layer-by-layer 

assembly.  Polymer-clay bilayer films show good oxygen barrier due to a nanobrick wall 

structure consisting of clay nanoplatelets within polymeric mortar. It is shown here that adding 

an anionic polymer layer reduces free volume of the film by filling in gaps of the similarly 

charged clay layer and increases the barrier performance over the bilayer configuration by at 

least one order of magnitude.  Highly aligned platelets with some non-continuous clay stacks 

were imaged at nanometer resolution within the microtomed LbL thin film. The super gas 

barrier, transparent nanocoatings obtained are useful for a variety of food, pressurized, and 

flexible electronics packaging applications. 

 

Introduction 

There is significant interest in transparent, flexible thin films 
that exhibit good oxygen barrier for applications such as food 
packaging, flexible electronics, and pressurized bladders.1-3 
SiOx and AlxOy films exhibit good gas barrier, but they have a 
tendency to crack upon flexing and require vacuum processing 
environments.4,5  Thin film nanocomposites constructed using 
layer-by-layer (LbL) assembly are a good alternative to these 
inorganic layers due to their tailorability, robustness, and 
simple processing environments.6  In addition to being 
excellent gas barriers,7-12 these films have also been prepared 
for pharmaceutical,13-15 superhydrophobic,16,17 antimicrobial,18 
anti-flammable,19,20 and electrically conductive21,22 
applications.  This wide range of properties is made possible by 
the large variety of components that can be employed in LbL 
assembly: polymers,23 nanoparticles,24 quantum dots,25 and 
biological molecules.26  Beyond the constituents used, the 
properties of the composite films can be further tuned by 
varying molecular weight,27 deposition time, concentration, pH, 
ionic strength,28 and temperature.29   
The LbL process has been used to create very good barriers 
using bilayer (BL) and quadlayer (QL) systems that utilize 
impermeable nanoplatelets (e.g., clay and graphene oxide), 
each approximately 1 nm thick with aspect ratios up to several 
thousand, to create an extremely tortuous pathway for diffusion 
of gas molecules.7-12 The water based nature of the layer-by-
layer process allows for partially exfoliated and oriented clay 
platelets to be deposited every cycle, generating a nanobrick 
wall structure. This structure provides superior properties over 
bulk composites where aggregation and random orientation 
lead to increased opacity and greater gas permeability.9  The 
traditional method of constructing LbL thin films involves 
alternately depositing layers from oppositely charged 
solutions.6  One disadvantage of this approach is the incomplete 

coverage of a surface due to the rigidity of clay platelets.  In the 
present study, we show that succeeding the anionic clay layer 
with a similarly charged polymer layer significantly improves 
the gas barrier by filling in the gaps between clay platelets of 
the same layer. A trilayer (TL) system consisting of the cationic 
polyethylenimine (PEI), anionic montmorillonite clay (MMT), 
and anionic poly(acrylic acid) (PAA) is used to create super gas 
barrier nanobrick walls.  A trilayer system, similar to that 
examined here has recently been studied to combine the 
exponential growth of all polymer systems with the flame 
retardant behaviour of montmorillonite clay.30  Our focus here, 
however, is on gas barrier properties.  At comparable thickness 
to PEI/MMT bilayers, these PEI/MMT/PAA trilayers achieve 
an oxygen transmission rate that is more than an order of 
magnitude lower.  

Experimental 

Materials 

Natural sodium montmorillonite clay (MMT, trade name 
Cloisite NA+) provided by Southern Clay Products, Inc. 
(Gonzales, TX), was dispersed as a 1 wt% suspension in 
deionized (DI) water by rolling solutions in bottles overnight.  
MMT platelets have a reported density of 2.86 g/cm3, diameter 
ranging from 10-1000 nm, and thickness of 1 nm.31  
Poly(acrylic acid) (PAA) (Mw = 100,000 g/mol, ρ=1.20 g/cm3), 
purchased from Sigma Aldrich (Milwaukee, WI), was used as a 
0.2 wt% solution in DI water.  Branched polyethylenimine 
(PEI) (Mw = 25,000 g/mol, ρ=1.10 g/cm3) was also purchased 
from Sigma-Aldrich and used as a 0.1 wt% DI water solution.  
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Substrates 

Poly(ethylene terephthalate) (PET) film, with a thickness of 
179 µm (trade name ST505, produced by Dupont-Teijin), was 
purchased from Tekra (New Berlin, WI) and used as the 
substrate for oxygen transmission rate (OTR) testing and 
transmission electron microscopy (TEM). This PET film has an 
OTR of approximately 8.6 cm3/(m2•day•atm) under dry 
conditions.  Polished silicon wafers were purchased from 
University Wafer (South Boston, MA) and were used as 
substrates for ellipsometry and atomic force microscopy.  They 
were treated with piranha solution in a 3:1 mass ratio of 30% 
hydrogen peroxide to 99% sulfuric acid and stored in deionized 
(DI) water [Caution! Piranha solution should be handled with 
extreme caution!].  Silicon wafers were rinsed with DI water, 
acetone, and then DI water immediately before use.  Prior to 
deposition, PET substrates were rinsed with DI water, 
methanol, and then DI water, followed by treatment of each 
side of the substrate using a BD-20C Corona Treater (Electro-
Technic Products, Inc., Chicago) to ensure an adequate 
negative surface charge before coating.   

 
Fig. 1 Illustrations of (a) the LbL dipping process and (b) nanobrick wall structures 

built from alternate adsorption of PEI (green) and MMT (orange) for the BL 

system (top) and PEI, MMT, and PAA (blue) for the TL system (bottom).  

Layer-by-layer Assembly  

Each substrate was dipped into the cationic 0.1 wt% PEI 
solution (adjusted to pH 10.0 using 1 M HCl) for 5 minutes.  
After this, and every subsequent dip, the substrate was rinsed 
with DI water and dried with filtered air.  The substrate was 
then dipped into the anionic MMT suspension (unaltered pH of 
~9.7) for five minutes, which completed a single bilayer (BL) 
dipping cycle, as illustrated in Fig. 1.  When depositing trilayer 
films, the substrate was dipped into the anionic PAA solution 
(adjusted to pH 4.0 using 1M NaOH) for 1 minute to complete 
a TL cycle.  All subsequent dips were 1 minute, following the 
sequence described above.   After the final rinsing and air 
drying, the films deposited on PET were dried in an oven at 
70°C for 15 min. 

Characterization 

Thickness measurements were taken as a function of layers 
deposited using an α-SE spectroscopic ellipsometer (J.A. 
Woodlam Co, Inc., Lincoln, NE). Mass deposition onto Ti/Au 
plated quartz crystals was measured using a Research Quartz 
Crystal Microbalance (QCM) (Maxtek Inc., Cypress, CA).  
Density was calculated by dividing the mass/area obtained with 
QCM by the film thickness.  Data for clay mass deposition 
were taken between 10 and 20 cycles to avoid substrate effects.  
Visible light was measured using a USB2000-UV−Vis 
Spectrometer (Ocean Optics, Dunedin, FL).  Atomic force 
microscopy data (AFM) was acquired using a Dimension Icon 
AFM (Bruker, Billerica, MA) in tapping mode with an 
HQ:NSC35/Al BS probe (Mikromasch, Lady's Island, SC).  
Root mean square roughness (rms) measurements were taken 
from a 20µm x 20µm area.  OTR testing was performed 
according to ASTM D-3985 specifications by MOCON 
(Minneapolis, MN) using an Oxtran 2/21 ML instrument at 
testing conditions of 23 °C and 0% RH.  Samples for TEM 
were prepared by embedding the film in Epofix (EMS, 
Hatfield, PA) resin overnight and cutting sections, using an 
Ultra 45° diamond knife (Diatome, Hatfield, PA), onto 300 
mesh copper grids.  TEM micrographs of the thin film cross 
sections (~90 nm thick) were imaged using a Tecnai G2 F20 
(FEI, Hillsboro, OR) at an accelerating voltage of 200kV. 

Results and Discussion 

Film Growth  

Fig. 2 compares the thickness of PEI/MMT bilayers and 
PEI/MMT/PAA trilayers.  The polymer/clay bilayers increase 
in thickness linearly at 4.0 nm/BL (Fig. 2(a)).  When PAA is 
employed as a third layer in each deposition cycle, the growth 
rate increases slightly to 5.2 nm/TL for two reasons. PAA 
deposits onto the exposed areas of PEI between MMT platelets 
via electrostatic attraction.  Any exposed PEI is at a more 
highly charged state in the PAA solution (pH 4) than it was in 
the MMT solution (pH 9.7), aiding in the attraction of PAA.  
Secondly, PAA carbonyls can hydrogen bond with MMT 
hydroxyl groups at low pH due to the minimal electrostatic 
repulsion between weakly-charged PAA chains and MMT 
platelets.30,32,33 PAA fills in the gaps of the MMT layer which 
provides a more uniform, negatively charged surface on which 
the following layer of PEI can deposit, which contributes to the 
increased thickness of the trilayer system.  
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Fig. 2 (a) Thickness and (b) mass of PEI/MMT bilayer and PEI/MMT/PAA trilayer 

systems as a function of deposition cycles.  

The mass of the trilayer film per cycle is significantly greater 
than that of the bilayer film (Fig. 1(b)) due to PAA occupying 
free volume that cannot be filled by the relatively large, rigid 
clay platelets.  This higher packing efficiency for the trilayer 
system is verified by examining the density of both thin films. 
After 20 cycles the bilayer system has a density of 1.39 g/cm3, 
compared to a density of 2.30 g/cm3 for the trilayer system. In 
addition to filling in voids between MMT platelets, PAA can 
diffuse into underlying PEI layers via an in and out diffusion 
mechanism that is commonly observed in exponentially 
growing thin films.27,34,35  A previous study showed that a 10 
BL film of PEI/PAA has a thickness greater than 1 µm and a 
mass of approximately 140 µg/cm2 due to the large amount of 
diffusion of each of the polymers into the film.11 The thickness 
and mass of this all-polymer system are more than an order 
magnitude greater than that of the clay filled TL system.  This 
is because PAA cannot diffuse directly through the MMT 
platelets, which inhibit the exponential growth observed in the 
all polymer system.8 However, the exposed areas of PEI 
between clay platelets allow some diffusion of PAA into the 
film which could increase the mass of the system.  The 
subsequent layer of PEI not only has a smooth anionic surface 
of MMT and PAA on which to deposit, but also has soft areas 
of PAA into which it can diffuse, whereas in the PEI/MMT 
bilayer, it is only attracted to the MMT covered surface.  In the 
previous study of this trilayer system (for flame retardant 
properties), in which a 0.2 wt % solution of clay was used, the 
mass of 10 TL was approximately five times the mass of the 10 
TL system measured here.  This is presumably due to a lower 
number of clay platelets being deposited and increased 
diffusion of PAA into the underlying PEI. In the present study, 
there is an average of 65% more clay deposited in the TL 
system per cycle than in the BL system (0.84 µg/cm2 and 0.51 
µg/cm2 respectively, Fig. S1) which means there is better lateral 
packing of clay platelets and/or more platelets (or stacks) 
deposited on top of each other every layer.  This is most likely a 

result of a more uniform PEI layer that deposits onto the 
MMT/PAA surface, where the bilayer system may have gaps in 
the coverage resulting in a lower net attraction of MMT 
platelets (illustrated schematically in Fig. 1(b)). 
Interestingly, if the order of MMT and PAA is switched (e.g. 
PEI/PAA/MMT) the film’s morphology changes completely.    
The thickness of this reversed trilayer system is the same as that 
of PEI/PAA, and no additional mass is detected during the 
MMT deposition.  Therefore, we conclude that MMT does not 
deposit onto a PAA covered surface at the given pH conditions.  
At the supramolecular level, the PAA-MMT attraction could 
stem from either electrostatic interaction or hydrogen bonding; 
given that they are both negatively charged, the electrostatic 
force is repulsive.  PAA, unlike the relatively large MMT 
platelets, completely covers and uniformly reverses the charge 
of the PEI covered surface, leaving no exposed PEI to attract 
MMT.11  Furthermore, hydrogen bonding between PAA and 
MMT does not occur at the high pH condition (9.7) of the 
MMT solution due to PAA becoming highly charged.30,32,33 
Therefore, MMT platelets are repelled from the surface in the 
PEI/PAA/MMT coating sequence. 

Film morphology 

TEM images of a microtomed 20 TL film (Fig. 3 (a-c)) 
highlight the high level of ordering of these nanobrick walls.   
Montmorillonite clay platelets, about 1 nm thick and 100 nm in 
diameter,31 possess high electron density due to the aluminum, 
magnesium and silicon atoms that cause them to appear as dark 
lines in these images.  The polymers present (PEI, PAA, 
supporting PET film, and epoxy support) have much lower 
electron density and therefore appear brighter in the 
micrographs. There are many more clay platelets seen (~45-Fig. 
3(a)) through the thickness of the film than there were 
deposition cycles (20), which demonstrates that each deposition 
cycle does not deposit only one discrete layer of clay platelets 
along the surface. It is likely that doublet and triplet stacks of 
clay platelets are deposited every cycle, due to only partial 
exfoliation in solution, and the mobility of the successive 
polymer is high enough to intercalate these stacks on the 
surface.  A stack of 5 MMT platelets is shown Fig. 3(c, bottom, 
dashed). The stack is deposited at the bottom of the film with 
no platelets directly to its left.  A second stack of three platelets 
appears higher in the image and does not align with the 
surrounding platelets. The average thickness of the 20 TL film 
as measured from TEM images (94 ± 13 nm (n=50)) is in good 
agreement with ellipsometry measurements (Fig. 2(a)).  The 
clay platelet spacing within the film is rather uniform, as 
demonstrated by the Fourier Transform analysis taken from the 
entire thickness of the image (Fig. 3(a) inset). The TEM images 
of the bilayer film reveals highly aligned platelets, but also 
lighter areas between some of the clay platelets indicating gaps 
in the nanobrick wall structure (Fig. 3(d)). 
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Fig. 3 (a) TEM cross section of a 20 PEI/MMT/PAA trilayer film prepared using a 

microtome and Fourier Transform inset. The white rectangle in (a) is shown at 

higher magnification in (b), and stacks of MMT platelets within the film are 

shown in (c).  (d) Cross section of part of a 20 BL film.  

The bilayer film surface is rougher than the trilayer surface 
(rms roughness values of 19.5 nm and 15.7 nm, respectively 
from Figure S2) due to PAA filling in the gaps between MMT 
platelets, as illustrated in Fig. 1(b).  The surface of a 10 trilayer 
film was imaged before and after the final PAA depostion to 
demonstrate the partial deposition of PAA onto a the MMT 
surface.  AFM phase images represent the phase shift (delay) of 
the cantelever compared to its free oscillation.  This delay can 
be caused by soft or viscoelestic materials,36  such as PAA, that 
appears as lighter areas in Figure 4.  There is a stark contrast 
between the phase images between the MMT covered surface 
and the MMT/PAA covered surface (Fig. 4), which should not 
be confused with topogrophy (the surface is in fact slightly 
rougher before the PAA deposition). There are regions where 
the PAA deposition is less concentrated, which could be areas 
of greater clay platelet coverage and PAA is only attracted to 
the surface via hydrogen bonding.  
It should be noted that a 20 TL film, with a thickness of 106 
nm, has an average light transmission of 95% across the visible 
light spectrum (390-750 nm).  This high level of transparency is 
a key requirement for electronic display encapsulation and is 
desirable for many food packaging applications.3  It is the high 
level of orientation of the clay within the composite film that 
makes this exceptional transparency possible.   
 
 

 
Fig. 4. AFM phase images of 10 TL of PEI/MMT/PAA (a) before the final layer of 

PAA is deposited and (b) with the final layer of PAA deposited. 

Gas barrier properties 

The difference in gas barrier properties between the bilayer and 
trilayer nanobrick walls is more pronounced than the 
differences in thickness and mass (Fig. 2).  Oxygen 
transmission rates for both systems are summarized in Fig. 5.  
While 5 BL shows only a small reduction in oxygen 
transmission rate over the bare PET support (OTR is 7.3 and 
8.5 cm3/m2•day, respectively), the 5 TL thin film shows nearly 
a factor of three improvement. Furthermore, a 10 TL film has 
lower OTR than 20 BL despite having half as many clay 
deposition cycles.  20 TL is at the detection limit of commercial 
equipment (0.005 cm3/m2•day), a 1600x improvement over 179 
µm PET (8.6 cm3/(m2•day•atm)).  The OTR of 20 TL is nearly 
one order of magnitude lower than that of 20 BL.  This 
improvement comes from the inclusion of more clay platelets 
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per deposition cycle and also from the free volume reduction 
discussed previously, which slows the diffusion of oxygen 
molecules through the film.  Having more platelets deposited 
every cycle provides smaller gaps between platelets on the 
same plane and/or more platelets to diffuse around vertically.  
Both of these scenarios create a more tortuous path for oxygen 
molecules, leading to better barrier performance.  The 
permeability of the 20 TL film is extremely low (1.21 x 10-21 

(cm3•cm/cm2•s•Pa) in Table S1) at a thickness of only 105.8 
nm.  Thin film permeability is decoupled from the substrate 
permeability using a previously described method.37

 

 
Fig. 5. Oxygen transmission rates for PEI/MMT bilayers and PEI/MMT/PAA 

trilayers as a function of bilayer or trilayer sequences deposited. 

Conclusions 

Here it was shown that that the addition of a polymer layer with 
similar charge as clay fills uncovered spaces in the nanobrick 
wall and dramatically increases oxygen barrier properties by 
reducing the free volume.  The exceptionally high oxygen 
barrier exhibited, coupled with high transparency, ease of 
fabrication, and mechanical flexibility, makes these films well 
suited for pressurized systems, food packaging, and flexible 
electronics. 
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Super oxygen barrier trilayer thin films have been deposited using two successive anionic layers of clay and 
polymer following every cationic polymer layer.  
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