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ABSTRACT: Relatively fast exposure times (S s) to aqueous
solutions were found to improve the gas barrier of clay—
polymer thin films prepared using layer-by-layer (LbL)
assembly. Contrary to the common belief about deposition
time (i.e, the longer the better), oxygen transmission rates
(OTRs) of these nano-brick-wall assemblies are improved by
reducing exposure time (from 1 min to S s). Regardless of
composition, LbL films fabricated using shorter deposition
time are always thicker in the first few layers, which correspond
to greater clay spacing and lower OTR. A quadlayer (QL)
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assembly consisting of three repeat units of branched polyethylenimine (PEI), poly(acrylic acid) (PAA), PEI and
montmorillonite (MMT) clay is only 24 nm thick when deposited with 1 min exposure to each ingredient. Reducing the
exposure time of polyelectrolytes to S s not only increases this film thickness to 55 nm but also reduces the oxygen transmission
rate (OTR) to 0.05 cm®/(m? day atm), which is 2 orders of magnitude lower than the same film made using 1 min exposures. A
conceptual model is proposed to explain the differences in growth and barrier, which are linked to polyelectrolyte relaxation,
desorption, and interdiffusion. The universality of these findings is further exemplified by depositing clays with varying aspect
ratios. This ability to quickly deposit high-barrier nanocomposite thin films opens up a tremendous opportunity in terms of

commercial-scale processing of LbL assemblies.
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B INTRODUCTION

Clay continues to receive significant attention for its ability to
impart mechanical reinforcement,' > gas barrier,*™® and even
flame retardant characteristics to polymers.” '® Conventional
clay—polymer composites obtained via melt or solution mixing
generally exhibit only modest improvement in their gas barrier
property because of insufficient exfoliating and aligning of
inorganic nanoplatelets within the organic polymer matrix.'"'>
To prevent aggregation, the clay concentration rarely exceeds
10 wt % in traditional clay—polymer composites.'>™'°
Numerous attempts have been made to improve clay
exfoliation in polymer matrices, including in situ polymerization
and clay functionalization,'®”"® but the improvement in the gas
barrier property is still limited by insufficient clay align-
ment."”~?' Shear force can be applied to align clay platelets in
molten polymer, but Brownian motion of clay platelets (and
relaxation of the polymer matrix during solidification) prevents
high levels of clay alignment.'**>** A relatively simple method
for achieving high clay concentration and alignment is to
prepare nanocomposites using the layer-by-layer (LbL)
assembly technique.”**

LbL assembly has been widely applied as a simple and
versatile thin-film fabrication technique.**~*” Multifunctional
films with controlled structure and composition are prepared by
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alternating exposure of a substrate to components (usually in
water) with complementary interactions. Resultant thin films
can exhibit various properties that include gas barrier,>**~*” fire
retardant,”?373° superhydrophobicity,%_38 drug delivery,
and antifogging.**** In the case of clay, a bilayer (BL) film can
be constructed by alternately assembling negatively charged
platelets with a positively charged polyelectrolyte.”* Upon
deposition of a few BLs, a nano-brick-wall structure with high
clay alignment is produced. This structure exhibits remarkable
tortuosity for diffusing gas molecules, giving these clay—
polymer thin films a super oxygen barrier that rivals SiO, or
metal-oxide-coated films.****

Improvement in polymer—clay nanobrick walls have been
made by switching from BL to quadlayer (QL) recipes, which
consist three layers of oppositely charged polyelectrolytes
between each clay layer,”® and also by increasing nanoplatelet
aspect ratio.”*® For example, it takes 24 BL of branched
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Figure 1. Illustration of the LbL assembly processes for quadlayer (a), hexalayer (b), and octalayer (c) films.

polyethylenimine (PEI) and montmorillonite (MMT) clay (48
individual layers) to achieve an undetectable oxygen trans-
mission rate (OTR < 0.005 cm®/(m? day atm)),*” whereas four
PEI/poly(acrylic acid) (PAA)/PEI/MMT QL (16 individual
layers) can provide the same level of performance.”® Further
analysis revealed that this improvement in the gas barrier
property originated from a more open nano-brick-wall
structure. According to a tortuous path model developed by
Cussler, instead of following a staircase-like pattern between
highly aligned clay layers, gas molecules wiggle laterally while
traveling parallel to the diffusion direction (between the clay
layers).” Greater clay spacing in the QL film provides more
room for gas molecule wiggling, leading to a prolonged
diffusion length and improved gas barrier property. Despite the
success of adding polyelectrolyte layers to transform bilayers to
quadlayers, inserting even more polyelectrolyte layers between
clay layers may dilute clay concentration and consequently
diminish the gas barrier property of these films. With a given
clay type, an alternative route to optimize this nano-brick-wall
structure involves altering the deposition time used to deposit
the polyelectrolyte layers.

A wide range of assertions have been made on the deposition
time needed to form a layer (from seconds to hours).*~** The
general consensus has been the longer the better because the
adsorption of polyelectrolyte in each deposition step was
typically considered to be an irreversible process involving
kinetically frozen cross-links at (or near) the liquid—solid
interface.”>™>° Moreover, it was generally accepted that a
pronounced change in the adsorbed amount occurs within the
first 10 min (or even faster) and a maximum adsorption time of
20 min is needed for saturation (i.e., to reach equilibrium).s'é_58
On the basis of these assumptions, typical literature deposition
times for LbL assembly are set between 5 and 20 min.** "' The
present work demonstrates that a shorter dipping time actually
leads to thicker clay—polymer films with increased clay spacing
and improved gas barrier property. Application of a shorter
dipping time during assembly enables clay—polymer LbL films
with larger thickness and better gas barrier property to be
manufactured using less time and fewer layers. These results
suggest that S s exposure times are better for LbL films
prepared with weak polyelectrolytes and clay platelets. The
universality of this discovery may prove to be of great
importance as these multifunctional thin films move toward
commercialization in a variety of arenas (e.g, protection of

electronics, food packaging, and flame-retardant treat-
34,62,63
ments).

B EXPERIMENTAL SECTION

Materials. Laponite (LAP) (Laponite RD) and sodium montmor-
illonite (MMT) (Cloisite NA*) clays were purchased from Southern
Clay (Gonzales, TX) and used as received. Vermiculite (VMT)
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(Microlite 963++) clay dispersion was supplied by Specialty
Vermiculite Corp. (Cambridge, MA). PEI (M,, = 25000 g/mol) and
PAA (M, = 100000 g/mol) were purchased from Sigma-Aldrich
(Milwaukee, WI) and used as received. A 1 wt % VMT solution was
prepared using 18.2 MQ deionized water by rolling for 24 h and then
allowing for sedimentation of insoluble fractions for another 24 h. All
of the other solutions were prepared by simply rolling for 24 h to
achieve homogeneity. Prior to deposition, the pH of each PEI solution
(0.1 wt % PEI) was altered to 10 using 1 M HCl, and the pH of PAA
solutions (0.2 wt % PAA) was altered to 4 using 1 M NaOH. All clay
solutions were used at their unaltered pH (1 wt % for VMT, MMT,
and LAP).

Substrates. Poly(ethylene terephthalate) (PET) film with a
thickness of 179 um (STS0S, DuPont-Teijin) was purchased from
Tekra (New Berlin, WI) and used as the substrate for OTR testing and
TEM imaging. PET films were rinsed with deionized water and
methanol just prior to deposition. Cleaned PET substrates were dried
and then treated with a BD-20C corona treater (Electro-Technic
Products Inc., Chicago, IL). Corona treatment improves adhesion of
the first polyelectrolyte layer by oxidizing the film surface.** Single-
side-polished silicon wafers were purchased from University Wafer
(South Boston, MA) and used to monitor the change in film thickness
via ellipsometry. Silicon wafers were cut to 10 X 2 cm strips and then
cleaned with piranha solution for 30 min, rinsed with deionized water,
acetone, and deionized water again, and dried with filtered air prior to
deposition. Caution: These chemicals are dangerous. Piranha solution
reacts violently with organic materials and needs to be handled
properly. Polished Ti/Au crystals with a resonance frequency of §
MHz were purchased from Maxtek (Cypress, CA) and used to
monitor mass deposition using a quartz crystal microbalance (QCM).

Layer-by-Layer Deposition. The overall LbL deposition
processes for QL, hexalayer (HL), and octalayer (OL) are illustrated
in Figure 1. Treated substrates were dipped in the PEI solution for $
min, rinsed with deionized water, and dried with filtered air. This
procedure was followed by an identical dipping, rinsing, and drying
procedure in the PAA solution. After this initial bilayer was deposited,
different numbers of layers were added to make QL, HL, or OL films
under the same rinsing and drying conditions. This procedure was
repeated until the desired number of layers was achieved. To study the
influence of dipping time on the properties of these films, the dipping
time in polyelectrolyte solutions was set at either S s or 1 min, whereas
the dipping time of clay suspensions remained at 1 min. All thin films
were prepared using home-built robotic dipping systems.®**®

Film Characterization. Film thickness was measured (on silicon
wafers) using an alpha-SE ellipsometer (J.LA. Woollam Co., Inc,
Lincoln, NE). Films with thickness above 1000 nm or films too hazy
for the ellipsometer were measured with a P-6 profilometer (KLA-
Tencor, Milpitas, CA). Regardless of the measurement method used,
the average film thickness was the average of three measurements. The
mass of these multilayer films was measured at each quadlayer with a
quartz crystal microbalance (QCM) (Inficon, East Syracuse, NY)
having a frequency range of 3.8—6 MHz. QCM crystals were cleaned
in a PDC-32G plasma cleaner (Harrick Plasma, Ithaca, NY) for S min
at 10.5 W prior to deposition and were then inserted in a holder and
dipped into the corresponding solutions. After each deposition, the
crystal was rinsed and dried and then left on the microbalance to

dx.doi.org/10.1021/am403445z | ACS Appl. Mater. Interfaces 2014, 6, 6040—6048



ACS Applied Materials & Interfaces

Forum Article

stabilize for S min. Oxygen transmission rate measurements were
performed by MOCON (Minneapolis, MN) using an Oxtran 2/21
ML oxygen permeability instrument (in accordance with ASTM
Standard D-3985) at 23 °C and 0% relative humidity (RH).

Microtomy and TEM Imaging. LbL assemblies were deposited
on a PET film, coated with carbon, embedded in Epofix (EMS,
Hatfield, PA) resin overnight, and microtomed (Leica Ultracut UCT,
Leica, Inc, Germany) to 90 nm thick sections using a Ultra 45°
diamond knife (Diatome, Hatfield, PA, 1 mm/s). Thin sections were
floated onto water and picked up by 300 mesh copper grids (Ted
Pella). The grids were imaged using a Tecnai G2 F20 FE-TEM (FE],
Hillsboro, OR) at an accelerating voltage of 200 kV and analyzed using
Digital Micrograph software 3.0.

B RESULTS AND DISCUSSION

Influence of Exposure Time on Film Growth and
Oxygen Barrier. The influence of exposure time on the
growth of all-polymer PEI/PAA bilayer films is shown in
Figure 2. Both growth curves have exponential and linear
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Figure 2. Film thickness as a function of bilayers for PEI/PAA films
made with 1 min and S s exposure times. The OTR of an eight BL
PEI/PAA film with 1 min (from ref 62) and S s dipping times is also
shown.

growth regions, but there are remarkable differences in
thickness. The film prepared using 5 s exposures grows faster
in the exponential growth region and exhibits an earlier
transition to linear growth (after three BL). In contrast, the film
prepared with 1 min dips grows more slowly in the exponential
growth zone. It takes five BL to transition to linear growth with
this longer exposure time. At the end of exponential growth,
both films are thick enough to allow maximum polyelectrolyte
interdiffusion, which dominates the linear growth of these films.
Consequently, films prepared using 1 min dipping eventually
become thicker (at seven BL) than their S s counterparts
because of the longer interdiffusion time. The thickness of an
eight BL film prepared with 1 min dipping (675 nm) is much
greater than that made with S s dips (455 nm), and this is
directly reflected in the gas barrier behavior of these films. As
shown in Figure 2, undetectable OTR (<0.005 cm?/(m* day
atm)) is achieved for an eight BL PEI/PAA film prepared with
1 min dipping,66 whereas the thinner film made with 5 s dips
has an OTR of 0.093 cm®/(m* day atm). Although the shorter
dipping time appears to require more layers to achieve a high
oxygen barrier in all-polymer systems, it can be ideal for clay—
polymer assemblies. The addition of clay suppresses poly-
electrolyte interdiffusion and thus delays the transition to linear
growth, which maintains the films prepared with S s dips
thicker for more deposited layers.
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As can be seen in Figure 3, shorter dipping time yields
thicker clay—polymer films for the initial layers deposited, and
the addition of clay effectively postpones the overtaking in film
thickness. In the case of PEI/PAA/PEI/MMT quadlayers, it
takes four QL with 1 min dipping to achieve an undetectable
OTR,*® but the 5 s films remain thicker until nine QL. It is the
same situation for (PEI/PAA),PEI/MMT HL films. It takes
three HL prepared with 1 min exposure to achieve undetectable
OTR (see the Supporting Information), whereas the overtaking
in thickness does not occur until five HL. Because the
overtaking in thickness always happens after undetectable OTR
is achieved, any 5 s films with measurable OTR are thicker than
their 1 min counterparts and should exhibit better gas barrier
property. It is interesting to note that the overtaking in
thickness also depends on the polymer/clay ratio. The numbers
of individual layers needed for overtaking in thickness are 14,
24, 30, and 36 for a BL all-polymer film and OL, HL, and QL
clay—polymer films, respectively. As the clay/polymer concen-
tration ratio increases, there will be more clay platelets in the
LbL film to block polyelectrolyte interdiffusion, leading to
further postponement for the longer dipping time to exceed the
shorter thickness.

To illustrate further the thickness overtaking as a result of
different exposure time (Figure 3), TEM micrographs of
microtomed three and five (PEI/PAA),PEI/MMT HL films
(where the thickness difference is more pronounced) are
shown in Figure 4. The clay is easily resolved (dark lines)
because of its high electron density in comparison to the
polymer (bright regions). Individual clay platelets (1 nm thick,
~100 nm in diameter, white star in Figure 4) are deposited
parallel to the substrate in films fabricated with both short and
long exposure times. It should be noted that the waviness of the
film is probably a result of sectioning. For three HL films, the
one prepared with S s exposures has a greater overall thickness.
The five HL films are quite the opposite, as the sample
prepared with 1 min exposures is noticeably thicker. Both
results agree well with the ellipsometry measurements in Figure
3b. It is possible to resolves individual clay deposition (Figure
4, top panel) and increased clay-to-clay spacing from the third
to the fifth HL, which lines up well with ellipsometric thickness
measurements (Figure 3b). The close to perfect matching
between the ellipsometry and TEM measurements allows
superposition of both in Figure 3b. These TEM images also
show that in some cases clay platelets do not fully cover the
polymer (Figure 4, black arrow). For films with an equal
number of clay layers, a larger overall thickness implies larger
clay spacing, which facilitates the perpendicular wiggling of gas
molecules with respect to the diffusion direction and
consequently increases the diffusion path and gas barrier
behavior, 24256768

The mass of PEI/PAA/PEI/MMT layers with different
dipping times was measured with QCM and is shown in Figure
S. Similar to the trend observed for thickness in Figure 3a, both
films have linear and exponential growth regions, with 5 s
dipping producing more mass before nine QL. The density of
these quadlayer films was calculated by dividing the mass by the
film thickness and the area of the film deposited on the crystal.
It should be noted that small errors in film mass and thickness
can be compounded to produce a much greater scattering in
density. Moreover, the density of films prepared with 1 min
dipping shows more variation because of the longer
interdiffusion time, which could magnify the film thickness
deviation and ultimately lead to larger density variation. As can
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Figure 3. Film thickness as a function of quadlayers (a), hexalayers (b), and octalayers (c) deposited using S s and 1 min dipping times. The growth
curve of hexalayer films, prepared using 1 min dipping, is correlated to the TEM micrograph of a five HL film in panel b.

be seen in Figure Sb, the short dipping time creates films with a
lower initial density, but it increases with an increasing number
of quadlayers (up to four QL). The opposite is true for the film
with 1 min dipping times, which has a higher density initially
but decreases with an increasing number of quadlayers (and
then oscillates around 1.25 g/cm® after four QL). Although
dipping time results in different initial densities, this difference
gradually disappears as the number of quadlayers deposited
increases.

Influence of Clay Size on Film Growth. To confirm
further the role of clay in this process, QL films with different
types of clay were prepared. Each clay type has a thickness of
about 1 nm, and the average diameters of LAP, MMT, and
VMT are 25, 200, and 1100 nm, respectively.s’8 As shown in
Figure 6, the overtaking in film thickness happens the earliest in
the PEI/PAA/PEI/LAP film (at seven QL). After switching to
the larger diameter MMT, the overtaking in film thickness is
postponed to nine QL (Figure 3a). VMT-based films further
extend the number of layers needed for the longer dip time to
overtake S s dips in thickness (at 10 QL). Detailed growth
curves for LAP and VMT quadlayers can be found in Figure S1
(Supporting Information). VMT has the largest diameter and is
therefore the most effective in suppressing polyelectrolyte
interdiffusion. These results suggest that the extent of thickness
postponement can be tailored by changing the clay/polymer
concentration ratio and/or clay aspect ratio. It is also known
that clay aspect ratio influences barrier properties of these thin
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films, with a greater diameter producing a lower transmission
rate for a given number of layers.

The influence of dipping time on the thickness, oxygen
transmission rate, and permeability of three QL films prepared
with three different clays is shown in Figure 7 and Table 1. It is
interesting to note that regardless of the clay type, a short dip
time always leads to a lower OTR, which is directly linked to
film thickness. As can be seen in Figures 3a and 6, a shorter
deposition time always generates a thicker film for at least the
first seven QL. All films used for OTR testing were three
quadlayers, so those made with S s exposures are thicker than
those prepared with 1 min. With all of the films having the
same number of clay layers, a larger film thickness means a
larger average clay spacing and an elongated diftusion path for
gas. In addition to the exposure time, the diameter of the clay
also plays an important role on the OTR of these thin films. As
can be seen for the films prepared with S s dips, larger diameter
clays generate films with a better oxygen barrier (Figure 7).
VMT has the largest average diameter and the lowest OTR in
films prepared with 5 s exposures, but this is not the case for
VMT-based films prepared using 1 min dipping. This
unexpected increase in OTR may originate from the desorption
of polyelectrolytes. The desorption of low-molecular-weight
polyelectrolytes from the film surface could create voids and
reduce the number of available bonding sites (discussed in
more detail in the next section). These surface defects may not
cause a problem for the subsequent deposition of polyelec-
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Figure 4. TEM cross-sectional images of three and five hexalayer films deposited using S s and 1 min polyelectrolyte exposure times. Arrow, partial
clay coverage; star, individual clay platelet (~100 nm in diameter). The growth direction is from bottom to top.

trolytes because of the relatively coiled conformation and
inherent flexibility of the polyelectrolyte chains, but they may
diminish the adsorption of clay. It is likely that the larger the
clay platelets, the higher the negative impact on adsorption.
Successful adsorption of larger clay platelets may require the
establishment of many bonds with the underlying surface,
leading to the largest negative impact on VMT.

Growth Mechanism for Clay—Polymer Assemblies. It
has been shown that a shorter exposure time deposits a thicker
(Figure 3) and heavier (Figure Sa) film in the first few layers.
This result seems counterintuitive because it has been generally
accepted that the adsorption of polyelectrolyte at each
deposition step is kinetically irreversible.”>™*° Several studies
have suggested that the adsorption process requires 10—20 min
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to reach saturation.’”*”*%% On the basis of the aforemen-
tioned assumptions, typical dipping times continue to be set
between $ and 20 min.”’””* Although these assumptions work
well for strong polyelectrolyte assemblies, they are unreliable
for weak polyelectrolytes. Unlike with strong polyelectrolytes,
the linkage between two weak polyelectrolytes (or weak—
strong polyelectrolytes combinations) cannot be considered
frozen. It has been demonstrated that it is possible for
polyelectrolytes that were already integrated into a multilayer
assembly to be exchanged by polyelectrolytes in solution,
breaking and reforming ionic cross-links between them in the
process.””’*”®> The active nature of these linkages is also
exemplified in the desorption of polyelectrolyte from these
assemblies.”*””® When weak polyelectrolyte chains are
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adsorbed onto an oppositely charged substrate, the individual
chains are only weakly bound. Increasing the exposure time of
this step only induces more relaxation of the polymer chains.”’
The difference between the long and short dipping times will
not show up until another layer of oppositely charged
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polyelectrolyte is added. Incoming polyelectrolyte chains will
initially adhere to the surface and then form either soluble
complexes in solution or a multilayer on the surface. If the
enthalpic gain from electrostatic interactions is small, then the
formation of soluble complexes in solution will be more
favorable on the basis of entropic considerations.**®" In this
case, the best way to minimize desorption is to reduce
deposition time. It has already been shown that thicker all-
polymer LbL assemblies can be produced if a shorter dippin%
time is used to minimize the desorption of polyelectrolytes.”””
Summarizing the analysis, the hypothesized growth mecha-
nism of these clay—polymer multilayers in the first three QL is
illustrated in Figure 8. The film prepared with a S s dip time will
be thicker and heavier because there is not enough time for the
polyelectrolytes to relax into a more extended conformation or
to desorb from the surface. In contrast, films prepared with 1
min deposition steps are thinner and lighter. There is no
desorption of polycations in the first layer, but the film
prepared with a longer deposition time is slightly thinner
because of the longer time required for the polycation chain to
relax. Upon dipping into the oppositely charged solution, lower
molecular weight polycations are more likely to desorb from
the surface by interacting with polyanions in solution and
forming soluble complexes.”® In the meantime, polyanions
already adsorbed on the surface will continue to relax and adopt
a more flattened conformation, leading to an even thinner film.
The addition of a third polycation layer will be similar to that of
the second layer in terms of the desorption and relaxation of
polyelectrolytes. The addition of a fourth clay layer completes
one full quadlayer. With each quadlayer made using 1 min dips
being thinner than that using 5 s dips, the overall thickness of a
three QL film will be thinner with the longer deposition time.
It should be noted that the proposed mechanism illustrated
in Figure 8 describes only the growth of these assemblies in the
first few quadlayers, where the influence of polyelectrolyte
interdiffusion is not dominant. As these clay-based multilayers
get thicker, they will transition to linear growth, where
polyelectrolyte interdiffusion will be fully realized and become
the predominant force. In the linear growing region, the effect
of polyelectrolyte relaxation is negligible because the
interdiffusion-driven deposition leads to a much greater film
thickness and mass.’***® 1In this regime, polyelectrolyte
interdiffusion also eliminates the desorption of polyelectrolytes
from the assembly.”® Consequently, every QL fabricated using

dx.doi.org/10.1021/am403445z | ACS Appl. Mater. Interfaces 2014, 6, 6040—6048
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Table 1. Properties of Three Quadlayer Films Fabricated with Various Diameter Clays and Exposure Times

3 QL film recipe film thickness (nm)

PEI/PAA/PEI/LAP S s 58.08
PEI/PAA/PEI/MMT S s 55.09
PEI/PAA/PEI/VMT 5 s 85.06
PEI/PAA/PEI/LAP 1 min 22.24
PEI/PAA/PEI/MMT 1 min 24.12
PEI/PAA/PEI/VMT 1 min 30.71

permeability ( X 107'° cm® cm/(cm? s Pa))

OTR (cm®/(m? day atm)) film® total
0.584 0.00083 1.19
0.051 0.000064 0.10
0.017 0.000033 0.034
4.666 0.0052 9.54
2.387 0.0018 4.88
3.782 0.0047 7.74

“Film permeability was decoupled from the total permeability using a previously described method.
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Figure 8. Illustration of the layer-by-layer deposition process for three quadlayer films fabricated using 5 s and 1 min deposition times. The red, blue,

and gray lines represent polycation, polyanion, and clay, respectively.

1 min deposition is thicker than that made with S s exposures in
the linear growth region, ultimately causing the overtaking in
film thickness. This relationship between polyelectrolyte
interdiffusion and film thickness also explains why the
overtaking can be postponed or expedited by altering the
clay/polymer concentration ratio and clay diameter, as shown
in Figures 3 and 6. This proposed growth mechanism also
agrees with the observed changes in thin-film density (Figure
5b). In the first few quadlayers, the film prepared with 1 min
dipping is more densely packed because of the relaxation of
polyelectrolytes chains. As more layers are deposited and the
polyelectrolyte interdiffusion develops, it begins to dominate
the change in film thickness and the packing of the multilayer
assembly, eventually eliminating the difference in the density
beyond four QL.

B CONCLUSIONS

LbL polyelectrolyte deposition time was found to have a
significant influence on the growth and gas barrier property of
clay—polymer assemblies. Regardless of the thin-film compo-
sition, a shorter dipping time always produced a thicker film in
the first few layers. This unique behavior is due to the differing
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growth mechanisms in the exponential and linear growing
regions. During exponential growth, polyelectrolyte interdiffu-
sion is not fully developed, and the growth of the multilayer
film is controlled by desorption and relaxation of oppositely
charged polyelectrolytes. Films prepared with S s dip times are
thicker and heavier because there is little time for desorption
and relaxation. Linear growth, however, is primarily controlled
by polyelectrolyte interdiffusion, which allows films prepared
with 1 min dips to be eventually thicker and heavier. Shorter
dipping time turns out to be ideal for clay—polymer assemblies
because the addition of clay suppresses polyelectrolyte
interdiffusion and effectively postpones the thickening achieved
with longer dips. These results are supported by cross-sectional
images and ellipsometric thickness measurements. Altering the
clay/polymer concentration ratio and clay diameter provides a
way to tailor further the growth and barrier characteristics of
multilayer thin films by controlling the extent of polyelectrolyte
interdiffusion. The OTR of a film prepared with S s dips
decreases with increasing clay diameter, and films prepared with
this short exposure time always have a lower OTR than their 1
min counterparts. The short dipping time may even help to
reduce the number of layers needed for certain applications,

dx.doi.org/10.1021/am403445z | ACS Appl. Mater. Interfaces 2014, 6, 6040—6048
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which would reduce processing cost and time. For instance, the
MMT-based quadlayer used to require four QL with 1 min
dipping to achieve an OTR lower than 0.5 cm*/(m? day atm).*®
In contrast, this level of oxygen barrier requires only three QL
with S s dips. This finding is very important because it
demonstrates the ability to make useful thin films very quickly,
improving the outlook for industrial-scale development of the
LbL assembly technique.
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Properties of three hexalayer films fabricated with MMT using
different dip times. Detailed film thickness as a function of
quadlayers deposited with LAP and VMT. This material is
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