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Clay-based nanocomposites have gained significant interest in the last few years due to their biocompat-
ibility and potential applications in food packaging, wearables, and flame-retardant coatings. Among exist-
ing manufacturing methods, layer-by-layer (LbL) deposition of multilayer films with nanoclays has shown
the ability to produce extremely well aligned platelets with controllable nanoscale thickness, and has also
been shown to improve gas barrier performance. In contrast, the equally important moisture barrier per-
formance and mechanical properties have not been thoroughly explored. This study focuses on the per-
formance of three types of LbL films consisting of polyethyleneimine (PEIl), polyacrylic acid (PAA), and
montmorillonite (MMT) or vermiculite (VMT) nanoclays, resulting in PEI/VMT bilayer (BL) films, PEI/VMT/
PEI/PAA quadlayer (QL) films, and PEI/MMT/PEI/PAA QL films on a polyethylene terephthalate substrate.
Surface roughness as low as 26.2 + 4.9 nm and inorganic platelet content as high as 96.7 + 1.1 wt% are
achieved with the VMT BL films. This highly aligned, densely packed, high aspect ratio platelet structure
enables a water vapor transmission rate (WVTR), at 50% relative humidity and 37 °C, as low as 720.9 mg
m~2 day™* for a 500 nm thin VMT BL. High stiffness values are estimated for all coatings: 162.47 GPa,
70.94 GPa, and 37.06 GPa for 500 nm VMT BL, VMT QL, and MMT QL films, respectively. A high elastic
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organic content compared to the BL and the smaller aspect ratio of MMT platelets compared to VMT.
These trends observed in moisture barrier and mechanical durability performances across BL vs. QL and

rsc.li/rscapplpolym VMT vs. MMT highlight the importance of tailored design criteria for optimizing coating applications.
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1. Introduction

Clay-based nanoflake thin-films are layered nanomaterials
derived from natural or synthetic clays, characterized by their
high aspect ratio and large surface area.'”” Due to their unique
structural, mechanical, barrier, and biocompatible properties,
they have garnered significant interest for applications in
nanocomposites, coatings, and environmental remediation.>”?
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food packaging,”” flexible
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With potential uses in
electronics,™® wearables,”® implantable devices,
flame-retardant coatings,">** these films can be optimized for
a wide range of applications by altering the materials or manu-
facturing processes.'®> Clay nanoparticles are excellent building
blocks for barrier coatings because their high aspect ratio
platelets create highly tortuous diffusion pathways that effec-
tively resist the transport of gases and moisture.'®™"® Among
thin-film technologies, clay-based barriers provide higher gas
and moisture resistance than organic coatings,”®>* and, while
maintaining mechanical flexibility, have the potential to
approach the high barrier levels of vacuum-processed confor-
mal inorganic coatings, which are typically brittle and prone to
cracking.**?®

Layer-by-layer (LbL) deposition is a process of building
thin-films by alternating deposition of polymers, nanoparticles
(such as clays), and molecules to create films with exception-
ally well controlled distribution, and alignment that allows
nanoscale ultra-thin LbL thickness.*'*>***° The adhesion
between the alternating layers is primarily dependent on the
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electrostatic interactions between oppositely charged aqueous
polyelectrolytes and nanoparticles.>*"*> This technique offers
enhanced versatility in film design and optimization. For
instance, film thickness can be tuned by adjusting the number
of deposition cycles, while surface properties can be tailored
by modifying the ionic strength or adjusting the pH of each
solution.®?*>7*> Additionally, parameters such as temperature,
exposure time, and molecular weight can be controlled to
further refine film characteristics and achieve the desired
characteristics and performance.*?°

For clay-based nanocomposites, LbL deposition provides
better barrier performance compared to films that have been
manufactured by randomly dispersing clay platelets in a
polymer matrix and deionized water.>**” Previous studies
have developed ultra-thin, highly-transparent LbL films with
alternating bilayers (BL) of highly aligned and exfoliated mon-
tmorillonite (MMT) or vermiculite (VMT) clay nanoparticles
and polyethyleneimine (PEI) that achieved exceptional gas
barrier properties, with oxygen transmission rates (OTR) less
than 0.005 cm® per (m? day atm).**" In another study, bilayers
comprised of MMT and polyacrylamide (PAM) assembled via
LbL deposition also yielded thin films with similarly high gas
barrier performance.®® Furthermore, LbL films incorporating a
sequence of three materials, i.e. MMT, PEI, and polyacrylic
acid (PAA), have been explored, where each unit sequence of
PEI/MMT/PEI/PAA is referred to as a quadlayer.'®*°™*> These
films achieved the same exceptional gas barrier performance
with a mere 4 QL or 16 total layers. Different sequences of PEI,
nanoclay (NC), and PAA such as PEI/NC/PAA have further been
explored and found to be very high gas barriers.** Polyelectrolytes
such as PEI and PAA provide strong control over layer thickness
and film growth through pH adjustment, potentially yielding
improved performance. For instance, lowering the pH of PEI in a
PEI/MMT system reduced the oxygen transmission rate (OTR) by
a factor of 20 while decreasing the elastic modulus by a factor of
2.>' This improvement results from the increased clay density
and concentration at lower pH, which generate longer, more tor-
tuous diffusion pathways and thereby enhance barrier perform-
ance without increasing film thickness. Alternating PEI and PAA
between layers of clay to create quadlayer films has been shown
to yield highly interdiffused polyelectrolyte layers, leading to
exponential film growth and superior gas barrier performance in
ultra-thin films.'®** Similarly, a study developed quadlayer and
hexlayer systems with branched PEI (BPEI), MMT, and hydro-
phobic fluorinated polymer Nafion in a sequence of BPEI/MMT/
BPEI/Nafion and ((BPEI/Nafion),/BPEI/MMT) on PLA substrate
which achieved significant reduction in both oxygen and water
vapor permeability.** Although relatively few studies have
explored the mechanical properties of LbL-deposited films with
clay platelets, those that have report exceptional performance.
For example, films with linear polyethyleneimine (LPEI), MMT,
and PAA in a sequence of LPEI/MMT/LPEI/PAA have shown a
high elastic modulus of 45 GPa and a tensile strength of 70 MPa
with a 20 QL film.*

Preceding work in the area on LbL nanoclay composites
has primarily been focused on evaluating and improving gas
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barrier performance. In most applications such as flexible elec-
tronics and food packaging, the moisture barrier performance
mechanical integrity are equally important to consider.”*>¢
Incorporation of nanoclays in polymers has previously been
shown to improve both mechanical and moisture barrier
performance.'®*®™*® While the properties of MMT based LbL
and randomly dispersed films have been explored extensively
before, LbL films with VMT are yet to be developed and
assessed.'**%" Vermiculite, known for its exceptional water
holding capacity, self-repairing ability, and proton conduc-
tivity, can potentially provide films with high gas and moisture
performance with durable properties.®*>*

In this work, we focus on the tunability of moisture barrier
and mechanical properties in clay-based multilayer thin films,
as these characteristics are particularly critical for sustainable
food packaging and flexible electronic applications. By demon-
strating how structural modifications influence these pro-
perties, our study provides a framework for optimizing film
performance toward specific end uses. To this end, we develop
three types of LbL films consisting of PEI/VMT bilayers, PEI/
VMT/PEI/PAA quadlayers, and PEI/MMT/PEI/PAA quadlayers
on polyethylene terephthalate (PET) substrates. The barrier,
mechanical, and fragmentation performance of these films
with thickness of 100 nm, 250 nm, and 500 nm are evaluated
by determining the water vapor transmission rate with a per-
meation analyzer and the mechanical properties through
in situ optical microscopy tensile tests. These films achieve a
magnitude lower WVTR than previously tested MMT-based
randomly dispersed nanocomposites, with a significantly
higher estimated film stiffness. These results highlight the sig-
nificant improvement in moisture barrier and mechanical per-
formance across the board with the incorporation of VMT in
LbL self-assembled films.

2. Materials and methods
Materials and solution preparation

Branched polyethyleneimine (PEIL, M,, = 25000 g mol™"), poly
(acrylic acid) (PAA, M,, = 250000 g mol™', 35 wt% in water),
and sodium hydroxide (NaOH, ACS reagent, pellets) were pur-
chased from MilliporeSigma (Burlington, MA, USA).
Hydrochloric acid (HCI, 5.0 N) was purchased from VWR
International (Radnor, PA, USA). Vermiculite clay (VMT, micro-
lite 963++, 7.8 wt% in water) was purchased from Specialty
Vermiculite Corp (Winnipeg, MB, Canada), and sodium mon-
tmorillonite (MMT, Cloisite-Na+) was purchased from BYK
(Gonzales, TX, USA). VMT clay platelets have been reported to
have a diameter of 1.1 pm while MMT clay platelets are known
to have a platelet diameter range of 10-1000 nm.>'**> Poly
(ethylene terephthalate) (PET) film (179 pm thick) was pur-
chased from Tekra (New Berlin, WI, USA) and was used as the
substrate for barrier testing. Polished 500 pm-thick undoped
silicon wafers were purchased from University Wafer (Boston,
MA, USA) and were used as the substrates for thickness
measurements, atomic force thermo-

microscopy, and
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gravimetric analysis. All solutions were prepared using 18 MQ
deionized (DI) water. PEI solutions were prepared at 0.1 wt%,
stirred for 24 hours, and adjusted to pH 10 with 1 M HCL. PAA
solutions were prepared at 0.2 wt%, stirred for 24 hours, and
adjusted to pH 4 with 1 M NaOH. MMT and VMT solutions
were prepared at 2 wt% and stirred for 24 hours. VMT solu-
tions were used at their unaltered pH (~7), while MMT solu-
tions were adjusted to pH 6 using 1 M HCIL The chemical
structures of PEI, PAA, MMT, and VMT are depicted in Fig. 1a.

Film fabrication

PET substrates were corona-treated and silicon wafers were
plasma-treated immediately before coating to improve film
adhesion. The coating procedure for each system is summar-
ized in Fig. 1b. For the VMT bilayer system, the treated sub-
strate was immersed in the PEI solution for 5 minutes, then
rinsed with DI water and dried with compressed air. The sub-
strate was then immersed in the VMT solution for 5 minutes,
rinsed with DI water, and dried with compressed air to com-
plete the first BL. Subsequent bilayers proceeded as described
for the first BL, but the dip time was shortened to 1 minute.
For the quadlayer systems, the treated substrate was immersed
in the PEI solution for 5 minutes, then rinsed with DI water
and dried with compressed air. The substrate was then
immersed in the PAA solution for 5 minutes, rinsed with DI
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Fig. 1

function of layer number (2n = 1 BL, 4n = 1 QL).
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water, and dried with compressed air. Next the substrate was
immersed in a second PEI solution for 1 minute, rinsed with
DI water, and dried with compressed air. Finally, the substrate
was immersed in the clay solution (either VMT or MMT) for
1 minute, rinsed with DI water, and dried with compressed air
to complete the first QL. Subsequent quadlayers proceeded as
described for the first QL, but the dip time was shortened to
1 minute for all layers.

Thickness and surface characterization

Film thickness was measured in triplicate using a P6 profil-
ometer (KLA-Tencor, Milpitas, CA, USA). Unless otherwise
specified, all films were grown to ~500 nm for characteriz-
ation. A quartz crystal microbalance (QCM, Maxtek Inc.,
Cypress, CA, USA) was utilized to determine the area density
(mass per area) of the films at set layer numbers. A Bruker
Dimension Icon atomic force microscope (AFM, Billerica, MA,
USA) was used to evaluate the surface morphology and rough-
ness of the LbL films. Samples for thermogravimetric analysis
(TGA) were prepared by scraping the LbL coatings off of their
silicon wafer substrates with a razor blade. TGA was performed
in duplicate for each type of film using a Discovery TGA 55 (TA
Instruments, New Castle, DE, USA). ~0.8 mg samples were
heated isothermally at 120 °C for 20 minutes to remove any
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residual water, after which the temperature was increased by

10 °C min™" up to 900 °C under an air flow of 60 mL s™".

Mechanical testing and damage analysis

All three types of films, each with thickness of 100 nm,
250 nm, and 500 nm, on 179 pm PET substrates, were scissors-
cut into 5 mm by 35 mm strips. Tensile tests were conducted
on all the samples on a Linkam Modular Force Stage Micro
tensile tester with a 200 N load cell and a Linkam T96s control-
ler operated through the OEM LINK software. The tests were
conducted at room temperature and humidity (21 °C and 30%
RH) in situ under a Nikon Eclipse LV100N POL optical micro-
scope with a 2048 x 1536 resolution FLIR Grasshopper 3
camera (GS3-U3-3284C-C) to record and analyze crack evol-
ution in the films at 15 frames per second. No preconditioning
was performed before testing. Around four to five samples
were stretched uniaxially under monotonic loading at a displa-
cement rate 60 pm s, which lies within the range where PET
viscoelasticity is not expected to significantly alter results.”®
This displacement rate was chosen to ensure high-quality
imaging in a timely manner with the samples being stretched
1% in approximately 3 seconds. Prior to testing, calipers
(Fisherbrand 14-648-17) were used to determine the average
width of each sample. The thickness of each specimen was
measured with a 1 um-resolution micrometer (Mitutoyo 293-
340-30) to confirm the initial measurements. Since the thick-
ness measurements through profilometry were deemed more
reliable and the micrometer measurements showed low var-
iance, a fixed thickness was used along with the measured
average width to calculate the cross-sectional area and sub-
sequently the engineering stress for each sample. The elastic
modulus of the film-substrate system was determined by per-
forming a simple linear regression on a subset of collected
data under 2% strain as this was found to be below the yield
point for all tested samples. The coating moduli are estimated
by subtracting substrate modulus from total (film-substrate)
modulus for each sample, ie. Ef = (EA; — E4As)/Ar where E; is
defined as the total modulus, A4, is the total area, E, is defined
as the substrate modulus, Ay is the total area, and Ay is the film
area. Additionally, in situ recordings of samples under tensile
load were analyzed frame-by-frame in VLC media player to
determine crack onset strain (COS) for all tested samples by
identifying the first growing crack(s).

Water vapor transmission rate testing

The water vapor transmission rates of all three types of films
on PET each with coating thicknesses of 100 nm, 250 nm, and
500 nm were tested in a AMETEK MOCON Aquatran 3
Permeation Analyzer following the ASTM F3299 standard. The
Bare PET was not tested as previous studies indicated that its
permeation would exceed the analyzer’s detection limit of 5 g
m~? day . Since measurements above this threshold would be
unreliable, a standard literature value of 5000 mg m~> day " at
37 °C and 40% RH was assumed instead.”” Foil masks
(AMETEK 052-612) with a 5 cm® area were used to prepare the
samples for testing at 37 °C. Airgas Ultra High Purity 99.999%
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Nitrogen (NI UHP300) was used as the carrier gas. All the
samples were tested at 50% relative humidity (RH), while the
500 nm samples were additionally tested at 100% RH. The per-
meation analyzer strictly maintains the relative humidity at the
specified value. Prior to measurement, each sample was con-
ditioned in the analyzer at the defined humidity and tempera-
ture for 48 hours to ensure measurement stability and accu-
racy. The tests were stopped once the measurements were
observed to be saturated with less than 5% change between
subsequent measurements. WVTR values of the coating were
extracted, and a substrate WVTR of 5500 mg m~> day ' was
assumed to provide a conservative estimate of the coating
performance.

3. Results and discussion
Film growth

Fig. 1c shows film thickness as a function of layer number n
(2n =1 BL, 4n = 1 QL) and the data is provided in Table S1. It
is immediately apparent that the BL film grows significantly
thinner per layer than the QL films, with 20 BL (40 total layers)
being required to achieve ~100 nm of thickness (versus 4 QL or
16 total layers). Fig. S1 compares linear and exponential fits of
film thickness versus layer number, with high R” for the linear
fit in VMT BL films and the exponential fit in QL films. This is
attributed to the mechanism of layer deposition. The QL films’
exponential growth is attributed to the “in-and-out” interdiffu-
sion of the weak polyelectrolytes PEI and PAA during
deposition.>**® This mechanism of growth is commonly
observed in polyelectrolyte multilayer films,***° and is not dra-
matically affected by the incorporation of clay nanoplatelet
layers as long as there are still interfaces between oppositely
charged polyelectrolytes in the film.?® In contrast, the BL film
contains only cationic PEI and anionic VMT, so there are no
interfaces for interpolymer diffusion during film deposition.
This leads to a substantially thinner, linear growth regime
compared to the quadlayer films, as has been observed
previously.”>>>%® In the bilayer films, a linear growth regime is
established within 40 layers (and likely far earlier). In contrast,
at 32 total layers, the QL films are still exhibiting exponential
thickness growth, which is expected to become linear even-
tually as a limit of chain interpenetration is reached.’®°"¢*
The MMT QL films grow slightly thicker than VMT QL. This is
likely because VMT platelets have an aspect ratio ~10x that of
MMT.>>®® Therefore, it is expected that VMT will be somewhat
more effective at blocking polyelectrolyte diffusion between
clay layers than MMT, leading to thinner growth at the same
number of layers. Films were grown to ~500 nm (70 BL for the
VMT BL system, 8 QL for the VMT QL system, or 7 QL for the
MMT QL system) for characterization unless otherwise
specified.

QCM experiments, summarized in Fig. 1d, measure areal
density of each LbL system as a function of layer number, with
the data provided in Table S2. In agreement with the film
thickness trend, the QL systems show exponential increases

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Number of layers, extrapolated density, inorganic content, and roughness of LbL films

Number of Extrapolated Inorganic Average Root mean square
System layers at ~500 nm density (g cm™) content (wWt%) roughness (nm) roughness (nm)
VMT BL 70 BL 2.56 96.7 +1.1 26.2 +4.9 36.4 +8.1
VMT QL 8 QL 1.79 37.8+£0.9 72.0 £23.0 95.7 £28.9
MMT QL 7 QL 1.82 58.6 +10.6 43.4+11.1 55.6 +12.2
(Fig. S2) in mass due to exponential polyelectrolyte deposition Surface morphology

with increasing layer numbers. In contrast, the VMT BL film
exhibits a nearly linear mass increase with respect to layer
number. The film density is extrapolated from QCM data by
dividing the areal mass by the measured film thickness at the
maximum number of layers (Table 1). The VMT and MMT QL
systems have very similar extrapolated densities of 1.79 and
1.82 g cm™, while the VMT BL film has a much higher density
of 2.56 ¢ em™>. This is likely due to the BL system having a
substantially higher volume fraction of inorganic clay, as
observed in previous studies.**”* Lower density in the QL
systems is due to interpolymer diffusion causing the spacing
between clay layers in the polymer matrix to be much greater,
leading to lower clay volume fraction overall. The significantly
higher clay content of the BL system is confirmed via thermo-
gravimetric analysis. Fig. S3 shows the degradation of each
coating under air. As all polymer content is expected to
degrade well below 900 °C,°*®* the mass remaining at the end
of the test is attributed exclusively to clay content. These in-
organic content values, listed in Table 1, confirm that the VMT
BL system indeed has a much higher weight fraction of clay
(>90%) as compared to the QL coatings (~40-60%).

Atomic force microscopy reveals the surface topology and
roughness of the films. Fig. 2 shows AFM height images and
phase mapping images of each LbL film. The films appear
fairly uniform, with the cobblestone-like structure indicating
that the platelets are closely packed and well-oriented.**®°® As
shown in Table 1, all of the films are relatively smooth (average
roughness <100 nm), but the roughness varies significantly
depending on the clay type and whether the film is a BL or QL
system. The VMT BL film has by far the lowest average rough-
ness (26 nm), while the VMT QL film is about 3x rougher. This
is likely explained by the difference in the growth mechanisms
between the two films. While the BL film grows in thin,
uniform layers that maintain the flat and smooth profile of the
underlying substrate, the QL film grows in a noticeably thicker
deposition per cycle. The thicker polymer layers between each
clay layer may result in less even platelet deposition, resulting
in greater roughness. It has been observed that in a bilayer
system of PEI and MMT, LbL films with thicker organic layers
exhibit rougher surfaces in AFM.?! This also explains why the
average roughness of the MMT QL film is less than the VMT
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Fig. 2
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QL, but greater than the VMT BL. The thicker polyelectrolyte
layers between the platelets in the quadlayer lead to less even
deposition than in the BL system, but the unevenly deposited
MMT platelets do not increase the roughness as much as the
VMT platelets do because they have a much lower aspect ratio.
Roughness measurements made on smaller films areas (5 x 5
and 2 x 2 um scans) generally agree with the trend reported
above (Table S3).

Mechanical properties

The results of the mechanical testing are summarized in
Fig. 3. The engineering stress strain curve for all the tested
films on PET is presented in Fig. 3a. Notably, the VMT 35 BL
(250 nm) and the 70 BL (500 nm) film-substrate systems
exhibit higher stiffness and strength (260.02 and 223.45 MPa,
respectively), than the rest of the samples (~145 MPa). It is
likely that the improved strength in the thinner VMT 15 BL
films (100 nm), compared to the 35 and 70 BL films, may have
been obscured by the relatively thick PET substrate layer.
Meanwhile, the mechanical behavior of remaining samples is
largely similar to the uncoated PET substrate. The elastic
modulus shown in Fig. 3b for all coated samples are deter-
mined to be higher than the modulus for uncoated PET, with
the VMT 35 BL and 70 BL samples having the highest values of
3.99 and 3.92 GPa, respectively. The estimated coating
modulus is higher in VMT BL films than the VMT QL and
MMT QL films. This is likely due to the higher content of
brittle inorganic platelets in bilayer films, as well as the
thicker polymer layers in quadlayer films, which contribute to

1642 | RSC Appl. Polym., 2025, 3,1637-1648

reduced coating stiffness. The VMT QL films show the second-
highest coating modulus and the MMT QL films show the
lowest among the samples tested. This difference is attributed
to the lower aspect ratio of MMT platelets compared to VMT
(~10x lower), which results in a higher pre-crack density in
MMT QL films and thus allows greater elastic deformation.
Average film moduli of 162.47 GPa for the VMT 70 BL films,
70.94 GPa for the VMT 8 QL films, and 37.06 GPa for the MMT
7 QL films were determined. Additionally, an increase in film
thickness corresponds to a notable decrease in the estimated
film modulus. This trend is especially prominent in QL films
due to the exponential increase in thickness with layer
number, as more polymer content accumulates. In contrast,
bilayer films exhibit a linear increase in thickness with the
number of layers (15, 35, 70) and the decreasing trend in
modulus is not as apparent. However, it is possible that the
modulus decreases more noticeably beyond 120 layers, as the
film thickness increases beyond a linear progression (Fig. 1c).
Finally, it should be noted that these results may carry some
uncertainty, as they depend on the accuracy of the measured
cross-sectional areas and the estimated film-substrate
modulus, rather than direct testing of the film alone. Since the
film thickness is much smaller than that of the substrate, even
minor variations in coating thickness can lead to error propa-
gation in the modulus estimates. This is reflected in the rela-
tively high standard deviation of the estimated coating moduli
for the thinner 100 nm films (Fig. 3c) and the reduced devi-
ation observed as film thickness increases across all systems.
However, profilometry measurements (Table S1) confirmed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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that the films were highly uniform, with very low variation,
supporting the overall reliability of the results.

In situ microscope images reveal the MMT films exhibit sig-
nificantly higher crack onset strain (COS) values than the VMT
films with the MMT 7 QL film, showing an average COS of
approximately 4.84%. In the case of the MMT 3 QL and 5 QL
films (100 nm and 250 nm thick, respectively), the high COS
involves substantial local plastic deformation of the PET sub-
strate, and thus the values may be somewhat inaccurate, but
they still indicate a high elastic limit of the coatings above 5%.
The low aspect ratio of MMT platelets compared to VMT plate-
lets, and the resulting higher density of pre-cracks in MMT
films, likely leads to less fracture energy being required to
initiate flake (Mode I) cracking. Regardless of whether the LbL
structure is QL or BL, the flake layers in the stack undergo in-
plane stress distribution under uniaxial tensile loading.
Therefore, the COS values of the VMT BL and QL films remain
fairly similar, in the range of 1-2%. The crack onset strain
images are shown in Fig. 3e and f. A decrease in COS with
increasing thickness is observed across all film types. Since
the MMT QL films exhibit high COS, this reduction is more
pronounced than in the VMT BL and QL films. The inverse
relationship between COS and film thickness aligns with the
expectations of linear elastic fracture mechanics for homo-
geneous inorganic coatings, following COS ~1/(thickness)"
2,26:56,67-69 The fact that our LbL composite films follow this

VMT 8 QL VMT 70 BL

MMT 7 QL

View Article Online
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trend suggests that the flake layers are uniformly distributed
throughout the observed area, indicating a high degree of
coating homogeneity. The in situ microscopy tensile testing
images of crack propagation, presented in Fig. 4, highlight dis-
tinct fragmentation behaviors across film types. In the VMT BL
films, cracks propagate more rapidly, with visible crack joining
and bridging. In contrast, cracks in the VMT QL films grow
more independently and at a slower rate, likely due to the
lower inorganic content, approximately 2.5% less than in the
VMT BL films, along the thickness direction. The greater
polymer content in VMT QL films at equivalent thickness
allows cracks to propagate more slowly, delaying their merging
and the formation of new cracks. On the other hand, crack
bridging occurs earlier in the VMT BL films, due to the
thinner polymer layers separating the densely packed VMT
flakes. Meanwhile, the MMT QL films exhibit significantly
smaller cracks and slower crack propagation, which can be
attributed to the smaller aspect ratio of MMT platelets and the
higher polymer content compared to VMT BL films.

Water vapor barrier properties

The WVTR testing results are shown in Fig. 5 and the time-
dependent saturation of WVTR is shown in Fig. S6. Among the
samples tested, VMT QL and VMT BL films exhibit similar and
the lowest WVTR values at 50% RH. The VMT 8 QL shows a
WVTR of 819.4 mg m~2 day™*, while the VMT 70 BL shows a

Fig. 4 In situ mechanical testing images of ~500 nm films on PET, from 0% to 12% strain (left to right) in 2% increments. Images after saturation of
500 nm films and control images of PET are provided in Fig. S4 and S5, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Water vapor transmission rate of 178 um PET at 40% RH.%” WVTR of all tested films at 50% RH, except WVTR of VMT 70 BL, VMT 8 QL,
and MMT 7 QL at 100% RH. All films were tested at 37 °C. (b) WVTR vs coating thickness for films tested at 50% RH. (c) Extracted WVTR of the

coating for films tested at 50% RH with WVTRspstrate # 5500 mg m~2 day™*

lower value of 720.9 mg m™~ day™". In contrast, MMT QL films
display significantly higher WVTR values at all tested thick-
nesses, with the MMT 7 QL film reaching 1289.4 mg m™> day ™.
A similar trend is observed at 100% RH, with WVTR values of
2233.5 mg m > day " for the VMT 70 BL, 2444 mg m~> day " for
the VMT 8 QL, and 2714.5 mg m~> day™ " for the MMT 7 QL. For
reference, uncoated 178 pm PET has a reported WVTR of
~5000 mg m~> day " at 40% RH and 37 °C.>*"” Surface rough-
ness does not appear to be a primary driver of barrier perform-
ance; rather, clay platelet identity and number of organic layers
play a more significant role. Previous publications report a
WVTR of 1418 mg m~> day™ ' at 100% RH and 23 °C for a VMT
30 BL film (226 nm thick) on a biaxially oriented polypropylene
substrate.”® Another study reports 650 mg m~> day " for a VMT
20 BL film (165 nm thick) on a PET substrate at 100% RH and
23 °C, along with an OTR of 0.071 cm® m™ day™"! atm under the
same conditions (Table 2).°> These differences between pre-
viously reported WVTR values and the current results likely
stem from the exponential relationship between WVTR and

1644 | RSC Appl. Polym., 2025, 3,1637-1648

temperature.”””" According to the manufacturer of the per-

meation analyzer, WVIR can increase by 6% to 15% for every
degree Celsius increase in temperature for many barriers. Thus,
for the 14 °C difference in this case, the WVTR at 37 °C can be
expected to be 2-7 times higher than the value measured at
23 °C. Increasing the number of layers and overall film thick-
ness leads to only a modest reduction in total WVTR (Fig. 5b)
and coating WVTR (Fig. 5¢) for the MMT QL and VMT QL films
(Fig. 5b), while a steady decrease is observed in VMT BL films as
the number of bilayers increases. This trend likely results from
the denser BL structure and higher aspect ratio of VMT platelets,
which create more tortuous diffusion pathways compared to the
QL structure and MMT platelets, respectively. These findings
support the strategy of increasing the number of bilayers in
VMT BL films to achieve lower WVTR values and improved
barrier performance. Based on previously reported results
(Table 2), all the LbL coatings investigated in this work are also
expected to exhibit excellent (undetectable or near-undetectable)
oxygen transmission rate values.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Barrier properties of VMT and MMT based LbL films tested and previously reported
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Dry OTR [0% RH,

Humid OTR [100%

WVTR [100% RH,

WVTR [50% RH,

WVTR [100% RH,

Thickness 23 °C] (em® per m* RH, 23 °C] (cm® per 23 °C] (mg per m* 37 °C] (mg per m*> 37 °C] (mg per m?*
System (nm) per day atm) m? per day atm) per day atm) per day atm) per day atm)
VMT 70 BL, this work 500 — — — 720.9 2233.5
VMT 8 QL, this work 500 — — — 819 2444
MMT 7 QL, this work 500 — — — 1289.4 2714.5
VMT 20 BL>® 165 0.017 0.071 650 — —
MMT 3 QL2 44 <0.005 — — — —
MMT 7 QL*? Not <0.005 0.1395 - — —
reported

All barrier values were obtained using 179 pm PET as the substrate.

While the barrier improvement factor observed for the
films tested is moderate, the high tunability of the VMT BL
films offers considerable potential. By tailoring increasing
thickness, these films can potentially achieve enhanced barrier
performance and higher improvement factors, underscoring
their promise for specialized applications. These films are best
suited for uses where tunable barrier and mechanical perform-
ance are valued over large-scale throughput, offering a cost-
effective solution for areas such as flexible electronics and
food packaging. However, the simplicity of the fabrication
method highlights its potential for adaptation to advanced
processing techniques, which could enable industrial-scale
implementation.

4. Conclusion

PEI/VMT BL films, PEI/VMT/PEI/PAA QL films, and PEI/MMT/
PEI/PAA QL films were studied in regard to their barrier and
mechanical performance. As the number of layers increases,
film thickness in the VMT and MMT QL systems grows expo-
nentially due to interdiffusion between the polyelectrolytes PEI
and PAA, while the VMT BL films exhibit linear thickness
growth, attributed to the absence of interfaces for interpolymer
diffusion. The films are characterized using AFM and TGA,
and their performance is evaluated through in situ microscopy
tensile testing and WVTR measurements. In addition to the
VMT’s high aspect ratio, VMT BL films demonstrate superior
mechanical and barrier performance compared to QL films,
owing to their higher inorganic content (96.7 + 1.1 wt%) and
lower surface roughness (26.2 + 4.9 nm). Therefore, higher re-
sistance to structural deformation and tortuous diffusion path-
ways result in higher stiffness (162.47 GPa), higher strength
(260.02 MPa), and a lower WVTR (720.9 mg m> day ') for a
500 nm coating. Higher elastic limits are therefore observed in
MMT QL films, with crack onset strains exceeding 5%, attribu-
ted to their higher organic content and the smaller aspect
ratio of MMT platelets compared to VMT. These trends in
moisture barrier and mechanical durability performance
across BL vs. QL and VMT vs. MMT underscore the importance
of tailored design strategies for optimizing advanced coating
applications.
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