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ABSTRACT: Water vapor barriers are important in various
application fields, such as food packaging and sealants in
electronic devices. Polymer/clay composites are well-studied
water vapor barrier materials, but their transparency and
mechanical strength degrade with increasing clay loading.
Herein, we demonstrate films with good water vapor barrier
properties, high transparency, and mechanical/thermal stabil-
ity. Water vapor barrier films were prepared by the solution
crystallization of siloxane hybrid lamellae. The films consist of
highly crystallized organic/inorganic hybrid lamellae, which
provide high transparency, hardness, and thermal stability and inhibit the permeation of water vapor. The water permeability of a
6 μm thick hybrid film is comparable to that of a 200 μm thick silicon rubber film.
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■ INTRODUCTION

Controlling gas permeation through materials is a key
technological issue in gas separation and storage, protective
coatings, and packaging.1−4 Water vapor barriers are consid-
erably important in food packaging,5−7 sealants in light-
emitting diodes,8,9 and biomedical implants.10 One challenge
for advanced water barrier materials is simultaneously achieving
high light transmittance, thermal/mechanical stability, flexi-
bility, and good water barrier property. Organic−inorganic
hybrids can potentially meet these requirements. Polymer/clay
hybrid films such as polylactide/montmorillonite have received
much interest as water barrier materials over a few
decades.11−14 These hybrids involve inorganic clays being
melt-blended with polymers to give polymer/clay hybrid
composites containing <10 wt % clay.15,16 High aspect ratio
clay plates inhibit the permeation of water vapor by providing a
high effective diffusion length. This is known as the tortuous
pathway concept17 and is applicable to various polymer/clay
combinations.18

The water barrier properties of polymer/clay hybrid films are
theoretically enhanced with increasing the dimension and
volume fraction of the incorporated clay.19 However, their light
transparency and mechanical strength degrade with increasing
clay loading. For example, the tensile strength of polymer/clay
hybrid films reportedly increases with increasing filler
(montmorillonite) concentration up to 3 wt %, after which it
decreases sharply due to aggregation within the matrix.16,20

Overcoming this trade-off between good water vapor barrier
properties and optical/physical properties remains a challenge.
Herein, we report a novel strategy for films with good water

vapor barrier properties, high transparency, and mechanical/
thermal stability. Water vapor barrier films were prepared by

the solution crystallization of siloxane hybrid lamellae; siloxane
hybrid lamellas are crystallized within coated films upon drying.
The lamellae form homogeneous films, despite the high
crystallinity of the film (lamella loading >48% by volume).
The highly crystallized organic/inorganic hybrid lamellae
provide high transparency, hardness, and thermal stability.
Moreover, the hybrid lamellae successfully work as “clays” and
inhibit water permeation through the film. The water
permeability of a 6 μm thick hybrid film is comparable to
that of a 200 μm thick silicon rubber film. The siloxane-based
barrier film has potential in various applications; silicone rubber
is a medically approved bio-inert sealing material, though its
water barrier properties have not yet reached acceptable
levels.21 The water vapor transmission rate (WVTR) of the
hybrid lamellar film is comparable to that of poly-L-lactide and
polyurethane films widely used in food packaging (101−102 g·
m−2·d−1 at a film thickness of 100 μm).1,14,22 In-situ crystallized
lamellae can therefore impart siloxane-based materials with
water barrier properties.

■ EXPERIMENTAL METHODS
Synthesis of Hybrid Films with Lamellar Structures. The

synthesis was based on reported syntheses of crystalline hybrid
silicates.23,24 Trimethoxy(7-octen-1-yl)silane (TM7O1S, 80%; Sigma-
Aldrich Corp., St. Louis, MO), tetramethyl orthosilicate (TMOS;
Shin-Etsu Chemicals Co., Ltd., Japan), hydrochloric acid (HCl, 36 wt
% in H2O; Wako Pure Chemicals Industries, Ltd., Japan), ultrapure
water, and tetrahydrofuran (THF, ≥99.5%; Wako Pure Chemicals
Industries, Ltd., Japan) were mixed at a TM7O1S/TMOS/HCl/H2O/
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THF molar ratio of 1:4:2 × 10−3:28.5:15. The mixture was stirred for
10 h at room temperature and then diluted with THF to achieve a
TM7O1S/THF ratio of 1:40. The solution was spin-coated onto a 30
μm thick precleaned Cu substrate (#CU-113243, Nilaco Corp., Japan)
at 25 °C, 45% relative humidity, and a spinning rate of 1000 rpm for
30 s. Prior to coating, the Cu substrate was ultrasonically cleaned in
acetone for 20 min. The film was aged for 12 h in a closed container
containing silica gel and a deoxygenator (Sequl, Nisso Fine Co., Ltd.).
The film was irradiated with UV light (λ = 254 nm, 10 μW/cm2) for
12 h in a N2 atmosphere to achieve the cross-linking of CC bonds in
TM7O1S.24 The obtained hybrid film was named SITH-s, where s
denotes a single coating. The above procedure was repeated to achieve
a multilayer coating named SITH-m, where m denotes a multilayer
coating. The number of layers in the coating was ≤10. For
comparison, another hybrid film was prepared from a mixed solvent.
An identical composition (TM7O1S/TMOS/HCl/H2O/THF = 1:4:2
× 10−3:28.5:15) was stirred for 10 h and then diluted with THF and
N,N-dimethylformamide (DMF, ≥99.5%; Wako Pure Chemicals
Industries, Ltd., Japan) to achieve a TM7O1S/THF/DMF ratio of
1:30:10. The procedure was then continued as for SITH-s. The
resulting film was named SIDM-s. The film surface was processed in
an UV/O3 chamber (ASM1101N, Asumi Giken, Ltd.) for 1 min before
repeating the procedure to yield a film with multilayer coating, SIDM-
m.
Characterization. Field emission scanning electron microscopy

(FE-SEM; S-4800, Hitachi, Japan, Pt/Pd coating) was used to observe
the layered structures of films. Crystallinities of films were investigated
by X-ray diffraction (XRD; SmartLab, Rigaku, Tokyo, Japan), using Cu
Kα radiation (λ = 0.154 nm). UV−visible (UV−vis) spectropho-
tometry (V-670, JASCO Corp.) was used to measure the trans-
mittance of films coated on silica glass substrates. A bare silica glass
substrate was used as the reference. The thickness of the film was
measured by laser scanning confocal microscopy (LSCM; SFT23500,
Shimadzu Corp.). Thermogravimetric analysis (TGA; Thermo Plus
Evo, Rigaku, Japan) was carried out for the hybrid films cast on
polytetrafluoroethylene sheets and subjected to UV irradiation.
Analysis was conducted at a heating rate of 3 °C/min in a N2

atmosphere. The pencil hardness of 1 μm thick films coated on soda-
lime-glass substrates was measured using a 750 g loading in at least
three locations. The scratch rate and distance were 0.5 mm/s and ∼1
cm, respectively.

Measurement of Water Barrier Properties. The film supported
on a Cu substrate was placed on a 100 μm thick silicone rubber sheet
(#244-6012-02, ARAM Corp.), and immersed in 37.5 wt % aqueous
FeCl3 (Wako Pure Chemicals Industries, Ltd., Japan). The Cu
substrate was etched after a given duration, and the hybrid film
transferred to the silicon rubber sheet. The hybrid film on the silicone
rubber sheet was kept at room temperature with a desiccant, and its
water barrier properties were investigated. The WVTR (g·m−2·d−1)
was evaluated using a purpose-built apparatus, according to Japanese
Industrial Standard No. Z0208-1976 (Figure S1, Supporting
Information).

■ RESULTS AND DISCUSSION

The SITH-s and SIDM-s films had comparable thicknesses of
∼400 nm. Pinholes within films can degrade their water vapor
barrier properties, and these were not observed by SEM. In
Figure 1, panels a and b show SEM images of cross sections of
fractured SIDM-s and SITH-s films, respectively. The
nanostructure of SIDM-s composed of aggregated particles
10−20 nm in diameter (Figure 1a). SITH-s had a layered
nanostructure consisting of lamella plates of 10−20 nm in
thickness and 100−300 nm in width (Figure 1b and Figure S2,
Supporting Information). The XRD patterns of the samples
indicated that their different nanostructures were derived from
their structure ordering (Figure 1c). SIDM-s had a disordered
nanostructure, whereas SITH-s had a lamellar nanostructure, as
confirmed by the XRD peak at 3.2°. The difference of ordering
reportedly originates from different evaporation rates of DMF
and THF. Relatively slow evaporation of DMF induces
extensive condensation of Si alkoxides to prevent ordering of
lamellae.25 The d value of the XRD peak for SITH-s was 2.8
nm, which suggested that organic groups were arranged in a
zip-like manner. The head-to-head bimolecular packing of
octyltrialkoxysilane reportedly produced lamellae with a d
spacing of >3 nm.26 The hybrid lamellae within the SITH-s film
were strongly orientated. A sharp peak originating from the
hybrid lamellae was detected in the XRD pattern recorded in an
out-of-plane geometry but was not detected in the pattern
recorded in-plane (Figure S3, Supporting Information). Thus,

Figure 1. SEM images of (a) SIDM-s and (b) SITH-s; yellow dotted lines show the interface between the surface and interior. (c) Out-of-plane
XRD patterns of SITH-s and SIDM-s. (d) Schematic showing the oriented hybrid lamellae of SITH-s.
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the hybrid lamellae were ordered on the substrate, as shown in
Figure 1d. The high crystallinity of the SITH-s film was
apparent from the SEM image (Figure 1b and Figure S2,
[Supporting Information), and the high peak intensity in the
XRD pattern (Figure 1c).
The hybrid films containing lamella crystals possessed

attractive physical and chemical properties. SITH-s exhibited
a transparency of 98% at 550 nm (Figure 2a), which was
comparable to SIDM-s with an amorphous structure. SITH-s
was polycrystalline and highly transparent, because of the
stacking of lamellar hybrid plates without aggregation. The
flexibility and transparency of the film is shown in the photo
inset in Figure 2a. Homogeneous transparent films with hybrid
lamellas would allow the tuning of optical properties, such as
refractive index and optical anisotropy.27 Although dispersing
clays into the polymers is known to be effective to improve the
water barrier property,11−14 incorporating Laponite into the
present siloxane materials resulted in inhomogeneous and
translucent films (Figure S4, Supporting Information). SITH-s
was thermally stable at temperatures up to 400 °C (Figure 2b).
The XRD diffraction peak shifted to a higher angle and
broadened slightly with increasing temperature. This was
attributed largely to the condensation of unreacted silanols or
ethoxy groups in the inorganic backbone, as supported by the
7% weight loss at 400 °C (Figure 2c). The decomposition of
organic groups was restricted until 400 °C. The second weight
loss of 24% at above 400 °C correlated with the calculated
23.7% weight loss of organic moieties. SITH-s exhibited a high
pencil hardness of 6H, in comparison with the amorphous state
(5H). The relatively high pencil hardness was due to the
oriented crystal plates (100−300 nm in the lateral direction), as
shown in Figure 1b. SITH-s possessed high transparency,
hardness, thermal stability, and crystallinity. The film thickness
could be increased by successive coatings up to ∼6 μm, above
which cracks formed upon drying. A further increase of film
thickness is possible by optimizing the thermal annealing
process of the film at respective coating steps.28,29 The present
hybrid films can be bound together with a siloxane-based glue
owing to chemically bondable silanols on their surfaces, which
potentially allows to produce thick films.
Figure 3 shows the WVTR values of SITH-m, SIDM-m, and

commercial silicone. WVTR measurements were performed on
samples on 100 μm thick silicon rubber substrates; therefore,
both the sample film and rubber substrate contributed to the
WVTR. SIDM-m with an amorphous structure exhibited a
constant WVTR with increasing film thickness. SITH-m
containing hybrid lamellae exhibited a decreasing WVTR with
increasing film thickness. At any given film thickness, SITH-m
had a much lower WVTR than SIDM-m. SITH-m and SIDM-
m had identical chemical compositions, so their differing

WVTR values were due to their differing nanostructures. The
ordered hybrid lamellae inhibited the permeation of water
through the film. Water permeation through 6.2 μm thick
SITH-m was lower than that through 100 μm thick commercial
silicone. The WVTR values of self-standing films (i.e., not
supported on rubber substrates) were calculated from the
results in Figure 3 using Fick’s first law. The calculated WVTR
values of self-standing SITH-m (ss-SITH-m) films were 2.2 ×
104, 2.6 × 103, and 1.0 × 103 g·m−2·d−1 for film thicknesses of
2.0, 3.2, and 6.2 μm, respectively. The WVTR of self-standing
SIDM-m (ss-SIDM-m) was not easily calculated, because of its
negligible water vapor barrier properties. The WVTR of 4 μm
thick ss-SIDM-m was estimated to be no lower than 104 g·m−2·
d−1. The calculated WVTR of 100 μm thick ss-SITH-m was 63
g·m−2·d−1, which was 30 times smaller than a silicone rubber
film of the same thickness. At a thickness of 100 μm, the
WVTR of 63 g·m−2·d−1 is comparable to those of poly-L-
lactide1 (PLA; 101−102 g·m−2·d−1) and polyurethane22 (PU;
∼20 g·m−2·d−1), and larger than those of polyethylene30 (∼3 ×
10−1 g·m−2·d−1) and polypropylene30,31 (∼1 g·m−2·d−1). These
polymers are widely used as packaging materials. The siloxane-
based hybrids demonstrated here provide additional advantages
of high mechanical/thermal stabilities and bioinertness, which
enable their use under severe conditions and for biomedical
applications.
The restricted water permeability in SITH-m could be

explained by the tortuous pathway concept, which is commonly
reported in polymer/clay systems.32 The water vapor barrier in
polymer/clay composites can be described by the Nielsen
model:17

Figure 2. (a) UV−vis absorption spectra of (black) SITH-s and (red) SIDM-s; (inset) SITH-m supported on a silicone substrate. (b) XRD patterns
of SITH-s after being subjected to heat treatment at various temperatures for 1 h. (c) TGA curve of the hybrid siloxane cast film.

Figure 3. WVTR values with increasing film thickness for SITH-m,
SIDM-m, and 100 μm thick commercial silicone. The film thickness of
SIDM-m was <4 μm because cracks formed during the coating of
thicker films. Measurements were performed on SITH-m and SIDM-
m films on 100 μm thick silicone rubber substrates. The WVTR of
commercial silicone was measured on another silicone rubber
substrate, which enabled its comparison with SITH-m and SIDM-m.
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φ αφ= − +P P/ (1 )/(1 /2)0 (1)

where P is the permeability coefficient of the polymer/clay
composite, P0 is the permeability coefficient of the polymer, φ
is the volume fraction of clay (vol %), and α is the aspect ratio
of clay.32 The lamella crystals possessed a higher density and
lower free volume than the corresponding amorphous hybrid
siloxane. Thus, the lamellae could be considered as clay within
the film. An α of 10 (estimated from the SEM image in Figure
1b) and P/P0 calculated from the WVTR values and film
thicknesses of SITH-m and SIDM-m yielded a φ of >48%. This
was the minimum φ because a WVTR for SIDM-m of 104 g·
m−2·d−1 was used for the calculation. A φ of ≥48% is much
higher than typical clay/polymer systems (<10%), and this
high-volume fraction was responsible for the water barrier
properties of SITH-m. The high crystallinity and preferential
orientation of the lamella overcame the usual trade-off between
water vapor barrier properties and transparency and stability.
The present liquid phase process is simple and versatile
compared with vapor-phase coating techniques7,33 and is
applicable for coating on Cu, Si, glass, polyvinylpyrrolidone,
and polycarbonate.

■ CONCLUSION
Siloxane-based hybrid lamellar films were prepared by sol−gel
reaction. The ordered hybrid lamellae inhibited the permeation
of water through the composite film. The WVTR of a 6.2 μm
thick lamellar film was 1.0 × 103 g·m−2·d−1, which was 30 times
higher than that of commercial silicone (1.8 × 103 g·m−2·d−1),
and comparable to PLA (101−102 g·m−2·d−1) and PU (∼20 g·
m−2·d−1) films widely investigated for food packaging. The
hybrid lamellar film exhibited a transparency of 98%, stability at
400 °C, and a scratch hardness of 6H. The present concept can
yield highly transparent and stable water vapor barrier films.
The concept of using in situ crystallized lamellae can impart
siloxane-based materials with high water barrier properties.
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