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ABSTRACT: Highly transparent and effective encapsulating materials
have become increasingly important for photovoltaic (PV) modules to
prevent water vapor molecules from permeating PV cells. The composite
consists of block copolymer (PS-b-P2VP), comprised of hydrophobic and
hydrophilic parts, and hygroscopic nanocrystals (Magnesium Oxide, MgO)
incorporated to enhance water vapor blocking by both presenting obstacles
for mass transport and also scavenging water molecules. The water vapor
transmission rate (WVTR) values were reduced ∼3000 times, compared to
homopolymer (PS), for both polymer and composite samples. Achieving
both high transparency and low WVTR, it is expected that the composite materials can function as an excellent water vapor
blocking layer for PV modules.

Highly efficient gas barrier materials are required for a wide
variety of applications, from food and drug packaging to

electronic displays, devices, and photovoltaic cells.1,2 In
particular, thin, flexible, and transparent coatings with excellent
oxygen and moisture barrier properties are critical in photo-
voltaic modules and electronic devices, to ensure reliability and
improve their life span. Metal or inorganic films can function as
superior oxygen and moisture barriers.3 However, their
fabrication involves an expensive manufacturing process, such
as atomic layer deposition or chemical vapor deposition, which
are not cost-effective and challenging for large-scale manu-
facture.4 Moreover, requirements of flexibility, strong adhesion,
and transparency strongly limit their use; hence, polymer-based
materials are commonly used for gas barrier applications in
functional devices.5,6 Currently, many barrier coatings for
photovoltaics have employed hydrophobic polymers like
ethylene vinyl acetate (EVA); however, they provide merely
adequate barrier properties. For new, upcoming technologies
such as organic−inorganic perovskites great enhancements in
barrier properties will be required.7 In this work, we
demonstrate a new approach to enhancing the gas barrier
properties of materials. We develop a hybrid organic−inorganic
composite material which relies on self-assembly of poly-
(styrene-b-2-vinylpyridine) (PS-b-P2VP) block copolymers
with inorganic magnesium oxide (MgO) nanocrystals. This
provides transport obstacles for incoming water molecules
while also enabling moisture scavenging at the surfaces of the
hygroscopic MgO crystals; we subsequently measure a 103

enhancement in performance over the homopolymer (PS).

For an effective gas barrier, it is necessary to reduce gas
permeability itself, by selecting an intrinsically low-solubility
material as a template of interest.8,9 Barrier properties can be
further improved by adding inorganic flakes into the films,
which present mass transport obstacles, leading to an extended
diffusion path and consequent lower diffusivity for permeating
molecules.10,11 Moreover, reactive groups can be incorporated
into the barrier film, to capture diffusing molecules. For
example, colloidal desiccants could be impregnated to scavenge
water molecules.12−14 These additives will need to be well-
distributed in the film, as agglomeration of these particles
deteriorates the gas barrier properties and increases light
scattering drastically, decreasing light reaching the module.15

Here, we report a new approach to water vapor barrier
composite materialswe have developed a superstructured
composite materialcomposed of block copolymers and
hygroscopic nanocrystals, with hierarchical order. We have
designed this composite material to impede the ingress of water
by multiple cooperative mechanisms at different length scales,
which include solubility reduction, presenting obstacles to
transport paths, and chemical reactivity (Figure 1(a)). This
design also keeps the particles well dispersed and below the size
at which light scattering would have a significant impact.
Generally speaking, the field of polymer composites has been
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fertile and touched many application areas, as incorporation of
nanocrystals has been demonstrated to enhance material
properties such as mechanical strength and electrical and
magnetic characteristics.16 However, even in many of these
applications the microstructures are quite simple and do not
take advantage of some of the unique self-assembly properties
of block copolymers. Thus, there remain strong opportunities
for polymer composites using block copolymers, as they can be
made to self-assemble into unique structures on the nanometer
scale, leading to complex 3D distributions of nanocrystals.17,18

Here, we utilize the self-assembly characteristics of block
copolymers to develop advanced water vapor barrier materials
which incorporate hygroscopic nanocrystals in a well-defined
structural arrangement. The hygroscopic nanocrystals, dis-
persed in the block copolymer matrix, and hydrophilic blocks
provide obstacles to diffusion path for water molecules and at
the same time act as reactive species, scavenging water
molecules. Further, we test two different block copolymer
morphologies to understand the role of polymer architecture
on water vapor properties. Specifically, to examine the influence
of block copolymer morphology on water transmission
properties, two poly(styrene-b-2-vinylpyridine) (PS-b-P2VP)
with both hydrophobic and hydrophilic blocks were used,
referred to as PS-b-P2VP(S) and PS-b-P2VP(L), as shown in
Figure 1(a) and (b). Here the S refers to a system which
consists of poly(2-vinylpyridine) spheres in a PS matrix and L
refers to a system consisting of alternating lamellae of poly(2-
vinylpyridine) and polystyrene. The copolymers were synthe-
sized via anionic polymerization as previously described.19 The
molecular weight of the PS block was determined via gel
permeation chromatography (GPC), and the total molecular
weight of the copolymer was determined using 1H NMR (due
to the tendency of the very polar P2VP block to adhere to the
GPC columns, resulting in inaccurate molecular weight
estimates for the block copolymer). The molecular weight of
PS-b-P2VP(S) is 50 000 g/mol with f P2VP (volume fraction of
P2VP) = 0.16, and that of PS-b-P2VP(L) is 83 000 g/mol with
f P2VP = 0.40. For a hygroscopic nanocrystal, magnesium oxide
(MgO) was chosen and prepared as previously reported.20 The
synthesized MgO (4 nm in diameter) was characterized via X-
ray diffraction (XRD) and TEM (Figure S1, Supporting

Information). One of the major obstacles to adding inorganic
particulate into the polymer is a tendency of the nanocrystals to
reduce the optical transparency of the film. Here, the
nanometer scale and excellent dispersion in the P2VP domain
allowed the films to remain transparent (Figure 2).

In this study, films were prepared from four material systems:
PS-b-P2VP(S), PS-b-P2VP(S)-MgO, PS-b-P2VP(L), and PS-b-
P2VP(L)-MgO. Two of these (PS-b-P2VP(S) and PS-b-
P2VP(L)) are bare block copolymer films, and the other two
(PS-b-P2VP(S)-MgO and PS-b-P2VP(L)-MgO) are the
analogous block copolymer morphologies, but self-assembled
with the MgO nanocrystals in the P2VP domains. With these
films, the effects of block copolymer microstructure and water-
scavenging capability of the nanocrystals were investigated. The
composite of PS-b-P2VP and MgO was prepared by mixing
them at concentrations of 3 and 0.5 wt %, respectively, in
toluene. Each sample solution was coated onto a substrate,
leading to a thin film. All samples were annealed at 150 °C
(above the Tg of both blocks) for 3 days to allow the system to
achieve an equilibrium structure. PS-b-P2VP(S) forms a
spherical morphology; P2VP spheres are embedded in the PS
matrix with well-ordered BCC structure; while PS-b-P2VP(L)
has a lamellar structure, with lamellae stacked parallel to the
substrate. This parallel orientation is a well-documented result
which originates from the strong interaction between the
poly(2-vinylpyridine) block and the substrate.21 The schematic
structures of each composite were illustrated in Figure 1(a),
with the chemical structure of PS-b-P2VP shown in Figure
1(b). A high transparency (>92% transmittance in visible range,
Figure 2) was achieved for all samples (both pure block

Figure 1. (a) Illustrations of PS-b-P2VP(S)-MgO (left) and PS-b-
P2VP(L)-MgO (right) (PS (purple), P2VP (blue), MgO (green)) and
(b) chemical structure of PS-b-P2VP.

Figure 2. UV−vis spectra and pictures of (a) PS-b-P2VP(S) (red) and
PS-b-P2VP(S)-MgO (green) and (b) PS-b-P2VP(L) (red) and PS-b-
P2VP(L)-MgO (green) on PET substrate.
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polymers and the block copolymer hybrids), as shown in Figure
2; this indicates that the MgO nanocrystals are well-distributed
in the composite samples and not aggregating or undergoing
macroscale phase segregation.
Morphological study of these composites was performed

using X-ray scattering and mass spectrometry to elucidate the
detailed microstructure of the composite films. Dynamic
secondary ion mass spectrometry (d-SIMS) was also performed
to further characterize the morphology of the composite
(Figure 3) and provide information on the distribution of MgO
nanocrystals throughout the films. In particular, we focused on
the peaks from the mass 26, which originates from a mixture of
C2H2 and CN and from the mass 24, coming from C2 and
mainly Mg. Considering the chemical structure, the mass 26
represents a characteristic distribution of P2VP, and the mass
24 indicates the presence of MgO. For both spherical and
lamellar morphologies, the signals from the mass 26 oscillate
due to the layered presence of the poly(2-vinylpyridine) by the
BCC structure in PS-b-P2VP(S) and alternating lamellae for
PS-b-P2VP(L).22 The oscillation in the mass 24 signal in the
composite is substantially larger than in the block copolymer
sample, indicating that the Mg signal is mimicking the layered
structure of the block copolymer nanostructure. Noticeably, the
oscillations in the mass 26 and 24 peaks are in-phase in the
composite samples, which supports the model of MgO
nanocrystals existing in the P2VP domain. In the case of the
lamellar system, the 24 signals are approximately 3 nm deeper
than the 26 signals, implying that MgO nanocrystals prefer to
be near the more polar CN groups but are located near the
interface of PS and P2VP, rather inside P2VP lamella. From the
d-SIMS depth profiles, it can be deduced that MgO
nanocrystals are self-assembled into the poly(2-vinylpyridine)
domain of the lamellar block copolymer morphology as well.
Furthermore, the periodicity of the mass 26 signal from the
composite is slightly larger than in the bare block copolymer by
2.71% and 7.67%, for PS-b-P2VP(L) and PS-b-P2VP(S),
respectively. This is consistent with the expectation that the
P2VP domain will undergo some swelling as a result of the
presence of MgO. This feature is more prominent in the
sphere-forming block copolymer, due to the smaller repeat
distance of the nanostructure.
To examine the stability under high temperature and

humidity of the samples, the morphologies of PS-b-P2VP(S)
and its composite (PS-b-P2VP(S)-MgO) were also investigated
via small-angle X-ray scattering (SAXS) and are displayed in
Figure 4 as radially averaged 1-D plots (more SAXS data
including 2-dimensional patterns are in Supporting Informa-
tion.).23 PS-b-P2VP(S) shows clear BCC structure sphere
morphology, both with and without incorporation of nano-
crystals. The primary peak shift as a consequence of
incorporating MgO nanocrystals into the polymer was not
observed due to a relatively higher density of MgO than that of
the polymer, leading to even smaller volumetric perturbation in
SAXS. Furthermore, SAXS measurements were performed after
exposure of the films to 100% humidity and 80 °C for 3 days, to
examine the stability against heat and moisture. These
measurements, shown in Figure 4, show no significant changes
in peak positions for either of the PS-b-P2VP(S) samples. This
indicates that there was no noticeable water absorption for both
cases since the domain swelling and subsequent peak shifts and
profiles would be anticipated if water intake were significant.
Further, this implies that P2VP spheres embedded in a PS
matrix provide significant transport limitations for water to

permeate into them. We also note that there are no peaks or
distortions arising from the agglomeration of particles
indicating that they remain well-dispersed in the domains.
Furthermore, the domain size of PS-b-P2VP(S) and PS-b-

Figure 3. SIMS depth profiles of (a) PS-b-P2VP(S), (b) PS-b-
P2VP(S)-MgO, (c) PS-b-P2VP(L), and (d) PS-b-P2VP(L)-MgO. Red
and blue lines correspond to the peaks from the mass 26 and 24,
respectively.
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P2VP(S)-MgO is 21 nm for both structures based on analysis
of the SAXS data. Importantly, these sizes closely match the
values calculated from the SIMS data, which are 19.7 and 21.1
nm for PS-b-P2VP(S) and PS-b-P2VP(S)-MgO, respectively.
Water vapor transmission rate (WVTR) measurements were

performed to quantify the specific water vapor blocking
characteristics of our materials, and all measurements were
compared to a standard value of approximately 15.5 g mil/(m2

day) for a conventional EVA sample at 38 °C and 100% relative
humidity. The WVTR values of both polymer and composite
samples were measured at 40 °C and at a relative humidity of
100% at Mocon Inc., USA, with the results summarized in
Table 1. In order to reliably compare the different composite

block copolymer films, the WVTR values were normalized to 1
mm thick films. The WVTR values of the block copolymer
composite films are greatly reduced in comparison to the pure
PS homopolymer (WVTR = 7.286 g mil/(m2 day) at 40 °C
and 90% relative humidity).24 This reduction, noticeable for all
block copolymer samples, is attributed to the self-assembly of
the block copolymer into complex morphologies, for example,
the spherical and lamellar nanostructures in which hydrophilic
spheres or lamella are distributed among hydrophobic layers,
respectively. Furthermore, irrespective of morphology, the
WVTRs for all samples containing MgO nanoparticles are
reduced in comparison to the same samples without nano-
particles. This result is consistent with the nanoparticles in the
hydrophilic blocks acting as water molecule scavengers, due to
their reactive, oxygen-rich surfaces. Comparing morphologies,
we observe that spherical morphologies exhibit slightly better
water vapor blocking ability than the lamellar morphologies

(across similar samples, i.e., block copolymer only vs block
copolymer with nanocrystals). Interestingly, barrier properties
were enhanced across all samples via incorporation of
hygroscopic nanocrystals into the polymer, despite the fact
that this required introduction of a hydrophilic domain into the
system to stabilize them. Strikingly, with the addition of only
0.5 wt % of nanocrystals in these samples, water-blocking ability
was improved by as much as 30%. Higher densities of
nanocrystals were not pursued at this time as incorporation
of these into active PV modules requires high optical
transparency. Furthermore, due to the hygroscopic character-
istics of the nanocrystals, this barrier layer would not be
saturated during long-term operation, since absorbed water
molecules would be emitted under elevated temperature and
low humidity, which is an ordinary operating condition for PV
modules.
In summary, the development of new encapsulating materials

for both established absorber layers and new technologies are
required because they are environmentally sensitive to
degradation from water and other molecular species. Current
encapsulating materials, however, have been selected primarily
on the basis of cost-effectiveness and do not perform well in
comparison to physical limits, thus putting photovoltaic
modules at risk over time. We successfully fabricated
composites of block copolymer (PS-b-P2VP) and hygroscopic
nanocrystals (MgO) for the purpose of enhancing the water
vapor barrier behavior of encapsulants. The composite was
designed to enhance water vapor blocking effectively via two
mechanisms: presenting obstacles to transport paths and
scavenging water molecules via both hydrophilic blocks and
hygroscopic nanocrystals. The effects of block copolymer
morphology were also examined, by comparing spherical and
lamellar structures. It was shown that the lamellar structure is
more susceptible to water vapor, while both types of block
copolymer structures greatly contribute to an effective water
vapor blocking, compared to homopolymers. Also, the
incorporation of nanocrystals was able to reduce WVTR by
30%, even for only 0.5 wt % of nanocrystal loading. This work
provides a platform for designing new classes of hybrid
encapsulant materials to aid in the protection of new, sensitive
photovoltaic technologies.
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Figure 4. SAXS patterns of PS-b-P2VP(S) and PS-b-P2VP(S)-MgO.
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MgO, respectively, after exposure to 80 °C and 100% humidity for 3
days.

Table 1. WVTR Values of the Samples at 38 °C and at a
Relative Humidity of 100%a

thickness (nm) WVTR g mil/(m2 day)

PS-b-P2VP(S) 523 ± 13 3.076 × 10−3

PS-b-P2VP(S)-MgO 370 ± 10 2.118 × 10−3

PS-b-P2VP(L) 517 ± 1 3.285 × 10−3

PS-b-P2VP(L)-MgO 460 ± 10 2.845 × 10−3

PSb 7.286
aAll values were normalized to 1 mm thick films. bWVTR of PS is
from the literature measured at 40 °C and 90% relative humidity.
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