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Emerging engineering devices exhibiting unprecedented per-
formance require completely new innovative materials with a 
nontrivial set of properties that are considered to be inherently 
incompatible. For example, the development of mechanically 
deformable display devices such as foldable smartphones that 
can maintain structural integrity even under high strain con-
ditions requires new optically transparent protective materials 
that simultaneously attain a high scratch resistance (i.e., hard-
ness) and elastic compliance characteristics, which have been 
known to be mutually exclusive. Eye-catching prototypes of fold-
able displays, continually presented by electronics companies or 
academic organizations in recent years, are convincing people 
of the prospect that the era of flexible displays is not far from 
its inauguration.[1–3] However, the commercialization of high-
performance foldable displays is impeded by a crucial technical 
issue associated with identifying solid substitute for glass cover 
windows, which have been providing excellent transparency 
and reliable protection in many optoelectronic engineering 
devices.[4] Because of its intrinsic stiffness and brittleness, glass 
cannot be a leading option for the development and realization 
of strain-variable optoelectronic devices. A new material-syn-
thesis methodology that imparts high elastic compliance and 
resilience to silicate glasses without sacrificing their excellent 

A flexible hard coating for foldable displays is realized by the highly cross-linked 
siloxane hybrid using structure–property relationships in organic–inorganic 
hybridization. Glass-like wear resistance, plastic-like flexibility, and highly elastic 
resilience are demonstrated together with outstanding optical transparency. It 
provides a framework for the application of siloxane hybrids in protective hard 
coatings with high scratch resistance and flexibility for foldable displays.
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surface hardness and optical transparency 
has been required. The combination of a 
protective hard coating and a transparent 
plastic film substrate could offer a possible 
solution to replace traditional brittle silicate 
glasses for use in flexible cover windows 
(FCWs). For such a bilayered composite 
film to be used in FCWs, the transparent 
coating material should be elastically com-
pliant, should not impede the pliability of 

the plastic film and should also be plastically robust in order to 
ensure excellent resistance against external mechanical impacts 
and scratches.[5–7] In other words, the simultaneous attainment 
of a glass-like wear resistance, a plastic-like modulus, and a high 
elastic strain limit leading to a remarkable resilience is crucial 
for coating materials used in FCWs.

The combination of these apparently incompatible mechan-
ical properties, i.e., glass-like wear resistance and plastic-like 
flexibility, can be achieved by enabling molecular hybridiza-
tion of materials belonging to different categories such as 
organics and inorganics,[8–10] from which our design approach 
springs. To realize plastic-like modulus, the organic–inorganic 
(O–I) hybrid materials should have low volume fraction of 
inorganic phase to organic one. Furthermore, for this hybridi-
zation to exhibit glass-like wear resistance and high strength, a 
crack tip should not be able to distinguish between soft matrix 
and hard segment in the resultant hybrid, that is, the organic 
and inorganic phases should be hybridized at the nanometer 
length scale and the intra-/interphases should also be chemi-
cally bonded at the maximum high level. On the basis of the 
strategy concept, we introduce a newly designed transparent 
O–I molecular hybrid nanocomposite consisting of siloxane 
nanobricks covalently linked by epoxy tethers that can act as 
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a single-phase material as a result of elaborate hybridization, 
circumventing the trade-off between hardness and flexibility.

Figure 1A shows a schematic illustration of the proposed 
structure of the epoxy–siloxane molecular hybrid (ESMH) 
material, which was synthesized by a simple procedure. In 
the first step, highly condensed siloxane networks with epoxy-
organic function were formed using base-catalyzed hydrolysis 
and the condensation reaction of (2-(3,4-epoxycyclohexyl)ethyl)
trimethoxysilane as a synthesis process (Supporting Infor-
mation). The synthesis produced a clear, viscous semiliquid 
material exhibiting a high degree of condensation (≈97%), as 
determined by liquid-state 29Si NMR analysis (Figure S1A, 
Supporting Information). To further examine the structure at 
the molecular level, spectroscopic studies using Fourier trans-
form infrared (FTIR) spectroscopy, dispersive-Raman spectros-
copy, and matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF-MS) were performed 
(Figure S1B–D and Table S1, Supporting Information). These 
studies revealed that the product consists of cycloaliphatic 
epoxy-functionalized oligosiloxanes (CEOS), among which the 
dominant species is a ladder-like silsesquioxane consisting of 
11 Si atoms; other species of different structures such as cage 
and partial-cage structures are also included (Figure 1B and 
Supporting Information).

Next, the CEOS nanobuilding blocks were converted into a 
monolithic material consisting of organic (epoxy) and inorganic 
(siloxane) networks chemically bonded to each other, obtained 

from UV-initiated cationic ring-opening polymerization (CROP) 
of the CEOS’s epoxides.[11] However, despite its living character-
istics, in the CROP of multifunctional molecules (e.g., CEOS), 
a fully crosslinked network is not straightforward owing to 
the isolation of growing chains in the polymeric matrix.[12,13] 
The ESMH with highly crosslinked epoxy networks was real-
ized by the following process: addition of an onium salt as a 
photoinitiator to the CEOS, UV irradiation (≈2 J cm−2) onto 
the mixture at ambient atmosphere, and moisture annealing 
of the UV-cured material in a humid box (85 °C, 85% RH) for 
2 h (Supporting Information). The corresponding degree of 
epoxy conversion was simultaneously calculated from the FTIR 
spectra (Figure 1D and Supporting Information). The post 
moisture annealing drastically increased the epoxy conversion 
of the CEOS from ≈55% at the end point of UV curing up to 
≈95%, whereas virtually moisture-free conditions (85 °C, 2% 
RH) resulted in limited epoxy conversion (≈75%). This boost 
of the crosslinking reaction was designed using two competi-
tive mechanisms of CROP,[14–16] active-chain end (ACE), and 
active monomer (AM), which were sequentially combined 
using H2O as a chain-transfer agent (CTA) (Figure 1C). In the 
near absence of CTA during UV curing, polymeric chains are 
formed by the ACE mechanism, and the chain propagation 
rate gradually decreases owing to the trapped active center of 
tertiary oxonium ions in the network (i). The diffusion of H2O 
into the reaction-limited matrix by moisture annealing leads 
to a reaction between the tertiary oxonium ion and the water 
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Figure 1. Design concept of the ESMH. A) Schematic illustration of the ESMH consisting of nanosized siloxane molecules densely crosslinked by 
cycloaliphatic epoxy chains. B) Representative molecular structure of the CEOS (1: ladder-like structure, 2: partial cage, 3: cage). C) CROP of cycloali-
phatic epoxides by ACE and AM mechanisms with H2O molecules as the CTA. D) Epoxy conversion of the CEOS (mean value ± SD, N = 10) upon UV 
irradiation followed by annealing processes.
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molecule, yielding a hydroxyl end group and an acidic proton 
that reinitiates a neutral epoxide (ii), producing a new sec-
ondary oxonium ion. With the abundance of H2O as the CTA, 
epoxy polymer chains grow again by the AM mechanism (iii). 
This well-controlled curing process is capable of generating the 
maximally polymerized organic phase in the ESMH. Further-
more, during moisture annealing (ii and iii), the injected H2O 
molecules expand the volume of the system, which can com-
pensate for volume shrinkage inevitably induced by the ACE 
polymerization during UV curing (i). This result was clearly 
confirmed by FTIR analysis and by curvature changes in the 
coating film during the curing process (Figures S2 and S3, Sup-
porting Information).

The fabricated ESMH with thickness of 50 µm, of which an 
Archimedean density is ≈1.30 g cm−3 resulting from the low 

inorganic volume fraction, shows the excellent optical proper-
ties over the visible region: ≈91.4% parallel transmittance and 
≈8.1% total reflectance at 450 nm characterized by UV–Vis 
spectra (Figure S4A, Supporting Information); haze values of 
less than 0.15 measured by a haze meter (Table S2, Supporting 
Information). The outstanding transparency is attributed to a 
nanometer-scale-hybridization,[17] as evidenced from the high-
resolution transmittance electron microscopy image and the 
corresponding energy dispersive X-ray spectroscopy 2D map-
ping results of Si, O, and C, which reveals that the material is 
in a wholly amorphous state having a similar, homogeneous 
distribution of Si, O, and C (Figure S4B, Supporting Informa-
tion). In nanometer scale, organic and inorganic phases are 
indistinguishable, which makes the ESMH sufficiently trans-
parent to be applicable to optical coatings.
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Figure 2. Nanoindentation characterization of the ESMH. A) Representative load–displacement curves according to changes in the crosslinking 
between the CEOS nanobuilding blocks. B) The increase of cross-linking density leads to an enhancement of the effective modulus and hardness 
concurrently, shown as mean ± SD (N = 9). C) Representative load–displacement curves for indentations in the ESMH, the toughened glass, the 
epoxy–silica nanocomposite, and the epoxy. D) SEM and OM images of residual impressions after the indentation tests (C). The scale bar in the insets 
is 20 µm. E) A plot of the elastic recovery versus hardness-to-effective modulus ratio. (Data are presented as mean ± SD, N = 9.) F) Ashby map of 
hardness versus effective modulus for estimation of wear resistance, showing that the ESMH reaches a new domain marked by the high-hardness and 
-compliance. Reproduced with permission.[40] Copyright 2007, Elsevier Ltd. The upper left shaded area is the region satisfying H/E* ≥ 0.1.
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To evaluate the mechanical potential of the ESMH for wear 
resistant coatings, we performed nanoindentation experiments 
based on the Oliver–Pharr method.[18] Figure 2A shows nanoin-
dentation load (P)–displacement (h) curves of specimens with 
different crosslinks between the CEOS nanobuilding blocks, i.e., 
conversion degrees of epoxy: I (30.3 ± 2.6%), II (49.4 ± 0.6%), 
III (65.5 ± 1.3%), IV (75.3 ± 0.6%), and V (94.6 ± 0.4%) cor-
responding to that of the ESMH (Supporting Information). 
The higher the conversion degree of epoxy, the smaller is a 
hysteresis of the P–h curve, revealing higher elastic resilience. 
Furthermore, with increasing the crosslinking (I → V), the 
nanoindentation hardness (H) increased from 0.35 ± 0.03 to 
0.78 ± 0.01 GPa and the effective modulus (E*) increased from 
2.37 ± 0.08 to 5.31 ± 0.02 GPa, as shown in Figure 2B and Table 
S3 (Supporting Information), where E* = E/(1 − ν2); E is the 
Young’s modulus and ν is the Poisson’s ratio.

For a comparative study, we also tested following refer-
ence specimens: a toughened glass as the inorganic part; 
an epoxy–silica nanocomposite without any covalent bond 
between organic and inorganic phases as the counterpart 
of the ESMH; and an epoxy as the organic part (Supporting 
Information). Figure 2C indicates nanoindentation P–h curves 
of the test specimens, showing that the ESMH exhibited the 
smallest hysteresis of the curve. Besides, the nanoindentation 
could not induce clear permanent deformation on the ESMH 
contrary to other reference ones, as confirmed by optical 
microscopy (OM) and scanning electron microscopy (SEM) 
images (Figure 2D). Quantitatively, the mechanical properties 
such as E*, H, and the elastic recovery (We) were calculated 

and summarized in Table S3 (Supporting Information). The 
significance of H/E* and We are stressed as key parameters 
that are necessary for the flexible hard nanocomposite coat-
ings.[7] The materials with a low value of E* satisfying H/E* 
≥ 0.1 and We ≥ 60% generate hard, tough and resilient coat-
ings with enhanced resistance to cracking. Figure 2E shows a 
plot of We against H/E* of the test specimens. It is noteworthy 
that the ESMH simultaneously attains plastic-like low E* with 
exceptionally high H/E* = 0.147 ± 0.001 and We = 88.5 ± 0.1%. 
To illustrate the uncommon properties of the ESMH, a mate-
rial selection chart of H against E* for engineering materials 
is shown in Figure 2F. The diagonal dashed lines indicate the 
selection criteria according to the value of H3/E*2, which is 
directly related to resistance against yield pressure, i.e., wear 
resistance.[19,20] Due to the combination of high H and low E*, 
the H3/E*2 value of the ESMH exceeds the highest value of 
polymers and compares to those of ceramics such as a soda-
lime glass, which means the ESMH is highly suitable for the 
wear resistant coatings. Note that for highly resilient materials 
such as the ESMH, it is known that accuracy of the values of 
E*, H obtained from nanoindentation experiments may be 
compromised. However, because all the data in Figure 2F was 
determined by the same experimental approach, the qualita-
tive comparison is considered to be valid.

To investigate the mechanical responses of the ESMH under 
varying strain conditions it will encounter during the actual 
applications as flexible protective coatings, we conducted in 
situ bending experiments by applying monotonic (Figure 3, 
top) or cyclic (Figure 3, bottom) loading at the center of doubly 
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Figure 3. Three-point bending results for doubly clamped microbeam-shaped ESMH. A) Representative flexural stress–strain (force–displacement) 
curve from the monotonic bending tests. B–E) In situ SEM images recorded during the corresponding test at σ values of 0 GPa (B), 0.35 GPa (C), and 
0.55 GPa (D), and at fracture (E). F) Flexural stress–strain (force–displacement) curve from the cyclic bending test. G,H) SEM images before (G) and 
after (H) the cyclic bending test. The straight yellow lines were used to determine the extent of deformation. We assume that the minuscule residual 
bending is related to viscoelastic and/or plastic deformation arising from the high local stresses at both ends of the beam.[41]
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clamped microbeams fabricated by focused-ion-beam (FIB) 
milling. Figure 3A shows representative flexural stress–strain 
(force–displacement) data obtained in monotonic tests (Sup-
porting Information). SEM images captured in the course of 
monotonic bending tests are presented in Figure 3B–E, for the 
initial contact (a), onset of nonlinearity (b), maximum stress (c), 
and after fracture (d) (for the full in situ video, see Movie S1 
in the Supporting Information). The curve shows nearly linear 
elastic behavior over the entire loading cycle prior to fracture, 
with the exception of a slight deviation from the initial linearity 
in regime b–c, which is likely due to the geometric constraint 
effect at fixed ends in the beam structure (Section 2 in Sup-
porting Information). Although the general characteristics of 
the curve, such as the initial linear loading followed by a failure, 
may appear to be phenomenologically similar to those of typical 
ceramics, it should be noted that the total elastic strain at frac-
ture in Figure 3A significantly exceeds the values obtained for 
typical ceramics[21] (≈0.1%) owing to the large amount of energy 
absorbed purely by elastic deformation. Based on quantitative 
measurements, the obtained Young's modulus (E) and strength 
(σf) of our ESMH are 10.8 ± 0.5 GPa and 544.09 ± 104.08 MPa, 
respectively, leading to a modulus of resilience Ur = 13.06 ± 
3.74 MJ m−3 (Table S4, Supporting Information). The reli-
ability of Young's modulus measured by the bending experi-
ment, which is discernibly different from the nanoindentation 

value, was confirmed using a finite-element method framework 
under the same experimental condition (Figure S5, Supporting 
Information). To the best of our knowledge, no engineering 
material attaining such a unique combination of high strength 
and low modulus has previously been reported.[22] To further 
investigate the elastic recoverability of the ESMH, a cyclic 
bending experiment was performed by sequentially repeating 
15 loading–unloading cycles on a sample with a geometry iden-
tical to that used in the monotonic testing (Figure 3F–H and 
Movie S2, Supporting Information). In each cycle, the micro-
beam specimen was loaded up to ≈60% of the predetermined 
average fracture load obtained from the previous monotonic 
loading tests and was subsequently unloaded down to 10% 
of the maximum load. Figure 3F shows the resultant flexural 
stress–strain and force–displacement curves, demonstrating 
the considerable elastic recoverability of the material with only 
a slight residual deflection of up to ≈150 nm after 15 cycles. 
The SEM images (Figure 3G,H) visually support this observa-
tion as well. The experimental observations under the mono-
tonic and cyclic loading conditions imply that the material is 
quite strong but can be easily deformed and restored to its orig-
inal shape, making ESMH an ideal candidate for use in strain 
variable coatings.

An Ashby’s material property chart plotting E against σf 
is shown in Figure 4 to compare the mechanical properties 
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Figure 4. Material property map plotting Young’s modulus against strength. (Reproduced with permission.[22] Copyright 2011, Elsevier Ltd.) The diagonal 
parallel dashed lines correspond to contours of fracture strain, σf/E. Owing to its high strength and low modulus, the ESMH undoubtedly belongs to a 
regime comparable to that of dragline silk,[36] which has not been previously reached by any other common engineering material. Literature values for 
other synthetic O–I nanocomposites are given. O–I nanocomposites with covalent linkages between organic and inorganic components: iron oxide/
oleic acid nanocomposite,[23] poly(vinyl alcohol)/montmorillonite clay nanocomposite,[24] chitosan/silica nanocomposite,[25] polyimide/silicate nanocom-
posite,[26] (hydroxylethyl)methacrylate/silica nanocomposite,[27] and polyurethane/silica nanocomposite.[28] O–I nanocomposites without covalent bonds 
between organic and inorganic components: nylon/silicate nanocomposite,[29] epoxy/alumina nanocomposite,[30] and epoxy/silica nanocomposites.[31–35]
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obtained in the bending experiments with the known data 
for all existing engineering materials and other synthetic O–I 
nanocomposites.[23–35] It is clear that our results create a new 
domain characterized by high σf and low E with a polymer-
level failure strain, σf/E ~ 0.05; only a few natural materials 
such as dragline silk exhibit comparable values.[36] These unu-
sual properties can be understood in terms of the composite 
modulus (E′) and strength ( σf′) of the multiphase material. 
For simplicity, the ESMH is regarded as a two-phase nanocom-
posite comprising a cycloaliphatic epoxy matrix with dispersed 
silica nanoparticles, for which E′ can be estimated from the 
Hashin–Shtrikman (H–S) bounds.[37] The theoretically expected 
E′ ranges from 4.5 to 10.1 GPa (Figure S7, Supporting Infor-
mation), indicating that the experimentally determined E of the 
ESMH corresponds to the H–S upper bound, the highest value 
for a given system. In contrast, in the case of σf′, an increase 
in the volume fraction of the reinforcing agents results in poor 
enhancement.[38,39] However, as shown in Figure 4, our system 
exhibits increases of a factor of three and a factor of ten in E and 
σf, respectively, compared with commercial epoxy polymers. 
We interpret this phenomenon as a combined effect of the 
molecular level hybridization and covalent bonding between 
phases, which causes the composite to behave as an effectively 
strengthened single-phase material at the scale of the crack-tip 
stress field. Consequently, the enhanced E is the primary factor 
leading to the increase in σf according to linear elastic fracture 
mechanics while maintaining a polymer-like σf/E ratio.

To evaluate the potential use of ESMH in foldable hard 
coatings, a 50 µm thick ESMH coating was fabricated on a 
commercial 75 µm thick polyethylene terephthalate (PET) 
film (Figure 5A). The coated film shows a high surface pencil 
hardness of 9H, which is comparable to that of the glass sur-
face (Figure S8, Supporting Information). Furthermore, as 
shown in Figure 5B–E, the film achieved remarkable perfor-
mance for application as an FCW for foldable devices: excel-
lent flexibility for concave folding to a radius of curvature of 1 
mm over more than 10 000 cycles without permanent defor-
mation or fracture (Figure 5B,C and Movie S3, Supporting 
Information); extreme elastic recoverability in nearly restoring 
its original shape, as confirmed by nanoscratch (Figure 5D), 
nanoindentation (Figure 2C,D), microbeam cyclic bending 
(Figure 3F–H), and micro-Vickers hardness tests (Figure S9, 
Supporting Information); and outstanding wear resistance, 
as revealed by an industrial steel-wool abrasion test result 
(Figure 5E and Movie S4), whereas the epoxy–silica nanocom-
posite coating showed poor wear resistance (Figure S10, Sup-
porting Information).

In summary, we have demonstrated an authentic O–I hybrid 
that simultaneously realizes all of the benefits of both flexible 
and wear resistant materials; moreover, this hybrid can be fabri-
cated by a simple, mass-producible and low-energy-consuming 
method based on the strategy of hybridization to increase the 
chemical bonds of intra- and interphases at the molecular level. 
Because of the unique combination of intrinsic properties such 

Figure 5. Application of the ESMH as a foldable hard coating on a plastic substrate. A) Photograph of the ESMH coated on a PET film. B) Dynamic 
folding test of the ESMH coated on a PET film. C) Panoramic SEM image after the folding test, showing the region repeatedly folded and unfolded. D) 
Scratch penetration depth–scratch distance curves from the nanoscratch test with a Berkovich tip. The scratch scan data show the on-load penetration 
depth, which is the sum of elastic and plastic deformation. After the removal of the scratch load, the penetrated depth was nearly recovered, and a 
small amount of plastic deformation was retained, as shown in the residual topography data. The inset shows a corresponding load profile during the 
scratch scan. E) Steel-wool wear test of the ESMH coated on a PET film. The photograph (top) clearly shows that visual scratches are only observed 
on the uncoated side. White-light scanning interferometric images (bottom) clearly demonstrate that the ESMH is absolutely free of scratches (the 
coordinate system corresponds to the one shown in the photograph).
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as high wear resistance and strength, low modulus and optical 
transparency, our findings create a new option for material 
selection that can surmount technical barriers for the commer-
cialization of flexible and even foldable optoelectronics.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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