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Biological tissues, such as cartilage, tendon, ligament, skin, and plant cell wall, simulta-
neously achieve high water content and high load-bearing capacity. The high water con-
tent enables the transport of nutrients and wastes, and the high load-bearing capacity
provides structural support for the organisms. These functions are achieved through
nanostructures. This biological fact has inspired synthetic mimics, but simultaneously
achieving both functions has been challenging. The main difficulty is to construct nano-
structures of high load-bearing capacity, characterized by multiple properties, including
elastic modulus, strength, toughness, and fatigue threshold. Here we develop a process
that self-assembles a nanocomposite using a hydrogel-forming polymer and a glass-
forming polymer. The process separates the polymers into a hydrogel phase and a glass
phase. The two phases arrest at the nanoscale and are bicontinuous. Submerged in water,
the nanocomposite maintains the structure and resists further swelling. We demonstrate
the process using commercial polymers, achieving high water content, as well as load-
bearing capacity comparable to that of polyethylene. During the process, a rubbery stage
exists, enabling us to fabricate objects of complex shapes and fine features. We conduct
further experiments to discuss likely molecular origins of arrested phase separation, swell
resistance, and ductility. Potential applications of the nanocomposites include artificial
tissues, high-pressure filters, low-friction coatings, and solid electrolytes.
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The stracum corneum—the outermost layer of the epidermis—has high water content
(up to 40%) and high load-bearing capacity (e.g., elastic modulus 210 MPa, strength
18 MPa, and toughness 3.6 kJ-m™2) (1-3). Recent decades have seen the development
of synthetic materials of high water content, but few have achieved high load-bearing
capacity (4-14). This difficulty is illustrated by looking at synthetic materials of high
water content on the plane of elastic modulus and toughness (Fig. 14). Hydrogels can
be tough but are not stiff, because of their rubbery polymer networks. A composite of
glass fabric and hydrogel has both high elastic modulus and toughness (15, 16), but
the coarse microstructure and the method of fabrication are unsuitable for applications
that require complex shapes and fine features.

This paper reports a process that self-assembles nanocomposites of high water content
and high load-bearing capacity (Fig. 1B8). Such a nanocomposite consists of a hydrogel-
forming polymer and a glass-forming polymer. The process separates the polymers into a
hydrogel phase and a glass phase. The two phases arrest at the nanoscale and are bicon-
tinuous. The continuous hydrogel phase transports small molecules, and the continuous
glass phase bears loads. In each phase, the two species of polymers interpenetrate. The
hydrogel phase traps glass-forming polymers, and the glass phase traps hydrogel-forming
polymers. We show that the hydrogel-forming polymers trapped in the glass can plasti-
cize a brittle glass. For example, at room temperature, pure poly(methyl methacrylate)
(PMMA) is a brittle glass, but a nanocomposite of PMMA and poly(acrylic acid) (PAAc)
of two-to-one weight ratio is ductile. The nanocomposite has a water content 45.2%,
elastic modulus 506 MPa, strength 15.5 MPa, toughness 5.8 kJ-m ™2, and fatigue thresh-
old 1.85 kJ-m™% Such a combination of high water content and high load-bearing
capacity has never been realized before in synthetic nanomaterials. The nanocomposites
can be fabricated into objects of complex shapes and fine features. Submerged in pure
water, the nanocomposites resist swelling by the yield strength of the glass phase.

PMMA-PAAc copolymers have been prepared for various applications such as drug
delivery (17), tissue repair (18), bioimplant (19), and strong adhesion (20). Many of
these materials have nanoscale structures and a wide range of mechanical properties.
Hydrogels of PMMA-PAAc copolymers have also been reported before (18, 20), but
the modulus of the hydrogels is a few kilopascals, which indicates that no continuous
glassy phase is formed. By comparison, the PMMA-PAAc nanocomposite in this work
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Synthetic materials of high water content. (A) The materials synthesized in this work are compared with existing synthetic materials of high water

content on the plane of elastic modulus and toughness (4-14). HA-PVA, hierarchical and anisotropic poly(vinyl alcohol); PVA, poly(vinyl alcohol); DMAA, N,N-
dimethylacrylamide; MAAc, methacrylic acid; PAAm, polyacrylamide. References to the existing materials are listed in S/ Appendix, Table S1. (B) A nanocompo-
site of a glass phase and a hydrogel phase, self-assembled by two species of polymers.

forms a continuous glassy phase and has a modulus of over
100 MPa. Moreover, the process described here starts from pre-
existing polymers, and is applicable to commercially available
polymers and biobased polymers.

Results and Discussion

We first demonstrate this process by synthesizing a nanocompo-
site of a hydrogel-forming polymer, PAAc, and a glass-forming
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polymer, PMMA. The PMMA used in this work all comes from
commercial acrylic films, of which the main component is linear
PMMA polymers. The process has four stages (Fig. 24). PMMA
is a linear polymer with a brittle-to-ductile transition tempera-
ture of about 80 °C (21). At room temperature, pristine PMMA
is a transparent and brittle glass (stage I). We form a solution of
water and acrylic acid (AAc) of molar ratio W= 4. The solution
also contains dilute concentrations of initiator and cross-linker
for the AAc monomers to polymerize and cross-link upon UV

Nanostructured mold

m Imprint LI 1 Cure
s - BN -

K |

Patterend nanocomposite

Fig. 2. Synthesis and shaping of nanocomposites. (4) A film in four stages during synthesis. (Scale bars, 2 cm.) (B and C) The scanning electron microscope
(SEM) images of the composite in stage Ill prepared at two temperatures, T, = 25°C (B) and 65°C (C). (Scale bars, 500 nm.) (D) The stress-stretch curves of the
film in the four stages. (E) The film in stage Il deforms readily, and maintains the deformed shape after cure in stage Ill. (Scale bars, 2 cm.) (F-H) Various shapes
of the nanocomposite in stage IV. (Scale bars, 2 cm.) (/) A film in stage Il is imprinted with a mold of a line pattern, and retains the pattern after cure in stage Ill.
(/) The patterned nanocomposite iridesces. (Scale bar, 2 cm.) (K and L) The SEM image of the mold (K) and the patterned nanocomposite (L). (Scale bars, 2 pm.)
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irradiation. In a dark chamber, when a thin film of PMMA is
submerged into the water—AAc solution at a temperature denoted
by Ti1, AAc monomers do not polymerize, and PMMA swells,
forming a single phase of the three principal components:
PMMA, water, and AAc (stage II). The PMMA-water—-AAc
phase is transparent and rubbery, and is separated from the
water—AAc solution. The phase also contains the initiator and
cross-linker, but their low concentrations negligibly affect the
phase behavior. The solubility of PMMA in the water—-AAc
solution is negligible. Under a UV lamp, the AAc monomers
polymerize and cross-link, and the PMMA-water—AAc phase
separates into a glass phase and a hydrogel phase, but remains
transparent (stage III). Polymerization is conducted at a tem-
perature 7y, which affects the sizes of the separated phases
(Fig. 2B and O). The sizes of the phases are ~90 nm at 7jyy =
25°C and ~180 nm at 7jj; = 65 °C. Submerged in pure water,
the sample swells and becomes translucent (stage IV). The tem-
perature at which stage IV is prepared, 7y, affects polymer
content but does not cause further coarsening (S/ Appendix,
Fig. S1). The microstructures are uniform across the thickness
of the sample (87 Appendix, Fig. S2). The samples in stage I1I
and IV will be called PMMA-water-PAAc nanocomposites.
For the following studies, 77y is fixed at 25 °C.

The samples in various stages are compared by handling in
hands (Movie S1). This comparison is made quantitative by their
stress—stretch curves (Fig. 2D). Unless otherwise noted, all the
mechanical tests are conducted within 5 min in the open air, and
the mass change is less than 3%. The pristine PMMA (stage I) is
a brittle glass, and the stress rises steeply, and the sample ruptures
at a stretch of about 1.04 without plastic deformation. The
PMMA-water-AAc phase (stage II) is a rubber, and the stress is
low, and deformation is large. The PMMA—water—PAAc nano-
composite (stage III and IV) is glassy but ductile, and the stress
rises steeply initally, followed by plastic flow before rupture.

In a nanocomposite, the PMMA-rich phase is a polymer
glass, and the PAAc-rich phase is a polymer gel. The two phases
are bicontinuous. The stress—stretch curves for the nanocompo-
site show high elastic modulus and high strength, which indi-
cate that the PMMA-rich phase is continuous. To demonstrate
that the PAAc-rich phase is continuous, we prepare a blue-
colored solution by dissolving 0.5 wt% of Acid Violet 43 in
water. The nanocomposite submerged in the solution turns
blue homogeneously, but a pristine PMMA sample submerged
in the solution does not turn blue (S/ Appendix, Fig. S3).

The PMMA-water—AAc phase (stage II) is rubbery, enabling
us to fabricate objects of complex shapes. For example, we fab-
ricate three-dimensional structures from a strip of PMMA (Fig.
2E and Movie S2). Pristine PMMA itself is brittle, and cannot
be deformed into a three-dimensional shape at room tempera-
ture. We swell the PMMA strip into a rubbery phase (stage II),
deform it, and cure it in the deformed state. The resulting
nanocomposite (stage III or IV) retains the shape after cure.
For example, this process turns a strip of PMMA into three-
dimensional shapes by twisting and knotting, as well as by
wrapping around a silica rod (Fig. 2F-H, stage IV).

The sizes of the two phases in the nanocomposites are ~90 nm,
enabling us to fabricate objects of fine features. To illustrate, we
pattern the surface of a nanocomposite by imprinting using a
mold with periodic lines of a period 550 nm (Fig. 2). The mold
is made of perfluoropolyether (elastic modulus ~10.5 MPa)
(22, 23), which is much stiffer than the PMMA—water—AAc
phase (stage II), so that imprint can be readily conducted. After
cure, the mold can be easily peeled off, due to the low surface
energy. The finely spaced periodic lines make the surface iridescent
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(Fig. 2)). Because the individual phases of the nanocomposite are
smaller than the features of the mold, the structures imprinted on
the nanocomposite are sharp and retain high fidelity to the fea-
tures of the mold (Fig. 2K and ).

We study the physical chemistry of the self-assembly process.
We begin with the PMMA-water—AAc phase (stage 1I). PMMA
does not dissolve in water but dissolves in acrylic acid. Water and
acrylic acid form binary solutions of any molar ratio, W. In a pre-
liminary experiment, we submerge PMMA films in water-AAc
solutions of various molar ratios. In a binary solution of low W, a
PMMA film dissolves and forms a PMMA-water—AAc solution.
In a binary solution of high W, the PMMA film swells into a
PMMA-water—AAc phase, which does not dissolve in the
water—AAc binary solution even after 2 mo. The transition
from dissolution to phase separation takes place at a value of W
between three and four. To confirm that PMMA chains dis-
solve negligibly in a water—AAc binary solution of high W, we
evaporate water and AAc from the PMMA-water—AAc phase at
180 °C for 2 d, and find that the film recovers the initial vol-
ume and mass of the PMMA (Fig. 34).

We also measure the properties of the PMMA-water—AAc
phase after it equilibrates with the binary solution. The PMMA
content in the PMMA-—water—AAc phase increases with W of
the binary solution (Fig. 3B). The elastic modulus of the
PMMA-water—AAc phase increases with W, from 0.26 MPa at
W= 4 to 190 MPa at W= 14 (Fig. 30). We further character-
ize the PMMA-—water—-AAc phase prepared using a water—-AAc
solution of W= 4 at a temperature 73;. When a PMMA film is
submerged in the binary solution, as time increases, the film
swells, and its PMMA content decreases to a plateau. A high
Ti1 shortens the time to plateau but does not change the level
of the plateau (Fig. 3D). The PMMA~water—-AAc phase has
rate-dependent stress—stretch curves, with an elastic modulus of
260 kPa and a strength of 140 kPa at stretch rate 1 s~ ', and an
elastic modulus of 220 kPa and a strength of 90 kPa at stretch
rate 0.01 s~ ' (Fig. 3E). When a PMMA-water—AAc phase is sud-
denly stretched to twice its original length, the stress relaxes with
time to a plateau (Fig. 3F). The samples used in Fig. 3F and Fare
dip coated with a layer of mineral oil to prevent the water and
AAc molecules from evaporating. Similar stress relaxation behavior
is also observed in a compression test for a longer time (S/
Appendix, Fig. S4). In subsequent studies, all the films are swollen
to plateau before proceeding to the next stage, and samples are
prepared at 77 = 25 °C using water—AAc solutions of W> 4.

We next study the nanocomposites (stages III and IV). Here,
the PMMA-—water—AAc phase (stage II) is cured at a fixed tem-
perature Tjp = 25 °C, and the obtained nanocomposite (stage
III) is submerged in pure water at temperature 71y to swell to
equilibrium (stage 1V; SI Appendix, Fig. S5A and B). We mea-
sure the weight change of the sample from stage III to stage IV
(ST Appendix, Table S2). The density of the dry polymer is
comparable to that of water, so that the volumetric ratio is sim-
ilar to the weight ratio. When the stage IV nanocomposites are
stored in pure water at room temperature, they do not swell or
deswell (SI Appendix, Fig. S5C). We make nanocomposites
using various values of Wand 7y, and measure their properties
(ST Appendix, Table S3). For nanocomposites prepared with a
binary solution of a fixed W= 4, the equilibrium water content
increases with Tty (Fig. 4A4).

Both stages I1II and IV nanocomposites rupture after extensive
plastic flow (Fig. 4B). High 77y increases the water content but
decreases elastic modulus and strength. Both elastic modulus and
strength are proportional to the PMMA content (Fig. 4C and

D). These linear trends are in contrast to the nonlinear relations
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Fig. 3. Characterization of PMMA-water-AAc phase (stage Il). (A) The mass ratio of a PMMA-water-AAc phase after the evaporation to the initial PMMA is
plotted as a function of the molar ratio of the water-AAc binary solution W. (B) The PMMA content of the PMMA-water-AAc phase increases with W. (C) Elas-
tic modulus at a stretch rate of 1 s~' of the PMMA-water-AAc phase as a function of W. (D-F) PMMA-water-AAc phase prepared in a water-AAc binary solu-
tion of W = 4. (D) Submerged in the water-AAc binary solution at 25°C and 65°C, PMMA films of thickness 1.56 mm swell, and the PMMA contents in the
films decrease to the same plateau. (F) Stress-stretch curves at various stretch rates. (F) When a sample is rapidly pulled to a constant stretch of two, the

stress relaxes with time, and plateaus.

between elastic modulus and concentration commonly found in
particle-filled elastomers (24, 25). The particle-filled elastomers
stiffen steeply only when the particles percolate, whereas the nano-
composites here have bicontinuous nanostructures.

We measure the toughness of the nanocomposites as a func-
tion of PMMA content ¢ (Fig. 4E). When ¢ = 58.5%, tough-
ness peaks at 17.2 kJ-m ™2, which is much higher than that
of pristine PMMA, 1.2 kJ-m 2, and that of pure PAAc gel,
~100 J-m~* (14). The nanocomposites readily show both high
water content and excellent mechanical properties. For exam-
ple, the nanocomposite prepared with W= 4 and 7y = 65°C
has a water content of 45.2%, an elastic modulus of 506 MPa,
a strength of 15.5 MPa, and a toughness of 5.8 kJ-m 2. Next,
we study the fatigue crack growth in the nanocomposite under
cyclic load. To maintain the hydration level, the tests are con-
ducted at a relative humidity of about 95%. The extension of
crack per cycle de/dV decreases with the energy release rate G
(Fig. 4F). The crack does not grow when the energy release rate
is below a threshold of about 1,850 ]-m72 (ST Appendix, Table
S4). By comparison, PMMA has a fatigue threshold of lower
than 100 J-m 2 (26). For the following studies, samples are
prepared with W= 4, Ty; = 25°C, and 71y = 65 °C.

We conduct further experiments to discuss likely molecular
origins of several main findings. In stage III, the two phases
arrest at the nanoscale. The arrest of phase coarsening in self-
assembly by phase separation is an active field of research (27).
Our experiments indicate that the phase coarsening is arrested
by the competition between the interfacial energy and the elas-
tic energy of the PMMA-—water—-AAc phase. When the stage-1I
PMMA-water-AAc phase is under the UV lamp, the AAc
monomers polymerize and reduce the entropy of mixing, which
is a principal driving force for phase separation. As AAc mono-
mers polymerize into PAAc, the PMMA-water-AAc phase
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transforms into two phases, one rich in PAAc hydrogel and the
other rich in PMMA glass. The growth of the new phases must be
accommodated by the deformation of the surrounding PMMA-
water—-AAc phase. In order to understand the mechanism for the
arrested phase separation more, we adopt a model of phase separa-
tion in interpenetrating networks (28). The interfacial energy drives
coarsening. However, the PMMA-water—AAc phase is rubbery,
and the elastic energy resists coarsening. The competition arrests
coarsening at phase sizes scaled as y/E, where v is the interface
energy and £ is the elastic modulus. A representative value of inter-
facial energy is y = 0.016 N-m ™' (29). At 25°C and 65 °C, the
moduli of the PMMA-water—AAc phase are 222 and 64 kPa (87
Appendix, Fig. S6), and the model predicts that the equilibrium
sizes of the phases are on the order of 72 and 250 nm. These pre-
dictions approximately agree with the observed phase sizes (Fig. 28
and ). Will the yield strength sy of the glass phase also arrest
coarsening? If it does, the phases should arrest at a size scaled as
y/sy. Using representative values, we predict a feature size of
0.8 nm, which is much smaller than the arrested phases observed
in experiments. The glass phase, initially, is discontinuous, and
the yield strength of the glass does not arrest coarsening,.

When a stage III nanocomposite is submerged in pure water
at temperature 71y, the sample swells to equilibrium (stage IV).
We propose that this equilibrium has the following molecular
origin. In the nanocomposite, the swelling is mostly restricted
to the gel phase, accommodated by the plastic deformation of
the glass phase. In equilibrium, the residual stress in the glass
phase balances the osmotic pressure in the gel phase. To see
whether the driving force for swelling is large enough to cause
the glass phase to undergo plastic flow, we estimate the osmotic
pressure by —kT/A[1/] + In(1 — 1/]) + x/J*], where kT is the
temperature in the unit of energy, v is the volume per water

molecule, / is the volume of the hydrogel phase divided by the
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Fig. 4. Characterization of the nanocomposites (stages Ill and 1V). (A) The equilibrium water contents of the nanocomposites prepared with W = 4 as a func-
tion of Ty. (B) Stress-stretch curves for the nanocomposite in stage IV with the same W = 4 and various Ty. (C and D) The elastic modulus and the strength
of the nanocomposites are proportional to the PMMA content. (E) The toughness of the nanocomposites first increases with the PMMA content then
decreases. (F) Fatigue crack growth in a nanocomposite prepared with W =4 and T,y = 65°C.

volume of the PAAc, and ¥ is the interaction parameter of AAc
and water (30, 31). For a representative value, / ~ 2 and y =
0.41 (32). The model predicts an osmotic pressure of 12 MPa,
which is comparable to the yield strength of the nanocomposite
(Fig. 2D). As temperature Ty increases, the mobility of PMMA
chains increases, the yield strength of the glass phase decreases,
and so does the polymer content of the nanocomposite in equi-
librium. After swelling in pure water to equilibrium at 7 =
65°C, J ~ 3.2, which gives osmotic pressure of ~3 MPa. The
nanocomposite in this stage does not swell anymore when the
osmotic pressure is less than the yield strength.

At room temperature, pristine PMMA is britde, but a
PMMA-water—PAAc nanocomposite is ductile. We propose that
the ductility of the nanocomposite has the following molecular
origin. In a nanocomposite, the PAAc chains are trapped in the
glass phase, entangled with the PMMA chains, and associated
with water molecules. Such hydrated PAAc chains plasticize
PMMA-rich glass. To ascertain this picture, we submerge a stage
II sample in pure water. As AAc monomers diffuse out and
water molecules diffuse in, the sample separates into bicontinu-
ous phases, PMMA and water (S/ Appendix, Fig. S7A). In a ten-
sile test, the sample ruptures without plastic flow (87 Appendix,
Fig. S7B). This observation indicates that the porous structure
by itself does not impart ductility to PMMA. To ascertain the
importance of hydration to the ductility, we prepare a sample of
stage IV, and evaporate water from the sample at 25 °C for 3 d.
During the evaporation, the PAAc chains lose the water mole-
cules. Subject to the tensile test, the dehydrated sample ruptures
without plastic flow, and the sample recovers its ductility after
swelling in water (S7 Appendix, Fig. S8). These observations indi-
cate that the hydration of the PAAc chains is important for the
ductility of the nanocomposite. Interestingly, at room temperature,
PMMA can absorb up to 2.2 wt% water, but the absorbed water
increases ductility only slighdy (33).
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The method described in this paper may be contrasted by the
phase inversion method (34). The phase inversion method com-
monly involves a thermoplastic and two liquids, A and B. The
two liquids form a solution. The thermoplastic forms solution
with liquid A but not with liquid B. When a concentrated solu-
tion of the thermoplastic and liquid A is submerged in pure lig-
uid B, liquid A migrates out, and liquid B migrates in. The
resulting material is a composite of thermoplastic and liquid B.
By contrast, the method described in this paper involves the poly-
merization of AAc molecules. The polymerization drives phase
separation. The resulting material consists of interpenetrating pol-
ymers. These differences can affect the sizes of arrested phases, as
well as the mechanical behavior of the resulting materials. The
comparison of the two methods of synthesis will depend on
material systems, and will not be pursued in detail here.

Incidentally, the process that skips stage III (i.e., AAc mono-
mers do not polymerize) is an example of the phase-inversion
method. In this particular example, after AAc diffuses out and
water diffuses in, PMMA forms a porous material, and is brit-
tle. However, the hydrated PAAc polymers trapped in the
PMMA-rich phase make the nanocomposite ductile.

The self-assembly process is applicable to other combinations
of polymers. For example, we synthesize a nanocomposite of cel-
lulose acetate and PAAc, of poly(ethyl methacrylate) and PAAc,
and of PMMA-poly(N,N-dimethylacrylamide) (S Appendix,
Fig. S9). In all cases, the water content is over 40%, the elastic
modulus is over 190 MPa, the strength is over 8 MPa, and the
toughness is over 2,500 J-m ™2 (87 Appendix, Table S5).

Conclusion

In summary, we have demonstrated nanocomposites that achieve
attributes resembling load-bearing biological tissues: high water
content and excellent mechanical properties. We fabricate the
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nanocomposite through a self-assembly process, and demonstrate
the generality of this process with widely used polymer glasses
and hydrogel precursors. The rubbery stage during the process
enables the fabrication of objects of complex shapes and fine fea-
tures. The nanocomposites are homogeneous above the nano-
scale phase size, resulting in high fidelity during nanofabrication.
The nanocomposites may find applications in which water per-
meability and load-bearing capacity are both important. Exam-
ples include artificial tissues, high-pressure filters, low-friction
coatings, and solid electrolytes. Furthermore, the process is gen-
erally applicable for natural and synthetic polymers. This self-
assembling process opens doors to combine extremely different
polymers to achieve unusual properties.

Materials and Methods

Synthesis of the PMMA-Water-PAAc Nanocomposites. Acrylic films
(McMaster-Carr 8560K172), thickness ~1.56 mm, were used as purchased.
Acrylic acid (AAc, 147230), N,N"-methylenebisacrylamide (MBAA, M7279), and
2-hydroxy-4'<(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959, 410896)
were purchased from Sigma Aldrich and used as received. Deionized water was
purchased from Poland Spring. The water-AAc binary solution was prepared by
mixing water, AAc, MBAA, and Irgacure 2959 with a fixed MBAA-AAc molar ratio
of 0.001 and Irgacure 2959-AAc molar ratio of 0.001, but different water-AAc
molar ratios W ranging from 0 to 14. Specifically, for the water-AAc binary solu-
tion of W = 4, 450 g of AAc, 450 g of water, 0.963 g of MBAA, and 1.4 g of Irga-
cure 2959 were added in a polyethylene bottle (McMaster-Carr, 41055126), and
heated in a 65 °C oven for 1 h to facilitate the dissolution of MBAA and Irgacure
2959. After heating, the bottle was gently shaken by hand for 1 min. For all values
of W, the water-AAc binary solutions obtained were clear and transparent. Then
300 mL of the water-AAc binary solution was poured into a polypropylene storage
container (McMaster-Carr, 6840A3), and an 80 mm x 80 mm PMMA film was
immersed in the solution. The container was sealed by the lid, and stored in an
oven at Ty = 25°C or 65°C, and was kept in darkness. The PMMA film was
weighed every day, and the PMMA-water-AAc phase (stage II) was obtained when
the weight reached a plateau. The PMMA-water-AAc phase was taken out from
the container, wiped with tissues, held between two glass slides, and put into a
polyethylene zip bag (VWR, 4662002). The bag was pressed to get rid of the air in
it, zipped, and irradiated with UV light (15 W 365 nm, UVP XX-15L) for 6 h. For
Tw higher than room temperature, the sample was cured on a hot plate. Upon
UV polymerization, the PMMA-water-AAc phase turned into a PMMA-water-PAAc
nanocomposite. During the step from stage Il to stage lll, the sample was held
between two glass slides and sealed in a plastic bag, so that evaporation was negli-
gible. The obtained nanocomposite was immersed in pure water at Ty to swell to
equilibrium. After that, all the samples were stored in water at 25 °C before testing.

Synthesis of the Cellulose Acetate-Water-PAAc Nanocomposites. Cellu-
lose acetate film (8564K48) was purchased from McMaster-Carr. The cellulose
acetate film and a water-AAc binary solution of W = 6 were used in the prepara-
tion, T was fixed at 25 °C, Ty, was fixed at 25 °C, and Ty, was fixed at 65 °C. Oth-
erwise, the preparation procedures were the same as the preparation of the
PMMA-water-PAAc nanocomposites.

Synthesis of the Poly(ethyl Methacrylate)-Water-PAAc Nanocomposites.
Poly(ethyl methacrylate) was first prepared. Thirty grams of ethyl methacrylate
(Sigma Aldrich, 234893) and 0.005 g of 2,2"-Azobis(2-methylpropionitrile)
(Sigma Aldrich, 441090) were mixed, and were cured in a mold at 65 °C for
12 h to get a poly(ethyl methacrylate) film with a thickness of ~0.8 mm. The
poly(ethyl methacrylate) film and a water-AAc binary solution of W = 4 were
used in the preparation. T, was fixed at 25 °C, Ty, was fixed at 25 °C, and T,
was fixed at 65 °C. Otherwise, the preparation procedures were the same as
the preparation of the PMMA-water-PAAc nanocomposites.

Synthesis of the PMMA-Water-Poly(N,N-dimethylacrylamide) Nano-
composites. N,N-dimethylacrylamide (DMA, 274135) was purchased from
Sigma Aldrich, and used as received. The water-DMA binary solution was pre-
pared by mixing water, AAc, DMA, and Irgacure 2959 with a fixed water-DMA
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molar ratio of 1.2, MBAA-DMA molar ratio of 0.001, and Irgacure 2959-DMA
molar ratio of 0.001. Specifically, 300 g of DMA, 65.5 g of water, 0.467 g of
MBAA, and 0.679 g of Irgacure 2959 were added in an HDPE bottle (McMaster-
Carr, 41055T26), and heated in a 65 °C oven for 1 h to facilitate the dissolution
of MBAA and Irgacure 2959. The water-DMA binary solution was used in the
preparation, T was fixed at 25°C, Ty was fixed at 25 °C, and Ty was fixed at
65°C. Otherwise, the preparation procedures were the same as the preparation
of the PMMA-water-PAAc nanocomposites.

Measurements of Stress-Stretch Curves for the PMMA-Water-AAc
Phase. The test samples were cut into a dumbbell shape by a die cutter (Ace
steel rule dies, 1SO 527-2-5B), and tested by Instron 5966 with a 100-N load
cell. During stretching, the force F and the displacement Ly were recorded. The
gauge length was fixed to 21 mm and regarded as the sample’s initial length
(L7). The samples were stretched monotonically until rupture, and the stretch
rate was fixed at 0.01 s~ unless otherwise noted. The stress was calculated by
force divided by the cross-sectional area of the undeformed sample, and the
stretch was calculated by 1 + Lp/L;. The elastic modulus was obtained from the
slope of the stress-stretch curve in the linear elastic region (stretch < 1.05). For
the stress relaxation tests, the PMMA-water-AAc phase of I = 4 was first coated
with a layer of mineral oil (330779, Sigma Aldrich) to prevent evaporation. The
sample was loaded on the Instron machine and pulled to a constant stretch of two
at a rate of 0.1. The stretch was maintained for 30 min, and the force was recorded.

Measurements of Stress-Stretch Curves for the PMMA-Water-PAAc
Nanocomposite and Pristine PMMA. Samples were cut by using a laser cut-
ter (Helix 75 W, Epilog Laser), and tested by Instron 5966 with a 10-kN load cell.
During stretching, the force F and the displacement L, were recorded.
Dumbbell-shaped samples (ISO 527-2-5B) were used to get the stress-stretch
curves and strength. The samples were stretched monotonically to break, and
the stretch rate was fixed at 0.01 s~ '. The strength was obtained by the maxi-
mum stress in the stress-stretch curves. The elastic modulus was obtained by
testing a sample of rectangular shapes (width 5 mm, length 50 mm). The sam-
ple was preloaded with ~8 N, and stretched monotonically to a stretch of 1.05.

Measurement of Toughness and Fatigue Resistance of PMMA-Water-
PAAc Nanocomposite and Pristine PMMA. The toughness was obtained

from a single-edge crack test. The sample was first cut using the laser cutter into
a rectangular shape (width 20 mm, length 60 mm) with a 5-mm edge crack in
the middle of the long side. The sample was loaded on the Instron with a gauge
length of ~45 mm. The stress, o, is calculated by the force, F, divided by the
uncut cross-sectional area. The energy release rate G is given by

G = mo%a/E[1.122 — 0.231(a/b) + 10.55(a/b)* — 21.71(a/b)’
+30.382(a/b)")%,

where a is the crack length, b is the width of the sample, and E is the elastic
modulus (35). When the sample broke, the stress recorded was used to deter-
mine the toughness G..

Fatigue Tests. The fatigue test was performed by applying cyclic loading to a
sample with a single-edge crack. The sample was first cut using the laser cutter
into a rectangular shape (width 20 mm, length 60 mm). A precut crack of length
~6 mm was introduced to the sample in the middle of the long side using a
razor blade. The sample was stretched until the force reached the prescribed
value, and unloaded with the same rate until the force reached zero. For every
sample, the loading-unloading cycle was repeated for at least 5,000 cycles. To
avoid dehydration, all tests were conducted in a humidity chamber, where the
relative humidity was set to be ~95%. Samples were weighed before and after
testing, and the mass change was less than 2%. By varying the force in each
test, the crack extension was measured for different values of G. The crack exten-
sion, dc, was measured using an optical microscope. The crack extension was
divided by the number of cycles, dN, and plotted against different values of G.
The frequency of cyclic loading was fixed for all tests at 0.1 Hz.

Scanning Electron Microscope. The images were conducted using a scanning
electron microscope (Zeiss Ultra Plus FESEM). All the samples were freeze-dried for
3 d before tests. For characterization of the phase size, all the samples were first
immersed in liquid nitrogen for 1 min, and then broken to expose the cross-section.
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The cross-section was then coated with a 5-nm-thick Pt/Pd layer using a metal sputter
(208HR, Cressington Scientific Instruments), and proceeded to the imaging.

Data Availability. All study data are included in the article and/or supporting
information.
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