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Except for fluorocarbons and silicones, few artificial
materials display both water and organic solvent re-
sistance. Herein, we report an artificial hydrocarbon-
based supramolecular elastomer that displays
unprecedented dual resistance to both water and
organic solvents. This elastomer is formed in water
with two water soluble components, folic acid (FA)
and branched poly(ethylene imine) (b-PEI). The hy-
drogen bonding between the two components occurs
immediately, which further promotes the hydrogen
bonding between the FA, yielding folate quartets
and their n-n stacking. These multiple noncovalent
interactions work synergistically, leading to a hydro-
phobic, transparent, stretchable, healable, notch-
insensitive, and recyclable elastomer that resists both
water and organic solvents. The elastomer remains
intact after storage in high humidity and organic sol-
vents for months. Films generated by stretching the
elastomer are very hydrophobic, and the contact
angle of water on the elastomer is up to 112.3°. The
damaged elastomers also exhibit water-assisted heal-
able behavior. This work discloses a new paradigm of
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material synthesis that can inspire the fabrication of
robust nonfluorocarbon and silicone-based materials
with green strategies.
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Introduction

Healable and recyclable organic materials that resist both
water and organic solvents are very crucial for their appli-
cations.™ This is especially true for elastomers, widely
employed in electronic skin,>”’ soft robots,®™ ionic con-
ductors, and flexible sensors."™ Endowing such dual re-
sistance to them would reduce therisk of material damage
caused by cleaning or accidental water or organic solvent
exposure. Usually, hydrophobic elastomers can be dam-
aged by organic solvents,* whereas hydrophilic ones are
destroyed by water through a solubilization or swelling
process.™® Except for the environmentally unfriendly
fluorocarbons and unstable silicones, few elastomers are
able to resist both water and organic solvents.

Cleaning preparation has become urgent to achieve
the global goal of carbon neutrality and peak carbon
dioxide emission.” However, currently, most elastomers
are prepared from organic solvents through multisteps.™
Although some hydrogel elastomers are also fabricated,
they usually shrink in the presence of organic solvents®
and would swell upon contact with water.! Both changes
would cause device breakage, which is unacceptable for
an ideal elastomer required for practical applications.
So far, it is still challenging to solve the dilemma of the
cleaning preparation and the desired dual robustness
toward both water and organic solvents.

To achieve this goal, herein we report that by combining
the hydrophobic effect, n-r stacking, and hydrogen bond-
ing between folic acid (FA) and branched poly(ethylene

imine) (b-PEl) in water, the resultant materials are
both resistant to high humidity and organic solvents
(Scheme 1). The interaction between FA and b-PEI
enhances the local concentration of FA, which facilitates
the formation of folic quartets. These quartets then under-
go rn-rn stacking, generating a hydrophobic hard core, which
on the one hand serves as water insoluble supramolecular
polymers that interact with b-PEl via hydrogen bonding. On
the other hand, the multiple hydrogen bonding between FA
and b-PEl renders sufficient organic solvent resistance. As
such, this water-borne elastomer exhibits dual resistance to
both water and organic solvents. Furthermore, this fresh
elastomer displays instant self-healing ability, owing to the
extensive and dynamic supramolecular interactions.?°
However, as the cut was aged in air for hours, the hydro-
phobic gquartets migrated to the surface, which prohibits
the hydrogen bonding between the carbonate groups and
the amide groups. Fortunately, recycling of the elastomer s
always possible by kneading the patches of the elastomers
inthe presence of a small amount of water, which makes the
current elastomer an attractive material originated from
cleaning preparation but with robust water and organic
solvent resistance.

Experimental Section
Materials

FA hydrate (>98.0%) was purchased from Tokyo Chemi-
cal Industry Co. Ltd. Corporation (Shanghai, China)
b-PEI (30 wt % in water, Mw = 100,000) was obtained
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Scheme 1| Molecular structures of the ionized FA (folate) and b-PEl, and schematic illustration of the self-assembly of
folate and b-PE/l leading to the formation of elastomers resisting both humidity and organic solvents.
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commercially from Beijing Hwrkchemical Co. Ltd
(Beijing, China) and used without further purification.
Gallium-indium eutectic was purchased from Sigma-
Aldrich Corporation (Shanghai, China). Sodium hydrox-
ide (NaOH) was purchased from Xilong Chemicals (Shan-
tou, Guangdong, China) with purity above 99.0%. All the
above chemicals were used as received. Water used in all
experiments was purified by Milli-Q Advantage A10
ultrapure water system (Millipore S.A.S. 67120 Molsheim,
France).

Preparation of the supramolecular elastomer

The agueous solution of FA at a pH of 8.0 and the
aqueous solution of branched PEl was mixed at the

volume ratio of 1.1 under stirring. A vyellow color
water-immiscible coacervate was formed immediately.
The sediment was collected and kneaded into a homo-
geneous ball, then compressed between two Teflon
slides, followed by incubation under a relative humidity
(RH) of 100% at room temperature for 2 days. The
resultant elastomer sheet was transparent dark red and
labeled as FA-bPEI-8-100 throughout the text. For me-
chanical strength measurements in organic solvents, the
elastomer without incubation in 100% RH was used
to demonstrate that the elastomer is not soluble in them,
which was labeled as FA-bPEI-8. Immersion of
FA-bPEI-8-100 in organic solvents will lead to FA-bPEI-
8, due to the uptake of water by the organic solvents
(except CH,CI5).
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Figure 1| Preparation of the FA-bPEI-8-100 composite elastomer. (a) Photos of the samples at different stages and
states. (b) Phase diagram of FA/b-PEl mixture at pH 8.0. The insets are the representative photos for the in situ

precipitates and elastomers generated.
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Figure 2 | SEM image of the FA-bPEI-8-100 sheet under different conditions. (a) Surface, (b) cross-section, and
(c) internal structure of the dry FA-bPEI-8-100 elastomer. (d) Surface, (e) cross section, and () the enlarged of the

freeze-dried FA-bPEI-8-100 sheet.
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Figure 3 | Characterization of the dried FA-bPEI-8 elastomer. (a) Wide-angle X-ray scattering (WAXS) profile of
FA-bPEI-8. The inset shows the two-dimensional WAXS image. (b) AFM image of FA-bPEI-8. (c) High-resolution
mass spectrometry of the FA-bPEI-8. (d) POM image of FA-bPEI-8 elastomer after stretching. (e) FT-IR spectroscopy
of FA-8, b-PEIl, and the FA-bPEI-8 sample. (f) XPS spectrum for N 1s of FA-bPEI-8 elastomer.

Results and Discussion

Fabrication and characterization of the
elastomer

The chemical structures of FA and b-PEl and the
schematic illustration of the elastomer preparation are
presented in Scheme 1 and Figure la. Because both
compounds are pH-dependent, the variation of pH sig-
nificantly impacts the interactions between FA and b-PEl.
A coacervate was generated upon mixing the aqueous
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solution of FA and b-PEl in the wide pH range of 6.5~11.0
(Figure 1b and Supporting Information Figure S1). How-
ever, only the coacervate generated with the FA solution
of pH 7.8~8.1 could be further transformed into free-
standing healable elastomers after kneading (Figure 1a).
Herein, the 0.012 g/mL FA solution at pH 8.0 was used.
After the resultant coacervate was compressed between
two Teflon slides and incubated in a RH of 100% at room
temperature for 2 days, a flexible, dark red, transparent,
and elastic rubber-like sheet of FA/b-PEI was obtained,
which is termed FA-bPEI-8-100 in the following text.
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Figure 4 | Mechanical property of the FA-bPEI-8-100 elastomer sheet. (a) The elastomer sheet cannot be punctured
by sharp scissors. (b) Stress-strain curve of the FA-bPEI-8-100 elastomer sheet measured at RH = 100%. (c) Cyclic
stress-strain curves of the elastomer sheet. (d) Tensile curve of the notched FA-bPEI-8-100 elastomer sheet. The inset
is the demonstration of 1 mm notch in the 3.5 cm wide sheet. (e) The FA-bPEI-8-100 elastomer sheet can prevent crack
propagation. The dashed line indicates the photo of the crack at different stretching state.

The scanning electron microscopy (SEM) image in
Figure 2a reveals that the surface of the elastomer sheet
is very smooth, and its internal structure is very dense
(Figures 2b and 2c¢). No pores are observed, indicating the
content of water is not as high as it is in the folate hydro-
gels.??2 As the sample was freeze-dried, only a few pores
were observed in the large area of the elastomer
(Figures 2d-2f). Thermogravimetric analysis (TGA)
measurement indicated that the water content in the
FA-bPEI-8-100 elastomer was about 48% (Supporting
Information Figure S2), which could be maximally en-
hanced to 57% after being fully immersed in water for
24 h (Supporting Information Figure S3). This means that
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the elastomer may have a water-shielding surface, which
prevents free water penetration toitsinterior. Actually, the
surface of the elastomerisvery hydrophobic, which will be
discussed later. The differential scanning calorimeter
test showed the glass transition temperature (Tg) of the
dry elastomer was approximately 116 °C (Supporting
Information Figure S4). X-ray scattering measurements
(Figure 3a and Supporting Information Figure S5)
revealed a sharp peak at g = 0.157 A7, indicating the
formation of hard phases with the average separation
of 4.00 nm. Meanwhile, a broad peak occurred at
g =1.85 A7, corresponding to the characteristic n-x stack-
ing distance of 0.34 nm. The microphase-separated
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Figure 5 | Water and organic solvent resistance of the FA-bPEI-8-100 elastomer sheet. (a) Images of the contact
angles of water on the FA-bPEI-8-100 sheet at various states. (b) POM image of the biaxially stretched FA-bPEI-8-100
film. (c) Photo of the film upon biaxially stretching the FA-bPE/-8-100 sheet and its waterproof property demonstrated
by pouring water. (d) Photographs of the FA-bPEI-8-100 sheet immersed in various organic solvents for 48 h.
(e) Tensile stress-strain curves of the FA-bPEI-8 before and after being immersed into DMSO for 48 h. (f) The photos
of the commercial elastomers dissolving or swelling in the organic solvents.

structure was further verified by atomic force microscopy
(AFM) (Figure 3b), which clearly shows both the soft
segments (dark areas) and the hard segments (bright
areas). The mass spectra manifested the predominant
isotopic FA quartets in the range of m/z = 1765~1769
(Figure 3¢),%?* indicating that the hard phases are com-
posed of FA quartets via n-x stacking. In line with this, the
sheet displayed significant birefringence under polarized
optical microscopy (POM), which became more intensi-
fied after stretching (Figure 3d), owing to the stretching-
induced alignment of the FA quartet stacks.?*?” Fourier
transform infrared (FT-IR) measurements (Figure 3e)
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suggest that hydrogen bonds have occurred between the
COO™ group and the -NH, groups of b-PEl, as evidenced
by the shifts of the N-H bending vibrations of primary
amines of b-PEI from 1666 to 1678 cm™ and the shift of the
symmetric vibration of COO™ of FA from 1403 to 1386 cm
. The high-resolution N 1s X-ray photoelectron spectros-
copy (XPS) in Figure 3f shows four binding energies at
399.5,400.0,400.4,and 398.7 eV, which are attributed to
the N from the tertiary, secondary, and primary amine of
b-PEl, and the C-N bond of the FA molecules. No proton-
ated amine groups could be detected for the N1s electrons
at the higher binding energy of 401.0~402.5 eV.?®3°
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These results collectively indicate that it is the neutral
amine groups that are primarily involved in the hydrogen
bonding between b-PElI and stacked FA quartets
(Scheme 1), leading to the self-coacervation of a supra-
molecular elastomer.

Mechanical properties

The resulting FA-bPEI-8-100 sheet exhibited excellent
elasticity; it could not be easily damaged by the tip of
sharp scissors (Figure 4a). The stress was up to 573 kPa at
the strain of 416% in the environment of RH = 100%
(Figure 4b). A big hysteresis loop was found in the first
cycle of the cyclic loading-unloading stress-strain mea-
surementsat astrain of 200% (Figure 4c¢), indicating there
is energy dissipation for the fracture of the dynamic
interactions under strain. Consecutive cyclic loading-
unloading tests revealed reduced hysteresis loops, man-
ifesting that the recovery of the dynamic interactions
in the stretched sheet takes time. However, after relaxing
for 1 h, the elastomer demonstrated similar loading-
unloading curves, indicative of the complete recovery of
the elastomer toitsinitial state. Moreover, the elastic sheet
was notch-insensitive. After a1 mm notch was cut on the
side of a stripe with a width of 3.5 mm, the sheet could still
be stretched 390% rather than fracture along the crack
spreading direction (Figures 4d and 4e). We noticed that
on similar occasions, conventional elastomers, such as
those formed with polydimethylsiloxane, polyurethane
(PU), and styrene butadiene styrene block copolymer
(saturated), could only sustain <150% strain.*"** The cor-
responding fracture energy (G.) for the present FA-bPEI-
8-100 sheet was calculated to be 5590.3 J m~, using the
Greensmith equation of G¢c= %. Here, C is the notch
length, W is the integration of the stress-strain curve of
the unnotched sample with the strain of A.**™° During
tensile stretching, the high density interchain H-bonds
efficiently prevent the strain-induced crack propagation;
meanwhile, the realignment of FA quartet stacks can
dissipate the strain energy to prevent the rupture of main
polymeric backbones. As a result, the dynamic rupture
and reformation of the multiple noncovalent interactions
reduces the stress density at the notch.?%2%®

Hydrophobicity and organic solvent
resistance

Most water-borne composite materials are hydrophilic,
and the solids of the composites usually can be hydrated
to form hydrogel or coacervates that lose their structural
strength and integrity at the high RH of 100% or in
water.®*®* However, the current FA-bPEI-8-100 sheet
remained structurally intact and displayed unusual hy-
drophobicity. Figure 5a shows that the contact angle of
water on the FA-bPEI-8-100 sheet was 107°, which only
slightly decreased to 102° as the sheet was further
DOI: 10.31635/ccschem.022.202201775
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immersed in water for 24 h. The Supporting
Information Video S1shows that as the sheet was placed
in water, it remained floating on the surface of water.
When being pressed into the bulk water, the adhered
water rolled off the surface readily. This means that the
surface of the sheet was rich in the hydrophobic FA
quartets. Because hydrophobic materials have much
smaller surface energy than hydrophilic ones, the loca-
tion of FA quartets on the surface is advantageous to
reduce the surface energy. We noticed that upon biaxi-
ally stretching, the contact angle of water on the material
can be further enhanced to 112°. Meanwhile, considerable
birefringence was observed under POM (Figure 5b). This
was up to our expectation, since stretching would en-
hance the size of the self-assembled structures owing to
a better alignment along the shear force.®?% Thus, the
tightly packed FA quartets with their surface parallel to
that of the film further improved the hydrophobicity
(Scheme 1). A water-pouring experiment revealed that
water will roll off of the stretched film just like it does on
the surface of a lotus leaf (Figure 5¢c and Supporting
Information Video S2). Line-drawing with a dyne pen
(Supporting Information Figure S6) suggests that the
surface tension for the FA-bPEI-8-100 sheet is about
38 mN/m, which is close to the surface tension of
the aqueous solution of some cationic hydrocarbon
surfactants.®”

Strikingly, the elastomer sheet also displayed unusual
organic solvent resistance, which was attributed to the
extensive hydrogen bonding in the elastomer, as well as
the excellent ability of FA to form stable quartets in
organic solvent.*®*“% As the sheets were immersed in
dimethyl sulfoxide (DMSO), ethanol, acetone, 1,4-diox-
ane, ethyl acetate, tetrahydrofuran (THF), methylene
chloride, toluene, cyclohexane, and hexane, the sheet
remained intact for 48 h (Figure 5d). Their weights were
nearly unchanged (Table 1). The mechanical test

Table 1| The Weight Difference of the FA-bPEI-8 Elasto-
mer Before and After Immersing in the Various Organic
Solvents

Original The Weight after

Organic Solvents  Weight (g) Immersing for 48 h (g)

DMSO 0.144 0.151
Ethanol 0.126 0.132
Acetone 0.164 0.164
1,4-Dioxane 0.138 0.139
Ethyl acetate 0.167 0.166
THF 0.163 0.165
Methylene chloride 0.142 0.143
Toluene 0.113 0.123
Cyclohexane 0.108 0.106
Hexane 0.154 0.156
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suggested that the mechanical properties were hardly
affected (Figure 5e and Supporting Information Figure
S7). In contrast, many other synthesized commercial
elastomers, such as PU, polyvinyl chloride, latex, and
silicone tube (Figure 5f), as well as composite materials
based on polyelectrolyte and oppositely charged surfac-
tants,*? would be solubilized completely or suffer from
excessive swelling at least in one of these organic sol-
vents. So far, few composite materials and synthetic
polymeric materials have been reported that exhibit

sufficient stability both in water and in organic solvent.
The FA-bPEI-8-100 sheet is nevertheless very prominent
among the reported elastomers.

Healability

Integrating self-healing properties into high-performance
elastomers is an effective way to prolong the material’s
longevity and durability.®***4 It should be mentioned that
although the elastomer is hydrophobic, healing of the
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Figure 6 | Se/f-healing and recycling ability of the FA-bPEI-8-100 elastomer. (a) Tensile stress-strain curves of the
elastomer FA-bPEI-8-100 under different healing conditions. (b) Photos of the self-healing ability of the freshly
prepared FA-bPEI-8 elastomer within 5 s. (¢) Photos of the elastomer at different recycling stages facilitated by water
activation. (d) Demonstration of the stretchable and self-healable electrical conductor of FA-bPEI-8-100/EGaln made
by injecting EGaln into the freshly prepared FA-bPEI-8-100 elastomer. (i) The LED was lit when the FA-bPEI-8-100/
EGaln conductor at the original stage, and (i) turned off after the conductor being cut. (iii) Healing of the conductor
lights up the LED again. (e) The LED devices work properly as the conductor is immersed in water or DMSO.
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material is still possible upon bringing the two water-
activated parts together. Figure 5a shows that although
the water-immersed elastomer still possesses a large
contact angle of 102°, it has been decreased by 5° com-
pared to the original 107°. Meanwhile, the stress de-
creased from 573 KPa to about 326 KPa, and the strain
increased from 416% to 550% (Supporting Information
Figure S8). This means that the material can be softened
by water,** thus endowing sufficient mobility to the chains.
Afterimmersion in water for 9 h, followed by incubationin
a RH = 100% humid environment for 20 h, the broken
surface merged together. The toughness and the Young’s
modulus were recovered to 82.1% and 85.7%, respectively
(Figure 6a). Strikingly, the freshly cut surface for the fresh
elastomers can be healed within 5 s (Figure 6b), indicating
the incomplete supramolecular interactions in the elasto-
mer is beneficial to its self-healing ability. We inferred that
immersion of the elastomer sheet in water would slowly
solvate the hydrophilic domains, thus rendering sufficient
mobility to the components to heal the damage.

Finally, as shown in Figure 6c¢, a recycled new elastomer
can be obtained by pressing the water-activated
sheet fragments at room temperature, due to the water-
mediated reversible supramolecular interactions. The
stress-strain curves in Supporting Information Figure
S9 prove that the mechanical properties of the regener-
ated FA-bPEI-8-100 elastomer are almost the same as
the original, demonstrating the high recycling ability of
the current water-borne elastomer.

Taking advantage of its superior mechanical properties
and self-healing ability, we fabricated a self-healing
conductor with the freshly prepared FA-bPEI-8-100 elas-
tomer by injecting liquid metal EGaln into it.>*"¢ FA-
bPEI-8-100 on its own is not conductive and just acts as
the encapsulation and supporting layer. As shown in
Figure 6d, the light-emitting diode (LED) was lighted
with this FA-bPEI-8-100/EGaln conductor. However, the
LED went out as the conductor was cut in half. When the
two parts were reconnected, the conductivity recovered
immediately, indicating sufficient healing of the conduc-
tor. Moreover, the healed conductor can be stretched
again with the LED remaining on (Figure 6d). Because
the material displays both water and organic solvent
resistance, the LED device works properly when the
elastomer is immersed in water and organic solvent
(Figure 6e), demonstrating its ability to work in humid
air and an environment full of organic vapor.

Conclusion

This work provides an unprecedented strategy for
developing a robust hydrocarbon-based material that
is resistant both to organic solvents and water with the
commercial hydrocarbon-based compound of FA and
b-PEIl. The joint contribution of the hydrogen bonding
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between FA and b-PEl, the hydrogen bonding driven FA
quartets and their n-n stacking are crucial for this excel-
lent performance. Strikingly, the synergistic effect of
these interactions also endows the supramolecular elas-
tomer with excellent hydrophobic, notch-insensitive,
self-healing and recyclable ability. This work shows that
rationally designed water-based supramolecular inter-
actions are very promising in creating nonfluorocarbon
and nonsilicone-based robust materials, which is of
great importance to the global goal of green chemistry
and cleaning preparation.
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