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ABSTRACT: Programming the hierarchical self-assembly of
small molecules has been a fundamental topic of great
significance in biological systems and artificial supramolecular
systems. Precise and highly programmed self-assembly can
produce supramolecular architectures with distinct structural
features. However, it still remains a challenge how to precisely
control the self-assembly pathway in a desirable way by
introducing abundant structural information into a limited
molecular backbone. Here we disclose a strategy that directs
the hierarchical self-assembly of sodium thioctate, a small
molecule of biological origin, into a highly ordered supra-
molecular layered network. By combining the unique dynamic
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covalent ring-opening-polymerization of sodium thioctate and an evaporation-induced interfacial confinement effect, we
precisely direct the dynamic supramolecular self-assembly of this simple small molecule in a scheduled hierarchical pathway,
resulting in a layered structure with long-range order at both macroscopic and molecular scales, which is revealed by small-angle
and wide-angle X-ray scattering technologies. The resulting supramolecular layers are found to be able to bind water molecules
as structural water, which works as an interlayer lubricant to modulate the material properties, such as mechanical performance,
self-healing capability, and actuating function. Analogous to many reversibly self-assembled biological systems, the highly
dynamic polymeric network can be degraded into monomers and reformed by a water-mediated route, exhibiting full
recyclability in a facile, mild, and environmentally friendly way. This approach for assembling commercial small molecules into
structurally complex materials paves the way for low-cost functional supramolecular materials based on synthetically simple

procedures.

B INTRODUCTION

Molecular self-assembly has emerged as a topic of great
significance in general as it holds great promise toward next
generations’ functional materials.' > A variety of approaches
followed by chemists triggered the rapid expansion of
supramolecular self-assembly as an interdisciplinary area.”’
Using a “bottom-up” strategy, complex materials can be
prepared by highly programmed self-assembly of small-
molecule building blocks,”~'* which might enable the precise
tailoring and manipulation of matter and functional control
along various length scales."”'* Until recently, supramolecular
self-assembly in artificial molecular systems had exhibited a
predominant capability to form morphology-controlled multi-
dimensional structures, such as amphiphilic vesicles/micelles,"
gels,'®"” linear polymers,'® and the cross-linked networks.'’
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The hierarchical self-assembly of these primary structures can
further result in truly unique soft matter.”"~>* The diversity,
complexity, and functionality of these materials can be
especially striking if the molecular self-assembly of the small
building blocks is precisely controlled in a programmed
mode,”>™** also signifying the opportunity to program
information via the molecular self-assembly mode into
molecular structures as information.”® In this context,
structural information in a precursor molecule would enable
the precisely controlled self-assembly of small molecules into
large-scale assemblies with desirable organized structures and
properties. However, to meet the rising need for advanced
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materials with sophisticated and even multiple functions,
tedious synthetic routes are frequently required to prepare
precursor molecules via complex chemical modifications,
whereas simple buildings blocks leading to complexity would
be highly desirable.

Very recently, we explored a small molecule of biological
origin, called as thioctic acid, which is a naturally tailored
building block that readily forms an amorphous supra-
molecular network, taking advantage of its disulfide-containing
main chain cross—hnked by hydrogen bonds and metal-carboxyl
complexes,”” which can be easily prepared by a solvent-free
mild method. Although such an amorphous network exhibits
potential applications in flexible and wearable materials, > 73*
the disordered cross-linking of the polymer chains hardly
produces structurally ordered polymeric materials, which play a
crucial role in many other areas, such as liquid crystals,”* ™
soft actuators,36_40 ionic transport membranes,” and high-
strength materials.'”** Herein, we focus on how this naturally
tailored small molecule can be programmed by strategic
molecular engineering to realize its precise self-assembly into
long-range-order supramolecular architectures. We hope that
exploring such a dynamic supramolecular self-assembly process
toward structurally ordered assemblies could provide a new
generation of molecular tools for the design and construction
of supramolecular systems as well as natural product-based
polymer materials.”’

On the basis of this hypothesis, we demonstrate a rational
derivation on the natural structure of thioctic acid by simple
deprotonation to form amphiphilic sodium thioctate (ST).
This simple small molecule can self-assemble into primary
linear polymers at high concentrations by dynamic covalent
ring-opening-polymerization (ROP), which undergo further
self-organization into a highly ordered supramolecular network
with a large-scale layered structure using a facile evaporation
process. This is to the best of our knowledge an unprecedented
example of directly assembling simple small molecules into
supramolecular materials with high structural order, which is
attributed to the naturally programmed structural information
in this unique small-molecule building block. The dynamic
covalent polymeric backbones and structural-water-cross-
linked layered network simultaneously render the polymeric
materials with good mechanical properties, humidity-actuated
ability, and closed-loop recyclability.

B RESULTS AND DISCUSSION

Design Concept and Aqueous Self-Assembly. Struc-
turally ordered assemblies are generally created by highly
synergetic intermolecular interactions. The coexisting multiple
species involved in molecular self-organization should be
highly hierarchical in binding affinity as well as spatial
distribution.”* The thermal one-pot solvent-free polymer-
ization of thioctic acid was a fast and homogeneous assembly
process resulting in amorphous assemblies.”” Structurally
ordered self-assembly mostly involves a slow and thermody-
namically controlled process, with relatively low growth rate
kinetics to push the dynamic equilibrium toward a
thermodynamically stable state.”” Therefore, two issues should
be addressed to realize the ordered self-assembly of thioctic
acid: (i) the self-assembly process should not be instantaneous
but be programmed with longer time scales, and (ii) multiple
molecular interactions with different binding affinities should
be introduced to enable a hierarchical self-assembly process
with distinct spatial distribution. Notably, the order (or

sequence in time) of these hierarchical molecular recognition
processes should be also programmed in a precise and
desirable pathway.

On the basis of these preconditions, we notice the unique
structural features of thioctic acid for potential amphiphilic
molecules. The terminal carboxylic group can be deprotonated
to form a hydrophilic carboxylate group, while the five-
membered disulfide-containing ring is hydrophobic, and the
middle C,-methylene chain links the hydrophilic and hydro-
phobic parts as a typical amphiphilic structure (Figure 1A).
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Figure 1. Self-assembly process of sodium thioctate in water. (A and
B) Molecular structures (A) and schematic representation (B) of the
ST monomers, ST polymers, and their networks. (C) Photographs of
the ST crystalline powder, viscous ST polymer solution, and the
resulting free-standing flexible solid film. (D) Schematic mechanism
of the evaporation-induced interfacial supramolecular self-assembly
from disordered polymers in aqueous solution to dry-ordered film
network.

This amphiphilic feature could work as structural information
for molecular recognition, driving the self-organization of these
small-molecule building blocks toward a more thermodynami-
cally stable situation, in which the hydrophobic five-membered
rings tend to aggregate to decrease interaction with the
surrounding high-energy water molecules. This primary
amphiphilic self-assembly further triggers the secondary
dynamic covalent ROP reaction by the intermolecular dynamic
covalent exchange of disulfide bonds facilitated by the
increased intermolecular proximity. Furthermore, the subse-
quent self-assembly can be enabled using the outer hydrophilic
carboxylate groups which recognized each other to form ionic
bonds after the removal of solvent, forming an ionic-bond-
cross-linked polymeric network (Figure 1B). As a conse-
quence, these features enable the complex hierarchical self-
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Figure 2. (A) Real-time detection of the formation of a crystalline-phase structure, upon water evaporation, by polarized optical microscopy. The
colored bright spots indicated the presence of ordered crystallites in the corresponding region. (B) Photographs of a poly(ST) polymer film with
natural light showing good transparency. (C) Photographs of a poly(ST) polymer film under polarized light suggesting the extensive presence of

ordered crystalline regions. (D) SEM images of poly(ST) polymer film.

assembly from small molecules to form three-dimensional
polymeric networks.

Gram-scale ST monomers can easily be obtained by the
quantitative deprotonation reaction of thioctic acid with
sodium hydroxide in ethanol and subsequent filtration, yielding
a light-yellow crystalline powder with high water-solubility
(over 400 g/L at 298 K). Dissolving ST powder in water
resulted in a homogeneous yellow solution, and the
concentrated solution (over 200 g/L) exhibited remarkably
increased viscosity (Figure 1C), suggesting polymerization.
The formation of ring-opened linear poly(ST) polymer was
confirmed by distinctive proton shifts’” and broadening in the
'"H NMR spectrum (Figure S1). Meanwhile, the disulfide-
containing five-membered ring can be considered a chromo-
phore because of its characteristic absorption maximum at 330
nm (Figure S2A), which originates from the red-shifted
absorption of the disulfide group as a result of five-membered-
ring tension.** Therefore, the absorbance of this chromophore
can be used to detect the dynamic covalent ROP process in
aqueous solution.*® At concentrations lower than 150 g/L, the
absorbance versus concentration plot of ST strictly follows
Lambert—Beer’s law, while the absorbance of the 200 g/L
sample exhibited a remarkable decrease in slope (Figure S2B),
confirming the ROP process. It should be noted that the
polymers and monomers coexisted in a concentrated state due
to the presence of absorption at 330 nm. The coexistence is
attributed to the dynamic nature of the dynamic covalent self-
assembly process.”” The viscous polymer solution exhibited
excellent stability at room temperature, without phase
separation or viscosity decrease after three months of
observation (Figure S3). At an extremely high concentration
(400 g/L), the high viscosity can even support the formation

of a transparent hydrogel network at relatively low temperature
(10 °C) (Figure S4), which can be rationalized on the basis of
the formation of high-molecular-weight polymers and ionic-
bond cross-links. The hydrogel is labile to concentration
decrease and temperature increase, which would transform the
material into a viscous polymer solution upon heating or
dilution by water, revealing the dynamic reversible nature of
this supramolecular polymer.

Evaporation-Induced Interfacial Self-Assembly. As
demonstrated previously, the key to forming a structurally
ordered network includes a long-time growth process and
temporal distribution of the hierarchical self-assembly steps
programmed in a precise and desirable pathway. The
equilibrium states of the hierarchical dynamic self-assembly
processes of poly(ST) are strongly dependent on concen-
tration, indicating that a concentration increase can be a key
factor to drive the proposed dynamic self-assembly equili-
brium. On the basis of this notion, we employ a solvent-
evaporation strategy to direct the hierarchical self-assembly
process in a thermodynamically controlled manner. The
evaporation-directed method has been used in controlling
uniform assembled morphology of nanostructures.”® Here we
demonstrate that the evaporation process enables a dynamic
covalent ROP templated by interfacial self-assembly (Figure
1D), i.e., the edge of the ellipsoidal droplet bears the fastest
evaporation kinetic, thus undergoing nucleation at the edge
region when the localized solution is oversaturated. Upon
further solvent evaporation, the air/liquid/solid interface
moves slowly along the evaporation direction, where the linear
polymers assemble and grow at the three-phase interface,
eventually producing a structurally ordered layered network.
We propose that the interfacial confinement effect could well
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Figure 3. (A) UV—vis absorption spectra of ST aqueous solution (1 g/L) and dry poly(ST) film. (B) DSC curves of the ST powder and poly(ST)
polymer film. (C) Hydration number (1) measurements under varying relative humidity. (D) FT-IR spectra of the poly(ST) polymer film before

(red line) and after (black line) release of adsorbed D,0.

organize these unique small-molecule building blocks by
producing a localized concentration gradient at the interface.
Therefore, this whole process from small molecules (ST) to
polymeric network poly(ST) can be identified as an
evaporation-induced interfacial self-assembly (EIISA) route.
The EIISA process can be performed readily by dispensing
the ST aqueous solution on a glass or polyethylene substrate
followed by slow evaporation at ambient conditions, resulting
in a free-standing dry solid polymeric film, which can be easily
separated from the substrate (Figures 1C and S5 and S6).
Polarized optical microscopy was employed to detect the self-
assembly process with evaporation-induced interface move-
ment in real time (Figures 2a and S7). Initially, the aqueous
solution of ST is homogeneous and isotropic, hence exhibiting
an invisible birefringence property. With the evaporation of the
solution, a bright pattern of cyan color appeared to form an
interface, suggesting the formation of structurally ordered
assemblies. Then the interface moved along the evaporation
direction, leaving the progressing route with expanded cyan
patterns. The bright cyan regions changed into yellow patterns
with further evaporation, which can be attributed to the
shrinking of the assembled layers induced by water release.
The resulting polymer film exhibited good optical trans-
parency (Figure 2B) and showed a remarkable birefringence
feature (Figure 2C), indicating long-range-ordered self-
assembly in bulk phase. The identical peak signals from the
ST monomer powder and polymer film in the Fourier-
transform infrared (FT-IR) spectrum (Figure S8) and Raman
spectra (Figure S9) indicated similar chemical structures both
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before and after the EIISA process, confirming the absence of
other side reactions. Scanning electron microscope (SEM)
images (Figures 2D and S10) showed the compact surface
morphology of the resulting films. Wrinkled nanostructures
were observed, which might be the result of surface folding
induced by solvent evaporation.

Structural Characterization of the Resulting Poly-
mers. The polymeric nature of the resulting poly(ST) film can
be confirmed by its optical properties. The diluted aqueous
solution of monomer ST (1 g/L) containing a five-membered
ring exhibited a characteristic absorption at 330 nm (Figure
3A) and photochemical excitation induced the ring-opening
process to produce disulfide radicals, which were rebonded
intramolecularly due to the uninitiated primary amphiphilic
self-assembly at 1 g/L. The UV—vis reflection spectrum of the
resulting poly(ST) film showed a peak at 312 nm, while no
distinctive absorption was visible at 330 nm, indicating the
absence of ST monomers. Differential scanning calorimetry
(DSC) on the ST powder also showed a distinctive
dehydration peak at 81.1 °C (Figure 3B), and no dehydration
peak was observed at this region in the poly(ST) film,
indicating a higher binding energy of bound water in the
poly(ST) film compared to the powder. This result also
suggests complete polymerization in the poly(ST)film because
of the lack of a dehydration peak in the ST monomer
thermogram.

The water-sensitive ionic bonds in the network create the
poly(ST) film’s humidity-responsive capability. The dry robust

polymer film can adsorb water molecules from the air, leading
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Figure 4. (A) XRD patterns of the ST monomer powders and the resulting poly(ST) film. (B) Synchrotron radiation SAXS pattern of the
poly(ST) film. Inset image shows the distinctive scattering ring of the sample. (C) One-dimensional GIWAXS plot of the poly(ST) film. Scattering
intensity is plotted versus q,. (D) Two-dimensional GIWAXS pattern of the poly(ST) film.

to an increase in hydration that scales with the relative
humidity (RH) of the air (Figure 3C). To quantitatively
evaluate the hydration number (4, defined as the number of
water molecules per carboxylate group) of the humidity-
responsive poly(ST) film, humidity-varying thermogravimetry
was performed on the ST powder and poly(ST) film (Figure
S11—S13). The ST powder exhibited a low A value from 0.03
(RH = 0%) to 0.65 (RH = 98%) at 25 °C. However, the
poly(ST) film bear a much higher A which increased from 0.12
(RH = 0%) to 1.64 (RH = 98%) at 25 °C, and an increased
temperature (40 °C) led to a slight difference of this range
from 0.04 (RH = 0%) to 1.98 (RH = 98%). The higher A
number of poly(ST) film is attributed to its ordered layered
structure, wherein the hydrophilic carboxylate groups associate
to form interlayer water channels by ionic bonding. This
enables the abundant spatial sites and carboxylate interlayers as
the water diffusion channels. However, for the ST powder
samples, the poor structural order resulted in the limited
diffusion and hydration in the inner cores. On the contrary,
notably slower hydration kinetics of poly(ST) film were
observed compared with that of ST powder (Figure S14),
which is attributed to the ordered layered structure of
periodically alternating hydrophobic/hydrophilic layers. The
sandwich-like layers confined the hydrophilic water channels in
two-dimension between the hydrophobic polymer mainchain
phase, thus slowing the hydration kinetics in the low humidity
regions (Figure S15). The observed differences in hydration
thermodynamics and kinetics between the ST powders and
poly(ST) films further supports the proposed long-range-order
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layered structure with water channels in the poly(ST) films
formed by EIISA method.

The water adsorption mechanism was confirmed by analysis
of the FT-IR spectra (Figure S16). A slight IR shift for the
carboxylate groups was observed from 1562 to 1552 cm™" after
adsorbing water, which was attributed to the hydration of the
carboxylate groups. The disappearance of a shoulder peak at
1432 cm™! after water adsorption also suggested the hydration
of the carboxylate groups while the increased peak around
3400 cm™' indicated bound water in the network. The release
process was further confirmed by D,O because of its
characteristic feature signal at around 2500 cm™' (Figure
3D). The D,0 molecules adsorbed in the poly(ST) network
were found to be totally released by placing the film into dry
air condition at room temperature, indicating that the bound
water in the network can be fully exchanged in an ambient
atmosphere.

X-ray diffraction and scattering tests (Figure 4) were
performed to characterize the structural order of the resulting
poly(ST) film. X-ray diffraction (XRD) of the dry poly(ST)
film showed sharp and high-intensity diffraction peaks in the
small angle regime (less than 20°), indicating a typical, highly
ordered structure at the nanoscale (Figure 4A). The peak at
4.38° was attributed to a layer distance of 2.02 nm (calculated
by the Bragg equation). The periodic signals also suggested a
highly ordered layered structure. Meanwhile, the broad and
low peak at around 23° suggested an amorphous hydrophobic
disulfide-containing polymer main chain phase.”” As a
reference, ST powder was also measured, which showed a
largely amorphous structure with poor structural order,
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Figure 5. (A) Tensile stress curves of the poly(ST) film under different RH (5%, 50%, and 80%, respectively). Inset photographs show the
stretched poly(ST) film (RH = 80%). (B) Photographs show the rapid relaxation behavior of a stretched poly(ST) film (RH = 80%). (C)
Schematic representation of the tension-induced alignment of the elastic poly(ST) film. (D) Optical microscope images of the polymer filaments
made by stretching the hydrated poly(ST) films (RH = 80%). Bright field (top) and polarized light field (bottom) show the ordered fibers
paralleled with the tension direction. (E) Schematic representation and optical images of the helical filaments which are formed by mechanical

tension followed by relaxation.

indicating the significance of the EIISA method for the
formation of structurally ordered poly(ST) film. Small-angle X-
ray scattering (SAXS) showed a sharp scattering signal at 0.297
A" (Figure 4B), indicating the high structural order with 2.11
nm spacing grazing-incidence wide-angle X-ray scattering
(GIWAXS) further revealing the highly ordered layered
structure of the resulting poly(ST) film (Figure 4C,D). The
periodic one-dimensional scattering sharp peaks and two-
dimensional high-intensity scattering rings confirmed the
highly ordered layered structure in the poly(ST) network."'
The observed scattering vector g = 0.302 A™" can be attributed
to the layer distance of 2.08 nm of the resulting poly(ST) film,
which was consistent with the XRD and SAXS results,
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confirming the interlayer distance as 2.1 nm of the layered
poly(ST) film.

Rheology and Mechanical Properties. The storage
moduli (G’) was higher than the loss moduli (G”) over the
entire range of frequencies (Figure S17A) and also exhibited a
single plateau region in the dynamic moduli. It should be
noted that the moduli can be commensurate with that of the
previously reported covalent-/iron(III)-co-cross-linked net-
work,”” even in the absence of a covalent cross-linker or
iron(IlI) ions in the poly(ST) film. In a temperature-varied
experiment (Figure S17B), moduli and viscosity slightly
decreased with rising temperatures, which might be attributed
to the thermo-labile disulfide bonds in the polymer main chain.

DOI: 10.1021/jacs.9b05740
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The dry polymer film exhibited robust mechanical properties
with a Young’s tensile modulus of 168.8 MPa (Figure SA),
which was attributed to the ordered layered structure and high-
affinity ionic bonds in the dry network. Interestingly, an
increased hydrated degree led to a remarkable decrease in the
tensile strength but also an increasing flexibility and
stretchability (Figure SA). This observation was attributed to
the hydration of high-affinity ionic groups by bound water
molecules, which worked as a lubricant-like structural
water* ™! by forming weak but dynamic hydrogen bonds in
the interlayers of the network. The hydrated poly(ST) film
exhibited a fast relaxation-recovery ability (Figure SB and
Movie S1) and an elasticity in a cyclic experiment (Figure
S18). In the highly hydrated state (RH > 95%), the hydrated
poly(ST) polymer turned very soft and viscous, showing a
lower birefraction degree (Figure S19) and amorphous
diffraction peaks (Figure S20), which is attributed to the
formation of the hydrogen-bond-cross-linked network.

A notable decrease in optical transparency was observed
upon stretching the elastic poly(ST) film (Figure SA inset),
which is the result of tension-induced order of the stretched
polymer chain (Figure SC). The alignment of microfibers
along the tension direction can be observed in brightfield and
polarized- light-field by optical microscopy (Figure SD).
Interestingly, an instant loosening of the stretched filaments
resulted in a rapid formation of helical filaments, in which the
aligned order was maintained. This transformation might be
the result of an energy dissipation pathway originating from
imposed potential energy within the stretched filaments. The
helical structure was stable in dry conditions (RH < 50%) for
several weeks, while they lost their shape and inner order upon
exposure to highly humid conditions due to the decreased
structural order by adsorbed water. Hence, the structural order
of the layered network is necessary for this relaxation-induced
spiraling behavior.

Applications as Dynamic Materials. The resulting
structurally ordered layered supramolecular film simultane-
ously integrates dynamic covalent mainchains and supra-
molecular interaction in a single network, including non-
covalent ionic bonds, hydrogen bonds of bound water, the van
der Waals interaction of folded and packed polymer chains,
and dynamic covalent disulfide bonds. These distinct features
result from the dynamic nature of the polymer main chains
with a high-proportion of disulfide groups, which might give
this material unique dynamic properties and applications. The
self-healing ability of the resulting poly(ST) films was
confirmed by scratching experiments (Figure S21A). The
film samples with varied degrees of hydration exhibited
different self-healing capability, which was activated at the
RH regions over 50%, while the dry samples showed no self-
healing. In a typical healing experiment, a scratch can be healed
almost completely in 12 h. Considering the switchable
mechanical properties depending on reversible water adsorp-
tion/release, a water-mediated self-healing capability of
mechanically robust materials is realized. Self-healing robust
materials are very rare because of the limited interface
mobility.”” In our case, the damaged dry robust poly(ST)
film can be “lubricated” by adsorbing water to enhance the
interface mobility and dynamic properties. Then the damage
can be healed, taking advantage of the reversible polymeric
main chains and dynamic supramolecular interactions (Figure
S21B), followed by releasing the water molecule upon drying
to afford repaired and robust films.

Considering the three-dimensional multilayer polymer film,
the humidity-induced expansion motion can be expected to be
used as a humidity-induced actuator based on the supra-
molecular network. Placing a flat poly(ST) polymer film above
a moisture generator would generate an asymmetric humidity
gradient environment, with the film region near the water
adsorbing more water molecules than the region away from the
water, thus producing an asymmetric volume expansion degree
(Figure 6A,B). In a typical experiment, a polymer film can
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Figure 6. (A) Schematic representation of the humidity-induced
actuation behavior of poly(ST) polymer film. The blue arrows mean
the humidity gradient direction. (B) Schematic representation of the
expansion mechanism of the interlayers. (C) Photographs show the
capability of poly(ST) polymer film acting as a humidity-responsive
actuator. (D) XRD patterns of the poly(ST) film under varied RH.
(E) Actuating kinetic curve of the bending polymer film to water
vapor.

transform from a flat shape into a bent one, while the inverse
process can be driven by drying (Figure S22) or triggering the
other less-hydrated side of the film (Figure 6C). The humidity-
induced layer expansion can be confirmed by XRD patterns
(Figure 6D), in which the diffraction angle of the film
decreased with the increased RH, indicating the increase of
layer distances after adsorbing water molecules. The kinetic
curve showed a linear correlation with time and a responding
rate of 2.9 deg/s (Figure 6E). Although several polymer

actuators have been reported,””* the actuator presented here

DOI: 10.1021/jacs.9b05740
J. Am. Chem. Soc. 2019, 141, 12804—12814


http://pubs.acs.org/doi/suppl/10.1021/jacs.9b05740/suppl_file/ja9b05740_si_002.mp4
http://dx.doi.org/10.1021/jacs.9b05740

Journal of the American Chemical Society

based on the poly(ST) network, is totally cross-linked by
dynamic covalent and supramolecular interactions instead of
covalent cross-linkers, with an extremely simple preparation
method initiated from natural small molecules.

The realization of recyclability in synthetic polymers is a key
topic toward environment and energy issues. Though many
polymer materials can be degraded or reprocessed, it has been
highly challenging to realize fully recyclable polymers which
can be transformed into monomer feedstocks in a mild and
facile condition.””* Here we propose a polymer-recycling
strategy by dynamic covalent ROP. Interestingly, dissolving the
poly(ST) polymer film in water resulted in a monomer/
oligomer solution (Figures 7A and S23), which was confirmed
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Figure 7. (A) Schematic representation of the water-mediated
recycling process of the poly(ST) films. (B) Photographs show the
recycling process of the polymer film fragments into a new polymer
film. (C) Tensile stress curve of the original and recycled poly(ST)
films. The tested samples are dried at room temperature (RH < 10%).

by '"H NMR spectroscopy (Figure S24). This result revealed
that the cross-linked polymer network can be efficiently
depolymerized into ring-closed ST monomers and oligomers
by the addition of excess water. The high degradation
efficiency can be also confirmed by the remarkably decreased
moduli (below 5 Pa) and viscosity (below 10 Pas) of a
degraded aqueous solution (100 g/L) (Figure S25). Then the
recycled monomer/oligomers solution can be used to produce
recycled polymer film by a similar EIISA process. Therefore,
the closed-loop polymer-recycling process simply requires the
mediation by water (Figure 7A) while the depolymerization
process can be completed in 20 min (Figure 7B). The recycled
polymer film exhibited consistent mechanical properties
(Figure 7C), indicating the high recycling efficiency of this
water-mediated route. Therefore, this polymer exhibits an
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unprecedented recyclability that bears no organic solvent, no
heat, no high pressure, and no special technique, showing a
promising potential toward environmentally friendly and
energy-saving polymer materials.

B CONCLUSIONS

By controlling the dynamic self-assembly of sodium thioctate
(ST) in water based on hydrophilic/hydrophobic effects,
dynamic covalent ROP, and ionic interactions with evapo-
ration-induced interfacial ordering, we achieved hierarchical
self-assembly of a small molecule into a layered supramolecular
network with a long-range order. The resulting layered dry
network bears alternating layers with hydrophilic ionic stacking
and hydrophobic polymer mainchains, with the former being
able to bind water molecules to form interlayer water channels.
Distinct structural features provide this material with dynamic
and adaptive mechanical properties, self-healing capability, and
actuation functions. The unique dynamic covalent polymer
mainchains can be disassembled into monomers and
quantitively reused by a facile room-temperature water-
mediated route, providing a conceptually new strategy to
design recyclable polymeric materials.

In summary, this supramolecular material based on the self-
assembly of deprotonated thioctic acid exhibits simplicity in
preparation as well as order and complexity in structure and
properties, pushing the versatile supramolecular materials
based on thioctic acid from previously disordered elastomers
to structurally ordered layers. This work paves the way for
what we believe to be one of the fundamental issues in
supramolecular chemistry; programming the precisely hier-
archical self-assembly of small molecules toward structurally
complex architectures, opening new avenues for dynamic
polymeric materials in optics, electronics, sensors, coatings,
and biomedical systems.

B MATERIALS AND METHODS

Materials Preparation. Sodium thioctate (ST) was prepared as
bright yellow solid powder by a one-step reaction of equivalent
amounts of thioctic acid and NaOH in ethanol/water solution heated
under reflux. The ST powder is highly water-soluble and viscous
aqueous solution can be obtained with a high concentration up to 300
g/L. In a typical preparation of poly(ST) film, a small volume of
poly(ST) solution (300 g/L) was deposited on the substrate by
simply drop-coating (the formed area is about 10 cm?® per 1 mL). The
substrate can be glass, plastic dish, or Teflon. Then the polymer
solution on the substrate was left in air to allow slow evaporation of
the solvent. The evaporation process normally takes 2—6 h depending
on the air humidity and the temperature. No remarkable difference
was observed in the resulting polymer film obtained in different time
within this time regime. The resulting dry polymer can be easily
separated from the substrate as a transparent, free-standing, and
robust polymer film.

Mechanical Tension Experiments. The stress—strain curves
were recorded with an HY-0580 tension machine (HENGYI
Company, Shanghai). The tested polymer films were preplaced for
at least 2 h at the given RH to reach the adsorption/desorption
equilibrium with water. Then the film was quickly fixed onto the
tension machine and tested. The whole tension process was
completed in 10 min. Considering the low water adsorption/
desorption kinetic of the poly(ST) films, the hydration number of
the polymer film in mechanical tension experiments can be considered
as almost constant. The RH of the testing environment was fluctuated
in a limited region (40% ~ 60%). The film was shaped as a rectangle
sample (20 X 10 X 0.5 mm). The initial length was 10 mm. Unless
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otherwise noted, the tensile stress was measured at a constant speed
of 10 mm/min. The data were recorded in real time.

Hydration Number Measurement. The hydration thermody-
namics and kinetics of poly(ST) film were measurement by a Relative
Humidity Thermogravimetric Analyzer (RH-TGA, TA-QS000 SA).
In a typical experiment, a small piece of dry poly(ST) film (~7 mg)
was loaded into a metal-coated quartz pan, and the pan was
transferred into the humidity chamber of the analyzer. The total gas
flow rate (water vapor and N,) was chosen as 20 mL/min, and
different relative humidity values, namely 0%, 25%, 50%, 75%, and
98%, were achieved by changing the relative flow rates of water vapor
saturated N, and dry N, gas. The film was first dried at 60 °C at 0%
RH for 4 h (8 h for powder) to remove residual moisture, and the film
weight was recorded as the dry weight (Wp). After the initial drying
step, the chamber temperature was reduced to a designated value (i.e.,
25 or 40 °C) and the RH value was increased stepwise to 98%
(hydration) and then reduced stepwise to 0% (dehydration). The film
was allowed to equilibrate at each RH value for 12 h (4 h for powder),
and the film weight was recorded at the end of each 12 h equilibration
step. The hydrated film weight (Wy) at each RH value was taken as
the average of the weight recorded during hydration and dehydration
ramps. The film hydration number 1 [eq(H,0)/eq(—COOH)] was
defined as

(Wi = W)/ MW (H,0)
Wo/EWeg

where the EWgr is the equivalent weight of ST and is taken as 228 g/
mol.
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