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Coacervation generally refers to liquid-liquid phase separation when mixing oppositely charged
polyelectrolytes in an aqueous solution, which produces a polyelectrolyte-dense coacervate phase in
a dilute solution phase. Coacervation plays a crucial role in many biological processes such as the
versatile underwater adhesion of sessile organisms, cellular compartmentalization, and cell replication,
which inspires a surge of biomimetic designs of underwater adhesives. However, conventional
coacervate-based underwater adhesives are usually weak and lack functionalities, limiting their practical
applications in biomedical and engineering fields. Herein, a novel instant underwater adhesive is
presented based on coacervation via one-step mixing of aqueous solutions of silicotungstic acid (SiW)
and poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (P123) micelles,
driven by hydrogen-bonding and hydrophobic interactions. The as-prepared adhesive possesses instant
and excellent underwater adhesion (up to 479.6 kPa on poly(methyl methacrylate)) and can be facilely
painted underwater on diverse substrates, showing resistance to water flush as well as repeatable
stretching and bending of the substrates, superior to many previously reported coacervates. The

adhesive also exhibits outstanding stability in high-salt aqueous solutions up to 3 M for at least 1200 h.
Received 25th February 2021

Accepted 5th April 2021 The introduction of P123 endows the adhesives with thermo-responsive optical properties, while the

innate reduction-related color switch of SiW offers electrochromic properties. The functional adhesives
hold great promise in bioengineering applications and for the fabrication of novel flexible electronics
such as smart aqueous batteries and low-power electrochromic windows.
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materials like squid beak.*>'* Coacervation usually occurs when
aqueous solutions of oppositely charged proteins, polymers and

1. Introduction

Underwater adhesion is a great challenge for the development
of universal adhesives, as water can hinder the intimate contact
between the adhesives and the substrates by forming hydration
layers on surfaces and weakening various adhesive bonds."?
Sessile organisms, such as sandcastle worms and mussels, can
survive in the turbulent seawater environment and have
attracted extensive and intensive research interest for their
innate and excellent underwater adhesion on various
substrates.*” Coacervation is considered to play a significant
role in the secretion process of the underwater adhesives from
sessile organisms,**® and it also contributes to the formation of
biological tissues such as extracellular matrices™ and gradient
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colloids are mixed, yielding a polyelectrolyte-rich liquid phase
named a coacervate which coexists with an immiscible
polyelectrolyte-sparse supernatant.'*'®* Water-borne coacervates
generally possess low interfacial energy to easily spread on
different substrates, but further environment-triggered curing
is required to fulfill the underwater adhesion. Moreover, their
fabrication usually suffers from complex synthesis, specific
stoichiometry of the components, and the adjustment of ionic
strength and pH. Therefore, instant underwater adhesives that
can be facilely prepared and delivered are highly desired for
practical applications in complex environments (e.g., physio-
logical environment), especially where ideal curing conditions
can hardly be achieved.

Various types of intermolecular interactions can induce
coacervation, including electrostatic interaction, cation-m
interaction, hydrogen-bonding interaction, and hydrophobic
interaction. Sandcastle worm secretes two oppositely charged
proteins from different glands interacting with each other via
electrostatic interaction to generate a coacervate, which is
crosslinked by Ca®>" and Mg”* ions in the surrounding seawater

This journal is © The Royal Society of Chemistry 2021
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and oxidized by the pH jump from the acidic glands to the basic
seawater to achieve underwater adhesion."” Adhesives
mimicking the underwater adhesion of sandcastle worm have
been developed, where complicated synthesis and specific
environmental triggers such as temperature or pH jump are
usually indispensable.” Short-range cation-m interaction was
found to drive the complex coacervation between like-charged
mussel-inspired polyelectrolytes® and in a single cationic
recombinant mussel foot protein.'® A high salt concentration (at
a seawater level of about 0.7 M) was needed for the coacervation
of the cationic recombinant mussel foot protein'® and no
macroscopic adhesive property was reported. Hydrogen-
bonding interaction has been proved to contribute to the
formation of adhesives based on the coacervation between
tannic acid/silicotungstic acid and poly(ethylene glycol), which
could serve as effective hemostatics.'®'* The preparation of such
adhesives was very facile, but they were still unable to accom-
plish robust underwater adhesion. It is expected that the
synergy of different intermolecular interactions could endow
coacervation systems with strong underwater adhesion. A
previous study showed that introducing thermo-responsive
poly(N-isopropylacrylamide) (PNIPAM) into oppositely charged
polyelectrolytes could endow the electrostatic interaction-
driven coacervate with thermo-responsiveness, which turned
the coacervate into an underwater adhesive hydrogel upon the
increase of temperature, owing to the hydrophobic interaction
among methyl groups of PNIPAM.* In another study, a hydro-
phobic interaction-actuated tropoelastin-mimetic coacervate
was equipped with mussel-inspired 3,4-dihydroxyphenylalanine
(DOPA) groups to acquire adhesive property, and UV cross-
linking was employed to achieve suitable cohesion.** This
charge-free coacervate could rapidly achieve underwater adhe-
sion in less than 300 s despite a relatively low adhesion strength
of less than 100 kPa.** The synergetic effect of electrostatic and
hydrogen-bonding interaction and other interactions between
polyamidoamine-epichlorohydrin and tannic acid produced an
instant underwater adhesive with antibacterial properties.*
Smart and functional underwater adhesives that can simul-
taneously achieve underwater adhesion and stimuli-responsive
functionalities are intriguing and offer great promise for the
development of next-generation electronic or biomedical devices.
For example, adhesives with electrochemical properties can act
as paintable/printable electrodes toward safe, portable and
environment-friendly energy storage devices such as aqueous
batteries.”® Electrochromic devices have been widely studied for
their tunable optical properties which have great potential in
applications including energy-saving smart windows, visual-
comfortable displays, intelligent wearable electronics, eye-
friendly rear mirrors and sunglasses, and so on.**** Electro-
chromic aqueous batteries attracted much research attention due
to their charge/discharge-accompanied reversible color switch,
showing great potential when used as user/device interfaces.***”**
However, achieving suitable flexibility still remains a challenge in
the development of electrochromic aqueous batteries, as
conventional electrochromic electrodes are usually fabricated by
depositing nanostructured electrochromic materials on rigid
transparent conductors via high-temperature treatment.>***-
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3D printing has been demonstrated to be an efficient and low-
cost solution, but until now, extra elastic polymer binders are
required to attach the electrochromic nanomaterials on the
conductive substrates, during which toxic organic solvents are
usually used.** Aqueous-based inks are desirable for 3D printing
thanks to their inexpensiveness and environment-friendliness,
however, organic solvents are still widely exploited to acquire
good wettability.** Therefore, water-borne adhesive coacervates
with low interfacial tension, liquid-like properties and instant
adhesiveness are ideal candidates for 3D printing to fabricate
flexible devices, such as electrochromic electrodes used in the
aqueous environment.>**

In this work, we report the fabrication of a series of novel
instant underwater electrochromic adhesives via simple mixing
of silicotungstic acid (SiW, H,[Si(W301¢)4]) and poly(ethylene
glycol),o-b-poly(propylene  glycol)so-b-poly(ethylene glycol);o
(PEG-PPG-PEG, P123) aqueous solutions. The coacervation was
mainly driven by the hydrogen bonding between SiW clusters
and the PEG shells of P123 micelles, where the hydrophobic
cores of P123 micelles provided a second crosslinking to rein-
force the network. The synergy of the hydrogen bonding and
hydrophobic interactions effectively enhanced the mechanical
properties and the adhesiveness of the coacervates. The as-
prepared coacervates could be painted on and bind various
substrates underwater with instant and excellent adhesion
strength up to 479.6 kPa on poly(methyl methacrylate) (PMMA).
Additionally, the thermo-responsive property of P123 micelles
endowed the coacervates with tunable optical properties in
response to temperature. Owing to the well-known reduction
reaction-related color change of Siw?*® and the excellent stability
of the coacervates in high-salinity aqueous solution, the coac-
ervates exhibited quick and reversible electrochromic respon-
siveness to both self-powered electrochemical reaction and
external voltages, making them promising electrode materials
for flexible electronics.

2. Experimental section
2.1 Materials

Silicotungstic acid (SiW), Pluronic® P123 (poly(ethylene glycol); -
b-poly(propylene glycol)so-b-poly(ethylene glycol), o, average M, ~
5800), Pluronic® F68 (poly(ethylene glycol),,-b-poly(propylene
glycol),o-b-poly(ethylene glycol),,, average M, ~ 8400), indium tin
oxide (ITO) coated glass slide (rectangular, surface resistivity 70-
100 Q sq %, slide), poly(ethylene glycol) (BioUltra, for molecular
biology, 8000), and LiOH were purchased from Sigma-Aldrich
and used as received. Lithium chloride (LiCl, 98.5%), sodium
chloride, potassium chloride, and calcium chloride were
purchased from Fisher Scientific and used as received. Poly(-
methyl methacrylate) (PMMA) round disks with a diameter of
18.5 mm, wood and glass round disks with a diameter of 25 mm
were purchased from Amazon Canada.

2.2 Preparation of coacervates

Silicotungstic acid (SiW) aqueous solutions with weight
percentages of 0.1%, 1%, 10%, 20% and 40% were prepared
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using deionized water. P123/F68 aqueous solutions with weight
percentages of 0.1%, 1%, 10%, 15% and 20% were prepared
using deionized water. In a typical preparation process of the
coacervate, SiW aqueous solution and P123/F68 aqueous solu-
tion were directly mixed at the volume ratio of 1 : 1, followed by
vigorously shaking and centrifugation at the speed of 5000 rpm
for 10 min. The coacervate was acquired as the dense bottom
phase. Meanwhile, a corresponding phase diagram of coacer-
vation was obtained using SiW and P123 aqueous solutions of
various concentrations. The coalescence process of coacervate
droplets was observed under a confocal microscope, and the
sample was prepared by dropping 5 pL of 40 wt% SiW aqueous
solution on a glass slide, followed by the addition of 5 uL of
10 wt% P123 aqueous solution on the previous drop, which was
then covered by a coverslip.

2.3 Rheological properties of coacervates

The rheological properties of the coacervates were studied via
a TA Instruments AR-G2 rheometer using a 20 mm (diameter) 2°
cone geometry with a gap of 53 pm. Oscillatory angular
frequency sweep ranging from 0.1 rad s ' to 100 rad s ' at
a fixed strain of 2% was carried out at 20 °C to characterize the
shear moduli of the coacervates. The viscosity of the coacervates
was characterized with shear rate ranging from 0.1 s~ to 100
s~ ' For SiwW and P123 aqueous solutions, the rheological
properties were measured in a DIN concentric cylinder with an
operating gap of 5917.1 pm, and the test parameters were
consistent with those of the coacervates. To investigate the
effect of salts on the viscosity of the coacervates, selected salts
(i.e., LiCl, NaCl, KCl, and CacCl,) were first added into Siw and
P123 aqueous solutions to a desired concentration before mix-
ing the solutions. All the rheological properties were studied
with three independently prepared samples.

2.4 Underwater adhesion properties of coacervates

Underwater adhesion properties of the coacervates were char-
acterized on an AGS-X universal tensile testing machine (Shi-
madzu, Japan) at room temperature. A water container was
attached to the compression cylinders to provide an underwater
environment. PMMA, wood and glass round disks were glued
on the center of the two compression cylinders with super glue,
respectively, until they totally dried in air. Then the two
compression cylinders were mounted onto the tensile testing
machine with a 5000 N load cell and immersed underwater.
Subsequently, 100 pL coacervate was injected on the lower
cylinder and compressed by the upper cylinder with a force of
30 N or 300 N for 10 s. The adhesion strength was then obtained
by lifting the upper cylinder at a constant speed of 100
mm min~'. The underwater adhesion tests in different salt
solutions (Milli-Q water, 0.1 M LiCl, NaCl, KCl, CaCl, and 1.0 M
LiCl) were carried out between a stainless steel substrate (upper
surface) with diameter of 12 mm and a transparent PMMA disk
(lower surface) with a diameter of 18.5 mm. 50 uL of the coac-
ervate was injected onto the PMMA surface and compressed by
the upper surface with a force of 30 N for 10 s. The adhesion
strength was then obtained by lifting the upper cylinder at
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a constant speed of 5 mm min ', All the instant underwater
adhesion strengths were determined based on at least 8
samples.

2.5 Thermo-responsive optical properties of coacervates

The thermo-responsive optical properties of the coacervates
were evaluated by alternately immersing the coacervate-painted
glass slide in a 60 °C water bath and an ice-water bath for several
cycles. The temperature-induced variation of transparency was
quantified using a microplate reader (Cytation 5, Biotek, USA) at
different temperatures in the visible light range (400-800 nm),
with samples of 6.5 mm diameter and 1 mm thickness. The
thermo-induced optical properties of the coacervates were
quantified on a UV-vis spectrometer (Evolution 300, Thermo
Scientific, CA) with a temperature controller (Isotemp, Fisher
Scientific, CA) and a sample with a thickness of 10 mm. The
repeatable heat-cool cycles were conducted between 40 and
55 °C. To unveil the mechanism of the transparency change, the
size of 0.1 wt% P123 micelles at various temperatures ranging
from 10 to 60 °C was characterized by dynamic light scattering
(DLS) with a Malvern Zetasizer Nano ZSP. The morphology of
P123 micelles at 20 °C and 60 °C was examined using
a Dimension Icon atomic force microscope (AFM) system
(Bruker, Santa Barbara, CA, USA) operating in the tapping mode
in air. The samples were prepared by dropping 10 puL of 0.1 wt%
P123 aqueous solution (stored at the desired temperature) on
a clean silicon wafer substrate till fully dried in air at the cor-
responding temperature.

2.6 Electrochromic properties of coacervates

The electrochromic properties were characterized by sand-
wiching the coacervate between two ITO-coated glass slides,
where the external voltages applied on the outer surfaces of the
bonded glass slides were provided by an electrochemical
workstation (CHI920, CH Instruments, USA) with a Multi-
Potential Steps mode. Coacervates before and after electro-
chromism studies were freeze-dried and characterized by X-ray
photoelectron spectroscopy (XPS) to reveal the binding energies
of the oxidized and reduced states of tungsten.

3. Results and discussion

3.1 Fabrication and intermolecular interactions of the Siw-
P123 coacervate

The fabrication process of the SiW-P123 coacervate adhesives
was very facile. For example, 10 wt% P123 (ref. 37) aqueous
solution was directly mixed with 40 wt% SiW aqueous solution
at a volume ratio of 1:1, leading to a turbid solution after
vigorous shaking (Fig. 1a). Coacervate droplets with sizes
ranging from several to tens of micrometers were dispersed in
the aqueous environment (Fig. 1b), where small coacervate
droplets could coalesce into bigger ones as shown in Movie S1.7
The cryogenic transmission electron microscopy (cryo-TEM)
image of the coacervate droplet exhibited a densely packed
continuous sponge-like network structure (Fig. 1c), suggesting
stable and strong physical interactions between SiW clusters

This journal is © The Royal Society of Chemistry 2021
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Fig.1 Fabrication and intermolecular interaction of the SiW-P123 coacervate. (a) Schematic illustration of the fabrication process of the SiW40-
P123-10 coacervate. (b) Distribution of newly formed SiW40-P123-10 coacervate droplets observed under an optical microscope. (c) Cryo-TEM
image of the SiW40-P123-10 coacervate. (d) Phase diagram of coacervation between SiW and P123 aqueous solutions. (e) Schematic illustration
of the proposed interaction mechanism between SiW and P123 for the coacervate formation.

and P123 micelles (Fig. 1a). After centrifugation at 5000 rpm for
10 minutes, the solution could completely separate into a white
coacervate phase and a corresponding transparent supernatant,
from which mass production of the adhesive coacervate could
be readily achieved.

Different concentrations of Siw and P123 aqueous solutions
with a fixed volume ratio of 1 : 1 were employed to yield a series
of coacervates denoted as SiWx-P123-y (x and y represent the
weight percentage of SiW aqueous solution and P123 aqueous
solution, respectively), and their phase behaviors are shown in
Fig. 1d. When the concentration of SiW was 0.1 wt% and 1 wt%,
no coacervation occurred with P123 solution ranging from

This journal is © The Royal Society of Chemistry 2021

0.1 wt% to 20 wt%, which might be because of the sparse
distribution of the small SiW clusters. When the concentration
of SiW was increased to 10 wt%, a coacervate could be detected
only with 0.1 wt% and 1 wt% P123, suggesting that the quantity
of SiW clusters was still not sufficient to crosslink concentrated
P123 micelles. On further increasing the concentration of Siw
to 20 wt% and above, coacervates could be formed with P123 at
all the concentrations used (0.1 to 20 wt%). The simple binary
phase diagram of the SiW-P123 coacervation system holds great
potential to understand and develop platforms with liquid-
liquid phase separation. As shown in Fig. S1,7 the yields of
SiW40-P123-10/15/20 coacervates were relatively high after
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mixing, among which SiW40-P123-10 exhibited the highest
viscosity (Fig. S2t) to resist the flow of the material underwater.
Therefore, SiW40-P123-10 was employed for further character-
ization in this work if not specified.

Our previous study demonstrated that the coacervation
between SiW and PEG most likely originated from the hydrogen
bonding between the oxygens of Siw and etheric oxygens of PEG
bridged by hydrated protons.' As the P123 micelle contains
a hydrophobic PPG core and hydrophilic PEG shell, a similar
coacervation mechanism is expected to occur between SiWw and
PEG shells. According to the FTIR spectra of SiW powder and
freeze-dried Siw40-P123-10 coacervate (Fig. S3t), the Keggin
structure of SiW was well maintained before and after coacer-
vation, with typical stretching vibration bands of W=0y, Si-O,,
W-0,-W (edge shared), and W-O.-W (corner shared) shifted
from 1015, 977, 910, and 743 cm™' to 1008, 967, 911, and
771 cm ', originating from intermolecular interactions with
P123 (Fig. 1e and S37).*® As for P123, C-O-C shifted from 1103 to
1070 cm™" after coacervation, indicating that etheric oxygens
were occupied due to intermolecular interactions. Besides,
antisymmetric and symmetric stretching of C-H as well as
symmetric deformation of -CH; were observed at 2970, 2870
and 1372 em ™', respectively, in the coacervate, suggesting that
the hydrophobic interaction among methyl groups of P123
micelles was maintained after coacervation.*® SiW is usually
regarded as a strong acid with fully ionized protons.*’ According
to our previous study, the primary driving force for coacervation
was most likely the hydrogen-bonding interactions (W=0:--
H;0"--0) between oxygens (both terminal Oq4 atoms (predom-
inant) and bridging oxygens O, and O.) of SiW and etheric
oxygens of PEG bridged by hydrated protons, which was
demonstrated not only by FTIR spectra but also by changing the
end groups of PEG, adjusting the pH of the solutions and
modulating the solvents.' As both hydrogen-bonding interac-
tion and hydrophobic interaction tend to be affected by
temperature,"** the viscosities of Siw40-P123-10 (driven by
hydrogen-bonding interaction and hydrophobic interaction)
and SiW40-PEG8000-10 (actuated by hydrogen-bonding inter-
action, where PEG with a molecular weight of 8000 was used
instead of P123) coacervates as well as 10 wt% P123 aqueous
solution (assembled by hydrophobic interaction) were charac-
terized with temperature ranging from 20 °C to 45 °C. The
results (Fig. S41) revealed that the viscosities of all the samples
decreased with increasing the temperature, while the highest
viscosity and the most noticeable decrease were detected for the
SiW40-P123-10 coacervate, which was attributed to the weak-
ened hydrogen-bonding interaction between SiW clusters and
P123 micelles as well as between the PEG shells of P123.* The
role of hydrated protons in the coacervation was also investi-
gated by neutralizing SiW aqueous solution with saturated
LiOH aqueous solution. The pH of 40 wt% SiW aqueous solu-
tion was measured to be 1.14; however, when it was adjusted to
1.75, the SiW aqueous solution could not form a coacervate with
10 wt% P123 (Fig. S51). The above result demonstrated that the
coacervation of the SiwW-P123 system was highly dependent on
the presence of hydrated protons, and the pH required for the
formation of the SiW-P123 coacervate was much lower than that

12992 | J. Mater. Chem. A, 2021, 9, 12988-13000
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of the SiW-PEG coacervate system (pH < 4.3) we reported
previously.*® A possible reason was that the chain length of PEG
on the shells of P123 was shorter than that of the previously
used linear PEG, therefore more proton crosslinkers would be
required to bind the P123 micelles and SiW clusters. PEG is
a well-known nonionic polymer and a hydrogen bonding
accepter, while P123 was reported to carry slight negative
charges in water (zeta potential of —6.8 mV at a pH of 7.4).*
During the formation of the coacervate, concentrated SiW
aqueous solution was employed (e.g., 40 wt%), and P123
micelles were dispersed in water with a high concentration of
hydrated protons, where the Debye length of the electric double-
layer was calculated to be k™ = 1/c/0.304 nm = 4.2 nm (c is the
concentration of electrolytes with the unit of mol L™").** Due to
the short Debye length, the long-range electrostatic interaction
between the negatively charged SiW clusters and P123 mole-
cules tends to be significantly suppressed, while electrostatic
interaction between the molecules might also play a role in the
short range in addition to the strong hydrogen bonding and
hydrophobic interaction within the Siw40-P123-10 coacervate.
The coacervation of the SiW-P123 system was proposed to be
mainly driven by hydrogen-bonding interaction between
oxygens of SiW and etheric oxygens of P123 shells bridged by
hydrated protons, where the hydrophobic interaction, which
drove the self-assembly of P123 micellar structures, played
a synergetic role in strengthening the coacervate as illustrated
in Fig. 1a and e.

3.2 Rheological properties

Rheological properties including viscosity 7, storage modulus
G' and loss modulus G” of the SiW-P123 coacervates were
characterized with a rheometer. Compared to the low viscosities
of 40 wt% SiW (~0.00129 Pa s) and 10 wt% P123 (~0.0057 Pa s)
aqueous solutions, the viscosity of the Siw40-P123-10 coacer-
vate drastically increased to ~193.77 Pa s, indicating the strong
intermolecular interactions between SiW clusters and P123
micelles (Fig. 2a). It is noted that when the concentration of
P123 varied from 10 wt% to 20 wt%, the viscosities of the
formed coacervates slightly decreased (Fig. 2b) while the volume
of the coacervate phase increased by 86.4% (Fig. S6t), which
might be due to the slightly weakened intermolecular interac-
tion among P123 micelles and SiW clusters. To illustrate the
effect of the hydrophobic cores of polymeric micelles on the
coacervates, F68 was also used to form the coacervates, as it
contains more hydrophilic PEG and less hydrophobic PPG
compared to P123. As displayed in Fig. 2b, the viscosities of
Siw40-P123-10/15/20 coacervates were much larger than those
of SiW40-F68-10/15/20 coacervates, which was mainly attributed
to the stronger hydrophobic interactions among the PPG cores
of P123 micelles. Moreover, the viscosity of the SiW40-PEG8000-
10 coacervate was only about 10% that of the SiwW40-P123-10
coacervate (Fig. S7t), indicating that stable hydrophobic
micelle cores could act as crosslinking points to enhance the
mechanical properties of the coacervates.

Traditional coacervates are driven by electrostatic interac-
tions between oppositely charged molecules, where salt plays

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Rheological properties of the SiW-P123 coacervates. (a) Viscosities of 40 wt% SiW aqueous solution, 10 wt% P123 aqueous solution, and
the corresponding coacervate. (b) Viscosities of SiW40-P123-10/15/20 coacervates and SiW40-F68-10/15/20 coacervates at a shear rate of 10
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a crucial role in balancing the electrostatic interaction and
tuning the rheological properties."* Generally, above a critical
salt concentration, polyelectrolyte systems are always miscible
and coacervation cannot occur due to the screening of electro-
static interaction.'****” In addition, the formation of coacer-
vates based on cation-m interaction requires high salt
concentration to shield the repulsive electrostatic interaction
between like-charged molecules.”'® In our work, the SiW-P123
coacervation system was triggered by the synergy of hydrogen-
bonding interaction and hydrophobic interaction, and the
coacervates could form in a salt-free environment. However,
their properties can be affected by the addition of salts. As
shown in Fig. 2b, ¢ and S8, without the addition of salt, the
SiW40-P123-20 coacervate exhibited low shear modulus and
viscosity. With the addition of LiCl ranging from 0.1 to 1.0 M,
the coacervate still maintained its liquid-like property, but the
rheological properties were strengthened with increasing the
salt concentration (Fig. 2c and d). With the introduction of
0.1 M LiCl, the viscosity of the coacervate increased from ~166.8
Pa s to ~209.3 Pa s (at a shear rate of 10 s~ '), although their
shear moduli were comparable. On further raising the LiCl
concentration to 0.5 M and 1.0 M, both shear moduli and
viscosity of the coacervate were substantially enhanced. The
storage modulus, loss modulus (at an angular frequency of 10
rad s~ ') and viscosity (at a shear rate of 10 s~ ') of the coacervate
were significantly enhanced by 5205%, 1201% and 1145%,
respectively, with the addition of 1.0 M LiCl as compared to the
case without salt. Therefore, the presence of LiCl up to 1.0 M
was still safe for the formation of the SiW-P123 coacervation
system. Meanwhile, the effect of different salts including LiCl,
NaCl, KCl and CaCl, on the rheological properties of the coac-
ervate was also studied (Fig. 2e and f). By varying the different
types of salts at a fixed concentration 0.1 M, the salt-induced
enhancement of shear moduli and viscosity of the coacervate
followed the trend: LiCl < NaCl < KCI < CacCl,, where LiCl, NaCl
and KCl could salt out PEG from aqueous solution following the
Hofmeister series while CaCl, was capable of interacting with
the electronegative oxygens of SiW clusters.*®*® Therefore,
varying the concentration and type of salts provides a feasible
way to tune the mechanical properties of the SiW-P123 coacer-
vates over several orders of magnitude for diverse practical
applications.

3.3 Underwater adhesive properties

The as-prepared SiW40-P123-10 coacervate could be facilely
painted on a glass slide underwater with designed shapes and it
immediately resisted the water flush, suggesting its excellent
underwater adhesive property (Fig. 3a and Movie S2T). Mean-
while, the coacervate could facilely bind different materials such
as wood, coin, stone, and glass slide as well as a plastic substrate
underwater (Fig. 3b and Movie S31). As shown in Fig. 3c, the
coacervate instantly and firmly bound two weights together
underwater and easily supported a mass of 100 g (Movie S4at).
Besides, the coacervate could also instantly bind two porcine
skins underwater which could resist repeatable movement and
swing (Fig. 3d and Movie S4bt), holding great potential in the
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field of biomedical tissue glue. The underwater adhesion of the
coacervate on different substrates was quantitatively examined
and the results are presented in Fig. 3e, showing the highest
adhesion strength of 479.6 kPa to poly(methyl methacrylate)
(PMMA, contact angle of 67.3°). It was most likely attributed to
the synergetic effect of hydrogen bonding and hydrophobic
interactions, where the electronegative oxygen atoms of -(C=0)-
OCHj; groups served as proton acceptors to form hydrogen bonds
and the extensive methyl groups participated in hydrophobic
interaction with the coacervate. The instant adhesion strength of
the coacervate on the glass substrate (contact angle of 15.1°) was
determined to be 297.1 kPa because only hydrogen bonding
contributed to the adhesion. The coacervate on the wood surface
exhibited a relatively low adhesion of 128.5 kPa, which was
possibly due to the existence of micropores and microtubes on
the wood surface that absorbed the coacervate (Fig. S97),
decreasing the effective contact area between the wood surfaces.
Additionally, the underwater adhesion of the coacervate was
pressure-sensitive as illustrated in Fig. 3f. When two glass
substrates bonded by the coacervate were compressed with
a force of 300 N for 10 s, the adhesion strength of the coacervate
was measured to be 442.4 kPa, which was increased by 48.9%
compared to that of the sample under 30 N compression for 10 s.
The pressure-sensitivity of the underwater adhesion might orig-
inate from two factors: first, the rearrangement of P123 polymer
chains within the coacervate phase under pressure could affect
the molecular interactions within the coacervate and at the
coacervate/substrate interface;*® second, the water pockets or air
bubbles trapped within the coacervate or at the coacervate/
substrate interface tended to be removed by compression or
through the reconfiguration of PEG polymer chains, creating
a larger contact area and leading to a stronger adhesion.**
Moreover, as salt is ubiquitous in the physiological environment
of humans,* seawater,>'* and aqueous batteries,* it is important
to study the effect of salts on the underwater adhesion strength of
the coacervate. As shown in Fig. 3g, when the salt concentration
was fixed at 0.1 M, the adhesion strength of the coacervate
increased following the trend LiCl < NaCl < KCI < CaCl,, which
was consistent with the variation of rheological properties
(Fig. 2f). The variation of instant underwater adhesion strength of
the coacervate in LiCl (0.1 and 1.0 M) aqueous solutions also
agreed with the change of rheological properties (Fig. 2d). In
Milli-Q water, the coacervate exhibited the highest instant
adhesion strength, which might suggest that the addition of
saline ions could impair the electrostatic interactions at the
coacervate/substrate interfaces.” Herein, the instant underwater
adhesion strength of the as-prepared coacervate is superior to
that of previously reported coacervates (<200 kPa for all cases®
and ~420 kPa for PMMA substrate®®) and even some adhesive
hydrogels (=180 kPa**°). A detailed summary of the reported
wet/underwater adhesives is presented in Table S1,f demon-
strating the facile fabrication as well as instant and strong
underwater adhesion of the SiWw40-P123-10 coacervate, which
shows greater advantages than all the listed adhesives. The
instant and robust underwater adhesion of the coacervate makes
it a promising adhesive for various applications, especially those
in aqueous or wet environments.
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Fig. 3 Underwater adhesive properties of the SiW40-P123-10 coacervate. (a) The SiwW40-P123-10 coacervate was injected and painted on
a glass slide underwater (left) and was then immediately flushed with running water which could not noticeably affect the painted patterns (right).
(b) The SiW40-P123-10 coacervate can firmly bind various substrates such as wood, coin, stone, and glass slide to a plastic substrate underwater.
(c) The SiW40-P123-10 coacervate could instantly and firmly bind two weights together underwater and easily support a mass of 100 g. (d) The
SiW40-P123-10 coacervate could instantly and firmly bind two porcine skins together underwater. (e) Instant underwater adhesion strength of
the SiW40-P123-10 coacervate on different substrates including PMMA, wood and glass. The inset images show the contact angles of water on
PMMA, wood and glass substrates. (f) Instant underwater adhesion strength of the SiW40-P123-10 coacervate on a glass substrate under
different compression forces of 30 N and 300 N. (g) Effect of salts on the underwater adhesion strength of the SiW40-P123-10 coacervate. The
inset image shows the set-up of the test with a stainless steel upper surface and a PMMA lower surface.

This journal is © The Royal Society of Chemistry 2021 J. Mater. Chem. A, 2021, 9, 12988-13000 | 12995


https://doi.org/10.1039/d1ta01658j

Published on 05 April 2021. Downloaded on 5/26/2024 12:57:24 PM.

View Article Online

Journal of Materials Chemistry A Paper

3.4 Thermo-responsive optical properties opaque at 0 °C and turned transparent when heated to 60 °C
(Fig. 4a). The transition process was highly reversible and
showed a rapid response to temperature change as displayed in
Movie S5,7 where the coacervate painted on a glass slide was

The optical properties of the SiW40-P123-10 coacervate could be
readily adjusted with temperature, whereby it was white and
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Fig. 4 Thermo-responsive properties of the SiW40-P123-10 coacervate. (a) Repeatable transparency transition of the SiW40-P123-10 coac-
ervate painted on a glass slide which was alternately immersed in a 60 °C water bath and ice-water bath. (b) Transmittance variation of the
SiW40-P123-10 coacervate at temperatures of 0, 37 and 60 °C. (c) Transmittance variation of the SiW40-P123-10 coacervate under heat—cool
cycles between 40 and 55 °C. (d) Size distributions of P123 micelles at various temperatures ranging from 0 to 60 °C. (e) and (f) AFM topography
images of P123 micelles deposited on silica surfaces at 20 and 60 °C.
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Fig. 5 Electrochromic properties of the SiW40-P123-10 coacervate. (a) Pictures showing the excellent stability of the SiW40-P123-10 coac-
ervate in 3 M LiCl, NaCl and KCl solutions. (b) Schematic illustration of the working mechanism for the self-powered electrochromic device with
the SiW40-P123-10 coacervate painted on an ITO-coated glass slide. (c) The SiW40-P123-10 coacervate painted on the ITO-coated glass slide
as a smiling face turned deep blue by forming a circuit with Al foil, which was then bleached to light blue by disconnecting the circuit as well as
adding H,0O,. (d)-(g) The SiwW40-P123-10 coacervate sandwiched between two ITO-coated glass slides changed to deep blue by applying
a reduction voltage of —0.25V, followed by bleaching triggered by an oxidation voltage of +0.8 V, which was further bleached to translucent in
air. (h) and (i) XPS spectra of the as-prepared coacervate before and after reduction.
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successively immersed in a 60 °C water bath and 0 °C ice-water
bath for several cycles. The variation of transparency was
quantitatively determined using an optical microplate reader in
the visible light range (400-800 nm). As demonstrated in Fig. 4b
and S10, the transmittance of the coacervate increased with
the increase of temperature, showing an extremely low value at
0 °C and reached about 70% at 60 °C. Meanwhile, transmittance
variation of the coacervate under heat-cool cycles between 40
and 55 °C is presented in Fig. 4c, showing excellent repeatability
of the thermo-tunable optical property of the coacervate. It is
noted that as the thickness of the coacervate sample used for
the characterization was 10 mm, the transmittance measured at
55 °C was lower than that measured with a microplate reader
(Fig. 4b, sample thickness of 1 mm). The adjustable optical
property of the coacervate originated from the size change of
P123 micelles with temperature, which was characterized by
DLS (Fig. 4d). With temperature ranging from 0 °C to 60 °C,
P123 micelles presented thermo-sensitive size distribution. At
low temperatures (<30 °C), the micelle size was polydisperse
and large aggregates could be detected, while increasing the
temperature gradually led to monodisperse micelles. The
change of size distribution of the micelles was most likely due to
the enhanced hydrophobic interaction within PPG micelle cores
with increase of temperature, which tended to induce the
dissociation of random aggregates and the formation of densely
packed micelles.*® The thermo-responsive size evolution of P123
micelles was also in accordance with AFM topography images as
shown in Fig. 4e and f. At 20 °C, the existence of large aggregates
could prevent the transmittance of light, while relatively small
and homogeneously distributed micelles were observed at
60 °C, yielding a clear solution. Besides, structural transition of
P123 with increase of temperature could also weaken the
intermolecular interaction among the micelles, which was in
agreement with the lower shear modulus and viscosity of P123
at the elevated temperature (Fig. S117).

3.5 Electrochromic properties

The SiW40-P123-10 coacervate adhesive could be directly painted
on different substrates and displayed excellent resistance to
mechanical deformation such as stretching and bending (Movie
S6,t the coacervate was dyed with carbon nanotubes (CNTs)).
Despite repeatable stretching, bending and vigorously shaking
underwater, the coacervate coating can be kept intact, indicating
its excellent tolerance to turbulent underwater environment.
Besides, the hydrophobic cores of P123 micelles endowed the Siw-
P123 coacervation system with the capability to load hydrophobic
species like CNTs (Fig. S12t), providing great versatility to the
platform. The coacervate coating also exhibited exemplary stability
in high-salt aqueous solutions (e.g., 3 M LiCl, NaCl or KCI) for at
least 1200 h (Fig. 5a). It was observed that the adhesive coacervate
changed from opaque to transparent within 5 h, which could have
originated from the enhanced hydrophobic interaction within
PPG cores and the shrinkage of PEG shells due to the decrease of
free water molecules in the coacervate in the presence of salt.***”

Combining the facile paintability and excellent stability of
the coacervate underwater with the innate redox-driven color-
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switching behavior of SiW, a self-powered electrochromic
device can be built up by connecting a coacervate-painted
indium tin oxide (ITO) glass slide with Al foil through a salt
bridge and metal wire (Fig. 5b). The associated reduction-
oxidation reactions are also illustrated in Fig. 5b. Once the
circuit was completed, the coacervate coating instantaneously
changed from white to deep blue, and then the blue color could
be bleached with the disconnection of the circuit and addition
of H,0, (30 wt%) (Fig. 5¢ and Movie S71). The color-switching
property of the coacervate can also be triggered by external
voltages. Two ITO-coated glass slides were bonded together with
the coacervate and connected to an external voltage provided by
an electrochemical workstation (Fig. 5d). When a reduction
potential of —0.25 V was applied, the coacervate immediately
turned deep blue (Fig. 5e and Movie S8t), while a subsequent
oxidation potential of +0.8 V could bleach the color to light blue
(Fig. 5f). The coacervate would turn translucent by further
oxidation of air (Fig. 5g). The electrochromic behavior of the
coacervate was ascribed to the reduction of tungsten, which was
confirmed by X-ray photoelectron spectroscopy (XPS). As shown
in Fig. 5h, the coacervate exhibited two peaks at 38.1 eV and
35.9 eV before electrochemical/electrical reduction, corre-
sponding to the binding energies of W®" 4fs,, and W°®" 4f,,.
After reduction (Fig. 5i), the peak at 38.1 eV split into two peaks
at 38.2 eV and 36.9 eV, which were assigned to the binding
energies of W®" 4fs,, and W’" 4f; 5, respectively. Meanwhile, the
peak at 35.9 eV also split into two peaks at 36.1 eV and 34.8 eV,
attributed to the binding energies of W®" 4f,,, and W>" 4f,,. The
results are consistent with the reported reducible poly-
oxometalates, which are named “heteropoly blues” for their
innate color-switching property enabled by specific
triggers.>*3%°8

4. Conclusions

In this work, we have developed a novel instant underwater
adhesive with tunable optical and electrochromic properties via
a facile one-step mixing of SiWw and P123 aqueous solutions,
where the formation of the adhesive coacervate was driven by
the synergy of hydrogen-bonding interaction and hydrophobic
interaction. The coacervation process is mainly actuated by the
intermolecular hydrogen bonding between the oxygens of Siw
and etheric oxygens of P123 micelles bridged by hydrated
protons, and the hydrophobic cores of P123 micelles offer an
additional crosslinking, significantly enhancing the mechanical
properties (e.g., shear moduli, viscosity) of the coacervates. The
rheological properties of as-prepared coacervates can be
modulated over several orders of magnitude for practical
applications by introducing different types and concentrations
of salts (e.g., LiCl, NaCl, KCI and CaCl,), and they are able to
maintain the integrity in saline aqueous solutions with
a concentration up to 3 M for at least 1200 h. Meanwhile, the
coacervates show robust and instant underwater adhesion on
various substrates with an adhesion strength up to 479.6 kPa on
PMMA, which can also resist water flush and repeatable
stretching and bending of the substrate. Such a wet adhesion
performance of the developed SiW-P123 coacervate is superior
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to that of a lot of previously reported coacervate materials, even
some hydrogels and functionalized surfaces. Moreover, the
SiW-P123 coacervate exhibits thermo-responsive optical prop-
erties, which are attributed to the configuration change of P123
micelles. The innate reduction-related color switch of SiW
endows the coacervate with electrochromic properties in
response to both chemical oxidation-reduction reactions and
external voltages, suggesting the great potential of the coacer-
vate in electrochromic devices such as smart batteries. The Siw-
P123 coacervation system provides an ideal platform for the
development of color-switching underwater adhesives, holding
great promise in wearable electronics and energy-saving build-
ings. It is noted that the SiW can be facilely modified or replaced
by other kinds of polyoxometalates,* and other polymers in the
Pluronic family*” can be used to substitute P123, further
expanding the versatility and functionality of the Siw-P123
coacervation system.
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