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Abstract: Polyampholyte (PA) hydrogels are randomly copolymerized from anionic and cationic
monomers, showing good mechanical properties owing to the existence of numerous ionic bonds
in the networks. However, relatively tough PA gels can be synthesized successfully only at high
monomer concentrations (Cyy), where relatively strong chain entanglements exist to stabilize the
primary supramolecular networks. This study aims to toughen weak PA gels with relatively weak
primary topological entanglements (at relatively low Cyf) via a secondary equilibrium approach.
According to this approach, an as-prepared PA gel is first dialyzed in a FeCl3 solution to reach a
swelling equilibrium and then dialyzed in sufficient deionized water to remove excess free ions to
achieve a new equilibrium, resulting in the modified PA gels. It is proved that the modified PA gels
are eventually constructed by both ionic and metal coordination bonds, which could synergistically
enhance the chain interactions and enable the network toughening. Systematic studies indicate that
check for both Cyj and FeClz concentration (Crecy,) influence the enhancement effectiveness of the modified PA
updates gels, although all the gels could be dramatically enhanced. The mechanical properties of the modified
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PA gel could be optimized at Cy; = 2.0 M and Cpec, = 0.3 M, where the Young’s modulus, tensile
fracture strength, and work of tension are improved by 1800%, 600%, and 820%, respectively, compar-
ing to these of the original PA gel. By selecting a different PA gel system and diverse metal ions (i.e.,
A3, Mg?*, Ca*), we further prove that the proposed approach is generally appliable. A theoretical
model is used to understand the toughening mechanism. This work well extends the simple yet
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Polymeric hydrogels, consisting of three-dimensional networks, can absorb and retain
a large amount of water [1,2], and show great application potential in biomedical engi-
neering, soft electronics, information storage and encryption, and so on [3-21]. However,
traditional hydrogels are usually brittle due to the network inhomogeneity and the lack
of energy dissipation mechanism [22]. In the recent 20 years, a great progress has been
distributed under the terms and  Made on developing strong and tough hydrogels [23-30]. As a representative tough gel,
conditions of the Creative Commons  double-network (DN) hydrogels are composed of a densely cross-linked first network and a
Attribution (CC BY) license (https://  loosely cross-linked second network, providing a universal energy dissipation mechanism
creativecommons.org/licenses /by / (i.e., sacrificial bond principle) for developing high-performance gels [22,23].

4.0/).
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On the basis of the sacrificial bond principle, researchers have introduced dynamic
physical bonds (e.g., ionic bond, hydrogen bond, metal coordination bond, and hydropho-
bic association) as reversible sacrificial bonds to develop tough and self-healable hydrogels,
similar to that shown in soft tissues [31-45]. Tough and self-recoverable DN gels were
fabricated by introducing Ca2* ions into the first network to form metal coordination bonds,
but they show relatively low load-bearing properties [46]. Instead of the DN approach,
polyampholyte (PA) hydrogels have been synthesized from cationic and anionic monomers
via a facile random copolymerization [47,48]. After dialysis in water, numerous dynamic
ionic bonds (i.e., Coulombic attraction) could be formed between oppositely charged
groups in the PA networks, enabling good mechanical properties and unique self-healing
ability. It has been proved that PA gels also possess a good biocompatibility and a low
cell-cytotoxicity [47]. The good mechanical properties of the gels are attributed to the
self-assembled bicontinuous soft/hard multiphase network structure during the dialysis,
which has been proved to be generally applicable for developing tough gels [49,50]. In our
recent study, we have developed a secondary equilibrium approach to further enhance
the relatively tough PA gels via the synergy of ionic and metal coordination bonds [45].
However, a tough PA hydrogel can be synthesized near the charge balance point success-
fully only at a relatively high monomer concentration (Cy); otherwise, a relatively low Cy
usually results in a weak PA gel with limited chain entanglements because of the unstable
primary topological architecture [47,48]. This phenomenon indicates that the effective
chain entanglement is needed for achieving stable supramolecular networks, which could
further promote the formation and enhancement of numerous ionic bonds, resulting in
tough PA gels.

In an extension of our recent work on the mechanical enhancements of relatively tough
PA hydrogels with a relatively high Cys [45], this study aims to toughen weak PA gels
with relatively weak primary chain entanglements via a secondary equilibrium approach
(Figure 1a). The chain entanglements are tuned by varying the monomer concentration in
the pre-gel solutions (Figure 2). In this approach, an as-prepared PA gel is first dialyzed in
a multivalent metal ion solution to reach a swelling equilibrium (Step-I) and then moved to
deionized water to dialyze out excess free ions sufficiently to achieve a new equilibrium
(Step-II), enabling the toughening of the weak PA gels. According to the approach, we
first chose a model PA gel with a relatively low Cy (1.7 M), P(NaSS-co-DMAEA-Q) gel
[randomly polymerized from sodium p-styrenesulfonate (NaSS), and methyl chloride
quarternized N,N-dimethylamino ethylacrylate (DMAEA-Q)], and a model metal ion
solution, i.e., 0.7 M FeCl3 solution. The result demonstrates that the PA gel with relatively
low chain entanglements could be effectively toughened through our approach. Further
systematic studies were also carried out by varying Cys (1.5-2.5 M) and FeCls concentration
(Crect; = 0-2.0 M) to understand their effects on the mechanics of the gels. The results
show that the enhancement effectiveness is different although all the PA gels with different
Cm could be mechanically enhanced. Meanwhile, Crec, could also result in different
mechanical enhancements by influencing the quantity and quality of the introduced metal
coordination bonds in the PA networks. The optimal mechanical improvement of the
modified PA gels could be achieved at Cy = 2.0 M and Cgecy, = 0.3 M, where Young's
modulus, tensile fracture strength, and work of tension were considerably improved by
1800%, 600%, and 820%, respectively, in comparison to those of the original PA gel. We
further selected another PA gel system, P(NaSS-co-MPTC) [synthesized like the former gel
system, where the monomer DMAEA-Q was replaced by 3-(methacryloylamino)propyl-
trimethylammonium chloride (MPTC)], and various multivalent metal ions (i.e., APY,
Mg?*, Ca®*) to understand the generality of our proposed approach. These experiments
confirmed that the approach is relatively general for toughening PA gels with relatively
low Cy1. A theoretical model was also adopted to disclose the toughening mechanism of
the gels. This work well extends the simple yet general way for the toughening of weak PA
gels with relatively weak chain entanglements.



Polymers 2023, 15, 2644 30f 18

Metal-ion solution

Lialysia

1o,
i Dialysis !

ASP-PA gel WEQPA gel MEQ-PA-M gel \ ~ WEQ-PA-Mgel
X Route A weakly-entangled and weak vl Route B: weakly-entangled but tough
\q Catlon\ﬂ Anion @ Metal ion \-g\ Chain entanglement \§-\ Chemlcal crosslink \GD—\ lonic bond -Q@D.— Metal-coordination bond!
b ____lonic monomers C - i — j==l i
(i) Nass DMAEAQ MPTC | 7 { ) o
ONa \ A S I
o= S o —N CI N’ cry [
3 T T T T T
a \
P E
TE'Z
32
g
Anion Cations g
s - E)-] L _____ _ e
(i) __Multivalent metal-ions =
'@ = Fe, A, Mg2+, Ca?* | 3

e >,
b e o P e

f g h i 4
WEQ-PA-Fe
151 0.4}
P _15
—_ 8 E mg
g s = £ 3
=10} i =t =
; 3 1.0 5
2 o a2
o 202 & g
o= © g 5
[=)]
D 0.5 x
2 %0_1 8 go 1
P > i
o MEQ-PA-Fe
1 2 3 4 5 6 7 8 - 0P ‘,AFG ST &0 g PREa?h onte opse 0599 ppF 2 onee
Stretch, A (m/m) s N\EQ NES WESeo® (e \NE

Figure 1. Design, preparation, structures, and mechanical proof. (a) Design and fabrication of WEQ-
PA gels (Route A) and WEQ-PA-M (Route B) gels. Route A represents the dialysis of ASP-PA gel
only in water. Route B represents the dialysis of ASP-PA gel in metal ion solution and water in
sequence through a two-step process. “ASP”, “MEQ”, and “WEQ” represent as-prepared, metal-ions-
equilibrated, and water-equilibrated states, respectively. For simplicity, the corresponding counter
ions are not shown here. (b) Chemical structures of ionic monomers and multivalent metal ions used
in this study. (c) Macroscopic images and volume swelling ratio (Qv) of four representative samples
(Cm = 1.7 M, Crecy, = 0.7 M). Here the original PA gel is P(NaSS-co-DMAEA-Q) gel. (d,e) Contact
angle (d) and SEM (e) images of the corresponding WEQ-PA gel and WEQ-PA-Fe gel. (f-i) Tensile
stress—stretch ratio curves (f) and detailed tensile data (g-i) of the four representative samples. Values
in (c,g-i) are expressed as mean value 4 SD (1 > 3).
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Figure 2. Tensile behavior of ASP-PA gels with different Cy;. Here the original PA gel is P(NaSS-co-
DMAEA-Q) gel. (a) Tensile stress—stretch ratio curves. (b—d) Detailed Young’s modulus (b), tensile
fracture strength (c), and work of tension (d) versus Cy;. (e) Volume fraction of polymer (¢p) of the
gels versus Cy. (f) Normalized Young’s modulus (E/ ¢p) versus Cyy. Values in (b—f) are expressed as
mean value + SD (n > 3).

2. Materials and Methods
2.1. Materials

Sodium p-styrenesulfonate (NaSS, 90 wt%; anionic monomer) was purchased from
Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Dimethylaminoethylacrylate
quaternized ammonium (DMAEA-Q, 80 wt%; cationic monomer) and
3-(methacryloylamino)propyl-trimethylammonium chloride (MPTC, 50 wt%; cationic
monomer) were purchased from J&K Chemical Ltd. N,N’-methylene-bis-acrylamide
(MBAA; chemical crosslinker), a-ketoglutaric acid (x-keto; ultraviolet photo-initiator),
and metal ion salts were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Chemical structures of the ionic monomers are presented in Figure 1b(i). All
reagents were of analytical grade and were used as received. Deionized (DI) water (18.3
MQ) was used in all the experiments.
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2.2. Preparation of Polyampholyte (PA) Hydrogels

P(NaSS-co-DMAEA-Q) hydrogel was prepared by a free radical polymerization. Typi-
cally, a pre-gel solution containing anionic monomer (NaSS), cationic monomer (DMAEA-
Q), cross-linker (MBAA), and photoinitiator (x-keto) was prepared according to previous
studies [47,51,52]. The total ionic monomer concentration (Cyj) widely ranged from 1.5 to
2.5M, and the molar fraction of anionic monomer (f,) was fixed as 0.51. The molar fractions
of both crosslinker and initiator were 0.10 mol%, relative to Cy;. The pre-gel solution was
injected into a reaction cell consisting of a pair of glass plates as walls and a silicone spacer
(geometry: 10 cm width x 10 cm length x 1 mm thickness). The reaction cell was then
irradiated by an ultraviolet lamp (365 nm, 4 W cm~2) for polymerization for 10 h at ambient
temperature, to form as-prepared PA (ASP-PA) hydrogels. After that, the ASP-PA gels were
immersed in a large amount of DI water for around 1 week to remove residual chemicals
until a new equilibrium was achieved. To ensure sufficient dialysis, DI water was refreshed
every 12 h. During this process, mobile counter ions were dialyzed gradually, and dynamic
ionic bonds were probably formed between the oppositely charged groups on the polymer
chains through Coulombic electrostatic attraction. For simplification, the water-equilibrated
PA gels were denoted as WEQ-PA gels. Another cationic monomer (MPTC) was also used
instead of DMAEA-Q to prepare P(NaSS-co-MPTC) hydrogel by the same procedure. For
identification, generally the mentioned PA gel was P(NaSS-co-DMAEA-Q) gel in this work;
otherwise, the gel system detail would be given.

2.3. Preparation of PA-M Hydrogels

Fe3* ions filled PA (PA-Fe) hydrogels were prepared by a facile secondary equilibrium
approach. Typically, an ASP-PA gel was first soaked in a 200 mL FeCl3 solution at ambient
temperature until a new equilibrium was achieved, where the solution did not change. The
FeCl3 concentration (Cgecy,) of the soaking solutions ranged from 0 to 2.0 M. After around
3 days, ASP-PA-Fe gels were obtained, followed by re-dialysis in adequate DI water for
at least 1 week. In the re-dialysis step, excessive Fe>* ions and the corresponding counter
ions were dialyzed out completely to reach a secondary equilibrium, resulting in tough
WEQ-PA-Fe gels. To guarantee sufficient dialysis, DI water was refreshed every 12 h. To
verify the proposed approach, both PA hydrogel systems (i.e., P(NaSS-co-DMAEA-Q) and
P(NaSS-co-MPTC) gels) were used to prepare ASP-PA-Fe gels. Meanwhile, some other
metal ion solutions (i.e., AICl3, MgCl,, CaCl,, and NaCl solutions, Cy; = 0.3 M) were also
chosen as the soaking solutions to prepare ASP- and WEQ-PA-M hydrogels by the same
procedure, where M represents the multi- or mono-valent metal ions mentioned above. For
identification, the hydrogel samples were denoted as PA-Cyj-M-Cipeta], Where Cipetar is the
concentration of metal ion solutions.

2.4. Volume Swelling Ratio of Hydrogels

The original hydrogel samples were immersed in metal ion solutions to achieve the
equilibrium state, and then immersed in DI water to achieve the secondary re-equilibrium
state. The original volume of the as-prepared cylindrical sample is V( [geometry: original
diameter dy (10.7 mm) and original thickness ty (=1 mm)], and the volume at a different
state is V (diameter d and thickness ). Volume swelling ratio (Qy) of the samples is defined
as [45,52]:

Vo d%t
= — = — 1
Q== ary M

Each sample was measured for at least three times, the average value was calculated,

and the standard deviation was obtained as error bar.

2.5. Scanning Electron Microscopy (SEM)

Cross-sectional morphologies of the hydrogel samples were observed by a Hitachi
SU8010 field emission SEM. In order to guarantee the effective observations of the mi-
crostructures, the samples were frozen and fractured in liquid nitrogen and then freeze-
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dried for 24 h [37,39,45]. Afterwards, the fractured surfaces of the samples were gold-coated
in a JUC-500 Magnetron Sputtering Device (JEOL, Tokyo, Japan), and then observed with
an accelerating voltage of 3 kV.

2.6. Contact Angle Measurements

Static contact angles (0con) of the samples were measured using an optical contact
angle measuring system (JC-2000D, Beijing Zhongyi Kexin Technology Co., Ltd., Beijing,
China). DI water droplets were deposited on a flat and horizontal sample surface. The
droplet size was adjusted by means of a Microsyringe coupled to a programmable pump
with slow (5 mL min~!) injection speed to keep the 3-phase contact in equilibrium. Images
of the droplets were digitized and analyzed with a software to evaluate the contact angles.

2.7. Tensile Tests

Uniaxial tensile tests of the samples were performed by using a universal testing
machine (E43.104, MTS, Shanghai, China) with a 200 N load cell (standard: JIS-K6251-7).
Before the tests, the samples were cut into a dumbbell shape (gauge length [ = 12 mm, width
w =2 mm, and thickness t = 1-2 mm) (Figure S2). The tests were performed at ambient
temperature with a stretch velocity of 100 mm min~!. To prevent hydrogel dehydration, a
humidifier was used to directly spray to the samples during the tests. Young’s modulus, E,
was calculated from the initial slope of the stress—strain curves at the tensile stain within
10%. Work of tension of the samples during the tests (W},) was calculated by integrating
the area under the stress—strain curves as follows:

€
W, — /O ode @)

where ¢ and e were the stress and strain, respectively, and ¢, was the strain at breaking of
the samples [45].

3. Results and Discussion
3.1. Design, Preparation, and Characterizations

The design and preparation process of metal ion filled PA hydrogels with relatively
weak primary chain entanglements are shown in Figure 1a. For simplification, the as-
prepared PA gel, the water-equilibrated PA gel, the PA gel immersed in a metal ion solution,
and the water-equilibrated PA gel after immersion in a metal ion solution are denoted
as ASP-PA gel, WEQ-PA gel, MEQ-PA-M gel, and WEQ-PA-M gel, respectively, where
M represents Fe>*, Al>*, Mg?*, and Ca?* ions (Figure 1b(ii)). Two routes are presented
to achieve the water-equilibrated gels in Figure la. In Route A (from ASP-PA gel to
WEQ-PA gel), the Coulomb repulsion of the network tends to prevail over the limited
Coulomb attraction of oppositely charged groups due to the relatively weak primary chain
entanglements, leading to the swelling of the network and the mechanical weakness. Route
B is our proposed approach that contains two steps in the soaking process. In Step-I from
ASP-PA gel to MEQ-PA-M gel, metal ions and their counter ions diffuse into the network
due to the osmotic difference between inside and outside of the network, resulting in the
de-association of originally formed limited ionic bonds and the swelling of the network.
In Step-1I from MEQ-PA-M gel to WEQ-PA-M gel, the PA network with relatively weak
primary chain entanglements is possibly optimized and constructed by both ionic and
metal coordination bonds after excess metal ions and their counter ions are dialyzed out,
enabling the mechanical enhancements of the hydrogels.

The mechanical contribution of ASP-PA gels is mainly related to the polymer chain
density, the chain entanglements, and the Coulomb electrostatic attraction of oppositely
charged groups (i.e., ionic bonds) in the network. Due to the shielding effect of numerous
counter ions, ionic bonds in the network should be very limited and comparable in the
weak ASP-PA gels with different monomer concentrations (Cyy) [47,48]. In addition, the
effect factor of polymer chain density could be also normalized to simplify the mechanical



Polymers 2023, 15, 2644

7 of 18

contribution on the basis of classical rubber elasticity theory [53]. In this case, it seems
possible to distinguish the difference of chain entanglements by varying Cys in the pre-gel
solutions in the ASP-PA gels. As shown in Figure 2a—d, the tensile behavior of ASP-PA
gels with different Cy; (1.5-2.5 M) is presented. It is clear that the tensile properties of
the gels increase gradually at Cy = 1.5-2.3 M and is relatively stable after Cyy > 2.3 M.
The volume polymer fraction (¢p) increases from 30.9 vol.% to 48.1 vol.% with increasing
Cm (1.5-2.5 M), which played a role in the mechanical enhancements (Figure 2e), while
water content (wy) decreases gradually (Figure S3). To exclude the effect of ¢, we further
normalized the Young’s modulus of the ASP-PA gels by ¢, as shown in Figure 2f. Here ¢,
was calculated as follows [54]:

oyt =1 () e ®

1 —ww /) pw

where wy, pp, and py, are the water content of the hydrogel, the density of polymer
(~1.08 g cm~3), and the density of water (=0.998 g cm~3), respectively. After the nor-
malization, the mechanical difference should be mainly due to the difference of chain
entanglements. Clearly, the chain entanglements became stronger gradually with increas-
ing Cy (1.5-2.3 M), enhancing the mechanical properties; they became comparable after
Cm > 2.3 M, resulting in the relatively stable mechanical properties.

Based on the above result, to verify our proposed approach, we first chose a P(NaSS-
co-DMAEA-Q) gel (Cyy = 1.7 M) as a model PA gel with relatively weak primary chain
entanglements and 0.7 M FeClj solution as a model metal ion solution for dialysis to pre-
pare a WEQ-PA-Fe gel. After immersing ASP-PA gel in water directly, WEQ-PA gel showed
a swelling behavior (volume swelling ratio Qv = 1.33 m®> m~3) and a turbid appearance, in-
dicating the occurrence of clear phase separation in the network (Figure 1c). In comparison,
when ASP-PA gel was immersed in the FeCl; solution and water in sequence, the resulting
MEQ-PA-Fe gel showed a relatively large Qy (2.51 m® m~3), but WEQ-PA-Fe gel showed a
clear deswelling behavior (Qy =0.55 m3 m~3). The swelling of WEQ-PA gel is mainly due to
the relatively weak primary chain entanglements, making the Coulomb repulsion dominate
the behavior in the network. Through our approach, the yellow-brown color of WEQ-PA-Fe
gel indicates the successful introduction of metal coordination bonds (Figure 1c), which has
been further evidenced by the FTIR and XRF data (Figure S4 and Table S1). After the intro-
duction of Fe3* ions, almost all characteristic peaks of —SO3~ groups in the FTIR spectrum
redshift and become stronger and broader in WEQ-PA-Fe gel, suggesting the formation of
metal coordination (-SO3; ~ eeeFe3*) bonds (Figure 54). Meanwhile, the characteristic peaks
of —(CHj3)3N™ groups also become stronger and broader in WEQ-PA-Fe gel, indicating the
strengthening of the ionic bonds between the oppositely charged groups. The XRF result
further confirms the existence of the ferric element in WEQ-PA-Fe gel (Table S1). The clear
deswelling behavior of WEQ-PA-Fe gel should be mainly attributed to the synergy of the
formed ionic and metal-coordination bonds.

Static contact angle (6con) tests show that such possibly formed metal coordination
bonds could clearly affect the hydrophilicity of the hydrogel surface (Figure 1d). The
hydrophilicity of PA gels should be mainly related to the water content and unpaired
charged groups, which could influence the network polarity [52,55]. WEQ-PA gel shows
a relatively hydrophilic surface (6.on =~ 15°) due to its polar property. In comparison,
WEQ-PA-Fe gel possesses a relatively high 0.on (=57°), indicating a relatively poorer
hydrophilicity probably mainly because of the formed ionic and metal coordination bonds.
The formation of these dynamic bonds also influenced the microstructure of the PA gel,
as indicated by SEM images (Figure 1e). The freeze-dried WEQ-PA gel exhibits a loose
structure, but WEQ-PA-Fe gel shows a relatively dense structure. This structural difference
might be also induced by the synergy of the formed ionic and metal coordination bonds,
which should be beneficial to the mechanics of the gels.

We then compare the tensile behavior of the hydrogel samples (Figure 1f-i). Due to
the lack of energy dissipation mechanism, both ASP-PA gel and MEQ-PA-Fe gel show
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particularly weak tensile performance. After dialysis in water, WEQ-PA gel was just me-
chanically enhanced mildly compared with ASP-PA gel but still relatively weak, indicating
that relatively strong primary chain entanglements are necessary for the formation of
tough PA gels with numerous ionic bonds, agreeing with previous studies [47,48]. Based
on our proposed approach, WEQ-PA-Fe gel shows significant mechanical enhancements:
0.37 MPa of Young’s modulus (E), 1.5 MPa of tensile fracture strength (¢,), and 3.2 MJ m 3
of work of tension at break (W},), which are 10.6, 5.6, and 8.2 times these of WEQ-PA gel,
respectively (Figure 1g—i). The mechanical data clearly prove that PA gels with relatively
weak primary chain entanglements could be effectively enhanced by the synergy of ionic
and metal coordination bonds, supporting our proposed approach very well.

To verify the synergistic effect of the two kinds of dynamic bonds on the mechan-
ical properties of PA gels with relatively weak primary chain entanglements, we pre-
pared a control gel by using a neutral monomer [i.e., acrylamide (AAm)] instead of the
cationic monomer (i.e., DMAEA-Q) in P(NaSS-co-DMAEA-Q) gel (Figure S5 and Table S2).
The stoichiometric ratio is the same as the PA gels, and the sample is simply named
as P(NaSS-co-AAm) gel (shortly as PNA gel). WEQ-PNA-Fe gel with Cy = 2.0 M and
Crecl, = 0.3 M was further prepared via our proposed approach, where only metal coordi-
nation (-SO3 ~eeeFe3*) bonds but without ionic bonds could be formed. The tensile result
demonstrates that the mechanical properties of WEQ-PA-Fe gel highly surpass these of
WEQ-PNA-Fe gel, indicating that both ionic and metal coordination bonds synergistically
enhanced the PA gels.

3.2. Effect of Monomer Concentration in Pre-Gel Solutions

As aforementioned, Cyj could influence the primary chain entanglements and polymer
chain density of the as-prepared PA (ASP-PA) gels, which accordingly resulted in different
mechanical properties. We hypothesize that the mechanical enhancements of WEQ-PA-Fe
gels could be also affected by Cys. In this section, we systematically study the effect of Cy
on the tensile behaviors of the gels.

We chose 0.3 M FeCls solution as a model metal ion solution and varied Cy; at
1.5-2.5 M to fabricate a series of WEQ-PA-Fe gels. The detailed tensile properties of the
gels are presented in Figure 3a—d, Tables 1 and S3. The data show that all the WEQ-PA-Fe
gels with different Cy; were mechanically enhanced clearly compared to WEQ-PA gels. The
result demonstrates that the secondary equilibrium approach (that was firstly proposed
previously [45]) is successfully extended for the toughening of PA gels with relatively
weak primary chain entanglements (1.5 M < Cy < 2.0 M). Importantly, these PA gels with
relatively weak chain entanglements could be enhanced more significantly, compared with
these gels with relatively high chain entanglements (Cy; > 2.0 M) (that was also reported
previously) [45]. When Cy is even as low as 1.5 M, WEQ-PA-Fe gel exhibits 0.17 MPa of
Young’s modulus (E), 1.4 MPa of tensile fracture strength (c,), and 3.6 MJ m—3 of work of
tension at break (W},), which are 28.3, 175, and 900 times these of the corresponding neat
WEQ-PA gel, respectively. WEQ-PA-Fe gel possesses the highest mechanical properties
at Cp; = 2.0 M: E = 0.90 MPa, 0y, = 2.9 MPa, and W, = 5.6 MJ] m 3, which are 18, 6.0, and
8.2 times these of the corresponding neat WEQ-PA gel, respectively. The significant mechan-
ical improvements should be attributed to the high synergy efficiency of the formed ionic
and metal coordination bonds, which have been confirmed by the FTIR result (Figure S6).

Based on the tensile curves of the gels (Figure 3a), the strain softening and hardening
behaviors are also understood by a theoretical Mooney—Rivlin model [54,56-58]:

1
where 0,4 is the reduced stress, A is the stretch ratio, and C; and C, are the material
constants. 2C; is equal to the shear modulus, G (=E/3), and C; is related to the strain
softening (Cp > 0) and hardening (C, < 0) beyond Gaussian elasticity region. A material
experiences a purely elastic stretching region when C, = 0. We plot 0;q versus A ! curves
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and their derivation curves (corresponding to the slope changes) of WEQ-PA-Fe gels with
different Cy; (Figure 3e,f). It can be observed that all the WEQ-PA-Fe gels show clear
strain softening and hardening behaviors. In neat WEQ-PA gels with relatively high Cyy,
relatively weak ionic bonds serve as sacrificial bonds to contribute to the softening behavior,
while relatively strong ionic bonds and covalent bonds are responsible for the hardening
behavior [47,48]. In our WEQ-PA-Fe gels, relatively weak ionic and metal coordination
bonds are considered to contribute to the softening behavior, and relatively strong ionic and
metal coordination bonds as well as covalent bonds are related to the hardening behavior.
The Mooney-Rivlin plots tell that both relative weak and strong bonds were enhanced
dramatically owing to the introduction of metal coordination bonds. The more prominently
enhanced hardening behavior further indicates that more strong bonds were formed in the
gels. In addition, the two behaviors are the strongest for WEQ-PA-Fe gels with Cy =2.0 M,
indicating the highest synergy efficiency in mechanical enhancements. The above result
further evidenced that our proposed approach is effective for enhancing the weak PA gels
with relatively weak primary chain entanglements.
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Figure 3. Tensile behavior of WEQ-PA-Fe hydrogels with different Cy. (a) Tensile stress—stretch ratio
curves. (b—d) Detailed Young’s modulus (b), tensile fracture strength (c), and work of tension (d)
versus Cyy. (e) Reduced stress (0eq) versus A~! curves and (f) the corresponding derivation curves
based on the Mooney-Rivlin model. Values in (b—d) are expressed as mean value + SD (n > 3).
The curves shown in (f) are smoothed to reduce the noise but not to influence the trend of the data.
Dashed lines are manually drawn as visual guides. Cgecy, = 0.3 M.
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Table 1. Summary of tensile properties of WEQ-PA-Fe gels. Here the original PA gel is P(NaSS-co-
DMAEA-Q) gel.

Sample Code (Cyv-Creci,) @ E (MPa) & (mm~1) oy, (MPa) Wp (MJ m—3) Qy (m® m—3)
WEQ-PA-1.5-Fe-0.3 0.17 £ 0.01 8.0£0.1 14+0.1 3.6£03 0.52 £ 0.01
WEQ-PA-1.7-Fe-0.3 0.48 4+ 0.01 6.7 £0.1 22+0.2 47+ 0.6 0.62 £+ 0.02
WEQ-PA-2.0-Fe-0.3 0.90 £ 0.09 6.1 £0.1 29+£0.1 5.6 £0.2 0.57 £ 0.01
WEQ-PA-2.3-Fe-0.3 0.23 £ 0.01 6.0 £0.1 23+£02 43 +0.6 0.70 £ 0.01
WEQ-PA-2.5-Fe-0.3 0.26 4+ 0.01 6.0 £0.1 1.7+ 0.1 32+04 0.70 4+ 0.01
WEQ-PA-2.0 0.05 £ 0.01 51+£0.1 0.48 = 0.01 0.68 £+ 0.06 0.94 £+ 0.06
WEQ-PA-2.0-Fe-0.01 0.53 £ 0.04 6.0 £0.1 23+£0.1 41+0.1 0.59 £ 0.01
WEQ-PA-2.0-Fe-0.02 0.52 +0.03 59 +0.1 24 +0.1 4.0£0.2 0.61 4+ 0.01
WEQ-PA-2.0-Fe-0.05 0.59 £+ 0.01 6.0 £0.1 24+03 4.6 £0.7 0.58 + 0.01
WEQ-PA-2.0-Fe-0.1 0.80 £ 0.05 6.1 £0.1 27+01 52403 0.58 £ 0.01
WEQ-PA-2.0-Fe-0.5 0.72 £ 0.05 6.0 £0.1 25+0.1 49 +0.6 0.60 £ 0.02
WEQ-PA-2.0-Fe-0.7 0.58 + 0.01 6.0 £0.1 22+01 45+0.1 0.60 £ 0.01
WEQ-PA-2.0-Fe-1.0 0.51 £ 0.03 6.1 £0.1 22+£02 43+04 0.61 £+ 0.02
WEQ-PA-2.0-Fe-1.5 0.52 +0.03 6.0 £0.1 22+0.1 44402 0.61 = 0.02
WEQ-PA-2.0-Fe-2.0 0.52 £ 0.02 6.2 £0.1 24+0.1 49+04 0.60 = 0.03

@ Cy in the code of WEQ-PA-Cy-Fe-Crecl, represents the monomer concentration in pre-gel solutions.

3.3. Effect of Metal ion Concentration of Dialysis Solution

Metal ion concentration of dialysis solution could probably determine the metal
ion loading in the gels, which might affect the quantity and quality of the formed metal
coordination bonds, accordingly resulting in different mechanical improvements. Therefore,
we next investigate the effect of the concentration of FeClj solution (Cgecy,) on the mechanics
of WEQ-PA-Fe gels with relatively weak primary chain entanglements.

We chose the PA gel with Cy; = 2.0 M as a representative gel and varied Cgecy, at
0-2.0 M to fabricate a series of WEQ-PA-Fe gels. Their tensile properties are given in
Figure 4a—d and Table 1. The tensile data show that all the WEQ-PA-Fe gels could be
enhanced significantly. The different enhancements also confirmed the clear influence of
Crecl, on the mechanical behavior of the gels. In detail, the tensile properties increase
continuously at 0 < Cgecy, < 0.1 M, then become comparable at 0.1 < Cgecy, < 0.3 M,
and decrease mildly but are still much higher than the corresponding neat gel until
Crecl; = 0.3 M. The tendency is also similar to our recent data on the toughening of
PA gels with relatively strong primary chain entanglements (Cy; = 2.3 M) [45]. The result
suggests that the synergistic effect of ionic and metal coordination bonds is effective in
a wide range of Crec|, and could be maximized at 0.1 < Cgecy, < 0.3 M. The FTIR result
indicates that the chemical structures of the gels were influenced by Cgecj, by affecting
the quantity and quality of the formed ionic and metal coordination bonds (Figure S7).
The XRF result further shows that the content of Fe element (wg.) and the atomic ratio of
Fe:S (rge/s) increase gradually with increasing Cgecy, (0-0.3 M), indicating the gradually
increased quantity of the formed metal coordination bonds; they become comparable after
Crecl, = 0.5 M (Table S1). The tensile data are in good agreements with the FTIR and XRF
data. On the basis of the tensile curves (Figure 4a), the strain softening and hardening
behaviors of the gels with different Cgecy, were also studied by the Mooney-Rivlin model,
and the corresponding plots are given in Figure 4e,f. Both the two kinds of behaviors
became strong after the introduction of metal coordination bonds, and the influence on the
hardening behaviors is more significant. The result also indicates that both relative weak
and strong bonds were enhanced, and more strong bonds were formed in the gels. With
increasing Crecy,, the change tendency of the strength of the two behaviors is similar to
that shown in tensile properties. Interestingly, WEQ-PA-Fe gel could achieve relatively
high mechanical properties even at Cgeci, = 0.01 M: E = 0.53 MPa, 0, = 2.3 MPa, and
Wi, = 4.1 MJ] m—3, which are 12, 4.8, and 6.0 times these of the corresponding neat gel,
respectively (Figure 4b—d).
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Figure 4. Tensile behavior of WEQ-PA-Fe hydrogels with different Cgecy,. (a) Tensile stress—stretch
ratio curves. (b—d) Detailed Young’s modulus (b), tensile fracture strength (c), and work of tension
(d) versus Cecy, - () Reduced stress (0yeq) versus A~1 curves and (f) the corresponding derivation
curves based on the Mooney-Rivlin model. Values in (b-d) are expressed as mean value & SD (1 > 3).
The curves shown in (f) are smoothed to reduce the noise but not to influence the trend of the data.
Dashed lines are manually drawn as visual guides. Cy; = 2.0 M.

The tensile properties of WEQ-PA-Fe gels with different Cy as a function of Cgecy, are
further presented in Figure 5a—c. It is clearly seen that with increasing Cgecy, the gels with
different Cy; show the similar trend described above for WEQ-PA-Fe gels with Cy; =2.0 M
(Figure 4a—d). It is also seen that the mechanical enhancements of the gels become more
prominent with increasing Cy (1.5-2.0 M), then become slightly weaker after Cy; > 2.0 M.
It is probably because the synergistic enhancements of the gels could be optimized at
Cm = 2.0 M via the formed ionic and metal coordination bonds. The normalized E (i.e.,
E/¢p) data further confirmed the critical role of the synergy of the two kinds of dynamic
bonds in mechanical enhancements (Figure 5d). All these results confirmed the effectiveness
of our proposed approach for the mechanical improvements of the PA gels with relatively
weak primary chain entanglements.
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Figure 5. Tensile properties of WEQ-PA-Fe hydrogels with different Cyf as a function of Crecy,. Here
the original PA gel is P(NaSS-co-DMAEA-Q) gel. (a) Young’s modulus, (b) tensile fracture strength,
and (c) work of tension versus Crecy,- (d) Normalized Young’s modulus (E/ ¢p) versus Crecy,- All
values are expressed as mean value £ SD (n > 3).

3.4. Generality of the Proposed Approach

To study the generality of our proposed approach, we selected another kind of PA
hydrogel [i.e., P(NaSS-co-MPTC) gel] with a relatively low Cy (1.5 M) to prepare WEQ-
PA-Fe gels with different Cgec),. Compared to the neat P(NaSS-co-DMAEA-Q) gel with
the same Cyj, the primary neat P(NaSS-co-MPTC) gel possesses higher tensile properties,
although it is still very weak (Figures 4 and 6). In this section, the two kinds of initial PA
gels are denoted as PA(DMAEA-Q) and PA(MPTC) gels for simplicity. WEQ-PA(MPTC)-Fe
gels were prepared by the same process and Cgec), was 0-1.5 M. Tensile properties of
the gels are presented in Figure 6a—d and Table 2. Similarly, all WEQ-PA(MPTC)-Fe gels
exhibit clear mechanical enhancements in comparison to the neat WEQ-PA(MPTC) gel. In
detail, the tensile data of the gels increase to peak values with increasing Cgecy, (0-0.05 M),
and then decrease to plateau values with further increasing Crecj, until Cgecy, = 1.0 M.
When Cgecy, = 0.05 M, WEQ-PA(MPTC)-Fe gel exhibits the highest tensile performance:
E =6.5MPa, 0}, = 1.5 MPa, and W, = 2.9 MJ m 3, which are 310, 125, and 414 times these of
the corresponding neat gel, respectively. Based on the tensile curves (Figure 6a), the strain
softening and hardening behaviors of the gels were also studied by the Mooney-Rivlin
model (Figure 6e,f). Compared to the neat gel, the softening behaviors of WEQ-PA(MPTC)-
Fe gels were enhanced significantly, while their hardening behaviors showed negligible
enhancements. The result indicates that, through our proposed approach, the additionally
formed relatively weak ionic and metal coordination bonds mainly contribute to the
mechanical enhancements. With increasing Cgecy,, the change tendency of the strength of
the softening behaviors is also similar to that shown in tensile properties. It is also worth
noting that WEQ-PA(MPTC)-Fe gel could also achieve relatively high mechanical properties
at Crecl, as low as 0.01 M: E = 7.0 MPa, 0}, = 1.3 MPa, and W}, = 2.5 M] m~3, which are 333,
108, and 357 times these of the corresponding neat gel, respectively (Figure 6b—d). It should
be emphasized that these enhancements are more prominent compared with the PA gel
with relatively strong primary chain entanglements (Cy; = 2.3 M) reported previously [45].
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These significant improvements demonstrate the highly efficient synergistic effect of ionic
and metal coordination bonds. The above result initially confirmed our proposed approach
is not limited for a specific PA gel system.
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Figure 6. Tensile behavior of WEQ-PA-Fe hydrogels with different Cgecy,. Here the original PA gel is
P(NaSS-co-MPTC) gel. (a) Tensile stress—stretch ratio curves. (b—d) Detailed Young’s modulus (b),
tensile fracture strength (c), and work of tension (d) versus Crecy,. (€) Reduced stress (0yeq) versus
A~1 curves and (f) the corresponding derivation curves based on the Mooney-Rivlin model. Values
in (b—d) are expressed as mean value + SD (n > 3). The curves shown in (f) are smoothed to reduce
the noise but not to influence the trend of the data. Cy; = 1.5 M.

To expand our understanding on the generality of the proposed approach, we further
introduced different metal ions (i.e., AI**, Mg?*, Ca?*, Na*) into the PA gel with a relatively
low Cy (2.0 M) to prepare WEQ-PA-M gels, where M represents metal ions. The original PA
gel is P(NaSS-co-DMAEA-Q) gel, and the concentration of the metal ion solution (Ciyeta1) for
dialysis is 0.3 M. The tensile result demonstrates that the WEQ-PA-M gels with multivalent
metal ions (i.e., AI**, Mg?*, Ca?*) possess distinct mechanical improvements comparing
with the neat gel, but the gel with monovalent ions (i.e., Na*) exhibits comparable me-
chanical performance due to the lack of coordination ability (Figure 7 and Table 3). The
mechanical improvements of the gels with multivalent metal ions probably mainly result
from the high synergy effectiveness of the formed ionic and metal coordination bonds,
although the original gel possesses relatively weak primary chain entanglements at the
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as-prepared state. When further comparing the mechanical data among the WEQ-PA-M
gels with different multivalent metal ions, we find that the mechanical enhancements of the
gels with Fe®* ions are the best, which should be mainly related to the binding parameters
of the multivalent metal ions [45,59,60]. Thus, the result confirmed again that our proposed
approach is relatively general for mechanically enhancing PA gels with relatively weak
primary chain entanglements. All these data demonstrate that our proposed secondary
equilibrium approach is extended successfully for the toughening of weak PA gels.
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Figure 7. Tensile behavior of WEQ-PA-M hydrogels with different metal ions (M). Here the original
PA gel is P(NaSS-co-DMAEA-Q) gel. M represents Fe*, A13*, Mg?*, Ca®*, and Na* ions. (a) Tensile
stress—stretch ratio curves. (b—d) Detailed Young’s modulus (b), tensile fracture strength (c), and
work of tension (d). Values in (b—d) are expressed as mean value = SD (n > 3). Cy =2.0 M,
Cmetal = 0.3 M.

Table 2. Summary of tensile properties of WEQ-PA-Fe hydrogels. Here the original PA gel is
P(NaSS-co-MPTC) gel.

Sample Code (Cyvi-Creci,) @ E (MPa) e, mm~1) oy, (MPa) Wy (MJ m—3) Qy (m® m—3)
WEQ-PA-1.5 0.02 4+ 0.01 0.82 £ 0.02 0.01 +0.01 0.007 £+ 0.001 48 +0.2
WEQ-PA-1.5-Fe-0.01 7.0+0.3 2.7+ 0.1 1.3+0.1 25+0.1 0.68 £+ 0.01
WEQ-PA-1.5-Fe-0.02 6.6 0.2 2.7+ 0.1 14 +0.1 25+0.2 0.67 £ 0.01
WEQ-PA-1.5-Fe-0.05 6.5+ 04 3.14+0.1 1.5+0.1 29+0.1 0.66 + 0.01
WEQ-PA-1.5-Fe-0.1 6.3 +0.2 2.8+ 0.1 1.2+0.1 24+0.1 0.67 £ 0.01
WEQ-PA-1.5-Fe-0.3 2.6 +0.1 2.6 +0.1 0.55 £ 0.04 0.87 £0.13 1.1£0.1
WEQ-PA-1.5-Fe-0.5 1.6 £0.2 2.6 +0.1 0.42 +0.02 0.68 4+ 0.09 1.3+0.1
WEQ-PA-1.5-Fe-0.7 1.1£02 2.6 +0.1 0.34 £ 0.01 0.55 £+ 0.05 14 +0.1
WEQ-PA-1.5-Fe-1.0 1.0£02 2.0+0.1 0.24 +£0.01 0.30 £ 0.01 1.6 £0.1
WEQ-PA-1.5-Fe-1.5 1.0£0.1 2.0+0.1 0.26 + 0.01 0.34 +0.03 1.5+0.1

@ Cy in the code of WEQ-PA-Cyi-Fe-Cecy, represents the monomer concentration in pre-gel solutions.
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Table 3. Summary of tensile properties of WEQ-PA-M hydrogels. Here the original PA gel is P(NaSS-
co-DMAEA-Q) gel.

Sample Code (Cni-Crnetal) @ E (MPa) & (mm~1) oy, (MPa) Wp (MJ m—3) Qy (m® m—3)
WEQ-PA-2.0 0.05 £ 0.01 51+£0.1 0.48 + 0.01 0.68 £+ 0.06 0.94 £+ 0.06
WEQ-PA-2.0-Fe-0.3 0.91 £+ 0.09 6.1 £0.1 29 +0.1 5.6 £0.2 0.57 +0.01
WEQ-PA-2.0-Al-0.3 0.17 £ 0.01 79+£02 1.2+0.1 23+04 0.69 £+ 0.01
WEQ-PA-2.0-Mg-0.3 0.20 £ 0.01 77 +£02 1.2+0.1 22+£0.1 0.74 £ 0.01
WEQ-PA-2.0-Ca-0.3 0.19 4+ 0.01 75+02 1.1+01 21+£0.1 0.77 = 0.02
WEQ-PA-2.0-Na-0.3 0.071 £ 0.002 40+0.1 0.35 +0.13 0.48 £0.02 0.96 £+ 0.03

@ Cy in the code of WEQ-PA-Cyi-M-Crnetal represents the monomer concentration in pre-gel solutions.

4. Conclusions

In summary, we have prepared strong and tough modified PA hydrogels with rela-
tively weak primary chain entanglements via a secondary equilibrium approach. The chain
entanglements could be controlled by the monomer concentration in the pre-gel solutions.
According to the approach, an as-prepared PA gel was first dialyzed in a multivalent metal
ion solution to reach a swelling equilibrium (Step-I) and then soaked in deionized water to
dialyze out excess free ions to achieve a new equilibrium (Step-II), resulting in the modified
PA gel. Through this approach, it was proved that the PA gel with relatively weak primary
chain entanglements could be toughened effectively by the synergy of the formed ionic
and metal coordination bonds. The effects of chain entanglements and metal ion concen-
tration on the mechanical properties of the gels were systematically studied by varying
Cm (1.5-2.5 M) (in the pre-gel solutions) and Cgecy, (0-2.0 M) (in Step-I). The result demon-
strated that the PA gels with different Cys could be mechanically enhanced effectively, and
the enhancements were maximized at Cy; = 2.0 M. In addition, different Cgec, also resulted
in different mechanical enhancements, and the synergy between ionic and metal coordi-
nation bonds is the most effective at Cgecy, = 0.3 M. The modified PA gel could achieve
the optimal mechanical performance at Cy; = 2.0 M and Crecy, = 0.3 M: its elastic modulus,
tensile fracture strength, and work of tension were improved by 1800%, 600%, and 820%,
respectively, comparing to the original PA gel. By selecting different PA gel system and
diverse multivalent metal ions (i.e., AI>*, Mg?*, Ca?*), our approach was proved to be
relatively general. Further studies (e.g., biocompatibility, physiological stability, and cell
cytotoxicity) are needed in future work to explore the potential applications of the gels.
This study well extends our proposed secondary equilibrium approach for the toughening
of weak PA gels with relatively weak chain entanglements.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym15122644/s1, Figure S1: Possible dynamic bonds formed
in the WEQ-PA-Fe hydrogel networks; Figure S2: Hydrogel sample geometry and method for tensile
tests; Figure S3: Water content (wvw) of ASP-PA gels with different Cys (1.5-2.5 M); Figure S4: FTIR
spectra of dried WEQ-PA and WEQ-PA-Fe hydrogels; Figure S5: Comparison of tensile properties
of WEQ-PNA gel, WEQ-PNA-Fe gel, WEQ-PA gel, and WEQ-PA-Fe gel; Figure S6: FTIR spectra
of dried WEQ-PA-Fe hydrogels with different initial monomer concentration, Cys.; Figure S7: FTIR
spectra of dried WEQ-PA-Fe hydrogels with different Cgecy,; Table S1: Atomic ratio of Fe:S in WEQ-
n-PA-Fe gels on the basis of the XRF result; Table S2: Summary of tensile properties of WEQ-PNA
gel, WEQ-PNA-Fe gel, WEQ-PA gel, and WEQ-PA-Fe gel shown in Figure S5; Table S3: Summary of
tensile properties of neat WEQ-PA gels with different Cy; (1.5-2.5 M). References [52,61] are cited in
the supplementary materials.
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