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Introduction

Contrasting the irreversible permanent structures created by

Interplay of the structures and viscoelastic
properties of polyampholyte gels with the
interlude of neutral blocks

You Cai Xue, % Yi Hui Zhao,72° Xiu Li Sun® and Di Jia (2 *@®

Polyampholyte gels with hierarchical structures due to the microphase separation are good candidates
for biomaterials and bioengineering due to their unique properties such as self-healing and anti-
biofouling. However, how to precisely control their microstructures and viscoelastic properties is yet to
be explored. By introducing the acrylamide neutral blocks, we have quantitively tuned the micro-
structures and viscoelastic properties of polyampholyte gels. With the interlude of more acrylamide
neutral blocks, the size and density of the ionic clusters become smaller, leading to a shorter relaxation
time. Very small angle neutron scattering results show that the interlude of hydrophilic acrylamide
neutral blocks will act as defects to suppress the phase separation and make the microphase separated
domains become smaller. In the yielding measurements, the reversible dissociation—association dynami-
cal behavior of the ionic bonds can protect the gels from yielding, exhibiting excellent self-healing
properties. The interlude of acrylamide neutral blocks would act as defects to disrupt the formation of
ionic bonds, thus making the yielding point decrease. Finally, the impact of different swelling methods
on the viscoelastic properties was also studied. Only for gels with intermediate ionic bond strength, can
the association—dissociation collective dynamical behavior of the ionic bonds be observed, so they can
exhibit excellent self-healing properties. When the ionic bond strength is too strong or too weak, the
self-healing properties would disappear. Our work enables us to mimic biological tissues such as mucus,
vitreous humor, and nucleus pulposus with desirable viscoelastic properties and self-healing behaviors.

Zhang et al. have significantly enhanced the mechanical
properties of hydrogels by introducing charged poly(sodium
acrylate) into poly(vinyl alcohol) (PVA) hydrogels. The

covalent bonds in chemical gels, physical gels with non-
covalent bonds have amazing attributes such as self-healing,
time-programmable, recycling, and adhesive properties.
Double-network hydrogels composed of one network formed
by covalent bonds and the other network formed by non-
covalent bonds such as reversible dynamic bonds have been
developed to enhance the mechanical performance,' ® allowing
them to adapt to a broad field of applications such as wound
dressings, tissue engineering, etc. During the deformation, the
reversible dynamic bonds can dissipate energy as a sacrificial
network through breaking, thereby enhancing the mechanical
properties of the double-network hydrogels.””® For example,
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polyelectrolyte-induced aggregation and crystallization of PVA
lead to the formation of additional crystalline regions within
the hydrogel network. These crystalline regions act as effective
cross-linking points, and the formation of double-network
hydrogels has significantly improved the mechanical perfor-
mance and can be used as a biomedical patch.” In another
example, by adding glucose and tannic acid in the polyacryla-
mide hydrogels to form a double-network through hydrogen
bonds, the hydrogels would be swelling-resistant with strong
toughness, good self-recoverability, rapid self-healing and
adhesiveness.’®" Mu and colleagues prepared polyacryla-
mide-co-acrylic acid/sodium alginate/tannic acid hydrogels
through the soaking method. Due to the synergistic effect of
hydrogen bonds and covalent bonds within the hydrogels, they
can exhibit excellent mechanical properties and adhesive
strength, providing new possibilities for the application of
hydrogels in a wet environment."”

Polyampholyte gels, which consist of anionic monomers and
cationic monomers randomly distributed within the polymer
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gel network, have rich viscoelastic properties and fatigue resis-
tance, and they also exhibit excellent biological underwater
adhesive properties and anti-biofouling properties, thus mak-
ing them good candidates as biomaterials.’*™*® Li et al
investigated the physical mechanisms of the fatigue resistance
of a polyampholyte hydrogel which is composed of hierarchical
structures including ionic bonds, transient and permanent
polymer networks, and a bicontinuous microphase separated
network. It was found that ionic bonds endow the hydrogel
with self-healing capabilities, while the bicontinuous
microphase separated networks play a dominant role in the
long-term memory effects and fracture resistance under
cyclic stretching."” Gong and colleagues studied the effect of
the mesoscale structures of polyampholyte gels on fatigue-
delaying behavior and found that the mesoscale structures play
a vital role in fatigue resistance of the gels and control the
mechanisms of crack propagation.'®>* For example, the bicon-
tinuous phase networks can significantly decelerate the crack
advance until the rupture of the hard phase network. Besides,
in the polyampholyte gels there are two kinds of ionic bonds:
strong ionic bonds and weak ionic bonds, and the strong ionic
bonds serve as permanent crosslinks to maintain the shape of
the gel, whereas the weak ionic bonds perform as sacrificial
bonds to enhance the fracture resistance by bond rupture and
therefore toughen the materials."*** Gong’s team also discov-
ered that the shrinking and swelling kinetics of polyampholyte
hydrogels is asymmetric. Specifically, the swelling kinetics is
governed by the permanently crosslinked network structure,
whereas the shrinking kinetics is governed by structure frustra-
tion, formed due to large differences in the heat and solvent
diffusions. Such an asymmetric swelling/shrinking kinetics is
designed to mimic the brainlike memorizing-forgetting
behavior.>**® Moreover, Baker et al. studied the swelling prop-
erties of polyampholyte gels with neutral monomer acrylamide
and they found that hydrogel swelling increases as the NaCl salt
concentration increases, exhibiting an antipolyelectrolyte
behavior.?® Peiffer and Lundberg investigated the viscometric
properties of low charge density ampholytic ionomers and
found that the separation of these oppositely charged mono-
mer units via neutral acrylamide moieties establishes a control
over the physical properties not readily attainable in the highly
charged polyampholytes.>” However, how to precisely control
and design the desired viscoelastic properties of the polyam-
pholyte gels is yet to be explored.

In this work, by introducing neutral acrylamide blocks
containing hydrogen bonds in a polyampholyte gel containing
ionic bonds, we explored how to precisely control and design
the desired viscoelastic properties of the weakly chemical-
crosslinked (0.5%) gels containing both hydrogen bonds and
ionic bonds. By employing the very small angle neutron scatter-
ing (VSANS) measurements for gels with different fractions of
acrylamide neutral blocks and also different monomer concen-
trations, we have systematically studied the interplay between
the microscopic phase-separated structures and the macro-
scopic viscoelastic properties of the gels containing both hydro-
gen bonds and ionic bonds. Finally, the impact of different
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swelling methods on the viscoelastic properties was investi-
gated. This work helps us better understand the interplay
between the microstructures and the viscoelastic properties of
polyampholyte gels with the interlude of neutral blocks. It can
also enable us to mimic biological tissues such as mucus,
vitreous humor, and nucleus pulposus with desirable visco-
elastic properties and self-healing behaviors.

Experimental section
Materials

Anionic monomer sodium p-styrene sulfonate (NaSS, >90%,
Sigma-Aldrich), cationic monomer 3-(methacryloylamino)pro-
pyl-trimethylammonium chloride (MPTC, 50 wt% in water,
Sigma-Aldrich), neutral monomer acrylamide (AM, 40 wt% in
water, Sigma-Aldrich), chemical crosslinker N,N’-methylenebis
(acrylamide) (MBAA, 2 wt% in water, Macklin), UV initiator o-
ketoglutaric acid (99%, Sigma-Aldrich), sodium chloride (NacCl,
99.8%, Macklin), calcium chloride anhydrous (CaCl,, 94%,
Macklin), and barium chloride (BaCl,, 99%, Macklin) were used
as received. Deionized water was obtained from a Milli-Q water
purification system (Millipore, Bedford, MA, USA).

Synthesis of polyampholyte hydrogels

Polyampholyte hydrogels were synthesized using the one-step
free-radical copolymerization of the anionic monomer sodium
p-styrene sulfonate (NaSS), the cationic monomer 3-(methacry-
loylamino)propyl-trimethylammonium chloride (MPTC), and
the neutral monomer acrylamide (AM).?>** The chemical cross-
linking density is 0.5% with the addition of N,N’-methylenebis
(acrylamide) (MBAA) chemical crosslinkers. The chemical
crosslinking density of a gel is defined as the molar ratio of
the chemical crosslinkers to the total moles of all the mono-
mers and chemical crosslinkers. In all the experiments, there
are three tunable parameters, which are the total monomer
concentration C,, of anionic monomer NaSS, cationic mono-
mer MPTC and neutral monomer AM (C,, = [NaSS] + [MPTC] +
[AM)]), the fraction of neutral monomer f=[AM]/Cy,, and the salt
concentration Cs. The molar charge ratio of the anionic mono-
mer to the total charged monomers r = [NaSS]/([NaSS] +
[MPTC]) was fixed at the charge balance point 7 = 0.52 for all the
experiments.”® The synthetic procedure for the gels with Cp, =
1.5 M and = 30% in the as-prepared state is described below as
a typical example. 3.41 g of NaSS, 6.606 mL 50% (w/v) of MPTC
solution, 2.399 mL 40% (w/v) of AM solution, 1.734 mL 2% (w/v)
of MBAA solution and 32.9 mg of UV initiator a-ketoglutaric
acid were mixed with deionized water to bring a total volume of
30 mL. The pre-gel solution was stirred to make it homogenous
and transferred to a Petri dish and was sealed. Then, the pre-gel
solution was bubbled with nitrogen for 30 min to remove any
dissolved oxygen. The reaction is initiated by UV light radiation
with a wavelength of 365 nm, and the reaction was continued
for 10 hours at room temperature. After polymerization, the as-
prepared gel was obtained, and "H-NMR results show that the
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chemical conversion of all the monomers is nearly 100% (for
details, see Fig. S1).

Very small angle neutron scattering (VSANS)

VSANS experiments were performed by using the very small
angle neutron scattering (VSANS) instrument BL-14%%° at the
China Spallation Neutron Source (CSNS). Neutron data were
collected with a wavelength range from 2.2 A to 6.7 A, employ-
ing a collimation length of 12.75 m. Samples were encased in
quartz cells with an optical path length of 1 mm. Data
reduction was performed using the direct beam method,
including the measurement of the direct beam,>®?° solid angle
and transmission correction as well as solvent scattering back-
ground (or quartz empty cell scattering background) subtrac-
tion. VSANS patterns were continuously recorded with an
acquisition time of 7200 s. The 1D profiles were fitted with
models by using SasView software. The samples for VSANS
measurements were synthesized by using deuterated water as
the solvent.

Rheological measurements

Rheological measurements were performed on a stress-
controlled rheometer (Anton Paar MCR 502) with a 25 mm
roughened parallel-plate geometry. Dynamic strain sweep
measurements were conducted first to determine the linear
viscoelastic region,’*> then the dynamic frequency sweep
measurements were conducted in the linear viscoelastic
region with shear strain fixed at y = 1%. Dynamic strain
sweep measurements were conducted at a fixed frequency
o =1rad s ', depending on the samples. All the measurements
were carried out at room temperature. Silicon oil was coated on
the edge of the parallel plate to prevent water evaporation. The
results are reproducible with this protocol, and all the rheolo-
gical measurements were conducted three times for three gel
samples to ensure that the results are reproducible.

Results and discussion

By introducing the acrylamide neutral blocks, the hierarchical
structures and viscoelastic properties of the polyampholyte gels
were investigated. We systematically changed the compositions
of the gels, including the total monomer concentration Cy,, the
fraction of acrylamide neutral monomers f, and the ionic
strength C; within the gels. In all the experiments, the chemical
crosslinking density was fixed at 0.5%, thus they are weakly
chemically crosslinked. And the molar charge ratio of anionic
monomers to the total charged monomers was fixed at a
stoichiometric charge ratio of r = 0.52."

The very small angle neutron scattering (VSANS) technique
is used to explore the microstructure of the polyampholyte gels.
The VSANS profiles of the polyampholyte gels with different
fractions of acrylamide neutral blocks f at the fixed monomer
concentration C,, = 1.5 M were investigated. Deuterated water
was used as the solvent for all the VSANS measurements. A
Lorentzian peak model was used to fit the VSANS profiles as
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scale
5 + background (1)

(1+55")

1(q) =

where g, is the peak position and B is the full width at half-
maximum. The angular conversion between scattering vector g,
and the correlation length ¢ is g, = 2n/£. Polyampholyte gels
have microphase separated structures composed of a polymer-
dense phase and a polymer-poor phase.'®'*** Here, the corre-
lation length ¢ is identified as the spacing between adjacent
two microphase separated domains. From the fitting results, we
can get the correlation length ¢ = 654 nm for f= 0%, £ =265 nm
for f=20% (Fig. 1(a) and (b)), £ = 239 nm for f= 30% and ¢ =
214 nm for f= 50% (Fig. S2a and b), respectively. Besides, when
f =80% and f = 100%, there is almost no phase separated
structure and the signals from VSANS measurements are too
low to fit the data (Fig. S2c and d). Based on Gong’s and others’
studies, the phase-separated structures of polyampholyte gels
are driven by the Coulombic interaction of the ionic bonds and
hydrophobic interactions, and the decrease of hydrophobicity
of the monomers or the increase of the chemical crosslinking
density can suppress the phase separation in the polyampho-
lyte gels.’®* For the weakly chemical crosslinked polyampho-
Iyte gels studied here, as f increases, the interlude of
hydrophilic acrylamide neutral blocks will act as defects to
suppress the phase separation and make the microphase
separated domains become smaller. Therefore, the microphase
separated structures become smaller with smaller correlation
length ¢ as fincreases from 0 to 50% (Fig. 1(e)). Moreover, the
gels with different monomer concentrations Cy, at the fixed
f=20% were also investigated. The VSANS data fitting shows
that as Cy,, increases from 1.0 M to 2.0 M, the correlation length
¢ decreases from 496 nm to 166 nm (Fig. 1(b)-(f)). When the
monomer concentration Cy, increases, the gels will have more
topological entanglements, which act as permanent effective
cross-linkers to suppress the phase separation, leading to
smaller microphase separated domains, as schematically illu-
strated in Fig. 1(g) and (h). Moreover, polyampholyte gels
exhibit hierarchical structures at different length scales."®**?
The polymer-dense microphase separated domains consist of
ionic clusters at smaller length scales (Fig. 1(g) and (h)), and
these ionic clusters are composed of reversible ionic bonds.
The impact of the fraction of acrylamide neutral blocks fon
the viscoelastic properties of the gels was investigated. All the
gels studied were weakly chemically crosslinked (0.5%
chemical crosslinking density) in the as-prepared state with
the same Cy, = 1.5 M and different f. The gels without acryla-
mide neutral blocks ( f = 0) were also studied as the control.
Fig. 2(a) is the dynamical frequency sweeps of the gels with
different f in the linear viscoelastic region. Fig. 2(b) is the
summary of f dependence of the elastic modulus G’ obtained
from the dynamic frequency sweeps at = 10 rad s ' and the
crossover points w, of elastic modulus G’ and loss modulus G”.
As shown in Fig. 2(b), the elastic modulus G’ decreases from
13.6 kPa to 6.2 kPa as fincreases from 0 to 100%. As fincreases,

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) and (b) Very small angle neutron scattering (VSANS) profiles of the polyampholyte gels with the fraction of acrylamide neutral blocks f = 0
(a) and f = 20% (b) at the same monomer concentration C,, = 1.5 M. Raw data (black squares) are fitted with the Lorentzian peak model, and from the
fitting curve (red line) the correlation length ¢ can be obtained. (c) and (d) Very small angle neutron scattering (VSANS) profiles of the polyampholyte gels
with f = 20% at the monomer concentration C,, = 1.0 M (c) and C,,, = 2.0 M (d). Raw data (black squares) are fitted with the Lorentzian peak model, and
from the fitting curve (red line) the correlation length ¢ can be obtained. (e) Summary of the correlation length ¢ for the polyampholyte gels with different
fractions of acrylamide neutral blocks f at fixed monomer concentration C,, = 1.5 M. (f) Summary of the correlation length & for the polyampholyte gels
with different monomer concentrations C,, at fixed f = 20%. (g) and (h) Schematic illustration of the hierarchical polyampholyte gel structures with
increasing f or increasing Cp,.
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(a) Dynamic frequency sweeps of the as-prepared gels with the fixed total monomer concentration C,, = 1.5 M, 0.5% chemical crosslinking

density, and with different fractions of acrylamide f. The shear strain is fixed at y = 1%. Closed (open) symbols represent storage (loss) modulus. (b) A
summary of elastic modulus G’ obtained from dynamic frequency sweeps at w = 10 rad s~* and the crossover points w. of G’ & G for the as-prepared
gels with C,, = 1.5 M and different f. (c) f dependence of m values in the high (w > wc) and low frequency regions (o < w.), respectively, for the as-
prepared gels with C,,, = 1.5 M and f < 50% (G’ ~ o, G" ~ »"). (d) Fraction of acrylamide f dependence of n values in the low frequency region (& < )

for as-prepared gels with C,,, = 1.5 M and f < 50%.

the interlude of acrylamide neutral blocks acts as defects to
prevent the formation of ion bond pairs between cationic
monomers and anionic monomers. Thus, the number of ionic
bonds decreases with increasing f. All the gels are weakly
chemically crosslinked with the same chemical crosslinking
density (0.5%) and the same total monomer concentration
(Cm = 1.5 M), so that all the gels have the same number of
chemical bonds. Therefore, the decrease of G’ with fis due to
the decrease of the number of physically ionic bonds. More-
over, as shown from the VSANS data in Fig. 1, as the fraction of
acrylamide fincreases, the interlude of hydrophilic acrylamide
neutral blocks will act as defects to suppress the phase separa-
tion and make the microphase separated domains become
smaller with smaller correlation length &. This will also lead
to the decrease of the elastic modulus G'.

Besides, the crossover point w. of G’ and G” shifts towards
higher frequency as f increases from 0 to 50%, and . dis-
appears when f is above 50% (Fig. 2(a) and (b)). Specifically,
e =0.0136 rad s %, 0.044 rad s~ and 0.443 rad s~ * for f= 0, 20%
and 50%, respectively. At high frequencies, they exhibit solid-
like characteristics with G’ > G”, indicating that their response
is elastically dominated. While at low frequencies, their beha-
vior is similar to a weak gel, implying viscoelastic liquid-like
properties with G’ < G, suggesting that their response is

7046 | Soft Matter, 2025, 21, 7042-7053

predominantly viscous.>* Based on the hierarchical structures
of the polyampholyte gels composed of ionic bonds,'”**** the
crossover points may arise from the collective dynamical beha-
vior of association-dissociation of the ionic clusters and
the full relaxation of the topological entanglements. Thus, after
the full relaxation they exhibit viscoelastic liquid-like behavior.
With the interlude of more neutral acrylamide monomers
(larger f), the size and density of the ionic clusters become
smaller, leading to a higher crossover point w. and a shorter
characteristic relaxation time to make the dynamical ionic
clusters and topological entanglements fully relax. When f is
above 50%, the crossover point w. disappears (Fig. 2(a) and (b)).
For pure polyacrylamide gel with f = 100%, it is a typical
chemical gel with G’ being independent of frequency w, and
G' is two orders of magnitude higher than the loss modulus G”,
indicating the elastic nature of the polyacrylamide gel
(Fig. 2(a)). Therefore, as f increases the gel networks gradually
transfer from physical gels to chemical gels. Moreover, the
physical bonds play a vital role in the terminal relaxation
behaviors when the gels are weakly chemically crosslinked
(Fig. S3).*> However, when the chemical crosslinking density
is high, then it will go back to the normal chemical gel behavior
that the terminal relaxation would be dominated by chemical
crosslinks.

This journal is © The Royal Society of Chemistry 2025
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Typically, for chemically crosslinked gels, the storage mod-
ulus G’ has no frequency dependence, and G’ is an order of
magnitude higher than the loss modulus G”, indicating the
elastic nature of the gels.>***” While for physical gels composed
of ionic bonds, they can be well described by the sticky Rouse
motion of associating polymer strands derived from the ionic
bonds (stickers) with G’ ~ 0™, G" ~ »" (n=m=0.5).>%* When
fis in the range of 0-50%, both G’ and G” have a strong
frequency dependence (Fig. 2(a)), indicating they are more like
physical gels with ionic bonds, though they are weakly chemi-
cally crosslinked. And they exhibit different frequency depen-
dence in the high frequency (v > . and low frequency
(v < o) regions (Fig. 2(c) and (d)). In the high frequency region
(o > ), G' shows weaker frequency dependence and m
decreases from 0.2 to 0.15 as f increases from 0 to 50%
(Fig. 2(c)). Here, m values deviate from the sticky Rouse relaxation
of ionic associations (m = 0.5), probably due to the distribution in
the strength of the ionic bonds, which is consistent with
the previous results.>***%® While in the low frequency region
(0w < ), they exhibit viscoelastic liquid-like behavior (G’ < G")
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with m > 0.5 and n < m; both m and n values increase with f
(Fig. 2(c) and (d)).

The impact of the fraction of acrylamide neutral blocks fon
the yielding behaviors in the nonlinear viscoelastic region was
also studied. All the gels studied were weakly chemically cross-
linked (0.5% chemical crosslinking density) in the as-prepared
state with the same C,, = 1.5 M and different f. The shear strain
sweeps at fixed frequency » = 1 rad s™* are shown in Fig. 3(a)
and (b). For gels with f < 50%, both G’ and G”" are nearly
constant in the linear viscoelastic regime at low shear strain y
before yielding (Fig. 3(a)). As the shear strain y further
increases, G’ and G” start to decrease, leading to the yielding
and destruction of the gel structures. For gels with f= 80% and
100%, although G’ is nearly constant in the linear viscoelastic
regime before yielding, G” first increases and then decreases to
form a peak, and the peak position, where G” reaches the
maximum, coincides with the yielding point y. (Fig. 3(b)),
indicating large energy dissipation needed for the yielding
and destruction of the gel structures.* This is because for
polyacrylamide gels, there are hydrogen bonds between amide

100 3 A _ A
s-prepared = [=80% “A
Cp=1.5M 4 f:. 100%
10° 100 10°
y (%)

103

107!

Fig. 3 (a) and (b) Shear strain sweeps at w = 1 rad s~ for the as-prepared gels with fixed total monomer concentration C,,, = 1.5 mol Lt and different f,
(@) f = 0%, 30% and 50%; (b) f = 80% and 100%. Closed (open) symbols represent storage (loss) modulus. For a clear vision, the data of f = 0% and f = 50%
in (a) are shifted by 6x and 6/, respectively. The data of f = 100% in (b) are shifted by 20/. (c) A summary of the yielding points obtained from shear strain
sweeps for gels in the as-prepared state with Cr, = 1.5 mol L™ and different .
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groups. As documented in the literature, the bond binding
energy of hydrogen bonds between amide groups is almost two
times higher than that of the ionic bonds between sulfonate
groups and ammonium groups.*"**> Therefore, the breakage of
hydrogen bonds in the gels needs to dissipate more energy
compared to the breakage of ionic bonds, thus the loss mod-
ulus G” would exhibit a peak for gels with f= 80% and 100%.

On the other hand, the bond binding energy of hydrogen
bonds is higher than that of the ionic bonds, thus hydrogen
bonds are more like “permanent bonds”, while the ionic bonds
are reversible and can offer excellent self-healing properties for
the gels. For pure polyampholyte gels (f = 0%), the yielding
point y. is 384% (Fig. 3(a)) due to the excellent self-healing
properties arising from the reversible dissociation-association
of the ionic bonds. Here, the yielding point y. is defined as the
crossover point of G’ and G”. As the shear strain y increases,
some relatively weaker ionic bonds would break up first and the
rest of the associated ionic bonds and the chemical bonds
would support and protect the gel network from yielding.
Meanwhile, the previously broken ionic bonds can self-heal
and reform again and continue to support the gel network.
Such self-healing ionic bonds in turn might also protect and
delay the breakage of the chemical bonds at relatively larger
shear strain. Therefore, the association-dissociation dynamical
process of the self-healing ionic bonds can support the gel
network and prevent yielding until under very large shear
strain.

As the fraction of acrylamide neutral blocks fincreases from
0 to 30%, the yielding point y. decreases significantly from
384% to 48.8% (Fig. 3(c)). When the ionic bonds dominate at
small £, the association-dissociation of self-healing ionic bonds
would make the gels yield at very large shear strain y.. Mean-
while the interlude of acrylamide neutral blocks would act as
defects to disrupt the formation of ionic bonds. Especially, the
yielding point reaches the minimum (y. = 48.8%) at f = 30%
(Fig. 3(c)). Because when fis 30%, there are roughly one-third
neutral monomers, one-third anionic monomers, and one-
third cationic monomers in the gel network. Therefore, on
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average there is always a defect neutral monomer sitting in
between a cationic monomer and an anionic monomer to
prevent the formation of ionic bond pairs, so that the number
of both the self-healing ionic bonds and the hydrogen bonds
reaches the minimum, thus leading to the smallest yielding
point y.. As f further increases, the yielding point 7. slightly
increases until y. = 213% for pure polyacrylamide gels (f =
100%). Because when hydrogen bonds dominate at large f, in
addition to the chemical bonds, hydrogen bonds would also
provide extra support to protect the gels during deformation.
However, the yielding point of pure polyacrylamide gels (f =
100%) is still much lower than that of pure polyampholyte gels
(f=0) due to the excellent self-healing properties arising from
the reversible dissociation-association of the ionic bonds.
Besides, the yielding points y. is independent of frequency
(Fig. S4 and Table S1), indicating that the transient structures
of the gels do not change in the frequency range studied here.

The total monomer concentration C,, dependence was also
studied for gels with fixed chemical crosslinking density (0.5%)
and f = 20%. As shown in Fig. 4(a), the elastic modulus G’
increases with the total monomer concentration C,,. As Cp,
increases, the gels will have more topological entanglements,
which can act as permanent effective cross-linkers to suppress
the phase separation with smaller correlation length ¢, as
shown in the VSANS data (Fig. 1(f)). However, these topological
entanglements act as permanently effective cross-linkers
to make the elastic modulus G’ increase. As the total monomer
concentration C,, increases, G’ increases by following
G' ~ Cy>? (Fig. 4(b)), which is consistent with the results of
previous studies for polyampholyte gels.'®*?** Since the topo-
logical entanglement concentration (C.) between polymer
chains follows the scaling law of C. ~ Cy,>?, and here the gels
are weakly chemically crosslinked with 0.5% chemical cross-
linking density, the topological entanglement is a dominant
factor contributing to the moduli of the gel network, thus they
follow the scaling law of G' ~ Cp,>>.

Besides, both G’ and G” show less frequency dependence
with increasing C,, (Fig. 4(a)). As C,, increases from 0.8 M to
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Fig. 4

Monomer concentration C_ (M)

(@) Dynamic frequency sweeps of the polyampholyte gels in the as-prepared state with f = 20% and different total monomer concentrations

Cm.- The shear strain is fixed at y = 1%. Closed (open) symbols represent storage (loss) moduli. For a clear vision, the data in (a) are shifted by 12/, 95/, 420/,
and 1000/ for Cry = 2.0 M, 1.5 M, 1.0 M, and 0.8 M, respectively. (b) Elastic modulus G’ obtained from dynamic frequency sweeps at @ = 10 rad s~ and the
crossover points w. of G’ & G” for the as-prepared gels as a plot of C, for f = 20%.
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1.5 M, the crossover points w. decrease two orders of magni-
tude from 4.52 rad s~ to 0.0435 rad s~ '. The crossover points
w. may arise from the dynamical association-dissociation of
the ionic clusters and the full relaxation of the topological
entanglements. As C, increases, the number of topological
entanglements and ionic bonds increases, thus the gel net-
works need a longer relaxation time to fully relax and o, shifts
towards lower frequency (Fig. 4(b)). As C, further increases to
2.0 M and 2.5 M, the number of topological entanglements and
ionic bonds is so high that their characteristic relaxation time
is too long and is out of the experimental observation time scale
here. Besides, they become chemical gels since G’ is indepen-
dent of frequency and is one order of magnitude higher than
G’, indicating their elastic nature, and G” exhibits a minimum.
Therefore, as C,, increases the gels transfer from physical gels
to more like chemical gels. We also investigated C,, depen-
dence for gels with f = 50% and 0.5% chemical crosslinking
density. They exhibit similar trends to those of gels with f=20%
(see Fig. S5).

Finally, the impact of different swelling methods on the
viscoelastic properties of the gels was studied. As shown
in Fig. 5(a), the gels with total monomer concentration
Cm = 1.5 M, 0.5% chemical crosslinking density, and different
fractions of acrylamide f= 5%, 30% and 100% were swelled by
deionized water, 2.5 M NaCl solution with monovalent ions,
2.5 M CaCl, and 1.7 M BacCl, solutions with divalent ions,
respectively. Please note that 1.7 M is already close to the
solubility in water for BaCl, at room temperature. The as-
prepared gel was synthesized in a Petri dish, and then the salt
solution was added on top of the gel. The gel volume was
measured every day until its volume did not change anymore,
indicating that the gel has reached the swelling equilibrium.
The volume fraction @ of the gel is defined as:
Va_ Va Vo Vo

P=—= X Dy X —
Vo Ve V V

(2)

where V4 is the volume of the gel in the dried state, V is the

(a)1.5F Cm=1.5M £=5%
1=30%
Shrinking f=100%
Ef 1O ------ e
<
S
0.5} Swelling
i I I = g
0.0
water 2.5M 25M  1.7M
NaCl CaCl, BaCl,
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volume of the gel at swelling equilibrium, and V, is the volume
of the gel in the as-prepared state. For the same gel sample, the
volume fraction of the gel in the as-prepared state is @, = V4/Vj,
so that the swelling ratio can be obtained from eqn (2) and
expressed as @/Py = Vy/V.

As shown in Fig. 5(a), when swelled by water, the gel with
f = 5% shrinks so that the final volume fraction increases to
®/P, = 1.38. Because the ionic bonds would be strengthened
and the ionic clusters would be more compact when swelled by
water to remove the small ions, the gels would shrink. For gels
with f = 30%, ®/®, = 1.06 when swelled by water at swelling
equilibrium, since the number of ionic bonds is less so that
they would shrink less compared to that of the gels with f= 5%.
While for pure polyacrylamide gels without ionic bonds
(f=100%), the gel swells to @/, = 0.36 when swelled by water
because the hydrogen bonds between water and acrylamide
make the gel strands fully swollen in water. However, when
these gels are swelled by monovalent or divalent salt solutions,
all the gels swell at swelling equilibrium with ®/®, < 1
(Fig. 5(a)) due to the screening of the electrostatic interactions
for these ionic bonds. We did not observe the coordination
complexation and bridging effect between the divalent ions and
charged polyampholyte gels.**** In fact, the divalent BaCl,
solution can make the gels swell to the largest volume (smallest
@/d,). The swelling behaviors for different monomer concen-
trations at the fixed f= 5% were also investigated. As shown in
Fig. 5(b), after swelling by water at swelling equilibrium, the
gels with the smallest Cy,, = 1.0 M swell slightly with @/®, = 0.84
because the number of ionic bonds is not enough to make the
gel shrink much, so that the osmotic pressure and Donnan
equilibrium would dominate and make the gel swell slightly.
While for gels with the largest Cy,, = 2.0 M, the swelling ratio is
®/P, = 0.95, indicating that the gel volume changes slightly.
Because the gels with higher C,, will have more topological
entanglements, which act as permanent effective cross-linkers
to suppress the large extent of shrinkage. As a result, only for
the gels with intermediate monomer concentration C,, = 1.5 M,

(b)us} f=5% C,=1.0M
I C.=1.5M
Shrinking C=2.0M
e
S
%
S Swelling
0.5t
I I # I i
water 2.5M 25M  1.7TM
NaCl CaCl, BaCl,

Fig. 5 Swelling ratio ®/®, for (a) gels with C,,, = 1.5 M and with different £, and (b) gels with f = 5% and with different C,, at swelling equilibrium. Gels are
swelled by deionized water, 2.5 M NaCl, 2.5 M CaCl, and 1.7 M BaCl, solutions. Error bars reflect the standard deviation from three measurements of

three replicate gel samples.
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Fig. 6 Dynamic frequency sweeps for gels with fixed C,, = 1.5 M and different f, (a) f = 5%, (b) f = 30% and (c) f = 100%. Each sample was measured in
different swelling states: as-prepared state, swelled by deionized water, swelled by 2.5 M NaCl, swelled by 2.5 M CaCl, and swelled by 1.7 M BaCl,
solutions. The shear strain is fixed at y = 1%. Closed (open) symbols represent the storage (loss) modulus.

they would shrink the most when swelled by water. While when
the gels are swelled by salt solutions, the gels with different Cy,
all swell with @/®, < 1 at swelling equilibrium and exhibit a
similar trend to that of the gels with different f due to the
electrostatic screening.

Dynamic frequency sweeps were also conducted for the
above swelling gels after they reached swelling equilibrium.
For gels with f= 5% and 30% when the ionic bonds dominate,
the crossover point w. of G’ and G” appears only for the as-
prepared gels with intermediate ionic bond strength (Fig. 6(a)
and (b)). As previously mentioned, such a crossover point .
may be due to the collective association-dissociation of the
ionic clusters and the full relaxation of the topological
entanglements. However, when the gels were swelled by
deionized water to lower the ionic strength within the gels,
the ionic bond strength would increase to form “permanent”
bonds so that the association-dissociation dynamical behavior
of these ionic bonds cannot be observed on the experimental
time scale. On the other hand, when the gels were swelled by
salt solutions to screen the electrostatic interactions of these
ionic bonds, the crossover point w. would also be absent. In
short, only with the intermediate ionic bond strength, the
association-dissociation dynamical behavior of these ionic
bonds with a crossover point w. can be observed. While the

7050 | Soft Matter, 2025, 21, 7042-7053

ionic bond strength is too strong or too weak, the crossover
point w. would disappear.

For gels with f= 5%, G’ is the highest when the gels were
swelled by water so that the ionic bond strength of the gels is
the highest. When they are swelled by salt solutions, G’ values
all become smaller compared with those of the as-prepared gels
(Fig. 6(a)). Please note that for both f= 5% and 30%, G’ of the
gels swelled by 2.5 M CaCl, solutions is more than 2.8 times
higher than G’ of the same gels swelled by 2.5 M NaCl
solutions. Finally, for gels with f'= 100%, it is pure polyacryla-
mide gels without ionic bonds, G’ values do not change much
after swelling by water and salt solutions (Fig. 6(c)). After
swelling, the decrease of the volume fraction would make G’
decrease, while the stiffening of the gel strands in the highly
swollen gels would make G’ increase.*® Therefore, the two
competing factors compensate for each other to make G’
changes slightly after swelling (Fig. S6).

We also studied the yielding behaviors for the above gels at
different swelling states. For gels with f = 5% swelled by water,
the yielding point is y. = 8.3%, which is 46 times smaller than
the same gel in the as-prepared state (y. = 384%) (Fig. 7(a)). For
the as-prepared gels with intermediate ionic bond strength, the
reversible association-dissociation dynamical process of these
ionic bonds would provide excellent self-healing properties for

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 (a) Shear strain sweeps at fixed frequency = 1rad s* for gels at C,,, = 1.5 M and f = 5% in different swelling states: as-prepared state, swelled by
water, swelled by 2.5 M NaCl, swelled by 2.5 M CaCl, and swelled by 1.7 M BaCl, solutions. Closed (open) symbols represent storage (loss) moduli. (b)
Shear strain sweeps at fixed frequency = 1rad s~* for gels swelled by water at C,, = 1.5 M and different f. For a clear vision, the data in (a) are shifted by
300x%, 25x%, 20x%, 2/, 20/ from top to bottom, and the data in (b) are shifted by 4x, 52/, for f = 5%, 100%, respectively.

the gels during the deformation, thus they would yield at very
large shear strain. However, when the gels are swelled by water
to lower the ionic strength within the gels, the ionic bond
strength would increase to form “permanent” bonds so that
the self-healing properties arising from the association-disso-
ciation of reversible ionic bonds would disappear, thus the gels
swelled by water would be brittle and yield at very low shear
strain. For gels swelled by high salt solutions, they all have
ye = 20.2% (Fig. 7(a)). Now the ionic bonds would be screened at
such high salt concentrations, so that their yielding behaviors
are mainly dominated by the breakage of chemical bonds. In
short, only for gels with intermediate ionic bond strength, they
would exhibit excellent self-healing properties with a large
yielding point 7.

Moreover, the gels with different fractions of acrylamide f
after swelled by water were also investigated. As f increases
from 5% to 100%, the yielding point increases slightly from
8.3% to 48.8% (Fig. 7(b)). Although the self-healing properties
disappear for gels swelled by water, hydrogen bonds would also
provide extra support to protect the gels during deformation
when hydrogen bonds dominate in the gels with larger f.
Besides, for the pure polyacrylamide gels (f = 100%) with
0.5% chemical crosslinking density, the yielding point for gels
swelled by water (y. = 48.8%) (Fig. 7(b)) is more than four times
smaller than that of the same gels in the as-prepared state (y. =
213%) (Fig. 3(b)). This is probably because after swelling by
water, the number of hydrogen bonds between amide groups
and water molecules increases so that the number of hydrogen
bonds between amide and amide groups within the polyacry-
lamide gels decreases, leading to less hydrogen bonds between
polymer strands within the gel network to support and protect
the gels during the deformation.

Conclusions

In summary, we have studied the interplay between the hier-
archical structures and the viscoelastic properties of the

This journal is © The Royal Society of Chemistry 2025

polyampholyte gels by introducing the acrylamide neutral
blocks. During the dynamic frequency sweeps in the linear
viscoelastic region, a crossover point w. of G’ & G” would occur
due to the collective dynamical behavior of association-disso-
ciation of the ionic clusters and the full relaxation of the
topological entanglements. As the fraction of acrylamide neu-
tral blocks f increases, the interlude of the neutral acrylamide
blocks would make the size and density of the ionic clusters
smaller, leading to a higher w. and a shorter relaxation time. As
[ further increases, both G’ & G” would exhibit less frequency
dependence and the gels gradually transfer from physical gels
to chemical gels. Moreover, the VSANS technique is used to
explore the microstructures of the gels, and it was found that
the interlude of hydrophilic acrylamide neutral blocks will act
as defects to suppress the phase separation and make the
microphase separated domains become smaller. During the
yielding measurements in the nonlinear viscoelastic region, the
reversible dissociation-association dynamical process of the
ionic bonds can support and protect the gel network from
yielding, offering the gels excellent self-healing properties. As f
increases, the interlude of acrylamide neutral blocks would act
as defects to disrupt the formation of the ionic bonds, thus
making the yielding point y. decrease. And the hydrogen bonds
between acrylamide groups would also protect the gels during
deformation, so that the yielding points exhibit non-monotonic f
dependence. Finally, the impact of different swelling methods on
the viscoelastic properties of the gels was also studied. Only for
gels with intermediate ionic bond strength, would they exhibit
excellent self-healing properties with large yielding points y., and
the crossover point w. would show up in the dynamical frequency
sweeps due to the association-dissociation collective dynamical
behavior of the ionic bonds. While when the ionic bond strength
is too strong or too weak, the self-healing properties would
disappear and the crossover point o, would also be absent. This
work provides physical guidance to precisely tune the self-healing
behaviors and viscoelastic properties of polyampholyte gels
applied in various fields such as biomaterials and bioengineering.
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