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by photopolymerization of N,N-dimethylacrylamide (DMA) with equimolar amounts of
the ionic monomers acrylic acid (AAc) and 4-vinylpyridine (4VP) under solvent-free condi-
tion. Instead of a chemical cross-linker, stearyl methacrylate (C18) was included into the
comonomer feed to create hydrophobic associations. Both the electrostatic and hydropho-
bic interactions produce intermolecular linkages between the polymer chains acting as
physical cross-link zones that are stable in water. Polyampholyte hydrogels are in a swol-
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[onic interactions len state at pH<4 and pH>6 while they undergo a swe‘lling—to—collapse' transition
Hydrophobic associations between these pH values by adopting a collapsed conformation over a certain range of
Swelling pH including their isoelectric points. This swelling behavior is a result of the pH difference
Mechanical properties between the inside and outside of the hydrogel, as demonstrated by the theory of swelling

equilibrium. Rheological measurements indicate the reversible nature of the cross-link
zones with finite lifetimes. Polyampholyte hydrogels containing 80-92% water exhibit
Young’s moduli between 18 and 58 kPa and sustain tensile strains up to 560%, while those
prepared using a chemical cross-linker are brittle in tension. Cyclic mechanical tests show
a large mechanical hysteresis and the existence of reversibly and irreversibly broken bonds
under large strain.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Polyampholytes are stimulus responsive materials containing oppositely charged functional groups. They received much
attention in the past 60 years due to their biocompatibility, low toxicity, similarity to biological systems such as proteins and
therefore, they have found various applications such as saline-resistant, anti-fouling and antibacterial materials [1-8]. At a
high net charge density, polyampholyte molecules adopt an extended conformation in water due to the osmotic pressure of
mobile counterions confined inside the polymer coil to achieve the electroneutrality. As the net charge density decreases, the
conformation of the molecules changes from extended to collapsed coils because of the decrease of mobile counterion con-
centration and strong electrostatic attractive forces between oppositely charged segments. The addition of salt shields the
electrostatic interactions in charge-balanced polyampholyte molecules leading to the expansion of polymer coils known
as the anti-polyelectrolyte behavior. It was also shown that hydrophobically modified polyampholytes form intermolecular
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hydrophobic associations in aqueous solutions [9-12]. Thus, they combine the properties of hydrophobically modified non-
ionic polymers and polyampholytes making them effective viscosity enhancers in brine solutions.

Hydrogels mimicking the solution properties of polyampholyte molecules have been prepared by copolymerization of
ionic monomers possessing cationic and anionic charges in the presence of a chemical cross-linker [ 13-22]. Strong polyam-
pholyte hydrogels bearing permanent charges have a fixed net charge and therefore they exhibit pH-independent swelling
behavior. Thus, the net charge of such hydrogels can only be varied by changing the comonomer ratio in the feed. In contrast,
the net charge of weak polyampholyte hydrogels possessing functional groups like amines and carboxylic acids varies with
the pH leading to pH-dependent swelling behavior, swelling-to-collapse transition, and anti-polyelectrolyte behavior in
aqueous solutions [15,22]. Although polyampholyte hydrogels have a number of technological applications [8,19-21], they
are mechanically weak materials due to the covalently cross-linked network structure, preventing dissipation of the crack
energy and thus leading to their fracture under low stresses. Recently, supramolecular hydrophobically modified polyam-
pholyte hydrogels were prepared by copolymerization of acrylamide and acrylic acid in the presence of a cationic surfmer
[23]. Although pH-dependent swelling characteristics and mechanical properties of the hydrogels were not reported, they
exhibit shape-memory effects and thermoplasticity. Gong et al. prepared high-toughness polyampholyte hydrogels in the
absence of a chemical cross-linker by random copolymerization of oppositely charged ionic monomers at a high concentra-
tion around the zero net charge point [24,25]. It was shown that the randomness of charges leads to the formation of mul-
tiple ionic bonds with a wide distribution of strengths. While the strong bonds act as permanent cross-links, the weak bonds
acting as reversible sacrificial bonds easily fracture under a low stress and hence, dissipate energy to prevent crack propa-
gation [24]. Although the hydrogels exhibit a high mechanical strength, they do not display typical swelling characteristics of
polyampholyte hydrogels due to their low water contents, e.g., 52-61 wt%, and the presence of strong electrolyte functional
groups.

Here, we describe preparation of supramolecular polyampholyte hydrogels exhibiting pH-dependent swelling behavior,
swelling-to-collapse transition, and anti-polyelectrolyte property. The hydrogels were prepared by photopolymerization of
the non-ionic monomer N,N-dimethylacrylamide (DMA) with the ionic monomers acrylic acid (AAc) and 4-vinylpyridine
(4VP) under solvent-free condition (Scheme 1a). The choice of these monomers as building blocks of supramolecular hydro-
gels is due to the fact that both poly(DMA) and poly(4VP) are well known proton acceptor polymers able to form interpoly-
mer complexes with several proton donor polymers such as poly(AAc) [26]. Moreover, it was shown that poly(AAc) and poly
(4VP) form hydrogen-bonded complexes in aqueous solutions through the cooperative hydrogen-bonding interactions [27].
We used equimolar amounts of AAc and 4VP between 10 and 20 mol% in the gel preparation together with the hydrophobic
monomer stearyl methacrylate (C18) at a concentration of 2 mol% to create hydrophobic associations [28,29] (Scheme 1b).
As will be seen below, both the electrostatic interactions between AAc and 4VP segments carrying weak anionic and cationic
groups, respectively, and the hydrophobic interactions between C18 segments produce intermolecular linkages acting as
physical cross-link zones that are stable in water. Hydrogels are in swollen states at pH < 4 and pH > 6 while they undergo
a collapse transition between these pH values. The results also show that polyampholyte hydrogels adopt a collapsed con-
formation over a range of pH including their isoelectric points. This finding is in agreement with the prediction of the clas-
sical Flory-Rehner swelling theory coupled to the Donnan equilibrium and indicates different pHs between the inside and
outside of the gel phase. Rheological measurements reveal reversible nature of the cross-link zones in the hydrogels with
finite lifetimes. The hydrogels containing 80-92% water exhibit Young’s moduli between 18 and 58 kPa and sustain tensile
strains up to 560%, while those prepared using a chemical cross-linker are brittle in tension. Cyclic mechanical tests show a
large mechanical hysteresis and the existence of reversibly and irreversibly broken bonds under large strain.
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Scheme 1. (a) Structure of the monomers used in the preparation of polyampholyte hydrogels. (b) Scheme showing intermolecular electrostatic
interactions between ionized AAc and 4VP segments (1), and hydrophobic interactions between C18 segments of polyampholyte hydrogels (2).
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2. Materials and methods
2.1. Materials

Acrylic acid (AAc, Merck) was freed from its inhibitor by passing through an inhibitor removal column purchased from
Sigma-Aldrich. Commercially available stearyl methacrylate (C18, Sigma-Aldrich) consists of 65% n-octadecyl methacrylate
and 35% n-hexadecyl methacrylate. 4-vinylpyridine (4VP), N,N-dimethylacrylamide (DMA), N,N'-methylenebis(acrylamide)
(BAAm), 2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959), and NaCl obtained from Sigma-Aldrich
were used as received.

2.2. Hydrogel preparation

The hydrogels were prepared by bulk photopolymerization of the monomers DMA, AAc, 4VP, and C18 at 23 £ 2 °C in the
presence of 0.2 mol% Irgacure 2959 photoinitiator under UV light at 365 nm. Equimolar amounts of the ionic monomers AAc
and 4VP between 10 and 20 mol% were used in the gel preparation while the amount of C18 in the comonomer feed was
fixed at 2 mol%. For comparison, the hydrogels were also prepared in the presence of BAAm cross-linker instead of C18.
In the following, the hydrogels are coded by x/x where x represents the mole percent of AAc or 4VP in the comonomer feed.
For example, 15/15 hydrogel was prepared from a comonomer feed consisting of 15 mol% AAc, 15 mol% 4VP, 2 mol% C18, and
68 mol% DMA. Moreover, the hydrogel coded as 0/0 in the following paragraphs was prepared in the absence of the ionic
monomers and thus, it contains poly(DMA) network chains having 2 mol% hydrophobic C18 segments. To illustrate the syn-
thetic procedure, we give details for the preparation of 15/15 hydrogels: DMA (3.323 g), 4VP (0.818 g), AAc (0.533 g), and C18
(0.324 g) were mixed at room temperature and stirred for 15 min to obtain a homogeneous solution. After addition of Irga-
cure 2959 (0.025 g) and stirring for 1-2 min, nitrogen gas was bubbled through the homogeneous solution for 30 min to
eliminate oxygen. The solution was then transferred into several rectangular plastic molds (250 x 13 x 0.5 mm) and the
molds were placed in a UV reactor to conduct the polymerization reactions under UV light at 365 nm for 24 h.

2.3. Swelling and gel fraction measurements

The copolymer samples after preparation were cut into samples of about 10 mm in length. Then, each sample was
immersed in a large excess of distilled water at 24 + 0.5 °C for at least 2 days by replacing water several times to extract
any soluble species. Visual observations revealed that the copolymers after synthesis were green in color while the color
changed to slight yellow or transparent after their equilibrium swelling in water, but reversibly, drying of the gel samples
resulted in green colored samples (Fig. S1). The swelling equilibrium was tested by weighing the gel samples. The equilib-
rium swollen hydrogel samples in distilled water were than taken out of water and freeze dried. The gel fraction W, that is,
the conversion of monomers to the water-insoluble polymer was calculated from the masses of dry polymer network and
from the comonomer feed. The equilibrium weight swelling ratio q,, was calculated as q,, = m/mgy,, where m is the mass
of the equilibrium swollen gel sample, and my;,, is the hydrogel mass after freeze-drying. From the swelling ratios the water
content of the hydrogels was calculated as H,0% = 10%(1 — 1/q.,). We have to mention that the pH of the distilled water with
a conductivity of below 0.055 pS used in the swelling tests was slightly acidic (pH = 5.4 + 0.5) at the swelling equilibrium of
hydrogels, which we attribute to the CO, absorption from the air. Swelling measurements were also carried out in water and
in aqueous 0.1 M NaCl solutions at various pHs between 2 and 10, adjusted by adding dilute HCl or NaOH solutions. pH mea-
surements were conducted using WTW inoLab pH meter with WTW SenTix 41 pH electrodes calibrated using three buffer
solutions of varying pH between 4 and 10.

2.4. Characterization of the network chains

Although the hydrogels were insoluble in water, they could be solubilized in water if the hydrophobic monomer C18 is
not included in the comonomer feed. This provided structural characterization of the polymer chains building the physical
network of the hydrogels. For this purpose, 10/10-, 15/15-, and 20/20-copolymers were first prepared as described above but
in the absence of C18 monomer, followed by dissolving the copolymers in water to obtain a polymer solution of concentra-
tion around 0.1 g-mL~'. To separate the unreacted monomers and the initiator, the polymer solutions were dialyzed using
dialysis tubing (3500 MWCO, Snake Skin, Pierce) for 3 days against water that was changed three times a day. The solutions
were then taken out of the tubing and freeze dried.

The molecular weight of the copolymers was determined using gel permeation chromatograph (GPC) measurements per-
formed at room temperature with a setup consisting of a pump (Agilent 1100), a refractive index detector (Agilent 1100s),
and Waters Ultrahydrogel 250 and 500 columns. The polymer solutions were prepared by dissolving 10 mg of the copoly-
mers each in 7 mL phosphate buffer at pH = 7 followed by filtration of the solution through Nylon membrane filters (pore
size = 0.2 um). Phosphate buffer (pH = 7) was used as eluent at a flow rate of 0.7 mL min~'. Calibration with linear polyethy-
lene oxide standards was used to estimate molecular weights.
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AAc content of the copolymers was determined using European Disposables and Nonwoven Association (EDANA) test
method 470.2-0.2, which bases on the titration of the polymer solution with 0.1 M NaOH and back titration with 0.1 M
HCI. To determine 4VP content of the copolymers, '"H NMR spectra of the copolymers dissolved in D,O (10 mg-mL~!) were
recorded at room temperature on an Agilent VNMRS 500 spectrometer at 500 MHz using tetramethylsilane as internal stan-
dard. Fig. 1a shows typical NMR spectrum of 15/15-copolymer in D,0. The peaks at 6 = 8.3-8.5 ppm (a) and 7.2 ppm (b) are
assigned to meta- and ortho-protons of pyridine ring, respectively, while the peaks between 2.8 and 3.0 ppm characterize the
methyl groups of DMA units (c). 4VP content of the copolymers was determined from the area ratio of meta-protons to
methyl proton peaks.

2.5. Rheological experiments

Polyampholyte hydrogel samples equilibrium swollen in water were subjected to dynamic experiments at 20 °C between
the parallel plates of the rheometer (Gemini 150 Rheometer system, Bohlin Instruments) equipped with a Peltier device for
temperature control. The upper plate (diameter 20 mm) was set at a distance of 1000-1375 pm, depending on the swelling
degree of the hydrogels. During all measurements, a solvent trap was used to minimize the evaporation. Frequency sweep
tests were carried out between the angular frequencies o 0.06 and 300 rad-s~! at a deformation amplitude 7, of 0.01.

2.6. Mechanical tests

Uniaxial compression and elongation measurements were performed at 23 =2 °C on swollen hydrogel samples on a
Zwick Roell test machine with 500 N load cell. Load and displacement data were collected during the experiments. The
Young’s modulus E was calculated from the slope of stress—strain curves between 5 and 15% deformations. For uniaxial com-
pression measurements, rectangular hydrogel samples of 3 mm in width and 2 + 0.5 mm in length were compressed at a
strain rate of 8 x 10~ s~ . Before the test, an initial compressive contact to 0.01 + 0.002 N was applied to ensure a complete
contact between the gel and the plates. The stress was presented by its nominal ¢, or true values o ye (=46 0m), Which are
the forces per cross-sectional area of the undeformed and deformed gel specimen respectively, while the compressive strain
is given by /, the deformation ratio (deformed length/initial length). The strain is also given by ¢, the change in the sample
length relative to its initial length, i.e,,e=1 — 2 or ¢ = A — 1 for compression and elongation, respectively. We have to mention
that the supramolecular gel samples did not break even at a strain of about 100% compression, and therefore, the nominal
stress oo, increased continuously with increasing strain. This is illustrated in Fig. 1b for the 15/15-hydrogel showing the
dependences of o, and a4 ON the compressive strain ¢. Although o,,,,—¢ plot continuously increases, the corresponding
Owue—e plot passes through a maximum indicating the onset of a microscopic failure in the gel specimen [30]. Therefore, the
nominal fracture stress orand the compression ¢ at failure were calculated from the maxima in Gye—¢ plots, as shown by the
dashed lines in Fig. 1b. The cyclic compression tests were conducted at a constant strain rate of 8 x 107> s~! to a maximum
compression ratio, followed by retraction to zero force and a waiting time of 1 min until the next cycle of compression. Uni-
axial elongation measurements were performed on dumbbell-shaped hydrogel samples with the standard ISO-37 type 2 (ISO
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Fig. 1. (a) '"H NMR spectrum of 15/15-copolymer in D,0. (b) Typical stress—strain curves of 15/15-hydrogel specimens under compression as the
dependences of nominal ¢, (dark red curve) and true stresses o, (blue curve) on the compressive strain ¢. Dashed lines represent calculations of the
fracture stress and fracture strain from the maximum in the ¢..—¢ curve. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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527-2) under following conditions: Strain rate = 1.7 x 1072 s~!; sample length between jaws = 50 + 2 mm. Cyclic elongation
tests were conducted as the compression cycles except that the strain rate was set to 1.7 x 1072571,

3. Results and discussion

Supramolecular polyampholyte hydrogels were synthesized by bulk photopolymerization of the monomers DMA, AAc,
4VP, and C18 under solvent-free condition followed by swelling of the resulting copolymers in water. Because DMA is a lig-
uid at room temperature and totally miscible with the other monomers together with the initiator Irgacure 2959, the bulk
polymerization is a simple supramolecular approach for preparing polyampholyte hydrogels. Preliminary experiments were
carried out to optimize the concentrations of the ionic monomers AAc and 4VP as well as the hydrophobic monomer C18 in
the comonomer feed. At AAc or 4VP concentrations higher than 20 mol%, water-insoluble physical gels could not be obtained
while at high C18 concentrations (>2 mol%), the hydrogels formed exhibited a weak pH-dependent swelling behavior
(Fig. S2). In the following, we will mainly discuss the results obtained using a comonomer feed composition consisting of
2 mol% C18 and equimolar amounts of AAc and 4VP between 10 and 20 mol%.

3.1. Gel fraction and swelling properties

After a polymerization time of 24 h, the copolymers formed were insoluble in water with a gel fraction W, of around 0.90
indicating that ~90 wt% of the monomers in the feed are converted into water-insoluble copolymers (Table 1). W, slightly
increases with increasing ionic comonomer content in the feed which we attribute to increasing extent of intermolecular
electrostatic interactions between copolymer chains. Although the hydrogels were insoluble in water, they could be solubi-
lized if the hydrophobic comonomer C18 is not included in the comonomer feed. This highlights that not only the electro-
static interactions between the polymer chains but also the hydrophobic associations between C18 segments are required for
the preparation of hydrogels that are stable in water. The solubilization of the hydrogels prepared without the hydrophobic
monomer C18 also provided the structural characterization of the network chains. GPC measurements conducted on aque-
ous solutions of the copolymers give an average molecular weight of 1.5 + 0.5 x 10° g-mol~" with a molar mass dispersity of
1.15. This high molecular weight is attributed to the solvent—free condition used in the polymerization procedure. Moreover,
we have to note that this GPC-determined molecular weight and molar mass dispersity are only estimated values based on
the PEO standards. Determination of AAc and 4VP repeat unit contents of the network chains by titration and NMR tech-
niques, respectively, gives slightly higher values as compared to their amounts in the feed (Table 1). However, AAc to 4VP
molar ratio R in the network chains is close to unity, i.e., between 0.88 and 0.90 (Table 1), indicating that their ionized con-
centrations are around the zero net charge point

Table 1 also shows that the copolymers swell 5-13 times their dry mass in distilled water corresponding to a water con-
tent between 80 and 92 wt¥% that increases with decreasing amount of the ionic monomers in the feed. Decreasing water
content of the hydrogels on raising the ionic monomer content indicates that the swelling degree is governed by the extent
of electrostatic interactions. For comparison, we also prepared 15/15-hydrogel using 2 mol% chemical cross-linker BAAm,
instead of the hydrophobic monomer C18, which is denoted by 15/15xI1 (Table 1). As compared to the supramolecular
15/15-hydrogel, 15/15xI-hydrogel exhibits a complete gel fraction but the lowest water content of 78 wt%.

Swelling measurements were also conducted on polyampholyte hydrogels immersed in aqueous solutions of various pH
as well as in 0.1 M NaCl solution. In Fig. 2a, the equilibrium swelling ratio q,, of the hydrogels is plotted against the pH of the
solution. Open symbols in the figure are the results obtained using 15/15xI-gel specimens prepared using the chemical cross-
linker BAAm. The chemical gel exhibits only a slight pH-dependence while supramolecular hydrogels undergo up to 2-orders
of magnitude change in the gel mass depending on the pH of the solution. The pH at zero net charge in the hydrogels, i.e., the
isoelectric point pl corresponds to the pH at which the numbers of ionized AAc and 4VP segments are equal. Thus, the con-
dition of isoelectric point is given by o R = 8, where o and j3 are the dissociation degrees of AAc and 4VP segments, respec-
tively, defined as o =[1+10PXPH]~1 and g=[1+10PKL*PH-19]~1 The values of pK,=4.25 and pKj,=8.77 taken from
previous studies [31,32], together with the R ratios listed in Table 1, we calculated the isoelectric point pI as 4.86, 4.82,

Table 1

Ionic segment contents, swelling and mechanical properties of polyampholyte hydrogels. xaac and x4yp = mole fractions of AAc and 4VP segments in the
copolymers, respectively, R = AAc to 4VP molar ratio in the network chains. W, = gel fraction. g,, = equilibrium weight swelling ratio in water. H,0% = water
content (in wt%). E = Young’s modulus (average of tensile and compression test results), o= fracture stress, ¢ = deformation at break. 2> 1 and / < 1 indicate the
results obtained from tensile and compression tests, respectively. Standard deviations are given in the parenthesis.

Code XAAc Xavp R W, qw H,0 % E | kPa oy | kPa &%

i>1 <1 i>1 A<1
10/10 0.14 (0.01) 0.16 (0.01) 0.88 0.86(0.01) 13(2) 92 (1) 18 (1) 62 (6) 1712 (50) 530 (10) 96 (0)
15/15 0.21 (0.01) 023 (0.01) 091 0.87 (0.01) 8(0) 88 (1) 20(1) 66 (2) 1652 (86) 560 (20) 96 (0)
20/20 0.23 (0.04) 0.28(0.01) 0.82 0.90(0.03) 5.0(0.2) 80(1) 58(3) 110 (16) 419 (82) 310(10) 87 (1)
15/15x1 - - - 1.0 (0) 4.5 (0.1) 78 (0)  536(13)  Brittle 738 (61) Brittle 60 (5)
0/0 0 0 - 1.0 (0) 11.8(04) 92(0) 12 (1) 25 (4) 1740 (116) 420 (40) 96 (0)
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Fig. 2. (a) pH dependence of the equilibrium swelling ratio g,, of polyampholyte hydrogels. The isoelectric points are indicated by the vertical dashed lines.
(b) gw versus pH plots of 15/15-hydrogel measured in water (filled symbols) and in aqueous 0.1 M NaCl solution (open symbols).

and 4.91 for 10/10-, 15/15-, and 20/20-hydrogels, respectively [33], which are close to pl = 4.74 calculated for R = 1. The ver-
tical dashed lines in Fig. 2a represent pl values of the hydrogels. It is seen that although the hydrogels are in a collapsed con-
formation at the calculated pI values, they remain collapsed over a certain range of pH. The collapsed plateau region for
15/15- and 20/20-hydrogels is over a pH range of 4.0-5.5, while for 10/10-hydrogel this pH range is between pH 4.0 and
4.5. Moreover, the water content of the hydrogels in the collapsed region decreases with increasing amount of the ionic seg-
ments in the hydrogels. For instance, at pH = 4.5, the water contents are 89, 85, and 78 wt¥% for 10/10-, 15/15-, and 20-20-
hydrogels, respectively. As the pH is decreased or increased outside the plateau range, the hydrogels start to swell due to the
fact that they behave as cationic or anionic polyelectrolytes, respectively. The results also show that the hydrogels again des-
well after attaining a maximum degree of swelling at pH = 3. Because pH < 3 corresponds to H" concentration of =107 M,
this high H" ion concentration in the solution seems to suppress the osmotic pressure of mobile counterions confined in the
polyampholyte network leading to gel deswelling, as observed in polyelectrolyte hydrogels immersed in aqueous salt solu-
tions [34].

Fig. 2b shows the swelling ratio q,, of 15/15-hydrogel samples immersed in water (filled symbols) and in 0.1 M Nacl solu-
tion (open symbols) plotted as a function of pH of the solutions. In contrast to the strong pH-dependent swelling behavior of
15/15- hydrogel in water, only a slight pH dependence and a weak minimum in q,, at pH = 4 can be seen when it is immersed
in NaCl solution. This is attributed to the decrease of the concentration difference of mobile counterions between in and out
of the hydrogel when immersed in salt solution instead of water, reducing the ionic osmotic pressure of the gel. As a con-
sequence, except within the plateau region, the hydrogel is less swollen in salt solution as compared in water. However,
within the plateau regime the hydrogel exhibits a larger degree of swelling in 0.1 M NaCl solution as compared to water. This
anti-polyelectrolyte behavior observed in the plateau region is due to the reduction of electrostatic attractions between
charged AAc and 4VP segments in the presence of salt ions and thus inducing gel swelling. The swelling behavior of the
hydrogels summarized above will be discussed in Section 3.3 within the framework of Flory-Rehner theory of equilibrium
swelling.

3.2. Rheological and mechanical properties

Dynamic properties of the hydrogels were investigated by rheometry using oscillatory deformation tests. Fig. 3a and b
compares the viscoelastic spectra of 15/15- and 15/15xI-hydrogels prepared in the presence of the hydrophobic monomer
C18 and the chemical cross-linker BAAm, respectively. Here, the storage modulus G’ (filled symbols), loss modulus G” (open
symbols), and loss factor tané (lines) of the hydrogels are plotted against the angular frequency w. The storage modulus of
chemically cross-linked polyampholyte hydrogel (15/15xl) is frequency independent and the loss factor remains below 0.1
corresponding to solid-like behavior. In contrast, the supramolecular 15/15-hydrogel exhibits frequency-dependent storage
modulus and a loss factor above 0.1 demonstrating the temporary nature of the physical cross-links with a finite lifetime of
the order of seconds to milliseconds. The viscoelastic spectra of 10/10- and 20/20-hydrogels given in Fig. 3¢ and d reveal that
increasing ionic comonomer content also increases the storage modulus while the loss factor decreases indicating the con-
tribution of the electrostatic interactions between AAc and 4VP segments to the elasticity of the hydrogels. This finding is in
accord with increasing gel fraction and decreasing water content of the hydrogels on raising the amount of the ionic seg-
ments (Table 1).

The dynamic nature of cross-links in supramolecular hydrogels resulted in an enhancement in the mechanical properties
when compared with the chemically cross-linked ones. This is illustrated in Fig. 4a where the compressive stress ¢, is plot-
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Fig. 3. The storage modulus G’ (filled symbols), loss modulus G” (open symbols), and loss factor tané (lines) of polyampholyte hydrogels plotted against the
angular frequency . The codes of the hydrogels are indicated. 7, = 0.01. Temperature = 20 °C.

ted against the compressive strain ¢ for 15/15- and 15/15xI- hydrogels. The chemically cross-linked hydrogel sample
(15/15xl1) fractures at 60 £ 5% compression under 0.74 + 0.06 MPa stress while the corresponding supramolecular 15/15-
hydrogel sample sustains up to 96% compression at 1.65 + 0.09 MPa stress. As detailed in the experimental section, the frac-
ture stress and strain were calculated from the maxima of true stress g, — strain curves, corresponding to the onset of a
microscopic failure in the gel sample (Fig. 1b). In the chemically cross-linked 15/15xI gel samples, this point also corre-
sponded to the onset of macroscopic failure, while 15/15-hydrogels remained stable even under 99% compression (Fig. 1b).
Photographs in Fig. 5 also demonstrate how the supramolecular polyampholyte hydrogel maintains its macroscopic integrity
under 99% compression (bottom panel), while the chemically cross-linked hydrogel fractures into numerous smaller pieces
(upper panel). Moreover, chemically cross-linked 15/15x1 hydrogel was brittle in tension and broke at the start of tensile
tests while 15/15-hydrogel could be stretched about 7 times its original length. The dashed curve in Fig. 4a represents
the stress-strain data of 0/0-hydrogel sample prepared in the absence of the ionic comonomers and thus, it consists of
poly(DMA) chains containing 2 mol% C18. This curve closely matches to that of 15/15-hydrogel revealing that the improve-
ment in the mechanical properties is due to the replacement of the chemical cross-linker BAAm with the hydrophobic mono-
mer C18.

Fig. 4b shows stress-strain curves of 10/10- and 20/20-hydrogels under compression (left) and elongation (right). The
characteristic tensile and compression data of the hydrogels, i.e., the Young's modulus E, the fracture stress o5, and strain
at break ¢ are collected in Table 1. The lowest modulus E was measured for 0/0-hydrogel prepared in the absence of the ionic
monomers and it increases with increasing ionic segment content of the hydrogels. The largest modulus and the compressive
fracture stress are 58 + 3 kPa and 1.71 + 0.05 MPa, respectively, that were obtained for 20/20- and 10/10-hydrogels, respec-
tively. We have to mention that the modulus E and the fracture stress oy of polyampholyte hydrogels could be further
increased by increasing the amount of the hydrophobic monomer C18 in the comonomer feed. For instance, Fig. 4c shows
compressive stress-strain curves of 15/15-hydrogels formed at various C18 levels between 2 and 10 mol%. The modulus E
increases from 20+ 1kPa to 1.1 £0.1 MPa with increasing C18 content from 2 to 10 mol%. The hydrogels formed at
10 mol% C18 content sustain up to 13.5 + 0.1 MPa fracture stress. Thus, the fracture stress of 15/15-hydrogel formed at
2 mol% C18 could be increased by a factor of 8.2 when the hydrophobe level is increased to 10 mol%. However, mechanically
stronger hydrogels thus formed by increasing the extent of hydrophobic interactions exhibited a low degree of swelling in
water and weak pH-dependent swelling behavior (Fig. S2).

To understand whether the dynamic intermolecular bonds in the hydrogels break and reform reversibly under strain, we
investigated the large strain properties of the hydrogels by cyclic compression and tensile tests. The tests were carried out by
compressing and stretching the gel samples up to a maximum strain ¢y,.x followed by immediate retraction to zero displace-
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Fig. 4. Stress-strain curves of polyampholyte hydrogels as the dependence of nominal stress ¢, on the strain ¢. (a) Compressive stress-strain curves of
chemically (15/15x1) and physically cross-linked hydrogels via hydrophobic (0/0) and hydrophobic + ionic interactions (15/15). (b) 10/10- and 20/20-
hydrogels under compression (left) and elongation (right). (c) Compressive stress-strain curves of 15/15-hydrogels formed at various C18 contents.

Fig. 5. Photographs of 15/15xI- (upper panel) and 15/15-hydrogel samples (bottom panel) before and after 99% compression, and after the release of the
load.
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ment. After waiting for 1 min at rest, the tests were repeated several times. Fig. 6a and b shows the results of successive com-
pressive loading/unloading cycles conducted on 10/10-hydrogel specimens. The maximum compression &y, was fixed at
80% in Fig. 6a while in Fig. 6b, it was stepwise increased from 20 to 80%. For clarity, the loading and unloading curves are
shown by the solid and dotted lines, respectively. In both cases, the loading curve of the cycle differs from the unloading
curve revealing the occurrence of a damage in the gels and energy dissipation during the cycle. Similar results were also
obtained with the other hydrogels. The hysteresis energies Uyys of polyampholyte hydrogels calculated from the area
between the compressive loading and unloading curves are shown in Fig. 6¢ and d as a function of the number of cycles
and the maximum strain ¢mqx, respectively. For comparison, Uyys data of 0/0-hydrogel are also shown in Fig. 6¢ by the open

symbols. Several interesting features can be seen from the figures:

(a) Increasing the ionic monomer content also increases the hysteresis energy Uy For instance, after the stepwise
increase of gnqy from 20 to 80% compression, Uy is 9, 19, and 24 k]-m~> for 10/10-, 15/15-, and 20/20-hydrogels.
Because Uyys is related to the number of supramolecular bonds broken down during the mechanical cycle [35,36],
the results reveal that increasing number of intermolecular non-covalent bonds are broken with increasing ionic
monomer content.

(b) For a fixed maximum strain &mqx of 80%, Upys of the 2nd cycle is 28 + 12% smaller than the 1st cycle indicating that only
a fraction of the bonds are irreversibly broken resulting in a permanent damage. However, the following cycles are
nearly reversible with a constant hysteresis energy. For instance, Upys of 10/10-hydrogel is 10.8 kJ-m3 for the 1st cycle
while in the following cycles it is constant at 7.8 + 0.5 k]-m~>. The results thus indicate that around 30% of the physical
bonds are irreversibly broken under strain while the remaining bonds reform by removing the strain.

(c) Because 0/0-hydrogel only contains hydrophobic associations, Uyys of this hydrogel is related to the energy due to the
broken associations. Thus, it is possible to estimate the hysteresis energy contribution of the ionic interactions by sub-
tracting Upys of 0/0-hydrogel from Uyys of polyampholyte hydrogels. Calculations using the data in Fig. 6¢ reveal that

the ionic bonds broken during the first compression cycle contributes to 31, 53, and 71% of the hysteresis energy for
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Fig. 6. Stress-strain curves from loading/unloading cyclic compression tests. (a and b) Successive compressive cycles up to epq = 80% (a), and with
increasing smax from 20 to 80% conducted on 10/10-hydrogel samples. The loading and unloading curves are shown by the solid and dotted lines,
respectively. (c and d): Hysteresis energies Uy of polyampholyte hydrogels during successive compression cycles shown as a function of the number of

cycles up emax = 80% (c), and the maximum strain &;q (d). Open symbols in (c) represent the data of 0/0-hydrogels.
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10/10-, 15/15-, and 20/20-hydrogels, respectively. Thus, both the hydrophobic associations and ionic bonds are broken
under strain and increasing number of ionic segments in the network chains also increases the fraction of broken ionic
bonds.

Similar results were also obtained by cyclic tensile tests conducted with increasing maximum tensile strain ¢max from 100
to 300% for 15/15- and 20/20-hydrogels (Fig. S3). As in the compression cycles, the first cycle was partially irreversible while
the following cycles were nearly reversible with a constant hysteresis energy (Fig. S3).

Self-healing tests were conducted on hydrogel samples by cutting them into two pieces and then placing the cut surfaces
together for various times up to 10 days at various temperatures between 23 and 50 °C. In contrast to the hydrogels formed
via hydrophobic interactions in aqueous solutions [28,29], we could not observe any healing phenomena implying that the
non-covalent interactions between the cut surfaces do not contribute to the self-healing. This finding is also in accord with
the results of cyclic mechanical tests revealing the existence of irreversible broken bonds under large strain conditions.

3.3. Prediction of the pH inside the hydrogel by the theory of swelling equilibrium

The results presented so far show that the intermolecular electrostatic and hydrophobic interactions create hydrogels
that are mechanically stronger than the chemically cross-linked ones. The supramolecular polyampholyte hydrogels exhibit
up to 2-orders of magnitude change in the gel mass depending on the pH of the solution. Interestingly, they all assume a
collapsed plateau over a wide range of pH and anti-polyelectrolyte behavior along the plateau pH (Fig. 2). The appearance
of a plateau regime including the isoelectric point pI suggests that pH inside the hydrogel remains at the pH of pI although
the external solution pH changes over a wide range [16,17]. To verify this presumption, in the following we use the classical
Flory-Rehner swelling theory coupled to the Donnan equilibrium. According to the theory, the gel osmotic pressure 7 is the
sum of three contributions [37]:

T = Tnix + el + Tion (])

where 7.y, Te;, and 7., are the mixing, elastic, and ionic contributions, respectively. Mixing contribution 7, to the swelling
pressure is obtained from the liquid-lattice theory of polymer solutions [37]:
RT
Mnix = =57~ (In(1 = v3) + va + 1v3) (2)
1
where R is the gas constant, T is the absolute temperature, V; is the molar volume of solvent, v, is the volume fraction of
cross-linked polymer in the equilibrium swollen gel, and y is the polymer-solvent interaction parameter. Note that the poly-
mer volume fraction v, is related to the experimentally determined swelling ratio q,, by

vy =[1+(q, — 1p/di]”" (2a)

where p and d; are the densities of polymer and water, respectively. The elastic contribution 7., can be deduced from the
statistical theory of rubber elasticity. Assuming phantom network behavior, it is given by [37,38]:

2/3

T = —0.5vRT(v2)/*(v2) N

where v, is the cross-link density and V9 is the volume fraction of cross-linked polymer at the state of gel preparation. In
polyelectrolyte hydrogel systems, the ionic contribution 7, to the gel swelling dominates over the mixing contribution 7c,,;y
due to the presence of mobile counterions, and is given by [37]:

Tlion = RTZ(Clg - Cf) (4)

where C; is the molar concentration of the mobile ion i and the summation includes all mobile ions locating in the gel and in
the surrounding solution, designated by superscripts g and s, respectively. The concentration difference (Cf — C;) of the
mobile ion i between the gel and the solution is due to the fixed charges on the polyelectrolyte chains requiring an equiv-
alent number of counterions to confine within the hydrogel to achieve electroneutrality. Polyampholyte hydrogel networks
presented here are composed of non-ionic DMA and C18 segments together with weak electrolyte 4VP and AAc segments.
The hydrogel is immersed in a reservoir of water containing H* (or OH™), Na*, and CI™~ ions. Defining the concentrations of the
AAc and 4VP segments in the hydrogels by C, and Cg, respectively, the conditions of the electroneutrality and Donnan equi-
librium in and out of the gel are given by:

aCa + C&- = pCp + CS, + C¥. ()
Gy + Car = Cy- (6)

CLCE =Gy Gy @)
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CNaA CCI’ - CNa* Ccl’ (8)

Solution of the system of equations represented by Eqs. (5)-(8) gives the concentration difference of the mobile ions
between the gel and the solution as:

SCF ) =/ (4Ca— BCo)? + 4(Ci + G’ — 2o + Ciy) 9)
i
The dissociation degrees o and 8 of AAc and 4VP segments, respectively, relate to their dissociation constants K, and K},
by:

Kq
- 1
TR cE (10a)
K
b=k <k, JCE. (10b)

where K,, is the dissociation constant of water. Because the total osmotic pressure 7 is zero at the swelling equilibrium, using
Egs. (1)-(4) and (9), the equilibrium condition of a polyampholyte hydrogel immersed in an aqueous solution of NaCl and
HCl is given by:

In(1 = vy) + Vo + V2 +0.5%.V; () 2 (V)" — 7, \/(ocCA — BCB)* + (2CS +2C5:)* + 2V (Cpe + Copr) =0 (11)
Solution of Eqgs. (10) and (11) for the equilibrium swelling ratio of polyampholyte hydrogels requires hydrogen ion con-

centration inside the hydrogel C§., which may differ from that in the outer solution Cj;.. By substituting Eqs. (10a-b) into (5),

one may obtain a quartic equation for calculating C5, :
CE % 4 (K1 + CaCra)CE.> + [Kz + Kq(Cs — Ca)Cret — c;f]cg 2 (K2CaCra + K1 Gy 2)CE. —K,Cl = 0 (12)

where K; = K, + Kw/Kp, K2 = KKy /Kp, and Cf = G+ /(Cyy+ + Cla+ ). The concentrations C4 and Cg of the AAc and 4VP seg-
ments, respectively, in the hydrogel are given by:

v

CA:xMCﬁ (13a)
V2

Cp = Xavp — 13b

B 4VPVr ( )

where V. is the molar volume of polymer units. It should be mentioned that the presence of NaOH instead of HCl leads to the
same equations except that the total concentration of HCI + NaCl in the external solution has to be redefined as that of NaOH
+ NacCl.

We solved Eqgs. (10)-(13) numerically for both pH;,(= 10 S+ ) and q,, by taking pH and NaCl concentration of the solution
as the independent parameters. The solution of the equations requires the values V9, V,, v, and y, describing the network
characteristics and the extent of the polymer-water interactions. vJ is equal to unity for the present hydrogels due to the
bulk polymerization condition. Using the molecular weight of the monomers together with the polymer density (1.21 g/
mL) [39], V, was calculated as 82 mL-mol~' for the polyampholyte hydrogels. The cross-link density v. was estimated from
the storage modulus G of the hydrogels measured at « = 140 rad-s~! (Fig. 3). Assuming a homogeneous phantom network of
Gaussian chains with tetrafunctional cross-links, v, was estimated using the equation G' = O.SVERT\);/3 as 21, 24, 36, and
74 mol.m ™ for 10/10-, 15/15-, 20/20-, and 15/15xI-hydrogels, respectively [38]. The y parameter value for PDMA-water sys-
tem was reported as y = 0.47 + 0.36 v, [40].

Calculation results using Eqs. (10)-(13) are presented in Fig. 7a and b where the equilibrium swelling ratio q,, of the
hydrogels in water and the pH inside the hydrogel (pH;,) are shown as a function of pH of the solution. Fig. 7c and d shows
qw and pHj, for 15/15-hydrogel in equilibrium with aqueous solutions of NaCl at various concentrations between 0 and 1 M
plotted against pH of the solution. Comparison of the theoretical curves with the experimental swelling data in Fig. 2 reveals
that the theory qualitatively simulates the general trends observed by experiments. As compared to the chemically cross-
linked 15/15x1 hydrogel sample, supramolecular polyampholyte hydrogels exhibit a high degree of swelling at both low
and high pH values. In accord with the experimental results, the hydrogels immersed in water are in a collapsed conforma-
tion over a range of pH including pl. The reason for the appearance of the plateau regime is seen in Fig. 7b: the pH;, remains
constant at the pl values of the hydrogels although the solution pH changes between 4 and 8, thus covering 4-orders of mag-
nitude change in H" concentration of the solution. Moreover, the addition of NaCl in the solution leads to deswelling of the
hydrogels and the disappearance of the plateau regime. This is due to the screening of fixed charges and thus producing
equimolar concentrations of H* ions both inside and outside the hydrogel.
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Fig. 7. (a, b) The equilibrium weight swelling ratio g, of the hydrogels (a) and the pH in the gel (pH;,) (b) both plotted against the pH of the solution. The
codes of the hydrogels are indicated. Calculations were using Eqs. (10)-(13). (¢ and d) qy (c) and pH;, (d) of 15/15-hydrogel in equilibrium with water (solid
curves) and in aqueous NaCl solutions (dashed curves) plotted against the pH of the solution.

The reason why pH within the hydrogel remains constant over a wide range of pH of the solution including pI can be
explained using the concentrations of fixed and mobile ions in the hydrogels. Fig. 8 shows the concentrations of ionized
AAc (Caac-) and 4VP segments (Cayp+) together with H' concentration in the gel CS. at the plI of 15/15-hydrogel plotted
against H" concentration of the solutionC;:.The concentrations of oppositely ionized AAc and 4VP segments are both
6.6 x 1073 M along the plateau as compared to the H* concentration Cg. of 1.4 x 10~° M. Thus, the concentration of fixed
charges is about 3-orders of magnitude larger than the H* concentration within the polyampholyte network. Because of
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Fig. 8. Concentrations of ionized AAc (Caac_) and 4VP segments (C4yp+), and H' concentration in the gel Cﬁ ) at the pI of 15/15-hydrogel shown as a function
of pH of the solution. Calculations were using Eqs. (10)-(13).
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the deficiency of mobile ion concentration in the gel network, the condition of electroneutrality can only be provided by the
electrostatic attractions between the fixed charges on AAc and 4VP segments. As seen in Fig. 7b, these attractions can be
overcome by increasing external pH from 4 to 8, i.e., by creating 4-orders of magnitude H* concentration difference between
the hydrogel and solution. We have to mention that the theory predicts much larger swelling ratios as compared to the
experimental results due to the fact that the electrostatic interactions between ions and the effect of Mannich condensation
are not accounted for in the theory.

4. Conclusions

Polyampholyte hydrogels were prepared by photopolymerization of the non-ionic monomer DMA, the hydrophobic
monomer C18, and the ionic monomers AAc and 4VP under solvent-free condition. Equimolar amounts of AAc and 4VP
between 10 and 20 mol% were used in the gel preparation together with the hydrophobic monomer C18 at a concentration
of 2 mol% to create hydrophobic associations. The decrease of the swelling ratio and increase of the modulus of polyam-
pholyte hydrogels with increasing content of ionic segments highlight the existence of electrostatic attractions between
the copolymer chains acting as physical cross-link zones. The fact that polyampholyte hydrogels prepared in the absence
of the hydrophobic comonomer C18 dissolve in water reveals the existence of hydrophobic associations between alkyl side
chains of C18 segments contributing to the rubber elasticity of the hydrogels. In contrast to the chemically cross-linked
polyampholyte hydrogel exhibiting frequency independent storage modulus, the supramolecular hydrogels exhibit
frequency-dependent moduli and a loss factor above 0.1 demonstrating finite lifetimes of their physical cross-links. The
results also show that intermolecular electrostatic and hydrophobic interactions create hydrogels that are mechanically
stronger than the chemically cross-linked ones. From the cyclic mechanical tests, it is obvious that the hydrogels have both
reversibly and irreversibly broken physical cross-links under large strain. The fraction of broken ionic bonds increases with
increasing number of ionic segments in the hydrogels. The supramolecular polyampholyte hydrogels exhibit up to 2-orders
of magnitude change in the gel mass depending on the pH of the solution. Moreover, they all assume a collapsed plateau over
a wide range of pH including the isoelectric point and anti-polyelectrolyte behavior along the plateau regime. As demon-
strated by the Flory-Rehner swelling theory coupled to the Donnan equilibrium, the appearance of a plateau regime is
due to the fact that pH inside the hydrogel remains at the pH of the isoelectric point although the external solution pH
changes over a wide range.
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