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ABSTRACT: To prevent brittle failure, tough hydrogels rely
on energy dissipation, which can be manifested through
sacrificial covalent bonds or reversible, noncovalent cross-
links. However, these noncovalent cross-links tend to lead to
significant creep during deformation due to rearrangements of
the effective cross-links. Here, the influence of ionic
associations as a secondary network in noncovalently cross-
linked hydrogels is examined using a terpolymer of
hydroxyethyl acrylate (HEA), 2-(N-ethylperfluorooctane-
sulfonamido)ethyl methacrylate (FOSM), and zinc diacrylate
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(ZnA). Despite the solubility of HEA—ZnA copolymers in water, the incorporation of ionic moieties that contain stoichiometric
quantities of zinc into a network cross-linked by hydrophobic associations significantly increased the effective cross-link density.
The terpolymer-based hydrogel contained ~90% of the water of a HEA—FOSM copolymer hydrogel with the same FOSM
content, but the storage modulus was nearly an order of magnitude larger than for the terpolymer hydrogel. To obtain the same
storage modulus, the FOSM content for the copolymer hydrogel would need to be more than doubled, but this hydrogel has
almost 40% less water than the terpolymer hydrogel. The terpolymer-based hydrogel exhibited improved creep resistance by
increasing the relaxation times through the synergistic effect of hydrophobic and ionic associations. On recovery from creep, the
terpolymer-based hydrogel responded primarily elastically. Despite this elastic-like behavior, the terpolymer-based hydrogel can
also efficiently self-heal its microstructure. These results illustrate the ability to dramatically alter the mechanical response of
hydrogels through ionic associations even when only stoichiometric quantities of Zn*" are present.

B INTRODUCTION

Tough hydrogels hold significant promise for numerous
biomedical applications as their mechanical properties can
mimic those of natural tissue.'™* In general, hydrogels are
elastic solids and when swollen to equilibrium, the network
chains are highly extended. As a result, hydrogels are usually
brittle, since there are no viscous mechanisms to relieve stress
and the swollen chains have finite extensibility. To impart
toughness to a hydrogel, energy dissipation mechanisms must
be introduced. One approach for developing tough hydrogels is
the double-network (DN) hydrogels that were first discovered
by Gong et al.’ For those materials, breaking of sacrificial
covalent bonds provides energy dissipation.” However, this
results in irreversible, permanent damage of the cross-linked
network that produces poor fatigue resistance and deterio-
ration of the mechanical performance of the DN hydrogel
upon cyclic loading.” An alternative approach for toughening
hydrogels is to employ noncovalent, supramolecular cross-links
such as hydrogen bonds,”"” ionic bonds,"" ~'* or hydrophobic
associations' >~ "% that provide a reversible energy dissipation
mechanism, in that physical cross-links can break to relieve the
applied stress but then reform after the stress is dissipated. The
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reversibility of the supramolecular cross-links also produces a
route for self-healing of the hydrogel after deformation.'* In
principle, one wishes that the bonds between specific
functional groups reform to preserve exactly the same chain
conformations that existed before the reversible bonds were
broken, but in practice, the physical bonds may reform
between different functional groups, which rearranges the
conformations of the network chains. In that case, some
permanent, plastic deformation occurs and the hydrogel
properties change, though not to the same extent as occurs
when the network is irreversibly broken. The viscoelastic
nature of the cross-linked network also produces creep
deformation of the hydrogel when a load is applied.'””’
Creep is a viscous phenomenon and can be minimized by
maximizing the elastic character of the supramolecular
hydrogel. However, increasing the elastic character can have
detrimental effects on the toughness. So, the challenge with
designing supramolecular, tough hydrogels is to control the
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strength of the supramolecular bonds such that they are
sufficiently weak to provide a suitable toughening mechanism
for any possible stress history, but strong enough that the
elastic properties of the cross-linked network are also
optimized.

Hybrid hydrogels with both covalent and noncovalent cross-
links provide a tough hydro§el design that can resist creep and
improve fatigue resistance.”’ >* One limitation of most hybrid
hydrogels is that the permanent bulk shape of the hydrogel is
fixed during the formation of the covalent cross-links, which
prevents the hydrogel shape to be modified post polymer-
ization.”” To enable reprocessing of the hydrogel into new
complex shapes while maintaining the potential for elasticity
recovery, a second, stronger reversible cross-link can be
introduced to a supramolecular hydrogel.'” This has the
advantage over single supramolecular network hydrogels, in
that the weaker physical network optimizes the energy
dissipation, while the stronger physical network improves the
elastic nature of the hydrogel. Dual physical cross-link hydrogel
systems have been designed to exhibit excellent toughness and
fatigue resistance,”*” > as well as self-healing character-
istics'l4,16,30,31

Gong and co-workers reported a hydrogel with hydrophobic
and hydrogen bonds that exhibits high fracture stress (10.5
MPa) and fracture energy (2.85 MJ/m?).”® The difference in
the lifetimes of the different supramolecular bonds produced
85% recovery of the energy dissipation capacity after a
loading—unloading cycle.”® However, the high stiffness of
that hydrogel limited the self-healing efficiency.”® Alternatively,
Jia et al.*” prepared a poly(ethylene glycol)-modified polyur-
ethane hydrogel with dipole—dipole and hydrogen-bonding
networks that exhibited rapid healing and reasonably good
fracture resistance (2.49 MJ/m?). Schifer et al.>* reported self-
healing hydrogels based on hydrogen bonds and reversible
Diels—Alder covalent bonds. Those prior results demonstrate
the potential utility of multiple supramolecular network
hydrogels, but neither do they discuss the microstructure of
such hydrogels nor do they consider the synergy of the two
networks. Network topology and connectivity have previously
been shown to be important for determining the properties of
DN hydrogels;° so, it would not be surprising if the relaxation
behavior of the different physical bonds in multiple supra-
molecular network cross-links affected each other and
influenced properties such as toughness. Shull and co-workers
demonstrated the ability of divalent salts to increase the elastic
modulus of a triblock copolymer hydrogel by orders of
magnitude.” In this case, the end blocks of the copolymer
formed hydrophobic cross-links, while the ionized mid-block
enabled ionic cross-links. Interestingly, the hydrogel cross-
linked by sufficient Ca** provided excellent fatigue resistance
over multiple loading cycles, but the Zn?" cross-linked
hydrogel only partially recovered.”> Although this prior study
demonstrated the potential of dual cross-linked hydrogels to
provide a combination of toughness and fatigue resistance,
these have required relatively high concentrations of divalent
ions, but immersion in physiologically relevant aqueous
solutions will likely lead to changes in the ion composition
and degradation in the desired mechanical properties. Thus, it
would be beneficial if this combination of properties could be
achieved at relatively low concentrations of divalent ions.

Although there is now a reasonably large literature on tough
and self-healing supramolecular hydrogels, in general, the
microstructure characterization of those systems is lacking.
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Our research on hydrophobically modified hydrogels based on
statistical copolymers of a water-soluble monomer and a
fluoroacrylate monomer indicates that those hydrogels form a
core—shell microstructure with fluoroacrylate nanodomains
surrounded by a thin shell of a water-depleted layer of the
water-soluble segment dispersed in a continuous phase of the
water-swollen water-soluble polymer.'®**~*” The hydrophobic
nanodomains serve as physical cross-links, and the reversible
nature of the hydrophobic bonds within the nanodomains
provides a robust mechanism for toughening the hydrogel.
Unfortunately, the well-characterized nanostructure of those
hydrogels is an exception within the hydrogel literature. It is
very likely that many of the other supramolecular hydrophobi-
cally cross-linked hydrogels that have been reported have
similar microstructures and that it is important with regard to
the mechanisms of toughening and self-healing, since a
nanostructured cross-link based on hydrophobic associations
may contain as many as 100 physical bonds.”>”** As such, the
toughening, self-healing kinetics, and creep behavior of a
supramolecular hydrogel with a nanostructured cross-link are
likely to be much different from those of a supramolecular
hydrogel with discrete physical bonds (such as divalent cation
cross-links'*). For example, breaking a single cross-link in a
nanostructured hydrogel provides an energy release mecha-
nism but keeps the microstructure of the hydrogel essentially
intact, since the complete breaking of the network would
require the cooperative breaking of many physical bonds to
completely eliminate the nanodomain.”” The dynamics
associated with the rearrangement of the segments in the
nanodomain under deformation determined from small-angle
X-ray scattering (SAXS) can provide some mechanistic insights
into rate-dependent mechanical properties, as the changes in
the nanostructure during deformation are tempered by the
relaxation processes.”” In contrast, the dynamics for a
supramolecular hydrogel where the cross-links are based on
1:1 interactions would be much simpler, in that the physical
bond is either intact or broken and if broken, the network
chains are then free to move and exhibit plastic flow.

This paper considers the changes of the microstructure, self-
healing behavior, and mechanical properties of a statistical
copolymer of hydroxyethyl acrylate (HEA), 2-(N-ethylper-
fluorooctane-sulfonamido)ethyl methacrylate (FOSM), and
zinc diacrylate (ZnA). Scheme 1 illustrates the structure of
the monomers used. The hydrogel formed from this
terpolymer consists of two supramolecular networks based
on ionic and hydrophobic bonds. Although ionic bonds are
usually stronger than hydrophobic bonds, typically, the
multivalent ions responsible for the cross-links are present at

Scheme 1. Chemical Structure of the Three Monomers
Used: HEA (Hydrophilic Matrix), FOSM (Hydrophobic
Cross-Links), and ZnA (Ionic Cross-Links)
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Table 1. Structural Properties of the HFx [from Small-Angle Neutron Scattering (SANS)] and HFZ (from SAXS) Hydrogels at

22 °C”
hydrogel [FOSM],, (mol %) [FOSM];,, (mmol %) d.,, (nm)
HF10 991 6.96 3.4S5
HF21 21.2 33.7 2.41
HF30 30.2 207 4.23
HFZ 9.87 8.64

t, (nm) d. (nm) d... (nm) Gy (kPa) S v, (mol/m?)
0.48 2.49 6.49 70.1 2.42 79.7
0.43 1.55 5.53 287 1.42 269

3.26 405 1.03 331
6.79 254 2.12 278

“[FOSM],, = FOSM content in the copolymer/terpolymer; [FOSM],,, = FOSM content in the hydrogel; d.., = average diameter of the core—shell
nanodomains; f, = average thickness of the nanodomain shell; d. = average nanodomain core diameter: d. = d_,, — 2t; d._. = average center-to-
center distance between neighboring FOSM nanodomains; Gy = the storage modulus at a frequency of 100 rad/s and a strain amplitude of 0.25%;

S = swelling ratio of the hydrogel.

large excess to promote their binding with the polymer.***!

The complexation of Zn** to polyacrylic acid (PAA) can be
quantified through its equilibrium binding constant’” or its
apparent dissociation constant.”> These have demonstrated
that the Zn** binding to PAA is stronger than for Ca2t
with chemical binding, not electrostatics dominating at low
degrees of polymer dissociation.”” However, here, we
demonstrated that when the Zn*" concentration is stoichio-
metric for the acrylate as is the case for ZnA, the copolymer of
HEA and ZnA is soluble in water despite the expected network
structure that should arise from the multifunctional ZnA
(Scheme 1). We attribute this solubility to the reversibility of
the divalent ionic bond** and the stoichiometric concentration
of Zn®* present that leads to a small number of free acrylates
due to the equilibrium nature of the binding."** Despite the
inability of these ionic cross-links to inhibit the solubility of the
polymer alone, the inclusion of ZnA in a hydrogel based on
hydrophobic interactions (terpolymer) significantly increased
the elastic modulus of the hydrogel, though it also increased
the water absorption compared with a purely hydrophobically
modified hydrogel with the same modulus. These terpolymer
hydrogels also exhibit improved creep resistance compared
with single hydrophobic network copolymer hydrogels. These
results provided new insights into the cooperative relaxation
behavior of dual physically cross-linked hydrogels.

B EXPERIMENTAL SECTION

Materials. 1,4-Dioxane (>99.0%) was obtained from Sigma-
Aldrich. Deuterated chloroform (CDCl,;, 99.8% D) and deuterated
acetone (acetone-ds, 99.9% D) were purchased from Cambridge
Isotope Laboratories, Inc. Zinc diacrylate (ZnA) was obtained from
Scientific Polymer Products, Inc. These chemicals were used as
received. 2-(N-Ethylperfluorooctane-sulfonamido)ethyl methacrylate
(FOSM, >85.0%) was purchased from BOC Sciences and recrystal-
lized from methanol. Hydroxyethyl acrylate (HEA, >96.0%) was
obtained from Scientific Polymer Products, Inc, and the hydro-
quinone inhibitor in the HEA was removed with a DHR-4 column
(Scientific Polymer Products, Inc.). 2,2’-Azobis(2-methylpropioni-
trile) (AIBN, >98.0%), obtained from Sigma-Aldrich, was recrystal-
lized from methanol.

Polymer Synthesis. Statistical copolymers of HEA—FOSM and
HEA—ZnA were synthesized by free-radical solution polymerization
at 60 °C. The chemical structure of these monomers is shown in
Scheme 1. Solutions of HEA and FOSM or HEA and ZnA in 1,4-
dioxane were sparged with dry nitrogen for 1 h. The free-radical
initiator, AIBN, was dissolved in 10.0 g 1,4-dioxane, and the solution
was sparged with dry nitrogen for 2 min before adding it to the
monomer solution at 60 °C to initiate polymerization. The reaction
was terminated after 36 h by cooling down to room temperature and
exposing the solution to air. The reaction solution was concentrated
to ~40% of its original volume with a rotary evaporator at 40 °C and a
reduced pressure of 16 kPa and then precipitated in 600 mL diethyl
ether at 0 °C. The copolymer product was dried under vacuum at 50
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°C for 48 h. The feed composition and yield of these copolymers are
summarized in Table SI. The nomenclature to describe the hydrogels
associated with the HEA—FOSM copolymers and HEA—-ZnA
copolymers are HFx and HZx, respectively, where x denotes the
FOSM or ZnA concentration (mol %) of the dry copolymer rounded
to the nearest integer.

The HEA—FOSM~—ZnA terpolymer, denoted HFZ, was synthe-
sized by an analogous free-radical solution polymerization with 10.5 g
HEA, 7.2 g FOSM, and 2.3 g ZnA dissolved in 170 mL 1,4-dioxane in
a round-bottom flask. AIBN (0.0148 g) dissolved in 10.0 g dioxane
was used to initiate the polymerization. The reaction conditions for
the terpolymer were identical to those used for the copolymers.

Proton Nuclear Magnetic Resonance ("H NMR) Spectrosco-
py. The composition of the copolymer and terpolymer was
determined by solution 'H NMR spectroscopy with a Varian
Mercury-300 NMR, Figures S1—S3. For NMR, the HEA—FOSM
copolymer was dissolved in CDCl;, the HEA—ZnA was dissolved in
dimethyl sulfoxide-dq, and the terpolymer was dissolved in acetone-ds.
The composition of these polymers is listed in Table 1. The target
FOSM concentrations were 10, 20, and 30 mol % for the HF10,
HF21, and HF30, which are similar to the experimentally determined
compositions (Table 1). The target for the HFZ terpolymer was 10
mol % FOSM and 20 mol % of ZnA. The target composition of the
HFZ was selected to allow for direct examination of the effect of the
zinc acrylate (substitution of ZnA for HEA in HF10 and of FOSM for
HEA in HF30). The HF21 was included as it has mechanical
properties (shear moduli) most similar to those of the HFZ hydrogel.

Hydrogel Preparation. The HFx hydrogels were prepared by
vacuum (~100 kPa) compression molding the dry copolymer into
~0.50 mm thick sheets at 150 °C with a compressive stress of 5.6
MPa for 2 h using a Technical Machine Products 35 t vacuum
molding machine. The copolymer films were then swollen with an
excess of type 1 ultrapure water (Milli-Q, Millipore) for at least 14
days at room temperature. The mass of the hydrogel was monitored
every 24 h using a Mettler Toledo XS104 Excellence XS analytical
balance to ensure that the hydrogel reached equilibrium. Equilibrium
swelling was assumed to be achieved when the mass change over a 48
h period was <3%. The dry copolymer mass and the equilibrium
swollen mass were used to calculate the swelling ratio, S, which is the
mass of the hydrated copolymer normalized by the original dry mass.
The HZ30 copolymer dissolved in water; so, it was not possible to
obtain a hydrogel with that material.

The high concentration of strong ionic cross-links in the dry HFZ
terpolymer produced a very high viscosity that made melt molding
difficult. However, swelling the HFZ terpolymer with Milli-Q water
for 24 h (~50 wt % water) sufficiently weakened the ionic bonds and
sufficiently decreased the viscosity so that the water-swollen HFZ
could be compression-molded into ~0.50 mm thick sheets with a 35 t
molding machine (Technical Machine Products) at 60 °C using a
compressive stress of 16 MPa for 30 min. After pressing, the HFZ film
was swollen at room temperature to equilibrium in an excess of type I
ultrapure water, following the same procedure as previously described
for the copolymer hydrogels.

Small-Angle Scattering. Small-angle neutron scattering (SANS)
was performed on the HFx hydrogels enclosed in titanium liquid
cells,* using the NGB 30 m SANS beamline at the NIST Center for
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Neutron Research in Gaithersburg, MD. The neutron wavelength was
A = 0.6 nm with a wavelength spread AA/A of 14%, and the beam
diameter was 1.91 cm. Excess solvent (H,0/D,0) was added to cover
the hydrogel sample to ensure that the sample remained fully
hydrated during the SANS measurements. Three sample-to-detector
distances, 1.33 m (with seven neutron guides), 4.00 m (with five
neutron guides), and 13.2 m (with one neutron guide), were used to
provide a wide scattering vector (g) range of 0.300—4.71, 0.0854—
0.830, and 0.0343—0.232 nm™ !, respectively. Hydrogels were
prepared by swelling the copolymers with either D,O or a (23.5/
76.5 v/v) mixture of D,O/H,0. The reason for the different isotopic
water composition was the expectation for a core—shell nanostructure
of FOSM nanodomains surrounded by a water-depleted HEA shell,
which has been observed for similar hydrogels.***”*” The different
compositions were selected for contrast-matching of various parts of
the nanostructure®>*® for the SANS measurements. Diameter circular
disks (~2.0 cm) were cut from hydrogel films for the measurements.
Igor Pro 6.37 was used for the data reduction and analyses, following
the procedures described by Kline.**

The structure of the HFZ hydrogel was elucidated from small-angle
X-ray scattering (SAXS) measurements on beamline 11-BM CMS
using 13.5 keV X-rays (1 = 0.0918 nm) at the National Synchrotron
Light Source II (NSLS II) at Brookhaven National Laboratory in
Upton, NY, with a sample-to-detector distance of 2.02 m and a
Dectris Pilatus 2 M detector (pixel size = 172 ym X 172 um). The
HFZ hydrogel film was cut into a 27 mm X 5.5 mm slab and wrapped
with an ~0.02 mm thick Kapton polyimide film (American Durafilm)
to minimize water loss during the X-ray experiments. The X-ray
exposure time was S s. The background scattering (from Kapton films
around the hydrogel and in the beamline) was subtracted from the
raw scattering data, and the beam stop and the gaps between detector
elements were masked to obtain corrected two-dimensional SAXS
data. These data were circularly averaged to obtain one-dimensional
scattering patterns as a function of q (q = 4xsin(6)/4, where 4 =
wavelength and 6 is one-half of the scattering angle), using the Nika
package for Igor Pro 6.37.%

As was mentioned above, the nanostructure of the HFx hydrogels
consisted of shell—core nanodomains with an FOSM core diameter of
1.74-2.63 nm surrounded by a water-depleted 0.45—0.47 nm thick
HEA shell dispersed in a water-swollen poly(HEA) continuous phase
based on fits of the SANS data to a broad peak model.*” The average
separation of the nanodomains was 6.49—5.53 nm as the FOSM
concentration increased from 10 to 21 mol %. That hydrogel
microstructure was also similar to previously studied N,N-
dimethylacrylamide (DMA)/FOSM hydrogels.*>*® The nanodomains
serve as multifunctional cross-links in those hydrogels. The D,O/H,0
mixture contrast-matched the water-swollen HEA phase, and
scattering from this mixture provided only information about the
FOSM core of the nanodomains. For the hydrogels swollen in D,0,
the SANS and SAXS data were initially fit to the broad peak and
correlation length models, which were used previously to describe the
structure of similar hydrogels.36’37'40’47 In some cases, the number of
terms in the models required for the fit of the scattering data was
dependent on the copolymer composition used in the hydrogel. These
results are shown in the Supporting Information to provide direct
comparisons to prior SANS and SAXS characterizations of similar
random copolymer-based hydrogels (Figure S4). To avoid overfitting
of the data due to the overlap in the structural levels determined from
the series of broad peak and correlation length models, the unified
model] developed by Beaucage was used to fit all of the scattering
curves.’® For these hydrogels, the shell—core nanodomains can be
considered as weakly correlated particles so that the scattered
intensity is given as®!

I(q) = Z [Gi eXP(

i=1

252
—qRg;
3

] + Bi(qi*)_P‘)

1+ p6(q)

+ bk,
¢ W)
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__ o Singg; — qg; cos gg; _ q
where Q(q) =3—5—, q* =

(%)3 kigRg,i 3

number of structure levels, G; reflects the contrast and includes the
number concentration of structural units, Ry is the radius of gyration
of the structural unit, B; includes the contrast and characteristic sizes
to the structure, P is related to either the surface of the structure (P >
3) or mass fractal scaling of the structure (P < 3), p; is the packing
factor with a maximum value of 5.92 for closed packed, {; is the
correlation length between particles, and k; equals approximately 1.06
for P = 2 and 1.0 for P > 3.

For these hydrogels, the primary structural unit is the FOSM

n reflects the

aggregates; so, Rg2 = 0.6R* and B = %. The scattering contrast is

related to either the neutron scattering length densities (b) of the
components for SANS or the electron density (p.) for SAXS. For the
HF hydrogels, the applicable b’s are 1.189 X 107¢ A~* (HEA), 2.830
x 107 A= (FOSM), —0.561 X 107° A=> (H,0), and 6.393 x 107°
A7 (D,0). For the HFZ hydrogel, the applicable p,’s are 10.063 X
107 A= (HEA), 12.656 X 107° A= (FOSM), 7.380 X 107 A2
(Zn*), 8.876 x 107 A™? (ZnA), and 9.469 X 107° A=> (H,0). The
fits o_fzthe scattering profiles were performed in Irena using Igor Pro
6.37.°

Rheological Measurements. The linear viscoelastic (LVE) shear
properties, the stress relaxation following a step strain of 6%, creep,
and creep recovery of the hydrogel samples were measured with a TA
Instruments ARES-G2 rheometer using 8 mm parallel plates and a
water reservoir containing 10.0 mL of deionized water to prevent
hydrogel dehydration. To prevent slipping during the rheological
measurements, serrated plates were used for all measurements, and a
compressive force of 0.6 N was applied to the hydrogel samples.
The LVE response region of the hydrogel samples was determined by
a strain sweep with a frequency (@) of 1 rad/s and strains (y)
between 0.01 and 1%. A strain amplitude of 0.25%, which was within
the LVE region for all hydrogels, was used for dynamic shear
measurements with @ ranging from 0.1 to 100 rad/s. The creep and
recovery properties of the HFx and HFZ hydrogels were measured by
the application of a constant stress of 300 Pa (within the LVE region)
for 300 s to measure creep, followed by the removal of the stress and
monitoring the strain recovery for an additional 300 s.

The effective cross-link densities of the hydrogels, v,, at room
te;3nperature were estimated from the theory of rubber elasticity, eq
23

v, =

GN
"2\, s_1p 123
<1 f>RT[1 + ] )

where Gy is the plateau modulus estimated from the storage modulus,
G', measured at @ = 100 rad/s and y = 0.25%, R is the gas constant, T
is the absolute temperature, S is the swelling ratio, p is the density of
the copolymer, d is the density of the solvent, and f is the average
functionality of the cross-links, which is 4 for the FOSM—FOSM and
COO™Zn**"0O0C cross-links since each cross-link by two associating
polymer chains produces four network chains. Note that eq 2 makes
no assumptions as to the chemistry or nature (covalent or physical) of
the cross-links and is applicable to permanent or temporal cross-links
such as supramolecular or chain entanglements as long as those cross-
links are in effect at the conditions at which G were measured. In this
case at the low strain amplitude and high frequency used to measure
G', the physical cross-links were expected to be intact. The
functionality of the cross-links was assumed to be 4 based on the
basic fundamental interaction between two ionic acrylate groups
bridged by Zn>* and the hydrophobic association of two FOSM
groups. It should be noted that eq 2 assumes a homogeneous network.
The scattering profiles (Figure S4) show an upturn at low g associated
with large-scale heterogeneities that are typically associated with
fractal objects arising from the differences in the cross-link density.
However, the influence of these large-scale inhomogeneities, relative
to the size between the cross-links (as suggested by the small spacings
between the cross-links, Table 1), on the estimation of the cross-link

DOI: 10.1021/acs.macromol.9b00830
Macromolecules 2019, 52, 60556067


http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00830/suppl_file/ma9b00830_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00830/suppl_file/ma9b00830_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b00830/suppl_file/ma9b00830_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.9b00830

Macromolecules

density should be small. The effect of these large-scale heterogeneities
likely will be significant during nonlinear deformation, which was not
examined in this work. The estimated cross-link densities of the HFx
and HFZ hydrogels are summarized in Table 1. One can also use the
size for the FOSM domains obtained from scattering to estimate an
overall functionality for the hydrophobic cross-links that contain
many (100’s) FOSM units.>**® However, this requires additional
assumptions about the relative effectiveness of each FOSM unit as a
cross-link. Although there is a quantitative difference in the estimated
cross-link density based on assumptions of the FOSM cross-link
functionality, the choice of assumptions that determine the
functionality does not impact conclusions about the cross-link density
differences between the copolymer hydrogels examined.

The stress relaxation behavior of HFx and HFZ hydrogels was
monitored for 10* s after the application of a step shear strain of 6.0%.
The data were fit to a generalized Maxwell model (GMM), eq 3

N
(t) _ Z et
Lo 3)

An alternative form for the generalized Maxwell model that included a
term for residual stress in the hydrogel was also examined (Figure 4)

N
t _
ﬁzzcie tM"-i—R
LS (4)

where 7(t) is the stress at time t, 7, is the instantaneous stress
following the step strain, ; is the fractional contribution of the ith
Maxwell element, 4; is the relaxation time associated with the ith
Maxwell element, and R is the residual normalized stress. In the latter
case, the residual stress term arises from relaxation times much greater
than the experimental time (10* s) so that those relaxation modes
behave like covalent bonds, preventing any relaxation of the stress
associated with those modes. The number of Maxwell elements (N)
used to fit the stress relaxation data was varied between 4 and 7,
depending on the minimum number of elements that were needed to
obtain the good fits of eqs 3 and 4 to the data.

The self-healing properties of the nanostructure of the hydrogels
were assessed by the recovery in the storage modulus (G') after the
application of a large strain. Oscillatory shear with a strain amplitude
of 0.25% and @ = 1 rad/s was used to measure G’ prior to the
application of a strain sweep with @ = 1 rad/s and y = 1-100%.
Following the strain sweep, the time-dependent recovery of G’ was
measured by oscillatory shear with y = 0.25% and @ = 1 rad/s.

B RESULTS AND DISCUSSION

Figure la shows images of the different hydrogel samples in
their fully hydrated state. After melt-pressing of the copolymer,
all specimens were initially translucent similar to the HF30
shown in Figure la. Upon swelling, the transparency of the
samples decreased with the highly swollen HF10 becoming
opaque. The decrease in transparency was attributed to density
heterogeneities from the formation of water-rich and water-

Figure 1. (a) Optical images of HFx and HFZ hydrogel samples in
their fully (equilibrium) hydrated state. (b) Small-angle scattering
patterns of the HFx and HFZ hydrogels at 22 °C. SANS is used to
characterize the D,0-swollen HEx hydrogels, while SAXS is used to
characterize the HFZ. The solid curves are the fits to eq 1.
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lean regions within the hydrogels (i.e, an inhomogeneous
distribution of water),*® which produces light scattering due to
the differences in refractive index between water- and polymer-
rich regions. Similar observations have been reported for other
physically’**** and covalently’*>* cross-linked hydrogels.
HF21 was less opaque than HF10 and HFZ, which suggests
that it had a more homogeneous microstructure. The
transparency of the HF30 is a consequence of its limited
water uptake (3 wt %). That sample, which was not technically
a hydrogel, was brittle compared to the flexible nature of the
other HFx and HFZ hydrogels.

Structure of Hydrogels from Scattering and Small-
Amplitude Oscillatory Shear. Figure 1b shows the SANS
patterns associated with the structure of the HFx hydrogels
and SAXS profile for the HFZ hydrogel. The increased
scattering at low ¢ is associated with differences in the water
content at larger length scales that is consistent with the
cloudiness of the materials. The peaks in the scattering patterns
at gy ~ 0968, 1.14, 1.93, and 0.925 nm™" for HF10, HF21,
HF30, and HFZ, respectively, correspond to the average
center-to-center distance between neighboring FOSM nano-
domains (d...),”"*"** d... = 2/ q,. Those values and the details
of the nanostructures obtained from fits of the scattering data
for each of the hydrogels (Figures 1b and S4) are listed in
Table 1. Increasing the FOSM content in HFx hydrogels
decreased d., partly because of the increase in the volume
fraction of FOSM nanodomains and partly because of the
reduction in the water swelling of the continuous HEA phase
of the hydrogel. Notably, for the HFZ hydrogel, which had a
similar FOSM content as the HF10 hydrogel, ~10 mol %, d..
of HFZ was larger than that of HF10 (Table 1) despite a lower
water swelling ratio for the HFZ. This suggests that the
incorporation of jonic cross-links increases the average spacing
between FOSM nanodomains. Previously, the inclusion of
ionic species at the junction of a neutral diblock copolymer was
show;r; to increase the domain spacing in the bulk copolymer as
well.

The nature of the cross-link in the hydrogel influences its
microstructure, as shown from the small angle scattering
patterns. To better understand the differences, the structures of
the hydrated copolymers and terpolymers examined here, as
well as more conventional covalently cross-linked hydrogels,
are shown schematically in Figure 2. Covalently cross-linked
hydrogels are formed by the inclusion of multifunctional
monomers that provide the cross-link points (circled in red in
Figure 2a). In contrast to these single monomer cross-link, the
association of the hydrophobic FOSM in the HEx hydrogels is
composed of many monomers (as illustrated by the purple
circle in Figure 2b), which provides sufficient contrast to
resolve the cross-link structure with SANS and SAXS, as
demonstrated in Figure 1. The copolymer of HEA and ZnA
dissolved in water; so, the ionic bridge with ZnA does not form
a long-lived network, as shown in Figure 2c. For the
terpolymer, both ionic and hydrophobic associations are
present on each polymer chain. This leads to the ZnA being
confined between the FOSM domains (Figure 2d) and this
increases the d-spacing between the FOSM slightly (Table 1),
as determined from the scattering. We have drawn the
terpolymer copolymer with the ionic ZnA being associated
in the hydrogel (Figure 2d), as will be discussed later.

The linear viscoelastic (LVE) properties of these hydrogels
provide additional insight into the structure of the HFx and
HFZ hydrogels. As the scattering primarily provided
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(a)

(c)

Figure 2. Schematic illustrating the microstructure associated with (a)
conventional covalently cross-linked hydrogels (with the cross-links
circled in red), (b) HFx hydrogels cross-linked by FOSM aggregates
where the FOSM groups are shown in green, and the effective size of
the cross-link is shown by the purple dashed circle, (c) HZ30 with Zn
acrylate associable units (shown by the orange dots) that is water-
soluble, and (d) the HFZ hydrogel that includes two physical cross-
links. Note that the schematics are not drawn to scale. Only some of
the chains involved in forming the FOSM aggregates are shown for

clarity.

information about the distance between the FOSM aggregates,
the LVE properties complement this structural understanding
through the mechanical response that provides insight into the
network formed in these hydrogels. Figure 3a illustrates that all
of the hydrogels exhibit a solid-like behavior with the storage
modulus (G’) always greater than the loss modulus (G”)
within the frequency range examined (0.1—100 rad/s). The
gels were viscoelastic with frequency-dependent G’ and G”.
For a fixed frequency, G’ increased with increasing FOSM
content for the HFx hydrogels, which is consistent with
increasing cross-link density at higher FOSM concentrations
(see eq 2). By comparing HF10 and HFZ hydrogels that
contain the same FOSM content in the polymer, the storage
modulus was increased with the addition of ZnA. That result is
qualitatively consistent with the previously reported addition of
Zn* to a hydrophobically cross-linked hydrogel that more
dramatically increased the modulus of a triblock copolymer-
based hydrogel.”” However, in the prior case, an excess of Zn**
was added relative to methacrylic acid on the copolymer,
where the concentration of Zn®" was used to control the
mechanical properties of the hydrogel.” In this work, the total
Zn** present is stoichiometric to the acrylic acid based on the
structure of the zinc diacrylate monomer (Scheme 1).

The water content of the hydrogels (S = mass of the
hydrogel/mass of the dry polymer), as well as cross-link
density estimated from eq 2, is shown as a function of the
FOSM content in Figure 3b,c, respectively. For the HFx
hydrogels, the swelling ratio decreased monotonically and the
effective cross-link density as determined from rheology
increased with increasing FOSM content. The HFZ hydrogel
contained the same concentration of FOSM as did HF10, but
also 22.5 mol % ZnA to provide ionic supramolecular cross-
links in addition to the hydrophobic cross-links from the
FOSM groups (Figure 2d). By comparing the HFZ to the
HF10 hydrogel where the FOSM content is identical, the
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Figure 3. (a) Angular frequency (@) dependence of the storage
modulus (G’) and loss modulus (G”) of (red box solid) HF10, (green
circle solid) HF21, (blue triangle up solid) HF30, and (star solid)
HFZ hydrogels. From gravimetric measurements, the (b) swelling
ratio (S) of (box solid) HFx and (star solid) HFZ hydrogels was
determined. (c) Estimated cross-link density (v,) of (box solid) HFx
and (star solid) HFZ hydrogels was calculated from G’ at 100 Hz. (d)
Angular frequency (@) dependence of the loss factor (tan &) for (red
box solid) HF10, (green circle solid) HF21, (blue triangle up solid)
HF30, and (star solid) HFZ hydrogels.

plateau modulus of the HFZ hydrogel increased by about
260% (Figure 3a) and the swelling ratio decreased by about
12%. According to eq 2, both of these results should be
associated with increased cross-link density of the hydrogel. At
low concentrations of divalent cations, Shull and co-workers
reported that the effect of the ions was only to deswell their
triblock copolymer-based hydrogel but no increase in elastic
modulus is observed that would be demonstrative of
intermolecular crosslinking by the Zn**.*> This observation
appears to be counter to the HFZ hydrogel examined here,
where the hydrogel deswelled slightly, but G’ increased
significantly. As shown in Figure 3c, the cross-link density
and plateau modulus of the HFZ hydrogel were comparable to
those of the HF21 hydrogel, which only possessed hydro-
phobic cross-links, but the swelling ratio of the HFZ was about
50% greater than that of HF21.

To explain the differences in the behavior for the HFZ and
the triblock hydrogels of Shull at low Zn** concentrations,*
the structures of these materials can be examined. First, the
triblock contained methacrylic acid and methyl methacrylate as
the hydrophilic and hydrophobic monomers only, respectively,
with the association of the methacrylic acid with Zn**
controlled by the solution concentration of Zn**. The HFZ
contains a monomer (ZnA) for the ionic functionalization that
is not present in the HFx hydrogels; so, the associative
differences with the acrylic acid groups versus HEA will have
some impact on the mechanical response in the HFZ hydrogel.

DOI: 10.1021/acs.macromol.9b00830
Macromolecules 2019, 52, 60556067


http://dx.doi.org/10.1021/acs.macromol.9b00830

Macromolecules

Second, the size of the hydrophilic domains between the
hydrophobic cross-links is expected to be significantly smaller
for the HFx and HFZ hydrogels. This will likely confine the
ionic species present in the HFZ near hydrophobic surfaces
(FOSM nanodomains), which can influence the properties of
water’” and ions.”® Third, the architecture of the polymers is
significantly different from the block structure, leading to all of
the hydrophobic cross-links originating from the chain ends,
whereas the statistical nature of the copolymers (HFx) and
terpolymer (HFZ) leads to the potential of a single chain being
involved with many different hydrophobic cross-links. Recent
work has demonstrated an improvement in the toughness of
hydrogels based on random copolymers than on triblock
copolymers at the same composition,”” which suggests that the
chain architecture may be responsible for the apparent
discrepancies in the effect of Zn®>* at a low concentration
between this work and the earlier work from Shull and co-
workers.*?

Note that for HFZ, the concentration of functional sites
(hydrophobic and ionic) was about 34 mol % compared with
the 21 mol % hydrophobic groups in HF21, which suggests
that not all of the “cross-linkable” ionic sites provided as
effective cross-links as the FOSM aggregates in the HFZ
hydrogel. That can be explained by the reversibility of these
ionic bonds™ and the ec}uilibrium associated with the binding
of Zn** to acrylic acid.”"* Despite this reversibility of the ionic
bond, adding the ionic cross-links to the hydrophobically
modified hydrogels decreased tan 6 over the frequency range
considered in this study, as shown in Figure 3d. The lower
tan § is indicative of the hydrogel having an increased elastic
character (note that for a perfectly elastic material, tan § = 0).
This result indicated a more ideal network for the HFZ
hydrogel than for the HF30 material that contains only 3%
water.

Stress Relaxation in Physically Cross-Linked Hydro-
gels. The improved elastic nature of the hydrogel by the
incorporation of ionic cross-links is evident from the relaxation
dynamics of the network. Note that for a perfectly elastic solid,
there is no relaxation of the stress. Figure 4 shows the stress
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Figure 4. Stress relaxation response for (red box solid) HF10, (green
circle solid), HF21, (blue triangle up solid), HF30, and (gray star
solid) HFZ hydrogels following a step shear strain of 6.0%. The solid
black lines are the fit to the generalized Maxwell model with residual
stress (GMMR) with N = 6.

relaxation behavior of the HFx and HFZ hydrogels at room
temperature (~22 °C) after the application of a step shear
strain of 6.0%. After 3 h relaxation, less than 10% of the
original stress remained for the HF10 and HF21 hydrogels.
This relatively rapid stress relaxation behavior is attributed to
the fast network chain dynamics of the hydrated HEA network
chains and the rearrangements of the FOSM nanodomains
under stress. Previous in situ SANS experiments for similar
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amphiphilic copolymer hydrogels indicated that the nano-
structure recovered more rapidly in the direction of the applied
load and a much slower relaxation of the nanostructure
occurred in the orthogonal direction.”’ The latter slow
structural relaxation is likely responsible for the small residual
stress in the HF10 and HF21 hydrogels after 3 h. This decay in
the stress for the HF10 and HF21 hydrogels suggests that the
hydrophobic cross-links are only effective for relatively short
time scales under an appreciable load and unable to elastically
maintain applied stress as observed for a cross-linked
network.”” The stress decay is similar to that typically observed
for a viscoelastic liquid, although these hydrogels behave as
viscoelastic solids over time scales associated with oscillatory
shear measurements (Figure 3d).

Conversely, nearly 50% of the original stress in the HF30
remained after 30 h. That result is presumably a consequence
of longer relaxation times due to the higher glass-transition
temperature of the poly(HEA) chains with only a small
amount of water in the material (S = 1.03) and the hydrogen-
bonding interactions between the poly(HEA) chains that exist
in the relative absence of water. The stress in the HF30 appears
to be approaching a plateau at the longest times examined,
which would be associated with the viscoelastic solid-like
behavior over the time scales examined.

Interestingly, the relaxation behavior of the HFZ hydrogel
more closely resembles that of HF30 despite the much higher
water content. There is an effective plateau in the stress
between 10% and 10° s, which is indicative of the cross-links in
the HFZ being effective over this time scale unlike the
hydrophobic aggregates in the HFx hydrogels (Figure 4). The
change in the shape of the stress relaxation at 25 °C between
the HFx and the HFZ hydrogels is likely due to different parts
of the relaxation spectra being probed. A similar change in the
relaxation spectra was observed for the stress relaxation of
hydrophobically cross-linked hydrogels when the len§th of the
alkyl side chains was increased from hexyl to dodecyl.”” For the
HFZ hydrogel, the longer effective plateau in the stress (in
comparison to the HFx hydrogels) points to the efficacy of the
ionic bonds produced by the ZnA groups at decreasing the
dynamics of the network chains, which itself may be surprising,
since poly(ZnA) is water-soluble. The solubility of poly(ZnA)
might lead one to believe that the ionic bond between Zn*
and the two carboxylate ions is not effective at such low Zn
concentrations.

We primarily attribute the effectiveness of ionic bonds to
contribute to the network in the HFZ hydrogels, as
demonstrated by the data in Figures 3 and 4, to its
nanostructure that provides locally hydrophobic environments
separated by <4 nm. Previously, the binding of Cu(Il) to
acrylic acid-based hydrogels was demonstrated to increase as
the hydrophobicity of the hydrogel increased;’' so, the
equilibrium in the Zn** binding in the HFZ hydrogels was
expected to be shifted toward the bound state for effective
cross-links. Additionally, a similar enhancement in the efficacy
of weak physical cross-links has been reported previously when
covalent cross-links are included in hydrogels with heparin and
heparin-binding peptides that are physical cross-links.*’
Without covalent cross-links, these polymers with the heparin
are water-soluble, but the physical cross-links substantially
increase the modulus when included with covalent cross-
links.”” This was attributed to the increased relaxation time for
the gel due to the connectivity associated with the covalent
cross-links. An extension in the relaxation time for the stress is
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Table 2. Fitting Parameters for the GMMR with N = 6 for the Stress Relaxation Response of HFx and HFZ Hydrogels

HF10 HF21 HF30 HFZ

Maxwell element G 2 (s) @ A (s) & 2 (s) @ A (s)

1 0.205 0.0533 0218 0.0596 0.0411 0.0377 0.123 0.142

2 0.237 0211 0.201 0.414 0.118 0.619 0.113 1.26

3 0.188 0.867 0.151 2.88 0.121 5.08 0.0873 9.80

4 0.123 4.07 0.125 25.7 0.0834 50.2 0.0878 82.7

S 0.0973 25.7 0.112 302 0.104 349 0.0141 523

6 0.0799 663 0.0830 2.89 x 10° 0.0653 4.89 x 10° 0.168 1.11 x 10*

R 0.0678 0.0967 0.462 0.345

> 0.930 0.890 0.533 0.593

Y +R 0.998 0.987 0.995 0.938

COD 1.00 1.00 1.00 1.00

indeed observed here for the HFZ hydrogel, which is
consistent with this explanation for a dual cross-linked
hydrogel with covalent cross-links.”

To quantify the stress relaxation behavior of these hydrogels,
a nonlinear least-squares regression was used to fit the
generalized Maxwell model (GMM), eq 3, or generalized
Maxwell model with residual stress (GMMR), eq 4, to the
relaxation data for each hydrogel. Although there are several
models that can describe the stress relaxation of polymers, a
discrete relaxation time model was selected due to its
simplicity and clear physical significance of the parameters
obtained from the fit. Mathematically, a series of exponential
functions that describe the relaxation processes can be used to
fully describe the rheological properties of a material.”> The

quality of the fit was assessed by calculating Zfilci or

Zf\i L& + R, which ideally should be unity, and the goodness

of the fit quantified by the coefficient of determination (COD).
The number of Maxwell elements used was the fewest that
provided a good fit of the data®* over the entire time of the
experiment, as judged by COD > 0.999. Figure S5 shows the
GMM fits of the stress relaxation data for N = 4—7 Maxwell

elements, and Tables S3—S6 summarize the values of Zfi LG

and COD for the regression fits. For N < 6, the GMM
generally failed to adequately represent the short time
behavior, due most likely to the failure to include the longest
relaxation times for the hydrophobic associations. Fits with N
= 6 produced COD values of 0.999, Table 2, but even though

those fits had high COD, Zf\ilci< 1.0, which is a

consequence of the model failing to account for very long
relaxation times. Adding an additional Maxwell element, i.e,, N
7, did not improve the nonlinear regression fits and
produced replicate relaxation times for multiple Maxwell
elements, indicating that the fit was overparameterized.

Note that the GMM fits showed at least one relaxation time
that was longer than the measurement time (~10* s). The
large value of ¢; associated with this relaxation that indicated
the long relaxation time represented a significant fraction of the
stress response, see Tables S3—S6. This result suggests that in
addition to the distribution of relaxation times below 10* s,
there is a second distribution of longer relaxation times that
probably arises from the reversible cross-links that is not
adequately resolved by these GMM fits. Bonds with relaxation
times greater than 10* s may be considered permanent cross-
links within the time frame of the stress relaxation experiments
that were run in this study. As such, the stress relaxation data
were fit with a GMMR model with N = 6 that included a term
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for the residual stress, R. This approach better fits the stress
relaxation data, and the values of R provide a measure of the
effect of the bonds with very long relaxation times on the
contribution to the stress in these materials. The fitting
parameters and fitted curves associated with the GMMR model
are summarized in Table 2 and Figure 4, respectively.
Despite its higher water content, the HFZ hydrogel had
longer relaxation times than HF21. Moreover, the fractional
contribution (c;) of the longest relaxation time of HFZ listed in
Table 2 was much larger. In fact, the relaxation time
distribution (Table 2) for HFZ was comparable to that of
the HF30 sample with its very low water content. While for
HF10 and HF21, less than 10% stress remained after 10* s,
46% of the stress in HF30, and about 35% of the stress in HFZ
remained after 10* s. Since there were no covalent cross-links
in these gels, the viscoelastic behavior should be that of a liquid
at sufficiently long times and the stress should eventually relax
to zero for the HFx and HFZ hydrogels. This fact indicates
that there were much longer relaxation times associated with
the dynamics of the gels, especially the HFZ hydrogel, that
were not resolved by the stress relaxation analysis discussed
above. This conclusion is consistent with the lower value of

Zf\il ¢; for HFZ compared with that for HF10 and HF21 in

Table 2. What is particularly remarkable about the stress
relaxation behavior of HFZ is the apparent influence of adding
the ionic interactions on the dynamics. The ability of these
ionic bonds to affect the dynamics of these supramolecular
hydrogels provides the opportunity to decouple the mechanical
and water swelling behaviors, i.e., high modulus with high
swelling ratio, that are not generally possible in a hydrogel with
only a single type of physical cross-link.

The ionic bonds are connected to the same network chains
as are the hydrophobic bonds. The fast relaxations in a
hydrogel network generally can be correlated to the network
chain motions and the weaker reversible cross-links. That is,
when the network chains are stressed, one would expect the
weaker physical bonds to break first. Although the poly(ZnA)
dissolves in water, as shown in Table 2, the fastest relaxation in
HFZ appears to be slower than that for HFx. The presence of
the hydrophobic network affects the dynamics of the ionic
cross-links such that their lifetime under stress is much longer
than expected. This result is consistent with electron
paramagnetic resonance spectroscopic studies that showed
increased ion binding with increasing hydrophobicity of the
hydrogel environment.®

One would normally expect that the slower relaxation
processes in the HFx and HFZ hydrogel networks would be
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dominated by the dynamics of the hydrophobic nanodomains.
The nanodomain cross-links that characterize the hydrophobic
network contain ~100 FOSM groups. As such, the multifunc-
tional cross-links are rather robust, and one expects that the
stress in the hydrogel concentrates at the locus of the interface
between the poly(HEA) network chain and FOSM group to
which it is attached. In principle, the stress in a network chain
can be dissipated by releasing individual network chains from a
nanodomain cross-link, which requires pulling an FOSM group
out of the nanodomain. This process is consistent with the very
long relaxation times seen in the stress relaxation behavior,
Table 2, and has been previously attributed to an FOSM
jumping process, whereby an FOSM—FOSM bond breaks and
an individual FOSM group is either pulled out of the
nanodomain or it reorganizes with other FOSM groups within
the nanodomain.’”** However, the slow relaxations of the
HFZ hydrogel were even slower than those of the HFx
hydrogels. This behavior can potentially be attributed to the
local charge density from the ionic cross-links that led to an
increased penalty for the rearrangement of FOSM nano-
domains and/or less chain conformations available for the
network due to the ionic cross-links between the FOSM
nanodomains.

Microstructure Self-Healing. The rearrangements en-
abled by noncovalent cross-links should enable self-healing of
these hydrogels, but the self-healing process should depend on
their viscosity as the molecular-scale flow is necessary to repair
the damage. In this case, we consider the self-healing of the
microstructure of the hydrogel'® in contrast to the self-healing
of fractures or cuts.”” For physically cross-linked hydrogels
with reversible bonds, the latter is expected when considering
viscoelasticity as long as the time for healing exceeds the
longest relaxation time for the hydrogel. At these long times,
the physically cross-linked hydrogel is effectively a viscoelastic
liquid and the material will flow under the applied force
(including gravity) like any liquid. Conversely, the healing of
the microstructure requires the pathways for the healing to
proceed without kinetic traps back to the original structure.
Given the propensity of amphiphilic block copolymers to form
kinetically trapped nanostructures,®” it is not evident that the
microstructure of these hydrogels will self-heal. To test the
healing ability of the HF10, HF21, and HFZ hydrogels, these
hydrogels were damaged through a strain sweep at @ = 1 rad/s
as the strain amplitude increased from 1 to 100%. The healing
was then monitored by low-amplitude oscillatory shear (@ = 1
rad/s) using a strain amplitude of 0.25%. Figure § illustrates
two cycles of damage and recovery for the different hydrogels.
During the first strain sweep, the LVE response of the HF10
hydrogel persisted to approximately 10% strain. From =10 to
100% strain, G’ of HF10 decreased by 2 orders of magnitude,
which is indicative of damage to the network structure in the
hydrogel. Based upon prior in situ SAXS measurements during
the deformation of similar hydrophobically cross-linked
copolymer hydrogels,” this damage is likely associated with
the removal of individual FOSM units from existing domains
to decrease the effective cross-link density with the FOSM
domains deformed from spherical to ellipsoidal at a sufficiently
high strain rate. As the strain is increased, the strain rate also
increases, which impacts the nanostructure of these types of
hydrogels.”” A similar microstructure self-healing has been
reported for analogous hydrogels based on dimethylacrylamide
and FOSA." Increasing the cross-link density produced a
nonlinear behavior (i.e.,, decreasing G’ with increasing strain)
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at lower strain amplitudes. For HF21 hydrogel, G" decreased
by almost 3 orders of magnitude as the strain increased from 1
to 100%. As the HF30 only contained ~3% water, this material
was not examined for its self-healing properties.

In contrast to the HFx hydrogels, the HF21 hydrogel
maintains its LVE response until ~#10% strain, despite its
higher effective cross-link density than HF21 and HF10.
Moreover, G’ of the HFZ hydrogel only decreased by an order
of magnitude when the strain amplitude was increased to
100%. This smaller decrease in G’ of HFZ in comparison to
HEFEx is attributed to the greater resilience of the physical cross-
link network in the system. In addition to the ability of the
HFZ to maintain its elastic properties at larger strains, the
recovery of the mechanical properties after damage at high
strain is important for understanding the self-healing properties
of these hydrogels. From Figure S, the recovery of G’ appears
relatively rapid (<1 min) for the 100% strain damage for all of
the hydrogels examined.
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Figure S. Oscillatory shear with a strain amplitude of 0.25% and a
constant @ of 1 rad/s was applied to the (a) HF10, (b) HF21, and (c)
HFZ hydrogels before and after the application of large oscillatory
strains with amplitudes up to 100%. This process was repeated for two

cycles.

Figure 6 more clearly summarizes the recovery of these
hydrogels. Immediately following the 100% deformation (time

100

TTe)

HF10 HF21 HFZ ° HF10 HF21 HFZ

a)

G',. (%)
5 3

N
S

)

Figure 6. Fraction of the initial storage modulus recovered (G',.) for
the HF10, HF21, and HFZ hydrogels (yellow) immediately following
large amplitude shear (100% strain) and (green) after 300 s recovery
for (a) first and (b) second cycles (strain sweep and 300 s recovery)
shown in Figure S.
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resolution of rheometer at 1 rad/s), G’ recovers 63% of its
initial value for HF10 and 72% for the HF21 hydrogel (Figure
6a). The enhanced recovery in G’ for HF21 is consistent with
its more rapid stress relaxation (Figure 4). As expected from its
longer relaxation times, G” of the HFZ hydrogel only recovered
44% of its initial value immediately after the 100% strain,
Figure 6a. G’ recovers almost to an identical extent after 100 s
(~84% of the initial value) as the HF10 and HF21 hydrogels,
Figure 6a. The slower self-healing of the HFZ hydrogel likely
originates from the conformational pinning of the ionic cross-
links, which hinders the recovery of FOSM nanodomains. This
phenomenon can also explain the longer relaxation times of the
HFZ hydrogel than those for HF10 and HF21 hydrogels. This
self-healing can be repeated, but there appears to be a gradual
decrease in the recovered G’ in the second cycle for the HF10
and HF21 hydrogels (Figure 6b). Intriguingly, the recovery of
G’ did not change much for the HFZ hydrogel on the second
cycle.

Creep and Creep Recovery. While the discussions above
on stress relaxation revealed the synergistic effect of hydro-
phobic and ionic cross-links on the mechanical response of the
HFZ hydrogel, creep and creep recovery experiments were also
performed to further understand the dynamics and rearrange-
ment of the physical cross-links under load'’ and the
microstructure self-healing, which depend on the relaxation
processes, viscosity, and thermodynamics of the associations.
Figure 7a shows the change in strain during the creep of the
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Figure 7. Creep and creep recovery behavior of HF, and HFZ
hydrogels. (a) Creep and creep recovery (stress = 300 Pa) for (red
box solid) HF10, (green circle solid) HF21, (blue triangle up solid)
HF30, and (star solid) HFZ hydrogels. (b) The zero shear rate
viscosity calculated from the creep measurements of (circle solid)
HFx and (star solid) HFZ hydrogels. (c) Recoverable strain for (circle
solid) HFx and (star solid) HFZ and the maximum retardation time
for (circle open) HEx and (star open) HFZ hydrogels.

HFx and HFZ hydrogels with an applied shear stress of 7, =
300 Pa, which was within the LVE region. After the stress was
applied for ~150 s, all hydrogels achieved a steady-state flow,
where the strain rate (dy/dt) remained constant. The zero
shear rate viscosity (7,) of the sample is defined as 7, = 7,/
(dy/dt), which is the constant shear stress divided by the slope
of the linear portion of the creep curves in Figure 7a, as
illustrated by the dashed line for the HF10 hydrogel.

The viscosity of the hydrogels measured from Figure 7a is
plotted against the cross-link density, v,, in Figure 7b. In the
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flow regime of the creep experiment, the network is no longer
intact; so, in that case, v, is considered as the concentration of
transient hydrophobic associations, or stickers,”® rather than
cross-links. 7, also depends on the molecular weight of the
polymer and the concentration of water in the hydrogel
Although the polymer concentrations in the gel varied from
about 0.41 g/mL for HF10 to 0.70 g/mL for HF21, those
differences were insufficient to account for the 3 orders of
magnitude differences in viscosity shown in Figure 7b. The
changes in 7, shown in Figure 7b are primarily attributable to
differences in v,, and the relationship appears to be linear
(dashed line in Figure 7b), though the data were limited.
HF10, which had the lowest v,, correspondingly had the lowest
1, and exhibited the greatest creep. The zero shear viscosities
of HF21 and HF30 were 3 orders of magnitude higher than for
HF10. Although 7, for HFZ was about 10% higher than for
HF21, the linear relationship indicated by the dashed line in
Figure 7a suggests that the higher viscosity of HFZ may be a
consequence of the slightly higher v..

The differences in the strain achieved during the creep
experiment between the HF10 hydrogel and the HF21 and
HFZ hydrogels were mainly due to the difference in their
recoverable compliances (2.16 X 1074 1.93 X 107 vs 1.27 X
1075 Pa~! for HF10, HF21, and HFZ, respectively), which is
the elastic response manifest in the creep data near t = 0. Also,
since HF10 had a lower viscosity, the creep due to viscous
flow, at longer times, was much greater than that for the HF21
and HFZ gels. The difference in the strain at the end of the
creep experiments for HF21 and HFZ was small, but it
appeared to be due to primarily the difference, albeit small,
between their viscosities. The recoverable compliances of these
two hydrogels were similar, which would be expected since
their cross-link densities were within 4%. The viscosity of HFZ
was about 10% greater than that of HF21, which may account
for the larger strain (~50%) at the end of the creep experiment
(t = 300 s) for HF21 than for HFZ. That is, the higher 7,
reduced the total strain of the HFZ hydrogels during creep in
comparison to the HF10 and HF21 hydrogels.

Stress recovery data for the three hydrogels after removing
the stress at t = 300 s are also shown in Figure 7a. The strain
from a creep recovery has two contributions: (1) recoverable
strain, 7,, that is due to the elastic response at the beginning of
the creep experiment and (2) nonrecoverable strain, y; that is
due to plastic flow or permanent deformation as a result of
changes in the microstructure. Figure 7c shows y,(t) as a
function of v,. The recoverable strain increased with increasing
V., but the data in Figure 7c indicate a large difference between
the y, values at t = 300 s for HF21 (79%) and HFZ (123%),
which had similar values of v,. The value of y, > 100% may
indicate that drift occurred in the transducer during that
experiment. Given that issue, the best one can conclude here is
that the recoverable strains for HF21 and HFZ were high. The
maximum retardation times, 7., = #,¥./7,, for the hydrogels
and HF30 are also plotted in Figure 7c. 7, increased with
increasing v,. The straight line drawn through the 7., versus
v, data would seem to indicate that the difference in the
maximum retardation time for HF21 and HFZ is due to the
small difference in 7, a finding that is in contrast to the
conclusions drawn from the stress relaxation results that the
HFZ hydrogels exhibited slower dynamics than the HFx
hydrogels (Table 2). Note that 7, for the HF30 sample did
not fall on the same line in Figure 7c as did the HF10, HF20,
and HFZ hydrogels. This may be a consequence of the much
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lower water content in the HF30 sample and was not
considered significant.

The series of rheological measurements demonstrate the
unique combination of properties for the HFZ hydrogel, which
are attractive for the potential applications of these tough
hydrogels. These properties of the HFZ hydrogel appear to be
associated with the cooperativity requirements for rearrange-
ments that correspond with the relaxation processes of the two
different physical cross-link mechanisms that are present on a
single terpolymer chain. The statistical (random) incorpo-
ration of these functional groups on the chain appears to lead
to distinct differences from block copolymers with similar
functionality with increased sensitivity to the ionic cross-link
units at lower Zn** concentrations.

B CONCLUSIONS

The inclusion of an associating ionic group containing
stoichiometric quantities of Zn** in an amphiphilic copolymer
leads to substantial alteration of the mechanical properties of
the resulting hydrogels. Unlike hydrogel with only hydro-
phobic cross-links, the addition of the ionic cross-links (HFZ
hydrogel) enables hydrogels with both high elastic modulus
and high swelling ratio. The ionic cross-links hindered the
rearrangement of hydrophobic cross-links to dramatically
increase the relaxation times of the HFZ hydrogel. These
hydrogels can effectively self-heal their microstructure after
damage caused by large strains. These results provide new
insights into the mechanisms associated with dual physical
cross-linked hydrogels in terms of their design through the
manipulation of the relaxation time spectra through associa-
tions.
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