
pubs.acs.org/MacromoleculesPublished on Web 07/01/2010r 2010 American Chemical Society

Macromolecules 2010, 43, 6193–6201 6193

DOI: 10.1021/ma100963m

Ionically Cross-Linked Triblock CopolymerHydrogels withHigh Strength

Kevin J. Henderson, Tian C. Zhou, Kathryn J. Otim, and Kenneth R. Shull*

Department of Materials Science and Engineering, Northwestern University, Evanston, Illinois 60208

Received May 3, 2010; Revised Manuscript Received June 18, 2010

ABSTRACT: High strength hydrogels were made by ionically cross-linking the polyelectrolyte midblock of
a self-assembled, amphiphilic triblock copolymer network. The polymer backbone consisted of glassy,
spherical domains of poly(methyl methacrylate) (PMMA) end blocks bridged by solvated poly(methacrylic
acid) (PMAA)midblocks, whose assembly was induced by vapor phase solvent exchange. Ionic cross-linking
was achieved by submersion of polymer gels into pH-buffered solutions of divalent acetates (Zn, Ca,Ni, Co, Cu).
Consequentmechanical characterization by tensile and indentation testingmethods revealed a dependence of
mechanical behavior on ion absorption, pH, and cation identity with orders of magnitude increases in
Young’s modulus between cross-linked and noncross-linked states. These materials exhibit a degree of rever-
sible energy dissipation with mechanical responses reminiscent of tough double network hydrogels and fracture
stresses up to ∼1 MPa.

Introduction

Synthetic strategies for generating hydrogels that mimic the
properties of tough biological materials are limited. Soft, struc-
tural materials such as cartilage exist in aqueous environments at
relatively low biopolymer volume fractions while maintaining
high rigidity, load bearing ability, and lubricating (low friction)
properties.1 These characteristics result from an elegant combi-
nation of protein chemistry, well-defined structure, and reversible
intermolecular bondsmaintained by a finely tuned, local environ-
ment. In contrast to such biological gels, conventional, chemi-
cally cross-linked polymer gels have extremely poor mechanical
properties.2-4 While conceptually similar, chemically cross-linked
gels suffer from inherent network inhomogeneities, an artifact of
their polymerization technique, which increases brittle character
especially at higher cross-linking densities.Network homogeneity
is significantly improved in triblock copolymer,5-8 nanocomposite,9

topological,10 or macromolecular microsphere composite gels,11

resulting in more robust materials capable of large strain defor-
mation. However, the ability of these materials to undergo large
strains often comes at the expense of stiffness. The ability to gene-
rate polymer gels with a large Young’s modulus (∼106 Pa) capa-
ble of large deformations is a nontrivial research feat. The most
successful synthetic materials to date are double network hydro-
gels,12,13 which synergistically combine the stiffness of a tightly
cross-linkednetworkwith the dissipative ability of an independently
formed, loosely cross-linkednetwork.Thesematerials havedemon-
strated strengths and toughnesses that rival biological cartilage.14,15

However, the exceptional toughness of a double network gel
compromises thematerial’s fatigue resistance, as it depends entirely
upon irreversible damage to the first network as an energy dissi-
pation mechanism. While the second network assists in broaden-
ing the fracture zone tomaximize dissipation, once the first network
has been fractured, the mechanical response is dominated by the
much softer second network, and the high stiffness and toughness
are lost. Consequently, one approach to remedy this situation is
the replacement of the stiff chemically cross-linked network with
one that is noncovalently, reversibly associated. The inherent
problem with this solution is that reversible bonds are inevitably

weak, resulting in a problematic inverse relationship between
stiffness and fatigue resistance. Perhaps the best mechanism for
achieving pseudocovalent bonding character, while maintaining
adegreeof reversibility is ionic cross-linking,which ranges innature
frommostlyCoulombic attractions16 to complicated ligand-metal
complexation.17 Judicious selection of the cross-linking ion pro-
vides a means for optimizing the overall mechanical properties of
the material.

Here we employ ionic cross-linking in conjunction with a
physically associated triblock copolymer network10 to mimic the
structure, and hence performance, of double network hydrogels.
The polymer architecture and gel assembly process are presented
in Figure 1. In contrast to true double network gels, these gels
have only a single polymer network, and this network is cross-
linked twice using two disparate mechanisms. The analogue of a
double network gel’s tightly cross-linked network is the ionically
associated midblock, while the loose network analogue is the
physically associated triblock copolymer backbone. The resulting
hydrogels demonstrate tensile loading behavior reminiscent of
double network gels but improved fatigue resistance through
reversible ionic associations.

Background

Ionic Cross-Linking.Metal-carboxylate interactions bet-
ween charged polyelectrolytes and divalent cations were first
studied as early as the 1950s.16,18,19The nature of the complexa-
tion has been studied hence by a number of potentiometric,20-24

electronparamagnetic resonance,25,26magnetic susceptibility,24,25

and spectroscopic methods19,24,27,28 for linear polyelectro-
lytes, cross-linked gels, and polymer brushes. These studies
indicate a clear dependence of the nature of associations on
the identity of the cation used. While Group II metals demon-
strate a predominantly electrostatic interaction, d-block ele-
ments have the ability to complex with carboxylate ligands
leading tomore stable, pseudocovalent bondswith reversible
character. The bond stability of complexes formed follows
the IrvingWilliams series,29 which fundamentally scales with
decreasing cation size. However, the trend is further explained
by the effect of electronic configuration through ligand field
stabilization energies (LFSE) up to d8 metals. For fourth*Corresponding author. E-mail: k-shull@northwestern.edu.
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period elements on the periodic table, this trend follows Ca<
Mn(II)<Fe(II)<Co(II)<Ni(II)<Cu(II)>Zn(II). The
anomaly of Cu(II) and Zn(II), which have lower LFSE ener-
gies thanNi(II), can be attributed to complex geometry. Cu(II)
complexes demonstrate tetragonal distortion of the octa-
hedral geometry due to the Jahn-Teller effect,30while Zn(II)
complexes are often tetrahedral rather than octahedral.29

However, depending on the geometry adopted by Zn(II), the
order of Ni(II) and Zn(II) may change and is highly ligand-
dependent. The stability ofmetal-ligandbonds relates to the
bond lifetime, with a linear relationship being quite common
between the thermodynamic equilibrium constant of com-
plex formation and the lifetime of a bond. Qualitatively, a
more stable metal-ligand bond (such as with Cu(II)) will
exhibit a larger bond strength and a longer bond lifetime,
while a less stable bond (such asCa)will form aweaker,more
transient association. The bond association rate is fairly
independent of cation identity, with the rate-determining
step consisting of a dissociation of an outer sphere aqua ligand
around the cation rather than bond formation with an in-
coming ligand.31 However, the lifetime of these complexes
after formation is dependent on the bond strength. When
attached ligands are multidentate, the lifetime of formed com-
plexes jumps dramatically since dissociation of the complex
depends upon detachment of multiple bonds. Given the sen-
sitivity of both the charged states of metallic cations and
carboxylate ligands to pH, complex formation and binding
modes in these experiments are highly pH dependent, with
little complexation available under basic conditions due to
hydroxide formation, which diminishes the polyvalent state
of a hydrated cation.32

To date, more emphasis has been placed on characterizing
the chemical nature of the metal-carboxylate interaction,
while fewer studies have focused on themechanical influence
of ionic cross-linking in hydrogels. Recent work by Horkay
et al.33 suggests that divalent complexes formed with poly-
(acrylic acid) gels are entirely reversible, while trivalent metals
are not. Furthermore, the normalized modulus of cross-linked
gels increases as the strength of the carboxylate bond in-
creases. Alginate hydrogels34 have been studied much more
extensively, though mostly in the presence of calcium cations.
The mechanism of cross-linking in these systems is relatively
well understood, with the calcium “egg-box” structures35 brid-
ging the guluronic acid moieties to produce a 3-dimensional
network. The effect of ionic cross-linking in these naturally
occurring biological gels is an increase in both the toughness
and stiffness. Mooney et al. have recently demonstrated36 that

these alginate gels exhibit self-healing character due to the
nature of the reversible calcium ionic associations.

The current study aims to elucidate the mechanical effect
of ionic cross-linking on physically associated polymer hydro-
gels, with particular emphasis on concentration effects and
pH dependence on mechanical properties as well as gel re-
covery following loading.

Block Copolymer Hydrogels. The acrylic block copolymer
hydrogel used in this study serves as an excellent model
system for a physically associated hydrogel. In contrast to
a chemically cross-linked system, a physically associated
hydrogel benefits from a homogeneous distribution of cross-
links which enhances the large-strain deformation perfor-
mance of the materials. Extensive characterization of thermo-
reversible, alcohol-based gels37 similar to the triblock
copolymer used in this study have elucidated the role of poly-
mer concentration, chain composition, and block lengths
on network architecture and gel performance. Small angle
X-ray scattering studies and self-consistent mean-field cal-
culations indicate that the end blocks form spherical aggre-
gates with diameters of ∼15-20 nm. At room temperature,
these aggregates are glassy and “frozen” in character, result-
ing in an elastic network capable of undergoing significant
deformation before strain hardening, with the extent of such
deformation determined by the finite extensibility of the com-
ponent midblock.38,39 These gels have Young’s moduli on
the order of 103-104 Pa when the polymer weight fraction is
between 0.05 and 0.25 and exhibit rate-dependent tough-
nesses on the order of 10-100 J/m2.38 The copolymer used in
this study demonstrates similar behavior,40 but the thermo-
dynamic parameters governing network structure come from
the solvent composition rather than temperature. Upon
solvent exchange, the resulting hydrogel can be considered
equivalent to a thermoreversible gel cooled well below its gel
transition temperature, such that the relaxation times of end
blocks are several orders of magnitude above experimental
time scales and are continually in a glassy state.

Experimental Details

Polymer Synthesis. The triblock copolymer used in this study
was synthesized by anionic polymerization using a previously
described technique.40 Initially the copolymer was synthesized
with a midblock of poly(tert-butyl methacrylate) (PtBMA) and
PMMA end blocks. The PtBMAmidblock length and copolymer
polydispersity (PDI=1.12) were assessed using gel-permeation
chromatography (Waters 717plus autosampler connected to a
Waters 2410 refractive index detector) in HPLC grade tetrahydro-
furan against polystyrene standards. The end block lengths were
determined using proton nuclear magnetic resonance spectros-
copy (Inova 400 MHz) by comparing integrated peak ratios of
the methoxy protons in PMMA (δ=3.60 ppm) versus the tert-
butyl protons in PtBMA (δ=1.43 ppm) referenced against the
measured molecular weight of PtBMA. In order to generate the
amphiphilic copolymer, the midblock was hydrolyzed in 1,4-
dioxane with a 3 times molar excess of hydrochloric acid at
80 �C for 6 h to generate a hydrophilic PMAA segment. Themole-
cular weights of each block in the final converted polymer are
34K-114K-34K, corresponding to a degree of polymerization
of 340-1330-340.

Materials.Zinc acetate, calciumacetate, cobalt acetate, nickel
acetate, copper acetate, and acetic acid were purchased from
Sigma-Aldrich and used as received. All buffered acetate solu-
tions were made in nanopure water (18.2 MΩ-cm) with pH
confirmed using a WTW Portable pH Tester, Model 20. Solu-
tions of 7.0% (w/w) triblock copolymer in dimethyl sulfoxide
(Aldrich) were poured into rectangular molds and stored in
sealed plastic containers under saturatedwater vapor conditions
to permit the vapor phase solvent exchange with water for 3 days,

Figure 1. Structure and assemblymethod for obtaining ionically cross-
linked hydrogels.
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during which time the increased water content induced nano-
phase separation of the PMMAdomains into bridged, spherical
aggregates.Upon solvent exchange, the polymerweight fraction
was 6.0-7.0%, corresponding to an average midblock carboxy-
late concentration of 440-510 mM. Samples were cross-linked
by subsequent immersion of gels into pH-controlled acetate solu-
tions of divalent ions and were allowed to equilibrate for a week
(gel weights and ion absorption behavior stabilize within 12-72 h
for all samples) before mechanical characterization.

Methods.Tensile tests were carried out on an Instronmachine
with a 50 lb Sensotec load cell at a loading rate of 10 mm/min
(0.5 strain/min). Dogbone samples were cut from equilibrated
gel sheets with a gauge length andwidth of 21.0mmand 4.2mm,
respectively. Gel thicknesses varied by salt concentrations used
and ranged from 0.60 to 2.0 mm. Samples were immersed in
solution until testingwas carried out andwere assumed to be free
of significant drying during loading. Three specimens of each sam-
ple were tested, and the average modulus, fracture stress, and
strain to failure reported. The samples broken at the largest
strains are illustrated in Figure 2, with the strain energy density
values calculated from only these specimens.

Indentation tests were carried out using an axisymmetric
probe tack device, consisting of a piezoelectric stepping motor
connected in parallel to a load transducer attached to a flat cylin-
drical indenter.41 Displacement was monitored using an optical
sensor. The cylindrical indenter used had a radius of 440 μmand
was loaded at a rate of 10 μm/s. All samples were tested while
immersed in buffered acetate solutions.

Ion absorption measurements were conducted using induc-
tively coupled plasma optical emission spectroscopy on aVarian
Vista MPX instrument. The emission peaks used for concentra-
tion analysis of zinc and calcium samples were 213.857 and
422.673 nm, respectively. All sample concentrations were dilu-
ted to a range of 1-40 ppm, and analyzed using a quadratic fit
against prepared standards. The ion uptake within the gels was
determined by the difference between the initial and final con-
centrations of the surrounding solution.

Results and Discussion

Tensile Behavior. Tensile tests of gel samples equilibrated
for 1 week in various acetate solutions are shown in Figure 2,
plotted as a function of the engineering stress, σeng, versus the
engineering strain, ε. Sample details are listed in Table 1.
Here, σeng is defined as the measured load divided by the
undeformed cross-sectional area, and ε is defined as the ex-
tension divided by the undeformed gauge length. The polymer
volume fraction for each sample is denoted byφp (assumed to
equal to polymer weight fraction), andU is the strain energy
density, discussed further in a subsequent section. As a control
to illustrate the tensile behavior of a noncross-linked sample,

the data from a sample immersed in 10 mM sodium acetate
pH4buffer is included. Themonovalent sodium ion does not
coordinate with more than a single carboxylate functionality
at a time and as a result does not appreciably affect mecha-
nical properties of the bulk gel. A pHof 4 is employed here to
maintain a polymer fraction similar to that of cross-linked
samples (φp ∼ 0.10). The modulus of this gel is relatively
small, and the gel fails at strains near 2. The material is
linearly elastic, as expected at these strains. The use of a small
concentration of divalent zinc (4 mM; pH 6) results in a gel
with amodulus about an order of magnitude higher than the
sample with no divalent salt. This sample similarly demon-
strates linear elasticity as expected in the neat polymer gel but
has amuch larger modulus and is capable of attaining higher
strains (∼4-5).

A significant deviation in linear elastic behavior occurs at
intermediate to high concentrations of divalent salt addition.
These samples demonstrate a 2-fold loading behavior that
closely resembles that of double network gels.11According to
models developed independently by Brown12 and Tanaka,13

the unique loading behavior can be explained by the presence
of a damage zone where a stiff network breaks above a criti-
cal stress σc, abovewhich themodulus of the weaker network
dominates the mechanical behavior, producing a macro-
scopic yielding effect. Here, a high-modulus region reminis-
cent of stiff ionic cross-linking is present at small strains
(<0.1), followed by an extensive high-stress region corres-
ponding to the yielding of the ionically cross-linked network.
An intermediate concentration of zinc (14 mM; pH 6) results
in a deswollen gel that is considerably stiffer than gels with
little or no divalent cation present. However, this increase in
stiffness comes at the expense of extensibility as the sample
fails near a strain of 2. Subsequent addition of zinc to a high
concentration (71 mM; pH 6) results in a more swollen gel
with degradedmechanical properties: a reduction in themodu-
lus, critical stress, and strain at failure. A calcium sample at
high concentration exhibits the same behavior, but has a
lower modulus and can withstand slightly larger strains
(∼2.4). These results suggest that the extent of ionic cross-
linking is highly dependent on concentration and cation
identity. Low concentrations of divalent cation serve to in-
crease both modulus and extensibility while higher concen-
trations begin to lose both. The cation selection governs the
extent of these changes.

Concentration and pH Dependence of Modulus. The con-
centration dependence of the cross-linking event has been
probed via indentation testing as this technique is amenable
to quick testing of many small specimens. Figure 3 depicts a
typical indentation loading and unloading curve, plotted as
average stress (load divided by punch cross section) versus
the normalized indenter displacement (displacement divided
by the indenter radius). The observed Young’s modulus is
defined by the following equation:42,43

E ¼ 3πσav

8ðδ=aÞ ð1Þ

Here σav is the average stress under the indenter, δ is the
indenter displacement, and a is the indenter radius. The sam-
ple thicknesses are all at least 4 times the punch radius, so the
effect of confinement on the modulus measured by indenta-
tion does not need to be taken into account.44 In these ex-
periments, we obtain an effective modulus, Eeff, at inter-
mediate values of the normalized displacement (∼0.2) where
the gel’s mechanical response is still linearly elastic and
artifacts of initial loading behavior (e.g., uneven surface)
are not evident. We refer to the modulus obtained from

Figure 2. Stress-strain response of ionically cross-linked samples in a
tensile geometry. Sample details are listed in Table 1.
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application of eq 1 to the indentation data as an effective
modulus due to the discrepancy between moduli obtained
from indentation and tensile methods for stiff, cross-linked
samples. The indentation tests, which result in localized stresses
above the yield stresses observed under tension, can lead to
localized gel failure and result in an observed softening in
the modulus. This phenomenon is attributed to the inhomo-
geneous stress state beneath the flat punch which possesses a
singularity at the punch edge.14

Figure 4 illustrates the effect of ionic identity and concen-
tration on Young’s modulus as determined from the inden-
tation experiments. External concentrations (cout) indicated
in these plots are the actual final concentrations of the solu-
tions that are in equilibrium with the gels. Because of the
observed softening of ionically cross-linked samples in the
indentation geometry, these effective moduli serve as a lower
bound for the actual, low-strain moduli. The tensile data from
Figure 2 provide a better quantitative measure of sample
stiffness, and these values indicate that difference between
E and Eeff is larger for the highly cross-linked Zn samples
(E/Eeff ∼ 6) than for the highly cross-linked Ca samples
(E/Eeff∼ 3). FromFigure 4, it is readily apparent thatmono-
valent cations such as sodium have little effect on the modu-
lus across all concentrations, whereas the divalent cations
calcium and zinc lead to an increase in themodulus by orders
of magnitude. At low concentrations, all samples exhibit
similarmoduli, andat higher concentrations the divalent cation
samples exhibit an abrupt transition from a low-modulus to
a high-modulus state, indicative of saturated ionic cross-
linking. With zinc, this transition occurs near a 4 mM con-
centration, while the transition for calcium is closer to 16 mM,
four times higher. Furthermore, the fully cross-linked moduli
for zinc samples are an order of magnitude higher than cal-
cium, consistent with the tensile testing results. Upon obtain-
ing a cross-linked state for both divalent ions, the effective
modulus reaches a peak and weakly decreases as concentra-
tion increases, remaining on the same order of magnitude.

This decrease can be attributed to a change in polymer fraction,
which will be discussed subsequently. A decrease in solution
pH from pH 6 to pH 4 only serves to change the concentra-
tion necessary to achieve cross-linking but does not entirely
prevent cross-linking from occurring.

Ion Absorption Measurements. Ion absorption experi-
ments were conducted to determine the final equilibrium
concentrations of ions in the prepared gels and also served to
quantify the ion uptake into the gels which contributed to the
observedmechanical properties. Figure 5 shows the relation-
ship between the interior and exterior ion concentrations
(cin and cout) for zinc and calcium cross-linked gels. The inter-
nal concentration of the gel assumes a density of 1.0 g/cm3,
using the gel weight as a measure of volume.

The results indicate that the ion concentration within the
gel is consistently larger by an order of magnitude or more in
comparison to the ion concentration outside the gel, which
can readily be explained by the affinity of the negatively
charged polymer backbone for the positively charged coun-
terions. For both cations at pH 6, there is a considerable spike
in ionic uptake that coincides with a transition in volume
and modulus, with this transition occurring earlier for Zn
than Ca. Above these spikes at higher relative values of cout,
the cin concentrations of both Zn and Ca are roughly the
same. The preferential absorption of cations by the gel
begins to taper off at high concentrations as the network
becomes saturated with ions. For the pH 4 samples, there is
no clear distinction between Ca and Zn samples, with both
following a linear trend at low concentrations and showing
a slight spike at high concentrations similar to the pH 6
samples where an increase in mechanical stiffness becomes
prevalent.

Figure 6 is a plot of the same data in reference to the frac-
tional uptake of cations absorbed by the gel. Here we calcu-
late this ratio ( fZn or fCa) using the following equation:

fion ¼ ðcin - coutÞ
cCOOH

ð2Þ

Here cCOOH is the molar concentration of the midblock mono-
mer within the gel. This equation discounts free ions in solu-
tion within the gel and assesses only the bound cations. For
100% association between the divalent cations and the
carboxylates, fion would be 0.5. At a pH of 6, this limit is
approached for both the Zn and Ca ions at sufficiently high
external ion concentrations, although the absorption ratios
for both cations are lower at pH= 4. Furthermore, it is
evident that cation identity yields little influence on fion with
all pH 6 and pH 4 samples virtually indistinguishable bet-
ween the two cations studied.

Figure 6b illustrates that while fion is virtually equivalent
across all concentrations for both cations, the swelling sta-
tes (as denoted by polymer volume fraction, φp) are quite
distinguishable. Zn samples exhibit a volume transition
at lower values of fion than Ca samples and also swell out
to lower values of φp upon saturation. This difference in

Table 1. Sample Information for the Specimens from Figure 2
a

ion, cout φp E (MPa) fracture stress (MPa) strain at fracture U (MJ/m3)

Zn, 4 mM 0.29 0.075( 0.001 0.30( 0.06 4.2( 0.8 0.98
Zn, 14 mM 0.40 21( 4 0.86( 0.09 1.7( 0.3 1.4
Zn, 71 mM 0.18 10( 1 0.44( 0.02 0.78 ( 0.11 0.32
Ca 70 mMb 0.48 1.0( 0.1 0.30( 0.03 2.4( 0.1 0.24
Na, 9 mM pH 4b 0.10 0.0046( 0.0006 0.011( 0.005 2.0( 0.38 0.02

aThe Young’s modulus, fracture stress, and strain at fracture values are averaged from three specimens, while the values of the strain energy density,
U, come from the samples with the largest strain at fracture. Errors reflect 1 standard deviation from the average. bDenotes an estimated concentration
relative to measured quantities.

Figure 3. Typical indentation loading and unloading curve illustrat-
ing the determination of the effective modulus for a zinc sample
(Cout=92 mM; pH 6).
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swelling originates from the nature of the detailed cross-
linking mechanism, perhaps related to the different geo-
metries of the complexes that are formed. Regardless of the
mechanism, it is clear that the polymer volume fraction is not
merely dependent upon the fraction of absorbed cations with
the gel.

Relationship betweenModulus and Polymer Concentration.
Given the differences in swelling behavior for each cation,
it is necessary to take into account this variable to develop
a better understanding of cross-linking behavior. To demon-
strate the role of polymer fraction in the observed mecha-
nical response of samples, the combined data for all indenta-
tion measurements are shown in Figure 7 as a function of
φp. At low ion concentrations the modulus increases as φp

1/3,
consistent with a material that obeys the following expression

obtained from a standard neo-Hookean model of rubber
elasticity:45

E ¼ 3βφp
1=3FRT
M

ð3Þ

Here, M is the average molecular weight between cross-link
points, which for the un-cross-linked polymer is simply the
total copolymer molecular weight (182 kg/mol), and F is the
polymer density. We have assumed here that the fraction of
midblocks that bridge different PMMA end block domains
is equal to one, which has previously been shown to be a good
approximation for triblock gels with these concentrations
and molecular weights.46 The quantity β is the ratio of the
root-mean-square end-to-end distance of the polymer in the
collapsed, dry state normalized by the value it would have
in a Gaussian polymer melt. A value of 0.24 for β describes
the behavior of the noncross-linked polymers. At low ion
concentrations, the effect of the ions is merely to deswell the
network, thereby increasing φp. Intermolecular cross-linking
that would result in a higher elastic modulus is not observed
under these conditions.

At higher concentrations of divalent salts, the modulus
begins to deviate significantly from the form of eq 3 that is
valid at low ion concentrations, providing a clear signature
of ionic cross-linking. Once the modulus has peaked for a
given cation, the modulus once again scales with polymer
fraction as increasing concentration leads to reswelling of the
polymer network and an accompanying decrease in modu-
lus. This phenomenon suggests that ionic cross-links become
saturated, and the molecular weight between cross-links
remains constant despite additional increases in concentra-
tion. For the Zn cross-linked system we can fit the modulus
data with eq 3, obtaining a reduction inM from 182 kg/mol
to 0.52 kg/mol between cross-linked and un-cross-linked states.
This value forM corresponds to an average of 6 methacrylic

Figure 4. (a) Concentration dependence on Young’s modulus, Eeff, for sodium (diamond), calcium (triangle), and zinc (circle) cross-linked samples
at pH 6. (b) Young’s modulus of zinc cross-linked samples at pH 4 (open) and 6 (closed) and (c) Young’s modulus of calcium cross-linked samples at
pH 4 (open) and 6 (closed).

Figure 5. Cation concentration in the gel versus exterior solution
concentration. Calcium samples are represented by triangles while zinc
samples are circles, and pH 6 samples are closed symbols while pH 4
samples are open. The black line represents an ideal 1:1 relationship
between interior and exterior concentration when no favorable inter-
actions exist between ions and the polymer within the gel. Error bars
indicate (1 standard deviation.
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acidgroupsbetween ionic cross-links.Asa reminder, themoduli
obtained from the indentation measurements are lower
bounds as a result of sample yielding caused by the indenta-
tion geometry, with the softening accounting for roughly a
6� decrease in the observed modulus. Accounting for this
difference results in a calculated average of 1 methacrylic
acid group between cross-links, or a completely associated
system. However, the use of Gaussian chain statistics to
describe the elastic properties are clearly problematic for
these very highly cross-linked systems. Experimental com-
parison to the measured value of fion at the signature cross-
linking transition for each cation (∼0.15) results in calcu-
lated average distances of about 3 methacrylic acid units per
cross-link.

In order to illustrate the degree of cross-linking that is
necessary to affect the mechanical properties of the gels
substantially, we show several key values of fCa and fZn in
Figure 7. The first of these are relatively low values ( fZn=
0.046 and fca =0.054), where the ions deswell the gel but do
not have any effect on the average molecular weight between

cross-links. Next, we show values corresponding to themaxi-
mum value of the effective modulus, corresponding also to
the point of maximum deswelling. Values for fZn and fCa at
this point are both close to 0.15. Further addition of cations
to the gel does not increase the effective molecular weight
between cross-links and results in a reswelling of the gel to
give smaller polymer volume fractions.

Effect of Cation Identity on Bond Strength.Our interpreta-
tion of the difference between the maximum effective moduli
obtained with Zn and Ca ions is that cross-links obtained
with Zn are much stronger than those obtained with Ca. It is
most accurate to view these bonds as having lifetimes that
depend on the applied force.47 A given applied stress will relax
more quickly when applied to the Ca cross-linked system
than when applied to the Zn cross-linked system. Equiva-
lently, maximum stress that can be supported by the Ca cross-
linked systemover a specified time periodwill be less than the
stress that can be applied to the Zn cross-linked system. As
the applied stress is increased in order to measure the modu-
lus of stiffer samples with the indentation test, the samples
start to yield, giving modulus values that depend on the
actual strength of the ionic cross-links. As a result, we obtain
lower values of the effective modulus for the Ca-cross-linked
samples than we obtain from the Zn-cross-linked samples.

Differences in bond strengths for Ca- and Zn-cross-linked
systems can be attributed to the fact that group II metals,
such as calcium, are considered to have only electrostatic
interactions with charged polyelectrolytes, while transition
metals adoptmore complicated interactions according to the
electronic state of the cations’ d-orbital configuration. Here,
we demonstrate the effect of this relationship through a series
of samples made from the same initial concentration and tes-
ted using the indentation geometry. All samples were made
at pH 6 and were equilibrated with external ion concentra-
tions of 100 mM, high enough in all cases to reach the fully
cross-linked state (represented by the dashed line in Figure 7
for the Zn-cross-linked system). Since these concentrations
are well above the requisite concentrations needed to achieve
cross-linking, the final cross-linked states can be normalized
by polymer fraction to compare stiffening quantitatively.
The results are shown in Figure 8. For these samples, the
stiffness values coincide with the predicted behavior of the
Irving-Williams series, with Ca<Co<Ni<Zn<Cu. In
addition, the results indicate that all the transitionmetal ions
enhance stiffness significantly more than calcium. Since the
metal-carboxylate bond stability follows this same sequence,
there exists a clear relationship between the bond stability
and enhancement in stiffness caused by ionic cross-linking.

Figure 6. Plots showing (a) cation absorption in the gel as defined by the ratio of the absorbed cation concentration to the internal carboxylate
concentration plotted against the equilibrium external concentration of cation and (b) gel polymer volume fraction plotted against the same ratio.
Calcium samples are represented by triangles while zinc samples are circles, and pH 6 samples are closed symbols while pH 4 samples are open. Error
bars indicate (1 standard deviation.

Figure 7. Indentation testing results plotting the Young’s modulus of
ionically cross-linked samples as a function of polymer fraction. Zinc
samples are shown as circles, calcium samples are shown as triangles,
and noncross-linked samples are shown as squares, with pH 6 samples
shown as filled symbols and pH 4 samples shown as open symbols. The
lines correspond to eq 3 with β=0.24 andM=182 kg/mol (un-cross-
linked state- solid line) andM=520 g/mol (fully cross-linked state-
dashed line).
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Comparison to Covalently Cross-Linked Double Network
Gels.While indentation tests lucidly define the cross-linking
state across a number of variables, they do not directly mea-
sure the toughness of these samples. Fortunately, recent ten-
sile measurements of double network gels provide a standard
of comparison to the experiments performed in Figure 2, and
these materials have fracture toughnesses that have been
well-documented.48 To make this comparison, we use the
model developed by Brown49 and Tanaka50 that assumes a
relationship between the size of the fracture zone, hf, and the
fracture toughnesses in thesematerials through the following
relationship:

GC � Uhf ð4Þ
where U is the strain energy density of the material (J/m3)
and Gc is the fracture toughness. For double network gels,
measured hf values range from 150 to 700 μm depending on
the tearing velocity studied.51 Assuming that hf is similar bet-
ween both types of materials, the fracture toughness scales
directly with the value of U in each material. For double
network gels, this value is between 0.91- 5.25 � 106 J/m3,
depending on how the value is assessed.51 We obtain the
value of U in our gels by using the integrated area under the
stress strain curve:

U ¼
Z

σ dλ ð5Þ

The values of strain energy density are shown in Table 1.
Here we use only the samples that failed at the highest strains
in our calculation tomore closelymatch the theoretical value
obtained upon loading to the critical onset strain for strain
hardening, employed by Yu et al.51For the stiffer zinc sam-
ples, these values fall between 0.32 and 1.4� 106 J/m3, while

calcium samples are slightly lower with 0.23-0.47 � 106 J/m3.
These values are smaller than the best double network gels,
but it should be noted that calculated value of U is highly
dependent on the strain onset of gel failure. In the double
network calculations, U is defined as the integrated stress-
strain area up to the onset of strain hardening, while many
tensile loaded samples fail at much lower strains (2-3 times)
due to loading rate and inherent sample imperfections. Here,
we do not reach the onset of strain hardening, which is
anticipated to be larger than 5 as supported by the 4 mM
Zn sample. As a result, differences between these gels and
double network gels are within measurable uncertainty.
Regardless, these gels demonstrate 1-2 orders of magnitude
improvement in U over nonionically cross-linked samples
(0.02� 106 J/m3). Assuming that Gc also scales with U for
triblock copolymer gels. These results suggest that ionically
cross-linked gels have toughness values that fall between
100 and 1000 J/m2, since similar triblock copolymer gels
demonstrate velocity-dependent fracture toughnesses38 bet-
ween 10 and 100 J/m2. This estimation is further corroborated
by indirect comparison with the strain energy densities of
double network gels.

A direct comparison can bemade for the strengths of these
ionically cross-linked materials versus double network gels.
Double network gels demonstrate strengths in the range of
1-10 MPa, with a clear dependence of this strength on the
cross-linking density of the second network.12 The fracture
stresses depicted in Table 1 for the ionically cross-linked speci-
mens are clearly on the lower end of this range (0.3-0.9 MPa)
but are still remarkably large in comparison tomost polymer
gels, particularly nonchemically cross-linked ones. For ins-
tance, gelatin, agarose, and alginate gels fail below 100 kPa
of tensile stress52,53 while the nonionically cross-linked sodium
acetate samples listed in Table 1 fail near 11 kPa. The exten-
sion of ionic cross-linking to the physically associated tri-
block copolymer network clearly results in gels with 1-2
orders of magnitude increase in mechanical strength.

Evidence of Fatigue Resistance. The distinct advantage
thesematerials have over traditional, covalently cross-linked
double network gels is their potential self-healing ability
since double network gels have no fatigue resistance. Ionic
cross-linking in alginate gels has previously demonstrated
reversible associations that permit gel recovery after failure
in shear,18 but similar tests have not been demonstrated in
other hydrogel systems at higher ionic concentrations. Here,
repeated indentation loadings of ionically cross-linked sam-
ples reveal their ability to dissipate energy reversibly, impor-
tant for sustained use of these materials for any mechanical
function. Parts a and b of Figure 9 depict repeated loadings
for zinc and calcium gels equilibrated at pH 6 at concentra-
tions just above the cross-linking thresholds for each cation

Figure 8. Plot of the normalized modulus (E/φp
1/3) for a number of

divalent cations at an initial concentration of 100 mM. Error bars indi-
cate (1 standard deviation.

Figure 9. Repeated indentation tests of (a) zinc acetate (Cout=7.3 mM; pH 6) and (b) calcium acetate (Cout=27mM; pH 6) samples. Samples were
initially loaded (solid black) followed by an immediate second loading (dashed black) and a third loading after 12 h (solid gray).
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(7.3 mM Zn, fZn = 0.21; 27 mM Ca, fCa = 0.22). For a
nonionically cross-linked hydrogel, the mechanical response
is dominated entirely by an elastic, recoverable response,
with little hysteresis indicative of energy dissipation upon
loading. These samples can be reloaded multiple times in a
single location with almost no change in the loading/unloading
behavior. In contrast, zinc-cross-linkedgels (Figure 9a) demon-
strate considerable hysteresis, indicating significant dissipa-
tion of applied stresses. For a sample with no fatigue resis-
tance, a second loading in the same location would follow
the unloading behavior of the previous test, a phenomenon
commonly witnessed with double network gels.54 However,
upon an immediate subsequent reloading in this case, a degree
of fatigue resistance is evident, with 50% of the original
dissipation recovered. Uponwaiting 12 h to load a third time
in the same location, the recovered energy dissipated is 61%
of the original dissipation, reminiscent of a self-healing
mechanism. For calcium samples, the dissipation is much
more recoverable, with virtually no statistically significant
difference in the integrated intensities between the three
loading curves. The difference in recoverability is believed
to scale once again with bond stability. The less stable
calcium bonds are entirely reversible on these time scales
because of the shorter bond lifetimes. The zinc bonds recover
less significantly and more slowly. From this behavior, it
follows that increased fatigue resistance comes at the expense
of network rigidity, a balance that can be tuned as desired by
choosing from a range of cross-linking ions.

Conclusions

Here we have presented the ability to ionically cross-link
physically associated hydrogels for enhancing mechanical per-
formance. The results can be summarized as follows:

• Ionic cross-linking is concentration dependent, with
stiffnesses of the fully cross-linked gels being up to
several hundred times larger than the stiffnesses of the
noncross-linked gels.

• Bond stability determines the strength of cross-links,
with more permanent associations leading to stiffer
hydrogels. Ionic cross-linkswithweaker bonds are less
stiff, but more likely demonstrate the sort of recover-
able energy dissipation that is necessary for fatigue
resistance.

• Bond strength increases with cation identity accord-
ing to the following sequence: Ca<Co(II)<Ni(II)<
Zn(II)<Cu(II).

• The pHof the sample shifts the requisite concentration
required for cross-linking but does not affect the final
cross-linked state. The pH influences the associative
ability of polymer midblock carboxylates by changing
the availability of deprotonated, charged monomer
units.

• The tensile loading behavior of ionically cross-linked
gels is similar to that of covalently cross-linked double
network hydrogels, with initial stiffnesses of several
megapascals, and ultimate fracture strengths in the
megapascal range. Much of the energy dissipation is
recoverable, and the ionically cross-linked materials are
expected to demonstrate excellent fatigue resistance in
addition to high toughness upon subsequent testing.
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