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ABSTRACT: Hybrid polymer networks emerge between chemical
and physical crosslinking, where two different modes of chain con-
nectivity control the material behavior. However, rational relations
between their microstructural characteristics, supramolecular kinet-
ics, and the resulting network mechanics and dynamics are not well
developed. To address this shortcoming, this study introduces a
material platform based on a model dual-network hydrogel, com-
prising independently tunable chemical and physical crosslinks. The
idea is realized by a click reaction between a tetra-PEG and a linear-
PEG precursor, whereby the linear block also carries a terpyridine
ligand at each end that can form additional physical crosslinks by
metal ion-bis(terpyridine) complexation. We change the number of
chemical crosslinks by varying the molar mass of the tetra-PEG, and
we independently tune the metallo-supramolecular bonds by using

INTRODUCTION Conventional hydrogels are formed from
chemically crosslinked polymers. They have the capability
to store energy in proportion to their crosslinking density.
However, the more they are crosslinked, the sooner they
break under mechanical load. A recent approach to combine
energy storage and high extensibility is to use double net-
work hydrogels, where a highly crosslinked network is
embedded in a loosely crosslinked one.! Upon overly strong
deformation, the sacrificial breakage of the bonds in the for-
mer delays the catastrophic propagation of cracks, while the
extensibility of bonds in the latter retains the initial shape.?
However, since the breakage of chemical bonds is irrevers-
ible, once they break, they cannot be further used. To tackle
this shortcoming, it has been attempted to replace the brit-
tle network with a physically crosslinked one®* A wide
library of reversible bonds with variable strength and
dynamics opens the chance for using these hydrogels as
structural and yet adaptive materials.> This, however, can-
not be realized in a rational fashion unless the relationship

different metal ions, Mn?*, Zn?*, Co?*, and Ni?*. Based on that modu-
lar approach, we study the rheological behavior and the diffusivity of
fluorescent polymeric tracers. The dissociation of the metallo-
supramolecular bonds provides a relaxation step, whose timescale
and intensity are quantified by a sticky Rouse model. These two
characteristics differ not only depending on the metal ion but also
according to the chemical network mesh size, which highlights an
interplay between the chemical and physical crosslinks. © 2020 The
Authors. Journal of Polymer Science Part A: Polymer Chemistry
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between the microstructure and properties of the chemical
and physical constitutes and their potential interactions are
understood.

The macroscopic properties of conventional chemically
crosslinked single polymer networks are controlled by their
network structure and its homogeneity. Specifically, it is
known that inhomogeneity in the network structure, caused
by frozen spatial fluctuations of the crosslinking density,
affects the final material properties, particularly in the swollen
state.>® To overcome this challenge, Sakai et al. introduced an
approach to prepare homogeneous model-network hydrogels
through A-B-type click reaction between two monodisperse
hetero-functional tetra-PEG precursors.'® This approach not
only provides a new strategy for designing high-strength gels
but has also extensively extended the fundamental under-
standing of classical chemical networks.!*™*3

In contrast to the permanent structure of covalent networks,
be it inhomogeneous or model type, the reversibility of
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physical network junctions causes the structure of physical
networks to evolve through time”‘“’; it is also an inherent
cause for relaxation of these materials upon external load. The
dynamics of opening and closing of physical network junc-
tions inherently determines how fast such relaxation or res-
tructuring occurs. A current trend in polymer materials
science is to quantify this dependence. In a seminal work,
Craig and coworkers demonstrated universality of the time-
dependent mechanical response of different supramolecular
polymer-network samples by rescaling the timescales of their
mechanical spectra with the molecular relaxation times of the
utilized physical bonds.”'® Later on, Scherman and
coworkers provided a more in-depth understanding of the
role of the physical bonds on the material properties by
decoupling the associative and dissociative processes. They
showed that the energetic barrier for dissociation of the
supramolecular bonds determines the mechanical strength,
while the energetic barrier for association dictates how fast
the materials can heal.}® ! Recently, Olsen and coworkers
studied the dynamics of supramolecular bonds in networks
using three different techniques: viscoelastic response in rhe-
ology, diffusivity of low-molar mass polymeric sticky tracers,
and metal exchange experiments on small-molecule supramo-
lecular motifs in dilute solution. With that comparison, they
revealed that it is the dissociation process in the gel, and not
in the dilute environment, which determines the dynamics of
the ligand exchange process and governs the bulk properties
of the physical polymer networks.*?

Despite the aforementioned development of approaches to
molecule-to-material design for single polymer networks,
the simultaneous effects of the chemical and physical cross-
links on the final properties of double network hydrogels
are less explored. Instead, so far, double network hydrogels
have been mostly developed based on physical bonds that
are inherent in natural polymers or based on synthetic poly-
mers that are randomly functionalized with different supra-
molecular bonds, including hydrophobic association,>3~%°
metal-ligand complexation,?®?” host-guest interactions,*®
and hydrogen bonding.??3° Despite these efforts, still, little
is known about the influence of the building blocks, and spe-
cifically their dynamics, on the final material properties.
This is not only because the utilized structures were not
adequately well defined thus far, but also because the inde-
pendent manipulations in the constructing chemical and
physical units were not always possible.

In this regard, Sakai and coworkers have developed a dually
crosslinked polymer network based on hydrophilic tetra-PEG
blocks and hydrophobic poly(dimethylsiloxane) (PDMS) seg-
ments, where the hydrophobic association of PDMS segments
serves as the physical crosslinks.?*?° The association strength
could be tuned by changing the ratio of the two building
blocks, however, with the cost of affecting the chemical net-
work mesh size. Many other similar dually crosslinked single-
network hydrogels based on randomly distributed chemical
and physical crosslinks, despite offering remarkable
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mechanical properties, contain inevitable inhomogeneity of
both types of crosslinks.?” Therefore, a model system com-
prising homogeneous and independent network components
is required to allow for flexible regulation of the kinetics and
thermodynamics of the physical bonds without affecting the
structure of the chemical network.

To address this challenge, following the introduction of tetra-
PEG networks,'® we develop a model dually crosslinked
hydrogel with a homogeneous network structure.®'*? We use
the versatile complexation of different metal ions with
terpyridine ligands as the physical linkage. With such a tun-
able system, we accomplish studying the effects of the chemi-
cal and physical contributions to the dynamics of the network
independently. We study the network dynamics as reflected
in the bulk rheological properties and in the diffusivity of
polymeric tracers. The results of that systematic investigation
show that there is cooperativity between the chemical cross-
links and the physical bonds. Therefore, building universal
master-plots by rescaling the time dimension with the relaxa-
tion time of the physical bonds, as it has been demonstrated
in physical supramolecular polymer networks,'”2%?2 does not
simply work in dual-network hydrogels.

EXPERIMENTAL

Materials

All chemicals are purchased from Sigma-Aldrich(St. Louis, MO,
USA) and used without further purification. Tetra-arm
hydroxy-terminated PEGs are purchased from Creative
PEGWorks. Dry solvents including dimethylformamide, aceto-
nitrile, dichloromethane, and tetrahydrofuran are purchased
from Acros.

Synthesis

The model dual-network hydrogels studied in this work con-
sist of a linear PEG precursor that carries both a terpyridine
ligand and an N-hydroxysuccinimidyl ester at each terminus,
and a tetra-arm PEG precursor that contains a primary amine
group at each end. The synthesis of each precursor and the
terpyridine ligand is explained separately in the following.
The synthesis of the polymeric fluorescent tracers for diffu-
sion measurements follows the same approach as it is used
for the synthesis of the linear precursor and is detailed fur-
ther below. All the corresponding 'H NMR and FTIR spectra
are gathered in the Supporting Information.

The Linear Precursor

PEG-epoxide. Linear PEG-OH (Sigma-Aldrich; M,, = 6 kg mol™,
PDI=1.03, 15g 5 mmol) is melted at 70°C and dried in
vacuo for 1h, cooled down to room temperature, and then
dissolved in dry tetrahydrofuran (250 mL). Sodium hydride
(1.65 g, 40 mmol, 60% in mineral oil) is added to the solution
and stirred at room temperature for 3 days. Then, epichloro-
hydrin (7.8 mL, 100 mmol) is added, and the solution is
stirred at room temperature overnight. The solution is cooled
to 0°C and quenched with 2 mL of water. Brine is added
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(300 mL), and the mixture is extracted with dichloromethane
(3 X 400 mL). The organic layer is dried over MgSO,, filtered,
and concentrated in vacuo. The concentrate is precipitated
into cold diethyl ether to obtain the product as a white pow-
der (14.4 g, 96%). 'H NMR (Supporting Information Fig. S1)
(400 MHz, DMSO-d¢) 6 = 3.70 (s, 1H), 3.33 (s, 38H), 2.72 (t,
J =4.7 Hz, 2H), 1.24 (s, 2H) ppm.

PEG-hydroxy-azide. Sodium azide (3.12 g, 48 mmol) is added
to a solution of PEG-epoxide (14.4 g, 4.8 mmol) in dime-
thylformamide (100 mL), followed by the addition of ammo-
nium chloride (5.1 g, 96 mmol) and stirring at 60 °C for 48 h.
The suspension is filtered to remove unreacted sodium azide
and ammonium chloride, and the filtrate is concentrated in
vacuo. The residue is dissolved in dichloromethane (300 mL),
then brine (100 mL) is added, and the mixture is extracted
with dichloromethane (2 x 300 mL). The organic layer is
dried over MgSO0,, filtered, concentrated in vacuo, and precipi-
tated in cold diethyl ether. The precipitate is collected by fil-
tration and washed with cold diethyl ether to obtain the
product as a white solid (12.55 g, 87%). *H NMR (Supporting
Information Fig. S2) (400 MHz, DMSO0-dg) & = 5.26 (d, /] = 5.3 Hz,
2H), 3.67 (s, 1H), 3.40-3.32 (m, 4H), 3.33 (s, 24H), 3.28-3.15
(m, 3H) ppm.

PEG-succinimidyl carbonate-azide. PEG-hydroxy-azide (10 g,
3.3 mmol) is dissolved in 50 mL of dry dioxane. Dis-
uccinimidyl carbonate powder (5.07 g, 20 mmol) is suspended
in 20 mL of dry acetone and added to the solution.
4-Dimethylaminopyridine (2.42 g, 20 mmol) is dissolved in
20 mL of dry acetone and slowly added to the above solution
under stirring. The reaction is kept at room temperature for
6 h. The mixture is directly precipitated in cold diethyl ether
and dried in vacuo overnight. The raw product is dissolved in
dichloromethane (50 mL) and washed with 1 N HCI solution
(4 x 100 mL) to remove unreacted disuccinimidyl carbonate
and 4-dimethylaminopyridine. The organic phase is precipi-
tated in diethyl ether and dried in vacuo to yield the final
product as a white solid (8.09 g, 81%). 'H NMR (Supporting
Information Fig. S3) (400 MHz, DMSO-dg) & = 3.76-3.65 (m,
1H), 3.33 (s, 15H), 2.82 (s, 2H) ppm.

PEG-succinimidyl carbonate-terpyridine. Propargyl-terpyridine
(1.15 g, 3.94 mmol) is added to the molten PEG-succinimidyl
carbonate-azide (8 g, 2.64 mmol). The molten mixture is
stirred overnight at 90°C under high vacuum. Then, it is
cooled to room temperature and dissolved in dichloromethane
(20 mL). The solution is precipitated into cold diethyl ether.
The precipitated powder is collected by filtration and washed
with cold diethyl ether to obtain the product as a white solid
(758 94%). 'H NMR (Supporting Information Fig. $4)
(400 MHz, DMSO-de): & = 8.74 (ddd, ] = 4.8, 1.8, 0.9 Hz, 1H),
8.64 (dg, J =80, 1.5Hz 1H), 811 (d, J =3.7 Hz, 1H),
8.07-7.98 (m, 1H), 7.52 (dddd, ] = 7.6, 4.6, 2.8, 1.2 Hz, 1H),
5.47 (s, 1H), 4.85-4.76 (m, 1H), 3.50 (s, 27H), 3.44 (s, 1H),
3.35 (s, 12H), 2.84-2.74 (m, 3H) ppm. To make sure that the
azide group has reacted completely, FTIR spectrometry is con-
ducted before and after grafting of the terpyridine group, in
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addition to the standard 'H NMR characterization. In this
analysis, the absorption at 2100 cm™! addressable to an Nj
group completely disappeared after the reaction (Supporting
Information Fig. S5).

To make sure that the presence of the NHS ester group does
not affect the grafting efficiency of the terpyridine ligand, due
to the spatial hindrance, we change the order of grafting, and
first attach the NHS ester and then the terpyridine ligand. The
similarity of the obtained 'H NMR spectrum, as shown in the
Supporting Information Figure S6 to the one shown in
Figure S4 confirms that the reaction efficiency is not affected
by the order of grafting.

Propargyl-Terpyridine

Propargyl-terpyridine, which is used in the previous reaction
step, is synthesized from the commercially available 2,6-bis
(2-pyridyl)-4-pyridone. Dried potassium carbonate (13.3 g,
100 mmol) is suspended in acetonitrile (240 mL). 2,6-Bis
(2-pyridyl)-4-pyridone (4 g, 16 mmol) is added to the suspen-
sion, followed by the addition of propargyl bromide (3.6 mL,
16 mmol). The brick-red colored suspension is stirred at 60 °C
for 24 h. The product is precipitated by pouring the suspen-
sion into cold deionized water. The precipitate is collected by
filtration, washed thoroughly with cold water, and dried in
vacuo. The powder is dissolved in boiling n-heptane and acti-
vated carbon is added (80 mg) under reflux. After a few
minutes of mixing, the hot mixture is passed through a hot
ceramic filter to obtain the product as yellow fine needle-like
crystals (3.23 g 81%). 'H NMR (Supporting Information
Fig. S7) (400 MHz, DMSO-ds) 6=8.74 (ddd, J=4.7, 1.8,
0.9 Hz, OH), 8.63 (dt, /= 7.9, 1.1 Hz, OH), 8.24-7.91 (m, 1H),
7.51 (ddd, j=7.5, 4.7, 1.2 Hz, OH), 5.11 (d, J = 2.4 Hz, OH),
3.73 (t J=2.3Hz OH), 3.34 (s, OH), 2.51 (p, /=1.8Hz
1H) ppm.

The Tetra-Arm Precursor

For the preparation of the tetra-PEG precursor, we convert
the terminal hydroxyl groups into amines by mesylation and
subsequent substitution with ammonia.>3

Tetra-arm PEG-mesylate. Tetra-arm PEG-OH with a weight-
average molar mass of 10 kg mol~* (10 g, 4.0 mmol) is melted
at 70 °C under high vacuum to remove traces of water. After
cooling to room temperature, the polymer is dissolved in
125 mL of anhydrous dichloromethane, and dry triethylamine
(2.5 mL, 18.0 mmol) along with mesyl chloride (1.24 mL,
16.0 mmol) are added to mesylate the hydroxyl end-groups
through stirring overnight at room temperature. To remove
the unreacted chemicals, dichloromethane (400 mL) and brine
(50 mL) are added, and the organic layer is washed with brine
(3 x 50 mL), dried over MgS0O4, and concentrated in vacuo.
The residue is precipitated in cold diethyl ether and filtered to
yield tetra-arm PEG-mesylate as a white solid (9.8 g, 98%).
'H-NMR (Supporting Information Fig. S8) (400 MHz, DMSO-
de). & = 4.33-4.28 (m, 8H), 3.18 (s, 12H) ppm.

Tetra-arm  PEG-amine. Tetra-arm PEG-mesylate (9.8 g,
7.8 mmol) obtained in the previous step is dissolved in
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ammonium hydroxide (25% aqueous solution, 150 mL) and
stirred vigorously for 4 days. The stirring is continued open to
the air for another 3 days to evaporate unreacted ammonia.
The pH is increased to 13 using a 1 N NaOH solution, and the
product is extracted with dichloromethane (DCM)
(3 X 100 mL). The obtained solution is dried over MgSO,, fil-
tered, and concentrated in vacuo. The concentrate is precipi-
tated in cold diethyl ether to obtain the product as a white
solid (7.5 g, 77%). '"H NMR (Supporting Information Fig. S9)
(400 MHz, DMSO-dg) & = 3.34 (dd, J = 12.3, 6.3 Hz, 2H), 3.32 (s,
6H), 2.64 (s, 1H), 1.75 (s, 1H) ppm.

Synthesis of Fluorescent Tracers

Two different types of fluorescently labeled linear chains are
synthesized for diffusivity measurements. Following the reac-
tion steps of the linear precursor, as explained in The linear
precursor Section, mono-functional hydroxymethyl ether PEG
with a molar mass of 2 kg mol™" is first turned into mPEG-
epoxide. Then, the epoxide ring is opened with sodium azide
to yield mPEG-hydroxyl-azide, and subsequently, the hydroxyl
group is grafted with succinimidyl carbonate. A so-called
“non-sticky” tracer polymer (meaning a polymer without
terpyridine motifs that could serve for transient attachment to
a surrounding hybrid-network matrix also containing that
motif) is obtained by reacting the product with (S)-(1)-
4-(3-aminopyrrolidino)-7-nitrobenzofurazan dye (NBD). For
this purpose, mPEG-succinimidyl carbonate-azide (0.5 g,
0.225 mmol) is dissolved in DMF (5mL), NBD (0.056 g,
0.225 mmol) is added, and the solution is stirred overnight.
The obtained solution is directly precipitated into cold diethyl
ether, filtered, and re-precipitated again from DCM into
diethyl ether several times to obtain the tracer as a yellow
powder. 'H NMR (Supporting Information Fig. $10) (400 MHz,
DMSO0-dg) & = 5.06 (s, 1H), 3.67 (s, 2H), 3.34 (s, 11H), 3.24 (s,
3H), 2.82 (s, 4H) ppm. A so-called “sticky” tracer polymer
(meaning a polymer with terpyridine motifs that can serve for
transient attachment to a surrounding hybrid-network matrix
also containing that motif) is achieved in a similar fashion by
replacing the NHS ester with the NBD dye after grafting a
terpyridine unit to the mPEG-succinimidyl carbonate-azide. 'H
NMR (Supporting Information Fig. S11) (400 MHz, DMSO-dg)
8 =8.77-8.70 (m, 1H), 8.68-8.60 (m, 1H), 8.10 (d, J = 4.8 Hz,
1H), 8.02 (tdd, j=7.8, 3.4, 1.8 Hz, 1H), 7.56-7.47 (m, 1H),
5.47 (s, 1H), 4.85-4.76 (m, 1H), 3.52-3.39 (m, 24H), 3.34 (s,
6H), 3.32 (d, /=5.3 Hz, 1H), 3.24 (s, 2H), 2.84-2.74 (m,
2H) ppm.

Methods

Rheology

Rheological studies are performed on a stress-controlled
Anton Paar Physica MCR 301 rheometer with a parallel plate-
plate geometry (gap size 1 mm, plate diameter 25 mm). For
sample preparation, both precursor polymers are separately
dissolved in a buffer solution, added together, and vortexed
for a few seconds. Then, the solution is evenly distributed on
the lower plate of the rheometer. The upper plate is lowered
to have an even distribution of the solution on the upper plate
as well. Then, the gap is opened, and the required amount of
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metal ion solution is added to the polymer solution. Finally,
the upper plate is lowered again to reach the desired gap, and
the measurement is started.'*!>32 The standard Anton Paar
solvent trap system is used to prevent solvent evaporation,
which includes a solvent reservoir and a sealed chamber
around the sample. The concentrations of the polymer precur-
sors in buffer and of the metal ions in water are chosen so
that the final sample contains a 10% weight fraction of poly-
mer, with an equimolar ratio of the precursors, and a stoichio-
metric concentration of ions relative to the grafted terpyridine
groups. The rheological measurements consist of a time-
sweep equilibration period, followed by several frequency
sweeps at different temperatures, and finally an amplitude-
sweep. Specifically, first a 60-min time-sweep is performed at
25°C (¥ =0.05, » = 10 rad s™%), followed by a 10-min time-
sweep at 50°C (¥ =0.05 @ =10rads™?), and a 100-min
time-sweep at 25°C (¥ =0.05, @ =10 rad s™*). The short,
high-temperature time-sweep step in between is included to
increase the mobility of the metal ions by decreasing their
complexation affinity to the terpyridine groups and therefore
to help to provide an even distribution of the metal ions
throughout the sample. Subsequently, frequency-sweeps are
performed between 10 and 55°C with 15°C temperature
steps (¥ =0.05, @ = 500-0.05 rad s™%). In all measurements
at a new temperature, the sample is allowed to reach the
desired temperature and to equilibrate for 10 min. The repro-
ducibility of the data was proved in a test experiment, up to
40 °C, by repeating the measurement at 10 °C after each mea-
surement at higher temperatures. Finally, an amplitude-sweep
is performed at 25°C at a frequency of 0.1 rad s~ to make
sure that the obtained viscoelastic data are in the linear
regime.

UV-vis Titration

UV-Vis spectra are recorded on a Cary 300 UV-Vis spectro-
photometer (Agilent technologies) at wavelengths between
200 and 800 nm at room temperature. The evolution of the
characteristic absorption band of the Ni®*-bis(terpyridine)
complex at 324 nm is followed in response to titration with
different concentrations of Ni** ions. Thanks to the very high
kinetic stability of the Ni**-bis(terpyridine) complex* the
absorption is expected to reach a steady value when all pre-
sent terpyridine groups are complexed. From this point, the
average number of terpyridine groups grafted to each linear
precursor can be calculated. For sample preparation a stock
solution of the linear precursor is prepared in water
(1 mg mL™"). Solutions of nickel(II) nitrate in water, with dif-
ferent concentrations, are prepared separately so that at the
same volume they would provide different molar ratios of the
ions to the grafted ligand. The desired volume of the polymer
and metal ion solutions are added together and mixed for a
1 h to obtain equilibrated samples.

Fluorescence Recovery after Photobleaching

The diffusive mobility of the sticky and nonsticky tracers
within the model dual-network hydrogels is quantified with
temporally and spatially resolved fluorescence recovery after
photobleaching (FRAP) profiles at 25 °C. The experiments are
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conducted on a Leica TCS SP2 confocal laser scanning micro-
scope with a 10x DRY objective of NA = 0.3. The bleached pat-
tern is a line along the z-axis of the sample, and hence, a spot
in the confocal x-y plane that fades into the surrounding with
a Gaussian radial profile. This profile temporally spreads due
to diffusive mixing of bleached and unbleached fluorophores
in the bleached region and its surrounding. This diffusion is
isotropic and three-dimensional in the sample, but it has
effects on the concentration profiles only in the x-y directions
normal to the bleaching line, as no gradient exists or is cre-
ated in the z direction. As a result, a two-dimensional lateral
diffusion is recognized. In the scanning mode, the
fluorophores are excited with the 488-nm line of an Ar-ion
laser at 20% of its maximum power, while full-power irradia-
tion with 6.2 mW is applied in the bleaching period. Before
bleaching, a stack of four images is scanned to record the ini-
tial condition. Then, a chosen spot is irradiated for 1-3 s with
the laser settings mentioned above. As a result, a Gaussian-
shaped sink of the fluorescence intensity is created in the
spot. After the bleaching, four series of 10 images are
recorded to document the fluorescence recovery process with
time. Typical temporal steps between single images are 0.5,
1, 2-5, and 5-30 s in the first to the fourth series, respec-
tively. A fifth series of images with a few minutes to 1 h spac-
ing is also recorded for samples that show very slow
fluorescence recovery. The FRAP data are analyzed with a
multicomponent diffusion model, which provides the bulk-
average diffusion coefficient of the tracers.>>*¢ For sample
preparation, a solution consisting of 98 wt % of tetra-arm pre-
cursors and 2 wt % of the selected tracer in DMF is vortex-
mixed, and the resulting homogeneous solution is precipi-
tated in diethyl ether, filtered, and dried in vacuo. To pre-
pare a network, solutions of the so-obtained tetra-arm
precursor and the linear precursor in aqueous phosphate
buffer are vortex-mixed at an equimolar ratio, the required
amount of metal ions is added, and the sample is spread
inside a transparent cell. After solidification, a few drops of
silicon oil are added onto the surface of the sample to avoid
solvent evaporation. In the final sample, the total concentra-
tion of the tracer is less than 1 wt %, which corresponds to
1.2 mol % of the tracer relative to the total terpyridine
ligands. Due to that low fraction of tracers, the presence of
double tracers formed by association of two linear tracers,
and the imperfection they bring to the dually crosslinked
network, can be ignored.

RESULTS AND DISCUSSION

Preparation of the Model Dual-Network Hydrogels

The purpose of this study is to synthesize and evaluate the
dynamics of a model dual-network hydrogel, where chemical
and physical crosslinks can be independently tuned. In a former
publication, we had already modified the tetra-PEG approach, as
developed originally by Sakai and coworkers, by grafting physi-
cal crosslinks to one of the precursors.? Here, we update our
former approach by simplifying the synthesis steps and improv-
ing the overall efficiency. Specifically, we functionalize a linear
PEG precursor to carry an N-hydroxysuccinimidyl (NHS) ester
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and a terpyridine ligand at each end and modify a tetra-arm
PEG precursor to have terminal amine groups, as shown in
Scheme 1. The reaction between the NHS ester and primary
amines is a well-known quantitative click bioconjugation,’
which provides the chemical linkages of the model network as
soon as they are mixed in water. At the same time, the
terpyridine groups form the metallo-supramolecular bonds
through metal ion-bis(terpyridine) complexation, upon intro-
duction of metal salts in water.

The branching point of each star precursor serves as one
chemical crosslink of the network, as illustrated in Scheme 1.
Accordingly, a network strand is composed of two arms of the
two different star precursors plus a linear precursor in
between that links them. Therefore, a larger number of chemi-
cal crosslinks per volume corresponds to a network made of
more but smaller star precursors, which results in a smaller
network mesh size.

Our former experience with grafting an NBD dye and a
terpyridine moiety at the same end of a tetra-PEG through
activation by p-nitrophenyl chloroformate shows that the
bulky terpyridine group does not shield the hydroxyl group in
the subsequent grafting with bulky chloroformate ester.3® To
make sure that the presence of the first bulky group, that is,
the NHS ester, does not affect the grafting efficiency of the
second group, that is, the terpyridine ligand, either, here we
change the order of grafting the NHS ester and the terpyridine
groups on a linear PEG precursor with 6 kg mol™ molar mass.
Since the *H NMR spectra of the final products are quite simi-
lar (compare Figs. S4 and S6 in the Supporting Information),
we compare the time evolution of the dynamic moduli of their
corresponding chemical networks formed in combination with
a 10 kg mol~! tetra-PEG precursor, coded as LP6SP10-NHS-
TPy and LP6SP10-TPy-NHS. The storage modulus is an indica-
tor of the number of chemical crosslinks, which provides an
insight into the number of grafted NHS ester units. For this
purpose, we follow a time-sweep oscillatory measurement
(Y = 0.05, ® = 10 rad s™1) until the storage modulus reaches a
steady equilibrium level, as shown in Figure 1(a). The
obtained storage modulus is only 5% larger when terpyridine
is grafted first. This finding shows that the number of chemi-
cal crosslinks, and therefore, the number of NHS ester groups,
is not significantly affected by the order of grafting.

In addition, to quantify the number of grafted terpyridine
groups, we determine the steady equilibrium modulus in pres-
ence of different molar ratios of Ni?* ions, in a similar fashion
(time-sweeps with ¥ = 0.05, ® = 10 rad s™*). The equilibrium
modulus rises with a steep slope upon addition of Ni** ions,
because they form strong transient bonds with the grafted
terpyridine units, as shown in Figure 1(b). This raise stops
and the curve flattens as the number of present Ni** ions pre-
cedes the stoichiometric ratio compared to the expected num-
ber of terpyridine groups. This may look surprising because it
was reported that in the molten state, the plateau modulus
increases steadily by introducing further Ni** ions beyond the
stoichiometric ratio. This was associated with the complexa-
tion of the excess metal ions with the oxygen atoms of the
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SCHEME 1 Synthesis approach for preparation of a model dual-network hydrogel out of a linear and a tetra-arm star-shaped
precursor. The linear precursor is a hydroxyl-terminated PEG first functionalized with epoxide rings that are subsequently opened to
yield hydroxyl and azide groups at both chain ends, which are in turn, grafted with NHS ester and terpyridine ligands. The star
precursor is a hydroxyl-terminated tetra-arm PEG functionalized by amine groups through mesylation and subsequent substitution
with ammonia. A chemical network instantaneously forms by click reaction between the NHS ester and amine groups when these
precursors are mixed in water. The metal ion-bis(terpyridine) metallo-supramolecular bonds form upon addition of a metal salt.

[Color figure can be viewed at wileyonlinelibrary.com]

PEG backbone.3® However, our results show that in a dilute
state, the formation of such extra linkages is not significant.
To confirm the above argument, we titrate the terpyridine
groups with nickel nitrate salt in water. Specifically, the char-
acteristic absorption of the Ni**-bis(terpyridine) complex
band increases by adding Ni** ions until a plateau is reached
when no terpyridine group is available any more for further
complexation.?® Accordingly, this plateau is reached at the
stoichiometric ratio of Ni** compared to the expected number
of terpyridine ligands, as also shown in Figure 1(b). Conclu-
sively, the number of the grafted terpyridine groups is close
to what was planned in the synthesis.

To provide physical crosslinks with tunable strength and
dynamics, we use nitrate salts of manganese(ll), zinc(II),
cobalt(Il), and nickel(II). By introduction of these salts into
the precursor solutions, each metal ion complexes to two
terpyridine ligands with equilibrium constants that vary in
the order of Mn < Zn < Co < Ni.'**>*%*1 Hoyler et al. have
shown that the equilibrium constant of complexation with
unsubstituted terpyridine increases about two orders of mag-
nitude by going from one ion to the next stronger one in that
series.** The very low dissociation constant of the strong Co**
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and Ni** ions infers that establishing equilibrium conditions
by a homogeneous distribution of the ions throughout the
sample takes a very long time. Both the association and disso-
ciation reaction rates increase with temperature, as they fol-
low Arrhenius-type temperature dependencies. However,
since the dissociation process has a higher activation energy
than the association process,*! its relative increase is signifi-
cantly stronger. Therefore, the mobility of small-molecule ions
can be effectively amplified by increasing the tempera-
ture.>*! Consequently, we follow a specific equilibration
period in our rheology experiments before starting the
actual measurements, which includes a short-term high-
temperature time-sweep between two long-term room-
temperature ones.

We use small-amplitude oscillatory shear (SAOS) rheological
measurements to study the dynamics of the model dual-net-
works. For this purpose, premixed precursor solutions are
placed between the rheometer plates, and after once closing
and re-opening the gap, an ion solution is distributed on the
surface in a dropwise fashion. SAOS measurements are carried
out after the equilibrium condition is reached, as demon-
strated by reaching a steady storage modulus using the
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FIGURE 1 (a) Time-evolution of the dynamic moduli of samples
with different orders of NHS ester and terpyridine grafting during
the precursor polymer synthesis. (b) Equilibrium modulus, as
obtained in a time-sweep oscillatory measurement (right ordinate,
Y =0.05, w = 10 rad s™"), and the characteristic Niz*—bis(terpyridine)
complex UV-Vis absorption at 324 nm (left ordinate), as a function
of the stoichiometric ratio of Ni2* ions compared to terpyridine, for
a dual-network comprising LP6 and SP10 precursors. [Color figure
can be viewed at wileyonlinelibrary.com]

aforementioned time-sweep protocols. This process requires an
optimal gelation time so that on one hand, molecular-level
mixing is achieved, and more importantly bubbles formed dur-
ing vortex-mixing of the solutions escape before the concentra-
tion gradients are frozen by gelation, while on the other hand,
the equilibrium network structure is realized in a reasonable
time before the NHS ester groups become unavailable due to
hydrolysis. The click reaction between the NHS ester and the
amine group is almost instantaneous, and gelation is achieved
in water in less than a minute. In this regard, Sakai et al. have
shown that this click reaction does not proceed at highly acidic
or highly basic conditions, due to excessive protonation of the
amine groups or hydrolysis of NHS ester, respectively.** There-
fore, we first find the optimal gelation time by adjusting the pH
value. For that purpose, phosphate buffers with different pH
values are prepared by mixing various ratios of 50 mM aqueous
solutions of NaOH and monopotassium phosphate. The gelation
time is comprehended from the G'-G” crossover in a time-
sweep measurement at room temperature, as shown in
Figure 2(a). The evolution of the steady storage and loss mod-
uli and the gelation time as a function of pH are shown in
Figure 2(b). The storage modulus increases with pH, however,
with considerably shallower slope at high pH values, while the
gelation time decreases monotonically. Accordingly, the
network-forming reaction works more efficiently at physiologi-
cal pH values; however, to assure that the required mixing time
is employed, a pH value of 6.75 is subsequently used for the
preparation of all samples.

Dynamics of Dual-Network Hydrogels
To demonstrate the independent tunability of the chemical
and physical linkages in the proposed model dual-network
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FIGURE 2 (a) Formation of a chemical network between LP6 and
SP10 precursors at a pH value of 6.75, as assessed by
rheological time-sweep experiments at ¥ =0.05, » =10 rad s
the gelation time is determined based on the G-G" crossover
time. (b) Dependence of the steady storage and loss moduli and
the gelation time on the buffer pH value. [Color figure can be

viewed at wileyonlinelibrary.com]

hydrogels, we use a linear precursor with a molar mass of
6 kg mol™* (coded as LP6) and three tetra-arm precursors
with molar masses of 5, 10, and 20 kg mol™" (respectively,
coded as SP5, SP10, and SP20), in combination with stoichio-
metric amounts of the aforementioned metal ions. An overall
concentration of 100 g L™" is selected to assure that both pre-
cursors are present above the overall overlap concentra-
tion.'®'® The corresponding dual-networks are coded as
LP6SPXM, where X denotes the molar mass of the tetra-arm
precursor and M indicates the utilized metal ion. Oscillatory
shear experiments are performed at four temperatures from
10 to 55°C with 15°C steps, and the representative measure-
ments at 25 °C are shown in Figure 3.

The dynamic moduli of the reference chemical network dem-
onstrate a flat storage modulus that overlays for all tempera-
tures. This signifies the absence of any relaxation mechanisms
in the studied frequency domain. In contrast, the dual-
network hydrogels exhibit a relaxation process in the pres-
ence of the metal ions, which can be comprehended from a
peak in the loss modulus. This relaxation is attributed to the
ligand exchange process of the metal ion-bis(terpyridine)
complexes. The relaxation peak is located above the experi-
mentally accessible frequency range for the LP6SP10Mn sam-
ple, consistent with the observation that adding Mn?* ions to
the precursor solution does not significantly increase the vis-
cosity of the sample. However, the relaxation process can be
distinguished for the LP6SP10Zn and LP6SP10Co samples.
The Maxwell-type relaxation peak is fully visible for the for-
mer, while it is partially below the accessible frequency range
for the latter. The LP6SP10Ni sample behaves like a pure
chemical network with flat storage moduli. Consequently, the
dissociation time of the corresponding metal ion-bis
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FIGURE 3 Dynamic moduli of the dually crosslinked networks in presence of different metal ions for (a,b) LP6SP10M (c) LP6SP5M,
and (d) LP6SP20M, at a representative temperature of 25°C. [Color figure can be viewed at wileyonlinelibrary.com]

(terpyridine) complexes is located below the accessible fre-
quency range, except for the high-temperature measurements,
which show a decline in the storage modulus at low frequen-
cies. In addition, the storage moduli of the dually crosslinked
networks are larger than that of the plain chemical net-
work at frequencies above the inverse dissociation time of
the supramolecular complexes. The difference between the
storage moduli of the chemical network and the dually
crosslinked ones increase when stronger ions are used for
the terpyridine-complexation in the order of Zn < Co < Ni.
Similar relaxation processes can be observed in the
dynamic moduli of the dual-network hydrogels made from
the SP5 and SP20 tetra-arm precursors in the presence of
Zn?* and Co®* ions, as shown in Figure 3. However, the
relaxation times of the same metal-ligand complexes do
not match in networks made from differently sized star-
shaped precursors.

To provide a more quantitative understanding about the inter-
play between the chemical and physical network linkages, we
model the observed relaxation process by a simple sticky
Rouse mechanism.**** The Rouse model is originally devel-
oped to explain the relaxation of unentangled polymer chains
in dilute solutions. Later on, it was incorporated in tube
models for polymer melts, to explain the relaxation of polymer
segments that are smaller than the tube diameter.*® Longer
ranges of Rouse relaxation are not possible since that involves
dragging the neighboring entangled chains. In a swollen net-
work like our system, with an ideally homogeneous struc-
ture, the relaxation of strands between chemical linkages
follows a three-dimensional Rouse process. The scale of
Rouse-like relaxation starts from a monomer and proceeds
to the whole strand length in the case of a chemical net-
work. Further relaxation is prohibited by the chemical link-
ages. In the case of a dual-network, however, Rouse modes
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proceed until the average length between linkages that are
formed by either chemical or physical crosslinks. Further
relaxation beyond this scale is delayed by the dissociation
time of the metallo-supramolecular bonds.

In the simple sticky Rouse model, the network is replaced by
an arbitrary long linear chain with an entanglement length
equal to the strand length between two chemical linkages.
Three different types of Rouse relaxation modes are assumed;
(a) modes for length scales smaller than a strand length,
formed by the chemical or physical linkages, proceed by
monomeric friction; (b) modes beyond this and below the
strand length between two adjacent chemical linkages pro-
ceed by supramolecular friction; and (c) modes beyond that
are frozen due to the infinite relaxation time of the chemical
crosslinks:

N 2
-2p°t
rs(®= D exn ) W
pezi+l TR fast
Zt 2
-p t )
e (E) = ex| 2
P (0= exp (2 @
z 2
_p t
cfnite () = ex 3
(/)mﬁmte( ) I; p <TR,inf) ( )
The utilized timescales are therefore defined as:
TR fast = TeZZ (4’)
TRsticky = TESZZ (5)
Mo 2
os = Max (Te,rex (M—b?“) > (6)
TR inf =00 (7)

where 7., and 7, are the effective dissociation time of the
supramolecular complexes and the Rouse relaxation time of
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an entanglement, respectively. Accordingly, My;, and M, are
the molar mass of the strands between two adjacent supramo-
lecular associative groups and two neighboring chemical link-
ages. Finally, z, z,, and N denote the number of entanglements,
that is, the chemical crosslinks, the total number of linkages
formed by the chemical and physical crosslinks, and the
degree of polymerization. The transient modulus is calcu-
lated as:

% - % ((pfast(t) + (psticky(t) * Pinfinite (t)) (8)

where v is the density of entanglement, that is, the chemical
crosslinks, which can be calculated based on the molar con-
centration of the tetra-arm precursor. The vRT term in the
denominator of the left side is expected to reflect the plateau
storage modulus of the chemical network before addition of
the metal ions. Following our earlier works,‘”‘48
Schwarzl's approximation to convert the transient modulus
into dynamic moduli. The model is applied to rheological mea-
surements at different temperatures, and the fit parameters,
including the number of active supramolecular associative
groups per strand and their corresponding lifetimes, are
found by the Nelder-Mead optimization method.*’

Before applying the model, the theoretical storage moduli of
the chemical networks based on the affine network assump-
tion are evaluated. In this approach, the number of chemical
crosslinks is determined based on the molar concentration of
the tetra-arm precursors. Interestingly, the experimental
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FIGURE 4 Experimentally measured storage moduli of networks
formed by the SP5, SP10, and SP20 tetra-arm precursors against
the theoretical expectations based on the affine network
assumption (G=vRT) (main plot), along with the detailed
predictions provided by the sticky Rouse model for the
LP6SP10Zn sample at 10°C (top-left inset plot) and the storage
moduli of different network structures in the presence of different
jons (T=25°C, Y =0.05, ®=108rads~', down-right inset plot).
[Color figure can be viewed at wileyonlinelibrary.com]
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values are more than twice of the theoretical expectations, as
shown in the main plot of Figure 4. Accordingly, the star pre-
cursors are not the only source of effective network linkages,
and probably, trapped entanglements or hydrophobic associa-
tion of terpyridine ligands provides similar contributions to
the storage modulus. This is not surprising since even in the
case of the LP6SP5 sample with the smallest mesh size, the
strand length is longer than the entanglement molar mass of
PEG,*3*° and the system is above the overlap concentration.
Consequently, the vRT term in eq. 8 is replaced by the experi-
mentally measured storage modulus of the corresponding
chemical networks.

The number of metallo-supramolecular bonds is limited to a
maximum of two bonds per network strand, as illustrated in
Scheme 1. Therefore, the maximum storage modulus is
achieved when all the ligands are actively participating in net-
work formation. This happens when the utilized metal ions
form metallo-supramolecular bonds with long lifetimes. A
larger plateau modulus cannot be achieved based on this sim-
ple binary-association picture. Surprisingly, the plateau mod-
uli increase monotonically in all our network structures, as
shown in the lower inset plot of Figure 4. Hence, we use the
proposed sticky Rouse model to gain a quantitative insight
into the nature of physical bonds.

The proposed simple model provides a decent match to the
experimental data in the vicinity of the relaxation of the
metallo-supramolecular bonds, as shown in the upper inset
plot of Figure 4. However, it shows a significant mismatch to
the loss modulus in the frequency region between the fast
and the slow sticky modes, as already reported for similar
systems.***>5! The reason is that the model contains no
source of relaxation in this region, while in reality, dangling
ends, loops, and other connectivity defects can relax in
between.***? Fortunately, this does not interfere with our tar-
get of studying the temperature dependence of the number
and lifetime of the metallo-supramolecular bonds. The
obtained z; values follow an Arrhenius-type dependence on
temperature, and therefore activation energies can be
obtained by linear regression, as shown in Figure 5. There are
limitations in deriving the lifetimes of metallo-supramolecular
bonds that dissociate beyond the accessible frequency ranges;
therefore, the LP6SP10Mn sample cannot be studied this way,
and the LP6SP10Ni sample can be analyzed only at higher
temperatures. The obtained association time at 40°C for this
sample is the minimum value that is required to capture the
observed behavior, and the actual value should be even
higher, which corresponds to larger activation energy.

The trends in the obtained activation energies for networks
based on Zn** and Co®* ions suggest that there is a coopera-
tivity between the chemical and metallo-supramolecular
bonds in the whole relaxation process. This cooperativity can
be unveiled by studying the dissociation activation energies as
a function of the network mesh size, as illustrated in Figure 6
(a). The activation energy seems to decrease monotonically
with the mesh size for networks based on Zn?" ions. This sug-
gests that there is a larger energetic barrier against relaxation
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FIGURE 5 Linear regression of the metallo-supramolecular bond lifetimes derived from the sticky Rouse model against the inverse
temperature for (a) LP6SP5M, (b) LP6SP10M, and (c) LP6SP20M model dual-network hydrogels (main plot) and the obtained
dissociation activation energies (inset plots). [Color figure can be viewed at wileyonlinelibrary.com]

in case of a network with smaller mesh size. Simply put, the
bis-complexes based on Zn?* are more kinetically stable when
the terpyridine groups are closer together. We hypothesize
that this is because the thermal fluctuations of the polymer
network strands pull the complexes on their telechelic joints
apart and thereby facilitate their breaking, which is more pro-
nounced for longer strands than for shorter ones, as the lon-
ger strands have larger fluctuations scales than the shorter.
This hypothesis is based on a related finding made in a tele-
chelic metallo-supramolecular linear polymer system, for
which we have demonstrated that the lifetime of the metal-
ligand complex decreases with increasing length of the poly-
mer precursor attached to it.5° Moreover, in a network with a
smaller mesh size, the possibility of coming back to the same
partner after breakage is larger. For the Co®* ion, on the con-
trary, the activation energy seems to stay steady. This is inter-
pretable by considering the bis-complexes based on Co**
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FIGURE 6 (a) Dissociation activation energies of the dual-
network samples formed by Zn?* and Co®* ions. (b) Effective
number of metallo-supramolecular bonds per network strand of
the dual-network samples as a function of temperature. [Color
figure can be viewed at wileyonlinelibrary.com]
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strong enough so that the network strand length cannot affect
their kinetic solidity.

The other important parameter of the sticky Rouse model is
the average number of noncovalent associations. The PEG
strands between chemical linkages contain two terpyridine
groups. However, not all of them effectively participate in the
formation of bis-complexes. In fact, according to the thermo-
dynamic equilibrium constants of the utilized ion, a fraction of
metal ions and terpyridine ligands are in the mono-complex
or even in the fully dissociate state.>® Consequently, the num-
ber of effective metallo-supramolecular groups should be
equal to or less than two. Accordingly, the number of supra-
molecular linkages that is required for capturing the high pla-
teau level is between 1.5 and 2 for the networks made by Zn?
*, as shown in Figure 6(b). In contrast, the number of required
metallo-supramolecular linkages proceeds beyond 2 for the
networks made by Co?* and even reaches 5 for the ones made
by Ni?*. These results indicate that, depending on the utilized
ion, supramolecular assemblies larger than what is expected
from a simple binary association can form. Such behavior has
been frequently reported for supramolecular polymer systems
in melt and it has been associated with different polarity of
polymer backbone and supramolecular motifs.3%*+5%-57 In our
hydrogel system, however, it can be speculated that the for-
mation of nanoscopic clusters can be mediated by Coulomb
interactions between the charged bis-complexes in the gel and
the counter ions in their vicinity.>® This of course depends on
the association tendency of the metal ion and the dielectric
constant of the solvent. The number of associations slightly
increases with temperature, which could be due to the
straight temperature dependence of the storage modulus
itself, as comprehended from the G = vRT equation.

To provide a molecular-level insight into the studied relaxa-
tion process, we investigate the diffusivity of a low-molar
mass polymeric tracer with or without a terpyridine anchor
within the model dual-network samples formed by the SP10
precursor. This is accomplished by fluorescence recovery after
photobleaching performed on a confocal laser scanning
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microscope. For this purpose, a fluorescent dye-labeled linear
tracer is synthesized in a similar approach as followed to
make the linear precursor, with minor adjustment. In detail, a
mono-functional PEG with a molar mass of 2 kg mol™! is
functionalized with both NHS ester and azide groups at the
functional end. A nonsticky tracer is simply obtained by carry-
ing out the click reaction between the NHS ester and the
amine-functional NBD dye, similar to the reaction that was
used to form the chemical crosslinks of the hydrogels. This
nonsticky tracer is small enough to simply diffuse through the
network. As a complement, a sticky tracer is obtained through
the same grafting process after connecting a terpyridine
ligand to the neighboring azide functional group. This sticky
tracer binds to the network by metal complexation and only
diffuses through the network in a temporarily liberate state.
The structures of both tracers are illustrated in Figure 7(a),
and the corresponding *H NMR spectra are provided in the
Supporting Information Figures S10 and S11.

The diffusion of these tracers is studied by first bleaching the
fluorophores in a selected pm-sized spot in the sample, using a
high-intensity laser beam, and then observing the temporal and
local evolution of that darkened spot. The dark pattern smears
into the surrounding by diffusive motion of the bleached and
unbleached tracers from and into the dark region, respectively.
The intensity profiles are fitted by Gaussian distribution func-
tions, which allow determining the distribution of the diffusion
coefficients that causes the bleached spot smearing.>®*°

The unentangled nonsticky tracer is expected to simply dif-
fuse through the network meshes by Brownian motion. The
diffusion coefficient is not affected by the presence of metal
ions because there is no interaction between the nonsticky
tracer and the metallo-supramolecular complexes in the sur-
rounding network. Accordingly, the diffusion coefficients
obtained for the chemical and the dual-network hydrogels are
very close to each other, as shown in Figure 7(b). The sticky
tracer, in contrast, is slowed down by repetitive complexation
of the grafted ligand to the surrounding network.
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Consequently, the obtained diffusion coefficients decrease sig-
nificantly by utilizing strongly associating metal ions, in the
order of Mn < Zn < Co < Nj, as also shown in Figure 7(b).

Both tracers follow a similar translational diffusion through
the network according to Brownian motion. The sticky tracer,
however, spends a significantly longer time in the associated
state. Therefore, its overall diffusion coefficient correlates
with a combination of the translational motion and the associ-
ation time. Accordingly, the ratio of diffusion coefficients
(Dnonsticky/Dsticky) scales with the association time of the
metallo-supramolecular bonds, z,. The obtained data are
shown by the right ordinate of Figure 7(b). The obtained
results follow the same order that was revealed from the rhe-
ological data. This is a molecular scale confirmation of the
results that are obtained from the macroscopic rheological
properties. However, the metallo-supramolecular bond formed
between the sticky tracer and the network through Ni**
appears to be more Kkinetically stable at room temperature
than expected from rheology. Evidently, the rheological analy-
sis is not capable of unveiling the relaxation process of the
dual-network systems made by Ni®*, as the corresponding
association time is more than two orders of magnitude larger
than the one formed in presence of the weaker Co?* ion.
These relaxation times are in good agreement with the inverse
of dissociation rate constants, which was determined for the
complexation of small-molecule terpyridine ligands with dif-
ferent metal ions using UV spectrometry, specifically for Ni**
and Co2* 141541

CONCLUSIONS

Fundamental understanding of the molecular design of single
polymer networks is profound not only for traditional chemi-
cal networks but also for transient networks formed by supra-
molecular bonds. Our systematic investigation on the new
class of dynamic dually crosslinked networks reveals that the
typical structure-property relationships are not directly appli-
cable to these hybrid systems, though. Our study is realized
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by devising a model dual-network system, where the extent
of chemical crosslinks and the dynamics of metallo-sup-
ramolecular bonds can be independently varied. For this pur-
pose, chemical networks with different mesh sizes are
synthesized and additional metallo-supramolecular bonds
with variable strength are incorporated using different metal
ion-bis(terpyridine) complexes. Rheological analysis confirms that
the number and association time of the metallo-supramolecular
bonds follow their thermodynamic equilibrium constants that
were already derived based on complexation with unsubstituted
terpyridine ligands, that is, Mn?* < Zn** < Co®* < Ni**. However,
depending on the supramolecular bond strength, the num-
ber and lifetime of the bis-complexes change by the network
mesh size. Specifically, the dissociation activation energy
decreases with the network mesh size for dual-networks
made by Zn?* ions. This is attributed to the larger fluctua-
tion of the longer polymer network strands compared to the
shorter ones, which more effectively pulls the metallo-
supramolecular bonds along them out of complexation.
Moreover, stronger ions form a larger number of associa-
tions compared to what is expected from the synthesis,
which is attributed to the formation of collective assemblies
through nanoscopic clustering. A molecular-level confirma-
tion of the observed behavior is provided by studying the
diffusivity of low-molar mass polymeric tracers. The diffu-
sion of a nonsticky tracer is not affected by the network
structure, while a sticky tracer is slowed down by the same
order that is expected from the rheological analysis. These
results underline the importance of the interplay between
chemical and physical bonds in hybrid gels, which should be
considered for the development of materials based on this
concept.
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