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Byssus threads of mussels have high resistance against abrasion in wave-swept habitats because of their
outer cuticle, which is rich in amino acid dopa complexes with Fe** ions. This stems from the transient
nature of metal-ligand complexes that creates extra relaxation mechanisms. Inspired by this concept, in
this work, supramolecular hydrogels based on poly(acrylic acid) functionalized with nitrocatechol groups
are synthesized. Polymer chains are physically crosslinked via nitrocatechol-Fe** complexes. The hydro-
gels have different polymer volume fractions as well as different nitrocatechol: Fe** molar ratios. The
strength of the supramolecular crosslinks strongly depends on the pH of the medium. The dynamics of
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these hydrogels are studied by stress relaxation experiments followed by calculation of the relaxation
time spectrum. Generally, samples have three relaxation modes, including dissociation of distinct metal-
ligand complexes, reptation of sticky polymer chains, and disengagement of network segments from
supramolecular aggregates and clusters. Such clusters hinder the terminal relaxation and potentially

DOI: 10.1039/d2sm00666a

Open Access Article. Published on 30 August 2022. Downloaded on 3/22/2026 11:40:35 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/soft-matter-journal

Introduction

Supramolecular hydrogels are a class of hydrogels, in which the
network strands are connected through transient interactions
like hydrogen bonding, host-guest interactions, electrostatic
interactions, or metal-ligand complexations.' Considering
the reversible/transient nature of such bonds, supramolecular
hydrogels potentially have several interesting features like the
ability to be reshaped/processed/injected, controlled sol-gel
transition and self-healing, which makes this class of hydrogels
promising for biological applications compared to chemically
crosslinked hydrogels.>*” Moreover, if supramolecular hydro-
gels are obtained through supramolecular crosslinking of pre-
cursor polymeric chains, beneficial properties of polymers with
advantages of supramolecular chemistry can be combined. In
addition, besides the crosslinking density and the polymer
volume fraction, which are in common with chemically-
crosslinked hydrogels, the dynamics and the mechanical
properties of supramolecular hydrogels can be controlled by
the strength or the equilibrium constant and the lifetime of the
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increase the stability of supramolecular hydrogels.

physical bonds.*®° On top of that, if associative groups aggre-
gate by the collective assembly into clusters, the time scale that
polymer segments require to escape from these aggregates and
clusters affects the overall dynamic and mechanical properties.*°

One of the key points that should be taken into account for
the synthesis of supramolecular hydrogels is the stability of
transient association in polar media like water. Generally, the
transient interactions are weakening in water, for example, a
single hydrogen bond can easily dissociate in water."” To
increase the stability of hydrogen bonds in water, several
strategies like utilizing associative groups with multiple hydro-
gen bindings, hydrophobic shielding, and/or combining with
other types of physical interactions like n-m conjugations have
been studied." " Besides such stabilization of supramolecular
associations, the polymer volume fraction is a key factor for
preparing a stable supramolecular hydrogel. This factor is
specifically critical if the hydrogel is immersed in an excess
amount of water after formation of a stable hydrogel at a
defined concentration.”®'® In this case, the swelling capacity
of the hydrogel and the stability of the physical crosslinks at the
equilibrium swelling condition are key parameters. This might
be one of the reasons that most of the studied supramolecular
hydrogels contain less than 98% water (in equilibrium swelling
or out of equilibrium swelling)." However, in a few studies,
supramolecular hydrogels with even more water content, like
up to 99.7%, have been successfully prepared and investigated."”

This journal is © The Royal Society of Chemistry 2022
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One of the promising types of physical interactions that are
utilized to prepare supramolecular hydrogels is metal-ligand
complexation. This physical bonding covers a very broad range
of binding energies (0-400 k] mol '), depending on the metal
ion and the ligand, making them promising for the design of
tough and stiff supramolecular hydrogels.'® In addition, via
oxidation or reduction of the metal ion center, it is possible to
trigger or avoid the self-assembly and the sol-gel transition.***°
One of the well-known examples of metal-ligand-based supra-
molecular materials in nature is the byssus threads of mussels,
in which histidine-rich domains coordinate to transition metal
ions like zinc and copper, giving self-healing properties to this
stiff material. In addition, the threads are protected by an outer
cuticle, which is rich in amino acid dopa complexes with Fe**
ions.?! Inspired by these concepts, Messersmith and coworkers
prepared a series of hydrogels by metal-ligand complexation of
histidine-functionalized tetra-arm poly(ethylene glycol), tetra-
arm PEG, with transition metals like zinc, copper, cobalt, and
nickel. The results revealed that the sol-gel transition (gel
formation), and the relaxation time of the hydrogels can be
controlled by the type of the metal ion and the pH of the gel
formation medium.> It is also shown that by rational use of the
two metal ions in formation of a single network, the hierarchical
self-assembly of the supramolecular motifs can be engineered,
which has a significant impact on the mechanics and dynamics
of the obtained hydrogels.>® The complex of catechol and Fe**
shows an extremely large equilibrium constant (10*° M%),
making the required force for rapture of a single bond compar-
able with the one of covalent bonds. However, in contrast to
covalent bonds, the dissociated catechol-Fe** bond can be
reformed due to its achievable reformation rate.*' The stoichio-
metry of catechol-Fe** complexation strongly depends on the pH
of the bond formation medium. By increasing pH, it changes
from mono-, to bis-, and to tris-type assembly.>* In a case of
tris-complexation, the elastic modulus of hydrogels with a bulk
structure of catechol-functionalized tetra-arm PEG is comparable
with a model covalent network prepared with the same precursor
and at similar concentration.>* A similar polymer precursor has
been also coordinated with vanadium and aluminum salts. The
results revealed that variation of the bonding dynamics is a
powerful tool to tune the viscoelastic properties over several
orders of magnitude.”> In addition, by using derivatives of
catechol like nitrocatechol (ND) or 3-hydroxy 4-pyridinone, it is
possible to promote tris complexation to form stable and robust
gels at lower pH, compared to that required for the catechol
group, without significant reduction in binding strength. Inves-
tigation of the rheological properties of the corresponding
hydrogels with an identical tetra-arm PEG scaffold demonstrated
almost similar plateau moduli, but significantly different
relaxation times ranging from 0.09 s (for plain catechol) to
125 s (for 3-hydroxy 4-pyridinone).*® Besides the effect of the
ligands, Ma and Hou showed that by changing the microstructure
of the hydrogels network to a side-chain supramolecule polymer,
it is possible to modulate the dynamics and mechanics of the
obtained hydrogels. To reach this target, the authors prepared
catechol-functionalized (meth)acrylamide monomers and made
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precoordinated crosslinkers by mixing them with Fe*" solution.
Hydrogels were prepared by employing an appropriate photo-
initiator. With this method, it was possible to prepare a hydrogel
with high extensibility and fast self-healing properties.>”
Nevertheless, the origin of this significant improvement in the
hydrogel properties upon changing the microstructure of the
polymeric network platform has not been discussed.

In this work, we investigate hydrogels with side-chain supra-
molecular polymeric structure formed by integrating nitrocatechol
(ND)-Fe** complexes along sodium acrylate and hydroxyethyl
acrylate random copolymers. The target of using sodium acrylate
is to increase the theoretical potential of water adsorption. The
metal-ligand complexation and the mechanical properties are
probed by UV-vis spectroscopy and rheology. The analysis of the
rheological data is done with specific attention to potential cluster-
ing of the associative groups. The results confirm aggregation and
clustering of the metal-ligand complexes on top of entanglement of
the sticky polymer chains. Such supramolecular aggregations
influence the terminal relaxation of hydrogels and with that
potentially their stability.

Experiments
Materials

Copper(1) bromide, 4-dimethylaminopyridine, N,N'-disuccinimidyl
carbonate, nitrodopamine hydrochloride, methyl 2-bromopropio-
nate, and tris(2-dimethylaminoethyl)amine (MesTREN) are pur-
chased from Aldrich or Alfa-Aesar and utilized without further
purification. tert-Butyl acrylate and hydroxyethyl acrylate are
purchased from Aldrich and purified by a basic alumina column.

Synthesis of nitrodopamine hydrogen sulfate

Nitrodopamine hydrochloride (3.02 g, 15.92 mmol) is dissolved
in 90 mL water. Sodium nitrite (3.75 g, 54.36 mmol) is added to
the solution and then cooled down to 3 °C by using an ice bath.
Then, 30 mL of sulfuric acid (20% v/v) is added dropwise to the
mixture. The ice batch is removed, and the mixture is stirred at
room temperature overnight. The obtained yellow dispersion is
filtered and washed with cold water (3 x 20 mL) and then dried
under vacuum (2.23 g, yield 71%). 'H NMR (400 MHz, DMSO):
d = 3.06-3.20 (s, 4H, CCH,CH,), 6.89 (s, 1H, CHCOH), 7.46
(s, 1H, CHCNO,) ppm.

Synthesis of poly(tert-butyl acrylate-ran-hydroxyethyl acrylate)

The copolymers are synthesized with 5, 10, or 15.5 mol% of
hydroxyethyl acrylate by atom transfer radical polymerization
(ATRP). For 5 mol%, for example, tert-butyl acrylate (28.90 g,
225.50 mmol), hydroxyethyl acrylate (1.09 g, 9.40 mmol), and
MeTREN (0.44 g, 1.92 mmol) are mixed in a 100 mL Schlenk
flask. The mixture is degassed three times with a freeze-pump-
thaw cycle. Copper bromide (0.14 g, 0.96 mmol) is added to
the frozen mixture under nitrogen flow. After reaching room
temperature, the mixture is stirred for 30 minutes. The flask is
put in a preheated oil bath and then methyl 2-bromopropionate
(0.008 g, 0.48 mmol) is added to the mixture. After stirring the
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mixture at 65 °C for 24 h, it is diluted by dichloromethane and
passed through an alumina column to separate the catalyst.
The solution is then dried to remove the solvent and the
unreacted components (21.85 g, yield 73%). "H NMR (400 MHz,
CDCl;) 0 = 1.43 (s, 9H, OCCH3), 1.49 (d, 2H, CH,CH, polymer
backbone), 2.21 (s, 1H, CH,CH, polymer backbone), 3.77 (s, 0.1 H,
CH,CH,OH), 4.17 (s, 0.1 H, CH,CH,OH) ppm.

Synthesis of poly(tert-butyl acrylate-ran-NHS-ethyl acrylate)

To replace the hydroxy groups of synthesized poly(tert-butyl
acrylate-ran-hydroxyethyl acrylate) copolymers with succinimidyl
carbonate, each copolymer is reacted with 4-dimethylamino-
pyridine (DMAP) under argon atmosphere at room temperature.
As an example, the copolymer with 5 mol% of the hydroxyethyl
acrylate (21.80 g, 8.54 mmol) is dissolved in 100 mL dry dimethyl-
formamide. This solution is added to a suspension of disuccini-
midyl carbonate (4.38 g, 17.09 mmol) in 30 mL acetone under
argon flow. To this mixture, a solution of 4-dimethylamino-
pyridine (2.02 g, 17.09 mmol) in 20 mL acetone is added dropwise.
The mixture is then stirred at room temperature for two days.
Afterwards, the functionalized copolymer is precipitated in 1.5 L
mixture of methanol (70%) and water (30%) (21.14 g). "H NMR
(400 MHz, CDCl,): 6 = 1.43 (s, 9H, OCCH3), 1.52 (d, 2H, CH,CH,
polymer backbone), 2.23 (s, 1H, CH,CH, polymer backbone). 2.84
(s, 0.10 H, NCOCH,), 3.77 (s, 0.04H, CH,CH,0OH), 4.32 (s, 0.10H,
CH,CH,OH; CH,CH,0CO0), 4.52 (s, 0.07H, CH,CH,0CO) ppm.

Synthesis of poly(acrylic acid-ran-NHS-ethyl acrylate)

To convert tert-butyl acrylate repeating units of poly(tert-butyl
acrylate-ran-NHS-ethyl acrylate) copolymers obtained in the
previous step into acrylic acid, the units should be hydrolyzed
in an acidic medium. For this target, the polymer containing a
total of 5 mol% comonomer, for example, (2.30 g, 17.13 mmol)
is dissolved in 300 mL dichloromethane. Then, trifluoroacetic
acid (14.80 g, 129.80 mmol) is added dropwise and the mixture
is stirred overnight at room temperature. The precipitated
polymer is filtered and dried under reduced pressure (1.93 g).
'H NMR (400 MHz, CDCl;): § = 1.37 (s, 0.95H, OCCHj,), 1.61
(d, 2H, CH,CH, polymer backbone), 2.20 (s, 1H, CH,CH, poly-
mer backbone), 2.81 (s, 0.10 H, NCOCH,), 3.69 (s, 0.04H,
CH,CHOH), 4.26 (s, 0.10H, CH,CH,OH; CH,CH,0CO), 4.52
(s, 0.08H, CH,CH,0OCO) ppm.

Functionalization of copolymers with nitrodopamine groups

Reaction of the succinimidyl groups of the poly(acrylic acid-ran-
NHS-ethyl acrylate) obtained in the previous step with nitrodo-
pamine hydrogensulfate is done in a mixture of dimethyl
sulfoxide (DMSO) and phosphate buffer. The sample (1.00 g,
0.34 mmol) is dissolved in dry 75 mL DMSO. Nitrodopamine
hydrogen sulfate (0.18 g, 0.62 mmol), which is previously
dissolved in 4 mL dry DMSO is added to this solution. Then,
50 mL buffer solution is added to the mixture. The solution is
stirred overnight at room temperature. The solvent is removed
under the vacuum, followed by the freeze drying. The product is
purified for one week with dialysis in water, which is changed
two times per day. 'H NMR (400 MHz, CDCly): § = 1.45
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(s, 0.44H, OCCH3;), 1.82 (d, 2H, CH,CH, polymer backbone),
2.40 (s, 1H, CH,CH, polymer backbone), 4.39 (s, 0.10H,
CH,CH,OH; CH,CH,0CO), 6.86 (s, 0.02H, CCHCOH), 7.67
(s, 0.02H, CHCNO,).

UV-vis spectroscopy

UV-vis spectroscopy is done on the solution of nitrodopamine
hydrogensulfate or the solution of poly(acrylic acid-ran-
hydroxyl ethyl acrylate) functionalized with nitro catechol
groups, poly(AAc-ran-NC). In addition, the experiment is done
on the mixture of nitrodopamine hydrogensulfate and Fe(u)
sulfate or on the mixture of poly(AAc-ran-NC) and Fe(in) sulfate
to investigate the complexation between Fe** ions and nitro-
dopamine in a low molar mass functional component and a
functionalized polymeric template, respectively. In both mix-
tures, the molar ratio of the nitrodopamine and Fe** ions are
3:1. To prepare the probed solutions, a determined volume of
Fe(m) sulfate solution in water with a concentration of 0.19 mol/
L is added to the solutions of poly(AAc-ran-NC) or nitrodopamine
hydrogensulfate in water with a concentration of 10~* mol L™
The probed solutions are stirred for 20 min. The pH is then
adjusted by using hydrochloric acid solution (0.25 mol L™") or
sodium hydroxide solution (0.25 mol L™).

SAXS

Small-angle X-ray scattering (SAXS) measurements are performed
using CuKx radiation (RigakuMicroMax 007 X-ray generator, Osmic
Confocal Max-Flux curved multilayer optics). Supramolecular
hydrogels are sealed in capillaries with a thickness of 0.01 mm to
avoid water evaporation under vacuum during the measurement.
Two-dimensional (2D) diffraction patterns of these samples are
recorded using an Mar345 image plate detector at a sample-
detector distance of 2116 mm. Intensity profiles are recorded by
radial averaging of the 2D datasets as a function of the scattering
vector, g = (4n/2) sin(26/2), where 26 is the scattering angle.

Rheology

The rheology measurements are done by stress-controlled
Anton Paar 302 rheometer. To avoid solvent evaporation, a
solvent trap is used during the measurements. To prepare the
probed samples, poly(AAc-ran-NC) is dissolved in Milli-Q water
with concentrations of 10 wt%, 15 wt%, or 20 wt%. Then, the
required amount of Fe(m) sulfate such that the molar ratio of
NC:Fe’" ions set to 3:1, 2:1, or 4:1 is added to the polymer
solution. After stirring for 30 min at room temperature, NaOH
solution (10 wt%) is added to the mixture with a ratio of 1 pL
solution per 10 mg of polymer solution. After 24 h of shaking at
room temperature, the obtained gels are loaded onto the
rheometer. For each sample, step strain measurement at T =
10 °C, 20 °C, 30 °C, and 40 °C followed by a frequency sweep
measurement at 20 °C and 30 °C are done. In detail, each
sample is equilibrated first at y = 0% and 7'= 10 °C for 10 min.
Then, the shear deformation is increased to y = 10% for 34 min,
during which the change of the stress is investigated. This
protocol is repeated at 20 °C, 30 °C, and 40 °C. The sample is
equilibrated at y = 1%, w = 0.1 rad s~ * for 10 min. At this shear

This journal is © The Royal Society of Chemistry 2022
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rate and temperature, the frequency sweep measurement is
done in the frequency range of 100-0.01 rad s~ *. This protocol
is repeated at 30 °C, 20 °C, and 10 °C.

Results and discussion
Synthesis of precursor polymers

Hydrogels studied in this work have a side-chain supramolecular
polymeric structure, where the poly(acrylic acid-ran-hydroxyethyl
acrylate) chains has pendant nitrocatechol functional groups,
poly(AAc-ran-NC). The synthesis approach is summarized in
Scheme 1 and the corresponding "H NMR spectra are presented
in Fig. S1-S5 in the ESL.f The copolymers are synthesized by
atom transfer radical polymerization (ATRP) of tert-butyl acrylate
and hydroxyethyl acrylate with a molecular mass average of
M, ~ 39000 g mol™" (see the GPC spectrum in Fig. S6 in the
ESIt). The comonomer content is 5, 10, and 15.5 mol%, as
determined by "H NMR. The polydispersity of these copolymers
increases upon increase of the comonomer content due to the
general weakness of classical ATRP in the polymerization of
polar monomers. The copolymers are reacted with disuccinimidyl
carbonate to replace the hydroxy groups with N-hydroxy succini-
midyl groups, thereby providing active sites for the subsequent
click reaction with amine groups. The efficiency of this reaction is
between 40-50%. In the next step, tert-butyl acrylate groups are

1) Methyl 2-bromopropionate, Cu(l)Br, Me6TREN; 65°C, Ar

3) Trifluoroacetic acid; dichloromethan; 24h, room temperature

5) Fe,(S0,);, H,0, NaOH; shaking for 24h
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hydrolyzed into acrylic acid groups by using trifluoroacetic acid
dissolved in dichloromethane. Such a conversion depends on
the comonomer content and gets lower with increasing the mol-
percentage of hydroxyethyl acrylate. The non-hydrolyzed tert-butyl
acrylate units limit the solubility of the copolymers in polar
solvents like DMSO and water, which are the solvents in the
following synthesis steps. Due to this limitation, only the copoly-
mer with 5 mol% of comonomer could be used to prepare a
hydrogel suitable for further investigations. This sample wherein
2.5 mol% of hydroxyl groups were replaced with succinimidyl
groups is reacted with nitrodopamine hydrogensulfate in phos-
phate buffer medium to attached 2.5 mol% nitrocatechol groups
to copolymer chains via urethane linkages. Considering the molar
mass of the polymer determined by gel permeation chromato-
graphy and the integration peaks of "H NMR, the average number
of nitro catechol, NC, groups per chain is 6. This polymer is used
to prepare supramolecular hydrogels at three different concentra-
tions of 10 wt%, 15 wt%, and 20 wt% with a molar ratio of
NC:Fe*" = 3:1 as described in Experiments. In addition, at the
highest concentration, two more hydrogels with different molar
ratios of NC:Fe®* = 2:1 or 4:1 are also prepared to investigate the
effect of the ligands to the metal ions stoichiometry on hydrogel
properties. Samples are designated as pAAX NCY, where X
denotes the polymer weight fraction and Y represents the molar
ratio of NC to Fe** ions. For example, sample pAA10_NC3 is
prepared by the polymer solution with a concentration of 10 wt%

2) Disuccinimidyl carbonate, DMAP; dry DMF, dry aceton, Ar, room temperature

4) Nitrodopamine hydrogensulfate; phosphate buffer, DMSO, 24h

Scheme 1 Preparation of supramolecular hydrogels. (1) Synthesis of random copolymers of tert-butyl acrylate and hydroxyl ethyl acrylate, (2)
replacement hydroxyl groups of the random copolymers with succinimidyl groups. (3) Hydrolysis of tert-butyl acrylate units in the copolymers to
acrylic acid groups, (4) functionalization of the copolymer with nitrocatechol groups, (5) preparation of the supramolecular hydrogels via complexation of
nitrocatechol groups and Fe®* ions. The type of the complexation (mono, bis, or tris) can be controlled by changing the pH.

This journal is © The Royal Society of Chemistry 2022
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and a molar ratio of NC to Fe>" of 3. This library of five as prepared
supramolecular hydrogels, in which the concentration of precursor
polymer and/or the molar ratio of the associative groups are varied
are considered for further characterizations and analysis.

Deprotonation of nitrocatechol and its complexation with Fe**
ions

The nitrocatechol group has two hydroxy substituents on its
aromatic ring, which can be present in the form of OH (proto-
nated state) or O~ (deprotonated state), whereby the latter is
more desired in a sense of complexation with Fe*" ions. The
protonation state of hydroxy substituents can be modulated by
variation of the pH of the solution medium. To investigate this
point in detail, solutions of nitrodopamine hydrogensulfate in
Milli-Q water with different pH from 2.5 to 12.5 are investigated
by UV-vis spectroscopy (Fig. 1A). The spectrum of each solution
reveals one or two maxima between the wavelength of 350 and
500 nm. These peaks are related to the metal to ligand charge
transfer (MLCT) and indicate the protonation state of the
hydroxy groups on the aromatic ring of the nitrocatechol group.
At pH = 2.5, one maximum appears at 350 nm, which indicates
that both hydroxyl groups are at the protonated state (OH). With
increasing pH, the maximum shifts to higher wavelengths,
showing that one of the hydroxy substituents is deprotonated,
while the other is still in the protonated state. By exceeding the
pH above 11, two maxima can be detected. The first maximum,
which appears at lower wavenumbers is related to nitrocatechol
groups, with one deprotonated hydroxy substituent. The other
maximum is related to nitrocatechol groups with two deproto-
nated hydroxy substituents. To see the effect of polymeric chains
on the protonation state of hydroxy substituents and with that
complexation of NC-Fe,® a similar experiment is done for the
solution of poly(AAc-ran-NC) at different pH values, as shown in
inset of Fig. 1A. The overall trend of increasing the maximum
wavelength upon increasing pH, which was found for the
solution of nitrodopamine hydrogen sulfate is also recognized
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for the corresponding polymeric solution, however, with slight
differences. First, the experiment cannot be done at pH lower
than 4 due to the precipitation of the polymer. Second, depro-
tonation of hydroxy substituents on the aromatic ring of NC
requires higher pH for polymeric solution compared to nitro-
dopamine hydrogen sulfate solution. For example, the pendant
NC groups from polymeric chains have one deprotonated hydroxy
substituent at pH = 10.8-11.5, while this state is observed for the
solution of low-molar mass functional group at pH = 5.7-10.3.

Considering the nature of complexation between NC and
Fe’" ions, shifting from the fully-protonated over the mixture of
fully- and mono-protonated to fully-deprotonated state in NC
results in shifting from mono-complex over bis-complex to a
mixture of bis- and tris-complexes, and eventually to almost
pure tris-complex. Such a transformation can be recognized by
tracking the variation of the maximum wavenumber in the UV-vis
spectrum of the mixture of Fe,(SO,); with either nitrodopamine
hydrogen sulfate or poly(AAc-ran-NC) solutions (Fig. 1B). Similar
to that observed in the UV-vis spectra of plain solutions without
iron ions, by increasing the pH, the maximum shifts to a higher
wavelength, where such a shifting requires higher pH in the case
of the polymeric solution compared to the small molecule
solution. This correlation can be considered as an evidence that
the protonation state of hydroxy substituents on the aromatic ring
of NC group has a direct impact on the complexation type of
NC and Fe’* ions. According to the UV-vis data, nitrodopamine
and Fe*" ions form mono-, bis-, mixture of bis- and tris-, and tris-
complexes in the pH of 2.5, 5.8, 6.5-11.4, and 12.5, respectively.
In the case of poly(AAc-ran-NC), the pH range changes to 5.7-6.5,
10.3-11.4, and 12.5, respectively, without observing a mixture of
bis- and tris-complexes.

Dynamics and mechanical properties of supramolecular
hydrogels

The dynamics and mechanical properties of supramolecular
hydrogels are studied by rheology with frequency sweep and
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Fig. 1 UV-vis spectra of nitrodopamine hydrogen sulfate and poly(AAc-ran-NC) (A) without and (B) with presence of Fe** ions. The insets represent the

results of polymeric samples.
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stress relaxation experiments at 10 °C, 20 °C, 30 °C, and 40 °C.
To check whether the construction of master curves is possible
with these samples, the frequency sweep data at 20 °C are set as
the reference and the other data are shifted accordingly. For all
samples, the data for different temperatures are not completely
overlapped by horizontal shifting, showing different levels of
data scattering, as shown in Fig. 2A. This observation reveals
that not all the relaxation mechanisms in these samples scale
similarly with thermal energy, causing a thermo-rheological
complex behavior and violation of the ability for time-temperature
superposition. Therefore, analysis of the data for each temperature
are done separately. For each sample, the relaxation modes are
analyzed by conducting stress relaxation experiments at 20 °C and
30 °C; see Fig. 2B for sample pAA10_NC3. The stress relaxation
experiment provides clear signatures of the relaxation processes,
magnifies their temperature dependency, and makes it possible to
extract different relaxation modes, which may overlap in frequency
sweep experiments.”**° To analyze relaxation modes, the shear
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stress curve is fitted by eqn (1):

a(t) = V.[

*© —t
H(7)exp (—) dlnz 0]
NS T

The relaxation time spectrum, H(t), can be expressed as a summa-
tion of N symmetric log-normal distribution functions, each of

them corresponding to one individual relaxation mode:

1/PDI]’
L

2LnPDI;

N
Ln 10
H(t) = f [S
® ;W /27LPDL, ¥

where 7, w;, and PDI; represent the average relaxation time, its
corresponding weight, and polydispersity index, respectively, for
the relaxation mode i; all should be considered as fitting para-
meters. The number of the relaxation modes is estimated following
the analysis of the dynamic moduli. The G” curve for all samples
reveals a weak bump at high frequencies and a maximum at low
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(A) Frequency sweep data of sample pAA10_NC3 at temperatures of 10, 20, 30, and 40 °C. The curve of 20 °C is set as the reference and other

curves are shifted horizontally to form a master curve. (B) Comparison of the experimentally and calculated stress relaxation data for sample pAAL10_NC3
at 20 °C and 30 °C. (C) Relaxation time spectrum for this sample at 20 °C and 30 °C, obtained from the fitting of stress relaxation data by considering three

relaxation modes.
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frequencies. Directly after this maximum, samples show no
terminal relaxation. Instead, dynamic moduli drop in parallel
and as revealed by the stress relaxation data, there is even a
tendency to form a plateau. Such rheological properties are
commonly observed in supramolecular materials, in which on
top of the distinct transient associations, aggregation of them into
separated domains, known as clusters, occurs. The phase separa-
tion along with aggregation of transient associations hinder the
terminal relaxation. Nevertheless, the terminal relaxation mecha-
nism can still occur at very long time, which is not experimentally
accessible. Therefore, we hypothesize that at least three relaxation
modes are involved in the dynamics of such samples.*" By includ-
ing the third relaxation mechanism, the results are generally better
compared to those obtained with considering only two relaxation
modes. Comparison of the calculated results with the experimental
data and the obtained relaxation time spectrum for sample
PAA10_NC3 are shown in Fig. 2B and C, respectively. The relaxation
time spectrum at 30 °C involves three modes, but the fastest mode
at ~1.5 s is overlapped with the high-intensity mode at ~105 s.
To provide a quantitative view of the fitting procedure, all fit
parameters are provided in Table S1 in the ESIL{ Moreover, for
other samples, the stress-relaxation graphs are shown in Fig. S7 in
the ESL¥

The weight of each mode is a criterion showing how each
mode affects the overall relaxation process. If w; is too small,
for example less than 1%, relaxation mode i is neglected. For
samples with NC:Fe®* = 3:1, the times corresponding to the
relaxation modes are 0.1-0.95 s for the fastest relaxation, 130-
260 s for the intermediate one, and 9.8 x 10*-1.0 x 10° s for the
slowest relaxation mode, where the major relaxation mode is
the intermediate one with the weight fraction of 85-90%.

In hydrogels with tetra-arm PEG bulk structure, crosslinked
by the binary complexation of catechol/nitrocatechol with Fe**
ions, the time scale of the relaxation that is caused by the
dissociation of supramolecular crosslinks is between ~0.07 s
to ~6 s.>*2° with this evidence, the fastest relaxation mode
can be attributed to the dissociation of single, distinct NC-Fe**
complexes.

To analyze the other two relaxation modes, it is necessary to
estimate first if the precursor chains of the networks are
entangled.” For this target, the volume fraction threshold for
the entanglement (¢.) is estimated by*>

o= [T ®)

where v is the Flory exponent, which is equal 0.588 for good
solvents and 1 for polyelectrolytes.*® N is the number of
monomers per chain and N¢(1) is the number of monomers
between two entanglement points in the bulk state. [N(1)/N] is
simply estimated by dividing the molar mass of the precursor
polymer (39000 g mol ) to the entanglement molar mass of
poly(acrylic acid) (6900 g mol ™). Since hydrogels are prepared
in basic pH, we consider v = 1 leading to ¢. = 0.052. Therefore,
the volume fraction of all hydrogels are above the threshold of
entanglement, thereby, polymer chains could relax through
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disentanglement mechanism. For precursor polymer chains,
the disentanglement time, calculated from the reptation theory,
is in the scale of 10 ® s. Due to the presence of the transient
associations in the side-chain position, however, the relaxation
time corresponding to this mechanism is estimated by the sticky
reptation theory®* as

ef N
P -1 p(1+0.225/2)/(3v—1) 4
o) 10 @

where, 1y, ¢, and [ are the binding lifetime, binding energy, and
the number of repeating units between two stickers, respectively.
The first parameter can be estimated directly from the first
relaxation mode (0.1-0.95 s). The binding energy is considered
28-32 kJ mol '.*>*® To estimate the last parameter, the average
number of NC group per polymer chains should be considered,
which is ~6 based on the 'H NMR data. With that, 7,e, is
estimated 52-503 s, which covers the time scale of the second
relaxation mode (130-260 s). Consequently, the disentanglement
of the polymer sticky chains is the major relaxation mechanism
of these hydrogels. Such range of relaxation time in catechol-
Fe** based hydrogels has been also reported by Hou and Ma,
who showed that by changing the microstructure, it is possible to
significantly increase the time scale of the hydrogel relaxation.””
To do this, the authors prepared first the catechol-functionalized
acrylamide monomers and precoordinated them with Fe** ions.
These precoordinated monomers were polymerized then by using
a photoinitiator. The obtained hydrogel has a side-chain supra-
molecular polymer structure with a relaxation time of ~100 s
considering the crossover of the dynamic moduli in the frequency
sweep rheology experiment. This similarity in the range of the
relaxation time despite different chemistry of polymeric backbone
confirms that side-chain supramolecular structure and with that
the sticky reptation mechanism has a significant influence on the
relaxation time of supramolecular hydrogels. For example, the
determined relaxation time in this work as well as in ref. 27 is
about two orders of magnitudes larger than that observed for
hydrogels based on catechol-Fe*" complexation on the tetra-arm
PEG platform, which have a telechelic supramolecular structure.

The third relaxation mode of the hydrogels is in the range of
10° s, which is out of the accessible time scale of our experi-
ments. To investigate this relaxation mode in more detail,
dynamic moduli of hydrogels at 20 °C and 30 °C are estimated
from the relaxation spectrum by using eqn (5) and (6)

00 2.2

N w’t
G L (e 5)

o° wt
G'=| H(z)——=d 6
|, Hor e )

The calculated dynamic moduli at 30 °C are plotted in Fig. 3A-C
and compared with the experimental frequency sweep data.
The graphs for the temperature of 20 °C are shown in Fig. S8 in
the ESLt The translated dynamic moduli data do not show a
perfect fit with the experimental data. This is while the calculated
stress relaxation data demonstrate a good fit to the experimental
data (shown as inset in Fig. 3A-C). This probably highlights that

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Experimental and calculated frequency sweep data for samples (A) pAALO_NC3, (B) pAA15_NC3, and (C) pAA20_NC3 at 30 °C. At frequencies
lower than 1 rad s2, a relatively good agreement between the experimental data and the calculated data based on fitting the stress—relaxation curves is
obtained. Insets represent the experimental and calculated stress relaxation data for the corresponding samples.

more relaxation modes are involved, and better fit could be
obtained by including them. The main discrepancy clearly
appears at the high-frequency zone, where the Rouse relaxation
of polymer segments shorter than an entanglement length are
active. This regime of relaxation is not accessible in the stress-
relaxation measurements, therefore, there is no upturn in the
shear stress data at short times to be translated into the high-
frequency Rouse modes. Nevertheless, this mode can be artifi-
cially added as the fourth mode to improve the fit at this zone, as
demonstrated in Fig. S9 (ESIt) for sample pAA10_NC3 at 30 °C as
an example. However, we prefer avoiding this mode as the
corresponding parameters are rather arbitrary and not physically
reliable. Therefore, the current fit to the dynamic moduli can be
considered as acceptable. At the very end of low frequencies range,
a crossover of G’ and G” without a clear signature of viscous flow
(slope of 2 and 1 for G’ and G” in log-log plot) is observed. This
plot’s feature resembles the overall shape of the frequency sweep
graphs for supramolecular networks and hydrogels, in which
on top of the binary association, supramolecular motifs do a
collective assembly to form supramolecular aggregates and clus-
ters. Therefore, based on the rheology results, we hypothesize that

This journal is © The Royal Society of Chemistry 2022

the third relaxation mode should be originated from the disen-
gagement of polymer chains from such aggregates. These aggre-
gates might be ordered or non-ordered and could have different
levels of aggregation, and with that different lifetime scales that
are generally longer than that of single, distinct complexes,
thereby, prolonging the relaxation time of the corresponding
hydrogels.™ Since a fraction of network strands can be trapped
in these supramolecular clusters, the terminal relaxation process
is retarded until the network strands can withdraw themselves
from the clusters due to the destabilizing of the aggregates. If the
fraction of trapped segments is considerable, it reflects by the
presence of a storage modulus plateau at low frequencies. In other
cases (for example low amount of trapped segments or major
involvement of network strands in clusters by one of their ends)
features like a parallel drop of G’ and G” or a drop with slopes
lower than 2 and 1 are observed. The physical origin of formation
of such clusters has been discussed in details elsewhere."® Inde-
pendent on the origin, the extent of clustering strongly influenced
by the mole-fraction of the distinct transient association as well
as by the number of entanglement of the precursor chains.
This means that the third relaxation mechanism proposed in this
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works strongly depends on the first and the second relaxation
mechanisms. In addition, the second relaxation mechanism
depends itself on the first one, since as is predicted by eqn (4),
the sticky reptation time is proportional to the inverse of the
number of repeating units between two stickers. This indicates
that changing mole-fraction of the metal-ligand complexes
directly influences the sticky reptation time. In this work,
however, there are two limitations for building a scaling plot for
the dependence of the second and third relaxation modes on the
number, lifetime and coordination number of transient bonds.
First, the number of the samples are not large enough to have
reliable statistics. Second, the resolution of the sole rheological
measurements in resolving different modes from each other is
not enough to follow such a study.

Considering the effect of the polymer concentration, no
clear effect has been observed on the time scale of the fastest
and longest relaxation modes. The former is expected as the
lifetime of the distinct NC-Fe*" complex does not depend on
the polymer concentration. The latter might be related to the
super large time scale, where the minor change in the values is
not detectable by our fitting approach. In contrast, increasing
the concentration increases the intermediate relaxation time as
shown in Fig. 4A. This observation is related to the effect of
polymer concentration on the sticky reptation time as sug-
gested by eqn (4) (trep ¢ ¢*%).

A similar analysis is done on samples with 20 wt% polymer
concentration, in which the molar ratio of NC and Fe*" ions is
varied. The calculated frequency sweep graphs based on fitting
stress relaxation data is demonstrated in Fig. 4B. The weight of
the third relaxation is less than 1% for sample pAA20_NC2,
which means that formation of stable clusters is negligible.
The reason could be related to the presence of extra metal ions
which push the complexation equilibrium towards formation
of mono- and bis-complexes. This confirms that the stability of
transient associations is one important factor that promote
formation of clusters. This lower number of supramolecular
crosslinking can explain the considerably lower plateau
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modulus of this sample compared to the sample pAA20_NC3.
The lack of long-lasting clusters and the lower crosslinking
density in this sample results in a more prominent crossover of
G’ and G” at 30 °C compared to sample pAA20_NC3. The data at
30 °C also shows that this sample has a tendency for viscous
flow at long time scales. The changing of stoichiometric ratio
from 3:1 to 4:1 also influences the dynamics and mechanical
properties of the hydrogel, however, this effect is considerably
lower compared to what was observed for sample pAA20_NC2.
The weight of the longest relaxation mode in sample
PAA20_NC4 is comparable with that of sample pAA20_NC3.
This is in agreement with no apparent viscous flow for sample
PAA20_NC4 similar to sample pAA20_NC3. However, the
plateau modulus of this sample is still lower than that of
PAA20_NC3, which is related to the lower crosslinking density
due to the lower amount of Fe*" ions than what is needed to
form tris-complexes.

In summary, we hypothesize that all studied hydrogels
(except sample pAA20_NC2) have three relaxation mechanisms,
with corresponding time scales that vary six orders of magni-
tudes from 0.1 s to 9.8 x 10" s. The fastest relaxation mode is
attributed to the distinct, single NC-Fe®" dissociation. The
intermediate relaxation mode, with a time scale of 130-260 s
and weight fraction of 85-90%, is related to the disentangle-
ment of sticky polymer chains. The slowest relaxation mode is
attributed to the disengagement of polymer segments from the
aggregates of NC-Fe®" complexations formed by the collective
assembly of distinct transient bonds. The distinct association
of NC-Fe*', entanglement of stick chains, and the aggregation
of supramolecular complexes are sketched in Scheme 2. The
existence of long-lasting aggregates and clusters in our studied
samples features in computational and experimental frequency
sweep graphs by shifting the G’ and G” crossover to low
frequency ranges and preventing the viscous flow of polymer
chains in the terminal region.

In addition, this phenomenon can be confirmed by scattering
techniques like small angle X-ray scattering (SAXS). The scattering

Log o (rad/s)

(A) The effect of polymer concentration on rheological properties of studied supramolecular hydrogels. (B) Comparison of frequency sweep data

for samples with 20 wt% concentration and different NC : Fe** molar ratios. The data of both panels are obtained from fitting the stress relaxation data.
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Scheme 2 Different types of physical and topological interactions that
are responsible for the relaxation modes, detected in this study. 1-3:
Mono-complex, bis-complex, and tris-complex of NC—Fe**, respectively.
4. Entanglement of sticky polymer chains. The onset concentration of
entanglement significantly reduces by presence of transient associations.
5: Aggregation of distinct NC—Fe** complexes.

intensity profile of sample pAA20_NC3 is represented in Fig. 5. At
0.0088 < g < 0.02 A™', the intensity profile demonstrates a
power-law decay with a slope of —4, which could be related to the
scattering objects that are too big to be resolved by this technique.
In the following, at 0.02 < ¢ < 0.1 A™", a shoulder emerges,
which indicates the presence of scattering objects with the size of
1-5 nm. The appearance of this shoulder confirms our hypothesis
about the presence of non-ordered aggregates of transient
complexes in this sample. To have a better estimation of the size
of these aggregates, the data is fitted with the modified Porod
model as well as the modified Ornstein-Zernike model. The first
model fits data well at ¢ < 0.02 A%, where the intensity profile
demonstrates a power-law decay. The second model fits well the
middle g data, where the shoulder emerges. Therefore, the
combination of both models can describe the scattering data in
the whole covered range of ¢g. The main outcome of the modified
Ornstein—Zernike model is the correlation size of aggregates,
which is predicted at 16 nm for sample pAA20_NC3. This value
is larger than the covered size range, which might be related to the
broadness of this shoulder and the absence of plateau at the very
low g values.

The aggregation of supramolecular associations into clusters
and with that the stability and the relaxation time of the bulk
network can be controlled by the pH of the hydrogel formation
medium, the polymer concentration and the molar ratio of NC
and Fe** ions. Regarding the latter parameter, the sample with a
molar ratio of NC:Fe®*" = 2:1, reveals the tendency of viscous
flow in the frequencies lower than that of the crossover of the
dynamic moduli, which is hypothesized to be related to the lack
of stable clusters. This result is confirmed by the absence of any
shoulder in the middle g range of the scattering intensity profile
of this sample as is represented in Fig. 5.

The influence of supramolecular clustering on the relaxation
time of supramolecular hydrogels is an effective approach to
form stable hydrogels. For example, the rational use of the

This journal is © The Royal Society of Chemistry 2022

View Article Online

Soft Matter

1000 ¢

100 &

10

I(q)

PAA20_NC2
PAA20_NC3

F|Porod -
Ornstein-Zernike — - —
Sum

0.01

0.

-

q(A)

Fig. 5 Scattering intensity profile of samples pAA20_NC2 and
pPAA20_NC3 obtained from SAXS measurement. The data are fitted with
the modified Porod model as well as the Ornstein—Zernike model. The
combination of both fittings (sum, cyan curve) can describe the data in the
whole covered range of g.

collective assembly/stacking of the associative motifs for stabilizing
single associated dimers has been extensively investigated in
hydrogen-bonded hydrogels."™'*'* This motivates us to inves-
tigate the stability of studied hydrogels in presence of an excess
amount of water. While the studied hydrogels have no possi-
bility for terminal relaxation within the studied time scales, the
as prepared samples are not stable if they are immersed in an
excess amount of water. This means that at some point during
the water adsorption process, the gel-sol transition occurs
before hydrogels could reach their swelling equilibrium. This
instability limits the potential application of such materials for
diverse applications, in which hydrogels should be stable in the
desired environment (for example water), where the content of
the surrounding medium is significantly greater than the
amount of the water in as prepared hydrogels. One reason for
this instability is the chemical nature of the bulk network of
these hydrogels. The acrylic acid and its sodium salt are well
known for the preparation of superabsorbers, which are able to
retain a huge amount of water within their networks compared
to the dry weight of the materials. One approach to prepare
more stable hydrogels is to change their chemistry into a
structure with less polarity and/or less osmotic pressure. In
this sense, the method of hydrogel preparation should be
modified, considering the limitation of solubility of less polar
polymer chains in the aqueous medium, which is explained
in Experiment. In addition, more stable hydrogels can be
prepared by increasing the level of the aggregation of supra-
molecular motifs. This can be achieved, for example, by the
increase of the molar mass of the polymer chains.*”*® Investi-
gation of these parameters is the topic of our further studies.

Conclusion

The association of NC and Fe** with a molar ratio of 3:1 on a
poly(AAc-ran-NC) network platform depends on the pH of the
hydrogel preparation medium. By increasing the pH from 4 to 12,
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NC-Fe’" ligand-metal association gets more stable by shifts from
mono-complex over bis-complex to a mixture of bis- and tris-
complexes, and eventually to almost pure tris-complex as visua-
lized in Scheme 2. The best concentration range for the prepara-
tion of hydrogels is between 10 and 20 wt%. At lower polymer
concentrations, the sol-gel transition does not occur at room
temperature, whereas at higher concentrations, the formed hydro-
gels are very inhomogeneous because of the impossibility of
mixing components during hydrogel formation due to the high
viscosity of the polymer solutions. All samples with NC: Fe** =3:1
have three relaxation modes. The fastest one is related to the
dissociation of distinct NC-Fe** complexes. The intermediate
relaxation mode, which is the major one, determined at time
scales of 130-260 s, is related to the disentanglement of sticky
polymer chains. The third relaxation mode, with extremely long
relaxation time, is attributed to the long-lasting clusters. While the
weight fraction of such clusters is less than 5%, the viscous flow
with the fingerprint slopes of 2 and 1 for G’ and G’, in the
terminal region, is not observed in the log-log frequency sweep
plots of these samples. The extent of clustering can be controlled
by the molar ratio of NC and Fe*" ions. For example, by changing
the molar ratio of NC:Fe®" to 2:1, the clustering of transient
complexations is low enough such that the low-frequency G'-G”
crossover and the terminal relaxation are experimentally
accessible.
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