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ABSTRACT

The specific design of a water-soluble supramolecular crosslinker based on a terpyridine-
iron(II) bis-complex is reported. Copolymerization of this crosslinker with acrylamide monomers
in water allows a novel one-step synthesis of metallo-supramolecular hydrogels. The synthesized
hydrogels were characterized by rheology, dynamic light scattering and 'H DQ NMR
experiments. They reveal great similarities with the rheological behavior of a chemically

crosslinked acrylamide network but differences in the structure at low length scales.



Characterization also shows that the supramolecular crosslinker behaves similarly to a permanent
bond at the observed timescales (from 10 to almost 1000 s), thanks to its relatively high binding
energy. However, unlike their chemical counterparts, supramolecular gels show a polyelectrolyte
swelling behavior and a stimuli-responsiveness when put in contact with an oxidant. A controlled
tuning of the physical-chemical properties of the final gel, ranging from the initial

supramolecular gel properties to those of a polymer solution, is then achievable.

INTRODUCTION

Hydrogels are 3D networks of polymer chains that are connected to one-another via crosslinks
and swollen in a large quantity of water. They have become very popular in various domains
from biomedical applications (contact lenses, tissue engineering, drug delivery systems) to care
products or agriculture.'® Hydrogels are conventionally separated in two main classes:
chemically- and physically- crosslinked networks. In the former case, polymer chains are
interconnected by permanent covalent bonds, which make the gels unable to self-heal for
instance. Their physical counterparts are based on specific and dynamic non-covalent crosslinks,
thereby allowing stimuli-responsiveness and versatility.*> Supramolecular chemistry offers
numerous examples of such interactions which cover a wide range of binding strengths and
dynamics. In aqueous media, this precious toolbox provides host-guest interactions, multivalent
ionic interactions as well as hydrogen bonding or formation of stereocomplexes, to mention just
a few. Among these interactions, metal-ligand complexation and, in particular, terpyridine
complexes of transition metals, lanthanide or actinide cations are of great interest due to
numerous advantages. As an example, one can mention their highly-directional interactions and
high thermodynamic stability.”” Depending on the metal ions, very different dynamics can be

achieved thus offering a remarkable versatility to the system.®” Potts et al. and Hanabusa et al.



were among the first to incorporate terpyridine groups in polymer chemistry by copolymerization
of terpyridine-based monomers with various monomers like styrene, vinyl acetate, or acrylic
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acid.'”

Nowadays, such incorporation of terpyridine groups in macromolecular systems has
become widespread and different architectures have been designed.'*" In particular, Tew et al.
and Schubert et al. have shown that adding metal ions to a solution of polymers bearing
terpyridine groups increases the viscosity reflecting the connection between the polymer
chains.'*"® This was the first report on metallo-supramolecular gels crosslinked through
terpyridine-metal interactions. Then, similar systems were developed featuring variations of the
polymer backbone (monomers nature and distribution) and of the metal cations. Nevertheless, all
these studies focus on the synthesis of gels in organic solvents.

As regards hydrogels crosslinked with terpyridine-metal complexes, their preparation as
reported in the literature consists in a complex and time-consuming two-step preparation
method.'®"® In a first step, a hydrophilic polymer bearing pendant hydrophobic terpyridine
groups is synthesized in an organic solvent and transferred into water. Then a metal salt is added
to form a physically crosslinked hydrogel by polymer association through the formation of
terpyridine-metal complexes. For example, Brassine et al. synthesized a side-chain
functionalized = poly(2-(dimethylamino)ethyl =~ methacrylate) by  controlled  radical
copolymerization with terpyridine-modified methacrylate monomer in dioxane.'” Then, a
supramolecular hydrogel was obtained by solubilization of the synthesized polymer chains in an
aqueous solution of cobalt(Il) cations. However, Xu et al. and Asoh et al. pointed out that such a
method may not be adapted to the preparation of hydrogels based on complexes with fast
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kinetics and high thermodynamic stability. Indeed, in the case of ions like iron(Il) or

nickel(Il), their strong binding energy with terpyridine ligands leads to a limited diffusion of



metal ions in the polymer network and favors the formation of intrachain rather than interchain
crosslinks. As a result, heterogeneous network structures are formed with a significant fraction of
non-elastically active chains, that decreases the elastic modulus of the gels. Ahmadi et al.
observed similar results on networks build up from tetra-armed poly(ethylene glycol) (PEG)
chains the free extremity of which are connected via click chemistry carry two terpyridine
pendant groups.”? Despite the controlled topology and the limited inhomogeneities of these
chemically crosslinked networks, the addition of metal cations that interact strongly with
terpyridines leads to the formation of numerous intrachain loops in addition to physical junctions
between distinct network chains. In previous papers, this preparation method based on polymer
association rather than polymerization offers a comprehensive model system for a deeper
understanding of the impact of the supramolecular junction dynamics on the rheological and

mechanical properties of the networks.”**

Metallo-supramolecular hydrogels were synthesized
using a micellar copolymerization in water of a hydrophobic terpyridine-modified monomer and
a hydrophilic acrylamide monomer.” Even though if the change of solvent is not needed in this
case, a purification step is required to wash out the surfactant molecules before adding metal
ions. In addition, this polymerization approach leads to polymer chains with hydrophobic blocks,
the size of which is related to the number of hydrophobic monomers initially contained into the
micelles.”® In the light of reported studies, unlocking the limitations related to the two-step
synthesis in different solvents appears challenging.

Within this scope, we report on a one-step synthesis of metallo-supramolecular hydrogels
using a synthesized water-soluble supramolecular crosslinker based on a terpyridine-iron(II) bis-

complex. First, the supramolecular crosslinker can directly copolymerize with hydrophilic

monomers in water to form hydrogels that are efficiently crosslinked with terpyridine-metal



interactions displaying high-binding strength. We propose a comparative and intensive study
between two polyacrylamide networks that are synthesized under similar conditions except that
one involves physical crosslinks based on metallo-supramolecular interactions (called Supra-
PAM) while the other is chemically crosslinked (called Chem-PAM). This study shows that the
chosen strategy allows the preparation of supramolecular hydrogels with rheological properties
comparable to those of covalently crosslinked ones but with a dormant ready-to-be-used
responsive functionality. Indeed, the supramolecular crosslinker behaves similarly to a chemical
crosslinker, which connects chains by permanent bonds, on the timescale probed by both
rheology and dynamic light-scattering. The evolution of the network structure of both kinds of
hydrogels, Supra-PAM and Chem-PAM, with the crosslinker amount was investigated by proton
double-quantum (DQ) NMR. The obtained results showed that despite similar elastic moduli, the
structure of both networks differs in terms of the distribution of the density of elastically
effective chains and the overall fraction of repeat units that they involve. Another difference
stands in the fact that the supramolecular hydrogels show a swelling behavior different from the
one of Chem-PAM gels and are able to undergo a gel-to-sol transition when an external stimulus
(chemical oxidant) is applied. This latter property underlines the ability of the supramolecular
crosslinker to dissociate and re-associate reversibly, which allows the accurate tuning of the

overall crosslinking density, and so, of the hydrogel macroscopic properties.

EXPERIMENTAL SECTION
Materials
All reagents were purchased from Sigma Aldrich and used without further purification unless

otherwise indicated. 2-[2-(2-aminoethoxy)ethoxy]ethanol and 4'-chloro-2,2"6',2"-terpyridine



(Tpy-Cl) were purchased from ABCR and Fisher Scientific respectively. Anhydrous iron(II)
chloride (FeCl,, 99.5%) was also purchased from ABCR and stored under nitrogen (N,) and dry
conditions to prevent its oxidation by air. 2,2'-azobis[2-(2-imidazolin-2-
yl)propane]dihydrochloride (VAO044) was purchased from Wako. Ultrapure deionized
water with a minimum resistivity of 18 MQ.cm (milliQ, Millipore, France) was used for all
experiments.

Synthesis

Compound 1. 2-[2-(2-aminoethoxy)ethoxy]ethanol (3.10 mL, 22.4 mmol, 1.2 eq) was added to
a suspension of freshly finely ground potassium hydroxide (5.80 g, 104.0 mmol, 5.5 eq) in
anhydrous DMSO (80 mL) under an argon atmosphere. After 1 h heating at 60 °C, Tpy-Cl (5.01
g, 18.7 mmol) was added and the resulting mixture was stirred at 60 °C. After 48 h, the reaction
mixture was cooled to room temperature and poured into deionized water (800 mL). The
resulting mixture was stirred and then left at rest for 3 h before being extracted with
dichloromethane (CH,Cl,, 3 x 500 mL). The combined extracts were dried over MgSO, and then
concentrated under reduced pressure. The residual DMSO was removed by heating the residue
under reduced pressure (about 0.5 mmHg) at 80-90 °C. An orange-brown viscous liquid was
obtained (4.91 g, yield = 69 %)).

Half crosslinker 2. Compound 1 (491 g, 12.9 mmol) was dissolved in anhydrous
tetrahydrofuran (70 mL). Triethylamine (2.20 mL, 15.7 mmol, 1.2 eq) and acryloyl chloride
(1.20 mL, 14.8 mmol, 1.15 eq) were successively added dropwise at 0 °C. After 2 h stirring at
room temperature, the reaction mixture was concentrated under reduced pressure. The residue
was dissolved in CH,Cl, (200 mL) and the resulting solution was washed with deionized water

(2 x 50 mL) and a NaCl saturated solution (50 mL, prepared with deionized water). The organic



phase was dried over MgSQy, filtered and concentrated under reduced pressure to give a brown
solid residue which was triturated in diethyl ether (Et,O, 50 mL). The resulting suspension was
allowed to sediment and the supernatant was then removed using a syringe fitted with a needle.
This operation was repeated twice and the suspension of the solid in Et;O (50 mL) was
eventually filtered through a fritted glass. The collected solid was dried under reduced pressure
(0.5 mmHg) to obtain 3.33 g (yield = 59%) of 2 as a beige powder.?’ The stoichiometry between
terpyridine and vinyl functions was confirmed by NMR. 'H NMR (400 MHz, CDCl;, & (ppm))
8.67 (app br d, /= 5.0 Hz, 2H, Tpy), 8.61 (br d, J= 8.0 Hz, 2H, Tpy), 8.05 (s, 2H, Tpy), 7.86 (td,
J=17.8 and 1.8 Hz, 2H, Tpy), 7.34 (ddd, /= 7.4, 4.8 and 1.1 Hz, 2H, Tpy), 6.38 (br s, 1H, NH-
C(0)-CH=CHy,), 6.24 (dd, J=17.0 and 1.6 Hz, 1H, NH-C(O)-CH=CHy,), 6.09 (dd, J=17.0 and
10.2 Hz, 1H, NH-C(O)-CH=CH>), 5.55 (dd, J=10.2 and 1.6 Hz, 1H, NH-C(O)-CH=CH,), 4.42
(app t, J=4.6 Hz, 2H, Tpy-O-CHj;-), 3.92 (app t, J = 4.6 Hz, 2H, Tpy-O-CH,CH,-), 3.73-3.52
(four m, 8H, -O-CH,CH;-), see Figure S1 for peak assignments. BC NMR (100 MHz, CDCl, &
(ppm)) 167.1 (C, Tpy), 165.7 (NH-C=0), 156.9 (C, Tpy), 155.7 (C, Tpy), 148.9 (CH, Tpy),
137.2 (CH, Tpy), 131.0 (CH=CH,), 126.4 (CH=CH,), 124.1 (CH, Tpy), 121.6 (CH, Tpy), 107.7
(CH, Tpy), 71.0-70.4 (-OCH,CH,0-), 69.9 (-CH,CH,;NH-), 69.6 (Tpy-OCH,CH,-), 68.0 (Tpy-
OCHj>-), 39.4 (-CH,NH-).

Crosslinker 3. Compound 2 (0.101 g, 0.0232 mmol) was dissolved in methanol (MeOH, 10
mL) at about 35 °C under N, atmosphere. A 0.2 M stock solution of FeCl, was freshly prepared
by dissolving 66.0 mg (0.49 mmol) of anhydrous FeCl, in MeOH (3 mL) and 1 mL of the
resulting solution (0.71 eq) was added dropwise to solution of compound 2 under stirring. The
solution turned to dark purple directly after the addition of the metal salt. After 2 h, the solvent

was evaporated under a stream of N, and then under reduced pressure (10 mm Hg) leading to a



dark purple solid (0.126 g, yield = 98%). "H NMR (400 MHz, D-O, & (ppm)) 8.38 (s, 4H, Tpy),
8.27 (app br d, J = 8.0 Hz, 4H, Tpy), 7.68 (app t, J = 7.6 Hz, 4H, Tpy), 7.03 (br d, J = 5.2 Hz,
4H, Tpy), 6.89 (app t, J = 6.2 Hz, 4H, Tpy), 6.06 (dd, J = 16.8 and 10.4 Hz, 2H, NH-C(O)-
CH=CH,), 5.89 (d, J = 17.2 Hz, 2H, NH-C(0)-CH=CH,), 5.40 (d, J = 10.4 Hz, 2H, NH-C(O)-
CH=CH,), 4.65 (app br s, Tpy-O-CHy;-), 4.04 (app br s, 4H, Tpy-O-CH,CH,-), 3.77-3.32 (four
m, 16H, -O-CH,CH,-), see Figure S2 for peak assignments. ?C NMR (100 MHz, CDCl;, &
(ppm)) 167.1 (C, Tpy), 165.7 (NH-C=0), 156.9 (C, Tpy), 155.7 (C, Tpy), 148.9 (CH, Tpy),
137.2 (CH, Tpy), 131.0 (CH=CH,), 126.4 (CH=CH,), 124.1 (CH, Tpy), 121.6 (CH, Tpy), 107.7
(CH, Tpy), 71.0-70.4 (-OCH,CH,0-), 69.9 (-CH,CH,;NH-), 69.6 (CH2, Tpy-OCH,CH>-), 68.0
(Tpy-OCH>-), 39.4 (-CH,NH-). UV-Vis (Distilled water): Amax (€) = 556 nm (10.810 L.mol™.cm™
1).

Hydrogel preparation. Acrylamide (AM) monomers and the crosslinker were dissolved into
deionized water. N,N'-methylenebisacrylamide (MBA) and the supramolecular crosslinker 3
were respectively used for chemically- (Chem-PAM) and physically- (Supra-PAM) crosslinked
hydrogels. After addition of a freshly prepared aqueous solution of VA044, the solution was
stirred during a few seconds. In a glovebox, the reaction mixture was transferred into a mold
consisting of two parallel glass slides covered with PET films and separated by a 1 mm-thick
silicon gasket. The reactor was then hermetically locked up under N, atmosphere and kept at 30
°C in an oven. After 40 h, the hydrogel was taken out from the mold and cut into different shapes
depending on the characterization experiments. The monomer concentration and the initiator-to-
monomer ratio were respectively set at 8 wt% and 0.2 mol% for all synthesized samples and the

crosslinking ratio (molar ratio of crosslinker to the AM monomers) varied from 0 to 0.4 mol%.



All the solutions were degassed by bubbling N, to prevent scavenging of free radicals by O,
during polymerization.

Swelling experiments. Swelling experiments were performed on disks of hydrogels either in
pure water or in aqueous KCl solutions (concentration ranging from 10 to 10™ M) at 25 °C. At
regular time intervals, samples were removed from the solution, weighted (mg(t)) and then
swollen again onto a fresh solution. Such measurements were repeated until the weight of
swollen gels was constant, i.e. until they reached the equilibrium swelling. At the end of the
experiment, the samples were dried at 60 °C to constant weight (mgr). For each concentration of
KCI and for pure water, swelling measurements were performed on two samples of the same
synthesized hydrogel, considered in the preparation state.

The weight ratio On(t) is determined using the following equation:

mgel (t)

an(® = ==
in which my(t) and mq., are the weight of gel at swelling time t and after drying the extracted gel
respectively. The value of this weight ratio at equilibrium, i.e. the plateau value of Oy, (t) will be
denoted On ¢q 1n the following.

Stimuli-responsive experiments. Potassium persulfate (KPS) was used as an oxidant to cleave
the supramolecular hydrogel crosslinks. A uniaxial compression test was performed on weighted
disks of freshly prepared hydrogels using a rheometer (10 pm.s”, 25 °C). Then, samples were
immersed in a KPS solution ([KPS] = 5.107 M) at 25 °C. After a given time, KPS was washed
out from the network by immersing the swollen disks in pure water that was frequently changed.

Finally, the samples were characterized by uniaxial compression tests and UV-visible

spectroscopy before being dried in order to determine their swelling ratio. This protocol was



repeated with different immersing time in KPS solution and different molar KPS/crosslinker
ratio in order to achieve various final states of the gel.

Instrumentation

NMR Spectroscopy. NMR experiments were performed on a Bruker Avance III HD
spectrometer operating at 400 MHz for 'H and 100 MHz for C, using a standard 5 mm
broadband SmartProbe regulated at 25 °C and D,0O or CDCl; as solvent."H NMR data are
reported as follows: chemical shift in ppm using the solvent signal as reference, multiplicity
(with standard abbreviations: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet or
overlap of non-equivalent resonances, app = apparent, br = broad), integration. °C NMR data
are reported as follows: chemical shift in ppm using the solvent signal as reference (CDCl; : 6=
77.16 ppm), carbon environment (deduced from DEPT and HSQC experiments).

Polymerization kinetics. During the gel formation, the polymerization kinetics were monitored
by solution-state NMR through the disappearance of the contributions that correspond to the
protons of the double bond of both AM monomers and unreacted crosslinker. The '"H NMR
experiments were performed on a Bruker Avance III 300 MHz NMR spectrometer equipped with
a Bruker 5 mm z-gradient BBFO probe. For each polymerization kinetics, the optimization of the
experimental conditions used to monitor the time evolution of the quantitative 'H single-pulse
NMR spectrum was carried out on the aqueous solution prior to the addition of the initiator. In
particular, the determination of the "H 90° pulse length (10.3 us) as well as the adjustment of the
recycle delay were performed in this initial stage of the sample. The sealed NMR tube was then
lifted out from the magnet, the required amount of initiator was added to the solution without
opening the tube and the sample was quickly inserted back in the magnet. One scan was

performed every 70 s over an experimental time of 8 h. The sample temperature was regulated to
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30 °C, after a temperature calibration of the probe head using methanol. Then, the conversion

I(CHZ! t)

in which
I(CH,, 0)

was determined based on the following equation: Conversion =1 —

I(CH;, t) denotes the area under the peak corresponding to the vinylic protons =CH, in the cis
position compared to =CH at polymerization time t and I(CH,, 0) stands for the area under the
same peak at initial time (just after addition of the initiator).

Proton double-quantum (DQ) solid-state NMR. The 'H multiple-quantum NMR experiments
were performed at room temperature, under static conditions, on a 300 MHz Bruker Avance III
HD NMR spectrometer and a 7 mm '"H-X double-resonance MAS probehead. The hydrogels
were prepared within the rotors, with a sample volume restricted to the central part of the RF
coil, but high enough to allow the 'H NMR peaks of the polymer protons and the one resulting
from the residual water protons to be well-resolved. The pulse sequence used is the one proposed
by Baum and Pines,” later improved by Saalwichter.”” The 'H 90° pulse length was equal to 3.2
us and the recycle delay, set to 2.5 s, was adjusted according to the T;('H) relaxation time
determined for the protons from the polymer chains.

In these experiments, two separate signals are monitored as a function of the excitation time,
tpg: the 'H multiple-quantum build-up curve, mostly governed by the double-quantum
coherences, Spo(tpg), and the reference signal, Sgref(tpg). This latter is composed from the
contributions from the 4n quantum orders, the dipolar-encoded longitudinal magnetization as
well as the ones from protons of repeat units displaying isotropic reorientations. After subtraction
of this last contribution from Sgef, the ratio between Spg and the sum of Spg and the thus-
corrected Sger signal leads to the normalized 'H double-quantum build-up curve, Ing(tpg). The
details of this data analysis is reported elsewhere.” In the present case, these experiments were

performed at high NMR field, so that the curve Ipg(tpg) related to the protons from the polymer
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chains could be selectively determined. In this way, the fraction of elastically effective chains,
fggc, within the hydrogels could be accurately derived.
The time-evolution of Ipg(tpg) was used to determine the distribution, P(Dges), of the residual
'H-'H dipolar coupling within the hydrogels, using the following expression:
Ing(tpg) = J P(Dres) X i(Dges, tpg)-dDges

1(Dres, tpg) corresponds to the expression of the normalized build-up curve for an elastically

active chain related to a dipolar coupling equal to Dges. 1(Dres, tpg) can be written as>%:

i(DReSJtDQ) = % [1 - e—(0-378XDRes><tDQ)1'5 X cos(0.583 X DRes X tDQ)]

Since Dges is proportional to the density of topological constraints (crosslinks or
entanglements), the distribution P(Dgcs) allows the heterogeneities in the polymer network
topology within the hydrogels to be investigated.

UV-Visible Spectroscopy (UV-Vis). The optical absorbance measurements were carried out
with a UV—Vis Hewlett-Packard 8453 spectrophotometer using a 1 cm path length quartz cell, in
a wavelength range from 200 to 1100 nm and equipped with a temperature controller (+ 0.1 °C).
If not stated otherwise, temperature was set at 25 °C.

Measurements on hydrogels were also performed on the same instrument thanks to a
specifically designed tank. Supramolecular gel samples were stuck on a quartz slide that was
placed in the middle of the tank. The absorbance spectrum was measured in a wavelength range
from 200 to 1100 nm. The gel thickness was measured by image analysis of side profile pictures
of the samples. From this measurement and the absorbance at 556 nm, the supramolecular

crosslinker concentration in the gel was calculated. As samples were larger than the light beam,
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it was possible to perform other measurements at different positions of the gel on the quartz slide
to evaluate the error on the crosslinker concentration.

Rheology. Small-strain oscillatory shear measurements were performed at 25 °C using a stress
controlled TA Instruments DHR3 rheometer with parallel plates (plate diameter 20 mm). The top
plate was chosen to be cross-hatched to prevent sample slipping. Hydrogels were cut into 22
mm-diameter disks using a stainless-steel punch. Normal force was set at 0.3 N to ensure the
sample’s contact with the top plate. The measured gap was around 1.5 mm. First, a short strain
sweep (f=1Hz,y=0.1 % - 2 %) was performed to determine the linear viscoelastic regime. The
strain sweep was stopped before the end of the viscoelastic plateau to preserve the sample. Then,
a frequency sweep was carried out in the linear regime (y = 1 %, w = 0.01 rad/s - 100 rad/s)
followed by a large strain sweep (f=1 Hz, y = 0.1 % - 100 %). To prevent solvent evaporation,
the sample was fully immersed in paraffin oil. Comparison of the strain sweep experiments
before and after adding oil showed that oil did not affect the viscoelastic properties on short
timescales (a few hours). Besides, a time sweep experiment (y = 1 %, w = 1 rad/s) showed that
the dynamic moduli recorded over several hours remained stable.

Uniaxial compression tests were performed on the same rheometer by using smooth parallel
plates. A plate diameter of 20 mm was chosen so that the top plate was smaller than the sample
diameter. Normal force was set at 0.1 N before applying a cycle of compression-tension at a
constant rate (10 pm/s). The maximum deformation ranged from 15 % to 21 % depending on the
sample. The compressional force and the gap were recorded during the test. From these data, the
engineering stress ¢ and the deformation A were determined by using the initial cross-sectional
area of the sample and the initial gap. The Young modulus E was then determined from the slope

of the linear curve o0 = f(1 — 172).
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Dynamic Light Scattering (DLS). Dynamic light scattering measurements were performed
with an ALV CGS-3 goniometry system (ALV, Langen, Germany), equipped with a cuvette
rotation/translation unit (CRTU) and a He—Ne laser (22 mW at A = 632.8 nm). This setup
measures the time-averaged autocorrelation function of the scattered light intensity g®(t) at

various scattering angles 0, i.e. at different values of the scattering vector g defined as q =

4%” sin g, where n is the refractive index and A is the laser wavelength (632.8 nm). As the

supramolecular gel absorbs light at the laser wavelength, the scattered intensity I 4. of all the

studied gels is normalized by the intensity at 0 © that is not absorbed by the gel:

Iscatt (0)

IO 10¢€632.8 nm[supramolecular crosslinker]d

in which I stands for the light intensity of the incident beam, €353 nm 1S the extinction coefficient
of the supramolecular crosslinker at 632.8 nm (&632.8 nm = 948.3 L.mol'l.cm'l) and d is the inner
tube diameter used to prepare the samples.

It was shown that hydrogels are non-ergodic systems since the time-averaged autocorrelation
function is not equal to the ensemble-averaged one.’' Indeed, crosslinks constrain the Brownian
motion of polymer chains so that the average of concentration fluctuations does not equal to zero
anywhere in the hydrogels but depends on the position. To overpass this difficulty, the sample
was steadily vertically-translated during time-averaging so that the g(z)(t) function thus
determined coincides with the ensemble-averaged correlation function (up to a cutoff delay time
which mainly depends on the translation speed).

Hydrogels for DLS were directly prepared in 10 mm-diameter tubes using the same method
than the one described above. All solutions were filtered using a syringe filter (0.45 pm,

cellulose acetate membrane) prior to insertion in the tubes.
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RESULTS AND DISCUSSION

Synthesis of supramolecular hydrogels

Supramolecular poly(acrylamide) hydrogels are elaborated by free-radical polymerization of
acrylamide (AM) monomers in the presence of a new metallo-supramolecular crosslinker. This
crosslinker 3, corresponding to two terpyridine-functionalized monomers coordinated by iron(II),
is designed in such a way that the reactive vinylic function has a chemical environment similar to
that of the MBA chemical crosslinker. It is synthesized in three steps according to the protocol
reported by Es Sayed et al. (Scheme 1 (a)). First, terpyridine groups were functionalized with a
short ethylene oxide spacer capped on one end by an amine. Then, a terpyridine-based monomer
2 was formed by reaction with acryloyl chloride. Finally, the supramolecular crosslinker was
formed by mixing the chemical reactant 2 in methanol with stoichiometric quantity of anhydrous
FeCl, salt. The solution quickly turned to dark purple, indicating the formation of a terpyridine-
based complex with iron(II), [Fe(tpy),]*", in methanol. As the bis-complex [Fe(tpy),]*" displays a
characteristic metal-to-ligand charge transfer at 556 nm, the UV-visible spectroscopy allows the
amount of incorporated crosslinker to be accurately quantified (&ss56 nm = 10.810 L.mol'].cm'l)
(Figure S3). The formation of the [Fe(tpy).]*" complex was also confirmed by 'H NMR
spectroscopy with a chemical shift variation for the protons of the terpyridine units (between 6.5
and 9.0 ppm)** (Figures S1 and S2). This result shows that the complexation was complete since
the '"H NMR peaks of free terpyridine are no longer detected on the spectrum of the crosslinker
3. It was also observed that, due to the presence of charges, this supramolecular crosslinker is

soluble in water which is one of the prerequisites to synthesize hydrogels in water.
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Scheme 1. Procedure to prepare the supramolecular hydrogels: a) Route for the synthesis of the
supramolecular crosslinker 3; b) Method to prepare chemically- (Chem-PAM) (top) or

physically- (Supra-PAM) (bottom) crosslinked hydrogels in aqueous media at T=30 °C.
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3 * MBA A AM monomer ATl PAM
@ Supramolecular crosslinker 3 + vAaQ44 (initiator) Solvent: water

The copolymerization of AM and the designed supramolecular crosslinker 3 was thermally
initiated at 30 °C and performed in water under inert atmosphere for 40 h to form a physically-
crosslinked network. For comparison, a similar synthesis protocol was used with MBA to
elaborate chemical gels. As shown in Scheme 1 (b), the synthesized hydrogels are transparent
and homogeneous at the macroscopic length scale. Contrary to their chemical counterpart, the
physically-crosslinked hydrogels are purple due to the presence of the supramolecular
crosslinker based on terpyridine-iron(IT) complexes, [Fe(tpy)2]*".

A monitoring of polymerization kinetics by solution NMR showed that complete
transformation of monomer and crosslinker double-bonds was achieved in approximatively 500
min at 30 °C for both kinds of gels (Chem-PAM and Supra-PAM, see Figure S4). Note that the

complex involved in the synthesized supramolecular crosslinker remains stable during at least

780 min at 30 °C (Figure S5) meaning that its structure does not change over the polymerization.

16



In addition, since the thermodynamic constant of [Fe(‘[py)z]zJr formation from each neat
component (free terpyridines and free iron(Il) cations) is estimated to 3, = 10%%? L2.mol2,*>* the
chemical equilibrium is well shifted toward the complex formation. Such a high thermodynamic
stability of the metallo-supramolecular complex ensures that the supramolecular crosslinker 3
species are all incorporated under their complexed form.

Structure-property relationship of hydrogels

The gel formation was confirmed by oscillatory rheology (Figure 1a). Indeed, supramolecular
and chemical gels prepared with a crosslinker feed ratio of 0.1 mol% exhibit the rheological
behavior expected for a viscoelastic solid. The strain sweep in Figure la displays a plateau of
storage and loss moduli at low strain (up to about 20% of the strain amplitude), thus defining the
linear viscoelastic regime. In this regime, the storage modulus is higher than the loss modulus
(more than one order of magnitude), meaning that elasticity dominates the rheological behavior
of both kinds of gels. As shown in Figure 1a, a similar storage modulus is achieved for both the

chemically- (G’ = 2500 Pa) and physically- (G’ = 2600 Pa) crosslinked hydrogels.
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Figure 1. Dynamic shear properties of chemical (e) and physical (A) hydrogels in their

preparation state. a) Storage modulus (G, solid symbols) and loss modulus (G ’’, open symbols)
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as a function of the strain amplitude (25 °C, f = 1 Hz) for both kinds of hydrogels (0.1 mol% of
crosslinker). b) Storage modulus at f = 1 Hz and y = 1 % for both kinds of hydrogels as a

function of the crosslinker feed ratio.

When varying the crosslinker feed ratio, similar elasticity between chemically- and physically-
crosslinked hydrogels is also observed (Figure 1b). For both kinds of gels, the storage modulus
increases monotonically with the crosslinker feed ratio. On the basis of the theory of rubber
elasticity, G’ can be related to the molar concentration of elastically effective network strands,

Veir (mol.m™), using the phantom network hypothesis:

G'=(1- ;) RTvss (1)

Where f is the crosslinker functionality (equal to four for both kinds of polymer networks), R
is the universal gas constant, T is the absolute temperature.'®**

Considering an ideal case in which all the incorporated crosslinker molecules connect
elastically effective polymer chains build from the entire initial quantity of monomers, one can

estimate v, from the crosslinker feed ratio:

_ 2¢ [Crosslinker]
Veff - M pol* [AM] (2)

AMvspe

Where M,,, is the monomer molar mass (71.08 g.mol™), ¢ is the polymer volume fraction, and

vfpoel is the specific volume of the polymer (0.741 cm’.g™).

Finally, the estimated value of the elastic modulus derived from eqs (1) and (2) is larger than
the experimental one for both kinds of gels and for all crosslinker concentrations, except 0.05
mol% (Table S1). Such a difference with the theoretical value, that was also observed in the
literature for Chem-PAM networks, is explained by the formation of network topological defects
like dangling chains or loops and by the presence of significant heterogeneities of the gel

35-37

crosslink density. Indeed, it was reported that the structure of a poly(acrylamide) network
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crosslinked with MBA is characterized by the presence of crosslinker-rich clusters surrounded by

regions composed of long, weakly crosslinked polymer chains.*>~" !

Weiss et al. suggested that
each cluster could act as a single effective crosslink, therefore decreasing the apparent
concentration of crosslinking agent.”® Thus, the similar values of the elastic modulus measured
for both Chem-PAM and Supra-PAM hydrogels raise the question of the existence of a similar
structure with crosslinker-rich clusters for the Supra-PAM networks.

Further understanding of the obtained network structures is then required and could be
achieved through light scattering and proton double-quantum (DQ) NMR experiments, both
techniques allowing to study hydrogels at different length scales. First, the normalized average
scattered light intensities at 90 ° are 1.92.10™* and 2.60.10™* a.u. for the Chem-PAM gel and the
Supra-PAM gel, both prepared with a crosslinker feed ratio of 0.1 mol%, respectively. This
similarity in terms of the scattered light intensity reveals that the Chem-PAM and Supra-PAM
gels show similar heterogeneities at the length scale probed by light scattering (40 — 200 nm).
However, according to Gombert et al., the cluster size of chemically-crosslinked PAM networks
for hydrogels prepared at similar crosslinker feed ratios is smaller than the length scale
investigated by light scattering.*® As a consequence, another technique is required to study the
structure of Chem-PAM and Supra-PAM networks at the polymer chain level.

'H DQ NMR experiments were performed on both kinds of hydrogels at different crosslinker
feed ratios. Such measurements allow to probe their structure at shorter length scales than the
one covered by light scattering. Indeed, this technique measures the residual proton-proton
dipolar couplings, D,, related to the elastically effective polymer chains. Due to crosslinks or
entanglements at the extremities of these strands, the chain segments display anisotropic re-

orientational motions over the tens of microseconds timescale, leading to a non-zero partial
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motional averaging of the 'H-'"H dipolar couplings. The higher the molecular weight M, of a
given elastically effective chain, the weaker the anisotropy and the lower Dy. As a result, the 'H
DQ NMR experiments provide a quantitative description of the network topology with two key
parameters: the D, distribution within the gels, P(D,s), related to the My distribution and the

fraction of repeat units involved in the elastically effective chains, fggc.
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Figure 2. Normalized '"H DQ intensity, Ing, as a function of the DQ excitation time, tpq, for (a)
Chem-PAM and (b) Supra-PAM gels with different crosslinker to monomers ratios. (c)
Distributions of Dyes, P(Dres/2m), deduced from the fit of the data reported in (a) and (b) using a
Gaussian distribution. (d) Evolution of the fraction of the repeat units involved in elastically
effective polymer chains, fggc, with the crosslinker feed ratio for Chem-PAM and Supra-PAM

hydrogels.

First, the analysis of the 'H DQ NMR signals reveals that the proportion of repeat units that are
involved in elastically effective chains, fzgc, is lower than 35 % for both chemical and
supramolecular hydrogels (Figure 2d). Thus, more than 65 % of the polymer chain segments
belongs to defects (dangling or free chains) that do not contribute to the elasticity of the
hydrogel. Similar results were obtained by Zou et al. on chemically-crosslinked networks of
acrylamide and acrylic acid.** It partially explains the deviations between the experimental and
the theoretical values of elasticity measured on the Chem-PAM and Supra-PAM networks (Table
S1). In the light of these results, equation (2) might be modified to estimate the molar
concentration of elastically effective strands while taking into account the quantity of monomers

that does not integrate the elastic network:

fEEC @
Veff = v{fffo 3)

spe

Figure 2d shows that fgg- is mostly higher for the Supra-PAM gels than for the Chem-PAM
gels and that it tends to increase with the crosslinker feed ratio. In other words, Supra-PAM gels
exhibit a lower fraction of unit repeats in the network defects than Chem-PAM gels and this
fraction decreases as the crosslinking agent concentration increases in both gels. This latter result

is consistent with the elastic modulus increase observed in Figure 1b.
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Focusing on the Chem-PAM gels, the normalized DQ build-up curves perfectly superimpose
independently of the crosslinker feed ratio and fzzc (Figure 2a). These Ipg(tpg) data may be
successfully described using a Gaussian distribution of D,.s. As depicted in Figure 2c, the elastic
network of all the Chem-PAM hydrogels can be represented by a unique and broad Dy
distribution with median value of 125 Hz and a standard deviation equal to 39 Hz. Thus,
although the crosslinking ratio is increasing, the mass distribution of polymer chains between
two consecutive topological constraints is constant and therefore the topology of the Chem-PAM
networks remains unchanged. As a result, more and more repeat units are involved in the
elastically effective network that is growing by replication of its structure in a self-similar way.
Since Chem-PAM gels are known to form structural heterogeneities with densely and poorly

. . _4
crosslinked regions,*~" *

one may consider that the concentration of elastically effective
polymer chains is higher in the densely crosslinked regions. Thus, the measured mass
distribution of polymer chains between crosslinks or entanglements should be dominated by the
contribution from the network strands located in the clusters. The fraction of repeat units for
the longer chains connecting clusters may be comparatively weaker and besides, the
corresponding D, values should be significantly lower so that the evolution of their contribution
to Ing(tpg) with the crosslinking ratio may be difficult to detect.

A different behavior is clearly observed for the Supra-PAM gels. The growth rate of Ipg(tpg)
for the Supra-PAM samples remains lower than the ones for the Chem-PAM gels, up to a
crosslinking ratio equal to 0.3 mol% at which the Ipg(tpg) curves for both gels are similar (Figure
2b). This feature is equivalently detected by considering the evolution of the distribution of Dy,

, with the supramolecular crosslinker concentration: below 0.3 mol%, the distribution P(Dycs)

shifts towards higher D, values and gets broader, thus resulting to a similar distribution to the
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one detected for Chem-PAM gels at 0.3 mol% of crosslinking agent (Figure 2c). The first
conclusion that can be drawn from the DQ NMR results is that, at a given crosslinking ratio, both
kinds of gels do not display the same structure at the macromolecular length scale. Below a
crosslinking ratio of 0.3 mol%, Supra-PAM gels feature a rather homogeneous network with a
higher proportion of longer elastically effective chains than the one in the Chem-PAM gels. At
0.3 mol% of crosslinker, both gels are characterized by the same mass distribution of network
strands at the nanometric length scale but a different defect quantity (Figure 2d). At this stage, it
is interesting to note that the evolution of the supramolecular gel structure with the crosslinker
feed ratio is somewhat typical of rather homogeneous networks: the higher the number of
crosslinking junctions, the shorter the network strands.

Finally, it is important to notice that the Ipg(tpg) curves of Chem-PAM and Supra-PAM gels
feature a plateau at 0.5 up to at least tpg = 8 ms. This result is expected for chemical gels but not
necessarily for transient networks like supramolecular gels. This plateau implies that the end-to-
end vector of the elastically effective chains does not undergo significant reorientations over this
timescale. Therefore, such a behavior suggests that the supramolecular crosslinker and the
entanglements act as permanent crosslinkers on the millisecond timescale.

In summary, the '"H DQ NMR results evidenced that the supramolecular and the chemical gels
feature a different distribution their elastically active polymer chains despite their similar
rheological behavior in the linear viscoelastic domain. It also reveals a high stability of the
supramolecular crosslinker over a few milliseconds. As a matter of fact, by definition, the
lifetime of the supramolecular crosslinker is finite unlike MBA. In this respect, some differences
in the junction dynamics between both Chem-PAM and Supra-PAM gels might be expected over

a longer timescale. Further understanding of the physical gel dynamics compared to the chemical
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ones is then required to assess how the designed crosslinker could impact the overall network

properties.

Dynamics of supramolecular hydrogels

Small-amplitude oscillatory shear measurements and dynamic light scattering experiments
were used to investigate the dynamics of the synthesized hydrogels. As shown in Figure 3a, the
dynamic viscoelastic properties of both Chem-PAM and Supra-PAM hydrogels are characterized
by a storage modulus value independent of the oscillation frequency and which is well-known as
the rubbery elastic plateau. This latter is related to the restriction of polymer chain diffusive
motions due to the junctions between these chains, such as entanglements (the effect of which

occurs in the high-frequency regime) or crosslinks (in the low frequency regime).
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Figure 3. Comparison of Chem-PAM (e) and Supra-PAM (A) hydrogels (0.1 mol% of
crosslinker) in the preparation state. a) Storage modulus (G, solid symbols) and loss modulus
(G, open symbols) as a function of the angular frequency (25 °C, y = 1%) measured by
rheology b) Normalized autocorrelation function g(z)(t)-l measured by DLS (25 °C; diffusion

angle: 90 °).
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One can notice the absence of cross-over between G’ and G, even in the low-frequency
regime. As expected, the moduli cross-over, which represents the boundary between free-flowing
and solid-like regimes, is not reached for chemically-crosslinked gels.>* However, such a
cross-over has already been observed in the case of metallo-supramolecular gels: its occurrence
depends on the metal cation nature involved in the terpyridine bis-complex.'** The cross-over is
related to the ability of polymer strands to dissociate from their binding sites (transient
crosslinking) and relax constraints. In a supramolecular network, the dynamics of such events is
governed by two characteristic times: the relaxation time of the polymer strands, measured in the
absence of crosslinking, and the lifetime of the transient crosslinks, which depends on the cation

4,23,24.44 . . . . .
23244 I our case, the relaxation time evaluated on solutions of linear PAM prepared in

nature.
the same conditions as hydrogels (without crosslinker) is Tyep¢~ 10? s (see Figure S6). As no
relaxation is visible for the Supra-PAM hydrogels, the dynamics of the supramolecular hydrogels
should be mainly governed by the lifetime of the terpyridine bis-complexes which should occur
at a longer timescale.

To probe assess this hypothesis, dynamic light scattering measurements were performed to
probe timescales (10° — 1 s) which are complementary to the dynamic range investigated by
rheology (0.01 s — 100 s). Experiments were performed on both Chem-PAM and Supra-PAM
hydrogels and the intensity autocorrelation function g(z)(t)—l was analyzed to get information on
the dynamics of hydrogels. This analysis is more complex for gels than for polymer solutions
because of their non-ergodic nature. For gels as for polymer solutions, light is scattered by the
concentration fluctuations resulting from the thermally-activated motions of the polymer chains.

However, contrary to dilute polymer solutions, the strands of a gel are not totally free to move as

they are constrained by nearly-immobile crosslinks or entanglements. Thus, the concentration
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fluctuations vary spatially and the autocorrelation function provides information on both the
dynamic and static concentration gradients.*

In Figure 3b, the normalized g®(t)-1 function measured for Chem-PAM (0.1 mol% of
crosslinker) shows the typical dynamics of a chemical gel: it indeed exhibits a decay at around
10* s followed by a plateau. The characteristic time of this decorrelation mode, determined by
fitting the field autocorrelation function using a stretched exponential function (no data shown),
was found to be proportional to ¢™*. Thus the decorrelation can be attributed to the so-called gel
mode, which corresponds to the network strand fluctuations resulting from thermal agitation. The
plateau value observed on Figure 3b corresponds to the non-fluctuating scattered light intensity
due to the “frozen” structure of the gel, that is to say, the spatial heterogeneities blocked by the
crosslinks that do not relax with time.

Interestingly, the normalized g®(t)-1 functions determined for the Supra-PAM gels displays
the same behavior. This similarity of the gel mode characteristic time suggests that the
concentration fluctuations for both kinds of gels are similar. Besides, no other relaxation mode
was observed over the studied time range. Indeed, in the case of some non-permanently
crosslinked networks, a second decorrelation was observed due to the dissociation of the
transient crosslinking junctions.”** The absence of such a decorrelation process proves that the
dynamics involved by the supramolecular crosslinker 3 is much slower than the observation
timescale. In this respect, one can conclude that the Supra-PAM gels behave similarly to the
Chem-PAM gels and their dynamics could be probed over a timescale larger than the one
covered by DLS measurements (10° — 1 s). Hogg et al. and later Henderson et al. deeply studied
the dynamics of terpyridine-based bis-complexes. They found that the dissociation kinetic

constant of [Fe(tpy),]*” in water at 25 °C is extremely low: kgiss = 1,6.107 s.”*" The bis-
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complex is hence kinetically stable and the lifetime of the supramolecular association is longer
than the observation timescale of most experimental approaches. The stability of the designed
supramolecular crosslinker allows the stability of the properties of the resulting supramolecular

networks on large timescales (beyond 100 s typically).

Swelling properties of the supramolecular hydrogels
Despite similarities between both kinds of polymer hydrogels, the supramolecular crosslinked
hydrogels exhibit a swelling behavior, either in pure water or in salt solution, different from that

of the chemical ones, as shown in Figure 4.
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Figure 4. Swelling behavior of (a) chemical, Chem-PAM, and (b) physical, Supra-PAM,
hydrogels (with a crosslinker feed ratio of 0.1 mol%) in pure water and in salt solution (KCl). O,
denotes the mass swelling ratio-at 25 °C. The salt concentration was varied from 107 to 10" M.
(c) Evolution of the swelling ratio at equilibrium with the KCI concentration for Supra-PAM gels
prepared with 0.1 mol% of crosslinker. (d) Comparison of experimental and theoretical
equilibrium swelling ratios for Supra-PAM gels, at different crosslinker concentrations. The
theoretical data are computed using the Flory-Rehner and the ideal Donnan equilibrium models

with y;, = 0.47.

On the one hand, the Chem-PAM network formed with 0.1 mol% of MBA exhibits a linear
increase of the swelling ratio, On(t), with the square root of time up to an equilibrium plateau at

Omeq = 43 (Figure 4a). Besides, one can notice that their swelling behavior is not affected by the
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presence of salt, irrespective of its concentration. The results are consistent with those reported in
the literature for chemically-crosslinked PAM hydrogels and more generally, with the behavior
theoretically expected for neutral gels.*”***

On the other hand, in pure water, the Supra-PAM hydrogel prepared with 0.1 mol% of
crosslinker exhibits a larger equilibrium swelling ratio value (Omeq = 100) compared to the one
of the Chem-PAM gel (Omeq = 43) (Figure 4b). In addition, the swelling ratio at equilibrium
decreases from 100 to 52 as the salt (KCI) concentration is raised up to 10" M (Figure 4c). Such

430 is not observed for the Chem-PAM gels, as

a behavior, typical of polyelectrolyte gels,
expected. The polyelectrolyte behavior of the Supra-PAM gels is due to the nature of the
supramolecular crosslinker, [Fe(tpy),]*", which indeed bears two positive charges (Scheme 1)."
Besides, calculations of the swelling ratio at equilibrium for polyelectrolyte gels confirm that the
Supra-PAM systems exhibit swelling properties typical of electrostatically-charged polymer
networks (Figure 4d). Theoretical values are obtained by applying the Flory-Rehner model to
both kinds of gels.”' For neutral gels, the swelling equilibrium is determined by the competition
between osmotic and elastic pressures as follows:

[, + I, =0 4)

My = =3~ (In(1 = $) + ¢ + x12¢%) ()

2\ RT 21
Mo = —(1-7) g 909" ©

With R, the gas constant; 7, the absolute temperature; V;, the molar volume of the solvent
(18.10° m>.mol™); ¢, the polymer volume fraction in the swollen state; x12, the Flory-Huggins

parameter that characterizes the polymer-solvent interactions; ¢y, the polymer volume fraction

in the preparation state; vl the specific volume of the polymer (0.741 cm®.g™"); M, the molar

spe >

mass of the strands between two consecutive crosslinks or entanglements and f, the crosslinker
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functionality (equal to four for both chemical and supramolecular crosslinkers considered in the
present study). For polyelectrolyte gels, the osmotic pressure of mobile counterions and the
presence of salt in the immersing solution need to be taken into account using the Donnan

equilibrium model:

M, + M, = 0 —n% = —Am,,, (7)

on on

2
Allyy, = RT j( 9 )+4C§;‘l’22—2655‘ﬁ )

vspeMAM

With a, the polymer ionization degree which is here determined by the crosslinker molar ratio;
M,,,, the monomer molar mass and C&X,, the salt concentration of the immersing solution. By
using these equations without any adjustable parameter except ¥, and ¢, one can evaluate the
Flory-Huggins parameter, Y12, using the chemical gel data. A value of 0.47 is found for ¥, at
25°C. Then, the values of the equilibrium swelling ratio for the supramolecular gels are
computed, assuming that y;, is not modified by the change in the nature of the crosslinker.
Finally, Figure 4d shows a good agreement between theoretical and experimental values of the

equilibrium swelling ratio for the Supra-PAM gels prepared with a crosslinker feed ratio of 0.27

and 0.10 mol%.

Stimuli-responsiveness of the supramolecular hydrogels

Differences between chemically- and physically- crosslinked networks extend beyond their
local structure and their swelling behavior. Unlike chemical gels, the supramolecular hydrogels
can indeed be activated by an external stimulus, meaning that the bis-complex between

terpyridine groups and metal ions can possibly be disrupted so as to prompt the gel-to-sol
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transition. In the literature, a competitive ligand,"’ pH>* or an oxidant>>"*

were used to disrupt the
bis-complex to make supramolecular gels lose their macroscopic properties.

In the present work, the Supra-PAM gel structure was suppressed by adding potassium
persulfate (KPS) as an oxidizing agent. First, as a proof-of-concept, a few microliters of an
aqueous KPS solution (40 molar equivalents of KPS with respect to the crosslinker) were added
to a Supra-PAM gel prepared with a crosslinker concentration of 0.3 mol%. After 48 hours, the
sample flows like a liquid and has turned from dark purple to yellow color (see Figure S7)
showing that the gel can indeed be transformed into a polymer solution at a macroscopic level.
By UV-Visible spectroscopy, the analysis of the polymer solution evidences the disappearance
of the absorption band at 556 nm related to the [Fe(tpy),]*" bis-complex (see Figure S8). The
same KPS treatment was applied to the Chem-PAM gels which did not exhibit any change of
their macroscopic properties (see Figure S7).

Targeting a desired mechanical resistance of a Supra-PAM gel can a priori be achieved by
performing a partial cleavage. The disruption of the terpyridine-metal cation bis-complexes and
consequently the destructuration of the hydrogels depend on both the oxidant quantity and
contact time with the oxidant. In order to investigate these key parameters, cleavage experiments
were carried out by immersing Supra-PAM hydrogels crosslinked at 0.3 mol% in KPS solutions.
The immersing time and the amount of KPS were varied to control the network structure
breaking and to finely monitor the evolution of the rheological properties of the gels. To quench
the effect of KPS at chosen immersion times, samples were consecutively immersed in pure
water. The macroscopic evolution of the Supra-PAM gels as well as the rheological and UV-
visible measurements are gathered in Figure 5. These measurements are normalized by the value

obtained on samples immersed into pure water.
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Figure 5. Partial cleavage of Supra-PAM gels (crosslinker feed ratio of 0.3 mol%) treated with
KPS. (a) Visual aspect of samples immersed in a KPS solution during 3.5 h: the KPS quantity
used increases from top to bottom (0, 10, 20 and 50 molar equivalents (equiv) compared to the

crosslinker). (b) Evolution of the elastic modulus (blue) and supramolecular crosslinker
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concentration in the gel (orange) with the relative quantity of KPS compared to the crosslinker
(immersion time = 2 h). (c) Evolution of the Young modulus and (d) supramolecular crosslinker
concentration in the gel as a function of the immersion time into the KPS solution (for 20 and 40
equiv KPS). All the measured data are normalized by the value obtained on the gel in the

absence of KPS (E ou [Crosslinker]y).

The images of Supra-PAM gels immersed for te same duration in KPS solutions with different
quantities of oxidizing agent (Figure 5a) show that their color gradually turns from purple to
yellow, indicating the disappearance of the [Fe(tpy)z]2+ bis-complex in the network. Remarkably,
the method allows the final crosslinker concentration to be varied while keeping a gel, as the
broken structure does not flow. The rheological measurements reported on Figure S9 confirm
this macroscopic observation. For all the samples, G’ stands one to two orders of magnitude
above G”’. However, the gel mechanical properties are significantly modified by the oxidizing
treatment. Figure b shows that the value of the elastic modulus of the Supra-PAM gels after
immersion into the KPS solution for 3.5 hours is 70 to 80% lower than the one of the same gel
swollen in pure water. The reduction of the elastic modulus increases with the KPS content, as
expected, to reach a plateau value at 0.3. This non-linearity of the dependence of the elastic
modulus upon the KPS concentration highlights the complexity of the phenomena involved
including diffusion mechanisms of KPS in the network but also swelling and oxidation kinetics
of Fe(Il). UV-visible spectroscopy experiments carried out on the oxidized gels allow the
[Fe(tpy)z]2+ complex concentration to be determined: this latter decreases while increasing the
KPS content, for a given immersion time (Figure b), in agreement with the visual observations
(Figure a). Similar measurements were performed while varying the immersion time into the

KPS solution for a given quantity of KPS (Figure ¢ and 5d). The results show that the bis-

33



complex concentration in the Supra-PAM gels decreases upon increasing the immersion time.
The results reveal the versatility of the synthesized Supra-PAM gels that can be stimulated up to

the formation of a solution or cleaved partially to get gels with given extent of crosslinking.

CONCLUSION

In the present work, we have reported the synthesis of a novel metallo-supramolecular
crosslinker based on a high-binding strength terpyridine-iron(II) bis-complex, [Fe(tpy)2]2+. The
specific design of this non-permanent crosslinker allows preparing supramolecular hydrogels,
using a one-step polymerization in water. The structure at a length scale higher than several tens
of nanometers and the rheological behavior of the synthesized supramolecular gels were probed
by light scattering and rheology experiments. Some similarities with PAM hydrogels crosslinked
with MBA, at the same crosslinker feed ratio values, were observed. However, a study of the
network structure as a function of the crosslinker feed ratio by "H DQ NMR points out some
differences between chemical and supramolecular hydrogels, at the network chain length scale.
Indeed, the supramolecular crosslinker seems to create a more homogeneous structure than the
covalent one with less defects and a narrower distribution of the elastically effective strand size,
up to a crosslinker feed ratio of 0.3 mol%. For a crosslinker content of 0.3 mol%, the
supramolecular network structure gets as dense and polydisperse as the one of the chemical
network, prepared with the same amount of MBA. In contrast, the chemical network only grows
by replication of its structure in a self-similar way upon increasing the MBA feed ratio. These
major differences between the Chem-PAM and Supra-PAM hydrogels do not seem to impact the
elastic modulus of the supramolecular gels and might be explained by the presence of charges.

The influence of these positive charges that result from the nature of the supramolecular
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crosslinker is highlighted by the specific polyelectrolyte swelling behavior of the supramolecular
gels, Supra-PAM, contrary to the neutral swelling behavior of the chemical gels, Chem-PAM.
Another major difference between Supra-PAM and Chem-PAM gels stands in the crosslinker
junction dynamics, since the supramolecular crosslinker is built from a non-permanent assembly.
However, the lifetime of this complex is really long (107 s according to the literature) and as a
result, the supramolecular crosslinks behave like covalent bonds over the observed timescales
(up to 100 s).”*° Nevertheless, this non-permanent bond plays an important role as it can be
activated on shorter timescales thanks to an oxidizing stimulus. A gradual transition from a gel to
a polymer solution is induced by immersing the supramolecular gels into KPS solutions. The
immersing time and the KPS content are as many experimental levers that can be used to finely
modulate the physico-chemical properties of the supramolecular gels.

In summary, we developed a supramolecular crosslinker that allows a straightforward
synthesis of a stimuli-responsive hydrogel with similar properties as a chemically-crosslinked
gel, despite its different structure at the macromolecular length scale. However, one can expect
differences in the non-linear domain in which the specific non-permanent nature of the
supramolecular crosslinks might give rise to dissipation mechanisms. Moreover, in the non-
linear domain, the differences in the network topology detected between both kinds of gels may
play a role. Our promising system is also very versatile since it can be applied to other polymer
systems. We are currently working on the copolymerization of this supramolecular crosslinker
with stimuli-responsive monomers to build polymer networks that may undergo various

transitions depending on the applied stimulus.
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