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Abstract

We provide a canonical introduction to dual-junction-functionality associative polymer networks, which combine high and low func-
tionality (f) dynamic cross-link junctions to impart load-bearing, dissipation, and self-repairing ability to the network. This unique type
of network configuration offers an alternative to traditional dual-junction networks consisting of covalent and reversible cross-links.
The high-f junctions can provide load-bearing abilities similar to a covalent cross-link while retaining the ability to self-repair and con-
currently confer stimuli-responsive properties arising from the high-f junction species. We demonstrate the mechanical properties of this
design motif using metal-coordinating polymer hydrogel networks, which are dynamically cross-linked by different ratios of metal
nanoparticle (high-f) and metal ion (low-f) cross-link junctions. We also demonstrate the spontaneous self-assembly of nanoparticle-
cross-linked polymers into anisotropic sheets, which may be generalizable for designing dual-junction-functionality associative net-
works with low volume fraction percolated high-f networks. © 2022 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution (CC BY) license (http:/creativecommons.org/licenses/by/4.0/).

https://doi.org/10.1122/8.0000410

. INTRODUCTION

Associative polymer networks have emerged as a popular
platform for a growing number of materials applications due
to the straightforward control over their viscoelastic proper-
ties using different noncovalent cross-linkers [1-5,7,8]. The
relaxation time of associative polymer networks can be sys-
tematically tuned, primarily by controlling the dissociation
rate of the associative species [2,4,6], but also by adjusting
the concentration of associative species. The latter change
gives rise to a rescaling of the relaxation time (characterizing
the numerous dissociation events required to dissociate elasti-
cally active polymer strands [7]) and sticky Rouse dynamics
(characterizing the constrained Rouse-like dynamics that
appear due to the associations between polymer strands [8]).
Such systematic insights have enabled the design of
advanced soft materials with properties such as injectability
[7], self-healing [9,10], and cell compatibility [11]. Studies
have also begun to extend these design principles by using
multiple associative groups within a polymer network, thus
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allowing the design of viscoelastic materials with multiple
timescales of stress dissipation. Efforts in this area range
from utilizing two associating species with different disso-
ciation kinetics to engineer a fast and a slow relaxation
response as well as robust damping behavior of the two
polymer networks [12—14], to the use of associative species
in conjunction with a covalent cross-link to achieve sub-
stantially increased toughness in the resulting soft material,
predominantly through dissipation mechanisms arising from
the transient network created by the associative species
[15-17].

Parallel to these developments, there has been a growing
exploration of associative networks with cross-linkers of high
junction functionality f (which quantifies the total number of
associative groups that can be accommodated by an individ-
ual cross-linking junction). Representative examples of this
approach can be seen in metal-coordination-based associative
polymers [18-22], tri-block copolymers [23], ionomers [24],
dynamic-covalent colloid-polymer mixtures [25], and hydro-
phobically modified ethoxylated urethane (HEUR) latex
systems [26,27]. Common to high functionality associative
networks is a viscoelastic behavior characterized by a slow
relaxation of the applied stress in the form of a stretched
exponential function, which allows the high functionality
networks to retain some of the elastic behavior characteristic
of covalent networks, but with a measurable slow relaxation
at long times. This mechanical behavior is reminiscent of the
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dynamics observed in glassy materials [28] and indicates
the presence of a broad distribution of relaxation times
resulting from the complex dissociation pathways facili-
tated by the high-f cross-linker junctions. These character-
istics of high junction functionality associative networks
make high-f cross-linking junctions promising motifs for
engineering the mechanics of soft materials. First, high-f
junctions can facilitate a multifold improvement in the stiff-
ness of the associative network compared to low-f junc-
tions. This stiffness enhancement is due to the increase in
the network coordination number N, as demonstrated in
past studies of metal-coordinate gels [19,20], and illustrated
generally by the phantom network theory in which we
expect G ~ kgT(N — 2)/N) [29]. Second, high functionality
associative networks can serve as load-bearing viscoelastic
solids with an ability to self-repair damage through the
slow relaxation dynamics mentioned above, and this pro-
vides a unique design advantage over covalent networks
with permanent junctions that cannot self-repair upon
failure or fracture. Finally, networks based on functional
high-f junction species can imbue stimuli-responsive proper-
ties to the polymer network, such as magneto-responsivity
(via magnetic iron oxide nanoparticle junctions) [22] and
photo-responsivity (via topology-switching metal-organic
cage junctions) [21]. These traits make high-f junctions
useful as building blocks for smart and mechanically versa-
tile soft materials. [10,30].

With these advantages in mind, we hypothesized that a
dual-junction-functionality associative polymer network con-
sisting of fast-relaxing, low-f cross-linker junctions, and slow-
relaxing high-f cross-linker junctions can provide the same
mechanical attributes as a dual-junction network consisting of
fast-relaxing associative junctions and permanent covalent
cross-links [15-17], while providing additional desirable prop-
erties such as self-repair capability and stimuli-responsivity. In
this paper, we describe how such a dual-junction-functionality
associative network can be successfully designed through a
metal-coordinate polymer network system with fast-relaxing
low-f cross-linker junctions (metal ions) and slow-relaxing,
high-f cross-linker junctions (metal nanoparticles). We also
show that the introduction of nanoparticles into a
metal-ion-coordinated associative network results in increas-
ingly solidlike viscoelastic gels at volume fractions far lower
than what would be expected from mean-field percolation of
polymer-bridged nanoparticles. As observed in earlier work
[18], we describe how this early onset of mechanical percola-
tion in the nanoparticle-cross-linked network arises due to the
unusual anisotropic self-assembly of the nanoparticle-bridged
polymers in the metal-ion-coordinated polymer network. We
then demonstrate how this dual-junction—functionality associ-
ative network platform can be utilized to optimally design a
soft gel that exhibits solidlike responses to tensile deformation
on moderate time scales, and yet undergoes spontaneous self-
repair of a fractured interface. Our study thus serves as a
canonical exploration of the complex but controllable visco-
elasticity of dual-junction-functionality associative polymer
networks and opens pathways for their adaptation in the future
design of soft solidlike materials for stimuli-responsive
applications.

SONG et al.

Il. METHODS
A. Experimental system

The system of choice consists of a four-arm poly(ethylene
glycol) polymer end-functionalized with nitrocatechol
(4nPEG), and coordinated to either Fe** ions or Fe;0,4 nano-
particles (NPs)—a system introduced recently in our prior
work [18]. The ions in this configuration act as point cross-
linkers with a functionality of f < 3, while the nanoparticles
(of diameter D = 7nm) act as larger cross-link junctions
with a maximum possible functionality of f ~ 100 based on
grafted PEG density estimates performed via dynamic light
scattering [22,31]. The addition of both Fe* ion cross-linkers
and NP cross-linkers to a 4nPEG solution thus results in the
formation of a network with two types of associative cross-
links that contain Fe>*-nitrocatechol coordination interac-
tions, but with markedly different cross-link functionalities f,
and thus, very different relaxation timescales. A schematic
illustration of the model system configuration is shown in
Fig. 1.

Prior to introduction into the polymer network, the nano-
particles are stabilized in water by noncovalent grafting with
linear poly(ethylene glycol) chains, which are functionalized
on one end with catechol (1cPEG). The catechol ligand facil-
itates strong binding to the iron surface and allows for excel-
lent aqueous stability of the Fe;O4 NPs [31], while being
labile enough to be exchanged by nitrocatechol in the
4nPEG. The 4nPEG then binds to the Fe®* sites on the
Fe;0,4 NPs [33] to form a gel network [18]. The reason for
the different affinity of catechol and nitrocatechol to the
surface of Fe;O4, NPs is clarified by the work of Amstad
et al. who have shown that nitrocatechol can coordinate to
Fe* ions, whereas catechol undergoes oxidative degradation
to weaker-binding groups such as quinones and carboxy-
containing species [33]. Overall, the NPs act essentially as
limited-valency colloids [18,34,35], in which the sterics of
the surface-stabilizing 1cPEGs prevents the isotropic associa-
tion of the NPs and only permits longer-range 4nPEG bridg-
ing interactions, and thus, prevents gel collapse through a
distinct phase separation as is typically seen in short-range
attractive colloids [36].

Our recent work [18] showed that the combination of
4nPEG linkers and NPs give rise to polymer-bridged NP
gels, where the morphology and the percolation threshold
of the gel could be tuned with careful control of the ratio
of the 4nPEG linkers to the number of NPs. Interestingly,
it was also shown that adding Fe* ions to reduce the
interaction valency of the NP network—and in doing so,
creating a dual network—drastically alters the morphol-
ogy of this gel, resulting in visible sheetlike 2D
nanoparticle-rich lamellar structures in the material, and
the percolation of the NP-metal-ion network at volume
fractions far below the value observed in the pure NP
gel. These findings suggest that, in addition to the bene-
fits associated with the broad relaxation spectrum and
superparamagnetic properties of the Fe;O, nanoparticles
[22], the addition of the Fe;O, NP high-f junctions to the
ion-coordinated polymer network may promote a highly
efficient mechanical percolation through anisotropic self-
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FIG. 1. Dual-functionality metal-coordinate polymer gels with two cross-linking junctions. (a) Schematic illustration of the dual-functionality associative
network. Two cross-linking junction motifs are used: Fe** cross-links which have a fixed junction functionality of f=3 and NP cross-links which have a larger
junction functionality of f~ 100. These junctions confer stress relaxation dynamics which are fast and slow, respectively (see Fig. S3) [62]. The NPs (diameter
D = 7nm, Fig. S1) [62] are pre-decorated by 1cPEG stabilizers (not drawn in the illustration) as discussed in Sec. II. (b) Molecular structure of the polymer
building block 4nPEG, with nitrocatechol (NC) ligands at the chain ends. (¢) Chemical structures of the Fe-NC coordination bonds formed at an Fe** junction

and an NP junction, respectively.

assembly. This makes these dual-junction networks—
with varying association functionalities, but with the
same basic chemistry—a highly promising platform for
engineering a wide dynamic range of viscoelastic
responses in soft polymeric materials. We extend these
aforementioned findings in the recent work and provide
practical guidelines for dynamic mechanical applications
such as load-bearing and self-repair.

B. Synthesis
1. Reagents

A 4-arm  poly(ethylene  glycol)  bis(acetic  acid
N-succinimidyl) ester (4-NHS-PEG) (MW =10kDa) and a
mono-functionalized poly(ethylene glycol) bis(acetic acid
N-succinimidyl) ester (1-NHS-PEG) (MW =2000Da) were
purchased from JenKem Technology USA, Inc. (Allen, TX).
Sodium sulfate (Na,SO,), sodium nitrite (NaNO,), hydrochloric

acid (HCl), dopamine hydrochloride, N-methylmorpholine
(NMM), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic  acid
(HEPES), (ethylenedinitrilo)tetraacetic acid (EDTA), methanol
(MeOH), ethanol (EtOH), dichloromethane (DCM), N,
N-dimethylformamide (DMF), diethyl ether (Et,O), chloroform
(CHCl3), tetrahydrofuran (THF), tetramethylsilane (TMS),
dimethyl sulfoxide (DMSO) glutaraldehyde, and oleylamine
were purchased from Sigma-Aldrich. Benzyl ether was pur-
chased from Acros Organics. Iron (III) acetylacetonate was pur-
chased from Strem Chemicals. All chemicals were used without
further purification.

2. Nitrocatechol ligand

Nitrocatechol is synthesized following reported methods
with minor modifications [37]; 1 g dopamine hydrochloride
and 1.26 g NaNO, are dissolved in 30 ml H,O. The mixture
is stirred and cooled in a salt-ice bath, and 5 ml 20% H,SO,
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is slowly added dropwise into the mixture upon stirring with
the temperature kept below 4 °C. The yellow precipitate that
is obtained is washed with cold H,O three times, cold metha-
nol twice, and cold H,O twice. Then, the product is mixed
with 80 ml H,O and freeze-dried. The nitro-dopamine hydro-
gen sulfate product is a yellow powder, with 'H-NMR
(300 MHz, D,0O) & (ppm): 7.67 (m, 1H, aromatic), 6.87 (m,
1H, aromatic), 3.29 (t, 2H, CH, adjacent to -NH,), 3.17 (t,
2H, CH, adjacent to aromatic ring).

3. 1-arm Catechol-functionalized PEG (1cPEG)
surfactant

As the surfactant for Fe;0,4 NP stabilization in an aqueous
phase, 1cPEG is synthesized using the reported methods
with minor modifications [18]; 228 mg (1.2 mmol) dopamine
hydrochloride is neutralized for 15min with 0.3 ml
(2.7 mmol) NMM in 7.5 ml dry DMF under N, atmosphere.
Then, 1g (0.5mmol) 1-NHS-PEG (MW =2000Da) dis-
solved in 7.5 ml DMF is added, and the mixture is stirred
with N, protection at room temperature for 24 h. The reacted
solution is acidified by adding 15 ml 1M HCI (aq), and the
product is extracted with CHCI; three times. The organic
layers are pooled together, dried with NaSO,, and the solvent
is removed by rotary evaporation. Finally, the product con-
centrate is precipitated in cold Et,O (—20 °C), filtered, and
dried. "H NMR (300 MHz, D,0) § (ppm): 6.7-6.8 (m, 3H,
aromatic), 3.3-4.0 (m, —-O-CH,-CH,-), 3.4 (t, 2H, CH,
adjacent to aromatic ring), 2.7 (t, 2H, -CH,—~NH-CO-).

4. 4-arm Nitrocatechol-functionalized PEG (4nPEG)

4nPEG is synthesized using the reported methods with
minor modifications [18]; 0.6 mmol nitro-dopamine hydro-
gen sulfate (178 mg) is neutralized for 15 min with 110 ul
(1 mmol) NMM in 4ml dry DMF under N, atmosphere.
Then, 1 g (0.1 mmol) 4-NHS-PEG (MW =10 kDa) dissolved
in 4 ml DMF is added, and the mixture is stirred with N, pro-
tection at room temperature for 24 h. The reacted mixture is
mixed with 15ml 1M HCI (aq), dialyzed with water (MW
cut-off =3500 Da) for 2 days (water exchanged for >5 times),
and freeze-dried. '"H NMR (300 MHz, D,0) & (ppm): 7.6
(m, 1H, aromatic), 6.7 (m, 1H, aromatic), 3.6-3.9 (m, —O-
CH,—CH,-), 3.5 (t, 2H, CH, adjacent to aromatic ring), 3.1
(t, 2H, —-CH,—-NH-CO).

5. Fe30, NPs

Fe;O, NPs are synthesized following the reported
methods with minor modifications [18]; 1.05 g of iron (IIT)
acetylacetonate is added to a flask containing a mixture of
15ml benzyl ether and 15 ml oleylamine. The mixture is
stirred and degassed under vacuum at room temperature for
1h, and heated to 120 °C; the heating ramp rate is 7 °C/min,
and at 90 °C, the flask is backfilled with nitrogen. Under
inert atmosphere, the flask is held at 120 °C for 1h, then
heated to 210 °C (heating ramp rate 15 °C/min) and held
for another 1h. The flask is cooled to 50 °C and 50 ml of
ethanol is added to the mixture. The product is then
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centrifuged and dispersed in THF to yield Fe;04 NPs which
are functionalized with oleylamine.

6. 1cPEG-functionalized Fe;0, NPs

1cPEG is added to the oleylamine-functionalized Fe;O4 NP
THF solution at a mass ratio of 3:1 1cPEG/Fe;O4. The
mixture is heated to 55 °C to facilitate ligand exchange and
held for 24 h. The resulting solution is precipitated, washed in
hexane thrice, and dried under vacuum. Thermogravimetric
(TGA) analysis of the resulting NPs indicates that the mass of
the NP core is approximately half of the total mass of the
PEGylated-NPs, and this mass of the NP core is used for NP
wt. % calculation in each dual gel sample.

7. Preparation of dual-junction-functionality gel
networks

75 ul of the 200 mg/ml 4nPEG aqueous (aq) solution is
mixed with 25 ul FeCl; (aq) solution and 75 ul Fe;O4 NP
(aq) solution subsequently. The concentrations of FeCl; solu-
tion and Fe;04 NP solution are based on the desired compo-
sition of the dual-junction—functionality gel sample. For
example, 80 mM FeCl; and 103 mg/ml Fe;O4 NP solutions
are used to prepare a NP3.5-Fel gel. Then, 45 ul 1M HEPES
buffer solution (pH=7.8) is added to raise the pH and
induce gelation. The sample is then sealed in a sample mold
and cured in a 50 °C oven for 24 h. With different molds, the
gel samples can be prepared into specific desired shapes.

8. Preparation of pure Fe** networks

75 ul of the 200 mg/ml 4nPEG aqueous (aq) solution is
mixed with 25ul 80 mM FeCl; (aq) and 45ul 1M HEPES
solution (pH=7.8). The gel is formed almost immediately
after mixing.

9. Preparation of pure NP networks

75 1l of the 200 mg/ml 4nPEG-DMSO solution is mixed
with 75 ul of 100 mg (Fe;04 core mass)/ml NP-DMSO solu-
tion. The solution mixture was transferred into a mold and
sealed, and a solid gel was obtained after curing in a 50 °C
oven for 24 hours. The DMSO acts to keep the nitrocatechol
in a protonated state, allowing a pure NP gel to be formed by
preventing ion extraction through chelation [18]. For these
studies, NPs with a diameter D = 5nm, as determined via
transmission electron microscopy, were used.

C. Measurements
1. Rheology

All rheological experiments were performed on an Anton
Paar MCR-302 rheometer using a smooth parallel plate
(diameter = 10 mm) geometry. All tests were done by transfer-
ring the gel sample directly to the lower stage of the rheometer.
The sample was allowed to equilibrate for 1000 s prior to exper-
iments. A Peltier hood was used for all experiments to control
the measurement temperature and prevent solvent evaporation.

Small amplitude oscillatory frequency sweeps of the gels
were performed at constant 1% strain and angular frequencies
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ranging from 100 to 0.1 rad s~ on a logarithmic scale while
monitoring the storage modulus (G') and loss modulus (G”).
Each experiment was performed on three separate samples to
ensure reproducibility.

Stress relaxation tests were performed by applying a 2%
step strain (y, = 0.02), and then, the stress o(¢) and relaxa-
tion modulus G(f) = o/y, were monitored over time.

2. Transmission and scanning electron microscopy
(TEM/SEM)

For TEM imaging of the Fe;O4 nanoparticles, a FEI Talos
F200X G2 was used. The NPs were dispersed in hexane, and a
dilute solution was dropped onto a TEM grid. The size distribu-
tions of the NPs were obtained through pixel analysis via
ImAGE].

For TEM imaging of the gel samples, a FEI Technai Spirit
TEM operating at 80 kV was used. The gel samples were first
dehydrated by ethanol and propylene oxide, and then, embed-
ded in Embed 812 resin (Electron Microscopy Sciences). The
samples were cut with a Reichert Ultracut E ultramicrotome.

For SEM images of the gel samples, a Zeiss Crossbeam
540 FESEM operating at 3-9kV and 500-1000 pA was
used. The gel samples were chemically fixed with 2% glutar-
aldehyde, and then, dried in a series of EtOH/water solutions
of 35, 45, 55, 65, 75, 85, 95, and 100% EtOH. The sample
was then dried sequentially in a series of EtOH/TMS mix-
tures of 50, 20, and 0% EtOH, then air-dried.

3. Tensile tests

Gel specimens for tensile tests were prepared in a
dog-bone shaped mold with a gauge length L=4.0 mm,
width w=1.9 mm, and thickness & = 1.4 mm. To load the gel
specimen in the instrument without breaking it by the grips,
the grip sections of the dog-bone shaped specimen were
bonded to two 18 x 5mm? acrylic sheets by adhesive. The
two acrylic sheets were then held by the grips of the tensile
tester to prevent direct gripping on the soft gel samples (see
experiment configuration in Fig. S11) [62].

The tensile experiments were performed on a CellScale
UStretch mechanical tester with a 0.5 N loadcell. To prevent
gel dehydration, a chamber connected to a humidifier was
used during the experiments. Unless otherwise indicated, all
tensile experiments were performed at a displacement speed
of V=0.83 mm/s (corresponding to an initial strain rate of
0.21s™" in the gel specimens). Each experiment was per-
formed on three separate specimens to ensure reproducibility.

4. Estimation of the ratio of Fe3* and NP cross-links

Based on the rubber elasticity and transient network
theory, the modulus of a gel network is expected to vary as
G ocn, where n is the density of cross-linking bonds
[38,39]. Because of the large difference in the relaxation
timescales of the Fe** and NP junction cross-links [18], we
are able to approximate the respective contributions of the
two cross-linkers to the elasticity of the network in the fol-
lowing manner. At high frequencies such as @ = 100rad/s,
well beyond the cross-over frequency of the Fe** network
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[which corresponds to w. = 2rad/s as shown in Fig. 2(a)],
both Fe** and NP cross-links contribute to the elastic modulus
such that G'(@ = 100rad/s) oc n = ng,34 + nyp. At lower fre-
quencies such as w = 0.3rad/s, 98% of the stress carried by
the Fe>* cross-links has relaxed due to Fe** cross-link dissocia-
tion [Fig. 2(a)], whereas the NP network still retains almost all
of the stress at such frequencies (Fig. S5) [62]. Therefore, for
each dual-junction-functionality network, the relative ratio of
the numbers of each cross-link can be estimated from small-
amplitude oscillatory shear data [Fig. 2(a)] by

nyp _ G'(o = 0.3rad/s)
Nt G'(@ = 1001ad/s)’

npe+ _ G'(w = 100rad/s) — G'(@ = 0.3 rad/s)
~ G'(® = 100rad/s)

Nyotal

lll. RESULTS
A. Linear rheology

We first studied the formation of a dual-junction-functional-
ity network gel by the mixing of 4nPEG, FeCls;, Fe;O, NPs,
and HEPES buffer into a mold, followed by curing at 50 °C
overnight. The pH of the resulting hydrogel is ~7.4, which is
close to physiological pH and useful for potential applications
interfacing with biological tissue. We prepared a series of gel
samples with the same 4nPEG concentration (6.8 wt. %), but
different concentrations [NP] and [Fe3+]. The final composition
of each sample is represented as NP x—Fe y, where x is the
weight percentage of NPs in the gel, and y is the relative ratio
of Fe** to nitrocatechol (NC) compared to the stoichiometric
amount required for tris coordination. For instance, NP3.5-Fel
refers to a sample with 3.5 wt. % NPs and [Fe3+] =1/3[NC].

The small-amplitude oscillatory shear (SAOS) response of
the dual-junction-functionality associative networks is shown
in Fig. 2(a). The purely Fe** ion-coordinated associative gel,
NPO-Fel, exhibits a single mode of stress relaxation gov-
erned by the dissociation rate of the metal-ligand pair, in
accordance with transient network theories [39,40]. As we
add nanoparticles to the system, we observe a noticeable
increase in G’ at low frequencies (see for instance,
NP2.5-Fel), indicative of mechanical percolation of an
NP-based network characterized by a slow and broadly dis-
tributed set of relaxation modes [18,22,41]. The emergence
of this distinct set of relaxation modes is consistent with
prior observations that the NPs preferentially associate with
each other, forming an assortative network (see sketch in
Fig. S12) [42,62]. We propose that the preferential self-
assembly of high-f junctions with other high-f junctions, and
vice versa, occurs in dual-junction networks with cross-link
junctions of varied functionalities (but with the same chemis-
try) for the following reasons. While the dissociation of poly-
meric linkers connecting low-f junctions such as metal ions
is fast, and therefore, results in fast network rearrangement,
the dissociation of polymeric linkers connecting high-f junc-
tions such as NPs can be much slower due to the formation
of multivalent polymer linkers between pairs of NPs (i.e.,
when two NPs are connected by more than one polymer
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FIG. 2. Linear viscoelastic properties of dual-junction-functionality metal-coordinate networks. (a) Frequency sweeps of the dual-junction-functionality net-
works, showing a transition from viscoelastic fluid to a soft viscoelastic solid with increasing NP concentrations. (b) Images showing the shape change of a
single-junction-functionality Fe®>* gel (NPO-Fel, left) and a dual-junction-functionality gel (NP3.5-Fel, right) after 20 min. The NPO-Fel gel flows into a
sessile droplet shape, while the NP3.5-Fel gel sustains its solidlike shape and retains sharp edges. (c) tand(w) curves for dual-junction-functionality gel
network samples of varied NP concentrations (here, the concentration [Fe®*] is kept constant as Fel), showing the transition from a viscoelastic fluid to a visco-
elastic solid through the decrease in the phase angle & at low frequencies. (d) Stress relaxation curves of a series of gel samples with different percentages of
nanoparticles (again the concentration [Fe**] is kept constant as Fel), showing fast and slow relaxation processes in two distinct temporal regimes. (e)
Percentage of the elastically active polymer chains on the low-f Fe** cross-link junctions and high-f NP cross-link junctions in dual-junction-functionality gel
samples at @ = 100rad/s at different compositions, estimated from the values of the high-frequency storage modulus G'(w = 100tad/s) and low-frequency

storage modulus G'(w = 0.3 rad/s) (see Sec. II).

chain) [26,43,44]. This multivalency results in the kinetically
driven self-assembly of high f junctions within dual networks
of varied junction functionalities.

Further increase in the concentration of NPs leads to
further solidification of the network through an increase in
the low frequency elastic modulus. At these high NP concen-
trations, the hydrogels visibly demonstrate more solidlike
characteristics. An example of this is shown in Fig. 2(b),
where the NP3.5-Fel gel is visually able to sustain a solid
shape for at least 20 min, compared to the ion-only gels
which behave like a viscoelastic fluid and flows into a
surface-energy minimizing droplet shape after 20 min. We
quantify the resulting gel solidification occurring as a result
of NP network percolation [18,41] by monitoring the evolu-
tion in tand(w) = G”(w)/G (w), where tand =1 indicates
broadly the transition point between a fluidlike
(G”-dominated) and solidlike (G’-dominated) behavior. As
shown in Fig. 2(c), increasing the NP concentration leads to
an increasingly solidlike response at low frequencies. We

also find that this fluid—solid transition in the dual-junction
associative network can be manipulated by changing the con-
centration of ions. As we change the concentration of ions in
the NP3.5-Fel gel, we see that increasing the ion concentra-
tion can enhance the dissipative characteristics of the gel, and
vice versa (Fig. S2) [62].

We further examined the linear viscoelastic response of
the dual-junction-functionality associative networks by per-
forming linear step strain experiments (y, = 2%). The result-
ing stress relaxation of the gels is shown in Fig. 2(d). For
comparative purposes, the moduli are normalized by G;, the
initial recorded modulus value at t = 0. This plot clearly dis-
plays the two distinct relaxation modes of the system—the
fast-relaxing Fe®* ion junction and the slow-relaxing Fe;O,4
NP junction (see Fig. S3 for the corresponding stress relaxa-
tion responses of the pure Fe** ion gel and pure NP gels)
[62]. To further demonstrate that these fast and slow relaxa-
tion modes arise from low-f ion junctions and high-f NP
junctions, respectively, we performed SAOS and stress
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relaxation experiments on a gel network immediately after
mixing in the NPs, and after 24 h of curing at 50 °C (Fig. S4)
[62]. Immediately after mixing in the NPs, the resulting
NP4.5-Fel gel exhibits a response dominated by the Fe** ion
network, indicated by the presence of a cross-over frequency
in small-amplitude oscillatory shear experiments. However,
after curing for 24 h, the low frequency elastic modulus
increases, the cross-over behavior vanishes, and slow relaxa-
tion modes emerge in the network. This trend is consistent
with the previously observed slow self-assembly kinetics of
the NP-NP percolated network [18], and strongly supports
the origin of the slow relaxation modes as arising from high-f
NP network junctions. Similarly, we performed an experi-
ment in which we extracted the Fe** ions from a NP5.0-Fel
dual-junction network by immersing the gel in EDTA (which
chelates the mobile metal ions) for 3 h. The linear viscoelas-
tic response of the resulting gel confirms the expected loss of
the low-f junction (fast relaxing) mode following Fe®* ion
extraction from a network that now exhibits only the slow
relaxation characteristics of a pure high-f junction NP
network (Fig. S5) [62].

Since the linear viscoelasticity of the dual-junction-
functionality associative network is demonstrably a combina-
tion of the temporally distinct relaxation processes of the low
and high functionality junctions—a manifestation of the
assortative self-assembly of ions and nanoparticles—we
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decoupled their respective contributions to the viscoelasticity
of the gel networks by comparing the storage modulus of the
gel at high- and low-frequency limits of the small-amplitude
oscillatory shear data in Fig. 2(a) (see Sec. II for details).
The percentage contributions of the storage moduli of the
two networks to the overall storage modulus of the system at
® = 100rad/s are shown in Fig. 2(e).

B. Structure

We have previously shown that contrary to the more iso-
tropic self-assembly of NPs suggested by the sketch in
Fig. 1(a), the NPs self-assemble assortatively into anisotropic
sheets, thus facilitating a low threshold for mechanical perco-
lation in the dual-junction-functionality network configura-
tion [18]. This is evident in Fig. 2(a) as well, where we see
the manifestation of the NP relaxation mode at concentrations
as low as 2.5 wt. % NPs—corresponding to a volume fraction
of only 0.48 vol. % and much below the percolation threshold
of NP-only hydrogels, which can exceed 1vol. % for NP
diameter D = 7nm [18]. To explore the structural origins of
this reinforcement behavior, we performed scanning electron
microscopy (SEM) on the dual network hydrogel.
Figure 3(a) shows SEM micrographs of a dual network with
NP5.5-Fel. In agreement with our recent work [18], we find
compelling evidence of the sheetlike anisotropic domains

FIG. 3. Internal structure of dual-junction-functionality metal-coordinate networks. (a) Representative scanning electron micrographs of the NP5.5-Fel gels; all
scale bars: 10um. Sheetlike domains are present throughout the samples, intercalated by more amorphous domains. These regions represent NP-rich and
NP-poor regions, respectively [18]. (b) Representative transmission electron micrographs of the dual-junction-functionality gels at various NP loadings; all
scale bars: 800 nm. Porous nanoparticle assemblies are present at lower NP loadings, which densify with increasing NP concentrations. At higher NP loadings,

a microphase separation between NP-rich and NP-poor regions is still present.
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FIG. 4. Tensile properties of dual-junction-functionality metal-coordinate networks. (a) Tensile curves of the dual-junction-functionality gel samples with dif-
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strain (2000%). (b) Images of the failure mode for NP5-Fel gel and NP1.5-Fel gel (red arrows: stretch directions), showing distinct brittle and ductile failure
modes. (c) Tensile curves of the NP3.5-Fel gel at two different applied engineering strain rates, with images showing the failure mode in each test.

throughout the sample, intermittently intercalated with amor-
phous domains. We next performed transmission electron
microscopy (TEM) on resin-embedded dual-junction-function-
ality network hydrogels of increasing NP concentrations to
study the internal microstructure of the sheetlike domains. As
shown in the micrographs in Fig. 3(b) (higher magnification
micrographs can be found in Fig. S1) [62], in the dual-
junction—functionality gels of low NP concentrations such as
NP2.5-Fel, the NP-rich regions exhibit significant porosity. In
gels of higher NP concentrations such as NP5.5-Fel, the
NP-rich regions become less porous and progressively densify
(even though large domains that are NP-rich and NP-poor
regions are still present in the NP5.5-Fel system). These
micrographs show that the high functionality NP junctions
self-assemble in a hierarchical manner, forming sparse and
porous sheetlike domains in the microstructure that promote
the percolation of NP-NP networks at low volume fractions.
The observed sheet formation shares a strong resemblance
to what has been observed in (covalently) polymer-grafted
nanoparticles (PGNPs). In PGNPs, the sparse and patchy
exposed NP interaction sites are understood to facilitate the
anisotropic self-assembly of NPs into strings and sheets
[45—49], a phenomenon attributed to the small number statis-
tics of the stochastically grafted polymers on the NP struc-
tures [47]. The route to self-assembly is slightly different in
our NP-NP networks, as we begin with a densely and revers-
ibly grafted system which is well-dispersed in solution, and
gradually introduce limited-valency self-assembly through
the selective introduction of bridging interactions via
nitrocatechol-catechol ligand exchange. Despite these addi-
tional effects of the long-range bridging and chemical equi-
libria which influence the NP-NP self-assembly, our
microscopy results in Fig. 3 suggest that the core physics
between PGNPs and NP-NP bridging networks may be
similar, and that the high-functionality junctions in associat-
ive networks can promote self-assembly into striking aniso-
tropic structures through broadly applicable concepts such as
the small-number statistics of the binding sites [47]. These
findings pose an interesting design opportunity to manipulate
the morphology of the anisotropic assemblies of high-f junc-
tions in dual-junction-functionality associative networks, for

example, by taking advantage of their uniquely low volume
fraction percolation behavior in load-bearing applications.

C. Non-linear tensile properties of dual-junction—
functionality metal-coordinate networks

We next performed uniaxial tensile experiments to comple-
ment our linear viscoelastic measurements with non-linear
mechanical measurements (see Sec. II for details and Fig. S11
for experimental setup) [62]. Figure 4(a) shows results from
the tensile tests of the dual-junction—functionality associat-
ive gel samples with different compositions at a crosshead
speed of V=0.83 mm/s. Dividing V by the gauge length of
L = 4mm gives us an initial strain rate of £ = 0.21s~'. For
the pure Fe’* ion gel with a cross-over frequency of
o, = 2rad/s [Fig. 2(a)], and thus, a characteristic relaxation
time of 7,=2m/w.=3.1s, this gives us an initial
Weissenberg number of Wi=r.£ = 0.62. However, as the
sample elongates at a constant speed and accumulates tensile
strain, the strain rate progressively decreases—by the time the
samples have been elongated by a factor of four such that the
gauge length is L = 16mm, the strain rate becomes
£€=0.05s"!. For the pure Fe** ion gel, this gives us a
Weissenberg number of Wi=0.16. This evolution of the
Weissenberg number with increasing strain provides insights
into the tensile stress—strain behavior of the dual-junction-
functionality associative gels, especially at lower NP loadings
where ductile, fluidlike responses are present.

At low strains, an initial elastic solidlike behavior is
observed for all samples studied, with Young’s modulus
E =~ 13 kPa for all systems. This value is lower than the true
Young’s modulus E, of the system in the limit of high Wi,
which can be estimated from the plateau shear modulus of
the dual network G, by using the high-frequency shear
modulus G'(w = 100rad/s) ~20kPa and the relation
E, = 2G,(1 4 v). A Poisson’s ratio of v = 0.5 leads to a pre-
diction of the plateau Young’s modulus to be as high as
E, ~ 60kPa. The discrepancy in the measured moduli from
this asymptotic value can be accounted for by the partial
relaxation of the Fe>* cross-link junctions at the low imposed
strain rate being considered here (€ = 0.21s71).
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At higher axial strains, there is a systematic difference in
the stress-strain curves of the gels with different nanoparticle
concentrations. For the pure Fe®™ ion gel (NPO-Fel), a
ductile, fluidlike flow behavior can be observed, which is
characterized by a slow decay in the stress over large strains.
This can be understood with reference to the viscoelastic
characteristics of the gel sample, as discussed by Malkin and
Petrie, in which elongated polymeric specimens no longer
show solidlike cohesive failure and instead begin to undergo
ductile, liquidlike flow at Wi < 0.5 [50]. At slightly higher
NP loadings such as our NP1.5-Fel and NP2.5-Fel gels, we
still observe such flow behaviors but with higher stress
values—and this can be understood through the framework
described by Guth and Gold [51], as arising from the
mechanical reinforcement provided by the NPs dispersed in
the polymer matrix. At even higher NP loadings, mechanical
percolation of the NP network occurs [Fig. 2(a)], and this
results in a dramatic increase in the effective relaxation time
of the percolated system over what can be achieved using Fe**
ion junctions alone. A stretched exponential fit to the stress
relaxation data for the pure NP gel (shown in Fig. S3) [62]
yields a characteristic relaxation time value of 7, = 1.6 X 10% s,
a value dramatically larger than the relaxation time of the
pure ion network (7, = 3.1s). The Weissenberg number is
thus significantly higher in dual gels with higher NP load-
ings, resulting in the elimination of ductile fluidlike elonga-
tion behavior, and the emergence of solidlike stress—strain
curves characterized by a cohesive failure at finite strains,
and eventually, a completely brittle response with nearly-
linear stress—strain curve and very small failure strains, as
observed in the NP5-Fel gel.

The different failure modes of these gels are captured in
Fig. 4(b); the NP1.5-Fel gel yields at ~50% strain and can be
further stretched into a thin filament with >2000% strain,
showing a ductile necking failure, whereas the NP5-Fel gel
undergoes brittle failure at <100% strain with distinct fracture
surfaces. For the samples with intermediate NP concentrations,
there is a clear transition of tensile behavior between the
two extremes. For instance, the NP3.5-Fel sample behaves
initially like an elastic solid but with some softening beyond
50% strain, as shown in Fig. 4(a). This sample also
exhibits repeatable hysteresis in the cyclic tensile experiments,
showing significant energy dissipation due to the highly
dynamic nature of the dual-functionality junctions (see Fig. S6a)
[62]. The Weissenberg number dependence of the mechanical
properties of these dual-junction-functionality networks is
further demonstrated in Fig. 4(c), where we study the response
of the NP3.5-Fel gel under different strain rates and observe a
transition between a stiffer solidlike response at the higher strain
rate and a more dissipative ductile response at the lower strain
rate. The cross-over frequency of the NP3.5-Fel gel is approxi-
mately o, = 0.92rads/s, thus giving an estimated relaxation
time of 7, = 27/w, = 6.8s. Combining this with an imposed
cross-head speed of V = 0.83 mm/s and a sample gauge length
of L=4mm, we obtain an initial Weissenberg number of
Wi=1.41, at which the material exhibits cohesive solidlike
failure; whereas at the slower speed of V = 0.08 mm/s, the
Weissenberg number decreases to Wi=0.13, resulting in the
ductile fluidlike response discussed earlier. The progressive

emergence of this fluidlike behavior with decreasing strain rate
is illustrated in greater detail in Fig. S6b [62].

The stress-strain curves in Fig. 4(a) indicate that there is
an optimal concentration of nanoparticles at which we can
maximize the toughness of the system. As shown in Fig. S7
[62], the toughness of the dual network (defined here as the
area under the stress—strain curve) initially increases with the
nanoparticle concentration due to filler reinforcement. The
toughness is shown to peak at a composition of NP2.5-Fel
(for the studied tensile deformation rate of V=0.83 mm/s).
The toughness then decreases at higher nanoparticle concen-
trations, due to the increasingly stiff elastic behavior of the
system en route to brittle failure at a very high Weissenberg
number. Interestingly, Fig. S7 [62] also shows that even
though the NP5-Fel gel exhibits brittle failure, it has a
higher toughness than the pure NP gel at the same NP
loading. These promising results are reminiscent of rubber-
toughening mechanisms in filled composites, and indicate
that dual-junction-functionality associative networks with
high-f junctions may exhibit toughness-enhancing mecha-
nisms similar to those that have been demonstrated in dual
networks with covalent and reversible bonds [15,17,52]. A
more comprehensive exploration of this idea is beyond the
scope of the current work as this would require a large
number of samples to facilitate stress-strain analysis over
multiple strain rates and Weissenberg numbers, as well as a
careful determination of the fracture energies.

D. Self-adhesion

Finally, we reasoned that these unique dynamic properties
of the dual-junction-functionality networks could be har-
nessed to design gels that are simultaneously load-bearing
and self-repairing. We can expect such repair to occur in our
gels through a mechanism of self-adhesion [30,53]—in
which two equilibrium interfaces of a previously cleaved
surface will undergo re-adhesion when placed back in
contact through the re-equilibration and relaxation of
polymer strands, and thereby facilitate the repair of a macro-
scopic gel sample. To simultaneously attain load-bearing and
self-repair, a combination of slow and fast relaxation dynam-
ics (via high-f and low-f cross-link junctions) is required.
Indeed, in a typical cut-and-adhere experiment, a pure Fe**
ion gel can self-repair within 1 min (Fig. S8a) [62] due to its
viscoelastic fluidlike response characteristics, but cannot bear
stress over experimentally-relevant timescales as a result,
whereas a pure NP gel can bear load as a stiff self-supporting
elastic solid, but cannot self-repair after a fracture over
experimentally-relevant timescales due to the very slow NP
cross-link dynamics (Fig. S8b) [62].

Thus, we reasoned that a gel system with optimized
numbers of high-f and low-f cross-link junctions may be able
to achieve both properties, simultaneously. To demonstrate
this, we select the NP3.5-Fel gel, which has a loss tangent
value of tand ~ 1 below the expected cross-over frequency
of the pure ion gel at w, = 2rad/s [Fig. 2(c)], indicating
almost equal contributions of elastic solidlike and viscous
liquidlike characteristics in the material. As shown in
Fig. 5(a) and illustrated in 5(b), fracturing the NP3.5-Fel gel
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FIG. 5. Self-repair of the fractured interfaces in dual-junction-functionality metal-coordinate networks. (a) Images of the fracture and rapid self-adhesion
process for a NP3.5-Fel gel sample, and (b) schematic illustration of the proposed repair mechanism at each stage. (c) Tensile curves of a NP3.5-Fel sample
before fracture and after self-repair for different lengths of contact adhesion time. (d) Repair efficiency profiles of the hybrid gel samples with different NP con-

centrations and (e) with different Fe** concentrations.

sample and putting the fractured surfaces back into contact
leads to effective autonomous self-repair without any external
stimuli. Tensile experiments confirm that by self-repairing
for 5 min under ambient conditions, the NP3.5-Fel gel can
fully recover its original mechanical property as shown in
Fig. 5(c). These self-repair rates are notable, since reported
self-repair times of the hydrogels of similar stiffness
(>10% Pa) often need hours or even days to fully recover
[54-56], and many of them (especially with covalent bonds)
require external triggers, such as heating, light stimuli or
addition of solvents [S7-59]. We also anticipate that the self-
adhering kinetics in our system would be accelerated by
bringing the fractured interface back into contact more
rapidly (within the relaxation time z.), which would increase
the abundance of open (unbonded) stickers at the interface,
reduce the self-adhesion time even further, and potentially
transition into a fully self-healing material regime [53].
Changing the ratios of the low-f ion junctions and high-f
NP junctions also affects the self-repairing ability of the
network, as shown in Figs. 5(d) and 5(e). We define a self-
repairing efficiency n = £eded % 100%, where Eorigina and

Eoriginal
Ehealed are the maximum tensile strain achieved in the material
before and after fracture in the self-adhesion test. We conduct
these tests on dual-junction-functionality gel samples with
different ion and NP compositions (see tensile curves in
Fig. S9) [62] and plot their self-adhesion efficiencies as a
function of time. In all of these self-adhesion-based material
property recovery profiles, there is a quick initial recovery in

the first few minutes with greater than 40% recovery in the
property, suggesting that fast ion-governed relaxation pro-
cesses drive the rapid initial rearrangement of the network
across the two interfaces. The overall recovery efficiency
drops with the increasing ratio of NP to Fe* ions in the
dual-junction-functionality network as shown in Figs. 5(d)
and 5(e). These trends are consistent with the expected effect
of the changing ratio of load-bearing junctions characterized
in Fig. 2(e), i.e., the self-adhesion rate achieved in the
NP-NP network is much slower owing to the slower
rearrangement of the NP-NP network [Fig. 2(d), S3] [62]. In
agreement with this interpretation, we observed that the
healing rate of the NP-NP network can be accelerated by
thermal equilibration as qualitatively demonstrated in
Fig. S10 [62].

Overall, the fast-dissociating Fe** cross-links provide a
fast initial flow that facilitates intimate contact between the
two fractured interfaces as well as diffusion of the polymeric
components in the metal ion network for rapid initial
network recovery, while the slowly dissociating high-
functionality NP cross-links form a stiff elastic scaffold to
sustain a solid shape—in a similar vein to covalent-bond-
based dual networks [15-17]. Here, we have shown that the
percolation state of the NP cross-links can be manipulated to
engineer a dual-junction-functionality viscoelastic gel which
exhibits different extents of solidlike characteristics and self-
repairing capabilities as shown in Figs. 4 and 5. We also
show that there is an optimal percolation state of the NPs
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(NP3.5-Fel, which is close to a critical gel with tan § ~ 1
over a wide range of frequencies) in which both load-bearing
and self-repair capabilities are observed within experimental
timeframes. We note that the use of these high-f junctions
offers a considerable advantage over covalent junctions, as
the high-f junctions have a long but finite characteristic relax-
ation time, which, unlike covalently-bonded gels can be
further tuned by temperature. In other words, equilibrating
the NP-rich dual-junction gel or pure NP gel at high tempera-
tures (which might be generated, for example, via inductive
heating) still allows for the self-adhesion of the dual gel
network even in the absence of the mobile Fe** junctions
(Fig. S10) [62], in contrast to pure covalent gels which
cannot recover after failure. We thus anticipate that these
dual-junction—functionality associative networks will facili-
tate the design of responsive gels with increased toughness,
while maintaining self-repairing abilities in a manner that is
superior to covalent-based dual networks.

V. DISCUSSION AND CONCLUSION

This work lays the foundation for utilizing dual-junction-
functionality associative networks (consisting of fast-relaxing
low-functionality junctions and slower high-functionality
cross-linker junctions) in diverse soft material science appli-
cations. We have investigated the linear and nonlinear
mechanics of such networks constructed via nitrocatechol
coordination to Fe** ions (low functionality junctions) and
Fe;0,4 nanoparticles (high functionality junctions), and have
shown that an optimal balance of the high-f and low-f junc-
tions can yield a load-bearing and self-adhering gel which is
tougher than either of the individual constituents (i.e.,
ion-only and NP-only gels). The high-f Fe;0, NP junction
represents a particularly attractive motif for replacing cova-
lent moieties in traditional dual networks [15-17], as the
resulting NP networks display a measurable relaxation time,
and therefore, confer self-repairing properties to elastic solid-
like gels at room temperature without necessitating external
stimuli [57-59], while also offering responsive functionali-
ties such as magnetoresponsivity and photoresponsivity
[19,21,22]. Our findings in these model systems (in which
both networks are based on the same Fe-nitrocatechol asso-
ciative chemistry and differ only in the junction functional-
ity) should also apply generally to other dual-functionality
associative networks such as latex-HEUR systems [60], as
well as dual-functionality associative networks constructed
via high-f junctions in locally glassy spherical domains
[23,61], metal-organic cages [20], or precisely engineered
colloids [25].

The unusual self-assembly of the nanoparticles in the form
of anisotropic sheets (and the resulting earlier onset of
mechanical percolation) observed in this work and our earlier
study [18] remains intriguing and warrants additional studies.
Elucidating whether these anisotropic assemblies are a result
of the specific construction of our system (for example, the
pre-grafting of the NPs with stabilizing polymers) or whether
they are also applicable to other high-functionality junctions
simply as a result of small-number statistics [47] may open
design opportunities to create dual-junction associative
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networks with highly efficient mechanical reinforcement prop-
erties at a low volume fraction of fillers. Moreover, elucidating
the domain size of these anisotropic assemblies and extending
the size of such assemblies to macroscopic scales could also
open windows to designing dual networks with macroscopi-
cally anisotropic structure and mechanical properties, and
create novel methods of designing functional gel materials.
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