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4 ABSTRACT: Dual-cross-linked networks (DCNs), interpenetrating polymer networks (IPNs), and IPN-derived double networks
5 (DNs) are increasingly utilized to fabricate hydrogels with unique mechanical properties. However, the relationship between the
6 topology of these networks and the resulting dynamics is rarely compared and little understood. To tackle this shortcoming, this
7 work presents a systematic investigation of the viscoelastic properties of DCN, IPN, and DN hydrogels as well as their corresponding
8 single networks by oscillatory shear rheology using both frequency and strain sweeps. All the hydrogels are based on the same
9 orthogonal combination of a supramolecular interaction: zinc(II)-terpyridine bis-complexes, and of a reversible covalent bond:
10 oxime, as cross-links. To understand the contribution of each sub-network to the properties of the DCN, IPN, and DN hydrogels,
11 the corresponding single networks, i.e., cross-linked by only one type of bond, are first studied in detail. All double dynamics
12 hydrogels have a plateau modulus much higher than the sum of the plateau modulus of the single networks, evidencing a synergetic
13 effect between the sub-networks. However, the origin of this modulus increase varies according to the network topology. We also
14 show that the relaxation behaviors of the DCN, IPN, and DN hydrogels are influenced by the dynamics of the corresponding single
15 dynamic networks. Finally, the strain sweeps reveal that, for all network topologies, the amplitude of deformation at which the linear
16 viscoelastic region of the double dynamics networks stops is governed by the oxime network, while the metallo-supramolecular
17 network governs the amplitude of deformation up to which the sample can resist before starting to break.

18 ■ INTRODUCTION

19 As prominent soft and wet materials, hydrogels have been
20 extensively studied to tailor and adapt them for emerging fields
21 of advanced applications such as nanogenerators,1 soft robots,2

22 3D and 4D printing,3 wearable and implantable devices,4

23 artificial muscle, and skin and nerve.5−7 These hydrophilic
24 cross-linked three-dimensional macromolecular network struc-
25 tures can indeed exhibit a variety of application-relevant
26 properties such as stimuli-responsiveness, self-healing, stress
27 relaxation, and shape memory.8 The high water content not
28 only brings fluidity and transparency to the polymer hydrogels
29 but also entails fragility of the materials, which restricts the
30 scope of their practical applications in real life. Aiming to
31 address this shortcoming, two major strategies have been
32 adopted to improve the mechanical properties of polymer
33 hydrogels: introducing a variety of cross-links and modifying
34 the network topology.9

35On the facet of cross-links, dynamic bonds, comprising
36dynamic covalent bonds (DCBs) and supramolecular inter-
37actions, have been widely embedded into polymeric networks,
38often to study the relationships between the bond strength and
39kinetics and the macroscopic rheological and mechanical
40properties of the materials.10,11 In general, DCBs (e.g., imine,
41acylhydrazone, oxime, and disulfide) are stable covalent bonds
42under ambient conditions, but their dynamics can be activated
43by stimuli such as pH, heat, light, or stress.12 In some cases
44(e.g., boronic esters), the DCB exchange/association/dissoci-
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45 ation kinetics can be expressed even in the absence of a
46 stimulus.13 Unlike DCBs, supramolecular interactions includ-
47 ing hydrogen bonding, metal−ligand coordination, pi-pi
48 stacking, etc., are often more dynamic even under ambient
49 conditions, being able to undergo rapid exchange, and have
50 been widely used to build supramolecular polymers and
51 networks.14 Compared to the use of a single type of dynamic
52 bond, the combination of robust and adaptable DCBs with
53 more dynamic supramolecular interactions is a promising
54 strategy for engineering the next generation of smart polymeric
55 materials exhibiting unusual viscoelastic characteristics such as
56 a tunable time-dependent mechanical modulus,15 adjustable
57 stress relaxation,16 shear-thinning properties,17 and combining
58 enhanced toughness18,19 and stimuli-responsiveness20 with
59 efficient self-healing.21

60 As for the network topology of hydrogels, dual-cross-linked
61 networks (DCNs), interpenetrating polymer networks (IPNs),
62 and double networks (DNs) are highlighted strategies for
63 preparing polymer hydrogels with enhanced mechanical
64 properties.22 A dual-cross-linked network (DCN), which is
65 also called the dual network23 or dual-cross-linked single
66 network,24 is a network usually composed of only one
67 polymer25−27 cross-linked by two types of bonds, one of
68 them at least being a dynamic bond. Interpenetrating polymer
69 networks (IPNs) are generally made of two or more interlaced
70 macromolecular networks that are independent, i.e., having no
71 covalent bonds between each other.28,29 Double networks
72 (DNs)30 are a special subset of IPNs and comprise two
73 asymmetric sub-networks: the first sacrificial network is highly
74 cross-linked and provides energy dissipation, and the inter-
75 penetrated second network is loosely cross-linked to insure
76 shape persistence and to impart elasticity.31

77 The two above strategies, i.e., using different types of
78 (dynamic) cross-links and adapting network topology, have

79also been combined to further tune the hydrogel properties
80and impart them with reversibility and stimuli responsive-
81ness.32,33 However, the synergetic effects between these two
82categories of cross-links on the viscoelastic behaviors of gels
83are rarely studied in detail, not to mention the interplay with
84the network architecture. For example, Zhang and co-workers
85investigated dual network elastomers based on boronic ester
86dynamic covalent bonds and quadruple hydrogen bonds as
87cross-links in poly(n-butyl acrylate) (PnBA).34 They showed
88that networks based only on boronic esters can start to flow at
89intermediate times, while networks based on the strong
90quadruple hydrogen bonds partially relax but do not flow
91even at long times. The relaxation behavior of the dual network
92on the other hand is largely dominated by the strong quadruple
93hydrogen bonds, with little or no influence of the dynamic
94covalent bonds. In our previous work, we used tunable CN
95bonds and metal-terpyridine bis-complexes as cross-links to
96prepare a series of IPN hydrogels with various rheological
97behaviors.15 We also studied how these IPN hydrogels can
98disentangle and partially relax if one of the sub-networks is
99composed of cross-links with a shorter lifetime, e.g., combining
100oxime with zinc(II)-terpyridine bis-complexes or acylhydra-
101zone with iron(II)-terpyridine bis-complexes. The results
102revealed that the partial relaxation of such IPNs takes place
103through a sticky Rouse relaxation process.
104Herein, we investigate the viscoelastic properties of double
105dynamics networks of different topologies: the DCN, IPN, and
106DN, which are cross-linked by the same couple of interactions,
107i.e., reversible CN bonds and metal-terpyridine bis-
108complexes. In this way, we will be able to systematically
109compare and discuss the interplay and possible synergetic
110effects between network topology and the characteristics of the
111two types of cross-links. Moreover, for each case, a comparison
112is made with the corresponding single networks to further

Figure 1. Schematic representation of dual-cross-linked network (DCN), interpenetrating polymer network (IPN), and double network (DN)
hydrogels prepared by cross-linking various random copolymers bearing ketone (K) and/or terpyridine (T) groups by formation of oxime bonds
and zinc(II)-terpyridine bis-complexes (Zn2+-Tpy).

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.2c00712
Macromolecules XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c00712?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


113 highlight the specific contribution of the different topologies to
114 the network properties. To have a clear contrast of dynamics,
115 we selected oxime bonds and zinc(II)-terpyridine bis-
116 complexes as the two cross-linkers. The oxime bond was
117 selected because of its weak dynamic character and high
118 hydrolytic stability compared to other CN bonds (e.g.,
119 semicarbazone, acylhydrazone, and imine).35,36 Oxime-based
120 cross-links are thus stable under the used conditions and will
121 preserve the network integrity under shear stress. The zinc(II)-
122 terpyridine bis-complexes (Zn2+-Tpy) were used to provide
123 dynamic properties to the networks due to their highly labile
124 character.37−39

125 To reach our goal, we synthesized a series of terpyridine
126 (Tpy) and/or ketone-functionalized hydrophilic poly(N,N-
127 dimethyl acrylamide) (PDMA) random copolymers by
128 reversible addition-fragmentation chain transfer (RAFT)
129 controlled radical polymerization. Five “short-chain” (Mn

130 approximately 50 kDa) copolymers were obtained that can
131 be cross-linked with Zn2+, to form zinc(II)-terpyridine bis-
132 complexes, and/or with bis-hydroxylamine to form oxime
133 bonds. Based on these, a DCN and two IPN hydrogels were

f1 134 prepared, as described in Figure 1. In addition, one of the
135 above Tpy-functionalized copolymers was blended with a long-
136 chain (Mn approximately 260 kDa) copolymer bearing a low
137 density of ketone groups to prepare a DN hydrogel (Figure 1).
138 To understand the role of each sub-network, the correspond-
139 ing single networks were also prepared with the same
140 copolymer compositions and concentrations but by cross-
141 linking only one type of bond. By comparing the rheological
142 behaviors of the prepared DCN, IPN, and DN hydrogels as
143 well as their corresponding single networks, we determined the
144 respective contributions of the two single networks (cross-
145 linked by Zn2+-Tpy or oxime) and investigated the effect of
146 network topology on the viscoelastic properties. These results
147 revealed that the formation of IPN and DN networks is
148 influenced by a “screening” effect caused by the presence of
149 un-cross-linked chains of the other copolymer type, which
150 increases the proportion of ineffective intrachain associations.
151 Nevertheless, the final hydrogels based on both Zn2+-Tpy and
152 oxime bonds have higher elasticity than the simple sum of the
153 moduli of the corresponding single networks. Moreover,
154 independently of their composition, the partial relaxation of
155 all hydrogels was observed to start at a specific characteristic
156 time, corresponding to the exchange/dissociation time of the
157 labile Zn2+-Tpy. Strain sweeps revealed that, whatever the
158 network topology, the amplitude of deformation at which the
159 linear viscoelastic region of the double dynamics networks
160 stops is similar to the one of the corresponding single oxime
161 networks, while the metallo-supramolecular network governs

162the amplitude of deformation up to which the sample can resist
163before starting to break.

164■ RESULTS AND DISCUSSION
165Synthesis of Functionalized Copolymers. The building
166blocks of the different hydrogels are water-soluble function-
167alized random copolymers with determined molar masses that
168were prepared by RAFT polymerization (see the Supporting
169Information). N,N-Dimethyl acrylamide (DMA) was selected
170as the base monomer for constituting the hydrophilic
171backbone of the copolymers. The commercially available
172diacetone acrylamide (DAAM) monomer was used to create
173oxime-based cross-links owing to the reaction between the
174ketone group of DAAM and the hydroxylamine group of the
175O,O′-(propane-1,3-diyl)bis(hydroxylamine) cross-linker. The
176terpyridine-functionalized monomer N-(3-([2,2′,6′,2″-terpyr-
177idin]-4′-yloxy)propyl)-N-methylacrylamide (TPy-AM) was
178synthesized (see the Supporting Information) and served as
179handles for the formation of zinc(II)-terpyridine bis-complexes
180(Zn2+-Tpy) cross-links.
181Six copolymers were thus obtained by varying ratios of
182functionalized monomers and will be combined differently to
183yield the desired hydrogels of varying topologies. All
184copolymers were characterized by 1H NMR spectroscopy
185(see the Supporting Information) and size-exclusion chroma-
186 t1tography (SEC) (Table 1).
187Preparation of Hydrogels and Networks. For all the
188prepared networks, the amount of added cross-linkers (Zn2+ or
189bis-hydroxylamine) was half an equivalent compared to the
190reaction sites (terpyridine groups or ketone groups) of the
191corresponding functional copolymers unless otherwise stated,
192corresponding thus to the stoichiometric ratio to form bis-
193terpyridine metal complexes or oxime bonds. To enable
194comparisons between the different topologies shown in Figure
1951, the polymer concentration used is such that at least one type
196of cross-link (Zn2+-Tpy or oxime) in a given system leads to
197the formation of a hydrogel, i.e., the polymer concentration
198used for at least one type of cross-link is higher than the gel
199point. Specifically, the copolymer P(T2K2)-S was used as the
200precursor for preparing a DCN hydrogel and the correspond-
201ing single-cross-linked networks, i.e., networks cross-linked by
202only one type of bond (Zn2+-Tpy or oxime) at 10 wt %
203polymer concentration (Scheme S6). Three IPN hydrogels
204were then prepared by mixing a copolymer bearing ketone
205groups and a copolymer bearing terpyridine groups. Two IPN1
206hydrogels were obtained from the approximately 2%
207terpyridine-functionalized P(T2)-S and the 2% ketone-
208functionalized P(K2)-S copolymers (Schemes S7a and S8a).
209The first IPN1 was prepared at 10 wt % total concentration (5
210wt % of each copolymer) and the second IPN1 at 20 wt % total

Table 1. Main Characteristics of Copolymers

final ratioa (mol %) Nf/chain
d

copolymer Tpy ketone DMA Mn
b (g/mol) Mn

c (g/mol) Đc Tpy ketone

P(T2K2)-S 1.6 2.2 96.2 54,100 53,700 1.37 8 11
P(T2)-S 1.9 98.1 49,200 46,400 1.35 9
P(K2)-S 2.8 97.2 52,100 53,600 1.23 14
P(T4)-S 3.2 96.8 54,100 53,200 1.36 16
P(K4)-S 4.0 96.0 51,000 58,300 1.34 20
P(K0.4)-L 0.4 99.6 262,000 171,000 1.58 10

aCalculated from the 1H NMR spectra. bEvaluated by monomer conversion (1H NMR). cDetermined by SEC (polymethylmethacrylate
standards). dAverage number of functional groups per chain.
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211 concentration. The IPN1 hydrogels have similar strand length
212 between the same types of cross-links as the DCN hydrogel (as
213 can be seen from Table 1 and as illustrated in Figure 1). The
214 IPN2 hydrogel was prepared at 10 wt % polymer total
215 concentration from the same kind of copolymer but bearing
216 approximately 4 mol % of functional groups (P(T4)-S and
217 P(K4)-S) (Scheme S9a) to reach a comparable functional
218 group concentration at the same total polymer concentration
219 as the DCN hydrogel (10 wt %). The corresponding single
220 networks were also prepared from the mixed solutions of the
221 two copolymers, but only one of the copolymers was cross-
222 linked with the appropriate cross-linker (Schemes S7b, S8b,
223 and S9b). Finally, as shown in Scheme S10, the DN hydrogel
224 was prepared from the short-chain P(T4)-S and the long-chain
225 ∼0.4 mol % ketone-functionalized copolymers (P(K0.4)-L, with
226 a Mn of approximately 260 kg/mol). In the DN hydrogel, the
227 densely cross-linked and labile Zn2+-Tpy network serves as the
228 first (sacrificial) network, while the sparsely cross-linked and
229 stable oxime network acts as the second network.40 The
230 corresponding single networks were also prepared by cross-
231 linking only one copolymer of the mixture (Scheme S10b).
232 The compositions of the different double dynamics networks

t2 233 are summarized in Table 2.

234 To promote cross-linking reactions and get stable and
235 reproducible networks, an aging time of 2 days at 55 °C was
236 applied followed by a slow cooling down to room temperature
237 for another 2 days, for all networks, after the needed cross-
238 linkers were added. By using such an aging procedure, gelation
239 behaviors of DCN, IPN1, IPN2, and DN as well as their single
240 networks have been tested by the tube inversion method, and
241 the results are illustrated in Figure S1. Among these, 5 wt %
242 P(K2)-S in IPN1-Oxime (5 + 5 wt %), 5 wt % P(T4)-S in
243 IPN2-Zn2+-Tpy (5 + 5 wt %), and 10 wt % P(K0.4)-L in DN-
244 Oxime (5 + 10 wt %) were the gel points of the respective
245 systems. As shown in Figure S1b, the IPN1-Zn2+-Tpy (5 + 5 wt
246 %) single network was not a gel; hence, a IPN1 at 10 + 10 wt
247 % polymer concentration was also prepared as well as its two
248 single networks (Figure S1c). The other single networks have
249 polymer concentrations higher than their gel points. Since the
250 different hydrogels are prepared directly from polymers, we
251 decided to work in a rather low concentration regime to avoid
252 preparation problems and favor good mixing and inter-
253 penetration of the sub-networks.
254 Rheological Characterization. To investigate the con-
255 tribution of the two types of cross-links to the dynamics
256 (viscoelasticity) of the hydrogels of different topologies and of
257 the corresponding single networks, oscillatory shear rheology

258in the linear viscoelastic (LVE) regime was used as the main
259characterization tool (see the Supporting Information for full
260details). As mentioned above, an aging protocol of 4 days (2
261days at 55 °C followed by a slow cooling down to room
262temperature for another 2 days) was applied during the
263hydrogel preparation to obtain reproducible results. As shown
264in Figure S2a, the rheological behavior of the single oxime
265network did not change significantly after an additional 4
266months of aging, indicating that a stable state has been reached
267during the aging protocol of 4 days. This result also suggests
268that our preparation protocol is sufficient to obtain stable Zn2+-
269Tpy networks since the formation rate constant of oxime is
270lower than Zn2+-Tpy at 25 °C in neutral water.15 In addition,
271the samples were placed between the parallel plates of the
272rheometer for at least 15 min to equilibrate the samples before
273any experiments were performed (see the Supporting
274Information). As can be seen in Figure S2b, the data from
275the frequency sweeps performed after 15 and 30 min of resting
276for the single oxime and Zn2+-Tpy cross-linked samples are
277similar. This indicates that 15 min of standing prior to testing
278is sufficient to allow the samples to reach reproducible
279conditions. Strain sweeps were also recorded on the different
280samples (see the Supporting Information for details).
281Before discussing the different types of double dynamics
282hydrogels, i.e., cross-linked by both Zn2+-Tpy complexes and
283oxime bonds, we will first examine the rheological behaviors of
284the corresponding single networks, i.e., where both copolymers
285are mixed but only one is cross-linked, to better understand the
286relative contribution of each type of cross-link.
287Zn2+-Tpy Single Cross-Linked Networks. The oscil-
288latory frequency sweeps measured from high to low frequency
289on the single networks cross-linked only by Zn2+-Tpy metallo-
290 f2supramolecular bonds are shown in Figure 2. The plateau

291modulus values measured from these graphs as well as the
292characteristics of the copolymers and cross-linker concen-
293 t3trations used are summarized in Table 3. All single Zn2+-Tpy
294networks, except the IPN1-Zn2+-Tpy (5 + 5 wt %), showed
295similar evolution of the dynamic moduli with frequency. Since
296the diluted chains are unentangled (see Section S1.5 of the
297Supporting Information), it is expected that the observed
298elastic plateau comes from molecular segments trapped
299between two Zn2+-Tpy complexes and that chains bearing

Table 2. Compositions of the Dual, Interpenetrated, and
Double Networks

sample
name

copolymer bearing Tpy
groups and its weight

fraction
copolymer bearing ketone

groups and its weight fraction

DCN (10 wt
%)

P(T2K2)-S (10 wt %)

IPN1 (5 + 5
wt %)

P(T2)-S (5 wt %) P(K2)-S (5 wt %)

IPN1 (10 +
10 wt %)

P(T2)-S (10 wt %) P(K2)-S (10 wt %)

IPN2 (5 + 5
wt %)

P(T4)-S (5 wt %) P(K4)-S (5 wt %)

DN (5 + 10
wt %)

P(T4)-S (5 wt %) P(K0.4)-L (10 wt %)

Figure 2. Comparison of oscillatory frequency sweeps on single Zn2+-
Tpy networks (see Table 3).
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300 the Tpy groups along their backbone relax according to a
301 sticky Rouse process.41−43 The sample IPN1-Zn2+-Tpy (5 + 5
302 wt %) does not form a gel (Figure S1b) because it contains a
303 low concentration of the terpyridine bearing copolymer (5 wt
304 %) with a low density of Tpy ligands (see Table 1), and its
305 concentration is thus below the gel point. However, a gel is
306 formed if the copolymer concentration is increased (see
307 sample IPN1-Zn2+-Tpy (10 + 10 wt %)) or if the density of
308 Tpy ligands is increased (see sample IPN2-Zn2+-Tpy (5 + 5 wt
309 %)). Under these rather dilute conditions, it is expected that a
310 large fraction of intrachain Tpy-Zn2+ complexes is formed.
311 As shown in Figure 2, the single network DCN-Zn2+-Tpy
312 (10 wt %) has the highest plateau modulus, suggesting that the
313 DCN topology is more favorable to form effective Zn2+-Tpy
314 interchain linkages. This is confirmed by comparing its
315 properties to the ones of IPN1-Zn2+-Tpy (10 + 10 wt %),
316 which has the same concentration of terpyridine bearing
317 copolymer (10 wt %) and has a slightly larger concentration of
318 cross-links (see Table 3). Despite this, the IPN1-Zn2+-Tpy (10
319 + 10 wt %) sample exhibits a lower G′ in the whole frequency
320 range, indicating a lower density of elastically effective cross-
321 links in this sample. For these systems, it is thus clear that the
322 modulus value does not depend only on the sticker
323 concentration. We attribute this reduction of effective cross-
324 link density to a screening effect present in the IPN-derived
325 single networks that is induced by the presence of the non-
326 cross-linked copolymer.15 The presence of free (non-cross-
327 linked) polymer chains could reduce the probability of the
328 terpyridine groups to find a partner to create an interchain
329 junction and/or could reduce the solvent quality44 (because of
330 the higher total polymer concentration), which would also
331 favor intrachain bond formation by decreasing the random coil
332 size of the copolymer. The influence of the surrounding chains
333 is probably enhanced by the fact that the concentration of the
334 cross-linked copolymer is low. This implies that a very small
335 variation in the association probability of the stickers can have
336 a very large influence on the sample elasticity. This screening
337 effect is also seen by comparing the viscoelastic response of the
338 IPN2-Zn2+-Tpy (5 + 5 wt %) and DN-Zn2+-Tpy (5 + 10 wt %)
339 single networks. For these two samples, the same P(T4)-S
340 copolymer at 5 wt % was used to form the Zn2+-Tpy cross-
341 linked single networks, which means that the polymer and
342 cross-linker concentrations are identical. However, the storage
343 modulus of the DN sample is lower than the one of the IPN
344 over the whole frequency range, indicating that the addition of
345 more free chains in the surroundings (10 wt % for DN versus 5
346 wt % for IPN) reduces further the formation of effective cross-
347 links in the Zn2+-Tpy network, providing further evidence that
348 the presence of a non-cross-linked polymer does have a
349 screening effect on the network formation.

350It is also interesting to compare the DCN-Zn2+-Tpy (10 wt
351%) and IPN2-Zn2+-Tpy (5 + 5 wt %) single networks since
352both samples have very similar cross-linker concentrations but
353different concentrations in the cross-linked copolymer (Table
3543). From the viscoelastic curves of Figure 2, it is clear that the
355DCN has a much higher plateau modulus. This large difference
356cannot be explained only by the screening effect and shows
357that, to obtain a larger elastic modulus, it is more favorable to
358have a large number of chains with few stickers than having a
359lower number of chains with more stickers. This result is in
360good agreement with ref 44, in which the authors show, based
361on simulations, that, in the semi-diluted regime, reducing the
362distance between stickers in a polymer chain favors the
363formation of intrachain associations. As already pointed out
364above, the polymer concentration is thus a key parameter for
365these systems.
366The rubbery elastic plateau (G′p) values45,46 of the single
367Zn2+-Tpy networks found experimentally are summarized in
368Table 3. As the dangling chain segments, which are not
369trapped in the network, are relaxing at very high frequency
370(outside the experimental window), this plateau modulus can
371be attributed to the contributions of molecular segments
372localized between two cross-links since they are unable to relax
373as long as the Zn2+-Tpy complexes are associated.37 If these
374trapped segments are entangled, then the sample elasticity is
375expected to be even larger. However, for all single Zn2+-Tpy
376networks, the copolymer concentrations are rather low (Table
3773). Therefore, the contribution of trapped entanglements may
378thus be considered as negligible, knowing that the average
379molar mass between two entanglements at a polymer
380concentration of 10 wt % is estimated at 110 kg/mol (see
381Section S1.5 of the Supporting Information). If we assume that
382all the functional groups of the copolymers are forming
383effective cross-links in the single networks, then the theoretical
384elastic plateau moduli GN

0 can be approximated by using the
385following equation:15

ρ
φ= −G

c RT

M
(1 )N

XX

0 0
dangling

386(1)

387where ρ0 is the density of PDMA in the melt state
388(approximated as 1 g/cm3), c is the sample concentration,
389Mxx is the number average molar mass between two stickers, R
390is the universal gas constant, T is the temperature, and φdangling
391is the weight fraction of dangling ends, which can be
392approximated as equal to 2Mxx/Mw. The theoretical values of
393GN

0 are shown in Table 3 and compared to the G′p values found
394experimentally. As a rough estimation of the cross-linking
395efficiency (or probability for the stickers to form effective
396interchain cross-links), the ratio of the experimental elastic
397plateau G′p to the theoretical elastic plateau moduli GN

0 is also
398given. The cross-linking efficiency of all Zn2+-Tpy single

Table 3. Compositions and Experimental and Theoretical Elastic Plateau Moduli of Different Single Zn2+-Tpy Networks

sample name copolymer used for Zn2+-Tpy cross-links [C]a (mmol/L) Mxx
b (g/mol) G′pc (Pa) GN, theor

0 d (Pa) ηc
e (%)

DCN-Zn2+-Tpy (10 wt %) P(T2K2)-S (10 wt %) 7.6 6700 4300 30,300 14
IPN1-Zn2+-Tpy (5 + 5 wt %) P(T2)-S (5 wt %) 4.6 5400 19,200
IPN1-Zn2+-Tpy (10 + 10 wt %) P(T2)-S (10 wt %) 9.2 5400 1560 38,400 4.1
IPN2-Zn2+-Tpy (5 + 5 wt %) P(T4)-S (5 wt %) 7.4 3300 630 34,100 1.8
DN-Zn2+-Tpy (5 + 10 wt %) P(T4)-S (5 wt %) 7.4 3300 320 34,100 0.94

aThe concentration of the added cross-linker (Zn2+) is half of the Tpy concentration. bNumber average molar mass between Tpy groups on the
corresponding copolymer. cObtained from the plateau value of G′ in the high-frequency domain of the frequency sweeps. dObtained based on eq 1.
eCross-linking efficiency (ηc), or probability for the stickers to form effective interchain cross-links, is calculated by G′p/GN, theor

0 .
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399 networks is rather low. As already mentioned, this can be
400 understood by the low concentration of terpyridine-bearing
401 copolymers, which promotes intrachain cross-linking, thus
402 inducing ineffective internal loops.37,47 The presence of
403 unreacted sites is also probable. This is further shown by the
404 fact that the two systems with the highest cross-linking
405 efficiencies are the DCN and IPN1 (10 + 10 wt %), which have
406 both the highest concentration in the active copolymer (10 wt
407 %). As already mentioned, the significantly higher efficiency of
408 forming Zn2+-Tpy complexes in the DCN system than in the
409 IPN and DN systems is attributed to the presence of a
410 screening effect for IPN and DN systems, which limits the
411 formation of effective interchain Zn2+-Tpy linkages, while the
412 DCN has no such effect. A similar conclusion can be drawn for
413 the DN system, which has twice as much non-cross-linked
414 ketone copolymer as the IPN2 system, while having the same
415 concentration of Tpy copolymer and of Zn2+, and has thus a
416 more pronounced screening effect resulting in a significantly
417 lower cross-linking efficiency.
418 Finally, all single Zn2+-Tpy networks exhibit a similar
419 terminal relaxation as shown by the G′-G″ crossover in Figure
420 2. Moreover, their relaxation process is close to a Maxwell-like
421 behavior, characterized by a single relaxation time, τst. This
422 relaxation process denotes the onset of macroscopic flow of
423 Zn2+-Tpy networks, mainly caused by the dissociation of Zn2+-
424 Tpy bis-complexes due to their rather low equilibrium constant
425 and high lability.9 According to ref 48, when the complexes
426 start to dissociate, the sticky chains should relax by a sticky
427 Rouse process, taking place from ω = 1/τst to ω = 1/τ = 1/
428 τstZst

2, with Zst being the number of active stickers along the
429 chains. Such a process (during which G′ and G″ scale with
430 ω1/2) is not observed here. This is attributed to the very low
431 number of stickers effectively active along the chains. From the
432 very low level of the plateau modulus, it is indeed expected that

f3 433 most of the chains contain two or less active stickers.

434 The accessible relaxation times (τ) of the single networks
435 obtained from the crossover points of G′ and G″ are presented
436 in Table S2. Since the IPN1-Zn2+-Tpy (5 + 5 wt %) did not
437 form a gel, its G′-G″ crossover is barely measurable and this
438 system shows thus the smallest relaxation time. The relaxation
439 times of all the other IPN and the DN single networks are
440 similar, suggesting that the lifetime of the stickers, τst, in these

441systems is very comparable (Table S2). The DCN-Zn2+-Tpy
442(10 wt %) single network has the longest relaxation time (0.67
443s) among all single networks. This result can be attributed to
444the higher density of active Zn2+-Tpy cross-links in the DCN
445system.49

446Oxime Single Cross-Linked Networks. The frequency
447sweeps recorded on the single oxime networks are shown in
448 f4Figure 4. As expected, all single oxime networks are stable
449hydrogels as G′ is mostly independent of the frequency and is
450larger than G″, showing an elastic response over the whole
451 t4experimental frequency window. Table 4 presents the
452experimental plateau moduli (G′p) and the theoretical plateau
453moduli (GN

0 ) estimated by eq 1 for these single oxime
454networks.
455It is obvious from Table 4 that, when the polymer
456concentration of the IPN1-Oxime systems increases from 5
457to 10 wt %, the corresponding rubbery plateau value G′p
458increases about 10 times, which is larger than a factor of 2
459expected based on the change of concentration (for
460unentangled networks, G′p scales linearly with the concen-
461tration, all other parameters being constant). This shows again
462that, for the lower concentrations, the network is at the limit of
463the gel formation, which leads to a large fraction of elastically
464inactive intrachain linkages and, consequently, to a high
465sensitivity of the oxime network to the polymer concentration.
466The importance of the concentration can also be seen on the
467cross-linking efficiencies (Table 4). Indeed, the three systems
468that have the highest concentration (10 wt %) of cross-linked
469copolymers (DCN, IPN1 (10 + 10 wt %), and DN) have all
470similar cross-linking efficiencies around 3%, while the two
471systems with a lower copolymer concentration (5 wt %) have
472much lower cross-linking efficiencies, below 1%.
473The DCN-Oxime (10 wt %) and IPN1-Oxime (10 + 10 wt
474%) single networks have the same active copolymer
475concentration, but the IPN1 system has a larger concentration
476of cross-links (Table 4), as for the Zn2+-Tpy single networks.
477However, contrary to the Zn2+-Tpy single networks, the DCN-
478Oxime sample has a lower plateau modulus than IPN1-Oxime
479(10 + 10 wt %), and both systems have very similar cross-
480linking efficiencies. This is in stark contrast to the Zn2+-Tpy
481single networks where the DCN system had a much higher
482plateau modulus and cross-linking efficiency (Table 3). This
483seems to indicate that, for the oxime single networks, the
484screening effect of the free chains is much less present than for
485the Zn2+-Tpy single networks. To verify this point, we
486prepared an individual Zn2+-Tpy network from pure P(T2)-S
487and an individual oxime network from pure P(K2)-S (Scheme
488S11). In such networks, there are thus no un-cross-linked
489chains of the other copolymer type. The individual networks
490were prepared at the same active copolymer concentration (10
491wt %), as for the single networks, and their rheological
492behaviors were compared to the ones of the corresponding
493single networks derived from IPN1 (10 + 10 wt %) (Figure 4).
494The data of Figure 4 confirm that the screening effect is much
495less present for oxime-based networks than Zn2+-Tpy networks
496since the difference in the modulus between single and
497individual networks is much less pronounced for oxime-based
498systems. This is also further confirmed by the cross-linking
499efficiency values, which are similar for individual and single
500oxime networks, while the cross-linking efficiency of the
501individual Zn2+-Tpy network is much larger than the one of the
502single network (Tables 3 and 4 and Figure S3). The origin of

Figure 3. Comparison of oscillatory frequency sweeps of single oxime
networks (see Table 4).
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503 this difference in the screening effect between Zn2+-Tpy and
504 oxime single networks remains unclear.
505 As for the Zn2+-Tpy networks, it is interesting to compare
506 the DCN-Oxime (10 wt %) and IPN2-Oxime (5 + 5 wt %)
507 single networks since both samples have very similar cross-
508 linker concentrations but different active copolymer concen-
509 trations (Table 4). The much higher elastic modulus of the
510 DCN single network shows again that it is more favorable to
511 have fewer stickers but a large polymer concentration than
512 having more stickers but a lower polymer concentration, in
513 agreement with the results found for the Zn2+-Tpy single
514 networks.
515 A last observation on the DCN system must be highlighted:
516 Comparing the data in Tables 3 and 4, we note that the
517 rubbery plateau of the single oxime network (1490 Pa) is much
518 lower than the corresponding rubbery plateau of the single
519 Zn2+-Tpy network (4300 Pa), despite the same copolymer
520 concentration and a higher cross-linker concentration for the
521 single oxime network. A possible explanation for this difference
522 is the different kinetic and thermodynamic contributions of the
523 two types of cross-links.18,50−52 Indeed, Zn(II)-terpyridine bis-
524 complexes are dynamic and allow for bond exchange. They
525 have thus the possibility to correct defects during the 4 days of
526 sample aging, leading to a better formed network and a higher
527 plateau modulus.39 On the other hand, oxime bonds are
528 essentially inert under the conditions used here (as a reminder,
529 no change was observed for the DCN single oxime network
530 after 4 months of aging, see Figure S2), and there is thus no
531 possibility for this system to correct connectivity defects such
532 as loops and intramolecular associations, which are elastically
533 inactive, leading to a lower plateau modulus than the single
534 Zn2+-Tpy network.18 This is also confirmed by the rheological
535 behavior of the individual networks derived from IPN1 (10 +

53610 wt %) (Figure 4), where the plateau modulus of the Zn2+-
537Tpy individual network is much higher than the one of the
538oxime individual network, despite the fact that the former has a
539lower cross-linker concentration (Table S3).
540From the above discussions about Zn2+-Tpy and oxime
541single networks, we can conclude that the labile Zn2+-Tpy
542complexes allow for network relaxation over the observed time
543scales, while the stable oxime bonds allow the network to
544maintain a solid-like behavior over longer time scales. The
545labile Zn2+-Tpy cross-links further impart a higher plateau
546modulus to the hydrogels than the oxime systems. The cross-
547linking efficiency of the copolymers is low in general because
548we work at a concentration close to the gel point and is
549strongly dependent on the copolymer concentration. In the
550case of Zn2+-Tpy networks, it is also strongly affected by the
551presence of free copolymer chains, while this is much less the
552case for the oxime networks.
553Double Dynamics Hydrogels Cross-Linked by both
554 f5Zn2+-Tpy and Oxime. Figure 5 shows the frequency sweeps
555of the five systems cross-linked by both Zn2+-Tpy and oxime
556bonds. Whatever their topologies, all samples exhibit similar
557rheological behaviors, characterized by the presence of two
558elastic plateaus and a partial relaxation at intermediate
559frequency. The plateau in the high-frequency region can be
560attributed to both Zn2+-Tpy and oxime cross-links, while the
561low-frequency plateau is governed by the oxime cross-links and
562appears after the fast reorganization of the network based on
563Zn2+-Tpy complexes.45 In addition, a characteristic slope of
564−0.5 is observed for the storage modulus in the transition
565region between the high-frequency and the low-frequency
566plateaus, indicating that this partial and slow relaxation of
567DCN, IPN, and DN hydrogels can be described by a Rouse
568process.15 This relaxation process is attributed to the

Figure 4. (a, b) Comparison between the oscillatory frequency sweeps performed on the individual Zn2+-Tpy and oxime networks and on the
single Zn2+-Tpy and oxime networks.

Table 4. Compositions and Experimental and Theoretical Elastic Plateau Moduli of Single Oxime Networks

sample name copolymer used for oxime cross-links [C]a (mmol/L) Mxx
b (g/mol) G′pc (Pa) GN, theor

0 d (Pa) ηc
e (%)

DCN-Oxime (10 wt %) P(T2K2)-S (10 wt %) 10.2 4900 1490 43,800 3.4
IPN1-Oxime (5 + 5 wt %) P(K2)-S (5 wt %) 6.9 3700 220 29,600 0.76
IPN1-Oxime (10 + 10 wt %) P(K2)-S (10 wt %) 13.8 3700 2080 59,200 3.5
IPN2-Oxime (5 + 5 wt %) P(K4)-S (5 wt %) 9.8 2500 440 45,900 0.96
DN-Oxime (5 + 10 wt %) P(K0.4)-L (10 wt %) 2.0 26,200 230 8200 2.9

aThe concentration of the added cross-linker (bis-hydroxylamine) is half of the ketone concentration. bNumber average molar mass between
ketone groups on the corresponding copolymer. cObtained from the plateau value of G′ in the high-frequency domain of the frequency sweeps.
dObtained based on eq 1. eCross-linking efficiency (ηc), or probability for the stickers to form effective interchain cross-links, is calculated by G′p/
GN, theor
0 .
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569 interpenetration of the two networks: As detailed in ref 15, the
570 relaxation of the Zn2+-Tpy networks (by a sticky Rouse
571 process) is taking place at short times or high frequencies. The
572 relaxation of the Zn2+-Tpy network then leads to the partial
573 relaxation of the oxime networks, which is well described by a
574 constraint release Rouse process.15,53

f6 575 Figure 6 and Table S4 compare the values of G′p of the
576 hydrogel systems cross-linked by both Zn2+-Tpy and oxime

577 bonds and their two corresponding single networks. The sum
578 (G′sum) of the G′p of the corresponding single Zn2+-Tpy and
579 oxime single networks and the ratio of G′p/G′sum of each
580 system are also shown in Figure 6. Because the single IPN1-
581 Zn2+-Tpy at 5 + 5 wt % was not a gel and the plateau was not
582 accessible in the measured frequency range, the IPN1 (5 + 5
583 wt %) system is not shown in the graph. It is clear from Figure
584 6 that the G′p values of DCN, IPN, and DN hydrogels are
585 much higher than the G′sum of their single networks. However,
586 the origin of this modulus increase is different according to the
587 network topology. For the IPN and DN networks, the creation
588 of new trapped entanglements between Zn2+-Tpy and oxime
589 networks, which serve as additional cross-links, is most
590 probably the main factor responsible for the enhanced
591 modulus of the hydrogels.15,54 The situation is different for
592 the DCN, which has both the Tpy and the ketone groups on

593the same chains. In this specific case, the main reason behind
594the enhanced modulus of the hydrogel is the low density of
595effective cross-links found for the single networks (see Tables 3
596and 4), leading to a large weight fraction of dangling ends,
597which do not contribute to the sample elasticity. By allowing
598for the formation of both the oxime and the Zn2+-Tpy bonds,
599the fraction of dangling ends is expected to be largely reduced.
600In particular, the chains containing only one active sticker in
601one of the single networks do not contribute at all to the
602sample elasticity; however, they are becoming active as soon as
603a sticker of the other nature is able to associate. Thus, in the
604specific case of the DCN network, there is a strong synergetic
605effect on the density of active stickers, rather than on the
606network interconnection as observed in the IPN and DN.
607 f7Figure 7 shows the comparison of the viscoelastic responses
608of the networks of different topologies to the ones of the single
609networks. From this comparison and from Figure 6, several
610observations can be made.
611To further highlight the importance of the network
612topology, the modulus of the DCN (10 wt %) can be
613compared to the one of the IPN2 (5 + 5 wt %) system since
614they have very similar cross-linker concentration for both Zn2+-
615Tpy and oxime and have the same total copolymer
616concentration. Despite these similarities, the G′p value of
617IPN2 (3530 Pa) is approximately 3 times lower than that of
618the DCN (10,800 Pa). This large difference in the modulus has
619two possible origins. First, there could be a kind of
620cooperativity effect present only for the DCN topology.
621Indeed, unlike the IPN topology, the Tpy and ketone groups in
622the DCN are both on the same polymer chain, and the
623formation of one type of cross-link could thus ease the
624formation of the other types of cross-links. Second, the
625copolymer used for preparing the DCN sample has a larger
626average molar mass between stickers of the same nature, Mxx,
627than the copolymers used for IPN2 (Tables 3 and 4). A larger
628Mxx value decreases the probability to form intramolecular
629bonds, which are elastically inactive, and thus favors higher G′
630values.44 Of course, this only applies if the concentration of
631cross-linkers is large enough to ensure that the chains contain
632several stickers.
633Furthermore, as seen in Figure 7, the viscoelastic responses
634of the DCN and of the IPN1 (10 + 10 wt %) samples are very
635similar (both in curve shape and modulus values) despite their
636different characteristics. IPN1 (10 + 10 wt %) has indeed a
637twice higher total copolymer concentration and higher cross-
638linker concentrations for both Zn2+-Tpy and oxime (see Tables
6393 and 4). The low-frequency plateau of the DCN sample is
640slightly lower than IPN1 (10 + 10 wt %), which is in good
641agreement with the results found by comparing the
642corresponding single oxime networks, which was attributed
643to the lower cross-linker concentration in the DCN. However,
644based on the corresponding single Zn2+-Tpy networks, one
645could have expected a lower rubbery plateau for the IPN1 (10
646+ 10 wt %) since the cross-linking efficiency and the G′p for its
647Zn2+-Tpy single network are much lower than the ones for the
648DCN single network (see Table 3). The relatively larger
649increase in the plateau modulus for IPN1 (10 + 10 wt %) than
650the DCN may be explained by its higher concentration of
651chains (20 wt %), which strongly promotes the inter-
652penetration of the two networks and the creation of trapped
653entanglements between the interpenetrated networks (see
654above), therefore largely reinforcing the sample. Thus, the
655DCN topology is more efficient to yield stronger hydrogels at

Figure 5. Oscillatory frequency sweeps on hydrogels of varying
topology cross-linked by both Zn2+-Tpy and oxime.

Figure 6. Summary of the plateau moduli for the DCN (10 wt %),
IPN1 (10 + 10 wt %), IPN2 (5 + 5 wt %), and DN (5 + 10 wt %)
systems including their corresponding single networks.
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656 lower polymer and cross-linker concentrations (as it was
657 shown for the single networks and from the comparison
658 between the DCN and the IPN2 (5 + 5 wt %) samples, see
659 above) but leads to a relatively lower synergetic effect of the
660 two networks when compared to the more concentrated IPN1
661 (10 + 10 wt %). The positive influence of network
662 interpenetration is also clearly visible in the viscoelastic
663 response of the IPN1 (5 + 5 wt %) sample (Figure 7b). The

664corresponding single Zn2+-Tpy network was indeed below the
665limit of gelation, but the IPN1 (5 + 5 wt %) hydrogel shows a
666well-developed rubbery plateau with a modulus value much
667higher than the single oxime network and containing thus a
668significant contribution from the Zn2+-Tpy network.
669In Figure 7, it is also observed that, whatever the topology,
670the low-frequency plateau modulus of the hydrogels is always
671higher than that of the corresponding single oxime network

Figure 7. Oscillatory frequency sweeps on (a) DCN hydrogel and its single networks at 10 wt %, (b) IPN1 hydrogel and its single networks at 5 +
5 wt %, (c) IPN1 hydrogel and its single networks at 10 + 10 wt %, (d) IPN2 hydrogel and its single networks at 5 + 5 wt %, and (e) DN hydrogel
and its single networks at 5 + 10 wt %.

Figure 8. Oscillatory strain sweeps performed on the DCN (10 wt %) (a), on the IPN2 (5 + 5 wt %) (b), on the DN (5 + 10 wt %) (c), and on
their corresponding single networks at a fixed frequency of 2 rad/s.
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672 when the Zn2+-Tpy network is fully relaxed in the low-
673 frequency domain. This suggests that the process of DCN,
674 IPN, and DN formation can also increase the cross-link density
675 of the oxime network, which may be due to the topological
676 constraints caused by the rapid formation of the Zn2+-Tpy
677 network that help to bring incompletely cross-linked hydroxyl-
678 amines and ketones closer to each other.37

679 Influence of the Strain Amplitude on the Network
680 Properties. To further probe the contributions of Zn2+-Tpy
681 and oxime cross-links to the DCN, IPN, and DN hydrogel
682 mechanical deformation under strain, we performed amplitude
683 strain sweeps on DCN (10 wt %), IPN2 (5 + 5 wt %), and DN
684 (5 + 10 wt %) hydrogels as well as on their single networks.
685 The IPN2 and DN systems are indeed sharing the same P(T4)-
686 S copolymer at the same concentration (5 wt %), and they
687 have approximately the same concentrations of Zn2+ cross-
688 linker as the DCN (10 wt %) system (Table 3). These strain
689 sweeps were carried out at fixed frequencies of 0.2, 2, and 20
690 rad/s, i.e., frequencies at which the dissociation/association
691 dynamics of the Zn2+-Tpy cross-links can be considered as fast,
692 possible, or slow, respectively (Figure 3). While all the strain

f8 693 amplitude sweep data are presented in Figures S3−S5, Figure 8
694 shows the viscoelastic response of the three systems deformed
695 at a frequency of 2 rad/s.
696 As presented in Figure 8 and Figures S3−S5, in all measured
697 strain sweeps, the linear viscoelastic regime of all single Zn2+-
698 Tpy networks is slightly more extended than the one of all
699 single oxime networks. However, the strain that marks the
700 transition of the gels from a solid-like to a liquid-like state at
701 the critical G′-G″ crossover point of single oxime networks is
702 always higher than that of single Zn2+-Tpy networks at the
703 same frequencies. The different behavior of the two types of
704 single networks is due to several reasons. First, one can observe
705 that the solid-to-liquid transition of the single oxime networks
706 takes place gradually, with no sharp transition in the decrease
707 in their storage modulus. Despite the very long lifetime of
708 these networks in the linear regime, no signature of stretch is
709 observed in their strain sweep data, which suggests that the
710 structure of these networks is able to gradually adapt to the
711 increasing deformation. However, while we could attribute this
712 slow decrease in the storage modulus to the gradual breaking
713 of the dynamic covalent bonds, it could also be due to the low
714 cross-linking density of the oxime network, giving rise to a
715 sample formed by several cross-linked clusters able to move
716 separately, as observed with soft colloidal systems.55 Looking at
717 the reverse strain-sweep measurements (see Figures S3−S5),
718 which were conducted by increasing the strain to the
719 maximum strain amplitude that can be reached without taking
720 the risk to expel the samples from the geometries and then
721 decreasing the strain amplitude for recovery, it can be seen that
722 the G′ of the single oxime networks is slightly lower than the
723 initial value when the strain amplitude is returned to low
724 values. However, this effect is small, and there is almost no
725 hysteresis, suggesting that the oxime network can rapidly
726 recover its initial structure. On the other hand, the nonlinear
727 properties of the single Zn2+-Tpy networks are very different.
728 The interesting aspect is that all these networks show a,
729 sometimes very strong, shear thickening effect at high shear
730 amplitude. The origin of shear thickening in associative
731 polymers has been intensively debated and is generally
732 classified into two main categories: (i) chain stretching beyond
733 the Gaussian range but the number of elastically active chains
734 does not change during shear and (ii) increase in the number

735of elastically active chains by incorporation of free chains into
736the existing network.56−59 In our case, the fact that the G′
737values generally return close to their initial values when the
738strain is decreased (see Figures S3−S5) suggests that the shear
739thickening is not due to the strain-induced formation of
740additional Zn2+-Tpy cross-links but rather to the chain
741stretching.59 Meanwhile, at lower strain amplitude, the
742dynamics of the metal−ligand junctions is fast enough to
743ensure that the network can constantly adapt to the
744deformation; this is not the case anymore at large strain
745amplitude, which requires that the sample equilibrates on a
746larger length scale, involving the concerted dissociation of a
747larger number of supramolecular junctions. At this stage, the
748network strands start to stretch and shear thickening is
749observed. Upon further increasing the amplitude of deforma-
750tion, the network cannot withstand the high stretch anymore,
751and the sample breaks in a rather sharp way. As shown in
752Figure 8, a lower cross-link density, as it is the case for the DN
753hydrogel, leads to a larger ability of the network strands to
754stretch before breaking.
755Looking at the viscoelastic properties of the DCN, IPN2,
756and DN hydrogels, it is first observed that their stable linear
757viscoelastic regions are similar to the ones of the corresponding
758single oxime networks. Indeed, their storage modulus starts to
759decrease at the same strain amplitude, even if this effect is
760much less pronounced than in the corresponding single oxime
761networks. Then, the shear thickening coming from the Zn2+-
762Tpy network starts to dominate the data until the hydrogels
763break. The importance of the shear thickening is lower than in
764the single Zn2+-Tpy networks. This is because the integration
765of both Zn2+-Tpy and oxime cross-links in the hydrogels
766confers a higher cross-linking density to the hydrogels, leading
767to a higher elastic modulus but decreasing the ability of the
768network strands to deform. The maximum of the storage
769modulus, which is reached before the rupture of the networks,
770is located at the same strain amplitude for both the double
771dynamics networks and their corresponding single Zn2+-Tpy
772networks (dotted line in Figure 8). We can therefore conclude
773that it is the metallo-supramolecular network that governs the
774amplitude of deformation up to which the sample can resist
775before starting to break.
776At these high strain amplitudes, the data do not allow
777determining to which extent the oxime network is also broken,
778its contribution being weaker than the response of the broken
779hydrogels. However, the comparison between Figure 88a,b,
780and 8c allows highlighting the different behaviors of the DN
781hydrogel. At 2 rad/s, the value of the storage modulus is the
782same for both the IPN2 and the DN hydrogels, and the
783maximum of G′ is reached at the same strain amplitude. This
784can be understood by the fact that they both contain the same
785Zn2+-Tpy network. However, at large strain amplitude
786(>300%), while the loss modulus of the IPN2 hydrogel largely
787decreases, indicating the failure of the sample, the loss modulus
788of the DN hydrogel first increases to reach a maximum and
789then only starts to decrease. This behavior is attributed to its
790oxime network, which is able to resist larger deformation.
791Indeed, it is the only sample still displaying a solid-like
792behavior at 1000% of deformation due to its very low density
793of cross-links and the very large length of its network strands,
794which significantly increase its deformability. Similar con-
795clusions can be drawn from Figures S3−S5, where the strain
796amplitude sweep tests are performed at higher frequency (20
797rad/s). Under this high frequency, the DN hydrogel is the only
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798 sample that starts to break (amplitude determined by the
799 maximum of G′) at larger amplitude than the amplitude at
800 which its corresponding single Zn2+-Tpy network starts to
801 break. This suggests that the DN hydrogel is able to withstand
802 larger strain compared to its single components.

803 ■ CONCLUSIONS

804 In this work, we investigated the viscoelastic properties of
805 DCN, IPN, and DN hydrogels based on two orthogonal types
806 of reversible bonds as cross-links: zinc(II)-terpyridine coordi-
807 nation bonds and oxime bonds. We compared the oscillatory
808 mechanical properties and dynamic relaxation behavior of
809 these three hydrogel types as well as their corresponding single
810 networks cross-linked only by Zn2+-Tpy or oxime bonds.
811 Concerning the single networks, we showed that the labile
812 Zn2+-Tpy complexes allow for network relaxation behavior
813 over the observed time scales, while the stable oxime bonds
814 allow the network to maintain a solid-like behavior over longer
815 time scales. The Zn2+-Tpy bonds have a relatively higher cross-
816 linking efficiency and impart thus a higher plateau modulus to
817 the single networks than the oxime systems. The DCN, IPN,
818 and DN hydrogels all exhibit similar rheological behaviors,
819 characterized by the presence of two elastic plateaus and a
820 partial relaxation at intermediate frequency. The high-
821 frequency plateau is attributed to both Zn2+-Tpy and oxime
822 cross-links, while the low-frequency plateau is governed by the
823 oxime cross-links and appears after the fast dissociation of
824 Zn2+-Tpy complexes. A characteristic slope of −0.5 was
825 observed for the storage modulus in the transition region
826 between the high- and low-frequency plateaus, indicating that
827 this partial and slow relaxation can be described by a Rouse
828 process.
829 The detailed comparison of the viscoelastic behaviors of the
830 DCN, IPN, and DN hydrogels revealed that they have all
831 higher elasticity than the simple sum of the moduli of the
832 corresponding single networks. However, the origin of this
833 modulus increase is different according to the considered
834 topologies. For the DCN network, there is a strong synergetic
835 effect based on the density of active stickers, while for the IPN
836 and DN hydrogels, the creation of new trapped entanglements
837 between Zn2+-Tpy and oxime networks, which serve as
838 additional cross-links, is the main factor responsible for the
839 enhanced modulus. Strain sweeps revealed that, whatever the
840 network topology, the stable linear viscoelastic region of the
841 double dynamics networks is similar to the one of the
842 corresponding single oxime networks, while the metallo-
843 supramolecular sub-network governs the amplitude of
844 deformation up to which the sample can resist before starting
845 to break. A shear thickening coming from the Zn2+-Tpy sub-
846 network was also observed in all the hydrogels.
847 In this paper, we systematically investigated the effect of
848 three network topologies on the viscoelastic properties of
849 hydrogels. The question of selecting the most appropriate
850 network topology for the desired application may arise for any
851 hydrogel system when introducing two or more dynamic
852 bonds but has rarely been discussed systematically in previous
853 works. Our results show that topology does not significantly
854 affect the lifetime of the metallo-supramolecular junctions.
855 However, topology strongly influences the elastic modulus of
856 the hydrogels and determines the magnitude of modulus
857 increase. We hope that this study will provide the readers with
858 new insight on how to select the best topology and with ideas

859for designing other dynamic hydrogels based on different types
860of bonds with desired properties.
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