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ABSTRACT: Reconfigurable polymer networks are gaining interest for their potential 

applications as self-healing, recyclable, and stimuli-responsive smart materials. Relating the 

bond strength of dynamic interactions to material properties including stress relaxation time and 

modulus is crucial for smart material design. In this work, in-situ crosslinked transition metal-

terpyridine reconfigurable networks were utilized to modulate the characteristic network stress 

relaxation time, R. The use of stress relaxation experiments rather than oscillatory frequency 

sweeps allowed for the measurement of network bond dynamics across a wider dynamic range 

than has been previously reported. The stress relaxation time was shown to be tunable by metal 

center, counterion and crosslink density. Remarkably, the network crosslinked with covalent-like 

ruthenium chloride-terpyridine interaction, while having a longer R, was qualitatively similar to 

the other metal-ligand networks. Furthermore, the relaxation time was independent of crosslink 

density in strongly bonded networks, allowing for independent tunability of modulus and R. In 

contrast, increasing crosslink density reduced R in networks crosslinked with weaker 

interactions. 

INTRODUCTION

Reconfigurable polymer networks are interconnected by transient bonds that can break and 

reform in response to stimuli. These transient bonds can be composed of either dynamic covalent 

bonds such as those found in esters1–3 and disulfides4,5 or supramolecular bonds such as 

hydrogen-bonding,6,7 π-π stacking,8,9 ionic,10 and transition metal-ligand11,12. The bond-breaking 

and reforming ability of these interactions make them great candidates for self-healing, 

reconfigurable, and stress dissipating materials. The self-healing and stress relaxation responses 

are controlled by the bond-exchange time that is generally related to the bond strength. 
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Elucidating the relationship between the bond exchange and stress relaxation behavior is critical 

for smart reconfigurable polymer network design. 

Transition metal-ligand based networks are of great interest due to simple tunability of the bond 

strength. Specifically, terpyridine-metal interactions are an excellent choice since they provide a 

wide range of binding constants thus allowing for the control of network relaxation behavior 

with respect to bond exchange time.13–18 The binding strength can be further tuned by the choice 

of solvent and counterion. Where ruthenium-terpyridine interactions are considered to be 

covalent-like,12 binding equilibrium constants, K,  of manganese-terpyridine interactions differ 

by nine orders of magnitude depending on solvent choice.18 More recently, a variety of polymer 

backbones with terpyridine functionalization either at the side-chain12,19,20 or the end-group18,21,22 

have been studied to understand relaxation behavior, making the transition metal-terpyridine 

systems an excellent model system to study reconfigurable networks.

Terpyridine-metal networks are commonly characterized using oscillatory shear frequency 

sweeps to elucidate the network bond dynamics. The inverse of the crossover frequency where 

the storage and loss moduli are equal provides the characteristic network stress relaxation time, 

R. However, characterization of long timescale relaxations has been limited the absence of a 

crossover frequency in the typical rheometer-accessible range for many systems.18,23–25 For 

example, the cobalt-terpyridine interaction, did not show a crossover frequency despite its 

relatively weak binding strength.18 

Herein, we report the first example of in-situ crosslinked metal-ligand networks that allows for 

stoichiometric metal:ligand ratio, homogenous mixing before polymerization, and efficiency in 

changing network parameters such as molecular weight and crosslink density. To the best of our 

knowledge, for the first time we utilize indentation tests for stress relaxation experiments to 

study stress relaxation time of reconfigurable metal-ligand networks. Stress relaxation 

experiments enabled measurements of R even for ruthenium-terpyridine networks, which fall 

well outside of the accessible range for conventional frequency sweeps. Changing the metal ion 

(Mn-, Zn-, Co-, Ni-, Fe-, Ru-) and counterion (Cl-, CH3COO-) species varied R in a consistent 

manner with reported bond exchange times.13,14,18 For most systems, R was found to be 

independent of crosslink density.  By extending Rubinstein, Leibler, and coworkers’ telechelic 
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theory on sticker concentration, the independence of R on crosslink density was explained for 

systems with strong binding strength.26 This model was further tested to predict that zinc acetate-

terpyridine networks, with an even weaker bond strength, should exist in the so-called 

“intermediate bond strength regime”. This means that stress relaxation time should decrease with 

increasing crosslink density, which was confirmed experimentally herein. These findings also 

show a unique property of in-situ crosslinked reconfigurable networks where stress relaxation 

time can be kept constant while increasing modulus by increasing crosslink density. 

RESULTS 

Synthetic Design. Metal-ligand networks are commonly made by post-addition of a metal salt 

into a polymer solution.12,18–20,22,27,28 This post-addition of metal salts often leads to 

intramolecular crosslinking, inhomogeneous network formation, and long waiting times for 

network equilibration. This method may also lead to a fraction of open ligands in the system at 

stoichiometric ratios.20,24 To address this challenge, we designed an in-situ crosslinking platform 

in which the terpyridine ligands are saturated with metal centers and reactants are well-mixed at 

the beginning of polymerization reactions. Instead of adding the metal salt into the polymer 

solution, a crosslinker that consists of two terpyridines complexed with a metal center and 

polymerizable norbornene end groups was designed (Figure 1). This crosslinker was 

copolymerized with norbornene via ring-opening metathesis polymerization (ROMP) in 

chloroform:methanol mixture. ROMP was chosen as it was shown to have high functional group 

tolerance and can successfully polymerize cationic monomers in short reaction times.29–31 

Grubbs’ second generation catalyst (G2) was used due to higher stability; however, G2 can lead 

to a broader molecular weight distribution and in-situ crosslinking prevents molecular weight 

characterization.32 This system allows for tunability of the network crosslink density by simply 

changing the crosslinker to monomer ratio. Additionally, it ensures that all ligands are saturated 

with metal centers before polymerization (Figure 1). All metal-ligand dynamic networks were 

characterized as synthesized without further swelling or drying.
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Figure 1. Schematic representation and the synthesis of dynamic metal-ligand networks via in-situ 

crosslinking

The mechanical properties and stress relaxation behavior of metal-ligand networks can be tuned 

by changing the metal center, solvent, counterion, polymer volume fraction, and crosslink 

density.  In order to relate the bond lifetime to experimental measurements, a theory of bond 

lifetime renormalization was developed.26,33,34 This renormalization results from the fact that a 

sticker has to bind to the same partner many times before finding another open sticker to 

experience a macroscopic relaxation. Therefore, the experimentally measured stress-relaxation 

times are prolonged compared to the bond lifetimes.7,26 Rubinstein, Leibler, and coworkers’ 

work established bond strength regimes depending on the number of open stickers in the 

pervaded volume. In the intermediate regime there are many open stickers in the pervaded 

volume for an open sticker to recombine with a new partner. In contrast, in the high bond 

strength regime, the open stickers are far apart and cannot find each other.26 These bond strength 

regimes are defined as: 
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                             (Intermediate regime)𝑘𝑏𝑇 ln 𝑁 <  𝜀 <  2𝑘𝑏𝑇 ln 𝑁

                                  (Strong regime) 2𝑘𝑏𝑇 ln 𝑁 <  𝜀 

where kb is the Boltzmann constant, T is temperature, N is the number of monomers between 

stickers and  is the bond energy. This theory also suggests that the macroscopic relaxation will 

be dictated by crosslink density only when the interaction strength is in the intermediate regime. 

Transition metals are well-documented as interacting strongly with terpyridine.13–18,35,36 We 

designed our systems to span both the intermediate and strong regimes based on reported 

interaction strengths.13 Networks were synthesized with various metal salts and varying crosslink 

densities of 2.5, 5, and 10 mol%. The nomenclature for networks is the metal salt used in bold 

where the superscript denotes the crosslink density. For example, 2.5%FeCl2 denotes a network 

with 2.5 mol% bis(norbornene terpyridine) iron chloride crosslinks with respect to the total 

monomer amount. Notations without superscripts refer to the networks with 10 mol% crosslinks. 

The total monomer-to-initiator ratio was kept constant at 150 for all crosslink densities, whereas 

molecular weight between crosslinks, i.e., monomer-to-crosslinker ratio, was varied.  The R is 

predicted to be independent of the crosslink density for strongly bonded networks; namely, 

RuCl2, FeCl2, NiCl2, CoCl2, ZnCl2, and CoAc2 based on interaction strength values reported in 

literature. In contrast, the weaker binding ZnAc2 and MnAc2 networks are predicted to have 

intermediate regime behavior, allowing crosslink density-dependent Rs in these networks. 

Effect of Metal Centers. We performed stress relaxation experiments via flat-punch indentation 

tests that have been utilized to characterize soft networks and tissues in the literature.37–39 Stress 

relaxation curves were collected via flat-punch indentation at predefined force values. A 

poly(ethylene glycol) thiol-ene network was also included in the study as a  covalent control. All 

metal-ligand dynamic networks were characterized as is without further swelling or drying. 

Additional characterization by oscillatory shear frequency sweeps expectedly showed no 

crossover frequency in RuCl2 and FeCl2 networks, further supporting utilization of stress 

relaxation experiments as a better choice to study reconfigurable networks (Figure S1).
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Figure 2. (A) Stress-relaxation curves of RuCl2 (red), FeCl2 (purple), NiCl2 (orange), CoCl2 (blue), 

ZnCl2 (green), MnCl2 (pink) and covalent network (black). Only RuCl2, NiCl2, and ZnCl2 are shown in 

the main graph for clarity. The inset shows the short time stress-relaxation behavior (0-50 s) for all 

chloride networks. The stress was normalized by the maximum value in that dataset. The data was shifted 

to reach maximum force at zero seconds. The complete curves for each system can be found in Figure 

S2. (B) Stress-relaxation times of RuCl2 (red), FeCl2 (purple), NiCl2 (orange), CoCl2 (blue), ZnCl2 

(green), MnCl2 (pink) were calculated utilizing the 1/e method.

The complete stress relaxation curves for RuCl2, NiCl2, and ZnCl2 are shown in Figure 2A, 

where the indenter radius is 0.36 mm and loading force is ~10 mN. Metal-ligand networks were 

grouped into three distinct timescales, where MnCl2 and ZnCl2 were significantly faster while 

the RuCl2 network was the slowest. CoCl2, FeCl2, and NiCl2 showed similar intermediate stress 

relaxation time. Hence, only one network from each set (RuCl2, NiCl2, ZnCl2) was shown in the 

main figure for clarity, whereas the inset shows early stress-relaxation (0-50 s) for all networks 

including the covalent control. Complete stress-relaxation curves for all networks can be found 

in Figure S2-3. The stress relaxation followed the order of RuCl2 > FeCl2 > NiCl2> CoCl2> 

ZnCl2 > MnCl2. This trend is well-explained by metal-terpyridine bond exchange data and 

complex stability.9,31 Overall, stress relaxation experiments were sensitive to differences in 

networks crosslinked with various metal centers. 
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The stress-relaxation time was calculated according to the 1/e method where 63% stress decay 

gives R for a network system that follows single exponential decay. (Figure 2B).40 Although it 

was proposed that a more complex relaxation process might be involved,41 many metal-ligand 

networks have been shown to follow Arrhenius and single exponential decay behavior.18,23,28,42,43 

Therefore, utilizing 1/e method and single exponential decay remains the most common method 

to analyze relaxation in metal-ligand networks.  Furthermore, it allows for uniform treatment of 

all studied networks and provides comparable relaxation timescales.

Expectedly, the high binding strength of the ruthenium-terpyridine bond led to the slowest 

relaxation among metal-ligand networks. Although it is accepted that the ruthenium-terpyridine 

bond is as strong as a covalent bond, there are no rheological studies that provide a characteristic 

relaxation time due to its high complex stability.12,35 To our knowledge, the only study that 

included ruthenium-terpyridine is a qualitative study of terpyridine-metal complexes utilizing 

MALDI-TOF by Meier et. al.31 Despite the strong ruthenium-terpyridine interaction, the RuCl2 

network exhibited up to 95% stress relaxation over an hour, which is significantly different than 

the covalent network. For the first time, stress-relaxation tests show the dynamic nature of 

ruthenium-terpyridine interactions when compared to a covalent network. 

Poroelasticity and ion clustering were studied as possible contributors for stress-relaxation 

behavior in reconfigurable networks. Poroelastic relaxation was tested by changing indenter 

radius as discussed in earlier studies (Figure S5-6).38,44,45 Wide angle X-ray scattering (WAXS) 

was performed to probe ion clustering, where diffractograms did not show any ion clustering 

(Figure S7). Analyzing these results concluded that neither poroelasticity nor ion clustering had 

a significant role in stress relaxation. Additionally, quenching the Grubbs’ second generation 

catalyst with ethyl vinyl ether was shown to have none to very little effect on stress relaxation 

curves (Figure S8).

Effect of Counterion. The species of counterion is known to affect the bond lifetime of metal-

ligand interactions by changes in nucleophilicity and solubility.28,46 In order to access 

intermediate bond strength regimes and obtain faster relaxation times, acetate counterions for 

Co-, Zn-, and Mn- networks were studied. Both CoAc2 and ZnAc2 networks showed faster stress 

relaxation compared to their chloride counterparts (Figure S9A,B). Interestingly, the MnAc2 

sample was a viscous liquid that could not store elastic strain energy in indentation tests. These 
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results agree with decreased relaxation time from chloride to acetate in Co-, Zn-, and Mn- 

networks. This increase in bond exchange can be attributed to better solvation of acetate anions 

in organic solvents, i.e. methanol-chloroform mixture and higher ability of acetate ions to act as a 

ligand.28

Effect of Crosslink Density. Networks with 2.5 and 5 mol% crosslink densities were prepared by 

changing monomer to crosslink ratio while keeping the degree of polymerization the same. The 

change in crosslink density did not affect the stress-relaxation time for networks in the strong 

regime, namely RuCl2 and CoCl2 (Figure S10). Even ZnCl2, one of the fastest networks in the 

chloride counterion series, was less sensitive to changes in crosslink density, indicating that the 

zinc chloride-terpyridine interaction belongs to the strong binding regime (Figure 3A). 

Furthermore, the loading moduli of CoCl2, ZnCl2, and MnCl2 increased with increasing 

crosslink density, while their stress relaxation times remained the same (Table S2). For example, 

increasing the crosslink density from 2.5 to 10 mol% for MnCl2 network, increased the elastic 

modulus from 7 to 32 kPa. Our synthetic platform provides a method to modulate the effective 

elastic modulus of a network independent of its stress relaxation time. In contrast, the fastest 

relaxing network ZnAc2 exhibited crosslink density-dependent R. The network with highest 

crosslink density, 10%ZnAc2, was the fastest relaxing network followed by 5%ZnAc2 and 
2.5%ZnAc2 (Figure 3B).

Page 8 of 14Soft Matter



Figure 3. (A) Stress-relaxation curves of 2.5%ZnCl2 (black), 5%ZnCl2 (red), and 10%ZnCl2 (blue) that 

correspond to networks crosslinked with 2.5, 5, and 10 mol% bis(norbornene terpyridine) zinc chloride, 

respectively. Inset shows the early relaxation curves between 0-10 seconds for 2.5%ZnCl2, 5%ZnCl2, and 
10%ZnCl2. (B) Stress-relaxation curves of 2.5%ZnAc2 (black), 5%ZnAc2 (red), 10%ZnAc2 (blue) that 

correspond to networks crosslinked with 2.5, 5, and 10 mol% bis(norbornene terpyridine) zinc acetate, 

respectively. Inset shows the early relaxation behavior between 0-3 seconds for 2.5%ZnAc2, 5%ZnAc2, and 
10%ZnAc2. Stress relaxation data was collected by flat-punch indentation with an indenter radius of 0.36 

mm and a preset load of ~10 mN. The data was shifted to reach maximum force at zero seconds. The 

stress was normalized by the maximum value in that dataset. 

DISCUSSION

Bond Strength Regimes. This observation agrees well with Rubinstein, Leibler, and coworkers 

where the crosslink density affected macroscopic network relaxation only in the intermediate 

bond strength regime.26  The strong and intermediate regimes are defined by the probability of 

finding an open ligand in the exploration volume of a ligand. In the intermediate regime, there 

are multiple open ligands present in the volume for a ligand to successfully partner exchange, 

whereas in the strong regime on average there is less than one open ligand present (Figure 4). 

The bond strength regimes for our networks have been calculated by defining N as the number of 

monomers between crosslinkers, Nc. The distance between two crosslinkers was calculated to be 

~5 nm at 10 mol% crosslinks (SI Section 7, Figure S11).  As an example, the root mean squared 

distance between two open stickers, ∆ropen, was calculated as 103 nm for CoCl2 using the 

equilibrium constant of cobalt-terpyridine interaction in water (SI Section 8, Table S1).13 ZnAc2 

was shown to be weaker than ZnCl2 and even the equilibrium constant of zinc-terpyridine 

interaction was inaccessible.13 Therefore, we treated the lowest measurable K (106 M-1) as the 

upper limit for zinc acetate-terpyridine interaction, giving the upper limit of ∆ropen as 24 nm. In 

other words, the closest distance between two open ligands in the CoCl2 network is at least four 

times higher than that of the ZnAc2 network.
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Figure 4. Schematic representations of metal-ligand networks with bond strengths in the (A) strong and 

(B) intermediate regime at different crosslink densities (ct). Red ligands denote open stickers in the 

system, whereas black ligands represent closed stickers. The dashed circle shows the pervaded volume of 

one open sticker. Counterions are not shown for clarity. In the strong regime, only one open sticker is 

present in the pervaded volume regardless of crosslink density. In the intermediate regime, increasing the 

crosslinker density leads to multiple open stickers in the pervaded volume, raising the probability to find 

another open sticker to exchange. As a result, higher crosslink densities lead to faster relaxation only in 

the intermediate regime. 

In the strong regime, most of the ligands stay closed for long periods of time. The time that 

stickers stay bonded dominates the stress relaxation time, rather than the time spent searching for 

an open sticker. Therefore, R stays independent of crosslink density, and the bond lifetime 

dictates the relaxation time. In contrast, in the intermediate regime, the bond lifetime is much 

faster making searching for another sticker the rate limiting step. In this case, as the number of 
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crosslinks increases, the probability of finding an open ligand should increase.  As a result, 

increasing the number of crosslinks resulted in faster relaxation only for ZnAc2. 

Of note, Tibbitt and coworkers utilized boronic ester-based dynamic covalent networks to link 

molecular parameters to the viscoelastic properties. The stress-relaxation time was modulated by 

pH-dependent changes in activation energy; however, 4-fold increase in sticker concentration 

demonstrated no change in the R of these networks while increasing the plateau modulus from 3 

kPa to 26 kPa (Figure S12).1 Considering the network parameters and strength of boronic esters, 

their system is expected to be in the  strong bond strength regime, and thus demonstrating 

crosslink density-independent R behavior (SI Section 8).47 This observation further 

demonstrates the applicability of bond strength regime theory on various reconfigurable 

networks. 

CONCLUSION

There are two main findings from this work. First, the use of stress relaxation tests allows for the 

R of ruthenium chloride-terpyridine networks to be measured for the first time. This finding 

confirms that while ruthenium-terpyridine was argued to be as strong as a covalent bond, and is 

the strongest metal-ligand system in this study, it is still dynamic and behaves qualitatively the 

same as any other studied metal center. Second, Rubinstein, Leibler, and coworkers’ model for 

telechelic, reconfigurable networks was extended to these side-chain linked systems below 

entanglement concentration capturing the two bond strength regimes.  The strong bond strength 

regime allows for the crosslink density- and number of monomers between crosslinks (Nc)- 

independent R. Given this, it is possible to design reconfigurable networks with the same stress 

relaxation times, but various moduli and presumably other properties such as gel fracture 

energy.48 These findings inform reconfigurable network design by elucidating the relation 

between molecular parameters and material properties. 
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