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ABSTRACT 

We present a systematic experimental study of the shear rheology of metallo-supramolecular 

assemblies based on entangled telechelic star polymers comprising one (single dynamic network) 

or two (double dynamics network) types of physical bonds, with the aim to unravel the role of 

concentration and strength of these bonds on the nonlinear response. Model dynamic networks 

functionalized with terpyridine ligands were formed by adding different metal ions with increasing 

bonding strength, zinc, copper and cobalt. The dynamics are driven by 

entanglement/disentanglement processes and ligand exchange mechanism. Steady-state viscosities 

of single and double dynamics networks collapse onto a universal curve over a wide range of 

Weissenberg numbers based on terminal time (up to about 300 for single and 1000 for double) 

exhibiting weaker shear thinning (with exponent of -0.76) compared to entangled neutral 

polymers. Double dynamics networks consisting of two different metal ions (with different 

lifetimes) exhibit stronger mechanical coherence (rate-dependent fractional viscosity overshoot) 

and accumulate larger strain at steady-state flow compared to single ion counterparts.  The shear 

stress growth function signals exhibit weak, albeit unambiguous shear strain hardening which 

becomes more pronounced for stronger associations. They also exhibit double overshoot which 
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reflects the interplay of association strength and chain deformation. Increasing the strength of 

associations leads to failure of the Cox-Merz rule, which is more severe for single dynamic 

networks. The markedly different behavior of double dynamics networks is attributed to the fact 

that at sufficiently high ion content the weaker bond acts as sacrificial component which provides 

local energy dissipation and enhance the overall deformability. This bears analogies with their 

linear viscoelastic response which has revealed that the arm disentanglement (delayed due to the 

reversible bonds) effectively interpolates between the two single dynamic network components, 

depending on composition. Our results suggest ways to tailor the mechanical properties of this 

class of materials by judicious choice of the ions type and content.  

 

I. INTRODUCTION  

Associating and supramolecular polymers have been the subject of extensive investigations for 

over three decades because of their versatility and reversible directional interactions that dictate 

their macroscopic properties [1–3]. Indeed, non-covalent interactions such as hydrogen bonding, 

metal-ligand coordination, π-π stacking and host-guest interaction can be triggered by external 

environment [4] or shear stress and their adaptability gives rise to intriguing features including 

tunability, self-healing and mechanical reinforcement [5–6]. Reversibility of these types of 

macromolecules is related to self-healing and represents a major asset for novel applications in 

tissue remodeling [7], light-induced adhesives [8], self-healing coatings [9] and stretchable 

electronics [10]. In this work we focus on associating telechelic polymeric networks. To obtain 

associating polymers with desired properties it is imperative to fundamentally understand the 

relationship between structure and dynamics. The latter are driven by chain relaxation (which may 

reflect entanglement/disentanglement) processes and association dynamics [3]. Consequently, the 

interplay of these two modes (chain and bonding) in the rheological response should be unraveled 

and understood.  Theoretical and experimental studies with associating polymers have focused 

primarily on the linear viscoelastic properties. The sticky-Rouse model is extensively used [11–

12] for the description of dynamics of reversible networks considering chain movement via 

stickers breakage and reconstruction.  Topological constrains slow-down the stress relaxation 

process because of the presence of entanglements. The sticky reptation model describes the 

molecular motion of entangled chains that is delayed by the association/dissociation events, so the 
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stress relaxation function is characterized by two plateau regimes: one at shorter times, due to 

sticker associations, and another with lower value at longer times, due to chain entanglements [13–

14]. Molecular dynamics simulations of the dynamics of unentangled telechelic polymer solutions 

forming clusters, have revealed a two-step stress relaxation mechanism. It comprises a stress decay 

due to the end-groups rearrangement within the cluster, and a diffusive hopping of the end-group 

to another cluster, which depends on the bond lifetime [15]. Along the same lines, entangled 

telechelic stars also exhibit complex relaxation characterized by both structural (due to bonds) and 

topological (entanglements) responses [16]; in the case of very strong (sulfur-sulfur) associations, 

experiments and coarse-grained simulations confirmed the absence of terminal relaxation and 

showed that the stress relaxation reflected the relative importance of intra- and inter-molecular 

bonding [17]. Recent investigations of ionomers show how one may use linear and nonlinear 

rheology to extract the magnitude of sticker lifetime, the association energy and the distribution of 

relaxation times, as well as to tailor flow and mechanical properties of these materials  [11, 18–

21].  Zhuge and co-workers used the modified tube-based Time Marching Algorithm (TMA) 

model in order to decode the linear viscoelastic response of weakly entangled telechelic metallo-

supramolecular stars in the melt state. In this model, the stress relaxation modulus G(t) accounts 

for chain and sticker relaxation processes, in similar way to sticky Rouse or sticky reptation [22]. 

The model also incorporates the delayed fluctuations due to the sticker lifetime and the 

association/dissociation dynamics (in particular, the time during which a sticker is free, τfree) as 

discussed in Refs. [23] and [24].  

Concerning the nonlinear shear properties of associating and supramolecular polymers, the failure 

of the empirical Cox-Merz rule has been widely reported in the literature [25–30]. Many studies 

reveal that the steady shear viscosity exceeds the complex viscosity. Shear thickening has been 

observed at intermediate shear rates, with the association strength playing a major role in the 

phenomenon [31]. A mean-field approach indicated that shear thickening in ionomer solutions is 

related to shear-induced modification of the coupling between intramolecular to intermolecular 

associations [32]. Suzuki and co-workers suggested that thickening was primarily due to fact that  

recombination of associations at a given shear rate outbalances their destruction [27, 33]. Shear-

thinning behavior has always been observed at very fast flows, following thickening or directly 

the Newtonian plateau. Caram et al. [26] studied the rheology of hydrophobic associative polymers 

(HASE) and rationalized the failure of Cox-Merz rule using a multi-mode model with a kinetic 
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balance between the prevailing destruction of long-range associations and the formation of short-

range associations. During startup of steady shear flow, associating polymers were reported to 

exhibit shear strain hardening of the shear stress growth function, a phenomenon attributed to the 

finite extensible nonlinear elasticity (FENE) of these materials (promoted by the associations) with 

the support of simulations and transient network theory [33–39].  The peak of shear stress growth 

function, observed at certain time (or strain) for a given imposed shear rate, is often called (static) 

yield stress or maximum stress, and the respective strain is the yield strain or strain at maximum 

stress. In several studies, the yield point (stress and strain) has been reported to depend on shear 

rate [37–38, 40–43]. This reflects the coupling of dissociation rate and chain tension [37]. The 

strength of associations is important in this respect, and its role has not been explored 

systematically with the same polymeric melt and different crosslinking density and type of sticker.   

The properties of single lifetime transient networks can be reinforced either by adding long non-

associating polymers [44] or by mixing two different types of interactions [45]. In general,  double 

networks (DNs) having one constituent with chemical bonds and another with physical bonds 

exhibit enhanced mechanical properties such as toughness and extensibility [46–50]. The 

mechanism behind these properties is based on the combination of two interpenetrating networks 

with one transient component that acts as a sacrificial bond, and a second permanent network that 

gives coherence and stiffness [51–53]. The double dynamics networks (DDNs), which are made 

of two reversible networks, emerged from the realization that the covalent crosslinks of a 

permanent chemical network become irreversibly damaged under strong mechanical deformation, 

losing the advantage of improved mechanical properties. To overcome this limitation, covalent 

bonds were replaced by reversible bonds, forming the so-called double dynamics networks [46, 

49]. The consequences of this approach in improving the mechanical properties of materials have 

been explored particularly in the context of self-healing of hydrogels [54–55]. However, the 

rheological behavior of DDNs in the melt state has not been investigated so far.   

In this work we present as systematic experimental investigation of the nonlinear shear rheological 

properties of single and double dynamics networks based on entangled telechelic star polymers 

associating by means of metal-ligand interactions with different strength (metals).  The particular 

double dynamics networks used comprise the same polymer (here a poly(n-butyl acrylate) star 

with 4 arms) forming metal-ligand associations with two different metals, reflecting different 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.11

22
/8.

00
00

42
9



5 
 

strengths. They are simpler compared to those typically used in applications, which involve two 

chemically different interpenetrating networks [7, 47-53]. Such well-characterized materials are 

used to address fundamental questions concerning their rheology. In particular, we discuss here 

the validity of the Cox-Merz rule and the features of the shear stress growth function signal for 

different metal-ligand interactions and temperatures. 

 

II. EXPERIMENTAL 

 

Materials 

Each network consists of a four-arm telechelic poly(n-butyl acrylate), PnBA, star with total 

number average molar mass of about 250 kg/mol (corresponding to weakly entangled arms with 

Z≈3.4 entanglements), polydispersity of 1.2, and end-functionalization with a terpyridine reactive 

end-group.  The latter was synthesized by reversible addition—fragmentation chain-transfer 

(RAFT) [23, 56] (see Figure 1a). The terpyridine ligands associate with different metal ions, added 

in the form of salts (zinc chloride, copper chloride and cobalt chloride) at three different 

stoichiometric amounts (0.5eq. 0.75eq & 1.0eq. per eq. of terpyridine ligand).  
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Figure 1. (a) Schematic of the 4-arm telechelic star functionalized with terpyridine ligands. Taken from 

[22] with modifications. (b) Schematic illustration of transient networks formed by single (left) and double 

(right) lifetime junctions. 

 

The selected metal ions are suitable for comparison since they have same positive charge, similar 

size and thermodynamic stability. More importantly, they form bis(terpyridine) complexes at 

stoichiometric amounts [57]. The relevant kinetics depends on the different binding constants for 

formation mono-complexes and bis-complexes, influencing the stability of the dynamic network 

(see Table S1 of the Supplementary Material, SM). As discussed in ref. [22], zinc associations are 

expected to be labile, copper tends to form more mono-complexes and cobalt forms equally stable 

and stronger mono-complexes and bis-complexes. While Cu(II) bis-complexes were found to be 

more stable and longer living in comparison to Zn(II) networks, it was also shown that the stability 

of bis-complexes was promoted by adding excess of metal ions [23]. Given that the dangling chains 

of the telechelic stars may relax before being (re)-associated, samples containing an excess of ions 

(0.75eq. and 1.0eq. of the metal ion per 1.0eq. of terpyridine ligand) were used, compared to the 

theoretical stoichiometric ratio of 0.5eq. of ions per 1.0eq. of terpyridine ligands. More 
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specifically, with the help of TMA modeling, the linear dynamics study revealed that the fraction 

of dangling ends (pdang) decreased significantly with increasing the amount of metal ions [23]. 

Analysis of the linear viscoelastic data indicated that the star arms extremities, which can change 

their state from dissociated to associated metal-ligand complexes, act as extra frictional points 

slowing-down the overall stress relaxation of the star arms [22–23].  Indeed, the relaxation of the 

latter could be accurately described by considering that, apart from a fraction of dangling ends 

(pdang) able to relax at short time, the star arms can only relax at the average time during which 

their corresponding sticker was free to move move; this average time corresponds to a fraction pfree 

of the time t elapsed (pfreet). As the probability of a sticker to be free strongly depends on the ion 

type, double dynamics can arise from the friction asymmetry when two single transient networks 

of different type of metal ions are blended (Figure 1b). The complete list of the samples used in 

this work is presented in Table 1 and further details about metal ion incorporation protocols and 

molecular characteristics of the constituents can be found in Refs.  [22] and [23]. 

Table 1. Investigated samples annotation and composition 

Sample code   Description 

Star250k-Reference Precursor sample without metal ions 

Star250k-Zn-0.5eq. Single dynamic network with 0.5eq. Zn(II) 

Star250k-Zn-0.75eq. Single dynamic network with 0.75eq. Zn(II) 

Star250k-Zn-1.0eq. Single dynamic network with 1.0eq. Zn(II) 

Star250k-Cu-0.5eq. Single dynamic network with 0.5eq. Cu(II) 

Star250k-Cu-0.75eq. Single dynamic network with 0.75eq. Cu(II) 

Star250k-Cu-1.0eq. Single dynamic network with 1.0eq. Cu(II) 

Star250k-Cu-1.25eq. Single dynamic network with 1.25eq. Cu(II) 

Star250k-Co-0.5eq. Single dynamic network with 0.5eq. Co(II) 

Star250k-Co-0.75eq. Single dynamic network with 0.75eq. Co(II) 

Star250k-Co-1.0eq. Single dynamic network with 1.0eq. Co(II) 

Star250k-ZnCo-0.5eq. Double dynamics network with 0.25eq. Zn(II) and 0.25eq.Co(II) 

Star250k-ZnCu-0.5 eq. Double dynamics network with 0.25eq. Zn(II) and 0.25eq.Cu(II) 

Star250k-ZnCu-1.0 eq. Double dynamics network with 0.5eq. Zn(II) and 0.5eq.Cu(II) 
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Rheometry 

We used a strain controlled ARES (2kFRTN1) rheometer (TA Instruments) with nitrogen/air flow 

convection oven that ensures accurate temperature control (±0.1K). Both linear and nonlinear 

shear measurements were performed with a home-made stainless steel cone-partitioned plate 

(CPP) geometry in order to reduce the effect of edge fracture when fast shear rates are imposed on 

the samples [58–59].  The inner measuring plate diameter was 6mm while the inner diameter of 

the outer ring was 6.2mm and its outer diameter 15mm. The cone diameter was 25mm, its angle 

0.1rad and the truncation 51μm. Different geometries were used in order to test reproducibility and 

accommodate small amounts of sample (inner plate diameter of 4mm). Technical details 

concerning the measurements are discussed in references [59–60], and in the results section below. 

After loading, the sample was annealed for 30 minutes at 130oC to ensure thermal equilibration 

(confirmed by steady moduli values). Then, the temperature was lowered to the measurement 

temperature (25, 40 or 60oC). For each temperature change, sample equilibration was ensured by 

performing a dynamic time sweep (DTS) measurement. The gap was adjusted according to the 

thermal expansion coefficient of the stainless steel tools. An example of DTS is depicted in Figure 

S1a of the SM.  The linear viscoelastic (LVE) regime was determined by means of dynamic strain 

sweep (DSS) measurements at a given temperature and frequency. Subsequently, dynamic 

frequency sweeps (DFS) were performed at a fixed temperature and strain amplitude, well within 

the linear regime, and a frequency range 102-10-2 rad/s. The results were compared with those of 

references [23] and [56] in terms of reproducibility. The horizontal and vertical shift factors are 

those of reference [23] for the same samples. 

Step-rate measurements were performed at different shear rates ranging from 0.1 to 100 s-1, 

corresponding to the regime proceeding terminal response based on the LVE data at the particular 

temperature. Repeat measurements were performed and so were DFS measurements after each 

step-rate test in order to ensure the reproducibility and confirm the good condition of the sample, 

especially following fast flows (see Figure S1b). For each sample, measurements were conducted 

at least at two temperatures with distinct LVE dynamics and ligand exchange mechanism under 

shear. Figure 2 depicts the shear stress growth coefficient (η+) as a function of time for a typical 
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startup measurement of a single dynamic network with 1.0eq. Cu. Initially, η+ increases linearly, 

reflecting linear elastic deformation. This can be appreciated by the coincidence of the data with 

the LVE envelope, i.e., the respective DFS data which have been transformed into shear stress 

growth coefficient data with the help of  the Cox-Merz and Gleissle empirical rules [59]. At higher 

shear rates we observe an overshoot in η+, which is attributed to the collective orientation and/or 

stretching of the chain segments and is followed by flow-induced disentanglement/re-

entanglement and/or bond break-up/re-arrangement . The maximum, which we identify as yield 

point, appears on the (moderately) nonlinear regime and becomes enhanced as the shear rate 

increases, in the strongly nonlinear regime. Finally, η+ reaches steady-state (flow). 
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]
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C

 

Figure 2. Time-dependent shear stress growth coefficient of Star250k PnBA with 1.00eq. Copper (II) at 

60oC. 

 

Differential scanning calorimetry (DSC)  

Thermal measurements were performed on Cu(II) single dynamic networks with 0.5eq., 0.75eq. 

and 1.0eq. of metal ions using DSC 250 (TA Instruments). The samples weighted approximately 
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5mg and they were placed in Tzero holders. Heat capacity was standardized with sapphire while 

temperature and enthalpy calibration were conducted with indium standard. Heating /cooling rate 

was 10 K/min for temperatures ranging from -90 to 120oC. DSC measurements were evaluated at 

the second heating scan. A typical example is shown in Figure S2 for three samples. 

III. RESULTS & DISCUSSION 

 

The combined experimental and modeling study of the linear rheological response unraveled that 

the dynamics of single and double transient networks depend on both topological constrains and 

metal-ligand exchange kinetics [22-23]. As already mentioned, their contributions were quantified 

in the modified TMA by using the fraction of dangling ends (pdang) and the average time duration 

when a sticker is free (pfree). Here, we present start-up shear experiments of the metallo-

supramolecular PnBA networks with the aim to understand the nonlinear properties and how to 

tune them by altering ion type, content and temperature.  

 

 

A. Single lifetime networks 

 

We start with the nonlinear shear response of single ion components which are the constituents of 

the DDNs (discussed in section III. B). The available DSC results with the single dynamic 

networks (Figure S2) indicate that the glass transition temperature, Tg, remains unchanged with 

the addition of metal ions. A secondary weak transition detected in the DSC traces is shifted to 

higher temperatures as the Cu-content increases. In the lack of evidence of clustering for ion 

amounts below 1.0eq. (from WAXS data not shown here [61]) this is attributed to the decrease of 

pdang and the consequent slow-down of the dynamics upon addition of metals. Figure 3 shows that 

the single-ion transient networks do not obey the Cox-Merz empirical rule. In particular, the 

steady-state shear viscosity data lie above the complex viscosity data in the non-Newtonian 

regime. This deviation strongly depends on the stability of the metal-ligand interactions (persistent 

associations over long time), with a more pronounced failure of the Cox-Merz rule observed for 

stronger bonds. Indeed, while the steady-state viscosity of Zn(II) is slightly higher than the 

complex viscosity, the difference becomes more pronounced in the presence of (same amount of) 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.11

22
/8.

00
00

42
9



11 
 

Cu (II) or Co (II). This observation is consistent with reference [23] (see also Figures 4 and 7 

below) where the probability of a sticker to be free (pfree) for 0.5eq. Zn(II) is one order of magnitude 

larger than the one for 0.5eq. Cu (II) at 40oC. 
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Figure 3. Cox-Merz rule representation for single dynamic networks with different (a) associating groups, 

(b) ion content and (c) temperature. Solid lines correspond to complex viscosities and symbols to steady-

state viscosities. Error bars correspond to the size of the symbols. 

Increasing the ion content, i.e., crosslinking density (Figure 3b), by changing the amount of 

available ions while keeping the other two parameters (ion type and temperature) constant, yields 

a stronger discrepancy between steady and dynamic viscosities. This suggests that upon adding an 

excess of ions, the number of dangling ends is reduced and consequently the network becomes less 

dynamic and is characterized by longer relaxation time (similarly to using stronger metal-ligand 

associations which lead to more stable networks). Note however that this is not evident at the 
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highest ion context of 1.0eq., where only a few steady shear data could be obtained (at rates below 

0.5s-1) due to unavoidable edge fracture instabilities despite our efforts. We show this limited 

dataset to mark the limit of our measurement capabilities (still, the Cox-Merz is not valid here). 

The influence of temperature on the nonlinear dynamics can be appreciated by comparing Figures 

3b and 3c. At higher temperature, the ligand exchange mechanism speeds-up and eventually the 

effect of sticker dynamics becomes negligible, leading to validation of the Cox-Merz rule. Further 

experimental evidence is presented in the collective plot of viscosity ratios (Figure S3) at the same 

rate or frequency. Same trend is found for all samples.   

From the shear stress growth coefficient data of the different types of metal ions (Figure 4a), it is 

observed that close to the linear regime, the steady-state shear viscosity increases with increasing 

the lifetime of the metal-ligand complexes. This direct link between steady-state values and 

lifetime of the complexes is further highlighted in Figure 5b below, where all data collapse into a 

master curve when the  stress is plotted against the Weissenberg number (Wi = 𝛾̇ ∙ 𝜏𝑑 ). The latter 

is based on a characteristic time 𝜏𝑑  marking the onset of terminal relaxation in the linear 

viscoelastic spectrum and assigned to the inverse frequency at the moduli crossover. Therefore, 

for associating polymers such as the present telechelic stars, 𝜏𝑑  depends on the probability for a 

sticker to be dissociated [23]. On the other hand, at high shear rates, the steady-state viscosity is 

nearly independent of the metal ion (see Figure 4a). In this regime, the flow dominates and the 

time needed for the molecules to renew their environment is around 1/𝛾̇, whatever the strength of 

the reversible bonds may be. While the steady-state viscosities are similar, we observe that in this 

regime the overshoot of the shear stress growth coefficient strongly depends on the ion type and 

is more pronounced for stronger ions when the samples are deformed at the same conditions, i.e., 

same shear rate, temperature and ion content (Figure 4a). This reflects the enhanced ability of the 

network with stronger metal-ligand bonds to resist deformation before breakup and flow. In this 

context, a weak, albeit unambiguous upward deviation of the stress from the linear viscoelastic 

envelope (shear strain hardening) can be seen in Figure 4a. This is a common feature of associative 

polymers and is attributed to the slow disassociation kinetics of the metal-ligand complexes and 

the related larger resistance of trapped chain segments to detachment from associations [33–39]. 

The weak shear strain hardening seems to be more pronounced when the metal-ligand association 

becomes stronger, at intermediate time window. 
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Figure 4. Shear stress growth coefficient of single dynamic networks with different (a) associations types 

at 40oC and (b) Cu-ion networks with increasing ion content at 60oC. 

 

As shown in Figure 4b, the main features of the transient nonlinear response, i.e., shear strain 

hardening, overshoot of shear stress growth function and steady-state viscosity, appear enhanced 

as the crosslinking density of the transient networks increases. This can again be attributed to the 

enhanced stability of the transient network containing a larger amount of ions [23]. 

The steady-state viscosities of the different samples follow a universal trend when appropriately 

normalized (see Figure S4). It is found that for all types of ions and different stoichiometric 

amounts, the normalized steady-state viscosity (by the product of plateau modulus GN
0 and 𝜏𝑑) 

data collapse onto a universal curve when plotted against Wi, with a thinning slope of -0.76, at 

40oC and 60oC. This slope is slightly higher compared to the  respective value (-0.67) reported in 

the literature for entangled star polymers [62]. This is attributed to the broader range of 
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Weissenberg numbers reached with the dynamic networks, likely due to the interplay between 

disentanglement and breaking/re-association of bonds. In fact, the present data of the reference 

sample do not exceed a Wi value of 2.5 in Fig.S4, where the ultimate slope of -0.76 has not been 

reached.  
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Figure 5. (a) Stress growth function overshoot and (b) Steady-state stress values as a function of the 

Weissenberg number for the reference sample and the single-ion networks at temperature 40oC and 60oC. 

The (common) legend is split in the two plots. See also respective viscosity plot of Figure S4. 

As shown in Figure 5, both yield stress and steady-state stress superimpose when plotted as a 

function of Wi. The ability to build these master curves suggests that the shear properties of the 

transient networks are governed by the dynamics of the reversible stickers, which dictates how fast 

the star arms can move and disentangle/re-entangle. The overshoot is related to the 

orientation/stretching of the arms and the breakage of the dynamic bonds (see Figure 4). The 

steady-state stresses of the different samples as a function of Wi (Figure 5b) follow a universal  

slope of 1 for Wi<1, reflecting the predominance of terminal star-arm dynamics (taking place at 

the rhythm of the association/dissociation of the stickers). The slope becomes weaker (reaching a 

value of 0.24) at Wi>1, signaling the predominance of flow-induced disentanglement of the star-

arms (for example, by convective constraint release). This is consistent with the results of Figure 

4, which indicate that at high shear rates the steady-state viscosity is far less sensitive to the 

dynamics of the transient bonds.   
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In order to further highlight the relative resistance to deformation of the transient networks, Figure 

6 depicts the shear stress growth function, shifted by a factor which is the ratio of steady-state 

stresses, 
𝜎𝑠𝑡,𝐶𝑢

𝜎𝑠𝑡,𝑍𝑛,𝐶𝑢,𝐶𝑜(𝛾̇)
 , as a function of relative strain, for different association strengths (metals) 

and amounts of ions. In this figure, the data of sample Star250k-Cu-0.5eq. (𝜎𝑠𝑡,𝐶𝑢) are taken as 

reference. The proposed shifting is motivated by the universal behavior of the steady-state stress 

versus Wi (see Figure 5b), which implies that in the steady-state regime, a sample characterized 

by a relaxation time 𝜏𝑑 and deformed at a rate 𝛾̇ behaves similarly to the reference sample, if the 

latter were deformed at an effective rate of  
𝜏𝑑

𝜏 𝑑,0.5𝑒𝑞 𝐶𝑢
𝛾̇ . In other words, 𝜎𝑠𝑡,𝑍𝑛,𝐶𝑢,𝐶𝑜(𝛾̇) =

𝜎𝑠𝑡,𝐶𝑢 (
𝜏𝑑

𝜏 𝑑,0.5𝑒𝑞 𝐶𝑢
𝛾̇). Therefore, in order to compare the viscoelastic response of a given sample 

with respect to that of the reference sample Star250k-Cu-0.5eq., we shift the shear stress growth 

function data (of samples containing Co (II) or Zn (II) ions) to compensate for their different 

effective rate (or equivalently, different dynamics), in a similar way the LVE data are shifted to 

build a master curve at a reference temperature [23]. This figure depicts data for three characteristic 

shear rates to facilitate the discussion. The complete dataset is depicted in Figure S5. 

We observe that the overshoot of the shear stress growth function (which we call static yield stress) 

increases with shear rate and is higher for stronger networks (based on cobalt, Figure 6a) or larger 

degree of crosslinking (Figure 6b), in good agreement with the significant increase of the activation 

energy for breaking the associations, as  quantified in the linear dynamics study of these networks 

[23]. We also observe that with the most stable complexes, at high shear rates and at 40°C (Figure 

6a), the  shear stress growth function displays a broad overshoot, whose peak is delayed compared 

to the network containing Zn(II) ions. The shape of the overshoot of the latter network is similar 

to that of an entangled star polymer, with a maximum appearing immediately after the elastic 

regime of deformation and the respective strain reaching a value of about 2 (see Figure 8 below). 

While in the presence of Cu(II) or Co(II) ions, the shear stress growth function starts to bend at a 

similar strain value as with the Zn(II) network, it increases further to reach a maximum at a strain 

of around 6 (as discussed below, see Figure 8). Hence, the regime extending from the bending of 

the shear stress growth function to its steady state is distinct for each metal. This suggests that 

these networks are able to sustain much larger deformation before breaking, presumably because 

of the larger strength of their supramolecular bonds: while the shifted curves of Figure 6 account 
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for the different overall dynamics of the reversible junctions, which governs the steady-state stress 

(the steady-state data collapse), they do not account for the different strength (or ability to resist to 

a deformation) of the metal-ions complexes.  Once broken under shear, the reversible bonds have 

the ability to re-associate and thus, a higher steady-state viscosity is reached (see failure of the 

Cox-Merz rule). Depending on the strength of the metal-ligand association and degree of re-

association, a weak second overshoot might appear at longer times and higher shear rates.  
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Figure 6. Shifted shear stress growth function versus shifted strain (with respect to a reference value, see 

text) of single dynamic networks with (a) different association types at 40oC and (b) Cu-ion networks with 

varying crosslinking density at 60oC. 

The delay of the maximum in shear stress growth function depends on temperature. This is 

observed in Figure 6b, which shows that when the network containing 0.5eq. Cu(II) is heated at 

60°C, the maximum disappears (at 1 and 10 s-1) or is shifted to a lower yield strain (at 100 s-1). It 

is also observed that increasing the amount of ions reinforces the network (enhanced overshoot) 
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and decreases the proportion of dangling ends (larger elasticity at short time), in agreement with 

the analysis of the linear viscoelastic properties of these samples [23]. 

The analysis of the shape of the shear stress growth function overshoot can also provide additional 

insights about the recombination of bonds that break at the yield point. Increasing the ion content 

leads to a change in the shape of the overshoot (Figure S6a, b). This conforms to the larger stress 

overshoot and implies enhanced elastic deformation before break, hence faster recovery. Actually, 

the broadness of the overshoot (expressed as the width at half height) does not seem to strongly 

depend on ion content but it does depend on the imposed shear rate, suggesting that the flow-

induced break-up of bonds affects the structure and possibly the homogeneity of the transient 

networks (Figure S6c).  
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Figure 7. Fractional viscosity overshoot as a function of Weissenberg number for all dynamic networks, at 

two different temperatures (40oC and 60oC). The slope is consistent with those of shear stress growth 

function and steady-state stress in Figure 5.  

 

The fractional viscosity overshoot is plotted against the Weissenberg number in Figure 7 for the 

single dynamic networks at different compositions and temperatures. As expected from Figure 6, 

we can observe that virtually all data collapse. Fractional viscosity overshoot may be thought of 

as a measure of mechanical coherence (extend of deformation exceeding its steady-state value), 

hence the investigated samples are similar in this respect when compared at the same Wi. The 
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present networks seem to exhibit an enhanced mechanical  coherence (slope of 0.16) compared to 

entangled star polymers without stickers (slope of 0.05) consistent with the limited data of the 

reference sample, while they exhibit a larger yield stress [62]. When the shear rate increases, the 

sticker dynamics (and subsequent diffusion of the stars) becomes slow compared to  1/𝛾̇ . 

Therefore, the transient network does not have time to reorganize its configuration in flow, and 

consequently it deforms and stretches, leading to a larger fractional viscosity overshoot. The faster 

the network is deformed, the larger the deformation before break, hence the larger is the overshoot.  

Interestingly, the analysis of the strain at the overshoot, γmax (which we call hereafter yield strain), 

as a function of Wi (Figure 8) reveals that it is independent of Wi.  This threshold value of 

(saturated) elasticity, beyond which the network breaks, characterizes in general yield stress 

materials, which flow under mechanical load [63]. Accumulation of strain indicates that a certain 

fraction of the bonds remains unchanged during deformation, up to the yield point. As already 

mentioned, for networks formed by weaker Zn(II) ions, such strain accumulation is not observed 

as the bis-complexes do not resist flow appreciably.  Indeed, the experimental data show that the 

weakly associated networks exhibit a predominantly polymeric response, characterized by 

segmental orientation (as per Doi-Edwards) and then chain stretching at Wi>1 with a slope of 0.33 

for entangled polymers [64], similarly to the behavior of the reference sample. Interestingly, the 

weakest network with largest fraction (1.0eq.) of Zn(II) ions exhibits a stronger Wi-dependence. 

However, the data are too limited to draw more definite conclusions at present concerning the 

possible interplay of chain (star arm) stretching and association/dissociation exchange. It should 

be noted that the stronger networks with saturated γmax of about 6, also contain a small fraction of 

network strands which are not trapped (with metal-ligand associations) and are unable to sustain 

high deformations. However, they do not dominate the response of these networks.  
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Figure 8. Strain at overshoot (yield) as a function of the Weissenberg number for all single transient 

networks and the reference sample at 40oC. The solid line indicates the 2.3 Doi-Edwards value and the line 

with 0.33 slope observed for entangled neutral polymers at high Weissenberg numbers due to stretching. 

The weaker Zn-ions are indicated by open symbols. The reference (neutral) sample is marked by “X”. 

 

Previous studies found the yield strain to increase logarithmically with shear rate in dynamic 

networks [40–42]. Skrzeszewska et al. [43] modeled this response by accounting for enhanced 

bond rupture kinetics with shear rate. On the other hand, strain accumulation up to its maximum 

has been observed in the numerical studies of Koga and co-workers, who used the non-affine 

transient network theory to explain the nonlinear shear rheology of self-assembled telechelic 

polymer solutions [37].  These solutions exhibited shear strain hardening and a virtually constant 

maximum strain accumulation. The latter was attributed to two factors, the coupling between 

disassociation rate and chain tension (which is a measure of how easily chains are effectively 

detached from the micelles formed by self-assembly, hence it involved chain tension) and the chain 

nonlinearity (its departure from Gaussian conformation, which reflects eventual chain stretch). It 

turns out that the combination of these factors resulted in a very weak dependence of γmax on Wi, 

as observed with our system.   
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B. Double lifetime networks 

 

The shear stress growth coefficient of DDNs with Zn and Cu at 0.50eq. and 1.0eq. contents is 

depicted in Figure 9 at selected shear rates and temperature. The use of CPP enables reliable 

measurements at high shear rates, as confirmed by the reproducible linear viscoelastic 

measurements after each shear transient test (see also Figure S7). 

 

 

10
-2

10
-1

10
0

10
1

10
3

10
4

10
5

100s-1

10s-1

1s-1

LVE

T
ref

=40
o
C

Zn-Cu DDN [  0.5eq,   1eq.]

 

 


+
 [
P
a
s
]

t [s]
 

 

Figure 9. Comparison of shear stress growth coefficient data at the same rates and temperature for double 

dynamics network based on Cu and Zn groups with 0.5eq. (squares) and 1.0eq. (circles) ion content. The 

vertical arrows indicate the two overshoots (see text).  

 

Similarly to the case of single lifetime networks (Figure 4), increasing the crosslinking density by 

adding an excess of metal-ions in the double dynamics networks enhances the steady-state 

viscosity at the same shear rate. This is consistent with the longer relaxation time of the double 

dynamics network containing 1.0eq. ions [23], or equivalently with their higher complex viscosity 

(Figure S8). It is also in agreement with the fact that the steady-state stress, which depends on Wi 
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(see also Figure 6b), is governed by the sticker dynamics. However, contrary to the single dynamic 

networks, which exhibit a yield strain value of either 2 or around 6, independently of the amount 

of ions (Figure 8), we see here an enhancement of the shear stress growth coefficient signal, with 

its maximum being shifted from a strain value of 2 with 0.5eq. ions to 6 with 1.0eq. ions (Figure 

S9). Based on the compiled data of Figure 8, this suggests that the viscoelastic response of the 

blends shifts from a Zn(II)-dominated network to a Cu(II)-dominated network with increasing the 

amount of ions and shear rate. It is also observed that the shear strain hardening at 10s-1 appears to 

be stronger for the double dynamics network with higher crosslinking density, similarly to the 

Cu(II) single dynamic networks, which has a more pronounced strain hardening compared to 

Zn(II) (Figure 4a). From the viscoelastic data of the two samples, same conclusions can be drawn 

(Figure S8). Actually, the magnitude of the activation energy for the double dynamics network 

with 1.0eq. of Zn-ions and Cu-ions is nearly identical to that of the respective single dynamic 

network with Cu-ions [23]. However, despite the fact that with 1.0eq. amount of ions the double 

dynamics network behaves akin to the single dynamic Cu(II) network, we remark that the latter 

could not be sheared at rates above 0.32s-1 (it could not resist larger deformation, see Figure 3b),  

while on the contrary, the double dynamics network could be deformed up to very high shear rates 

and eventually flow (Figures S9,S10). This suggests that the addition of weaker ions within the 

Cu(II) network brings the necessary local mobility (analogous to the so-called sacrificial bonds), 

so that the network can quickly adapt to a large deformation, while the presence of Cu(II) ions 

ensures the sample to keep its larger coherence (or resistance to deformation), with a yield strain 

of 6. Hence, the double dynamics reflect a dynamic coupling of the weakly and strongly 

associating components. There seems to be an interesting qualitative analogy with the mechanism 

of DN deformation put forth by Gong et al. [46, 52], according to which one network is more 

vulnerable to stretching (sacrificial),  with the other network being more resistant, hence providing 

large deformability and coherence to the overall material [47]. In the present situation, instead of 

covalent bonds, the ‘stiff’ component of the DDNs forms stronger (reversible) bonds. Such an 

approach has been reported so far for hydrogels with self-healing properties [54–55], but not in 

the context of transient shear rheology in the melt state. On the other hand, the weaker single 

dynamic Zn(II)-complexes break macroscopically when deformed at a rate of 177s-1 or higher, i.e., 

much before the DDNs.  
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Figure 9 also shows that a second weak overshoot (indicated by arrow) emerges in the shear stress 

growth coefficient signal in the strongly nonlinear regime (100s-1). The unambiguous appearance 

of two overshoots is confirmed by careful account of different experimental issues, repeat 

measurements and the reproducible linear viscoelastic measurements following the nonlinear tests 

(see Figures S1b and S8). The first overshoot is very similar to that of the single dynamic networks, 

while the second overshoot reflects predominantly the response of the Cu(II)-ion complexes. In 

the presence of stronger metal-ligand complexes, the chain segments can deform substantially 

more than those associated with the (sacrificial) weaker Zn(II) complexes (however, this depends 

on the ion content as discussed below). 
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Figure 10. Shifted shear stress growth function versus shifted strain (as in Figure 6) of single dynamic 

supramolecular polymers and the resulting double dynamics network with 0.50eq. [Zn (II) + Cu(II)] at 

40oC. 

 

Figure 10 is equivalent to Figure 6 and examines the relative resistance of the double dynamics 

networks to deformation by comparing the shifted shear stress growth functions of the DDN with 

its respective single dynamic networks, at 0.5eq. ions. It can be observed that the steady-state 

response of all networks is virtually identical at low rates (1s-1). With increasing shear rate to 10s-

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.11

22
/8.

00
00

42
9



23 
 

1, the DDN response remains similar to that of the single dynamic Zn(II)-network (see also the 

original, unshifted data of Figure S9), however that of the Cu(II)-network becomes distinct. This 

is more evident at the highest shear rate (100s-1) where at intermediate relative strains (between 

the two overshoots) the DDN data are between those of the two single dynamic networks. In fact, 

with increasing shear rate the appearance of the weak second overshoot becomes evident (see also 

Figures 9 and S9a). Concerning the first overshoot at 100s-1, the respective value of the shifted 

strain for the DDN is about 3, very similar  to that of the Zn(II)-network and smaller than that of 

the Cu(II)-network (6). However, the DDN overshoot is much broader (see Figure S11). This 

behavior is also consistent with Figure S9. Comparison of Figures 10, S7a, S9 and S10 suggests 

that at higher ion content, the stronger and longer-living Cu(II)-complexes dominate over the 

weaker Zn(II)-complexes and the response of the double dynamics network resembles that of the 

single dynamic Cu(II)-complex network, however with weaker shear stress growth function (see 

Figures S9b and S10 for 1.0eq.). In this respect, the weaker Zn-ion component is indeed sacrificial 

at sufficiently high ion content. The emerging nonlinear behavior of the DDNs is consistent with 

the analysis of their linear viscoelasticity. Indeed, it was revealed quantitatively that the delay of 

the arm disentanglement induced by the dynamics of the reversible junctions (and taken into 

account with the parameter pfree) for DDNs comprising Zn-ions and Cu-ions, gradually shifts from 

a delay similar to single dynamic Zn-ion network towards that of the single dynamic Cu-ion 

network with increasing ion content [23].  

Concerning the emergence of a second overshoot in the stress growth function at high shear rates, 

the interplay of association strength and chain deformation in a broader sense, discussed in the 

context of single dynamic networks [37] seems to be at the origin of the observed response. We 

speculate that the two groups with different strengths contribute to two distinct dynamic processes 

that govern the overall rheological signal of the double dynamics network. In this context, we 

recall that comb polymers exhibiting hierarchical relaxation starting with branches, followed by 

backbone [65], and binary non-associating entangled polymer melts with two different relaxation 

modes [66] were found to exhibit a second overshoot in the shear stress growth coefficient at large 

shear rates. Concerning the latter, polystyrene solutions with bimodal molecular weight 

distributions studied by Osaki and co-workers exhibited a double overshoot when the stretch time 

(identified by the Rouse relaxation time) of the larger component exceeded the terminal time of 
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the shorter one [67]. In analogy to that result, we remark that the second overshoot in DDNs 

emerges after steady-state stress following the first overshoot (Figures 9, 10, S9). 

The validity of the Cox-Merz rule depends on ion content and temperature. For example, the rule 

is validated for DDNs with 0.5eq. of Zn-ions and Cu-ions at 60oC, but not at 40oC or for 0.5eq. of 

Zn-ions and Co-ions at 60oC. However, the discrepancy between dynamic and steady-shear data 

is weaker for these DDNs when compared to respective strong single components (Figures 3 and  

S8). We attribute this to the fact that DDNs have the weaker component (Zn-ions) whose respective 

weak single dynamic network obeys the Cox-Merz rule.  

The combination of DDN properties pertaining to fractional viscosity overshoot (with much 

stronger dependence on Wi compared to single dynamic networks) and shear thinning behavior 

(Figure 11) suggests their enhanced mechanical coherence and deformability (see strong 

dependence on Wi with slope of 0.24). Judicious choice of the ions provides possibilities to tailor 

the mechanical properties in this class of materials.  
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Figure 11. Normalized steady-state shear viscosities (a) and fractional viscosity overshoot (b) as a function 

of the Weissenberg number for DDNs made of Zn-ions and Cu-ions.  The data of the respective single 

dynamic network components are also shown in the plots.  

 

The above discussion renders a comment on the presence of dangling arms (free ligands) 

necessary. This important point was addressed in the context our modeling analysis of the linear 

viscoelasticity of the DDNs [23].  In that work, the proportion of dangling ends was estimated 

from the value of the rubbery plateau modulus. A large fraction of dangling ends was found, which 

decreased when the amount of metal ions increased from 0.5eq., 0.75eq., 1.0eq., to 1.25eq.. This 

result was validated by comparing the FTIR absorption spectrum of the reference sample 

(Star250k-tpy4) to that of a pure, unfunctionalized linear PnBA (with weight-average molar mass 

Mw = 26kg/mol), which led us to assign the absorption bands corresponding to the vibrations of 

the terpyridine groups [68–69] and determine the proportion of associated versus free terpyridines. 

In fact, even at 0.75eq. of metal ions, i.e., above the stoichiometric amount for Zn(II), the presence 

of non-coordinated ligand was identified, consistently with the assumption of the presence of 

dangling ends. We believe that the combination of very large molar mass of the star molecules 

used here and very low amount of metal ions explains the presence of free ligands in our networks 

at stoichiometric conditions (or slightly beyond). Clearly however, the more ions are added into 

the system, the less significant is the fraction of these unassociated arms. 

Finally, a note on the possible use of UV titration tests to determine the proportion of metal-ligand 

complexes is in order. This technique can indeed be used to detect the formation of the metal-

ligand complexes. In fact, the degree of functionalization of telechelic four-arm Star250k-tpy4 was  

assessed by UV-visible titration with metal cations (Fe2+, which gives rise to a strong absorption 

in the visible region), which yields a functionality of 97±3%, suggesting that almost the entirety 

of the chains are end-functionalized with the terpyridine group [61]. However, the proportions of 

metal-ligand complexes determined from the equilibrium constants are of qualitative value only 

since they were obtained in solution. Moreover, in the melt state the star molecules are entangled, 

their mobility is largely reduced compared to solutions, and this also affects the 

association/dissociation dynamics of the metal-terpyridine complexes [23].   
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CONCLUSIONS 

The detailed experimental investigation of the nonlinear shear response of single and double 

dynamics networks based on different metal-ligand associations has revealed a number of 

interesting features. The single dynamic networks do not obey the Cox-Merz rule, with this failure 

being more pronounced for stronger associations, exhibit shear thinning viscosity which is weaker 

than that of entangled neutral polymers (having a universal shear thinning exponent of -0.76), weak 

shear strain hardening and substantial mechanical coherence (enhanced fractional viscosity 

overshoot and stronger shear rate dependence compared to neutral polymers). The shear stress 

growth function is characterized by an overshoot which is enhanced with increasing strength and 

concentration of bonds as well as shear rate, while a second weak overshoot appears at high rates 

and higher ion content. 

 The double dynamics networks exhibit similar features to the single dynamic networks, but with 

some notable quantitative differences: less pronounced failure of the Cox-Merz rule, enhanced 

mechanical coherence, larger accumulated strain in steady-state flow, same universal shear 

thinning viscosity, stronger shear strain hardening that is further enhanced at high shear rates, and 

double overshoot reflecting the distinct contributions of the individual metal-ion complexes. These 

properties of the double dynamics networks by be rationalized by invoking the concept of 

sacrificial bonds, put forth in the context of double networks comprising one permanent and one 

dynamic network at sufficiently high ion content. In this respect, the sacrificial component of the 

DDNs is that with the weaker bond (Zn-ions), which provides local energy dissipation and 

enhances the overall deformability of the material.  Further, the fact that the nonlinear shear 

properties of DDNs appear to interpolate between the respective properties of the two constituents 

reflects similarities with their linear viscoelastic response. The latter is characterized by a delay of 

arm disentanglement due to the reversible bonds, which has been shown to effectively interpolate 

between the two single dynamic network components, depending on composition.  

Ion content, strength of associations and temperature (which affects the strength) are the key 

parameters influencing the nonlinear rheology of these metal-ligand networks over a wide range 

of Weissenberg numbers covering three decades. In addition, the molar mass and macromolecular 

architecture of the polymeric precursor should play a crucial role in tailoring properties, but this is 
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not addressed in the present study. Hence, the present dataset provides possibilities to tailor the 

rheology of this class of polymeric network materials by choosing or altering the ions type and 

content.  
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Data analysis of single (Figure S3, S4, S5,S6) and double dynamics networks (Figure S7, 

S8,S9,S10) 

 

 

Metal-Ligand binding constant: 

 

Table S1 lists the theoretical binding constants for forming mono- and bis-terpyridine complexes 

for the three transition metal ions studied. Although these parameters constitute a good indication 

of thermodynamic and kinetic equilibrium, they correspond to different conditions, i.e., ion-

terpyridine association and dissociation in water at 25oC. 

 

Table S1. Binding constants for formation mono-complexes, K1 and bis-complexes, K2, along with the 

association and disassociation constants. Taken from [22, 61]. 

 
K1 [M-1] K2 [M-1] β=Κ1∙Κ2 

Zn(II) 106 105.2 1011.2 

Cu (II) 1012 106 1018 

Co (II) 108.4 109.9 1018.3 
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Rheometry: 

 

The temperature equilibration of the sample before linear and nonlinear shear measurements was 

followed by Dynamic Time Sweep tests with constant strain amplitude. In addition, Dynamic 

Frequency Sweeps were conducted between different step-rate tests in order to ensure reproducible 

steady-state conditions and exclude flow-induced, changes in the linear rheological response. 
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Figure S1. (a) Dynamic time sweeps for temperature equilibration of Star250k+0.5 eq. Cu (II). (b) Dynamic 

frequency sweeps after step-rate tests (rates indicated in legend). The storage modules is represented with 

filled symbols and the loss modulus with unfilled symbols. 
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Differential Scanning Calorimetry:  

 

Differential Scanning Calorimetry (DSC) traces are reported in Figure S2 for Cu-type networks 

with increasing ion content. The glass transition temperature (Tg) remains reasonably unchanged 

(± 1oC) for the three samples. On the other hand, the second weak transition is related to ligand 

exchange mechanism that appears to slow-down as the crosslinking density of the dynamic bond 

increase. 
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Figure S2. Top: DSC second heating curves of Star250k networks with different amounts 0.5eq., 0.75eq. 

and 1.0eq. of Cu (II) with rate 10K/min (traces are shifted vertically for clarity). Glass transition (-60oC) 

and the secondary transition are evaluated as the midpoint using TRIOS software.  Bottom: Respective 
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DSC curves of Star250k networks with 0.5 eq. of different metal ions, as indicated in the legend. The 

reference sample is also included. 

 

Table S2. Glass transition temperatures for networks based on Star250k with 0.5eq. and different metal 

ions (the reference sample is also included). 

Sample Tg [°C] 

Star250k -52 

Star250k+Zn -51 

Star250k+Cu -51 

Star250k+Co -51 

Star250k+Ni -51 

 

 

Data analysis of transient measurements of single and double dynamics networks. 

 

The ratio of the steady-state to complex viscosity is plotted for all single transient networks in 

Figure S3. The comparison is made at the same rate and frequency, respectively. This ratio is 

higher than unity which corresponds to the extent of failure of the Cox-Merz rule. The latter is 

common feature (not necessarily universal) of associative polymers. 
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Figure S3. Viscosity ratio as a function of ion content for different ion-ligand strengths and temperatures 

at ω = γ̇ = 10s−1. Dashed line represents extraplotation of 1.00eq. Cu data at 40oC (measurement was not 

possible due to macroscopic failure of the sample).  

 

The steady-state shear viscosities are normalized with complex viscosity, η0 = GN
0  τd, where GN

0 

is the experimental determined plateau modulus, extracted from the minimum of tanδ, and τd  is 

the experimentally determined longest relaxation time from the low-frequency moduli crossover 

at the same reference temperature. These data are plotted against the Weissenberg number (Wi = 

𝛾̇𝜏𝑑 ). 
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Figure S4. Normalized steady-state shear viscosities as a function of the Weissenberg number for the 

reference sample and the single ion systems as a temperature of 40oC and 60oC (resulting in a thinning slope 

of -0.76). Error bars are at the size of the symbols. 
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Figure S5. Shifted shear stress growth function versus shifted strain (with respect to a reference value, see 

text) of single dynamics networks with different association types at 40oC. Three selected rates are shown 

in Figure 6 of the main text.   
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In order to compare the broadness of the peak for Cu-type dynamic networks with increasing ion 

content, the shear stress growth function is normalized with the overshoot values. The broadness 

(Δt/tmax) is estimated as the width at half-height of the peak.  
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Figure S6.  (a) Normalized shear stress growth function for Cu-type transient networks with different ion 

content at 10s-1. (b) Similar data at 100s-1. (c) Width at half height of overshoot for Cu-type transient 

networks 40oC with different ion content at rates 10s-1, 17.78 s-1 and 100s-1. 
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Figure S7. Transient (a) and dynamic measurements (b) for supramolecular double dynamics networks 

with 1.0eq. [Zn + Cu] at 40oC.  

 

The failure of the Cox-Merz rule for double dynamics networks is weaker than the corresponding 

single network components (Figure 3 of main text). Double dynamics appear to eliminate breakage 

of the longer and stronger metal-ligand complexes due to the (sacrificial) weak component. 
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Figure S8. Cox-Merz rule for supramolecular double dynamics networks with (a) 0.5eq. [Zn + Cu] at 40oC, 

(b) 1eq. [Zn + Cu] at 40oC, and (c) 1eq. [Zn + Cu] at 60oC, along with the corresponding single network 

components. 
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Figure S9. Shear stress growth functions of single and double dynamics networks based on Zn-ions and 

Cu-ions, at 40oC and different rates (indicated in the legends), for different ion amounts: (a) 0.5eq. and (b) 

1.0eq. 
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Figure S10. Shear stress growth functions of single and double dynamics networks based on Zn-ions and 

Cu-ions at 60oC and different rates. 
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Figure S11. (a) Normalized shear stress growth function for single and respective double dynamics 

networks with 0.50eq. [Zn (II) + Cu(II)] at 10s-1. (b) Similar data at 100s-1. (c) Evolution of peak broadness 

with shear rate for double dynamics network with 0.50eq. [Zn (II) + Cu(II)] at 40oC. 
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