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ABSTRACT:

We study the linear viscoelastic properties of polymeric networks formed by poly(n-butyl acrylate)
telechelic stars end-capped with 2,2:6,2”-terpyridine (Star-PnBA-tpy4) and two types of metal-ligand
crosslinks with different lifetimes. The influence of interactions, mediated by temperature, nature of
metal ions and ion content, on the linear viscoelastic behavior of both single and double dynamics
transient networks is systematically investigated by small amplitude oscillatory shear and creep
rheometry. The experimental results reveal that the dynamics of networks with two different metal-
ligand crosslinks is much faster than expected, characterized by the average sticker lifetime rather than
a discrete contribution of each metal-ligand complex. We model the dynamics with the help of our

modified tube-based time marching algorithm (TMA) by accounting for both association/dissociation
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dynamics of metal-ligand coordination and the entanglement dynamics. Two parameters are defined
in the model, namely, the proportion of dangling ends and the average time during which a sticker is
free. This allows us to quantify the transient dynamics of the network, and in particular to determine

how the sticker dynamics depend on temperature and ion content.

I. INTRODUCTION

The use of supramolecular interactions including metal-ligand coordination', hydrogen bonding’~,

10,11 12,13

ionic™"" and hydrophobic interactions' ="~ plays an important role for the rational design of polymeric
materials with desired properties. However, this requires first to understand the underlying relationship
between supramolecular dynamics and bulk material properties. To this end, a variety of functionalized

14-16 or transient networks,

polymeric building blocks has been used to create polymeric self-assemblies
including telechelic linear or star building blocks and polymer chains with pendant groups along their
backbone, i.e., sticky chains. In these materials, the lifetime of supramolecular junctions can be
controlled in several ways, for example by adjusting the nature of the reversible junctions or of the
metal ion in case of metal-ligand coordination, using a mixture of multiple physical crosslinks within
the material as well as altering external conditions, such as temperature, solvent and pH, to finely
modulate the sample properties. It has been shown that the dynamic nature of reversible interactions
is central to the mechanical properties of associating polymers, since it controls the evolution of
structure and viscoelasticity in response to environmental changes. This is illustrated, for example, in
the work of Mozhdehi et al.,!” who showed that it is possible to simultaneously control the coordination
geometry, the topology of the networks and the time response of imidazole-containing polymers by
using dynamic associations of weak mono-dentate ligands with either Co(Il) or Zn(II) or Cu(II) ions.

In particular, the authors showed that the mechanical properties of these transient networks are

correlated with the ratio of metal ions to ligand, as well as the presence of unbound free ligands.!’



Since the properties of supramolecular polymeric networks depend greatly on the stickers, a new
strategy has emerged recently, which consists in utilizing multiple noncovalent interactions to tailor
their viscoelasticity. In this direction, Loveless et al. combined different Pd(II) and Pt(Il)
organometallic crosslinkers within a poly(4-vinylpyridine) polymer, and obtained a material with
distinct individual contributions of each type of cross-linker to its viscoelastic properties, rather than
an average of the contributing species.'®!® Guillet et al. introduced a strategy combining block
copolymers and metal-ligand associations to engineer highly tunable and hierarchical supramolecular
networks.?’ Similarly, Brassinne et al. reported on the combination of hydrophobic interaction and
metal-ligand coordination through the synthesis of terpyridine end-functionalized polystyrene-block-
poly-(N-isopropylacrylamide) block copolymers. In the latter approach, discrete linear responses and
multistep yielding were observed by varying metal ion nature and the length of hydrophobic
segments.?! Nair et al. reported on the synthesis of side-chain-functionalized polymers using both
hydrogen bonding and metal-ligand interactions to obtain multi-responsive networks exhibiting both
thermo- and chemo-responsiveness. In this work, ligand displacement agents were selectively utilized
to de-crosslink either the hydrogen bond physical crosslinks or the metal-ligand coordination,
respectively.?? Narita et al. studied the dynamics of double crosslinked poly(vinyl alcohol) (PVA) gels
which combine chemical and physical crosslinks. They showed that these systems display peculiar
dynamics at intermediate frequencies, characterized by G'=G"~»’°, providing evidence of an
associative Rouse mode governed by the association dynamics of the reversible PVA-borate ion
complexation in this chemically crosslinked hydrogel.?®> Similar behavior was observed by Yang et
al.?*, who studied the viscoelastic properties of interpenetrated transient polymer networks with
different lifetimes, due to the different nature of the supramolecular junctions. Grindy et al. tuned the
dynamics of a 4-arm poly(ethylene glycol) end-functionalized with a histidine moiety (4PEG-His) by
incorporating two different pairs of metal ions, either Ni(II)/Zn(II) or Ni(II)/Cu(Il), into the telechelic

star polymer. By varying the ratio of the two transient crosslinks, multiple energy-dissipating behavior



was obtained.? In addition, many studies focused on enhancing macroscopic properties of double
crosslinked systems including self-healing, shape memory, toughness, stretchability and resistance to

fatigue.26-28

Thus, the use of diverse but highly specific crosslinking dynamics has been shown to provide a means
to engineer materials with complex viscoelastic behaviors and mechanical properties. To build these
transient networks, metal—ligand crosslinks are particularly interesting since they offer a suitable way
to tune both structural and temporal parameters by careful selection of the ligand and the metal ions
without significant synthetic modifications of the polymer backbone. Most of the above-mentioned
investigations concerned double dynamics networks which were unentangled and examined in solution.
Furthermore, the majority of those works were conducted with a stoichiometric amount of ions.
However, as concluded by Mozhdehi et al.!’, the presence of unassociated ligands in the material can
also play a critical role in the viscoelastic response of the material as they can accelerate the stress
relaxation by ligand exchange mechanism. Therefore, by varying the ion content, the fraction of
dangling ends is expected to vary, which should influence the stress relaxation of the transient network.
In the present work, we shall quantify the proportion of dangling ends as function of the amount of

metal ions, and rationalize their influence on the relaxation of the transient network.

As the dynamics of the noncovalent interactions is controlled by the thermodynamics and kinetic
parameters, equilibrium binding constants of the metal-ligand complexes can be used to explain the
formation of the supramolecular junctions. For example, Grindy et al. estimate the concentration of
Histidine: Ni*" complexes with increasing ion content based on the corresponding equilibrium
constants, which is correlated with the static elasticity of the resulting tetra-arm poly(ethylene glycol)

1.31

hydrogels.”® Another example are the works of Fullenkamp et al.*® and Cazzell et al.®!, where the

equilibrium constants as function of pH were used to determine the concentration of each species in



hydrogels networks. However, it is not straightforward to relate the equilibrium constants in solution
to the viscoelastic behavior of the resulting polymer networks in the melt. Moreover, when two metal
ions are used to create a double dynamics network, assessing their relative priority to coordinate with
a ligand represents a challenge. This is presently not fully understood on the basis of simple
thermodynamic and kinetic arguments related to the metal ligand complexes, especially when the ions
are added in excess. Another parameter which may influence the dynamics of the supramolecular
interactions is the mobility of the building blocks, i.e., their ability to diffuse and create new

supramolecular junctions.?*3?

In particular, if the building blocks are long and entangled, their
diffusion is strongly slowed down, which may significantly affect the properties of the transient
network.*> Therefore, understanding the interplay between entanglements and supramolecular
dynamics is of prime importance.

The goal of the present work is to address the above challenges by systematically investigating the
dynamics of metallo-supramolecular networks built from entangled telechelic star polymers, and
determining the influence of two different metal ions in the network. We expect to improve our ability

to tune the dynamics of such complex transient networks and also understand the interplay of dynamics

of stickers and entanglements.

Our supramolecular system comprises entangled telechelic poly(n-butyl acrylate) stars end-capped
with 2,2:6,2”’-terpyridine at each chain(arm) extremity (Star-PnBA-tpy4). Their synthesis has been
described in a previous study.>** In order to form tpy-M>" complexes, divalent transition metal ions
are added. Here, the single/double dynamic networks of Star-PnBA-tpy4 are built via adding Cu(II)
and/or Zn(Il). The linear viscoelastic behavior of single- and double- dynamics networks is
systematically investigated by small amplitude oscillatory shear measurements, complemented by
creep measurement where needed, at different temperatures, ion type and ion content. The synergistic

effect of entanglement dynamics and association/dissociation events of the metal-ligand complexes is



assessed. To this end, we modify our TMA (time marching algorithm)**37 tube model, in order to

account for these different dynamics.

II. EXPERIMENTAL SECTION

Materials. Terpyridine end-functionalized telechelic four-arm stars (M,=249kg/mol, PDI=1.2) were
synthesized via reversible addition-fragmentation chain-transfer (RAFT) polymerization in bulk
conditions.*** Their glass transition temperature is around -52°C.>* The number of the entanglement
per arm is 3.4, which is calculated with M.=18kg/mol. The chemical structure on the precursor sample

is given in Figure 1.a.
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Figure 1. (a) Chemical structure of four-arm telechelic PnBA star end-functionalized with terpyridine, and (b) Schematic
representation of an ideal metal-ligand transient double dynamics networks. Note that Cl-anions which are present to

neutralize the charges are purposely not represented for the clarity of the scheme.

Metal Incorporation. To obtain the metallo-supramolecular networks, pre-determined amounts of star

polymer and ZnCl> and CuCl. were separately dissolved in acetone or methanol to obtain
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homogeneous concentrated solutions. The concentration of the metal ion solution is ranging from 5g/L
to 20g/L depending on samples with different amount of metal ions. Subsequently, the metallo-
supramolecular polymer with single-metal ions was readily obtained by adding required volume of the
metal salt solution to the polymeric solution to reach a final concentration of 500g/L, where the amount
of metal ions was varied from half an equivalent compared to the terpyridine ligands (0.5eq., i.e., at
stoichiometric conditions, where one metal ion coordinated with two ligands) to excess content. The
solutions in the closed vials were stirred at least for half an hour and kept at room temperature to ensure
sufficient complexation. The bulk single dynamic networks were obtained by evaporating the solvent
with a rotavapor, and keeping the samples in a vacuum oven at 40°C for at least 24h. On the other
hand, double dynamics networks were prepared by evenly mixing given amounts of respective single-
metal ion (Zn(II) or Cu(Il)) networks, which were dissolved in acetone at a concentration of 500g/L.
The reaction vials were again shaken and left at room temperature for at least an hour. The solvent was
then removed as described above and the sample was kept in a vacuum oven at 40°C. The molar
amount of Zn(II) is nearly equal to that of its Cu(II) counterpart in double dynamics networks due to
the fact that the molecular weight of ZnClz (136.286 g/mol) is close to that of CuClz (134.45 g/mol).
The composition of the various samples is listed in Table 1. Hereafter, we use the following
nomenclature: polymer—metal-M/L ratio. For example, Star250k-Zn-0.5eq. refers to the single
dynamic polymer network where the telechelic star PnBA is coordinated with half an equivalent Zn(II),
i.e., one zinc ion has been added for two terpyridine ligands. Likewise, Star250k-ZnCu-1.0eq.
corresponds to the double dynamics networks where the telechelic star PnBA are simultaneously
crosslinked with Zn(II) and Cu(II) at a ratio of one zinc ion and one copper ion over two terpyridine

ligands.

Table 1. List of investigated samples

Sample Description



Star250k-Reference Precursor sample without metal ions

Star250k-Zn-0.5eq. Single dynamic network with 0.5eq. Zn(Il)
Star250k-Zn-0.75eq. Single dynamic network with 0.75eq. Zn(11)
Star250k-Zn-1.0eq. Single dynamic network with 1.0eq. Zn(Il)
Star250k-Zn-1.25¢eq. Single dynamic network with 1.25eq. Zn(ll)
Star250k-Cu-0.5eq. Single dynamic network with 0.5eq. Cu(ll)
Star250k-Cu-0.75eq. Single dynamic network with 0.75eq. Cu(ll)
Star250k-Cu-1.0eq. Single dynamic network with 1.0eq. Cu(ll)
Star250k-Cu-1.25eq. Single dynamic network with 1.25eq. Cu(ll)
Star250k-ZnCu-0.5eq. Double dynamics network with 0.25eq. Zn(l1) and 0.25eq.Cu(ll)

Star250k-ZnCu-0.75eq. Double dynamics network with 0.375eq. Zn(lI1) and 0.375eq.Cu(ll)

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

Rheological Characterization. Small amplitude oscillatory shear (SAOS) measurements were carried
out by using an ARES-2KFRTN1 (TA Instruments) and a MCR-301 (Anton Paar) rheometers. Samples
were placed between stainless steel parallel plates (diameter of 8 mm) with varying thickness between
300 and 500pm. The samples were equilibrated on the rheometer at 130°C for 30 min under nitrogen
atmosphere, and normal forces were checked to be relaxed prior to any measurement. Dynamic
frequency sweep measurements were performed over a wide temperature range from -20 to 100°C (-
20, 0, 25, 40, 60, 80 and 100°C). At each temperature, the equilibration of the samples was checked
with dynamic time sweep measurements. All dynamic measurements were performed in the linear
viscoelastic region, which was determined from dynamic strain sweep tests. For the slowly relaxing
samples, the low-frequency regimes were extended by means of creep measurements. The equilibrated
material was subjected to a constant shear stress using the MCR-702 (Anton Paar) rheometer operating
in stress-controlled mode. The time-dependent creep compliance, J(t), in the linear regime was
obtained*®. The conversion of creep data to dynamic response was performed with NLReg application

that is based on generalized Tikhonov regularization for constraining the nonlinear regressions®’.



The frequency-dependent dynamic moduli were combined onto master curves at a reference
temperature of 25°C using the time-temperature superposition (TTS) principle. A vertical shift was
applied in order to compensate for the density variation. The vertical shift factors, bt, were expressed
as br=p(Tret) Tret/p(T) T, where p(T) is the density (g/cm®) of the PnBA at temperature T(K), and the
reference temperature Trer=298.15K. In the case of PnBA, the temperature (T) dependence of the
density is given by p(T)=1.2571-6.89x10*T.***! Then, the data were shifted horizontally along the
frequency axis and the horizontal shift factor, ar, was determined based on Star250k reference sample.
By best-fitting ar values with the Williams—Landel-Ferry(WLF) equation, logat=-Ci(T-Trer)/(C2+T-
Trer), the constants C1=6.2 and C>=131.17K are obtained, as shown in Figure 2.b. In this way, the
master curves of metallo-supramolecular polymers were constructed based on shift factors, at and br,
of the Star250k-Reference sample.

Fourier-Transform Infrared Spectroscopy (FTIR). FT-IR spectra were obtained for all samples by
using a Nicolet Nexus 8700 FTIR spectrometer. The viscoelastic samples were loaded on a KRS-5
plate and the spectra were recorded using transmission mode method at room temperature in the range
400-4000 cm™! with a resolution of 4cm™ with 64 scans. The resulting spectra were normalized based

on Star250k-Reference sample for analysis.

III. MODELING OF THE LINEAR VISCOELASTICITY

In this section, we first briefly review the tube-based Time Marching Algorithm (TMA) model that
predicts the viscoelastic behavior of entangled homopolymers. We focus here on star architectures.
Further details can be found in previous works reported in the literature 33", Then, we modify this
model and apply it to the present case, i.e., telechelic, moderately entangled star molecules. In order

to keep the model as simple as possible, the star molecules have been considered as monodisperse.

I11.1. TMA model for entangled homopolymer stars



In order to determine the storage and loss moduli of a monodisperse star polymer, we first calculate
its relaxation modulus as a function of time, G(t), which can be transformed into the complex (storage
and loss) moduli by Fourier transformation or by using the formula of Schwarzl.*? The relaxation
modulus accounts for both the high-frequency Rouse process, Gr(t), and the disentanglement modulus,
Gd(t). While Gr(t) describes the local rearrangement of chain segments between two successive
entanglements, Gq(t) describes the disentanglement process of the star arms, so that the total stress

relaxation becomes:

G(1) = Gp () +Gy(t) (1)
with
Gr(®) = ;Rl (i S exp (- rR(Zfatrm)) T Lp=z+1€XP (_rR?Ea:m))}' )

In Equation 2, Z is the number of entanglements per arm, Z=Marm/Me, With Me being the average molar
mass of an entanglement segment, while =(Marm) represents the Rouse time associated to an arm of
the star and is equal to 7,Z2 with 7, being the Rouse time of an entanglement segment. The parameter

p is the monomeric density and R is the gas constant.

The disentanglement modulus and the plateau modulus G3 are defined as:

Ga(t) = GRo({PD® (3)
Gy =35 (4)

where ¢(t) represents the unrelaxed fraction of initial tube segments and « the dynamic dilution
exponent, which is fixed to 1 here. Constraint release (CR) mechanisms are taken into account by the
dilution factor 4(t), which defines the diameter a of the dilated tube (a = ao- ¢(t) #?, with ao, the initial

tube diameter). For a monodisperse sample, ¢(t) represents the unrelaxed fraction of initial tube
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segments ¢(t). The latter is calculated by considering all molecular segments x along a representative
arm, ranging from x = 0 at its extremity to x = 1 at the branching point, and determining whether they

are still moving or not in their initial tube:

O() = [} Prruc(x, t) dx. 5)

In this equation, ps,c(x, t) is the survival probability of the segment x related to the (arm) fluctuation
process. It is equal to exp(-#/zfuc(x)), where the fluctuation time zruc(x) is the time needed for a
molecular segment x to relax by taking into account both early fluctuations of the chain ends, and

deeper, activated, retraction of the arms:

3 4
Tearly(x) = 9%7:3 (M;I%) x* (6.2)
Marm a
In Tactivated (x) =lIn Tactivated (x - 6)6) +3 (M_e) ve (;b(X) (695) (6b)

The transition between these two processes takes place at the segment x«r where the retraction potential

(Uxtr)=KT In(tgctivatea (Xr)) becomes equal to KT:

Tfluc(x) = Tearly(x) for x < x4, (7.9)

Tactivated(X) ) for x > Xer (7b)

T xX)=T X ex (
fluC( ) early( tr) p Tactivated (Xtr)

In Equation 6.b, it is considered that the molecular segment located just before the segment x is
positioned at (x — 6x). The function ¢(x) represents the polymer fraction which has not relaxed at the

time the segment x of the arm is relaxing. It is equal to (1-x) for monodisperse samples.
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This model is using three material parameters, namely G3, Me and 7,. Their respective values have
been determined to be 175kPa, 18kg/mol and 3.3x10s, very similar to the values used in ref. [35] for
PnBA. A comparison between the predictions obtained with the TMA model and the experimental
data of the reference sample (without metal ions) is depicted in Figure 2.a, along with the shift factors

used to build the linear viscoelastic master curve at a reference temperature of 25°C.
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Figure 2. (a) Shifted frequency dependent storage and loss moduli of sample Star250k-Reference as functions of the shifted

frequency. The storage modulus G' is represented by filled symbols and the loss modulus G™ by empty symbols. The data
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have been shifted to the reference temperature of 25°C, based on the shift factors (see Section IlI) shown in (b). The

continuous curves in(a) represent the predictions obtained with the original TMA model described by Equations 1-7.

111.2. TMA model for telechelic star molecules

As discussed in Section IV, the main effect of the stickers is to induce an overall delay of the star arm
relaxation, i.e., the stickers are acting as an extra friction points located at the arms extremities, which
slow-down the overall arm retraction process. This is taken into account in the model by considering
that the star arms can effectively relax only during a fraction prree Of the total time t, i.e., they can only
diffuse and disentangle during the time (pfrect) When their end groups remain dissociated. Furthermore,
as mentioned in the Introduction, it is expected that there is a certain fraction of arms which do not
participate in the transient network, either because they are not functionalized, or because there is no
free ion in their surroundings. Therefore, in the model, this fraction of dangling arms, which is called
Pdang, Must be accounted for. We consider that these free arms relax at short times, similarly to the
arms of the reference sample. Consequently, the survival probability of a molecular segment x of a star

arm becomes:

-t
Tfluc(x)

)+ (1= Paang) exp (222555), ®

Tfluc(x)

Priuc (x,t) = Paang €XP (

Thus, to account for the influence of stickers, two new parameters are introduced, pdang and prree. They
are first considered as fit parameters and their respective values are easily determined from the
experimental data. Then, in Section IV.3., the best-fit values are analyzed in detail, in order to

rationalize the viscoelastic behavior of the transient networks.

In this approach, we do not consider intra-molecular associations explicitly. Since the sample elasticity
is governed by the entanglements, which are also present in case of intra-molecular associations, we

do not expect that this assumption affects our overall analysis.
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IV. RESULTS AND DISCUSSION

The linear viscoelastic properties of terpyridine end-functionalized metallo-supramolecular polymer
networks strongly depend on the metal-ligand exchange kinetics, which may vary by several orders of
magnitude in time, depending on the ion type, ion content and temperature. In this section, we
systematically investigate single- and double dynamics networks by small amplitude oscillatory shear
measurements and analyze the results with our modified TMA model in order to quantify the influence
of both entanglement and dissociation dynamics of the metal-ligand complexes, as well as to

understand the competition of the two distinct metal-ligand dynamics in the double dynamics networks.
IV.1. Single dynamic networks

A. Influence of the ion type. In order to explore the influence of the metal-ligand complexes on the
rheological behavior of the networks, we first vary the type of the ions added to the telechelic star
polymer. To this end, stars containing a small excess, i.e., 0.75eq. of metal ion with respect to ligand
(rather than stoichiometric amount), have been investigated. Indeed, as discussed below, a significant
fraction of dangling ends is still present at 0.5eq. of metal ions (stoichiometric equivalent). Using a
slightly larger amount of metal ion reduces their presence and promotes metal-ligand association. The
viscoelastic data of Star250k-Zn-0.75eq. and Star250k-Cu-0.75eq. at 40°C are shown in Figure 3, in

comparison with the data of the reference sample.

14



LA LR ! ";""'I LRI .' AL
10° £ T=40°C :
F y=3% :
10° £ :
‘© '
Q. [
= 10°F
O F
O 10 .
E Star250k-Reference —@— —O—
; i Star250k-Zn-0.75eq. —&— —A—
10 - | Star250k-Cu-0.75eq. —— —<>—I
107 10 10° 10’ 10°
w [rad/s]

Figure 3. Storage and loss moduli of Star250k-Zn-0.75eq. and Star250k-Cu-0.75eq. as functions of angular frequency at
40°C. The grey circles correspond to Star250k-Reference (without metal ions). The storage modulus G' is represented by

filled symbols and the loss modulus G" by empty symbols. The dashed lines mark the terminal crossover frequencies.

We observe that in the absence of metal ions, the terminal relaxation of the reference sample is reached
at e=25.6ms (with e/=1/wc, where the angular frequency w. marks the crossover of G' and G"). As
discussed in Section III.1, these entangled stars relax their stress by arm retraction. Once the metal
ions, Zn(Il) or Cu(Il), are added, the relaxation process slows-down. For Star250k-Zn-0.75eq., the
relaxation time becomes about 7w, zxap=58.8ms. This retardation becomes more significant for
star250k-Cu-0.75eq. (trer, cuap=2500ms, or about 42.5 times slower). Hence, the associated tpy-Cu(II)
bis-complexes are significantly more stable and have a longer association time, compared to the tpy-
Zn(II) bis-complexes, which have only a weak effect on the viscoelastic properties of the reference
stars. This is in line with the reported characteristics of tpy-Cu(II) bis-complexes,®* and with the
results obtained on similar systems.>* However, even in the presence of Cu(Il) ions, the metallo-
supramolecular networks reach their terminal regime at 40°C, exhibiting G' (w)~w?, G" (w)~w' at low
frequencies. This means that at this temperature, the lifetime of the metal-ligand association is not long

enough to prevent the sample from flowing. As further discussed in Section V.2, the supramolecular
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junctions are dynamic and can dissociate and re-associate several times within the experimental
frequency window, which leads to a delayed relaxation of the transient network. Therefore, we suggest
that the metal-ligand crosslinks act as extra friction points at the arms extremities, and slow-down the

stress relaxation (see Section I11.2).

B. Single dynamic networks based on Zn(II). We first study the linear viscoelastic behavior of the
transient networks with Zn(II), whose content varies from stoichiometric amount, 0.5eq., to excess
contents of 0.75eq., 1.0eq. and 1.25eq.. Figure 4 presents the linear rheological behavior of Star250k-
Zn at 80°C, 25°C and -20°C and different Zn(II) contents. Upon increasing the amount of metal ions,
the relaxation of the networks is gradually delayed. This behavior, which is also observed with the
Cu(Il) ions, suggests that the probability of a terpyridine ligand to remain associated through the
formation of a bis-complex(expectedly) increases with the density of ions.

At a high temperature of 80°C, the delay induced by the supramolecular junctions is less pronounced
than compared to 25°C, and the network dynamics resemble those of Star250k-Reference. In this case,
the stress relaxation is governed by the disentanglement time of the star arms rather than the sticker

lifetime, which becomes much shorter.
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Figure 4. (a) Shifted storage and (b) loss moduli of Star250k-Zn as functions of the shifted frequency at different
metal ion content, 0.5eq., 0.75eq., 1.0eq. to 1.25eq. and temperatures of 80°C, 25°C and -20°C. G' is
represented by filled symbols and G" by empty symbols. The data have been shifted to the reference temperature

of 25°C, based on the shift factors obtained for the Star250k-Reference sample.

At a low temperature of -20°C, the high-frequency Rouse relaxation is captured, followed by the
rubbery plateau. The latter should be approximated by the entanglement rubbery plateau of PnBA,
since the density of entanglement segments is much larger than the density of stickers. However, it is
observed that for Star250k-Zn-0.5eq., the storage modulus rapidly decreases below Gy . This is
attributed to the presence of a large fraction of dangling ends, which do not participate to network
formation and relax as the star arms of the reference sample. In such a case, the dangling ends mostly
include unassociated arms. Indeed, as discussed in ref. [35], the weight fraction of metal ions is so low
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(i.e., 0.003-0.008 wt%) that we cannot exclude the possibility that some terpyridine ligands do not find
a free ion in their surroundings to form a complex. In the presence of an excess amount of metal ions,
the fraction of dangling ends decreases. This effect can be inferred by the more pronounced and nearly
unchanged plateau modulus of Star250k-Zn-1.0eq. and Star250k-Zn-1.25eq., which suggests that the
supramolecular network is at its maximum level of crosslinking at 1.0eq.Zn(II). It must be noted that

phase separation of the complexes was not observed for these systems, based on SAXS measurements.
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Figure 5. Linear viscoelastic master curves: Comparison between experimental data (symbols) of Star250k-zZn with

increasing ion content and model predictions (continuous curves) for (a) Star250k-Zn-0.5eq. (b) Star250k-Zn-0.75eq. (c)
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Star250k-Zn-1.0eq. and (d) Star250k-Zn-1.25eq.. G' is represented by filled symbols and G" by empty symbols. The data
have been shifted to the reference temperature of 25°C, based on the shift factors obtained for the Star250k-Reference
sample. The theoretical curves were determined by respectively fixing a certain proportion of dangling ends at different

ion content and varying the value of the parameter pee at each temperature.

In order to quantify the influence of the ion content, the linear viscoelastic master curves were modeled
by means of the modified TMA model (continuous curves) at different temperatures from 0°C to 80°C.
To account for the influence of temperature on the segmental dynamics, the data were horizontally
shifted with the shift factors of the Star250k-Reference sample. In such a way, the remaining difference
in relaxation times observed by varying the temperature is only due to the influence of temperature on
sticker dynamics. Results are presented in Figure 5. It can be observed that the retardation of the
relaxation process is enhanced with decreasing temperature, which can be attributed to the enhanced
stability of the metal-ligand associations.

The model captures the linear viscoelastic spectra well (see Equation 8) by using two fit parameters,
namely the fraction of dangling ends, paang, and the average time during which the sticker is free, pyice.
The best-fit values are shown in Figure 6. The fraction pd4ang decreases with increasing metal ion content
as shown in Figure 6.a. Indeed, 50%, 30%, 15% and 15% of dangling ends have been considered to
obtain a good description of the rheological data of the transient networks containing 0.5eq., 0.75eq.,
1.0eq. and 1.25eq. of Zn(II), respectively. On the other hand, Figure 6.b depicts the dependence of pyice
on ion content at each temperature. While the influence of temperature on the association probability
is further discussed in Section IV.3, several observations can already be made. From 0.5eq. to 1.25¢eq.,
the parameter pye is slightly dependent on ion content at high temperatures (60°C and 80°C). This is
consistent with the fact that at these temperatures the stability of tpy-Zn(II) bis-complexes is relatively
weak, and thus the stickers do not cause significant delay (due to extra friction) to the motion of the
star arms. Consequently, the relaxation process of these transient networks is mainly governed by the

disentanglement dynamics, which sets the minimum time a star arm needs to relax. On the other hand,
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at lower temperatures, i.e., 25°C or 0°C, pse is becoming much smaller and exhibits a stronger
dependence on ion content. Here, the sticker lifetime is much longer and the arm relaxation process is

largely influenced by the dynamics of the supramolecular junctions.

The fact that the probability psee decreases with increasing the content of metal ions is attributed to the
evolution of the fraction of dangling ends. Indeed, at low metal ion content the relaxation of the
transient network speeds-up due to the presence of free ends, which promote the dissociation of the
bis-complexes via ligand exchange mechanism.!”*>#* Adding an excess of ions reduces the proportion
of free ends, and consequently the ligand exchange process, leading to slower star arm relaxation. This
result also suggests that the presence of mono-complexes is not favored in our systems in the range of
ion content considered since it would have led to an increase of dangling ends with increasing the ion

content, which is not observed. Probably, a much larger amount of ions should be used to observe this

effect.
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Figure 6. The model parameters referring to the master curves of Figure 5: (a) the proportion of dangling ends pgang and
(b) fraction of time when ends are dissociated pree for Star250k-Zn as functions of metal ion content at 0°C, 25°C, 40°C,

60°C and 80 °C.

In order to validate the possible presence of dangling ends even above the stoichiometric amount of
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ions, the transient networks were analyzed by FTIR absorption spectroscopy. By comparing the FTIR

absorption spectrum of the reference sample (Star250k-tpy4) to the one of a pure, unfunctionalized

linear PnBA polymer (Mw = 26kg/mol), we can assign the absorption bands corresponding to the

vibrations of the terpyridine groups.**® As shown in Figure 7.a, the latter are located in the

wavenumber range of 1560-1610cm™. Figure 7.b, shows that once the Zn(II) ions are added, a new

band appears at 1614cm’!, i.e., just after the absorption bands corresponding to the terpyridine groups.

It reflects the complexation of the terpyridine with metal ions. With increasing ion content, the intensity

of the new absorption band gradually increases, while the opposite effect is observed for the absorption

bands at 1564cm™ and 1583cm!, which slowly decrease, indicating that the proportion of the non-

coordinated ligands decreases and the complexation progressively yields to completion.
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Figure 7. FTIR spectra of (a) Star250k-tpy4 and linear PnBA26k without terpyridine (b) Star250k-Zn (c) Star250k-ZnCu
and (d) Star250k-Cu at room temperature as the ratio of metal ion to ligand increases (spectra are shifted vertically for
comparison). From bottom to top in plots (b), (c) and (d), the curves denote reference sample, 0.5eq., 0.75eq., 1.0eq. and

1.25eq.(for d).

Interestingly, even at 0.75eq. of metal ions, i.e., above the stoichiometric amount of Zn(Il), the
absorption peaks at 1564cm™ and 1583cm™ still exist, confirming the presence of non-coordinated

ligand in the system, consistently with the assumption of the presence of dangling ends.

C. Single dynamic networks in the presence of Cu(Il). As shown in Figure 8, adding Cu(Il) to the
telechelic star polymers yields the formation of a transient network which is more stable compared to
Zn(II). In Particular, at 80°C, the influence of the ions on network dynamics is larger (for Cu(Il)) with
ion content of at least 0.75eq.. Therefore, the relaxation of the transient network is not governed by the
entanglements anymore, as in the case of Zn(II). Similarly to Zn(II)-containing networks, increasing
the metal ion density slows-down the relaxation process, due to the decreasing fraction of dangling
ends. Indeed, at lower temperatures (-20°C and 25°C) it is observed that samples Star250k-Cu-0.5¢q.
and Star250k-Cu-0.75eq. partially relax at intermediate frequencies around 10 rad/s, which coincides
with the relaxation of the reference sample. Furthermore, the networks exhibit a broad and slow
relaxation at 25°C, which cannot be explained if we only consider one single process governed by the
sticker dynamics. On the other hand, there is an extended rubbery plateau with 1.0eq. or 1.25eq. Cu(II),
while the early relaxation process becomes less pronounced. The presence of dangling ends is also

confirmed by the FTIR spectra (see Figure 7.d).
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Figure 8. (a) Storage modulus and (b) loss modulus of Star250k-Cu with increasing ion content from 0.5eq. to 1.25eq. at
80°C, 25°C and -20°C. G' is represented by filled symbols and G" by empty symbols. The data have been shifted to the

reference temperature of 25°C, based on the shift factors obtained for Star250k-Reference sample.

We now apply our TMA model to describe the experimental data. Results are depicted in Figure 9,
which compares the experimental data with model predictions for Star250k with 0.5eq., 0.75¢eq., 1.0eq.
and 1.25eq. Cu(Il). In order to experimentally reach the terminal G', G" cross-over frequencies, creep
measurements were performed and converted into the dynamic moduli. The fraction of dangling ends
is found to be 60%, 35%, 25% and 20% respectively. We note that accounting for these dangling ends
and the delay in the fluctuation time of the associating stars yields a good agreement for most of the
experimental data. The values of the two fit parameters, paang and pfiee, are denoted in Figure 9 and
their dependence on ion content and temperature is presented in Figure 10. Both parameters exhibit a

trend similar to that observed with Zn(II). However, the value of pye. has a stronger dependence on ion
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content and especially at higher temperatures. Furthermore, its value remains well below 1, which

corresponds to the state where the star relaxation is fully governed by the disentanglement process.
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Figure 9. Comparison between experimental data (symbols) of Star250k-Cu with increasing ion content and model
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predictions (continuous curves). Shown are linear viscoelastic master curves for (a) Star250k-Cu-0.5eq. (b) Star250k-Cu-
0.75eq. (c) Star250k-Cu-1.0eq. and (d) Star250k-Cu-1.25eq.. The experimental dynamic moduli for samples with
0.75eq.Cu at 0°C and 25°C as well as sample with 1.0eq.Cu and 1.25eq.Cu at 0°C have been extended by means of creep
measurements; the respective data are shown as different symbols at low frequencies (see text). The experimental data
have been shifted to the reference temperature of 25°C, based on the shift factors obtained for Star250k-Reference sample.
The theoretical curves were determined by respectively fixing a certain fraction of dangling ends at different ion content

and varying pree Value at each temperature.
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Figure 10. Model parameters referring to the master curves of Figure 9, (a) the proportion of dangling ends pgang and (b)
fraction of time when ends are dissociated pree for Star250k-Cu as functions of ion content at 0°C, 25°C, 40°C, 60°C and

80 °C.

While the simple approach proposed in Equation 8 seems to successfully account for the influence of
the sticker dynamics, one should note however that in Figure 9, the discrepancy between the model
predictions and the experimental data increases at lower temperatures. In particular, with samples
Star250k-Cu-1.0eq. and Star250k-Cu-1.25eq. at 0 °C, we observe experimentally two relaxation peaks
in the loss moduli of the samples, which are absent in the model.

This discrepancy is attributed to the fact that the influence of the stickers is taken into account in the
model as an average effect on the relaxation time and therefore is only valid at long times, when a

sticker has had the chance to dissociate and re-associate multiple times. Since at low temperatures the
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re-association lifetime of the stickers is much longer, this assumption is not valid anymore and a more
refined model is needed in order to account for the inability for an associated arm to relax at times
shorter than the lifetime of the sticker, /< zsicker. To do so, we apply an approach similar to ref. [33] and
consider an average lifetime zwicker, which is used to build the corresponding statistical distribution of

sticker lifetimes (7, v;), based on the assumption that the probability of a sticker to dissociate during a

short time step At is exp (— ) This distribution of lifetimes is then used to determine the

Tsticker

survival probability of a segment x along the star arm. More precisely, we consider that the probability

for a sticker with an association lifetime 7, to remain associated at time ¢ is equal to exp( )

T
Consequently, a fraction exp (;—t) of those specific stickers should be considered as unable to relax at
l

time ¢. The survival probability of a molecular segment x along an arm attached to the network via a

sticker of lifetime t; is thus approximated as:

puteind = [om )+ (1w () (25) .

Equation 9 can be generalized, by accounting for both the dangling ends and the distribution of sticker
lifetimes, t;:

pfluc(x' t) = pdang exp < ) + (1 - pdang) Zivi pfluc(x’ ¢, Ti)- (10)

t
Tfluc(x)

The results obtained by using Equations 9 and 10 are shown in Figure 11. The values of parameters
Ppdang and pyiee are in very good agreement to those used in Figures 9 and 10, while the association time
Twicker has been obtained by best-fitting. It is observed that accounting for the short-time limitation
provides a better description of the data, however at the expense of introducing a new parameter, icker.

The value of this parameter is further discussed in Section IV.3.
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Figure 11. Comparison between linear viscoelastic experimental data (symbols) and model predictions (continuous curves)
obtained by accounting for the lifetime of the stickers (Equation 9), for (a) Star250k-Cu-0.75eq. (b) Star250k-Cu-1.0eq.
and (c) Star250k-Cu-1.25eq.. The dynamic moduli data for samples with 0.75eq.Cu at 0°C and 25°C as well as sample
with 1.0eq.Cu and 1.25eq.Cu at 0°C have been extended by means of creep measurements. The data have been shifted to
the reference temperature of 25°C, based on the shift factors obtained for the reference sample. The theoretical curves

were determined based on the parameters paang and pree Used in Figures 9 and 10. The lifetime of the stickers, zticker, Was

fixed to 0.1s at 25 °C for sample Star250k-Cu-0.75eq.. At 0 °C, zicker Was fixed to 2s, 350s and 500s for samples containing
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0.75eq.Cu, 1.0eq.Cu and 1.25eq.Cu, respectively.

IV.2. Double dynamics networks

In Section IV.1., it was shown that the dynamics of the transient networks strongly depend on the ion
type, the Zn(II) complexes being more labile than the Cu(Il) complexes. We now extend our approach
to double metal ion networks by mixing Zn(II) and Cu(Il), with the objective to investigate the

competition between the two ions in the formation of complexes and their influence on the dynamics.

The influence of mixing the ions at different amounts (0.5eq., 0.75¢q. and 1.0eq. of ions per equivalent
of terpyridine group) on the linear viscoelastic response of double dynamics networks is depicted in
Figure 12, at a temperature of 60°C. Interestingly, blending two ions of different natures leads to an
average cooperative behavior of the stickers’ dynamics, characterized by a single relaxation peak,
rather than two relaxation peaks corresponding to the respective sticker lifetimes. This result suggests
that the sticker associates and dissociates many times before the corresponding arm is fully relaxed.
Similar behavior has already been observed with PEG hydrogel networks containing kinetically
distinct reversible covalent crosslinks. The viscoelastic response of these systems was found to be
independent of the molecular weight of the building blocks.*’ Similarly, Chen et al. showed that
unentangled hydrogels crosslinked by one type of sticker but in two different states, i.e. protonated and
deprotonated states characterized by two different lifetimes, also exhibit a single intermediate
relaxation time.*® In contrast, Grindy et al. found that the signature of each metal-ligand junction was
preserved in the viscoelastic spectra of unentangled PEG hydrogels with two different metal-histidine
crosslinks.?® Thus, these different works show that the viscoelastic response of a network containing
two different stickers can strongly vary, depending on the relative dynamics of the building blocks and

of the reversible bonds. In our system, each arm reaches its terminal regime only after being involved
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in both fast and slow bis-complexes multiple times and, consequently, their corresponding final
relaxation time is averaged. We attribute this effect to the fact that the star molecules are entangled,
and therefore have long relaxation times. Indeed, since the average time during which a sticker remains
free is relatively short (see Section IV.3), it does not allow a free arm to fully disentangle before being
again involved in a bis-complex. Therefore, the different behavior observed here compared to ref. [25],
which deals with unentangled gels, reflects the different balance between supramolecular dynamics
and relaxation of the building blocks.

This scenario is further supported by the fact that for most of the present data, the supramolecular
dynamics lead to an overall delay of arm relaxation. The latter is described by a single parameter, pyiee
in our model (Equation 8), i.e., assuming that at any time ¢ we can consider that all stickers are free to
move during an average time pyee . This would not have been the case if a star arm would have been
able to fully relax as soon as the sticker dissociates, which would have led to a relaxation described by

a single Maxwell element with a characteristic relaxation time equal to zicker.

In Figure 12, it is also observed that the viscoelastic behavior of the double dynamics networks lies
between the responses of the single dynamic networks, and gradually shifts from a behavior close to
the weaker network containing 0.5eq.Zn(II)) to that of the stronger one containing 1.0eq.Cu(Il)) ions.
This can be rationalized by considering that at stoichiometric amount, the double dynamics network
relaxes relatively fast due to the presence of a large amount of dangling ends. Exchange dynamics are
promoted and take place at the rhythm of the faster sticker motion. Upon increasing ion content, a
reduced influence of dangling ends is expected, and the stars relax slower. This can be observed in the
FTIR spectra in Figure 7.c, which shows that the double dynamics network has a pattern similar to that
of the single metal ion networks. Moreover, the absorption bands between1600cm™ and 1620cm™ of

Star250k-ZnCu is much closer to that of Star250-Cu than the one of Star250-Zn network, especially
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with an excess of metal ions of 0.75eq. and 1.0eq. This suggests that the Cu(II) has a dominant effect

on the complex formation when the ions are added in excess.
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Figure 12. Comparison of the frequency-dependent storage modulus and loss modulus between Star250k single dynamic

network and double dynamics networks with increasing ion content from (a) 0.5eq., (b) 0.75eq. to (c) 1.0eq. at 60°C. G' is

represented by filled symbols and G" by empty symbols.

The dominant effect of Cu(Il) is further rationalized by considering the mass balance and equilibrium

constants (Ki for mono-complexes and Kz for bis-complexes) for terpyridine coordinated with Zn(II)

and Cu(Il). The latter values are taken from the literature.***¢4>>0 It should be noted that only two

kinds of metal-ligand complexes, either mono-complexes or bis-complexes, can be formed once
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divalent metal ions are added, such as Zn(II) and Cu(Il).5*>! As illustrated in Figure 13.a, these
constants and the ratio of metal to ligand determine the fraction of free ligands, free metal ions, bis-
complexes and mono-complexes present in the double dynamics networks. As shown in Figure 13.b,
assuming that the initial molar amount of terpyridine is held constant at 4x10°mol in total (250mg of
Star250k polymer), while the amount of each metal ions varies from 0.5x10°mol (0.25¢eq.) to 2.5x10"
mol (1.25¢eq.). It becomes evident that adding ions in excess compared to their stoichiometric amount

promotes the formation of bis-complexes involving Cu(Il), instead of Zn(II).

However, this result must be considered with care since in this simple calculation the protonation of
the ligand and the reaction of free metal ions with solvent molecules and anions are not taken into
account. Also, the variation of different species is determined in solution state (K1 and K2 values have
been obtained in water). Hence, there may be some differences with respect to the melt state of our
samples. Nevertheless, this simple analysis can be qualitatively used to describe the evolution of the
fractions of the different species involved in the formation of complexes. Herein, results suggest that
the proportion of Cu(Il) ions involved in the network is larger than the proportion of Zn(II) with
samples containing an excess of ions. This could explain why the viscoelastic curves are gradually

shifting towards the single dynamic networks with Cu(II).

kf,l

~C + o == .0 (a)
kdis,l
kf,Z

e 4 )™ T (0
kclis,2

Klzkf,l/kdis,l K2=kf,2/kdis,2 B=K,*K,

32



4,0x10° —8— Free ligand (Tpy) (b) 8
— —&— Mono-complex(Tpy-Zn(ll))
= g —A— Bis-complexes (2Tpy-Zn(Il))
S = 5 —&— Free metal ion (Zn(ll))
E @ 3.0x107 1 —0— Mono-complex(Tpy-Cu(ll)) 7
© 5 —i&— Bis-complexes (2Tpy-Cu(ll))
s 8_ —— Free metal ion (Cu(ll))
o9 6l ]
g = 2.0x10
o 2
==
T 1.0x10° | .
—
o
1

0.0
0.00 025 050 075 100 1.25
lon content [eq.]

Figure 13. (a) Schematic representations of association/dissociation equilibrium for metal-ligand bond. K; and K; are the
equilibrium constants for mono- and bis-complexes, respectively. (kr1 and kqis1 as well as ks> and kqis» are the formation
and dissociation constants for mono-complex and bis-complexes, respectively). (b) The equilibrium molar amount of the
different species involved: ligand L, metal M, mono-complex ML and bis-complexes ML, are calculated and plotted as a
function of the ratio of metal ion to ligand (The equivalent amount on the horizontal axis means equivalent of each metal
ion, e.g., 1.0eq. means blending 1.0eq.Cu(ll) and 1.0eg.Zn(I1)) based on mass balance using equilibrium constants K; and
K, from literature for double dynamics networks containing same equivalent of Zn(11)(K;=10% M- and K,=10%2 M) and

Cu(I1)(K1=10122° M and K,=10682 ML),

In Figure 13.b, we see that an excess of metal ions promotes the formation of mono-complexes, which
are accounted for as free dangling arms in our model. However, from our rheological modeling we
cannot see this overall increase of dangling ends at large ion content. In addition to the qualitative
character of Figure 13.b, this discrepancy is attributed to the fact that our samples are in bulk state and
contain a very low weight fraction of ions, leading to a proportion of non-active ions and consequently,
to an effective ion content lower than that indicated on the plot. For the same reason, Figure 13.b
indicates that there are no free ligands at stoichiometric amount of ions, while the FTIR data clearly
show that they still exist (Figure 7.c). By taking into account the presence of dangling ends, the
comparisons between theoretical and experimental linear viscoelastic curves of the double dynamics

networks are shown in Figure 14.
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Figure 14. Comparison between experimental data (symbols) of Star250k-ZnCu with increasing ion content and model
predictions (continuous curves) of linear viscoelastic master curves for (a) Star250k-ZnCu-0.5eq. (b) Star250k-ZnCu-
0.75eqg. and (c) Star250k-Cu-1.0eq.. The dynamic modulus data for sample with 1.0eq.Zn and 1.0eq.Cu at 0°C were
extended with creep measurements. The data have been shifted to the reference temperature of 25°C, based on the shift
factors obtained for Star250k-Reference sample. The theoretical curves were determined by fixing a certain proportion of

dangling ends at different ion content and varying pse vValue at each temperature.

34



A satisfactory agreement is found based on the model parameters shown in Figure 15. While the trend
is similar to the case of single dynamic networks (Figures 6, 10), here the values of pje. exhibit a
stronger dependence on ion content, compared to star250k-Zn counterpart. This is attributed to the

increasing fraction of tpy-Cu(Il) complexes with respect to tpy-Zn(Il) complexes in the blends.
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Figure 15. The model parameters referring to the master curves of Figure 14: (a) the proportion of dangling ends Pdang
and (b) the fraction of time when stickers are unassociated prr for Star250k-ZnCu as function of ion content at 0°C, 25°C,

40°C, 60°C and 80°C. The results obtained at 25°C for Star250k-Zn and Star250k-Cu are also shown for comparison.

IV.3. Influence of temperature.

As discussed in the previous sections, the dynamics of the metallo-supramolecular networks is
primarily controlled by the metal-ligand coordination which itself is strongly dependent on the
temperature. Since our results indicate that these metallo-supramolecular networks reach their
maximum level of crosslinking at 1.0eq. of metal ions, where most of the arms are being involved in
the network, we focus on the dynamics of both single and double dynamics networks at this ion content
to investigate the influence of the temperature. The linear rheological behavior of the transient

networks at 80°C, 25°C, 0°C and -20°C is presented in Figure 16.
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Figure 16. Frequency-dependent storage and loss moduli of Star250k-Reference, Star250k-Zn-1.0eq., Star250k-ZnCu-

1.0eq. as well as Star250k-Cu-1.0eq. at (a) 80°C, (b)25°C, (c)0°C and (d)-20°C. G' is represented by filled symbols and

G" by empty symbols.

At -20°C, both the single and double dynamics networks exhibit viscoelastic solid response with the

dynamics of the stickers being frozen in the experimental frequency window. We observe a similar

high-frequency response at 0°C. However, the metal-ligand dynamics become visible and starts to

influence the dynamics of the corresponding network. In particular, the sticker dynamics are probed

on the loss modulus at a frequency of about 4rad/s in case of the transient network containing Zn(II)

ions. This frequency is much larger than the terminal cross-over frequency and can be assigned to the

onset of the dissociation/association dynamics of the Zn(II)-terpyridine transient crosslinks at 0°C. At
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higher temperatures, it is expected that the association/dissociation dynamics are accelerated and
therefore become active at times even shorter than 0.25s. This is consistent with the conclusion of
Section IV.1, according to which the dynamics of the transient bonds are much faster than the cross-
over relaxation time ... Depending on the metal ions, the data are strongly influenced by the sticker
dynamics at 25°C with the terminal cross-over frequency varying up to four orders of magnitude. At
80°C, the metal-ligand bonds are relatively weak and the terminal relaxation of all samples is

dominated by the chain disentanglement dynamics.

Based on results of Figure 16, it can be concluded that a temperature of 0°C is the temperature where
the stickers are slow enough to probe the transition from a frozen to a dynamic transient network. This
is consistent with the discussion in Section IV.1, where at this temperature the model assumption, that
the stickers have an average effect on retarding the network relaxation, does not hold anymore.
Therefore, we had to consider that an associated arm cannot relax faster than the lifetime of the sticker

(see Equations 9 and 10).

Influence of temperature on the model parameters.

As already mentioned, since the master curves were built at a reference temperature of 25°C based on
shift factors obtained from Star250k reference sample, the influence of temperature on the segmental
dynamics is already taken into account and the data only reflect the influence of temperature on the
metal-ligand transient crosslinks. Therefore, our model parameter psiee, Which represents the fraction
of time when a sticker is free, is related to the nature and the dynamics of the metal-ligand association.

This fraction depends on both the average time when an associated sticker remains associated, zsicker,

and the average time when a free sticker stays free, 7 and can be approximated as®*:

Pfrree = e . (11)

TfreetTsticker
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This single parameter is sufficient to describe the viscoelastic data at angular frequency of ® <<1/Zicker.

Figure 17 illustrates the dependence of pysec as a function of the inverse temperature in a semi-log plot,

at 0.5eq., 0.75eq., 1.0eq. and 1.25eq. for both single and double metal ion networks. With decreasing

temperature, psee gradually decreases, which is attributed to the higher stability of the bis-complexes

at low temperatures and consequently their longer association time. It is also observed that all sets of

data collapse into a line, which indicates an Arrhenius dependence of this parameter on temperature.

The value of pfee for double dynamics networks lies between the corresponding single dynamic

networks. With increasing ion content, pse. gradually shifts towards the values of Cu(Il). This is

consistent with the linear rheological behavior of single and double dynamics networks. As discussed

above, this is due to that fact that a larger fraction of the Cu(Il) ions is involved in the metal-ligand

complexes when the ion content increases.
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Figure 17. Values of the fraction of time when stickers are unassociated, psre, for Star250k single and double dynamics

networks as functions of inverse temperature at (a) 0.5eq., (b) 0.75eq., (c)1.0eq. and (d) 1.25 eq..

From the data in Figure 17, the activation energy E. at different ion contents can be determined by

considering:

Eq
Pproe(T) = Py, (T = 25°C)e ™R (12)

It should be highlighted however that the extracted activation energy for both single and double
dynamics networks is not directly related to the association energy of bis-complexes, since the
association time for bis-complexes, terpyridine-Zn(Il) or terpyridine-Cu(Il), is unknown at each
temperature. It rather reflects the average influence of the sticker dynamics due to ligand exchange
mechanisms and/or the influence of both the dissociation and association mechanisms of the stickers,
which is expected to depend on the relative importance of zi.. compared to the disentanglement time

of a free arm.

The extracted activation energy are plotted as function of ion content in Figure 18. Upon increasing

ion content, the activation energy for both single and double dynamics networks increases, which
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confirms that the temperature has a larger effect on the viscoelastic response at higher crosslinking
density. We also observe that the activation energy of the double dynamics network has a stronger
dependence; it varies from a value similar to the single dynamic network containing Zn(II) ions to a

value similar to the single dynamic network containing Cu(II) ions when the ions are added in excess.
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Figure 18. Activation energy for Star250k single- and double dynamics networks as function of ion content

While for these networks the influence of the stickers is only known as an average effect, an estimation
of ziee is nevertheless possible for the transient network containing Cu(II) ions at 0 °C. In this specific
case, both pfice and Ticker, can be estimated from the creep measurements and from Equations 9,10 and
11. For example, it is found that ziee = 0.05s for 1.0eq.Cu and ziee = 0.01s for 1.25eq.Cu, which is
much shorter than the time necessary for a free arm to relax (t = 3.33s, at the terminal crossover
frequency of 0.3rad/s for Star250k reference sample at 0°C). This confirms that a sticker has to

dissociate and re-associate several times before the complete disentanglement of the building blocks

(arms) takes place.
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As shown in Figure 16.c, the lifetime of tpy-Zn(Il) complexes, zricker, can also be determined at 0 °C,
at the inverse frequency where the viscoelastic curves start to deviate from those of the other transient
networks. For example, it is equal to around 0.25s with 1.0eq. Zn(II) (see Figure 16.c). The
corresponding value of zje. for networks with Zn(Il) at 0°C can then be calculated from Equation 11.
The values found for the different systems are shown in Figure 19. It can be observed that 7. decreases
with increasing the ion content, presumably, because of the larger density of ions in the surrounding

of a specific ligand.
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Figure 19: Estimated values of dissociated stickers lifetime zree as a function of Zn(l1) ion contents at 0 °C.

CONCLUSIONS

In this work, we report on the rational analysis of the linear viscoelastic properties of single and double
dynamics networks based on two metal-ligand crosslinks of different lifetime, terpyridine-Zn(II)
and/or terpyridine-Cu(II) coupled with telechelic four-arm stars PnBA. We have studied systematically,
experimentally and theoretically, the linear viscoelastic spectra of the networks. Both single and double

dynamics networks exhibit a multi-scale behavior with the metal-ligand transient crosslinks acting as
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extra friction points at chain extremities yielding an overall delay of the telechelic arm relaxation
process. In particular, an averaged cooperative behavior for describing the sticker dynamics of double
dynamics networks is revealed rather than discrete contributions of each metal-ligand transient
crosslinks. The relaxation behavior of blends lies between of two single dynamic networks, and
gradually shifts from the behavior closer to the weaker one (Zn(Il)) at stoichiometric ion amount to
properties closer to the stronger one (Cu(Il)) at excess ion amount, due to the fact that tpy-Cu(Il)
complexes play a dominant role in double dynamics networks. We have modeled the linear
viscoelasticity of these associating networks by accounting for both association/dissociation dynamics
of metal-ligand crosslinks and the entanglement dynamics. Our model describes the experimental data
accurately, based on two fit parameters, padang (the fraction of dangling ends) and pyse. (the average
probability for a sticker to remain free). This has allowed us to identify the presence of a certain fraction
of dangling ends in the networks at both stoichiometric amount and even at excessive ion content, and
to determine the association probability of the complexes, leading to an improved understanding of
the properties of these topologically complex transient networks. The values of the parameter pjice
follow an Arrhenius dependence with temperature and gradually decrease with increasing ion content.
From this dependence, an activation energy could be extracted, which represents the average global
effect of the stickers on chain dynamics. In conclusion, this work shows that using one or two types of
metal-ligand crosslinks within the same parent material yields a wide range of material response and
opens the route to tailor their viscoelastic properties. Further studies on nonlinear shear and extensional
rheology will be necessary to better understand the entire spectrum of properties and potential

applications of these materials.
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