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Investigation of the dynamic behavior of metallopolymers by 
combined experimental and theoretical methods 
Milena Jäger,a,b Michael Freduah Agyemang,c,d,e Wanja T. Schulze,c Julian Kimmig,a,b Thomas Bätz,a,b 
Chiara Wondraczek,c Stefan Zechel,a,b,g,h Alexander Croy,c Michael Schmitt,c,d Juergen Popp,c,d,e 
Stefanie Gräfe,c,d,f Martin D. Hager,*a,b,g,h Ulrich S. Schubert*a,b,d,g,h

In this study, we investigate the structural changes in dynamic metallopolymers during stimulus application, i.e. thermal 
treatment. For this purpose, we focused on the synthesis of polymers containing terpyridine moieties as ligands in the side 
chains that were complexed with either iron(II) or zinc(II) salts. The resulting crosslinked metallopolymers were 
characterized using differential scanning calorimetry (DSC), thermogravimetric analysis (TGA) and elemental analysis (EA). 
Rheology experiments, including dynamic mechanical thermal analysis (DMTA), frequency sweeps, stress relaxation and 
time-temperature superposition were conducted to study the stimuli-responsive mechanical properties. Hereby, the 
activation energy determined by stress relaxation as a combination of the metal complex and the polymer matrix could be 
determined. Additionally, computational master curves were obtained and the resulting relaxation spectra were analyzed. 
Beside the macroscopic material properties, temperature-dependent Raman spectroscopy and density functional theory 
(DFT) calculations were utilized to gain information on the changes on the molecular level. In this context, morphological 
changes in the polymer matrix were observed, which might be correlated to the presence of supramolecular aggregates. 
The changes on the molecular level could be linked to the macroscopic properties.

Introduction
In nature, metal complexes play an integral part in biological 
processes. For example, in hemoglobin or chlorophyll, the incorpora-
tion of a metal ion in the organic framework leads to unique func-
tions like oxygen transport or photosynthesis.1–3 Inspired by these 
examples, synthetic polymers have become a widely researched 
field. Today, polymers are applied in various areas of the society, 
such as in medicine,4 in packaging5 or as electronic devices.6 How-
ever, traditional polymers are characterized by static and largely 
unalterable properties. Hence, the field of polymer research has 
advanced from static structures to dynamic materials.7

These kinds of polymers belong to an interesting class of 
materials that are capable of undergoing reversible and controlled 

changes in their properties due to different internal or external 
stimuli.8–10 In general, dynamic polymers can be divided into two 
groups, the dynamic covalent11 and the dynamic supramolecular 
polymers.12 Covalent polymers are considered dynamic when it is 
possible to break and to reform the bonds reversibly.13 This can be 
achieved by a variety of literature known reactions, such as the 
thermally reversible Diels-Alder reaction,14–16 the transesterifica-
tion17,18 or the hydrolysis of boronic esters,19,20 the thermal structural 
reorganization of alkoxyamines,21,22 the degenerative imine bond ex-
change,23,24 the disulfide metathesis25,26 or the reorganization of hin-
dered urea bonds.27,28 In contrast, dynamic supramolecular polymers 
can be based on hydrogen bonds,29,30 host-guest interactions,31,32 
π-π stacking33,34 or metallo-supramolecular interactions.35,36 The 
usage of hydrogen bonds or π-π stacking in the design of supramole-
cular polymers leads to a rapid and reversible assembly, but the 
resulting materials are often sensitive to temperature or solvents, 
which limits the material´s mechanical strength.37,38 Host-guest 
interactions exhibit high selectivity and self-organization but are also 
sensitive to temperatures.39 In contrast to these supramolecular 
binding motifs, metallopolymers are tunable and can be more 
resistant to moisture or higher temperatures, which leads to more 
robust materials and broader design possibilities.40–44

Furthermore, metallopolymers combine classical organic poly-
mers with metal ions or complexes to benefit from each other’s pro-
perties.45 The advantages of the polymers like lightweight,46 tunable 
properties47 and cost-effectiveness48 are merged with the properties 
of metal complexes like catalytic activity,49 bioactivity,50 conductivi-
ty51 and others making these polymers an unique material class.52–54 
This combination of benefits leads to many different potential 
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applications of metallopolymers, for example as self-healing55,56 or 
shape-memory materials.42,57,58 

There are different ways to incorporate a metal ion into the 
polymer structure. Ciardelli et al.59 postulated three different types 
of metal-containing polymers. First, that metal ions can be bound to 
a chain of the polymer by electrostatic attraction, by coordination or 
by linking the metal complex as a pendant or an end group to the 
polymer. Second, the metal complexes can be incorporated into the 
polymer as part of the chain by covalent linkage or by metal ligand 
coordination in the main chain. Lastly, the metal ions or the complex 
can physically interact with the polymer chain.59,60 

In literature, ligands are typically chosen as the building blocks to 
incorporate the metal ions into the polymer.43 Therefore, bidirec-
tional, ditopic ligands with various interactions, such as ionic bon-
ding,61 metal-arene complexation62 and coordinative bonding56 are 
applied. The coordinative binding of the metal ion to the ligand is the 
most prominent way to design metallopolymers shown in litera-
ture.42,56,63–65 Hereby a variety of different ligands containing dif-
ferent heteroatoms can be applied. A highly dynamic coordination 
environment can be achieved by the usage of imidazole41 or 
histidine-inspired ligands,66 which leads to reversible networks.42 
Other ligands like porphyrins67 or salens68 can integrate new func-
tionalities into the polymer like electronic69,70 or optical features.67 
Furthermore, different pyridine-based ligands can be utilized, 
therefore mono-,71 bi-[58] or tridentate systems64 are applied. Here, 
the binding constant increases from pyridine to terpyridines, show-
casing the chelating effect of those ligands.72 

In addition to the choice of ligand, it is also crucial to select the 
right metal salt because it influences the properties and the 
dynamics of the resulting metallopolymer. Each metal ion differs in 
geometry, ligand field stabilization and binding strength.73 These 
factors determine the dynamic nature of the resulting metallopoly-
mer networks and affect the macroscopic behavior of the materials. 
Therefore, different metal ions from the p-block like Al(III)74 or 
Bi(III)75, the d-block and the f-block are typically chosen. The d-block 
transition metals like Fe(II/III)76 or Ru(II/III)77 are more commonly 
used than the p-block metal ions because they offer a wide range of 
redox states and coordination geometries,76,77 while the f-block 
lanthanide ions like Eu(III)78  or Tb(III)79 exhibit unique optical proper-
ties that can be used for, e.g., stimuli-responsive photoluminescen-
ce.80 

Overall, by selecting specific ligand/metal combinations, the pro-
perties can be adjusted from highly reversible, i.e. low binding con-
stant of the supramolecular unit, to nearly irreversible based on a 
high association constant.42,72 Applying this principle enables a tailor-
made design of the materials thereof with tunable and on-demand 
properties.63

Terpyridine ligands have gained significant attention due to their 
coordination to transition metals featuring a high degree of 
versatility and an adjustable binding constant by choosing the res-
pective metal ion.64,65,76,81 The resulting metallopolymers can be ad-
dressed by different stimuli, e.g., temperature,57 and can be utilized 
for different applications as smart materials. In this context, self-
healing56,63,64 and shape-memory polymers42,57,58 could be obtained 
by the utilization of this ligand. 

However, the focus of previous works was on synthesizing and 
characterizing those materials, while there are still unanswered 
questions about the structural dynamics, in particular during 
stimulus application. Rheology experiments were also conducted 
before but mostly to confirm the results from self-healing63 or shape-
memory investigations.57 In a previous study from our group, Bode 
et al.63 confirmed the correlation between the self-healing ability and 
the supramolecular bond lifetime linked to the crossover points in 
frequency sweep measurements, while Meurer et al.57 confirmed the 
shape-memory ability of the used metallopolymers via frequency 
sweeps and thermomechanical analysis. However, a detailed 
investigation of the macroscopic and molecular processes of those 
metallopolymers during thermal treatment is still missing preventing 
further optimization of such systems. 

In this study, we aim to provide more in-depth detail of the 
structural and molecular dynamics of terpyridine-based 
metallopolymers using Fe(II) and Zn(II) metal ions. For this purpose, 
a combination of rheological investigations and Raman spectroscopy 
are applied. While rheology provides insights into the viscoelastic 
behavior and structural changes,82 Raman spectroscopy offers a 
perspective on the bond interactions and coordination changes.83 To 
complement these results theoretical calculations enable predictions 
of the molecular behavior and the structural changes.84 With this 
approach, we aim to build a more complete picture of the material´s 
response and behavior that could lead to the development of new 
smart materials with better and on-demand functionalities.

Results and discussion
Synthesis of the metallopolymers
In order to investigate the reversible moieties in metallopolymers, 
first, linear polymers featuring ligands in the side-chain were pre-
pared. As the ligand, 6-(2,2':6',2''-terpyridin-4'-yloxy)-hexyl-meth-
acrylate (Tpy-MA) was selected due to its well-established coordina-
tion properties, making it particularly suitable for the metallopoly-
mer synthesis.42,57,58,85 The ligand was synthesized following a 
previously reported procedure.86 The linear polymers were synthe-
sized via reversible addition–fragmentation chain-transfer (RAFT) 
polymerization. Methyl methacrylate (MMA, P1), butyl methacrylate 
(BMA, P2), or 2-ethylhexyl methacrylate (2-EHMA, P3) were chosen 
as comonomers and were polymerized together with Tpy-MA. 
Hereby, a terpyridine-content of ca. 10% was aimed to introduce a 
significant amount of coordination functionalities, to have a 
controlled, but not too dense crosslinking and to compare the 
resulting systems to literature known metallopolymers.86 

The resulting polymers were characterized using elemental 
analysis (EA), differential scanning calorimetry (DSC), 
thermogravimetric analysis (TGA), and size exclusion 
chromatography (SEC) (all results are depicted in the Supporting 
Information; see Table 1 for a summary of these). 1H NMR 
spectroscopy confirmed a consistent incorporation of approximately 
9% Tpy-MA across all polymers. The SEC results revealed narrow 
dispersity (< 1.25) and similar molar masses ranging from 12 500 g 
mol-1 for P1 to 23 500 g mol-1 for P3, as expected for the RAFT 
polymerization process. The glass transition temperatures (Tg) 
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Scheme 1. Schematic representation of the synthesis of all metallopolymers P1-Fe to P3-Zn and of the polymer networks P1-cc to P3-cc.

obtained from DSC measurements are similar to former results from 
our group.56,85 Since similar Tpy-MA content, comparable molar 
masses and comparable degrees of polymerization were obtained,  
the polymers could be utilized to prepare metallopolymer 
networks,which are highly comparable. 

Afterwards, the metallopolymers were synthesized by conver-
ting the linear polymers with either FeSO₄ × 7 H₂O (P1-Fe, P2-Fe, P3-
Fe) or Zn(TFMS)₂ (P1-Zn, P2-Zn, P3-Zn). These metal salts were dis-
solved in methanol and added to chloroform solutions of the poly-
mers (see Scheme 1), exploiting the high binding affinity of the ter-
pyridine ligands for metal ions.87,88 All metallopolymers were charac-
terized by EA. The determined compositions are in the expected 
range (see Supporting Information Table S6). DSC, and TGA (see 
Table 1 and Supporting Information Table S6) provided insights into 
the thermal properties of the metallopolymers. Unfortunately, it was 
not possible to determine the glass transition temperatures (Tg) from 
the DSC measurements for all metallopolymers (see Supporting 
Information Figures S10 to S12). Hence, dynamic mechanical thermal 
analysis was utilized for the determination, which will be described 
in a following section. For the degradation temperatures, all metallo-
polymers featured a lower decomposition temperature (Td) com-
pared to the linear polymers. For example, P2 shows degradation at 
238 °C while P2-Fe and P2-Zn exhibit a Td of 210 °C and 215 °C, 
respectively. Since all metallopolymers have a first degradation 
between 150 °C and 270 °C they are stable enough for the switching 
and the following analysis. To provide additional context and to 
improve the understanding of the metallopolymer properties, 
polymer networks without ligands or metal salts were synthesized 
for comparison. MMA (P1-cc), BMA (P2-cc) and 2-EHMA (P3-cc) were 
crosslinked with 1,6-hexanediol dimethacrylate (HDMA) as the 
covalent crosslinker and the networks were obtained via free radical 
polymerization (FRP) leading to a 5% content of HDMA within the 
polymer, which results in a similar crosslinking density compared to 
the metallopolymers. These polymer networks were subsequently 

characterized using EA, DSC, and TGA (see Table S8) to analyze their 
composition, thermal behavior and stability. The determined 
compositions via EA were in the expected range. The DSC measure-
ments revealed comparable glass transition temperatures to the 
linear polymers, but slightly lower values compared to the metallo-
polymers, while the degradation temperatures lie in the same range, 
which makes these networks highly useful for comparison. Further-
more, model complexes [(Tpy)2Fe]2+, [(Tpy)2Zn]2+ and poly(methyl 
methacrylate) (PMMA) were synthesized as well (see Supporting 
Information Table S1 and S4).

Complexation behavior in solution
Metallopolymers and metal complexes can undergo dynamic and 
reversible transitions, in particular in solution.89 Understanding the 
reversibility in solution is also crucial for understanding the reversible 
behavior in the solid state. Therefore, we firstly investigated the 
metal complexes, which were utilized for the metallopolymer syn-
thesis, in solution. For this purpose, isothermal titration calorimetry 
(ITC) was applied, since it provides valuable insights into the binding 
constants of the metal complexes as it has been demonstrated in 
other studies.42,57 The results of these already published ITC 
measurements for Zn(TFMS)2 and FeSO4 with the terpyridine ligand 
are summarized in Table 2.42,57 Within these measurements, a single 
binding event with a stoichiometry of 2 was found for the terpyridine 
ligand and the used metal salts, indicating that two terpyridine units 
binds simultaneously to one metal ion.42,57 Furthermore, it should be 
noted that the counter anions can play a significant role in the 
binding affinities of the complexes, which was previously discussed 
in literature.63 The choice of counter anion was based on the non-
binding nature of the anions to the metal ions, in contrast to, e.g., 
chloride which acts as a bridging ligand in Mn(II).63 In addition, FeSO4 
and Zn(TFMS)2 are both air-stable. Furthermore, the iron complex 
exhibits a logarithmic association constant of 23 (corresponding to 
the maximum measurable value with our instrument),57 significantly 
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Table 1. Summary of the calculated composition, the determined molar masses and dispersities and thermal properties of the polymers P1-P3 and the thermal 
properties of the metallopolymers P1-Fe to P3-Zn.  

SEC(b) 
Polymer

Tpy content 

[%](a) Mn / g mol−1 Mw / g mol−1 Đ

Td
(c)

[°C]

Tg
(d)

[°C]
MP

Td
(c)

/ °C

Tg
(e)

/ °C

P1-Fe 148 108
P1 9.3 12,500 15,100 1.21 167 76

P1-Zn 162 121

P2-Fe 210 50
P2 9.1 13,300 15,300 1.15 238 25

P2-Zn 215 89

P3-Fe 223 50
P3 9.4 23,500 26,300 1.12 298 3

P3-Zn 268 71

(a) Determined via NMR spectroscopy (in CD2Cl2 at 300 MHz).
(b) Eluent: CHCl3/NEt3/i-PrOH (94/4/2), PMMA standards.
(c) Degradation temperatures determined via TGA measurements: 25 to 600 °C, 20 K min−1, nitrogen atmosphere.
(d) Glass transition temperatures determined via DSC measurements: −110 to 150 °C, 3rd heating run, 10 K min−1, nitrogen atmosphere.
(e) Glass transition temperatures determined via DMTA: 25 to 100, 130 or 150 °C, 2 K min−1, 1 Hz.  

Table 2. Summary of the calculated and experimentally determined free Gibbs energy (G), association constants (K) and stoichiometry (n) of the bis-terpyridine 
metal complexes.

Complex DFT ITC

Gcalc

/ kJ mol-1

Gcalc(Fe)/ 
Gcalc(Zn)

ln Kcalc
Gexp

/ kJ mol-1

Gexp(Fe)/ 
Gexp(Zn)

ln Kexp
42,57 n

[(Tpy)2Fe]2+ −328.277 130.306 −58.009 23.026 1.91

[(Tpy)2Zn]2+ −181.657
1.81

72.107 −37.767
1.54

14.991 1.90

higher than the 15 observed for the zinc complex.42 Consequently, 
the bis-terpyridine iron(II) complex is much more stable compared to 
its zinc analogue. To validate these results, density functional theory 
(DFT) calculations were performed. The complexation of the two 
metal ions has been modeled with an isodesmic reaction, using 
zinc(II) and iron(II) ions that are explicitly coordinated by methanol 
molecules, which was part of the solvent mixture utilized in the ITC 
measurements.57 The resulting free Gibbs energy (Gcalc) and the 
association constant ln Kcalc are summarized in Table 2. Here, the 
logarithmic association constant is again higher for the bis-
terpyridine iron complex with 130 compared to the zinc complex 
with 72, which aligns well with the ITC results. Furthermore, the free 
Gibbs energy was determined via the DFT calculations. These 
complex formation energies are higher for the [(Tpy)2Fe]2+ complex 
with −58 kJ mol−1 from experimental results and −328 kJ mol−1 from 
theoretical calculations compared to the [(Tpy)2Zn]2+ complex. One 
should mention that absolute association constants are notoriously 
difficult to predict, with deviations of the logarithmic constant by a 
factor of 2 to 10 being very common.90–92 One cause of the reported 
deviations could be that the calculated values assume pure methanol 
as the solvent, deviating from the experiment. Additionally, it can be 
shown that the anion´s electrostatic effect plays an important role. 
Table S13 displays the values for a repeated calculation with addi-
tional chloride ions to mimic the effect of the anions, showing a 
drastic reduction of the calculated association constants and 
improved alignment with the experiments. If the values for both salts 
are put into proportion, the result for the relative free Gibbs energies 

are similar for the experimental and theoretical approach. These 
results make the two chosen salts very suitable candidates for the 
formation and investigation of structural changes in 
metallopolymers, since one more stable and one less stable complex 
are analyzed. 

Rheological investigation
Dynamic mechanical thermal analysis (DMTA)
To structurally characterize the metallopolymers and polymer net-
works, firstly, dynamic mechanical thermal analyses (DMTA) were 
performed. For this purpose, the samples were heated up under a 
constant oscillating shear strain and a constant frequency (1 Hz) to 
study the material’s response. Hereby, the maximum of the loss mo-
dulus (G'') was utilized to determine Tg of all metallopolymers (see 
Table 1).93 The Tg values are higher compared to those of the linear 
polymers, for example P1 has a glass transition temperature of 76 °C 
while the corresponding metallopolymers exhibit a Tg of 108 °C (P1-
Fe) and 121 °C (P1-Zn). Furthermore, it could be observed that the 
storage modulus (G') remained higher compared to the loss modulus 
(G'') for all metallo-polymers across the entire temperature range 
indicating a crosslinked polymer network structure even during 
heating.94 The temperature range of the measurements was chosen 
according to the predominant comonomer in the metallopolymers. 
For example, MMA has a higher Tg than 2-EHMA, therefore it was 
possible to go to higher temperatures without softening the sample 
too significantly. Consequently, the measurement was performed for 
MMA (P1-Fe and P1-Zn) between 25 °C and 150 °C, for BMA (P2-Fe 
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Figure 1. Rheological plots for P2-Zn: (A) DMTA measurement from 25 to 130 °C with the storage modulus G' (black), the loss modulus G'' (black dotted) and 
the loss factor tan δ (violet), (B) frequency sweep from 0.00628 to 628 rad s-1 at different temperatures with storage modulus G’ (solid lines) and loss modulus 
G’’ (dotted lines).

and P2-Zn) between 25 °C and 130 °C and for 2-EHMA (P3-Fe and P3-
Zn) between 25 °C and 100 °C. A representative DMTA curve for P2-
Zn is shown in Figure 1A, the remaining measurements are depicted 
in the Supporting Information (Figure S15 to S22). It should be noted 
that this was also the case for the polymer networks featuring a non-
reversible covalent crosslinker. Furthermore, no clear difference was 
observable between the different comonomers, but between the 
Fe(II) and Zn(II) containing metallopolymers. Here, the loss factor   
tan(δ) shows two distinctive peaks for the iron-containing ones, P1- 
Fe, P2-Fe and P3-Fe, while for the other three metallopolymers only 
one peak is visible. If the two peaks are compared to the covalently 
crosslinked networks the first peak aligns with the maximum of the  
tan(δ) of those, leading to the assumption that the first peak 
corresponds to the glass transition of the polymer backbone, while 
the second peak corresponds to the activation of the metal-ligand 
complex itself or aggregates of multiple complexes. This 
phenomenon is best visible for P2-Fe in Figure S17; the first peak is 
around 50 °C to 60 °C where the glass transition of the BMA 
backbone occurs while the second signal is around 90 °C to 100 °C 
where it is possible to address the dynamic network. For the Zn(II) 
containing metallopolymers the peak only occurs at higher 
temperatures than the glass transition of the covalently crosslinked 
networks, which might be associated with a simultaneous 
occurrence of the glass transition and the activation of the 
supramolecular bond. A similar behavior of multiple signals in the 
tan(δ) plot can be found in literature.95 Hence, further rheological 
measurements were required to observe the material´s properties, 
which will be discussed in the following paragraphs. 

Frequency sweeps
Frequency sweeps were performed for all metallopolymers and the 
non-reversible polymer networks at various temperatures to 
evaluate the stability of the bis-terpyridine complexes and to assess 
the thermal behavior of the supramolecular binding units. The 
temperatures were chosen depending on the Tg of the material. The 
frequency sweep curves for P2-Zn are exemplary shown in Figure 1B. 

The other measurements are displayed in the Supporting 
Information, Figures S22 to S29.

As seen for P2-Zn, a crossover of G' and G'' is visible at 120 °C and 
130 °C. At higher temperatures, the crossover occurs at higher 
frequencies, indicating that the activation of the supramolecular 
network is temperature-dependent.96 Specifically, it appears at 
0.0996 rad s−1 at 120 °C and 0.0396 rad s−1 at 130 °C. This result 
indicates that the reversible bonds are activated. A similar behavior 
could also be observed for all other metallopolymers containing the 
bis-terpyridine zinc complex or other supramolecular polymers,63 
such as ionomers96 or hydrogen-bond based systems.97

However, for the metallopolymers containing iron, G' and G'' 
converge but no actual crossover occurs. This suggests that the iron 
complex is thermally more stable, which aligns well with the results 
of the ITC measurements and the higher binding constant of those 
complexes. Furthermore, for the covalently crosslinked polymers P1-
cc to P3-cc no significant crossover occurs, which is connected to no 
activation of the bonds and, therefore, no significant change in the 
polymer structure. If the curves for the MMA, BMA and EHMA 
containing metallopolymers are compared, only a difference 
regarding the type of used metal ion is visible, while the comonomer 
does not have an influence on the behavior of the samples during 
frequency sweep measurements. 

Furthermore, it is possible to calculate the time of the observed 
crossovers of G' and G'' which can be attributed to the supra-
molecular bond lifetime (τb)96 or other phenomena like terminal 
relaxation of the polymer backbone.98 The resulting values are 
summarized in Table 3. These values are similar across all 
metallopolymers containing zinc, revealing that the crossover in the 
frequency-dependent measurements originates from the complex. 
They decrease at higher temperatures due to the activation of the 
complex. This behavior has also been observed in previous studies 
on comparable polymers.57 Bode et al.63 presented self-healing 
metallopolymers containing the terpyridine ligand, BMA and 
different metal salts. Here, the network with ZnCl2 showed a τb at 
150 °C of 0.15 s, this value is smaller than for P2-Zn which features a 
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τb at 130 °C of 153.6 s; however, the utilized temperature in the 
previous study is higher maybe leading to a lower value of τb. 
Furthermore Meurer et al.57 calculated the supramolecular bond 
lifetime for terpolymers containing two different ligands, including 
the here presented terpyridine moiety. For example, the BMA 
containing polymer with Fe(II) and Zn(II) exhibits a τb at 130 °C of 89 s, 
which is faster than for P2-Zn but still in a similar range.

Stress relaxation
Another rheological method to characterize the dynamic nature of 
the metallopolymers are stress relaxation measurements.99–104 
These experiments refer to the gradual decrease in stress 
experienced by a material under constant strain over time.105,106 
Understanding stress relaxation is crucial for predicting the long-
term performance and durability of polymer-based materials.107 In 
our case a shear strain of 2% was applied and the temperature was 
varied for each measurement. The resulting plot for P2-Zn is 
displayed in Figure 2A, and the normalized plot in Figure 2B. The 
results of the other samples are depicted in the Supporting 
Information, Figures S30 to S52. 

For P2-Zn, the material relaxes faster over time at higher 
temperatures, meaning that the stress relaxation behavior is 
temperature dependent. This observation is valid until 80 °C and is 
comparable to results for other vitrimeric materials.108 For 90 °C and 
100 °C, the material relaxes slower again. This behavior can be 
compared to partial vitrimers, where reversible and crosslinked 
moieties can be found in the material, indicating that not all 
reversible metal complexes are activated at this temperature.109 For 
the metallopolymers P2-Fe and P3-Zn a similar behavior can be 
observed, while the stress decreases with higher temperatures 
across the whole temperature range for P1-Fe and P1-Zn. This stress 
relaxation behavior can be typically found for vitrimers.108 A different 
stress relaxation behavior can be seen for the measurements of P3-
Fe. Here, stress relaxation turns slower for higher temperatures. 

For all samples, which featured a faster relaxation with higher 
temperatures, i.e. revealed a vitrimer-like behavior, the results were 
fitted using two different models. First, the Maxwell model (see 
Equation 1) was implemented, which describes a single relaxation 
mode in an ideal system.106 Here G0 describes the initial relaxation 
modulus and τ the characteristic relaxation time when 1/e of the 
initial value is reached. Since materials are normally not ideal, a 
second model could be applied, which takes a multimodal 
distribution of relaxation modes into account.106 This model is the 
Kohlrausch-Williams-Watts (KWW) model and describes a stretched 
exponential function  (see Equation 2).110,111 Here, τ* is the 
characteristic relaxation time at 1/e of G0 and β is the stretching 
exponential. An example of both models fitted to the stress 
relaxation data of P2-Zn at 40 °C and 80 °C is depicted in Figure 2C. 
Similar plots for the other metallopolymers as well as the polymer 
networks can be found in the Supporting Information.

𝐺(𝑡) = 𝐺0𝑒𝑥𝑝 ― 𝑡
𝜏 (1)

𝐺(𝑡) = 𝐺0𝑒𝑥𝑝 ― 𝑡
𝜏∗

𝛽
(2)

Figure 2C demonstrates that the Maxwell model does not fit the 
measured data very well; on the other hand, the stretched 
exponential function from the KWW model fits the data much better, 
indicating that the measured samples are not ideal and simple. This 
is also the case for all other metallopolymers and crosslinked 
polymers (see Supporting Information). Since both models do not fit 
the measurements perfectly, it would in principle be possible to fit 
the stress relaxation data using a modified KWW function using a fast 
and a slow relaxation as shown in literature.112 However, in the 
following section we report that the presented metallopolymers 
exhibit multiple, i.e. five to seven, relaxation modes. Therefore, it is 
not possible to only use a single or a two-term fitting for these plots. 
Hence, the Maxwell model (Equation 1) and the KWW model 
(Equation 2) are depicted, even though we exhibit more than one 
relaxation. To compare both shown approaches the following calcu-
lations were performed for both models. Using τ from the Maxwell 
model and τ* from the KWW model, it is possible to calculate the 
activation energies (EA). Therefore, the Arrhenius correlation of EA 
was utilized (see Equation 3).113

𝑙𝑛 𝜏(𝑡) = 𝑙𝑛 𝜏0 + 𝐸𝐴

𝑅𝑇 (3)

The resulting Arrhenius plots of P2-Zn in a temperature range 
from 50 °C to 80 °C for the Maxwell model and from 30 °C to 80 °C 
for the KWW model are presented in Figure 2D and for the additional 
metallopolymers and polymer networks in the Supporting 
Information, Figures S53 to S58. Furthermore, the calculated 
activation energies are summarized in Table 3. The found EA values 
range from 132.0 kJ mol−1 (P1-Fe) to 41.0 kJ mol−1 (P3-Zn) for the 
metallopolymers. These values are in the range of activation energies 
found for other vitrimers114 and are comparable to the free Gibbs 
energies determined via ITC measurements (see Table 2). However, 
the values are significantly smaller compared to those of the DFT-
modeled Gibbs free energies (Table 2). For P3-Fe it was not possible 
to determine EA because the relaxation did not follow a vitrimeric 
behavior. As shown in Table 3 the EA values differ a lot comparing the 

Table 3. Summary of the determined values of the crossover times (τb) and 
the activation energies (EA) for the synthesized metallopolymers and polymer 
networks.

Sample
T

/ °C

τb

/ s

EA (Maxwell)

/ kJ mol−1

EA (KWW)

/ kJ mol−1

P1-Fe n.d.(a) 94.8 132
130 442.5

P1-Zn
140

465.1
242.1
20.6
0.28

106 120

P2-Fe n.d.(a) 90.3 94.3
120 561.8

P2-Zn
130 153.6

75.5 109

110 666.7
P3-Zn

120 190.1
41.0 42.0

P1-cc n.d.(a) 100 131
P2-cc n.d.(a) 81.5 124

(a) Not detectable. 
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Figure 2. Stress relaxation plots for P2-Zn: (A) stress relaxation measurement from 25 to 100 °C, (B) normalized stress relaxation plot, (C) normalized plot of 
the stress relaxation measurements at 40 and 80 °C fitted using the Maxwell and KWW models and (D) Arrhenius plot for Maxwell and KWW models.

results from Maxwell and KWW fits. In general, all values for KWW 
are higher compared to Maxwell. The values for the metallopolymers 
containing MMA (P1-Fe and P1-Zn) are higher than the ones 
containing BMA (P2-Fe and P2-Zn) or 2-EHMA (P3-Zn). Only for the 
MMA-containing metallopolymers, the one containing iron exhibits 
a higher activation energy compared to its counterpart metallo-
polymers containing zinc. This result has already been described by 
the theoretical calculations of the free Gibbs energy (see Table 2) and 
is also in line with the complexation behavior in solution. However, 
this is not the case for the other metallopolymers. Another observa-
tion is that the EA values determined by the Maxwell and KWW 
approach of P1-cc and P2-cc lie in the same range as their 
corresponding metallopolymers P1-Fe, P1-Zn and P2-Fe, P2-Zn, 
respectively. The comparison to the covalently crosslinked networks 
reveal that the polymer matrix has a significant influence on the ac-
tivation energy determined by the stress relaxation measurements. 
These results lead to the assumption that the resulting EA values are 
a combination of the activation of the metal-ligand complex and the 
Tg of the polymer matrix. 

Another approach to analyze the stress relaxation 
measurements is to construct a master curve using the time-
temperature superposition principle.115 Hereby, the resulting curve 
was fitted using the KWW equation (Equation 2) and the resulting 

shift factors aT could be correlated to the τ* values to calculate the 
activation energy. The resulting plots are depicted in the Supporting 
Information (Figure S59 to S69) and the EA values are summarized in 
Table S9. However, not all master curves follow the KWW equation 
very well, which leads to unrealistic EA values, e.g., for P3-Zn, where 
an activation energy of 228 kJ mol-1 was obtained while only a value 
of 42 kJ mol-1 could be determined using the previously described 
KWW approach. Furthermore, these findings suggest that stress 
relaxation measurements are not the best method to clarify the 
structural properties of metallopolymers, i.e. the supramolecular 
binding motifs of the used bis-terpyridine metal complexes.

Time-temperature superposition
Since the conducted frequency sweep measurements revealed the 
most promising results for the understanding of the structural chan-
ges in the metallopolymers, time-temperature superposition (TTS) 
was performed. The TTS principle is based on the fact that the mea-
sured data, here G' and G'', are temperature dependent.116 This rela-
tionship indicates that a change in temperature leads to both hori-
zontal and vertical shifts of the frequency sweep results. The 
materials, for which such a time-temperature-shift is applicable, are 
called thermorheologically simple.117 This procedure solves the prob-
lem of a limited frequency range and it is possible with the use of the 
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Figure 3. (A) Modified Cole-Cole plot of P2-Zn, (B) TTS master curve of P2-Zn at Tref = 110 °C.

resulting master curves to predict the material´s behavior over a 
larger time scale.118,119 A similar approach was also performed for 
other reversible polymers in literature.110,119–126 To check if the TTS 
principle is applicable for the metallopolymers and the irreversibly 
crosslinked polymer networks, modified Cole-Cole plots were ob-
tained at first. These plots are almost temperature independent and 
should overlap.121,127 The Cole-Cole plot of P2-Zn is exemplary shown 
in Figure 3A. Here, the values of G' and G'' at different temperatures 
in an angular frequency range from 0.00628 rad s−1 to 6.28 rad s−1 
were utilized. This plot confirms a complete overlap of the two 
variables, so TTS should be applicable. Similar results were also 
obtained for the other metallopolymers and the irreversibly 
crosslinked polymer networks. These plots are depicted in the 
Supporting Information (Figures S70 to S77). The slopes within these 
plots could be determined. For P2-Zn (see Figure 3A) the slope 
increases with increasing temperature from 0.75 to 1.98, reaching  
almost the value of 2, which Han et al. postulated as the value for an 
ideal non-crosslinked polymer.127 Therefore, at 120 °C and 130 °C the 
supramolecular crosslinking points are highly activated, which 
correlates to the observed crossover points in the frequency sweep 
measurements. Since the value of 2 is not reached completely, some 
crosslinking points are not activated. Alternatively, the reversibility 
could also be based on an associated mechanism, which results in a 
polymer network with exchangeable bonds. This hypothesis is 
supported by the DMTA measurements (see above), in which G' is 
always higher than G''. However, for all other metallopolymers (see 
Supporting Information), such high values could not be obtained. 
Nevertheless, the values are always higher compared to the ones of 
the irreversibly crosslinked polymer networks, indicating that the 
reversibility in the supramolecular polymers is higher, which is 
associated with the dynamic metal-ligand interaction. Subsequently, 
master curves were constructed. A reference temperature (Tref) was 
chosen for every sample, for P2-Zn 110 °C was chosen as the 
reference temperature since it is in the middle of the temperature 
range (this approach was always performed for the other 
samples).117 The curves were shifted horizontally using shift factors 
aT and no vertical shifting (bT) was required in this case. This means 
that P2-Zn is a non-complex polymer in the mean of the TTS.117 The 

resulting master curve is shown in Figure 3B. The other master curves 
are presented in the Supporting Information, Figures S78 to S85, and 
a summary of the used shift factors and reference temperatures is 
provided in Table 4. Here, it should be noted that only a vertical shift 
using the shift factors bT was required for the samples containing 
MMA, suggesting that these samples  exhibit more 
thermorheologically complex behavior.128 All master curves fit very 
well, which means that it is possible to predict the material´s 
behavior over a longer time frame.117 To validate the master curves, 
van Gurp-Palmen plots were constructed,129 which are presented in 
the Supporting Information (Figure S86 to S94). All samples, except 
the ones containing MMA as a comonomer, show a good overlap. 
The reduced overlap for P1-Fe, P1-Zn and P1-cc reflect the necessity 
to apply the vertical shift factor bT in the construction of the master 
curve.       

Generally, there are different models available for the TTS 
evaluation.130–132 The most common one is the Williams-Landel-Ferry 
(WLF) model.117 The WLF-equation (Equation 4)133 is an empirical 
model based on Doolittle’s mean free volume equation and 
Arrhenius kinetics. It is applicable within the temperature range of  
Tg  to (Tg + 100 K).133 

𝑙𝑜𝑔 𝑎𝑡 = 𝑙𝑜𝑔 𝜂
𝜂𝑟

= ― 𝐶1(𝑇―𝑇𝑟)
𝐶2+(𝑇―𝑇𝑟) (4)

In this equation two material constants C1 and C2, often described as 
the WLF parameters, are utilized, while Tr is the reference 
temperature for generating the master curve.

For this study, the measurements were conducted around Tg so 
the WLF-equation is applicable. The WLF parameters C1 and C2 were 
determined via linear plotting (see Supporting Information, Figures 
S95 to S103). The results of this analysis are presented in Table 4. The 
WLF parameters vary significantly and there is no clear trend in 
comparison between the metal ions used. Overall, the TTS principle 
is a good way to analyze the metallopolymers, but no other structural 
changes than in the frequency sweeps (i.e. activation of the 
complexes at higher temperatures) could be determined. 
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Table 4. Summary of the reference temperatures (bold and underlined) and shift factors aT and bT for the master curves and the material constants C1 and C2 
from the WLF-equation for all metallopolymers and polymer networks.

Sample
WLF

C1

WLF C2

/ °C

T / °C 100 110 120 130 140
aT 3000 59 1 0.027 0.0015P1-Fe
bT 0.85 1 1 1 1

28.71 174.91

T / °C 100 110 120 130 140
aT 3000 55 1 0.05 0.01P1-Zn
bt 0.9 1 1 1 1

9.84 68.38

T / °C 40 50 60 70 80 90
P2-Fe

aT 800 56 6.5 1 0.18 0.043
13.99 180.26

T / °C 80 90 100 110 120 130
P2-Zn

aT 490 55 7 1 0.21 0.06
8.15 109.85

T / °C 40 50 60 70 80 90
P3-Fe

aT 380 45 6.1 1 0.21 0.06
10.20 141.44

T / °C 70 80 90 100 110 120
P3-Zn

aT 150 15 3 1 0.3 0.1
31.75 619.72

T / °C 90 100 110 120 130 140
aT 4500 120 7 1 0.23 0.1P1-cc
bT 0.85 0.9 0.95 1 1.05 1.1

4.56 63.90

Computational rheology
To further characterize the dynamic behavior of the metallo- 
polymers, computational rheology134 was applied, which refers to 
the calculation of the master curve and the relaxation spectrum using 
the experimentally determined frequency sweep data. For this 
purpose, we established the RheoSpec program (see Supporting 
Information).135–137 First, the results from the frequency  
measurements were utilized to calculate the corresponding master 
curve, an example is shown for P2-Zn in Figure 4A. The 
computational master curve looks almost identical compared to the 
constructed one shown in the previous section. This is also the case 
for all other samples. The corresponding computational master 
curves are shown in Figure S104 to S111. It should be noted that for 
the computational master curves the shift factor bT was neglected 
and only the shift factor aT was used.

For better understanding of the master curves, we decided to 
model relaxation spectra H(τ)134,138 using the RheoSpec program (for 
more details see Supporting Information). These plots reveal 
theunderlying relaxation modes that cannot be seen in any other 
measurements. Since the derivation of H(τ) from the frequency 
sweep measurements of the storage and loss modulus over a limited 
frequency range is hard, it is only possible to calculate an 
approximate function, because small changes in G' and G'' from the 
experimental data lead to variations in the relaxation spectrum.137

There are two different methods for the use of relaxation 
spectra, the discrete139 and the continuous mode.140 We used the 
continuous mode, since it is a more compact method to study the 
underlying relaxation responses.135,137 The resulting spectra of the 
samples can be found in Supporting Information (Figures S113 to 
S121). For a better understanding of this data, a comparison 
between the samples with the same comonomer and the samples 
containing the same metal salt were carried out (see Figure 4B and 

Figures S122 to S125). In Figure 4B all samples containing MMA as 
the comonomer are summarized, here all three relaxation curves 
look very similar. P1-Fe and P1-Zn look almost identical, the sample 
containing Zn(II) is just shifted slightly to longer times. Since the 
frequency sweep measurements were performed up to 140 °C, the 
Tg of PMMA is quite close, this leads to a better resolution in the 
relaxation spectra. For the samples containing BMA and 2-EHMA as 
a comonomer (see Supporting Information, Figures S122 and S123) 
the Tg is lower, and the conducted temperature range in the 
frequency sweep measurements are much higher compared to the 
glass transition temperature. As for those samples, there is no clear 
difference between the relaxation curves. Furthermore, when 
comparing all samples containing Fe(II) (see Figure S124) or Zn(II) 
(see Figure 4B) no clear distinction between the BMA- and 2-EHMA-
containing metallopolymers is possible. 

There are about seven different peaks in the H(τ) spectrum for 
the MMA-containing samples and around five to six peaks for the 
BMA- and EHMA-containing samples. This leads to the conclusion 
that the metallopolymers are very complex materials and there are 
multiple relaxations visible for the metal-ligand complex itself and 
the polymer backbone. In literature, there are often only two 
distinctive peaks shown in the H(τ) spectra that could be assigned to 
distinctive relaxation processes.141–143 However, there are also 
examples of polymers featuring more complex behavior, like 
polyimides134 or polyurethanes.144

 
Raman spectroscopy and DFT modelling
Raman spectroscopy is a labelfree analytical technique that provides 
highly specific molecular information. It has extensively been applied 
to study ligand binding, complexation, and structural changes in 
various systems.57,85,145 Building on its well-established molecular 
specificity, Raman spectroscopy is used in this study to validate the 
formation of metal complexes within the polymeric matrix and to 
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Figure 4. (A) Computational master curve of P2-Zn at Tref = 120 °C, (B) computational relaxation spectrum of P1-Fe, P1-Zn and P1-cc.

investigate their behavior at different temperatures, thereby 
providing deeper insight into their molecular-level structural 
dynamics. 

To achieve this, the free terpyridine monomer (Tpy-MA), as well 
as the zinc and iron model complexes, [(Tpy)2Zn]2+ and [(Tpy)2Fe]2+ 
were first investigated to identify characteristic vibrational bands  
that could serve as marker bands to confirm whether Zn(TFMS)2 or 
FeSO4 metal salts successfully complex with the terpyridine ligand. 
Upon complexation, significant Raman spectral changes were 
observed, particularly in the zinc complex [(Tpy)2Zn]2+, where the 
most pronounced changes occurred (Figure S126). For instance, the 
Raman band at 339 cm−1 in free Tpy-MA spectrum is shifted to 
349 cm−1 in the zinc complex, [(Tpy)2Zn]2+, accompanied by the 
appearance of a new band at 313 cm−1, forming a doublet attributed 
to the N-Zn stretching vibration.146

A higher intensity and slight shifting of the above-mentioned 
band can also be seen in the DFT modeled Raman spectra (see 
Supporting Information, Figures S147 and S148) supporting the 
experimental results. Here the band at approximately 324 cm−1 for   
the free ligand is shifted to 326 cm−1 with a much higher intensity for 
the bis-terpyridine zinc complex. In contrast, iron complexation 
results in a broad band at 310 cm−1 (see Figure S126) corresponding 
to N-Fe stretching vibrations. These shifts occur due to coordination 
of the terpyridine nitrogen to the metal center, where the metal 
accepts additional electrons density from the terpyridine ligand. This 
electron transfer also quenches the intense δ(C-C) band at 997 cm−1 
observed in the free Tpy-MA spectrum, resulting in a significant 
reduction in intensity for [(Tpy)2Fe]2+ and almost complete disap-
pearance in [(Tpy)2Zn]2+. This phenomenon can also be seen in Figure 
S147 and S148 of the modeled spectra where the mentioned band 
for the free terpyridine ligand disappears for both complexes. The 
weak doublet at 457 cm−1 and 469 cm−1 in the free Tpy-MA spectrum 
merges into a broader band at about 461 cm−1 in [(Tpy)2Fe]2+, 
reflecting the distinct electronic and geometric environment 
introduced by iron complexation. This band is assigned to the N-Fe 
stretching vibration.146,147 Moving to the higher wavenumbers, the 
Raman band at 644 cm−1 intensifies and blue-shifts by approximately 
6 cm−1 for both zinc and iron complexes. Meanwhile, the band at 

623 cm−1 shifts to 639 cm−1 in the zinc complex and appears as a 
shoulder in the iron complex.

In the breathing modes spectral range, the δ(C-C) and δ(C-H) 
bands at 1030 cm−1 and 1041 cm−1 shifts and intensify to 1020 cm−1 
and 1030 cm−1 for the zinc complex and 1023 cm−1 and 1039 cm−1 for 
the iron complex. The higher wavenumber shift and the intensi-
fication of the 1023 cm−1 band in the iron complex, suggests a 
stronger coordination of the terpyridine ligand to Fe2+ than to Zn2+, 
which is in line with the ITC results mentioned above.147

The described shifts are also visible in the modeled spectra, 
where at approximately 1020 cm−1 a significant increase in intensity 
for both complexes is visible. At even higher wavenumbers, the 
νas(C-C) band at 1201 cm−1 shifts and merges with another νas(C-C) 
band at 1251 cm−1 to form a single band at 1264 cm−1 in the zinc 
complex. This merging is likely due to mode coupling during zinc 
coordination. In contrast, a new band emerges at 1289 cm−1 in the 
iron complex, indicating a unique vibrational mode that arises 
exclusively from the iron coordination corresponding to a newly 
formed band for the C−C bond.148 

The ν(N-C) broad band at about 1400 cm−1 also undergoes 
significant changes, broadening into two bands centered at                         
1435 cm−1. The symmetric doublet ν(CNC, C-C) at 1446 cm−1 and 
1568 cm−1 shifts to 1474 cm−1 and 1499 cm−1 in the zinc complex and 
to 1469 cm−1 in the iron complex. Additionally, the ν(CC, CN) band at 
1356 cm−1 shifts by +12 cm−1 in the zinc complex and by +6 cm−1 in 
the iron complex. These shifts arise due to geometrical changes and 
mode coupling effects during complexation.146 Furthermore, 
complex changes in the v(CN, CC) region between 1550 and                     
1650 cm−1 were observed, which  might be attributed to cis-to-trans 
transformations during complex formation.145,146,149 A comparison of 
the determined band positions of the metal complexes by Raman 
and by DFT calculations can be found in the Supporting Information 
Table S14.

To ensure that these identified characteristic bands can be used 
for validation, the ligand-containing polymers (P1, P2, and P3) 
without the metal complexes were analyzed to check for similarities. 
The analysis revealed that most of the identified bands can reliably 
confirm the presence of the complexes. However, the bands at 
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Figure 5. Normalized FT-Raman spectra of the linear polymers P1, P2 and P3 and (A) Fe-complexed and (B) Zn-complexed metallopolymers showing the band 
positions of the identified characteristic peaks for validation. 

639 cm−1, 700 cm−1, 1030 cm−1 (zinc complex) and 1039 cm−1 (iron 
complex), and the region 1550 cm−1 to 1650 cm−1 overlaps with the 
polymer matrix, making them unsuitable for validation. 

The metallopolymers were subsequently measured and analyzed 
to validate the formation of the metal complexes. As shown in Figure 
5A and 5B for the iron and zinc-based metallopolymers, respectively, 
the identified characteristic Raman bands indicative for 
complexation, as described above, were consistently present across 
all metallopolymers. Some bands exhibited shifts of up to +5 cm−1, 
while others remain unchanged (localized and unaffected by the 
polymeric matrix). Additionally, broadening of certain vibrational 
modes, such as the band at 1264 cm−1, the band at 754 cm−1, and 
even the N-Zn band at 313 cm−1, was observed. This broadening and 
shifting are attributed to the influence of the polymeric environment 
on the vibrational modes. 

Furthermore, it was observed with the P1-Zn metallopolymer 
that new bands emerged outside the previously identified 
characteristic bands following complexation. These new bands 
appear at approximately 263 cm−1, 367 cm−1, and 667 cm−1 and were 
also observed in the crosslinked polymer P1-cc, although their signal 
intensities were weak, with the exception of the 367 cm−1 band (see 
Supporting Information Figure S140). The bands at 263 cm−1 and 
367 cm−1 corresponds to C-C/C-O out of plane bending, while the 
band at 667 cm−1 is attributed to the wagging vibration of the C=O in 
the ester moiety of the methacrylate.150–152 Upon complexation, 

these signals become significantly more intense, displaying almost 
equal intensities showing an influence of the metal complex 
spectrum by the presence of the surrounding polymer.

Afterwards, temperature-dependent Raman measurements 
were conducted with a focus of the complexed metallopolymers P1-
Fe to P3-Zn. Interestingly, during these measurements, the 
intensities of the complexation sensitive Raman bands decreased as 
the temperature increased (see Supporting Information, Figure 
S141). This can be attributed to the fact that an increase in 
temperature disrupts the influence of the polymer environment on 
the coordination of the metal complex. However, the band positions 
remained relatively unchanged, except for the 667 cm−1 band, which 
shifted slightly to 665 cm−1 at 130 °C and further to 663 cm−1 at 140 °C 
and 150 °C. This might suggest a subtle change in the coordination 
environment and its geometry and also corresponds to the changes 
observed in the rheology at those temperatures. Thus, these changes 
in the molecular pattern fits to the observed reversibility in the 
frequency sweeps (and in the TTS) for the zinc complexes.

The characteristic ν(Zn-N) bands at 312 cm−1 and 349 cm−1 
showed minimal shifts in peak position for increasing temperature, 
highlighting the stability of the metal-ligand complex even at 
elevated temperatures. This finding corresponds perfectly to the 
DMTA measurements, in which G' is also higher than G''. Specifically, 
at 140 °C, the band at 312 cm−1 slightly shifts to 310 cm−1 before 
returning to 312 cm−1 at 150 °C. The 349 cm−1 band also exhibited 

Page 11 of 16 Polymer Chemistry

P
ol

ym
er

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

4/
20

26
 4

:3
7:

01
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6PY00053C

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6py00053c


ARTICLE Journal Name

12 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

minor back-and-forth shifts of 2 cm−1 starting from 70 °C. It should 
be noted that these fluctuations do not follow any observable trend, 
suggesting that the complex remains stable and localized, with no 
significant structural change in the metal complex. Similar 
characteristics were observed for the Zn-N vibration bands in the 
other metallopolymers, P2-Zn and P3-Zn. (see Supporting 
Information, Figures S142 and S143 and Table S12 for the Raman 
band positions with respect to temperature.)

The temperature-dependent Raman analysis shows that the 
observed Raman spectral changes arise primarily from thermally 
induced morphological changes in the polymer matrix and localized 
vibrational changes in the coordination environment of the Zn2+ ions, 
while the terpyridine-zinc complex itself remains intact. This suggests 
a molecular mechanism that enables the reversible behavior of the 
metallopolymers. The finding is well in line with the DMTA 
measurements, which suggest a polymer network even at higher 
temperatures and no opening of the bonds (which would correspond 
to a dissociative mechanism). However, the dynamic behavior in the 
frequency-dependent measurements might be explainable with 
these structural changes observed in the temperature-dependent 
Raman measurements, since the reversibility by exchange reaction 
will presumably lead to a change in the molecular environment of 
the metal complexes. Alternatively, it could also be possible that 
certain aggregates, e.g., ionic clusters are formed and the thermal 
treatment would lead to an exchange / reversibility of these. Such 
aggregates are known for supramolecular polymers containing polar 
groups in a non-polar polymer environment.55,86,97,153,154 

Figures S144 through S146 illustrates the temperature-
dependent Raman spectra of the P1-Fe, P2-Fe, and P3-Fe 
metallopolymers, respectively. Unfortunately, a significant loss in 
spectra intensity is observed for P1-Fe and P2-Fe at temperatures 
above 80 °C, while P3-Fe exhibits a similar decline beginning at 
around 100 °C. Here, the decline in intensity could be correlated to a 
temperature-dependent process that leads to environmental 
changes in the polymer network without significantly influencing the 
chemical structure. Sample degradation could be excluded, which 
was proven by the TGA and rheology measurements indicating 
stability of the metallopolymers at these high temperatures. Thus, 
these polymers could not be investigated in detail by temperature-
dependent Raman measurements. 

Conclusions
In the current study, our aim was to understand and describe the 
structural changes happening in metallopolymers. We therefore 
prepared metallopolymers containing terpyridine moieties as ligands 
in the side chains that form homoleptic complexes with Fe(II) or Zn(II) 
ions. The metallopolymers were characterized using DSC, TGA and 
elemental analysis. Rheological investigations were conducted, 
focusing on DMTA, stress relaxation, frequency sweeps and the TTS 
principle. Herein we concluded that frequency sweeps are the best 
method to characterize structural changes in such metallopolymers. 
Here it was possible to observe crossovers in the plots for the zinc 
containing bis-terpyridine complexes, which is well aligned with the 
higher reversibility of this bond. Stress relaxation measurements 
revealed activation energies of the overall relaxation process (i.e. 
polymer matrix and metal complexes). Furthermore, computational 

rheology was applied to construct master curves and relaxation 
spectra. Here it was possible to see different relaxation modes for 
the Fe(II) and Zn(II) containing metallopolymers clearly indicating a 
reversibility / relaxation caused by the metal complexes. For further 
investigation, Raman spectroscopy and DFT calculations were 
conducted. The formation of the complexes could be demonstrated 
with both methods, and temperature-dependent Raman 
spectroscopy revealed no significant structural changes of the metal 
complexes but rather a thermal-induced morphological change of 
the polymer matrix. These findings align with the DMTA 
measurements, where no dissociation of the bonds of the polymer 
network could be observed. The frequency-dependent dynamics 
may stem from reversible structural changes, which are also 
observable in the temperature-dependent Raman spectra, likely due 
to exchange reactions of metal complexes or exchanges within 
certain aggregates.

Overall, this study demonstrates that dynamic metallopolymers 
can be comprehensively characterized using a combination of 
complementary analytical techniques. In particular, DMTA, 
frequency-dependent measurements and TTS are very useful 
rheological approaches, whereas Raman spectroscopy in 
combination with DFT calculations provides valuable insights into the 
molecular structure. 
In future studies, other ligands and metal salts should be studied to 
investigate their structural behavior and see if those changes occur 
only within the polymer matrix or within metal complexes inside the 
metallopolymers.
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Data availability
The data supporting this article is included in the Supporting Information. The authors have cited additional 
references within the Supporting Information.156–174 The Supporting Information contains information about the used 
chemicals and instruments, the synthesis of the polymers, metallopolymers and polymer networks as well as 
detailed information about the characterization of those, e.g., NMR, SEC, DSC, TGA and elemental analysis data 
and curves. Additionally, the plots of the DMTA, frequency sweeps, stress relaxation, Arrhenius and TTS are 
summarized in the Supporting Information. The measured Raman spectra as well as the DFT modeled Raman 
spectra can be found there as well. The Supporting Information is available, see DOI: 10.1039/x0xx00000x. All 
primary data can be found under the following DOI: 10.5281/zenodo.18182255. 
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