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Distinguishing Relaxation Dynamics in Transiently

Crosslinked Polymeric Networks

†

Cindy Soo Yun Tan,a,b Gillie Agmon,c,d Ji Liu,a Dominique Hoogland,a Emma-Rose
Janeček,a Eric A. Appel,c⇤ and Oren A. Schermana⇤

Polymeric materials based on reversible non-covalent associations possess diverse mechani-
cal behaviour, responsiveness to external stimuli and self-healing properties. Unlike covalently-
bonded polymeric materials, whose properties are conventionally engineered through the polymer
structure alone, the mechanical performance of a supramolecular material can be designed via
two motifs: the polymer architecture (e.g., polymer molecular weight or structure) and the physical
crosslinks (e.g., thermodynamics or kinetics of binding) between polymers. Here, we demonstrate
the preparation of aqueous-based supramolecular polymeric materials utilising cucurbit[8]uril
(CB[8]) crosslinking of multivalent polymers of varying molecular weights. By exploiting three
kinetically distinct supramolecular motifs, we show that it is possible to relate the contributions of
polymer architecture and dynamic crosslinking to the ultimate mechanical properties of the mate-
rials. These studies improve our understanding of the challenging relationships between design of
supramolecular polymeric materials and their complex viscoelastic behaviour as well as relaxation
dynamics.

1 Introduction

Macroscopic mechanical properties of supramolecular crosslinked
polymeric materials can be engineered via two dimensions:
macromolecular architecture and the supramolecular motifs in-
volved in crosslinking. These soft materials typically possess
structural motifs operating at characteristic hierarchical length
and time scales, with dynamic interactions having been identified
as the most critical in engineering tough supramolecular polymer
networks and hydrogels.1–7 Although the mechanical response
of the dynamic network is directly impacted by supramolecular
crosslinking,8,9 the contribution of conventional polymer dynam-
ics (such as polymer molecular weight and architecture) must
also be considered to more fully understand the fundamental be-
haviour of these materials and to broaden the scope of their appli-
cability.10 Yet, the polymer dynamics is often inherently coupled
with the temporal kinetics of soft materials on account of diffu-
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sion of the transiently connected polymeric constituents.11

The lifetime of a transient crosslink plays a central role in defi-
ning the physical characteristics of supramolecular networks,12

clearly distinguishing these materials from either their cova-
lently crosslinked counterparts or entangled polymer solutions.
Most supramolecular polymer networks exhibit remarkable visco-
elastic behaviour, including long relaxation times (slower dif-
fusion) and increased storage modulus in the rubbery region
through connectivity of the network.13 Numerous efforts have
been directed towards unravelling the complex equilibrium and
dynamic properties of various reversible crosslinking motifs in
polymeric assemblies,13–18 with more recent work investigating
metal coordination19–22 and hydrogen bonded23–25 constructs.
Holten-Andersen and coworkers reported on the mechanical per-
formance of poly(ethylene glycol) (PEG)-based hydrogels cross-
linked with multiple, kinetically distinct and dynamic metal-
ligand coordination complexes simultaneously to orthogonally
control the temporal hierarchy.11 Nevertheless, few reports have
simultaneously probed both the molecular kinetics and polymer
dynamics of physically crosslinked networks. Recently, Guan et

al. reported the preparation of copolymers containing imidazole
ligands, which could be crosslinked through coordination to va-
rious metal ions, allowing the authors to engineer the mechanical
responses of the network via ligand exchange-induced relaxation
(temporal) as well as coordination geometry and topology (struc-
tural) under dynamic and static loading.19 The authors observed
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Fig. 1 (a) Schematic representation of supramolecular polymer network formation, whereby multivalent side-chain-functional polymers containing
viologen and second-guest (G2; naphthyl - Np, dibenzofuranyl - Dbf, and pyrenyl - Pyr) derivatives are dynamically crosslinked by cucurbit[8]uril
(CB[8]) to form heteroternary complexes. (b) Orthogonal structural and temporal controls of material mechanical performance: alteration of the
polymer molecular weight can tune the viscoelastic properties of a transient polymer network in a conventional manner. Meanwhile, controlling the
temporal CB[8] crosslinking dynamics by varying the type of second guest allows orthogonal control over its polymer dynamics by incorporating
different second guests to bind with CB[8] ·MV complex in the polymer networks. (c) Model molecular structures employed in the preparation of
CB[8]-based physical polymer networks.

that while strong metal-ligand complexation resulted in mechani-
cal behaviour similar to that of covalently crosslinked networks,
weaker complexation afforded tunable temporal control over the
mechanical properties and stress-dissipation. Inspired by the ap-
proaches taken in these previous studies, as well as their short-
comings, we sought to exploit a system of kinetically distinct host-
guest interactions to dynamically crosslink multivalent polymers
of varying molecular weights, thus affording complete decoupling
of the relative contributions of dynamic crosslinking and classi-
cal polymer properties to the complex mechanical behaviour of
these materials. These studies dramatically improve our under-
standing of the challenging relationships between the hierarchical
construction and resulting complex viscoelastic mechanical be-
haviour of these materials, which can inform the design of more
advanced supramolecular polymeric materials.

2 Results and Discussion

Here we develop a platform of supramolecular crosslinked net-
works consisting of disparate guest-functionalised polymers with
differing polymer mechanics brought together by host-guest
ternary complexation.26–29 CB[8] host molecule has a large
cavity and can simultaneously accommodate two guests in a

step binding process, whereby an electron-deficient first guest
such as a viologen derivative (MV) enters first, followed by an
electron-rich second guest, typically a polycyclic aromatic hydro-
carbon, to form a stable 1:1:1 ternary complex.30 These com-
plexes exhibit exceptionally high equilibrium binding affinities
(Ka up to 1014 M�2).31 In our system, multivalent styrenic
copolymers bearing MV derivatives can be dynamically cross-
linked with hydroxyethylcellulose (HEC) polymers bearing a se-
cond guest moiety, consisting of either naphthyl (Np), dibenzo-
furanyl (Dbf) or pyrenyl (Pyr) derivatives, through the addition
of CB[8] molecules (Figure 1a). We demonstrate independent
control over the time-dependent mechanical properties of these
CB[8]-mediated polymer networks from both polymer molecu-
lar weight and temporal properties (Figure 1b) to modulate the
macroscopic time-dependent mechanical properties of the poly-
mer network. The structural dimension of the polymer network
is isolated from their temporal hierarchy systematically by using
an identical second-guest crosslinking motif appended on differ-
ent polymer backbones, allowing the material design to be ortho-
gonally manipulated from both dimensions, exclusively. Like-
wise, we are also able to engineer the time-dependent mechanical
properties through the choice of second guest moieties involved

2 | 1–8
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Fig. 2 Master curves of the viscoelastic moduli for (a) HEC1300*5Np, (b) HEC250*5Np, and (c) HEC90*5Np networks referenced to 20�C. Increasing
the polymer molecular weight in the supramolecular networks downshifts the G’ and G” crossover frequency (tc) by several orders of magnitude. The
polymer networks are well-characterised by relaxation spectra H(t) with one or two local maxima, denoted as Peak 1 and Peak 2. The deconvoluted
peaks represent stress dissipation in the polymer network attributable to dissociation of CB[8] ·MV ·Np at high w and molecular weight dependent
peaks shifting towards lower w (d - f). The top figures (a - c) compare the experimental G’ and G” data of the networks superimposed with the best-fit
lines of G’ and G” generated from fitting a two-mode relaxation spectrum, H(t), in the bottom figures (d - f).

in the CB[8] crosslinking.

2.1 Determination of the contribution of polymer molecular

weight to mechanical performance

We first sought to investigate the role of polymer molecular
weight on the dynamic mechanical behaviour of transient net-
works based on CB[8] ·MV ·Np ternary binding. In a random
polymer functionalisation, long polymer chains carry higher num-
ber of stickers than short chains.32 Hence, by adjusting the
molecular weight of the polymer, the number of crosslinks per
chain can be tuned (See Table S1) while keeping the degree of
crosslinking in the network constant. A series of HECs with dif-
ferent molecular weights (MW = 90, 250, and 1300 kg mol�1)
were functionalised with Np moieties using isocyanate coupling
chemistry,33 each containing the same molar loading of Np moi-
eties (5 mol% Np), as shown in Table S1. These HEC-Np
polymers were named according to their MW and Np loading
accordingly: HEC(MW)*(fraction)Np. The HEC-Np polymers
were then mixed with an aqueous solution containing CB[8] and
viologen-containing styrenic copolymer (PSt-MV), ensuring 1:1:1
ratio of CB[8] ·MV ·Np to form supramolecular polymer networks
(Figure 1a and Figures S1 and S2). The HEC-Np concentration
used in this study was maintained in the semi-dilute regime, bet-
ween 0.2 and 1 wt.%.

Effects of molecular weight during the frequent breaking and

reformation of CB[8] ·MV ·Np crosslinks can be decoupled by
keeping the semi-dilute concentration of HEC-Np polymer be-
low the critical concentration of entanglement, allowing us
to independently modulate the network’s multiple hierarchical
timescales (Figure 1b). The Np “stickers” dissociate (known
as the “OFF” state) on a characteristic timescale, allowing the
polymers to diffuse before re-associating with another “sticker”
(known as the “ON” state), as shown in Figure 1b. As a result,
bulk mechanical properties and relaxation time of these semi-
dilute cellulosic supramolecular polymer networks can then be
tailored from their temporal kinetics. Dynamic polymer networks
generally exhibit physical characteristics described in the “sticky
Rouse” or “sticky reptation” models of associative polymer net-
works, however, these theories only work for simple transient sys-
tems.13,34,35

Time-dependent mechanical properties for these polymeric net-
works were examined by small-amplitude oscillatory rheologi-
cal measurements from 0 to 50�C. Storage (G’) and loss (G”)
moduli were measured as a function of angular frequency (w)
in the material’s linear viscoelastic regime at 1% oscillating strain
(Figure S3). Time-temperature superposition (TTS) was applied
using the temperature dependent G’ and G” values. Master curves
for G’ and G” versus reduced angular frequency (waT ) for CB[8]-
based polymer assemblies were constructed referenced at tempe-
rature of 20�C (Figure 2, Figure S4). For all molecular weights
investigated in this study, the superposition of the viscoelastic
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Fig. 3 Experimental G’ and G” data plotted alongside the corresponding sticky Rouse model for (a) HEC1300*5Np, (b) HEC250*5Np, and
(c) HEC90*5Np demonstrates that this model is unable to adequately model the experimental data in any of these cases; (d) the longest relaxation
time (tc) values scale linearly for higher molecular weight HEC-Np polymers when fitting a power law to the upper two out of three data, giving a
scaling exponent of 2, which describes a Rouse-like scaling behaviour; (f) fraction of bound CB[8] ·MV ·Np ternary complexes with increasing
temperature; (f) experimental G’ and G” data plotted against the single-mode Maxwell model for HEC90*5Np more closely describes these data, yet is
still inadequate.

moduli works well within a narrow temperature window between
0  T  30�C (see Figure 2 and Figure 3), while failing slightly
at low frequencies and higher temperatures (T > 30�C). This be-
haviour is expected as it is common to observe variation in acti-
vation energies for relaxation processes in physical networks on
account of varied distribution of transient crosslinkers.36

Viscoelastic behaviours of most supramolecular networks
at various temperatures may be superimposed using a sin-
gle horizontal shift factor.35,37–40 By contrast, the frequency-
dependent viscoelastic moduli of complex materials can only
be superimposed using two shift factors (Figure S5), descri-
bing the activation energy of the relaxation process and change
in the density of the polymer network with temperature.40,41

The vertical shifts are required for the construction of G’ and
G” master curves because the network density changes with
temperature, as reported previously in polymer networks as-
sembled from adamantyl and b -cyclodextrin host-guest interac-
tions42 and hydrogen bonded poly(n-butyl) acrylate chains func-
tionalised with triurea moieties.24 Deviation of the vertical shifts
observed at higher temperatures is most likely attributed to rapid
association-dissociation kinetics of CB[8] host-guest complexes
at higher temperatures, thereby weakening the interchain cross-
linking in the networks. Nevertheless, CB[8] inclusion complexes
are known to possess high thermodynamic stability despite the
fast associative and dissociative processes.8 Hence, nearly 90%

CB[8]-based ternary complexes remain in closed state at 50�C,
maintaining a high degree of chain connectivity throughout the
polymer networks (Figures 3e).

In physically-crosslinked networks, the crossover angular fre-
quency (wc), where G’ = G”, can be taken as a characteristic
relaxation time of the network (tc).11,43 Thus, at w > 1/tc, a
material behaves more elastic-like, storing more energy than it
dissipates, while at w < 1/tc the material exhibits liquid-like
behaviour, dissipating more energy than it can store. The re-
laxation time of the reversible network is dependent implicitly
on the open-state of a crosslink, and not dictated explicitly by
the lifetime of the crosslink.13 At 0.5 wt.% HEC-Np loading,
HEC1300*5Np and HEC250*5Np formed viscoelastic hydrogels,
with the storage modulus (G’) greater than the loss modulus (G”)
over a broad range of frequencies. Indeed, these materials be-
came increasingly more elastic with increasing polymer molec-
ular weight, as evidenced by the shift of the wc towards lower
frequencies for the HEC250*5Np and HEC1300*5Np networks
(Figures 2a, 2b), which corroborated macroscopic observations
using inverted vial tests (Figure S1). These supramolecular poly-
mer networks also displayed thermoresponsiveness, exhibiting
hydrogel-like behaviour at room temperature, yet behaving fluid-
like at elevated temperatures (Figure S6). In contrast, the net-
work prepared from HEC90*5Np polymer was observed to be-
have like a viscoelastic fluid even at room temperature, only turn-
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ing weakly elastic at wc >10 rad s�1 (Figure 2c).
Previously, viscoelasticity of CB[8] physical networks built from

low molecular weight polymeric precursors (Mn < 20 kDa) was
assumed to obey a single-mode Maxwell model (typically app-
lied to describe viscoelastic materials with a single characteris-
tic relaxation time) driven primarily by the supramolecular
crosslinking.29 The relaxation behaviour of our current system,
though, was designed to be more complicated, representing a
combination of two timescales: (i) the fast-mode associated to
the guest exchange in CB[8]-based crosslinks and (ii) the slow-
mode which is a cumulative effect of the network relaxation.44

For this reason, we exploited an approach used previously in the
characterisation of complex relaxation behaviour of polymeric
systems,11,45 whereby an infinite spectrum of relaxation times,
denoted as H(t), is derived from experimental G’ and G” values
(Figures 2d - 2f). In Figures 2a - 2c, the fitted relaxation spectra
from Figures 2d - 2f, correlate well with the experimental visco-
elastic moduli of each network.

Interestingly, the HEC90*5Np-based materials exhibited a sin-
gle relaxation mode at 1/t = 102 rad s�1, corresponding to the re-
laxation of polymer chain by breaking few transient CB[8] cross-
links at a time46 (Figure 2f). This corroborates previous observa-
tions with CB[8]-based systems using low molecular weight poly-
mer precursors.29 In contrast, more complex relaxation beha-
viour was detected in the HEC1300*5Np and HEC250*5Np en-
sembles (Figures 2d, 2e). Deconvulation of their relaxation
spectra identified two mechanically distinct relaxation modes,
including a fast dissipative mode occurring at 1/t = 102 rad s�1

which overlays with the single peak in the HEC90*5Np system
(Figures 2c - 2d, Figure 5b). A second relaxation mode observed
at timescales of 1/t = 10�2 - 102 rad s�1 shifted towards lower
1/t as a function of polymer molecular weight (Figure 5a). The
higher crosslink content on the high molecular weight HEC*5Np
alter the static elasticity of the networks at frequencies below wc,
primarily reflecting the polydispersity effect of chain length in
hindering the network relaxation.32 In the long timescale, the
anistropy of the chain conformation decays under the applied
strain through the Rouse-like chain motion47 triggered by the
partial-sequential decomplexation of the crosslinkers on the chain
of the gel network, as suggested by Olsen and Tang.43

By determining H(t) for a series of polymer networks with
identical crosslinking dynamics and concentration of functional
crosslinks, we can identify the slower and broader dissipation
mode as the polymer-driven stress relaxation mode, while the
fast dissipation mode corresponds to the dynamic CB[8] host-
guest inclusion complexes, as seen in overlays of the two relax-
ation modes (Figure 5a - 5b). Interestingly, the timescale and
magnitude of the CB[8] ·MV ·Np-associated relaxation mode can
be estimated from Figure 5b, where the lifetime of the relax-
ation mode corresponds to the lifetime of the supramolecular
complex8 and the area under the peak is proportional to the re-
laxation time of the corresponding HEC-Np polymer (Figure 5a,
inset). Moreover, these observations corroborate the molecular
weight dependence of tc described above (Figure 3d). When fit-
ting a power law to the upper two out of three data, a scaling
exponent of 2 is obtained, which is in qualitative agreement with

Rouse scaling for the higher molecular weight HEC*5Np poly-
mers. It is only when a molecular-weight dependent relaxation
mode is observed that Rouse-like scaling behaviour holds, as a
large deviation from this behaviour is observed in the case of
HEC90*5Np, which does not display a molecular-weight depen-
dent relaxation mode. Comparing the experimental rheological
data with the “sticky Rouse” model35 demonstrates dramatic in-
consistency (Figure 3a - 3c), indicating that these systems are
not adequately described by this model. Additionally, the com-
parison of a single-mode Maxwell model to the HEC90*5Np sys-
tem insufficiently describes the experimental data (Figure 3f).
Even though a single relaxation mode is observed in this sys-
tem that is specifically correlated with the dissociation of the
host-guest complex, this observation demonstrates that this re-
laxation mode must exhibit some dispersity in its characteristic
timescale. Furthermore, the global Arrhenius activation energies
(Ea) for network relaxation calculated from the temperature de-
pendence of aT from TTS demonstrates molecular weight depen-
dence (Figure 5c). The activation energies vary slightly with tc,
indicating that the Ea for network relaxation is primarily dictated
by the structural hierarchy coupled with temporal kinetics.

2.2 Determination of the contribution of supramolecular

dynamics to mechanical performance

The strength of dynamically crosslinked polymeric systems has
been tied to the lifetime of the supramolecular interactions, and
thus ultimately to the dissociation and guest exchange of the
supramolecular crosslink.8,20 Dissociation constants for CB[8]-
based ternary complexes vary significantly according to struc-
ture and electronic properties of the second guest (G2),8,48 al-
though the overall equilibrium binding constants (Keq) can often
be similar for certain sets of second guest moieties. Our group
previously sought to isolate the effects of supramolecular cross-
linking on the bulk macroscopic properties of CB[8]-based ma-
terials by developing a system of hydrogels identical in every
way, except the molecular structure of the second guest appended
to the polymer chains.8 The guests used include pyrenyl (Pyr),
dibenzofuranyl (Dbf), and naphthyl (Np) moieties and display
a range of exchange dynamics, characterised by the dissociation
rate constant (kd: Pyr < Dbf < Np) and the energetic barrier
to dissociation (Ead : Pyr > Dbf > Np). We observed that the
elasticity of the materials prepared with each moiety was directly
impacted by the supramolecular dynamics, whereby Pyr gave the
most elastic materials, followed by Dbf, and finally Np.8 To better
understand the stress dissipative modes in supramolecular poly-
mer networks, we employed three different crosslinking systems
within the HEC1300-based polymer networks. Utilising proto-
cols adapted from literature,8 we modified HEC1300 with two
other second guests, Dbf and Pyr, at the same molar loading as
our HEC-Np polymers (5 mol%), yielding HEC1300*5Dbf and
HEC1300*5Pyr. Again, frequency-dependent master curves were
prepared with TTS for comparison with the HEC1300*5Np mate-
rials demonstrated above.

On account of slower dissociation of Dbf and Pyr-based ternary
complexes, tc was not observed for either system across the
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Fig. 4 Master curves of the viscoelastic moduli for (a) HEC1300*5Np, (b) HEC1300*5Dbf, and (c) HEC1300*5Pyr networks referenced to 20 �C. (d - f)
Relaxation spectra of CB[8]-assisted supramolecular polymer networks consisting of different second guests, showing double peaks in G” as seen in
Figure 2d. The two local maxima in G” in each HEC1300 network are indicative of two distinct relaxation mode distributions, which can fit to the
relaxation spectra H(t). The master curve and relaxation spectrum of the HEC1300*5Np network are included for comparison purposes.

experimental timescales (Figures 4b - 4c). The substantial down-
shift of tc, followed by the proportional increase in storage moduli
in these networks with strong crosslinkers (Dbf and Pyr moieties)
are in good agreement with previous reports.32,49,50 From their
relaxation spectra, all three materials clearly exhibited two dis-
tinct relaxation modes (Figures 4e - 4f). As all three materials
were prepared with HEC1300 polymers, they exhibit a similar
slow molecular weight dependent relaxation mode (Figure 5d),
regardless of the presence of kinetically-distinct dynamic cross-
linking between polymer chains. In contrast, the fast relaxation
mode exhibits a guest-dependent shift in the peak relaxation life-
time (Figure 5e) commensurate with the binding dynamics of the
various second guests, whereby, for example, the HEC1300*5Pyr
network demonstrates the slowest relaxation lifetime of the set as
the dissociation kinetics of the Pyr-based ternary complexes is the
slowest among the second guests employed. Indeed, a plot of the
peak relaxation lifetime from Figure 5e against the reported kd
for these guests8 gives a linear relationship with an R2 value of
0.9999. Moreover, the Ea for network relaxation exhibits no sig-
nificant dependence on the different supramolecular crosslinking
dynamics (Figure 5f), supporting our previous observations that
this global Ea value is primarily dictated by the slower, molecu-
lar weight dependent relaxation mode. This further proves that
the TTS principle is valid for our transient systems exhibiting a
dominant relaxation mechanism, where a single Ea clearly tracks
with the molecular weight of the polymers. The present experi-
ments not only complement our previous study8 but also recent
systematic studies by Alvarez et al., 49 Holten-Andersen et al.

51

and Seiffert32 for various supramolecular systems.

3 Conclusion

In summary, we have demonstrated a simple approach to distin-
guish the relaxation dynamics of complex physically crosslinked
materials. Decoupling the impact of the supramolecular cross-
linking motifs from the polymer structure and vice versa allows
for remarkable control of each hierarchy to orthogonally modu-
late the bulk mechanical properties and relaxation behaviour of
these dynamic materials. Below the entanglement molecular
weight, the macroscopic mechanical properties of these mate-
rials are predominantly controlled by the exchange kinetics of
the supramolecular crosslinkers, yielding a single fast relaxa-
tion mode with a lifetime commensurate with the crosslinking
exchange kinetics. Yet, increasing polymer molecular weight,
and thus the number of crosslinks per chain, while keeping the
crosslink density constant yields a second, mechanically distinct,
and molecular weight dependent slow relaxation mode. More-
over, by employing a set of kinetically distinct supramolecular
moieties, it is possible to clearly identify the fast relaxation mode
as being determined by the supramolecular dynamics, as this
mode shifts to longer timeframes for crosslinking motifs exhibit-
ing slower binding kinetics. We envisage the results presented
here can inform a general strategy to engineer novel supramole-
cular materials through the manipulation of both the temporal
and structural hierarchy of these highly functional soft materials.
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Fig. 5 Deconvoluted peaks from the infinite relaxation spectra H(t) formed by CB[8] ·MV ·G2 heteroternary complexation demonstrating the relative
contributions of (a/b) polymer molecular weight and (d/e) guest dynamics to the overall relaxation behaviour. (a) The polymer-associated peak from
CB[8] ·MV ·Np networks shifts towards lower w with increasing polymer molecular weight, while (b) the supramolecular crosslinking-associated peak
appears aligned and the magnitude of energy dissipation (area under the peak) increases as a function of molecular weight (see inset in (a)). These
data highlight that the relative magnitudes of the energy dissipation modes can be controlled simply by changing the polymer molecular weight.
(c) Arrhenius activation energies (Ea) for the network relaxation calculated from the temperature dependence of aT for HEC-Np based networks of
different polymer molecular weights. (d) The slow mode peaks from CB[8] ·MV ·G2 networks are similar for all systems as they are all prepared from
HEC1300 polymers, while (e) the fast-mode peaks shift towards lower w in accordance with the dissociation dynamics of second guest from the
CB[8] ·MV binary complex. (f) Arrhenius activation energies (Ea) for the network relaxation for HEC1300-based polymer networks with various second
guests.
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