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ABSTRACT: We present a polymer network platform based on
metal−ligand complexes that enables reconfiguration through the
sequential introduction of polymeric ligands and metal ions. Using
tetraPEG functionalized with sterically demanding and slim ligands,
we demonstrate four network states. However, the interference from
competitive parallel complexations is reflected in rheology as
additional relaxation modes. A simple kinetic model rationalizes
the extent of reconfiguration as a function of thermodynamic
preference, revealing the critical role of competitive complexation.
DFT calculations confirm that ligand denticity stabilizes heteroleptic
complexes and drives the reconfiguration pathway. Together,
experiment, modeling, and computation establish a comprehensive
framework for designing reconfigurable transient polymer networks.
KEYWORDS: Supramolecular Polymers, Transient Networks, Reconfiguration, Metal Complex, Rheology

Nature has long served as a blueprint for the design of
advanced functional materials. In biological systems,

dynamic and reversible interactions play a central role in
structural organization, mechanical adaptability, and complex
signal transmission.1 These interactions enable proteins to fold,
cells to self-heal, and molecular machines like motor proteins
to perform directional tasks reversibly and repeatedly.2 For
example, the reversible coordination between metal ions and
amino acid residues is crucial in metalloproteins,3 while
hydrogen bonding and π−π stacking govern DNA base
pairing.4 These mechanisms offer inspiration for chemists
seeking to engineer responsive and reconfigurable synthetic
systems.5 Driven by this vision, researchers have increasingly
focused on exploring novel supramolecular material platforms
capable of capturing the same degree of structural complexity
and functional versatility found in nature.

Among supramolecular interactions, metal−ligand coordi-
nation stands out for its modularity and geometric control,
enabling the construction of well-defined architectures with
predictable shapes.1,6,7 Furthermore, recent self-sorting mech-
anisms have enabled selecting complexation of alike ligands
(homoleptic) or unlike ones (heteroleptic).8,9 One such
mechanism is steric hindrance, which avoids the homoleptic
complexation of sterically demanding ligands yet allows their
heteroleptic binding with slim ones. Accordingly, by
substituting phenanthroline9,10 and terpyridine11,12 with
bulky aromatic groups on the coordination face, a wide library
of complex yet predictable assemblies have been created. The
reversible shifting between homo- and heteroleptic complexes
enables sophisticated motions like shuttling, pirouetting, and

flapping in interlocked molecules like rotaxanes and catenanes,
which has been exploited to develop a range of molecular
machines.9,13 Notably, the first artificial molecular muscle was
developed by integrating bi- and tridentate ligands in a daisy
chain.14 Switching of the metal oxidation state changed the
preferred binding station, swapping between homo- and
heteroleptic complexation, which resulted in deformation at
the molecular scale.

Beyond small-molecule systems, homo- and heteroleptic
complexes have been incorporated in transient polymer
networks, enabling model networks with predictable architec-
tures, stimuli-responsiveness, and self-healing behavior.15−19

However, reconfiguration strategies have been typically limited
to variation of the coordination geometry via redox switching
or the addition of competitive small-molecule ligands.20−22

The sophisticated reconfiguration developed in molecular
machines, like the multistep pathway-controlled rearrange-
ments between distinct geometries,9 has not been employed in
polymeric systems.23 Specifically, the reversible interconversion
between homo- and heteroleptic complexes as a means of
network reconfiguration remains unexplored. Harnessing such
mechanisms could yield macromolecular machines with
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temporally programmed behavior and multiple structural
states.

One potential strategy to enable reconfigurable metallo-
supramolecular polymer networks would be to introduce a new

polymer segment bearing a competitive ligand that increases
the overall energy but establishes a new thermodynamic
equilibrium with a higher binding affinity (Figure 1). If the
new segment shares the parent architecture, the mechanics

Figure 1. Schematic of the ideal reversible network reconfiguration and expected evolution of network energy and modulus. (I) The added green
polymer segment forms stronger complexes. (II) The original network is restored upon introducing a new metal ion that forms stronger complexes
with the green segment. Reconfiguration enables changing the network properties by introducing segments with new architectures and chemistries.

Figure 2. Dynamic moduli master curves (symbols) of Cu2+ networks: (a) Network (I) formed by tetraDMPhen20k and tetraPy20k; (b) Network
(II) formed by introducing LPhen3k and the release of tetraPy20k; (c) Network (III) formed by introducing tetraTPy20k and the further release of
LPhen3k; and (d) Network (IV) formed by the addition of Fe2+, restoring the DMPhen−Phen complex with Cu2+ and the new bis TPy−Fe2+

complex. Dots show the dynamic moduli master curves of the corresponding control networks formed in the absence of the expected free
precursors highlighted in red. The temperature legend shown in (a) is valid for all panels. Lines show the fit of the generalized Maxwell model.
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remain unchanged, while the network lifetime typically
increases. Using different architectures or chemistries alters
the topology or introduces new properties such as
amphiphilicity or thermo-responsiveness. Reconfiguration can
be reversed by adding a metal ion with stronger affinity for the
new ligand, restoring the original network with the weaker
complex. Depending on the architecture of the added polymer
segment, the complex with the higher binding affinity could
form a second, interpenetrating network or form extended
soluble chains and loops, with less effect on the mechanics.
This ideal image requires sequential and clean substitution of
precursors and metal complexes. However, the risk of
competitive complexation can limit the extent of reconfigura-
tion.

As a proof of concept, herein we introduce a transient
polymer network platform, which allows three steps of
reconfiguration by introducing either new polymeric ligands
or new metal ions. Specifically, we functionalized a 20 kg mol−1

tetra-arm poly(ethylene glycol) (tetraPEG20k) either with the
sterically demanding 2,9-bis(mesitylene)-1,10-phenanthroline
(DMPhen) ligand (tetraDMPhen20k) or with the slim
pyridine (Py) ligand (tetraPy20k) (details of the synthesis
and characterization are given in the Supporting Information
(SI), Figures S1−S5).18 We formed Network (I) by mixing
polymer precursors in a 1:1 ratio, right at the coil overlap
concentration of 40 g L−1 in the presence of Cu2+ metal ions.24

This heteroleptic complex, already named HETPYP,9 is
reported to have a high dissociation rate constant, resulting
in dissolution of the network at short times. The small-
amplitude oscillatory shear (SAOS) measurement shows that
the crossover of the storage and loss moduli, which is a
measure of the gel−sol transition, is located at frequencies
above the experimentally accessible regime (Figure 2a). The
heteroleptic arrangement of ligands dictates a trigonal
geometry; therefore, the coordination preference of Cu2+ is
presumably compensated by the coordination of solvent or
counterions.

Stronger complexes are expected to form upon increasing
the number of coordinative bonds,16 for instance, by replacing
Py with the bidentate phenanthroline (Phen). As such,
introducing a different polymer precursor equipped with
Phen should reconfigure the network structure and dynamics
and release the tetraPy20k precursor. To verify that, we added
a 3 kg mol−1 linear PEG precursor functionalized with terminal
Phen groups (LPhen3k) at an equimolar ratio of DMPhen:-
Phen to Network (I). Replacing the tetraPy20k with a short
linear precursor should significantly change the network
mechanics along with the dynamics. The dynamic moduli
master curve of the reconfigured Network (II) indicates the
presence of at least two relaxation modes, as comprehended
from local peaks in the loss modulus at ∼0.03 and ∼10 rad s−1.
The newly appearing slow relaxation mode can be attributed to
the dissociation of tetrahedral HETPHEN complexes. We fit
the dynamic moduli with the weighted summation of two
generalized Maxwell modes, each represented by a Gaussian
distribution function, to separate the contribution of each
relaxation mode (Table S1). The obtained relaxation times of
the slow modes that are located below the accessible frequency
range are just rough estimates, although their intensities are
reliable. The obtained relaxation time spectrum (Figure S6)
reveals a bimodal relaxation with an ∼42% contribution of the
slow mode. The control sample prepared by mixing
tetraDMPhen20k and LPhen3k, in the absence of the

expectedly free tetraPy20k (dots in Figure 2), demonstrates
a two-mode relaxation pattern with time scales similar to those
of Network (II), with slightly different fractions and less time−
temperature complexity. The fast mode could be associated
with the parallel formation of competitive complexes. This
includes not only the homoleptic complexation of released
tetraPy20k precursors but also the residual fraction of the
heteroleptic DMPhen−Py complex and consequent homo-
leptic complexation of extra Phen ligands. The formation of
parallel networks reduces the amount of metal ion available for
the desired reconfiguration, resulting in plateau moduli that are
less than the prediction of the phantom network model (Table
S1).

As Cu2+ is known for its penta-coordinated geometry
preference,16 next we introduced a tetraPEG20k precursor
equipped with terminal tridentate terpyridine (TPy) ligands
(tetraTPy20k) at an equimolar ratio of DMPhen:TPy to
Network (II). Returning the tetrafunctional precursor is
expected to restore the network mechanics and change the
dynamics accordingly. The dynamic moduli of Network (III)
demonstrate a similar two-mode relaxation (Figure 2c).
However, the plateau modulus is tripled, the contribution of
the slow mode is increased from ∼42% to ∼55%, and the
relaxation time of the slow mode is increased from 24 to 102 s
(Table S2). The control network formed by a 1:1 combination
of tetraDMPhen20k:tetraTPy20k at an overall concentration of
40 g L−1, in the absence of the additional LPhen3k and
tetraPy20k, demonstrates a similar bimodal relaxation but with
∼94% contribution of the slow mode and a larger plateau
modulus, as shown by dots. Therefore, the slow mode in the
reconfigured Network (III) can be associated with the
HETTAP complexes formed between DMPhen and TPy.
Interestingly, the control network in Figure 2b shows a lower
plateau modulus than Network (II), but the opposite trend
appears in Figure 2c. This arises because the control network
of tetraDMPhen20k−LPhen3k lies well below the chain
overlap concentration; thus, the extra tetraPy20k in Network
(II) can bridge chains and increase the modulus. In contrast,
the tetraDMPhen20k−tetraTPy20k control network is on the
overlap concentration, so the extra tetraPy20k and LPhen3k in
Network (III) form parallel networks that deplete the metal
ions needed for reconfiguration, thereby reducing the modulus.

A quite unique nanomechanical motion was devised in a
macrocycle containing two Phen and two TPy ligands placed
in alternating order.25 While Phen ligands form a tetrahedral
complex in the presence of Cu+, the addition of Fe2+ dictates
the formation of the octahedral bis TPy complex, thus
switching the topology of the macrocycle from the figure
eight to ∞. The preference of octahedral over penta-
coordinated complexation in nanoswitches containing
DMPhen and TPy was similarly exploited.26 Accordingly,
adding Fe2+ to Network (III) should restore Network (II),
along with an interpenetrating network formed between
tetraTPy20k and Fe2+. The corresponding dynamic moduli
of Network (IV) (Figure 2d) demonstrate increased terminal
relaxation time and plateau modulus. Moreover, the con-
tribution of the slow mode is increased to ∼80% (Table S1).
The individual tetraTPy20k network formed with Fe2+ at a
concentration of 20 g L−1 (half of the overlap concentration)
demonstrates an order of magnitude lower plateau modulus
and a more than 2 orders of magnitude larger relaxation time
(Figure S7). Therefore, the third mode relaxation of bis TPy−
Fe2+ complexes in Network (IV) cannot be accessed in the
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low-frequency region. Interestingly, there is no sign of the fast
HETPHEN complex (compared to Network (II) in Figure
2b). We can hypothesize that the presence of the inter-
penetrated tetraTPy20k network has resulted in an order of
magnitude delay in the apparent relaxation time of the
HETPHEN complexes. Remarkably, the control sample
formed in the absence of the tetraPy20k precursor, shown by
dots, reveals exactly the same plateau modulus and crossover
frequency as those of Network (IV).

The extent of reconfiguration relies on microscopic complex
selectivity, which depends not only on the ligand design but
also on the coordination geometry preference of the employed
metal ion.16,17 To verify that, we formed the same set of
samples with Pd2+ to study the effect of the square-planar
geometry preference of Pd2+ over the penta-coordination
affinity of Cu2+. The obtained dynamic moduli master curves
of the Pd2+ networks (Figure 3) similarly demonstrate two-
mode relaxation patterns (relaxation time spectra in Figure
S8). The variations in the network mechanics and dynamics
upon reconfiguration are also similar to the trends seen in the
Cu2+ networks. Specifically, upon replacing the tetraPy20k with
the LPhen3k precursor, the plateau modulus drops signifi-
cantly, but it is gradually restored upon the addition of
tetraTPy20k and Fe2+ metal ions (Table S2). The relaxation
time of the slow mode is always below the accessible frequency
range, but its contribution can be calculated from the low-
frequency plateau modulus level, changing from ∼92 to ∼50,
∼22, and ∼54 from Network (I) to Network (IV),
respectively. Accordingly, the network reconfiguration can be
confirmed from the change in network mechanics. Con-
sequently, the coordination geometry preference has a direct

effect on the reconfiguration extent. For instance, Pd2+

(square-planar) shows less compatibility to HETTAP
compared to Cu2+ (trigonal bipyramidal), and therefore,
Network (III) forms less effectively in the presence of Pd2+.

We also employed unsubstituted Phen instead of the
sterically demanding DMPhen in the presence of Pd2+. This
way we can verify the effect of the enforced versus free
formation of heteroleptic complexes. In the absence of steric
hindrance, the extent of heteroleptic complexation depends
only on the coordination geometry preference of the metal
ion.18,27 This is clearly reflected in dynamic moduli and
relaxation time spectra of networks formed upon replacing
tetraDMPhen20k with tetraPhen20k (Figures S9 and S10).
When new polymer precursors are introduced, the competition
of homo- and heteroleptic complexes, in the absence of enough
metal ions, results in the formation of complexed branched
chains instead of a percolated network. As such, while Network
(I) demonstrates a plateau modulus close to the expectations
of the phantom network model, Network (II) shows a one
order of magnitude lower plateau modulus, and Network (III)
does not form at all (Table S3). Network (IV) demonstrates a
low-frequency plateau level that is expected from individual
tetraTPy20k precursors in combination with Fe2+ (compare
Figures S7 and S9d).

Our rough estimates of the radius of gyration of PEG
precursors from their chain overlap concentrations and the
network mesh size based on the measured plateau moduli
(Section S3 in the SI) suggest that in the worst scenario, the
newly introduced precursor is about five times smaller than the
network mesh size; therefore, there is no physical obstacle for
the diffusion of the new precursors. Diffusion time scales with

Figure 3. Dynamic moduli master curves (symbols) of Pd2+ networks: (a) Network (I) formed by tetraDMPhen20k and tetraPy20k; (b) Network
(II) formed by introducing LPhen3k; (c) Network (III) formed by introducing tetraTPy20k; and (d) Network (IV) formed by the addition of
Fe2+. Dots show the dynamic moduli master curves of the corresponding control networks formed in the absence of the expected free precursors
highlighted in red. The temperature legend shown in (a) is valid for all panels. Lines show the fit of the generalized Maxwell model.
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the lifetime of transient bonds following the sticky Rouse
relaxation mechanism, as explained elsewhere.28

Consequently, reconfiguration of transient networks requires
three important conditions. (1) The difference between energy
levels of State (I) and State (II) should be large enough to
avoid the parallel existence of State (I); otherwise, reconfigura-
tion may happen, but only partially. (2) If the released polymer
precursor can form independent bonds, a parallel network
forms at the expense of reconfiguration. This is specifically
relevant in metallo-supramolecular networks, as homoleptic
complexes consume metal ions required for establishing the
desired heteroleptic complexes. (3) The polymer precursor
that stays in the active network in all reconfiguration states
should exclusively form heterocomplementary bonds. This is
easy to implement in covalent adaptable networks (CANs),29

as cross-links typically form between complementary func-
tional groups, like acids and bases; however, in metallo-
supramolecular complexes, specific ligands should be devised
to dictate the integrative self-sorting mechanism.6,8,30

To verify these conditions, we developed a simple
thermodynamic model, where we can test the degree of
reconfiguration as a function of the thermodynamic equili-
brium. In this model, the incoming group C can establish a
new product, AC, which requires reversing the product AB and
leaving B unreacted (Kinetic Scheme S1 in the SI). The degree
of reconfiguration, DR, is defined as the fraction of [AC] in the
product ([AB] + [AC]). If we consider equimolar feed ratios,
[A]0 = [B]0 = [C]0, then DR can be obtained as a function of
equilibrium constants of the first and second states (K1 and
K2) (Figure S11). All curves would lay on top of each other
and form a matrix curve if DR is plotted against the ratio of K2/
K1 (Figure 4a). Accordingly, regardless of the absolute values
of the equilibrium constants, 50% reconfiguration is obtained
at K2/K1 = 1, which is increased to 75% just by employing K2/
K1 = 10. Reconfiguration becomes more complicated when
leaving group B would form homoleptic complexes, as defined
by the third equilibrium (K3) (Kinetic Scheme S2 in the SI).
While all curves collapse on a single master curve at low K3
values, as K3 increases, DR decreases, and curves obtained at
lower K1 values deviate toward lower DR numbers (Figures 4b
and S12). Accordingly, even with a slight tendency for
homoleptic complexation, regardless of the strength of the
new complex (K2/K1 value), DR may decrease significantly.

To obtain an estimate of the energy levels of different
reconfiguration states in our work, we used DFT calculations.

The results (Tables S4 and S5; finished with “q” meaning
quintuplet multiplicity for Fe2+, for Pd2+ always singlet), are
not surprising. The energy levels of all heteroleptic complexes
decrease by increasing the denticity of the slim ligand as we go
from Py to Phen and TPy, enabling the reconfiguration in the
presence of both Pd2+ and Cu2+. Interestingly, the homoleptic
association of Fe2+ with TPy is more stable than the
corresponding HETPYP and HETPHEN complexes; however,
HETTAP is more stable by just 2.3 kcal mol−1, which is in the
order of calculation error. In comparison, homoleptic
complexation with three Phen ligands is disfavored. The
most quantitative summary is that the ligand denticity
increases the binding affinity of heteroleptic complexes.

In conclusion, we demonstrated that the inevitable parallel
formation of competitive reversible bonds can limit the overall
degree of reconfiguration in systems based on reversible
interactions. This challenge is clear in metallo-supramolecular
polymer networks because of (I) the competition of the old
and new heteroleptic complexes, (II) the homoleptic complex-
ation of the replaced ligand, and (III) the possible homoleptic
association of sterically demanding ligands. Nevertheless, we
showed that the extent of reconfiguration can be optimized by
selecting metal ions and heteroleptic complexes with
compatible geometries. We indicated that the combination of
rheology, kinetic modeling, and DFT calculations gives a useful
guideline for designing polymer networks with tunable
properties and even the potential to act as macromolecular
machines in the future. Altogether, this study highlights both
the opportunities and the limitations of reversible interactions
for building multistep adaptive materials.
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Figure 4. Reconfiguration degree as a function of the relative strength of the new complex (K2/K1) for a kinetic scheme (a) without and (b) with
the chance of homoleptic complexation of the leaving group, as explained by the corresponding K3 values (formation of homoleptic octahedral
complexes, L5 mol−5) shown in the legend.
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