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ABSTRACT: Pyridinedicarboxamide (PDCA) ligands have been
widely integrated into different polymer chemistries and provided
promising self-healing properties in bulk upon adding specific
metal ions. However, their application in the development of
synthetic hydrogels is limited due to the lack of clear kinetics and
thermodynamic data. To fill this gap, we study the dynamics of
polymer hydrogels formed by the condensation of linear poly-
(ethylene glycol) (PEG) precursors and the PDCA ligand,
followed by the complexation with different metal ions at various
pH values. Rheological studies reveal an unprecedented ability of
PDCA in complexation with Co2+/3+ and Ni2+ at elevated pH
values, but in contrast with former reports, not with Fe3+ and Zn2+.
Moreover, Co2+/3+ gels demonstrate lower equilibrium constants
resulting in faster and more efficient self-healing compared to those made by Ni2+. Spectroscopic UV and Fourier transform infrared
(FTIR) studies also suggest structural modifications in the presence of the gel-forming metal ions but not the others. To explain
these results, we employ static and periodic density functional theory (DFT) simulations. Static DFT indeed reveals that the binding
interaction is clearly stronger for Co and Ni, and Fe shows the poorest values by far. The most stable complex geometry is
octahedral, in which the central pyridyl, one lateral deprotonated amide, and one carbonyl participate in the metal coordination.
Moreover, the periodic calculations unveil an overstabilization effect due to the noncovalent interactions between the PEG segments,
which results in their torsion and formation of a helicoidal-like structure.

1. INTRODUCTION

Organic hydrogels are among the prevailing materials in
nature, as they constitute the main body of most living
creatures. Therefore, synthetic hydrogels are extensively used
in biotechnology-related applications like tissue engineering
and drug delivery.1 To this end, imparting biomimetic
functions like self-healing and stimuli-responsiveness is the
key feature to developing novel polymeric hydrogels.2−5 This is
mainly accomplished by the introduction of reversible transient
bonds within the microstructure of polymer chains, as the
dynamics of their reversible dissociation can be tuned to meet
the required stimuli-responsiveness and self-healing rates.6−10

As such, correlating the microscopic characteristics of
reversible bonds to the macroscopic properties of transient
polymeric hydrogels is necessary for the customized develop-
ment of hydrogels employed in specific bio-inspired
applications.11,12

One of the enduring goals in the development of biomimetic
synthetic materials is self-healing. Many natural hydrogels are
strong and elastic, but they can perfectly cure internal damages
in a reasonable time.13 In contrast, there is a traditional trade-
off between mechanical performance and self-healing ability in

synthetic hydrogels.14 One of the recent bio-inspired
approaches to overcoming this dilemma is to combine two
types of dynamics with significantly different characteristic
times, so that the slow mode contributes to the high
mechanical strength and the fast mode provides self-healing.
This follows nature’s widely observed trick of integrating
different transient bonds in sophisticated hierarchical struc-
tures to function adaptively at various time and length scales.15

A popular example of these natural materials is the sea mussel
byssus thread, which consists of a soft core rich in histidine and
a hard shell comprising catechol in a multiphase structure.16−18

The coordination of the former ligand with divalent zinc ions
that are selectively absorbed from seawater and the complex-
ation of the latter with trivalent iron ions that are widely found
on seashores provide the key combination of fast and slow
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dynamics, which is required to provide simultaneously fast self-
healing and high mechanical strength. Inspired by such elegant
designs, Guan and co-workers have incorporated weak
supramolecular bonds, based on metal−ligand coordination
or hydrogen bonds, into the polyacrylate arms of a comb
structure with a polystyrene backbone.19,20 The microphase
separation of the low glass-transition temperature (Tg) arm
from the high-Tg backbone yields high mechanical strength
originating from the dispersed hard phase and fast healing by
the reversible dissociation of transient bonds within the soft
phase.21 This approach has recently been further expanded by
employing orthogonal combinations of more defined transient
bonds, even from different natures, but with significantly
different lifetimes.22−28

Among all of the transient bonds used, metal−ligand
complexes are widely employed for the development of
biomimetic transient hydrogels, not only because they can be
formed simply in water but since their strength and stability
can be freely tuned over several orders of magnitude by a mere
change of the metal ion, its oxidation state, and the selection
from the extensive library of ligands.29−32 As such, the
necessary coexistence of two relaxation modes with signifi-
cantly different lifetimes to achieve self-healing can be realized
simply by employing two different metal ions or two various
ligands.27,28,33−35 In this regard, pyridinedicarboxamide
(PDCA) is a unique tridentate ligand that is reported to
form two distinct coordination bonds with significantly
different dynamics upon complexation with the Fe3+

ion.36−39 Therefore, it has been widely integrated into different
polymer chemistries and has shown promising self-healing
properties.40,41 Despite the acceptable individual performance,
it has also been utilized in combination with carboxylate-based
ligands, which are also capable of complexation with the Fe3+

ion, and have shown synergistic properties.38,41 The small-
molecule variant of the PDCA ligand has shown a remarkable
pH-sensitive complexation with covalent bond-like stability
under basic conditions, which is a characteristic of protic
ligands.39 Nevertheless, there is no information on the kinetics,
thermodynamics, and pH responsivity of PDCA complexes,
which otherwise could be employed to expand their utility as
novel building blocks for metallo-supramolecular polymer
networks.
To fill this gap, herein we study the dynamics of model

polymer networks formed by the condensation of linear
poly(ethylene glycol) (PEG) precursor and PDCA ligand and
the subsequent complexation with different metal ions at
various pH values and oxidation states. We come up with
unprecedented results that challenge the former reports on the
ability of the PDCA ligand in complexation with Fe3+ and Zn2+

ions. Our rheological results are consistent with UV and FTIR
spectroscopy studies. To further explain these experimental
findings, we follow the thermodynamics of complexation by
density functional theory (DFT) simulations. Static and
periodic DFT calculations are performed here to unveil
mechanistic insights, and characterization techniques are
used to understand the strength of coordination between the
metal ions and the ligand chains and how the ligands are
placed. As such, we offer a new understanding and application
potential for the metallo-supramolecular polymer networks
based on the protic PDCA ligand.

2. EXPERIMENTAL SECTION
2.1. Synthesis. 2,6-Pyridinedicarbonyl dichloride (Cl-PDCA) is

purchased from Alfa Aesar. All other chemicals are purchased from
Sigma-Aldrich and used without further purification. All solvents used
for reactions are extra dry and purchased from Acros. The synthesis of
amine-functionalized PEG precursor, PEGNH210k, has been reported
elsewhere.42,43 As the condensation reaction between PEG and PDCA
is air- and moisture-sensitive, the PEGNH210k precursor (Mw = 10 kg
mol−1, PDI = 1.03, 3 g, 0.3 mmol) is first melted at 70 °C, dried in
vacuo for 1 h, cooled to 0 °C, and then dissolved in dry
dichloromethane (DCM, 15 mL). Triethylamine (0.25 mL, 1.8
mmol) is added dropwise, and the reaction is mixed at 0 °C for 2 h.
Subsequently, a solution of 2,6-pyridinedicarboxylic acid chloride
(61.2 mg, 0.3 mmol) in DCM (5 mL) is added dropwise. The
resulting mixture is stirred at 0 °C for another 2 h and then warmed to
room temperature and stirred for 2 days. The reaction mixture is
concentrated in vacuo and precipitated in cold diethyl ether. The
precipitate is filtered and dried to obtain the product, PEG10kPDCA,
as a white powder. 1H NMR (Figure S1) (400 MHz, DMSO-d6) δ =
9.43 (t, J = 6.0 Hz, 1H), 8.18 (q, J = 5.2 Hz, 1H), 4.02−2.96 (m,
1017H) ppm.

2.2. Characterization. UV−Vis spectroscopy is used to calculate
the functionalization degree and also to study the complexation of
PDCA and various metal ions. Wavelengths between 200 and 700 nm
are scanned at a rate of 200 nm min−1 on a Cary 300 UV−Vis
spectrophotometer (Agilent Technologies) at room temperature.
Functionalization degree is determined based on a calibration curve
obtained from the small-molecule Cl-PDCA ligand in the chloroform.
For this purpose, a stock solution of Cl-PDCA in the chloroform at a
concentration of 1 mM is prepared and the evolution of the
absorbance at 270 nm is followed by the stepwise dilution of the stock
solution down to a concentration of 0.003 mM. Despite differences in
the absorption spectra of Cl-PDCA and PEG10kPDCA, they both
show local maxima at this specific wavelength, which can be employed
to provide a relative estimate of the functionalization degree, as shown
in Figure S2. Moreover, to follow the complexation of PEG10kPDCA
with various metal ions, an aqueous solution of the PEG10kPDCA is
combined with an aqueous solution of transition-metal ions. After 1 h,
the designated volume of sodium hydroxide (10 mM) solution is
added to yield an overall complex concentration of 25 μM, and after
24 h, the absorption spectra are acquired.

Rheological measurements are performed on a stress-controlled
Anton Paar Physica MCR 301 rheometer with a 25 mm parallel plate
geometry. Samples with 200 μL volume are prepared by adding 10 μL
of the metal ion solution to a 160 μL polymer solution (125 g L−1)
and increasing the pH after 1 h by adding a 30 mL sodium hydroxide
solution. Samples are allowed to rest and homogenize for 24 h before
rheological measurements. Parameters to be studied include the molar
ratio of hydroxyl to PDCA ligand (OH/PDCA) and the PDCA ligand
to metal ions (PDCA/M); therefore, stock solutions of metal ions and
sodium hydroxides with various concentrations were used to reach the
desired ratios. The standard Anton Paar solvent trap, which includes a
solvent reservoir and a sealed chamber, was used to avoid solvent
evaporation. Moreover, after loading the samples and fixing the gap, a
few drops of silicone oil are used to seal the surrounding samples.
Rheological measurements include a three-step equilibration period
(ϒ = 0.01, ω = 1 rad s−1) at 40, 25, and 10 °C, followed by a series of
frequency sweep (ϒ = 0.01, ω = 100−0.01 rad s−1) at 10, 20, 25, 30,
and 40 °C, followed by a series of stress relaxation (ϒ = 0.1, ω = 1 rad
s−1) at 40, 30, 25, 20, and 10 °C. A 5 min time-sweep segment was
placed between each sequential measurement to restore the
equilibrium structure at the desired temperature. Finally, self-healing
efficiency was examined at 25 °C by sequentially destroying the
network structure at very high deformation amplitudes (ϒ = 10, ω = 1
rad s−1) and subsequent network reformation in the linear viscoelastic
regime (ϒ = 0.01, ω = 1 rad s−1).

2.3. Computational Methods. The Gaussian 16 package is
applied for conducting molecular modeling simulations.44 Geometry
optimizations are performed using B3LYP, i.e., the hybrid GGA
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functional of Becke, Lee, Parr, and Yang.45−47 In the case of nonmetal
atoms (i.e., C, H, N, O, and Cl), the split-valence basis set (Def2SVP
keyword in Gaussian)48,49 is used, whereas for Fe, Co, Zn, and Ni, the
small-core quasi-relativistic Stuttgart/Dresden effective core potential
with an associated valence basis set (standard SDD keywords in
Gaussian 16) is adopted.50−52

To approve the nature of the stationary points, frequency
calculations are carried out. The reported free energies in this work
include energies obtained at the B3LYP-D3/Def2TZVPP∼sdd//
B3LYP-D3/Def2SVP level of theory corrected with zero-point
energies, thermal corrections, and entropy effects evaluated at 298
K with the BP86/Def2SVP∼sdd method in the gas phase, omitting
corrections of entropy and standard state of a 1 M concentration in
solution.53−55

Even though the unit cell of ligands is excessively large and difficult
to define for periodic DFT calculations, we perform the calculations
on a fragment by CP2K to better understand how the ligands affect
the metal centers in a network structure close to reality.
Calculations using the CP2K package56 are performed at the

density functional level of theory under periodic boundary conditions
(PBE). The semilocal PBEsol functional is adopted,57 using the
DZVP-MOLOPT-SR-GTH Gaussian basis set for all of the atom
types,58 a cutoff of 500 Ry for the plane-wave auxiliary basis set, and
SCF convergence set at 1.0 × 10−6. The structures under study are
constructed manually and fitted within a cubic box of 25 × 25 × 25
Å3, ensuring isolation in the X and Z directions and only periodicity
on the Y axis, posteriorly performing cell optimizations to reduce
lattice energy as well as relaxing the geometry and finally obtaining the
optimized cell parameters (see Table S1).
Single-point calculations are then performed to calculate binding

energies (BEs) between the organic part of the polymer and the
relevant transition metal considering the basis set superimposition
error (BSSE). Furthermore, the self-consistent continuum solvation
(SCCS) model, as implemented in CP2K,59 is also considered,
employing dichloromethane and water as solvents. In CP2K, the
interaction energy could be calculated by defining two fragments of A
and B, corresponding to the organic structure (EA) and the transition
metal (EB), respectively.

3. RESULTS AND DISCUSSION

With the aim to provide a fundamental understanding of the
kinetics and thermodynamics of PDCA complexes with
transition-metal ions, as illustrated in Figure 1a, we synthesize
simple linear polymer precursors upon the condensation of Cl-
PDCA and PEGNH210k. We use a stoichiometric ratio
between the amine and acyl chloride building blocks, as even

small deviations in stoichiometry limit the chain length of the
resulting polymer in the condensation polymerization.
However, the gel permeation chromatography (GPC) of the
polymer obtained shows a weight average molar mass of 62 kg
mol−1 and a polydispersity index of 1.9. One-week dialysis
against water using a metal-free membrane with a 10 kg mol−1

pore size does not significantly help to obtain a narrower molar
mass distribution (MMD), as shown in Figure S3. The final
MMD curve demonstrates multiple shoulders, which can be
assigned to PEG monomers, trimers, hexamers, and decamers,
as demonstrated in Figure S4, by the deconvolution of the
obtained curve into a weighted summation of four Gaussian
distribution functions. Consequently, the polymer obtained
contains 73% of long chains with more than two PDCA
ligands, profiting from enough interchain connectivity upon
complexation with metal ions to form a percolated transient
polymer network. Assuming that trimers also contain at least
three PDCA units, the fraction of chains that effectively
contribute to network formation can increase to 92%.
Nevertheless, a minor fraction of shorter chains, which is
between 8 and 27%, including PEG monomers and a part of
trimers, form dangling ends and chain extensions, respectively.
These fractions do not effectively contribute to the network
percolation and energy storage upon deformation. We form
transient networks at a polymer concentration of φ = 10 v/w
%, which is significantly above the overlap concentration of the
polymer precursor.60 Considering an entanglement molar mass
(Me) of 2 kg mol−1 for PEG at the molten state,60,61 the
effectiveMe at this concentration is roughly 20 kg mol−1, which
shows that some loose entanglements between long chains
may also contribute to the network formation. On the one
hand, employing a too long PEGNH2 precursor could reduce
the reaction efficiency and the number of ligands along chains,
which could avoid network buildup upon the formation of
metal−ligand associations. On the other hand, too short
precursors may result in short extended chains that despite
having a larger number of ligands along them, they may not
form a percolated network at the very low concentrations that
are normally used for hydrogel formation. The 10 kg mol−1

PEGNH2 precursor has a compromised length in between, so
that a percolated network can be formed at the 10% w/v
concentration, as discussed throughout this paper. Of course,

Figure 1. (a) Condensation reaction between PEGNH210k and Cl-PDCA. (b) Physical gels may form upon the addition of various metal ions and
by increasing the pH. Progressive deprotonation occurs at higher pH values, which can result in the formation of bis-complexes with different
coordination bonds.
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using shorter precursors would have probably required using
larger polymer fractions.
PDCA is reported to form bis-complexes with Fe3+ and

Zn2+, like tridentate ligands, through sextuple coordination
bonds.39 Interestingly, these six coordination bonds are
reported to have different stabilities, four of them with lateral
nitrogen or oxygen atoms being labile and two of them with
the central nitrogen atoms being strong, as illustrated in Figure
1b. Progressive deprotonation at larger pH values is reported
to form the more stable, but entropically unfavored, complex-
ation by both lateral amide groups. The lateral bonds can
readily break and reform, while the central ones keep metal
ions in the vicinity. This combination of bond dynamics
specifically results in rapid self-healing. To explore the utility of
this mechanism, we use nitrate salts of various transition-metal
ions including Zn2+, Co2+, Fe3+, Ni2+, and Cu2+, which are
expected to cover a wide range of coordination stability.43,62

Specifically, the lifetime of complexes these metal ions make
with different protic and aprotic ligands is mainly reported to
follow Zn2+ < Co2+ < Fe3+ < Ni2+ < Cu2+, which is in
accordance with the Irving−Williams series.33,43,62−64

The complexation of protic ligands and metal ions is
reported to occur under basic conditions upon deprotonation
of their heteroatoms.32 However, transition-metal ions are
expected to form hydroxide salts and precipitate in severe basic
conditions. Therefore, following Holten−Andersen’s method
for the complexation of transition-metal ions with catechol,65

which has also been proved to work for histidine,66 we first mix
the aqueous solution of the polymer precursor and metal ions
and then increase the pH after 1 h using a 1 M solution of
sodium hydroxide. The gel formation occurs locally and
homogenizes over time. After 24 h, homogeneous gels are
formed as shown in the inset images of Figure 2. The dynamic
mechanical properties of these physical networks are mainly
dominated by the thermodynamic strength and kinetic stability
of reversible metallo-supramolecular bonds, which determine
the number and lifetime of transient cross-links. Consequently,
we study the rheological behavior of hydrogels under small-
amplitude oscillatory shear (SAOS) deformation and follow
the storage and loss moduli at different temperatures. The
plateau modulus and the frequency at which the storage and
loss moduli cross each other are directly determined by the
equilibrium number and lifetime of transient cross-links,
respectively.34,35,62 As such, SAOS can provide a rich insight
into the strength and stability of PDCA complexes. The

slightly entangled solution of the polymer precursor does not
demonstrate a viscosity noticeably larger than that of water.67

Also, the viscosity does not change significantly upon the
addition of metal ions in the absence of hydroxide ions (OH)
and at high pH values without metal ions. However,
progressively stronger gels form by the establishment of
metallo-supramolecular complex upon increasing the pH value.
In sharp contrast to former reports, which depend heavily on

the strong coordination of Fe3+ and PDCA in bulk,3,37,39,41 we
were unable to make a hydrogel with Fe3+ ions at any pH
value. This might be due to the formation of monocomplexes
or labile bis-complexes at neutral pH values and progressive
precipitation of iron hydroxide at high pH values due to the
larger affinity of iron ions to the OH ligand. Also, the
formation of FeO and Fe2O3 or Fe3O4 at high pH is possible.68

This has been probably avoided in previous studies on PDCA
due to the absence of the solvent. Likewise, against former
reports on the efficiency of Zn2+ in creating even stronger gels
in bulk compared to that of Fe3+,37 we could not make a gel at
any pH value, neither with Zn2+ nor with Cu2+, which is
probably correlated to the lability of their bis-complexes if they
form. Nevertheless, physical hydrogels are formed using Co2+

and Ni2+, whose strength can be tuned by the ratio of OH/
PDCA and PDCA/M2+. Accordingly, for metals that have a
high tendency to form metal oxide, it is not possible to have
complexes at high pH values. Therefore, it is also possible to
have ZnO and CuO precipitates at high pH values. In contrast,
Co2+ and Ni2+ prefer to form highly coordinated complexes.32

Transient gels formed in the presence of Co2+ demonstrate a
flat plateau modulus in all of the accessible frequency ranges, as
shown in Figure 2. However, unlike chemically cross-linked
gels, there are two modes of relaxation beyond the accessible
high- and low-frequency limits, as understood by the
corresponding upturns in the loss modulus. These modes,
respectively, demonstrate the fast relaxation of dangling ends
and loops in short times and the dissociation of supramolecular
bonds in much longer times. The dissociation of transient
bonds is reflected in the rheology spectrum only if it results in
the loss of energy, which occurs only if complexes exchange
their ligands.69 Therefore, the relaxation time extracted from
rheological measurements is expected to be larger than the
lifetime of the complex since dissociated groups may go back
to former partners several times before finding other free
groups to associate with. The time−temperature superposition
(tTS) does not work perfectly as the overlay at the low-

Figure 2. Dynamic storage (filled symbols) and loss (open symbols) moduli master curves (Tref = 25 °C) of the networks formed at φ = 10 v/w %
and PDCA/Co2+ = 2:1 at different sodium hydroxide concentrations: (a) OH/PDCA = 5, (b) OH/PDCA = 15, and (c) OH/PDCA = 30.
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frequency limits comes with the expense of a minor mismatch
at the high-frequency range. This is expected, specifically when
the activation energy of the polymeric dynamics and
supramolecular complexation differ significantly.70 The plateau
modulus increases monotonically as the ratio of OH/PDCA
increases. This is explained by the increased concentration of
deprotonated PDCA ligands, which shifts the equilibrium
toward bis-complexes. The effect of the OH content on the
stability of the complex, however, cannot be judged since the
low-frequency crossover of the storage and loss moduli is
below the accessible frequency range.
To provide a more quantitative understanding of the

gelation in these samples, we confront the obtained plateau
modulus with the prediction of the phantom network model
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where f is the cross-link’s functionality, μ is the number of
network cross-links per volume, and kBT is the thermal energy.
Given the cross-link’s functionality of 4, and assuming an
infinite molar mass for all polymer chains, which is equivalent
to neglecting all misconnectivities in the system, one can
consider only bis-complexes, which results in one effective
cross-link per metal ion or per two PDCA ligands at their
stoichiometric concentration. As such, neglecting the minor
trapped entanglements, the largest possible plateau modulus,
according to the concentration of metal ions, would be 12.4

kPa. Nonetheless, the experimentally measured plateau
modulus is just 70 Pa at OH/PDCA = 5, which increases to
240 Pa at OH/PDCA = 30. This difference factor of 50 not
only demonstrates the significant role of misconnectivities in
supramolecular polymer systems based on short linear
precursors but also highlights the fact that not all current
PDCA ligands and Co2+ ions are engaged in the formation of
bis-complexes.42,71 As such, we expect a low equilibrium
constant, K, despite the very large dissociation rate constant,
kd, for the complex formed by Co2+. To provide a rough
estimate of the dissociation time, we fit the dynamic moduli
curves obtained at 25 °C by considering two relaxation modes,
each represented by a log−normal distribution of relaxation
times at the high- and low-frequency ranges, as explained in the
Supporting Information.34 Interestingly, the dynamic moduli
could not be reproduced unless considering two very broad
relaxation modes, which results in an apparent crossover at
significantly low frequencies below 10−5 rad s−1, as shown in
Figure S5a. This slow and broad relaxation can also be related
to the contribution of the hindered polymeric relaxation of
long chains in the presence of reversible supramolecular
dynamics.72−74 The dissociation of stable supramolecular
bonds can be better understood by an exponential drop of
shear stress in the stress relaxation experiment.35,62 However,
the corresponding shear stress curves only reflect a gradual
power-law decay, as shown in Figure S6. This essentially limits
the formation of a unique master curve by applying tTS and

Figure 3. Dynamic storage (filled symbols) and loss (open symbols) moduli master curves (Tref = 25 °C) of the networks formed at φ = 10 v/w %
and OH/PDCA = 15:1 at different metal ion concentrations: (a) PDCA/Co2+ = 1, (b) PDCA/Co2+ = 2, and (c) PDCA/Co2+ = 4.

Figure 4. Dynamic storage (filled symbols) and loss (open symbols) moduli master curves (Tref = 25 °C) of the networks formed at φ = 10 v/w %
and PDCA/Ni2+ = 2:1 at different sodium hydroxide concentrations: (a) OH/PDCA = 5, (b) OH/PDCA = 15, and (c) OH/PDCA = 30. tTS is
not applied to panel (a) and to the measurement at 40 °C in panel (b).
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further suggests the remarkable stability of bis-PDCA−Co2+
complexes and the broadness of the relaxation mode at low
frequencies.
The low equilibrium constant associated with the Co2+

complex also suggests that the equilibrium can be effectively
shifted toward complexation by increasing the metal ion
concentration above the stoichiometry. The dynamic moduli
obtained at different PDCA/Co2+ ratios indeed demonstrate
that the plateau modulus increases upon using overstoichio-
metric Co2+ concentrations, as shown in Figure 3. Similar
results are obtained by the stress relaxation measurements, as
shown in Figure S7.
Metallo-supramolecular polymer networks formed by Ni2+

and various protic and aprotic ligands usually demonstrate
greater stability compared to those made by Co2+.34,62,63,75 In
contrast to this expectation, transient gels formed by the
coordination of PDCA and Ni2+ exhibit faster relaxations
compared to those made by Co2+. This is demonstrated by the
crossover of the dynamic moduli in the accessible frequency
range, as shown in Figure 4. Following the above trend, the
plateau modulus increases at higher OH/PDCA ratios.
However, SOAS measurements at the highest temperature
demonstrate a lower plateau modulus and a shorter relaxation
time, which can be associated with the loss of network
percolation upon losing a fraction of active cross-links at that
temperature. The effect of temperature on network percolation
is more evident at the lowest OH content, as shown in Figure
4a, which is at the margin of percolation, and may lose integrity

by a simple increase in the temperature or decrease in the
metal ion concentration. Consequently, tTS is not applied to
this sample.
The fitted dynamic moduli, which are obtained by

considering two relaxation modes at high and low frequencies,
reflect a much narrower relaxation mode around 0.01 rad s−1,
compared to the broad one obtained for the Co2+, as
demonstrated in Figure S5b. The larger plateau modulus and
the narrower relaxation mode suggest a larger equilibrium
constant for the bis-PDCA−Ni2+ complex, which results in the
formation of less misconnectivity and dangling ends. A similar
relaxation mode with the pronounced exponential decay of
shear stress is reflected in the stress relaxation curves of the
corresponding samples, as demonstrated in Figure S8.
Another interesting question is whether the oxidation state

of the metal ion affects the coordination characteristics. To
account for that, we follow Wegner’s approach and oxidize
Co2+ using a stoichiometric amount of hydrogen peroxide
overnight.75 Subsequently, the Co3+ is mixed with the
precursor solution and then the pH is increased. The obtained
dynamic moduli demonstrate even a larger plateau modulus
compared to that obtained with Co2+ at the same OH content,
as demonstrated in Figure S9. Histidine has also been reported
to form stronger bonds with significantly greater stabilities after
the oxidation of Co2+ to Co3+.75,76

One of the prime utilities of metallo-supramolecular polymer
networks is in self-healing applications. The characteristic time
of self-healing and its efficiency are expected to scale directly

Figure 5. Dynamic storage and loss moduli at sequentially small- and large-amplitude (γ = 1 and 1000%) time-sweep measurements (γ̇ = 1 rad s−1)
for networks formed by Co2+ at (a) OH/PDCA = 15 and (b) OH/PDCA = 30, and for networks formed by Ni2+ at (c) OH/PDCA = 15 and (d)
OH/PDCA = 30, all using φ = 10 v/w % and PDCA/M2+ = 2:1.
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with the stability and inversely with the strength of transient
bonds, respectively.77−79 Therefore, the change in the metal
ion and pH value should have notable effects on the self-
healing characteristics of PDCA-extended polymers. To check
this notion, we employ sequential large- and small-amplitude
time-sweep measurements to, respectively, destruct the
network structure and monitor its reconstruction. We utilize
short deconstruction segments of 30 s and reconstruction
segments of 60 s to challenge the healing rate of the networks.
The obtained storage moduli reveal that the networks formed
by Co2+ demonstrate fast deconstruction followed by rapid and
near-complete recovery, as shown in Figure 5a,b. Despite the
destruction amplitude increases at larger OH concentrations,
the degree of recovery remains near-complete. In contrast,
networks formed by Ni2+ demonstrate larger deconstruction
amplitude so that the network percolation is lost, as
comprehended from loss moduli exceeding the storage moduli,
followed by gradual and incomplete network buildup, as shown
in Figure 5c,d. This is in contrast to the expectation based on
the shorter lifetime of bis-PDCA−Ni2+ complexes compared to
those made by Co2+.80 Nevertheless, another important
prerequisite for self-healing is the presence of free ligands to
immediately reform deconstructed complexes.77 Regarding its
lower thermodynamic equilibrium constant, such free PDCA
ligands are expected to be more available in networks formed
by Co2+ rather than those formed by Ni2+. A similar fast
deconstruction followed by rapid and near-complete recovery
is obtained for the networks formed by Co3+, as shown in
Figure S10. This further highlights the importance of the
presence of free ligands or using thermodynamically less strong
complexes for self-healing applications.
Our rheological studies demonstrate unexpected results on

the association of different transition-metal ions with PDCA.
The flow activation energies obtained from tTS for hydrogels
formed by either Co2+ and Ni2+ increase at larger OH contents,
as demonstrated in the upper panel of Figure 6. The largest Ea
values obtained for Co2+ and Ni2+ are 67 and 73 kJ mol−1,
which are in the same range as those obtained for aprotic
ligands such as terpyridine and phenanthroline.43,62 This is
clear evidence for the pH tunability of complexation and gel
formation. Nevertheless, this tunability also depends on the
coordination affinity of the utilized metal ion, as suggested by
distinct developments of the plateau modulus upon increasing
the OH/PDCA ratio, as shown in the middle panel of Figure 6.
The deprotonation of the ligand is an important step for
achieving larger coordination numbers. To confirm this
hypothesis, potentiometry measurements are performed by
titrating a dilute aqueous solution of the precursor (10 mg in 5
mL) in the presence of NaCl (10 mM) with a NaOH solution
(1 N) and monitoring the pH value. The obtained pH curve
demonstrates the lack of sequential deprotonation steps and
implies that the majority of coordinating atoms should be
already available at OH/PDCA ratios as low as 5, as
demonstrated in the lower panel of Figure 6. This is in sharp
contrast with the gradual increase of the network’s mechanical
properties at higher OH/PDCA ratios. Therefore, the
correlation between the coordination geometry and deproto-
nation level of the ligand remains a prime open question.
Moreover, it is also surprising that among the metal ions
studied, only Co2+ and Ni2+ are able to form a gel, whereas
Fe3+ and Zn2+ cannot. We seek to answer these questions
through spectroscopic and theoretical DFT studies.

To further examine the complexation of different metal ions
with PDCA, we follow the absorption spectra of a dilute
aqueous solution of the polymer precursor in the presence of
stoichiometric amounts of metal ions at various OH contents.
For this purpose, we prepare the aqueous solution of the
polymer precursor and metal ion; after 1 h, we increase the pH,
and after 24 h, we measure the UV−Vis spectra. The evolution
of the characteristic complex absorption bands at different
metal ion concentrations could be used to determine the
equilibrium constant. Also, the time-dependent decay of the
absorption intensity upon adding a second metal ion with a
stronger association constant could be employed to calculate
the dissociation rate constant.81 Nevertheless, none of the
complexes show a significant change in the absorption spectra
after increasing the pH, as demonstrated in Figure 7a. This can
also be inferred from the pale colors of the corresponding gels
shown in the inset images of Figures 2 and 4. The polymer
solution obtained using Fe3+ has a dark orange color, which is
reflected by several distinct absorptions in the visible and UV
ranges. However, the lack of network formation confirms the
lability of such bonds or the prevalence of mono-PDCA−Fe3+
complexes. As such, UV−Vis studies could not significantly
help in studying the kinetics and thermodynamics of PDCA
complexes.
The structure of complexes is further characterized by the

Fourier transform infrared (FTIR) spectroscopy. Several bands
show distinct variations among samples even in the aqueous
solution, as shown in Figure S11. However, the spectra in the

Figure 6. Flow activation energies of the networks formed by Co2+

and Ni2+ at φ = 10 v/w % and PDCA/M2+ = 2:1 at different OH/
PDCA ratios (upper panel), the corresponding plateau moduli
measured at a frequency of 1 rad s−1 (middle panel), and the
measured pH values at different OH/PDCA ratios (lower panel).
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solution are highly affected by the absorption of the solvent.
Therefore, we perform the same measurement on identical
samples after drying. Similar trends are observed between
spectra in dried samples; i.e., complexes formed in the presence
of Co2+, Co3+, and Ni2+ show similar distinct absorption peaks,
whereas the plain polymer precursor and its mixture with Fe3+

follow a very similar trend, as shown in Figure 7b. This
specifically includes the N−H stretch bands below 3000 cm−1,
as highlighted in the inset plot of Figure 7b, and the amide
CO bands around 1700 cm−1, as highlighted in the inset
plot of Figure S11, which are significantly amplified upon
complexation with Co2+, Co3+, and Ni2+.
To provide an understanding of the relationship between the

microscopic characteristics of the constructing units and
macroscopic material functions, specifically the pH depend-
ence of the rheological behavior and the underlying reason for
different performances of the utilized metal ions, we study the
coordination geometry of the equivalent small-molecule
complexes. To accelerate calculations, we replace the terminal
polymer chains from both sides of the PDCA ligand with a
methyl group. Given the possible coordination modes between
the ligand and metal ions in Figure 1, we envisage DFT
calculations. The study is applied to the oxidation states of +2

and +3 for Co, Fe, and Ni, as described in Table 1, with
additional calculations also for Zn2+. Accordingly, the tests of
the pristine ligand suggest that the deprotonation of both
amide groups is not favored in the absence of any metal
ions,82,83 with a cost of 7.1 kcal mol−1 compared to the single
deprotonation that is nearly isoenergetic with the pristine
ligand, i.e., just being 0.1 kcal mol−1 higher in energy.
Afterward, the deprotonation in the presence of metal ions is
studied. We consider all possible protonation levels of the
PDCA ligand by the stepwise removal of all four protons of
lateral amide groups, as listed in Table 1, for a selected number
of samples. The coordination mode is coded as XCO−YN,
where X and Y denote the number of coordinated lateral
oxygen and nitrogen atoms participating in the formation of
bis-complexes from each ligand, respectively, besides the
coordinated central pyridyl nitrogen atom. DFT results suggest
that the most stable mode of coordination is the octahedral
geometry. According to Table 1 results, the symmetric
geometry is favored; i.e., each ligand of the metal complex
loses one proton. Structurally, the coordination of the pyridyl
group is always present, and the two remaining coordinating
groups may be the carbonyl or the amino groups. However, at
the employed pH levels, one of the amino groups from each

Figure 7. (a) UV−Vis spectra of the plain polymer precursor and stoichiometric mixtures with different metal ions at various OH/PDCA contents.
(b) FTIR spectra of the plain polymer precursor and stoichiometric mixtures with different metal ions at OH/PDCA = 100 in the dry state.

Table 1. Relative Energies (in kcal mol−1) of Bis-PDCA Complexes (CO, Coordination through the Carbonyl; N,
Coordination through the Nitrogen) with Respect to the Nondeprotonated Systemsa

aThe high spin species are denoted in blue; -not possible coordination with the metal.
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tridentate ligand easily deprotonates. This favors the
coordination of the metal ion with the deprotonated amino
and the carbonyl group of each ligand, as shown in Figure 8.
However, for the special case of Ni2+, the coordination through
the carbonyl is never favored but only by a 1.5 kcal mol−1 cost
of energy. Therefore, the excessive deprotonation at larger pH
values and the formation of the entropically unfavored complex
upon the association of lateral amide groups, as suggested in
Figure 1b, are not a general case and, in contrast with former
reports, may rarely occur.
The binding energy of the employed metal ions with the

PDCA ligand suggests that the interaction is clearly stronger
for cobalt and then at a very close margin for nickel; however,
iron shows the poorest values by far, as listed in Table 2. This
is a confirmation that when adding the metal ion solution,
together at the basic pH, the preference is the loss of one

proton from each ligand, thus two protons for each metal
center. All of these results fit with experiments, particularly,
when no gelation was observed with the iron and zinc ions. In
detail, comparing the neutral and anionic ligands, cobalt is the
best metal bearing the neutral ligand, whereas, for two anionic
ligands, Ni2+ could even enhance its binding compared to
cobalt. In any case, iron or zinc would be less competitive.
Structurally, the comparison of the interaction strength of
metal ions with both ligands,84 by means of the Mayer bond
orders (MBOs),85,86 shows the lability of the coordinative
bonds formed by Ni2+, Ni3+, and Zn2+ ions, with a clear
decrease.87,88 Actually, the sum of the MBO values for the six
M−O and M−N interactions is 2.687, 2.470, and 2.343,
respectively, which are at least 1 unit lower than that for the
cobalt-based systems (see Table S1 for further details).89

Figure 8. Best coordination for (a) Fe3+ and (b) Co2+ with two anionic PDCA ligands (selected distances given in Å).

Table 2. Binding Energies (in kcal mol−1) of Two Ligands on Each Metal Centera

aThe high spin species are denoted in blue.

Figure 9. NCI plots for (a) the systems with Co3+ and (b) with Fe3+ (green and blue isosurfaces depict weak- and strong-attractive interactions,
respectively, while red isosurface represents strong-repulsive interactions).
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Notably, the M3+ ion should be preferred over the M2+ ones
according to the explained results. To further study the effect
of the oxidation state, we removed one of the ligands from the
complexes formed by the single deprotonated PDCAs, and the
destabilization follows as Ni3+ (74.2) > Co3+ (65.5) > Fe3+

(54.8) > Ni2+ (38.2) > Fe2+ (37.6) > Co2+ (35.2) kcal mol−1.
Thus, clearly, M3+ species need two ligands. Moreover, the
addition of chloride atoms to compensate the positive charge
on the monometal complexes confirms the same trend: Fe3+

(55.2 (37.1)) > Co3+ (57.3 (36.8)) > Fe2+ (35.5) > Co2+

(24.7) > Ni3+ (35.2(19.5)) > Ni2+ (11.1) kcal mol−1. In
parentheses, the values with two chlorides instead of one to

complete the whole positive charge of systems bearing M3+ ion
metals are reported.
The noncovalent interaction (NCI) plots reveal the

importance of the aryl ring of both ligands. Figure 9
demonstrates how both ligands for complexes formed with
Co3+ and Fe3+ are stabilized by those relatively weak
interactions. A relatively strong interaction between the aryl
ring and the methylenic moiety in the α position to the
nitrogen of amides is present. According to the NCI plots, the
interaction is strong since it has a tridentate capacity to bind to
the metal ions (see the Supporting Information for further
details). However, the more stabilizing interaction of Co3+ is
not that clear compared to the less efficient complexation of

Figure 10. (a) Repeating unit selected to perform the calculations under PBC. (b) Representation of the optimized organic periodic structure
showing the periodicity on the Y axis (the repeating unit within the optimized cubic cell inside the square is also represented), front view. (c) Same
structure, top view.
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Fe3+. When comparing both NCI plots in detail, only a few
differences imply the slightly more stabilizing interactions for
Co3+, which are not clear enough in Figure 9.
To provide further details on the UV−Vis spectroscopy

results that are presented in Figure 7, we employ TD-DFT
calculations (see Table S2). Despite the spectral complexity,
the bands that show the most significant differences upon
complexation are in the region below 300 nm. Therefore, these
calculations confirm that the deprotonation of the two ligands
coordinated to metal ions is not accompanied by a significant
variation of absorptions in the region between 300 and 400
nm. This is in agreement with experiments, where no change of
absorption is detected upon complexation with different metal
ions, except for the Ni2+, which also reflects bands between 300
and 320 nm in computational results.
The observed noncovalent interactions in the simplified

systems represented in Figure 9 are not comprehensive enough
to compare the nature of metal ions. As such, due to the
incapacity of static DFT calculations to provide a clear trend
among the complexation of different metal ions, we employ
periodic DFT calculations by means of CP2K. To deal with the
presence of PEG precursors along with PDCA ligands
coordinated with transition-metal ions, the system is expanded
compared to the simple static DFT calculations by Gaussian.
Specifically, as shown in Figure 1a, the repeating unit of this
polymer includes a 10 kg mol−1 PEG segment coupled with a
PDCA ligand. However, to obtain a proper description of the

organic chains as well as the coordination of metal ions, which
is yet computationally affordable, a simplified structure based
on a short PEG linker is considered, as shown in Figure 10a
(geometry containing 118 atoms). At first, cell optimization of
only the periodic organic part is performed to obtain the cell
parameters and confirm the periodicity of the system. The
structure is first included at the center of a cubic box of 25 ×
25 × 25 Å3, ensuring isolation on the X and Z axes, and only
the periodicity on the Y axis is considered (the geometry of this
polymer has a length of approximately 27 Å), as shown in
Figure 10b,c (see Tables S3 and S4). The optimization of the
organic part confirms that the structure has been properly
constructed, consistently reproducing the periodicity of the
system only on the Y axis. The optimized cell parameters have
been used to construct the cell for the next calculations to
study the systems after the incorporation of the desired
transition-metal ions.
The above description of the structural optimization without

including the metal center is really interesting. Since once
repeated in the presence of metal ions, and after performing
the cell optimization (including both cell parameter
optimization and geometry relaxation), a dramatic modifica-
tion of the conformation of the polymeric system emerges.
After the complexation of the PDCA ligands with the metal
center, they adopt an important torsion in their structures and
form a helicoidal structure, as shown in Figure 11a,b. For the
system with Fe3+, the metal center is coordinated with two

Figure 11. (a) Front view and (b) top view of the optimized structure for the [Co2+] complex.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.2c01346
Chem. Mater. 2022, 34, 6155−6169

6165

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c01346/suppl_file/cm2c01346_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c01346/suppl_file/cm2c01346_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01346?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01346?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01346?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01346?fig=fig11&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c01346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


deprotonated N atoms as well as two O atoms, forcing each
PDCA ligand to turn, which leads to the torsion of the entire
organic tail. Accordingly, the same helicoidal-like structure is
confirmed for all of the different metal ions under study.
Energetically, the binding energy calculations considering

BSSE corrections and posteriorly addition of the solvent
corrections considering water and dichloromethane as the
solvents lead to data collected in Table 3, suggesting that, both

in gas phase and in the presence of the solvent, systems with
M2+ present higher binding energies than those where M3+

metal centers are engaged. This could seem a paradox since the
latter metal centers should be more electrophilic and bond
more strongly to organic ligands. However, in agreement with
experimental results, systems with Co2+ and Ni2+ show the
largest coordination affinity (excluding the system with Fe2+,
which shows the largest binding energy in calculations, but it
was not evaluated experimentally due to the probable oxidation
to Fe3+), followed by Co3+ and Fe3+, remaining finally Ni3+

with the lowest binding energy. Consequently, periodic DFT
also explains the gel formation of systems with stronger
binding energies. Binding energies in the gas phase are all
relatively high; however, when considering solvation, those
values are dramatically reduced. Therefore, periodic DFT also
implies the crucial role of solvent. In contrast to former
experimental reports, which were mainly obtained in bulk, we
were unable to form hydrogels with the Fe3+ metal ion. When
considering the solvation effects, the binding energy between
the metal center and the ligand is substantially reduced. As
such, in Fe3+ systems, the formation of the hydrogel through
the complexation of PDCA enters in competition with other
side reactions, like the formation of iron oxide or iron
hydroxide precipitates that have stronger interactions than
complexation.
Reperforming the analysis of the noncovalent interactions,

the NCI plots of the periodic systems considering periodicity
in the Y axis become relevant to better understand not only the
metal−ligand interactions but also the noncovalent inter-
actions between organic PEG segments. In detail, initially it
was thought that the interaction between the two organic tails
would be irrelevant, especially compared to the complexes
formed through the metal center. However, interestingly, they
adopt a helicoidal-like structure. It is easy to compare those
systems with the most known helicoidal structure, the DNA.
Indeed, this results in an overstabilization of the network
structure. Even, the main characteristics such as mechanical
strength and self-healing could also stem from this structure
and the interaction between PEG segments. For instance,
Figure 12 includes the representative NCI plots for systems
with Co2+ and Fe3+, with a clear emphasis on the relevant

number of weak interactions between the two tails, offering an
overstabilization of the system that would not be possible, or at
least significantly reduced, with the linearity of the two tails.

4. CONCLUSIONS
This work provides a fundamental understanding of the
kinetics and thermodynamics of PDCA complexes with a series
of transition-metal ions. This acquired knowledge can be used
as a basis for expanding the application of this ligand in the
development of metallo-supramolecular polymer hydrogels and
networks. To achieve that, we condensate linear PEG segments
with the PDCA ligand through urethane linkages and form
hydrogels by the complexation of PDCA with various metal
ions at basic conditions. The rheological studies reveal the
progressive formation of transient bonds upon increasing pH
using Co2+/3+ and Ni2+ but not with Fe3+, Zn2+, and Cu2+.
Static DFT simulations indeed confirm that interactions are
clearly stronger for Co and Ni, and Fe shows the poorest
values by far. Energetically, the strength of binding energies
marks the difference between ions in gel formation due to the
competitivity with side complexations. This competition is
increased in the presence of the solvent, as metal centers such
as iron can easily form salts and precipitate without forming
the desired hydrogel. The system under study includes PEG
segments extended with the PDCA ligand that is complexed
with transition-metal ions; as a result, we can envision a
unidirectional periodic structure based on two chains. The
analyses of NCI plots allowed us to qualitatively unveil the
importance of the noncovalent interactions between not only
the metal−ligand complexes but also PEG segments.
Specifically, chains rearrange themselves after the coordination,
leading to a helicoidal-like structure that offers extra stability
and as such promotes material properties. A perfect network
with all active strands and associated transient bonds has the

Table 3. Binding Energies (in kcal mol−1) in Gas Phase,
Water, and Dichloromethane between the Two Organic
Chains and the Metal Center

binding energies

system gas phase water dichloromethane

Co2+ −187.05 −75.02 −66.08
Co3+ −140.06 −49.19 −39.66
Fe2+ −242.28 −136.11 −126.77
Fe3+ −136.92 −39.20 −28.27
Ni2+ −161.84 −74.16 −65.05
Ni3+ −90.31 −11.79 −5.06

Figure 12. NCI plots for the systems containing (a) Co2+ and (b)
Ni2+ (green and blue isosurfaces depict weak- and strong-attractive
interactions, respectively, while red isosurface represent strong-
repulsive interactions).
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least potential for adhesion. However, in side-chain systems
like our samples, with small complexation equilibrium
constants, the potential for adhesion and accordingly self-
healing is very high. Therefore, these hydrogels have high
potentials for applications that required self-healing and
adhesion.
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