7® ROYAL SOCIETY

Polymer
P OF CHEMISTRY

Chemistry

View Article Online
View Journal | View Issue

REVIEW

Supramolecular polymerization and self-assembly

’ M) Check for updates ‘
of transition metal complexes

Cite this: Polym. Chem., 2025, 16,

2799 xa.c

Merlin R. Stuhler®® and Alex J. Plajer

Metallo-supramolecular polymers (MSPs) have emerged as a dynamic field in soft materials and nano-
materials over the past three decades. The unique interplay of ligands and metal ions plays a crucial role
in defining their properties, such as binding strength and topology, making these systems distinct from
their all-organic counterparts. Furthermore, the incorporation of metal centers introduces redox activity,
unigue photophysical properties, and electronic functionality. As a result, these systems can exhibit
stimuli-responsive behavior, essential for applications in optoelectronics and biology. However, chal-

Received 28th March 2025,
Accepted 15th May 2025

DOI: 10.1039/d5py00315f

lenges remain in achieving precise control over self-assembly, morphology, and spatiotemporal respon-
siveness, as well as a clear rationale between coordination and self-assembly behavior. Our review, there-
fore, summarizes recent advances in ligand design, coordination modulation, and polymerization tech-
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Introduction

Inspired by biological systems and building on the fundamen-
tal concepts of supramolecular chemistry, as established by
Lehn, synthetic supramolecular polymers (SPs) have become a
flourishing area of research over the past decades."® SPs are
based on directional and reversible interactions between small
monomeric building blocks, such as hydrogen bonds, n-r and
metallophilic interactions.’™"* One-dimensional assemblies
driven by unidirectional interactions have been of particular
interest for studying controlled self-assembly and structure—
activity relationships, as they allow for the strategic design of
monomers and the precise positioning of linking points,
enabling the construction of highly defined supramolecular
structures.”® Among the most studied monomers are peptides,
benzene-1,3,5-tricarboxamides (BTAs), and perylene bisimide
(PBI) dyes."*™™ In contrast to these purely organic systems,
metallosupramolecular polymers (MSPs) have been shown to
impart enhanced stability through additional metal-specific
interactions, stimuli-responsiveness (e.g., redox, temperature),
and structural versatility.>° > The inclusion and variation of
counterions within charged systems further affect the assem-
bly behavior, contributing to dynamicity and increased varia-
bility in interactions.>®> A number of metal ions, coordination
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nigues, offering new strategies to rationally develop MSPs with tailored functionalities.

motifs, and ligand classes have been explored, and prior
reviews have discussed these with regard to aggregation, the
assembly pathway, and morphology control.>*”*° The following
sections highlight recent developments in MSPs with particu-
lar focus on how coordination chemistry, i.e the roles of the
ligand and metal ion and their interaction between monomers
influences and controls assembly behavior, morphology, and
stimuli responsiveness. The discussion is sectioned by ligand
classes as presented in Fig. 1.

Monodentate ligands (L,MX5)

Current examples of metal-containing monomers comprising
monodentate ligands are mostly based on square-planar com-
plexes of heavy d® metals, namely Pt(u) and Pd(u), with pyri-
dine-derived N-donor ligands, as these form particularly stable
complexes with predictable geometries due to their strong o-
bond donating and m-accepting nature. Additionally, pyridine-
derived ligands inherently provide a flat, rigid, and aromatic
scaffold for n-stacking interactions. To further enhance inter-
actions between monomers, hydrogen bonding groups (e.g.,
amides) or extended n-systems are often synthetically attached.
However, other ligand motifs, such as acetylides, were also
employed in the past.*°

Within the class of metallosupramolecular polymers, the
group of Fernandez has contributed many inspiring contri-
butions, starting with a report on the cooperative supramole-
cular polymerization of a charge-neutral, square-planar, oligo-
phenyleneethynylene (OPE)-based bispyridyldichlorido Pd(u)
complex 1A in methylcyclohexane, as shown in Fig. 2a.*' In
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Fig. 1 Schematic representation of the ligand classes discussed in this mini-review.
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Fig. 2 (a) Pt(n) (1A,C) and Pd(i) (1B,D) complexes comprising different
solubilizing chains as factors leading to the competition of a slipped and
a parallel molecular packing. Left inlay: DFT-optimized geometry of a
dimer of 1A with electron density of the HOMO-2 (B3LYP/6-31G*/
LANL2DZ level). Reproduced from ref. 31 with permission from
American Chemical Society, copyright 2013. Right inlay: PM6 geometry-
optimized structure of a dimer of 1B and 1C. Copyright 2016 Wiley. (b)
Molecular structures of the trans and cis isomers of 2, and a schematic
representation of the supramolecular assembly of 2 triggered by coordi-
nation isomerism. Inlay of dispersion-corrected PM6 optimized hexame-
ric stack of a 2:1 mixture of trans and cis isomers of 2. Reproduced
from ref. 37 with permission from Wiley, copyright 2019.

addition to the pronounced rn—x stacking enabled by the rigid
aromatic ligands, density functional theory (DFT) calculations
revealed strong Pd-Cl interactions stabilizing the pseudo-par-
allel aggregation while some intermetallic c-bonding inter-
action between the d,. orbitals of the central Pd(u) atoms of
neighbouring molecules was observed as well (left inlay of
Fig. 2a). A fully parallel-stacked conformation with close metal-
lophilic Pd-Pd contacts is ruled out by the energy gain from
two Pd-Cl bonds formed per monomer addition and is further
hindered by the steric demand of the out-of-plane chlorine co-
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ligands. Follow-up works introduced the heavier analogue Pt(r)
with similar ligand motifs 1B, revealing a shift in the aggrega-
tion mode from pseudo-parallel stacks to a slipped confor-
mation (left inlay of Fig. 2a).>* This shift was driven by coopera-
tive n-n, C-H---Cl, and =n(alkyne)-Pt interactions and involve o-
and n-electron donation from the alkyne moiety to Pt(u), as well
as 8- and n-back donations (right inlay of Fig. 2a). However, sec-
ondary Van der Waals (VdW) interactions of the aliphatic C12
chains turned out to be the determining factor as the same Pt
complex equipped with only methyl groups formed parallel
stacks again. Furthermore, exchanging the aliphatic C12 chains
by tetraethylene glycol chains reversed the preferential packing
modes for Pd (1C)** and Pt (1D)** as well. As there are numer-
ous competing non-covalent interactions in these systems, the
formation of both the thermodynamically favored pseudo-par-
allel and the kinetically favored slipped aggregation modes was
furthermore found to be, among other factors, dependent on
the solvent,® and the halogen co-ligands®® for Pd and Pt.
Therefore, the final stacking geometry of a particular system is
defined by the interplay of the individual energetic contri-
butions of various interaction types, with metallophilic inter-
actions being a factor but not the determining one.

In a related study, the group of Fernandez has successfully
utilized the UV-triggered geometric isomerism in square-
planar Pt(un) complexes 2, as shown in Fig. 2b.>” For this
purpose, they employed azobenzene moieties, as they promote
conformational freedom through minimal steric repulsion in
the cis-conformation, achieving an optimal balance between
isomerization and aggregation ability. The 1-dimensional
assembly of the trans conformers showed a slipped aggrega-
tion stabilized by aromatic and N-H---Cl interactions without
direct participation of the Pt centers. Hence, the coordination
isomerism that develops over time could act orthogonally,
without affecting the stacking interactions. In a 2 : 1 mixture of
trans- and cis-complexes, the latter would function as end-
capping units. While partially interacting with the preceding
monomer, the cis conformers prevent propagation by inter-
rupting the alkyl chain shell around the aromatic units. Upon
UV light irradiation, all cis conformers could be converted
back into ¢rans conformers, allowing elongation to resume and
enabling the formation of long fibers once again. Therefore,
the inherent coordination isomerism could be utilized to regu-
late supramolecular polymerization.

Studies by Li and coworkers, employing comparable mono-
dentate pyridine-based ligands equipped with solubilizing
units and amide linkers, took a closer look at the differences

This journal is © The Royal Society of Chemistry 2025
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in the bonding behavior of Pd(n) and Pt(u) (Fig. 3).*® While,
once again, VAW interactions, n-n stacking, and hydrogen
bonding assist the stacking, the difference in assembly could
be directly attributed to the metal employed, as it was the only
variable that was changed. Absorption spectroscopy, wide-
angle X-ray diffraction (WAXD), and extended X-ray absorption
fine structure (EXAFS) experiments revealed a higher propen-
sity for aggregation of Pt(u) (3A) than Pd(u) (3B), as indicated
by shorter intermetallic bonds. A follow-up study showed how
the metal centers could even be brought closer together
through a shift from H- to J-type aggregates by changing the
amide linker in the ligands to ester bonds.*®

The utilization of pyridyl-based ligands for supramolecular
polymers, however, is not limited to late d® metals, as nicely
demonstrated in a recent study by the group of Fu.'® They
reported the dynamic chirality inversion of different types of
MSPs formed from Ag” (AgNO;) (4A) and AI** (AICl;) (4B) com-
plexes of pyridyl-conjugated cholesterol (PVPCC) as presented
in Fig. 4. Additionally, a whole range of metal ions (Co**, Cu®",
Zn**, Mn**, Ni**, Bi*"; chlorine salts) could be employed to
form gels under ultrasonication as well as thermal treatment
in p-xylene/n-butanol while only Bi** and Zn>" exhibited chiral-
ity inversion, similar to Ag" and AI**, respectively. They found
the MSP of the Ag(i)/PVPCC complex 4A to exhibit a negative
cotton effect in the circular dichroism (CD) spectra after ultra-
sonication and a positive CD absorption after thermal treat-
ment, indicating a chirality inversion. For the kinetically con-
trolled aggregation mode of 4A (Ag-SP I) after sonication, a
single crystal structure was obtained, revealing a slipped stack
featuring Ag-n coordination, as well as n—n interactions, VdW
forces, and hydrogen bonding (upper inlay Fig. 4). After
thermal treatment, the Ag-SP II, driven by metallophilic Ag-Ag
interactions and a strongly positive CD signal, was obtained.
In fact, they observed that after cooling to room temperature,
Ag-SP 1 was first formed and subsequently transformed into
Ag-SP 1II. This transformation was found to be dependent on
the cooling rate; slow cooling (0.5-1 K min~") led to higher-
order assemblies of Ag-SP I, slowing down the conversion to
the thermodynamically favored Ag-SP II (Fig. 4).

In the second part of the study, the consecutive chirality
inversion pathway of the differently behaving 4B (Al(u1)/PVPCC)
assembly in p-xylene/EtOH was investigated, as summarized in
the bottom inlay of Fig. 4. Here again, two different aggrega-
tion modes were found, with Al-SP I being formed after mixing
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Fig. 3 Structure and WAXD spectra of 3A (—) and 3B (- - -), normalized
intensity was used. Reproduced from ref. 38 with permission from Wiley,
copyright 2014.
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Fig. 4 Structure of PVPCC ligand, schematic representation of the
supramolecular assembly of Ag(1)/PVPCC complex 4A with inlay (top) of
solid-state structure of 4A and schematic representation of the assembly
of Al(m)/PVPCC complex 4B with inlay (bottom) of the morphologic
evolution of 4B monitored by SEM. Reproduced from ref. 40 with per-
mission from Springer Nature, copyright 2024.

the starting materials and solvents. Al-SP I was found to have a
micron-sheet structure by scanning electron microscopy (SEM)
(bottom inlay Fig. 4). After heating to 100 °C, the first aggre-
gated state underwent a chirality inversion to form Al-SP II,
which exhibits a nanotube structure; this inversion was found
to reverse over a period of 9 hours. It turned out that in Al-SP
II, EtOH molecules are coordinated to the Al(m) metal, which
detach upon heating, enabling the formation of Al-SP I, and
re-coordinate after cooling to room temperature. Lastly, the cir-
cularly polarized luminescence (CPL) of the complexes was
investigated and exemplarily employed for dynamic infor-
mation encryption in a co-assembled system of Ag(i)/PVPCC
and the fluorescent dye thioflavin T (ThT). The latter was
needed to improve the CPL performance. Although this was
only a proof of concept, it showcases the potential of dynamic
chirality inversion promoted by coordinative interactions in
assembled systems for applications in information encryption.

The group of Zang has developed supramolecular polymers
based on metallophilic interactions in a heterobimetallic
Au()-Cu(1) system (Fig. 5).*' They employed cationic
N-heterocyclic carbene-Au(i) complexes bearing amino acid
residues. The alanine-derived complex 5A (Au(Ala),) exhibited
chiral nanofibrous structures with P- and M-helicity for the p-
and r-isomers, respectively, as observed by SEM and CD spec-
troscopy (Fig. 5a). Upon the addition of [Cul,]” anions (using
K'@[18-Crown-6] as the counter cation), however, co-assem-
blies were formed via Au-Cu interactions, leading to a chirality
inversion and a change in the nanoarchitectures from lamellar
to columnar chiral packing as determined by X-ray diffraction

Polym. Chem., 2025, 16, 2799-2810 | 2801
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Fig. 5 Structure of 5A (Au(Ala),), 5B (Au(Val),) and 5C (Au(Phe),) and
respective SEM images before (a, c and e) and after (b, d and f) [Cul,]™
addition. Inlay of schematic representation of the helicity inversion of 5C
from Individual self-assembly to co-assembly with columnar chiral
packing induced by [Cul,]”. Reproduced from ref. 41 with permission
from American Chemical Society, copyright 2023.

experiments. The valine-derived complex 5B (Au(Val),),
bearing isopropyl groups, on the other hand, formed achiral
stacked nanosheets that transformed into twisted chiral nano-
ribbons upon the addition of [Cul,]” anions (Fig. 5c¢ and d).
Lastly, the phenylalanine-derived complex 5C (Au(Phe),)
showed achiral fibers that only transformed into achiral rods
upon the addition of [Cul,]™ anions (Fig. 5e and f). Thus, the
large sterically hindered amino acid residue failed to generate
morphological supramolecular chirality. Overall, the geometry
and steric demand of the ligands drastically influence the
ability of these systems to assemble into helical super-
structures. Computational studies on the involved interactions
revealed a combination of metallophilic Au-Cu contacts,
typical anion-cation d'°-d'° binding energies, and N-H---I
hydrogen bonds between the amino acid moieties and iodine
ligands. Furthermore, the Au-Cu interactions enhanced the
CPL of the complexes, displaying emission lifetimes ranging
from hundreds to thousands of nanoseconds. This study,
therefore, demonstrates the effective use of metallophilic inter-
actions in heterobimetallic systems to modulate morphology
and induce intriguing photophysical properties.

Bidentate ligands (LMX5)

Transitioning from monodentate to bidentate ligands, the
group of Fernandez has contributed several interesting reports

2802 | Polym. Chem., 2025, 16, 2799-2810
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regarding Pt(m) bipyridine complexes in recent years.*>”*?
Building on their previously introduced monodentate OPE
ligand system in bispyridyldichlorido Pt(i) complexes, a struc-
turally similar but covalently connected bipyridine ligand was
introduced (6A) to investigate the structure-property relation-
ships in terms of coordination geometry changes (Fig. 6a).*>
While the monodentate ligands (6B) were oriented in a “linear”
trans-conformation, the “V-shaped” bipyridine motif enforced a
cis-conformation. Both monomers were assembled in methyl-
cyclohexane. While the linear monomer was known to form
slipped aggregates without direct metallophilic Pt-Pt inter-
actions due to the out-of-plane arrangement of the chlorine co-
ligands at the Pt(u) center, the V-shaped bipyridine-based system
was found to assemble into nearly parallel H-type aggregates
with short intermetallic Pt-Pt contacts, as determined by UV-Vis
and fluorescence spectroscopy studies, where characteristic
metal-metal-to-ligand charge-transfer (MMLCT) bands were
observed. The predetermined planarity of the system ultimately
led to an altered aggregation energy landscape, as it reduced the
energy penalty for nucleation, with dimers or small oligomers
resembling an on-pathway intermediate for subsequent polymer-
ization. Lastly, the different packing modes caused distinct mor-
phologies: the V-shaped monomer formed flexible fibers, while
the linear one formed poorly solvated bundles of stiff fibers (see
atomic force microscopy (AFM) images Fig. 6a).

In follow-up works, related ligands were employed for
assembly in organic solvents as well as in aqueous media.**™*®
They compared bipyridine-based ligands where the position of
the n-extended OPE units differed, but the Pt(i) remained in a
cis-conformation at all times (7A, 7B; Fig. 6b). Again, they
found that in all cases, only the V-shaped complexes formed
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Fig. 6 (a) Structures and AFM height images on HOPG of the V-shaped
(6A) and linear (6B) Pt(n) OPE complexes and schematic representation
of their supramolecular polymerization in MCH. Reproduced from ref.
42 with permission from Royal Society of Chemistry, copyright 2021. (b)
Structures of the bipyridine-based V-shaped (7A) and linear (7B) Pt(n)
OPE complexes. Reproduced from ref. 45 with permission from
American Chemical Society, copyright 2023.
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assemblies through metallophilic interactions, while the linear
monomers did not show any Pt-Pt contacts. Combined, these
studies revealed that, ultimately, the shape of the ligand
(V-shaped vs. linear) determines the stacking mode rather than
the coordination isomerism of the metal center.

A rather unusual structural motif was recently reported by
the group of Freire, where methoxy-substituted phenyl-
acetylene units were assembled into 1-dimensional helical
fibers by the addition of Ag(i) ions 8 (Fig. 7).*° The Ag() ions
are chelated by the terminal alkyne and methoxy units, and
are located between the planes of the rigid aromatic phenyl-
acetylene, thus adding coordinative Ag-OMe and Ag-r inter-
actions, as well as argentophilic Ag-Ag interactions, to the
ligand-centered n—n stacking (inlay of Fig. 7). Combined, these
interactions led to stable aggregation in chloroform. As the
monomers lack any solubilizing chains, these aggregates
would be considered crystalline materials rather than supra-
molecular polymers. However, by using (R)-sulfoxide units
with stereogenic sulfur centers as an unconventional source of
chirality in the helical assembly, fibrous aggregates with a
uniform M-helicity were successfully induced (Fig. 7).
Interestingly, when the Ag(i)/ligand ratio exceeded 1:1, a
second binding event was observed, where a second Ag(i) ion
was chelated by the sulfoxide group. This enabled cross-
linking, resulting in interconnected chiral fibers leading to a
3-dimensional network structure (see SEM image Fig. 7) and
macroscopic gelation. Accordingly, Ag(i) can be regarded as a
functional element capable of both connecting individual
ligands and cross-linking the assemblies through various coor-
dinative interactions.

Tridentate ligands (LMX)

When considering tridentate ligands applied in supramolecu-
lar assembly, one predominantly finds pyridine-based pincer
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Fig. 7 Structure of chiral phenylacetylene monomer 8 with AFM height
image of 8 (1.0/0.6 ligand/Ag* molar ratio), SEM image of 8 (1.0/4.0
ligand/Ag* molar ratio) and inlay of Ag() complex 8 as well as the aggre-
gation model for 8 showing the involved interactions and M chiral helix.
Reproduced from ref. 46 with permission from Wiley, copyright 2024.
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ligands in combination with d® transition metals (Pd(u), Pt(m)),
as these form highly stable complexes and give rise to interest-
ing photophysical properties through extended metallophilic
interactions. Supramolecular polymers based on metallophilic
interactions of Rh(u) complexes with N-donor pincer ligands
are also known.*” An additional co-ligand provides the oppor-
tunity to easily attach solubilizing or tethering units. As nitro-
gen-based tridentate pincer ligands have been long known and
widely investigated, it is not surprising that a variety of
different ligands have been employed, ranging from (cyclome-
tallated) terpyridine®® to bzimpy (2,6-bis(benzimidazol-2"-yl)
pyridine),**  2,6-di(triazol)pyridine,’® and 2,6-di(tetrazol)
pyridine.”*

Impressive work by the group of Che serves as a good
example of the versatility that such heavy metal-containing
monomers can offer.”> They synthesized a series of cationic
pincer-type Pd(u) and Pt(u)-isocyanide complexes with
different weakly coordinating counterions ([PF¢]”, [ClO,]” and
[OTf]") and found that these complexes underwent supramole-
cular polymerization upon the addition of water to acetonitrile
solutions, resulting in the formation of two distinct aggrega-
tion modes (Fig. 8a). The kinetic product was found to be a
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Fig. 8 (a) Structure of M-1-X and M-2-X pincer-type Pd(i) and Pt(i)-
isocyanide complexes with inlay of solid state structures of Pd-1-OTf 9A,
Pd-1-PF¢ 9B, Pd-2-PF¢ 9C and Pt-2-PF¢ 9D. Hydrogen atoms are
omitted for clarity. (b) Schematic representation of the preparation of
(multi-)block Pt" and Pd" supramolecular copolymers and confocal
images of one- and multidimensional block polymers in the merged
channel. (c) Emission color of [Pt-Pd] co-assemblies (center), Pd-2-ClO,4
(right) and Pt-1-PFg assemblies (left) in the Agg2. Reproduced from ref.
23 with permission from Elsevier, copyright 2020.
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stack of J-aggregated dimers (Agg1l) with close contacts to the
counterions (9A,B; inlay Fig. 8a). With time or when seeds—
pre-formed nucleating templates—were added, the kinetic
barrier of loosening the contact with the respective counterion
led to the transition into the thermodynamic aggregation
mode (Agg2), where direct metallophilic interactions formed a
linear (M-M), chain (9C,D; inlay Fig. 8a). Interestingly, while
the formation of Aggl followed an isodesmic polymerization
model, Agg2 formed via a cooperative mechanism. Since both
Pt() and Pd(u) are metals with a d® electron configuration that
can form intermetallic Pt-Pd bonds, the authors could readily
co-assemble both monomers into (multi-)block polymers, as
shown in Fig. 8b. This was done by adding, for instance, seeds
of Pt(u) in the Agg2 state to Pd(u) monomers, which led to the
living elongation of the seeds at both ends. Using this tech-
nique, polymers with up to seven blocks were obtained, as
visualized by confocal microscopy. They also found that at
increased temperatures, multidimensional seeds were formed,
leading to multidimensional block polymers.

This class of complexes is known to exhibit delocalized
metal-metal-to-ligand charge transfer (*MMLCT) transitions
upon aggregation.”> However, while the pure aggregates of
Pd(u) and Pt(u) in Agg2 showed only weak phosphorescence,
doping a solution of Pd(n) monomers with 0.5-3% Pt(u) mono-
mers led to a strong increase in emission efficiency (from ~3%
to >70%) upon aggregation (Fig. 8c). This phenomenon can be
explained by external heavy-atom spin-orbit coupling from the
Pt centres. The Pt 5d, and Pd 4d,. orbitals can mix due to
their identical symmetry, which allows for a significant overlap
that results in substantial involvement of Pt(u) orbitals in the
frontier orbitals. Consequently, it was proposed that the exter-
nal Pt-atom perturbation facilitates the radiative decay pathway
of phosphorescence in the Pd assemblies, considerably enhan-
cing the emission efficiency. With this, the work nicely demon-
strates the targeted combination and utilization of structurally
similar ligand motifs, coordinatively similar metals, and ener-
getically controlled aggregation modes to form (multi-)block
and multidimensional copolymers and coassemblies with
enhanced emission performance.

A very recent report by the group of Jung demonstrates how
the incorporation of secondary metals and ligands can drasti-
cally determine the assembly pathway and morphology.”* They
prepared a chiral monoalkynylplatinum(u) diterpyridine
complex 10 with one terpyridine site remaining unoccupied,
leaving room for the coordination of secondary metals, as
shown in Fig. 9. The monometallic compound assembled into
nanoparticles (SP-I, step (a) Fig. 9), driven by its amphiphilic
structure, based solely on n-n interactions and H-bonding as
the kinetic product. However, when Ag" ions were introduced,
metallophilic Pt-Pt and Ag-Ag interactions were found,
leading to the formation of one-dimensional left-handed
fibers (SP-I1, step (b) Fig. 9). The removal of Ag" with NaCl did
not lead back to SP-I but rather to a third aggregation mode,
SP-1I1, where intermetallic Pt-Pt interactions were even more
pronounced. Thus, introducing metallophilic interactions
through reversible Ag" additions overcomes a kinetic barrier,
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Fig. 9 Structure of 10 and the secondary ligands (bpy and DA18C6) as
well as the proposed formation mechanism of SPs from 10 in the (a)
absence and (b and c) presence of secondary metal ions (Ag* and Fe?")
and (d and e) partial chemical structures of the 10 complexes with (d)
Ag* and (e) Fe?* ions obtained by DFT calculation. Reproduced from ref.
52 with permission from Royal Society of Chemistry, copyright 2024.

enabling the formation of the thermodynamic product of the
monometallic 10.

Having proven the concept, Fe’* ions were employed,
leading to the formation of a third type of left-handed helical
fibers, SP-IV (step (c) Fig. 9). These could also be obtained
from an on-pathway mechanism by directly exchanging Ag"
ions in SP-II with Fe®" ions. Mechanistic studies using the
photoluminescence intensities of the respective characteristic
bands revealed an isodesmic polymerization mechanism for
the n-n-dominated monometallic SP-I, while SP-IT and SP-IV
showed cooperative behavior correlated to the dominating
metallophilic Pt-Pt/Ag-Ag interactions. Lastly, competing
ligands bpy (4,4-dimethyl-2,2-bipyridine) or DA18C6 (1,14-
diaza-18-crown-6) were introduced, which did not result in
morphological changes but rather caused a lag time in the
polymerization kinetics of SP-II and SP-IV due to the competi-
tive complexation of the secondary metal ions. Altogether, the
structural incorporation of a second binding pocket enabled
the formation of four distinct aggregation modes, guided by
the coordination of different secondary metals, which could be
leveraged to navigate through the energy landscape of self-
assembly (see SP-I to SP-III).

Tetradentate ligands (LM)

Undoubtedly, the most widely studied tetradentate ligands in
metal-containing monomers for supramolecular polymers are
metalloporphyrins, as they provide a rigid planar ligand
scaffold with an expanded n-system. In addition to n-= inter-
actions facilitated by the porphyrin scaffold, the central forces
connecting supramolecular stacks of (metallo)porphyrins
often involve additional hydrogen bonding units, such as
amides, or coordinative interactions with the central metal
ion. A recent review by the group of Lee on porphyrin-based
supramolecular polymers has summarized the various classes

This journal is © The Royal Society of Chemistry 2025
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of polymers reported.”® It becomes evident that whenever the
porphyrin units are connected through coordinative inter-
actions, this is achieved by linking coordinating ligands, mostly
pyridine derivatives, to the porphyrin scaffold, which then axially
bind to the metal center of another monomer, as shown in
Fig. 10.>* Therefore, the monomers do not stack vertically but are
laterally connected. The number of free binding sites depends
on the metal ion employed, as cobalt(u), for example, prefers a
hexagonal coordination and can polymerize with two additional
axial ligands, while Zn(i1) forms a pentacoordinate geometry and
polymerizes with one axial ligand.”*” In contrast, d° Cu(i) com-
plexes exhibit only weak coordination to axial ligands.

When the bridging ligand is directly attached to the por-
phyrin ligand, the n-systems can still come into contact, and a
slipped J-aggregated stacking mode is observed. This naturally
occurs in metallochlorin dyes in bacteriochlorophylls, where
hydroxy groups form coordinative bridges between the mag-
nesium(n) porphyrin units.>®

An inspiring example of the functional use of the metal
center in metalloporphyrin-based supramolecular polymers
has been reported by the group of Sugiyasu.>® First, zinc(u)
porphyrins 11A were polymerized into fibers and subsequently
depolymerized upon the addition of 4-dimethylaminopyridine
(DMAP) as an external base axially coordinating to the zinc(ir)
center and blocking aggregation (Fig. 11a).°® When structurally
identical copper(i1) porphyrin monomers 11B were added to
seeds of the zinc(n) polymers, however, the depolymerization
pathway was blocked via the formation of end-caps. Tetragonally
planar coordinated copper(i1) does not show binding affinity to
axial ligands, as its d° electronic configuration leads to strong
ligand binding in the equatorial plane due to a single vacancy
in the 3d,._. orbitals, limiting the availability of electrons for
axial coordination.®® Thereby, they were able to synthesize
stabilized, end-capped triblock polymers.

In a more recent study, this phenomenon was extended to
another class of metalloporphyrins bearing two aliphatic and
two shorter fluorinated side chains.®” These zinc(u) porphyrins
12A  were into  double-stranded
Archimedean spirals and concentric toroids (Fig. 11b). In
addition to the one-dimensional H-aggregations through
hydrogen bonds and n—x stacking, the two-dimensional assem-
bly was enabled by fluorine-specific interactions of the fluori-
nated chains, which represented nucleation sites for the next
ring-layer. Furthermore, structurally similar monomers com-
prising copper(u) (12B) and nickel(n) (12C) could be added to
form di- and triblock supramolecular concentric toroids

found to assemble
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Fig. 11 (a) Structure of Zn(i) 11A and Cu(i) 11B porphyrin-based mono-
mers and inlay with a schematic representation of the (de-)polymeriz-
ation of 11A and copolymer formation with 11B blocking depolymeriza-
tion. Reproduced from ref. 60 with permission from American Chemical
Society, copyright 2018. (b) Structure of Zn(i) 12A, Cu(in) 12B and Ni(i)
12C porphyrin-based monomers and inlay with a synthetic scheme
towards the triblock SCTs together with the respective AFM images and
energy dispersive X-ray spectroscopy in scanning transmission electron
microscopy (STEM-EDS) image. Reproduced from ref. 63 with per-
mission from Springer Nature, copyright 2023.

(SCT).®® It was found that the addition of a block occurred pre-
ferentially on the inside of the structure due to a higher
density of fluorinated chains on the concave site. Leveraging
this phenomenon, the susceptibility of the zinc(u) porphyrins
to disaggregation through DMAP was used for controlled
partial depolymerization of the concentric toroids and sub-
sequent block polymer formation on the inside of the struc-
tures. Thus, the metal-specific depolymerizability of the Zn(u)
porphyrins could be utilized in an orthogonal fashion to the
interactions building the SCTs enabling up to triblock SCTs as
an exceptional 2-dimensional morphological motif.

Another well-established tetradentate ligand in coordi-
nation chemistry is the Salphen Schiff base ligand, which, in
contrast to porphyrins, remains less explored in the field of
supramolecular polymerisation. The group of Yam recently
reported supramolecular polymers formed from amphiphilic
platinum(u) Salphen complexes in DMSO/water mixtures.®*°>
In this system, the square-planar coordination geometry of
Pt(un), combined with the planar chelating bisphenoxy-imine
ligand, promotes directed cooperative self-assembly through
metallophilic Pt-Pt and n—x stacking interactions.

Building on this concept, the group of Vives developed a
transient dissipative system in which assembly is controlled by
the presence or absence of zinc(n) ions (Fig. 12).>' They syn-
thesized terpyridine-linked Pt(u) Salphen complexes 13 (terpy
(Pt-Salphen),) equipped with solubilizing aliphatic chains that
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Fig. 12 Structure of terpy(Pt-Salphen),-based tweezers 13 and sche-
matic representation of sol-gel transitions through the mechanical
switching of the molecular tweezers. Inlay of transient disassembly and
reassembly controlled by the chemical fuel 2-cyano-2-phenylpropanoic
acid in a multicomponent system composed of tweezers 13 and [Zn
(Tren)ICl, in toluene. Reproduced from ref. 21 with permission from
American Chemical Society, copyright 2025.

function as molecular tweezers (Fig. 12). In these tweezers, the
terpyridine unit adopts a ‘W’-shaped open conformation due
to repulsion between nitrogen lone pairs. This fully planar
form was found to self-assemble into a fibrillar network
through one-dimensional stacking, driven by metallophilic
and n-n interactions in aromatic solvents (i.e. benzene and
toluene). Upon coordination of zinc(u) (ZnCl,) 13 transitions
into a closed ‘U’-shaped conformation. The resulting loss of
planarity and reduced 7m-rm interaction surface disrupts its
aggregation ability. Remarkably, this transformation is revers-
ible upon the addition of tris(2-aminoethyl)amine (tren),
which preferentially coordinates with zinc(u). This enabled the
development of a multicomponent dissipative system in which
2-cyano-2-phenylpropanoic acid (Fig. 12, inlay)—an acid that
decomposes over time via a decarboxylation reaction in the
presence of a base—temporarily modulates the pH. The result-
ing protonation of the acid-sensitive [Zn(Tren)]Cl, complex
releases zinc(u) ions, triggering disassembly within approxi-
mately 30 minutes, followed by reassembly over the course of
10 hours. This study highlights the potential of molecular
tweezers as stimuli-responsive gelators via metal based supra-
molecular interactions in a dissipative system.

Earlier studies reporting supramolecular assemblies of
Salphen complexes, however, employ zinc(u), as it tends to
form pentacoordinate structures when bound to square-planar
ligands, thereby enabling coordinative supramolecular
assemblies.®®®” Furthermore the Zn() Salphen system offers
an exceptionally straightforward synthesis, and the absence of
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ligand-field stabilization in the d'® electron configuration of
zinc(u) allows for highly flexible coordination geometries,
accommodating coordination numbers of four—preferentially
five—and even a weak sixth coordination, known as spodium
bonding.®®*7° Within the pseudo-planar geometry of the
Salphen bisphenoxyimine ligand, however, the Zn(u) ion
remains in a coordinatively unsaturated state.®® This results in
pronounced Lewis acidity, which is typically satisfied by either
the association of an external Lewis base or dimerization
through intermolecular Zn-O interactions between the Zn(u)
centre of one and a phenoxy group of another complex.”"”?
However, the formation of linear polymeric structures through
(Zn0O),, motifs has also been reported.”>”’® The group of
MacLachlan has first described fibrous aggregated of Zn(u)
Salphen complexes, in which aliphatic chains had been
attached to the backbone of the Salphen ligand to ensure solu-
bility during supramolecular polymerization (14, Fig. 13a).”>7*
Their study demonstrated that the primary interaction driving
the assembly was the Zn-O bond rather than n-x interactions,
as the respective Ni(i) complex did not form aggregates, and
bulky tert-butyl groups, as well as replacement of phenoxy
groups with thiolates, disrupted the assembly. A few sub-
sequent studies of related Zn(u) Salphen complexes described
similar structural motifs forming fibrous aggregates.”>””®

In a recent study by our group, the central Zn(u) Salphen
motif was functionalized with n-extended naphthyl units in
different orientations (15B-Dj; see Fig. 13b) and compared to
the parent Zn(u) Salphen complex 15A.”° While the aggregation
of complexes 15C and 15D was fully suppressed, complex 15B
exhibited pronounced self-assembly into large fibrous aggre-
gates, as determined by atomic force microscopy (AFM), trans-
mission electron microscopy (TEM), and electron tomography
(ET). A comprehensive analysis of the polymerization process
—employing techniques such as variable-temperature NMR
and static wide-angle X-ray scattering (WAXS)—revealed simul-
taneous aggregation of individual monomers into one-dimen-
sional stacks and three-dimensional packing of these fibers
into bundles with diameters of several hundred nanometers.
This process commenced at a nucleation temperature of
approximately 71-75 °C, significantly higher than that of the
parent complex 15A (52-57 °C). Computational DFT studies
indicated that the enhanced stability of the aggregates formed
by 15B is due to an intrinsic twist in the monomeric complex
(see upper inlay of Fig. 13b). This twisted conformation was
found to be essential for providing the spatial arrangement
required for supramolecular polymer formation via Zn-O
bonds. As a result, the energy penalty associated with deforming
from a planar monomer geometry (as seen in 15A) is offset,
increasing the overall energy gain upon assembly. In contrast,
although 15D can theoretically form even more thermo-
dynamically stable polymers, its polymerization is kinetically
hindered by a high energy barrier associated with torsional
deformation. The same behavior was observed for complex 15C.
As these complexes can be synthesized through a simple one-
pot imine condensation reaction in the presence of a Zn(u) ion,
it was possible to achieve assembly directly from the subcompo-

This journal is © The Royal Society of Chemistry 2025
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Fig. 13 (a) Structure of Zn(i) Salphen complex 14, TEM image and PM3
optimized heptameric structure of 14 (alkyl chains excluded).
Reproduced from ref. 73 with permission from Wiley, copyright 2007. (b)
Structures and corresponding photographs of gels/solutions of 15A-D
in toluene as well as TEM images of 15A, 15B, and 15D deposited from
THF solution. Upper inlay of DFT results showing intrinsically twisted
structure of 15B and dimerization and oligomerization enthalpies; faded
bars correspond to optimizations that required manual adjustment as
outlined in the publication. Bottom inlay with schematic representation
of subcomponent self-assembly in toluene as well as coordination-
induced dis- and reassembly. Reproduced from ref. 79 with permission
from Wiley, copyright 2025.

nents in toluene (see bottom inlay of Fig. 13b). Additionally, the
flexible coordination environment of the Zn(u) ion allowed for
transmetallation with Ni(u), resulting in disassembly, as evi-
denced by liquefaction and complete loss of fluorescence inten-
sity. Disassembly was also induced by the addition of sodium
ions, which exhibit labile coordination and could be seques-
tered by 15-crown-5, enabling fully reversible disassembly.
Notable contributions came from the group of Kleij, who
enhanced the strength of the assembly by introducing two
coordinative Zn-O bonds in bis-Zn(u) Salphen complexes (16A,
Fig. 14a).>° Their work revealed highly stable 1-dimensional
stacks in both solution and the solid phase, which exhibited
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complete inertness towards dissociation via addition of exter-
nal coordinating bases such pyridine. This stability arose from
monomer association constants being orders of magnitude
higher than those for pyridine coordination. Scanning tunnel-
ing microscopy (STM) enabled the study of a single layer of the
assembled structure on highly ordered pyrolytic graphite
(HOPG) and 1,2,4-trichlorobenzene (TCB)/THF 95:5 (v/v),
revealing extended domains of long lamellar stacks of 16A.
Additionally, the respective Ni(i) complex 16B was investi-
gated, which did not form intermolecular assemblies but was
found adsorbed with its extended conjugated planes parallel
to the graphite surface.

A distinct class of laterally connected bis-Zn(u) Salphen
complexes (17) was found to form unique morphologies, includ-
ing nanosized rings interconnected by large nanorods
(Fig. 14b).%° These structures mimic a biological neural network
and hold potential for use in nanoelectronic circuits for transmit-
ting electrical signals. Unlike the previously discussed assemblies,
these structures were mainly driven by vdW and n-rn interactions
as the respective Ni(u) derivatives showed a similar aggregation
behavior. Together, the studies reveal the potential of the Salphen
ligand system to form versatile morphologies, primarily through
zinc-centered interactions, offering a platform for responsiveness
(i.e., switchable aggregation) via coordinative flexibility.

A recent study from the group of Adhikari reports a class of
supramolecular polymers built from Cu(1) guanosine (G)-quad-
ruplexes 18 (G4-Cu’), as shown in Fig. 15.>> Hoogsteen-type
hydrogen-bonded cyclic tetramers of guanosine (G-quartets),
stabilized by a central metal ion and n-n stacking, represent a
non-canonical secondary structure commonly found in telo-
meric DNA.*"** However, their assemblies and gels are typi-
cally labile due to weak tetramer-tetramer interactions. By
introducing in situ generated Cu(1) from Cu(OAc), via the
addition of ascorbic acid (Asc) (with an overall ratio of
G:Cu® :Asc = 1:0.75:0.56), robust self-assemblies in water
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Fig. 14 (a) Structure of bis-Zn(i1) and Ni(n) Salphen complexes 16A-B
and STM topography of 16A on HOPG-TCB interface. Reproduced from
ref. 20 with permission from American Chemical Society, copyright
2012. (b) Structure of bis-Zn(n) Salphen complex 17 and TEM image
(scale bar: 5 pm). Reproduced from ref. 80 with permission from
Springer Nature, copyright 2013.
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were achieved, exhibiting tolerance to dilution (viscous up to
[18] = 107" M), temperature (>95 °C), and time (>36 h). The
stability arises from cuprophilic interactions between the Cu()
cores, assisted by n-x stacking of the guanosine units. The Cu
(1) ions are coordinated through C=0---Cu" interactions with
the carbonyl oxygens of the four guanosine units connected
through hydrogen bonding thereby defining a tetradentate
ligand plane. A combination of TEM, UV-Vis, and CD spec-
troscopy revealed that polymer formation occurred within the
first 15 minutes of mixing the subcomponents, independent
of temperature, while macroscopic gelation required 24 hours
at room temperature due to cross-linking of the one-dimen-
sional fibers caused by partial dehydration. This gelation
process could be accelerated to 8 hours when conducted at
50 °C. At temperatures above 50 °C, the supramolecular poly-
mers underwent an irreversible phase transition from a trans-
parent gel to a cloudy solution, with a lower critical solution
temperature (LCST) of 56 °C. This thermoresponsive behavior
is attributed to the spontaneous dehydration of the polymer
chains, resulting from the disruption of hydrogen bonds
between water molecules and the peripheral hydroxyl groups
of the guanosine units. Furthermore, the redox responsiveness
of the system was demonstrated by oxidizing Cu(i) to Cu(u) via
the addition of H,0,, leading to the formation of a green solu-
tion and complete disassembly as the driving cuprophilic
interactions are specific to Cu(r). This process could sub-
sequently be reversed by adding ascorbic acid, which restored
gelation. Altogether, the incorporation of Cu(i) and the result-
ing cuprophilic interactions led to enhanced stability com-
pared to other, e.g., K" (G)-quadruplexes, along with unusual
LCST behavior and redox responsiveness.

Conclusions and outlook

The field of metallosupramolecular polymers (MSPs) has seen
significant advancements, driven by the interplay between
metal based and ligand based intermolecular interactions.
Unlike purely organic supramolecular polymers, MSPs exhibit
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unique properties such as redox activity, optoelectronic func-
tionality, and stimuli-responsiveness, which arise from the
incorporation of metal centers. These characteristics make
MSPs highly versatile, enabling dynamic control over self-
assembly, morphology, and emission behavior. The reviewed
studies illustrate the diverse range of ligands (i.e., monodentate,
bidentate, tridentate, and tetradentate) each contributing to dis-
tinct assembly behaviors, from one-dimensional fibers to multi-
dimensional block copolymers and gel networks. The inherent
dynamic nature of the metal-ligand bonds, in conjunction with
secondary interactions like m—m stacking, hydrogen bonding,
and metallophilic contacts, was not only found to enhance
stability and stimuli-responsiveness (light, temperature) but
also enables sophisticated behaviors such as chirality inversion,
living polymerization, and reversible (de)polymerization.

These unique attributes position metallosupramolecular
assemblies as versatile platforms for tuning optical, electronic,
and mechanical properties at the nanoscale. Accordingly,
potential applications of MSPs span multiple disciplines. In
optoelectronics, MSPs can serve as tunable light-emitting
materials (i.e., CP-OLEDs),"”® sensors,®®®* and conductive
nanowires® due to their inherent charge transport properties
and metal-centered luminescence. In the biomedical field,
MSPs hold promise for drug delivery,®® bioimaging,®” and
responsive hydrogels,®® provided that biocompatible metals
and aqueous-stable assemblies are employed. Catalysis is
another promising avenue, where MSPs could act as self-
assembling catalytic scaffolds, enhancing reaction selectivity
and efficiency through spatial control of active sites.’**°
Additionally, their ability to undergo reversible transitions
upon external stimuli (light, pH, redox conditions) makes
them ideal candidates for smart materials, including mole-
cular switches,”® adaptive coatings and films,”>*® and data
encryption systems.’*®> To fully harness these applications,
future research must address key challenges such as enhan-
cing the robustness of self-assembly, improving processability,
and developing scalable synthetic routes. Ultimately, contin-
ued innovation in MSP design will lead to next-generation
materials that bridge fundamental supramolecular and coordi-
nation chemistry with advanced functional applications.
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