
Chemical
Science

PERSPECTIVE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 3

/2
0/

20
26

 3
:0

9:
20

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Recent progress
N
a
W
2
c
d
P
H
l
m
t
t

Organisch-Chemisches Institut, Westfäl

Corrensstraße 36, 48149 Münster, Germany

† Both authors contributed equally.

Cite this: Chem. Sci., 2021, 12, 12248

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 22nd June 2021
Accepted 4th September 2021

DOI: 10.1039/d1sc03388c

rsc.li/chemical-science

12248 | Chem. Sci., 2021, 12, 12248–1
and future challenges in the
supramolecular polymerization of metal-
containing monomers

Nils Bäumer,† Jonas Matern† and Gustavo Fernández *

The self-assembly of discretemolecular entities into functional nanomaterials has become amajor research

area in the past decades. The library of investigated compounds has diversified significantly, while the field

as a whole has matured. The incorporation of metal ions in the molecular design of the (supra-)molecular

building blocks greatly expands the potential applications, while also offering a promising approach to

control molecular recognition and attractive and/or repulsive intermolecular binding events. Hence,

supramolecular polymerization of metal-containing monomers has emerged as a major research focus

in the field. In this perspective article, we highlight recent significant advances in supramolecular

polymerization of metal-containing monomers and discuss their implications for future research.

Additionally, we also outline some major challenges that metallosupramolecular chemists (will) have to

face to produce metallosupramolecular polymers (MSPs) with advanced applications and functionalities.
1 Introduction

In the recent decades, the eld of supramolecular chemistry has
matured signicantly, moving from discrete supramolecules,
such as catenanes1 or rotaxanes,2 to dynamic self-assembled
materials held together by non-covalent bonds.3 In this
regard, molecular self-assembly has been established as
a powerful tool to bridge the gap between the nanoscopic and
mesoscopic scale by careful control over non-covalent interac-
tions.4–6 More specically, supramolecular polymers (SP)
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represent ideal model systems to investigate the diverse aspects
of self-assembly of discrete molecular entities and to elaborate
detailed structure–property relationships.7 These one- or two-
dimensional self-assembled systems can shed relevant
insights into more complex self-organization phenomena such
as 3D crystallization,8–11 which are widespread both in natural
and articial functional systems.8,12–15 Since the rst report
more than three decades ago,16 SPs have been primarily con-
structed from purely organic building blocks,17,18 oen incor-
porating additional functional groups for directional hydrogen
bonding.

The inclusion of metal centres in these dynamic systems
intrigued academic researchers owing to new potential prop-
erties, such as semiconductivity or strong luminescence
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Fig. 1 Schematic representation of commonly investigated aspects of MSPs.
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(Fig. 1),19–21 leading to the rst reports of metallosupramolecular
polymers (MSPs). These initial research efforts were focused on
understanding the outcome of metal–ligand coordination in
self-assembling di/polytopic ligands3,22,23 to create coordination
polymers. However, a fundamental challenge of this approach
lies in the uncontrolled formation of self-assembled structures
as a result of random metal complexation in a 3D chemical
space. Consequently, assessing the exact mechanism of self-
assembly, the secondary interactions governing the process
(apart from metal complexation events) and ultimately
achieving precise control over the formed self-assembled
structures, were still unsolved challenges at this stage.

As a logical consequence, metallosupramolecular self-
assembly had to be approached from an opposite direction;
assembling previously synthesized discrete metal complexes
into supramolecular architectures. Particularly, within the last
decade, the research eld has made signicant advances
beyond mere thermodynamic self-assembly. The investigation
of kinetic effects on supramolecular polymerization has become
a central aspect,24–26 which promoted the research eld towards
Gustavo Fernández has been
Professor of Organic and Supra-
molecular Chemistry at the WWU
Münster since 2015, where he
heads a research group working
on supramolecular functional
materials. His research focuses
on understanding the structure–
property relationship in (stimuli-
responsive) supramolecular
assemblies of metal-containing
p-systems and BODIPY dyes.

© 2021 The Author(s). Published by the Royal Society of Chemistry
more biomimetic approaches, such as dissipative self-
assembly.27–31

In the context of kinetically controlled SP, sample prepara-
tion methods and the precise adjustment of experimental
conditions have been recognized as important tools to direct
self-assembly. Rational choice of sample preparation protocols
and molecular design has resulted in a vast variety of synthetic
strategies and experimental handles available to supramolec-
ular researchers today.

In this perspective, we aim at highlighting recent relevant
advances in the eld of MSPs, with special regard to the
supramolecular polymerization of discrete metal complexes
from a purely academic, as well as an application-oriented point
of view. With increasingly complex systems being studied, more
exhaustive investigations detailing multiple aspects of supra-
molecular polymers are being reported. Therefore, making
a clear-cut classication of these examples is a tricky subject, as
this unavoidably leads to some overlap between the sections.
Consequently, we will focus the different sections on specic
aspects of the presented examples to highlight key principles
and properties of MSPs.
2 Scope and limitations

The term “self-assembly” has been used in different contexts in
literature to describe multiple types of supramolecular
systems.4,32,33 Thus, we will narrow the focus of this perspective,
to reversible supramolecular polymerization, excluding those
systems that are not self-assembled from discrete metal
complexes, or where self-assembly is irreversible. Accordingly,
coordination polymers,34 metal–organic frameworks35,36 as well
as the self-assembly of discrete metallomacrocycles/-cages37–41

are out of the scope of this article. For the latter systems, recent
relevant reports of metallomacrocycle/-cage-based SPs have
been published,42,43 but an adequate discussion of these
Chem. Sci., 2021, 12, 12248–12265 | 12249
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systems would require a very comprehensive introduction to the
fundamentals of their self-assembly prior to supramolecular
polymerization. We refer the reader to excellent articles pub-
lished elsewhere, which document recent progress of the
eld.44,45 Further, we will focus our attention to self-assembly in
solution, whereas purely solid-state research (e.g. crystal engi-
neering)46–48 will not be reviewed. However, due to the fact that
the self-assembly of metal-based building blocks has been
greatly biased by “conventional” metal-free SPs, we will also
highlight some relevant examples based on metal-free systems.

Hence, we would like to point out that this article is not
intended to be a thorough literature survey, but rather
a condensed summary of selected relevant examples, with
a particular focus on developments of the last ve years. This is
also evident from the fact that the great majority of the exam-
ples outlined in this perspective describes d8 metal complexes
(namely PtII and PdII) besides a few highlights of complexes
with a d10 metal conguration, as these metals cover the
majority of literature examples on MSPs. Despite the benecial
properties (i.e. photophysical, or catalytic) of d8–d10 transition
metals, the lack of comprehensive research on complexes of
other transition metal ions remains a limitation of the eld,
hampering the discovery of new, unprecedented properties and
self-assembly phenomena.

In many aspects, SPs and particularly MSPs, have shown
exciting properties towards real-life applications, yet examples
remain scarce. While showcasing recent progress, we will also
discuss current roadblocks in the advancement of these
compounds towards actual applications, ultimately giving our
personal view on the potential scientic impact of metal-
losupramolecular polymerization.
Fig. 2 (a) Molecular structures of PdII complex 1 and reference OPE 2.
(b) Schematic depiction of self-assembled fibres of 1 and the molec-
ular packing around the metal centre. (c) Photographs of solutions of 1
showing the color change upon reversible self-assembly through
temperature variation. Panels (b) and (c) adapted with permission from
ref. 53. Copyright 2013 American Chemical Society.
3 Control over molecular packing
and energy landscapes in
supramolecular self-assembly
Manifestations of the potency of metal-containing systems

The potential of metal complexes as molecular building blocks
in self-assembled systems with regard to different properties
(photophysical, biological, electronic, catalytic, etc.) was recog-
nized several decades ago.49–51 In addition to common molec-
ular design strategies to induce supramolecular polymerization,
such as the introduction of aromatic interactions or hydrogen
bonding motifs, the inclusion of metal centres offers new
intermolecular binding sites. For example, the polarized, metal-
bound halogens can act as hydrogen bond acceptors, while the
square planar coordination geometry of d8 complexes offers the
possibility for short metal–metal contacts between adjacent
molecules upon stacking. Moreover, the application of
porphyrin moieties as binding sites for metal ions represents
a common approach for biomimetic molecular designs. The
growing interest in self-assembly and SPs in general also
boosted MSP research and soon the rst reports of metal-con-
taining SPs of increased complexity were published. In this
regard, in 2011, the group of Rybtchinski reported a remarkable
example of a “pathway-dependent” self-assembly process of two
12250 | Chem. Sci., 2021, 12, 12248–12265
PtII complexes in aqueous media.52 The complexes were shown
to form multiple self-assembled structures with distinct prop-
erties. A similar phenomenon of diverse (competing) self-
assembly pathways, termed as “pathway complexity”, was
observed by Meijer and co-workers for an oligo(p-phenyl-
enevinylene) derivative.24 In this seminal report, kinetic effects
in complex supramolecular polymerization processes were
elucidated both experimentally and using simulations.

Whereas the early studies on metallosupramolecular poly-
merization primarily focused on the isolation of distinct
aggregates using different experimental means, mechanistic
studies and their link to the molecular structure were generally
overlooked at that time. Meanwhile, aer the introduction of
the concept of “pathway complexity”, signicant advances were
made in the eld of more conventional, purely organic SPs,
where the focus had shied towards understanding and
controlling kinetic effects and their molecular origin. In light of
these developments, the importance of correlating the molec-
ular structure to kinetic effects and, in turn, complex self-
assembly behaviour was soon recognized in the eld of MSPs.
To this end, a precise characterization of the secondary forces
driving self-assembly, which is directly linked to the molecular
design, was necessary. In addition to the supramolecular syn-
thons known from organic SPs (e.g. p-surfaces, H-bonding sites,
donor–acceptor moieties etc.), initial efforts were necessary to
elucidate the role of new interaction motifs arising from the
introduction of a metal fragment in MSPs.

In 2013, our group reported one of the rst mechanistic
investigations of the supramolecular polymerization of a metal-
containing building block. The comparison of the self-assembly
properties of an oligophenyleneethynylene (OPE)-based bispyr-
idyldichlorido PdII complex 1 with a structurally analogous,
metal-free reference compound 2 revealed intermolecular Pd/
Cl interactions as efficient driving force for the supramolecular
polymerization of 1 (Fig. 2).53 In addition to aromatic interac-
tions, these orthogonal, secondary interactions induced
© 2021 The Author(s). Published by the Royal Society of Chemistry
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a cooperative self-assembly mechanism, which was not
observed for the reference compound lacking the metal
fragment.

A plethora of studies investigating different molecular
design aspects, such as the nature of the metal ion,54,55 coordi-
nation geometry,56,57 the inuence of ancillary ligands,58

different linking units,59,60 chain length at the ligand backbone61

or the inuence of counterions62 for charged complexes have
brought about important insights on aspects of metal-
losupramolecular polymerization. From these diverse studies,
a few generally applicable rules, which draw parallels to
“conventional” SPs could be conrmed. For instance, it has
become evident that orthogonal non-covalent interactions
facilitate cooperative polymerizationmechanisms, in analogy to
SPs based on purely organic monomer units. However, in our
view, a comprehensive understanding linking molecular design
with self-assembly properties is in some aspects still lacking.
Fig. 3 (a) PtII and PdII complexes 3–7 investigated by our group,
unravelling N–H/X interactions of different strength leading to the
competition of a slipped and a parallel molecular packing. (b) The
relative magnitude of these interactions in comparison to other driving
forces has a significant impact on the energy landscape of self-
assembly, engendering hidden aggregates and supramolecular
packing polymorphism. Panel (b) adapted with permission from ref. 58.
Copyright 2021 American Chemical Society.
Pathway control and kinetic effects

Pathway complexity represents one of the most relevant
research topics within the eld of (metallo)supramolecular
polymerization. Especially with regard to kinetic effects,24 more
broadly applicable structure–property relationships remain to
be established, particularly in MSPs. This can in part be
attributed to the wide structural variety of metal ions and ligand
designs, of which each combination can render individual, new
and competing or cooperative secondary interactions. In this
section, we will highlight some relevant examples that shed
light onto the structure–property relationships regarding
a certain family of molecules or a distinct aspect of the molec-
ular design of metal complexes.

As outlined in the previous section, the metal ion itself may
have a signicant impact on the supramolecular polymerization
(e.g. through engagement in metal–metal interactions). Yet, the
metal fragment can also be indirectly involved in the interac-
tions governing the molecular packing and thus be responsible
for the kinetic effects constituting diverse polymerization
pathways. Among others, MII–X/Y interactions (X¼ halogen, Y
¼ polarized hydrogen), or solvophobic effects play an important
role.

In the recent past, our group has demonstrated the impor-
tance of N–H/Cl–MII interactions in enabling kinetic self-
assembly pathways for different bispyridyldihalogen PtII/PdII

complexes bearing amide linkers in their periphery
(Fig. 3).56,63–66 These complexes can engage into either a kinetic
or a thermodynamic self-assembly pathway, directed by coop-
erative aromatic and N–H/Cl–MII interactions or aromatic and
N–H/O interactions, leading to a slipped or parallel molecular
arrangement, respectively. In the case of PtII complex 3, the
energy difference between the two self-assembled states is so
small, that both packing modes can coexist concomitantly
without interconversion, a phenomenon that bears close
resemblance to polymorphism in crystals. For the PdII complex
4 on the other hand, the kinetic (N–H/Cl–Pd) pathway is
“hidden” in nature due to its very low elongation temperature
(i.e. the critical temperature below which the polymer growth
© 2021 The Author(s). Published by the Royal Society of Chemistry
sets in) compared to the thermodynamic (N–H/O]C)
pathway. Nevertheless, the appropriate aggregate preparation
protocol by means of thermal or solvophobic quenching could
enforce kinetic self-assembly processes, which once enabled,
sequestered the monomers from the coupled polymerization
equilibria in solution by a rapid hierarchical clustering process.
The fact that related PtII/PdII complexes lacking the amide
moiety self-assemble into a single SP driven dominantly by
aromatic interactions67,68 nicely illustrates the important role of
the metal fragment in regulating the energy landscape of SPs.

Recently, we complemented our studies on the inuence of
N–H/halogen interactions by systematic variation of the Pt-
bound halogen in complexes 5 (Cl), 6 (Br) and 7 (I).58 In accor-
dance with a decreasing N–H/X binding strength, the chlorine-
bearing molecule could form stable kinetic, slipped aggregates,
whereas the Br-based derivative only exhibited a transient
kinetic self-assembly and the iodine complex was not able to
form a species stabilized by N–H/I interactions. Moreover, the
study revealed that the steric demand imposed by the halogens
is of minor importance, but instead, they exert increasing sol-
vophobic effects stabilizing the parallel, thermodynamic
packing. Thus, the metal centre can engage in a large variety of
attractive and repulsive interactions, which can be exploited to
modulate the energy landscape of SPs through a simple struc-
tural modication. This series of metal complexes also
demonstrates the feasibility of theoretical methods to correlate
supramolecular properties to molecular packing and pathway
complexity. Semi-empirical PM6/7 methods were used to opti-
mize dimers and tetramers of the respective molecular stack of
Chem. Sci., 2021, 12, 12248–12265 | 12251
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5–7. These optimizations not only conrmed the experimentally
observed trend in stabilization energies, but also offered
a reasonable explanation for the experimentally observed
weakening of aromatic interactions, based on a distortion of the
aromatic backbone to compensate the steric demand of the
bulkier halogens in 6 and 7.

In addition to these fundamental research approaches,
control over the aggregation pathways is also highly relevant to
understand and eventually mimic complex biological self-
assembly. It is widely known that biological functional
systems operate under far-from-equilibrium conditions, where
multiple metastable structures of the same monomer entity can
exist. In this context, the group of Würthner has investigated
the self-assembly of different ZnII chlorin derivatives as bio-
inspired semi-synthetic analogues of naturally occurring
bacteriochlorophylls.69–72 The self-assembly of these
compounds is conditioned by the formation of coordinative
bonds between the hydroxyl group of one molecule and the
metal centre of an adjacent molecule, leading to the formation
of stable J-aggregates. For example, ZnII chlorine 8 can engage
into two different J-type aggregation pathways, affording
kinetically trapped dimers (J1-aggregate) or thermodynamically
controlled, extended J2-aggregates (Fig. 4).73 The different
molecular arrangements drastically affect the morphology
(small nanoparticles for J1, 1D helical bres for J2), UV/Vis
absorption and chirality of the self-assembled structures.
Fig. 4 (a) Molecular structure of ZnII chlorine 8 investigated by the
group of Würthner. (b) Energy landscape of the self-assembly of 8
illustrating the supramolecular polymerization into two different J-
type aggregate species. Panel (b) adapted with permission from ref. 73.
Copyright 2018 Royal Society of Chemistry.

12252 | Chem. Sci., 2021, 12, 12248–12265
Detailed thermodynamic and kinetic analyses revealed that the
two species are in competition, as the 1D structures, which are
only 6.9 kJ mol�1 more stable than the J1-nanoparticles, can
only be obtained directly from the monomer. Furthermore, the
kinetic stability of the off-pathway J1-aggregates could be
increased to the point that their transformation to J2 species
was inhibited, simply by increasing the fraction of water in the
water/MeOH solvent system. This behaviour bears close
resemblance to out-of-equilibrium self-assembled structures in
natural chlorosomes.

These representative examples of self-assembled metal
complexes outline the signicant impact of diverse interaction
patterns involving either the metal ion itself or the (polarized)
coordinated ligands attached to it. This underlines the capa-
bility of including metals into the molecular design of self-
assembling monomers to regulate self-assembly pathways,
which is relevant for the preparation of supramolecular mate-
rials with intriguing properties and also to understand more
complex natural systems.
Supramolecular packing & photophysical properties

The outstanding inherent (photo-)physical properties of metal
complexes, which can be further tuned by self-assembly, have
attracted researchers' interest in this class of materials. Self-
assembly-associated photophysical phenomena such as tune-
able absorption wavelengths and Stokes shis, aggregation-
induced enhanced emission (AIEE) and/or increased lifetimes
of excited states, among others, make discrete metal complexes
interesting candidates for applications in the elds of e.g.
optoelectronics or bioimaging.21,74–76 The photophysical prop-
erties of the complexes are strongly conditioned by their
molecular packing and close chemical environment, which can
be controlled through supramolecular polymerization along
different pathways. Several groups have investigated a plethora
of compounds, dominantly based on d8–d10 transition metals.
In this section, we will highlight some key strategies to achieve
desirable photophysical properties based on diverse research
approaches.

A strategy to enable metal–metal interactions in the aggre-
gated state and, in turn, control the emission properties was
recently reported by our group using a combination of molec-
ular and coordination geometry changes. V-shaped, bipyridine-
based complex 9, which displays a high degree of preorganiza-
tion, self-assembles into H-type 1D SPs with short Pt–Pt
contacts (Fig. 5).57 Linear, (bis)pyridine-based complex 10, in
contrast, does not exhibit close metal–metal interactions as
a result of steric effects leading to a short-slipped J-type packing
mode in the aggregated state. Besides the effect on the lumi-
nescent properties (longer lifetimes, red MMLCT emission for 9
due to Pt–Pt contacts vs. shorter lifetimes, blue ligand centred
emission for 10), the altered coordination geometry also
promoted different energy landscapes of supramolecular poly-
merization: although both compounds self-assemble in a coop-
erative manner, 9 exhibits pathway complexity via an on-
pathway kinetic species, whereas the aggregation mechanism
of 10 is characterized by a single-step assembly behaviour.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Molecular structures of V-shaped complex 9 and linear
complex 10. (b) Time-resolved photoluminescence decay of Agg9 at
298 K. (c) Schematic energy landscape illustrating the distinct supra-
molecular polymerization behaviour induced by a variation of geom-
etry with luminescence micrographs of Agg9 and Agg10. Panels (b)
and (c) adapted with permission from ref. 57. Copyright 2021 Royal
Society of Chemistry.

Fig. 6 (a) Chemical structures of pincer-isocyanide PdII complexes
11–13. (b) Top: time-dependent absorption spectra of 11PF6 and
photographs of the solution. Bottom: photographs showing the cor-
responding changes of the emission of 11PF6 over time. (c and d)
Crystal structures of 11PF6 and 11OTF6 illustrating the two possible
aggregation modes with (11PF6) and without (11OTF6) metal contacts.
Panel (b)–(d) adapted with permission from ref. 62. Copyright 2018
John Wiley and Sons.
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A more intricate example highlighting the potential to ne
tune the extend of Pt–Pt interactions was recently demonstrated
by the group of Che. In this report, a series of different (weakly)
coordinating counterions was used to control intermolecular
metallophilic interactions. The authors reported on the supra-
molecular polymerization of a series of luminescent pincer PdII

isocyanide complexes 11–13 showing differing photophysical
properties depending on the extent of anion–cation interactions
(Fig. 6).62 Depending on the anion, the authors found two
different aggregated species, a metastable state with “coun-
terion-blocked” cation pairs (Agg1), and the thermodynamically
favoured 1D SPs with close metal–metal contacts (Agg2). The
metallophilic interactions in the 1D arrays gave rise to intense
1MMLCT absorption and 3MMLCT emission bands, which were
not detected for Agg1. The competition between attractive
cation–anion electrostatic interactions and attractive cation–
cation dispersive interactions in Agg1 and Agg2, respectively,
was identied to be the origin of the two pathways. Modulation
of the anion's tendency to interact with a pyridyl ring of the
tridentate ligand was exploited to tune the self-assembly:
substitution of the PF6 ion (fastest formation of Agg2) by an
anion exhibiting stronger anion-p interactions (ClO4

�), led to
a retarded formation of Agg2, or even a suppression of this
pathway in the case of OTf� or CF3CO2

�. The different excited
states of the two aggregated species were investigated by means
of DFT/TDDFT, corroborating the MMLCT character of
absorption and emission due to a larger metal-centred char-
acter of the HOMO in Agg2, whereas the HOMO in Agg1 is
ligand-centred, enabling only non-emissive IL-p–p* transitions.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Interestingly, the control over emissive properties is not
strictly limited to different aggregated states, but can also be
controlled in a more complex self-assembly energy landscape
encompassing more than one conguration of the monomer
species. This was recently demonstrated in an example by Yam
and coworkers, who designed a series of PtII-based molecular
hinges in which two cyclometalated PtII complexes (the hinges'
wings/aps) are connected by a rigid aromatic alkynyl group
(axis).77 Molecular hinge 14 can exist in an open and a closed
conformation with distinct emissive properties (Fig. 7). The
more stable, red-phosphorescent, closed form is present in
good solvents such as DCM. A molecular rotation to the less
stable open form of the hinge causes a distinct, green phos-
phorescence. Computational optimization (DFT) of ground and
excited state geometries/energies was used to corroborate the
assigned triplet emissions. The thermodynamically less stable
open form can be favoured by decreasing the solvent polarity: to
compensate the reduced solvation, aggregation of the open
form into 1D bres occurs via intermolecular p–p interactions,
which is not possible in the closed conformation. Additionally,
variation of the temperature was exploited to reversibly switch
between the open and closed form in apolar media: at high
temperatures, the SPs were disrupted causing a transformation
to the closed species and vice versa.

The selected examples highlighted in this section bring to
light the versatile photophysical properties of self-assembled
metal complexes, which can be tuned both by molecular
design and by careful control of sample preparation techniques.
Additionally, the examples demonstrate the feasibility of
computational chemistry methods not only to elucidate energy
landscapes and packing modes, but also in correlating them
with the observed photophysical phenomena.
Chem. Sci., 2021, 12, 12248–12265 | 12253
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Fig. 7 (a) Closed and open forms of PtII molecular hinge 14 investi-
gated by the group of Yam. (b) Qualitative energy landscape illustrating
the conversion processes between the different species. Adapted with
permission from ref. 77. Copyright 2019 National Academy of
Sciences.

Fig. 8 (a) Molecular structures of ZnII porphyrins 15 investigated by the
groups of Sugiyasu and Takeuchi. (b) Complex energy landscape of the
self-assembly into different morphologies. (c) Schematic representa-
tion of the self-assembled Archimedean spirals formed by 15FF. Panels
(b) and (c) adapted with permission from ref. 82 and 81, respectively.
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4 Tuning morphologies and size
distribution

Controlling the nanoscale morphology of self-assembled
structures is a key requirement for the development of func-
tional materials, which has attracted signicant research
interest in the past decades. In accordance with the large variety
of self-assembling molecular building blocks, the morpholog-
ical diversity of the corresponding self-assembled structures is
equally immense, covering different size regimes and dimen-
sionalities. In the following section, we wish to demonstrate
some elegant examples where precise morphology control was
achieved by tuning both primary (i.e. interactions driving the
formation of a molecular stack) as well as secondary interac-
tions (i.e. interactions directing the spatial arrangement of
multiple polymer stacks into higher order structures) in the
molecular design. We will also emphasize how the previously
described control over energy landscapes and pathway selection
can be employed to achieve desired morphologies.

The high potential of controlled secondary interactions has
been recently highlighted by the groups of Yagai as well as the
groups of Takeuchi and Sugiyasu. Yagai and co-workers
demonstrated the formation of concentric toroids as the start-
ing point for secondary nucleation events.78–80 Based on the
specic size of these toroids, the nucleation process led to the
formation of polycatenanes, unique hierarchical structures that
had remained previously elusive at the supramolecular level.
12254 | Chem. Sci., 2021, 12, 12248–12265
Another highly relevant recent example in this regard is
a family of ZnII porphyrin based complexes reported by the
groups of Takeuchi and Sugiyasu (Fig. 8).81–84 Derivatives with
short alkyl substituents in the R0 position initially form J-type
nanoparticles (NPs), which rearrange over time to H-type 1D
bres (Fig. 8b).82 More strikingly, the stepwise increase of the
length of the alkyl side chain from methyl to heptyl resulted in
an entirely new self-assembled morphology. Compounds with
intermediate alkyl chain lengths (hexyl 15HH and heptyl) could
form a slipped packing which resulted in a lamellar arrange-
ment of multiple 1D stacks, forming 2D sheet structures (Fig. 8).
This drastic change in the energy landscape and supramolec-
ular morphology could be rationalized by additional lateral van
der Waals (vdW) interactions. Nevertheless, the formation of
the previously observed H-type 1D bres was also achieved by
application of mechanical agitation. Thus, the authors could
selectively direct the self-assembly in this “extended” pathway
complexity system along one of the two pathways of the energy
landscape, in both cases starting from the kinetically formed J-
Copyright 2020 John Wiley and Sons and Copyright 2020 Springer
Nature.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Structure of complex double salts 16–18. (b) TEM, (c) SEM
and (d) AFM images of the aggregate of 16 formed in water. (d–f) TEM
images of the aggregates formed by 17 (e) and 18 (f and g). Panels (b)–
(g) adapted with permission from ref. 85. Copyright 2018 American
Chemical Society.
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type nanoparticles. The authors envisaged that a constant
increase in vdW interactions could be used to further modulate
the morphology towards desired aspect ratios based on the
balance between 1D slipped stacking and lateral alkyl chain
interactions. However, above a critical chain length, the self-
assembly behaviour reverted to the simpler two-species
system featuring only J-type NPs and H-type nanobres.84 This
initially unexpected structure/property relationship could be
correlated to unfavourable enthalpic contributions based on the
pronounced conformational freedom of alkyl chains longer
than heptyl.

An even more striking change in morphology was achieved
by replacing the hexyl side chains of 15HH with uorinated side
chains to give 15FF (Fig. 8).81 The spectroscopic observations for
the aggregated state (hypsochromic shi) indicated the forma-
tion of the known H-type 1D bres. Surprisingly, a combined
morphological elucidation by AFM and TEM revealed the
presence of unusual double-stranded Archimedean spirals. The
authors attributed this morphology difference to a further
stabilization of the 1D bres by a uorophilic effect, producing
the spirals. Additionally, thorough thermodynamic analysis
unveiled a different self-assembled structure at low concentra-
tions. This notion could by conrmed by AFM analysis showing
the formation of layered concentric toroids. This slightly altered
morphology could be correlated to the initial formation of
a concentric toroid with subsequent growth in the second
dimension based on secondary nucleation events followed by
elongation around the existing toroid in a process reminiscent
of templated self-assembly. This intriguing behaviour high-
lights that control over self-assembled morphologies based on
molecular design remains a major challenge, as secondary
nucleation events or newly emerging hierarchical aggregation
pathways can lead to unexpected outcomes. Additionally, these
studies have shown that one molecular packing can coincide
with multiple morphologies, as complementary secondary
interactions can lead to distinct topologies, which are difficult
to analyse based on spectroscopy alone.

This series of complexes highlights how balancing secondary
interactions with primary intermolecular binding can lead to
diverse supramolecular morphologies based on subtle changes
in molecular design. Particularly, the exibility within a one-
dimensional assembly can dictate the superstructure
morphology by engaging in efficient secondary bonding. A
particularly elegant example of this ne balance has been
recently reported by the group of Yam, who investigated a series
of PtII based double complex salts 16–18 (DCS, Fig. 9).85 The
double salts consist of a positively charged complex with
a neutral 2,6-bis(benzimidazol-20-yl)pyridine (bzimpy) ligand
appended with TEG chains and a negatively charged PtII

complex with a bzimpy ligand appended with anionic sulfonate
groups. Both species of the double salt feature an additional
anionic ligand (either Cl� or phenyl alkynyl). In the comparative
study, the steric demand of the smaller anionic ligand was
systematically altered by a stepwise replacement of the smaller
Cl� with the sterically more demanding phenyl alkynyl. The
self-assembly of DCS 16 exhibiting the lowest steric bulk yields
isolated 1D architectures withminor exibility. In contrast, DCS
© 2021 The Author(s). Published by the Royal Society of Chemistry
17 self-assembles into highly exible 1D bres, which can
further bundle leading to interwoven architectures. While in
their report this behaviour was not desirable for the investi-
gated application (semiconductivity), the results emphasize
that exibility can be introduced by a ne modulation of
repulsive interactions. However, the investigations of DCS 18
reect that considerable care should be taken when enforcing
steric bulk, as the replacement of both Cl� ligands leads to
another change in morphology from elongated bres to short
bundled nanorods. While inter-strand secondary interactions
between the 1D polymers become more prevalent, an overall
decrease in the elongation of the individual 1D bres as a result
of accumulated steric bulk, is responsible for this behaviour.

These case studies have demonstrated the importance of
controlling intermolecular interactions by targeted molecular
design in the context of morphology control. However, sample
preparation protocols are at least equally inuential to regulate
the outcome of supramolecular polymerization.24 In this regard,
time-dependent experiments can be recognized as the simplest
method to achieve diverse polymer architectures.86,87 Addition-
ally, various other sample preparation methods to switch
between supramolecular packings and self-assembled
morphologies include the ne-tuning of solvent polarity,88

modulation of self-assembly dynamics by good/bad solvent
ratios,86,89,90 as well as differing cooling rates, mechanical
agitation11,82 or quenching methods. However, while all these
examples offer a certain level of morphology control, they are
Chem. Sci., 2021, 12, 12248–12265 | 12255
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typically unable to fully control its dimensions, such as overall
size, aspect ratio, etc. Crystallization-driven self-assembly
(CDSA) or living supramolecular polymerization (LSP)
approaches are arguably the most commonly used sample
preparation techniques to obtain precise control over multiple
facets of the morphology, such as length, aspect ratio or poly-
dispersity. Inspired by classical, covalent polymerization, the
group of Manners has successfully established living crystalli-
zation driven self-assembly (LCDSA, Fig. 10).91 This approach is
based on a stepwise growth of self-assembled structures
through addition of monomers to aggregate seed-crystals and
has produced promising systems for a number of applica-
tions.92 Using LCDSA, targeted block sequences,93 as well as
diverse heteromorphologies94 or controlled branching95 can be
achieved. LSP is based on the same principles as LCDSA, namely
the successive addition of a kinetically trapped species (mono-
mers or even aggregates) to a solution of seeds of a thermody-
namically more stable species, causing a stepwise growth at the
termini of the seeds.83,96,97 Usually, the species used for seed
formation is the thermodynamically most stable one. While
maintaining a narrow polydispersity, the increase in size is
dictated by the ratio between the number of seeds initially used
(typically obtained by sonication) and the amount of monomers
that can be released from the aliquots of trapped species added.
From this simplied description of supramolecular polymer
growth in a living manner, some important requirements/
limitations can be derived:

(1) The approach is limited to systems where the monomer
can be trapped either in a “dormant” monomer or a kinetically
controlled aggregate, from which spontaneous elongation to
the thermodynamically stable state is retarded.

(2) The nal thermodynamic product needs to exhibit
a certain stability to allow seed formation through mechanical
agitation.

(3) Apart from some exceptions,11,82 only the most stable
supramolecular structure is accessible. Thus, control over size is
possible, but typically not over shape.

(4) Even if the prerequisite of a kinetically trapped state is
fullled, a variety of literature examples show that the energy
difference between the desired structure and the trapped one
also plays an important role. Species that are close in energy (i.e.
polymorphs)58,66 may not be susceptible to LSP. Furthermore,
additional kinetic effects (such as topological ones) may also
prevent efficient elongation upon seeding.98
Fig. 10 Representative examples of living crystallization driven self-asse
from ref. 92. Copyright 2021 Royal Society of Chemistry.

12256 | Chem. Sci., 2021, 12, 12248–12265
Accordingly, while living approaches allow supramolecular
chemists to effectively control size distributions, particularly at
the mesoscale, precise control at the nanoscale remains chal-
lenging. In particular, the seed formation is a rather poorly
controlled process and the factors governing this important
step, apart from a rough correlation between the sonication
time and the size of the seeds, remain to be understood. We
hypothesize that size restricted self-assembly can be an ideal
addition to LSP to control the nanoscale size regime. In this
regard, distinct topologies, templated self-assembly99 as well as
the use of end-capping compounds56,100,101 represent approaches
that can enforce a denitive size limit. This potential has
further been realized in detailed studies of particularly arranged
and elongated oligomeric dye assemblies.102,103

Additionally, we argue that anticooperative self-assembly,
which remains underrepresented in the literature beyond its
mechanistic foundation, represents an ideal tool to achieve
aggregates of dened size at the nanoscale.104–106 Build-up of
steric demand, or increased electrostatic repulsion are some
strategies towards the design of anticooperative SPs. The main
restriction in these approaches has been the limited under-
standing of structure–property relationships to hamper
extended growth. In this regard, MSPs represent particularly
relevant model systems, as the diverse coordination geometries,
potential ionic charges and increased sterics endowed by the
metal centre and its various possible ligands, can be exploited
to drive self-assembly towards an anticooperative process.

We hypothesize that this approach can serve as an ideal
complement to LSP, which is particularly powerful at the
mesoscale, while anticooperative self-assembly typically leads to
only a small number of monomers in an oligomer stack, as well
as slightly more extended short polymers.58 Ultimately, the
recent surge in the understanding of secondary nucleation
events and aggregate stabilization by secondary interactions
serves as an ideal starting point to control the macroscale
morphology of self-assembled structures with dened nano-
scale size (either by size-limited growth or LSP).

Furthermore, we expect theoretical approaches to become
a driving force for progress towards controlling or limiting
supramolecular growth in the following years. Automatization
in combination with large data analysis and machine learning,
which have advanced considerably in the last few years, are
a necessity to overcome the hurdles imposed by limited design
options.107 In other elds, such as crystal structure prediction or
mbly (LCDSA) in 1 (a) and 2 dimensions (b). Adapted with permission

© 2021 The Author(s). Published by the Royal Society of Chemistry
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porous materials design, this prospect has already become
reality and we expect a similar development for supramolecular
polymerization.108–111 Particularly, aspects of molecular design
strategies that can be difficult to estimate beforehand, such as
the formation of macrodipoles, the accumulation or delocal-
ization of charge and synergistic effects upon self-assembly, will
becomemore accessible with the combination of synthetic work
and simulations. This dual approach requires a more intimate
collaboration between research groups working on molecular
self-assembly in the lab and in silico. While these collaborative
projects have become more regular in the recent past, comple-
mentary experimental and theoretical work should be encour-
aged whenever possible.
Fig. 11 (a) Structure of complexes 19 and 20 which statistically co-
assemble into nanofibres or nanodiscs when one component (which
dictates the morphology) is in large excess, or into a mixture of Pd-
enriched, co-assembled fibres and Pt-only nanodiscs at intermediate
ratios (b). Panel (b) adapted with permission from ref. 120. Copyright
2019 John Wiley and Sons.
5 Co-assembly/multicomponent
metallosupramolecular self-assembly

Co-assembly represents a promising approach to combine the
advantageous properties of different monomer units within one
polymer structure or to even achieve emerging properties, not
present in the individual components. Whereas in classical
covalent polymerization, methods to control the type of copo-
lymerization (i.e. statistical, alternating, gradient, block, gra
copolymers etc.) are well established, control over different co-
polymerization mechanisms in their supramolecular counter-
parts remains limited due to the inherent dynamic nature of
reversible self-association. Apart from statistical supramolec-
ular copolymerization, which requires a lesser degree of control,
increasing attention has been recently devoted to block supra-
molecular copolymers (BSPs) and, to a lesser extent, to gra
copolymers. In particular, LSP approaches have been vastly
exploited to create BSPs. For more detailed information on
different theoretical and practical aspects of multicomponent
SPs, the reader is referred to excellent reviews recently pub-
lished by the groups of Meijer, Palmans and Vantomme.112,113 In
this section, we will present selected examples to highlight the
potential of multicomponent self-assembly to achieve desired
supramolecular and photophysical properties focused onmetal-
based monomers.

Apart from the co-assembly of different molecular building
blocks with complementary binding/interaction sites (e.g. H-
bonding arrays,16 coulombic interactions,85,114,115 donor–
acceptor units,116,117 host–guest moieties118 etc.), where self-
assembly is preferred as a copolymer, predicting the extent of
copolymerization of different constituents in solution remains
a challenging task. Despite the seemingly straightforward
preparation of statistical/random copolymers by simple mixing
of different building blocks in a monomeric state and subse-
quently inducing self-assembly, the segregated SP of the indi-
vidual building blocks needs to be circumvented. A general
approach to tackle this obstacle is the design of structurally
similar building blocks,119 in which the intermolecular inter-
actions anticipated for the components involved are the same or
at least well compatible (e.g. matching/complementary H-
bonding moieties or p-surfaces of similar size).
© 2021 The Author(s). Published by the Royal Society of Chemistry
In 2019, our group investigated mechanistic aspects of the
statistical co-assembly of metal complexes combining PdII (19)
and PtII complexes (20) based on the same molecular design
(Fig. 11).120 In isolation, the complexes self-assemble in n-
decane into a similar pseudo-parallel arrangement, however
resulting in different morphologies (bres for PdII vs. disks for
PtII) due to a different rotational offset in the packing. Co-
assembly of a 1 : 1 mixture of both complexes results in a two-
step process: aer a statistical co-nucleation event, social-self-
sorting into Pd-enriched bres takes place, followed by a self-
organization of the residual Pt-monomers aer full consump-
tion of the Pd-monomers. Variation of the ratios of the two
components on the one hand resulted in a more efficient
copolymerization (single-step polymerization curves), whereas
the elongation temperature and morphology of the resulting
SPs was dictated by the component in excess. This illustrates
how the degree of co-assembly and, thus, the material proper-
ties can depend on the molar ratio of two structurally similar
complexes, although one might intuitively expect a more effi-
cient statistical co-assembly if both species are present in equal
amounts.

Whereas a number of examples of statistical and block
copolymers have been reported, examples on supramolecular
gra polymers remain scarce. Only recently, the group of Das
outlined the important role of the orthogonality of secondary
interactions to achieve graable supramolecular (co)polymers.
The authors rst polymerized a benzene-1,3,5-tricarboxamide
(BTA, 21) motif into 1D SPs in aqueous media driven by three-
fold H-bonding and p-stacking (Fig. 12).121 Subsequently,
a hydrophilic ethylene glycol shell was graed to the molecule's
periphery via orthogonal halogen bonding interactions to
Chem. Sci., 2021, 12, 12248–12265 | 12257
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Fig. 12 (a and b) Molecular structure of BTA 21 (a) and the halogen
bonding donors (b) used for orthogonal secondary binding for graft-
able supramolecular (co)polymers. (c) Schematic representation of the
self-assembly of 21 in the absence (left) and presence (right) of
orthogonal halogen bonding donors. Adapted with permission from
ref. 121. Copyright 2020 Royal Society of Chemistry. Fig. 13 (a) Molecular structures of complex series 22 & 23. (b and c)

Confocal fluorescence microscopy images of: (b) 1D 5-block yellow-
green-red ([Pd : Pt 2 : 1]–Pd–Pt segments), (c) flower-shaped triblock
green-red-green (Pd–Pt–Pd segments) copolymers. (d) Photograph
comparing the emission of Agg2 of pure Pt-complex (left), Pt-doped
Pd-copolymer (middle) and pure Pd complex (right). Scale bars: 5 mm.
Panel (b)–(d) adapted with permission from ref. 122. Copyright 2020
Elsevier.

Chemical Science Perspective

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 3

/2
0/

20
26

 3
:0

9:
20

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
pendant pyridyl groups. The authors demonstrated that only
the orthogonality of the H-bonding motif driving 1D self-
assembly and the X-bonding interactions opened the door to
post-assembly functionalization by gra copolymerization.

Especially in aqueous media, strong hydrophobic interac-
tions and competing H-bonding with solvent molecules oen
times impose signicant challenges on the controlled forma-
tion of supramolecular species with particular properties. This
post-assembly supramolecular graing-approach could be
benecial for the successful design of future applications in
aqueous media.

Transferring the idea of graable SPs to supramolecular
polymers of metal complexes could represent a versatile
approach to achieve tailored solubility and processability,
which are key requirements and challenges in the fabrication of
functional nanomaterials. For example, MSPs with extended
M/M contacts in the core of the structure could be combined
with orthogonal binding sites at the periphery suitable for
graing through various non-covalent interactions.
Emergent properties from heterometallic co-assembly

The previously mentioned prerequisite of geometrical comple-
mentarity and compatibility of non-covalent interactions in co-
assembly can be easily met by employing the same ligand for
different types of metal ions. The combination of multiple
metal ions in SPs can not only bestow the resulting assemblies
with a superposition of properties of the individual building
blocks, but also amplify existing behaviours or give rise to
emergent properties unobtainable by homometallic assemblies.
In this section, we would like to highlight examples of co-
assemblies of different metal ions and emphasize the poten-
tial of employing a heterometallic approach.

In this regard, the group of Che published a remarkable
example showcasing the potency of co-assembly with respect to
controlling various aspects of self-assembly (Fig. 13). They took
advantage of the LSP behaviour of the metal complexes previ-
ously described in Chapter 3 to construct supramolecular block
12258 | Chem. Sci., 2021, 12, 12248–12265
copolymers.122 The group employed seeds of thermodynamic
aggregates (Agg2) of a PtII or PdII complex and subsequently
added a suitable kinetically trapped species (Agg1) of the other
metal, respectively. In this way, they constructed block copoly-
mers with up to seven segments and different dimensionalities/
shapes (Fig. 13b and c). The distinct emission properties of
complexes with PdII (green) or PtII (red) metal centres enabled
a visualization of the block copolymers by confocal uorescence
microscopy. Apart from the ability to attach segments with
different luminescence color, the authors were also able to ne
tune the absorption and emission wavelengths through
modulation of the ratio between the two complexes in the initial
non-segmented co-nucleation/copolymerization. Application of
mixed metal Agg2 seeds in subsequent LSP experiments adding
segments of pristine PdII or PtII complexes yielded block
copolymers with three different colours (Fig. 13b). Moreover,
doping minor amounts (<5 mol%) of PtII complexes into PdII

assemblies during supramolecular polymerization could
amplify the phosphorescence efficiency of PdII assemblies:
emission intensity and quantum yield (<4% to >75%), as well as
lifetime (0.12 ms to 1.3 ms) were dramatically increased
(Fig. 13d). The observed photophysical phenomena could be
explained with the help of TD-DFT calculations in terms of
a mixing of PtII 5dz2 and PdII 4dz2 orbitals upon formation of
extended metal–metal contacts in the copolymers (/ 3MMLCT
excited state), causing an external heavy-atom spin–orbit
coupling.

Apart from manipulation and control of photophysical
properties, supramolecular copolymerization can also have
implications for the chemical stability/inertness of SPs. The
groups of Pavan, Takeuchi and Sugiyasu reported on the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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stabilization of SPs of ZnII porphyrin 24-Zn against depoly-
merization by Lewis bases (4-dimethylaminopyridine, DMAP),
through formation of supramolecular block copolymers with
their copper homolog 24-Cu (Fig. 14).119 The SPs of pristine CuII

porphyrin, are by nature inert to depolymerization by DMAP
due to the low affinity of CuII porphyrins for DMAP coordina-
tion. Coarse grained molecular modelling/dynamics (CG-MD)
simulations brought to light that the depolymerization
through DMAP coordination in the ZnII porphyrin assemblies
primarily happens at the termini of the SPs, in competition with
monomer exchange. Thus, the end-capping of those active (de-)
polymerization sites through attachment of CuII porphyrin
blocks effectively hampers disassembly. Apparently, this
“compartmentalization” into block segments is an important
factor in the protection from Lewis acid-induced perturbation
of the self-assembly, as Meijer and co-workers were able to
selectively remove chiral Zn-porphyrin sergeants in a random
copolymer with achiral Cu-porphyrin soldiers, aer their coag-
gregation.123,124 Hence, the kinetic compartmentalization in the
BSP is reminiscent of biomolecular compartmentalization, and
could thus be a key strategy to obtain functional multicompo-
nent synthetic supramolecular systems.
Emergent properties in homometallic co-assemblies based on
different ligand design

Although many co-assembly strategies targeting a modulation
of the SP properties rely on the co-assembly of complexes with
different metals, a signicant alteration of the self-assembly
characteristics can also be achieved through co-assembly of
complexes bearing the same metal, but distinct ligands.
Fig. 14 (a) Molecular structures of the investigated metal-porphyrins
24-Cu and 24-Zn. (b) Kinetic profiles after the addition of DMAP to SPs
of pure 24-Zn (i), SPs of pure 24-Cu (ii), a mixture of SPs of pure 24-Zn
and 24-Cu (iii), the 24-Cu–Zn–Cu block-copolymer (iv). (c) Schematic
illustration of the depolymerization of 1D aggregates of ZnII porphyrin
24-Zn through DMAP coordination and its suppression by “end-
capping” the 24-Zn SPs with blocks of SPs of 24-Cu. Panel (b) and (c)
adapted with permission from ref. 119. Copyright 2018 American
Chemical Society.

© 2021 The Author(s). Published by the Royal Society of Chemistry
Wang and coworkers demonstrated the feasibility of this
approach for various material properties: PtII complex 25 by
itself non-covalently polymerizes into 1D bres in a cooperative
manner in MCH/DCE 95/5.125 Within the supramolecular
stacks, the complexes organize in an alternating manner,
dominantly driven by p–p stacking (Fig. 15). The UV/Vis and
uorescence spectra in themonomer and aggregated state show
the typical IL and MLCT absorption and emission bands known
for this class of compounds. Complex 26, on the other hand,
was insoluble in the same solvent mixture due to the lack of
alkoxy side chains. However, when the two molecules were
combined in equal amounts, a clear solution with a dark colour
emerged. Spectroscopy revealed a new, low-energy absorption
band (560–800 nm) and a near-infrared (NIR) emission, which
were not observed for either 25 or 26 in isolation. The authors
could attribute these characteristics to the surge of MMLCT in
the copolymer due to intermolecular Pt/Pt interactions
together with donor–acceptor charge transfer effects. Although
the co-assembly proceeds via an isodesmic mechanism, the
negative Gibbs free energy associated with the process is higher
than that of pure 25, resulting in a preferred co-assembly rather
than a narcissistic self-sorting.

Another remarkable example of co-assembly of two metal
complexes with modied ancillary ligands was very recently
published by the groups of Pavan and de Cola.126 The authors
took advantage of the different luminescence properties of
aggregates of PtII complexes 27 and 28 to monitor the templated
co-assembly of 28 around bres of 27 (Fig. 16), reminiscent of
gra copolymerization. Despite the intricate supramolecular
polymerization pathways of the two species (27 forms three
aggregated species, 28 forms two aggregates), careful selection
of the good/bad solvent ratio allowed the selective formation of
the blue-emitting species of 27 (27C), which upon addition of
metastable aggregates of 28 (28A) were gradually coated with
a layer of 28 in its yellow-emitting form 28B. The higher critical
Fig. 15 Comparison of the mono-component self-assembly of
complex 25 and its co-assembly with complex 26. Whereas the SP
stacks of isolated 25 lack metal–metal interactions, the co-assembly
induces heteromeric Pt/Pt interactions, giving rise to an MMLCT
transition. Adapted with permission from ref. 125. Copyright 2018
Royal Society of Chemistry.
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Fig. 16 (a) Molecular structure of PtII complexes 27 & 28 whose co-
assembly renders a reversible supramolecular wrapping of fibres
formed by 27 through aggregates of 28. The lower panel (b and c)
shows the confocal microscopy images visualizing the time-
progression of the co-assembly and a schematic illustration of the
molecular processes (d). Adapted with permission from ref. 126.
Copyright 2021 John Wiley and Sons.

Fig. 17 (a) Schematic representation of the insulin amyloid directed
self-assembly of 29 with its molecular structure depicted below. (b)
Corrected emission spectra of 29 in PBS buffer upon addition of
different amounts of insulin amyloid. (c) Fluorescence microscopy
image of aggregates of 29 formed on amyloid insulin fibrils. Adapted
with permission from ref. 139. Copyright 2019 American Chemical
Society.
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good solvent volume fraction for the disassembly of 27C (i.e. its
higher stability) was then exploited to selectively remove the
coated layer of 28B, recovering the initial bres of 27C with
unaltered properties. Remarkably, the wrapping of 27C with
28B could even be achieved at higher 1,4-dioxane percentages,
where self-assembly of pristine 28B was not possible. On the
contrary, at higher water fractions, where 28B is sufficiently
stabilized, homo-assemblies of 28B emerged in competition
with the wrapping of 27C. Thus, the authors hypothesized that
packing defects at the surface of 27C, facilitated by an increase
in the good solvent fraction, are the origin of the wrapping
phenomenon, generating vacant supercial p-stacking sites.
These can be occupied by monomers of 28, allowing for a co-
nucleation, inducing a seed-like propagation of the co-
assembly. Sophisticated CG-MD simulations were developed
to compare the strength of the incorporation of each individual
monomer in a stack of 27C with the solvent accessible surface
area (SASA) of eachmonomer, i.e. the degree of exposition to the
solvent. The calculations revealed the defect sites in the stack,
which indeed were the positions at which the wrapping
phenomenon originated in subsequent simulations of the co-
assembly process.

These examples demonstrate that precise control over
(homometallic) co-assembly still remains a challenge, as not
only aspects of molecular design but also solution conditions as
well as sample preparation have to be nely tuned to achieve the
desired co-assembly. However, as a side effect of the new
possibilities opened up by metallosupramolecular co-assembly,
the larger number of molecular building blocks automatically
increases the complexity of the supramolecular system,
exceeding that of a simple superposition of the individual
components. On the other hand, the examples by the groups of
Che, Pavan and de Cola demonstrate that the increased
complexity of multicomponent metallosupramolecular systems
can be met by the development of increasingly more sophisti-
cated computational models.
12260 | Chem. Sci., 2021, 12, 12248–12265
6 (Future) applications

Self-assembled functional materials derived from metal
complexes have attracted considerable interest for multiple
applications.127,128 In particular, light emitting supramolecular
assemblies have been investigated and thoroughly
reviewed.21,129 Additionally, the potential of semiconductive SPs
has been recognized.130 Accordingly, we will not devote this
section to these elds but instead showcase some examples that
have recently demonstrated other potential applications for
MSPs. Additionally, we aim at discussing potentially interesting
areas, such as e.g. catalysis, which to date have received little
attention in the context of MSP research.
Biological imaging and therapy

Multiple self-assembled structures with various intriguing
properties have found applications in biomedicine, such as in
the eld of drug delivery.30,131,132 For instance, the enhanced
permeability and retention (EPR) effect has been exploited for
precise drug delivery using self-assembled structures with
precisely controlled morphology and size for selective cancer
treatment.133,134 Additionally, emissive assemblies have been
used for bioimaging applications.135–137 In contrast, metal-
losupramolecular polymerization directed by biologically rele-
vant structures has remained relatively underdeveloped.138 A
recent notable progress has been made by the group of Yam,
who successfully designed a bis-(benzimidazole)pyridine
derived anionic PtII complex for the sensing of insulin amyloid
(Fig. 17).139 As the formation of amyloids is linked to a number
© 2021 The Author(s). Published by the Royal Society of Chemistry
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of neurodegenerative diseases and many common stains have
drawbacks to their applicability, the need for new sensors is
apparent. Upon addition of insulin amyloid, a MSP of 29 is
formed, driven by the accumulation of molecules on the
amyloid surface. This co-assembly exhibiting desirable strong
red emission could be exploited for amyloid brillation detec-
tion as well as inhibitor screening.137,140,141 Later, based on
a slight modication of their molecular design (changing the
overall charge from minus one to plus two), the group
successfully developed a luminescent self-assembled structure
that can efficiently detect RNA.142 TheMSP could be successfully
employed for nucleus imaging as well as RNA synthesis inhib-
itor screening.

Likewise, Strassert, Viappiani and co-workers have exploited
self-assembled PtII complexes as labels for other biomolecules,
such as bovine serum albumin (BSA, Fig. 18).143 In aqueous
media (e.g. PBS buffer) PtII complex 30 forms aggregates, which
exhibit an increased triplet emission intensity and lifetime
compared to non-emissive monomers. In the presence of BSA,
self-assembly is controlled by hydrophobic interactions of the
complex with the protein, i.e. templated self-assembly at BSA
occurs. Furthermore, the aggregate's photophysical properties
are insensitive to oxygen, which indicates an enhanced
biocompatibility, as other triplet emitters commonly form
exciplexes with O2, generating cytotoxic reactive oxygen species.
The long-lived triplet emission of the aggregates of 30 on the
protein can be selectively detected in more complex biological
matrices, where autouorescence in the same wavelength
region occurs, by means of time-gated detection. Moreover, the
aggregates are capable to enhance the emission lifetime of
other uorophores through energy transfer (ET) by up to 1000
times, which could be useful in imaging of living systems. Thus,
the templated-aggregation of 30 can be exploited to label and
selectively image biomolecules. These recent examples high-
light the strong potential of MSPs, particularly based on d8

metal complexes in highly selective biological imaging.
Catalysis

In striking contrast to elds such as optoelectronics and
biomedicine, SPs have received little attention in the eld of
catalysis, although the potential of precisely controlling
Fig. 18 (a) Molecular structure of triplet emitter PtII complex 30. (b)
Schematic illustration of the self-assembly of 30 (blue labels) at fluo-
rescein-labelled (green labels) BSA. Panel (b) adapted with permission
from ref. 143. Copyright 2018 American Chemical Society.

© 2021 The Author(s). Published by the Royal Society of Chemistry
a conned microenvironment is protable for catalysis. For
discrete supramolecular structures (such as macrocycles or
metallacages)41,144,145 or self-assembled structures with long
range order, for instance metal–organic or covalent organic
frameworks,146,147 this benecial property has been acknowl-
edged.148,149 The potentially available reactions to be catalysed
by incorporating metal centres into conned microenviron-
ments are highly diverse and can likewise be expanded to MSPs.

In this regard, Wang and co-workers designed a discrete
metallosupramolecular tetranuclear complex-pair capable of
efficient intercalation driven by metallophilic interactions.150

Based on strong Pt–Pt interactions, the photoinduced forma-
tion of singlet oxygen was used for the oxidation of amines. In
a later report, the same group advanced this approach from
a discrete supramolecular entity to a metallosupramolecular
copolymer (Fig. 19). The alternate arrangement of a sterically
demanding PtII acceptor 31 and a sterically unhindered PtII

donor molecule 32 leads to the emergence of 3MMLCT transi-
tions, which are expressed as a low energy emission in the
visible/NIR region. The dynamic nature of the co-assembly was
utilized to selectively trigger or suppress the photocatalytic
activity of the polymer.151

Despite these important advances, the full catalytic potential
of MSPs remains to be explored. This lack of examples may
come as a surprise considering some key properties of metal-
losupramolecular assemblies to be used in catalysis (Fig. 20):

(1) The chirality of a SP can be controlled and at times
switched based on sample preparation protocols or amplica-
tion of asymmetry.

(2) Aggregate dynamics and molecular arrangements and in
turn catalytic activity can be precisely regulated by external
conditions such as temperature.
Fig. 19 Schematic representation of a photocatalytically active co-
assembly based on donor–acceptor interactions, exhibiting strong Pt–
Pt interactions. Adapted with permission from ref. 150. Copyright 2018
Royal Society of Chemistry.
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Fig. 20 (a–d) Schematic representations of the potentially viable
properties of supramolecular assemblies for applications in catalysis.
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(3) The solubility of aggregates can be controlled through
secondary interactions, allowing for an effective removal of the
aggregates from the reaction solution, which could be exploited
for efficient and convenient recyclability.

We envisage that a supramolecular approach where the SP
structure or its molecular constituents act as active catalysts
could offer great versatility and allow to switch between
different chiral products based on MSP-catalyst preparation.152

To this end, a balance between controlled molecular dynamics
to achieve accessibility of the active site within a SP while
preserving a chiral microenvironment of the active site needs to
be maintained. Ultimately, we envisage that the inherent
dynamics and adaptivity of SPs in combination with the cata-
lytic activities of metal complexes could be exploited to tailor
potent chiral metallosupramolecular catalyst systems.

Nevertheless, we acknowledge that a system fullling all or
even only a few of the above conditions represents a formidable
challenge for any researcher. Therefore, we believe that
combined theoretical and experimental efforts may lead to
feasible applications in the eld in a not too distant future.153–155
7 Conclusions

The increasing interest in kinetic aspects of complex self-
assembly phenomena has inspired researchers to expand this
knowledge to MSPs. Finely controlling the balance between
repulsive and attractive non-covalent interactions associated
with the incorporation of a metal-containing moiety has
produced fascinating ways to tune supramolecular energy
landscapes, packing motifs and photophysical properties.
Control over aggregate morphologies has concomitantly
matured into an exciting eld of research. The surge of molec-
ular design strategies as well as sample preparation protocols to
control primary as well as secondary interactions has consid-
erably broadened the toolbox of supramolecular chemists.
However, even the most elaborate recent examples show that
great research effort remains to be made to fully understand
and predict supramolecular morphologies: in many cases,
12262 | Chem. Sci., 2021, 12, 12248–12265
predicting complex energy landscapes of SPs by molecular
design remains a hard task.

The recent progress in multicomponent self-assembly has
shed light on its high potential in achieving unprecedented
supramolecular properties and amplifying existing properties
not present in the individual components. However, this
research area is still in its infancy and the full potential remains
to be explored. While the potential of MSPs in various appli-
cations cannot be denied, actual or industrial applications
remain scarce. In particular, we argue that the eld of catalysis
represents a great frontier for researchers working on metal-
losupramolecular chemistry. However, to overcome the chal-
lenges imposed by the complexity of reversible self-assembly,
we believe that a more intimate collaboration between experi-
mental and theoretical scientists could render outstanding
innovations in the future of MSP chemistry. Given the
substantial development of the eld in the past decade, we
anticipate a bright future for metal-based supramolecular
systems in terms of unprecedented properties and new
applications.
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2014, 275, 19.
41 T. R. Cook and P. J. Stang, Chem. Rev., 2015, 115, 7001.
42 Y. Sun, F. Zhang, S. Jiang, Z. Wang, R. Ni, H. Wang,

W. Zhou, X. Li and P. J. Stang, J. Am. Chem. Soc., 2018,
140, 17297.

43 Y. Sun, S. Li, Z. Zhou, M. L. Saha, S. Datta, M. Zhang, X. Yan,
D. Tian, H. Wang, L. Wang, X. Li, M. Liu, H. Li and
P. J. Stang, J. Am. Chem. Soc., 2018, 140, 3257.

44 Y. Sun, C. Chen, J. Liu and P. J. Stang, Chem. Soc. Rev., 2020,
49, 3889.

45 J. Zhao, Z. Zhou, G. Li, P. J. Stang and X. Yan, Natl. Sci. Rev.,
2021, 8, DOI: 10.1093/nsr/nwab045.

46 G. R. Desiraju, Angew. Chem., Int. Ed., 2007, 46, 8342.
47 G. R. Desiraju, J. Am. Chem. Soc., 2013, 135, 9952.
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Berlepsch, C. Böttcher, V. Stepanenko, S. Uemura,
C. Hentschel, H. Fuchs, F. C. Grozema, L. D. A. Siebbeles,
A. R. Holzwarth, L. Chi and F. Würthner, Angew. Chem.,
Int. Ed., 2012, 51, 6378.

71 V. Huber, M. Katterle, M. Lysetska and F. Würthner, Angew.
Chem., Int. Ed., 2005, 44, 3147.

72 S. Uemura, S. Sengupta and F. Würthner, Angew. Chem., Int.
Ed., 2009, 48, 7825.

73 S. Ogi, C. Grzeszkiewicz and F. Würthner, Chem. Sci., 2018,
9, 2768.

74 V. W.-W. Yam and K. M.-C. Wong, Chem. Commun., 2011,
47, 11579.

75 V. W.-W. Yam and A. S.-Y. Law, Coord. Chem. Rev., 2020,
414, 213298.

76 V. W.-W. Yam, A. K.-W. Chan and E. Y.-H. Hong, Nat. Rev.
Chem., 2020, 4, 528.

77 Y. Ai, M. H.-Y. Chan, A. K.-W. Chan, M. Ng, Y. Li and
V. W.-W. Yam, Proc. Natl. Acad. Sci. U. S. A., 2019, 116,
13856.

78 Y. Kitamoto, Z. Pan, D. D. Prabhu, A. Isobe, T. Ohba,
N. Shimizu, H. Takagi, R. Haruki, S. Adachi and S. Yagai,
Nat. Commun., 2019, 10, 4578.

79 S. Yagai, Y. Kitamoto, S. Datta and B. Adhikari, Acc. Chem.
Res., 2019, 52, 1325.

80 S. Datta, Y. Kato, S. Higashiharaguchi, K. Aratsu, A. Isobe,
T. Saito, D. D. Prabhu, Y. Kitamoto, M. J. Hollamby,
A. J. Smith, R. Dalgliesh, N. Mahmoudi, L. Pesce,
C. Perego, G. M. Pavan and S. Yagai, Nature, 2020, 583, 400.

81 N. Sasaki, M. F. J. Mabesoone, J. Kikkawa, T. Fukui,
N. Shioya, T. Shimoaka, T. Hasegawa, H. Takagi,
R. Haruki, N. Shimizu, S. Adachi, E. W. Meijer,
M. Takeuchi and K. Sugiyasu,Nat. Commun., 2020, 11, 3578.

82 T. Fukui, S. Kawai, S. Fujinuma, Y. Matsushita, T. Yasuda,
T. Sakurai, S. Seki, M. Takeuchi and K. Sugiyasu, Nat.
Chem., 2017, 9, 493.
12264 | Chem. Sci., 2021, 12, 12248–12265
83 S. Ogi, K. Sugiyasu, S. Manna, S. Samitsu and M. Takeuchi,
Nat. Chem., 2014, 6, 188.

84 N. Sasaki, J. Yuan, T. Fukui, M. Takeuchi and K. Sugiyasu,
Chem.–Eur. J., 2020, 26, 7840.

85 V. C.-H. Wong, C. Po, S. Y.-L. Leung, A. K.-W. Chan, S. Yang,
B. Zhu, X. Cui and V. W.-W. Yam, J. Am. Chem. Soc., 2018,
140, 657.

86 A. Aliprandi, M. Mauro and L. de Cola, Nat. Chem., 2016, 8,
10.

87 Y. Tsarfati, S. Rosenne, H. Weissman, L. J. W. Shimon,
D. Gur, B. A. Palmer and B. Rybtchinski, ACS Cent. Sci.,
2018, 4, 1031.

88 A. Isobe, D. D. Prabhu, S. Datta, T. Aizawa and S. Yagai,
Chem.–Eur. J., 2020, 26, 8997.
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and L. Sánchez, Chem. Commun., 2021, 57, 4500.

102 D. Bialas, E. Kirchner, M. I. S. Röhr and F. Würthner, J. Am.
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