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In recent years, pathway complexity has been studied in detail
for a large variety of organic and m-conjugated molecules.
However, such investigations on their metal-containing ana-
logues have received only little attention to date, despite the
well-known potential of metal complexes in various fields. In
this Minireview, we have collected recent examples of d® metal
complexes (Pt(ll), Pd(ll) and Au(lll) complexes) exhibiting

Introduction

Supramolecular self-assembly is an impeccably powerful tool to
construct highly sophisticated multi-functional artificial systems
with tailored properties and applications in all spheres of life
ranging from optoelectronic materials to biomaterials."?
Inspired by nature’s assembly principles, multiple researchers
have exploited various non-covalent interactions such as hydro-
gen bonding, aromatic, electrostatic, dipole-dipole, donor-
acceptor or hydrophobic interactions to achieve functionality in
such artificial systems." For a long time, research on self-
assembly and supramolecular polymerization has taken for
granted that the majority of assemblies of artificial molecules
operate under thermodynamic control, thereby overlooking the
possible kinetic processes that can also occur. However, the
recent advancement of analytical tools as well as the develop-
ment of kinetic models and simulations have led to an
increasing interest in understanding the relationship between
thermodynamics and kinetics in self-assembly processes. One of
the key early examples where kinetics were observed to play a
role in self-assembly processes was reported over two decades
ago by Meijer and co-workers.”! In this manuscript, two chiral
forms of thin films of optically active regioregular 3-substituted
polythiophene were identified in CD experiments depending
on whether fast or slow cooling was applied. The stereo-
mutation in the polymer was the outcome of a kinetically
favoured metastable state from fast cooling, while the thermo-
dynamically stable state was obtained on slow cooling. Later in
2006, the same group monitored spectroscopically a nucleation
process in the hierarchical self-assembly of an oligo-p-phenyl-
enevinylene (OPV) driven by aromatic and hydrogen bonding
interactions.” Even though in this pioneering example the
authors mostly focused on the thermodynamic aspects of the
self-assembly, later studies by the same group brought to light
the key implications of kinetics in supramolecular
polymerization.” In fact, careful re-investigation of the system
by detailed time-dependent spectroscopic studies and kinetic
model calculations demonstrated the presence of two compet-
ing pathways -one kinetic and the other thermodynamic. This
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controlled supramolecular polymerization through pathway
complexity and seeded-growth approaches. Controlling the
competing thermodynamic vs. kinetic pathways in these
systems should help develop advanced metallosupramolecular
functional materials with excellent photophysical, electronic,
magnetic, catalytic, and biomedical applications.

phenomenon, termed by the authors as pathway complexity,
marked a milestone in the field of self-assembly and encour-
aged multiple researchers to scrutinize self-assembled systems
by considering both kinetic and thermodynamic aspects. In
recent years, detailed mechanistic studies of multiple types of
self-assembling units have contributed to a rapid development
of the field of controlled supramolecular polymerization. In this
context, the introduction of the concept of living
supramolecular polymerization (LSP)® represented a clear
breakthrough in the field, as this method enabled length and
polydispersity control of supramolecular polymers (SP). A main
requirement for LSP to be applicable to a given system is the
existence of a kinetically controlled state that retards the
formation of the thermodynamically controlled species. If seeds
of the thermodynamic species are sequentially added to the
kinetic state (which can either be an aggregate or a “dormant”
monomer state)” the transformation can be accelerated,
leading to SP of controlled length. Typically, control over
competing aggregation pathways of a given artificial molecule
can be primarily achieved by optimization of sample prepara-
tion protocols,® or by modulation of temperature,” solvent
geometry,"” and by application of external stimuli."” Alterna-
tively, the energy landscape of a given assembly can also be
controlled by fine tuning of the chemical information encoded
into the monomers.*”'2'3 However, predicting and controlling
competing aggregation pathways by molecular design repre-
sents a major challenge in the field of self-assembly, as evident
from the limited amount of literature dealing with this topic.
For a comprehensive overview of the recent advances in the
field of kinetic vs. thermodynamic self-assembly process, we
refer the readers to recent reviews by the groups of
Wiirthner,"™ Perrier,"™ Meijer,"® Fernandez and Sanchez,"” and
de Greef and Hermans."?

To date, thorough studies to unravel the interplay between
kinetics and thermodynamics in self-assembled systems have
almost exclusively focused on purely organic m-conjugated
systems. Such investigations for metal-containing
supramolecular homologs (e.g. d® complexes), better known as
metallosupramolecular polymers (MSPs), have remained limited.
This is surprising considering that MSPs arising from metal ion-
directed self-assembly offer well-defined coordination geo-
metries, interconversion between different oxidation states, a
wide range of binding strength or ligand-exchange kinetics
among others."” Additionally, the use of metal ions in the
molecular design provides access to catalytic, magnetic, electro-
chemical and photochemical properties.” The size, shape,
degree of preorganization, sterics and electronic properties of
the selected ligands represent key elements that govern the

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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stacking into ordered self-assembled structures. Additionally,
the relative spatial arrangement of the metal ion relative to the
ligand as well as steric and electronic effects associated with
the existing metal-ligand interaction determine the final
property of the supramolecular polymer. Thus, MSPs find
numerous applications in diverse fields like sensors, light-
emitting diodes, drug delivery, memory devices, and many
others.? In this context, square-planar d® transition metal
complexes are particularly relevant due to their superior
optoelectronic properties associated with their ability to exhibit
aromatic and metal-metal interactions.?'>*?

Although the self-assembly of metal complexes has been
investigated extensively, particularly for Pt(Il) complexes featur-
ing tridentate ligands,”’®*>* reports dealing with controlled
supramolecular polymerization of kinetic vs. thermodynamic
aggregates remain limited. In this review, we have collated
recent reports on controlled supramolecular polymerization of
d® metal complexes [Pt(ll), Pd(ll) and Au(lll)] that have been
observed to undergo pathway complexity and/or seeded
growth. In the following, these systems will be classified
depending on the type of ligands used to complex the Pd(ll) or
Pt(ll) or Au(lll) ions, such as tridentate (pyridine bis-triazole/
tetrazole, terpyridine and cyclometalating) and monodentate
(pyridine) ligands.

A. d® metal complexes based on tridentate ligands

d® metal complexes containing tridentate ligands are by far the
most commonly investigated square-planar metal complexes in
terms of self-assembly due to their interesting photophysical
behavior, e.g. luminescence, and their proven ability to form
metal-metal and 7-1t interactions. In this section, we will
describe systems exhibiting pathway complexity and/or seeded
growth based on a variety of ligands, such as terpyridine,
pyridine bis-tetrazole, pyridine bis-triazole, pyridine benzimida-
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zole, [M(N*N"N)LI"* (n=1 or 2; L=anionic or neutral ligand)
and cyclometalating ligands (N"C"N and C"N”N).

A.1. Pyridine bis-tetrazole ligands

In 2015, Manners and co-workers reported for the first time
length control of supramolecular polymers based on square-
planar Pt(ll) metal complexes.”® In this seminal work, a Pt(ll)
complex 1 (n=16; Figure 1a) containing a tridentate pyridine
bis-tetrazole N*N"N ligand and an oligo(ethyleneglycol) (OEG)-
functionalized pyridyl ancillary ligand was studied. This system
was observed to assemble into well-defined block co-micelles
with segmented structures by living crystallization driven self-
assembly (CDSA). Complex 1 forms kinetically trapped poly-
disperse (L,/L,=1.73) fibers in different organic solvents such
as CHCl;, DMF and CH;CN upon aging for 24 h at 21°C. The
length of the fibers remains almost unchanged even after aging
the solution for 3 days. To control the fiber length, initially small
fiber seeds were prepared by gentle sonication of a solution of
polydisperse fibers of 1 in CHCI; at 0°C for 1 h. Subsequently,
different amounts of molecularly dissolved 1 (unimer) in CH,CN
at 80°C were added to the solution of fiber seeds of 1 in CHCl,
and incubated at 21°C for 24 h prior to drop cast. Transmission
electron microscopy (TEM) images revealed a linear depend-
ence of the average contour length (L,) on the unimer to seed
mass ratio (Figure 1d-g) in a manner analogous to a living
covalent polymerization of molecular monomers with a low
polydispersity (L,/L,=1.14).

As a follow-up to this work,"” the authors have investigated
how the dynamic behavior and dimensions of the
supramolecular polymers are affected upon varying the OEG
chain length. For that purpose, they synthesized two new Pt(ll)
complexes 2 and 3 where the OEG chain was increasingly
shortened compared to 1 (2, n=12; 3, n=7; Figure 1a). In
analogy to 1, 2 and 3 also form initially 1D nanofibers under the

Tanwistha Ghosh received her Ph.D. from the
AcSIR - Academy of Scientific & Innovative
Research at CSIR-NIIST, Thiruvananthapuram,
India in 2019 under the supervision of Dr.
Vijayakumar C. Nair for work on Thiophene
oligomers for photovoltaic applications. Soon
1 after obtaining her PhD degree, she received
, a WWU fellowship to work as a Visiting
2 . = . Scholar in the group of Prof. Dr. Gustavo
22 £ 1 Fernandez at the WWU Miinster. Her work
focused on the development of donor-ac-
ceptor metallosupramolecular polymers.

Gustavo Fernandez is Professor of Organic
and Supramolecular Chemistry at the WWU
Muinster (Germany) since 2015, where he
heads a research group working on
supramolecular functional materials. His re-
search focuses on understanding the struc-
i __ ture-property relationship in (stimuli-respon-

\Y sive) supramolecular assemblies of metal-
f \ containing m-systems and BODIPY dyes.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA



https://doi.org/10.1021/nn2025397

Chemistry
Europe

European Chemical
Societies Publishing

Minireviews

ChemPlusChem doi.org/10.1002/cplu.202000210

a >
n A A n b
N N = N T Spontaneous f4 Gentle
'&I-Nm..Fl.l/N-bT p=*1 i //{/y Nucleation ‘Q‘% Sonication
f —_—
r!‘ 1:n=16 é.o_{"“ 8 g (2
z | 2:n=12 4 N &
x) In=7 Unimer Polydisperse Fibres Seed Fibers
°Jr/\°)[
n
,z’
‘\‘ Addltron of g
Unimer
Seed Fibers Elongated Fibers
700
60 1 h e
500 y :
£ a0 .
< 300 .
200 o
.-"".‘
100 4
0 . . : .
0 1 2 3 4
Munimer/ Mseed

Figure 1. a) Chemical structures of 1-3; Schematic representation of the formation of fibers (b) and elongated fibers (c) from 1; TEM micrographs of: d) seed
fibers (L,=60 nm, L,/L,=1.14) formed through gentle sonication of polydisperse fibers; e—f) elongated fibers obtained by adding 20 mg (e), 40 mg (f), and

80 mg (g) of unimer (as a 2 mgmL™'

solution in hot MeCN) to 20 mg of seeds (Scale bars: 250 nm); h) Linear dependence of average contour length (L,) on

the unimer to seed mass ratio. Reproduced from ref [24] with permission. Copyright 2015, Royal Society of Chemistry.

same experimental conditions as 1. After 4 weeks, the solution
of 2 revealed a distinct new 2D platelet morphology alongside
polydisperse fibers, whereas 3 showed the exclusive presence
of 2D platelets after aging for 24 h (Figure 2). This phenomenon
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Figure 2. TEM micrographs of nanostructures of 2 obtained upon drop-
casting a 0.5 mg/mL chloroform solution after being aged at 21 °C for (a)
16 h and (b) 4 weeks; Platelet growth monitored by dissolving 3 at 0.5 mg/
mL in chloroform at t=0 h (c) and t=24 h (d). Reproduced from ref [25]
with permission. Copyright 2017, American Chemical Society.
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manifests that the dynamic behavior changes by simple
variations in the length of the solubilizing ancillary ligand and
that this follows the expected trend based on packing
parameters. The increase in dynamic behavior in the order 1<
2 <3 indicates the necessity for a long solubilizing ligand to
suppress dynamic exchange.

A.2. Pyridine bis-triazole ligands

The groups of De Cola and Strassert have extensively examined
the self-assembly behavior of a variety of luminescent Pt(ll)
complexes.”? In a ground-breaking example, De Cola, Mauro
and coworkers reported a luminescent Pt(ll) complex 4 based
on a tridentate pyridine bis-triazole ligand (Figure 3a) and a
glycol-appended pyridyl ancillary ligand that is able to form
two distinct metastable aggregates (A and B) and a thermody-
namically stable isoform C over time.?” Injection of a 1,4-
dioxane solution of monomeric 4 into water leads to metastable
nanoparticle aggregates A via the isodesmic pathway. The
hydrophobic Pt(ll) fragments are efficiently shielded in the
interior of the nanoparticles by the presence of peripheral OEG
chains, leading to close intermolecular Pt(Il)—Pt(ll) interactions
and red luminescence in the assembly. Over a period of three
weeks, these nanoparticles transform into blue-emitting ribbon-
like structures C, which represent the thermodynamically most
stable assembly of 4. Solvent composition-dependent as well as
variable temperature (VT)-UV/Vis and photoluminescence (PL)
studies revealed a cooperative mechanism for the formation of

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 3. a) Chemical structure of Pt(ll) complexes, 4-6; b) Schematic
representation of the aggregates A (top), B (middle) and C (bottom) which
are in dynamic equilibrium with the monomer. Right, the extent of Pt(Il)—Pt
(I) interactions for each assembly is shown graphically. The strength of the
interactions decreases from A to B; no interaction is present in C. c-f) Time-
dependent confocal microscopy of assembly of 4 in 79 % water starting from
A (red) into B (green) and finally C (blue), 4., =405 nm. Reproduced from ref
[27] with permission. Copyright 2016, Macmillan Publishers Limited.

C. Surprisingly, during the transformation from A to C, another
green luminescent metastable state (B) was found depending
on the solvent composition, which was monitored by real-time
fluorescence  confocal microscopy  (Figure 3c-f). Green
fluorescence arises from an emitting metal-metal-to-ligand
charge transfer (MMLCT) excited state as a consequence of Pt
(ID—Pt(ll) interactions with a slightly longer metal-metal distance
than that in A. Ultimately, this species evolves to the
thermodynamic aggregate C where no short Pt(ll)-Pt(ll) con-
tacts are present. In analogy to the previous report by Manners,
the authors also performed seed-induced LSP. However, in
contrast to the example by Manners where the monomer
solution was added to the seed solution, in the current example
the seeds were prepared from thermodynamic aggregate C and
added to pure metastable aggregate A.

In a more recent work,?® the same group has shown how
minor structural changes of the monomer units can affect both
the kinetics and thermodynamics of the assembilies. To this end,
the authors synthesized two new Pt(ll) complexes 5 and 6 that
differ from 4 in the nature of the linking group connecting the
OEG chains to the pyridyl ligand (Figure 3a). Whereas for 5 the
amine bond of 4 was replaced by an amide connectivity, an
additional methylene groups was added in 6 to separate the
amino group and the ancillary pyridyl ligand. In analogy to 4, 5
also forms three different aggregates (A, B and C) depending
on the solvent ratio. However, in sharp contrast to 4, aggregate
C is absent in the case of complex 6, which highlights the
crucial role of the linking group in determining the energy
landscape of the system.
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A.3. Alkynyl terpyridine ligands

The groups of Yam, Eisenberg, and Tung have extensively
explored alkynyl terpyridine-based tridentate ligands due to
their rich photophysics, spectroscopic properties and multiple
potential applications in molecular recognition, as pH sensors,
biomolecular labels and so on.*3" In particular, Yam and
coworkers have greatly contributed to understanding the self-
assembly behavior and structure-property relationship of
alkynylplatinum(ll) terpyridine complexes that are assembled by
Pt(I)-Pt(ll) and m-7t stacking interactions.” In a recent example,
they have reported the LSP of a system composed of two
structurally dissimilar components: i) Pt(ll) complexes (7, 8 and
9; Figure 4a) and, ii) diblock copolymers, poly(ethylene glycol)-
b-poly(acrylic acid) (PEG-b-PAA).”? Such two-component LSP
systems remain less investigated in comparison to the single-
component-based ones, as shown for example in the previous
section. The role of PAA blocks is to neutralize the charges of
the Pt(ll) complexes and direct the longitudinal growth into 1D
crystalline nanostructures by noncovalent metal-metal and m-%
interactions, whereas the PEG blocks inhibit the transversal
growth of the Pt(ll) complexes. Supramolecular co-assembly of
complex 7 and PEG,-b-PAAs,, in a solvent mixture of
CH;CN:MeOH:H,0 (1:1:8, v/v/v) instantly leads to nanopar-
ticles which upon aging further transform into long fibers via a
nucleation-growth mechanism (Figure 4b). In this case, the
authors did not prepare seeds separately by sonication such as
the previous reports by Manners and De Cola, as the ends of
these long fibers remain active and act themselves as seeds.
The authors performed LSP by adding the monomeric solution
of complex 7 into two different co-assembled supramolecular
polymers (complex 7 and PEG,,5-b-PAA;; or complex 8 and
PEG,s-b-PAA,) separately. The increase in length of the nano-
fibers suggests the presence of active ends that serve as
nucleation sites for the growth of the added complex 7
(Figure 4c—d). On the other hand, complex 9, which features a
larger m-surface, was found to form nanorods in water, which
may serve as seeds for subsequent supramolecular growth. In
fact, addition of a mixture of complex 7 and PEG,s-b-PAA,, to
the nanorods of 9 induced the formation of 1D segmented
nanostructures where nanofiber segments of complex 7
connect nanorod segments of complex 9 to form heterojunc-
tions (Figure 4e-f).

In a separate work, the same group reported the pathway
complexity in the supramolecular polymerization of two-
component systems.? The core-shell nanofibers obtained from
supramolecular co-assembly of complex 7 and PEG,;-b-PAA, in
a mixed solvent is a kinetically trapped state, as it allows only
longitudinal growth upon incubation at room temperature. On
the other hand, thermal annealing can switch on the transversal
growth of Pt(ll) complexes and block copolymers into thermo-
dynamically stable core-shell nanobelts, where the extent of
transversal growth increases with thermal annealing temper-
atures. Upon rapid thermal quenching, the mixture of complex
7 and PEG,s-b-PAA;, was found to form nanobelt-b-nanofiber
nanostructures (Figure 5b-c), where the nanobelt segment
connects several nanofiber segments in an end-to-end manner.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 4. a) Chemical structure of Pt(ll) complexes 7-9; b) Pictorial
representation of the supramolecular co-assembly by the nucleation-growth
mechanism; TEM images of ¢) nanofibers formed by supramolecular co-
assembly of 7 (0.06 mM) and PEG;,;-b-PAA; ([carboxylic acid]=1.2 mM) in a
mixed solvent of CH;CN:MeOH:H,0 (1:1:8); d) longer nanofibers formed
after adding more 7 to the as-formed nanofibers of (c) at a final 7/carboxylic
acid molar ratio of 0.1/1; e) nanorods formed by supramolecular coassembly
of 8 (0.11 mM) and PEG,s-b-PAA, ([carboxylic acid] =1 mM) in the same
solvent mixture; f) segmented nanostructures formed after adding 7 to the
as-formed nanorods of (e) at a final 7/8/carboxylic acid molar ratio of 0.18/
0.11/1. Reproduced from ref [32] with permission. Copyright 2017, United
States National Academy of Science.

These results suggest that the nanobelt segments are formed in
the initial stages of the cooling process, when the temperature
is higher than room temperature. Upon cooling the mixture of
complex 7 and PEG,s-b-PAA,, to room temperature, nanobelt
segments would act as seeds to initiate the subsequent self-
assembly processes resulting in nanobelt-b-nanofiber nano-
structures. The core-shell nanofibers (Figure 5d) obtained from
the mixture can be broken into patchy nanofibers (Figure 5e)
upon sonication at 0°C for 1 h. After incubation, these patchy
nanofibers further transformed into 2D core-shell nanobelts
(Figure 5f).B%
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Figure 5. a) Energy profile diagram of the nanobelt-b-nanofiber nano-
structures and their subsequent fusion into nanobelts; TEM images of the b)
nanobelt-b-nanofiber nanostructures captured by rapid quenching of the
mixture of complex 7 (0.15 mM) and PEG,s-b-PAA,, ([carboxylic acid]
=1mM) in a solvent mixture of CH;CN:MeOH:H,O (1:1:8) (heating to 70°C,
fast cooling to rt); ¢) nanobelts formed by rt incubation of the nanobelt-b-
nanofiber nanostructures for 1 week. Reproduced with permission from ref
[33]. Copyright 2018, American Chemical Society. TEM images of d) the core-
shell nanofibers prepared from 7 and PEG,s-b-PAA, in a mixed solvent of
CH;CN:MeOH:H,0 (1:2:7); e) patchy nanofibers formed by sonication of the
core-shell nanofibers in (d) at 0°C for 1 h, and (e) nanobelts formed by
incubation of the patchy nanofibers in (f). Reproduced with permission from
ref [34]. Copyright 2017, Elsevier.

A.4. Tridentate cyclometalating ligands

Cyclometalating ligands of different kind such as N*C"N and
C'N’N are typically used as tridentate ligands in metal
coordination.® Particularly, cyclometalated d® metal complexes
have gained increasing attention due to their enhanced
emission properties in comparison to terpyridine systems due
to stronger o-donation ability. The groups of Yam, Che, Wang
and others have investigated the photophysical properties of
different Pt(ll) complexes based on cyclometalating ligands. In
analogy to previously described tridentate-based systems, Che
and co-workers have recently demonstrated that cyclometa-
lated Pd(ll) complexes are also able to undergo competing
supramolecular processes and LSP. In their example, the authors
designed and investigated three mononuclear cyclometalated
Pd(ll) complexes based on (C"N"N) ligands (10a, 10b and 10¢;
Figure 6a) that only differ from one another in their counter-
anions (PFs~ OTf, Cl0,).2% This structural difference is
expected to influence the cation-anion electrostatic and cation-
cation dispersive interactions and, subsequently, the self-
assembly behaviour. Supramolecular polymerization of 10a
(PF¢7) initially undergoes a disfavored nucleation step followed
by a highly favored elongation process, whereas 10b (OTf")
follows the isodesmic mechanism for the oligomerization. These
results clearly highlight the strong influence caused by the
counteranion on the self-assembly mechanism. Upon injecting
H,O into an acetonitrile solution of 10a, a kinetically trapped
aggregate (Agg,) is formed instantly, which over a lag time
transforms into a second aggregate species (Agg,). This is
illustrated in the energy landscape of Figure 6. Interestingly,
this aggregate Agg, exhibits a preferential 1D growth with close

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 6. a) Chemical structures of Pd(ll) complexes 10a-c; b) Crystal
structure of 10a featuring a 1D infinite structure with a Pd(ll)-Pd(ll) chain; c)
Crystal structure of 10b highlighting the cation pair features, Hydrogen
atoms are omitted for clarity. d) Qualitative energy landscape of
supramolecular polymerization models with a competing kinetic stabilization
state. Reproduced from ref [36] with permission. Copyright 2018, Wiley VCH.

Pd(I)-Pd(Il) contacts, as evident from crystal structure analysis
(Figure 6b). In contrast, the OTf~ counterion of 10b has a key
impact on both the molecular packing and the ability of the
system to exhibit pathway complexity.

As shown in the crystal structure of 10b (Figure 6c), the
counteranions OTf~ establish close contacts with the pyridyl
ring of the Pd(ll) complex, thereby preventing short Pd(Il)-Pd(ll)
contacts between neighbouring cation pairs. As a result, 1D
growth is inhibited and aggregation is stopped at Agg, state.
Finally, 10c with counteranion ClO,” also forms initially the
Agg, state, but however the conversion to the thermodynamic
state Agg, is very slow. Intriguingly, this transformation can be
accelerated without any lag phase upon addition of seeds
obtained from Agg, of 10a. In contrast to the previously
described examples from Manners, De Cola and Yam, in the
present manuscript, Che and co-workers have used a dilution
method in order to prepare the seeds. Thus, this elegant
example highlights the strong influence exerted by counterions
on the kinetic vs. thermodynamic pathways of metal-containing
self-assembled systems. In another work,®” the same group has
shown a related phenomenon for the chiral Pt(ll) complexes
114, 11b and 11c (Figure 7a) using the same counteranions as
the previous report. Among them, 11a and 11b with counter-
anions PF,~ and OTf™ respectively, can form stable aggregates.
The CD spectrum of 11a in a monomeric state shows a weak
CD signal which is greatly enhanced upon aggregation but in
case of 11b, the CD signal remains weak in the aggregated
state even after several days. In contrast, complex 11c with
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11a: X = PFg (+1)-PFg
11b: X = OTf (+1)-OTf
11¢: X = ClIO4 (+1)-ClOy4

/i
=0 Hz0:CHCN (viv) 7 H0:CH1CN (viv)
85:15 90:10
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Figure 7. a) Chemical structures of the Pt(ll) complexes 11a-c, b) time-
dependent CD spectra, ) emission spectra, TEM images d-f), H,0/
CH;CN=85:15 v/v) of 11¢ (1.0x 10~* M). Reproduced from ref [37] with
permission. Copyright 2018, Wiley VCH.

Clo,~ forms kinetically trapped metastable weak emissive
nanoparticles at the initial stage with an insignificant CD signal,
similar to 11b. Over time, these nanoparticles elongate to
thermodynamically stable nanowires with enhanced emission
and pronounced CD signals (Figure 7b—f). LSP of 11c has been
performed up to three cycles by applying seeds made of 11a
and monitored by CD spectroscopy and TEM.

In addition to Pd(Il) and Pt(ll) complexes, assemblies of their
isoelectronic d® Au(lll) analogs have also been explored,*'"”
although to a much lower extent compared to the former. This
can be explained by their comparatively lower stability and
emission properties in solution as a result of low-lying d-d
ligand field excited states of Au(lll).*¥ Very recently, the groups
of Yam and Che have made important contributions to the
development of various d® Au(lll) complexes based on triden-
tate and tetradentate ligands that can self-assemble via Au
(IM—Au(ll) and m-7 interactions.’” In analogy to previously
described pathway complexity of Pt(ll) and Pd(ll) complexes,
Che and co-workers have demonstrated that Au(lll) complexes
are also able to undergo kinetically controlled self-assembly
and LSP. In this work, pincer type Au(lll) complexes with
different counteranions (PF;~, ClO,~, OTf) were synthesized
and investigated (12a, 12b and 12, respectively, Figure 8).“" It
could be shown that the counteranions also play a key role in
dictating the self-assembly behavior, in a similar manner as for
the previously described, structurally related Pd(ll) and Pt(ll)
complexes 10 and 11 reported by the same group. Kinetic
studies of 12a and 12b in H,0/CH,CN (9/1) mixtures reveal that

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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with and without the seeds. ¢) TEM image of the seeds; Time-dependent
TEM images of 12b with the seeds obtained at d) 30 min and e) 10 h,
respectively. Reproduced with permission from ref [40]. Copyright 2019,
American Chemical Society.

both the complexes followed a kinetically controlled
supramolecular polymerization process but under the same
condition 12¢ does not show such a behavior. The lag phase
for 12b is longer than that for 12a, suggesting that the energy
barrier between the kinetic and thermodynamic product is
higher for 12b than for 12a. This high kinetic barrier slows
down the transformation rate from kinetic to thermodynamic
state in the case of 12b due to strong interactions between the
ClO,” counterions and the cationic complex. To accelerate this
transformation, the authors have performed seed-induced LSP
and monitored this process by UV/Vis and TEM (Figure 8). The
seeds were prepared from the thermodynamic state of 12a by
dilution as before and added to the solution of 12b in CH;CN.
After addition of seeds, the lag phase disappeared, and time-
dependent TEM images revealed the growth of nanofibers. The
counteranion, PF,~ from 12a seeds actually assists to break the
Au(lll) complex-ClO,~ interaction in 12b and facilitates the
transition to the thermodynamic state.

B. Monodentate ligands

Although the self-assembly features and pathway complexity of
d® complexes with tridentate ligands are relatively well under-
stood, their counterparts featuring monodentate ligands such
as pyridyl groups have remained comparatively less explored.
These systems have been primarily investigated in terms of
their liquid crystalline behavior or gelation ability rather than in
solution.*"*? |n the previous sections, we have seen that the
high planarity of the d® metal center imposed by the use of
chelating tridentate ligands enables efficient aromatic and short
meta-metal contacts. This situation is, however, rather different
for d® metal complexes based on monodentate ligands, as the
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larger number of coordinating ligands dramatically affects the
planarity and sterics of the metal center. However, at the same
time, these inherent geometrical considerations confer such
systems a unique property: various possibilities of molecular
arrangements during aggregation, which is a prerequisite to
achieve pathway complexity. This particularly applies to those
systems with balanced repulsive and attractive interactions, for
example d® trans-complexes with two bulky ligands and two
highly preorganized ligands with a large aromatic surface.
Typical systems that fulfill these requirements are trans-Pt(ll)
and Pd(ll) complexes containing two chlorido ligands and two
pyridyl ligands featuring an extended aromatic surface derived
from oligophenyleneethynylene (OPE), which have been widely
investigated by our group.”® Comprehensive studies supported
by theoretical calculations have enabled us to gain insights into
the packing modes, nanoscale morphology and self-assembly
mechanism of these systems, particularly from a thermodynam-
ic point of view. Based on our results, we can conclude that
both the nature of the metal ion (Pd(ll) or Pt(ll)), and the
polarity and volume of the side chains play a key role in the
assembly stabilization, which can occur through a wide range
of weak non-covalent forces. Early studies for some of these
complexes focused on the thermodynamic aspects of the
supramolecular polymerization. However, in analogy to other
systems in the literature, subtle modulation of various exper-
imental conditions (solvent, temperature, concentration, cool-
ing rate, sonication) enables the emergence of competing
kinetic paths. An illustrative case is exemplified by a hydro-
phobic bispyridyldichlorido Pt(ll) complex 13, which comprises
an extended OPE-based aromatic surface, amide groups and
peripheral alkoxy chains (Figure 9). Depending on the cooling
rate and concentration, 13 self-assembles in methylcyclohexane
(MCH) into two highly stable competing supramolecular
polymorphs (A and B) with distinct molecular packing (slipped
vs. pseudo-parallel, respectively).®? The formation of two
distinct supramolecular polymers was monitored by VT UV/Vis
spectroscopy (Figure 9b-d). The polymorph A is preferentially
obtained upon cooling hot monomer solutions of 13 at
relatively fast cooling rates of 2 Kmin™'. This aggregate is
formed via an isodesmic mechanism and stabilized by aromatic
as well as unconventional N—H--CI—Pt interactions. This results
in an absorption spectrum that is red-shifted with respect to
the monomer absorption (Figure 9b). On the other hand, slow
cooling using rates of 0.1Kmin™' primarily leads to the
formation of a different aggregate species (polymorph B), which
is characterized spectroscopically by a decrease in absorption
yet no significant shifts compared to the monomer species
(Figure 9d). In contrast to A, this cooperative assembly is
stabilized by N—H--O-alkoxy hydrogen bonding as well as
aromatic interactions of pseudoparallel-arranged molecules, as
shown in Figure 9a. Interestingly, under intermediate cooling
rates (0.5 Kmin™'), both polymorphs coexist without intercon-
version even after several months, which demonstrates the
minor energy difference between the two species (around
4 kJmol™). The transformation of A to B via monomer could
only take place upon thermal annealing of kinetic species A at
elevated temperatures. The stability of both species is eluci-
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Figure 9. a) Chemical structure of 13 and dispersion-corrected PM6 calculations depicting its concomitant supramolecular polymerization; b-d) Variable-
temperature UV — vis experiments of 13 in MCH at 100 uM between 347 K and 298 K, with a cooling rate of (b) 2 Kmin™', (c) 0.5 Kmin™", and (d) 0.1 Kmin~".
The red spectra correspond to the monomer species, which converts into aggregate type A (cyan), type B (royal blue), or a mixture of A and B (green) on
cooling. Reproduced from ref [44] with permission. Copyright 2019, American Chemical Society.

dated by precise control of temperature, concentration and
cooling rate, which was represented through a phase diagram.
Distinct structural differences of different species can also be
monitored by atomic force microscopy (AFM), where thin
flexible fibers were visualized for species A in sharp contrast to
significantly longer, more rigid, and thicker fibers for species B.

In a recent example, we have demonstrated a novel way to
control competing anti-cooperative vs. cooperative aggregation
pathways by introducing chain immiscibility in our molecular
design. For this purpose, we designed a linear OPE-based
amphiphilic Pt(ll) complex 14 that is unsymmetrically substi-
tuted with triethyleneglycol (TEG) and dodecyloxy side chains
(Figure 10a).*”) This molecular design is responsible for the
creation of two distinct yet stable aggregates that follow two
different mechanisms: kinetically controlled anticooperative
nanoparticle assemblies (A) and thermodynamically controlled
cooperative supramolecular polymers (B) (Figure 10b). Intrigu-
ingly, the absorption changes in MCH upon cooling a monomer
solution from 353K to 280K revealed two clearly defined
regimes that can be assigned to the formation of two aggregate
species with distinct stability. Cooling to intermediate temper-
atures (303 K) leads to an anticooperative assembly A with
weak st-coupling (green plot in Figure 11a). Further cooling the
same solution to 283 K leads to a cooperative assembly B that
is characterized by a red-shifted aggregate spectrum compared
to the monomer species at 353 K (see red and blue plots in
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Figure 11a). This spectral pattern is typical for slipped m-stacks,
as supported by NMR studies. The presence of two regimes in
the aggregation of 14 is supported by the two-step plots
obtained in cooling experiments (inset of Figure 11a) or in
solvent-dependent denaturation studies (where the aggregates
in MCH are disassembled by adding CHCI, Figure 11b). Detailed
analysis at multiple concentrations ultimately enabled the
derivation of experimental phase diagrams revealing the
stability conditions of the three species (M, A, and B) present in
equilibrium (Figure 11c).

Conclusion and outlook

Supramolecular polymerization of metal complexes has been a
hot topic of research in the last decade because of the
versatility of applications provided by the metal ions. Among
these, d® metal complexes, primarily Pt(ll) complexes, have been
extensively explored due to their outstanding photophysical
and supramolecular properties stemming from the presence of
aromatic and metal-metal interactions. Whereas the majority of
early examples of d®-based supramolecular polymers have been
assumed to operate under thermodynamic control, more recent
detailed experimental studies and sophisticated sample prepa-
ration protocols have allowed to identify competing kinetically
controlled processes. In this minireview, we have collected
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recent examples of d® metal complexes that can undergo
competing thermodynamic vs. kinetic polymerization pathways
in a controlled fashion. Pathway control in these systems can be
achieved by careful selection of various experimental conditions
(solvent composition, temperature, concentration, etc.) as well
as by molecular design. Particularly, control over the kinetics in
these systems has allowed to tune the supramolecular polymer
length via a seeded-growth approach. The majority of assem-
blies of d® metal complexes include chelating tridentate ligands
in the molecular design, which enable strong aromatic and
metal-metal interactions due to a planar, accessible geometry
of the metal center. For these systems, pathway complexity
(and LSP) has been primarily achieved in aqueous media,
suggesting that strong hydrophobic forces and slow dynamics
in water®® represent an important driving force for the
identification of kinetically controlled pathways. On the other
hand, d® metal complexes based on monodentate pyridyl
ligands have been shown to exhibit pathway complexity in
both polar and nonpolar media, being the kinetic stability of
some of these aggregates remarkably high. This behaviour
probably results from the lower preorganization and increased
sterics of the metal center compared to tridentate-based
systems. As a result, the stronger competition between
attractive and repulsive interactions makes the formation of
different aggregates of close energy more probable. On this
basis, we believe that the stabilization of kinetic products
formed by tridentate-based systems can be achieved by slightly
disturbing their highly planar surface by introducing minor
bulkiness in the molecular design. Additionally, other strategies
such as the fine-tuning of counterions, chain immiscibility,
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variations in the length of the m-surface or solubilizing groups
and the inclusion of hydrogen bonding groups are expected to
control the structural, morphological, and spectroscopic proper-
ties of the d® metal complexes and their self-assemblies. The
robustness of the metal-ligand bonds and the stability of the
complexes are also important factors to consider. This may be
one of the reasons why the investigation of competing path-
ways of more labile d® Ni(ll) complexes, which are isoelectronic
with Pt(ll), Pd(ll) and Au(lll), has remained unexplored. The
fundamental understanding extracted from the recent studies
reported in this review is expected to pave the way to
sophisticated metallosupramolecular luminescent functional
materials with tunable size and shape. The tunability of metal-
losupramolecular assembly can play an important role to
determine not only the charge transport and optical properties
of materials, such as organic light emitting diodes (OLEDs) and
organic memory devices, but also biomolecules and enzymatic
activities for early diagnosis of various diseases. We believe that
this may bring new opportunities for supramolecular chemists
to expand the field by molecular design of new ligands as well
as other d® metal centers.
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