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The self-assembly of m-conjugated molecules offers a promising route for designing advanced
functional materials with tailored optical and electronic properties. Owing to their nature, organic
n-conjugated scaffolds spontaneously assemble by n—=n stacking, while the introduction of hydrogen-
bonding (H-bonding) interactions in these systems has emerged as a key strategy to gain control over
self-assembly processes and the resulting supramolecular assemblies. H-bonding provides both
specificity and directionality in non-covalent interactions, facilitating the formation of well-ordered and
stable structures, such as supramolecular polymers. This review examines recent advances in design
strategies that leverage H-bonding chromophores to fine-tune self-assembly behavior in solution,
discussing the impact of monomer design and the experimental conditions on molecular packing and
the morphologies of the resulting assemblies. Along with the thermodynamic advantages of H-bonding,
its impact on self-assembly kinetics is also discussed, highlighting phenomena such as pathway
complexity and related concepts like living supramolecular polymerization, secondary nucleation and
supramolecular polymorphism. By providing a comprehensive overview of the current state of the field,
this work aims to guide future research efforts toward the rational design of hierarchically ordered
n-conjugated supramolecular materials.

1. Introduction
1.1. Prologue

The field of supramolecular chemistry has, over the past few
decades, evolved from the early studies of host-guest interac-
tions, to embrace more complex systems capable of dynamic,
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adaptive behaviour and hierarchical self-organization."® In
this context, the concept of supramolecular polymerization
has gained increasing attention, not only as a model to study
biological processes but also as a tool to develop innovative
materials.” ' Supramolecular polymers are large, dynamic
assemblies formed through reversible non-covalent interac-
tions (such as hydrogen bonding (H-bonding), m-n stacking,
metal coordination, or hydrophobic effects) between mono-
meric units. These monomeric units can vary in structure and
nature but typically consist of organic or organometallic com-
ponents with suitable solubility in either aqueous or organic
solvents. Unlike traditional covalent polymers,'" these materi-
als exhibit adaptive properties, self-healing behaviour, and
stimuli-responsiveness, making them ideal candidates for a
wide range of applications."*™®

Among the diverse molecular systems explored for supra-
molecular polymerization, extended n-conjugated organic scaf-
folds or dyes have emerged as versatile monomeric building
blocks, not only for their intrinsic optoelectronic properties but
also for their ability to promote directional n-n stacking
between the aromatic surfaces.'”! Furthermore, by tailoring
the molecules and adding peripheral groups, it is possible to
introduce additional interactions like H-bonding, electrostatic
forces, or solvophobic effects, enhancing the self-assembly
tendency. The combination of different non-covalent interac-
tions has been shown to be an effective strategy for construct-
ing m-conjugated supramolecular polymers with well-defined
morphologies, tuneable photophysical properties, and dynamic
behaviour. In this context, a key advantage of self-assembled
n-conjugated materials lies in the fact that their properties
emerge from the entire supramolecular architecture rather
than solely from the molecular structures of the monomers,
leading to emergent features such as exciton delocalization,
aggregation-induced emission or quenching and enhanced
charge mobility.>>** Through rational design of the monomeric
building blocks, the structure and properties of the polymers
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Fig. 1 Outlook of the scope of this review covering different aspects of
H-bonded supramolecular polymers based on n-conjugated systems.

can be finely tuned, making such systems highly attractive for
applications in organic electronics, photovoltaics, sensing, and
bioimaging.>*?

The incorporation of H-bonding motifs into a chromophore
scaffold offers several advantages for the construction of supra-
molecular polymers.>*® The directionality in hydrogen bonds
(H-bonds) guides hierarchical self-assembly, typically into one-
dimensional polymers or more complex architectures, and
provides additional stability to the resulting architecture.
This strategy has been successfully applied to a variety of dye-
systems, including perylene bisimides (PBIs),”® naphthalene
diimides (NDIs),>** BODIPY,>" and diketopyrrolopyrroles
(DPPs),** among others. For instance, PBIs readily form stable,
columnar stacks solely by n-r interactions,*® while the intro-
duction of H-bonding amide units in the monomer design
results in highly ordered supramolecular structures with excel-
lent thermal and photostability.>* The introduction of H-bonds
in supramolecular polymerization affects the thermodynamics
of the process but it can also interfere in the kinetics, altering
the energy landscape.*”
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This review aims to provide a focused overview of recent
progress in the development of H-bonded n-conjugated poly-
mers (Fig. 1). A special emphasis will be placed on how H-
bonding is strategically implemented in the monomer structure
to gain control over the self-assembly processes, molecular
packing, and polymer morphology, as well as the photophysical
properties. In this context, we aim to highlight not only the
fundamental insights but also new avenues for the rational
design of next-generation supramolecular materials.

1.2. Supramolecular polymers and H-bonding

The concept of supramolecular polymers began to crystallize in
the early 1990s, fuelled by the idea that non-covalent interac-
tions could drive the formation of polymer-like structures with
dynamic and reversible properties. A pivotal early example was
published in 1988, when T. Aida and S. Inoue reported the
formation of fibrous aggregates from the porphyrin derivative 1
(Fig. 2a).>° Their study revealed significant changes in the
UV/vis absorption spectra by increasing concentration, which
was related to an aggregation process, highlighting the
effects of supramolecular polymerization on the chromophore
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Fig. 2 (a) Molecular structure of porphyrin 1 and the proposed assembly
pattern. Molecular structure and H-bonding patterns of compounds (b)
2a,b and (c) 3. (d) General molecular structure of a BTA monomer and the
representation of its self-assembly pattern via triple H-bonds (reproduced
from ref. 39, with permission from the Royal Society of Chemistry, copy-
right 2012). (e) Different H-bonding motifs relevant for the development of
supramolecular polymers.
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properties. Interestingly, in this case, the assembly was stabi-
lized by n-m interactions, with no participation of H-bonding.

Around the same time, Jean-Marie Lehn introduced the
concept of dynamic polymers capable of adapting and reorga-
nizing in response to external stimuli due to the reversible
nature of non-covalent interactions. Notably, they reported
polymeric assemblies formed through triple H-bonds using
bifunctional diamidopyridines and uracil derivatives (2a and
2b), highlighting the potential of H-bonding as a key driving
force (Fig. 2b).>” H-bonds are directional and relatively strong
non-covalent interactions with binding energies ranging from 5
to 40 k] mol ', depending on the chemical environment and the
strength of the donor and acceptor.> Compared to other non-
covalent forces, H-bonds are stronger and more directional than
van der Waals interactions (e.g., London dispersion forces), which
are generally weak and non-directional. Unlike n-n stacking or
hydrophobic interactions, which rely on electronic polarizability
or solvent exclusion, respectively, H-bonds are highly specific and
contribute significantly to conformational control and molecular
alignment in supramolecular assemblies.

Accordingly, H-bonding emerged as a key motif in the
design of supramolecular polymers. In this context, the works
on H-bonded supramolecular polymers of Meijer and co-
workers using ureidopyrimidinones (UPy)*® (Fig. 2¢) and later
benzene-1,3,5-tricarboxamides (BTAs)* (Fig. 2d) proved to be
especially influential. These systems have since served as model
platforms for in-depth thermodynamic and mechanistic stu-
dies of supramolecular polymerization.”® In recent years,
advances in molecular design, supported by synthetic chemis-
try, have been pivotal in expanding the scope and robustness of
H-bonded supramolecular polymers. The incorporation of well-
defined and highly directional motifs such as diaminotriazines-
uracyl,”® bis(acylamino)triazines, barbiturates,** ureas,*> and
squaramides,**™** (Fig. 2e) among others, has led to a versatile
toolkit of H-bonding units capable of establishing predictable
and tuneable interaction patterns. These motifs not only pro-
vide strong and reversible interactions but also enable fine
control over the polymer architecture, stability, and responsive-
ness. Notably, many of these units, along with simpler func-
tional groups like amides or amino acid sequences, can be
seamlessly integrated into various organic scaffolds, including
n-conjugated systems.'”>* This strategy allows for the creation
of supramolecular polymers that combine superior structural
order with electronic or optical functionality.

1.3. Self-assembly of dyes and electronic considerations

Historically, the interest in organic n-conjugated molecules can
be traced back to their use in textile coloration in the 19th
century, when synthetic dyes such as mauveine and indigo
marked the beginning of industrial organic chemistry. These
early dyes were valued for their chromatic properties, but only
much later their potential in photonics, electronics, and sen-
sing become fully recognized.’® The transition from simple
colorants to functional molecular materials has paralleled
developments in synthetic chemistry, which enabled to gain
control to prepare complex molecules with the desired
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structure, planarity, and substitution patterns. This control has
enabled the design of dyes not merely as isolated chromo-
phores, but as building blocks capable of spontaneously assem-
bling into higher-order architectures.*’

The delocalization of m-electrons across the m-conjugated
organic systems imparts unique electronic properties to these
molecules. This configuration defines the energy gap between
the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO), dictating the absorption
and emission properties.*® The electronic characteristics of
n-conjugated systems can be precisely tuned through molecular
engineering strategies such as extending the conjugation
length, introducing electron-donating or -withdrawing substi-
tuents, and incorporating heteroatoms into the n-framework.
These structural modifications directly influence key para-
meters like energy levels and absorption/emission profiles.

Importantly, the photophysical behavior of dye molecules
changes upon self-assembly due to the interaction between
individual monomeric units. These monomer-monomer inter-
actions are crucial in dictating the optical absorption, emission
properties, and excited-state dynamics of the resulting assem-
blies. The first approximation to this phenomenon was studied in
the molecular exciton theory,”*° which was then extended to
include vibronic coupling,” > and finally address short-range
charge transfer interactions.”” Collectively, these methods offer a
comprehensive description of how supramolecular packing mod-
ulates the electronic features of chromophore-based polymers.

Molecular exciton theory, originally formulated by Kasha
and grounded in earlier work by Davydov on excitonic splitting,
conceptualizes chromophores as point oscillators, so-called
molecular oscillators, that interact via their transition dipole
moments, described as the sum of position vectors of all
particles with charge, characterized by their direction and
probability.***° In this context, the simplest model involves a
dimer of two interacting molecules, where each monomer is
treated as an independent oscillator. When two molecules are
brought close enough, their transition dipoles (u) interact
through coulombic dipole-dipole coupling. This interaction
leads to a splitting of the excited-state energy levels into two
excitonic states, one higher and one lower in energy than the
monomeric excited state. Note that the splitting is not centered
on the s, level, because this is slightly displaced due to van der
Waals interactions (AE,qw) (Fig. 3a).

The relative orientation of the dipoles determines the per-
mitted and forbidden states, leading to what are commonly
known as H-type interactions (hypsochromic, blue-shifted),
where the permitted excitonic state is the one with higher
energy, and J-type interactions (bathochromic, red-shifted),
where the permitted excitonic state is the one with lower energy
(Fig. 3a-c).®®” A critical angle of 6 = 54.7° indicates the
transition point between the H-type and J-type coupling
regimes (Fig. 3b). Other geometries may present non-aligned
dipoles leading to mixed exciton states or partially allowed
transitions as for example by relative rotation with the respect
of the angle o (Fig. 3c).”®*° However, these approximations
consist of idealized geometries (e.g. spherical dipoles or
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perfectly parallel arrangements) and may differ from real
supramolecular structures.

The exciton model can be extended to higher-order aggre-
gates (trimers, tetramers, etc.), treating each additional chro-
mophore as a new dipolar oscillator in the assembly. This
progression leads to band formation, exciton delocalization,
and spectral changes including band narrowing and loss of
vibronic fine structure. However, these extensions rely on high
structural order and limited environmental perturbation,
limiting their applicability to ideal systems. Accordingly,
the classical exciton theory can be applied to systems with large
transition dipole moments and negligible vibronic coupling, but
fails for most organic chromophores, which exhibit significant
vibrational coupling and/or charge transfer character.®

To overcome these limitations, vibronic coupling was incor-
porated into exciton theory, most notably by Spano and co-
workers. The updated model considers both electronic cou-
pling and coupling to molecular vibrations, characterized by
the Franck-Condon principle and the Huang-Rhys factor,
which correlates the electronic and molecular vibrations.”*>®
In the weak coupling regime, the vibronic structure of aggre-
gates can be described quantitatively using intensity ratios
between successive vibronic peaks. The relative intensities
depend on the interplay between the exciton coupling, vibra-
tional energy, and the vibronic overlap functions. As shown in
Fig. 3d, in H-aggregates, increasing exciton coupling shifts
intensity from A; to A, levels and beyond, while in J-
aggregates, intensity accumulates in the A; level with minimal
contribution from higher vibronic levels. This refined theory
enables a more accurate interpretation of experimental spectra,
particularly in systems where the vibrational fine structure is
evident and traditional exciton theory fails to account for
spectral intensities.®*

A second major correction to exciton coupling theory
involves the inclusion of short-range charge transfer
interactions.”® These interactions arise from direct wavefunc-
tion overlap between adjacent chromophores, typically occur-
ring at intermolecular distances below ~4 A, well within the
range of typical supramolecular contacts. Charge transfer inter-
actions are highly sensitive to geometry and molecular electro-
nic structure as shown in Fig. 3e for perylene. Two principal
contributions define charge transfer coupling: (i) hole transfer
(tn) integral (HOMO-HOMO overlap) and (ii) electron transfer
(te) integral (LUMO-LUMO overlap). Their combined effect
(—te'tn) contributes to total coupling energy, which modifies
the coulombic term (Fig. 3e) and must be considered jointly
with vibrational coupling for accurate spectral predictions.
Depending on the relative signs and magnitudes, coulomb
and charge transfer contributions may reinforce or cancel each
other, leading to cases where aggregate formation occurs with-
out noticeable spectral shifts, known as null exciton coupling.®*
This behavior has been observed in carefully designed systems,
such as foldamers, where geometrical precision can control the
electronic coupling geometry.®*** More recently, the formation
of aggregates with null exciton coupling interactions has been
reported in a Z-shape PBI (see Section 4.1).%°

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Representation of the energetic levels for a monomer, an H-dimer and a J-dimer. (b) and (c) Representation of the energetic levels for dimers

in different geometries: changing 6 maintaining d constant (b) and changing « (c). (a)—(c) Green solid arrows represent the relative orientation of the

molecular transition dipole moments of the allowed transitions; the global
arrows; and purple solid arrows indicate the relative orientation of the
Representation of the vibrational energetic levels and absorption bands for

transition dipole moment of the dimer is represented with dashed green
molecular transition dipole moments of the forbidden transitions. (d)
a monomer and H or J-type aggregates with different levels of coulomb

coupling and strong vibrational coupling. () The HOMO and LUMO of perylene. Hole transfer (t,) and electron transfer (to) contributions within a

n-stacked perylene dimer (3.5 A stacking distance) as a function of short-
coupling as a function of short- and long-axis displacements. Red regions
positive coupling (H-aggregation) (reproduced from ref. 52 with permission

In terms of emission properties, H-type dimers typically sup-
press fluorescence due to forbidden transitions from the lowest
excitonic state, whereas J-type dimers enhance emission due to
allowed transitions with increased oscillator strength. These differ-
ences underlie many observed trends in supramolecular chromo-
phore assemblies, such as the pronounced fluorescence quenching
in H-aggregates and enhanced brightness in J-aggregates.®*°**°”

Understanding the interactions between chromophores is
essential for designing supramolecular materials with tailored
functions. These interactions directly influence key optical
properties, making molecular-level control a powerful tool in
material design.

2. Supramolecular polymerization and
thermodynamics

The study of supramolecular polymers is predominantly con-
ducted in solution, as they are dynamic species existing as
supramolecular entities in solvated states in equilibrium with

This journal is © The Royal Society of Chemistry 2025

and long-axis displacements. The product —t. tn(cc JCT) and coulomb
indicate a negative coupling (J-aggregation), and blue regions indicate a
from the American Chemical Society, copyright 2018).

the monomers. In this review, we primarily focus on systems
that assemble in organic solvents, as aqueous environments are
considerably more complex and often weaken H-bonding due
to competition with water molecules.'® Supramolecular poly-
merization processes in organic solvents are typically favoured
by increasing the monomer concentration and decreasing the
temperature. Moreover, the nature of solvent has a strong
influence on the polymerization behaviour. For a given system,
a good solvent is one that dissolves the monomer and prevents
aggregation, while a bad solvent promotes self-assembly.®®7*
Thus, in solvent mixtures, the ratio of good to poor solvent
governs the polymerization tendency of the system.

In this section, we will explore various aspects of the study of n-
conjugated supramolecular polymers, considering mechanistic
aspects of supramolecular polymerization, as well as the different
methods applied to the characterization of supramolecular species.

2.1. Supramolecular polymerization mechanisms

A monomeric species can self-assemble into supramolecular
polymers via different mechanisms depending, for example, on

Chem. Soc. Rev,, 2025, 54, 11659-11698 | 11663
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its molecular structure, the solvent and the intermolecular
interactions involved in the self-assembly process.”” These
mechanisms are typically classified into two main types: iso-
desmic and nucleation-elongation, and are studied consider-
ing the assembly into one-dimensional (1D) assemblies (Fig. 4).
In studies of supramolecular polymerization mechanisms, the
systems are typically treated as equilibria involving only two
species: the monomer and the polymer. To evaluate the supra-
molecular polymerization mechanism of a given system, the
parameter ‘“‘degree of aggregation (xaee)” is used, which varies
depending on the conditions (concentration, temperature and
solvent composition) (see Section 2.2). The degree of aggrega-
tion is a numerical representation of the aggregated species in
solution, where .4, = 1 indicates full aggregation and o,ge = 0
corresponds to the monomeric state.”® This parameter can be
experimentally calculated using eqn (1):

Xe — Xm

Y. X, ey

Oagg =
where X is the value of a physical property of the system
obtained from the experimental technique (see Section 2.3).
In particular, X. is the value at the specific experimental
conditions, X, is the value for the pure monomeric species,
and X, is the value for the totally aggregated species. Accord-
ingly, o can be determined when the monomer (X,,,) and the
polymer (X,) present a markedly distinct physical property

a Isodesmic b

KE
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measurable by an experimental technique, such as the absorp-
tion spectrum in m-conjugated systems.

2.1.1. Isodesmic mechanism. In a supramolecular poly-
merization event where the monomers associate forming
stacked assemblies, the process is denominated as isodesmic
when the addition of each monomer to the growing polymer
chain occurs with the same free energy change (Fig. 4a—c). In
other words, the interaction strength between a newly added
monomer to the polymer chain is independent of the polymer’s
length. Consequently, the entire process can be described with
a single association constant (K.) (Fig. 4a).”” An isodesmic
mechanism can be identified when the degree of aggregation
(agg) is plotted against a suitable variable (depending on the
method, see Section 2.2), resulting in all the cases in a char-
acteristic sigmoidal curve.

It is noteworthy that while the isodesmic mechanism is
common in simple m-conjugated supramolecular polymers
formed solely by n-n stacking, it is rarely observed when H-
bonding groups are introduced into the monomeric scaffold.
One of the scarce examples of a H-bonded n-conjugated supra-
molecular polymers formed by an isodesmic mechanism was
reported by Xiaoming He and coworkers.”® They found that an
anthanthrene derivative (4) with amide-amide or amide-ester
motifs at the molecular spacers forms H- or J-aggregates
(Fig. 5a). In particular, the amide-ester motif promotes the
formation of J-aggregates via an isodesmic mechanism, as it

c Isodesmic

by

o eep!

: 1 2 3 4
Concentration
d  Nucleation-Elongation > DP (n)
% of “bad solvent”
Nucleation >
K Temperature
M ——= Mn e < f Cooperative
Elongation K - —

e (Top
M+ M =—=M"M / Q \\j

MM + M —= M"M, Nucleus
K
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tAG

I AG,
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Fig. 4 Schematic equilibria for the (a) and (b) isodesmic and the (d) and (e) nucleation-elongation aggregation mechanisms, where M is the monomer
and M" the nucleus. Schematic illustration of an (b) isodesmic and (e) nucleation—elongation processes represented as a function of concentration, rate
of “bad solvent” and temperature. Evolution in Gibbs free energy (AG) for (c) isodesmic and (f) cooperative mechanisms along the polymerization

process. The AG of the processes is represented as a function of the degree of polymerization (DP).

AG. = Gibbs free energy for the elongation step;

AG,, = Gibbs free energy for the nucleation step (reproduced from ref. 76 and 96).
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(a) Molecular structure of compound 4, and the corresponding temperature dependent UV/vis absorption study and the aggregation curve fitted

to an isodesmic mechanism. (reproduced from ref. 78, with permission of Wiley-VCH GmbH, copyright 2025) (a) Molecular structure of compound 5, and
the corresponding concentration dependent UV/vis absorption study and the experimental aggregation curve (inset, black dots) (reproduced from
ref. 84, with permission of the American Chemical Society, copyright 2009). The solid line shows the theoretical curve for an isodesmic mechanism,
while the non-sigmoidal experimental data indicate the operation of a cooperative mechanism. (c) Molecular structure of compound 6, and the
corresponding concentration dependent UV/vis absorption study and the experimental aggregation curve fitted to an anti-cooperative mechanism
(reproduced from ref. 82 with permission of the Royal Society of Chemistry, copyright 2015).

can be deduced from the sigmoidal trend of the variable
temperature aggregation curve (Fig. 5a). The authors do not
provide an explanation for the isodesmic nature of this system;
however, we assume that the molecular structure is not fully
planar, which partially disrupts the concomitant H-bonding
and m-7m interactions, thereby preventing cooperativity in the
self-assembly process. Other relevant examples of isodesmic H-
bonded supramolecular polymers can be found in the litera-
ture, although they remain scarce.””*"

2.1.2. Nucleation-elongation mechanism. The nucleation-
elongation mechanism involves two distinct stages, the nuclea-
tion and the elongation steps, which take place consecutively.
Initially, during the nucleation stage, a nucleus, that can be a
dimer, a trimer, a tetramer. .. is formed.?* Once this critical
threshold is surpassed, elongation proceeds, and the nucleus
starts to grow to form bigger aggregates (Fig. 4d and e). Each
stage is governed by different association constants: K,, for the
nucleation step and K, for the elongation step, implying that
the amount of free energy required for the formation of the
nucleus is different from the amount needed for the elongation
of the polymer (Fig. 4f).”°

The elongation-nucleation mechanism encompasses two
sub-types: cooperative and anti-cooperative. To distinguish
the cooperative and anti-cooperative mechanisms is useful to
calculate the cooperativity factor (¢), defined as o = K,,/K.. For
the cooperative mechanism ¢ value must be ¢ < 1, implying
that the nucleation step is less favourable than the elongation
one. On the other hand, if ¢ > 1, the nucleation step is more
favourable, and the self-assembly mechanism can be stablished
as anti-cooperative.®* In the case that ¢ = 1, an isodesmic
mechanism operates.

In H-bonded m-conjugated supramolecular polymers, the
most common mechanism is the cooperative one, character-
ized by a more favourable elongation step compared to the
nucleation one. This mechanism often results in the formation
of long supramolecular fibres. In a reference study, Wiirthner
and coworkers presented a chiral PBI twisted scaffold (5) that

This journal is © The Royal Society of Chemistry 2025

self-assembles forming J-aggregates via H-bonding interactions
between diimide groups following a cooperative mechanism
(Fig. 5b). This fact could be demonstrated through concentration-
dependent experiments.** The corresponding aggregation curve,
obtained by plotting ., vs. KCr, describes a non-sigmoidal
behaviour characterized by a sharp increase of o, Once reaching
a critical concentration (Fig. 5b).

When the nucleation constant (K,,) is larger than the elonga-
tion constant (K.), the mechanism becomes anti-cooperative.
This results in the formation of short oligomers with narrow
size distributions due to the less favourable elongation step.®%°
This mechanism was observed for the PBI 6 functionalized with
two chiral amino acids with benzylamine groups and solubiliz-
ing pendants (Fig. 5¢).** For the first time an anti-cooperative
supramolecular polymerization mechanism could be eluci-
dated in detail from the theoretical point of view using a new
K,-K model (Fig. 5¢) derived from the previous model reported
by R. F. Goldstein and L. Stryer.®® Following this work other
examples of H-bonding chromophores were found to assemble
via the anti-cooperative mechanism.***” This polymerization
mechanism is relatively uncommon, but the resulting materials
are of interest due to their short length, and inefficient packing,
which in some cases has been found to be advantageous for
preserving the emission properties of the monomer.%”

As previously mentioned, the presence of H-bonding units
in the monomer scaffold plays a critical role in the polymeriza-
tion mechanism. Importantly, the interplay of two non-covalent
interactions (H-bonding and n-r stacking) during the polymer-
ization process seems to promote the cooperative mechanism.
Indeed, various studies compared similar scaffolds with amide
versus ester groups, consistently supporting this statement.”®*

2.2. Methodologies to determine supramolecular
polymerization mechanisms

Under thermodynamic equilibrium, the monomer and aggre-
gated species coexist in a constant ratio. Importantly, this ratio
is highly sensitive to experimental conditions, and therefore the
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polymerization mechanism is studied by systematically
varying the experimental conditions.® Several methods are
available to monitor these processes, which can be followed
using various experimental techniques. The three most widely
used approaches to experimentally determine the supramole-
cular polymerization mechanism are the concentration-
dependent, solvent-dependent, and temperature-dependent
methods.

The experimental curves obtained from these experiments
can be fitted by applying the corresponding mathematical
model, which permits extracting the association constants
and thermodynamic parameters for the system. In the last
few years, several authors have laid the theoretical foundation
for understanding the behaviour of supramolecular systems.
The K,-K model described by Goldstein and Stryer®® and its
extension to anti-cooperative mechanism by F. Wiirthner and
coworkers,® the nucleation-elongation model by Zhao and
Moore®® or the van der Schoot model®® are just a few examples
of the vast work performed in this field.”*®* Also it is worth
remarking the work from ten Eikelder and coworkers in the
study of more complex systems and coassemblies.’*®® Details
about these mathematical models are out of the scope of this
review.

In concentration dependent experiments the o4, is plotted
versus the concentration normalized with the elongation con-
stant K.,** according to the appropriate mathematical model.
Variable concentration experiments are technically demanding,
due to the several solutions that must be prepared, which
sometimes implies the lack of data points and poor fitting to
the mathematical models.”® The concentration dependent
experiments are essential to apply the Goldstein-Stryer K,-K
mathematical model to describe anti-cooperative systems.®®°”

In variable-temperature experiments, changes in the degree
of polymerization (e,g,) are monitored as a function of tem-
perature. This is the most widely used procedure to assess the
polymerization mechanisms due to its simplicity and the high
numbers of data points that can be automatically obtained,
leading to more reliable experimental curves.”® However, this
methodology is sensible to kinetic effects. To mitigate these
kinetic effects, the experiments can be carried out at relatively
slow heating/cooling rates. The comparison of the heating and
cooling curves is usually utilized to evaluate the magnitude of
the kinetic effects in the system.®

Finally, solvent-dependent experiments are carried out at
constant concentration and temperature in mixtures of two
solvents, a “good solvent” and a ‘‘bad solvent”. Good solvents
are those that solvate the monomer effectively, while bad
solvents promote aggregation. In this context, in solvent depen-
dent or “denaturation” experiments the degree of aggregation
(ctagg) is monitored as a function of the ratio of good/bad solvent
and fitted to the appropriate model.®® The use of this technique
has spread in the last few years due to its simplicity compared
to the concentration dependent methodology and the higher
reliability compared to the temperature dependent one which
is sensible to kinetic effects and the sample decomposition at
higher temperatures.®®
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2.3. Common techniques to study supramolecular polymers

A combination of complementary techniques is typically
employed not only to characterize the polymerization processes
itself, but also to elucidate the structural features and morphol-
ogy of the resulting supramolecular polymers.>%1%°

Nuclear magnetic resonance (NMR) spectroscopy provides
detailed insights into binding interactions and the dynamics of
reversible association.’®® NMR enables the monitoring of poly-
merization processes as a function of temperature or concen-
tration, typically at relatively high concentrations (>10"* M).
Moreover, by more complex NOESY/ROESY or DOSY experi-
ments it is possible to extract information about the supramo-
lecular interactions in the system and the size of the
supramolecular polymers. Other spectroscopic methods, such
as UV/vis absorption and fluorescence spectroscopy, have pro-
ven particularly powerful for tracking the aggregation beha-
viour at lower concentrations. Remarkably, these techniques
are especially well suited for studying m-conjugated polymers
due to their absorption/emission profiles in the UV, visible or
near infrared (NIR) regions. Related spectroscopic techniques
like circular dichroism (CD) and circularly polarized lumines-
cence (CPL)'% can be used to study chiral systems. In addition
to the techniques mentioned above, Fourier-transform infrared
(FT-IR) spectroscopy is frequently used to monitor the for-
mation and strength of H-bonds within the assemblies."*®

Supramolecular polymerization processes can also be inves-
tigated using calorimetric techniques, including differential
scanning calorimetry (DSC) and isothermal titration calorime-
try (ITC), which provide quantitative data on the thermody-
namics of the self-assembly processes.'®*

Light scattering,'®® along with X-ray and neutron
scattering,'®® are widely used to determine the morphology
and size of supramolecular assemblies in the solution state.
However, the morphologies of the aggregates are often studied
in the solid state by microscopic techniques after deposition of
liquid samples on substrates and evaporation of the solvent.
Atomic force microscopy (AFM)'®” and transmission electron
microscopy (TEM)'*® provide direct visualization of nanoscale
morphology and hierarchical organization at nanometre
resolution.

The integration of theoretical calculations into the study of
supramolecular polymers has proven increasingly valuable,
offering a complementary perspective to experimental
approaches and deepening our understanding of the under-
lying molecular processes.'” Computational methods such as
density functional theory (DFT) allow for the precise modelling
of non-covalent interactions at the atomic level, helping to
elucidate the structural features and energetics of monomer
association.™'® More recently, Grimme’s GFN2-xTB method,"""
a semiempirical tight-binding approach optimized for large
systems, has been increasingly used to model supramolecular
assemblies. This method efficiently models non-covalent inter-
actions, including dispersion forces, through advanced treat-
ments of atomic multipole moments and self-consistent
incorporation of the D4 dispersion model. It provides reliable

This journal is © The Royal Society of Chemistry 2025
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geometries and interaction energies, making it well-suited for
studying the structure and stability of supramolecular polymers.
On the other hand, molecular dynamics (MD) simulations allow
the exploration of the dynamic behaviour and structural evolution
of supramolecular polymers over time, providing insight into
assembly pathways, stability, and responsiveness to external
stimuli at the molecular level.">*

3. Monomer design in t-conjugated
supramolecular polymers

Given the electronic factors that are involved in the self-
assembly of n-conjugated molecules, precise control over aggre-
gation processes is essential to obtain supramolecular poly-
mers with the desired morphology, molecular packing, and
functional properties. One of the most effective strategies for
guiding self-assembly is rational monomer design. By carefully
selecting the structural configuration and combining different
functional groups within the monomer structure, it is possible
to program its spontaneous assembly into well-defined supra-
molecular architectures. Importantly, rational monomer design
does not only enable to gain control over the self-assembly
under thermodynamic conditions but can also affect the
kinetics of the process, generating in some cases pathway
complexity (see Section 7).

In the design of n-conjugated supramolecular polymers, the
key structural element is the chromophore or m-conjugated
scaffold, which provides the optical properties and promotes
assembly through n-n stacking interactions. The nature of the
n-conjugated core, its planarity, the presence of heteroatoms,
and the extent of conjugation determine the electronic proper-
ties of the system, including its absorption and emission
characteristics. Simple n-conjugated scaffolds typically exhibit
poor solubility in water and in many organic solvents, which
limits the study of their self-assembly behaviour in solution. To
address this, n-conjugated monomers are commonly functio-
nalized with solubilizing groups (Fig. 6), which vary depending
on the solvent used. For example, alkyl chains are often
introduced to improve solubility in low-polarity organic sol-
vents such as methylcyclohexane (MCH), while oligoethylene
glycol (OEG) chains provide solubility in polar media. In this
context, the 3,4,5-tris(alkyloxy)benzene unit is a widely used
solubilizing motif, known not only for enhancing solubility in
organic solvents but also for imparting liquid-crystalline
behaviour.”* To gain further control over self-assembly, H-
bonding units are frequently incorporated. These are typically
positioned either in the linker between the conjugated core and
the solubilizing groups (Fig. 6) or, in some cases, are directly
integrated into the core itself. Amides are the most employed
H-bonding functionalities in the development of H-bonded
n-conjugated polymers, although other groups such as ureas,
imides, and related motifs have also been successfully utilized
(Fig. 2e).

Monomer design influences the self-assembly process and
consequently the molecular packing and morphology of the
outcome supramolecular structure. As discussed before the

This journal is © The Royal Society of Chemistry 2025
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molecular packing is critical for the material properties as for
example in the formation of H- or J-aggregates (Fig. 6). How-
ever, the morphology of the aggregates is also relevant for their
anisotropic features and their potential applicability. Most
n-conjugated supramolecular polymers consist of 1D assem-
blies (Section 4), which are among the most accessible to
characterize. Notably, regardless of monomer design, many
systems also form particle-like aggregates ranging in size from
nanometres to microns (Fig. 6). These aggregates are often ill-
defined and are typically not classified strictly as supramole-
cular polymers due to their discrete nature, although they are
frequently observed as kinetically trapped species (Section 7)
and remain relevant to the self-assembly landscape. As a
variation of 1D supramolecular polymers, helical structures
have proven highly relevant for fundamental studies of chirality
and for advanced functional applications (Section 5).>'°* In
recent years, two-dimensional (2D) supramolecular polymers
have also attracted increasing attention (Section 6), although
their modes of assembly remain under active investigation.'*®
In contrast, far less is known about ordered three-dimensional
(3D) supramolecular structures (Fig. 6)."'°
blies are relevant in liquid-crystalline states, ” their formation
and stabilization in the solution state is probably hindered by
challenges such as precise 3D assembly control and uncon-
trolled precipitation/crystallization of the final species.
Increasing attention has recently been directed not only
toward single-component systems but also towards more
complex, multicomponent assemblies, as copolymers, which

While these assem-
117
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offer new opportunities for understanding hierarchical organi-
zation and emergent functionalities."*® Multicomponent sys-
tems share a symbiotic relationship with other areas of
supramolecular polymerization. For instance, they have proven
to be essential in the discovery and development of the chirality
amplification phenomenon (Section 5). Moreover, kinetic
control and pathway complexity (Section 7) have enabled
the formation of a wide variety of copolymers, particularly
block copolymers,"*"** which were largely inaccessible
through thermodynamic control, with only a few notable
exceptions."**'** Despite some specific examples, the design
and development of supramolecular co-polymers will not be
largely discussed in this review. For a more comprehensive
overview of supramolecular copolymerization, readers are
referred to several excellent and exhaustive reviews already
available in the literature.'*™*8

4. 1D supramolecular polymers

In this section, we provide an overview of the various types of H-
bonded m-conjugated 1D supramolecular polymers, highlight-
ing key monomer design features that govern their formation
and properties. In particular, we will discuss four distinct types
of 1D assemblies: simple stacked, complex/tubular, main-
chain, and stranded architectures.

4.1. Simple stacked assemblies

Organic m-conjugated molecules spontaneously assemble into
1D polymers through n-n stacking interactions along the
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polymer axis. This type of assembly facilitates the overlap of
the molecular orbitals and the corresponding excitonic cou-
pling, providing in turn electron/hole transport. An early exam-
ple of such 1D assemblies was reported by Aida for the
amphiphilic porphyrin 1 (Fig. 2a) that forms H-type aggregates
according to the UV/vis experiments.*® However, such n-stacked
polymers are often weakly bonded and can exhibit highly
dynamic behaviour, particularly in terms of rotational and
translational order. The introduction of H-bonding units into
the monomeric structure significantly strengthens the non-
covalent interactions. In the common monomer design, the
chromophore central core is surrounded by H-bonding units,
and the corresponding supramolecular polymers are fibrillar
structures where the aromatic cores align at the centre, stabi-
lized by peripheral H-bonds along the fibre axis (Fig. 7, centre).
The enhanced stability of these assemblies arises from the
cooperative interplay between m-n stacking and H-bonding,
both operating along the stacking direction, leading to rein-
forced 1D supramolecular polymers. As a result, these polymers
typically exhibit cooperative self-assembly mechanisms, giving
rise to long, stable fibrillar structures, which, depending on the
conditions, can entangle and form gels."**

Many examples of m-extended supramolecular polymers
incorporating H-bonding units were inspired by BTA systems,
which are well known for engaging in directional triple H-
bonding and n—n stacking, leading to the formation of fibre-like
assemblies (Fig. 7)."*%'*! For example, a Cj-symmetric oligo
phenylene ethynylene(OPE)-based tricarboxamide 7 was
reported to self-assemble through multiple hydrogen bonds
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Fig. 7 Schematic representation of simple-stacked 1D assembly structures depending on their symmetry (sym) and the molecular structures of
monomers 7—15. C3-sym (7 and 8), C4—Cg-sym (9a, 9b, 10 and 11) and C,-sym (11-15).
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and m-n stacking interactions, forming 1D assemblies that
further entangle to create gels."*> Importantly, in this example
each of the three arms of the central core was functionalized
with two amide groups reinforcing the interaction strength and
cooperativity in the system. A similar behaviour was observed
for the tris-amide triarylamine 8, which also forms 1D H-
bonded assemblies."** Remarkably, the triarylamine core pro-
vides the resulting polymer distinctive electronic, magnetic,
and optical properties, indicating potential applications in
organic electronics and spintronics.™**

Other examples rely on disk-like n-conjugated monomers
that typically exhibit a higher degree of symmetry, where the
chromophore unit offers two to six functionalization sites for
the incorporation of H-bonding motifs and solubilizing groups.
A notable example of a supramolecular polymer formed from a
monomer with C, symmetry was reported by the Shinkai
group.’® The porphyrin derivative 9a is functionalized with
four amide groups and four lateral alkyl chains and forms
organogels in different solvents based on fibrillar H-aggregates.
Interestingly, when the number of amide groups is increased
(9b), the new configuration leads to the formation of J-
aggregates, maintaining the one-dimensional fibrillar
structure. This represents a remarkable example of how
closely related compounds, forming polymers with similar
morphologies, can exhibit distinct molecular packing and
optical properties. In another example, Aida reported a Cs-
symmetric corannulene 10, functionalized with five alkyl
chains via amide linkages.”*®™” This bowl-shape molecule
presents different monomeric conformations (discussed in
Section 7.2), but under the appropriate conditions self-
assemble by multiple H-bonds forming a 1D stacked supra-
molecular polymer. Klaus Miillen and co-workers'*® reported
a hexabenzocoronene 11 functionalized with urea moieties at
two of the six peripheral positions. This design leads to the
self-assembly of the monomers via complementary H-bonding
and n-stacking. The other four peripheral positions are func-
tionalised with alkyl chains which provides solubility in
organic solvents.

In many cases, the substitution pattern of the n-conjugated
monomers is dictated by the shape of the chromophore as well
as synthetic limitations. In this context, the design of linear n-
conjugated monomers with C, symmetry has been widely
utilized in the field. Representative examples of C,-monomer
designs leading to stacked 1D assemblies were reported
using the rylene diimide derivatives, known for their highly
conjugated aromatic cores and for their electron deficient
nature.”>"*® For example, Wiirthner** and Shinkai'*° reported
PBI 12 and NDI 13, forming supramolecular polymers with
excellent gelation properties in apolar solvents. More recently,
Sanchez and coworkers reported the Z-shaped PBI 14.°
Remarkably, this unconventional molecular design leads to
the formation of distinct aggregates, including a thermodyna-
mically stable species that exhibits null exciton coupling. This
so-called “null aggregate” is characterized by an absorption
spectrum nearly identical to that of the monomer, but slightly
red-shifted.

This journal is © The Royal Society of Chemistry 2025
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In another example based on a rod-like molecule, Fernandez
and coworkers reported the planar BODIPY dye 15 bearing two
amide groups on both sides.®® In this case the molecular
structure promotes 1D stacking via synergistic H-bonding and
n-T interactions, as it was also observed in compounds 7-14
(Fig. 7). However, it should be highlighted that not all the C,-
symmetry monomer designs lead to this type of 1D assembly.**
For instance, the similar molecular design of 15 but using a
benzodithiophene core instead of BODIPY leads to the for-
mation of nanoparticle-like H-bonded assemblies, in which 1D
growth is hampered due to distortions in the aromatic back-
bone upon the polymerization process.*?

4.2. Complex stacked and nanotubular assemblies

Section 4.1 discussed examples of n-conjugated supramolecular
polymers formed through the cooperative interplay of two non-
covalent interactions along the same dimension. However, in
other cases, supramolecular polymers are built by two ortho-
gonal non-covalent interactions that do not act cooperatively or
along the same spatial dimension. This often leads to the
formation of more complex architectures. In many of such
systems, the monomers are carefully designed to first assemble
via H-bonding into discrete supramolecular entities, such as
dimers or macrocyclic oligomers composed of various units.
These discrete entities can be considered a class of supramo-
lecular monomers that subsequently undergo further self-
assembly, through n-m stacking interactions or secondary H-
bonding motifs, into polymeric structures. Depending on the
nature of the initial supramolecular monomers, the resulting
polymers can form either fibrillar or tubular structures (Fig. 8).

One of the first examples of this type of assembly was
reported by Meijer, Wiirthner and coworkers."*""'**> They
described the self-organization of PBI 16 and melamine scaf-
folds through the formation of complementary H-bonds
between the two units. The PBI was designed with phenoxy
groups at the four bay positions, leaving the imidic positions
free to enable H-bonding interactions with melamine. Although
the exact supramolecular interaction modes were not clearly
reported, it was proposed that a rosette-like structure is formed
initially, which subsequently stacks into one-dimensional poly-
mers. AFM experiments revealed the formation of fibrillar
assemblies (Fig. 8a).

Another important relevant m-conjugated scaffold used to
create this type of assembly is the oligo phenylene vinylene
(OPV). Meijer and coworkers described an unsymmetrically
functionalized OPV with a diamino triazine moiety and a
wedge-shaped solubilizing group (17)."** This design enables
the self-assembly of the molecules into hexameric rosettes that
further organize into supramolecular tubules (Fig. 8b). Later,
they designed a similar OPV, but instead of the diamino
triazine moiety, they inserted an ureidotriazine unit
(18)."**'* This modification led to the molecules to form
dimeric H-bonded species that subsequently stack forming a
1D helical stack (Fig. 8c). In a following work, OPV 18
was combined with the PBI 16 to form trimeric discrete
supramolecular units that co-assemble forming a chiral 1D
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supramolecular polymer via n-n stacking interactions.'*® The
three-component supramolecular entity was formed through
complementary H-bonding between the imide groups of the
PBI and the ureidotriazine units in a 1:2 ratio. This system
incorporates both donor and acceptor chromophores and was
proposed for photovoltaic applications.

Yagai’s group reported a family of barbiturate functionalized n-
conjugated systems forming different assembled structures."*’*°
For example, the thienyl[oligo(hexylthiophene)]s 19 utilized the
barbiturate unit to form H-bonded supramolecular rosettes
composed of six molecular units.'*® These discrete rosettes follow
a second assembly process via m-n stacking, forming nanorods
(Fig. 8d) that were proposed for photovoltaic applications. The
same group also reported the formation of tubular assemblies
using scissors-shaped molecules.'**™** This design is based on a
bisazobenzene molecule functionalized with two amide groups

11670 | Chem. Soc. Rev, 2025, 54, 11659-11698

and two chiral side chains (20). This molecule assembles through
a combination of n-n stacking and H-bonding, forming nanotor-
oidal structures that were clearly observed by AFM. Remarkably,
further assembly of these toroidal structures via additional n-n
stacking interactions led to the formation of nanotubes (Fig. 8e).

A similar strategy was applied by the Gonzalez group that
exploited complementary interactions between nucleobases to
develop tubular assemblies.'* For example, molecule 21 cou-
ples a 1,4-diethynylbenzene core with a cytosine and a guanine
units, functionalized with benzylic wedges to enhance solubi-
lity in organic solvents (Fig. 8f).">® Importantly, an amide group
was introduced into the alkyl chain linking the nucleobase and
the dendron 21. This specific design enables a two-level hier-
archical self-assembly process: first, a cyclization in which the
monomers interact via H-bonding to form a cyclic tetramer;
and second, an elongation step where these tetramers stack to

This journal is © The Royal Society of Chemistry 2025
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form a tubular structure. In this second process, both n-n
interactions and H-bonds between the amide groups stabilize
the nanotubes along the stacking direction (Fig. 8f)."**'%’
These systems were shown to be useful for innovative host-
guest functions.'*®*>°

4.3. Main-chain assemblies

The n-conjugated supramolecular polymers described before
are formed via the interplay of two non-covalent interactions,
the H-bonds and the n-n stacking, resulting mainly in assem-
blies based on the stacking of the chromophores. In contrast,
main-chain supramolecular polymers feature repeating units
connected through end-to-end reversible interactions, such as
H-bonds, giving rise to a chain-like supramolecular backbones
(Fig. 9a).'°>™" This design generally prevents the excitonic
coupling between chromophores but still permit the charge
transfer processes between adjacent units.

Earliest examples of H-bond-driven main-chain type supra-
molecular polymers were reported by Lehn®” and Meijer (Fig. 2,
compounds 2 and 3).*®'®* In the context of m-conjugated
systems, one of the earliest examples was again reported by
Lehn and co-workers. They designed two different anthracene
derivatives 22 and 23,'%*'%* functionalised with two uracil and
two 2,6-diacylaminopyridine motifs, respectively. The equimo-
lar mixture of the two compounds leads to the formation of
polymeric chains by triple H-bonding interactions (Fig. 9b).

Shifting focus to a different central chromophore, Wiirthner
reported a cyanine design inspired by the Hamilton type
receptor system described by Lehn in 2002.'® The cyanine
molecule 24 features a cyanine scaffold functionalized with a

By 22 [CH 23
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Fig. 9 (a) Schematic representation of a main-chain 1D assembly. (b) Early
reported example of main-chain assembly between anthracenes 22 and
23. (c) Molecular structures of compounds 24-27 forming main-chain 1D
assemblies.
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barbituric acid moiety on one side and two 2,6-diamidopyridine
groups on the other side, also known as Hamilton receptor
groups (Fig. 9¢)."® This design enables self-assembly through
six directional H-bonds, resulting into a supramolecular poly-
mer that forms a fluorescent organogel under the appropriate
conditions."®®

Meijer and co-workers designed a series of dyes bisfunctio-
nalized with UPy moieties to promote the formation of 1D
main-chain supramolecular polymers.'®”'®® They reported
three distinct emissive monomers based on oligofluorene 25,
(OPE) 26, and PBI 27 (Fig. 9¢). Each of these chromophores self-
assembles into linear supramolecular polymers via UPy-UPy
quadruple H-bonding (Fig. 2c). Moreover, when mixed under
appropriate conditions, the monomers co-assemble into ran-
dom copolymers. These mixed assemblies exhibit efficient
charge transfer along the polymer backbone, making them
promising candidates for application in optoelectronic devices.

4.4. Stranded assemblies

It is noteworthy that in conventional main-chain n-conjugated
supramolecular polymers, additional n-n interactions between
different chains are typically absent. However, in some cases,
both end-to-end H-bonding and m-n stacking interactions
between m-conjugated monomers can occur simultaneously,
leading to the formation of 1D stranded structures in which
excitonic coupling emerges. In these assemblies, the chromo-
phores first organize into H-bonded chains, which then further
associate through n-n interactions into 1D structures
composed of a variable number of strands (Fig. 10a). As a
result, the n-surfaces of the chromophores align parallel to the
fibrillar axis,'®® an arrangement that differs from that observed
in more conventional m -conjugated polymers (Fig. 7). The
geometry of the interactions between chromophores, as well
as the number of strands comprising each fibre, governs the
nature and strength of the excitonic coupling, ultimately influ-
encing the properties of the resulting supramolecular structure.

A remarkable example of stranded supramolecular polymers
was reported by Frank Wiirthner and co-workers and consists
of a PBL."7° PBI 28 is functionalized at the four bay positions
with wedge-shaped groups to enhance solubility in organic
solvents, while presents N-H groups at the imide positions
(Fig. 10b). This design promotes the formation, in MCH, of
double-stranded cable-like J-aggregates with high fluorescence
quantum yields. The assembly is driven by H-bonds between
the imide groups, which guide the formation of linear PBI
chains that subsequently associate into double-stranded struc-
tures through slipped n-rn interactions. In subsequent studies,
it was demonstrated that the formation of these J-aggregates
proceeds via a cooperative mechanism, and that supramolecu-
lar chirality can be induced by incorporating chiral side chains
into the monomer design.®* These PBIs were widely studied as
supramolecular materials beyond solution-phase behaviour.**
Notably, they have been reported to form hydrogels that exhibit
temperature-dependent polymorphic behaviour, switching
between H- and J-type assemblies.'”" In addition, these systems
were shown to form liquid-crystalline columnar J-aggregates in
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(a) Schematic representation of the formation of stranded 1D assemblies by H-bonding and n—r interactions. (b) Earliest example of stranded 1D

assembly based on PBI 28 (reproduced from ref. 84 with permission of American Chemical Society, Copyright 2009). (c) Molecular structures of
compounds 29-32 self-assembled into stranded 1D supramolecular polymers.

the solid state.'”?

to reveal a correlation between the substitution pattern of the
wedge-shaped groups and the number of strands composing
the corresponding columnar assemblies.'”?

Similar molecular design was applied to develop NDI
stranded supramolecular polymers. Ghosh and coworkers
reported NDI 29a featuring two alkylamino substitutions at
the naphthalene positions, while the imidic positions remain
unsubstituted (Fig. 10c)."””* This molecular design facilitates
self-assembly by H-bonds, into J-type aggregates with a tubular
morphology. More recently, it has been described a similar NDI
derivative functionalized with wedge-shaped groups (29b)
(Fig. 10c)."”® This analogue formed fibrillar J-aggregates in
MCH and exhibited liquid-crystalline behaviour in the bulk.
Interestingly, wide angle X-ray scattering experiments deter-
mined the formation of four-stranded columnar liquid-
crystalline phase in the solid state.

Such type of stranded assemblies was also achieved with
other dyes incorporating lactam units in their core. DPP 30
features two lactam units to enable H-bonding, while the lateral
positions are functionalized with wedge-shaped groups
(Fig. 10c). The self-assembly process of this compounds follows
a nucleation-elongation mechanism."’® The resulting fibre-like
polymers were utilized to prepare anisotropic microfibres by an
electrospinning process.'”” The studies in bulk revealed the
formation of a columnar liquid-crystalline phase based on a
complex assembly mode consisting of the stack of DPP-dimers
rotated by 90° forming a quadruple H-bonding motif. More
recently, aryldipyrrolidone 31 forming fibrillar stranded assem-
blies in MCH as well as a liquid-crystalline columnar phase was

Remarkably, solid-state X-ray studies enabled

11672 | Chem. Soc. Rev,, 2025, 54, 11659-11698

reported (Fig. 10c)."”® In all these examples, the realization of

solid-state X-ray studies permitted more accurate characteriza-
tion of the self-assembly mode of the stranded assemblies.

Another molecular design enabling stranded assemblies was
reported by Chen and co-workers."”® They synthesized a BOD-
IPY derivative functionalized at the equatorial position with a
wedge-shaped group, while the axial positions bear two uracil
moieties (32) (Fig. 10c). The self-assembly of this compound is
driven by H-bonding and slipped n-rn stacking interactions,
resulting in J-type aggregates with a fibre/ribbon morphology.
Steric effects induced by substituents at the meso-position
promote the brick-like assembly of the H-bonded strands
permitting the J-aggregate formation.

5. Chiral supramolecular polymers

Chirality is described as the property of an object that cannot
be superimposed on its mirror image, and is ubiquitous in
nature, appearing at various scales, from the macroscopic level
(e.g., our hands, which are mirror images of each other;
Fig. 11a) to the subatomic level (e.g., only left-handed helical
neutrinos exist)."*>"®" In supramolecular chemistry, chirality is
crucial for replicating the stereoselective interactions found in
biological systems and for designing functional materials with
properties such as CPL, enantioselective recognition, and asym-
metric catalysis.”

In this line, the self-assembly of monomers endowed with
one or more asymmetry (chiral) elements can lead to the
formation of homochiral supramolecular polymers, through a

This journal is © The Royal Society of Chemistry 2025
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process known as asymmetry transfer (Fig. 11b). In this pro-
cess, the asymmetry is transmitted from the monomer to the
supramolecular structure during the self-assembly. Although it
is not necessary, it has been proved that the presence of
H-bonding groups in the monomer structure has a positive
influence on the transfer of asymmetry.'®> Furthermore,
n-conjugated systems are particularly attractive platforms
to develop chiral supramolecular polymers due to their inher-
ent electronic properties, which can be enhanced by the intro-
duction of asymmetry."®® The absorption properties of
n-conjugated scaffolds permit the study of supramolecular
polymerization by CD, which measures the differential absorp-
tion of left- and right-circularly polarized light as a function of
wavelength (Fig. 11c). Accordingly, CD spectroscopy emerged as
a key tool for the study of chiral supramolecular polymers.

Remarkably, m-conjugated monomers can exhibit various
forms of asymmetry (Fig. 11d), which can efficiently render
chiral/helical supramolecular polymers. The most common
strategy involves introducing point chirality into the mono-
mers, typically by attaching chiral alkyl chains to an otherwise
achiral m-conjugated core. Alternatively, monomers based on
scaffolds with inherent asymmetry, such as axial or helical
chirality, can also be used. Notably, the vast majority of chiral
supramolecular polymers are 1D, forming helical fibres (Fig. 11b),
although other types of hierarchical chiral assemblies have also
been reported.'® In the following sections, we will examine
representative monomer designs that give rise to chiral supramo-
lecular polymers, along with the main approaches used to inves-
tigate asymmetry transfer in these systems.

5.1. m-Conjugated monomers incorporating point chirality

The incorporation of point chirality into the monomer struc-
ture is the most used strategy to assess chiral supramolecular

This journal is © The Royal Society of Chemistry 2025
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assemblies. A general monomer design consists of a chromo-
phore functionalized with a H-bonding groups and lateral
chains with carbon stereocenters (Fig. 6). Usually one or more
chiral centres are introduced in the solubilizing side alkyl

137,151,182,183 o in alkyl spacers between the core and
118,184

chains
the side chains. In particular, aliphatic scaffolds of nat-
ural origin, like citronellol (3,7-dimethyl-6-octenol) (Fig. 11d) or
amino acid derivatives, are utilized. Importantly, the transfer of
the asymmetry in the systems is dependent on the number of
chiral centres in the monomer, while the spatial distance
between the stereocenters and the stacking core has also an
influence.'®

Generally, n-conjugated monomers functionalized with
chiral chains form simple 1D stacks with a rotational offset
in between molecules, which leads to the induction of helicity
(Fig. 11b and 12a, b). Importantly, the helicity of these 1D
supramolecular polymers is dictated by the chirality in the alkyl
chains (Fig. 11b). One of the first molecules utilized to study
chirality in supramolecular polymers was again the BTA analo-
gue (Fig. 2d)."*'®” For example, BTA (S)-33 was functionalized
with three bipyridine spacers linked to three wedge-shaped
solubilizing groups. Importantly, these lateral solubilizing groups
incorporated (S)-3,7-dimethyloctyl chains, and provided nine
chiral centres to the monomer that effectively induced chiral
supramolecular polymerization. More recently, L. Sanchez and
coworkers studied the asymmetry amplification of other extended
BTA analogues as 1,3,5-triphenylbenzenecarboxamides (see Fig. 7,
compound 7), OPE-tricarboxamides'®®'*® and trisbiphenylamine-
tricarboxiamides."*°

Other C; N-centered triarylamine trisamides (S)-34
and (S)-35 functionalized with chiral alkyl chains were also
shown to assemble into 1D helical stacks formed by the inter-
play of triple H-bonds and n-r stacking.'®! In another design,
L. Sanchez studied the self-assembly behaviour of chiral
N-heterotriangulenes (S)-36 and (R)-36 in a MCH/toluene mix-
tures and in CCl,.'”> Remarkably, molecules 34-36 presented
pathway complexity (Section 7.1) in their self-assembly
processes, forming different helical aggregates with different
handedness depending on the experimental conditions.
Furthermore, they demonstrated that the branched chiral
side chains in (5)-36 induce significant kinetic retardation
of the polymerization process, compared to the achiral
analogue.

In addition to these examples based on C;-symmetric mole-
cules, there are also systems constructed from C,-symmetric
monomers. For example, F. Wiirthner and co-workers designed
a PBI (8)-37 bearing chiral side chains and two amide groups
(Fig. 12b).'** The authors stated that (S)-37 aggregates by n-n
stacking and H-bonding forming helical supramolecular
polymers. The steric crowding caused by the presence of
terminal dimethyl groups in the lateral chains causes the
formation of homochiral helical J-type aggregates, while the
derivatives bearing simple lineal alkyl chains form achiral H-
type aggregates.'®® More recently, L. Sanchez and coworkers
designed N-annulated perylene scaffolds bearing four amide
groups, and chiral lateral chains, (S)- and (R)-38 (Fig. 12b)."**
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chiral self-assembly and chemical structure for chiral PBI (S)-37 and chiral N-annulated perylenes (S)-38 and (R)-38 (c) Chemical structures of scissor-
shaped monomers endowed with point chirality (R)-39 and (R)-40 employed by S. Yagai and coworkers and schematic representation of different
supramolecular aggregates than can be observed in the supramolecular polymerization process (R)-39 depending on the molar fraction of the cross-
linked specie, namely: helical ribbon, superhelical fibril, toroid and amoeba-like fibrils (reproduced from ref. 196, with permission of Springer Nature,

copyright 2015).

Upon self-assembly in organic media, these molecules form P-
and M- type helix supramolecular polymers, respectively.

S. Yagai and co-workers have also implemented point chir-
ality to their monomers,"*"'**19571%7 byt in this case more
complex hierarchical chiral supramolecular polymers were
obtained instead of the simple stacked assemblies (Fig. 12c).
For example, the scissor-schapped stilbene dyad (R)-39, bearing
amide groups and two lateral 3,7-dimethyl-6-octyl chains, self-
assembles by m-m stacking and H-bonding forming right-
handed superhelical fibrils. Interestingly, upon UV light irra-
diation the stilbene units suffer a [2+2] photocycloaddition
forming a cross-linked dyad which is unable to form well-
defined nanoaggregates. However, in the presence of small
amounts of these cross-linked species a whole new co-
assembly pathway emerges. It is noteworthy to mention that
high molar fractions of the cross-linked monomer with respect
to 39 deteriorates the aggregation ability. For instance, the
presence of only a 0.1 or 0.25 molar fraction of cross-linked
monomers triggers the formation of superhelical fibrils with
helix inversion, an 0.6 molar ratio produces amorphous
amoeba-like fibrils coexisting with annular structures, and
the presence of a molar fraction of 0.8 induces the formation
of only amoeba-like fibrils."®® More recently, following a similar
molecular design they prepared the scissor-shape dyad (R)-40
bearing two photoresponsive azobenzene units and they stu-
died effects of photoirradiation and secondary nucleation

(Section 7.3.3) on the resulting chiral supramolecular
arquitectures."®”
11674 | Chem. Soc. Rev, 2025, 54, 11659-11698

5.2. m-Conjugated monomers incorporating axial chirality

Axial chirality is defined as the stereoisomerism that arises
from the 3D spatial arrangement of two pairs of substituents
around a chiral axis."® This type of asymmetry element can be
embedded directly within specific m-conjugated scaffolds or
introduced into the monomer structure by attaching a chiral
axial unit as a pendant group. The synthesis and isolation of
these pure chiral compounds is often nontrivial, frequently
requiring enantioselective separation of the enantiomers via
chiral high-performance liquid chromatography (HPLC).

One of the most relevant examples of supramolecular poly-
mers based on a monomer with axial chirality was reported by
S. George and co-workers, combining two NDI units and a
binaphthyl core.'*®?% In this design, the main NDI chromo-
phores are achiral, and the pendant binaphthyl unit provides
axial chirality to the system (Fig. 13a). The self-assembly
behaviour of compounds ((S) and (R)-41-42 and (S)-43) was
studied under different conditions including via primary and
secondary nucleation events, as well as living supramolecular
polymerization (LSP) (Section 7.3). Importantly, despite the
strong kinetic effects involved in the system, the pure com-
pounds assemble into 1D stacks whose helicity is dictated by
the axial chirality of the pedant binaphtyl group (Fig. 13a). A
similar approach to design chiral monomers was applied by
utilizing the trans-1,2-bis(amido)cyclohexane moiety linked
also to two NDI units.'?*2°%292 por example, it has been
reported compound (S,5)-44, with two electron rich NDI units,
and compound (S,5)-45 with two electron poor NDI units

This journal is © The Royal Society of Chemistry 2025
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Fig. 13 (a) Chemical structures of bichromophoric units with axially chiral binaphthyl units 41—-43 and schematic representation of the self-assembly for
bichromophoric units with binaphtyl axial pendants (S)- and (R)-41 (reproduced from ref. 199 with permission of Wiley-VCH GmbH, copyright 2020).
(b) Chemical structure of bichromophoric units with axially chiral trans-1,2-bis(amido)cyclohexane moieties 44 and 45. (c) Chemical structure of core-
substituted PBI 46 with a schematic representation of both M and P atropo-enantiomers M and P and a schematic representation for the aggregate of the
enantiopure M atropo-enantiomer (reproduced from ref. 205 with permission of Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2012).
(d) Chemical structure of [5]helicenes 47 and 48 and a schematic representation of the aggregate of the former (M)-47 in MCH (reproduced from ref. 98
with permission of the American Chemical Society, copyright 2018).(e) Chemical structures of [6]helicenes 49, 50, 51, 52 and schematic representation

of the self-assembled structure for 50 and 52 (reproduced from ref. 212 with permission from the Royal Society of Chemistry).

(Fig. 13a). These compounds self-assemble into chiral stacks,
and more interestingly the mixtures of the two compounds lead
to the formation of block copolymers with controlled stereo-
selectivity under thermodynamic conditions.'*?

In other examples, the axial chirality is introduced directly to
the main chromophore presenting a permanent chiral axis.
With the aim of preventing H-aggregation and favouring J-
aggregation, F. Wiirthner and co-workers developed PBIs with
a locked twisted-core by introducing bulky substituents at the
bay potions and generating a chiral axis in the n-surface.?**
This initial design was later improved by functionalizing the
PBIs with a biphenyl bridge at one of the two bay positions,
which facilitated the separation of the two atropoisomers by
chiral HPLC.>** In this line, PBI 46 with N-H groups at the
imide positions self-assembles into stranded 1D J-aggregates
and its helicity is dictated by the axial chirality of the monomer
(Fig. 13¢).>%® It is noteworthy that similar helical stranded PBI J-
aggregates were also achieved by introducing point chirality in
the molecule, specifically through the attachment of wedge-
shaped groups bearing chiral alkyl chains at the bay positions
(see Fig. 5b, compound 5).%*

5.3. m-Conjugated monomers incorporating planar and
helical chirality

There are various examples of chiral supramolecular polymers

based on monomers presenting planar chirality (Fig. 11d),>*>%

This journal is © The Royal Society of Chemistry 2025

however, these monomers lack either H-bonding groups or
chromophoric nature and therefore were not included in this
review. In contrast, there are various examples of systems exploit-
ing helical chirality (Fig. 11d). Helicenes are archetypical chiral
molecules with strong fluorescence and CPL properties.”*°
L. Sanchez and co-workers reported in 2018 two 5,7,8,10-
tetrasubstituted [5]helicenes, compounds (P)-47 and (M)-47 with
two amide groups and compounds (P)-48 and (M)-48 with four.
The corresponding enantiomers of these compounds could be
successfully separated by chiral HPLC of the racemic mixtures,
but when left in solution undergo racemization. They stated that
(P) and (M)-47 did not form any supramolecular polymer, while
(P)-48 and (M)-48 could polymerize by a cooperative mechanism
due to the presence of the two extra amide groups, demonstrating
the relevance of the H-bonding interaction in the supramolecular
polymerization process. Interestingly, under the appropriate con-
ditions, the polymerized systems do not suffer racemization. Due
to the twisted shape of the helicene moiety, the n—r stacking is not
possible, and therefore the resulting assemblies consist of chiral
main-chain polymers formed by H-bonding (Fig. 13d).”®

More recent examples of helicenes in supramolecular poly-
mers are the 2,15- and 4,13- disubstituted [6]-helicenes reported
by L. Sanchez and co-workers in collaboration with J. Crassous
(Fig. 13e).>'"*"> They utilized a 2,15-substituted scaffold to
prepare (P) and (M)-49 and (P) and (M)-51, which assembles
with a zig-zag arrangement by H-bonding, since the contorted
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shape of the molecule prevents the n-n stacking. In the follow-
ing work they prepared (P) and (M)-50 and (P) and (M)-52.>'">"2
In the new compounds, due to the 4,13-disubstitution, the n-
surface becomes accessible, resulting in a helical self-assembly
by combination of the H-bonding and the n-n stacking inter-
actions (Fig. 13e).

Besides the helical chirality, inherent chirality also has been
utilized to prepare chiral supramolecular polymers. Worth to be
mentioned, for example, are the corannulene scaffold studied
by Aida and co-workers™®” and the subphthalocyanines studied
by D. Gonzélez, T. Torres, E. Orti and co-workers,”'* among
others.

5.4. Asymmetry amplification and symmetry breaking

In the previous section, we reviewed various examples of
monomeric species capable of forming helical supramolecular
polymers as a result of asymmetry transfer from the monomer
to the polymer (Fig. 11b). Typical investigations of chiral
supramolecular polymers focus on elucidating the mechanism
and thermodynamics of the polymerization process, primarily
using CD techniques. Additional studies often involve the study
of mixtures of a chiral monomer with either an achiral analo-
gue or the corresponding enantiomer. These approaches are
valuable for understanding the principles of chirality transfer
in supramolecular systems under different conditions. In this
context, two of the most representative phenomena are asym-
metry amplification and symmetry breaking.

5.4.1. Asymmetry amplification. Asymmetry amplification
refers to the phenomenon where a small initial chiral bias in
the system is enhanced during the assembly process. It was first
studied by Green and co-workers in the conventional polymer-
ization of polyisocyanates. During these investigations they
discovered two different phenomena: sergeant and soldiers
(Sas),>'**'* and Majority rules (MR).>'® These phenomena also
occur in supramolecular polymers and were first observed by
Meijer and co-workers in extended-core BTAs.'®%>'” Briefly, in
the SaS experiment, when increasing amounts of a chiral
monomer are mixed with an achiral analogue, asymmetry
amplification may occur. In such cases, a small number of
chiral monomers “sergeants” can direct the helicity of a much
larger population of achiral monomers “soldiers”.*'®2'?

On the other hand, in the Majority rules experiment when
monomers bearing opposite chirality (enantiomers) are mixed
in varying ratios, asymmetry amplification may lead the pre-
dominant monomer to dictate its preferred helicity over the
minority enantiomer."***?° In both cases, a non-linear increase
in the enantiomeric excess (ee) is distinctive of the existence of
chiral amplification phenomena and can be influenced by
different factors, such as the temperature,”*' the number and
the positions of stereogenic groups,'®>?*° or the shape of the
molecule.”*

A key issue in the asymmetry amplification phenomena is
the geometrical complementarity of the different monomers
and their energetically favoured tendency to co-assemble, if
these two factors are not present, self-sorted homopolymers
will be obtained and no asymmetry amplification will occur.'®
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The self-assembly mechanism and H-bonding have crucial
roles in this process, as scarce examples of asymmetry ampli-
fication have been found in isodesmic or slightly cooperative
supramolecular polymers.?>*>2*

5.4.2. Symmetry breaking. Symmetry breaking is a less
common way to generate chiral assemblies and refers to the
process in which the application of a chiral external stimulus to
achiral monomeric units finally yields a chiral aggregate. The
application of this external stimulus generates an equimolar
mixture of two enantiomers with a slight enantiomeric excess.
Many external stimuli can be used, as solvents, 8%?**>??¢ gtir-
ring, magnetic field or polarised light.'**>*7>*%

5.5. Supramolecular polymers exhibiting circularly polarized
luminescence (CPL)

As mentioned at the beginning of this chapter, CD has become
a fundamental tool to study chiral self-assembly processes of
n-conjugated scaffolds. However, more recently, another phe-
nomenon has gained increasing interest in the field due to its
potential applications: CPL (Fig. 14a). CPL is the differen-
tial emission of left- and right-circularly polarized light
from chiral luminophores (single molecule or supramolecular
entity) in their excited state. This phenomenon has become one
of the cornerstones in the development of functional materials
due to its potential applications in several fields such as
3D displaying,>*® encrypted storage and transmission of
information,*****" chiral sensing,***>** or bioimaging.***>*°

One of the main focuses in this field has been to improve the
dissymmetry factor (gi,m) and consequently the CPL brightness
(Bcp), both of which are crucial for the performance of any CPL
active material.>*”* The gi., factor can be defined as the
parameter that quantifies the difference in luminescence
between two enantiomers or as 2(I;, — Ig)/(Iy + Ir), where I
and I;, are the intensity of the right- and left-handed circularly
polarized emissions (Fig. 14a), respectively, and its theoretical
maximum value is 2. On the other hand, B¢py, is expressed as
Bepr, = &) X Prym X |Zium|/2, where ¢, is the molar extinction and
®1ym is the luminescence quantum yield.

Supramolecular polymerization of =n-conjugated systems
provides an excellent platform to explore CPL, especially when
using chiral monomers with strong photoluminescence and
tendency to form ordered chiral aggregates.”**>** In this con-
text, the formation of low emissive H-aggregates (Section 1.3) is
avoided, and instead, the authors have focused on the search of
CPL-active J-type aggregates or either aggregation-induced
emission (AIE)*** or aggregation-induced enhanced emission
(AIEE).>**

Luminescent scaffolds utilized to prepare CPL active chiral
supramolecular polymers include cyanostilbenes”***>>4
helicenes,>"*'> and bichromophoric units appended with
chiral pendants as the trans-1,2-bis(amido)cyclohexane or
binaphthyl moieties (see Sections 5.2 and 5.3).**” %' These
systems have shown remarkable g, and Bcpy, values through
the self-assembly of chiral luminophores.

In addition, S. Ghosh and co-workers designed a chiral
sulfur-substituted naphthalene-diimide (S)-53 that exhibited

This journal is © The Royal Society of Chemistry 2025
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Fig. 14 (a) Schematic representation of the circularly polarized lumines-
cence (CPL) phenomenon (reproduced from ref. 242 with permission of
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2019). (b)
Chemical structure of chiral sulfur-substituted naphtalene-diimide (S)-53
along with its CD and CPL spectra (red lines) in decane/THF (9:1) (c = 0.1
mM) (reproduced from ref. 252 with permission of Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim, copyright 2020). (c) Chemical structure
of chiral anthraguinone derivative (S)-54 along with its CD (red line) and
CPL (Zex = 365 nm) (orange line) spectra in MCH (c = 20 mM) (reproduced
from ref. 239 with permission of Wiley-VCH GmbH, copyright 2025).

H-bonding driven aggregation in decane (Fig. 14b). The coop-
erative supramolecular polymerization led to J-type aggregates
with a fibrillar morphology, confirmed by UV/vis spectroscopy
and AFM studies, respectively. Furthermore, CPL spectroscopy
studies showed a gjum value of 4.6 x 1072 at the emission
maxima, which is among the highest values reported for chiral
supramolecular assemblies in solution.>”> More recently, F.
Wang and co-workers prepared an anthraquinone derivative
with chiral amidic spacers (S)-54 featuring efficient J-
aggregation by n-n stacking and H-bonding. CD spectroscopy
corroborated the appearance of a bisignate Cotton signal upon
cooling the solution, indicative of the formation of a chiral
supramolecular polymer (Fig. 14c). CPL studies revealed a
|glum| value of 0.013 and a Bcp, value of 13.8 M~ ' cm .
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Comparative studies with a methylated analogue of (S)-54 in
the amide positions (blocking H-bonding) confirmed the essen-
tial role of H-bonds in the aggregation and CPL properties.>**

Another interesting approach to produce CPL active systems
involves the utilization of two components: a helical supramo-
lecular polymer and an achiral emissive chromophore. Liu and
co-workers reported the use of 1,3,5-benzenetricarbonyl
L-glutamate diethyl ester that gelates forming hexagonal chiral
nanotubes which can encapsulate a wide range of guest
compounds.>*® In this study, six different achiral luminophores
were encapsulated, and in all the cases, the supramolecular
polymer matrix was found to be able to transfer the chirality
from the gel to the guest molecules, generating CPL-active
materials with g, values ranging from +0.2 x 10> and
+1.7 x 107>,

6. 2D supramolecular polymers

Most supramolecular polymers based on H-bonded n-conjug-
ated scaffolds have traditionally formed 1D architectures.”*°
However, probably due to the discovery of the potential of
covalent 2D materials, most notably graphene, growing interest
has emerged in developing 2D supramolecular polymers.>**
These emerging materials are defined by a self-assembly pro-
cess of monomers where the polymer is growing in two direc-
tions by the interplay of one or more non-covalent interactions.
As a result of this growing process, diverse assemblies leading
to different 2D morphologies such as nanosheets, spirals, and
porous networks have been reported.>>>2%°

The earliest approaches to 2D supramolecular polymers
were in aqueous environments and relied on amphiphilic
monomers composed of hydrophobic n-conjugated cores and
hydrophilic side chains.**°>°® M. Lee and co-workers were
pioneers in this area, reporting the aqueous self-assembly of
an octa-p-phenylene derivative bearing flexible oligoether den-
drons. This system formed extended 2D nanosheets in water,
establishing a foundational platform that has been expanded
with various aromatic cores and solubilizing side chains.?**~>%¢
In general, aqueous assemblies of organic amphiphiles are
mainly dependent on the monomer design where the balance
of the ratio of the lipophilic and hydrophilic parts defines the
morphology of the aggregate. A notable example of hierarchical
2D self-assembly in water includes the work of Montenegro and
co-workers, who functionalized a cyclic peptide with apolar
residues to guide first the self-assembly into 1D nanotubes via
H-bonding and n-stacking and then with directional hydropho-
bic interactions to form 2D networks.*®’

In organic solvents the obtention of 2D structures is more
challenging since it requires a more careful monomer design
with the capability to establish directional non-covalent inter-
actions to enable the growth in two dimensions. In this context,
hierarchical self-assembly of 1D structures has emerged as a
key strategy to achieve 2D polymers. In these systems, mono-
mers first form 1D assemblies, which later associate laterally
via secondary non-covalent interactions to generate 2D

Chem. Soc. Rev,, 2025, 54, 11659-11698 | 11677


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs00909j

Open Access Article. Published on 14 November 2025. Downloaded on 4/4/2026 4:24:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

architectures (Fig. 15a). The nature of these secondary interac-
tions is crucial, as their directionality and strength determine
the ability of the system to grow in the second dimension. For
example, Sugiyasu, Takeuchi, and co-workers reported in a
seminal example a family of porphyrins (55a,b) self-
assembling by H-bonding and n-stacking along one axis and
van der Waals interactions between peripheral alkyl chains
along the second dimension (Fig. 15b).2°®**° Porphyrins 55a
and 55b form nanosheets in an organic solvent according to
AFM experiments (Fig. 15a, right). Sanchez and co-workers
observed a similar behaviour in the N-annulated PBI 56,
achieving J-aggregated 1D stacks that further associate through
sidechain van der Waals forces to yield metastable 2D sheets in
MCH.*”°

Using more polar organic solvents, Fernandez and co-
workers utilized amphiphilic bispyridyl Pt(n) complex 57
(Fig. 15b) that also self-assembles into 2D nanostructures in
THF/water.””" In this example, the 2D growth is directed by n-r
interactions and orthogonal N-H- - -Cl H-bonding. In another
example, Ghosh and co-workers reported an unsymmetrical
NDI derivative 58, bearing a pendant carboxylic acid group at
one of the imide positions, which forms hierarchical 2D
assemblies. By modulating the monomer conformation with
external additives, they achieved thermodynamically controlled
supramolecular polymerization of 58, driven by synergistic H-
bonding and n-n stacking interactions, resulting in the for-
mation of ultra-thin 2D nanosheets.>”> More recently, Tian and
co-workers used triphenylamine 59, with three enaminone-
linked pyridine hydrochloride salts at the periphery to obtain
H-bonded based 2D assemblies.’”® The resulting assemblies
are porous and feature in-plane 1D conduits presenting
electron transporting features, which enable a remarkable
photocatalytic performance in hydrogen production via water
splitting.

The hierarchical approximation to develop 2D polymers has
also yielded unconventional spiral and toroidal assemblies
(Fig. 15c). In non-polar solvents, porphyrin 60, developed
by Sugiyasu and co-workers, self-assembles into a 1D supramo-
lecular polymers that spontaneously coiled into an Archime-
dean spiral (Fig. 15c). These layered spirals are formed by a
nucleation-elongation process and are stabilized by fluorophi-
lic secondary interactions (Fig. 15¢).>’* Interestingly, at lower
concentrations the same compound produces concentric tor-
oids (Fig. 15c), which can further associate by weaker interac-
tions to yield extended 2D aggregates.>”* The morphology of
these exotic spiral assemblies has been well characterized by
microscopy experiments (see AFM images in Fig. 15c) when the
samples are deposited on surfaces, while their stability in the
solution state is not well known. In another example, Sinchez
and Yagai reported the on-surface formation of 2D porous
networks by the association of nanotoroidal structures based
on a scissor-shaped azobenzene dyad.*”*

An alternative and scarcely explored strategy for construct-
ing 2D supramolecular polymers involves the formation of
brick-like structures using monomers capable of establishing
slipped interactions through one or two non-covalent forces
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(Fig. 15d). For example, Shimizu and Soberats designed a bis-
urea macrocycle that assembles into brick-like nanosheets via
directional urea-urea hydrogen bonds.>’® In a similar vein,
Wiirthner and co-workers developed 2D supramolecular poly-
mers from a bis(squaraine) derivative that self-assembles
through slipped n-n interactions.?’”” This assembly mode has
also been reported for a H-bonded n-conjugated system. PBI 61
(Fig. 15d), bearing NH groups at the imide positions, assembles
into H-bonded chains in which all molecules adopt the same
axial twist (either P or M) due to the flexibility of the molecular
structure.”’® The alternating association of P- and M-twisted
PBI chains via m-m interactions leads to the formation of
extended 2D nanosheets (Fig. 15d). Notably, the slipped stack-
ing of the PBI cores in this arrangement results in the emer-
gence of J-type coupling.

/. Pathway complexity and controlled
supramolecular polymerization

7.1. Pathway complexity

Controlling the nanoscale organization of supramolecular poly-
mers based on n-conjugated molecules has proven to be a key
challenge for enhancing their optoelectronic properties.***”*
Over the past few decades, significant efforts have been devoted
to developing diverse monomeric molecular designs and iden-
tifying the structural features that influence the assembly
processes.®’®>”® Other factors such as solvent, temperature,
and concentration have also been shown to play a critical role
in the thermodynamics of supramolecular polymerization.®
However, the kinetic aspects of supramolecular polymerization
were largely overlooked for many years, despite their crucial
importance. Kinetically controlled supramolecular polymeriza-
tion processes involve more complex scenarios, where inter-
mediate metastable species delaying the progression toward
the thermodynamically stable state appear.*°>%* pathway
complexity refers to the coexistence and competition of
multiple self-assembly routes that one monomer can follow.
Despite this phenomenon was previously observed in various
systems,?®>%” the concept gained attention after Meijer and
co-workers demonstrated, in 2012, that the self-assembly of the
chiral OPV 18 (Fig. 8c) could lead to two competing helical
forms: a thermodynamically stable M-type helix and a kineti-
cally favoured P-type helix."*> Their findings showed that the
early-formed P-type helix prevents the direct formation of the
more stable M-type helix, which is slowly formed with time
(Fig. 16a).

Although the pathway complexity can be simply observed
during conventional sample preparation, researchers employ
various sample processing methods to access to kinetically
trapped states.?®°?%% Common strategies to obtain kinetically
trapped states include rapid cooling, which prevents equili-
bration and traps monomers or kinetic aggregates, and solvent-
switching protocols, where mixing a good solvent with a poor
one modulates the aggregation. Other methods involve adjust-
ing the monomer concentration, using specific co-solvents or

This journal is © The Royal Society of Chemistry 2025
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Verlag GmbH & Co. KGaA, Weinheim, copyright 2020).

additives, or applying external stimuli such as ultrasonication,
stirring, light irradiation, or seed addition.>*°~>%%288
Time-dependent interconversion studies are typically used
to study pathway complexity. The observation of pathway com-
plexity in different systems has led to the identification of two
representative scenarios.”®*>** The consecutive route involves
direct transformations between kinetic on-pathway species and
thermodynamic species (Fig. 16b), whereas the competitive
route involves the formation of an off-pathway intermediate
that disassembles into monomers before forming the stable
aggregates (Fig. 16c). These kinetically trapped species can be

This journal is © The Royal Society of Chemistry 2025

of monomeric (inactive/dormant) or of aggregated nature.
The study of the mechanism in the kinetic transformation of
supramolecular polymers is usually studied by time-dependent
studies at different concentrations.>**>%8

7.2. The role of H-bonding in pathway complexity

Despite the investigations of different processing protocols
that can be applied, not all the monomers are able to show
pathway complexity and kinetic effects in their polymerization
schemes, and some structural features in the monomer are
required.?®* 8289 1n this regard, the presence of H-bonding
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groups in monomeric n-conjugated species has been shown to
be a crucial feature. For example, intramolecular H-bonding
can lead to the formation of kinetically trapped monomers
under certain conditions.*>"'37:29°"22 These trapped monomers
(inactive or dormant monomers) are unable to undergo supra-
molecular polymerization, and only the disruption of these
intramolecular bonds allows polymerization to proceed, typi-
cally through the interplay of H-bonding and n-=n interactions.
For instance, Wiirthner and co-workers reported that PBI 12
forms, after rapid cooling of the sample, a kinetically trapped
monomeric state (closed form) through intramolecular H-
bonds between the amide N-H and the carbonyl groups of
the imide part (Fig. 17a).>® In another example, Aida and co-
workers described the Cs-symmetric corannulene derivative 10
with five amide-appended side chains, which forms a deeply
trapped monomeric state stabilized by fivefold intramolecular
H-bonds in nonpolar MCH (Fig. 17a)."*” The concept of H-
bond-stabilized inactive monomers has also been achieved
though the folding of the monomeric species which has been
demonstrated in the pyrene-substituted diamide 62
(Fig. 17a).”°° The evolution of closed state inactive monomers
into the extended forms enables the polymerization of the
system. The disruption of the intramolecular H-bonds and
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the opening of the molecules into their extended form occur
over time but can also be triggered by the application of
external stimuli.

Alternatively, intramolecular H-bonding in monomeric n-
conjugated species can also lead to the formation of kinetically
trapped aggregates rather than inactive monomers (Fig. 17b).
The tendency of these closed state monomers to form kinetically
trapped aggregates is not generally driven by H-bonding
interactions and instead arise from the interplay n-n stacking
and solvophobic effects, while steric effects may also contribute.
Such a case has been observed in various systems based
on PBIs,****** N-annulated PBIs,**>**® N-annulated perylenes,”®”
N-heterotriangulenes,'”>  diketopyrrolopyrroles,®® and  Pt(u)
complexes,®***°° among others. Functionalizing n-conjugated
molecules with various amide groups has been proven to be an
effective strategy to promote intramolecular H-bonding patterns
enabling the formation of kinetically trapped aggregates.'®>>%373%°
For example, this behaviour has been observed in the bisdendro-
nized PBI 63 bearing butyl spacers between the core and the
wedge-shaped benzeneamide motifs (Fig. 17b).*** While the
derivative 12, with shorter ethyl spacers, forms a kinetically
trapped monomer upon rapid cooling of the solution
(Fig. 17a),>> PBI 63 assembles into an off-pathway nanoparticle-
like kinetic aggregate under similar conditions (Fig. 17b). This
kinetic aggregate eventually evolves via a competitive process into
fibrous aggregates over time. In another example, Sanchez and co-
workers reported N-annulated perylene derivative 64 forming
kinetically trapped J-aggregates based on intramolecularly
H-bonded monomers (Fig. 17b).?*® The kinetic J-aggregates
evolved with time to the thermodynamic H-aggregates through a
competitive mechanism. Interestingly, the alkyl spacer length
between the amide groups and the core was tuned to modulate
the kinetics and energy landscape of supramolecular polymeriza-
tion (Fig. 17b).>%°

The formation of kinetically trapped aggregated species
has also been observed in monomers capable of self-assembly
via two or more distinct H-bonding patterns.***°® This is
the case of the pioneering example of the H-bonding porphyrin
65 reported by Sugiyasu, Takeuchi and coworkers
(Fig. 17¢).*°>*°% This type of porphyrins, functionalized with
two dendronized amide arms, forms kinetically trapped J-
aggregates by tilted H-bonds between amide groups, while
this species evolve upon time into more stable H-aggregates
characterized by coplanar interactions of the porphyrin
cores and more lineal H-bonds (Fig. 17c). This system was
utilized to gain control over supramolecular polymerization
(see Section 7.3). In a more recent example, BOPHY 66
initially assembles upon cooling into a kinetically favoured
H-type supramolecular polymer (66-AggA) in MCH, which
gradually transforms into a thermodynamically stable struc-
ture (66-AggB) through a competing pathway (Fig. 17¢).**?
Theoretical studies suggest that the BF, substituents create
steric clashes within the antiparallel, face-to-face arrange-
ment of 66-AggA, prompting the system to reorganize into
the more stable polymer 66-AggB, where the monomer units
are laterally offset. This new configuration reduces steric

This journal is © The Royal Society of Chemistry 2025
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(a) Molecular structures and the extended and closed forms of the H-bonding monomers 12, 10 and 62. (b) (left) Schematic representation of the

self-assembly behaviour of compound 63 (reproduced from ref. 293 with permission of American Chemical Society, copyright 2015). (middle) Molecular
structures of compounds 63 and 64. (right) Energy self-assembly landscape for compound 64 (reproduced from ref. 296 with permission of Wiley-VCH
GmbH, copyright 2023). (c) Molecular structure of compounds 65 and 66 and the corresponding illustration of the different aggregates they form
(reproduced from ref. 303 with permission of the Royal Society of Chemistry, copyright 2024).

strain while preserving the H-bonds between the amide side
groups.

7.3. Controlled supramolecular polymerization

Controlled supramolecular polymerization represents a signifi-
cant conceptual advance in supramolecular chemistry, bridging
the precision of covalent polymerization with the dynamic
nature of non-covalent assembly.>’”® Unlike spontaneous
supramolecular polymerization, which typically yields poly-
disperse structures through uncontrolled nucleation and
growth, the controlled polymerization relies on suppressing
uncontrolled aggregation by creating dormant species. This
dormant species can then be activated, by a seed, external
stimulus, or initiating species, to trigger a chain-growth mecha-
nism, resulting in some cases in supramolecular polymers with
predictable length, low dispersity, and in some cases, living

This journal is © The Royal Society of Chemistry 2025

characteristics.**°*> Recent advances in the controlled supra-

molecular polymerization of n-conjugated systems have
enabled the formation of well-defined 1D and 2D nanostruc-
tures from small-molecule chromophores.

7.3.1. Living supramolecular polymerization. Advances in
the understanding of pathway complexity opened new avenues
to control self-assembly processes. In this context, pioneering
studies of Manners and co-workers demonstrated the precise
synthesis of various higher-order supramolecular assemblies
via living crystallization-driven self-assembly of polymeric
building blocks.>*®?*°” This approach was extended to small-
molecule assemblies, giving rise to the concept of LSP
(Fig. 18a).'%7?807284301 1,6p enables controlled polymer growth
and can be considered the supramolecular analogue of covalent
living polymerization, where polymer chains grow from active
ends without undergoing termination.
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To achieve LSP, the system may polymerize via the coopera-
tive mechanism and present kinetic trapping of either mono-
mers or aggregated species. Those trapped states serve as a
reservoir of monomers for the controlled growing of supramo-
lecular polymers from initiator species, which can be designed
as single molecules or pre-formed seeds (Fig. 18a). In seeded
LSP, pre-formed seeds are prepared via ultrasonication and are
based on aggregates larger than the critical nucleus. These
seeds always consist of the most thermodynamically stable
aggregated form of the system. When the seeds (or the initiator)
are added to a solution of the kinetically trapped states under
specific conditions, the elongation process is directly activated,
and the monomers are selectively added at the seed ends in a
chain-growth fashion (Fig. 18a). True living behaviour is con-
firmed only if growth can be repeated in multiple cycles, with
kinetic and structural evidence.

Pioneering example of LSP was reported by Sugiyasu and
Takeuchi in a H-bonding porphyrin system.** Porphyrin 65
(Fig. 17¢) initially forms J-type aggregates as nanoparticles that,
over time, evolve into thermodynamically stable fibrillar H-type
aggregates (Fig. 17c). The kinetic transformation can be signifi-
cantly accelerated by introducing seeds of the thermodynami-
cally favoured H-type aggregates (Fig. 18a), prepared via
sonication of preformed fibrillar structures. This process pro-
duces fibres with controlled length. Repeating this seeding
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process over several cycles yields supramolecular polymers with
low polydispersity.***

An analogous seeding strategy was followed by the Wiirthner
group in PBI systems.>*??*2% For example, PBI 67 forms a
kinetically trapped H-aggregate based on the closed conforma-
tion of the monomer (Fig. 17a). Upon addition of seeds of the
thermodynamic J-aggregate, the system undergoes LSP.***
These studies showed that LSP can be achieved in systems
exhibiting off-pathway kinetically trapped aggregates,”®*>%*
but also in systems presenting trapped monomer species in a
closed H-bonded conformation (Fig. 17a).>> Interestingly, LSP
was also applied for the development of PBI based copolymers
with precise control over the supramolecular 1D blocky
structures."’

Another relevant contribution in this area was made by Aida
and co-workers in 2015 using a single molecule as the LSP
initiator."*” In this system, the non-methylated corannulene
derivative 10 (Fig. 18b) forms intramolecular pentafold H-
bonds between amide groups (Fig. 17a), which effectively pre-
vent self-assembly. In contrast, the N-methylated analogue 10-
Me are incapable of forming intramolecular H-bonds or self-
assemble into polymers. Interestingly, trace amounts of the
methylated compound 10-Me were shown to act as initiators
(Fig. 18a) for the LSP triggering the rapid supramolecular
polymerization via H-bonds in 10 (Fig. 18b).
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(a) Schematic representation of the living supramolecular polymerization process and the molecular structure of PBI 67. The initiator refers to a

seed or a single molecule. The trapped species can consist of kinetically trapped monomeric aggregated species. (b) Molecular structures of compounds
10 and 10-Me, and a schematic representation of the supramolecular polymerization process triggered by adding small amounts of 10-Me into a solution
of 10 (reproduced from ref. 137 with permission of the American Association for the Advancement of Science, copyright 2015). (c) Molecular structure of
compound 68 and the corresponding self-assembly energy landscape of the light controlled self-assembly process (reproduced from ref. 314 with
permission of the American Chemical Society, copyright 2016). (d) Molecular structure of compounds 69a,b and the schematic illustration of the light
controlled self-assembly process (reproduced from ref. 315 with permission of the American Chemical Society, copyright 2021). (e) Molecular structures
of compounds 70, 71a and 71b, and the corresponding self-assembly energy landscape for the controlled supramolecular polymerization process
(reproduced from ref. 317 with permission of the American Chemical Society, copyright 2023).

11682 | Chem. Soc. Rev,, 2025, 54, 11659-11698 This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs00909j

Open Access Article. Published on 14 November 2025. Downloaded on 4/4/2026 4:24:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

While the majority of examples of supramolecular polymer-
ization target the obtention of 1D structures, the concept has
also been extended to 2D polymers.?¢83%731% For example,
Sugiyasu and coworkers reported the controlled 2D supramo-
lecular polymerization from a single porphyrin-based mono-
mers 55a,b (Fig. 15b).>°® Upon cooling the solution, the
monomer first assembles into metastable J-aggregate nano-
particles via an isodesmic pathway, and then undergo time-
dependent autocatalytic transformation into nanosheets
through a short-slipping J-aggregation mode. The 2D growth
is driven by lateral van der Waals interactions among hexyl side
chains and reinforced by H-bonding. This pathway can be
selectively activated and precisely controlled using seed frag-
ments, enabling 2D LSP yielding nanosheets with a uniform
thickness. More recently a similar approach was applied to
grow 2D block copolymers.®'!

7.3.2. Controlled supramolecular polymerization by exter-
nal stimuli. Besides LSP other strategies to gain control over
supramolecular polymerization of n-conjugated molecules and
involving H-bonding have been developed. This includes the
regulation of aggregation by light irradiation.'®*'***? For exam-
ple, Sugiyasu and coworkers demonstrated the coupling of
photoisomerization in an azobenzene based monomer 68 and
supramolecular polymerization (Fig. 18¢c).*'* The exposure of
the sample to UV light generates the inactive monomer in the
cis-azobenzene conformation. Light activation of the inactive 68
in the presence of a supramolecular polymer seed enabled
chain growth at the ends of the seed, allowing the formation
of supramolecular polymers with well-defined lengths and low
polydispersity.

In another example, Feringa and coworkers reported
the stilbene-bis-urea photoswitch 69 showing light-responsive
aggregation behaviour (Fig. 18d).>"> While the cis-isomer is an
inactive monomer stabilized by an intramolecular H-bond, the
trans-form self-assembles into H-bonded fibrous aggregates.
Thus, the light controlled cis-trans photoisomerization of this
compound enables the rapid, reversible polymerization and
gelation. Unlike conventional light irradiation, vibrational
strong coupling has recently been applied to direct supramo-
lecular polymerization toward otherwise inaccessible struc-
tures. By coupling the C-H stretching vibration in NDI based
polymers, vibrational strong coupling redirected the assembly
pathway to form toroids instead of thick fibres, formed under
conventional conditions.**

Other strategies to control supramolecular polymeri-
zation involves the use of chemical additives.**”2° In a pio-
neering example, Wiirthner and coworkers achieved an exqui-
site control over supramolecular polymerization of squaraine
70 by using a molecular chaperone analogue 71a (Fig. 18¢).*"’
In this approach, squaraine monomers are temporarily
inactivated by complexation with a tetralactam macrocycle
71a (chaperone analogue), preventing spontaneous polymeriza-
tion. Upon addition of a high-affinity initiator (diketopipera-
zine 71b), the macrocycle is removed, releasing the squaraine
monomers to polymerize via n-n stacking and H-bonding
(Fig. 18e).

This journal is © The Royal Society of Chemistry 2025
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Other approaches to control supramolecular polymeriza-
tion, not analysed here, include liquid-liquid phase separa-
tion events,**! the use of adaptive systems,*** or crowding
agents.?1%323

7.3.3. Secondary nucleation. A more recent strategy to
control supramolecular polymerization exploits the phenom-
enon of secondary nucleation.*® This is a surface-catalyzed
process, extensively studied in the context of protein
assemblies,*** that enables new growth pathways by initiating
nucleation on the surface of existing aggregates (or seeds)
(Fig. 19a). Unlike primary nucleation, which involves the spon-
taneous aggregation of free monomers in solution and typically
has a high energy barrier, secondary nucleation has a lower
energy barrier because the existing aggregates catalyse the
formation of new nuclei on their surface. This process provide
access to complex morphologies like hierarchical fibres, helical
bundles, or even catenated structures.’>® Secondary nucleation
in supramolecular polymerization can be achieved in specific
monomers and by the careful choice of solvent, and controlling
the slow-fast cooling rates during aggregation.>0%274324,326-333
The introduction of seeds is typically used to direct the assem-
bly process by catalysing secondary nucleation.

While secondary nucleation in supramolecular polymeriza-
tion was observed by Bert Meijer and co-workers in 2008 in
chiral oligothiophenes,**® the phenomenon was not clearly
demonstrated until recently. The most exhaustive studies of
secondary nucleation were reported by the Yagai group.**® For
example, the barbituric acid-functionalized n-conjugated com-
pound 72 self-assembles into toroidal nanostructures through
hierarchical supramolecular polymerization (Fig. 19b).**”*?8
Each toroid originates from H-bonded rosettes formed by
approximately 600 molecules. Remarkably, secondary nuclea-
tion on the inner surfaces of these toroids drives the formation
of complex interlocked topologies known as
poly[n]catenanes, including [2]- to [22]-catenanes. The AFM
image of a nano-poly[5]catenane is shown in Fig. 19b. van der
Waals interactions between monomers and toroid surfaces
facilitate this hierarchical growth.>*” The utilization of this type
of molecules and secondary nucleation provided new tools for
the creation of exotic supramolecular topologies.

Sugiyasu and co-workers demonstrated a sophisticated
example of secondary nucleation-controlled supramolecular
polymerization through the formation of supramolecular con-
centric toroids using fluoroalkyl-substituted metalloporphyrins
60 (Fig. 15¢).>”***® Upon cooling, primary toroids are formed
under dilute conditions through ring closure of curved supra-
molecular 1D stacks. These toroids acted as seeds for secondary
nucleation along their fluorinated inner surfaces, enabling the
growth of larger, concentric toroidal structures (Fig. 19¢).**° A
solvent-mixing protocol allowed for kinetically controlled tor-
oid synthesis with narrow polydispersity, and monomer addi-
tion enabled further size modulation without loss of
uniformity.>”* In a second work, site-selective secondary
nucleation of different porphyrin monomers led to the con-
struction of 2D block architectures with high sequence control.
Notably, selective depolymerization of inner toroids using

nano-
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(a) Schematic representation of the supramolecular polymerization process composed of a primary nucleation, an elongation and a secondary

nucleation step (reproduced from ref. 325 with permission of Springer Nature, copyright 2025). (b) Molecular structure of compound 72 and the
corresponding illustration of its the self-assembly behaviour forming nanotoroids and catenane structures via secondary nucleation (reproduced from
ref. 325 with permission of Springer Nature, copyright 2025). Inset shows the AFM image of a nano-poly[5]lcatenane (reproduced from ref. 328 with
permission of Springer Nature, copyright 2020). (c) Schematic representation of the self-assembly behaviour of porphyrin 60, leading to the formation of
concentric toroidal assemblies via secondary nucleation (reproduced from ref. 274, with permission of Springer Nature, copyright 2020). (d) Molecular
structure of compound (S)-34 and the corresponding illustration of its self-assembly behaviour forming chiral helical fibrils by primary nucleation and
superhelical assemblies via secondary nucleation (reproduced from ref. 330 with permission of Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim,

copyright 2019).

4-dimethylaminopyridine = revealed reactivity differences
between the inner and outer surfaces, attributed to their
distinct curvature and side-chain composition.

The secondary nucleation approach has also been employed
to construct hierarchical supramolecular polymers from chiral
n-conjugated monomers.?°***°7*3> Giuseppone and co-workers
demonstrated this using a triphenylamine-based monomer (S)-
34, where the occurrence of secondary nucleation could be
finely tuned by varying the concentration and cooling rate.**° At
low concentrations and under fast cooling, P-helical fibrils are
formed (Fig. 19d). In contrast, higher concentrations or slower
cooling rates promote the secondary nucleation of these fibrils
into larger M-helical superstructures, showcasing a clear transi-
tion from primary to hierarchical organization (Fig. 19d).

7.4. Supramolecular polymorphism

Polymorphism refers to the ability of a molecule or polymer to
adopt distinct structural arrangements depending on factors
such as solvent, temperature, concentration, or processing
conditions.*** In chemical biology, polymorphism manifest in
the tertiary and quaternary structures of amyloid aggregates,
with different forms often linked to specific biological func-
tions or pathological effects.>*® In the pharmaceutical industry,
crystal polymorphism significantly influences drug solubility,
stability, and bioavailability.**® Likewise, in organic electronics,
molecular packing variations directly impact charge transport,
optical properties, and overall device performance.**’

11684 | Chem. Soc. Rev., 2025, 54, 11659-11698

Controlling polymorphism in n-conjugated supramolecular
polymers can therefore enable access to diverse supramolecular
structures with tailored packing, morphology, and properties.

Systems presenting supramolecular polymorphism are char-
acterized for presenting two or more distinct stable aggregated
states,*®195:278,280,281,338-348 pjo 902 shows the energy land-
scape for PBI 73 reported by the Wiirthner group, which
exhibits three distinct one-dimensional supramolecular poly-
morphs (73-Agg1-3) in the same solvent, at the same concen-
tration, and at room temperature.’*® 73-Agg2 and 73-Agg3 were
formed from kinetically trapped 73-Agg1 by applying ultrasoni-
cation (physical trigger) or seeding (chemical trigger). The three
distinct aggregates differ in their n-n stacking arrangements
and H-bonding patterns as shown in Fig. 20a. Supramolecular
polymorphism was also observed for PBI 61 (Fig. 15d), which
features bay-position acyloxy groups and NH at the imide
positons.?”® This compound forms either fibrilar or lamellar
polymorphs depending on the cooling rate (Fig. 20b). These
polymorphic structures arise from homo- or heterochiral self-
assembly of atropoenantiomeric PBIs. Fast cooling promotes
narcissistic self-sorting into the homochiral form, whereas
slower cooling enables a transformation into heterochiral
sheet-like assemblies.

Supramolecular polymorphism has also been reported for
OPE-based Pt(n) complexes.>*®**' The Ferniandez group
reported the Pt(u) complex 74 that forms two stable poly-
morphic structures (polymorphs A and B) simultaneously,

This journal is © The Royal Society of Chemistry 2025
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Fig. 20 (a) Molecular structure of compound 73 and the corresponding self-assembly energy landscape leading to the formation of Aggl, Agg2 and
Agg3. The assembly mode of the three aggregates is schematically depicted in the inset (reproduced from ref. 339 with permission of the American
Chemical Society, copyright 2019). (b) Scheme of the polymorphic behaviour of compound 61 forming fibres or sheet structures depending on the
thermal treatment of the sample (reproduced from ref. 278 with permission of Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2020).
(c) Molecular structure of compound 74 and the scheme of its self-assembly behaviour forming polymorph A via pseudo-parallel interactions or
polymorph B via slipped interactions depending on the thermal treatment of the sample (reproduced from ref. 340 with permission of American
Chemical Society, copyright 2019). (d) Molecular structure of compounds (S)-75, (R)-75 and (A)-75 and a schematic illustration of the corresponding
polymorphs | and Il providing distinct chiral amplification behaviour (reproduced from ref. 349 with permission of Wiley-VCH GmbH, copyright 2025). (e)
Molecular structure of compounds 76a—d and a schematic illustration of the corresponding self-assembly behaviour into planar or convex rosettes and
the subsequently into toroidal and fibrillar aggregates (reproduced from ref. 342 with permission of the Royal Society of Chemistry, copyright 2023). (f)
Molecular structure of compound 77 and a scheme of its self-assembly behaviour including the light modulation of supramolecular polymorphism
(reproduced from ref. 195 with permission of the Royal Society of Chemistry, copyright 2022).
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depending on assembly conditions in MCH.**° Polymorph 74-A
forms under fast cooling conditions (2 K min™") vig an iso-
desmic mechanism and features a slipped molecular arrange-
ment stabilized by N-H---Cl-Pt interactions (Fig. 20c). In
contrast, polymorph 74-B emerges through a cooperative
mechanism under slow cooling (0.1 K min™ "), displaying
pseudoparallel stacking driven by N-H---O(alkoxy) H-bonds
(Fig. 20c). Conversion from polymorphs 74-A to 74-B is only
possible by thermal annealing, where aggregate 74-A must fully
disassemble into monomers before reassembling into the 74-B
polymorph. In a recent example, the G. Fernandez group has
demonstrated the relevance of polymorphism in the control of
the amplification of asymmetry using chiral Pt(u) complexes,
(8)-75 and (R)-75, alongside an achiral model compound (A)-75
(Fig. 20d).>*° The chiral monomers form two stable polymorphs
in MCH at room temperature (AggI and Aggll) distinguished by
their defined rotational offset during supramolecular polymer-
ization, leading to distinct morphologies and photophysical
properties (Fig. 20d). In the asymmetry amplification experi-
ments, both polymorphs showed amplification effects, while
Aggll (with more twisted packing and stronger H-bonding)
shows superior performance in SaS experiments with achiral
compound (A)-75. Remarkably, coassembly of (A)-75 and (S)-75
into Aggll results in CPL, an emergent property absent in the
supramolecular polymers of the individual components.**
Other examples of supramolecular polymorphism in
n-conjugated systems have mainly focused on morphological
aspects, even when the molecular packing remains barely
altered.'#>*19342343 yagai and co-workers reported supramole-
cular polymorphism in the barbiturate conformers 76a-d that
present different molecular conformations due to the flexible
double bond connecting the two naphthalene units
(Fig. 20e).>** These compounds self-assemble into H-bonded
cyclic hexamers (rosettes) (Fig. 8d) that subsequently yield
toroidal or straight fibrous structures depending on the used
conformer. Differences in the rosettes’ planarity determine the
stacking mode: translationally displaced stacking leads to
curved nanorings, while aligned stacking produces straight
nanorods (Fig. 20e). The same group also reported the
scissor-shaped azobenzene dyad 78 forming nanotoroids as
kinetic products and gradually transitions to thermodynami-
cally stable fibres upon cooling (Fig. 20f).""> Remarkably, the
polymorphic behaviour can be controlled by light at constant
temperature. Strong visible light irradiation of the cis-77
induces the formation of nanotoroids, while weaker light
favours fibre formation (Fig. 20d). This is the first demonstra-
tion of light-driven modulation of supramolecular polymorph-
ism, enabling the selective formation of distinct nanostructures
without changing temperature.

8. Applications of hydrogen bonded
n-conjugated supramolecular polymers

As we have seen, depending on their monomer structure and
supramolecular organization, m-conjugated supramolecular
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polymers can exhibit a broad spectrum of properties. Still, the
real-world application of supramolecular polymers remains
limited, and no truly groundbreaking product has yet reached
the market. Nevertheless, their potential is undeniable, and it is
likely that supramolecular polymers will play a key role in the
development of next-generation materials.">**® While applica-
tions are not the main focus of this review, this section offers a
brief overview of the key characteristics of m-conjugated H-
bonded supramolecular polymers that highlight their potential
for future applications.

8.1. Photonic and optoelectronic applications

Owing to the intrinsic photophysical properties of n-conjugated
scaffolds, the supramolecular polymer derivatives are inher-
ently attractive for photonic and optoelectronic applications.
In the field of photonics, J-aggregates are of great relevance due
to their sharp red-shifted absorption, strong exciton coupling,
and efficient light-harvesting properties.®® For example, J-
aggregated cyanines have been used to construct supramole-
cular structures with light harvesting properties,®>**'*%* or
platinum acetylides were found to be good candidates to be
used in optical waveguides.?*>?

PBI supramolecular polymers often form J-aggregates char-
acterized by strong excitonic coupling and fluorescence
properties.>*®*33* For example, the tetraphenoxy-substituted
PBI modified with thiophene side arms (78) self-assembles into
core-shell columnar structures made of up to seven strands
(Fig. 21a).>>>>® The presence of separated electron-accepting
and an electron-donating regions allows independent pathways
for electrons and holes, enabling efficient charge transport
after light excitation. As a result, the material shows strong
anisotropic photoconductivity with fast on—off switching under
light irradiation (Fig. 21a). PBI J-aggregates have generally been
applied in solar cells,*® thin-film transistors,®>® optical
waveguides,**® and optical microcavities,**® among others.

H-aggregates have also been exploited for photonic applica-
tions, as for example the carbonyl-bridge tryarylamines.*®!
Compound 79 self-assembles into fibrillar aggregates with
pronounced electronic coupling, enabling coherent exciton
transport over distances exceeding 4 pm, limited only by the
length of the supramolecular fiber (Fig. 21b). Interestingly, the
transport properties of these tryarylamine family can be tuned
by changing the peripherical groups.*®>>%*

In a prominent example, Aida and coworkers reported
amphiphilic hexabenzocoronenes self-assembling into micro-
metre-scale, graphite-like nanotubes with a uniform wall
thickness.>®* Interestingly, these tubular structures supported
anisotropic charge transport.>®® In the same context, Giusep-
pone reported a family of triarylamine scaffolds forming supra-
molecular 1D structures under different conditions."***¢”
Light-triggered supramolecular polymerization under an elec-
tric field enabled the in situ growth of 80 nanowires that bridge
electrode gaps in a highly ordered fashion (Fig. 21c).>*® These
self-assembled organic interconnects exhibit remarkable elec-
tronic properties, with an ohmic conductivity of 5 x 10> S m ™,
and current densities up to 2 x 10° A em >, At cryogenic

This journal is © The Royal Society of Chemistry 2025
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Fig. 21 (a) Molecular structure of 78 and its self-assembled core-shell structure with charge transport properties (reproduced from ref. 356 with
permission of Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2019). (b) Molecular structure of 79 and the corresponding representation of its
1D assembly (reproduced from ref. 361 with permission of the American Chemical Society, copyright 2020). (c) Molecular structure of 80, the self-
assembly mode and the representation of the controlled supramolecular polymerization of 80 under the application of an electric field (reproduced from
ref. 368 with permission of Springer Nature, copyright 2012). (d) Molecular structure of 81 and scheme of detection of nitrocompounds (reproduced
from ref. 377 with permission of Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2014). (e) Representation of the structure of a BTA
supramolecular polymer catalyst in which the helicity is induced by adjusting the amount of BTA (S)- and (R)-82 (reproduced from ref. 390 with
permission of Springer Nature, copyright 2024). (f) Molecular structure of photocatalyst 83 and its corresponding 2D assembly (reproduced from ref. 394
with permission of Springer Nature, copyright 2014). (g) Closed and open states of the photoswitch 84 (reproduced from ref. 419 with permission of
Springer Nature, copyright 2018). (h) Molecular structure of BODIPY 85 and the representation of the formation of spherical aggregates of different sizes
depending on the alkyl chain length. Scheme of its function for in vivo bioimaging (reproduced from ref. 416 with permission of Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim, copyright 2025).

temperatures, the nanowires show metallic behavior, under-
scoring their exceptional performance compared to typical
organic materials. In another example, urea-functionalized
bithiophene derivatives were shown to assemble into nanofi-
bres that support highly mobile charge carriers, as revealed by
pulse radiolysis.’®® Similar behaviour was reported for
oligothiophene-based chromophores that allows the formation
of long-lived photocharges.®”°

These examples underscore the potential of n-conju-
gated supramolecular polymers in key optoelectronic
devices,>?°9-04351,361,306,369,371,372 including  organic  field-
effect transistors (OFETs),>’®> organic light-emitting diodes
(OLEDs),*”* and organic photovoltaics.*”>

8.2. Sensing and separation

n-Conjugated supramolecular polymers have also emerged as
promising platforms for sensing, exploiting their inherent
stimuli-responsive properties. For instance, it has been

This journal is © The Royal Society of Chemistry 2025

demonstrated that they can be applied to efficiently detect
explosive nitroaromatic compounds,®’®*”” through fluores-
cence quenching mechanisms."”*”® One example of the sen-
sing of explosive nitroaromatic compounds consists of pyrene
81, forming supramolecular polymers via m-stacking and H-
bonds (Fig. 21d).*”” The resulting supramolecular structure
allows detection due to donor-acceptor interactions and H-
bonding between the polymer and the nitrocompound. In the
same line, fluorescence quenching mechanisms were used for
the detection of metal ions using the bispillar[5]arene-based
supramolecular polymer designed by Tai-Bao Wei.>”® This
system exhibited AIE, and was successfully applied for the
fluorescence detection and removal of mercury(u) through
host-guest interactions.

Supramolecular assemblies also have great potential not
only for the sensing of chiral compounds, but also for their
separation.*®® For example, chiral and achiral hydrazide folda-
mers were shown to bind selectively to saccharides adopting
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well-defined supramolecular helical assemblies or forming
host-guest foldamers whose conformation can be monitored
by different techniques.*®*'*%> While still is a growing field,
supramolecular assemblies have also been proposed for separa-
tion and purification applications, as for example as compo-
nents in separation membranes.*®7%°

8.3. Catalysis

Another emergent application of supramolecular polymers lies
in the field of catalysis.****® For instance, a water-soluble BTA
derivative functionalized with r-proline co-assembles into
homochiral helical supramolecular polymers that exhibit cata-
lytic activity and selectivity in aldol reactions involving p-
nitrobenzaldehyde and cyclohexanone.*®*® More recently, BTA-
based supramolecular polymers have been employed to develop
a switchable asymmetric copper catalyst that enables selective
access to different stereoisomers of an amino alcohol through a
hydrosilylation-hydroamination cascade.**® This was achieved
using helical polymers composed of different BTA monomers,
where the handedness of the helices was tuned by adding a
chiral BTA co-monomer, (S) or (R)-82 (Fig. 21e). The helicity of
the polymers dictates the outcome of the catalytic transforma-
tion of an amino alcohol.

Supramolecular n-conjugated polymers are particularly
relevant in photocatalysis, where the chromophore plays a
central role in light absorption and energy transfer within the
system.?>** Photocatalityc supramolecular polymers are mainly
used in aqueous systems, but not always H-bonds are involved.
One example of a photocatalytic system consists of a
platinum(u) metallacycle with AlE-active TPE units acting as
efficient light-harvesting antennas in water.**> The monomer
self-assembles into nanospheres, which enable a highly effi-
cient two-step energy transfer cascade, and the photocatalytic
C-H alkylation in water. Other catalytic processes include water
splitting and CO, reduction.*** Stupp and coworkers reported a
hydrogel scaffold formed through the self-assembly of a per-
ylene monoimide amphiphile 83 that acts as both (Fig. 21f) a
light-harvesting platform and a host for a nickel-based
catalyst.****°* This supramolecular material promotes efficient
electronic coupling between chromophores and supports
photocatalytic hydrogen generation within the three-
dimensional hydrogel matrix. Furthermore, it can be easily
deployed on surfaces or embedded in porous supports, offering
a versatile platform for artificial photosynthesis. In another
example, a spherical chromatophore-like nanomicelle system
was developed by self-assembly of Zn-porphyrin amphiphiles
with a Co catalyst in water.’®® The resulting hierarchical
organization generates an antenna effect that promotes CO,-
to-CH, conversion with remarkable performance (TON > 6600,
89% selectivity, 15% solar-to-fuel efficiency).

8.4. Biomedical applications

Supramolecular polymers likely exhibit the greatest potential
for biomedical applications.**”™*°° However, these supramole-
cular polymers do not always consist of chromophores or
involve the participation of H-bonding systems. It should be
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highlighted the pioneering work of the Stupp group, demon-
strating the use of supramolecular polymers in regenerative
medicine,** muscle actuators,*®® and therapeutics,*®®* among
others. In addition, numerous studies have shown the potential
of supramolecular polymers in drug delivery systems.*®**

n-Conjugated supramolecular polymers have been exploited
in biomedical applications for their unique electronic and
optical properties.**®*%” Various dye-based assemblies have
been employed for phototherapy*®®*"* and bioimaging,***"
enabling both therapeutic and diagnostic functionalities. Chen
and Wang reported supramolecular nanoparticles based on a
Pt(iv)-modified  B-cyclodextrin-ferrocene monomer.*'®* In
tumors, the nanoparticles dissociate in response to H,O,,
releasing hydroxyl radicals and Pt(wv) prodrugs, which convert
to cis-platin and amplify H,O, generation. This self-augmented
cascade enhances chemodynamic therapy while enabling renal
clearance for low systemic toxicity. Other systems rely on light
stimuli to modulate its function. In this context, Ding, Tang
and coworkers developed a smart organic nanoparticle based
on the photoswitch 84, useful for photoacoustic imaging and
photodynamic therapy.*'® By light-triggered switching between
ring-closed and ring-opened states (Fig. 21g), the nanoparticle
directs absorbed energy either to thermal deactivation for
photoacoustic imaging or to fluorescence and ROS generation
for photodynamic therapy.

More recently, a series of amphiphilic aza-BODIPY dyes (85)
were shown to self-assemble in water into nanostructures with
tunable size and photophysical properties.*'® Smaller assem-
blies (C1) show weak emission, while longer-chain derivatives
(C8-C16) form J-aggregates with strong NIR fluorescence and
photoacoustic signals (Fig. 21h). These dye assemblies demon-
strate excellent biocompatibility, size-dependent biodistribu-
tion, and effective in vitro and in vivo imaging, highlighting
the potential of self-assembled dyes as versatile contrast agents
for biomedical applications.

9. Conclusions and future outlook

Hydrogen bonding has proven to be one of the most powerful
and versatile noncovalent interactions for directing the self-
assembly into well-defined supramolecular architectures. The
inherent directionality, tunable strength, and reversibility of
hydrogen bonds make them ideally suited for programming
order from the molecular levels to macroscopic domains.
Throughout this review, we have highlighted how hydrogen-
bonding motifs can be rationally combined with n-conjugated
scaffolds allowing a certain level of control over the self-
assembly mechanism, molecular packing, and aggregate mor-
phology, as well as the induction of pathway complexity and
tuning of the photophysical properties.

Considering the electronic implications and exciton cou-
pling arising from the interactions between chromophores, the
directionality and strength of hydrogen bonds play a pivotal
role in guiding the assembly of m-conjugated systems. The
general monomer design strategy for developing hydrogen-

This journal is © The Royal Society of Chemistry 2025
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bonded m-conjugated supramolecular polymers involves the
functionalization of the selected chromophoric unit with
hydrogen-bonding motifs and the appropriate solubilizing
groups. Through careful molecular engineering of these mono-
meric units, it is possible to achieve a high degree of control
over the self-assembly process, guiding the formation of one-
dimensional, two-dimensional, and/or chiral supramolecular
architectures. The molecular packing within these architec-
tures is critical, as it directly influences exciton coupling and
determines whether H-type or J-type aggregates are formed,
factors that are essential for tuning the optical, electronic, and
functional properties of the resulting materials.

Importantly, the incorporation of hydrogen-bonding motifs
and flexible linkers into m-conjugated scaffolds provides an
additional versatility and tunability regarding the interaction’s
possibilities. Hydrogen-bonding units can establish diverse
intra- and intermolecular interaction patterns, acting either
synergistically or in competition with other noncovalent forces.
This interplay gives rise to complex self-assembly landscapes,
featuring multiple monomeric or aggregated species that may
exist as kinetically trapped intermediates or thermodynamically
stable structures. Kinetically trapped species, including dor-
mant monomers or metastable aggregates, have proven parti-
cularly valuable for exerting control over the self-assembly
process through mechanisms such as living supramolecular
polymerization or secondary nucleation.

The integration of hydrogen-bonding units into m-conju-
gated systems has also enabled the development of adaptive
and stimuli-responsive materials. External stimuli such as
ultrasonication, light, or chemical additives can modulate the
self-assembly processes, in terms of molecular packing, mor-
phology, and optical or electronic behaviour. In this context,
supramolecular polymorphism has emerged as a key concept,
enabling the formation of two or more stable aggregated states
from the same monomeric building blocks.

Despite significant progress, several challenges and oppor-
tunities remain in the field of hydrogen-bonded n-conjugated
supramolecular assemblies. A more predictive understanding
of how subtle variations in hydrogen-bond donor/acceptor
patterns, molecular geometry, and solvent environment influ-
ence supramolecular outcomes is still lacking. This will be
relevant for the development of three-dimensional architec-
tures, but also in relation to pathway complexity, where the
critical aspects of monomer design are not yet fully understood.
In this context, developing new strategies to control supramo-
lecular polymerization and harness supramolecular poly-
morphism remains a demanding but promising direction.
Moreover, a deeper exploration of stimuli-responsive systems
could not only offer new tools to control the kinetics and
mechanisms of supramolecular polymerization but also pro-
vide a means to modulate in real-time the morphology and
properties of the resulting materials.

Looking ahead, the utilization of new tools such as machine
learning, molecular simulations, and advanced in situ charac-
terization techniques (e.g., cryo-TEM, time-resolved spectro-
scopy, single-molecule methods, and small-angle X-ray

This journal is © The Royal Society of Chemistry 2025
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scattering) will be essential to decipher the complex kinetics
and thermodynamics of supramolecular assembly processes.
These approaches may eventually allow us to design supramo-
lecular systems with predictive control over structure, function,
and dynamics, akin to how nature programs molecular
machines and complex assemblies via hydrogen-bonding in
proteins and nucleic acids. Although this review has primarily
focused on single-component systems, the rational design of
multicomponent supramolecular assemblies with precise
sequence and spatial control remains a significant challenge.
Gaining control over multicomponent assembly is crucial for
progressing toward more complex, multifunctional, and life-
like supramolecular systems with advanced levels of structural
and functional sophistication.

Owing to their unique electronic properties, m-conjugated
supramolecular polymers hold significant potential for applica-
tions in optoelectronics, photonics, catalysis, sensing, and
biomedicine. However, translating these fundamental proper-
ties into practical applications remains a major challenge,
largely due to issues related to structural stability, processa-
bility, and precise control over molecular organization at larger
scales, or in multicomponent environments. Their dynamic,
noncovalent nature, while advantageous for self-healing and
adaptability, can compromise long-term stability and reprodu-
cibility. Bridging the gap between molecular design and appli-
cation performance will require advances in processing
methods, and a deeper understanding of structure-function
relationships under operational conditions.

In conclusion, hydrogen-bonding modulation in the self-
assembly of m-conjugated systems is not only a powerful
strategy to develop functional materials but also a conceptual
framework for advancing the field of supramolecular chemis-
try. As we move toward the development of programmable,
adaptive, and responsive supramolecular systems, hydrogen
bonding will undoubtedly remain at the heart of molecular
design, enabling new frontiers in soft matter, materials science,
and nanotechnology.
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