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Preface

Ionic interactions play an essential role in the self-assembly of functional biolog-
ical and synthetic systems. Ionic self-assembly, the coupling of two structurally
distinct building blocks by electrostatic interactions, has recently become an effec-
tive approach to develop new nanostructured chemical objects and materials with
interesting and tuneable properties. This ion pairing also plays an important role
in the design of supramolecular assemblies, especially in an aqueous environment,
where the presence of charges also guarantees adequate solubility. An appropriate
molecular structure design of self-assembling building blocks is necessary to obtain
tailored properties and even complex functions. Such functions have been already
discussed in books and reviews on supramolecular chemistry, also with an emphasis
on the underlying binding mechanism.

This volume presents a much-needed update of recent advances and current
knowledge in the field of supramolecular assemblies based on electrostatic inter-
actions. The flexibility and simplicity of constructing assemblies are explained via
several examples, illustrations, figures, case studies, and historical perspectives. The
first two chapters of the book have focused on synthesis aspects and properties of
supramolecular ionic networks, including those prepared from small molecules or
polymers (or a combination of both), and it is attempted to derive consistent rela-
tions between their structure, dynamics, and properties. Within the same context,
Chap. 3 discusses the role of electrostatic interaction, purely or in combination
with other non-covalent interactions, in the self-assembly of macroions (ranging
from 0D to 3D supramolecular structures, e.g., metal-organic cages, dendrimers,
biomacromolecules, etc.). Among all macroions, dendrimers have attracted great
interest in recent times due to their unique self-assembling properties. Accordingly,
a full chapter was included in this book which gives a comprehensive overview of
functions, structures, and properties of dendrimers in bulk and in solution (Chap. 4).
Moreover, recent developments suggest that electrostatic self-assembly is capable of
yielding nano-objects that are well-defined in solution. This emerging field has been
fully reviewed in Chap. 5. Layer-by-Layer (LbL) self-assembly is one of the versa-
tile methods used to fabricate multilayered nano-objects, typically under aqueous
assembly conditions which involve alternating deposition of multivalent compounds
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with complementary interactions. In this regard, Chap. 6 provides a broad perspective
on themain physicochemical aspects of the fabrication ofmultilayered nanomaterials
through LbL method.

The next two chapters discuss about σ-hole andπ-hole interactions where electro-
static contributions are crucial. A deep understanding of noncovalent σ-hole inter-
actions is necessary to advance in many fields, especially in crystal growth and
crystal engineering, as illustrated in Chap. 7. Regium-bonding, a new player in
supramolecular chemistry, is described in Chap. 8, including examples related to
crystal engineering, biological systems, and surface absorption processes.

Nature has created the most beautiful and sophisticated examples of supramolec-
ular assembled systems derived from amphiphilic molecules. Chapter 9 presents
the most representative examples (including their design strategy) in electrostatic
interaction-based photoresponsive molecular amphiphiles. In the next chapter, self-
assembly behavior of amphiphilic salts in solution (mostly based on imidazolium
and ammonium) was reviewed as a function of structural features of ionic tectons,
emphasizing their implications on the different applications.

Finally, as there is a need for theory and modeling of interaction strength to help
experimental studies, the last chapter of the book is dedicated to the topic “Modelling
of supramolecular assemblies”. It was shown in this chapter, how computational
chemistry techniques are particularly helpful for comprehension at the molecular
scale of the complex supramolecular polymerization process as well as the relevant
properties that final self-assembled architectures could acquire.

This book aims to inspire and guide fellow scientists and students in this field.
In this context, the book first merits broad and fast dissemination into the general
scientific community especially for the chemists to examine this exciting branch of
science to realize its full potential in the new century. Still have a long way to go
for a complete understanding, but these volumes demonstrate that rapid and exciting
progress is being made.

The Editors express their appreciation to all contributors from different parts of
the world that have cooperated in the preparation of this volume. In this context, this
international book gives the active reader different perspectives on the subject and
encourages him/her to read the entire book.

Pau, France
Palma de Mallorca, Spain

M. Ali Aboudzadeh
Antonio Frontera
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Chapter 1
Supramolecular Ionic Networks: Design
and Synthesis

M. Ali Aboudzadeh

Abstract Supramolecular polymer networks are chains of low molecular mass
monomers held together by reversible non-covalent interactions, such as hydrogen
bonds, metal–ligand bonds, hydrophobic or π−π stacking interactions. The
reversibility and low energy bonding bring about additional features compared to
conventional covalent polymers, which potentially lead to new properties such as
improved processing, self-healing behavior, and stimuli-responsiveness.Whereas the
use of (multiple) hydrogen bonds is leading the discoveries in this area, the emerging
ionic chemistry has also been translated to the development of supramolecular assem-
blies based on ionic interactions. This approach provides exciting opportunities for
synthesizing new supramolecular materials via manipulation of the type and strength
of the ion pair as well as the number of interactions. In this chapter, the most relevant
advances and current knowledge in design and synthesis of supramolecular ionic
networks, including those prepared from low molecular weight molecules, poly-
mers, or a combination of the two are briefly reviewed. Their flexible and simple
construction is depicted via several examples and case studies. Finally, the important
concerns and possible opportunities are explained to inspire critical discussions and
boost further findings.

1.1 Introduction

Conventional polymers are long-chain molecules made up of repeating structural
units linked through covalent bonds. They have been employed widely in ordinary
life and advanced technologies for more than a half-century. In the last thirty years,
the universality of reversible non-covalent interactions has been perceived with the
evolution of supramolecular chemistry, defined by Lehn as the chemistry beyond
molecules, who firstly reported the application of hydrogen bonds to create polymer

M. A. Aboudzadeh (B)
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Fig. 1.1 Network structure of the monomer (UPy) units connected by reversible hydrogen bonds.
The UPy units form four hydrogen bonds to each other (dotted lines)

structures [1]. One important aspect of supramolecular chemistry is the application
of clear-cut molecules or macromolecules and intermolecular forces to generate
larger, more intricate chemical species with novel and extraordinary properties [2–4].
This discovery encouraged scientists to build up reversible alternatives for covalent
polymers.

Nevertheless, in the beginning, it was not simple how to incorporate highly direc-
tional, amply strong, but still reversible interactions to direct small molecules to
be assembled into polymeric patterns. Particular breakthrough was not reported
until the pioneering work by Meijer et al. [5]. They assembled 2-ureido-4[1H]-
pyrimidinone (UPy) units into extended chains by means of quadruple cooperative
hydrogen bonds in an array and developed products with similar mechanical prop-
erties that until then could only be achieved with covalent polymers (Fig. 1.1). In
such systems, by increasing the temperature the viscosity of the supramolecular
polymers could decrease, indicating an exceptional thermo-responsiveness coming
from reversible hydrogen bond interactions. This property allowed supramolecular
polymeric materials to be easily processed.

Following this achievement and in recent years, many scientists have been
studying and exploring the ability to utilize non-covalent intermolecular forces to
build controlled supramolecular structures and tailor their properties. Among various
supramolecular assemblies known, polymer networks are specifically interesting as
their properties can be completely different from the properties of their covalently
bonded counterparts or the individual macromers [6–8]. In particular, reversible
binding through cooperative hydrogen bonds [9–11], ionic interactions [12, 13] and
metal–ligand complexes [14, 15], etc. can lead to aggregation, gelation, or sudden
viscosity changes that are triggered by changes in molecular concentration, pH,
or temperature. Networks established through this approach have particular advan-
tages over conventional polymer networks based on covalent bonding because they
merge the features of traditional polymers with the reversibility of bonds that hold
monomer segments. Nevertheless, when these reversible holding interactions are
removed, for instance by heating, their elastic or rigid nature can be converted into
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Association

Dissociation

Scheme 1.1 Schematic of supramolecular polymer networks generated from non-covalent ionic
interactions. The major difference from traditional polymer is the equilibrium between association
and dissociation of the interactions

low viscosity smallmolecules [16]. These unique characteristics facilitate a new cate-
gory of stimuli-responsive and functional polymers named supramolecular polymer
networks [17].

Scheme 1.1 graphically shows a supramolecular polymer networkmade up of end-
to-end chaining of lowmolecular mass oligomers. Similar to conventional polymers,
supramolecular networks present analogous macromolecular properties in solutions
as well as in bulk. However, because the connecting forces for their structures are
reversible interactions, supramolecular networks still behave like small molecules
when their reversible interactions dissociatewith changing conditions such as heating
or solvent switching.

One undesirable disadvantage of conventional polymers is their highmelt viscosi-
ties as a result of their chain entanglements, which make them difficult to process. In
contrast, supramolecular polymer networks generally exhibit a strongly temperature-
dependent melt viscosity, which improves their processability in a less viscous state
at temperatures only moderately higher than their melting or glass transition temper-
atures. The reversible properties of supramolecular polymers make them capable of
self-repair or healing after disruption of the interaction, which opened a quite new
research field in the last two decades. To obtain these novel features, the most chal-
lenging task is to design appropriate building block functionalities with synthetic
accessibility and high stability. It is the aim of this chapter to present an overall
view of the synthetic methods to create these new networks. Particularly, we start
by presenting different types of supramolecular assemblies, and then we address the
advances in the field of supramolecular ionic assemblies, including those composed
of complementarily charged polymers, lowmolecular weight molecules, or a combi-
nation of the two. Finally, the motivation for further discoveries in this field and
future perspectives are discussed.
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1.2 Different Types of Supramolecular Assemblies

Supramolecular assemblies can be categorized on the basis of three different prin-
ciples: (1) the physical nature of the non-covalent force that lies at the origin of
the reversible interaction, (2) the type of structural monomer(s) used, for example,
supramolecular polymerization of an A2 monomer or an A-B type monomer,
and (3) the Gibbs free thermodynamics which describes different mechanisms of
supramolecular polymerizations and shows how the conversion is based on temper-
ature, concentration, etc. Each classification has its own scientific merits [18]. In this
chapter, we classify different supramolecular assemblies on the basis of the phys-
ical nature of the various types of interactions that can behave as driving forces for
the design of large supramolecular assemblies. Important non-covalent interactions
include hydrogen bonding, electrostatic interactions, metal–ligand complex, and π–
π stacking. Some examples of supramolecular assemblies via different non-covalent
interactions will be discussed. The electrostatic interactions as the main synthetic
strategy in this chapterwill be discussed inmuchmore detail in the next section. There
are still other non-covalent interactions that could lead to supramolecular structures,
such as hydrophobic forces [19, 20]. Furthermore, some supramolecular networks
may include more than one type of non-covalent interaction. Table 1.1 summa-
rizes different noncovalent interactions involved in the formation of supramolecular
polymeric networks [21, 22].

1.2.1 Hydrogen Bond-Assisted Supramolecular Assemblies

Hydrogen bonding is the most investigated interaction among all types of reversible
bonds. Due to their excellent directional selectivity, hydrogen bonds are ideal for
molecular engineering of desired polymer networks. The strength of hydrogen

Table 1.1 Bond strengths of the different non-covalent interactions used in construction of
supramolecular assemblies in comparison to the one of covalent bonds

Reversibility Bond Strength Type of interaction

Irreversible Strong > 60 kcal/mol Covalent bond

Reversible Medium 20–60 kcal/mol Reversible covalent bond (e.g., –S–S–)

metal–ligand coordination

ionic interaction

multiple hydrogen bonds

Weak 0–20 kcal/mol Hydrogen bond

π–π stacking

Hydrophobic interaction

Reused with permission from Ref. [22] Copyright (2013) (Wiley)
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bonding depends on temperature, pressure, solvent, bond angle, and environment. It
is worth remarking that the strength of a hydrogen-bonding motif is governed by the
number of individuals involved hydrogen bonds. A higher number of hydrogen bonds
generally signify stronger hydrogen bonding. Supramolecular assemblies based on
hydrogen bonding gave rise to an array of novel materials. Following some examples
are reviewed.

Meijer et al. reported thermal reversible polymers through developing ureidopy-
rimidinone (UPy) group with a bonding constant K of 6 × 107 M−1. They observed
that the buildingblocks are held together byUPyhydrogenbonds at room temperature
resulting in a flexible polymer. While by increasing the temperature, UPy hydrogen
bonds break, the building blocks lose their connections and the material behaves
like a viscous liquid. This dramatic phase and property transitions induced by the
dynamic nature of hydrogen bonds bring about a unique behavior for UPy groups
[23].

Long et al. were capable of pairing UPy side-groups into linear poly(butyl
acrylate)s to achieve a novel thermoplastic elastomer material. Mechanical studies
revealed that melts of UPy consisted of linear poly(butyl acrylate) chains that act
as a rubbery elastomer at room temperature, bearing a classical elastomer Young’s
modulus at about hundreds of kPa.Whereas at elevated high temperatures (80 °C), the
Young’s modulus decreased considerably, behaving like a viscous polymer melt. The
authors attributed this novel effect to the dynamic nature of UPy hydrogen bonds and
they concluded that at low temperature, UPy groups are attached together by means
of hydrogen bonding serving as crosslinking junctions for the polymer network. At
high temperatures, UPy hydrogen bonds dissociate, the linear poly(butyl acrylate)
chains lose their connectivity and consequently flow again like a melt [24].

In another interesting example, a self-healing supramolecular elastomer based
on multiple hydrogen-bonding interactions was developed by Leibler et al. They
initiated their approach with vegetable-based fatty diacids and triacids, then the acid
groupswere condensedwith a controlled excess of diethylenetriamine. In the end, the
obtained product was reacted with urea leading to various oligomers with multiple
self-complementary hydrogen bonding sites. The new resulting plastic-like material
showed a glass transition temperature (T g) at about 28 °C. Above this temperature,
the material displayed typical characteristics of elastomers, i.e., it was deformed
by applying stress and recovered its shape when the force is removed. At even
higher temperatures (> 160 °C), the material could flow like a viscous liquid. In
contrast to classical rubbers, it exhibited excellent self-healing abilities as depicted
in Fig. 1.2. Once the cut parts were put in contact together, the material was capable
of self-healing with time through rebinding the fractured hydrogen bonds [25–27].

Similar to this study, Odriozola et al. reported a covalently cured poly(urea–
urethane) elastomeric network with self-healing ability at room temperature which
was achieved through combination of dynamic covalent bonds with hydrogen bonds
with superior mechanical strength [29]. The significant self-healing ability of this
system could be associated with two structural features: metathesis reaction of
aromatic disulfide which is in constant exchange at room temperature [30, 31] and
two existing urea groups, capable of forming a quadruple hydrogen bond (Fig. 1.3).
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Fig. 1.2 Self-healing supramolecular elastomer developed by Leibler et al. Reproduced with
permission from the Ref. [28] Copyright (2015) (Wiley)

Fig. 1.3 Proposed bonds involved in the self-healing material developed by Odriozola et al.
Reproduced with permission from the Ref. [28] Copyright (2014) (Royal Society of Chemistry)
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Fig. 1.4 a An example of Ruthenium(II) coordination polymer complex, b a model structure of
terpyridine ligand and c molecular structure of triphenylene

1.2.2 Metal–Ligand Induced Supramolecular Assemblies

Reversible metal–ligand complexes are extensively employed in molecular self-
assembly and host–guest recognition applications [32–34]. Ruthenium (II) coordi-
nation polymers are one of the first examples of metal–ligand induced supramolec-
ular assemblies [35, 36]. The Ruthenium (II) pyridine type ligand complex is well
known and relatively stable. By designing the appropriatemonomer structure, Ruthe-
nium (II) coordination polymers can be assembled (Fig. 1.4a). Terpyridine is another
important class of ligands used in metal–ligand-induced supramolecular assemblies
[37–40]. A model structure of this ligand is presented in Fig. 1.4b. Similar to the
structure shown in Fig. 1.4a, terpyridine is able to bind various metals such as Fe2+,
Zn2+, Ru2+, Co2+, etc. to form bisterpy metal complexes [16].

1.2.3 Supramolecular Assemblies Based on π–π Stacking
Interaction

Many conjugated or aromatic molecular structures can undergo π–π stacking
secondary interactions. This type of interaction mostly induces discotic stacking
which results in crystalline or liquid crystalline state. Supramolecular assemblies
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can be constructed by means of π–π stacking. In this regard, triphenylenes are the
most investigated disc-shaped molecules to form supramolecular structures [16].
The general structure of triphenylene is presented in Fig. 1.4c, in which changing the
pendant R groups into appropriate side chains allows triphenylenes to generate aggre-
gated polymeric columns in either water phase or organic solutions [41–44]. Burat-
tini et al. developed an original healable polymer network formed by π–π stacking
interactions between pyrenyl end-groups and chain folded polyimides [45–47].

Moreover,π–π stacking interaction is very prevalent in copolymers or conjugated
polymers. The cooperativeπ–π interactions inside some polymers lead to generation
of new supramolecular complexes which could have promising applications in the
fields such as transistor electronics, light-emitting cells, and photovoltaic devices
[48–50].

1.3 Supramolecular Assemblies Based on Electrostatic
Interactions

Non-covalent electrostatic interactions via ion pairing play a major role in the design
of supramolecular assemblies, especially in an aqueous environment wherein due
to the water-solubility of the charged groups, they could form strong electrostatic
interactions. Rise of ionomers and polyelectrolytes in the early twentieth century led
to the concept development and application of electrostatic interactions in polymer
structures. Ionomers are copolymers in which an ionic group (e.g., carboxylate) is
loaded into a polymer at a small quantity (generally < 15%) as a means for altering
polymer properties. These components were commercially available in the 1950s.
Mixtures of ionomers with randomly distributed positively and negatively charged
groups can lead to formation of materials held together by electrostatic interactions.
For example, van der Zwaag and Varley have reported different classes of ionomers
and their self-healing behavior [51–53].

Polyelectrolytes are similar to ionomers but they have higher number of ionic
groups (high charge density) and most of them are soluble in aqueous solution [54].
Polyelectrolytes are divided into three types: polyanions, polycations, and polyam-
pholytes. Polyanions and polycations have negatively and positively charged groups,
respectively and they possess extended chain conformations due to repulsive interac-
tions between like-charged groups. Polyampholytes are ionic polymers having both
positive andnegatively chargedgroups and theyhave compact conformations because
of attractive interactions between the unlike charges. The high quantity of charged
groups on the backbones of polyelectrolytes (polycations or polyanions) attracts
many counterions to its nearby neighborhood (counterion condensation) [55–57].

Ionomers and polyelectrolytes,with their ionic recognition groups, are extensively
used to generate supramolecular assemblies. In spite of their long history, interesting
functionality, and diverse structures available to use, electrostatic interactions have
not been as widely studied as metal–ligand coordination and hydrogen bonding
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in the field of supramolecular materials. Compared to other non-covalent analogs,
ionic interactions have particular characteristics as follows. First, they are stronger
and less directional [21]; second, they may develop larger agglomerated structures
dependent on the steric surroundings of the ion pair [58, 59]; third, coulombic inter-
actions are asymmetric and sensitive to the local constant of the environment they
are in [60]; and fourth, ionic interactions are simply adjustable via the combination
of different cationic (e.g., primary or secondary amine, quaternary ammonium) and
anionic structures (e.g., sulfonate vs. carboxylate) that are available through straight-
forward chemistry. In particular, advantages of working with electrostatic bonds
alone or in combination with other non-covalent interactions are that a considerable
number of molecules and macromolecules are ready for use and that the preparation
methods are simple and appear generalizable [22].

In the following subsections, advances in supramolecular ionic networks from
synthetic aspects are reviewed. These networks are classified if they were prepared
from low molecular weight molecules, polymers, or a combination of the two. This
type of classification was first introduced in a review paper published on this topic in
2013 [22]. Then in the next chapter, we will review the dramatic impact of molecular
design on how these ionic interactions could control the bulk properties.

1.3.1 Supramolecular Ionic Assemblies from Low Molecular
Weight Molecules

Low molecular weight molecules can attach to each other through non-covalent
interactions to form linear or polymer network systems. The challenges related to
applying ionic interactions between lowmolecularweightmolecules for the balanced
engineering of supramolecular assemblies include first, the relative deficiency of
specificity between counterparts [21] and second, the isotropy of Coulombic poten-
tials between discrete charges, which compromises even the validity of considering
stoichiometric 1:1 pairwise interactions between oppositely charged partners [61].

Contrary to supramolecular assemblies formed by polymers, low molecular
weights molecules can induce faster equilibration and the obtained assemblies may
exhibit a higher degree of mesoscopic order [22]. In one of early studies, Hosseini
et al. synthesized a self-assembled structure by combining ion-pairing electrostatic
interaction and hydrogen bonding. In this study, a phthalate dianion was reacted with
a dicationic compound composed of two cyclic amidiniumgroupswith four hydrogen
bonding donor sites to form a linear polymer chain (Fig. 1.5a). X-ray study confirmed
the proposed linear structure if the anion was terephthalate or isophthalate [62]. The
same research group showed that by adding two carboxylic acids to the anion (using
pyromellitate dianion), a self-assembled crystalline 2D molecular network can be
achieved (Fig. 1.5b) in addition to the linear polymer chains [63].
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Fig. 1.5 Chemical structures of dicationic cyclic amidinium, phthalate dianions, pyromellitate
dianion and X-ray structures of the resulting a linear or b 2-D network assemblies. Adapted with
permissions from the references [61, 62] Copyright (1994, 2001) (Royal Society of Chemistry,
Elsevier), respectively

In 2008,Grinstaff et al. suggested a distinct, practical, and complementary strategy
for the construction of ionic networks from entirely non-coordinating ionic pairs,
particularly those discovered from ionic liquids chemistry. These scientists combined
a tetraanion, ethylenediaminetetraacetate (EDTA4−), and a dication, consisting of
two covalently linked tetraalkyl phosphonium components to assemble an ionic
liquid. Since there were adequate units of cationic and anionic groups on each
species and assuming that the Coulombic forces are governed by two-by-two inter-
actions among individual cationic and anionic groups, the expected complex to be
formed was effectively a supramolecular ionic network (Fig. 1.6). To check the
generalizability of the approach, the authors replaced EDTAwith para-tetracarboxy-
5,10,15,20-tetraphenyl-21H,23H-porphine (H2TPP4−) aiming at developing an ionic
porphyrin assembly.As result, they observed that porphyrin sustained its fluorescence
suggesting that ionic networks having particular functional building blocks maintain
their original features [64]. Combining the reversibility of the disulfide bond and the
use of ionic interactions, this research group designed a crosslinked ionic network
based ondisulfide diphosphonium ionic liquid and tetraanion (EDTA4−). By applying
external stimuli such as temperature or inducing a mild redox reaction, the resulting
ionic network underwent a reversible transition from a network to a non-network
state [65].

Whereas this pioneering study made use of intricate ionic liquid units like alkyl
phosphonium dications, Aboudzadeh et al. presented a simple strategy to synthesize
supramolecular ionic networks through employing commercially accessible di- or
trifunctional amines and carboxylic acids (Fig. 1.7a). The basic chemical reaction
that they used was proton transfer, a reaction mechanism step applied in constructing
protic ionic liquids, also recognized as acid–base complexation. Protic ionic liquids
are readily synthesized through the neutralization and subsequent proton transfer
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Fig. 1.6 Formation of a supramolecular ionic network reported by Grinstaff et al. (up): chemical
structures involved; (down): schematic diagram of network formation. Reproduced with permission
from Ref. [22] Copyright (2013) (Wiley)

Fig. 1.7 Proposed reaction pathway for the synthesis of supramolecular ionic networks based on
citric acid and a commercially available di- or trifunctional aminesb a fully renewable C36 biobased
diamine (Priamine 1074) and c geminal dicationic ionic liquids. Reproduced with permissions from
the references [70–72] Copyright (2012, 2014, 2013) (American Chemical Society, Wiley, Royal
Society of Chemistry), respectively
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between a base and a Brønsted acid [66–68]. A group of (di-/tri-) functional primary-
and tertiary amine bases and (di-/tri-) functional carboxylic acids were tested by
these authors. In all selected combinations, the reactants were added all at once
in an equimolar quantity and stirred together at room temperature in the presence
of a solvent, such as water or methanol, to eliminate the issues of the exothermic
neutralization reactions. The reactions were quick and after solvent removal, a
series of products were synthesized effortlessly. Characterizing the products using
nuclear magnetic resonance (NMR) and Fourier transform infrared (FTIR) spectro-
scopies, the authors obtained a direct evidence of proton transfer reaction between
the carboxylic acid and the amine. The important advantage of this synthetic method
was that it did not require a previous ionic-monomer synthetic stage [69]. Citric
acid, among all examined carboxylic acid molecules, displayed a promising ability
leading to the formation of supramolecular ionic networks with remarkable ionic
conductivity and self-healing characteristics. The probability of involving hydrogen
bonding in these systems was studied by the authors as well. They performed a
control test in which instead of citric acid, the equivalent triol (glycerol) was reacted
with a diamine molecule (1,3-propanediamine in this case) at mole ratio 1:1. As the
product of this reaction, a liquid with very low viscosity was achieved, suggesting
the small impact of the hydrogen bonding in comparison to the ionic interactions
[70].

Moreover, the same authors via the same synthetic strategy developed supramolec-
ular ionic networks fully based on chemicals coming from renewable feedstock
(Fig. 1.7b). In this study, Priamine 1074 a biobased fatty diamine molecule (as the
dication source)was reacted separatelywith a series of naturally occurring carboxylic
acids such as malonic acid, citric acid, tartaric acid, and 2,5-furandicarboxylic acid
[71]. These efforts allowed incorporation of natural products such as citric acid
in the design of supramolecular networks. Following these reports, these scientists
also achieved another type of supramolecular ionic network based on citrate anions
and the most important types of dicationic ionic liquids such as di-imidazolium,
di-pyridinium, or di-pyrrolidonium (Fig. 1.7c) [72]. The properties (rheological,
conductivity, self-healing, etc.) of these three categories (shown in Fig. 1.7) will
be fully discussed in chapter two. However, these ionic networks possessed certain
intrinsic issues related to the constituent carboxylate compounds such as water sensi-
tivity, poor thermal stability temperature, and low ionic conductivity. Therefore, in
order to overcome these weak points, the same research group developed another
approach to synthesize supramolecular ionic networks. This approach involved first
the preparation of ionic monomers which contained highly delocalized attached
(trifluoromethane-sulfonyl)imide –SO2–N–SO2–CF3, or (propylsulfonyl)methanide
–SO2–C(CN)2, or (cyano-propylsulfonyl)imide –SO2–N–CN anions (Fig. 1.8 left).
The route to synthesize these compounds was similar to the reported procedure in
the case of methacrylic anionic monomers [73]. In the second step, these dianions
were combined with geminal di-imidazolium dications as the building blocks for
preparation of the targeted supramolecular ionic networks. Although most of the
synthesized networks were semi-crystalline (Fig. 1.8 right, a, b and d), amorphous
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Fig. 1.8 Left) Ionic monomers containing highly delocalized attached –SO2–N–SO2–CF3, –SO2–
C(CN)2, and –SO2–N–CN anions. Right) Structures of supramolecular ionic networks based on
highly delocalized dianions. Adapted with permission from the reference [74] Copyright (2015)
(Royal Society of Chemistry)

networks were also obtained using aromatic asymmetric dianions (Fig. 1.8 right, c)
[74].

In another study, supramolecular porous ionic networks were designed and
prepared through one-pot procedure, involving the quaternization of triimidazole
triazinewith cyanuric chloride followedbyhydrolysis and in-situ assembly (Fig. 1.9).
The authors declared that the process of ionic crosslinking formation forces their
chain conformation to be fixed to some extent, and this conformation fixation by
ionic crosslinking is one of the reasons to create porosity [75].

Fig. 1.9 Reaction pathway for the synthesis of supramolecular porous ionic network developed by
Huang et al. Adopted with permission from the reference [75] Copyright (2016) (Royal Society of
Chemistry)
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1.3.2 Supramolecular Ionic Assemblies from Low Molecular
Weight Molecules and Polymers

Appropriate selection of a low molecular weight molecule (e.g., lipids, peptides,
dyes, or surfactants) to be paired with a polymer via electrostatic interactions can
provide an approach to developing specific structures with excellent functions. Poly-
electrolyte–surfactant complexes are one of the early investigated assemblies in this
category. These complexes combine the properties of polymers (mechanical strength
and viscoelasticity) and surfactants (formation of highly hierarchical mesophases)
[76, 77]. In these complexes, the ionic interaction between the ion pairs, as well as the
hydrophobic interaction between the hydrocarbon tails of the surfactant, bring about
thermodynamically stable ordered phases or aggregates depending on the preparation
method [78].

In one of pioneering studies, Antonietti et al. synthesized and characterized a
self-assembled complex formed between poly(styrenesulfonate) and alkyltrimethy-
lammonium cations with different alkyl tails by common precipitation in water.
Similarly, copolymers of poly(alkylacrylamide) and poly(acrylic acid) were assem-
bled with surfactants to form ordered structures. Considering the simplicity of
the “synthesis” and the availability of the starting materials, the authors predicted
promising applications for this new class of products [79, 80]. The complexation
of natural lipids such as diverse soybean-lecithins with a cationic polyelectrolyte,
poly(dimethyldiallylammoniumchloride) (PDADMAC),was carried out by the same
research group too. The authors considered such systems as “Plastic Membranes” to
mimic the structure of the cell membrane [81–83]. In another study, Thünemann et al.
investigated the mixture of PDADMAC and surfactants with a pendant trimethylsilyl
moiety complex and found smectic A-like lamellar mesophases and low energy
surfaces (20 and 36 mN/m) for them. Due to the low surface energy and the high
mechanical deformability of the complexes, the authors introduced them as flexible
water-repellent coatings [84]. This scientist in another structural study using X-
ray scattering showed that poly(ethylenimine) and n-alkyl carboxylic acids produce
lamellar structures which are dependent on composition of the coordinating acid as
well as the ratio of the two components [85].

Cationic dendrimers and oppositely charged small divalent organic ions in solu-
tion can give rise to stable functional supramolecular architectures. For example,
Gröhn et al. introduced a simple route to prepare nanoparticles with cylindrical
or spherical shapes through electrostatic self-assembly between poly(amidoamine)
(PAMAM) dendrimer ions and the divalent 1,4- or 2,3-naphthalene dicarboxylic
acid in methanolic solution (Fig. 1.10) [86, 87]. Use of dendritic macromolecules to
create macroscopic ionic networks was reported in another study by Hvilsted et al.
too. In this study, the networks were prepared by simple mixing of stoichiometric
amounts of carboxylic acid-telechelic poly(ethylene glycol)s (DiCOOH-PEG) at
different molecular mass (Mn ~ 250,Mn ~ 600, andMn ~ 4800) with poly(propylene
imine) (PPI) dendrimers or simpler amines such as tris(2-aminoethyl)amine (TAEA)
or hexamethylene diamine (HMDA). These structures are shown in Fig. 1.11.
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Fig. 1.10 Schematic representation of a PAMAM dendrimer, formulas of the counterions, and
different shapes of the resulting nanoparticles. Adopted with permission from the Ref. [86]
Copyright (2008) (Wiley)

Fig. 1.11 Structures of PPI dendrimers, amines, and carboxylic acid end-functionalized PEGs
DiCOOH-PEG that have been used to create the supramolecular ionic networks by Hvilsted et al.
Reproduced with permission from the Ref. [88] Open access under a CC BY 4.0 license, https://
creativecommons.org/licenses/by/4.0/

Performing a comprehensive 1H NMR analysis, it was revealed that only the four
primary amines of the PPI dendrimer (with molecular formula C16N6H40) residing
at the periphery take part in the ionic network formation [88].

https://creativecommons.org/licenses/by/4.0/
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Fig. 1.12 Schematic representation of supramolecular polymer networks formed through ion
pairing between phosphonium dications and the multianion, poly(acrylic acid). R = butyl, hexyl,
or octyl. Reproduced with permission from the Ref. [90] Copyright (2012) (American Chemical
Society)

Building upon these results, Grinstaff et al. investigated a self-organizing poly-
electrolyte, a polymerized phosphonium ionic liquid, and mixed this polymer
with different carboxylic acid-containing surfactants to form ordered structures.
Depending on the number of ionic interactions as well as the nature of the anionic
surfactant, the complexes exhibited completely different features including a brittle
material, a rubbery ball that bounces, or a sticky fiber [89]. In most of the aforemen-
tioned studies, the charge stoichiometry is held at one to one (i.e., each charge on
the polymer is paired with a single charge species). Substituting the mono anion (or
cation) with a multivalent anion (or cation) produces a polymeric network assembly.
In this context, the same authors synthesized network structures by the complexa-
tion of various phosphonium dications with themultianion, poly(acrylic acid). In this
study, the alkyl chains around the phosphonium dication were altered from butyl,
hexyl, to octyl in order to explore the effect of sterics and ion pairing on the resulting
macroscopic properties of the assemblies (Fig. 1.12). This study revealed insight into
the structure–property relationship for the design of ionic supramolecular assemblies
with desired properties [90].

Utilization of short peptides with a sequence-ordered chemical structure can bring
about supramolecular networks a special functionality [91]. Among these short
peptides, those containing fluorenylmethyloxycarbonyl (Fmoc) functional groups
and bearing phenylalanine amino acids are prone to self-assemble via π–π inter-
actions between aromatic groups. In a recent study, Boulmedais et al. presented
an approach to trigger and regulate the self-assembly of Fmoc-FFpY peptides (F:
phenylalanine; Y: tyrosine; p: PO4

2−), through direct electrostatic interactions with a
polycation (polyallylaminehydrochloride),whichyieldedhydrogelswithout dephos-
phorylation of the peptides. The authors suggested that electrostatic interactions
between the charged amine groups of the polycations and the phosphate groups of
the peptides lead to the generation of core−shell cylindrical structures in which
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flexible polycation chains decorate the micellar aggregates of Fmoc-FFpY peptides
[92].

1.3.3 Supramolecular Ionic Assemblies from Polymers

Oppositely charged polymers can be used to develop different classes of self-
assembled architectures governed by ionic interactions. The resulting supramolec-
ular structures are commonly regarded as polyion assemblies. Their self-assembly
capabilities bring about ordered mesoscopic scaffolds such as membranes, capsules,
flocculants, and micelles by simple blending processes. A pioneering work
on construction of supramolecular ionic assemblies from polymeric building
blocks was carried out by mixing poly(vinyl-N-butylpyridinium bromide) and
sodium poly(styrenesulfonate) together and studying the properties of the resul-
tant polyanion-polycation complex [93]. Another early example reported by
Miekka et al., in which sodium poly(styrenesulfonate) was also reacted with
poly(vinylbenzyltrimethylammonium chloride) in dilute aqueous solution. As the
product of the reaction, a water-insoluble extremely thin film was formed at the two-
solution interface which contained equivalent quantities of each polyelectrolyte. The
film displayed high diffusivity against salts such as sodium chloride, indicating a
potential application as semipermeable membranes or as a solid electrolytes [94].
Depending on the concentration of the polyion solutions, the molecular weight of
the polymers, pH, and the ionic strength, such complexes could be soluble in water
or they could precipitate due to charge neutralization. Based on this fact, Kataoka
and Harada developed polymeric micelles through spontaneous formation between
a PEG-polycation block copolymer and a PEG-polyanion block copolymer in an
aqueous solution. The authors chose biodegradable poly(Llysine) and poly(aspartic
acid) as the polycation and polyanion blocks in the copolymer, respectively with the
intention of making these polymer micelles as a promising vehicle for the delivery
of various charged compounds to the body [95].

Different charged compounds can be used for the formation of supramolecular
assemblies such as DNA, small interfering RNA, charged proteins, dendrimers, etc.
[96–99]. In this context, these assemblies could be excellent candidates for the trans-
port and delivery of biological agents since molecules such as DNA and proteins
can be easily incorporated via ionic interactions. One of the earliest studies was the
complexation between polyethyleneimine (PEI) and DNA reported by Boussif et al.
The authors stated that every third atom of PEI is a protonable amino nitrogen atom,
which makes the polymeric network an effective “proton sponge” at virtually any
pH. This fact plus its low cytotoxicity makes PEI a promising vector for in vitro and
in vivo gene therapy and delivery [100].

Viral gene vectors are considered the leading vehicles for delivering new genetic
code to cells with outstanding results in multiple clinical tests [101]. To address the
safety and manufacturing issues of viral vectors, a wide range of cationic polymers
(associatedwithDNAvia electrostatic interactions), have been studied as alternatives
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due to their relatively low cost and tunability [102–107]. In this regard, the reader is
referred to some comprehensive reviews on this topic [108–110].

Ionic dendrimers are the classical examples of rigid-rod and globular-shaped
polyelectrolytes. Unlike linear polyelectrolytes, their ionic side chains decrease the
degrees of freedom. Charge neutralization during the formation of supramolecular
assembly shrinks the hydrodynamic volume, but the original globular or rod shape of
each polymer is maintained. Aida et al. presented the first study on electrostatic self-
assembly between negatively and positively charged dendrimers that contain within
their frameworks a fluorescence probe. They observed that only globular-shaped
particles or precipitates are formed by mixing two oppositely charged dendrimers
[111]. Aida et al. also reported another interesting study, in which environmentally
friendly 3D network hydrogels based on electrostatic interaction were formed. These
gels were prepared using a PEG chain with cationic G3-dendrons on each end (G3-
binder, 3 = generation number), mixed with negatively charged clay nanosheets
(CNSs) that were dispersed by sodium polyacrylate (ASAP). G3-binder had two
dendron units, which were decorated with multiple guanidinium ion pendants on
their peripheries (Fig. 1.13). Multiple dendrons bind to each clay nanosheet, forming
a free-standing gel that can self-heal and be remolded [112] (Fig. 1.13). In a follow-
up study, the same research group prepared similar supramolecular hydrogels by
using linear ABA triblock copolyethers carrying guanidinium (Gu+) groups at the
side-chain termini of A blocks, while comprising a flexible PEG linker as the central
B block. These hydrogels were as tough as the dendrimer-based gels, but the linear
binders could be obtained bymuch less complicated syntheses from startingmaterials
that were readily available [113].

Preparation of supramolecular ionic assemblies via acid–base complexation
between functionalized polymers has been reported in some studies. For example,
Matsushita et al. reported polymer blends made from carboxylic acid-terminated
poly(dimethylsiloxane) (PDMS) and hyperbranched PEI. The parent polymers were
both liquids and almost colorless at room temperature, while the blend samples
had a yellow color originating from the redshift of the absorption band in a UV–
vis region and looked more viscous due to acid–base complexation [114]. Furusho
et al. reported amaterial developed by blending telechelic carboxylic acid-terminated
polybutadiene and a linear polyamidine having N, N-di-substituted acetamidine
group in the main chain. Charge interaction between the carboxylic acid and amidine
groups led to the formation of a solid ionic network, which was not seen when the
polyamidine was exchanged for PEI. Considering the high stability of amidinium-
carboxylate salt bridge, the authors introduced it as an efficient and attractive non-
covalent crosslinking concept [115]. In another study, Xu et al. designed a self-
healing and thermoreversible rubber network by self-assembly of complementary
polybutadiene oligomers bearing amine and carboxylic acid functionalities through
reversible ionic interactions involving in acid–base reaction. Afterward, they further
covalently crosslinked the rubber via the thiol-ene reaction by adding a small amount
of trifunctional thiol. By varying the degree of covalent crosslinking, the authors
could tune the mechanical properties and the stimuli-responsiveness of the resulting
rubber [116]. Recently, Suriano et al. obtained supramolecular networks through
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PEG chain with 
ca onic G3-dendrons

(G3-binder)

a b c

Fig. 1.13 Top: structure of G3-binder. Bottom: proposed mechanism for hydrogelation: a CNSs
entangled with one another, b dispersing CNSs with ASAP, c addition of G3-binder to form elec-
trostatic supramolecular crosslinks. Adopted with permission from the Ref. [112] Copyright (2016)
(Royal Society of Chemistry)

implementing acid–base interactions between very viscous carboxylic-terminated
and amino-terminated telechelic PDMS oligomers, with different molecular masses
(ranging from 900 to 27,000 g/mol). Through analyzing the number of ionic inter-
actions by FTIR analyses, higher values of ionic interactions were achieved in the
case of samples with lower molecular mass. A similar same trend was detected for
the apparent crosslinking density [117].

The electrostatic interaction between charged polymers also allowed scientists
to develop a technique named layer-by-layer (LbL) for designing multilayer films
through alternating deposition of polycations and polyanions [118]. In this approach,
repeating the electrostatic attachment of polyelectrolytes and washing process leads
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to the formation of LbL films onto the solid substrate under precise control. Layers’
width, surface charge, morphology, and composition can be adjusted by changing
the reaction conditions, the nature of polyelectrolytes, and the number of washing
steps [119–122]. LbL approach is specifically appropriate for the immobilization and
delivery of biomolecules, such as DNA, antibodies, enzymes, and polysaccharides,
as well as bioactive drug molecules [123–126]. For comprehensive understanding of
the LbL technique, the reader is directed to some references [127–129] and chapter
six of this volume.

1.4 Summary and Future Perspectives

In the recent years, supramolecular ionic networks are broadening the chemistry,
physicochemical properties, and applications of conventional polymers. Their self-
ordering, guided by electrostatic interactions, provides a simple pathway to highly
complex structures. The first advantage of applying electrostatic interactions in the
construction of supramolecular assemblies (alone or in combination with other non-
covalent interactions) is that the preparation methods are simple and in the second
place, numerous molecules and macromolecules are available to be used. In this
regard, these structures can be developed from only synthetic materials or from a
synthetic material and a natural polymer, such as peptide, protein, and DNA.

The introduction of new cations and anions is extending the synthetic strategies of
these networks. As reviewed in this chapter, in terms of synthesis a large number of
new supramolecular ionic assemblies have been already designed. However, there is
still a high potential for developing innovative ones due to the new types of ionswhich
are being explored driven by the ionic liquid chemistry and the recent progress in
precise/controlled polymer chemistry. Placing more emphasis on stimuli-responsive
co-assembled networks and nanostructures is identical of great importance and estab-
lishes future routes for the design of advanced functional smart nano-objects. In
addition, there are still some open questions and challenges remaining. For example,
analyzing the ionic assemblies’ features and structure at molecular level still is a
challenge and additional fundamental research is necessary to check the existing
short- and long-range order in the assembly. Also, in order to understand better
experimental studies, it is essential to carry out theoretical analyses and modeling of
the interaction strength. Once measuring numerous ionic bond strengths and ionic
assembly stabilities have been done, then preparing a directory containing value of
various ionic interaction strengths would guide scientists to design new assemblies.

From the synthetic perspective, supramolecular ionic assemblies of complex struc-
tures (branched, cylindrical, etc.) and well-defined morphologies (nanoparticles,
micelles, capsules, etc.) will surely draw growing attention in the field of polymer
science. At the same time, material researchers should take into account the costs
and sustainability of supramolecular ionic assemblies in their future research direc-
tions. Particularly, the assemblies that are developed for different applications should
be entirely biocompatible, if not fully biodegradable, and new synthetic routes for
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designing polarizable, soft, organic cations and anions may be based on low cost
naturally occurring materials, such as amino acids or other functional organic acids
and amines. Successively, this strategy will open up the potential commercialization
of supramolecular ionic products for everyday life applications.
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Chapter 2
Supramolecular Ionic Networks:
Properties

M. Ali Aboudzadeh and Shaghayegh Hamzehlou

Abstract Non-covalent ionic interactions are present in all elements of nature and
can be used adequately to generate a wide variety of supramolecular assemblies.
In recent years, a lot of scientists have been studying and exploring the ability to
utilize ionic interactions to build controlled polymeric networks and to tailor desir-
able properties. The reversibility and low energy bonding of these interactions bring
about additional features compared to conventional covalent polymers, which poten-
tially lead to new properties such as improved processing, self-healing behaviour
and stimuli responsiveness. In spite of these advantages, a basic physical–chemical
characterization of supramolecular ionic networks is still far from complete. This is
because obtaining an overall picture of the structure, the dynamics, and the prop-
erties of these networks is a key step to their use as high-performance materials.
This chapter summarizes the current knowledge on different characterizations (e.g.
morphology, thermal, electrical, rheological, and self-healing) of supramolecular
ionic networks and attempts to derive consistent relations between their structure,
dynamics, and properties. Various case studies are discussed in this chapter, using
them as examples in order to elucidate their structure–property relation.

2.1 Introduction

Combination of supramolecular chemistry and polymer science has led to design of
smart materials named supramolecular networks that integrate both macromolecular
architecture and dynamic flexibility. These “smart” assemblies are foreseen to present
unique and even superior performances than their covalent analogs in everyday
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applications, such as biomaterials, energy transfer and storage, printing, coatings,
adhesives, and cosmetics. Choosing the specific building blocks and the type of non-
covalent interactions determine the structure and the macroscopic properties of the
resulting networks. Each non-covalent interaction has its particular bond strength
and features, which bring about different properties such as the networks’ strength
(moduli), its viscosity and flow, as well as the intrinsic ordering of the formed chains.
For example, the mechanical properties of quadruple hydrogen-bonded ureidopy-
rimidinone (Upy) end-functionalized monomers are superior compared to those of
supramolecular assemblies formed by weaker single or triple hydrogen bonding [1].
Moreover, the reversibility of these interactions brings additional features compared
to usual covalent polymer networks, which potentially lead to new properties, such as
improved processability, self-healing behaviour and stimuli responsiveness. Finally,
the supramolecular interactions are generally dynamic and transient, allowing confor-
mational transitions and molecular relaxations on time scales not otherwise available
to covalent structures.

The use of ionic interactions for construction of supramolecular assemblies is less
investigated but presents an interesting complementary approach with advantages of
easy preparation and wide diversity [2]. Long before the concept of supramolecular
ionic polymer came along, ion containing polymers like ionomers and polyelec-
trolytes have already been important materials and have been studied extensively
[3, 4]. Then by the introduction of new cations and anions (coming from ionic
liquids chemistry), the properties and classical applications of polyelectrolytes were
extended to other fields [5], such as gas membranes [6] or stimuli-responsive mate-
rials [7]. These new polyelectrolytes are being named polymeric ionic liquids or
poly(ionic liquids) in analogy to their monomeric constituents. Since ionic liquids
generally show unique characteristics such as non-volatility and non-flammability,
preparation of polymer homologue of ionic liquids is a promising approach to design
novel class of polymer materials possessing such properties. The charged nature of
these polyelectrolytes also provides properties such as high hydrophilicity and ion
conductivity, enabling a variety of potential applications in the field of ionic devices
such as solid-state conducting polymers in Li-ion battery and fuel cells [8–11]. This
emerging ionic chemistry has been translated to the development of supramolecular
assemblies based on ionic interactions amongst positively and negatively charged
species and, thus, always involves asymmetrical self-assembly. The strategy based
onusingmulticationic andmultianionicmolecules provides an opportunity to prepare
new supramolecular ionic networks with properties not attainable with current ionic
liquids. Moreover, these self-assembled networks can be easily prepared from a
diverse set of readily available starting componentss, facilitating the design of new
ionic materials with a high level of molecular control.

The aim of this chapter is to focus on different physicochemical properties and
technological applications of supramolecular ionic networks and to relate these prop-
erties to the ionic bond dynamics and responsiveness. The range of properties (e.g.
morphological, thermal, electrical, rheological, and self-healing) they exhibit depend
on their molecular design. Consequently, it is possible to tune the properties and
to add functionality through chemical design. In this context, various examples are
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discussed in this chapter, where macroscopic properties of these networks are clearly
demonstrated.

2.2 Different Properties of Supramolecular Ionic Networks

Networks made through supramolecular chemistry have been reported based on
all major types of non-covalent interactions. The use of electrostatic interactions
between groups of monomers can be used for preparing rather strong networks with
tunable properties. The following subsections describe themost reported characteris-
tics of supramolecular ionic networks, particularly emphasizing their physicochem-
ical features with regard to the molecular architecture and number of interactions
between monomers.

2.2.1 Morphology

Basedon the number of ionic interactions aswell as the nature of the involving anionic
or cationicmolecules, the bulk assembliesmay display dramatically different proper-
ties. In general, crystallization of lowmolarmassmolecules is favoured in the absence
of any solvent. Thus, reducing crystallinity through a proper molecular design will
lead to achieve polymer like properties. As example in a study,wide range of products
from crystalline solids, viscous liquids or non-crystalline solids were likely to obtain
when commercially accessible di- or trifunctional amines and carboxylic acids (as
shown by numbers in Scheme 2.1) were used to form supramolecular ionic networks
via proton transfer reaction. The authors observed that products containing regular
and stiff dicarboxylates, like malonate and terephthalate dicarboxylates (compounds
6 and 8), were prone to crystallization, refraining the formation of 3D ionic networks.
Contrarily,when ductile dicarboxylates such as itaconate (compound 7), or other long
alkyl carboxylates were utilized, sticky liquids that could flow at room temperatures
were achieved. Identical results were detected with the flexible octane diammonium
compound (5). The third class of products were obtained through combination of
natural (di-/tri-) carboxylates such as acotinates (compound 9), or citrates (compound
10) with nearly all of the diammonium molecules (compounds 1–4). These samples
were completely solid and transparent, which as it will be demonstrated later in
this chapter, they displayed features analogous to other supramolecular polymer
networks. The authors stated that the formation of 3D networks was also facilitated
by other functional groups (besides the dicarboxylates) existent in citrates and acoti-
nates, such as hydroxyl or pendant carboxylic acids, as these groupsmay additionally
interact with themselves and the diammoniummolecules via hydrogen bonding [12].
The effect of carboxylic acid type on the morphology of the final supramolecular
ionic network (obtained via proton transfer reaction) was reported by these authors
in another study too [13].
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Scheme 2.1. Chemical structures of diammonium and dicarboxylate molecules investigated to
form supramolecular ionic networks through proton transfer reaction. Adapted with permission
from the reference [12] Copyright (2012) (John Wiley and Sons)

In another study, Grinstaff et al. reported that a linear polystyrenylphosphonium
polymer (a self-organizing polyelectrolyte) was able to form diverse supramolecular
assemblies with mono- and dicarboxylates. Based on the nature of the anion, the
properties of these ionic materials were found to be quite different, including (a)
brittle, glass-like materials, (b) rubbery balls that bounce, and (c) sticky fibres that
flow upon drawing (Fig. 2.1) [14]

The stoichiometry of polyelectrolyte charge is also an important factor to control
the morphology of the self-assembled systems [15]. Combining oppositely charged
polyelectrolytes at 1:1 charge ratio normally generates aggregates or precipitates
in solution. Nevertheless, if one polyelectrolyte is in large excess, it envelops the
counter polyelectrolyte and the assembly remains soluble. Like-charged polyion
complexeswill also not aggregate because of electrostatic repulsion. In this context by
varying the mixing ratio, cylindrical, spherical, lamellar, andmacrophase-segregated
morphologies can all be easily obtained [16, 17]. The original shapes and stiffness
of a positively charged polymer can affect the morphologies of the resulting combi-
nations; for example in complexation with negatively charged DNA, it causes DNA
to be tightly condensed or packed into a nanometer-scale structure and protects the
DNA from external hydrolytic and enzymatic digestion. Also, it was shown that
the addition of polycations to DNA induces phase transitions to twisted ribbons,
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Fig. 2.1 a Photograph of a brittle ionic material formed between polystyrenylphosphonium
and dodecandioic acid (1), b Photograph of a supramolecular ionic network formed between
polystyrenylphosphonium and a mono fatty carboxylate counteranion such as stearic acid (2) or
oleic acid (3), which bounces. (c) Photograph of a sticky elastic ionic material formed between
polystyrenylphosphonium and tetraethylenglycol carboxylate (4) as the counteranion. Adaptedwith
permission from the reference [14] Copyright (2012) (American Chemical Society)

donut-like structures, and compact particles because of the rigidity of the polycation
backbone [18].

2.2.2 Thermal Properties

The effect of the molecular architecture on the thermal properties of supramolec-
ular ionic networks including the phase behaviours and the degradation temperature
was investigated in literature using differential scanning calorimetry (DSC) ther-
mogravimetric analysis (TGA), respectively. For example, Grinstaff and coworkers
investigated the thermal properties of supramolecular networks formed via ionic
interactions between poly(acrylic acid) (PAA) and a diphosphonium ionic liquid
crosslinker and they found out that these properties were highly dependent on the
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alkyl chain length of the diphosphonium crosslinker (-R group shown in Fig. 1.12
of Chap. 1). In order to examine the effect of sterics and ion pairing on the resulting
macroscopic properties of the assemblies, these authors varied systematically the
alkyl chains connected to phosphonium cation from butyl, hexyl, to octyl. All of
the assemblies exhibited glass transition temperatures (T g) lower than room temper-
ature ranging from 8 to −40 °C. Network having the shortest alkyl chain (butyl)
length afforded the highest T g and decomposition temperature [19]. In a similar
study, Aboudzadeh et al. studied the thermal behaviour of supramolecular ionic
networks formed between citric acid and four different geminal dicationic ionic
liquids. They observed that T g in these networks followed the same trend as the
equilibrium elasticity parameter (Ge) which itself was influenced by the chemical
composition of the dicationicmolecule. The type of the anion being the same (citrate)
and taking into account the same alkyl chain length used (three carbons) in the
structure of the all dications, two factors affected Ge: the nature of the dication
(e.g. imidazolium versus pyrrolidinium) and the substituents on the dication. The
authors related the effect of the chemical structure on T g to a reduction of the free
volume, asGe (and consequently ionic interactions density) augments [20]. The same
researchers characterized the thermal properties of some fully bio-based supramolec-
ular ionic networks, which were prepared by the proton transfer reaction between
a fatty diamine molecule (priamine 1074) and different carboxylic acids coming
from renewable sources. As a general tendency, they observed for these combina-
tions that the higher the Tm of the starting carboxylic acid, the higher the T g of the
obtained supramolecular ionic network. The highest decomposition temperature and
T g (≈10 °C)were obtained for the systembased on 2,5-furandicarboxylic acid,which
was due to the presence of a heterocyclic group in this carboxylic acid that rigidi-
fied the system [13]. Furthermore, these scientists evaluated the thermal behaviour
of another family of supramolecular ionic networks based on highly delocalized
dianions having (trifluoromethane-sulfonyl) imide, (propylsulfonyl)methanide or
(cyano-propylsulfonyl)imide groups (structures shown in Fig. 1.9 of Chap. 1). As the
main findings, most of the synthesized compounds were semi-crystalline possessing
melting temperature (Tm) ≈ 100 °C; however, amorphous networks having T g ≈
−20 °C were also obtained using aromatic asymmetric dianions. Also, networks
containing aromatic dianion having (trifluoromethane-sulfonyl)imide group (-SO2-
N-SO2-CF3) showed higher onset decomposition temperature (≈295 °C) than the
previously synthesized networks based on carboxylates (≈135 °C). Using the same
type of dianions, the transfer from an aromatic spacer to an aliphatic one resulted in
a decrease of thermal stability of the final network by 40 °C [21]. Upon addition of
lithium salt (10 mol%) to a semi-crystalline network containing -SO2-N-SO2-CF3
group, both Tm and T g decreased (from 100 to 96 °C and from −19 to −23 °C,
respectively), the melting peak also broadened significantly and the enthalpy change
(�H) slightly decreased (≈3%) (Fig. 2.2). These changes led to a slight reduction in
the crystallinity of the network [22].

In another interesting report, Hvilsted et al. investigated the thermal behaviour of
poly(propylene imine) (PPI) dendrimers that were ionically crosslinked into hydro-
gels using dicarboxylic acid functionalized poly(ethylene glycol)s (DiCOOH-PEGs)
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Fig. 2.2 DSC profile of neat network a (upper) and after addition of 10 mol% LiTFSI (lower),
first heating cycle (black) and second heating cycle (red). Reproduced with permission from the
reference [22] Copyright (2015) (Elsevier)

(structures are shown in Fig. 1.12 of Chap. 1). It was observed that decreasingmolec-
ular mass of the DiCOOH-PEG in all the series of dendritic ionic networks led to a
significant increase inT g. This revealed thatmore brittle (harder ormore glassy) ionic
networks generatewhen using a lowmolecularmassDiCOOH-PEG (Mn 250), which
can be due to higher crosslinking density consequent from the use of short DiCOOH-
PEG. Moreover, adding an excess of DiCOOH-PEG during synthesis led to a lower
T g of the resulting ionic network compared to the one formedwith equimolar amounts
of PPI dendrimer and DiCOOH-PEG. This indicated that an excess of carboxylic
acid induces a decrease in the ionic crosslinking density of the ionic network. The
authors concluded that network components and composition determine both T g and
the thermal stability of the synthesized materials which are also indirectly related to
the crosslink density [23].

2.2.3 Electrical Characteristics

Electrical characteristics of supramolecular polymer networks have been hardly
investigated. The dynamics of supramolecular networks can be studied by dielec-
tric spectroscopy technique. Considering the dynamics on the molecular level play
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an important role in the conversion of chemical structure into macroscopic prop-
erties, dielectric spectroscopy has been applied to explain this relation [24–27].
In this context, dielectric properties of polyelectrolyte-surfactant supramolecular
complexes have been analysed in pioneering works of Antonietti et al. Performing
dielectric relaxation measurements, they discovered that both liquid-like and solid-
like complexes showed a β-relaxation mode, which was associated to the movements
of the surfactant chains grafted into the polyelectrolytes because the β-relaxation
mode exhibited Arrhenius temperature dependence regardless of the polyelectrolyte-
surfactant complex species. Moreover, depending on phase-morphology and volume
fraction of alkyl-tails of surfactants, electrical conductivities at room temperature
of up to 10−4 S/cm were found for these complexes. This conductivity for solid-
like complexes was found to be Arrhenius temperature dependent, whilst liquid-
like complexes displayed Vogel–Fulcher–Tamman (VFT) temperature dependence
[28, 29].

The first insight on dielectric properties of supramolecular ionic networks created
from stoichiometric proton transfer reaction was presented by Hvilsted et al. As
stated before, in their study the ionic crosslinker molecules such as PPI dendrimers
or multifunctional amines were, respectively, reacted with DiCOOH-PEG of two
different molecular mass (Mn 250 and Mn 600). All the prepared networks exhibited
very high relative dielectric permittivities (ε′) (≈102–106) at low frequencies, and
significantly lower values (from 1 up to 26) at high frequencies. The networks that
displayed higher relative permittivities over the whole range ofmeasured frequencies
were formed by mixing PPI dendrimers (PPI G1 and PPI G2) with DiCOOH-PEG
600. In order to obtain a structure-dielectric property relationship, the authors calcu-
lated the crosslinking density (γ c) for all the supramolecular structures according to
the following equation by assuming volume conservation as no considerable volume
changes could be observed upon mixing of the two reactants.

γ c =
f 1 ×

(
m1
M1

)

m1 + m2
(2.1)

where f 1, m1 and M1 are the functionality, mass and molecular weight of reactant
1, respectively, and m2 is the mass of reactant 2. However, it was not concluded any
clear relationship between the dielectric permittivity and the crosslinking density of
different networks, as there are a number of other factors that affect the permittivity of
these materials such agglomeration of the ionic groups and the length of the reactants
[30].

In the studies of polyelectrolyte-surfactant complexes of conducting polymers
described above it has been detected that conductivity jumps sharply when the
mixture is heated above a certain temperature [31]. Correspondingly, supramolec-
ular networks formed through ionic interactions between citric acid and a di-amine
exhibited sharp changes in its conductivity property (determined by electrochem-
ical impedance spectroscopy) by four orders of magnitude in the temperature range
between 30 and 80ºC. Based on Walden rule, the authors correlated this jump in
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ionic conductivity to the sharp decrease in viscosity [12]. The ionic conductivity of
these supramolecular ionic structures was still low (10−5 S cm−1) at high tempera-
ture (80 °C) to be used as electrolytes in conventional devices. Nonetheless, due to
this big jump in conductivity, they potentially can be used in temperature-dependent
electrochemical applications such as temperature-sensitive electrochromic tags or
frozen junctions in light-emitting electrochemical cells [32]. Similarly, Grinstaff
et al. designed a redox active ionic supramolecular assembly based on a disul-
fide diphosphonium ionic liquid and ethylenediaminetetraacetic acid (EDTA) and
they determined the relationship between temperature, viscosity, and conductivity.
The assembled network was viscous (≈4000 Pa s) at 25 °C and displayed a low
conductivity (<1 μS cm−1). However, by increasing temperature up to 90 °C, its
conductivity value increased (100μS cm−1), because at this temperature the disulfide
bonds are cleaved or the ionic interactions are disrupted, the resulting network is lost
presenting a freely flowing composition with lower viscosity and a higher conduc-
tivity [33]. In another study carried out by Aboudzadeh et al., ionic conductivity
of supramolecular ionic networks based on highly delocalized dianions containing
hydrophobic (trifluoromethane-sulfonyl) imide group were investigated (structures
a and c shown in Fig. 2.3). In these structures, the change of aliphatic dianion to
its aromatic analogue led to an increase in the conductivity of nearly three orders
of magnitude (from 10–6 S cm−1 to 10–3 S cm−1 at 100 °C). These scientists also
investigated the temperature dependence of conductivity for these networks. The
crystalline network (structure a) at temperatures below 70 °C, displayed an almost

Fig. 2.3 (left) Temperature dependence of ionic conductivity for network a and after addition of
5 or 10 mol% LiTFSI. (right) Temperature dependence of ionic conductivity for neat network c.
Heating and cooling cycles are shown in black and red colours, respectively. Chemical structure
of each network is shown above each graph. Adapted with permission from the reference [22]
Copyright (2015) (Elsevier)
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linear behaviour (Arrhenius behaviour) with the conductivity increasing from 1.3
× 10–10 to 4.4 × 10–9 S cm−1 upon heating. However, at temperatures close to Tm

(≈ 100 °C), a faster increase in ionic conductivity, equal to three orders of magni-
tude, was observed leading to a conductivity of 10–5 S cm−1. Similarly, during the
cooling phase this network showed a high conductivity at its melted state, which was
decreased at temperature below Tm. Nevertheless, it exhibited a hysteresis of more
than one order of magnitude between the cooling and heating cycles, which could
be directly related to the crystalline content of the structure. Upon doping this semi-
crystalline network with lithium bis(trifluoromethylsulphonyl)imide (LiTFSI), the
conductivity reached values 10–3 S cm−1, which was due to the enhanced mobility
of the network confirmed by solid-state static NMR studies (Fig. 2.3 left). On the
other hand, the amorphous network (structure c) demonstrated a different tempera-
ture dependent ionic conductivity performance, whichwas predominantly linearwith
highest values of ionic conductivity (between 10–6 and 10–3 S cm−1) for the entire
temperature range (30–100 °C) and without any apparent conductivity hysteresis
between heating and cooling cycling (Fig. 2.3 right) [21, 22].

2.2.4 Rheological Properties

One undesirable disadvantage of conventional polymers is their high melt viscosi-
ties as a result of their chain entanglements, which make them difficult to process.
In contrast, supramolecular polymer networks generally demonstrate a strongly
temperature-dependent melt viscosity, which enhances their processability in a less
viscous state at temperatures only slightly higher than their melting or glass transi-
tion temperatures. Apart from the increase in viscosity, polymer solutions and melts
can present viscoelastic properties i.e. showing both liquid-like (viscous) and solid-
like (elastic) behaviour, which depend on the experimental time scale. Reversible
supramolecular polymers possess viscoelastic behaviour as well, and this feature is
mostly studied by rheology. In rheology science, flow and deformation of materials
are studied by measuring their response of the material to an oscillating stress or
strain.

The history of measuring the viscosity of supramolecular ionic assemblies dates
back to 1980s towards polyelectrolyte-surfactant complexes [34, 35]. Some of these
structures directly influence the macroscopic viscosity of such solutions [36–39],
whilst others show scarcely any changes or even a decrease [40, 41]. The reason for
these contradictions is not very clear, and extensive characterization of the viscosity
behaviour of these complexes is still needed. Whereas in these studies, the viscosity
of structures was measured in the presence of a solvent, the first insight on deter-
mining the viscosity of supramolecular ionic networks after removing all the volatile
components was done by Grinstaff et al. In their study, the addition of EDTA to the
phosphonium dication resulted in formation of a network with a 12-fold increase in
viscosity, which was not observed when using structural analogs of the compounds
with fewer charges [42]. In another work performed by the same authors, EDTA
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Fig. 2.4 (left) Frequency sweep and (right) creep-recovery curves of three supramolecular ionic
networks based on PAA and phosphonium dications with different alkyl chain lengths (� butyl,
hexyl and octyl) at 25 °C. Adapted with permission from the reference [19] Copyright (2012)
(American Chemical Society)

was replaced with PAA and the new networks showed creep-recovery behaviour
(confirming viscoelasticity) that were highly reliant on the alkyl chain length of
the diphosphonium cation (−R group shown in Fig. 1.12 of Chap. 1). When the
alkyl chain was the shortest one (butyl group), the resulting network exhibited the
highest viscosity and storage and loss moduli amongst the others. In creep-recovery
experiments, this network also presented the highest percent of strain recovery
after removing the stress (Fig. 2.4). In addition, by performing reversibility test
in frequency and temperature sweep rheological tests, the authors proved that the
ionic networks could fully reassemble within a short time period after disassembly
of the network due to heat or shear without dropping the mechanical properties [19,
43].

Aida et al. investigated the rheological properties of high-water-contentmouldable
hydrogels that were obtained simply bymixing clay, a dendritic molecular binder and
sodium poly(acrylate) at room temperature (structure shown in Fig. 1.14 of Chap. 1).
The hydrogels exhibited high mechanical properties, for instance when G3-binder
(3 = generation number) was used to formulate them, G’ and G” were achieved
as 104 Pa and 5 × 103 Pa, respectively. The hydrogels that were formed without
incorporating sodium poly(acrylate) salt, displayed weaker mechanical properties
[44].

Aboudzadeh et al. through various studies deepenedmore on the viscoelastic prop-
erties of supramolecular networks constructed by ionic interactions between small
molecules. In one of their synthetic approaches, citric acid in combination with
commercially accessible di- or trifunctional amines was used to design supramolec-
ular ionic networks. The resulting networks displayed unique rheological properties
and they studied the importance of the chemical nature of the di- or triamine and
the strength of ionic bonds on the rheological characteristics of these networks [12,
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45]. These rheological features were analysed through performing frequency and
temperature sweeps in small-amplitude oscillatory flow tests. It was found that at high
frequencies and/or reduced temperatures, the ionic interactions generated an elastic
gel or network, which disappeared at reduced frequencies and/or high temperatures
and became a viscoelastic liquid. As an example, the dynamic viscoelastic functions
G′ (storage moduli) and G′′ (loss moduli) of an ionic network, made up of citrate
and 1,3-diammoniumpropane, at two different temperatures are shown in Fig. 2.5.
At reduced temperature (20 °C), the mechanical span is distinguished by almost
frequency-independent moduli, with a G′ approximately two orders of magnitude
greater than G′′ (Fig. 2.5 left). This behaviour has been reported for polymer and
biopolymer gels too [46] and verified the construction of a supramolecular ionic
network that created a flexible solid with an elastic modulus approximately 107 Pa.
However, at 60 °C this network or gel behaviour vanished completely (Fig. 2.5 right),
since the mechanical spectrum conformed the G′ and G′′ dependency on frequency
and the typical response of viscoelastic liquids was observed.

Observing this viscoelastic behaviour, the authors assumed the existence of a
transitory network derived from the involved ionic interactions. They obtained the
transition temperature from the network to the liquid form, Tnl (network − liquid

Fig. 2.5 Dynamic moduli G′ (filled symbols) and G′′ (empty symbols) as a function of frequency,
(left) below and (right) above the network—liquid transition (Tnl) for supramolecular ionic network
based on citrate and 1,3-diammoniumpropane. At low temperatures (left) the presence of an
elastic network or gel, characterized by no effect of frequency on both moduli and by G′ > G′′,
was observed, whereas at high temperatures (right) the typical response of viscoelastic liquids
was detected. Reproduced with permission from the reference [45] Copyright (2012) (American
Chemical Society)
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transition), by alteration of the dynamic moduli as a function of temperature, taken at
a fixed frequency (1Hz in this case). This transition temperature, T nl, was determined
by the highest value of G′′, which was corresponded also with the temperature at the
crossing point G′ = G′′ as displayed in Fig. 2.6. As can be seen in this figure, T nl

changed from −1 °C for the network assembled through reaction between citrate
and ethyl-substituted tertiary diamine such as tetraethyl-1,3-propanediamonium to
32 °C for the one based on citrate and methyl-substituted diamine counterpart. The
maximum transition temperature was detected for the ionic network formed between
citrate and primary 1,3-diammoniumpropane.

According to these rheological results, the authors concluded that the dynamic
viscoelastic functions of these ionic networks at high temperatures are very well
fitted to the simplest model of the linear viscoelasticity, which is the Maxwell model
with a single relaxation time and a well-defined plateau at high frequencies [47].
From this model, the following equations are inferred:

G′(ω) = Gp(ωτ )2

1 + (ωτ )2
(2.2)

G′′(ω) = Gpωτ

1 + (ωτ )2
(2.3)

Fig. 2.6 Evolution of the dynamic moduli G′ (filled symbols) and G′′ (empty symbols) with
increasing temperature at a constant frequency of 1 Hz for supramolecular ionic networks
based on citrate and a N,N,N′,N′-tetraethyl-1,3-propanediammonium, b N,N,N′,N′-tetramethyl-
1,3-propanediammonium and c 1,3-propanediammonium. Reproduced with permission from the
reference [45] Copyright (2012) (American Chemical Society)
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where ω is the frequency, τ is the relaxation time, and Gp is the plateau modulus.
Based on this curve fitting, the relaxation time (τ ) for each ionic network was calcu-
lated and was plotted against temperature leading to an Arrhenius-like dependency
(τ= A exp Ea/RT ), in which Ea is the activation energy for each system.

In addition to the above-mentioned general viscoelastic behaviour, these networks
demonstrated rapid thermal reversibility (Fig. 2.7),meaning that they could reversibly
break and re-form rapidly through non-covalent interactions. This is one of the basic
characteristics of supramolecular polymers (also named as reversible or equilibrium
polymers) [48]. This result along with the fact that there was only one single relax-
ation time in the Maxwell model (associated with a single exponential stress) indi-
cated that the formation and breakage of the ionic interactions control the dynamics
of these supramolecular ionic networks.

Two different characteristic time scales control the common dynamics of
supramolecular polymer networks. The first one is the time scale of formation and
rupture of supramolecular associations, and the second one is the time scale for the
relaxation of chains by reptation due to entanglements [49]. However, the rheolog-
ical results obtained by Aboudzadeh et al. could not confirm the presence of two
relaxation procedures. The existence of two relaxation times would generate two
plateaus in the elastic modulus: the classical plateau attributed to the entanglement
network and a secondary plateau owing to the additional reversible ionic bonds. For
instance, Craig et al. have reported a double plateau for metallopincer-crosslinked

Fig. 2.7 G′ (filled symbols) and G′′ (empty symbols) data obtained on continuous cooling and
heating cycles, showing the thermal reversibility for an ionic network based on citrate andN,N,N,N′-
tetramethyl-1,3-propanediammonium, measured atω = 1Hz and a strain of 0.5%. Reproduced with
permission from the reference [45] Copyright (2012) (American Chemical Society)
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poly(4-vinylpyridine) [1]. Comparing the molecular nature of the building blocks
of these ionic networks with the polymeric ones can discard the presence of any
entanglement. In addition, considering that the elasticity is governed by the entropy
correlated with the conformational distribution between the ionic interactions, the
authors applied the rubber elasticity equation (Eq. 2.4) to theirGp data. This equation
describes the correlation between the plateau modulus (Gp) and the molar weight
between elastically effective interactions (Mi).

Gp = ρRT/Mi (2.4)

As a result, they obtained the values ofMi around≈550 g/mol for all the samples.
This value, was lower than the smallest value of the entanglement molecular weight
Mi reported for conventional polymers [50]. Therefore, Aboudzadeh et al. concluded
that entangled physical interactions were not the reason for the detected plateau
modulus at high frequencies.

Furthermore, these authors have concluded some initial relationships between the
physical properties and the chemical composition of the constituent molecules. First,
at high frequencies all the systems brought about the same value (5 × 106 Pa) as
plateau modulus (Gp), which suggested that the density of effective interactions
or transient crosslinks was the same and, thus, independent of the amine used
to synthesize the supramolecular ionic networks. Second, the plots of the relax-
ation time versus temperature (not shown here) represented a remarkable difference
between the network obtained using tetraethyl-1,3-propanediamine and the rest of
the samples. This network shifted the relaxation times to lower temperatures, which
was compatible with its lower T nl (taken at ω = 1 Hz), in comparison with the other
samples (Fig. 2.6). This implied that weaker interactions are involved in the case of
this sample, as the required energy to break them, inducing network−liquid tran-
sition, depends on their strength. The authors presented a possible reason for this
case; the length of the units attached to nitrogen for tetraethyl-1,3-propanediamine is
longer than for the other samples (i.e. ethyl units comparing to methyl units), which
can induce more strain upon the temporary crosslinks, facilitating its breakage and
decreasing the relaxation time and the T nl. Third, the highest T nl was observed for
the system that contained 1,3-diaminopropane. The authors observed by FTIR that
the carboxylate and ammounium bands appeared at lower wavelengths, which mean
that the ionic bonds involving primary amines are stronger than ionic bonds with
tertiary amines. Finally, in the liquid form, at the same comparable temperature to
the network−liquid transition, T = T nl + 20, all the networks demonstrated a similar
relaxation time value τ = 0.02 s. Therefore, the authors concluded that all the studied
ionic networks displayed an identical behaviour in their respective solid and liquid
forms [45].

Based on the similar synthetic approach, the same scientists developed fully bio-
based supramolecular ionic networks composed of an aliphatic fatty diamine (derived
fromnatural oils) and series of naturally occurring carboxylic acids includingmalonic
acid, citric acid, tartaric acid, and 2,5-furandicarboxylic acid. Likewise, the resulting
networks showed a viscoelastic behaviour identified by G′ > G′′ at low temperature
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(Fig. 2.8). As it can be seen in Fig. 2.8a–c by increasing temperature, a transition
from an elastic network (with G′ > G′′) to a viscoelastic liquid with viscous modulus
superior to the elastic modulus (G′′ >G′) was detected. Also, the reversed trend (from
liquid to network) was observed for these networks in the cooling cycle (Fig. 2.8a–c).
For combinations that included malonic acid and citric acid, the transition tempera-
ture from the network to the liquid phase, Tnl (on heating cycle) coincided with the
transition from the liquid to the solid phase, T ln (on cooling cycle). However, in the
case of network composed of 2,5-furandicarboxylic acid, T ln was higher than T nl,
revealing that on cooling the ionic interactions were formed at a higher temperature
than that required to break them on heating.

For the semi-crystalline network that contained tartaric acid, the transitions were
governed by the melting of the crystals on heating and the crystallization process
on cooling. The correlation between T g and Tm (obtained by DSC) and dynamic
viscoelastic results are illustrated in Fig. 2.8d, T nl and T ln corresponded with melting
and crystallization temperatures, respectively. The authors proposed that the nature of

Fig. 2.8 Evolution of the dynamic moduli G′ (heating � and cooling +) and G′′ (heating and
cooling×) with increasing temperature at a constant frequency of 6.28 Rad/s for supramolecular
ionic networks based on an aliphatic fatty diamine (Priamine 1074) and amalonic acid, b citric acid,
c 2,5-furandicarboxylic acid and d tartaric acid. Arrows in the figure indicate the melting (Tm) and
crystallization temperatures (T c). Reproduced with permission from the reference [13] Copyright
(2013) (John Wiley and Sons)



2 Supramolecular Ionic Networks: Properties 45

the ionic network in fatty diamine–tartaric acid combination led to the crystallization
of the system.

The former category of ionic networks developed by these scientists displayed
continuously increasing difference between the viscous and the elasticmodulus (with
G′′ > G′) as the temperature increased (Fig. 2.6). Whilst for this category (as can
be noticed in Fig. 2.8), at high temperatures the elastic modulus went beyond the
viscous modulus, which entailed the suppression of the flow behaviour expected at
high temperatures, as the ionic network has been demolished. The authors related
this behaviour to the high molecular weight (540 g mol −1) and chemical structure
of fatty diamine that could build up a secondary network [13].

Moreover, in a follow-up study, Aboudzadeh et al. examined the viscoelastic char-
acteristics of supramolecular ionic networks synthesized using citrate anions and the
most relevant classes of dicationic ionic liquids e.g. di-imidazolium, di-pyridinium
or di-pyrrolidonium. Likewise, at low temperatures the resulting materials exhib-
ited an elastic network which turned into a viscoelastic liquid at high temperatures.
The authors analysed the effect of frequency on the rheological results obtained
in temperature sweep tests. For a sample within this category, the change of the
dynamic moduli with temperature, measured at different frequencies is shown in
Fig. 2.9. As can be seen in this figure, on the one hand the value of the elastic
modulusGe calculated at reduced temperatures was not influenced by frequency and
on the other hand, by increasing the frequency,T nl was shifted to higher temperatures.
This shift can be explained by the characteristic feature of polymer viscoelasticity,
temperature-frequency equivalence, that could bring about a solid-like response at
reduced temperatures and/or high frequencies and vice versa. Therefore, the solid
response should extend to higher temperatures as frequency is increased, causing the
shift of T nl [20].

The discovered T nl for all these supramolecular ionic networks (developed by
Aboudzadeh et al.) facilitated their use in self-healing applications. This rheolog-
ical property could be translated into self-healing by a small temperature variation
before and after T nl transition. Below T nl, these materials display solid film like
properties; when a crack is provoked, the material heals itself in some minutes even
without applying heat, and recovers its original shape/aspect. In this context, it is
also possible to evaluate the self-healing feature of supramolecular materials by
rheological measurements. For example, Wan et al. reported self-healable hydrogels
based on the electrostatic interaction between macroanionic polyoxometalates and
cationic-neutral-cationic ABA triblock copolymers. The self-healing performance of
these hydrogels was examined through rheological measurements. Upon applying
a large-amplitude force (γ = 50%, ω = 2 rad s−1) on these materials, the G′ value
dropped off from 30 kPa to 0.4 kPa and the tan δ (tan δ = G′′|G′) value increased
from 0.15 to 4.0, suggesting the collapse of the hydrogel to a quasi-liquid state. By
removing the strain, G′ fully recovered to its primary value (30 kPa) within 20 s and
returned to its original gel state. Furthermore, the recovery behaviour was repeated
three times without any apparent degradation (Fig. 2.10) [51].
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Fig. 2.9 Dynamic elastic modulus G′ (black colour) and viscous modulus G′′ (grey colour) as
function of temperature at different constant frequencies for supramolecular ionic networks based
on citrate and 1,3-propanedimethylimidazolium. The horizontal line shows the value of the Ge
modulus. The arrows indicate the Tnl transition which is shifted to higher temperatures as frequency
is increased. Reproduced with permission from the reference [20] Copyright (2013) (Royal Society
of Chemistry)

2.2.5 Self-Healing Properties

The self-healing property is always advantageous in polymer science and engineering
fields as a lot of polymer materials have limited lifespan because of irrevocable
damages. Microcrack formation and crack propagation are common causes of mate-
rial damage. The reversible properties of supramolecular assemblies make them
capable of self-repair or healing after disruption of the interaction, which opened a
moderately new research field in the last two decades. The healing can either occur
independently or upon exposure to an external stimulus such as light, pressure, heat,
or mechanical stress [52].

Supramolecular ionic networks are closely associated to two polymer families,
recognized for their self-healing properties, which are ionomers and supramolecular
polymers [53, 54]. On the one hand, ionomers present ionic clusters that can serve as
reversible networking points and bring about self-healing behaviour. For example,
different types of ionomers and their self-healing behaviour were reported by van der
Zwaag andVarley [55–57]. On the other hand, supramolecular polymers are based on
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Fig. 2.10 Evaluation of self-healing behaviour for a hydrogel by rheological measurements. The
graph shows G′ and G′′ values of the hydrogel in continuous step strain measurements. (ω =
2 rad s−1, γ = 50% (600 s) → 0.8% (600 s) → 50% (600 s) → 0.8% (600 s) → 50% (600 s)
→ 0.8% (1200 s)). Reproduced with permission from the reference [51] Copyright (2014) (Royal
Society of Chemistry)

reversible interactions and exhibit interesting temperature transitions between solid
and liquid states that can be used to develop self-healing materials.

As stated earlier Aida et al. created a transparent self-healable hydrogels consist of
water, clay nanosheets, a dendritic macromolecule, and sodium polyacrylate. These
authors pushed together several freshly cut surfaces of these hydrogels so that these
surfaces came into contact with each other and they observed that the resulting
bridge-like structure was able to hold firmly when hung up horizontally, between
two supports, or vertically, from a needle (Fig. 2.11a). In addition, it was found
out that the fusion between surfaces occurs only if they are freshly cut and if the
blocks are cut but left for more than a minute alone, they do not attach to each
other. This is because the freshly cut blocks were hydrophilic as a deposited water
droplet spread over a cut surface immediately but beaded on an uncut surface [44].
This time-reliant self-healing property is associated to surface rebuilding resulting
from the amphiphilic nature of these self-healing materials. In order to obtain time-
independent self-healing, this surface rebuilding must be prevented. In this context,
Jiang et al. developed hydrogels by free radical polymerization of carboxybetaine
acrylamide that could spontaneously behealedwithout the need for additional healing
reagents or the input of external energy, driven by a mechanism called “zwitterionic
fusion”. Electrostatic interactions between the zwitterionic groups formed physical
crosslinks in the materials, which could self-heal repeatedly independent of time
after the damage under physiological conditions (Fig. 2.11b) [58].

In another similar study, Xu et al. generated a thermal-reversible rubber built
by thiol-ene functionalized polybutadiene (PB) via a combination of dynamic ionic
bonds and covalent crosslinks. By adjusting the covalent crosslinking density, the
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Fig. 2.11 Schematic description of a) time-dependent self-healing behaviour of hydrogels based
on amphiphilic polyethylene glycol (PEG) dendrimers; a bridge constructed by connecting
together seven hydrogel blocks can be suspended horizontally and b) time-independent self-healing
behaviour based on zwitterionic fusion mechanism; chemical structure of zwitterionic individual
AAZ hydrogel building block and the pictorial construction process of a block hydrogel from
different AAZ hydrogels are shown. Individual hydrogel building blocks dyedwith different colours
for easy inspection. The constructed block hydrogel can withstand a rather large deformation
and bending without tearing apart from the joined connections. Figure excerpts are adapted with
permission from the references [58, 59] Copyright (2013, 2014) (John Wiley and Sons, Elsevier),
respectively

resulting rubbers exhibited unique self-healing properties at room temperature as a
result of sufficient dynamic ionic bonds that existed in the networks. The authors
cut the rubber at different areas with a razor blade, and they brought into contact the
fracture surfaces. The cut sample could spontaneously heal itself without any external
stimulus at room temperature. In addition, after 1 h healing, the recovered sample
could be elongated from 2 to 6 cmwithout breaking, (Fig. 2.12a). Studying the healed
surface by optical microscopy, the authors observed that the cracks between the
fracture surfaces were almost invisible after healing for 1 h (Fig. 2.12b), indicating
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Fig. 2.12 a Images displaying the self-healing behaviour of the supramolecular rubber crosslinked
with 2 wt% tri-thiol. b Optical microscopy images of cut interfaces before and after healing.
Reproducedwith permission from the reference [60]Copyright (2015) (Royal Society ofChemistry)

the automatic fusion of the fracture surface as well as effective self-healing [60].
Related to this study, bromobutyl rubber functionalized with imidazolium groups
was reported by Heinrich et al. Converting bromine functionalities in this rubber into
ionic imidazolium bromide groups led to the creation of reversible ionic interactions
that showed physical crosslinking capability. Consequently, higher elastic modulus,
higher stretchability, and tensile strength was achieved for the ionically crosslinked
rubber due to its higher degree of crosslinking compared to the typical sulfur-cured
bromobutyl rubber. At high temperatures (above 130 °C) the ionic crosslinks were
broken and cut samples could be healed over several days at room temperature.
However, increasing the temperature to 100 °C during the first ten minutes of the
healing decreased the overall healing time [61].

An oligomer-based self-healing supramolecular ionic networks was created by
Aboudzadeh et al. These materials were formed bymixing lowmolecular weight (di-
/tri) carboxylic acids and (di-/tri-) alkyl amines, holding together by a combination
of ionic interactions and hydrogen bonds. These viscoelastic gel-like materials could
quickly be healed by heating to 50 °C or slowly at room temperature (Fig. 2.13) [12].
Nevertheless, the self-healing behaviour of these materials was closely related to
their nature, for example in the case of network formed between tartaric acid and an
aliphatic fatty diamine (priamine 1074), the authors did not observe any self-healing
behaviour, due to semi-crystalline nature of this sample. In addition, the self-healing
test was not successful formalonic acid—priamine and 2,5-furandicarboxylic acid—
priamine combinations, because the first one was very soft (quite above from its T nl)
at room temperature and the second one was very rigid and brittle (below its T nl in
room temperature) [13].

It is worthmentioning that despite the potential dynamic nature of the supramolec-
ular ionic interactions in providing self-healable materials, sometimes kinetically
trapped materials are produced unexpectedly, either because of too strong interac-
tions or due to vitrification of the supramolecularmaterials. To achieve soft or rubbery
materials possessing self-healing property, multiple weak interactions between low
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Fig. 2.13 Images of scratched supramolecular ionic network film before and after heating at 50 °C
(upper side) and supramolecular ionic bulk cylinder before and after healing by standing at 25 °C
under nitrogen atmosphere for 2 h and 4 h respectively (lower side). Reproduced with permission
from the reference [12] Copyright (2012) (John Wiley and Sons)

T g polymers or oligomers can be applied as a standard approach. For example, rigid
bulk supramolecular networks that at room temperature are below their T g, do not
show any dynamic nature. To acquire sufficient chain mobility for self-healing, they
should be heated up above the T g either thermally or by photothermal treatment. This
also directs us to the principal challenge of bulk supramolecular network materials,
which is developing a stiff substance with enough chain dynamics capable of self-
healing at ambient temperature [62]. Another challenge is the rate of self-healing
which is important for both practical applications and intrinsic interests. Currently
how fast the material self-heals is remained mostly undetermined and the parameters
associated to these rates have not been studied comprehensively. Achieving effective
healing over a short time period still is a crucial need in this regard.

2.3 Conclusions and Future Aspects

Ionic interactions have been used extensively to generate physical and/or chemical
crosslinks in network materials. Supramolecular networks based on ionic interac-
tions constitute a very versatile family of compounds with interesting properties.
Because of the reversibility of the interactions involved, these networks are under
thermodynamic equilibrium. Consequently, their properties can be adjusted before-
hand by a careful structural design. In this chapter, we presented an overview of the
main properties of supramolecular ionic networks (e.g. morphology, thermal, elec-
trical, rheological, and self-healing) and we tried to describe how the structure of
these networks conditions their properties. A wide variety of applications is foreseen
to be feasible for these materials. Particularly as their synthetic strategy is accom-
plished just by mixing monomers, it makes hybrids between blocks of oligomers,
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macromolecules, and supramolecular polymers easy-to-achieve. Therefore, novel
self-healing rubbers, drug and gene delivery systems, electrochemical devices such
as batteries are within reach.

Although a lot of research has been devoted to the field and many interesting
achievements have been made, establishing a logical general description on phys-
ical–chemical properties of supramolecular ionic networks is far from complete
yet. The existing literature has mainly focused on the synthesis of supramolecular
polymers and networks (mostly mentioned in Chap. 1), and only very few recent
researches have been attempted to determine rational and quantitative relationships
between their structure, dynamics, and properties. Like for conventional polymer-
ization methods, an effective programmable mixing of multiple building blocks and
thereby coherent modulation of properties is an important unmet challenge. It is
therefore highly advantageous to carry out more systematic studies with an especial
focus on the relation of the structure and dynamics of the supramolecular polymer
networks simultaneously. This point could be interesting for polymer theorists and
newpolymer theories canbederived for the thermodynamicnature of the supramolec-
ular networks, as the kinetic constraints that are usually involved in the study of
conventional polymers are not present for these materials.
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Chapter 3
The Role of Electrostatic Interaction
in the Self-assembly of Macroions

Yuqing Yang, Ehsan Raee, Yifan Zhou, and Tianbo Liu

Abstract With sizes (1–5 nm) between simple ions and large colloids, solution
behaviors of macroions cannot be described either by Debye-Hückel limiting theory
or DLVO theory. In addition, the large size disparity between macroions and small
counterions makes their self-assembly process even more complicated.With charges
carried by macroions, electrostatic interaction usually plays a critical role during
self-assembly. A well-known feature of these structurally well-defined macroions
with moderate charges is the spontaneous formation of hollow, spherical, single-
layered blackberry structures, whose size can be accurately controlled via pH, solvent
polarity, and salt concentration, based on counterion-mediated attraction. These
blackberry structures show some unique properties, e.g., unique kinetic properties
similar to the virus capsid formation, self-recognition, chiral-recognition, and perme-
ation of small counterions through theirmembranes. Based on the complex structures
of macroions, various interactions, such as hydrophobic interaction, van der Waals
forces, hydrogen bonding, and cation-π interactions, can be involved to compete or
cooperate with electrostatic interaction to tune their self-assembly behaviors.
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3.1 Introduction

Among the intermolecular forces, the electrostatic interaction has the unique feature
of longer effective range than many other physical forces, such as hydrophobic inter-
action, hydrogenbonding, vanderWaals forces, cation-π attraction andπ-π stacking.
It is very essential in charged species and sometimes can regulate the molecular
self-assembly processes, with or without other physical forces.

A typical example to demonstrate the role of electrostatic interaction on nonco-
valent molecular self-assembly is hydrophilic macroions. For people in different
areas, the word “macroion” has different meanings, herein, the Macroions (Fig. 3.1)
represent a large group of charged macromolecules with sizes (1–5 nm) filling the
gap between simple ions and large colloids, e.g., polyoxometalate (POM) molecular
clusters,metal organic cages (MOCs), polyhedral oligomeric silsesquioxane (POSS),
dendrimers, functionalized fullerenes, organic-inorganic hybrids, cyclodextrins and
biomacromolecules. These species exhibit promising applications in a wide range of
areas, such as drug delivery, water purification, catalysis and so on so forth [1, 2].
Also, they showunique solutionbehaviors due to their nano-scaled sizes.Various self-
assembled structures includingblackberry structures[3], nanosheets [4, 5], nanofibers
[6], vesicles[7, 8], reverse vesicles [9, 10] nanrods [11, 12], nanoflowers [13] and
nanoribbons [6], which formed by macroions are reported.

Some macroions, such as some polyoxometalates (POMs) and uranyl peroxide
molecular clusters, possess fully hydrophilic surface with inherent or surface charges
(could be either localized or delocalized) and intact molecular structure in dilute
solution. Such macroions are ideal models for exploring the role of electrostatic
interaction as other intermolecular interactions are absent or negligible.

For functionalized macroions, various interactions, including hydrophobic inter-
actions (a type of special van der Waals force), π-π stacking, van der Waals forces,
hydrogen bonding, host-guest, and cation-π interactions, can participate in their self-
assembly behaviors, leading to all sorts of self-assembled structures. The strength and
effective distance of these interactions are listed below inTable 3.1. The van derWaals

Fig. 3.1 Examples of different macroions, including a polyoxometalate molecular clusters,
b metal-organic cages, c polyhedral oligomeric silsesquioxane, d functionalized fullerenes, e
dendrimers, f polyoxometalate-organic hybrid, g cyclodextrins and h biomacromolecules
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Table 3.1 Features of attractive forces in macroionic solutions [14]

Strength (kJ/mol) Effective distance (A)

Electrostatic interaction 4–80 Long

Hydrogen bonding 8–40 <3

Van der waals forces 0.4–4 <6

Cation-pi interaction 20–160 <6

Pi-pi stacking <40 <4

Hydrophobic interaction <40 <10

forces consist of dipole-dipole, dipole-induced dipole, and induced dipole-induced
dipole interactions. In addition, hydrophobic interaction is a type of van der Waals
forces, that is, induced dipole-induced dipole interaction, which is much stronger in
solution than in air due to the solvation effects in solution. Cation-π interaction shares
some features with electrostatic interactions since it bears the electrostatic nature. To
have these interactions involved, the macroions must contain some certain domains,
for example, electron rich and electron poor components to trigger host-guest inter-
actions, hydrogen bond accepting and donating sites for hydrogen bonding, large
π area for cation-π interactions or π-π stacking, or hydrophobic components for
hydrophobic interactions. Among all these physical interactions, electrostatic inter-
action will always play a role since all themacroions carry certain amount of charges.
On the other hand, the long-range nature of electrostatic interaction also benefits the
self-assembly processes, drawing dispersed macroions coming close to each other.

In this chapter, the supramolecular structures purely based on electrostatic
interactions and the ones which driven by the competition or cooperation of
electrostatic interaction and other interactions (for example, hydrogen bonding,
hydrophobic interactions, π-π stacking, van der Waals forces, host–guest, and
cation-π interactions) will be discussed.

3.2 Theoretical Challenges of Nanoscale
Macroions—Between Simple Ions and Colloids

The most well-known theory to describe a simple dilute ionic solution is the Debye-
Hückel limiting theory, in which an ionic atmosphere model is assumed, and the ions
are considered as homogenously distributed in solution [15]. The Debye-Hückel
limiting theory gives several conclusions: 1. the solution is overall neutral; 2. oppo-
sitely charged ions attract each other and lower the overall free energy of the solution;
3. each ion is surrounded more closely by oppositely charged ions than by ions with
like-charges. However, the Debye-Hückel limiting theory is only valid for very dilute
ionic solution, in which the ionic size is negligible. For macroions and colloidal
particles, this theory is no longer valid as they cannot be treated as point charges.
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One the other hand, the large, charged colloids behave differently from simple
ions. Colloidal particles are thermodynamically unstable, which is not a homo-
geneous system comparing with simple ionic solutions, and form suspension
when dissolved in solvent. The Derjaguin-Landau-Verwey-Overbeek theory (DLVO
theory), developed in 1940s, is widely applied for charged colloids [16, 17]. InDLVO
theory, colloids repel each other based on purely repulsive Coulomb forces between
like-charge molecules; and the only source of attraction forces between two colloidal
particles is believed to be van der Waals forces. The competition between these two
interactions determines the stability of colloidal particles in solution. One thing that
needs to be clarified here is that the approximation that applied in Debye-Hückel
theory to describe the electrical potential of a point charge can also be applied here
for colloidal as their counterion distribution can be described by Boltzmann distri-
bution like simple ions. But in the colloidal systems, we have to consider the size of
the colloidal particles.

However, with the unique size range of macroions (between simple ions and
colloids), the description of electrostatic interaction between macroions in solution
is a challenge. The macroions are too big to be treated as charged points due to
their surface charge density and surface charge distribution. In this case, the well
understood Debye-Hückel theory for simple ions cannot be applied for macroions.
In the meanwhile, DLVO theory is not suitable to describe solution behaviors of
macroions either as van der Waals forces are negligible for macroions which still
form real solutions. What’s more, the large size disparity between macroions and
their counterions is significant but not dominant, which leads tomoderate counterion-
association around macroions and contributes to the complex solution behaviors of
these species.

3.3 Self-assembly of Ideal Macroions Regulated
by Electrostatic Interaction

A well-reported feature of macroions with moderate charges is the spontaneous
formation of hollow, spherical, single-layered blackberry structures based on
counterion-mediated attraction[7]. The formation/disassociation and size of black-
berry structures can be accurately controlled via solvent polarity, addition of coun-
terions, or macroionic charge density [18, 19]. The driven force for constructing
blackberry structures is not hydrophobic effect (which is dominant for double-layered
vesicular structures) or van derWaals forces; instead, electrostatic interactions among
counterions and macroions play critical roles, which will be discussed in detail in
this section.
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3.3.1 The Discovery of Blackberry Structures

Among various macroions, self-assembly behaviors of POMs based on electrostatic
interactions have been studied widely [20]. The unique properties of POM clusters,
e.g., well-defined molecular structure, uniform shape, tunable charges, high stability
and monodispersity in solution, as well as no intra-molecular charge interactions,
make them perfect models for the macroion solution study. Interestingly, these POM
clusters tend to come close to each other and slowly form large structures in aqueous
solution instead of staying as single clusters even though the solubility of POMs are
quite high [21, 22].

Laser light scattering (LLS), including both static and dynamic light scattering
(SLS and DLS), can be used to characterize large structures in solution. Weight
average molecular weight (Mw), second virial coefficient and radius of gyration (Rg)
of the particles can be obtained by SLS via measuring the scattered intensity at
different scattering angles [22]. One can study the nature of the interaction between
solvent and solute particles through these information determined by SLS, e.g., iden-
tifying whether it’s attractive or repulsive interaction by second virial coefficient. By
analyzing the intensity-intensity time correlation function measured by DLS via
CONTIN method [23], the hydrodynamic radius (Rh) and particle size distribution
can be obtained. Taking the combination of SLS and DLS, the shape of the large
particles (e.g., spheres, sheets, or fibers) can be indicated.

In 2003, T. Liufirst found that a dilute aqueous solution of {Mo154} (0.010mg/mL)
at pH= 3.0 showed Tyndall effect which revealed the large assembly formation in the
system [22]. The spherical assemblies with relatively uniform size can be noticed
from transmission electron microscopy (TEM) images (Fig. 3.2a). Moreover, as
indicated by atomic force microscopy (AFM) study, these assemblies suddenly burst
when shifted from normal mode to vacuum model, revealing their hollow structures.
The spontaneously formation of these large structures is unexpected based on the
fact that the solubility of {Mo154} clusters in aqueous solution is extremely high
(~100 mg/mL). To further dig out the nature of these assemblies, DLS and SLS
measurements were conducted. The average Rh of large assemblies was determined
to be 45 nmwith a narrow size distribution (Fig. 3.2b) using CONTIN analysis of the
DLS studies. The average Rh is consistent with the size of spherical assemblies in
the TEM images (Fig. 3.2a). Analyzing SLS study by Zimm plot suggested that the
Rg of assemblies is around 45 nm and an average MW of these assembled structures
is determined to be about (2.54 ± 0.25) × 107 g/mol, that is 1150 {Mo154} clusters
per assembly. The fact that Rg is equal to the Rh obtained from DLS indicated the
hollow nature of these spherical assemblies, since Rh = Rg is a characteristic of
hollow spherical structures in which all the mass of the particle is distributed on its
surface (Rg/Rh ~ 0.77 if they are solid). All {Mo154} clusters are expected to be on
the surface based on the hollow nature of these assemblies. With the average radius
(45 nm) and average MW ((2.54 ± 0.25) × 107 g/mol) of the hollow spheres, the
intermolecular distance was calculated to be 0.9 nm and the neighboring clusters
are not touching each other. A model was proposed as shown in Fig. 3.2c. The
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Fig. 3.2 a TEM image of {Mo154} aqueous solution showing spherical assemblies (R ~ 45 nm).
b Zimm plot based on the SLS study of the {Mo154} aqueous solutions at pH 3; (inset) CONTIN
analysis on the DLS study of the same solution, showing Rh ~ 45 nm. c Schematic plot showing the
supramolecular blackberry structure formed by {Mo154} macroions in water. [22] Reprinted with
permission from Ref.. Copyright 2003, Macmillan Magazines Ltd

single-layered, hollowstructureswith a nickname“blackberry” are self-assembledby
highly soluble {Mo154}. Although the spherical morphology of blackberry structures
is similar to vesicles formed by amphiphilic surfactants, these two structures are
fundamentally different: the single-layered blackberry structures are formed by fully
hydrophilic molecules, while amphiphilic surfactants are involved in bilayer vesicle
formation. The driving force for vesicle formation is hydrophobic effect, however
blackberry structures are formed based on a different driving force due to their highly
hydrophilic feature.

3.3.2 Driving Force for Blackberry Structure Formation

Afterwards, blackberry structures were observed for several POM-based macroions,
e.g., {Mo72Fe30} [19], {Mo72Cr30} [24], and {Mo132} [18]. Although all these POMs
are purely hydrophilic, they self-assembled into blackberry structures instead of
staying as single molecules. The most essential issue for the blackberry formation is
the driving force to bring these like-charged, purely hydrophilic POMs together.
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Many efforts have been made to investigate the effect of van der Waals forces in
blackberry formation.VanderWaals forces are short-ranged attractive forces and they
are dominant in colloidal systems since colloids are large particles composed ofmany
nuclei [25]. For POMsolutions, the effect of vanderWaals forces ismuchweaker than
that of colloids based on their smaller sizes. A study with {Mo132} in acetone/water
mixtures can help to figure out its role [18]. {Mo132} is a type of molybdenum brown
“Keplerate” anions with diameter of around 2.9 nm and 42 negative charges [26].
{Mo132} is highly soluble in water, in which case, only discrete {Mo132} macroions
are observed in water due to strong electrostatic repulsion based on −42 charges
on their surfaces. However, when {Mo132} are dissolved in acetone/water mixed
solvents containing 3–70 vol% acetone, blackberries can be found. Moreover, the
blackberry sizes increase from 45 to 100 nm with increasing acetone content, while
no blackberries in pure acetone, as shown in Fig. 3.3.

When dissolved in an acetone-rich solvent, the strong counterion association
balances the charges on {Mo132} clusters and makes them almost neutral. In such a
case, they existed as single clusters. When increasing water content, the strength of
van derWaals attractive forces remain unchanged since the size of the cluster does not
vary; in the meanwhile, the clusters are expected to carry more charges and enlarge

Fig. 3.3 aCONTIN analysis of DLS study on {Mo132} aqueous solutions of 5–60 vol% acetone. b
Average Rh of the {Mo132} blackberries in water/acetonemixed solvents. c Schematic plot showing
transition from discrete macroions to blackberries, then to discrete macroions due to the change
of solvent content. [18] Reprinted with permission from Ref.. Copyright 2007 American Chemical
Society
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Fig. 3.4 a Average Rh of blackberries formed in 0.5 mg/mL aqueous solutions of {Mo72Fe30} at
different pH. b CONTIN analysis of DLS measurements on {Mo72Fe30} solution at different pH.
Reprinted with permission from Ref. [19]. Copyright © 2006, American Chemical Society

the repulsive forces between macroions. However, blackberry formation is achieved
at highwater content. In addition, at high acetone content van derWaals forces should
be dominant resulting in obvious aggregation since the electrostatic repulsive forces
are weakened. These facts rule out the possibility of van der Waals forces as the
major driving force for blackberry assembly and indicate the self-assembly process
is charge regulated.

The study of {Mo72Fe30} blackberry structures further confirms the inapplica-
bility of van der Waals forces for blackberry formation [19]. The charge density of
{Mo72Fe30}, a weak acid-type POM with 30 potential deprotonation sites [27], can
be controlled by changing solution pH. At low pH, {Mo72Fe30} stays as discrete
clusters due to its low charge density. With increasing pH, {Mo72Fe30} repels each
other strongly based on the larger number of charges carried due to enhanced depro-
tonation. However, when pH of solution reaches 3.0, {Mo72Fe30} starts to attract
each other and form blackberry structures. Moreover, the Rh of blackberry structures
decreases linearly with increasing pH, as shown in Fig. 3.4. These evidence suggest
the importance of charge effect in blackberry formation rather than van der Waals
forces.

For POMs with many strongly associated water and oxo-ligands, hydrogen
bonding is expected to be important in their self-assembly process. Two POMs with
same shape and size, {Mo72Fe30} and {Mo72Cr30}, are tested for blackberry forma-
tion. Blackberry structures with different sizes are observed even when the charge
density of {Mo72Fe30} and {Mo72Cr30} are controlled to be the same by tuning solu-
tion pH (Fig. 3.5) [24]. This can be due to the water bridged hydrogen bonding.
But these clusters exist as single macroions in solution at low pH, proving that the
hydrogen bonding can play roles in blackberry formation process, but it’s not a
primary driving force [24].

As shown above, the fact that no blackberry structures are observed when the
charge density of POM clusters are too high or too low indicates that electrostatic
interaction plays a critical role in the blackberry formation process. When POMs
carry very large amount of charges, the counterion-mediated attraction is not strong
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Fig. 3.5 Average Rh of the blackberry structures formed in 0.5 mg/mL aqueous solutions of
{Mo72Cr30} (blue diamonds) and {Mo72Fe30} (red squares) under different pH conditions showing
a decrease of Rh with increasing degree of deprotonation. No self-assembly occurs under very low
pH conditions. Reprinted with permission from Ref. [24]. Copyright © 2009 Royal Society of
Chemistry

enough to overcome the repulsive forces among POMs, while POMs with very low
charge density are not able to form ion-pairs to gain enough attractive forces [3].
Only when proper amount of charges are carried by POMs, blackberry structures
can be observed.

Similar cases among counterions and polyelectrolyte or biomacromolecular solu-
tions have been reported [28]. Sogami and Ise first proposed the weak counterion-
mediated attraction between like-charged colloids [29], nevertheless, this weak inter-
action is not treated as a significant force due to large size disparity between
colloids and their counterions. For macroions, which are smaller than colloids,
they can strongly associate with their counterions, forming ion-pairs, in which
case, the counterion-mediated attraction is expected to be remarkable for blackberry
formation.

3.3.3 Macroion-Counterion Interaction

To fully understand the role of counterion-mediated attraction in self-assembly, the
interaction between macroions and counterions need to be addressed which can be
explored by small angle X-ray scattering (SAXS) and anomalous small angle X-
ray scattering (ASAXS). Based on the giant size and well-defined structures of
POMs, they are ideal models for such study [30–32]. Either association among
POMs and counterions or the self-assembly of POMs can be accurately detected
from SAXS by calculating the Rg value and the distance pair distribution functions
[30, 31]. While ASAXS is a powerful technique to directly measure the counterion
distribution[33–34].
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Fig. 3.6 aRadial concentration profiles of 30mMRb+ and Sr2+ in {Mo132} solution obtained from
ASAXS fitting using multi-layered spherical shell model. r: distance of the counterion to {Mo132}
center.bGraphical representation of Rb+ (red) and Sr2+ (green) hydration (semi-transparent bubble)
and distribution around {Mo132}. Most of Rb+ ions closely associate with {Mo132}, while a large
portion of Sr2+ ions only loosely associate with {Mo132}. Reprinted with permission from Ref.
[32]. Copyright © 2020 Wiley-VCH GmbH

3.3.3.1 Counterion Distribution Around Macroions

For dilute {Mo72V30} aqueous solution, the Rg was calculated (from SAXS curve) to
be 10.8 Å suggesting the single molecule state of {Mo72V30} macroions in solution
[30]. Moreover, the distance pair distribution p(r), which is the probability of finding
the vector length r in a molecule, showed a peak correspond to single {Mo72V30}
macroions while a new peak appeared when acetone content was increased, which
indicated that the {Mo72V30} clusters still stay as discrete ions while the counterion
association is enhanced [30]. In the meantime, the peak appearance was consistent
with the appearance of the blackberry structure in solution, suggesting the strong
connection between counterion association and blackberry formation. In 2020, more
accurate distribution of counterions around {Mo132} was directly measured using
ASAXS [32]. As shown in Fig. 3.6, Rb+ ions tend to stay near the skeleton of
{Mo132} or in the Stern layer, showing closely associated with {Mo132}; while Sr2+

ions prefer a looser association with {Mo132} by staying in the diffuse layer. The
stronger interaction between Rb+ ions and {Mo132} than that of Sr2+ ions explains the
anomalous lower critical coagulation concentration of {Mo132} with Rb+ compared
to Sr2+.

3.3.3.2 Counterion Exchange Around Macroions

With additional counterions presented in POM solution, different counterions can be
distinguished and selected by macroions based on their hydrated sizes and valence.
Counterionswith smaller hydrated size andhigher valence are preferredbymacroions
and the exchange of counterions associated by macroions can be achieved. The
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Fig. 3.7 Change of blackberry size (Rh) with a added chloride salt concentration and b total ionic
strength for 0.5mg/mL {Mo72Fe30} solutions. Reprintedwith permission fromRef. [31]. Copyright
© 2010 American Chemical Society

change of blackberry size with different counterions added into POM solution was
observed (Fig. 3.7) [31]. {Mo72Fe30}, with protons as original counterions, can form
blackberry structures in aqueous solution, whose size remains unchanged with addi-
tion of 1–20 mM LiCl or NaCl. However, the larger blackberries were observed
when adding 0.1–10 mM KCl or RbCl. The enlarged blackberry structures result
from the replacement of original protons by K+ or Rb+, which decreased the surface
charge density of {Mo72Fe30} and increased the attraction forces between POMs.
Highly hydrated ions, Li+ and Na+, cannot replace the protons which would lead to
no obvious change of blackberry sizes.

This explanation was further confirmed by isothermal titration calorimetry (ITC)
studies. No measurable binding of Na+ to {Mo72Fe30} can be detected from ITC.
While the ITC results demonstrated that the binding between {Mo72Fe30} and K+ or
Rb+ are present, additionally, theRb+ can bind to {Mo72Fe30}much stronger thanK+.
From ITC study, the binding strength between {Mo72Fe30} and counterions follows
an order of (Li+, Na+) < H3O+ < K+ < Rb+ < Cs+, which is fully consistent with the
blackberry size changes with different counterions. All these connection between
counterion-macroion interaction and blackberry formation prove the importance of
counterion-mediated attraction in constructing blackberry structures.

3.3.4 Features and Applications of Blackberry Structures

The blackberry structure has a lot of fascinating features, which are broadly explored
in the past decades, such as the special kinetic properties, cation transportation
through blackberry membrane, self-recognition behaviors, chiral recognition, and
so on. Due to these features, the applications of the blackberry structure are also
well-studied.
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3.3.4.1 The Kinetic Properties and Lag Phase of Blackberry Formation

Blackberries are thermodynamically stable [35–37], which distinguishes them from
colloidal particles. Comparing with fast self-assembly of amphiphilic molecules, the
blackberry formation processes take a long period of time (even several months) [38,
39] which enables the detailed exploration of the mechanism of the self-assembly.
As shown in Fig. 3.8 [39], the macroions first associate into oligomers, which is
the rate-determining step. Once there are enough amount of oligomers, they quickly
assemble into blackberries [38, 39].

With presence of no or small amount of extra salts (NaCl,NaBr,NaI, andNa2SO4),
the time-resolved intensity of {Mo72Fe30} blackberry formation process showed a
linear relationshipwith time,which is similar to a first order reaction [38]. In addition,
there is a lag phase observed at the beginning of the assembly. As shown in Fig. 3.9,

Fig. 3.8 Possible mechanisms of {Mo72Fe30} blackberry formation in dilute aqueous solution.
Reprinted with permission from Ref. [39]. Copyright © 2006, American Chemical Society

Fig. 3.9 Comparison of scattered intensity increment of {Mo72Fe30} solution with or without
NaCl. Reprinted with permission from Ref. [40]. Copyright © 2009, American Chemical Society
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the lag phase became significant when introducing larger amount of salt. The overall
intensity growth is shown as a sigmoidal curve [40].

The formation process (sigmoidal curve) and assembly structure (single-layer,
hollow, spherical structures) of blackberries are very similar to the virus capsid
formation [41], indicating that they may share similar mechanisms [3, 7]. Although
the hydrophobic effect is believed to be the driving force for virus capsid formation, it
definitely does not play a role in blackberry formation as there is no any hydrophobic
moiety for POMs. Whether the electrostatic interaction plays a role in virus shell
formation is still a mystery. POMs are promising to be a simplified model to explore
the solution behaviors of complicated biomacromolecular systems [3, 7].

3.3.4.2 Cation Transportation Through Blackberry Membrane

With the same type of charge carried by macroions, they do not touch each other on
the surface of blackberries. This contributes to a soft and “porous” membrane which
can serve as channel for simple ions to pass through. The fluorophores, which are
specifically sensitive to one or two types of ions, e.g., chlorotetracycline (CTC) for
Ca2+ and Mg2+; 6-methoxyquinoline (6-MQ) for Cl− and Coumarin 1 for Br−, were
used to track the transportation of small ions through the membrane of {Mo72Fe30}
blackberries [42]. The fluorophores were partially captured inside the blackberries,
which was confirmed by an 18-nm shift of the fluorescent signals. After completing
the formation of blackberry, specific ionswhich are sensitive to the fluorophoreswere
added into the solution. As shown in Fig. 3.10, the immediate intensity increment
with addition of Ca2+ andMg2+ suggested that the CTCs outside blackberries rapidly
saturated after dominant amounts of Ca2+/Mg2+. In addition, there was a continuous
and slow increase of fluorescence signal after initial process, which indicated a slow

Fig. 3.10 (Left) Formation of fluorophore-containing {Mo72Fe30} blackberries in solution. The
additional cations first interact with fluorophores in bulk solution and on blackberry surfaces, subse-
quently enter into the blackberries, and interact with the fluorophores inside. While the anions
could not pass through the membrane. (Right) Change in fluorescence quantum yield of Coumarin
1, 6-MQ, and CTC with addition of KBr, KCl, and CaCl2, respectively; a instantaneous change
occurs with the addition of salts; b change in fluorescence quantum yield with time. Reprinted with
permission from Ref. [42]. Copyright 2008 American Chemical Society
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and continuous binding between Ca2+/Mg2+ and CTCs. This can be interpreted by
the transportation of Ca2+/Mg2+ through blackberry membrane and the cations can
interact with CTC inside blackberry. However, anions (such as Cl− and Br−) cannot
pass through the membrane, since the highly negatively charged blackberries will
repel the anions.

3.3.4.3 Self-recognition Behaviors During Self-assembly

Different from vesicles, which formed by short-range hydrophobic interactions, the
blackberries, controlled by long-range electrostatic interactions, have chance to show
self-recognition during formation.

The mixed aqueous solutions of two macroions, {Mo72Fe30} and {Mo72Cr30},
were studied and showed the presence of two types of blackberries with different
sizes [43]. The sizes of blackberries in mixture are corresponding to those of indi-
vidual solutions which contains either {Mo72Cr30} or {Mo72Fe30}. Moreover, the
self-recognition feature is also confirmed by analyzing the elements of the two
assemblies which were separated by filtration frommixed solutions. During the self-
assembly, the macroions can self-recognize each other in a mixed solution, forming
two homogeneous blackberry structures instead of heterogeneous ones (Fig. 3.11).

Another study of two similar rod-shape clusters
((C4H9)4 N)7−[Mo6O18NC(OCH2)3XMo6O18(OCH2)3 CNMo6O18] (X = MnIII

or FeIII)) [44] with identical morphology but different central metal atoms also
showed self-recognition feature, demonstrating the two types of blackberries in their
mixture. The self-recognition behaviors of these macroions are attributed to the
different charge distribution of the macroions, as confirmed by DFT calculations.
With more positively charged Mn atom and more negative planar molecular unit,
the larger charge distribution of Mn-containing macroions influences the interaction

Fig. 3.11 a In mixed dilute aqueous solutions, the clusters {Mo72Fe30} (top) and {Mo72Cr30}
(bottom) self-assembled into individual blackberry structures of the Cr30 (yellow) and Fe30 type
(blue) and do not formmixed species. bCONTIN analysis of the DLS studies at 90° scattering angle
measured for aqueous solutions containing {Mo72Cr30} or {Mo72Fe30} (0.1 mg/ml each), as well
as for a solution containing both species (0.1 mg/ml of each) (pH= 4.2). Reprinted with permission
from ref. [43]. Copyright © 2011, American Association for the Advancement of Science
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Fig. 3.12 Graphical representation of the chiral recognition behavior. Reprinted with permission
from Ref. [45]. Copyright © 2015, Nature Publishing Group, a division of Macmillan Publishers
Limited

between macroion and counterions, and consequently their self-assembly behaviors
to show self-recognition. Not only difference of charge density, but also charge
distribution of macroions will affect their self-assembly behaviors.

3.3.4.4 Chiral Recognition and Chiral Selection

During self-assembly process, the chiral macroions show enantioselective behavior
toward chiral small organic molecules [45–47]. Two enantiomeric wheel-shaped
macroions, [Fe28(μ3-O)8(Tart)16 (HCOO)24]20− (Tart = D- or L-tartaric acid tetra-
anion) were studied, showing the formation of their individual assemblies in racemic
mixture solution as shown in the Fig. 3.12 [45]. With addition of chiral co-ions, the
self-assembly process of the enantiomericmacroions could be selectively suppressed.
The energy barrier for homo-oligomers formation is slightly lower than that of hybrid
oligomers during lag phase of self-assembly process, leading to the formation of
homogeneous blackberries rather than heterogeneous ones. Besides, the chiral selec-
tion is achieved during lag phase as well as based on the compatibility between the
chiral microenvironment from the macroions and the external added small chiral
co-ions.

The effect of chiral counterions has been studied in systems containing lactic
acid-functionalized chiral fullerene [47] (AC60) or chiral metal organic cages [46].
Chiral counterions affect the self-assembly process of chiral macroions, by either
interacting differently with chiral macroions or inhibiting the interaction between
macroions and original counterions at different level. Obvious chiral discriminations
between assemblies from enantiomeric macroions observed in these systems suggest
the chiral recognition and selection could be a common feature during self-assembly
of macroions with electrostatic interactions as driving forces.
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3.4 Self-assembly of Complex or Functionalized
Macroions—Competition and Cooperation Among
Different Attractive Forces

Since macroions are charged molecules, electrostatic interaction always plays a crit-
ical role in their self-assembly process. However, with diverse types of macroions,
all kinds of interactions including hydrophobic interaction, hydrogen bonding, van
der Waals forces, cation-π attraction and π-π stacking, can be involved during their
self-assembly process to construct a wide range of 0D-3D supramolecular structures.
How to control shape and size of these assembly structures is of great importance. The
competition or cooperation among electrostatic interactions with other interactions
and also geometrical restrictions lead to wonderful availability of supramolecular
structures, which will be discussed in this section.

3.4.1 Electrostatic Interaction Versus Hydrophobic
Interaction

Considering the hydrophilic nature of charged macroions such as POMs, presence
of hydrophobic moieties introduces amphiphilic nature to macroions which will
influence their self-assembly behaviors [7, 8, 48–52] Different parameters including
counterion effect, large charged polar heads, molecular morphology, hydropho-
bicity, solvent polarity, and concentration should be taken into consideration when
studying their solution behaviors, which makes the case more complicated than
simple macroions and amphiphilic surfactants.

With small organic ligands grafted on macroions, their self-assembly behavior is
still dominated by counterion-mediated attraction as macroions have large and rigid
structures [14].While hydrophobic effect from the organic ligands can contribute but
it cannot regulate it. Two similar molecules, Pd13 and its hybrid Pd13(Ph)8 (Fig. 3.13)
[53, 54], self-assembled into blackberries in aqueous solution. They share similar
chemical structures and same counterions, while Pd13(Ph)8 contains eight phenyl
groups on the surface and carries slightly less charges than that of Pd138−. Pd13
shows a slow self-assembly process (>40 days), however, Pd13(Ph)8 can assemble
rapidly which takes only several hours. With less charges, the Pd13(Ph)86− exhibits
weaker counterion-mediated attraction, in which case, the faster assembly is the
result of another attractive force, that is, hydrophobic interaction from phenyl groups
on its surface. Moreover, as shown in Fig. 3.13, larger Pd13(Ph)8 blackberries are
formed in more polar solvents in water/DMSO mixture, which is caused by the
competition of counterion-mediated attraction and hydrophobic effect. While Pd13
blackberries become smaller in more polar solvents which is a common behavior
of blackberry formation solely by counterion-mediated attraction. In Pd13(Ph)8 self-
assembly process, as solvent polarity increases, the counterion-mediated attraction
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Fig. 3.13 A model depicting the blackberry formation process in solutions of {Pd13(Ph)8} and
{Pd13} in water and DMSO/water mixed solvents. Reprinted with permission from Ref. [53].
Copyright © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

is weaker, while the hydrophobic effect becomes much stronger. The overall attrac-
tive interaction is stronger in more polar solvent due to the enhanced hydrophobic
interaction, and consequently lead to larger blackberries.

When large hydrophobic domains are introduced to macroions, the amphiphilic
nature of these hybrids affect their self-assembly behaviors, making them act more
like a surfactant since the hydrophobic effect becomes more critical. Our group first
studied the solution behavior of a C16-POM-C16 amphiphile (Fig. 3.14a) [8]. The
hydrophobic-hydrophilic-hydrophobic structures formed double-layered vesicles in
acetonitrile/water mixed solvents with hydrophobic interaction acting as the major
driving force. The two flexible hydrophobic alkyl tails were packed on one side and
assembled into vesicles. A similar hybrid with shorter alkyl chains, C6-POM-C6,
arranged themselves into reverse vesicles in non-polar solvent [52]. In this case, the
hydrophobic tails tended to face outside with the hydrophilic POM heads staying
inside the vesicular structures to avoid contacting with the non-polar solvent. When
one alkyl chain (here is C15) is grafted on POM, forming hydrophilic-hydrophobic
structures, the POM-C15 exhibited relative fast vesicle formation as no bending of
tails needed [55]. The length and number of the alkyl chains influence the solvophobic
interaction, thus controlling the self-assembly process and final assembled structures.

The hydrophobic moieties could be even larger by using long polymer chains, and
this will significantly decrease solubility of corresponding hybrid in water. Solution
behavior of a POM-polymer hybrid as shown in Fig. 3.14b was studied in non-polar
solvent [10]. Therein, reverse vesicles were formed driving by solvophobic interac-
tion, as POMs act as solvophobic parts, while the polymer chains are solvophilic.
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Fig. 3.14 Scheme of vesicle formation of a C16-POM-C16 hybrid and b polymer hybrids. [8][10]
Adapted with permission from Refs. and. Copyright 2008 American Chemical Society and 2012
WILEY-VCH

Polymer chains formed circles around POMs and kept them in between to avoid
contact with the organic solvent.

3.4.2 Electrostatic Interaction Versus Hydrogen Bonding

Hydrogen bonding is a special type of dipole-dipole interaction, usually resulting
from interaction between H and electronegative atoms such as N, O, or F. With
the oxo and water ligands of {Mn40P32W224}, which consists of four Dawson
trimers connected to one P8W48 wheel, hydrogen bonding can have an effect on
supramolecular structure formation [11]. As shown in Fig. 3.15a, rod-like structures
were formed in acetone/water mixed solvent due to the directional growth based on
anisotropic charge distribution of the POM. However, in methanol/water mixtures,
hydrogenbonding effect become stronger. The isotropic hydrogenbonding formedby
POMs and solvent weakens the orientation effect caused by the counterion-mediated
attraction, thus, making it behave like regular POMs and forming blackberry struc-
tures. When dissolved in deuterated solvent, rod-like structures were observed as
in acetone/water mixture, which confirmed the significance of hydrogen bonding in
macroionic self-assembly.
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Fig. 3.15 a Scheme of anisotropic and isotropic self-assembly of {Mn40P32W224}. b Graphic
showing blackberry size change of hydrogen bonding functionalized POM in acetone/water and
HFIP/water mixed solvent. [11][56] Adapted with permission from Refs. and. Copyright 2013
Royal Society of Chemistry and 2016 WILEY-VCH

Presence of hydroxo and aquamoieties in the core of POM framework led to coop-
eration of hydrogen bonding and electrostatic interaction during the self-assembly
process of POM, as shown inFig. 3.15b [56].Relatively rapid formation of blackberry
structures can be achieved compared to typical ones, which suggests the impor-
tance of hydrogen bonding. In addition, stronger hydrogen bonding and weaker
counterion-mediated attraction in more polar solvent lead to larger blackberry struc-
tures.When introducing strong hydrogen bond-donor solvent, such as hexafluoroiso-
propanol (HFIP), to the solution, the opposite trend can be observed as dominated
by the counterion-mediated attraction in HFIP/ water mixed solvents as a result of
the cutting hydrogen bonds among hybrid molecules.

In addition to hydrogen bonding acceptors and donors in macroionic structure,
presence of different numbers of hydrogen bonding sites in the structure of coun-
terions can significantly affect the supramolecular structure formation process of
macroions. In the self-assembly of Na9[EuW10O36]·32H2O (EuW10) POM, different
alkylamines with different numbers of amine groups were used as counterions
[13]. Alkylamines play an important role as a “glue” and bind primary assembled
nanospheres to form nanopetals and finally obtain nanoflowers. Alkylamines with
four and five amine groups (TETA and TEPA in Fig. 3.16) were able to act as
binding agents and form secondary nanostructures; however, DETAwith three amine
groups only led to the formation of nanospheres and no growth toward nanopetals
and nanoflowers was observed. Here, amines play a dual role both as electrostatic
interaction sites (in case of protonation) and hydrogen bonding sites. Therefore,
higher number of amine groups in alkylamines contributes to obtain nanopetals and
nanoflowers. This indicates that the number of hydrogen bonding sites of counterions
plays a critical role in the self-assembly process as well.

3.4.3 Electrostatic Interaction Versus Cation-π Interaction

Along with the interactions mentioned above, cation-π interaction is another impor-
tant interaction, which becomes more significant when aromatic functional groups
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Fig. 3.16 a Structure of EuW10 POM and alkylamine counterions diethylenetriamine (DETA),
tetraethylenetetramine (TETA), and tetraethylenepentamine (TEPA). b Self-assembly of POMs
into nanospheres, nanopetals, and finally nanoflowers. [13] Reprinted with permission from Ref..
Copyright 2017 American Chemical Society

are attached to macroions[57]. For such aromatic functionalized macro-anions, the
counter-cations will interact both with the macro-anions due to electrostatic interac-
tion and aromatic groups through cation-π interaction. The competition between
them will influence the self-assembly process and regulate the supramolecular
structures obtained. A series of phenyl group functionalized rod-shape POM-based
hybrids have been synthesized to explore the importance of cation-π interaction
[58]. The POMs (with or without phenyl groups) formed blackberries at high cation
concentrations driven by counterion-mediated attraction. However, the size trends
in assemblies for these POMs (with or without phenyl groups) are opposite: smaller
size at higher cation concentrations for the phenyl group modified POMs while
larger size at higher cation concentrations for the regular POMs (Fig. 3.17). The
phenyl groups can draw cations close to the hybrids and significantly enhance the
cation-hybrid binding through cation-π interaction, changing the cation distribu-
tion around the hybrids and leading to the opposite trend toward salt concentration.
What’s more, self-recognition between two similar phenyl groups decorated POMs
could be achieved due to cation−π interaction (Fig. 3.17).

Not only in anionic macroionic systems, cation-π interaction also plays a role in
positively charged macroionic solutions. Strong cation-π interaction was noticed in
macrocycle solutions [59]. Although the phenyl-ligands-linked macrocycles carry
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Fig. 3.17 A model showing the effect of cation-π interaction on the self-assembly and self-
recognition processes of different macro-anions with and without π-rich groups. [58] Reprinted
from Ref.. Copyright © 2018 Wiley-VCH

positive charges, their self-assembly process still can be regulated by co-ions via
cation-π interaction.

3.4.4 Electrostatic Interaction vs. Van Der Waals Forces

In order to show the importance of secondary interactions alongsidewith electrostatic
interactions, a steroid-Anderson POM-steroid hybrid can be considered in which
cholic acid (POM-Ca), dehydrocholic acid (POM-Dhca), and cholesterol (POM-
Chol) are three different steroids used (Fig. 3.18a) [6]. In this system, electrostatic
interaction between POMs and van derWaals interactions between steroids are coop-
erating to trigger the self-assembly of supramolecular structures. Depending on the
solvent composition, hybrids based on cholesterol can form various well-defined
assemblies due to the rigid and planar skeleton of cholesterol which strengthens
the van der Waals interactions (Fig. 3.18b). However, when it comes to the hybrids
based on the other two steroids, rigid and twisty structure of the steroids reduces
van der Waals interactions and no stable assemblies are observed for such systems.
This indicates the importance of a secondary interaction, such as van der Waals,
on the self-assembly process of macroions acting synergistically with electrostatic
interactions.
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Fig. 3.18 a Structure of three different steroid-POM-steroid hybrids. b Supramolecular structures
based on POM-Chol in different solvent compositions. [6] Reprinted with permission from Ref..
Copyright 2016 Royal Society of Chemistry

3.4.5 Multiple Interactions

With complex structure of macroions, multiple interactions are usually involved at
the same time. Three different MOCs based on TPE ligands, dicarboxylate ligands,
and Pt(PEt3)2 metal ions (MOCs 1, 2, and 3 in Fig. 3.19a) were synthesized to study
their self-assembly process into 2D nanosheets with the addition of different salts via
counterion-mediated attraction.4 It was shown that presence of longer dicarboxylic
ligands with a length of 1.52 Å (MOC 1) provides more chance for σ − π interaction
between metal ions and dicarboxylic ligands stabilizing 2D nanosheets. MOCs with
shorter dicarboxylic ligands (MOC2) andMOC3only formed precipitates indicating
the importance of σ − π interaction between the edges and corners is significant for
stabilizing the nanosheets. Therefore, any minor or major variation in the structure
of macroions such as changing the flexibility of macroions or anchored ligands to
macroions, and changing size and geometry of macroion’s skeleton, can impose
geometrical restrictions and/or induce secondary intermolecular interactions leading
to variations in shape and size of the supramolecular structures formed based on
electrostatic interactions.
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Fig. 3.19 a Structure of MOCs used to self-assemble into 2D nanosheets. b TEM images of
nanosheets assembled by MOC 1. [4] Reprinted with permission from Ref.. Copyright 2020
American Chemical Society

Another example of self-assembly process with multi-interaction cooperated is
based on a long-alkyl-chain-functionalized POM hybrid in aqueous solution [60].
The hexavanadate-cluster-based surfactant quickly formedmicelles via hydrophobic
effect which induced by the long alkyl chains attached on POM.With addition of less
hydrated ions (K+ and NH4

+), the binding of cations to the anionic micellar surface,
decreasing the stability of the micelles, leads to the further coagulation to nanobelts.
The electrostatic interaction, cooperated with directional hydrogen bonding between
the polar head groups, leads to these 1D anisotropic assemblies.

3.4.6 Electrostatic Interaction vs. Geometrical Restrictions

Geometrical restrictions and features of macroions and counterions can interplay
with the strength of electrostatic interaction, regulate the self-assembly process, and
lead to totally different supramolecular structures. One example is the self-assembly
of different generations of poly (amido amine) (PAMAM) dendrimers (G2-G8),
ranging from isotropic spheres to elliptical cylinders, using organic dye counterions
with different valency [61]. Higher generations of poly (amido amine) (PAMAM)
dendrimers have a larger size and consequently less flexibility. While it is possible to
obtain isotropic assemblies for G4, only anisotropic ones were seen for G8. Besides,
at a constant ratio of azo dye (Acid Red 26) to dendrimer (1/8), higher generations of
dendrimers lead to assemblies with more anisotropy, e.g., ellipsoidal structures are
obtained for G2, elliptical cylinders for G4 and G5, and flexible elliptical cylinders
for G7 and G8 (Fig. 3.20). Moreover, it was observed that trivalent organic coun-
terions form isotropic assemblies; while, divalent ones can only form anisotropic
structures (Fig. 3.20). Trivalent dyes bind to a greater extent to protonated amine
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Fig. 3.20 Representation of assemblies obtained by different generations of PAMAM dendrimers
and different azo dyes. Red rectangle indicates supramolecular structures obtained by Ar26 azo
dye and G2-G8 PAMAM dendrimers [61] Reprinted with permission from Ref.. Copyright 2016
American Chemical Society

groups of dendrimers due to their additional charge and this restricts the available
geometric conformations for the assemblies [62]. In addition, the change of molar
ratio betweendendrimers and counterions also affect the self-assembly structures [61,
63]. Therefore, increasing size, decreasing flexibility of macroions, and the extent of
binding between macroion and counterion imposes geometrical restrictions during
the self-assembly process and leads to different nano-structures.

Another example is the self-assembly of PAMAM dendrimer and organic counte-
rions that demonstrated different supramolecular structures when slightly changing
the position of carboxylic acid groups from 1,4 to 2,3 in divalent counterions (naph-
thalene dicarboxylic acid (NDC)) [12]. As can be seen in Fig. 3.21, 2,3-NDC triggers
the self-assemblyof solid spheres byG5;while, 1,4-NDCresults in cylindrical assem-
blies. This may result from a delicate interplay of interactions, that is, electrostatic
contributions, π–π interactions, and geometric constraints. Thus, a slight change
in the structure of organic counterions can impose different macroion-counterion
binding and geometrical restrictions during the self-assembly process.
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Fig. 3.21 Self-assembly of G5 dendrimer when 1,4- and 2,3-NDC counterions are present. [12]
Reprinted with permission from Ref.. Copyright 2008 Wiley–VCH

Moreover, self-assembly of a G4 PAMAMdendrimer at the presence of photoiso-
merizable diazo dye, Acid Yellow 38, indicated that UV irradiation and consequent
isomerization of the dye significantly impacted assembly structures [64]. Azo dye
is primarily in a trans isomeric state leading to nanospheres with a size of 65 nm.
After 20 min UV irradiation dyes were partially converted to cis isomers and size
of the assemblies was increased to 330 nm (Fig. 3.22). Zeta potential measurements
indicated fewer negative charges on the assemblies which is due to the dissociation
of dyes after isomerization. Therefore, geometric effects let macroions to accept
more dyes and form closer molecular packing in trans state leading to much smaller
assemblies than in cis state.

Flexibility or rigidity is a determining factor not only in macroions, but also in
organic counterions, and it can impose different geometrical restrictions and affect the
self-assembly process to a great extent. For example, flexible ether linkage-enriched
ammonium counterions adopted a cis conformation when binding to Keggin-type
POM during its self-assembly and formed 2D nanosheets, replacing the counterion
with rigid alkylammoniums leads to the self-assembly of 3D microparticles.5

Metal-organic cages (MOCs) andmetal-organicmacrocycles (MOMs) are another
interesting type of macroions in which structural and functional diversity play a
critical role in their self-assembly process [65]. Another example of the importance
of geometrical features of macroions can be observed in the self-assembly process
of a positively charged hexagonal MOM with negatively charged polymer, heparin,
into entangled pearl-necklace networks (Fig. 3.23a) [66]. Simulation results indicated
that heparin tends to pass through the cavity of MOM due to the strong electrostatic



80 Y. Yang et al.

Fig. 3.22 Effect of dye isomerization by UV irradiation on the self-assembly process of G4
PAMAM dendrimers. [64] Reprinted with permission from Ref.. Copyright 2010 Wiley–VCH

Fig. 3.23 a Self-assembly of hexagonalMOMmacroion and heparin into entangled pearl-necklace
networks. b) Structure of an open-frame organometallic structure which its self-assembly with
heparin leads to short-rod structure. [66] Reprinted with permission from Ref.. Copyright 2015
American Chemical Society
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interaction and the size of the cavity which is larger than heparin’s diameter. In order
to prove the importance of skeleton of MOM in the self-assembly process, another
positively charged organometallic (Fig. 3.23b) was used with heparin. It was shown
that heparin forms short rods with this organometallic due to its open skeleton which
cannot confine heparin. Consequently, geometrical shape of macroions can play an
extremely important role in the self-assembly process of macroions via electrostatic
interactions such as changing the shape and size of the assemblies.

3.5 Conclusion

Contributed from counterion-mediated attraction, the fully hydrophilic macroions
comeclose to eachother and form the spherical, hollow, single-layer blackberry struc-
tures, which can be tuned by solvent polarity, macroion charges, pH, and counterions.
With different functional groups cooperated in macroions, diverse self-assembled
structures, ranging from 0 to 3D supramolecular structures, can be observed with
competition or cooperation with various interactions, such as hydrophobic interac-
tion, van derWaals forces, hydrogen bonding, and cation-π interactions. Geometrical
restrictions can also change macroion-macroion and macroion-counterion binding
behavior and lead to different self-assembly behaviors. The study on their self-
assembly processes makes it possible for us to gain further understanding on the
solution behavior of macroions.

Acknowledgements T.L. acknowledges support from the National Science Foundation (NSF
CHE1904397) and The University of Akron.
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Chapter 4
Ionic Self-Assembly of Dendrimers

Alberto Concellón and Verónica Iguarbe

Abstract Dendrimers are highly branched macromolecules that possess a large
number of functional groups at the periphery. Among the different types of
dendrimers, those bearing charged sites in their structure, namely ionic dendrimers,
attract increasing attention due to their exceptional self-assembling properties.
These charged sites stimulate a cooperative binding mechanism that extends toward
the formation of nanostructures both in bulk and in solution. Specifically, ionic
dendrimers self-assemble in the solid state forming liquid crystal phases, even
without being functionalized with liquid crystal units. Ionic dendrimers also self-
assemble in solution leading to a wide variety of nanostructures, such as micelles or
vesicles. The self-assembly of ionic dendrimers is a hot topic in materials science,
and they have found several potential applications in ion conductive materials, opto-
electronics, drug delivery, or gene transfection. The main objective of this chapter
is to give a comprehensive overview of the functions, structures, and properties of
these self-assembling ionic dendrimers.

4.1 Introduction to Dendritic Polymers

Dendritic polymers aremacromolecules with a highly branched structure that display
different properties compared with their linear analogues [1–3]. Dendritic polymers
can be classified in five main categories depending on the control over the branching
units: hyperbranched polymers, dendrons, dendrimers, dendrigraft polymers, and
dendronized polymers (Fig. 4.1). The term dendrimer comes from the Greek words
δšνδρoν (dendron) and μšρoς (meros), which translate to tree and part, respec-
tively. Although dendrimers were first called “cascade molecules” by Vögtle [4], and
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Dendrimer Dendron Hyperbranched polymer

Dendrigraft polymerDendronized polymer

Fig. 4.1 Structure of common dendritic polymers

“arborols” by Newkome [5], the term “dendrimer”, which was proposed by Tomalia
[6], is widely used and preferred over the original ones.

Dendrimers are monodisperse macromolecules with a perfectly branched archi-
tecture that are prepared by multistep synthesis (Fig. 4.2). Dendrimers consist of
layers of repeating units that are radially grown from a central multifunctional core.
The branched structures attached to the multifunctional core are called dendrons,
and each layer of repeating units is termed a generation (G1, G2, G3, etc.). The
periphery of dendrimers is probably the most interesting part since it contains a large
number of end-groups that are accessible for additional functionalization, allowing
the modulation of the properties of the dendrimer. Moreover, upon increasing the
generation of the dendrimer, the number of functional end-groups also increases,
resulting in amagnification effect that is known as the dendritic effect [7]. Some of the
most commonly recognized dendritic structures include poly(propylenimines) (PPI),
carbosilanes, poly(amidoamines) (PAMAM), polyols, polyaliphatic esters based on
2,2-bis(hydroxymethyl)propionic acid (bis-MPA), or poly(benzyl ethers) (Fig. 4.3).
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Core

Dendron

Generations

End-groups

Fig. 4.2 Structure of a dendrimer and its parts

The latter threemembers of the dendritic polymer family (i.e. hyperbranched poly-
mers, dendronized polymers, and dendrigraft polymers) are polydisperse and irreg-
ular branched macromolecular architectures. Hyperbranched polymers are almost
identical to dendrimers but present defects in their branched structure. They are
synthesized via one-step polymerization, resulting in less architectural control in
comparison to dendrimers. Dendronized polymers, frequently called “rod-shaped
polymers”, are composed by a linear polymer backbone with dendrons as side-
chains. Dendrigraft polymers (so-called “arborescent polymers”) are a relatively
new member of the dendritic family and consist of linear polymers with randomly
distributed branching points.

Dendrimers are usually synthesized by using a divergent growth strategy [5, 8],
or by a convergent growth strategy (Fig. 4.4) [9]. Both approaches involve stepwise
synthesis and deprotection/activation reactions, requiring a careful purification when
passing from one generation to the next one.

The divergent growth approach begins from a multifunctional core from which
generations are grown. After each dendritic growth reaction, a careful purification
of the dendrimer is needed to eliminate unreacted starting materials and partially
functionalized dendrimers. The desired generation is achieved by repetitive growth
steps. Themost attractive characteristic of the divergent approach is the possibility of
obtaining high-generation dendrimers. Nevertheless, with increasing the generation
the risk of incomplete functionalization of the dendrimer periphery also increases,
leading to non-perfect dendrimerswith structural defects. In addition, the purification
steps are very tedious due to the similar properties of structurally perfect and defective
dendrimers. Nevertheless, the divergent growth is preferred for the preparation of
some commercially available dendrimers because of the possibility of automation of
the repetitive steps.
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Fig. 4.4 Schematic representation of divergent and convergent growth

In the convergent growth strategy, single dendrons are first prepared through a
divergent method and then coupled to a core. The main advantage is that the prepa-
ration of individual dendrons can be carefully controlled and thus, this strategy does
not produce the structural defects that are often observed in the divergent method.
Nevertheless, the last coupling step requires extremely efficient reactions due to steric
hindrance.Therefore, this strategy ismostly employed for low-generation dendrimers
since the preparation of dendrimers with high generations is complicated.

Dendritic polymers are ideal candidates for several high-value and nanoscale
applications (e.g. target drug delivery, optoelectronics, catalysis, sensors, or
biomarkers for imaging) due to their unique branched architecture with a high func-
tional group density [10–12]. The commercial availability of dendritic materials
was limited for some time due to their tedious and costly synthesis, but several
improvements have recently been reported to simplify and fasten up their prepa-
ration [13, 14]. However, the increasing interest in dendrimers is due not only to
their unusual branched structure, but also to the broad spectrum of possibilities of
designing well-defined functional macromolecules, in which the functional groups
can take part in physical or chemical processes. Although dendrimers can be cate-
gorized according to their function (e.g. catalytically active, photo-responsive, elec-
trochemically active, or liquid crystalline dendrimers), the traditional way of clas-
sifying dendritic macromolecules is based on their chemical structure and physical
characteristics (e.g. dendritic hydrocarbons, metallodendrimers, ionic dendrimers,
glycodendrimers, silicon-based dendrimers, phosphorous-based dendrimers, etc.).

As a part of the present book, this chapter presents the fundamental princi-
ples of the self-assembly of dendrimers in bulk and in solution. Following this
general introduction about dendritic polymers, Sect. 4.2 presents an overview of
dendrimers bearing charges within the dendritic architecture. Section 4.3 describes
some basic aspects of the ionic self-assembly in bulk, including theoretical and
experimental studies, and phase morphologies achieved by the self-organization of
charged dendrimers. Section 4.4 discusses the self-assembly of ionic dendrimers in
solution, with special attention to the produced nanostructures and the main points
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that affect the morphologies, applications, among others. The final section gives a
summary and outlook of the chapter.

4.2 Ionic Dendrimers

Dendrimers bearing charged sites in their structure, namely ionic dendrimers, have
attracted interest in recent times due to their self-assembling properties. This kind of
dendrimers are usually accompanied by a cooperative binding mechanism, wherein
the charged sites promote additional assembly that extends toward the formation
of self-assembled structures. Indeed, ionic self-assembly has been largely under-
estimated in supramolecular chemistry but this secondary interaction is very easy,
reliable, flexible, and enables structural self-perfection [15].

The self-assembly of small molecules (such as charged surfactants, ionic liquids,
charged dyes, etc.) driven by electrostatic interactions has been studied for decades
[16]. The self-assembly of ionic dendrimers in bulk or in solution results in the forma-
tion of similar morphologies to those observed in low-molecular weight aggregates.
Induction and stabilization of the self-assembled structures generally result fromboth
the charge-charge coupling interactions overcoming the propensity of the dendrimer
to display a globular conformation, and themicrophase separation between incompat-
ible apolar and polar parts of the dendritic structure. Aggregates of ionic dendrimers
exhibit higher stability and durability than those of small molecules due to their
mechanical and physical properties. In general, the electrostatic self-assembly of
dendrimers has drawn extensive academic interest, but also has found application
in many fields, including biomaterials, microelectronics, photoelectric materials, or
catalysis [17, 18].

Ionic dendrimers can be classified depending on the nature and position of the
charged species in the dendritic structure: those having ionic centers in the inner part
of the molecule (branching units or core), or those holding ionic sites on the surface
(terminal groups). Ionic dendrimers are usually prepared by introducing the charged
sites during the synthesis, by transforming neutral groups into charged ones, or by
incorporating transition metals into the dendrimer.

4.2.1 Dendrimers with Internal Charges

This kind of dendrimers has positive or negative charges throughout the covalent
structure of the dendrimer. For instance, Stoddart and coworkers developed a conver-
gent approach to gram quantities of ionic dendrimers based on mesitylene units
(Fig. 4.5a) [19]. Dendrons with positive charges were prepared by using the high-
yielding Menschutkin reaction. The first-, second-, and third-generation dendrons
were subsequently attached to a 1,3,5-tris(diethylaminomethyl)benzene core.As new



4 Ionic Self-Assembly of Dendrimers 91

Fig. 4.5 a Polycationic dendrimers based on mesitylene units. b polycationic core–shell
dendrimers and their host–guest complexes
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cationic sites are created, the hexafluorophosphate anion was introduced to facilitate
the solubility of the positively charged dendritic macromolecules in organic solvents.

In a different convergent approach, Koten and coworkers described a new class
of ionic silicon-based dendrimers (Fig. 4.5b) [20–22]. They consist of a tetraarylsi-
lane core surrounded by quaternary ammonium groups, which were decorated with
poly(benzyl ether) dendrons. The authors performed a binding study with these poly-
cationic dendrimers and observed that they bind a stoichiometric amount of methyl
orange, an anionic guest molecule. Moreover, such electrostatic interactions allow
quantitative and controlled release of the guest molecule by applying an external
stimulus, such as acid or an excess of a salt with a competitive anion. These inter-
esting dendritic structures were also employed as noncovalent supports for homoge-
neous catalysis. In this case, the ionic dendrimer was noncovalently decorated with
a catalytically active arylpalladium complex bearing a tethered sulfate group [23,
24]. The catalytic performance of these metallodendritic assemblies was evaluated
in the aldol condensation reaction between methyl isocyanoacetate and benzalde-
hyde using dichloromethane as solvent. A minor decrease in catalytic activity of the
Pd(II) complex was observed upon encapsulation, whereas the product selectivity
remained constant up to the third generation.

Dendritic structures with a redox-active 4,4′-bipyridinium (viologen) unit cova-
lently attached to the apical position were prepared by Kaifer and coworkers [25].
Both polyol and poly(benzyl ether) dendrons from first to third generation were
used in this study (Fig. 4.6). The electrochemical behavior of these dendrimers
remains fast and reversible in all generations, unlike many other dendrimers with
a redox-active center. Moreover, they also investigated the host–guest binding
interactions between these viologen-containing dendrimers and a crown ether host
(bis-p-phenylene-34-crown-10).

Metallodendrimers are another important group of charged dendrimers, in which
transition-metal ions are regularly associated within the dendritic structure. Such
species allow the incorporation of a large number of transition-metals into discrete

Fig. 4.6 Viologen-containing poly(benzyl ether) (left) and polyols (right) dendrimers
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molecules, which have the potential to exhibit unique properties (redox, electronic,
optical, magnetic, etc.). Therefore, it is not surprising that the investigation on
metallodendrimers has attained increasing interest over the last years [26].

4.2.2 Surface-Charged Dendrimers

Surface-charged dendrimers consist of a classical dendritic core which bear cationic
or anionic sites at the termini of the branches, i.e. at the surface of the dendrimer.These
dendrimers are probably the most interesting class of ionic dendrimers since they
possess polar groups on the dendrimer surface and an apolar core. The microphase
separation at the nanoscale between chemically incompatible parts of the dendritic
molecule leads to unique self-assembling properties both in bulk and in solution. The
self-assembling properties of this type of ionic dendrimers are discussed in detail in
Sect. 4.3 and Sect. 4.4.

4.3 Ionic Self-assembly of Dendrimers in Bulk

In the solid state, ionic dendrimers undergo microphase separation at the nanoscale
resulting in liquid crystalline phases. Electrostatic interactions are essential in this
self-assembly process since segregation between apolar and polar parts is the driving
force for the formation of the liquid crystal ordering. Indeed, the phase formation
is similar to that of block copolymers because incompatible constituent molecular
regions segregate to minimize their interactions, occupying specific zones.

One of the most fascinating aspects of ionic dendrimers is their ability to
show liquid crystal organizations even by being functionalized without any rigid,
anisotropic liquid crystal unit. Moreover, electrostatic interactions are reversible
interactions and thus, ionic dendrimers can adapt their conformation and their
supramolecular organization in response to specific conditions. This interesting char-
acteristic allows the formation of rare liquid crystal phases that cannot be formed by
non-ionic dendrimers.

4.3.1 Liquid Crystals

Liquid crystals are dynamic soft materials that have a fascinating combination of
crystalline order and liquid fluidity. Controlling the self-assembly of liquid crys-
tals allows the association of discrete molecules into a diversity of nanostructures,
which usually enhance the function of the constituent single molecules. Molecules
with liquid crystal ordering, so-called mesogens, normally consist of flexible alkyl
side chains and a wide variety of rigid cores. The liquid crystal self-assembly is
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facilitated by strong intermolecular π–π interactions, van der Waals interactions,
hydrogen bonding, or charge transfer, while the disordered alkyl chains favor molec-
ular mobility and prevent a “true long-range order”. There are several ways of classi-
fying liquid crystal organizations (so-calledmesophases), being themostwidely used
the differentiation between thermotropic and lyotropic. Thermotropic mesophases
are formed within a temperature range, while a solvent is required for the forma-
tion of lyotropic mesophases. Depending on the shape of the mesogenic units and
supramolecular assemblies, liquid crystals are classified into calamitic (rod-shaped),
discotic (disk-shaped) and bent-core (banana-shaped) liquid crystals (Fig. 4.7).

Calamitic liquid crystals typically form nematic or smectic mesophases
(Fig. 4.7a). The nematic (N) phase is the least ordered liquid crystal organization,

Nematic Smectic A Smectic C

Nematic Discotic
Hexagonal Columnar Rectangular Columnar

Polar Smectic CRectangular Columnar

(a)

(b)

(c)

Fig. 4.7 Common liquid crystal phases created by the assembly of a calamitic, b discotic, and c
bent-core molecules
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whereinmolecules are orientationally ordered and no positional order exists. Smectic
phases are lamellar organizations, in which molecules are arranged in layers. There
are different smectic phases depending on the molecular order within the layer.
Smectic A (SmA, molecules are perpendicular to the layer plane) and smectic C
(SmC, molecules are tilted and form an angle other than 90° to the layer plane) are
the most common smectic organizations.

Discotic liquid crystals exhibit a range of mesophases that are distinct from
those of rod-shaped molecules [27]. This class of materials arranges into nematic
or columnar phases, in which a single molecule or self-assembled small molecule
aggregates are disk-shaped (Fig. 4.7b). In the nematic discotic (ND) phase, the disk-
shaped units have orientational order but no long-range positional order. In columnar
phases, the disks arrange primarily in columns by stacking on top of each other. In
addition, the columns pack in several two-dimensional lattices, such as hexagonal
(Colh) or rectangular (Colr) unit cells.

Bent-core liquid crystals self-organize in lamellar or columnar mesophases with
their rotational freedom restricted due to the unique bent geometry that lead to a
variety of polar mesophases with attractive properties (Fig. 4.7c) [28]. The most
common phases are the polar smectic C (SmCP) and the rectangular columnar (Colr).
In the SmCP phase, molecules are tilted as in a calamitic SmC phase, but with
polar order in each layer [29]. This polar order in adjacent layers can be opposite
(antiferroelectric) or parallel (ferroelectric). The Colr phase is a modulated smectic
phase, which is different from the discotic Colr phase as it consists of fragments of
smectic layers [30].

Cubic phases are additional “exotic” liquid crystal organizations, which are opti-
cally isotropic while presenting long three-dimensional (3D) order (Fig. 4.8) [31].
The most common mesophases are: the bicontinuous cubic phase (CubV) that is
composed of periodic, infinite 3D molecular networks and represents an interme-
diate state between lamellar and columnar phases, and themicellar cubic phase (CubI)
which consists of ordered 3D arrays of spherical aggregates from small molecules.
These liquid crystal phases, which have been less often observed, are usually found
for some classical rod-like mesogens, polycatenars, or amphiphilic molecules.

Liquid crystal molecules display collective behavior and can self-assemble over
length scales frommolecular tomacroscopic level [32, 33]. Their inherent anisotropy

CubI
Im3m

CubI
Pm3n

CubV
Pn3m

CubV
Im3m

Fig. 4.8 Representation of the most common cubic phases
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and the facility with which its alignment can bemanipulated are the enabling features
for several applications. Themost representative example is the development of LCD
(liquid crystal display) TVs, which have drastically revolutionized our daily life.
Nonetheless, a plethora of “beyond display” applications have been discovered [34].
Specifically, liquid crystals have a prominent place in nanoscience and nanotech-
nology, and they can potentially be employed in soft robotics, optics, sensing, or
electron/ion transport [35–39].

4.3.2 Liquid Crystal Dendrimers

The molecular-level engineering of liquid crystals can provide several opportuni-
ties for the development of functional materials. In particular, dendrimers are inter-
esting building blocks for the creation of multifunctional liquid crystals due to their
highly branched architecture. In addition, dendrimeric liquid crystals are quite unique
because they can lead to the creation of rare supramolecular organizations that cannot
be achieved with conventional liquid crystals [40]. Such liquid crystal behavior can
be tuned and controlled by subtle modifications of the dendrimer chemical structure
(i.e. generation number, branches multiplicity, focal core valency, or geometry of
the interconnecting junctions). Moreover, liquid crystal dendrimers possess a highly
branched architecture that provides high density of functional groups that can be used
for the introduction of complex, function-bearing moieties. These active units self-
assemble into a liquid crystal organization with a supramolecular order that usually
enhances their activity [41, 42].

Liquid crystal dendrimers are commonly obtained by the incorporation of meso-
genic moieties within a dendritic scaffold [43]. In the most widely used strategy,
the mesogenic units are attached at the periphery of a preformed dendrimer; these
dendrimers are called side-chain liquid crystal dendrimers (Fig. 4.9a). The incorpora-

(a) (b)

Fig. 4.9 Schematic representation of a side-chain and b main-chain LC dendrimers
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tion of mesogenic units as repeating units in the dendritic scaffold is a less employed
strategy for the preparation of liquid crystal dendrimers; these dendrimers are called
main-chain liquid crystal dendrimers (Fig. 4.9b).

The incorporation ofmesogenic units onto the periphery of a preformed dendrimer
has been traditionally performed via covalent bonding. However, more complex
dendritic architectures require major synthetic efforts, which often result in low
yields and high polydispersity. An effective approach, which has been developed
in recent years, takes advantage of supramolecular chemistry to functionalize a
preformed dendritic core through noncovalent interactions. In particular, electro-
static interactions have been by far the most utilized interactions in this noncovalent
strategy.

4.3.3 Ionic Liquid Crystal Dendrimers

The preparation of supramolecular dendrimers by using electrostatic interactions
is a fascinating method, which allows a facile access to peripherally substituted
dendrimers in a thermodynamically controlled self-assembly process. This strategy
requires functional groups easy to charge electrostatically in the dendritic core,
as well as in the mesogenic units. Therefore, PPI and PAMAM dendrimers are
ideal dendritic scaffolds for electrostatic functionalization since they bear periph-
eral primary amines that can be ionically functionalized with carboxylic acid groups
via a proton-transfer reaction (Fig. 4.10). One of the first examples was described
by Tomalia and coworkers that showed lyotropic lamellar liquid crystal organiza-
tions with a G3 PPI dendrimer electrostatically functionalized with octanoic acid
(Fig. 4.10a) [44]. Later, Tsiourvas and coworkers described several ionic dendrimers
prepared by the protonation of PPI dendrimers of different generations with a
carboxylic acid bearing a cholesterol unit (Fig. 4.10b) [45]. At low temperatures
these dendrimers exhibited chiral smectic C organizations, whereas a smectic A
phase was found at higher temperatures. Moreover, transition temperatures increase
upon decreasing the generation of the dendrimer. Similarly, Ujiie and coworkers
described ionic liquid crystal dendrimers based on G3 PAMAM dendrimer and
myristic, palmitic, and stearic acids (Fig. 4.10c) [46]. All dendrimers showed smectic
A phases, but mixtures of G3 PAMAMdendrimer with stearic acid in different molar
ratios exhibited both smectic A and hexagonal columnar phases.

Serrano and coworkers reported pioneering research on the self-assembly of ionic
dendrimers based on commercially available PAMAM or PPI dendrimers. The moti-
vation of these studies was the rapid and simple synthesis of these dendrimers and
the ability to create a large variety of self-organized structures. In their first work,
the terminal amine groups of PAMAM and PPI dendrimers were reacted with fatty
acids to form ammonium salts via a proton transfer reaction (Fig. 4.10d) [47]. The
obtained ionic dendrimers were thermally stable at low temperatures, as progressive
formation of amide bonds occurred over 100 °C. The formation of liquid crystalline
phases in these derivatives can be explained by the strong segregation between the
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a PPI (G3; n= 16) CH3(CH2)6COOH

b PPI (G1-G5; n= 4, 8, 16, 32, 64) COOHO
O

c PAMAM (G3; n= 32)
CH3(CH2)16COOH
CH3(CH2)14COOH
CH3(CH2) 12COOH

d
CH3(CH2)16COOH
CH3(CH2)12COOH
CH3(CH2) 8COOH

R1
R2

R3

COOH
R1,R3 = H, R2 = OC10H21
R1,R2 = OC10H21, R3 = H
R1,R2,R3 = OC10H21

e PPI (G1-G5; n= 4, 8, 16, 32, 64)

f PPI (G1-G5; n= 4, 8, 16, 32, 64)
PAMAM (G0-G4; n= 4, 8, 16, 32, 64) CF3(CF2)2(CH2) 2COOH

g PPI (G3; n= 16)
CF3(CF2)7(CH2)2COOH
CH3(CH2)9COOH

NH2 NH3
1

OOC R
1

COOHR
UltrasoundsD D

Dendrimer (D) Carboxylic acid

h PPI (G3; n= 16)
R1

R2

R3

COOH

R1,R3 = H, R2 = O(CH2)2(CF2)7CF3
R1,R3 = H, R2 = OC10H21
R1,R2 = OC10H21, R3 = H
R1,R2,R3 = OC10H21

PPI (G1-G5; n= 4, 8, 16, 32, 64)
PAMAM (G0-G4; n= 4, 8, 16, 32, 64)

Fig. 4.10 Ionic liquid crystal dendrimers prepared by proton transfer reaction between carboxylic
acids and PPI and PAMAM dendrimers of different generations (G)

three constituent parts of the ionic dendrimers: the central dendrimeric matrix, the
ionic continuum created by the ion pairs (ammonium carboxylates), and the aliphatic
chains of the fatty acids. This segregation in well-defined layers resulted in smectic A
liquid crystalline phases for most of these dendrimers, while columnar phases were
found for the higher generation derivatives.

In the proposed self-assembly model, the ionic dendrimers adopt a cylindrical
conformation, in which the central section is occupied by the dendrimer, while the
ionic pairs extend up and down with the aliphatic chains distributed statistically
(Fig. 4.11a). Theoretical calculations demonstrated that the diameter of the cylinder
increaseswith the increase in the generation number of the central dendrimer because
of the deformation of the dendritic branches in the direction parallel to the smectic
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G1 G2 G3 G4 G5

(c)

Dendrimer matrix Aliphatic chains

(a) (b)

Fig. 4.11 Proposed self-assembly model for the ionic liquid crystal dendrimers in a the smectic
A, and b the hexagonal columnar phase. c Variation of the elementary ionic dendrimer cylinder as
a function of the generation number

layer to locate all the fatty acids (Fig. 4.11c). However, the height of these cylin-
ders keeps constant for all generations. The diameter growth has a limit in which
the dendrimeric matrix experiences a conformational change because the cylindrical
dendrimer does not have enough space to locate the increasing number of fatty acids.
Due to the flexibility of the dendrimermatrix, dendrimers adopt a disk-shaped confor-
mation with the fatty acids extending radially from the central dendritic nucleus.
Indeed, the shape of the dendrimer in the liquid crystal organization can be described
more appropriately as a flattened cylinder. The arrangement of these disks (or flat-
tened cylinders) into supramolecular organizations leads to the observed hexagonal
columnar phases (Fig. 4.11b).

In a subsequent study, the same group investigated ionic dendrimers prepared
by the introduction of mono-, di-, and tri-decyloxybenzoate counterions onto the
periphery of PPI dendrimers (Fig. 4.10e) [48]. Dendrimers with mono- and di-
substituted units displayed smecticAphases,while thosewith tri-substitutedmoieties
displayed columnar mesomorphism, hexagonal or rectangular, depending on the
dendrimer generation. The increasing number of terminal alkyl chains prevents their
accommodation on the ideal cylinder model and thus, the flexible dendrimer matrix
adopts a disk-shaped conformation, producing the observed columnar phases.

Fluorinated liquid crystals present enhanced mesophase stability since perfluo-
rinated chains have more rigid, higher cross-sectional area, larger steric bulk, and
lower van derWaals forces than the corresponding perhydrogenated analogues (fluo-
rophobic effect). Serrano applied the concept of fluorination to ionic dendrimers
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by reacting PPI and PAMAM dendrimers with semifluorinated carboxylic acids
(Fig. 4.10f) [49]. Smectic A liquid crystal phases were observed for all ionic
dendrimers, with the exception of the fifth generation PPI dendrimer, which exhibited
a rectangular columnar phase. Interestingly, columnar liquid crystal phases were not
observed with PAMAM dendrimers due to the large volume of PAMAM dendritic
structure.As expected, the thermal stability of themesophases of the ionic dendrimers
with fluorinated units increased in comparison to the analogues with hydrocarbon
chains due to the fluorophobic effect.

Uncommon liquid crystal phases were found in ionic co-dendrimers derived from
PPI dendrimer functionalized with mixtures of semifluorinated and perhydrogenated
acids. (Fig. 4.10g) [50]. The corresponding homodendrimers exhibited smectic A
phases, whereas intermediate proportions (from 30 to 70%) resulted in a frustrated
smectic A phase (SmA+). This less-organized smectic A phase originates from the
nanosegregation between perhydrogenated and semifluorinated incompatible chains,
resulting in a disruption of the lamellar order (Fig. 4.12a). However, such incompat-
ibility effects are avoided and chains can mix regularly over the dendrimer surface,
when theproportionof eachunit is higher than70%(Fig. 4.12b). Similar behaviorwas
found for PPI co-dendrimers bearing semifluorinated or perhydrogenated benzoate
counterions (Fig. 4.10h) [51]. In this case, some of the intermediate proportions
showed modulated smectic A phases. The chemical incompatibility of the perhy-
drogenated and fluorinated chains precludes their arrangement together in the same
layer, resulting into hydrocarbon and fluorocarbon sublayers (Fig. 4.12c).

Mezzenga and coworkers exploited the concept of electrostatic functionaliza-
tion of dendrimers by reacting benzamide-based dendrons and dendrimers bearing
terminal amino groups with alkylsulfate derivatives [52] (Fig. 4.13). Interestingly,
they found inverted hexagonal columnar or lamellar phases, depending on the length
of the alkyl chains. The secondgenerationdendrimers adopted anuncommon inverted
configuration, in which the column centers are formed by the confined alkyl units.
Theoretical calculations predicted that this “frustrated” arrangement is opposed to the
natural curvature of the dendron/dendrimer structure, but it is favored by an imbal-
ance of conformational entropy between long dendron segments and shorter alkyl
chains. Nevertheless, increasing the volume fraction of alkyl chains led to lamellar
phases. In a subsequent study, they obtained lamellar and “normal-type” columnar
phases using the same dendritic cores functionalized with a cholesterol derivative
[53].

The electrostatic functionalization of the periphery of PAMAM/PPI dendrimers
was also employed to decorate dendritic architectures with complex, function-
bearing units (i.e. promesogenic, photoactive, fluorescent, or conductive units, among
others). In general, the liquid crystalline behavior of these ionic dendrimers is very
similar to those obtained with the covalent analogues. Nonetheless, ionic functional-
ization is an easy and effective strategy to prepare liquid crystal dendrimers, avoiding
the time-consuming synthesis associatedwith the preparationof the covalent systems.
For example, Tschierske and coworkers reported the preparation of ionic dendrimers
with unusual rich liquid crystal properties [54]. These materials were prepared
by electrostatic interactions between PPI dendrimers with facial amphiphilic
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(a)

(b) (c)

Perhydrogenated chains Semifluorinated chains
Dendrimer matrix Aromatic rings

Fig. 4.12 Representation of the proposed arrangement of ionic co-dendrimers: a frustrated smectic
A, b smectic A, and c modulated smectic A

carboxylic acids containing three different incompatible parts: a rigid terphenyl
core, two terminal apolar alkyl chains and a polar lateral oligo(ethyleneglycol)
chain (Fig. 4.14a). Six different liquid crystal organizations were found depending
on the length of the oligo(ethyleneglycol) chain, the dendrimer generation, or the
dendrimer/carboxylic acid ratio. In contrast, mesophases typical of bent-core liquid
crystals were reported by Ros and coworkers by mixing carboxylic acids containing
bent-shaped units with PPI dendrimers or random hyperbranched polyethyleneimine
(PEI) polymer (Fig. 4.14b) [55]. The temperature range of the mesophases can be
tuned with the number of aromatic rings (x) and the length of the inner spacer (m)
of the bent-core acids. Moreover, the supramolecular arrangement of these ionic
dendrimers is determined by the length of the terminal alkyl chains, obtaining rect-
angular columnar or polar smectic C phases. Sijbesma and coworkers also described
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Fig. 4.14 Schematic representation of ionic dendrimers with function-bearing units

a very elegant approach by reacting a second generation PPI dendrimer with a
carboxylic acid containing a disk-shaped tridecylbenzene-1,3,5-tricarboxamide unit
(Fig. 4.14c) [56, 57]. The ionic dendrimers with dendrimer/carboxylic acid ratio
between 1:4 and 1:8 exhibited a rare oblique columnar phase with a well-ordered
superlattice formed by column-shaped dendrimers.

Marcos and coworkers reported photoresponsive liquid crystal dendrimers by
using an azobenzene-functionalized carboxylic acid and PPI, PAMAM dendrimers,
PEI hyperbranched polymer, or fully methylated PEI (PEIMe) (Fig. 4.14d) [58].
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These dendrimers showed nematic organizations with large and stable photoin-
duced optical anisotropy. Interestingly, ionic dendrimers with smectic C phases
were obtained by using carboxylic acids bearing cyanobiphenyl units instead of
cyanoazobenzene moieties to ionically functionalize PPI or PAMAM dendrimers
(Fig. 4.14e) [59, 60]. Moreover, several functional liquid crystal dendrimers have
been described by electrostatic complexation of PPI dendrimers with carboxylic
acids containing oxadiazole, carbazole, or coumarin fluorescent units (Fig. 4.14f–i)
[61–64]. All these ionic dendrimers displayed good luminescent properties and liquid
crystalline behavior with smectic and columnar organizations, depending on the
dendrimer generation. Moreover, these ionic dendrimers showed promising proton
conduction since the liquid crystal organization results in the formation of ionic
nanosegregated areas that favor proton transport.

Although the ionic functionalization of the periphery of a preformed dendrimer is
the most widely used approach, new dendritic architectures can be prepared through
self-assembly of small dendritic building blocks containing charged sites at their focal
point. For instance, Percec and coworkers reported the self-assembly of poly(benzyl
ether) dendrons with triethylammonium, pyridinium, methylimidazolium, or tris(n-
propyl)ammonium groups at their focal point (Fig. 4.15) [65, 66]. These dendrons
self-organize into supramolecular spheres or columns, which further self-assemble
into three-dimensional cubic, and two-dimensional columnar structures, respectively.
The driving force for the formation of the observed liquid crystal phases are the
electrostatic interactions between ionic moieties, as well as the nanosegregation of
the aromatic, aliphatic, and ionic regions. The novelty of this strategy relies on the
simplicity of themolecular geometry and the versatility of the structuralmodification.
Similarly, Kato and coworkers made pioneering research on the self-assembly of
imidazolium-, phosphonium-, ammonium-containing first-generation dendrons into
columnar or cubic liquid crystal organizations that were used in the design of liquid
crystals for ion transport [67–71].

4.4 Ionic Self-assembly of Dendrimers in Solution

Ionic dendrimers undergo phase separation in solution, resulting in various self-
assembled aggregates. In this case, segregation between incompatible constituent
molecular portions occurs when ionic dendrimers are dispersed in a solvent that is
selective for one of the parts. Such ability is especially interesting in aqueous solution
due to the amphiphilic character of ionic dendrimers, in which segregation gives rise
tomicelles or vesicles above a criticalmicellar concentration (similarly to surfactants)
[72]. Alternatively, ionic dendrimers can also be decorated with oppositely charged
ionic molecules or clusters, resulting in well-defined nano-assemblies with various
shapes and functionalities [73–77]. These self-assembled systems were recently
reported by Gröhn and coworkers, and will be discussed in detail in Chap. 5. Ionic
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Fig. 4.15 Chemical structures of ionic poly(benzyl ether) dendrons and their self-assembly into
columnar or cubic liquid crystal phases

dendrimers can also self-organize into unimolecular micelles, which possess excel-
lent stability under diluted conditions. Unimolecular micelles are single-molecule
micelles that have a core and a shell covalently bound together [78, 79].

4.4.1 Self-assembly of Dendritic Amphiphiles

4.4.1.1 Self-assembly of Amphiphilic Macromolecules

In aqueous solution, the self-assembly of amphiphilic macromolecules results in
a wide range of morphologies, including vesicles or micelles (Fig. 4.16) [80–
84]. Formation of these various morphologies is mostly driven by the attractive
interactions between hydrophobic parts, and the repulsive or electrostatic interac-
tions between the hydrophilic parts. Specifically, the hydrophobic segments of the
amphiphile self-assemble and locate inside the supramolecular aggregate tominimize
energetically unfavorable hydrophobic-water interactions, whereas the hydrophilic
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Fig. 4.16 Dependence of the nanostructure morphology on the packing parameter (p) of an
amphiphile. Adapted with permission from Ref. [72]. Copyright 2016, American Chemical Society

parts locate at the periphery of the aggregate to maximize the interactions with water
and stabilize the aggregate.

The morphology of these aggregates, as well as their size, mainly depends on
the molecular structure, geometry, composition, and hydrophilic/hydrophobic ratio.
Moreover, a prediction of the morphology of the aggregates can be made by using
the packing parameter (p), which describes the geometry of an amphiphile and can
be calculated by the equation [85]:

p = v

a0 × l

where v is the volume of the hydrophobic chain, a0 is the area occupied by the
hydrophilic headgroup, and l is the length of the molecule. For p < 1/3, amphiphilic



4 Ionic Self-Assembly of Dendrimers 107

molecules adopt a conic geometry and self-organize in spherical micelles. When
1/3 < p < 1/2, the molecules adopt a truncated cone conformation and arrange in
cylindrical micelles. For 1/2 < p < 1, the amphiphiles also adopt a truncated cone
conformation but with dimensions similar to a cylinder, and thus they self-assemble
in a flexible bilayer that curves and generates a vesicle. When p= 1, molecules adopt
a cylindrical shape that self-organizes in a rigid bilayer that might bend and form
tubular structures [72].

4.4.1.2 Nanostructures from Ionic Dendrimers

Amphiphilic dendrimers are exceptional alternatives to polymers and block copoly-
mers due to their perfect macromolecular architecture with a precise number of
functional groups. Therefore, amphiphilic dendritic systems form in water well-
defined nanostructures that have been thoroughly studied [86–88]. Most of these
aqueous self-assembled nanostructures are prepared from covalent dendritic poly-
mers, but their time-consuming synthesis might limit their utility and application. An
alternative strategy to prepare aqueous self-assembled structures consists of using
electrostatic interactions to decorate a preformed dendrimer. Moreover, introducing
charged sites in a dendritic scaffold modifies the amphiphilic character of these
macromolecules, thereby resulting in nanostructures that combine valuable proper-
ties from both polymeric and small molecular systems, i.e. they display membrane
features as small-molecule assemblies, and are highly stable as polymeric assemblies.

Serrano and coworkers reported a library of PAMAM dendrimers ionically func-
tionalized with aliphatic chains that self-assembled in water due to their amphiphilic
character [89–91] (Fig. 4.17). Interestingly, the same supramolecular interactions
which provide liquid crystal behavior in the condensed phase also appear in aqueous
solution leading to a rich variety of nanostructures, such as nanospheres, micelles, or
lamellae. The morphology of the nanostructures depends on the dendrimer genera-
tion, the length of the fatty acid, or the stoichiometric amount of the carboxylic acids
attached to the PAMAM core. In the obtained nanostructures, the hydrophobic alkyl
chains remain inside of the self-assemblies, while the hydrophilic PAMAM cores
are located at the surface. Moreover, these nanostructures showed pH-responsive
behavior and could encapsulate both hydrophobic and hydrophilic molecules. In a
subsequent study, they preparedmicellar nanocarrierswith traceable fluorescent units
[92]. Thiswas accomplishedwith a family of amphiphilic dendrimers prepared froma
PAMAMdendritic corewhichwas functionalizedwith bis-MPAdendrons containing
coumarin and cholesterol moieties. These ionic dendrimers self-assembled in water
forming stable spherical micelles that could be used as versatile capsules for Nile
Red, a model hydrophobic molecule. Moreover, the fluorescent traceability of the
micelles was demonstrated in vitro, concluding that these ionic dendrimers may be
useful as fluorescent polymeric nanocarriers for drug delivery.

Ros and coworkers described unprecedented results on the self-assembly of ionic
dendrimers based on a PPI dendritic core functionalized with bent-core molecules
through electrostatic interactions (Fig. 4.18) [93]. The compact packing promoted by
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Fig. 4.17 Synthetic route of ionic dendrimers and schematic representation of the self-assembly
process in nanospheres

the bent-core structures resulted in the formation of bent-core liquid crystal phases in
bulk, and also allowed their self-assembly in water forming a rich variety of nanos-
tructures, including spheres, rods, fibers, helical ribbons, or tubules. Themorphology
of the obtained nanostructures can be controlled by the appropriate selection of the
PPI dendritic core, the length of the inner spacer, or the flexible aliphatic chains. Inter-
estingly, it was possible to create chiral nano-objects formed by achiral molecules as
well as to obtain helical structures by a local saddle-splay of the lamellae [94]. In a
subsequent study, the same authors demonstrated that these nanostructures can also
be produced by microfluidics [95].

Another type of self-assembled nanostructures are dendrimer-based polyion
complex micelles, which consist of the electrostatic assembly of ionic polymers
(or diblock copolymers) with oppositely charged dendritic cores (Fig. 4.19) [96].
The globular and rigid dendritic structure improves both aqueous solubility and
the stability of the micellar assembly in comparison to polyion complex micelles
containing linear polymers. Dendrimer-based polyion complex micelles are excel-
lent platforms for anticancer drugdelivery [97], photodynamic therapy [98], andnasal
administration of drugs [99]. For instance, Qiu and coworkers recently reported the
variation of the micellar size with pH in polycationic G2-G7 PAMAM dendrimers
with diblock polymers [100]. At pH 7, all dendrimers formed well-defined and stable
spherical micelles, which could encapsulate doxorubicin. Nevertheless, at pH 3, the
seventh generation PAMAM dendrimer showed large and more polydisperse assem-
blies. Fernandez-Megia and coworkers studied the influence of the length of the
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polyethylene glycol (PEG) block and dendrimer generation in the stability ofmicellar
assemblies based on anionic PEG-dendritic copolymers and cationic poly-l-lysine
[101]. G3 dendrimers and PEG (Mn≈ 5 and 10 kDa) gave the best sphericalmicelles,
which were decorated with different functional groups (e.g. carboxylates, sulfates,
and sulfonates) at the periphery.
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4.4.2 Unimolecular Micelles

As previously explained, spherical micelles typically exhibit core–shell architectures
that consist of a hydrophobic core surrounded by a water-soluble shell. Dendrimers
are three-dimensional globular macromolecules that have a large number of periph-
eral units that enable the introduction of hydrophilic charged sites. When this surface
modification is performed into a hydrophobic dendrimer, the chemical structure of
the dendrimer resembles to a micelle with a hydrophobic core surrounded by a
hydrophilic charged shell.

Tomalia reported one of the first examples of unimolecular micelles which
consisted of a hydrophobic dendrimer surrounded by 36 carboxylic acids that were
converted into their corresponding ammonioum and tetramethylammonium carboxy-
lates (Fig. 4.20a) [102]. These dendrimers generated unimolecular micelles in water
that could encapsulate hydrophobic molecules within the dendritic core. Similarly,
Hawker and coworkers described the synthesis of water-soluble poly(benzyl ether)-
based dendrimers having carboxylate groups as end-groups (Fig. 4.20b) [103]. These
dendrimers acted as unimolecular micelles which were able to solvate hydrophobic
molecules. Interestingly, a linear relationship between the solubilizing ability and
the dendrimer concentration, even at very low concentration of dendrimers, demon-
strated the strong encapsulation capabilities of these dendrimers, which did not have a
criticalmicellar concentration. Since then, a plethora of amphiphilic dendrimers have
been reported for the encapsulation or extraction of different small guest molecules
[79, 104].

Dendrimers with protonable amine groups can interact with nucleic acids by elec-
trostatic interactions to form complexes, which are commonly named “dendriplexes”
(Fig. 4.21). Pioneering work on gene delivery with PAMAM dendrimers by Szoka
and coworkers has been followed by a growing interest in these systems [105].
Despite the fact that PAMAM dendrimers are cytotoxic and not fully biocompat-
ible, they are probably the most widely used dendrimers for gene delivery because
of their commercial availability and their exceptional gene transfection properties
with several cell lines [106, 107]. However, alternative strategies were developed to
overcome the cytotoxicity issue. For instance, PAMAM dendrimers were decorated
with amino acids [108, 109], cyclodextrins [110, 111], or poly(ethylene glycol) units
[112].

Moreover, a wide number of dendrimers were studied as vectors for gene trans-
fection, including PPI/PEI, polyesters, or phosphorous dendrimers. PPI dendrimers
were selected due to their commercial availability and their structural similaritieswith
PAMAM. Nonetheless, the intrinsic toxicity of PPI dendrimers and the low transfec-
tion levels have limited their application [113]. Alternatively, Majoral and coworkers
described a new class of water-soluble phosphorous-containing dendrimers with
protonated or methylated terminal tertiary amines [114]. These dendrimers were
explored as transfection vectors for a luciferase gene. This fireflies’ gene makes
bacteria produce luciferase, an enzyme that oxidizes luciferin to strongly lumines-
cent oxyluciferin. The transfection ability of these dendrimers was highly dependent
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Fig. 4.20 Chemical structures of dendrimers that form unimolecular micelles in water
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Fig. 4.21 Schematic representation of the proposed mechanism for dendriplexes formation and
action: (1) dendrimer forms an ionic complex with the nucleic acid, (2) cell internalization

on the generation of the dendrimer (the first and second generation were less efficient
than higher generations) and the chemical nature of the terminal amines (protonated
derivatives showed higher efficiency than the methylated analogues). This kind of
phosphorous polymers has demonstrated promising properties as gene transfection
vectors [115]. Efficient transfection was also found with polyester dendrimers by
Serrano and coworkers [116]. They prepared amphiphilic hybrid dendrimers using
commercial Boltorn® (bis-MPAhyperbranched polymer) functionalizedwith amino-
terminated bis-MPA dendrons. These dendrimers were non-cytotoxic and biocom-
patible. Due to the high number of terminal amino groups, they formed complexes
with DNA that could be internalized in mesenchymal stem cells.

4.5 Conclusions and Outlook

Dendritic polymers are highly branched macromolecular architectures that present
different propertieswhen comparedwith their linear analogues. Their unique flawless
structure with a high functional group density makes dendrimers ideal candidates for
high-value applications, including drug delivery, sensors, or catalysis. Moreover, the
decoration of dendrimers by means of electrostatic interactions has turned into a
powerful and versatile alternative to create new nanostructured materials, since such
ionic coupling is usually accompanied by a cooperative binding process, in which
the charged units promote further assembly.

In the solid state, ionic dendrimers undergo microphase separation resulting in
liquid crystal organizations. In most cases, they form phases that are not observed
with conventional non-ionic dendrimers. The electrostatic interactions are essential
since the nanosegregation between polar and apolar regions is the driving force for
this self-assembly process. Current research is not focused on obtaining liquid crystal
properties in dendrimers and thus, the search of applications in these materials is the
main objective. Themost promising application of ionic liquid crystalline dendrimers
is the preparation of ion conductors. Such systems display liquid crystal organizations
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such that the ionic segregated areas form the continuous channels required for ion
transport.

The same nanosegregation phenomenon that occurs in bulk also appears in
aqueous solution, leading to a wide range of self-assembled nanostructures, such
as micelles (spherical or cylindrical), vesicles, nanotubes, etc. The morphology of
the self-assemblies, as well as their size, mostly depends on the chemical structure,
composition, and hydrophilic/hydrophobic balance. These nanostructures have been
thoroughly investigated for drug delivery. In addition, due to the large molecular
weight of ionic dendrimers, they can also self-organize into unimolecular micelles,
i.e. micelles composed of a single molecule, which have demonstrated promising
properties as vectors for gene transfection.

In conclusion, ionic dendrimers present attractive properties in the design of a
wide range of functional materials as they combine the intrinsic properties of the
dendritic architecture with the self-assembling properties provided by the electro-
static interactions. Although their application in real world is still a challenge, we
firmly believe that this research field has a bright future, and the increasing number
of research groups working on ionic dendrimers will serve to demonstrate their true
potential in materials science and biomedicine.
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Chapter 5
Nano-Objects by Spontaneous
Electrostatic Self-Assembly in Aqueous
Solution

Alexander Zika, Anja Krieger, and Franziska Gröhn

Abstract Electrostatic self-assembly for the formation ofwell-defined nano-objects
in solution represents an emerging field. The key is to use building blocks with a
certain geometry and/or a combination of noncovalent interaction types. Polyelec-
trolytes providing both stability and designability are especially valuable. Central
for a targeted design is the fundamental understanding of structure-directing effects.
This chapter addresses both an introduction to the field of spontaneous electrostatic
self-assembly as well as the state of the art of its understanding. It commences
from the special effects of polyelectrolytes, shortly pictures the established areas
of polyelectrolyte complexes and block polyelectrolyte micelles, before focusing
on novel approaches: Besides discussing the interplay of ionic and π-π interac-
tion in a dendrimer-dye model system, we elucidate how thermodynamics encodes
the nanoscale structure: the free energy determines the aggregation number but the
entropy/enthalpy ratio the nano-object’s shape. The approach’s versatility applicable
for building blocks from linear or cylindrical brush polyelectrolytes, proteins, DNA,
polyoxometalate clusters tomicelles is demonstrated.We provide examples of photo-
catalytic activity and triggering of the nano-objects’ size, shape, or function (e.g.,
enzyme activity) by addressing multiple stimuli such as pH and light. This includes
the novel use of photoacids as interconnecting counterions with light-switchable
valency.
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5.1 Introduction

Self-assembly, the structure formation by intermolecular interaction, is responsible
for forming almost all architectures and functions in natural systems and self-
assembled structures are ubiquitous in nature. Often, polyelectrolytes, polymers that
carry many charges, play a key role — DNA, polysaccharides, and proteins. For
example, the electrostatic interaction of DNA and small histones, small peptides,
causes the DNA to fit into the cell nucleus and enables the DNA readout. Inspired
by the principles of Mother Nature, also synthetic self-assembly has elicited a fair
bit of importance. Potential exists in a broad range of areas such as drug delivery,
sensors, and catalysis.

Presently, there is plenty of scope for designing both switchable as well as func-
tional structures by electrostatic self-assembly in solution. “Electrostatic interaction”
or “ionic interaction”, that is, the Coulomb attraction or repulsion between charged
particles, is an important intermolecular force. It denotes the interaction of oppo-
sitely charged small ions that hold together salt crystals such as sodium chloride.
Pauling distinguished three types of chemical bonds: the electrostatic, the covalent,
and the metallic bond, while he already emphasized that the transition from one to
the other type is gradual [1]. According to Pauling, the “ionic bond” results from the
excess electric charge of oppositely charged ions, while the expression “electrostatic
bond” typically refers to a situation where “each of two atoms or groups of atoms
have a definite electronic structure such that electrostatic interactions are set up”. In
other words, the electrostatic bond of Pauling includes ion-dipole and dipole-dipole
interactions with induced and permanent dipoles.

The premise of electrostatic self-assembly is the attraction of ions that are oppo-
sitely charged. Despite the robust and long-ranged interaction and the widespread
availability of ionic species of various kinds, defined nanostructures in solution that
can be formed by electrostatic self-assembly is only a more recent phenomenon
than say, hydrogen bonding or π-π interaction. This is attributed to the electrostatic
potential’s missing directionality since a single charge inevitably shows the poten-
tial of spherical interaction across all directions instead of hydrogen bonding and
π-π interaction that are associated with directed bindingmotives. However, develop-
ments in the recent past suggest that electrostatic self-assembly is capable of yielding
nano-objects that are well-defined in solution. Here, it is imperative to implement
electrostatics along with other structure-directing impacts like steric effects or other
types of noncovalent interactions. Existing research focuses on developing a foun-
dational comprehension of structural control and fabricating an increasing number
of architectures that are capable of performing a specific function. A great versatility
of electrostatic self-assembly originates in a large variety of ionic building blocks
that can facilitate effective function design and targeted structure.
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5.2 Polyelectrolytes as Building Bocks

Building blocks of especial value are polyelectrolytes, polymers that carry many
charges, as they lend both stability and “designability”. The many charges can partly
serve as interconnection and partly remain as charges to electrostatically stabilize
assemblies in solution. In addition, polyelectrolytes exist as polymers in various
architectures and with various chemistries. Figure 5.1 sketches different polyelec-
trolyte architectures. Figure 5.2 shows the chemistry of typical polyelectrolytes and
polymers which become polyelectrolytes in certain pH ranges.

Polyelectrolytes (or macroions) in solution are always accompanied by many
small oppositely charged ions, so-called counterions. This leads to a complex system
ofoverlaying attractive and repulsive, enthalpic, and entropic effects in amulticompo-
nent system, even for a “simple” polyelectrolyte solution.The conformationof a poly-
electrolyte in solution is the result of a complex interplay of electrostatic interaction,
intrinsic excluded volume, hydrophobic effects, and specific counterion properties,
and thus a complete theoretical understanding is lacking despite many prior studies.
In solution, an equilibrium distribution of counterions around a polyelectrolyte is
realized where a certain number of counterions usually is closely associated with the
polymer backbone, sometimes referred to as "counterion condensation" yielding a
polyelectrolyte with an effective charge that is lower than the number of chemically

Fig. 5.1 Schematic representation of different polyelectrolyte architectures

Fig. 5.2 Selection of typical polyelectrolytes and polymers that can be deprotonated or protonated
into polyelectrolytes
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Fig. 5.3 Structure formationof polyelectrolytemicrogels in salt-free solution: Static light scattering
(SLS) shows expressed structure factor peaks (left) due to an ordering of the macroions in solution.
Quantitative analysis reveals that the interparticle distance is smaller than that of uniformdistribution
(middle); i.e., domains with higher particle density. At certain concentrations, this is also visible
macroscopically under irradiation (right): only the lower part of the solution exhibits expressed
scattering. In this case, 50 nmmicrogels show interparticle distances from400 to 1500 nm.Reprinted
with permission from ref. [5]. Copyright © 2000 American Chemical Society

charged repeat units, along with a distribution of further counterions ensconcing
the polyelectrolyte as “counterion cloud” [2, 3]. Yet, beyond the individual and
symmetric counterion clouds, this complex interplay causes like-charged polyelec-
trolytes to formdomains in solution, as shared counterions and/or temporarily unsym-
metrical counterion cloudsmediate attraction [4, 5]. These phenomena are far beyond
what a mean-field Debye-Hückel theory can access. This gives rise to polyelec-
trolyte effects, that is, the effects that are only observed for macroions but widely
found for any kind of organic or inorganic, or biologic macroion. This includes the
occurrence of a fast and slow mode in diffusion as well as an increase in reduced
viscosity upon dilution [5–8]. However, even in these denser solution regions, the
distances in-between macroions still are about ten times greater than their diam-
eter, and these effects are observed with very low to no added low molecular salt in
solutions. Figure 5.3 illustrates these effects based on results for a model system of
polyelectrolyte microgels, i.e., small highly swollen hydrophilic spherical polyelec-
trolytes with sizes ranging from 5 to 500 nm—without hydrophobic interiors in the
absence of any Hamaker interactions or hydrophobic effects, and in the absence of
sedimentation issues, as a pure electrostatic model system [5].

Nevertheless, regardless of the salt concentration, a polyelectrolyte will be
ensconced by counterions, as indicated on the left in Fig. 5.4. This sketches a poly-
electrolyte with its monovalent counterions in an aqueous solution. In contrast to
the counterion cloud with monovalent counterions, it is well known that upon the
addition of multivalent counterions, polyelectrolytes collapse, aggregate and precip-
itate [9–12]. The effect of the valency of added salt is immense. The electrostatic
potential scales with the valency to the 6th power, known as the Schulze Hardy rule
[13]. Simultaneously, it is also a question of the concentration of macroions and
counterions and a question of the interparticle distance. In addition, this association
was shown to be entropy-driven, due to the release of a larger number of initial
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Fig. 5.4 Polyelectrolyte coil with its counterion cloud (left) and aggregation upon addition of
divalent counterions (top right) and with an oppositely charged polyelectrolyte (bottom right)

monovalent counterions upon addition of the multivalent ions, and occurs although
the process is endothermic [14]. However, from the standpoint of structure forma-
tion, the linear flexible polyelectrolyte with spherical symmetric counterions does
not represent a system that entails any structure-directing effects which could be
exploited significantly.

Similarly, the association of two flexible polyelectrolytes occurs. Here, depending
on the molecular masses, the association often is kinetically controlled. With some
exceptions that will be discussed below, this association, while potentially being of
fundamental interest, also offers limited structural design principles.

These are the reasons why the formation of stable defined assemblies in solution
by electrostatic interaction has been considered almost impossible by many. Yet, due
to the immense potential for self-assembled structures in aqueous solution, it was
imperative to find newconcepts for self-assembly exploiting electrostatic interactions
for the formation of defined nano-objects. When solid structured polyelectrolyte-
surfactant materials, as well as multilayered polyelectrolyte structures, were already
well known, the structuring in solution by the spontaneous assembly was still a
challenge. This topic has elicited considerable attention over the past few years. The
solution here is to combine electrostatics with other structure-directing effects, such
as geometric constraints or secondary additional noncovalent interactions.
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5.3 Intermolecular Interactions for Self-Assembly

As the combination of electrostatic and other interactions plays a key role in these
newer concepts, we first revisit different noncovalent interactions separately.

The hydrophobic effect involves amphiphilic components such as surfactants
possessing hydrophilic as well as hydrophobic attributes to create micelles in water
[15]. The system’s free energy reduces as the water molecules’ entropy rises when
they no longer have to order around hydrophobic tails upon the formation of micelles
[16, 17]. The hydrophobic effect assumes great importance in protein folding [18,
19]. Synthetically, both vesicles [20] and intricate structures like trefoil knots could
be formed [21], whereas the supramolecular materials’ development extends from
surfactants to amphiphilic block copolymers [22, 23]. In addition, the hydrophobic
effect plays a significant role in reactions involving ligand-metal catalysts such as the
Suzuki-coupling where hydrophobic oxygen-free cores are generated by the ligands
for the metal. [24]

Hydrogen bonds refer to the interplay between positively polarized hydrogen atoms
and highly electronegative atoms like nitrogen or oxygen atoms. Here, the nitrogen
or oxygen atom serves as the electron donor whereas the hydrogen atom acts as the
electron acceptor. [25] The strength of hydrogen bonds ranges from 5 kJ mol−1 up
to >100 kJ mol−1 [26, 27]. These bonds are responsible for folding proteins, for
DNA base pair association [28], and also causing viruses such as SARS-CoV-2 for
binding to the receptors [29, 30]. Often, these bonds’ directing properties are utilized
for self-assembly to form polymeric structures or dimers [31, 32]. Furthermore,
hydrogen bonds can also form even more complex structures such as helix-turn-
helix comprising helices of varied orientations and handedness [33]. Polymers with
high tensile strength and self-healing properties are synthesized by implementing
hierarchical single, double, and quadruple hydrogen-bonding moieties in a polymer
backbone mimicking the folding of proteins [34–36].

π -π interactions are premised on aromatic systems that are electron-intensive.
The interaction’s strength, which can be up to 50 kJ mol−1 is predicated on
substituents attached to the π-system [37]. Geometrically, the possibilities include
an edge-to-face/face-to-face/side-by-side staircase. For example, porphyrins that
interact by π-π stacking can form stacks that can be grouped into face-to-face
H-aggregates, side-by-side J-aggregates, and couple electronically, depending on
the substituents, the concentration, as well as the added molecules [38–40]. More-
over, π-π stacking is also known to provide benefits for supramolecular electronics.
Fiber structures are formed by oligo(thiophene) and copolymers of fluorene or inde-
nofluorene with oligo(thiophene) [41, 42]. Nanowires from self-assembled poly-
thiophenes reveal high conductivities (40 S/cm) [43]. Efficient charge transport
is also achieved with small molecules such as planar perylene-bis(dicarboximide)
(PDI) derivatives, which, in turn, form millimeter-long fibers with a constant cross-
section of a few hundred nanometers by means of solvent-vapor annealing [44].
π-π interactions also play a key role for aromatic-rich dipeptides, which form
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Fig. 5.5 Bipyridine-based C3-symmetrical disks and a cartoon representing their helical
supramolecular stacking. Reprinted with permission from ref. [50]. Copyright © 2002 American
Chemical Society

organogels and reveal the potential for wastewater treatment and oil spill recovery
[45]. Meijer and colleagues introduced polymer-linked self-assembled helical struc-
tures of bifunctional triazines [46–48].π-π stacking helps in forming the backbone of
the helical polymer. For example, bipyridine-based disks and functionalized oligo(p-
phenylenevinylene)s, both of which have a C3-symmetry are capable of acting as
the backbone of supramolecular fibers [49, 50]. Perylene diimides and polycyclic
aromatic hydrocarbons are other such backbones (Fig. 5.5) [51].

5.4 Polyelectrolyte-Polyelectrolyte Aggregates

There is a long history of studying the aggregation of two polyelectrolytes that
are charged oppositely [52–62]. When such (that is, oppositely charged polymers)
engage with each other, this leads to the formation of polyelectrolyte complexes.
The polyelectrolyte complexes’ stoichiometry, composition, and structure depend
on various factors like concentration and molecular mass, polymer structure, the
mixing ratio, pH, salt concentration, ionic strength, as well as hydrophobicity [53–
57] Figure 5.6 considers complex particles consisting of poly(styrene) sulfonate
(PSS) and poly(diallyldimethylammonium chloride) (PDADMAC), displaying the
dependence of the complexes’ radius as the function of salt concentration (Debye
screening length) and PSS molar mass [55]. Depending on the molar mass and
charge ratio, so-called "ladder-like" or "scrambled egg-like" aggregates are formed
from oppositely charged polyelectrolytes. Furthermore, it has been discussed that for
smaller molar masses, i.e., less highly charged components, more uniform structures
can be formed, while kinetic effects usually lead to a broader size distribution for
higher molar masses. The formation of the primary complex is attributed to the elec-
trostatic interactions and is known to occur at a rapid pace. It was suggested that the
polymers rearrange within the complex under the second step. Similarly, under the
third step, the polyelectrolyte complexes would be interacting with each other [53,
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Fig. 5.6 Dependence of the size of PDADMAC-PSS-PECparticles rm on theDebye lengthλ (lower
x-axis) and salt concentration Cs (upper x-axis) for different molecular masses of PSS,MwPSS (CPEL
= 0.001 n−/n + = 1.5). Reprinted with permission from ref. [55]. Copyright © 2012 American
Chemical Society

58–61]. Recently, different uptake properties were found for polyelectrolyte complex
nanoparticles composedof cationic poly(l-lysine) (PLL) andvarious anionic polysac-
charides with human vascular endothelial cells [57]. Therefore, it was postulated that
the different complexes may either serve to deliver growth factors to endothelial cells
of bone reconstitution material, whereas others have an advantage for substituting
biomimetic bone scaffold materials.

In summary, in addition to usually having an undefined size and form, these
polyelectrolyte assemblies tend to agglomerate andprecipitatewith time, owing to the
high charge numbers andkinetic processes associatedwith the assembly. To introduce
structural control to a greater extent, cylindrical polyelectrolyte brushes have also
been used in conjunction with linear polyelectrolytes, thus resulting in structures
ranging from wormlike to spheres, based on the composition [62]. Furthermore, it is
possible for polyelectrolyte-polyelectrolyte materials to originate from the coating
of spherical thermoresponsive microgels using linear polyelectrolytes [63].

5.5 Polyelectrolyte Assemblies with Block-Polyelectrolytes

Aspecific kindof polyelectrolyte-polyelectrolytematerials is those involvingdouble-
hydrophilic block copolymers. In this case, polyelectrolyte blocks that are charged
oppositely get attached and create an unsoluble interior of a micelle, with an
uncharged hydrophilic block forming the micelle corona, thus facilitating the forma-
tion of stable/well-defined micelle-such as complexes in solution. Building on the
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Fig. 5.7 Electrostatic self-assembly with double-hydrophilic block-polyelectrolytes: Formation
of spherical complex coacervate core micelles from anionic poly(acrylic acid) (red) and
block copolymer comprising a cationic poly(N-methyl-2-vinylpyridinium) (blue) and a neutral
poly(ethylene oxide) block (green); an increase in the salt concentration leads to the formation
of an elongated wormlike structure; an even further increase in the salt concentration above the
critical salt concentration leads to the separation of the polymers. Figure based on results reported
in reference 66

pioneering work of Štěpánek and Procházka [64, 65], Cohen Stuart et al. exam-
ined numerous systems forming myriad defined structures [66–74]. It is possible
for these shapes to range from spherical micelles to more intricate disks such as
micelleswith an asymmetric corona and a coacervate core [66–68]. As far as complex
coacervate core micelles created from poly(acrylic acid) and poly(N-methyl-2-
vinylpyridinium)-b-poly(ethylene oxide) are concerned, it is possible to change the
shape via the added salt concentration from spherical micelles to elongated structures
below the critical salt concentration in case the poly(acrylic acid) homopolymer is not
overtly long, as shown in Fig. 5.7. Meanwhile, due to electrostatic interactions, other
copolymers form raspberry-like precipitates [75].Moreover, semipermeable polymer
vesicles can also be formed from two block copolymers (oppositely charged), which
can serve as oxygen carriers, as demonstrated by Kataoka et al. in Fig. 5.8 [76–79].

In addition to the utilization of polyelectrolyte-polyelectrolyte complexes in the
form of carrier systems, block copolymers’ electrostatically self-assembled mate-
rials reveal an efficient ion transport and impart mechanical stability to render them
potentially suitable materials for lithium-ion batteries [80]. Furthermore, electro-
statically self-assembled conjugated polymers can serve as excitonic donor/acceptor
pairs, thereby acting as light-harvesting antennae because the energy transfer from
the donor to the acceptor conducting polyelectrolyte (CPE) is less than 250 fs [81].
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Fig. 5.8 Electrostatic self-assembly with double-hydrophilic block-polyelectrolytes: Reversible
myoglobin (Mb) oxygenation inside the polyion complex membrane self-assembled from a pair of
oppositely charged block-polyelectrolytes. Reprinted with permission from ref. [78]. Copyright ©
2007 WILEY–VCH Verlag GmbH & Co. KGaA, Weinheim

5.6 Nano-objects by Electrostatic Self-assembly
in Solution: The Principle

Figure 5.9 shows the novel concept introduced by the Gröhn group for forming elec-
trostatically self-assembled nano-objects in solution via the usage of “structural coun-
terions.” The authors presented a plethora of supramolecular structures in solution
that were created by electrostatic self-assembly [82–97]. This concept is premised on
self-assembly by electrostatic interactions. However, it makes use of structural coun-
terions that can reveal secondary impacts like mutual π-π interactions or geometric
factors for directing the structure formation. This results in stable nanoscale assem-
blies in solution that have a specific shape and size. Concerning the objective to
form well-defined nanoscale objects, the approach of using two polyelectrolytes
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Fig. 5.9 Electrostatic self-assembly in solution: polyelectrolytes interact with oppositely charged
stiff, multivalent counterions to form nano-objects with a defined size and shape; for example,
cationic 5 nm-sized G4 PAMAM dendrimers interact with dianionic dye molecules to form a
200 nm elongated structures with elliptical cross-section and a layered internal structure

or block polyelectrolyte complexes is extended so that it ensures a more generic
use of several building blocks. Directional effects could accommodate geometric
attributes such as the building blocks’ rigidity or symmetry in solution or secondary
noncovalent forces, including hydrogen bonds, orπ-π interaction that help safeguard
structure control in solution. As a case in point, the macroion in a model system is
a highly branched polyelectrolyte poly(amidoamine) (PAMAM) dendrimer that has
a recognizable geometry with several primary and ternary charged groups. There is
an interaction of this dendrimeric macroion with small organic dye molecules that
carry two negative charges. After the association of one dyemolecule caused by ionic
interaction, further dye molecules are attached to the macroion adjacently to each
other undergoing mutual π-π interactions in addition to the electrostatic interaction
[83, 86]. The overall shape and internal structure of the resulting supramolecular
assembly are defined, thus ensuring its stability in solution. Figure 5.9 illustrates this
principle. After studying various linear and branched polymers as well as their inter-
action with numerous rigid ionic molecules, stable supramolecular particles over
wide parameter ranges with narrow size distribution were created in an aqueous
solution

The supramolecular structures are ready to use. Advantages of well-defined
supramolecular structures include straightforward “synthesis” and handling, which
obviates the need to involve centrifugation or separation of the precipitate and purifi-
cation processes. This is because the assemblies are stable in solution. Owing to
the large variety of possible building blocks, the assemblies’ applications range
from catalysts to light-harvesting materials for converting solar energy to switchable
structures that can be deployed as sensors [88, 91, 94, 98–100].
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5.7 The Dendrimer-Dye Model System: Understanding
the Structure Formation in Electrostatic Self-assembly

5.7.1 Structural Analysis

The first proof of concept for this type of structure formationwas based on assemblies
of cationic PAMAM dendrimers of the fifth generation (G5) forming nano-objects
with defined size and spherical or cylindrical shape inmethanolic solutionwith 1,4- or
2,3-naphthalene dicarboxylic acid, respectively [82]. With a view to deriving further
insights, a systematic study of cationic PAMAM dendrimer-anionic dye assemblies
was done using a set of aromatic and organic azo dyes involving 2–3 sulfonate
groups at several positions (as well as corresponding aliphatic organic molecules) as
counterion in an aqueous solution. According to the findings, the dyes’ molecular
structure and the dye to dendrimer charges’molar charge ratio play a key role in ascer-
taining the assemblies’ size and shapes [86, 101–104]. Figure. 5.10 shows atomic
force microscopy (AFM) images of two samples formed from ionic dendrimers of
different generations with the same ionic azo dye, thus demonstrating the crucial
influence of the building blocks on the supramolecular aggregate’s shape. Despite
the varying sizes and shapes, dynamic light scattering (DLS) revealed well-defined
sizes in the range of 20–440 nm (Fig. 5.11).

Thereafter, a detailed nanostructure characterization was carried out on this
dendrimer-dye model system by altering the dendrimer generation (as well as
the polyelectrolyte architecture, but this paragraph focuses on the dendrimer-dye
model system). Figure 5.12 illustrates the molecular structures. DLS and static
light scattering (SLS), small-angle neutron scattering (SANS), and atomic force
microscopy (AFM) were carried out to characterize the nanoscale structure, and UV-
Vis spectroscopy was performed to reveal π-π stacking characteristics. Meanwhile
ζ-potential measurements revealed the corresponding charge properties. Isothermal

Fig. 5.10 AFM of electrostatically assembled dendrimer-dye structures: a Ar26 and G4-
dendrimer; bAr26 andG8-dendrimer, both loading ratio (c(primary dendrimer amine groups)/c(dye
sulfonate groups) l = 1.8). Reprinted with permission from ref. [104]. Copyright © 2016 American
Chemical Society
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Fig. 5.11 DLS: electric field autocorrelation function and decay time distribution at a scattering
angle θ = 90° for acid red 44 (Ar44)-G4 dendrimer with a ratio l = 2.1: nano-objects with a defined
size and a narrow size distribution are detected. Reprinted with permission from ref. [86]. Copyright
© 2016 Springer-Verlag GmbH Germany

Fig. 5.12 Building blocks in the dendrimer-dye model system for electrostatic self-assembly: a
PAMAMdendrimer structure; b structural formulas of structurally related divalent and trivalent azo
dyes
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Fig. 5.13 LS-SANS characterization of supramolecular dendrimer-dye assemblies (G4-Ar26): a
scattering curve I(q) with fit to the data, b pair distance distribution functions P(r), c f(r) = P(r)/r,
d thickness pair distance distribution function Pt(r), e thickness-density profile ρt(x), x = r/2. P(r)
indicates anisotropic aggregates of 225 nm in length. In this case, the cylindrical cross-section is
also anisotropic with a thickness of 30 nm and a diameter of 60 nm. The density profile across
the flat structure ρt(x) is consistent with an internal structure of alternating dendrimers and dye
columns, as indicated in f. Reprinted with permission from ref. [83]. Copyright © 2008 WILEY–
VCH Verlag GmbH & Co. KGaA, Weinheim and from ref. [89]. Copyright © 2010 The Royal
Society of Chemistry

titration calorimetry (ITC) tracking was undertaken of the heat evolution that
occurred during the assembly formation process.

SLS, in conjunction with SANS, reveals the nanoscale particle shape. The form
factors measured can be analyzed either via Fourier transformation into the pair
distance distribution function and further deconvolution into the density profile and/or
by fitting the experimental form factors with structural models. Figure 5.13 illustrates
an example of the structural analysis according to the first method [83, 99]. From the
P(r) and cross-section density profile analysis in Fig. 5.13, it is evident that entities
with different neutron scattering contrast alternate within the particle, confirming
the internal structure sketched in Fig. 5.9. The structural analysis of many samples
is given in Fig. 5.14, for varying dendrimer-dye systems and in dependence on the
loading ratio (scattering curves within one plot). It reveals that the general nano-
object symmetry is encoded in the choice of building block, while the component
ratio determines the size.

Considering the sheer diversity of possible shapes, it becomes necessary to deter-
mine what provides control over the shape, size, and stability of self-assembled
aggregates in solution. In particular, we focus on equilibrium structures here. With
the divalent counterions used here, equilibrium structures form independent of the
pathway of formation. This becomes more complicated when moving to tetravalent
porphyrins below, where equilibrium structures or kinetically controlled structures
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Fig. 5.14 SANS analysis of a dendrimer-dye model system for electrostatic self-assembly in solu-
tion: Scattering curves and resulting nanoparticle shapes as a function of dye type, dendrimer
generation, and loading ratio: SANS results for a Ar26 + G4, b Ar26 + G8, c APhAcOHRAc +
G4, d ABnOHRAc + G7, e ABnOHRAc + G8, and f SuACAc + G8, each at varying loading
ratio. (The loading ratio l given in the legend is twice the charge ratio, i.e., a loading ratio l = 2.0
corresponds to charge stochiometry). Continuous lines represent the best structural fit. Reprinted
with permission from ref. [104]. Copyright © 2016 American Chemical Society

form depending on the pathway. In particular, it is interesting to determine what
stabilizes the assemblies with a finite size in an aqueous solution.
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5.7.2 Particle Stabilization

The charge ratio of the cationic groups to anionic groups influences the stability
of the assemblies, as indicated in Fig. 5.15a. The charge status of the nano-objects
can be analyzed by ζ-potential measurements, given in Fig. 5.15b for the example
of a G4 dendrimer with the divalent sulfonate-group carrying azo dyes Ar26 and
Ar27 (for structures see Fig. 5.12b. Note that in some publications a pH independent
loading ratio lwas definedwhere l= 2·charge ratio for pH= 3.5 where both, primary
and tertiary dendrimer amine groups protonated and thus charge stoichiometry lying
at l = 2.0). In this case, it is the charge ratio that also determines the presence
of co-existing free molecules apart from the dendrimer-dye assemblies [105]. Indi-
vidual dendrimers loaded with dye molecules are found only at extreme excess of
dendrimers (loading of just 25% of the dendrimer charges in case of Ar26, Ar27).
At more moderate dendrimer excess, dendrimer-dye assemblies with dendrimer in
excess show a positive ζ-potential exists. The charge density is reduced in compar-
ison to the dendrimers only because of the linkage with dye molecules that are
oppositely charged. In difference, excessive dye results in negatively charged assem-
blies, which again find stability in solution. Assemblies with other dyes such as
acid yellow 38 (Ay38) and direct yellow 12 are known to exhibit similar behav-
iors [101]. The assemblies have a positive surface charge at a charge ratio of 1.0,
because of excessive cationic dendrimer alterations in the actual assembly, as shown
by ζ-potential measurements. Accordingly, ITC (more results of this method below)
also makes the slightly under-stoichiometric nature of the assembly evident. There-
fore, not all dendrimer charges become neutralized at a stoichiometric mixing ratio in
equilibrium, but some excess charge remains, which gets the assemblies stabilized in
solution. This is also applicable to other systems with different polyelectrolytes such
as polymer brushes or DNA [84, 85]. The dendrimer-dye assemblies are stabilized
in a manner that is similar to that of classical electrostatically stabilized colloids.

Fig. 5.15 Charge ratio-dependent assembly formation in a cationic dendrimer-anionic dye system:
a Scheme: small spheres represent individual dendrimers, cylinders larger assemblies, and red
rectangles dye molecules. Bound dye molecules are not sketched for simplicity; “ + ” and”- “
represent sign and relative magnitude of the net charge; b ζ-potential on the dependence on charge
ratio. Reprinted with permission from ref. [105]. Copyright © 2010 American Chemical Society
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However, in contrast, they denote internally swollen hydrophilic species (as illus-
trated by SANS, light scattering, and AFM in conjunction) and lack a compact
hydrophobic interior. When samples are prepared at a slight excess of dendrimer
charges (charge ratio 0.7 to 0.95), this leads to the formation of the most stable
assemblies.

5.7.3 Cooperative Binding of Dye Molecules

Secondary dye-dye π-π interactions play an important role in addition to electro-
static forces, as is evident already by eye when observing the dye solution upon
dendrimer addition (Fig. 5.16a), as well as from the possibility of building stable
nano-objects with excess dye. UV-Vis spectra exhibit dyes’ interactions with each
other owing to stacking observed as bathochromic or hypochromic shifts. Figure 5.16
displays spectra where a gradual alteration in absorption upon dendrimer addition
is indicative of the “stacked dye” appearance as H-aggregates, which is induced by
the dendrimer. The anionic dyes electrostatically associate with the dendrimer after

Fig. 5.16 a Photograph of Ar26-G4 samples for different dye: dendrimer ratios. b UV/Vis spectra
of dye–dendrimer samples with c(Ar26) = 2.2 × 10−6 mol L−1 at varying loading ratios (pH 3.5).
Reprinted with permission from ref. [83]. Copyright © 2008 WILEY–VCH Verlag GmbH & Co.
KGaA, Weinheim
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adding positively charged dendrimer, thus facilitating their interaction by means of
spatial proximity. Until a charge ratio of 1 is reached, an isosbestic point is observed.
The absorption increases again slightly upon further addition of dendrimer, which
denotes an alteration in aggregate type.Quantitative analysis reveals that the ionic dye
molecule initially binds electrostatically to the polyelectrolyte; thereafter, additional
dye molecules preferably bind adjacently in a manner that allows them to undergo
electrostatic and π-π interaction. In this instance, the π-π interaction is induced
as a “secondary” interaction through the electrostatic interaction at dye concentra-
tions where such molecules do not stack otherwise (and for dye molecules that do
not stack at all in the absence of polyelectrolyte). Simultaneously, the multivalent
dye molecules get the dendrimer connected to larger assemblies, instead of forming
host–guest complexes, which is sometimes observed for mono as well as uncharged
molecules.

5.7.4 Assembly Thermodynamics: Understanding Particle
Size

It is essential to quantitatively study the association thermodynamics to understand
the interplay of the noncovalent interactions. The Gröhn group demonstrated that
it is possible to understand the assembly from thermodynamic considerations by
a systematic model study via the above-mentioned family of dyes with various
di- and trivalent azo dyes that contain sulfonate groups at varying positions [102,
104]. Isothermal titration calorimetry makes it possible to track the evolution of
heat during the process of forming assembly for dendrimer-dye interactions. The
enthalpies �Hdendrimer-dye and stoichiometries directly result from the titration exper-
iments, whereas fitting the titration curve yields the binding equilibrium constants
Kdendrimer-dye.

�G = −RT · lnK (5.1)

and from

�G = �H−T�S (5.2)

with �H representing the enthalpy change, T signifies the temperature and �S
denotes the entropy change — from �H and �G; �S is accessible as well. Notably,
the process of binding the dye to polyelectrolyte is highly exothermic, for instance,
with around �H = − 3000 kJ/mol per G4 dendrimer — in other words, for binding
62 Ar26 molecules (slightly under-stoichiometric) that corresponds to �H = −
45 kJ/mol per dye molecule being bound to the dendrimer. This is in difference to
polyelectrolyte aggregation with multivalent counterions which is often endothermic
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and entropically driven [14]. After taking various dyes into consideration, it is neces-
sary to have a free energy gain of at least �G ≈ − 32 kJ mol for the dendrimer and
dye to be interconnected.

The free energy of the dye-dye interaction can be compared to the free energy
of the assembly formation. For the dyes that undertake self-association — at much
higher concentrations than what is used for assembly — it is possible to extricate
the dye-dye interaction’s thermodynamic parameters from dye dilution experiments.
Concordantly, information on the electrostatic interaction is provided by comparison
ITC experiment on the linkage of the dendrimer with a non-aromatic disulfonate —
which leads to undefined aggregation with broad size distribution as opposed to the
case involving aromatic counterion. It turns out that

�Gdendrimer-dye = �Gdye-dye + �Gelectrostatic (5.3)

This also provides quantitative confirmation of the interplay of both interaction
forces, π-π and electrostatic interaction.

Figure 5.17 shows that the aggregation number NDen derived from scattering
experiments can be related to the thermodynamic results. One master curve of NDen

versus �Gdendrimer-dye (and likewise versus �Hdendrimer-dye and �Gdye-dye) results for
all the dyes in unison. Thus, the aggregation number of the corresponding dendrimer-
dye assembly can be predicted if the �Gelectrostatic is approached to only depend
on valence for a new divalent dye if the information is determined only based on
�Gdye-dye, e.g., from spectroscopy on the basis of master curve.

Fig. 5.17 Thermodynamic study of a dendrimer-dye model system for electrostatic self-assembly
in solution explicating the size control of nano-objects: Dendrimer aggregation number NDen
in dependence on the interaction (of dendrimer and dye) free energy �Gdendrimer-dye (squares),
dendrimer-dye interaction enthalpy �Hdendrimer-dye (open circles), as well as dye-dye interaction
free energy �Gdye-dye (triangles) for divalent dyes. Reprinted with permission from ref. [102].
Copyright © 2011 American Chemical Society
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Furthermore, it is possible to calculate the free energy for the self-assembly as
follows:

�Gdendrimer-dye = �Gelectrostatic interactions + �Gsecondary interactions

= �Gdendrimer-sulfonate groups + �Gdye-dye (5.4)

In equilibrium, it is as follows:

�Gattraction = �Grepulsion (5.5)

In other words, when all repulsive and attractive contributions of the association
process are considered:

NDenNdye(�Gelectrostatic + �Gdye-dye)= q2
dendrimer
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Equation 5.6, as solution, yields one finite aggregation number NDen. for each
�Gdye-dye (that is, for each dye), thereby confirming the formation of finite-size
assemblies with a specific aggregation number (size). Equation 5.7 makes it possible
to calculate the aggregation number NDen as a function of the free energy associated
with the assembly formation�Gdendrimer-dye, thus exhibiting an increased aggregation
number with the rising�Gdendrimer-dye in consonancewith the result of the experiment
(Fig. 5.17). This implies that the aggregation number NDen is a value that is thermo-
dynamically favored and does not rise infinitely, which would then lead to precipita-
tion. However, this calculation is excessively simple, as it is not possible to elucidate
spherical polyelectrolytes in solution merely by adopting a simple Debye-Hückel
approach; a sound approximation can also be provided for the general consideration.
Moreover, the principle outcome will not undergo a change even with a more refined
expression for the aforementioned electrostatic interaction.

Systematic research studies have been carried out on changing pH and salt concen-
tration as well as on altering the dendrimer generation [86, 102, 108]. The pH alters
the dendrimer’s charge status. Thereby the loading ratio changes with the same
amount of dye present. In addition, the dendrimers of other generations possess
various charge numbers. An additional role is played by the altered size and charge
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distribution geometry. The pH was explained to be a salient trigger for tuning
the stability/shape/size of these building blocks’ nano-assemblies. By coalescing
the findings of DLS and ζ-potential, the surface charge density was found to be
the crucial parameter in determining the nanoparticles’ style and stability. Stable
and well-defined nanoparticles are found at low pH values when dye molecules
also bind to the ternary amines “inside” the dendrimer. At higher pH, the dye
molecules are only capable of binding to the primary amines, thus causing a
reduced stabilization of particles less than at lower pH values. In this system, the
pH value triggers the structure of the Ar26-dendrimer assemblies from nanoscale
cylinders with elliptical cross-sections with RH = 600 nm to spherical nanopar-
ticles with RH = 57 nm. [106, 107] For another structurally different but related
dye (disodium 4-((3-(hydroxymethyl)phenyl)diazenyl)-3-hydroxynaphthalene-2,7-
disulfonate, ABnOHRA), it can be possible to use the pH as a trigger to switch
between 2 μm long flexible cylinders and shorter (100–500 nm) stiff cylinders
each with well-defined shape and size. Here, the control of the size and shape
of the nanostructure again follows the above-discussed thermodynamic structure
encoding, where the pH alters the dendrimer’s charge status, thus causing a change
in counterion/macroion charge ratio. Simultaneously, there is a change in the charge
distribution, which leads to a change in the macroion’s structure.

It is notable that assemblies are stable up to a relatively high concentration of
added salt. Moreover, in all the sample solutions expounded on here, a certain
amount of salt originates from the pH adjustment and initial counterions. There-
fore, we discuss cases in the presence of additional salt, which might assume signif-
icance for some possible applications in environments containing salts. This salt
also helps avoid the extraordinary polyelectrolyte impacts seen in salt-free solu-
tions. This is necessary as an additional structure factor would complicate or make
it impossible to properly analyze the size distribution and shape of nano-objects in
complex systems. Furthermore, a drastic rise in salt concentration causes an interplay
of screening effects by screening both the attractive (assembly forming) electrostatic
force between building blocks as well as the repulsive (assembly stabilizing) elec-
trostatic force between assemblies. This leads to an intersection of a nano-object
“coagulation” and a nano-object dissolution proclivity, thus resulting in assemblies
with ionic strength-dependent size and surface charge density [108].

Meanwhile, corresponding results are yielded by systems with other polyelec-
trolytes andother dyes: predominantly, the assembly formation is enthalpically driven
by a building block and loading ratio controlled assembly size reflected in a �G-
determined aggregation number [92, 101, 109]. Here, the attractive forces’ additive
nature also becomes evident in other cases, thereby exemplifying its general attribute.
Interestingly, when attractive Hamaker interaction occurs in-between gold nanopar-
ticles included inside of the dendrimers, it denotes the third contribution besides
electrostatics and π-π interactions. It is as follows:

�Gdendrimer-dye = �Gelectrostatic interactions + �Gdye-dye + �GHamaker (5.8)
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in such a manner that owing to the heightened �Gdendrimer-dye, still, well-defined-
assemblies form which is seen to be larger when compared to the ones with only
dendrimers [92].

5.7.5 Assembly Thermodynamics: Understanding Particle
Shape

As the thermodynamic consideration demonstrated that the aggregation number and,
as a consequence, the size of nano-objects is determined by free energy �G, it
becomes necessary to comprehend how the encoding of various shapes of the assem-
blies takes place. Is it also possible for thermodynamics to play a key role in under-
standing particle shape? For this model system, it can be inferred that the entropy-
enthalpy balance determines the nanoparticle form, as illustrated in Fig. 5.18, which
shows the so-called effect of entropy-enthalpy compensation as far as the dendrimer-
dye assembly is concerned. The effect postulates that a significant portion of the
enthalpic gain is offset by entropic effects T�S and does not get reflected in the free
energy�Gdendrimer-dye. The enthalpy�Hdendrimer-dye rises with increasing entropy by a
factor of 1.3.Meanwhile, an entropy exchange of T�S=−10 kJ/mol also denotes the
threshold for shape change. Here, it is possible to separate the contributions among
divalent dyes with all having almost the same electrostatic interaction. It may also be
pertinent to point out that the shape of the nanoscale particle is contingent on the dye-
dye interaction parameters. A�Hdye-dye >−21 kJ/mol (less negative�Hdye-dye) leads
to spherical particles, whereas more negative �Hdye-dye values cause the creation of
anisotropic and elongated particles as shown in Fig. 5.18b [104]. This implies that
a robust π-π contribution increases the size as well as the anisotropic character of
dendrimer-dye particles, both of which have been quantified here.

Fig. 5.18 Elucidating the nanoscale shape control in electrostatic self-assembly by an experimental
thermodynamics study: a Enthalpy-entropy relation for dye-dendrimer interaction; b assembly
symmetry depending on dye-dye interaction enthalpy. Reprinted with permission from ref. [104].
Copyright © 2016 American Chemical Society
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After showcasing this extraordinary relationship between thermodynamics and
the shape of nanoparticles, it would be interesting to determine thermodynamics and
understand how it can be related tomolecular properties. Notably, the dyemolecules’
molecular modeling by DFT calculations makes it possible to stimulate not only the
electrostatic potential at the molecular surface but also numerous related parameters
like the dipole moment. Figure 5.19 shows a gamut of dye molecules. The dye
molecules’ polar surface area (PSA) is found to relate to the �Hdye-dye in a master
curve (Fig. 5.19d).

A higher polar surface area reduces the π-π driven dye-dye interaction enthalpy
for the same aromatic backbone with differing substituents. It is interesting to note

Fig. 5.19 Elucidating the nanoscale shape control in electrostatic self-assembly by an experimental
thermodynamics study: a electrostatic potential at the molecular surface for the dye molecules from
DFT calculation: each top view (left) and front view (right); b master plot of the polar surface
area of the molecules as a function of �Hdye−dye; c master plot of the nano-object aspect ratio as
a function of the polar surface area of the molecules. Reprinted with permission from ref. [104].
Copyright © 2016 American Chemical Society
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that this very elemental relationship of the substituents’ influence on the π-π inter-
action had not been observed before. It was additionally related to the inter-dye
stacking distance and tilt angle in the study of the Gröhn group [104]. Here, it is
necessary to emphasize the observation that thermodynamics plays a key role in
understanding the formation of nanoscale structures. An explanation has been given
on how thermodynamics relates to the ensuing nanoscale architecture: �G gets the
size determined,�H/�S gets the shape determined—as well as the manner in which
molecular properties determine the thermodynamics. Collectively, the latter results
in a master plot of particle anisotropy versus PSA.

Thus, a well-rounded understanding of both structure formation and structure-
directing principles has been developed for this model system. Douglas et al. carried
out various studies wherein they considered self-assembly beyond classical micelles
in an in-depth manner. They recently stated that a diverse range of supramolecular
assembly processes emerges from the competition between directional and isotropic
intermolecular interactions, concentrating on the essence of the spherical charged
particles’ self-assembly with competing van der Waals interactions bound to cylin-
drical surfaces, as a model system [110]. On the other hand, Glotzer et al. adopted
a different theoretical approach by making use of blocks using a highly intricate
shapes. They forecasted different shaped structures formed of anisotropic building-
block structures via the calculation of the symmetry of ordered arrays formed via
these building blocks [111, 112]. However, a comprehensive understanding of the
structure-directing effects is still found lacking in several other complex architectures,
which is unsurprising since the entire field of building defined structures by means
of electrostatic self-assembly is far younger than the examination of amphiphilic
or amphiphilic-analogous concepts. Furthermore, it is imperative to gain an inci-
sive understanding from detailed model studies to exploit the latent capacity of the
versatile electrostatic self-assembly for functionality purposes, for example, as photo-
catalysis and switching for conversion of solar energy and delivery of drugs, as shall
be expounded on below.

5.8 Versaility of the Approach: Structural Variety Using
Polyelectrolytes

For anionic cylindrical polystyrene sulfonate brushes, that is, polymers
with a wormlike shape, the tetravalent cationic porphyrin meso-tetrakis(4-
N-methylpyridinium)porphyrin (TMPyP) or meso-tetrakis-(4-(trimethyl-
ammonium)phenyl)-porphyrin (TAPP) has been used as a linker [84, 91, 113].
Electrostatic interactions between the porphyrin and the polymer brush, as well as
π-π interactions among the porphyrin molecules end up forming interconnected
networks of the polymer brushes with further stacked porphyrin molecules within
the brush, as shown in Fig. 5.20.
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Fig. 5.20 Wormlike bottle-brush polyelectrolytes and tetravalent porphyrin counterions form
finite-size networks; AFM of brush and brush-porphyrin aggregates spin-coated on mica. Reprinted
with permission from ref. [84]. Copyright © 2009 American Chemical Society

The addition of salt disconnects the brush networks to form single elongated
worms of porphyrin-loaded brushes due to theweakening of electrostatic interactions
[84]. While assemblies with the metalated porphyrins exhibit similar structures, for
Cu2+, these interactions are a bit more robust owing to a side-by-side stacking, which,
in turn, results in H- and J-aggregates [110]. Such poylectrolyte-porphyin structures
are known to demonstrate particular photocatalytic attributes [91].

In another study, the Keggin-type polyoxotungstate SiW12O4
4− with four nega-

tive charges is utilized as interconnecting structural counterion with G4 dendrimer,
thus yielding assemblies with expressed photocatalytic activity [94]. These particles
comprise a single dendrimer strain ribbon interconnected and embellished by poly-
oxometalate clusters, and the total hydrodynamic radius of ranges from 120 nm < RH

<180 nm (depending on loading ratio), with a defined size. SANS shows assemblies
that have the shape of a flexible cylinder with a diameter of 6.2 nm, that is, a chain
of dendrimers interconnected by polyoxometalate (POM) clusters (Fig. 5.21). This
is extraordinary from a structural standpoint, since, in difference to the electrostat-
ically self-assembled dendrimer-dye nano-objects introduced above, no secondary
π-π interaction takes place in this system. Instead, only electrostatics in combination
with geometric factors and the probable dipole effects direct the structure formation.

The combination of ionic interaction and geometric effects can also yield defined
aggregates. DNA was combined with different organic counterions [85]. With a
tetravalent perylene-based molecule carrying side groups that prevent stacking, a
transition from flower-like structures at low charge ratios to rods and toroids at higher
charge ratios was found (Fig. 5.22). The stiff structure of this counterion with one
of its charge distances matching the distance of phosphate groups on the DNA was
crucial. Thus, with this system, as for the POMsystem, it is also demonstrated that the
counterplay between electrostatics and geometric factors can also direct the structure
formation if no secondary π-π-interactions between counterions occur. This may be
seen in analogy to theoretical considerations on the formation of biomacromolecule
bundles with a certain diameter if counterions exhibit a certain size [114].

Other instances of polyelectrolyte-porphyrin assemblies that are photocatalyti-
cally active include aggregates of cationic TAPP and anionic PAMAM dendrimer
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Fig. 5.21 POM–dendrimer assemblies: a static light scattering and SANS of POM–dendrimer
assemblies with l = 0.7; filled symbols: SLS data points, open symbols: SANS data points, a
black line at high q: flexible cylinder fit; b TEM image. Reprinted with permission from ref. [94].
Copyright © 2018 Royal Society of Chemistry

Fig. 5.22 Assemblies of pure 19 DNA with a tetravalent perylene-based non-stacking counterion:
from left to right: supercoiled DNA on mica, PSPDI/DNA samples with charge ratios l = 0.5, l
= 1, and l = 1.4 on modified mica. AFM images. Reprinted with permission from ref. [85, 89].
Copyright © 2009 American Chemical Society. Copyright © 2009 American Chemical Society.
Copyright © 2010 The Royal Society of Chemistry

of the generation 7.5 at basic pH (Fig. 5.23) [98]. Here too, the size of cylindrical
aggregates and the porphyrins’ internal aggregation into stacks within the assem-
blies is predicated on the charge ratio, which is illustrated in Fig. 5.23. The change
in UV-Vis spectra, as well as fluorescence spectra, demonstrates the porphyrins’
internal stacking in the assemblies. In turn, this directly affects photocatalytic activity
(Fig. 5.23d). In excess of dendrimer (l = 0.05), the porphyrins develop J-aggregates
that reveal a higher quantum yield owing to a smaller HOMO–LUMO gap and their
length is 180 nm, whereas H-aggregates predominate at equal charge stoichiometry
(l = 1.0) and at an excess of porphyrin (l = 1.6) and have a length of 100 nm and
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Fig. 5.23 TAPP-G4 dendrimer aggregates and the dependence of the catalytic activity on the
internal stacking of the porphyrins: a UV/Vis analysis in dependence on the loading ratio l: shift of
the Soret band and changes in the extinction coefficient εof theSoret band at pH11; inset: Soret band;
b fluorescence analysis in dependence on the loading ratio l: area of the fluorescence peak at 574 nm
≤ λ ≤ 800 nm; inset: fluorescence; c Schematic illustration of TAPP−G7.5 dendrimer assemblies
with l = 0.05, l = 1.0, and l = 1.6 (red: TAPP porphyrin molecules; blue: G7.5 dendrimers); d
photocatalytic degradation of methyl orange upon irradiation with visible light similar to the sun
spectrum as photocatalytic model reaction: Decrease of the methyl orange concentration measured
at λ = 464 nm for TAPP−G7.5 dendrimer assemblies with different loading ratios and TAPP only.
Reprinted with permission from ref. [98]. Copyright © 2017 American Chemical Society

500 nm, respectively. For dendrimer-porphyrin assemblies, the photocatalytic degra-
dation of methyl orange with visible light increases with l = 0.05 when compared
with pure TAPP, whereas aggregates with a charge ratio of l = 1.0 and l = 1.6 reveal
a lower activity. The heightened photocatalytic activity for the assemblies with an
excess of dendrimers is attributed to two reasons. The first reason is the large surface
area caused by the small particle size. The second reason is the higher number of
porphyrin J-aggregates. Thus the internal assembly structure, as well as the size of
assemblies, are responsible for methyl orange’s degradation rate.

The so-called coiled-coil structures take place in a designed peptide with
porphyrins depending on the pH, thus impacting the protonation and by extension, the
porphyrins’ charges. The peptides reveal secondary helical folding in addition to the
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electrostatic interaction, the π-π interaction between porphyrin-peptide molecules
as well as porphyrin-porphyrin [115, 116]. Phycocyanin combinedwith a four-armed
porphyrin star macroion assembling in a pomegranate-like structure, which can act
as a light-harvesting system, has created an interesting and functional architecture
[117].

Further, surfactants can also be combined with oppositely charged polyelec-
trolytes to provide structures in solution. In this regard, Ayzner et al. propounded
polyelectrolyte-surfactant complexes created by interconjugated polyelectrolyte
complex capable of being separated by cationic as well as anionic surfactants [118].

5.9 Nano-Objects by Electrostatic Self-assembly: Beyond
Polyelectrolytes

The group of Tianbu Liu adopted a different approach and explored the interaction
between cationic surfactants and a type of “Keplerate” polyoxometalate macroan-
ionic molecular clusters. Here, polyoxometalate acts more like a polyelectrolyte,
where a large number of surfactants can interactwith themacroion (Fig. 5.24). Subse-
quently, long-chain surfactants (cetyl trimethylammonium bromide CTAB, and cetyl
trimethylammonium tosylate CTAT) can lower their charge density. Consequently,
the macroions aggregate into bigger “blackberries”, which even start to precipitate
at a specific amount of surfactant [118].

Although all these assemblies discussed above do consist of larger macroions, the
combination of several secondary interaction forces also allows for small molecules
that are oppositely charged to form assemblies in solution. Figure 5.25 shows
that alkyltrimethylammonium surfactants and Ar 26 build cylindrical particles of

Fig. 5.24 Scheme of the introduction of alkyltrimethylammonium halide cationic surfactants into
the dilute aqueous solution of {Mo72V30} clusters. Transition from discrete {Mo72V30} macroan-
ions to blackberry structures to finally insoluble, surfactant-encapsulated (almost neutrally charged)
clusters can be achieved during the process. Reprinted with permission from ref. [119]. Copyright
© 2009 American Chemical Society
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Fig. 5.25 Assemblies of ionic surfactants with ionic dyes as counterions, left: DLS: electric field
autocorrelation function g1(τ) and distribution of relaxation times A(τ) for C12TAB-Ar26 assem-
blies; right: overview on the structures formed: associated and individual spherical surfactant
micelles with Ar26 acting connector and counterions near the micelle surface, respectively cylin-
drical surfactant–dye aggregates from cylindrical surfactant micellization with condensed mutually
π-π interacting Ar26 counterions. Reprinted with permission from ref. [120]. Copyright © 2016
Springer-Verlag GmbH Germany

stacked micelles. The dye molecules and charged surfactant interact by electro-
static interaction; stacking between the dyes occurs owing to π-π interactions and
it is due to the hydrophobic effect that the surfactants form micelles [120]. Thus,
this system denotes an analogy to Faul’s dye-surfactant ionic self-assembly for
material design while simultaneously signifying polyelectroylte-dye nano-objects.
As demonstrated by Sun et al., Keggin-type polyoxotungstates SiW12O4

4− with
four negative charges develops onion-like layered spherical particles with cationic
dimethyldioctadecylammonium surfactants [121].

Figure 5.26 provides a summary of the numerous shapes and the structural variety
of electrostatically self-assembled structures. These range from spherical particles to
elongated wires and rods to even more anisotropic raspberry structures of multilayer
capsules.

5.10 Switching Nanostructure and Properties

The possibility of triggering the structures via external forces is a great benefit
associated with self-assembly by non-covalent interactions. Our body exemplifies
the importance of this process. Our ability to see is made possible by the light-
induced isomerization of 11-cis-retinal to all-trans-retinal [122]. For electrostatic
self-assembly, switching the structures has elicited attention only in the more recent
past. In this context, it is possible to take advantage of myriad extraneous triggers
like pH, light irradiation, temperature, and electrochemical or magnetic stimuli to
change the photo-physical attributes of the assemblies.
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Fig. 5.26 Shape variety achieved by electrostatic self-assembly: networks, decorated wires,
stacked micelles, vesicles, tubes, ellipsoids, helices, pomegranate-like structures, disks, onion-like
structures, raspberry-like structures, spheres, and rods

5.10.1 pH-Switchability

As one of the first researchers using electrostatic interaction for forming
pH-dependent nanoparticles Andrade et al. combined meso-tetrakis(p-
sulfonatophenyl)porphyrin (TPPS) sodium salt with the human serum albumin
and β-lactoglobulin. Here, the binding affinity was strongly reliant on the solution’s
pH value [123]. To that end, the Gröhn group showcased a pH-switchable creation
of electrostatically self-assembled nanoparticles in solution. Figure 5.27 illustrates
switching between building blocks and assemblies [83]. Fourth-generation (G4)
PAMAM dendrimers were used as the cationic polyelectrolyte and Ar26 as the
counterion. At a pH value of pH = 3.0, stable nano-objects form, in this case, of
a cylindrical shape with a length of about 225 nm and a cross-section dimension
of about 60 nm. By altering the pH values from pH = 3.0 to pH = 10, these
assemblies dissolve because of the polyelectrolyte’s deprotonation as well as the
missing electrostatic interaction. After adding an acid, the nanoparticles are formed
again and it is possible to repeat the switching back and forth a minimum of 10
times. Figure 5.27 exhibits this scenario.

It is also possible to use this switch (on and off) to form nano-assemblies for
drug release. Cationic G8 dendrimer with the trianionic azo dye Ar27 is known to
form hollow capsules that are well-defined with a size of RH = 130 nm (Fig. 5.28)
[90]. The attribute that these hollow spheres can be dissolved by increasing the
pH value is particularly interesting. Moreover, it is also possible to include guest
molecules inside the carriers, as demonstrated in fluorescently labeled peptides.
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Fig. 5.27 Switching “on” and “off” of electrostatically self-assembled structures by pH: G4-Ar26
assemblies: “on” and “off” means aggregates and single dendrimers, respectively; center: UV/Vis
spectra; left and right, static and dynamic light scattering. Reprinted with permission from ref. [83].
Copyright © 2008 WILEY–VCH Verlag GmbH & Co. KGaA, Weinheim

Fig. 5.28 Switching “on” and “off” of electrostatically self-assembled structures: capsule forma-
tion and pH on-off switching of G8 dendrimer with Ar27. Adapted with permission from ref. [89,
90]. Copyright © 2010 WILEY–VCH Verlag GmbH & Co. KGaA, Weinheim. Copyright © 2009
American Chemical Society. Copyright © 2010 The Royal Society of Chemistry
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Fig. 5.29 pH-responsive structuring in electrostatic self-assembly: Cylindrical brush-nanorod-
network switching in an electrostatically self-assembled polymer-brush porphyrin system; AFM:
a wormlike PVP brushes, pH = 7; b porphyrin nanorods, pH = 2; c porphyrin-brush networks,
pH = 7; d nanorod-brush system, set from pH = 7 to pH = 2; e switched networks, pH = 7; f
nanorod-brush system, prepared at pH = 2. Reprinted with permission from ref. [124]. Copyright
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Notably, these capsules are very different from amphiphilic vesicles. In this instance,
two hydrophilic water-soluble molecules coalesce into hollow capsules because of
the interplay of the interaction effects mentioned above.

A system similar to the above-mentioned polyelectrolyte brushes and ionic
porphyrins consists of oppositely charged components, anionic meso-tetrakis(4-
sulfonatophenyl)porphyrin (TPPS), as well as cationic poly(2-vinylpyridine) cylin-
drical brushes, also creating network-like structures [124]. By changing the pH from
pH = 7.0 to pH = 2.0, it is found that the network structure disassembles into
porphyrin nanorods aswell as individual polymer brushes hosting TPPS J-aggregates
and dianionic TPPS, as shown in Fig. 5.29. The network structure reforms after read-
justing the pH to pH = 7.0. Switching from pH = 7.0 to pH = 3.5 was of further
interest. The shape and size of these assemblies remain unchanged directly after
switching, while the network structure disassembles to individual brushes after a
few days. Here, the porphyrin remains bound to the polymer, albeit with an altered
ratio of H/J aggregates.

Helseth et al. also combined the cationic polyelectrolyte poly(allylamine-
hydrochloride) with the anionic dye pyranine as counterion to yield a sheet-like
colloidal structure [125]. The addition of NaOH leads to disaggregation of the initial
complex and the formation of small spherical assemblies, which was accompanied
by a change in the fluorescence of the particles.

5.10.2 Light-Switchable Particle Size

When compared with pH-responsive nano-assemblies, light-switchable structures
have recently garnered more attention as light is an elegant and non-invasive external
trigger that makes it possible to impact the nano-assemblies’ properties which could
be interesting for switches or optical materials or in biological systems. The light-
responsive reaction, which is most commonly used in nano-assemblies, is the cis-
trans isomerization of azo benzenes. Altering the secondary structure of a polymer
was the first time that azo benzenes were utilized for changing the form and size of a
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structure [126].Higashi et al. are creditedwith the formingof thefirst light-responsive
electrostatically self-assembled nanostructures based on azobenzene [127]. The
researchers assembled an anionic azobenzenes derivate using a cationic β-sheet
peptide into nanofibers. After irradiation and subsequent isomerization of the azo
dye to its cis-state, the assemblies dissolved, and the particles reassembled to their
trans-state upon isomerization of the azobenzenes.

Although it was possible to achieve assembly/disassembly and gelation through
irradiation by light via the use of various assembly triggers/concepts (for the various
triggers see below), it had long been challenging to access a light-triggered nano-
object size in solution. The Gröhn group first achieved this in 2010 [88]. The
model system comprised azo-switchable anionic dyes in conjunction with a cationic
dendrimer macroion in an aqueous solution (Fig. 5.30). Unlike the electrostatically
self-assembled structures of this group focused on above, the supramolecular parti-
cles with an excess of dyewere found to be of key interest for this size switchability in
solution. The size of the spherical assemblies ranged between 31 nm ≤ RH ≤ 52 nm,
depending on the loading ratio between the sulfonate groups of the dye and the
primary dendrimer amine groups. At excessive dye molecules, irradiation resulted
in an increase in size, for instance, from RH = 32 nm to RH = 165 nm with a narrow
size distribution. Figure 5.30 displays the DLS and AFM findings.

The particles’ stability of the non-irradiated nano-assemblies is found to stem
from the excess and overbinding of anionic trans azo dyes to the cationic polyelec-
trolyte. This causes a highly negative surface charge density, which, in turn, elec-
trostatically stabilizes the particles. The azo dye’s isomerization upon irradiation
leads to an increase in the size of the nano-assemblies. As derived from ζ-potential
measurements, the effective surface charge density is less expressed after irradiation
as compared to the assemblies with the trans-dye before irradiation. The cis dye after
irradiation is bound to the dendrimer like the trans isomer before irradiation, albeit to
a lesser extent. Figure 5.30 shows that ITC quantifies this effect and provides further
insights. While binding isotherm shows one step before irradiation, after irradiation,
the dye-binding showed two steps and was elucidated by two sets of site models
since tans and cis-isomer coexist after irradiation. ITC measurements also reveal
that the binding enthalpy of trans azo dye is higher. Similarly, its binding equilib-
rium constant is higher than the cis dye, as per the ITC and ζ-potential results. This
is because cis-isomer is more hydrophilic and polar as compared to the trans-isomer.
Thus, for the cis-isomer, the cis-state’s affinity to the aqueous phase relative to the
development ofmutualπ-π interaction is higher. After irradiation, dyemolecules get
detached from the nano-assemblies, lowering their negative surface charge density,
which leads to the nanoparticles’ coagulation into larger assemblies with a lower total
surface that again becomes stable in an aqueous solution. The difference between the
binding enthalpy of the trans-isomer and cis-isomer is imperative to determine the
extent of the changes in size irradiation and is capable of being exploited to adjust
the cis/trans ratio by choice of the irradiation wavelength [101].

Moreover, the Ay38-dendrimer system can be extended into a multi-responsive
scenario (Fig. 5.31) [88]: As discussed above, nano-assemblies with a size of RH =
32 nm and light irradiation of the azo dye cause an increase in size to RH = 165 nm.



152 A. Zika et al.

Fig. 5.30 A Light-switchable electrostatically self-assembled system with photo addressable
particle size; top: schematic representation. Starting from a divalent anionic azobenzene dye and
cationic dendrimer macroions, self-assembled nanoparticles result (A), which grow in size upon
irradiation with UV-light (B); middle: AFM a before and b after UV irradiation and c corresponding
DLS for a loading ratio l = 4.5; d Isothermal titration calorimetry revealing the different binding
enthalpies of the cis and the trans dye isomer; e ζ-potential for dendrimer-dye assemblies before and
after irradiation for different loading ratios confirming the charge density control of the particle size.
Reprinted with permission from ref. [88, 101]. Copyright © 2010 WILEY–VCH Verlag GmbH &
Co. KGaA, Weinheim. Copyright © 2011 American Chemical Society
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Fig. 5.31 Representation and photographs of a light- and pH-switchable electrostatically self-
assembled system with photoaddressable particle size. Starting from a divalent anionic azobenzene
dye and cationic dendrimeric macroions, self-assembled nanoparticles result (a), which grow in
size upon irradiation with UV light (b) and further disassemble, triggered by the pH (c); after
re-isomerization (d), building blocks can be reassembled into the original structure (a) by another
pH change. Photographs indicate scattering power with a red laser and turbidity of the solution.
Results are shown for a loading ratio (dye sulfonate groups/dendrimer amine groups) l = 4.5:1.
Reprinted with permission from ref. [88]. Copyright © 2010 WILEY–VCH Verlag GmbH & Co.
KGaA, Weinheim

It is possible to dissolve these larger assemblies by changing the pH value from pH
= 3.5 to pH = 10.5. This rise in pH causes the deprotonation of the polyelectrolyte’s
amine groups; the assemblies dissolve as the macroion does not entail any charge.
Afterward, the dye can more easily isomerize to its trans-state by keeping the assem-
blies in the dark. Altering the pH back to pH = 3.5 reforms the assemblies with
the same size as in the beginning, that is, a dually responsive system that could be
triggered by pH and light has been developed.

Variation of the building blocks further demonstrated the generality and versatility
of this type of light-switchable nano-objects created by electrostatic self-assembly
[128]. Various linear flexible cationic polyelectrolytes got combined with the same
azo dye Ay38. Stable nanoparticles are formed except for the loading ratio of l =
1.0 where the assemblies precipitate directly owing to the assemblies’ missing elec-
trostatic stabilization in solution. As shown in Fig. 5.32, irradiation for the samples
with l < 1.0 leads to a decrease in size, which is different from the dendrimer system.
At l > 2.0 irradiation causes an increase in size due to a similar reason as pinpointed
for the dendrimer-Ay38 system. The density of surface charge also plays an impor-
tant role for l < 1.0 and the majority of stable particles are at an excess of positive
charges, which can be compared with the (non-switchable) model system explained
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Fig. 5.32 Schematic representation of light-responsive dye-polyelectrolyte assemblies with under-
stoichiometric dye-load. Structure of Ay38 and the different linear flexible polyelectrolytes. Right
bottom: Effective surface charge density |σeff| as derived from ζ-potential measurements in depen-
dence on hydrodynamic radius RH for Ay38-PDADMAC (blue squares) and Ay38-QPVP (red
circles) for non-irradiated and irradiated samples. Reprinted with permission from ref. [128].
Copyright © 2012 Wiley Periodicals, Inc

previously. However, AFM measurement and light scattering further demonstrated
that the alterations caused by irradiation here are attributed to an alteration in density
as opposed to a change in aggregation number. It is possible that the assemblies with
the linear polyelectrolytes are more flexible and looser as compared to the dendrimer
assemblies, which explains why shrinking denotes an additional response possi-
bility after light irradiation. Two reasons are co-playing here: the cis-form present
following irradiation being more compact as compared with the trans-form of the
azo dye. In addition, the interaction before the irradiation is more enthalpy-driven
than entropically. Upon irradiation, the interaction is controlled more entropically,
i.e., a bigger gain in water’s entropy can account for entropy loss through polymer
chain compaction.

Yu et al. utilized the electrostatic self-assembly for the purpose of combining
4-ethyl-4´-(trimethylaminohexyloxy) azobenzene bromide with an original Keggin-
type POM [129]. The structure alters from a coral-like shape to smaller-sized
nanospheres upon irradiation of the azo dye. This behavior is caused by the changes
in hydrophobic effect and stacking matter of the surfactant molecules after irradia-
tion. The group of Li also carried out a similar study [130]. In another instance, for
light-triggered assembly/disassembly explored by the group of Samori, a cationic
azo benzene derivate was directly anchored to a spherical Keplerate-type POM
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through electrostatic self-assembly. The assemblies here form a spherical struc-
ture which results in larger aggregates of nanostructures via π-π interaction called
supramolecules [131]. A hydrodynamic radius of RH = 76.5 nm was found by
dynamic light scattering. The self-assembled structures start to disassemble and
aggregates with a size of RH = 9.5 nm build after irradiation.

5.10.3 Light-Triggerable Particle Shape

Another key area of interest is light-triggerable particle shape through modern self-
assembly approaches, beyond the classical micelle shapes. Here again, electrostatic
self-assembly in solution played a significant role. The Gröhn group studied linear
cationic polyelectrolytes with different azo dyes in the first and impressive model
system (Fig. 5.33) [100]. Poly(diallyldimethyl-ammonium chloride) combines with
Ay38 to form flexible cylinders at a micrometer length, whereas the cross-section has
a major axis Rmaj = 14 nm, whereas a minor axis Rmin = 5 nm. The particles’ shape
changes drastically into a core–shell ellipsoid with a major axis Rmaj = 200 nm and
a minor axis Rmin = 20 nm upon irradiation. Here the inner core has rmaj = 60 nm
and rmin = 10 nm. Via UV/Vis spectroscopy, the stacking angle was found to change
after irradiation from β = 60° to β = 90°. This implies that the observed change

Fig. 5.33 Light-switchable nano-object shape by electrostatic self-assembly: An anionic azo dye
(Ay38) and a linear flexible polyelectrolyte (PDADMAC) for micrometer long thin fibers which
compact into ellipsoids upon irradiation. Reprinted with permission from ref. [100]. Copyright ©
2018 WILEY–VCH Verlag GmbH & Co. KGaA, Weinheim
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upon irradiation is associated with the dye configuration’s alteration. It is possible to
understand this behavior with the varying polarities of both isomer states of the azo
dye, which is also known to impact the dye-dye stacking. The same experiment was
carried out with a different polymer in the form of poly(N-methyl-4-vinylpyridinium
nitrate). In this case, the irradiation was not found to cause any change in shape. The
additional π-interaction, which could take place due to the polymer’s aromatic ring
(preventing a shape change) is one plausible explanation for this.

Huber and colleagues recently adopted a similar approach with the anionic poly-
electrolyte polyacrylate (PA) as well as the trans isomer of a divalent diazophenol
cation with an emphasis on the rearrangement mechanism. In an aqueous solution
well-defined spherical structures in the order of RH = 75 nm are formed [132]. These
assemblies can be assembled and disassembled by utilizing the azo dye’s isomer-
ization. In addition, by varying the temperature at the reassemble process, the size
and structure can also be controlled. Via light/neutron scattering, they stated that the
first step, namely the cis -trans isomerization, is the rate-limiting measure. This is
inclusive of the binding of the trans-azo dye to the anionic polyelectrolyte. The chain
becomes too hydrophobic when a specific number of the azo dye molecules interacts
with the polyelectrolyte, which causes nucleation. This results in the occurrence of
the second step by means of monomer-addition-mechanism. In this case, the aggre-
gate’s morphology alters from a loosely packed structure to a dense/homogeneous
spherical aggregate. These assemblies grow via a monomer-addition-mechanism in
the third step. However, under the system explored by Gröhn et al., the irradiation to
the cis-isomer only causes an increase or decrease in size, depending on the loading
ratio. Moreover, the samples begin precipitating at a charge ratio greater than l > 1.0.
The assemblies from the group of Gröhn were stable in solution. This was possibly
caused by a difference in both systems’ hydrophilicity.

5.10.4 Switching Enzyme Activity

The light-responsive property of spiropyrans was used to build supramolecular
enzyme-spiropyran structures by electrostatic self-assembly [133]. The Gröhn group
combined anionic spiropyran sulfonate with the enzyme lysozyme. In the dark, the
spiropyran is available in the thermodynamic stable open-ring merocyanine isomer.
After irradiation, the merocyanine alters from the open-ring isomer to the closed-
ring isomer, which thermally converts back in the dark or by UV irradiation. The
ring closure changes the molecular structure, the number of charges, and the dipole
moment, thus also changing the nanoscale assembly structure. While it decreases the
basicity of the oxygen in the closed-ring isomer, the open-ring isomer has a much
larger molecular volume. After mixing the building blocks in an aqueous solution,
aggregates with a size of RH = 103 nm were formed. Upon irradiation of the mero-
cyanine, the size nearly doubles to RH = 198 nm, which changes back by storing the
samples in the dark. This size-changing cycle can be repeatedmany times. The differ-
ences can be understood with the different binding of the two spiropyrans isomers to
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the protein. The merocyanine is planar and thus binds more internally to the protein,
whereas the closed-ring isomer bindsmore externally due to its bulky form and there-
fore, can interconnect more lysozymes. Yet, irradiation not only influences the size of
the aggregates but also the functionality of the enzyme. The formation of the aggre-
gates and the interaction with the merocyanine nearly does not change the enzymatic
activity of lysozyme. After irradiation, this activity decreases significantly, which is
a proof of concept of supramolecular structures where the enzymatic activity can be
switched [133]. The scenario is outlined in Fig. 5.34.

Fig. 5.34 Light-triggerable enzyme aggregation and activity; top: a interconversion of the two
spiropyran isomers in inverse photochromism and schematic representation of the assemblies of an
ionic spiropyran and lysozyme, interconnected with spiropyran¸ b Enzyme activity in the degra-
dation of lyophilized cells, as detected via the scattering intensity, here detected as “absorption”
Anorm (600 nm): the enzyme activity remains almost the same in the aggregate as compared to the
individual lysozyme and it decreases upon irradiation; c repetitive switching of the assembly size as
detected by the scattering intensity; d different binding sites of the two spiropyran states calculated
by a docking model; e thermodynamics of the different binding sites. Reprinted with permission
from ref. [133]. Copyright © 2018 American Chemical Society



158 A. Zika et al.

5.10.5 Photoacid Counterions as Switch in Electrostatic
Self-assembly

In 2015, the Gröhn group put forward a completely different concept for building
light-responsive nano-assemblies by getting the unique properties of photoacids
utilized. [134] Photoacids are only weak Brønsted acids in the ground state, and
exhibit an increased acidity of the hydroxyl proton upon irradiation and go through
an excited-state intermolecular proton transfer reaction [135]. This causes the forma-
tion of a molecule that is charged more highly. A linear oligomeric ethylene imine
and sodium 1-naphthol-4-sulfonate were combined in the first project. Since the
counterion has just one charge, no assemblies are created directly after mixing the
building blocks. After irradiation, DLS and AFM displayed nano-assemblies with
a size of RH = 170 nm. A mechanism for forming assemblies was proposed in
combination with UV/Vis spectroscopy, as shown in Fig. 5.35: Prior to irradiation,
adding counterion causes an electrostatic interaction between the cationic polyelec-
trolyte and the anionic naphthol derivate. Photoacid dissociation takes place upon
irradiation, and the polyelectrolyte gets protonated, thus triggering a strong intercon-
nection caused by electrostatic interaction. This interaction changes from the strong
ionic interaction to hydrogen bonds after decaying to the ground state. A stronger
hydrophobization of the polymer chains is to be expected due to the desolvation of
the amine groups. Subsequently, the closer approximation of building blocks gives
rise to rearrangements caused by hydrophobic, π-π, and electrostatic interactions.

Fig. 5.35 Photoacid with changes pKa in the excited state acting as building block in electrostatic
self-assembly with linear oligo(ethylene imine), left: DLS and AFM before (left) and after (right)
UV irradiation. right: light-induced assembly mechanism. Reprinted with permission from ref.
[134]. Copyright © 2015 American Chemical Society
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In the aftermath of this study, Zika and Gröhn expanded the scope of the systems
to facilitate a stronger understanding. In this process, different photoacids were
combined with G4 dendrimer [136]. Here, the photoacids already have two negative
charges in the ground state, which is why nano-assemblies are created before the irra-
diation. In the case of the strongest photoacid, 1-naphthol-3,6-disulfonate (1N36S)
nanostructures are created with the size ranging from 89 nm ≤ RH to ≤ 190 nm,
depending on the loading ratio. The size increases ranging from 130 nm ≤ RH

≤ 244 nm after irradiation. Thus, it is possible to use a photoacid switch not only to
trigger assembly from building blocks but also to change the size of the assembly.
Additionally, Zika and Gröhn recently developed a three-component (ternary) pH-
and light-responsive system through the combination of a photoacid — an anionic
disulfonated naphthol derivative— neutral hydroxyflavylium ions as well as a linear
cationic poly(allylamine) in an aqueous solution [137]. Depending on pH as well
as light irradiation, hydroxyflavylium can showcase a gamut of different reactions.
This system offers multiple ways to trigger the nanostructures owing to the unique
light-responsive property of the photoacid and the pH and light-dependent hydrox-
yflavylium. Based on the switching step, the size of the assembly is found to range
between RH = 142 nm and RH = 332 nm. Furthermore, both the size and shape of
the nano-objects could be switched.

5.10.6 Further Triggers

Additional triggers for electrostatically self-assembled polyelectrolyte systems
include temperature [138], magnetic field [139], and redox responsiveness [140]. An
electrostatic self-assembly-constructed light-pH-copper ion tri-stimuli responsive
system, as illustrated in Fig. 5.35, is also promising [141]. Here, Yu et al. combined
the cationic azobenzene-containing surfactant (4ethyl-4′-(trimethylaminohexyloxy)
azobenzene bromide) with an anionic Eu-containing polyoxometalate, which led to
a spherical aggregate structure sized d = 200 nm. The size of the particle some-
what decreases after light irradiation, and the POM’s fluorescence is quenched
strongly. This is probably ascribed to the more hydrophilic nature around lumines-
cence centerEu3+.Notably, the cis-isomer ismore hydrophilic, therebydecreasing the
hydrophobic interaction. In addition, it is hindered more sterically, which results in a
looser alignment. By adding H+, the morphology alters from a spherical structure to
a necklace-like geometry, also quenching the fluorescence due to a freshly-created
hydrogen bond W–O···H···O–H. Adding Cu2+ with an O → W energy transfer, a
ligand–metal charge transfer to the Cu2+ ion in the excited state is another way of
quenching the assemblies’ fluorescence Fig. 5.36.
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Fig. 5.36 Formation of ETAB/ Eu-POM Supramolecular materials and their responsiveness to
UV-light, Cu2+, and H+. Reprinted with permission from ref. [141]. Copyright © 2016 American
Chemical Society

5.11 Conclusion

To conclude, using electrostatic self-assembly in solution to design functional nano-
objects signifies an emerging field that has a great potential to be further explored.
Polyelectrolytes play a special role here, as they allow for the formation of larger
assemblies and for the electrostatic stabilization of the nano-objects in an aqueous
solution across a wide variety of designs.More specifically, the targeted combination
of electrostatic interaction with other interactions and effects, like the positioning
of charges on stiff building blocks, using further amphiphilic, polyelectrolytes with
certain architectures, or π-π stacking building blocks have promulgated electrostatic
self-assembly to a principle for structure formation that is versatile and well-defined.
A variety of structures from spheres over rods and hollow spheres to networks in the
size range of a few tenths to a few hundred nanometers can be formed. Even though
the electrostatic self-assembly for the formation of finite-size nano-objects in solution
represents a new and emerging field, in contrast to, for instance, the classical micelle
formation that has been investigated for 60 years, an understanding of structure-
directing effects is increasingly developed. Here, interaction thermodynamics plays
a key role in linking molecular building-block features with the properties of self-
assembled objects on the nanoscale. Triggering assembling/disassembling, assembly
size, and shape by pH and light has also been addressed, whereas the capability of
electrostatic self-assembly for photocatalysis has also been indicated. However, this
contribution has not explored the ability of electrostatic self-assembly for the purpose
of photocatalysis in detail. Deriving a foundational understanding of interplaying
interactions and property/structure-directing effects is imperative for establishing
electrostatic self-assembly, or novel self-assembly approaches in new areas — as
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evidenced in this case for forming functional and switchable nano-assemblies. A
targeted design of functional structures will be possible with this approach, and only
then will it be possible to take advantage of the great capability of electrostatic self-
assembly representing a concept that renders it possible to form a gamut of functions
and structures encompassing various applications.
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Chapter 6
Electrostatic Layer-by-Layer
Self-Assembly Method:
A Physico-Chemical Perspective

Eduardo Guzmán, Ana Mateos-Maroto, Francisco Ortega,
and Ramón G. Rubio

Abstract The use of the Layer-by-Layer (LbL) method for the fabrication of struc-
tural and functional materials through the alternate deposition of polyelectrolyte
bearing opposite charges has undergone a spectacular development due to the
numerous avenues that offer for controlling the assembly process by simply tuning
some operational parameters or characteristic of the layering molecules. This is
only possible by a careful examination of the physicochemical bases underlying the
assembly process. This chapter tries to provide a broad physicochemical perspective
trying to disentangle some of the most fundamental aspects underlying the exploita-
tion of the LbL electrostatic self-assembly for opening new avenues in the design of
novel nanomaterials.

6.1 Introduction

The use of the Layer-by-Layer (LbL) self-assembly methodology has evolved very
fast in the last years to become a widespread technology for the assembly of struc-
tural and functional materials with applications ranging from the biomedical and
pharmaceutical industries (tissue engineering, biomedical devices, wound healing
dressing, encapsulation platforms, biosensors, cardiovascular devices or implants)
to the fabrication of electronic devices (conductive layers, light-emitting thin films,
electrochromic films, photonic systems or non-linear optical devices), and from the
fabrication of self-healing materials to preparation of different coatings (antireflec-
tion coatings or superhydrophobic surfaces) [1–10]. This has been possible by the
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combination of low cost and simplicity with modularity and versatility which have
enabled the manufacturing of multi-layered materials with structure and proper-
ties tailored almost at will. Thus, the LbL approach makes possible the fabrica-
tion of materials including a broad range of structural and functional characteristics
[6, 8, 11–13].

The seminal works on the LbL films took advantage of the ability of polyelec-
trolytes to form self-organized structured when they interact with a polyelectrolyte
bearing the opposite charge [14–17]. Thus, it was possible to fabricate polyelec-
trolyte multi-layered films by the alternate deposition of layers of polyelectrolytes
bearing opposite charges onto a solid substrate, i.e., the so-called polyelectrolyte
multilayers (PEMs). However, the advances in the implementation of the LbL tech-
nology has allowed their use for the self-assembly of hierarchical supramolecular
structures by the alternate deposition of a broad range of materials (building blocks),
with the only limitation arriving from the need for complementary interactions
between the compounds assembled in adjacent layers. This has allowed the fabri-
cation of LbL films including, among other types of compounds, different types of
colloidal particles and nano-objects (graphene and graphene oxide nanoplatelets,
carbon nanotubes, dendrimers, clays, microgels, polymeric, ceramic, or metallic
particles), biomolecules (proteins andpeptides, polysaccharides, nucleic acid, lipids),
dyes, viruses, synthetic polymers and even in some cases small molecules [1, 3,
18–36]. The extension of the lists of building blocks used in the assembly of LbL
materials requires considering the use of interactions with non-electrostatic origin
as driving force of the process, and now it is common for the fabrication of multi-
layered films using the LbL approach through hydrogen bonding [37, 38], charge
transfer interactions [39], molecular recognition [40, 41], coordination interactions
[42], chiral recognition [43], host–guest interactions [44], π-π interactions [45],
biospecific interactions [46], sol–gel reactions [47], or even covalent bond (“click
chemistry” reactions) [48, 49].

Moreover, the possibility to use any kind of substrate, independently of its chem-
ical nature, shape, geometry, or size, as template for the deposition of the multi-
layered films has also contributed to the success of the LbL methodology in the
fabrication of different types of materials. Nowadays, it is common for the fabrica-
tion of LbL in any kind of substrate, with the only requirement being the need that
the substrate can be easily accessed for the solution. This has led to LbL films on
macroscopic solid charged flat substrates, but also on colloidal micro-and nanoparti-
cles, liposomes or vesicles, micelles, fluid interfaces (floating multilayers), emulsion
droplets, or even cells [50–58]. It should be noted that the substrates can play two
different roles: (i) define the geometry and morphology of the assembled material,
remaining as part of the finalized material, and (ii) be a template during the assembly
process, which can be removed from the finalizedmaterial using chemical or physical
procedures (sacrificial template), and hence allowing the fabrication of free-standing
films and hollow capsules [59, 60]. Thus, the LbL method allows controlling almost
at will the size, shape, and morphology of the assembled materials, which enable
its application in the manufacturing of a broad range of structural and functional
materials, e.g., flat films, nano-, and micro-capsules or multi capsules including
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several hierarchically organized nano-containers [11, 56, 61–66]. Furthermore, the
versatility and modularity of the LbL technology allow its use in the fabrication of
many sophisticatedmaterials, including particleswith onion-like structures, sponges,
membranes, or nanotubes [5, 67, 68].

This chapter is intended to present a critical perspective on the most relevant
aspects related to the physicochemical bases underlying the assembly of polyelec-
trolyte films using the LbL technology. It is expected that the discussion in this
chapter can help in the understanding of the most relevant theoretical and experi-
mental aspects governing the formation of the LbL films and their properties. This is
important to contribute to the current multidisciplinary efforts aimed to exploit the
LbL methodology as a key enabling technology for the fabrication of materials with
a direct technological output.

6.2 Assembly of LbL Films: Methodological Approaches

The LbL approach is currently established as a simple and inexpensive method-
ology for manufacturing different types of multi-layered materials through the alter-
nate deposition onto a substrate of building blocks with complementary interactions
[69–71]. This is possible using different methodological approaches which may
be considered, in most of the cases, as simply extended versions of the seminal
approach introduced by Decher et al. [16], including specific modifications to adapt
the assembly methodology to the characteristics of the substrate used as template,
e.g., size, shape, morphology or chemical nature. It should be noted that the fabrica-
tion of LbL materials with a true technological application requires the introduction
of strategies for ensuring the scalability of the assembly from laboratory prototypes
to the industrial fabrication [72]. This has stimulated the design of different method-
ological approaches, including some automated deposition machines, enabling the
reduction of the deposition time and a fine control of the film properties.

The work by Decher et al. [16] proposed a very simple approach for fabricating
LbL films onto flat substrates through the alternate immersion of the substrate in
solutions containing the building blocks to be assembled (layering solutions), with
intermediate rinsing steps between two consecutive adsorption steps, i.e., deposition
bydipping. It should benoted that the rinsing steps are included to remove thematerial
weakly adsorbed to the multilayer. Thus, it is possible to avoid cross-contamination
of the assembled films due to the formation of aggregates for interaction in solution
of the building blocks and their subsequent precipitation onto the multilayer [73–
76]. Figure 6.1 shows a simplified picture of the deposition by dipping of a LbL film
formed by polyelectrolytes bearing opposite charges.

The above-discussed approach for the assemblyofLbLfilmspresents an important
drawback associated with the long time required for the fabrication of each layer.
A potential alternative for speeding up the deposition process is to add an organic
solution partiallymisciblewithwater, e.g., dimethylformamideor dimethylsulfoxide,
to the layering solution. Thus, it is possible to induce a dewetting process during the
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Fig. 6.1 Sketch of the common methodological approach used for the fabrication of LbL multi-
layers formed by polyelectrolytes bearing oppositely charged on a flat substrate. Reprinted with
permission from Mateos-Maroto et al. [76]. Open access under a CC BY 4.0 license, https://creati
vecommons.org/licenses/by/4.0

deposition of the polyelectrolyte solution, which avoids the rinsing step between the
deposition of consecutive layers, resulting in a multilayer assembly with a velocity
30 times higher than when water is used as solvent [77, 78]. The deposition under
continuous stirring of the solutions is also a very powerful alternative for fastening the
process, allowing a reduction of the deposition time down to 10–20 s per layer [79].
More sophisticated methodological approaches for the reduction of the fabrication
time, and increasing the homogeneity of the deposited films, are the spray-assisted
and spin-assisted deposition methods (see Fig. 6.2) [80–84].

The fabrication of LbL by spin-assisted deposition relies on the casting of the
layering solution onto the surface of the substrate which is going to be used as
template for the multilayer assembly. Then, the substrate undergoes a spinning
process at a constant velocity for ensuring a homogeneous spreading of the film
onto the substrate and the evaporation of the solvent. Once the layer is deposited,
the rinsing step of the deposited layer is performed following the same procedure
used for the layer deposition, maintaining the substrate under spinning until the
deposited film is completely dried. The successive repetition of the deposition and
rinsing cycles allows the fabrication of multi-layered films [86, 87]. Spin-coating
fabrication of LbL films results in films with lower roughness and better organiza-
tion than those obtained by dipping approach. Furthermore, the stratification of the
films is also enhanced in relation to layers obtained by dipping due to the complex
interplay between electrostatic and hydrodynamic interactions (centrifugal, air shear,
and viscous forces), with the former controlling the adsorption and rearrangement
of the polymer chains, whereas the hydrodynamic one contributes to the control of

https://creativecommons.org/licenses/by/4.0
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Fig. 6.2 Sketch of the deposition of LbL films through spin-coating a and spray-assisted deposition
b. Reprinted with permission from Guzmán et al. [85]. Copyright (2020) (Elsevier)

the desorption process of the weakly bound material and the dehydration of the films
[87]. Furthermore, the combination of electrostatic and hydrodynamic interactions
also contributes to the reduction of the time required for the fabrication of films
using spin-coating and the smallest thickness of the obtained films, with the latter
being governed by the spinning velocity. Another advantage of spin-coating depo-
sition is related to the significant reduction of the amount of material required for
the assembly of the multi-layered films [87]. Nevertheless, spin-assisted deposition
presents a very important drawback on the low volatility of the water which is the
solvent most frequently used for film assembly, which limits its practical application
for the fabrication of LbL films.

The deposition under high-gravity fields using a rotating substrate appears as a
very attractive alternative for fastening the deposition of LbL films [88], having as
its main advantage the hastening of the diffusion process. This reduces the time
needed for reaching the adsorption equilibrium, allowing the fabrication of films
with a similar quality to those obtained by dipping. This results from the increase
in the concentration gradients and the existence of turbulence during the deposition
process of the layers.

The spray-assisted deposition is another versatile alternative for the fabrication of
LbL films [89], relying on the alternate spraying of solutions containing the different
building blocks onto the surface of the substrate, with intermediate rising steps
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between the deposition of two consecutive layers. It should be noted that the advan-
tages stated above for the spin-assisted deposition are also applicable for the depo-
sition by spraying [89]. Spray-assisted deposition results in the deposition of multi-
layered films with lower roughness and thickness than those obtained by immersive
deposition, i.e., dipping [90–93]. This is explained considering that during spraying,
adsorption and drainage occur simultaneously. Thismakes it necessary to perform the
spraying in the direction perpendicular to the surface, which ensures the gravitational
drainage and favors a fast removal of the non-adsorbed material. The fabrication of
LbL layers using the spray-assisted deposition allows the reduction of the contact
time (less than 10 s may be enough), which reduces the interpenetration between
adjacent layers [83], that in turn has stimulated the application of spray-assisted
deposition at industrial level [10, 94]. Furthermore, the use of the LbL deposition
assisted by spraying allowsmanufacturing ofmulti-layered films on substrates with a
large area [95, 96]. The effectiveness of the layer fabrication using this methodology
requires a careful examination of different methodological aspects including the
spray-substrate distance, and other operational parameters, e.g., concentration and
volume of the sprayed solutions, spraying flow, and waiting times between consecu-
tive deposition steps. Furthermore, the necessity of rinsing steps between consecutive
deposition steps and their duration are also very important parameters for controlling
the spray-assisted deposition [83, 89, 93, 97–101]. The fabrication of LbL coating by
simultaneous spray-assisted of interacting species (SSCIS) based in the spraying on
a substrate of solutions containing simultaneously two or more interacting species
has become a very promising alternative to the conventional fabrication of LbL films
by using a spray-assisted methodology, ensuring a faster interaction between the
molecules forming the multi-layered film. This makes possible a continuous fabri-
cation of LbL films with gradual growth. It should be noted that the multi-layered
films obtained following this methodology present thicknesses which are similar
compared to those obtained by the conventional methodology based on the alternate
deposition of oppositely charged layers by spraying. The modulation of the layer
thickness can be done by changing the time of each spraying step, the nature of the
solvent, and the drainage process of the excess deposited material [98, 102].

The application of external fields, such as electric or magnetic ones, can facilitate
the deposition process of LbL multi-layered films [103, 104], leading to the forma-
tion of more compact and thicker LbL films than those obtained using any other
methodological approach [105, 106]. The deposition assisted by electric field relies
commonly on the use of an electrode as template for the film deposition (electrodepo-
sition), which occurs upon the application of a voltage within the formed electrolytic
cell. The most frequently used procedure for the electrodeposition of LbL films is
based on the immersion of two electrodes in the layering solution, followed by the
application of an electric current to drive the layer deposition. Afterward, the elec-
trodes must be rinsed with the solvent, and then they are introduced into a solution
containing the compound used for the deposition of the second layer, afterwards
the process is repeated as many times as necessary [107]. There are several exper-
imental designs enabling the electrodeposition of LbL films, which can be applied
to the multi-layered films onto macroscopic surfaces or colloidal particles [108].
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The optimization of the applied voltage and the time of the process are critical for
controlling the thickness and roughness of the electrodeposited films [109]. The
electrodeposition of LbL films may be also performed by taking advantage of local
effects appearing at the electrode surfaces, e.g., redox reactions or pH changes. This
may be understood considering that the local change of pH occurring in the vicinity
of the electrode in relation to that of the solution may favor the layer deposition
[110]. However, the increase of the film thickness reduces the penetration of the
current toward the electrode, which reduces the impact of the local pH of the elec-
trode surface on the layer deposition. This limits the maximum number of layers that
can be deposited following this approach.

Magnetic fields can be also used for controlling the deposition of LbL films [111].
This is possible by the immersion of the substrate into a solution of magnetic active
materials, which can be deposited by conventional dipping. The magnetic fields are
applied for controlling the packing between adjacent layers, hence the multilayer
thickness [112].

The above discussion was focused on some of the most common methodolo-
gies used for the deposition of LbL multi-layered films on flat substrates. However,
the LbL method can be used for fabricating multi-layered films on any kind of
substrate, which requires a careful examination of the specific characteristic of the
used substrates. Traditional dipping can be applied to the deposition of LbL films
onto colloidal templates. However, this requires considering that colloidal parti-
cles are commonly dissolved or suspended in a solvent, which makes it necessary
to consider the introduction of separation steps. The most common methodolog-
ical approach for depositing multi-layered films onto colloidal templates relies on
the pelleting of the decorated colloids using commonly centrifugation/re-dispersion
cycles on the washing steps after each layer deposition for removing the excess of
unbound materials [50, 51, 113–118]. This means that once a layer is adsorbed, the
suspension is centrifuged, separating the sediment containing the polymer-decorated
particles and the supernatant where the excess of non-adsorbed material remains.
Afterward, the polymer-decorated particles must be re-dispersed in the solvent and
the sedimentation/re-dispersion process is repeated, normally a minimum of three
times, for ensuring the complete removal of the non-adsorbed material. Thus, it is
possible to obtain a clean suspension of polymer-decorated particles in which can be
deposited a new layer following a similarmethodology [119, 120]. Figure 6.3 shows a
scheme of the different steps involved in the fabrication of polyelectrolytemultilayers
onto colloidal particles. It should be noted that the above-described methodology
allows the fabrication of both core–shell structures and hollow capsules. However,
the fabrication of hollows capsules requires the introduction of an additional step of
dissolution of the template (sacrificial substrate) [13].

The use of centrifugation for the separation of the supernatant and the polyelec-
trolyte-decorated particles is a limitation for extending the above-described approach
to the coating of nano-sized colloids, affecting also to the possible automatization of
the assembly process. The use of the serum replacement method may be a suitable
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Fig. 6.3 Idealized representation of the most commonmethodological approach used for the depo-
sition of LbL multi-layered films using colloidal particles as template. Reprinted with permission
from Yan et al. [115]. Copyright (2014) (American Chemical Society)

alternative for overcoming the problems associated with the separation by centrifu-
gation [121]. Another alternative for such purpose is the precipitation of the non-
adsorbed material by the addition of a bad solvent [122]. Thus, it is possible to speed
up the assembly process, increasing the recovery yield. This is a very important
issue for a possible industrial scaling up of the assembly process, and for the prepa-
ration of concentrated capsule suspensions, which remains one of the most impor-
tant challenges for the fabrication of LbL systems. The above problems have been
partially solved by using tubular flow type reactors. This makes possible the contin-
uous fabrication of capsules with a fixed number of layers. However, this method-
ology presents a very important drawback related to the possible cross-contamination
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because a small amount of the last deposited polyelectrolyte always remains in the
medium after its deposition step, which drive the formation of inter-polyelectrolyte
complexes and their subsequent precipitation on the formed capsules [123]. The
application of magnets appears also as a very interesting alternative to the centrifu-
gation for ensuring the separation of the polymer-decorated particles and the excess
of non-adsorbed molecules [103]. This requires the use of substrates with magnetic
activity [124, 125].

It should be noted that the washing/separation steps can be avoided by adding
just the amount of polyelectrolyte necessary for saturating the colloidal particles,
which allows increasing the velocity of the assembly by a factor of 3 [50, 126]. This
requires a careful evaluation of the change of the zeta-potential of the dispersion with
the addition of the adsorbing polymer for avoiding the aggregation. The sonication of
the dispersion during the layer deposition can reduce the aggregation of the particles
[126–129].

The use of particles lighter than water (e.g., emulsion drops, vesicles, or lipo-
somes) as template requires introducing alternative methodologies for ensuring the
separation of the polymer-decorated templates and the excess of non-adsorbed mate-
rial. For the particular case of the deposition of polyelectrolytemultilayers on droplets
of oil in water emulsion, the use of creaming/skimming cycles appears as a very
promising alternative for ensuring the separation of the excess of non-adsorbedmate-
rial and the decorated droplets. This is possible because the lower density of the oil
droplets in relation to water leads to their flotation on the top of the polymer solu-
tion [130, 131]. It should be noted that the creaming process can be enhanced by
centrifugation when the deposition in emulsion droplets is considered [132–134].
On the other side, the deposition of LbL multilayers on vesicles or liposomes is a
very complex process involving up to three different steps for each deposited bilayer
[135]: (i) addition of the layering solution to a diluted suspension of vesicles or lipo-
somes; (ii) once the first layer is deposited, the solution containing the compound to
be assembled as second layer is added to the suspension of polyelectrolyte-decorated
vesicle/liposomes, which also contains the excess of non-adsorbed polyelectrolyte
during the deposition of the first layer. This leads to the formation of a bilayer
onto the template, the formation of inter-polyelectrolyte complexes, and (iii) the
inter-polyelectrolyte complexes are settled down by centrifugation for obtaining a
clean suspension of polyelectrolyte-decorated vesicles/liposomes. It should be noted
that the use of centrifugation is possible because the polyelectrolyte shell ensures
the stability of the vesicles/liposomes, avoiding aggregation and fusion phenomena.
After the deposition of the first bilayer, it is possible to continue with the assembly
of additional layers by repeating the above-discussed procedure. It should be noted
that the deposition of polyelectrolyte layers following the above-described proce-
dure is limited to a reduced number of bilayers, about 5–6, because the formation
of supramolecular aggregates between the inter-polyelectrolyte complexes and the
polyelectrolyte-decorated vesicles/liposomes, as well as the centrifugation process,
lead to the reduction of the total number of vesicles/liposomes after the deposition
of each pair of layers [135].
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The separation steps can be avoided by fixing the colloidal templates using an
immobilization agent, e.g., agarose hydrogel. This leads to a situation in which
the colloidal particles remain trapped forming a planar substrate, and hence it is
possible the use of conventional dipping for the fabrication ofLbLfilmsonto colloidal
templates.Once the desired number of layers has beenbuilt, it is possible to release the
decorated particles from the agarose trappingmatrix by heating it at 37ºC. Afterward,
the separation of the agarose and the polyelectrolyte-decorated particles is attained by
several cycles of centrifugation/re-dispersion (commonly 3) [136]. Thismethodology
makes possible the use of robotic dipping for the fabrication of LbL multi-layered
films on colloidal substrates [136].

The use of microfluidic devices is a very promising alternative for fabricating
LbL films on colloidal templates placed in the channels [137–140]. This allows the
minimization of the aggregation processes [141–145]. The most common approach
to exploiting the use of microfluidic devices to produce LbL materials relies on
the application of pressure or vacuum for controlling the sequential transport of the
adsorbing species and thewashing solutionswithin themicrofluidic chips [146–148].
The assembly of LbLfilms on particulate substrates is also possible by using fluidized
beds [149], taking advantage of the upward force of the washing or polymer solutions
that counteracts the gravitational forces which push the particle to the sedimentation.
This leads to the lifting of the particles to form a fluidized bed, which enables the
fabrication of LbL films using substrates with different sizes (up to 3 μm) and a
permeability controlled almost at will [150]. It should be noted that the difficulties
in optimizing the methodology and the high cost of the instrumentation have limited
the implementation of microfluidic approaches as a common tool for the fabrication
of LbL coating on colloidal templates [108].

6.3 Polyelectrolyte Multilayer Growth

The ability of polyelectrolytes to self-organizing in supramolecular structures
together with their capacity to form complexes when oppositely charged polyelec-
trolytes are mixed allows controlling the thickness almost at will, which plays a
central role in the control of different properties ofLbLmaterials, e.g., transparencyof
optical devices, retention of encapsulated drugs or wetting properties of the surfaces
and adhesion.

The growth of LbL polyelectrolyte multilayers is commonly defined in terms of
the change in amount of adsorbed material (or layer thickness) with the number of
deposited bilayers, N. This drives the possible emergence of two different growth
mechanisms in LbL materials. The first one, commonly defined as linear growth, is
characterized by an almost constant change of the adsorbed amount upon the depo-
sition of each bilayer, which leads to quasi-linear change of the multilayer thickness
with the deposition of each bilayer on the number of bilayers. Thus, the multilayer
thickness increases after the deposition of each pair of bilayer in such a way that
can be considered proportional to the sum of the characteristic sizes of the two
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molecules forming the multi-layered film, i.e., the size of polycation and polyanion,
and consequently the thickness of each bilayer is reduced to a few nanometers.
Some classical examples of multilayers displaying linear growth are those formed
by poly(allylamine hydrochloride) (PAH) and poly(4-styrenesulfonate of sodium)
(PSS), i.e., (PAH–PSS)n (Note that, in this, the text, the nomenclature of multilayers
will include the information of the interacting species defined as A and B, and a
subindex, n, indicating the number of deposited bilayer, leading to a representation
defined as (A–B)n, or those formed by poly(diallyl-dimethyl-ammonium chloride)
(PDADMAC) and PSS assembled under conditions in which both polymer present
a high charge density (low ionic strength solutions). There are many other multi-
layers growing linearly, e.g., (PM2VP—PSS)n or (PAH—PAA)n films (with PM2VP
and PAA being poly(N-methyl-2-vinyl pyridinium chloride) and poly(acrylic acid),
respectively) [151]. The second type of dependence of the adsorbed amount on the
number of bilayer is the so-called non-linear growth or most commonly exponential
growth. Multilayers growing following this type of dependence undergo a change in
their thickness higher than that corresponding to a linear growth upon the deposition
of each pair of bilayers. This leads to an increasing change of thickness per bilayer in
each deposition cycle, resulting in a thickness per bilayer that is not only associated
with the molecular size of the assembled species. Examples of non-linear growth
multilayers are (PDADMAC—PSS)n ones, assembled from conditions in which
the effective charge of the polyelectrolyte is highly screened [152–155]. Further-
more, most of the multilayers including biopolymers display non-linear growth, e.g.,
(CHI—PAA)n, (PLL—HA)n, or (PLL—PGA)n (with CHI, PLL, HA, and PGAbeing
chitosan, poly(L-lysine), hyaluronic acid and poly(glutamic acid), respectively) [19,
20, 156–158]. In addition to the above-mentioned growth dependences, specific
combinations of polyelectrolyte pairs can appear as more exotic dependences of
the adsorbed amount on the number of deposited bilayers [159, 160]. Figure 6.4
shows an idealized picture of the two most common growth dependences appearing
in LbL films.

Despite the research efforts made for understanding the assembly of polyelec-
trolyte multilayers obtained following the LbL methodology, it remains a strong
controversy about the molecular bases explaining the emergence of different types
of growth in polyelectrolyte multilayers. The first work trying to provide a realistic
explanation for the appearance of different types of growth in polyelectrolyte multi-
layers was done by Elbert et al. [161]. They identified the linear growth with an
initial deposition of molecular polyelectrolyte layers followed by the diffusion of
some chains to the inner region of the multilayer, which agrees with the theoretical
description provided by Subbotin and Semenov [162] using a mean-field approach.
Therefore, the possibility to diffuse the polyelectrolyte during the deposition process
leads to a certain degree of intermingling between adjacent layers. On the other
hand, for non-linear growth multilayers, each deposition cycle is associated with a
higher adsorption than expected for a single layer. This may be explained consid-
ering the existence of diffusion of the polyelectrolyte chains within the multilayer
structure, which enables the deposition of an amount of polyelectrolyte higher to
that corresponding to a single layer. This occurs for specific polyelectrolyte pairs
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Fig. 6.4 Idealized picture of the linear and non-linear dependences of the adsorbed amount on the
number of bilayers, N, appearing in polyelectrolyte multilayers. Reprinted with permission from
Mateos-Maroto et al. [76]. Open access under a CC BY 4.0 license, https://creativecommons.org/
licenses/by/4.0

and assembly conditions through a process involving the interfacial coacervation at
the solution-multilayer interface. This coacervation process occurs between poly-
electrolyte chains in solution and the oppositely charged polyelectrolytes diffusing
from the inner region multilayer. The coacervates may precipitate on the multilayer
surface, which leads to the deposition of a film thicker than a polymer molecular
layer [163, 164]. Therefore, the multilayer must be considered as a polymer reser-
voir, which allows explaining the increase of the thickness with the number of layers
as result of the increase in the number of chains that are available for diffusing to
the solution-multilayer interface, and the formation of coacervates. This agrees with
the theoretical description provided by Tang and Besseling [165], which considers
the similarities between the formation process of inter-polyelectrolyte complexes
in solution and the assembly of polyelectrolyte multilayers. This suggests that the
differences in the growth mechanisms are ascribable to a different dynamics of the
polyelectrolyte chains within the multilayers [166].

The scenario proposed by Elbert et al. [161] for describing the non-linear growth
of polyelectrolyte multilayers agrees with the results by Picart et al. [156, 157, 167–
169]. They explained the non-linear growth of polyelectrolyte multilayers as a result
of the existence of an in and out-diffusion of at least one of the polyelectrolytes
within the multilayer structure. However, they neglect the role of polyelectrolyte
diffusion for multilayers exhibiting linear growth [156, 168, 170]. For (PLL—HA)n
multilayers, an in and out-diffusion of PLL chains within themultilayer structure was
found, with this diffusion depending on the nature of the layering solution. Thus, PLL
chains can diffuse to the inner region of the multilayer upon the exposure of the film
to a solution containing such polymer, whereas the diffusion of PLL to the multilayer
surface occurs upon exposure of the film to HA solutions. This leads to the PLL-HA
complexation at the solution-multilayer interface, which results in the adsorption
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of higher amount of material than that expected for a single monolayer, and conse-
quently, the thickness of the film is higher than that expected considering the adsorp-
tion of truemolecular layers. The use of confocal laser scanningmicroscopy (CLSM)
provided further details on the role of the in and out-diffusion on the emergence of
non-linear growth [168]. This technique allows monitoring of the adsorption process
within the axis perpendicular to the multilayer by including fluorescently labeled
polyelectrolytes at different positions of the multi-layered film. The tracking of fluo-
rescently labeled PLL using CLSM evidenced the ability of PLL for diffusing within
the whole multilayer, whereas fluorescently labeled HA chains remain fixed in the
positions where they were initially adsorbed. This allows confirming the important
role of the interdiffusion of at least one of the polyelectrolytes in the equilibration
of non-linear growth multilayers, or both as was reported for (PLL-PGA)n multi-
layers [147]. The in and out-diffusion of the polyelectrolyte chains is possible due
to emergence of a Donnan potential within the multilayer, as result of the charge
excess associated with the existence of mobile polymer chains. The requirement of
equilibration of such Donnan potential leads to the interdiffusion process [167, 171].
The above discussion provides neither a suitable explanation that allows neglecting
the role of interdiffusion in multilayers exhibiting linear growth nor a justification for
the transition from linear to non-linear growth appearing in some specific polyelec-
trolyte pairs, e.g., (PDADMAC—PSS)n, as result of themodification of the assembly
conditions [152, 153, 172]. The latter may be explained considering that the transi-
tion from a linear to a non-linear growth occurs as a consequence of a loose ionic
cross-linking. Furthermore, the existence of a strong mutual interaction between
the polycation and the polyanion may drive the emergence of the interdiffusion of
the polycation chains, and consequently the non-linear growth [173]. This picture
is compatible with the enhanced interdiffusion reported by Guzmán et al. [174] in
(PDADMAC-PSS)n multilayers as result of the increase of the ionic strength of the
solution, which drives the transition from linear to non-linear growth, and hence it
does not limit the interdiffusion to films exhibiting a non-linear growth.

Therefore, the interdiffusion cannot be considered as the differencing feature
between linear and non-linear growth films aswas clearly evidenced byGuzmán et al.
[174]. They suggested that the film roughness may play a very important role in the
emergence of non-linear growth. This may be understood considering that the higher
the surface roughness of the multilayer the higher is the area available for the deposi-
tion of the following layer, and hence the amount of material deposited in each cycle.
This increase in the roughness may be correlated with the coacervation-like process
described by Elbert et al. [161], which as matter allows growth faster than linear.
On the other side, the deposition of chains respecting their molecular size should
lead to a linear growth [152, 172, 174–176]. Haynie et al. [177] discussed furtherly
the role of the film roughness on the emergence of non-linear growth. They assume
that its emergence results from the formation, propagation, growth, and coalescence
of heterogeneous adsorption patterns, e.g., dendritic or isolated aggregates, on the
multilayer surface, which increases the film roughness and leads to the emergence of
the non-linear growth of the multilayer. This picture was confirmed by Hernández-
Montelongo et al. [178] using fractal analysis of Atomic Force Microscopy images.
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They found that the adsorption and aggregation processes of linear and non-linear
growth multilayers present strong differences. Thus, the assembly of linear growth
multilayers occurs by an initial aggregation of the deposited molecules followed by
their rearrangement, whereas a diffusion-limited aggregation was found when non-
linear growth films are considered. The latter results in diffusion gradients which
drive the formation of isolated aggregates and a significant increase in the multilayer
roughness. On the other side, linear growthmultilayers present relatively smooth and
regular surfaces. The existence of different aggregation patterns on polyelectrolyte
multilayers was also reported by Naas et al. [179] as a very important driving force in
the emergence of different types of growth. It should be noted that Picart et al. [156]
in the assembly of (PLL—HA)n multilayers also found the formation of heteroge-
neous patterns. However, they did not ascribe to the formation of such pattern any
role in the emergence of non-linear growth.

The above discussion points out clearly the absence of a true understanding of the
molecular mechanism controlling the assembly of polyelectrolyte layers. However,
the current picture suggests that the specific chemical nature of the assembled
polymer, and in particular its specific diffusivity, plays an essential role in the control
of the polyelectrolyte uptake and consequently the type of growth [170, 173, 180].

6.4 Charge Balance in Polyelectrolyte Multilayers

The direct electrostatic interaction between polyelectrolytes deposited in adjacent
layers is not enough for describing the assembly process of LbL films. This can
be understood considering that the assembly of polyelectrolyte layers involves at
least three different types of interactions: polyelectrolyte—polyelectrolyte, poly-
electrolyte—solvent, and polyelectrolyte—template [154, 181].

The emergence of charge inversion is commonly accepted as one of the most
important aspects guiding the deposition of charged species on oppositely charged
surfaces. This means that the adsorption continues beyond the neutralization of the
surface charge, leading to a final charge on the surface with the same sign that
the layering molecule [182]. This results from the steric hindrance, which does
not allow an effective neutralization of the bare charge of the surface and makes
necessary the deposition of a number of molecules higher than that required for a
stoichiometric neutralization of the surface charge. This results in the emergence
of a charge inversion phenomenon and the formation of a fuzzy layer with charged
segments protruding into the solution. The addition of successive layers to the film
follows a similar pathway to the above-described, with the charge overcompensa-
tion guiding the alternate deposition of the subsequent layers [20, 52, 152, 183].
Evidence of the overcompensation can be obtained for any technique allowing the
evaluation of the shifts of the surface charge upon the alternate exposure of a LbL
film to layering solutions containingmolecules bearing opposite charges, e.g., surface
potential, streaming potential, or zeta potential [20, 52, 127, 152–154, 156, 184–186].
Figure 6.5 shows the change of the zeta potential for (PDADMAC-PSS)n deposited
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Fig. 6.5 ξ potential shift as result of the alternate deposition of PDADMAC and PSS layers onto
silicon wafers from polyelectrolyte solutions with concentration of 10 mM, and ionic strength fixed
in 100 mM. Adapted with permission from reference Ferriz-Mañas and Schlenoff [187]. Copyright
(2014) (American Chemical Society)

onto silicon wafers [187], with the overcompensation being evidenced by the oscil-
lation of the zeta potential between values about + 100 mV and − 100 mV, upon the
deposition of PDADMAC and PSS layers, respectively.

The overcompensation emerges from the absence of a perfect matching of the
number of charged monomers in adjacent layers. This results in a charge excess
which leads to the instability of the multilayers, and hence it must be minimized to
ensure that the electroneutrality boundary conditions are fulfilled [153, 188]. This
requires a contribution that enables the counterbalancing of the charge excess. This
is possible by the incorporation of small ions into the multilayer, which compen-
sates for the excess charge appearing from the unpaired polyelectrolyte segments
[152, 155, 189–194]. The incorporation of small ions for compensating the charge
excess leads to the emergence of the so-called extrinsic compensation. It should
be noted that for specific polyelectrolyte pairs or assembly conditions, the role of
the counterions in the compensation appears negligible, which leads to an intrinsic
compensation. This is characterized by a perfect matching between the number of
charged monomers in adjacent layers, and hence the ionic equilibrium is established
in the multilayers upon the expulsion of the small ions from the film, which leads to
multilayers with stoichiometry 1:1 (polycation:polyanion). The formation of these
multilayers is driven by a very favorable entropic contribution to the reduction of the
free energy due to the release of the counterions from the film to the surrounding
media. The picture appears very different in absence of a perfect matching between
the charges of the polyelectrolyte in adjacent layers. This requires the incorpora-
tion of counterions for ensuring the electroneutrality of the multilayers, which can
result in multi-layered films presenting a broad range of different stoichiometries.
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Fig. 6.6 Sketch of the idealized distribution of polyelectrolytechains and counterions in adjacent
layers depending on the type of compensationmechanism. Reprinted with permission fromMateos-
Maroto et al. [76]. Open access under a CC BY 4.0 license, https://creativecommons.org/licenses/
by/4.0

Furthermore, the role of the entropy in the assembly process can be disregarded for
extrinsically compensated films. Figure 6.6 shows a scheme representing the ideal-
ized distribution of counterions and polyelectrolytes in adjacent layers depending on
the type of compensation mechanism.

The compensation mechanism depends on the ionic equilibrium, and hence the
modification of any parameter altering it may influence the structure and the physic-
ochemical properties of multi-layered films deposited using the LbL methods [152–
154]. The change of the ionic strength is probably the way to induce the strongest
modulation of the compensationmechanism of polyelectrolyte multilayers due to the
ionic condensation that modifies the effective charge density of the polyelectrolyte
chains [195] as was verified by Schlenoff and Dubas [154]. They found that the
compensation mechanism of (PDADMAC-PSS)n may be switched from a mainly
intrinsic one to a true extrinsic one. Thiswas rationalized considering that at low ionic
strength the assembly of the layers can occur with a release of counterions from the
film to the solution, whereas as the ionic strength increases the entropic contribution
associated with the release of counterions becomes almost negligible, and most of
the counterions remain embedded within the multilayer, leading to the emergence of
extrinsic compensation. It should be noted that the different role of the counterions
released in the assembly of LbL films leads to a very different energetic landscape
on intrinsic and extrinsic compensated films [152, 153]. The type of compensation
can be quantified by the introduction of compensation ratio Rc = ρ+

mon

/
ρ−
mon with

ρ+
mon and ρ−

mon being the densities of positively and negatively charged monomers
in adjacent layers [18]. Thus, for Rc ≈ 1, it should be expected a mostly intrinsic
compensation, whereas for values for Rc �= 1 the compensation should be considered
extrinsic, with an excess of cationic monomers forRc > 1 and of anionic ones forRc <
1. Figure 6.7a displays the dependence of the compensation ratio of the ionic strength,
I, for (PDADMAC-PSS)n multilayers [152]. Independently of the ionic strength, the
compensation ratio appears higher than 1, which indicates the existence of excess
PDADMAC monomers in relation to PSS ones in adjacent layers. This can be inter-
preted assuming that the compensation is extrinsic within the whole range of ionic
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Fig. 6.7 a Compensation ratio Rc in (PDADMAC—PSS)n multilayers as function of the ionic
strength. Adapted with permission from Guzmán et al. [152], Open access under a CC BY
4.0 license, https://creativecommons.org/licenses/by/4.0. b Representation of the asymmetrical
compensation in polyelectrolyte multilayers as function of the nature of the last deposited layer.
Reprinted with permission from Lehaf et al. [196]. Copyright (2012) (American Chemical Society)

strengths. Furthermore, the increase of the compensation ratio with the ionic strength
from values slightly higher than one suggests that the change of ionic strength drives
a transition from a quasi-intrinsic compensation to a clearly extrinsic compensation.
On the other side, the values of Rc also evidences that the compensation is strongly
dependent on the specific nature of the capping layer of the multilayer, and hence it
presents an asymmetric character [153, 196]. This is clearly assuming that the values
of the compensation ratio above 1 are associated with a large excess of PDADMAC
monomers in relation to PSS ones, which allows assuming that PDADMAC-capped
multilayers present a strongly extrinsic compensation, whereas the compensation
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becomes intrinsic for multilayers capped with PSS layers. This asymmetry is asso-
ciated with the specific nature of the polyelectrolyte pair and governs the structure
and physicochemical properties of the layers. In particular, for (PDADMAC—PSS)n
multilayers, the distribution of counterions within the multilayers leads to an asym-
metric osmotic stress, resulting in the formation of swelled and highly hydrated
PDADMAC layers, where PSS ones have a more collapsed conformation. Thus,
PDADMAC-capped multilayers present a higher roughness than those capped with
a PSS layer [153, 197] (see inset Fig. 6.7b).

The emergence of different compensation mechanisms in the assembly of poly-
electrolyte multilayers depends on the specific nature of the assembled pair and
the assembly conditions used in the deposition of the layers. This is related to the
different impacts of the enthalpic and entropic contributions on the assembly process
[198]. The assembly of (PDADMAC-PSS)n multilayers is governed by a strongly
exothermic complexation for films deposited from solutions of low ionic strength,
whereas endothermic complexation emerges with the ionic strength increases [85].

It should be noted that the entropic balance on the assembly of LbL multilayers
goes beyond the role of the ionic equilibrium, including two additional contributions:
(i) release and reorientation of hydration water [199–201], and (ii) reduction of the
degrees of freedom of the molecules due to their attachment to the surface [202,
203]. However, the role of two contributions in the assembly is smaller than that
associated with the release of counterions, and hence it is possible to neglect their
contributions to the entropic balance of the assembly [204].

6.5 Adsorption Kinetics

The timescale involved in the adsorption process of the polyelectrolyte layers plays
a critical role in controlling the physicochemical properties and structure of LbL
materials [174, 175, 205, 206]. This can be understood assuming that the stratification
appearing in differentmulti-layeredfilms emerges froman arrested adsorption,which
leads to the formation of films having a structure reminiscent of a freezing of the
deposition far from the steady-state conditions [207–209]. This may be ascribed to
the long time required for ensuring a complete reorganization of the polyelectrolyte
chains within the whole structure of the multilayers [210], which is compatible
with the better stratification obtained of multilayers assembled using methodologies
involving a low contact time between the layering solution and the multilayer (spin-
coating or spraying), in relation to those obtained by common dipping [91, 211].

The adsorption of polyelectrolyte layers can be considered a quasi-irreversible
process, and hence once the polyelectrolyte chains are anchored to the surface, they
remain trapped. This may be explained considering that the adsorption of polymer
chains on surfaces involves the binding of multiple monomers, and consequently,
the reversibility of the adsorption process will require their simultaneous desorption,
which is rather improbable because during the desorption of the bound monomers
it is possible that other segments can be attached on the surface. This makes almost
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impossible a complete desorption of a polymer chain from the surface within an
accessible time window [212, 213].

A detailed analysis of the kinetics of the layering process of polyelectrolytes on
LbL films shows that the deposition consists of at least two steps [20, 174, 175,
205, 214], which can be accounted by a phenomenological model defining the time
dependence of the surface concentration �(t) as [215–217]

Γ (t) = A1
(
1 − e−t/τ 1

) + A2(1 − e−t/τ 2)n, (6.1)

where A1 and A2 define for the amplitudes of the two adsorption steps, the fast and
slow adsorption one, respectively and τ 1 and τ 2 indicates the corresponding char-
acteristic times. The first step includes a diffusion-controlled adsorption combined
with the polymer adsorption through a barrier (electrostatic or steric) [213, 218].
The second term of the model account for the reorganization of the adsorbed chains
occurring after their initial adsorption on the multilayer, and hence it includes the
role of the reorganization of the polymer molecules within the surface plane, and
the diffusion of the polymer chains toward the inner region of the multilayer [214,
174]. The exponentn, having a value close to 1 in most of the for most multilayers,
makes it possible to reorganize Eq. (6.1) in terms of the limit surface concentration,
Γ ∞ = A1 + A2,

Γ = Γ ∞ − A1e−t/τ 1 − A2e−t/τ 2 . (6.2)

The above model includes the contribution of two kinetic processes occurring in
time scales that emerge well-separated. The first process includes a fast nucleation
of polyelectrolyte clusters on the surface, generally occurring within the five initial
minutes, whereas the second accounts for the slow reorganization of the material
adsorbed initially, and can be extended during a time ranging from few minutes to
several hours [222]. Figure 6.8 displays a set of data corresponding to the layering
process of a PDADMAC layer corresponding to the assembly of a (PDADMAC—
PSS)n multilayer in which the mathematical procedure allowing the separation of
the two adsorption processes is also defined.

Figure 6.8 shows that the above model provides a suitable representation of the
adsorption process, with the first step accounting for about the 60–80% of the final
Γ [18, 20, 53, 205]. The first adsorption process τ 1 appears commonly indepen-
dent on the number of deposited layers [20, 53]. However, τ 1 emerges strongly
dependent on any variable that affect to the assembly process (pH, ionic strength,
T, etc.) [213]. On the other side, for τ 2 it appears very complex dependences on the
number of layers, which makes very difficult the prediction of how this parameter
change when a specific polyelectrolyte pair is assembled [175, 174, 219]. This may
be rationalized considering that τ 2 accounts for any reorganization process occur-
ring in the multilayer plane, i.e., processes occurring within the multilayer surface of
the multilayer, in (PAH—PSS)n or (PDMAEMA—PSS)n films (PDMAEMA corre-
sponds to poly[2-(N, N-diethylamino)ethyl methacrylate]), and hence τ 2 remains
almost unchanged with the number of deposited layers [18, 175, 174]. However,
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Fig. 6.8 Layering kinetics, and discrimination of the two involved steps for the adsorption of
PDADMAC layer on a (PDADMAC—PSS)n film. a Adsorption kinetics. The solid line shows the
best fit to Eq. (6.2), with the two exponential steps being evidenced: (–) first fast step and (· · · )
second slow step. b Behavior in the long time limit for the adsorption plotted as ln(�∞ −�) versus
time, with the solid line representing the fit to a straight line. (c) Behavior in the short time limit
for the adsorption kinetics plotted as ln(�∞ − � − A2e−t/τ 2 ) versus time, with the fit evidenced
by a solid line. Adapted with permission from Guzmán et al. [175], Copyright (2011) (Elsevier)

there are other systems, e.g., (PDADMAC—PSS)n or (CHI—PAA)n films, in which
τ 2 accounts for two different types of processes: (i) in plane reorganizations of the
initially adsorbed material, and (ii) the diffusion of the molecules toward the inner
region of the 3D structure of the multi-layered films [20, 175, 174]. This leads to a
continuous increase of the τ 2 value with the number of deposited bilayers. The above
description of the adsorption kinetics can be considered analogous to that proposed
by Lane et al. [214], which are included up to three different steps: (i) initial transport
of the molecules from the bulk to the vicinity of the surface where they adsorb; (ii)
reorganization of the adsorbed molecules within the layer surface, and (iii) diffusion
of molecules toward the inner region of the self-assembled multi-layered structure.
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6.6 Internal Structure

The extension of the lamellar structure in polyelectrolyte multilayers, i.e., whether
adjacent layers are truly independent or are interpenetrated, is one of themost contro-
versial aspects in the study of polyelectrolyte multilayers. This is important because
the understanding of this issue presents a fundamental importance for the definition
of the stratification degree of LbLmulti-layered films as stratified materials [91, 175,
211]. The emergence of lamellar order has been found strongly dependent on the
specific polyelectrolyte pair, the conditions used for the layering, and the fabrication
protocol (contact time and deposition method) [13, 91, 175, 211].

An oversimplified view of the internal structure of polyelectrolyte multilayers
makes a division of 3D structure of the film into three different zones (three-zone
model), existing a progressive transition between the structure of adjacent regions
[185, 220, 221]. Thus, the zone I define the region closest to the substrate, and it is
the first region formed during the assembly of LbL films. This main characteristic
of the layers forming this region is the alignment of the chains along the substrate
surface, and its thickness remains unchanged during the whole assembly process.
Furthermore, the polyelectrolyte chains forming this region remain strongly trapped
and their mobility within the rest of the multilayer structure is very limited. The zone
II is formed following the zone I, and its thickness increases as the thickness of the
whole multilayer increases. This region presents a structure that is reminiscent of
that what appears in inter-polyelectrolyte complexes formed in solution [206, 220].
The most external region of the multilayer is the so-called zone III. This region
presents an almost constant thickness during the whole fabrication process, and its
structure resembles that appearing of free polyelectrolyte chains in solution [221,
222]. Therefore, it is possible to assume that polyelectrolyte multilayers are formed
by the following regions: (i) an inhomogeneous region close to the substrate, formed
due to the interactions between the surface and the polyelectrolyte, and (ii) a homo-
geneous region after the deposition of a certain number of layers. Figure 6.9 shows
how the different zones of the multilayers evolve as additional layers are deposited.

The above picture presents a general approach to the description of the internal
structure of polyelectrolyte multilayers. However, a deeper understanding of the

Fig. 6.9 Sketch of the three-zone model for the structure of a polyelectrolyte multilayer structure,
and its change as the number of layers increases. Adapted with permission from Porcel et al. [221].
Copyright (2017) (Elsevier)
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structure of polyelectrolytemultilayersmakes necessary the study of the organization
of the layers using neutron (NR) or X-Ray (XRR) reflectometry, or X-Ray photo-
electron spectroscopy (XPS) [152, 175, 205, 208, 209]. The combination of NR and
XRR allows the first systematic characterization of the stratification of (PAH—PSS)n
multilayers [208, 209]. These multilayers were found to present a certain degree of
stratification in the multilayers. Nevertheless, the structure of these multi-layered
films was found to be far from a truly lamellar system, existing a certain intermin-
gling between adjacent bilayers (three or more bilayers) [208, 209, 223]. Further-
more, they found that the structural pattern found from the NR and XRR results was
compatible with the three-zone model, which enables an appropriate description of
the correlations existing between the stratification degree and the thickness of the
multilayer. On the other hand, it was reported that the roughness of (PAH—PSS)n
multilayers increases as the number of layers increases, reaching an stationary value
due to the densification of the film [208, 209]. This is just the opposite situation to
that found for (PDADMAC-PSS)n multilayers, where the average roughness of the
film decreases as the number of layers increases [224]. This difference may be the
result of the different mechanisms involved in the assembly of (PAH—PSS)n and
(PDADMAC—PSS)n multilayers, and the different roles played in the interdiffu-
sion of the polyelectrolyte chains within the film, which is particularly important
for (PDADMAC—PSS)n films [174, 175]. Therefore, it is possible to distinguish
between the topological roughness as that found in (PAH—PSS)n multilayers [208,
209] and the roughness resulting from the assembly process as that appearing in
(PDADMAC—PSS)n films [224].

It should be noted that differences between (PAH—PSS)n and (PDADMAC—
PSS)n multilayers goes beyond the different impact of the assembly processes on
their roughness [152, 174, 175, 205, 208, 209]. Guzmán et al. [152, 175, 205] showed
the absence of a lamellar structure on (PDADMAC-PSS)n films with independence
of the conditions used for the film layering, which may be ascribed to the longer time
used for the deposition of thismultilayers in relation to those used on the deposition of
(PAH—PSS)n ones [208, 209]. This can be an indication of the existence of a dynamic
constrain to the equilibration of the film, which leads to the formation of stratified
filmsdue to the arresting of the layering process far from the equilibration. This agrees
with the results by Panchagnula et al. [207] obtained using molecular dynamics
simulation results. Thus, the emergence of a true stratification on the LbL films
depends on the adsorption kinetics, which is particularly clear from the comparison
of (PDADMAC—PSS)n and (PAH—PSS)n multilayers. In the former one, there is
no signature of stratification due to the important contribution of the interdiffusion to
the layering, whereas the emergence of certain time-dependent lamellar structurewas
found for (PAH—PSS)n multilayers [175]. The importance of the contact time on the
emergence of a lamellar structure on polyelectrolyte multilayers can be summarized
in terms of two main premises as was demonstrated by Selin et al. [225]: (i) short
contact times lead to the formation of films where the intermixing occurs only within
themost external layers, and (ii) long contact times result in a complete intermingling
along with the 3D structure of the multilayer.
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6.7 Conclusions

This chapter provides a comprehensive discussion of the current knowledge related
to some of the most fundamental aspects underlying the fabrication of polyelec-
trolyte multi-layered films using the Layer-by-Layer (LbL) method. The simplicity,
flexibility, and versatility of the LbL technique have led to a rapid evolution of this
methodology as a reference method for the fabrication of novel functional and struc-
tural materials. This has been accompanied by a continuous development of new
concepts and methodological approaches that make the study of the physicochem-
ical bases underlying the assembly process a key issue for helping the development
of new fundamental and applied aspects in the LbL field.
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Chapter 7
Supramolecular Assemblies Based
on σ-hole Interactions

Antonio Bauzá and Antonio Frontera

Abstract Elements belonging to Groups 14–17 and Periods 3–6 frequently act as
Lewis acids which are able to establish directional noncovalent interactions (NCI)
with a variety of Lewis bases (lone pair donors), π-systems (aromatic rings, triple
and double bonds) and non-nucleophilic anions (BF4–, PF6–, ClO4

–, etc.). These
promising NCIs are named in general as σ-hole interactions that are subdivided as
tetrel bonds for elements belonging to group 14, pnictogen bonding for group 15,
chalcogen bonding for group 16, and halogen bonding for group 17. In general,
σ-hole interactions offer differentiating features when moving down in the same
group (larger and more positive σ-holes) or moving left in the same row (number
of available σ-holes and directionality) of the periodic table. This chapter shows
that Molecular Electrostatic Potential (MEP) surface calculation is a powerful tool
to explain the solid-state architecture of many X-ray structures. This is exemplified
by using many examples retrieved from the Cambridge Structural Database (CSD),
especially focused on σ-hole interactions.

7.1 Introduction

Atoms of Groups (Gs.) 13–18 bonded to electron-withdrawing groups (EWG) form
favorable supramolecular complexeswith electron-rich atoms, anions, andπ-systems
[1–13]. The electrophilic atom was used to designate the ubiquitous hydrogen
bonding, consequently, the scientific community is employing nowadays the name
of the group of the Periodic Table (PT) the electrophilic atom belongs to refer to
donor–acceptor noncovalent interactions (NCIs) [14, 15].Actually, the “International
Union of Pure andAppliedChemistry (IUPAC)” has defined the terms “halogen bond
(HaB)” for NCIs of G–17 [16] and “chalcogen bond (ChB)” [17] for G. 18. More-
over, other terms are commonly used for other groups of the p-block, which are
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“aerogen or noble gas bonding” (NgB, G–18) [12], “pnictogen bonding” (PnB, G–
15)” [18, 19], “tetrel bonding” (TtB, G–14) [20], and “triel bonding” (TrB, G–13)
[7]. “Spodium bonding” (SpB, G–12) [21–23] and “coinage or regium bonding”
(CiB, G–11) are also utilized to name to NCIs where post-transition atoms act as
electrophiles and to discriminate this type of NCIs from classical coordination bonds
[24, 25]. Most recently, “matere” and “osme” bonding terms have been proposed to
name interactions involving groups 7 [26] and 8 [27], respectively. Several investi-
gations have shown that this family of NCIs can be used as a real alternative to HB
in several fields related to supramolecular chemistry. Excellent book chapters and
review articles describe interesting applications and fundamental aspects of this class
of NCIs [28–45]. Furthermore, interesting investigations have compared the σ-hole
interactions with the ubiquitous HB [46–51] in terms of geometric and energetic
features.

The attractive interaction (EWG–X· · ·A) between the p-block element (Lewis
acid, X) and σ-hole acceptor (A, Lewis base, anion, π-system) is the sum of
different contributions (see Fig. 7.1 for a representation of a prototypicalCF3I· · ·NH3

complex): electrostatics, charge transfer, orbital mixing, polarization and dispersion
forces [52, 53]. Typically, the electrostatic term is rationalized by the attraction
between the electron-rich nucleophile (A) and the region of positive electrostatic
potential located at the prolongation of the EWG–X bond, known as σ-hole. Disper-
sion and polarization terms are important contributors in those NCIs involving the
heavier elements of the groups, which are easily polarized [45, 54–58]. The orbital
term is rationalized in σ-hole NCIs as the global stabilization of the system due to the
electron donation from the electron-rich atom or group of atoms to the antibonding
EWG–X orbital [LP(A) or π (A) → σ*(EWG–Y)]. That is, the lone pair (LP) or π-
type orbitals (double/triple bond, aromatic ring, etc.) belonging to A interact with the
antibonding σ* orbital of the EWG–X bond. As commented above, the polarizability
of the atoms increases by descending the group of the periodic table. The positive
potential of the σ-hole consequently increases if the EWG–X bond is more polarized
and the strength of the NCI increases. Another way to polarize the EWG–X bond

Fig. 7.1 Supramolecular complex of NH3 and CF3I as σ-hole acceptor and donor, respectively.
Color code: blue positive and red negative
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is by increasing the electron-withdrawing ability of EWG. Therefore, the combina-
tion of heavy elements and strong EWG augments the positive potential and size
of the σ-hole and the NCI strengthens (the electrostatic term increases). Moreover,
the utilization of heavier elements in combination with strong EWGs decreases the
energy level of the σ*(EWG–X) orbitals, thus favoring the NCI by increasing the
stabilization via LP(A) orπ (A)→ σ*(EWG–Y) donation [53] and also by increasing
the contribution of the favorable dispersion term [59, 60].

Studies ofNCIs [61, 62] involving elements ofG–14 toG–17 are growing very fast
[14, 15, 63]. The distribution of electron density is anisotropic in halogen, chalcogen,
and pnictogen atoms due to the concurrence of σ-lumps and σ–holes on the same
element as shown by several investigations [36–46, 61, 62]. Inmonovalent G–17 (one
covalent bond), divalent G–16 (two covalent bonds), trivalent G–15 (three covalent
bonds), and tetravalent G–14 (four covalent bonds) elements, the number of σ-lumps
(LPs) goes from three to none and the number of σ-holes from one to four (ongoing
from G–17 to G–14).

In this chapter,MEP surfaces andX-ray structures retrieved from theCSDare used
to (i) illustrate the ability of p-block elements to participate in σ-hole interactions;
(ii) the utility of MEP surfaces to rationalize most of the solid-state architectures
observed in the X-ray structures and (iii) the superior ability of heavier elements to
establish structure-directing σ-hole NCIs.

7.2 Results and Discussion

7.2.1 Tetrel Bonding

Table 7.1 summarizes the polarizabilities (α) and van der Waals (vdR) radii of the
tetrel elements from periods 2 to 5. The atomic α value increases from 9.0 a.u. in C
to 37.3 a.u. in Sn. Remarkably, the difference in the atomic polarizability between C
and Si is quite large (~×3) and conversely, it is small between Si and Ge and modest
between Ge and Sn. The molecular electrostatic potential values at the σ-holes of
the fluoride derivatives of the four Tt elements studied in this section are also given

Table 7.1 Atomic polarizabilities (α, a.u.) of tetrel (Tt) elements, van der Waals radii (in Å), and
σ-hole MEP values (in kcal/mol) of their tetrafluoride derivatives

Tt α RvdW MEP (TtF4)

C 9.0 1.70 18.6

Si 26.1 2.10 39.0

Ge 28.4 2.11 50.2

Sn 37.3 2.17 66.5

Adapted from Ref. [1]
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Fig. 7.2 MEP surfaces of CF4 (a) and SnF4 (b) using the 0.001 a.u. isosurface

in Table 7.1 and the MEP surfaces of two of them are represented in Fig. 7.2. The
energetic data evidence that the MEP values increase when descending in the group,
parallel to the behavior observed for the atomic polarizability.

Figure 7.2 shows theMEP surfaces of CF4 and SnF4 as illustrative examples of the
whole series. Both present similar distribution of the electron-rich and poor regions
and they show that the σ-holes are small, thus anticipating a strong directionality of
the TtB interaction. As aforementioned, the MEP value measured at the σ-hole is
significantly larger in SnF4 than in CF4. Moreover, the MEP values at the F-atoms
are also more negative in SnF4 than in CF4 (see MEP scale), thus confirming that the
Sn–F is significantly more polarized than the C–F bond.

G–14 interactions are quite different compared to G15–G17 interactions in terms
of steric requirements. The approaching Lewis Base in an HaB complex is opposite
to the EWG that is bonded to the G–17 elements. Consequently, the bulkiness of the
EWG does not affect the halogen bonding NCI. However, steric effects intensify on
going from G–16 to G–14 NCIs, being the situation of ChBs rather similar to HaBs.
For PnBs the Lewis base is able to approach the G–15 elements without feeling
substantial repulsion. In G–14 σ-hole NCIs, the tetrahedral arrangement of the four
groups increases the steric demands that are more critical in the lighter elements of
the group [63].

7.2.1.1 Carbon

The behavior of the heavier elements of G–14 functioning as Lewis acids has been
investigated and reported for decades [20, 36, 64–67]. However, investigations dedi-
cated to study the carbon atom [68] are much more recent, in spite of it is the
most abundant Tt atom. Some recent investigations have evidenced that 1,1,2,2-
tetracyanocyclopropane [69–71] is a convenient σ-hole donor (both σ-holes merge
in the same spatial region) that establishes strong TtBs with electron-rich entities.
In fact, the intense σ-hole located in the middle of the (CN)2C–C(CN)2 bond has
been used in crystal engineering to construct highly ordered co-crystals. Figure 7.3



7 Supramolecular Assemblies Based on σ-hole Interactions 207

Fig. 7.3 TtBs in the solid-state ofCSD refcode “TUQYAI” (represented in ball and stick).Distances
in Å. H-atoms omitted

shows the X-ray packing of “TUQYAI” [72] that was designed to combine the σ-hole
donor and acceptor within the same molecule. The packing of this molecule forms
1D infinite chains in the solid-state that propagate via C· · ·O TtB interactions.

Moreover, Mani and Arunan [73] have described the ability of sp3 hybridized
carbon atoms in methyl group or aliphatic chains to participate in σ-hole interactions
leading to noncovalent “carbon bonding”. The term “carbon bonding” is not recom-
mended since it is widely used in covalent chemistry and it should be replaced by
tetrel bonding following the nomenclature recommended by the IUPAC for halogen
and chalcogen bonds [16, 17].

The importance of TtB as structure-guiding force in crystalline solids where the
σ-hole donor is an sp3 hybridized carbon atom has been recently reviewed [2].
The functional groups that are well-suited to form TtBs are basically methyl and
methylene groups bound to cations: ammonium, pyridinium, and sulfonium. These
strong EWGs foster quite short and directional TtBs. In a lesser extent, neutral EWGs
like fluorine, nitro, and cyano substituents are also able to promote the formation
of TtBs in the solid-state. Interestingly, it has been demonstrated that this type of
TtBs involving sp3-hybridized carbon atom is also relevant in enzymatic chemistry,
in particular the inhibition of serine proteases and antagonists of the muscarinic
acetylcholine receptor [74], as represented in Fig. 7.4.

Fig. 7.4 Partial view of the X-ray structure of 4NSY with indication of the carbon TtB (distance
in Å) between the alanine 110 and the TLCK ligand, both represented in ball and stick
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Fig. 7.5 TtBs in the solid-state of CSD refcodes “YOWKEB” (a), “BAHLEC” (b), and “AFUZAC”
(c). Distances in Å

X-ray solid-state structures of several exemplifying compounds are shown in
Fig. 7.5 where the TtBs involving carbon are relevant. The interactions are very
directional (angles very close to linearity) thus ruling out the formation of H-bonds.
The ammonium cation highly polarizes the C–N bond, thus promoting the forma-
tion of the charge-assisted TtBs. For instance, the methyl-quinolinium moiety in
“YOWKEB” [75] interacts with the iodide counter-anion by means of a short and
directional TtB (172°), see Fig. 7.5a. The methyl group of N,N,N-trimethyl glycine
fumarate [76] establishes a quite short and directional N–C· · ·O TtB (Fig. 7.5b)
with a C· · ·O separation of 3.036 Å and N–C· · ·O angle of 176.8° (“BAHLEC”
structure). Finally, the 9-cyano-10-methylacridinium [77] in “AFUZAC” (Fig. 7.5c)
propagates in the solid-state X-ray structure forming infinite 1D supramolecular
assemblies where the methyl group establishes a TtB with the N-atom of the cyano
group of the adjacent molecule (3.189 Å, see Fig. 7.5c) that is located exactly at the
prolongation of the N–CH3 bond.

Figure 7.6 shows two additional exampleswith neutral instead of charged systems.
Directional TtBs are crucial in the solid-state of [bis(trifluoroacetoxy)iodo]benzene
(refcode “CEZBEO01”) [78] directing the formation of infinite supramolec-
ular one-dimensional (1D) chains. The second example corresponds to chloro-
tricyanomethane (“CTCYME”) [79] where three directional TtBs guide the forma-
tion of a trimer with the lone pair donor atoms located opposite the C–Cl bonds (see
Fig. 7.6b). Curiously, the N-atoms are located opposite the Cl atom, instead of the
more EWG cyano group. This unexpected behavior has been previously described
in chalcogen bonding [80].
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Fig. 7.6 TtBs in the solid-state of CSD refcodes “CEZBEO01” (a) and “CTCYME” (b). Distances
in Å. H-atoms omitted

7.2.1.2 Silicon

Silicon is probably more prone to participate in noncovalent TtBs than the heavier
tetrels. This is due to the fact that tetravalent Ge and Sn can easily expand their
valence, thus engaging in covalent/coordination chemistry. Moreover, tetrahedral
lead(IV) compounds are quite uncommon and lead(II) has a rich coordination chem-
istry [81–84] and is considered a metal. Nonetheless, hypervalent species of Si are
also known [85–95] but are less abundant. NCIs involving silicon were originally
studied by Alkorta et al. [96] firstly in tetrahalosilanes theoretically and secondly
in aminopropylsilanes [97] combining theory and experiment. The energetic and
geometric features of TtBs in neutral and protonated RTtF3 (R = pyridinyl and
furanyl) systems have been analyzed by Scheiner et al. [98] for C, Si, and Ge, using
NH3 as LP donor.

Figure 7.7 depicts twoX-ray structures where relevant TtBs interactions involving
anions (chloride and fluoride) are established and the Si-atom has not expanded
valence. In “QOMBID” [99] structure (Fig. 7.7a), the bis(1-((1,1-dimethyl-2-
benzoylhydrazonio)methyl-C,O)-methyl)disiloxane molecule is able to recognize
chloride anions by means of two short Si· · ·Cl TtBs contacts. It is interesting that

Fig. 7.7 TtBs in the solid-state of CSD refcodes “QOMBID” (a) and “WAVYAV” (b). Distances
in Å. H-atoms omitted
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Fig. 7.8 MEP surface (0.001 a.u.) of dodecachlorohexasilinane in a chair conformation. (d) MEP
surface (0.001 a.u.) of dodecachlorohexasilinane in a planar conformation (D6h). Color code for
MEP surfaces: red negative and blue positive

the bridging O-atom also establishes a directional Cl· · ·OHaBwith a co-crystallized
solvent molecule (CHCl3). Both σ-hole interactions likely influence each other
leading to a mutual reinforcement. That is, the formation of the HaB enhances the
σ-hole at the Si-atom thus reinforcing the TtB. Moreover, the formation of the TtB
increases the nucleophilicity of the O-atom, thus reinforcing the HaB. The other
selected structure is a spherosilicate (“WAVYAV”, see Fig. 7.7b) where interesting
TtBs have been described. Experimentally, it has been observed that the utilization of
fluoride salts significantly increases the reaction yield in the synthesis of spherosili-
cates [100]. In fact, a fluoride anion is incorporated in the X-ray structure, perfectly
centeredwithin the octasiloxane cage, where eight Si· · ·FTtBs [101] are established.

As aforementioned, steric effect is likely the major drawback for the utilization of
TtBs as an alternative to other interactions likeHBorHaB for the design and synthesis
of functional systems. In Fig. 7.8a the MEP surface of dodecachlorohexasilinane in
the chair-like confirmation is shown. This conformation corresponds to theminimum
energy structure and evidence that the σ-holes are not accessible, and theMEP values
are very small (green color). However, if a planar the D6h conformation is imposed,
two intense and accessible positive regions appear above and below the Si6 ring (see
Fig. 7.8b) because the σ-holes of the Si-atoms merge in the same region.

Figure 7.9a shows the X-ray solid-state structure of Si6Cl12 that presents the
expected chair-like confirmation in line with the theoretical calculations (refcode
“AZAZUX”) [102]. Notably, the addition of chloride or iodide anions induces
planarity in the dodecachlorohexasilinane ring, as shown in Fig. 7.9b, c, refcodes
“LECXIC” [103] and “AZEBAJ” [102]. Parallel behavior is observed in dodecabro-
mohexasilinane that becomes planar upon addition of bromide anion (see Fig. 7.9d)
refcode “AZEBEN” [103]. The unexpected formation of these “inverse sandwich”
complexes [103, 104] upon addition of two equivalents of halide anions is due to
the concurrent formation of six TtBs. In fact, the formation of these TtBs strongly
agrees with the MEP surface shown in Fig. 7.8b and clearly compensates for the



7 Supramolecular Assemblies Based on σ-hole Interactions 211

Fig. 7.9 aX-ray structure of dodecachlorohexasilinane (refcode “AZAZUX”). b TtBs in the solid-
state of CSD refcode “LECXIC”. c TtBs in the solid-state of CSD refcode “AZEBAJ”. d TtBs in
the solid-state of CSD refcode “AZEBEN”. Distances in Å

energy difference between the chair and planar conformation of the six-membered
dodecachlorohexasilinane or dodecabromohexasilinane rings. The TtB distances are
longer and more directional (172°–175°) for the iodide anion (“AZEBAJ” structure)
compared to the bromide (“AZEBEN”) and chloride (“LECXIC”) derivatives.

7.2.1.3 Germanium and Tin

The investigation on TtBs [2, 20, 96, 97] is concentrated in the lighter elements
and those of the heavier elements are rare [105]. However, two reviews have been
published gathering much structural information demonstrating the tendency of Ge,
Sn to form very directional NCIs [106, 107] with a structural guiding role in crystal
structures of Ge and Sn. These reviews evidence that G–14NCIs aremore directional
than G–15 and G–16 NCIs and equivalent to G–17 NCIs.

Figure 7.10 shows two X-ray structures showing directional Ge· · ·O and Ge· · · F
σ-hole G–14 NCIs. The first one propagates in the solid-state forming infinite 1D
assemblies via directional σ-hole bonds (refcode “QAHXIG”) [108] exhibiting a TtB
distance of 3.520 Å and strong linearity (179.8°). The X-ray solid-state structure of
“VUZVUH” [109] is represented in Fig. 7.10b, showing the cuboidal Ge8O12(OH)8
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Fig. 7.10 TtBs in CSD refcodes “QAHXIG” (a) and “VUZVUH” (b). Distances in Å. H-atoms
omitted. Adapted from Ref. [1]

Fig. 7.11 TtBs inCSDrefcodes “BAJWOY” (a) andBIBQIN (b).Distances inÅ.H-atomsomitted.
Adapted from Ref. [1]

moiety. Interestingly, the fluoride anion is encapsulated in the center, similar to the
silicon cuboid structure commented in Fig. 7.7b (refcode “WAVYAV”).

For Tin, two X-ray structures have been selected characterized by the formation
of infinite 1D assemblies. The σ-lump donor atom approaches the tin element oppo-
site to the Sn–F bond in “BAJWOY” [110] and Sn–Cl in “BIBQIN” [111]. In the
latter, the Sn element establishes a quite short Sn· · ·N σ-hole tetrel bond taking into
consideration the low basicity of the sp-hybridized N-atom. Similarly, the fluorine
atom in “BAJWOY” (Fig. 7.11a) forms a short σ-hole TtB opposite to the covalent
Sn–F bond, thus proliferating the 1D assembly, in spite of the poor basicity of fluo-
rine. The short σ-hole bonds involving tin are due to its strong Lewis acidity, in line
with the MEP results (see Fig. 7.2).

7.2.2 Pnictogen Bonding

Manyworks describingG–15NCIs theoretically are available in the literature [43, 44,
112–119], but those describing experimental evidence are less frequent [120–123].
It has been recently used in supramolecular catalysis [124] and crystal engineering
[43, 44, 125]. Some examples are highlighted in this section.

Table 7.2 gathers the atomic polarizabilities (α) and vdW radii of G–15 elements.
The polarizability augments from 5.3 a.u. in nitrogen to 30.8 a.u. in antimony. As
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Table 7.2 Atomic polarizabilities (α, a.u.) of pnictogen (Pn)elements, van der Waals radii (RvdW,
Å), and σ-hole MEP values (kcal/mol) of their tetrafluoride derivatives

Pn α RvdW MEP (PnF3)

N 5.3 1.55 15.9

P 16.9 1.80 27.4

As 21.6 1.85 38.5

Sb 30.8 2.06 46.7

Adapted from Ref. [1]

Fig. 7.12 MEP surfaces of NF3 (a) and SbF3 (b) using the 0.001 a.u. isosurface

described in the tetrel atoms, the α difference between the elements of periods 2
and 3 is large (~ ×3) and small elements of periods 3 and 4. The difference is again
important between As and Sb. Compared to tetrel atoms, the pnictogen atoms are
less polarizable and exhibit smaller van der Waals radii. The molecular electrostatic
potential values at the σ-holes of the fluoride derivatives of the four Pn elements
studied in this section are also given in Table 7.2 and two of them are represented
in Fig. 7.12. The energetic data evidence that the MEP values at the σ-hole become
more positive when descending in the group, parallel to the behavior observed for
the tetrel atoms (see Sect. 7.2.1).

MEP surfaces of NF3 and SnF4 are shown in Fig. 7.12 as examples of the whole
series. The NF3 molecule presents well-defined σ-holes opposite to the NF covalent
bonds. In contrast, the SbF3 molecule presents a wide region of positive potential
where the global maximum is located approximately opposite to the Sb–F bonds.
Therefore, it is expected that PnBs involving the heavier Pn-atoms are less directional
thanTtBs.TheMEPvalue is significantly larger inSbF3 than inNF3.As also observed
for the TtF4 molecules, the MEP values at the F-atoms are more negative in the SbF3
than in NF3, thus revealing that the Sb–F is significantly more polarized than the N–F
bond. The MEP values at the σ-holes are greater for tetrel atoms than for pnictogen
ones, in agreement with the atomic polarizabilities.
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7.2.2.1 Nitrogen

As far as our knowledge extends, there is no experimental evidence of σ-hole interac-
tions involving nitrogen acting as Lewis acid (σ-hole donor). In sharp contrast, there
are numerous examples where the N-atom participates in π-hole interactions, partic-
ularly in nitro-derivatives (R-NO2) [126–128] and azide metal complexes (M-N3)
[129]. Nitrate anions can even act as π -holes donors in crystal structures when the
negative charge is partially transferred to adjacentmolecules bymeans of noncovalent
interactions such as hydrogen bonding [130] or coordination bonds [131]. Moreover,
rotational spectroscopy experiments revealed that π -hole bonding geometry prevails
in the gas phase for the complex between Me3N and MeNO2 [132].

In this section, we have explored the CSD to search for examples of pnictogen
bonding considering charged species, and in particular R–N+H3 compounds. Simi-
larly to charge-assisted tetrel bonding interactions involving the carbon atom in
complexes of type R3N+–CH3· · ·A (see Fig. 7.5), it can be envisaged the existence
of pnictogen bonding of type R–N+H3· · ·A. In this type of complex, the electron-rich
atom must approach the N along with the R–N bond, thus preventing the formation
of H-bonds. In Fig. 7.13, a prototypical example is shown where the ammonia as
Lewis base approaches methylammonium cation, establishing a PnB, as shown by
the QTAIM analysis [133] of bond critical points (red spheres). Interestingly, no
bond critical points and bond paths are obtained between the N-atom from ammonia
and the H-atoms of the ammonium cation, thus suggesting the true PnB nature of this
interaction. The interaction energy is very large (–18.9 kcal/mol) due to the cationic
nature of the pnictogen bond donor atom.

X-ray solid-state structures of three exemplifying compounds are shown in
Fig. 7.14 where the C–N+H3· · ·O PnBs are important. The interactions are very
directional (angles very close to linearity, C–N· · ·O > 176°) thus preventing the
formation of H-bonds. The 2-carboxyanilinium moiety in DISGEU [134] forms
self-assembled dimers where two symmetrically equivalent PnBs are established
(see Fig. 7.14a). The O-atoms of the carboxy groups approximate the RN+H3 groups
by means of very short (2.738 Å) and directional (176.5°) C–N· · ·O PnBs. In the
ENOBUF [135] structure, the benzylammonium cation and the adjacent benzoate
form a highly directional PnB (Fig. 7.14b) with a N· · ·O separation of 3.023 Å

Fig. 7.13 QTAIM analysis of bond critical points and bond path in the prototypical
CH3N+H3· · ·NH3 σ-hole complex
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Fig. 7.14 PnBs in the solid-state of CSD refcodes DISGEU (a), ENOBUF (b) and HEKSIX (c).
Distances in Å

and N–C· · ·O angle of 177.3° The third example corresponds the zwitterionic form
of 2-aminotoluene-4-sulfonic acid (refcode HEZSIZ) [136] that propagates in the
solid-state X-ray structure forming infinite 1D supramolecular assemblies where the
ammonium group establishes a PnB with the O-atom of the sulfonate group of the
adjacent molecule (3.929 Å, see Fig. 7.14c) that is located at the prolongation of the
C–NH3 bond (178.9°).

7.2.2.2 Phosphorus

The ability of phosphorous to participate in PnBs has been studied theoretically
[44] and experimentally [122, 137, 138]. Recently, it has been demonstrated the
formation of P· · ·O donor–acceptor PnBs in PCl3-CH3OH adducts using matrix
isolation infrared spectroscopy [122]. Similarly, experimental results have proved
the formation of P· · ·O and P· · · π PnBs in PCl3-H2O and PCl3-C6H6 systems,
where PnBs dominate over conventional hydrogen bonds [137, 138].

There are many works in the literature where PnBs are recognized as impor-
tant interactions in the solid-state of arsenic [139–141], antimony [142–146], or
bismuth [147–155] compounds. However, those involving phosphorus are quite
uncommon [156]. Figure 7.15 shows four X-ray structures involving tertiary amines
and PBr3 where highly directional PnBs are formed [157]. For some amines like
trimethylamine (“MEWXOB”) or tetramethylethylenediamine (“MEWXUH” and
“MEWYAO”), one or two Br atoms are substituted by the nucleophilic N-atoms
(covalent P–N bonds are formed) while the bromide leaving group remains close to
the P-atom establishing P· · ·Br–PnBs (see Fig. 7.15). In contrast, in the X-ray co-
crystal of 1,4-dimethyl pyperazine and PBr3 (“MEWYES”), the substitution is not
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Fig. 7.15 PnBs in the solid-state ofCSD refcodes “MEWXOB” (a), “MEWYES” (b) “MEWXUH”
(c) and “MEWYAO” (d). Distances in Å

observed and trimeric adducts are formed where two very directional P· · ·N bonds
(179.5°) are formed with the axial lone pairs pointing exactly to the elongation of
the Br–P bonds [157].

An additional example of a solid-state structure governed by PnBs is
given in Fig. 7.16. In the “ICOJAO” structure [158], two different P· · ·O
PnBs involving two O-atoms from trifluoromethanesulfonate anion as donor

Fig. 7.16 PnBs in the solid-state of CSD refcode “ICOJAO”. Distances in Å. H-atoms omitted
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are observed. These interconnect two molecules of 2,4,8,10-tetra-t-butyl-
12-methyl[1,3,2]benzoxazaphospholo[2,3-b][1,3,2]benzoxazaphosphol-12-ium
cations. The structure forms a supramolecular polymer (Fig. 7.16) guided by these
PnBs, where the shortest one (2.760 Å) corresponds to the electrostatically enhanced
N+–P· · ·O contact involving the most polarized bond. The other one O–P· · ·O is
longer but more directional (173.1°).

7.2.2.3 Arsenic and Antimony

As aforesaid, As and Sb form stronger σ-hole PnBs than nitrogen and phosphorous.
In fact, it has recently shown its utility in catalysis [159] and molecular recogni-
tion of anions [160]. Sb is the most promising element to construct supramolecular
assemblies based on PnBs and receptors for the trapping of anions [161, 162].

Figure 7.17 shows the packing As(N3)3 (ICSD refcode “413360”) and Sb(N3)3
(ICSD refcode “413359”) structures [163], to exemplify the ability of trivalent arsenic
and antimony to form concurrent σ-hole G–15 NCIs. In the crystal packing, each
Pn(N3) molecule establishes three PnBs, thus determining their solid-state archi-
tecture. The three σ-hole interactions are symmetrically equivalent in the antimony
derivative.

As(CN)3 molecule in the solid-state establishes three concurrent PnBs that deter-
mine its crystal packing, as shown in Fig. 7.18a, refcode “USEPUF” [164]. The
As· · ·N distances are shorter than the sum of van der Waals radii and the angles
characterizing the PnBs range from 161° to 162°. In “UROZIL” [165] structure
(Fig. 7.18b) the As atom establishes three contacts with the O-atoms of the phos-
phine oxide groups with PnB angles ranging 167° to 177°. In “UROYUW” [165]
structure (Fig. 7.18b) the SbF3 units interact with two electron-rich O-atoms (PnB
contacts) generating a supramolecular ring. In case of “USEQAM” structure [164]
the Sb(CN)3 and 2,2′-bipyridine form a co-crystal (Fig. 7.18d). Two of the σ-hole

Fig. 7.17 PnBs in the solid-state of ICSD refcodes 413,360 (a) and 413,359 (b). Distances in Å.
Adapted from Ref. [1]
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Fig. 7.18 PnBs in the solid-state of CSD refcodes “USEPUF” (a), “UROZIL” (b), “UROYUW”
(c), and “USEQAM” (d). Distances in Å. Adapted from Ref. [1]

contacts are very short (with bipyridine) and the other one is longer (established with
the N-atom of the cyano group) in line with the low basicity of the latter. These PnBs
govern the X-ray packing of the co-crystal.

The angles observed for the PnBs NCIs shown in Figs. 7.17 and 7.18 are less
linear than those described for G–14 NCIs (see previous section) in agreement with
the MEP analysis (see Figs. 7.2 and 7.12) evidencing more intense and accessible
σ-holes in the Pn-derivatives.

7.2.3 Chalcogen Bonding

A significant advancement has been accomplished in the field of ChB applications,
especially in supramolecular chemistry, crystal engineering, and supramolecular
catalysis [3, 9, 10, 42].

Table 7.3 summarizes the atomic α values and vdW radii of the G–16 atoms from
periods 2 to 5. The polarizability of the Ch-atoms value augments from 3.0 a.u. in
oxygen atom to 25.9 a.u. in tellurium atom. Remarkably, the increment in the α value
on going from oxygen atom to sulfur atom is very significant (~ ×4), similarly to
previous observations for G–14 and G–15 elements. The increments are smaller on
going from S to Te. The maximum (σ-hole) molecular electrostatic potential values
are indicated in Table 7.3 and two of them are depicted in Fig. 7.19. The MEP values
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Table 7.3 Atomic polarizabilities (α, a.u.) of G–16 atoms, vdW radii (RvdW, Å), and σ-hole MEP
values (kcal/mol) of ChF2

Ch α RvdW MEP (ChF2)

O 3.0 1.52 16.8

S 11.8 1.80 35.6

Se 17.5 1.90 44.9

Te 25.9 2.06 52.6

Values are taken from Ref. [1]

Fig. 7.19 MEP plots of OF2 (a) and TeF2 (b) using the 0.001 a.u. isosurface

at the σ-hole augment from 16.8 kcal/mol in OF2 to 52.6 kcal/mol in TeF2. TheMEP
values at the σ-holes of the chalcogen fluoride are smaller than those of pnictogen
and tetrel fluorides, revealing that the electrophilicity decreases when moving from
G–14 to G–16.

Figure 7.19 depicts the MEP surfaces of OF2 and TeF2 as illustrative examples of
the whole series. In OF2 the σ-holes opposite to the F–O bonds are small and clearly
defined. In contrast, TeF2 shows a large and positiveMEP region along the molecular
plane connecting bothσ-hole. Therefore, the formation of linearChBs is not expected
in the heavier Ch-atoms, in line with the heavier Pn-atoms (see Fig. 7.12). In contrast,
all G–14 atoms exhibit small σ-hole (see Fig. 7.2 for CF4 and SnF4) explaining their
linear TtBs in the X-ray structures.

7.2.3.1 Oxygen

The oxygen atom is a very poor Ch-bond donor due to its low polarizability (lower
than C and N, see Tables 7.1, 7.2 and 7.3) and large electronegativity. Several theo-
retical investigations have demonstrated the existence of attractive chalcogen bonds
in O(CN)2 and OF2 compounds, among others [166–168] with a variety of electron
donors.
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Fig. 7.20 ChBs in the solid-state of CSD refcodes “EKUJOL” (a), “FORMOQ” (b) and
“IMUXAQ” (c). Distances in Å. H-atoms omitted

To date, there is not any conclusive experimental evidence for the existence of
σ-hole ChBs involving O-atom as Lewis acid. However, it should be mentioned that
Scilabra et al. [169] have proposed their participation in the crystal packing of 2-
methylsulfonyl-3-(2-chloro-5-nitrophenyl)oxaziridine and several oxynitrobenzod-
ifuroxan derivatives. In Fig. 7.20, three examples where directional O· · ·O ChBs
dictate the formation of 1D supramolecular polymers are shown. In case of “EKU-
JOL” [170] and “IMUXAC” structures [171] the monomers are anionic (tetrazo-
late rings) thus forming anion· · · anion ChBs. In contrast “FORMOQ” [172] struc-
ture corresponds to the neutral 4,4′-dinitro-3,3′-bi-1,2,5-oxadiazole 2,2′-dioxide. It
should be emphasized the very short O· · ·O distance observed in this X-ray struc-
ture that rules out the possibility that the position of the O-atoms is simply due
to packing effects in the crystal state, where the O-atoms are located in the least
repulsive position.

7.2.3.2 Sulfur

ChBs involving sulfur is not very strong compared to the heavier chalcogens and
consequently, their utilization in solution is not frequent. In contrast, ChBs involving
sulfur in the solid-state are commonly described in sulfides, disulfides, and trisulfides
derivatives as typical σ-hole donors [169]. Moreover, sulfur-containing heteroaro-
matics [169] are also excellent synthons frequently used in crystal engineering. As
example of sulfide, we have selected the crystal structure of 2,2,4,4-tetrafluoro-1,3-
dithietane (refcode “FAZVUA” [173], see Fig. 7.21a). Single crystal X-ray analysis
shows that intermolecular C–S· · · F chalcogen bonds are the shortest contacts in its
solid-state structure. Analysis of the MEP surface (Fig. 7.21b) indicates that these
contacts result from the attraction between the negative regions of fluorine atoms and
the positive regions resulting from the merging of positive σ-holes located at sulfur
and carbon atoms. This merging of both σ-holes causes the small C–S· · · F angles in
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Fig. 7.21 a ChBs in the solid-state of CSD refcode “FAZVUA”. Distances in Å. H-atoms omitted.
bMEP surface of perfluoro-1,3-dithietane using the 0.001 a.u. isosurface

the ChB contacts that are far from linearity (154.2° and 156.9°), where the F-atoms
are displaced toward the C-atoms.

Figure 7.22 shows two representative examples of ChB in disulfides and trisul-
fides. The X-ray structure of the 4-(4-nitrophenyl)-1,2,3,5-dithiadiazolyl radical
(refcode “ASOFAR”) shows that the O-atoms of the nitro group are located oppo-
site the S–N bonds establishing two concurrent and directional S· · ·O ChBs, thus
promoting the formation of 1D supramolecular polymers. Similarly, in the selected
example to illustrate ChBs in trisulfides (refcode “DAHDOF” [174], Fig. 7.22b),
the 6-trifluoromethyl-4-nitrobenzotrithiole propagates in the solid-state forming 1D

Fig. 7.22 ChBs in the solid-state of CSD refcodes “ASOFAR” (a) and “DAHDOF” (b). Distances
in Å
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Fig. 7.23 ChBs in the solid-state of CSD refcodes “MIDHUF” (a) and “EFUNEA” (b). Distances
in Å. H-atoms omitted

supramolecular polymers guided by ChBs established between the nitro group as
donor and the trisulfide as acceptor. In this example the directionality is modest
(154.7°) thus further confirming that ChBs are less directional than TtBs.

Finally, “MIDHUF” [175] and “EFUNEA” [176] structures exemplify ChBs
in heteroaromatic rings. Figure 7.23a shows the X-ray structure of (2-amino-1,3-
benzothiazole-6-sulfonamide)-aqua-(pyridine-2,6-dicarboxylato)-Cu(II) complex.
This molecule forms self-assembled dimers in the solid-state bymeans of two S· · ·O
contacts that are quite short (3.373 Å). The coordination of the thiazole ring to the
Cu(II) increases the Lewis acidity at the S-atom, thus reinforcing theChB interaction.
The “EFUNEA” (Fig. 7.23b) solid-state structure forms 1D supramolecular chains
in the solid-state where the sp2-hybridized lone pair is located opposite to the C–S
bond, thus establishing short and quite directional ChB (174°).

7.2.3.3 Selenium and Tellurium

Selenium is a vital trace element [177, 178] that is continuously under investiga-
tion. Its derivatives are important in the pharmaceutical industry. Several reviews
[9, 40, 41] are available in the literature devoted to the study of organoselenium
compounds and their interactions with electron-rich species. Many examples in the
literature demonstrate the ability of organic diselenides to establish both intermolec-
ular and intramolecular ChB with electron-rich atoms, which are stronger and more
directional in the prolongation of the Se–Se bond [9]. Two examples are shown in
Fig. 7.24, one illustrating ChB interactions in the prolongation of the diselenide bond
(refcode “FEYBAP” [179]) and the other illustrating ChBs in the middle of the Se–
Se bond, as a consequence of the overlapping of both σ-holes (refcode “HOGBOW”
[180]).

Two examples of σ-hole ChBs in selenodiazoles are depicted in Fig. 7.25. The
“SAJPAY” and “SAJQED” [181] are co-crystals. The coformers of “SAJPAY” struc-
ture are 3,4-dicyano-1,2,5-selenodiazole and p-methoxypyridine-N-oxide and those
of “SAJQED” structure are 1,2,5-selenodiazole and p-phenylpyridine-N-oxide. They
exhibit the samemotif (four-membered supramolecular rings) governedby the forma-
tion of two σ-hole chalcogen bonding interactions (Fig. 7.25a, b). To illustrate the
relevance of selenium as Lewis acid, the structure of refcode “GEFVOC10” [182] is
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Fig. 7.24 ChBs in CSD refcodes “FEYBAP” (a) and “HOGBOW” (b). Distances in Å. H-atoms
omitted. Adapted from Ref. [1]

Fig. 7.25 ChBs in the solid-state of CSD refcodes “SAJPAY” (a), “SAJQED” (b), “GEFVOC10”
(c), and “QUHYAV” (d). Distances in Å. H-atoms omitted. Adapted from Ref. [1]

represented in Fig. 7.25c. It is flat and the selenium atoms act as double σ-hole donors
toward the nitrogen atoms of the CN groups with an angle of 169.5°. These short
ChBs connect the molecule with four neighbors (Fig. 7.25c), dictating the formation
of infinite 2D supramolecular assemblies. The co-crystal of 18-crown-6 with sele-
nium dicyanide (refcode “QUHYAV” [183]) is represented in Fig. 7.25d. It shows
two short and moderately directional ChBs that are established opposite to both
electron-withdrawing cyano groups, confirming the σ-hole nature of the interaction.

Organotellurium compounds usually exhibit intense σ-holes without being
bonded to strong electron-withdrawing groups. Consequently, their utilization in
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Fig. 7.26 ChBs in CSD refcodes “CISPUP” (a) and “FELPUH” (b). Distances in Å. Adapted from
Ref. [1]

host–guest chemistry and catalysis [11, 184, 185]. An excellent review highlighting
ChBs involving tellurium derivatives has been reported [186]. In addition, theoretical
works have demonstrated that the heavier G–16 atoms form strong chalcogen bonds
[187, 188].

Figure 7.26 represents two tellurium derivatives exhibiting ChBs. In the refcode
“CISPUP” [189], an interesting head-to-tail 1Dpolymer is observed in the solid-state.
That is, the Te atom establishes double chalcogen bonds with the sulfur atoms of the
next molecule (Fig. 7.26a) propagating the 1D polymer. Refcode “FELPUH” [190]
self-assembles forming dimers in the crystal packing via two short and symmetrically
equivalent Te· · ·NChBs. The directionality of the ChBs is in general moderate in the
two structures represented in Fig. 7.26. This fact agrees well with theMEP surface of
TeF2 that shows extended and deep σ-holes, thus allowing larger rearrangements and
readjustments of the geometries in these molecules due to the influence of secondary
interactions and packing effects without a significant weakening of the ChB.

7.2.4 Halogen Bonding

After hydrogen bonding, the HaB interaction is likely the most popular σ-hole based
NCI [29–39] and has inspired the investigation and generalization of σ-hole NCIs
in G–14 to G–16 elements. The HaB interaction is briefly described herein since
several book chapters and reviews are available in the literature [29–39].

Table 7.4 gathers the α-values and vdW radii of the G–17 elements (periods 2–
5). The polarizability of halogen atoms augments from 1.8 a.u. in fluorine atoms
to 22.6 a.u. in iodine atoms. As previously observed for G–16 atoms, the atomic
polarizability of chlorine atom is four times greater than that of fluorine atom while
the differences for the rest of G–17 elements are smaller. The molecular electrostatic
potential values gathered in Table 7.4 (see also Fig. 7.27) show the classical behavior.
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Table 7.4 Atomic polarizabilities (α, a.u.) of halogen (Ha) elements, van der Waals radii (RvdW,
Å), and σ-hole MEP values (kcal/mol) of their tetrafluoride derivatives

Ha α RvdW MEP (HaF)

F 1.8 1.47 15.9

Cl 8.4 1.75 42.3

Br 14.0 1.89 49.7

I 22.6 1.98 55.8

Values are taken from Ref. [1]

Fig. 7.27 MEP plots of F2 (a) and IF (b) using the 0.001 a.u. isosurface

That is, the MEP values increase from 15.9 kcal/mol in F2 to 55.8 kcal/mol in IF,
parallel to the behavior observed for the atomic polarizability values.

Figure 7.27 shows the MEP surfaces of F2 and IF as illustrative examples of the
whole series. In both molecules the σ-holes are small and well-defined opposite to
the F(I)–F bonds thus predicting stronger directionality in HaB in comparison to
ChB or PnB and similar to TtBs that also showed well-defined σ-hole regions (see
Fig. 7.2).

7.2.4.1 Fluorine

The participation of fluorine in donor–acceptor interactions as acceptor is rather
uncommon [191]. In the literature, it has occasionally termed fluorine bond [192–
194]. Several theoretical studies have demonstrated that fluorine has the capability
of forming HaBs if the EWG bonded to F is sufficiently electron-withdrawing. [194–
198]. In 2011 Hardegger et al. [199] analyzed both the CSD and PDB databases and
suggested that it is possible to form an XB between organofluorine compounds and
electronegative atoms. In fact, the experimental evidence for the existence of a HaB
arises from crystal structure analyses where an F atom sits in fairly close proximity to
an electron-rich atom (closer than the sum of their vdW radii). A number of crystals
[200–204] have shown close contact of F with electron donor atoms. However, it is
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not obvious to distinguish an interaction attractive enough to affect the structure as
opposed to one in which the atoms are close to each other simply because they do
not repel one another [205].

7.2.4.2 Chlorine

Chlorine is less used inmolecular recognition, crystal engineering, and catalysis than
the heavier halogens bromine and iodine. It is because the HaB interactions involving
chlorine as σ-hole donor are significantly weaker and less competitive in polar media
than those of bromine and iodine. In contrast, HaBs involving chlorine are abundant
in crystal structures (solvates). It has been demonstrated that the co-crystallization of
halogenated solvents is favored whenever the crystal components have free available
lone pairs to participate in HaB interactions. Actually, solvates of CCl4, CHCl3, and
CH2Cl2 [39] are frequently obtained.

Figure 7.28 represents the X-ray structures of three solvates as representa-
tive examples. These are refcodes “CABZOU11” [206], “FIYLEG” [207], and
“NAXYIW” [208] corresponding to CHCl3, CH2Cl2, and CCl4 co-crystals, respec-
tively. In all cases, the HaB interaction with the solvent molecule is very direc-
tional (>173°) as common in HaBs and in agreement with the MEP surface anal-
ysis commented above. It is worthy to comment the X-ray structure of the tetra-
chloromethane solvate of 3,5-dichloro-4-cyanobenzoic acid (Fig. 7.28c) where the
3,5-dichloro-4-cyanobenzoic acid forms self-assembled dimers in the solid-state
stabilized by two symmetrically equivalent Cl· · ·N HaBs, where the electron donor
is likely the π-system of the cyano group. Furthermore, the self-assembled dimer

Fig. 7.28 HaBs in the solid-state of three solvates, CSD refcodes “CABZOU11” (a), “FIYLEG”
(b), and “NAXYIW” (c). Distances in Å
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interacts with two adjacent CCl4 molecules forming two additional and directional
Cl· · ·N contacts.

7.2.4.3 Bromine and Iodine

HaBs involving bromine and iodine as σ-hole donors are commonly used in crystal
engineering, catalysis, supramolecular chemistry, molecular recognition of anions,
and membrane transport and plenty of information is available in the literature [28–
39, 47–51]. Therefore, this section is devoted to discussing more unconventional and
recent investigations on halogen bonding where the Lewis base is a transition metal
complex, that is the dz2[M] acts as electron donor instead of a more conventional
Lewis base (see Fig. 7.29).

Conventional Lewis bases are LP-bearing atoms (N, P, O, S, Ha) that are typi-
cally used in halogen bonding. Furthermore, electron-rich carbon atoms in neutral
molecules (CO), anions (CN–, RCC–), and π-systems (double and triple bonds) are
used as typical σ-hole acceptors.Much uncommon and counterintuitive is the utiliza-
tion of a lone pair located in a filled dz2-orbital as halogen bond acceptor. In fact,
a metal cationic center is able to act as σ-hole acceptor if it contains one LP in a
filled d-orbital. Several works report the utility of such uncommon halogen bonds in
supramolecular chemistry and crystal engineering [209, 210].

Nitroguanidate Ni(II) complex is represented in Fig. 7.3, refcode “MEBXID”
[210], that is co-crystallizedwith 1,3,5-triiodotrifluorobenzene (FIB), a good halogen
bond donor. It establishes two symmetrically related Ni· · · I interactions with FIB.
The Ni· · · I distance is shorter than the �RvdW(Ni + I = 3.61 Å). It can be observed
that the directionality of the interaction does not correspond to the expected for a

dz2[M]

EWG

Br,I

EWG

Br,I

N

orthodox
Lewis base

unorthodox
Lewis base

Fig. 7.29 Schematic representation of conventional and unconventional HaBs
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Fig. 7.30 MEP surfaces of Ni(nitroguanidate)2 (a) and [RhCl2(COD)]2 (c) using the 0.001 a.u.
isosurface (energies in kcal/mol).HaBs in the solid-state of three solvates,CSDrefcodes “MEBXID”
(b) and “AMUPAC” (d). Distances in Å. Adapted from Ref. [1]

semicoordination bond, since the C–I· · ·Ni angle is 142.5°. The molecular electro-
static potential plot (see Fig. 7.30a) evidences that the potential value is negative
over the nickel atom. The MEP the minimum is located between the nitrogen and
oxygen atoms (in the molecular plane of the nitroguanidate moiety). The potential
value over Ni atoms suggests that this contact can be defined as HaB, which is also
sustained by a recent work that has proved that the FIB molecule is able to establish
HaBs with C–I· · ·LP angles far from linearity (up to 105°) [211].

Rh(I) complex of formula [RhCl2(COD)]2 (COD = 1,5-cyclooctadiene) has
been recently used in crystal engineering as σ-hole acceptor molecule [212].
Combined theoretical and experimental investigations showed that the dz2-orbitals of
rhodium(I) metals deliver enough nucleophilicity to form three-center halogen bonds
with iodine derivatives as σ-hole donors. Both Rh(I) metal centers act concurrently
as HaB acceptors, as observed in refcode “AMUPAC” structure (see Fig. 7.30d).
The molecular electrostatic potential plot is represented in Fig. 7.30c evidencing
the nucleophilicity of the Rh2Cl2 core (–20 kcal/mol). This double σ-hole halogen
bonding interaction is responsible for the formation of an infinite 1D assembly in the
X-ray structure (see Fig. 7.30d).

Remarkably, square planar Pd(II) and Pt(II) halide complexes have the remark-
able ability to establish halogen bonds where the M(II) center (M = Pd and Pt)
acts as σ-hole acceptor [213–217]. The pioneering work using Br,I· · · dz2[Pd]
halogen bonding interactions was published in 2018 by Boyarskiy and co-workers
[214]. Several crystal structures using Pd and Pt as metals of formulas trans-
[MCl2(NCNMe2)2]·2CHX3 were reported (X = Br, I). Two of them are represented
in Fig. 7.31a, b where it can be observed that the C–Ha bonds (“LIHMIB”, Ha= Br)
and (“LIHMEX”, Ha = I) point to the metal center. Theoretical and experimental
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Fig. 7.31 HaBs in the solid-state of three solvates, CSD refcodes LIHMIB (a) and AMUPAC (b).
Distances in Å. MEP surfaces of Pt(NCNMe2)2Cl2 (c) and Pt(NCNMe2)2Cl2 (d) using the 0.001
a.u. isosurface (energies in kcal/mol). Adapted from Ref. [1]

results corroborate that these contacts are halogen bonding interactions in nature.
Indeed, the molecular electrostatic potential surfaces represented in Fig. 7.31c, d
evidence that the potential values above the metal centers are negative (–32 and
–25 kcal/mol for Pt and Pd, respectively), thus adequate for acting as Lewis bases.

7.3 Concluding Remarks

The data gathered in Tables 7.1, 7.2 and 7.3 shows that the polarizability of the
elements belonging to G–14 to G–17 increases going from period 2 to 5. There is
a large gap between elements of periods 2 and 3 that explain the very low ability
of the lightest elements of the groups to participate in σ-hole interactions (apart
from carbon). The molecular electrostatic potential values obtained for the fluoride
derivatives of those elements at the σ-holes augments when descending in the group,
parallel to the atomic polarizability. G–14 and G–17 elements exhibit more intense
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σ-holes than G–15 and G–16 elements. Conversely, the size of σ-holes is more
extended for the heavier elements of groups 15 and 16 than those of groups 14 and
17, in line with the stronger linearity of PnBs and ChBs.

Sections 7.2.1–7.2.4 provide significant support to the strong structure-directing
role ofσ-holeG–14 toG–17 interactions. The solid-state architecture of the examples
provided in those sections demonstrates that these interactions are very directional
and can be used to design new crystalline solids and other materials like supramolec-
ular polymers. This type of contact is not always identified by the original authors
or described as secondary interactions. However, they are predictable and general in
X-ray structures of G–14 to G–17 derivatives. Hence, they should be incorporated
into the toolbox of scientist working in crystal growth and crystal prediction. More-
over, their future in other fields like supramolecular catalysis and material science is
promising. Finally, the existence of unconventional σ-hole HaB interactions has been
highlighted in the last part of the chapter, where the σ-lump is located at the dz2[M]
orbital. Such unexplored interactions are expected to occur also for the elements
belonging to G–14 to G–16.

References

1. Frontera A, Bauzá A (2021) On the importance of σ–hole interactions in crystal structures.
Crystals 11:1205. https://doi.org/10.3390/cryst11101205

2. Daolio A, Scilabra P, Terraneo G, Resnati GC (2020) (sp3) atoms as tetrel bond donors:
a crystallographic survey. Coord Chem Rev 413:213265. https://doi.org/10.1016/j.ccr.2020.
213265

3. von der Heiden D, Vanderkooy A, Erdélyi M (2020) Halogen bonding in solution: NMR
spectroscopic approaches. Coord Chem Rev 407:213147. https://doi.org/10.1016/j.ccr.2019.
213147

4. Gill H,GokelMR,McKeeverM,Negin, S PatelMB,Yin S,GokelGW(2020) Supramolecular
pore formation as an antimicrobial strategy. Coord Chem Rev 412:213264. https://doi.org/10.
1016/j.ccr.2020.213264

5. Xu Y, Szell PMJ, Kumar V, Bryce DL (2020) Solid-state NMR spectroscopy for the analysis
of element-based non-covalent interactions. Coord Chem Rev 411:213237. https://doi.org/
10.1016/j.ccr.2020.213237

6. Wang W, Zhang Y, Jin WJ (2020) Halogen bonding in room-temperature phosphorescent
materials. Coord Chem Rev 404:213107. https://doi.org/10.1016/j.ccr.2019.213107

7. Grabowski SJ (2020) Triel bond and coordination of triel centres – Comparisonwith hydrogen
bond interaction. Coord Chem Rev 407:213171. https://doi.org/10.1016/j.ccr.2019.213171

8. Fromm KM (2020) Chemistry of alkaline earth metals: It is not all ionic and definitely not
boring! Coord Chem Rev 408:213192. https://doi.org/10.1016/j.ccr.2020.213193

9. Fourmigué M, Dhaka A (2020) Chalcogen bonding in crystalline diselenides and seleno-
cyanates: from molecules of pharmaceutical interest to conducting materials. Coord Chem
Rev 403:213084. https://doi.org/10.1016/j.ccr.2019.213084

10. Scheiner S, Michalczyk M, Zierkiewicz W (2020) Coordination of anions by noncovalently
bonded σ-hole ligands. Coord Chem Rev 405:213136. https://doi.org/10.1016/j.ccr.2019.
213136

11. Taylor MS (2020) Anion recognition based on halogen, chalcogen, pnictogen and tetrel
bonding. Coord Chem Rev 413:213270. https://doi.org/10.1016/j.ccr.2020.213270

https://doi.org/10.3390/cryst11101205
https://doi.org/10.1016/j.ccr.2020.213265
https://doi.org/10.1016/j.ccr.2019.213147
https://doi.org/10.1016/j.ccr.2020.213264
https://doi.org/10.1016/j.ccr.2020.213237
https://doi.org/10.1016/j.ccr.2019.213107
https://doi.org/10.1016/j.ccr.2019.213171
https://doi.org/10.1016/j.ccr.2020.213193
https://doi.org/10.1016/j.ccr.2019.213084
https://doi.org/10.1016/j.ccr.2019.213136
https://doi.org/10.1016/j.ccr.2020.213270


7 Supramolecular Assemblies Based on σ-hole Interactions 231

12. Bauzá A, Frontera A (2020) σ/π-Hole noble gas bonding interactions: Insights from theory
and experiment. Coord Chem Rev 404:213112. https://doi.org/10.1016/j.ccr.2019.213112

13. Biot N, Bonifazi D (2020) Chalcogen-bond driven molecular recognition at work. Coord
Chem Rev 413:213243. https://doi.org/10.1016/j.ccr.2020.213243

14. Cavallo G, Metrangolo P, Pilati T, Resnati G, Terraneo G (2014) Naming interactions from
the electrophilic site. Cryst Growth Des 14:2697–2702. https://doi.org/10.1021/cg5001717

15. Terraneo G, Resnati G (2017) Bonding matters. Cryst Growth Des 17:1439–1440. https://doi.
org/10.1021/acs.cgd.7b00309

16. Desiraju GR, Ho PS, Kloo L, Legon AC, Marquardt R, Metrangolo P, Politzer P, Resnati G,
Rissanen K (2013) Definition of the halogen bond (IUPAC recommendations 2013). Pure
Appl Chem 85:1711–1713. https://doi.org/10.1351/PAC-REC-12-05-10

17. Aakeroy CB, Bryce DL, Desiraju GR, Frontera A, LegonAC, Nicotra F, RissanenK, Scheiner
S, Terraneo G, Metrangolo P, Resnati G (2019) Definition of the chalcogen bond (IUPAC
recommendations 2019). Pure Appl Chem 91:1889–1892. https://doi.org/10.1515/pac-2018-
0713

18. Zahn S, Frank R, Hey-Hawkins E, Kirchner B (2011) Pnicogen bonds: a new molecular
linker? Chem Eur J 17:6034–6038. https://doi.org/10.1002/chem.201002146

19. Girolami GS (2009) Origin of the terms pnictogen and pnictide. J Chem Educ 86:1200–1201.
https://doi.org/10.1021/ed086p1200

20. Bauzá A, Mooibroek TJ, Frontera A (2013) Tetrel bonding interaction: rediscovered
supramolecular force? Angew Chem Int Ed 52:12317–12321. https://doi.org/10.1002/anie.
201306501

21. Bauza A, Alkorta I, Elguero J,Mooibroek TJ, Frontera A (2020) Spodium bonds: noncovalent
interactions involving group 12 elements. Angew Chem Int Ed 59:17482–17487. https://doi.
org/10.1002/anie.202007814

22. Alkorta I, Elguero J, Frontera A (2020) 17. Not only hydrogen bonds: other noncovalent
interactions. Crystals 10 180. https://doi.org/10.3390/cryst10030180

23. Gomila RM,BauzaA,Mooibroek TJ, Frontera A (2021) Spodium bonding in five coordinated
Zn(II): a new player in crystal engineering? CrystEngComm 23:3084–3093. https://doi.org/
10.1039/D1CE00221J

24. DaolioA, PizziA,TerraneoG,UrsiniM, FronteraA,ResnatiG (2021)Anion· · · anion coinage
bonds: the case of tetrachloridoaurate. Angew Chem Int Ed. 60:14385–14389. https://doi.org/
10.1002/anie.202104592

25. Frontera A, Bauzà A (2018) Regium–π bonds: an unexplored link between noble metal
nanoparticles and aromatic surfaces. Chem Eur J 24:7228–7234. https://doi.org/10.1002/
chem.201800820

26. Daolio A, Pizzi, A Terraneo, G, Frontera A, Resnati, G (2021) σ-holes allow for attractive
anion· · · anion interactions involving perrhenate, permanganate, and pertechnetate anions.
ChemPhysChem 22:2281–2285. https://doi.org/10.1002/cphc.202100681

27. Daolio A, Pizzi A, Calabrese M, Terraneo G, Bordignon S, Frontera A, Resnati G (2021)
Molecular electrostatic potential and noncovalent interactions in derivatives of group 8
elements. Angew Chem Int Ed 60:20723–20727. https://doi.org/10.1002/anie.202107978

28. Politzer P, Lane P, Concha MC, Ma Y, Murray JS (2007) An overview of halogen bonding. J
Mol Model 13:305–311. https://doi.org/10.1007/s00894-006-0154-7

29. Metrangolo P, Resnati G (2001) Halogen bonding: a paradigm in supramolecular chem-
istry. Chem Eur J 7:2511–2519. https://doi.org/10.1002/1521-3765(20010618)7:12%3c2
511::AID-CHEM25110%3e3.0.CO;2-T

30. Metrangolo P, Neukirch H, Pilati T, Resnati G (2005) Halogen bonding based recognition
processes: a world parallel to hydrogen bonding. Acc Chem Res 38:386–395. https://doi.org/
10.1021/ar0400995

31. Metrangolo P, Meyer F, Pilati T, Resnati G, Terraneo G (2008) Halogen bonding in
supramolecular chemistry. Angew Chem Int Ed 47:6114–6127. https://doi.org/10.1002/anie.
200800128

https://doi.org/10.1016/j.ccr.2019.213112
https://doi.org/10.1016/j.ccr.2020.213243
https://doi.org/10.1021/cg5001717
https://doi.org/10.1021/acs.cgd.7b00309
https://doi.org/10.1351/PAC-REC-12-05-10
https://doi.org/10.1515/pac-2018-0713
https://doi.org/10.1002/chem.201002146
https://doi.org/10.1021/ed086p1200
https://doi.org/10.1002/anie.201306501
https://doi.org/10.1002/anie.202007814
https://doi.org/10.3390/cryst10030180
https://doi.org/10.1039/D1CE00221J
https://doi.org/10.1002/anie.202104592
https://doi.org/10.1002/chem.201800820
https://doi.org/10.1002/cphc.202100681
https://doi.org/10.1002/anie.202107978
https://doi.org/10.1007/s00894-006-0154-7
https://doi.org/10.1002/1521-3765(20010618)7:12%3c2511::AID-CHEM25110%3e3.0.CO;2-T
https://doi.org/10.1021/ar0400995
https://doi.org/10.1002/anie.200800128


232 A. Bauzá and A. Frontera

32. Metrangolo P, Resnati G (eds) (2008) Halogen bonding: fundamentals and applications.
Springer, Berlin

33. Politzer P, Murray JS, Clark T (2010) Halogen bonding: an electrostatically-driven highly
directional noncovalent interaction. Phys Chem Chem Phys 12:7748–7757. https://doi.org/
10.1039/C004189K

34. Erdélyi M (2012) Halogen bonding in solution. Chem Soc Rev 41:3547–3557. https://doi.
org/10.1039/C2CS15292D

35. Beale TM, Chudzinski MG, Sarwar MG, Taylor MS (2013) Halogen bonding in solution:
thermodynamics and applications. Chem Soc Rev 42:1667–1680. https://doi.org/10.1039/
C2CS35213C

36. Politzer P, Murray JS, Clark T (2013) Halogen bonding and other σ-hole interactions: a
perspective. Phys Chem Chem Phys 15:11178–11189. https://doi.org/10.1039/C3CP00054K

37. Metrangolo P, Resnati G (eds) (2015) Halogen bonding II Impact on materials chemistry and
life sciences. Springer International Publishing AG, Heidelberg

38. Gilday LC, Robinson SW, Barendt TA, Langton, MJ Mullaney BR, Beer PD (2015) Halogen
bonding in supramolecular chemistry. ChemRev 115:7118–7195. https://doi.org/10.1021/cr5
00674c

39. Cavallo G, Metrangolo P, Milani R, Pilati T, Priimagi A, Resnati G, Terraneo G (2016) The
halogen bond. Chem Rev 116:2478–2601. https://doi.org/10.1021/acs.chemrev.5b00484

40. Mahmudov KT, Kopylovich MN, Guedes da Silva MFC, Pombeiro AJL (2017) Chalcogen
bonding in synthesis, catalysis and design ofmaterials. Dalton Trans 46:10121–10138. https://
doi.org/10.1039/C7DT01685A

41. Gleiter R, Haberhauer G, Werz DB, Rominger F, Bleiholder C (2018) From nonco-
valent chalcogen–chalcogen interactions to supramolecular aggregates: experiments and
calculations. Chem Rev 118:2010–2041. https://doi.org/10.1021/acs.chemrev.7b00449

42. Vogel L, Wonner P, Huber SM (2019) Chalcogen bonding: an overview. Angew Chem Int Ed
58:1880–1891. https://doi.org/10.1002/anie.201809432

43. Scheiner S (2013) The pnicogen bond: its relation to hydrogen, halogen, and other noncovalent
bonds. Acc Chem Res 46:280–288. https://doi.org/10.1021/ar3001316

44. del Bene JE, Alkorta I, Elguero J (2015) The pnicogen bond in review: structures, binding
energies, bonding properties, and spin–spin coupling constants of complexes stabilized by
pnicogen bonds. In: Scheiner S (ed) Noncovalent forces. Springer, Heidelberg, pp 191–264.
https://doi.org/10.1007/978-3-319-14163-3_8

45. Brammer L (2017) Halogen bonding, chalcogen bonding, pnictogen bonding, tetrel bonding:
origins, current status and discussion. Faraday Discuss 203:485–507. https://doi.org/10.1039/
C7FD00199A

46. Politzer P, Murray JS, Lane P (2007) σ-Hole bonding and hydrogen bonding: competitive
interactions. Int J Quantum Chem 107:3046–3052. https://doi.org/10.1002/qua.21419

47. Zhu S, Xing C, Xu, W Jin G, Li Z (2004) Halogen bonding and hydrogen bonding coexist in
driving self-assembly process. CrystGrowthDes 4:53–56. https://doi.org/10.1021/cg0300275

48. Priimagi A, Cavallo G, Forni A, Gorynsztejn-Leben M, Kaivola M, Metrangolo P, Milani R,
ShishidoA, Pilati T, Resnati G, TerraneoG (2012) Halogen bonding versus hydrogen bonding
in driving self-assembly and performance of light-responsive supramolecular polymers. Adv
Funct Mater 22:2572–2579. https://doi.org/10.1002/adfm.201200135

49. Mukherjee A, Tothadi S, Desiraju GR (2014) Halogen bonds in crystal engineering: like
hydrogen bonds yet different. Acc Chem Res 47:2514–2524. https://doi.org/10.1021/ar5
001555

50. Scheiner S (2019) Forty years of progress in the study of the hydrogen bond. Struct Chem
30:1119–1128. https://doi.org/10.1007/s11224-019-01357-2

51. Corradi E, Meille SV, Messina MT, Metrangolo P, Resnati G (2000) Halogen bonding
versus hydrogen bonding in driving self-assembly processes. Angew Chem Int Ed 39:1782–
1786. https://doi.org/10.1002/(SICI)1521-3773(20000515)39:10<1782::AID-ANIE1782>3.
0.CO;2-5

https://doi.org/10.1039/C004189K
https://doi.org/10.1039/C2CS15292D
https://doi.org/10.1039/C2CS35213C
https://doi.org/10.1039/C3CP00054K
https://doi.org/10.1021/cr500674c
https://doi.org/10.1021/acs.chemrev.5b00484
https://doi.org/10.1039/C7DT01685A
https://doi.org/10.1021/acs.chemrev.7b00449
https://doi.org/10.1002/anie.201809432
https://doi.org/10.1021/ar3001316
https://doi.org/10.1007/978-3-319-14163-3_8
https://doi.org/10.1039/C7FD00199A
https://doi.org/10.1002/qua.21419
https://doi.org/10.1021/cg0300275
https://doi.org/10.1002/adfm.201200135
https://doi.org/10.1021/ar5001555
https://doi.org/10.1007/s11224-019-01357-2
https://doi.org/10.1002/(SICI)1521-3773(20000515)39:10&lt;1782::AID-ANIE1782&gt;3.0.CO;2-5


7 Supramolecular Assemblies Based on σ-hole Interactions 233

52. Pascoe DJ, Ling KB, Cockroft SL (2017) The origin of chalcogen-bonding interactions. J Am
Chem Soc 139:15160–15167. https://doi.org/10.1021/jacs.7b08511

53. Bora PL, NovákM, Novotný J, Foroutan-Nejad C,Marek R (2017) Supramolecular covalence
in bifurcated chalcogen bonding. Chem Eur J 23:7315–7323. https://doi.org/10.1002/chem.
201700179

54. BhandaryS, SirohiwalA,KaduR,KumarS,ChopraD (2018)Dispersion stabilizedSe/Te· · · π
double chalcogen bonding synthons in in situ cryocrystallized divalent organochalcogen
liquids. Cryst Growth Des 18:3734–3739. https://doi.org/10.1021/acs.cgd.8b00585
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120. Mokrai R, Jaie Barrett J, ApperleyDC, Benkő Z, Heift D (2020) Tweaking the charge transfer:
bonding analysis of Bismuth(III) complexeswith a flexidentate phosphane ligand. InorgChem
59:8916–8924. https://doi.org/10.1021/acs.inorgchem.0c00734

121. Sarkar S, PavanMS, Guru Row TN (2015) Experimental validation of “pnicogen bonding” in
nitrogen by charge density analysis. Phys Chem Chem Phys 17:2330–2334. https://doi.org/
10.1039/C4CP04690K

122. Joshi PR, Ramanathan N, Sundararajan K, Sankaran K (2015) Evidence for phosphorus
bonding in phosphorus trichloride–methanol adduct: a matrix isolation infrared and ab initio
computational study. J Phys Chem A 119:3440–3451. https://doi.org/10.1021/jp511156d

123. NelyubinaYV,KorlyukovAA,LyssenkoKA(2015)Experimental charge density evidence for
pnicogen bonding in a crystal of ammonium chloride. ChemPhysChem 16:676–681. https://
doi.org/10.1002/cphc.201402673

124. Andrea Gini A, Paraja M, Galmés B, Besnard C, Poblador-Bahamonde AI, Sakai N, Fron-
tera A, Matile S (2020) Pnictogen-bonding catalysis: brevetoxin-type polyether cyclizations.
Chem Sci 11:7086–7091. https://doi.org/10.1039/D0SC02551H

125. Scilabra P, Terraneo G, Resnati G (2017) Fluorinated elements of Group 15 as pnictogen bond
donor sites. J Fluor Chem 203:62–67. https://doi.org/10.1016/j.jfluchem.2017.10.002

126. Bauza A, Mooibroek TJ, Frontera A (2015) Directionality of π-holes in nitro compounds.
Chem Commun 51:1491–1493. https://doi.org/10.1039/C4CC09132A

127. Bauza A, Frontera A, Mooibroek TJ (2016) π-hole interactions involving nitro compounds:
directionality of nitrate esters. Cryst Growth Des 16:5520–5524. https://doi.org/10.1021/acs.
cgd.6b00989

128. Bauza A, Sharko AV, SenchykGA, Rusanov EB, Frontera A, Domasevitch KV (2017)π–hole
interactions at work: crystal engineering with nitro-derivatives. CrystEngComm 19:1933–
1937. https://doi.org/10.1039/C7CE00267J

https://doi.org/10.1016/S0022-328X(00)83099-5
https://doi.org/10.5517/cc72vgl
https://doi.org/10.1039/C5NJ00600G
https://doi.org/10.1039/C4CP04840G
https://doi.org/10.1002/qua.24987
https://doi.org/10.1016/j.cplett.2012.02.064
https://doi.org/10.1039/C2CE26741A
https://doi.org/10.1002/qua.21352
https://doi.org/10.1021/jp411623h
https://doi.org/10.1039/C6CP05899J
https://doi.org/10.1021/acs.inorgchem.0c00734
https://doi.org/10.1039/C4CP04690K
https://doi.org/10.1021/jp511156d
https://doi.org/10.1002/cphc.201402673
https://doi.org/10.1039/D0SC02551H
https://doi.org/10.1016/j.jfluchem.2017.10.002
https://doi.org/10.1039/C4CC09132A
https://doi.org/10.1021/acs.cgd.6b00989
https://doi.org/10.1039/C7CE00267J


7 Supramolecular Assemblies Based on σ-hole Interactions 237

129. Bauza A, Frontera A, Mooibroek TJ (2019) Chem Eur J 25:13436–13443. Hazari A, Das LK,
Kadam RM, Bauzá A, Frontera A, Ghosh A (2015) Dalton Trans 44:3862–3876. https://doi.
org/10.1039/C7CE00267J

130. Bauza A, Frontera A, Mooibroek TJ (2017) NO3
− anions can act as Lewis acid in the solid

state. Nat Commun 8:14522. https://doi.org/10.1038/ncomms14522
131. Mooibroek TJ (2017) Coordinated nitrate anions can be directionalπ-hole donors in the solid

state: a CSD study. CrystEngComm 19:4485–4488. https://doi.org/10.1039/C7CE01266G
132. Li W, Spada L, Tasinato N, Rampino S, Evangelisti L, Gualandi A, Cozzi PG, Melandri

S, Barone V, Puzzarini C (2018) Theory meets experiment for noncovalent complexes: the
puzzling case of pnicogen interactions. Angew Chem Int Ed 57:13853–13857. https://doi.
org/10.1002/anie.201807751

133. Bader RFW (1991) A quantum theory of molecular structure and its applications. Chem Rev
91:893–928. https://doi.org/10.1021/cr00005a013

134. Allouche F, Selmi W, Zid MF, Benlecheb T (2019) Theoretical and experimental study of
new hybrid compound rich in hydrogen bonding: 2-carboxyanilinium hypophosphite. J Mol
Struct 1179:756–763. https://doi.org/10.1016/j.molstruc.2018.11.069

135. LemmererA (2011) Six two- and three-component ammoniumcarboxylate salt structureswith
a ladder-type hydrogen-bonding motif, three incorporating neutral carboxylic acid molecules.
Acta Cryst C67:o92–o99. https://doi.org/10.1107/S0108270111003714

136. Shubnell AJ, Squattrito PJ (1994) Monohydrates of two isomers of aminotoluenesulfonic
acid. Acta Cryst C50:1296–1299. https://doi.org/10.1107/S0108270193012077

137. Joshi PR, Ramanathan N, Sundararajan K, Sankaran K (2017) Phosphorous bonding in PCl3:
H2O adducts: a matrix isolation infrared and ab initio computational studies. J Mol Spectrosc
331:44–52. https://doi.org/10.1016/j.jms.2016.11.005

138. Ramanathan N, Sankaran K, Sundararajan K (2016) PCl3–C6H6 heterodimers: evidence for
P· · ·π phosphorus bonding at low temperatures. Phys Chem Chem Phys 18:19350–19358.
https://doi.org/10.1039/C6CP03825E

139. Carter TG,HealeyER, PittMA, JohnsonDW(2005) Secondary bonding interactions observed
in two arsenic thiolate complexes. Inorg Chem 44:9634–9636. https://doi.org/10.1021/ic0
51522o

140. Carter TG, Vickaryous WJ, Cangelosi VM, Johnson DW (2007) Supramolecular arsenic
coordination chemistry. Comments Inorg Chem 28:97–122. https://doi.org/10.1080/026035
90701560994

141. Vickaryous WJ, Herges R, Johnson DW (2004) Arsenic-π Interactions stabilize a self-
sssembled As2L3 supramolecular complex. Angew Chem Int Ed 43:5831–5833. https://doi.
org/10.1002/ange.200461011

142. Moaven S, Yu J, Yasin J, Unruh DK, Cozzolino AF (2017) Precise Steric control over 2D
versus 3D self-assembly of Antimony (III) alkoxide cages through strong secondary bonding
interactions. Inorg Chem 56:8372–8380. https://doi.org/10.1021/acs.inorgchem.7b01049

143. Leroy C, Johannson R, Bryce DL (2019) 121/123Sb nuclear quadrupole resonance spec-
troscopy: characterization of non-covalent pnictogen bonds and NQR crystallography. J Phys
Chem A 123:1030–1043. https://doi.org/10.1021/acs.jpca.8b11490

144. CangelosiVM,PittMA,VickaryousWJ,AllenCA,ZakharovLN, JohnsonDW(2010)Design
considerations for the group 15 elements: the pnictogen· · ·π interaction as a complementary
component in supramolecular assembly design. Cryst Growth Des 10:3531–3536. https://doi.
org/10.1021/cg100444n

145. Benjamin SL, LevasonW,ReidG,Warr RP (2012)Halostibines SbMeX2 and SbMe2X: Lewis
acids or Lewis bases? Organometallics 31:1025–1034. https://doi.org/10.1021/om2010996

146. DielBN,HuberTL,AmbacherWG(1999) Synthesis and characterization of the first examples
of 1,3,2-diazastibole and 1,3,2-diazabismole ring compounds. Heteroat Chem 10:423–429.
https://doi.org/10.1002/(SICI)1098-1071(1999)10:5%3c423::AID-HC13%3e3.0.CO;2-B

147. Anderson KM, Baylies CJ, Jahan AHMM, Norman NC, Orpen AG, Starbuck J (2003)
Coordination complexes of the bismuth(iii) thiolates Bi(SC6F5)3 and Bi(SC6Cl5)3 with
pyridineligands. Dalton Trans 3270–3277. https://doi.org/10.1039/B305711A

https://doi.org/10.1039/C7CE00267J
https://doi.org/10.1038/ncomms14522
https://doi.org/10.1039/C7CE01266G
https://doi.org/10.1002/anie.201807751
https://doi.org/10.1021/cr00005a013
https://doi.org/10.1016/j.molstruc.2018.11.069
https://doi.org/10.1107/S0108270111003714
https://doi.org/10.1107/S0108270193012077
https://doi.org/10.1016/j.jms.2016.11.005
https://doi.org/10.1039/C6CP03825E
https://doi.org/10.1021/ic051522o
https://doi.org/10.1080/02603590701560994
https://doi.org/10.1002/ange.200461011
https://doi.org/10.1021/acs.inorgchem.7b01049
https://doi.org/10.1021/acs.jpca.8b11490
https://doi.org/10.1021/cg100444n
https://doi.org/10.1021/om2010996
https://doi.org/10.1002/(SICI)1098-1071(1999)10:5%3c423::AID-HC13%3e3.0.CO;2-B
https://doi.org/10.1039/B305711A


238 A. Bauzá and A. Frontera

148. Charmant JPH, Jahan AHMM, Norman NC, Orpen AG, Podesta TJ (2004) Coordination
polymers formed by Bi (SC6F5)3 with multidentate polypyridyl ligands. CrystEngComm
6:29–33. https://doi.org/10.1039/B315176J

149. Murafuji T, Nagasue M, Tashiro Y, Sugihara Y, Azuma N (2000) Structural characteristics
of aryloxybismuthanes stabilized by hypervalent bond formation. Synthesis, incorporation of
4-methoxyphenol through hydrogen bonding, and crystal supramolecularity. Organometallics
19:1003–1007. https://doi.org/10.1021/om9908534

150. Heift D, Mokrai R, Barrett J, Apperley D, Batsanov A, Benkö Z (2019) Weak pnictogen bond
with bismuth: experimental evidence based on Bi−P through-space coupling. Chem Eur J
25:4017–4024. https://doi.org/10.1002/chem.201900266

151. Silvestru C, Breunig HJ, Althaus H (1999) Structural chemistry of bismuth compounds. I.
Organobismuth derivatives. Chem Rev 99:3277–3328. https://doi.org/10.1021/cr980083q

152. Nekoueishahraki B, Samuel PP, RoeskyHW, SternD,Matussek J, StalkeD (2012)Organobis-
muth (III) and dibismuthine complexes bearing N, N ′-Disubstituted 1, 8-diaminonaphthalene
ligand: synthesis, structure, and reactivity. Organometallics 31:6697–6703. https://doi.org/10.
1021/om300758s

153. Briand GG, Burford N (2000) Coordination complexes of bismuth (III) involving organic
ligands with pnictogen or chalcogen donors. Adv Inorg Chem 50:285–357. https://doi.org/
10.1016/S0898-8838(00)50007-5

154. Agocs L, Burford N, Cameron TS, Curtis JM, Richardson JF, Robertson KN, Yhard GB
(1996) Spectroscopic, Structural, and Mass spectrometric studies on two systematic series
of dithiabismuth(III) heterocycles: identification of bismuthenium cations and their solvent
complexes. J Am Chem Soc 118:3225–3232. https://doi.org/10.1021/ja9539756

155. Benjamin SL, Levason W, Reid G, Rogers MC, Warr RP (2012) Lewis base complexes of
methyldihalobismuthines BiMeX2 (X = Cl or Br). J Organomet Chem 708–709:106–111.
https://doi.org/10.1016/j.jorganchem.2012.02.030

156. Trubenstein HJ, Moaven S, Vega M, Unruh DK, Cozzolino AF (2019) Pnictogen bonding
with alkoxide cages: which pnictogen is best? New J Chem 43:14305–14312. https://doi.org/
10.1039/C9NJ03648B

157. Muller G, Brand J, Jetter SE (2001) Donor-acceptor complexes between organoamines and
phosphorus tribromide. Z Naturforschung, B: Chem Sci 56:1163–1171. https://doi.org/10.
1515/znb-2001-1111

158. Robinson TP, Lo S-K, De Rosa D, Aldridge S, Goicoechea JM (2016) On the ambiphilic
reactivity of geometrically constrained Phosphorus(III) and Arsenic(III) compounds: insights
into their interaction with ionic substrates. Chem Eur J 22:15712–15724. https://doi.org/10.
1002/chem.201603135

159. Benz S, Poblador-Bahamonde AI, Low-Ders N, Matile S (2018) Catalysis with pnictogen,
chalcogen, and halogen bonds. Angew Chem Int Ed 57:5408–5412. https://doi.org/10.1002/
anie.201801452

160. Lim JYC, Beer PD (2018) Sigma-hole interactions in anion recognition. Chem 4:731–783.
https://doi.org/10.1016/j.chempr.2018.02.022

161. Hirai M, Cho J, Gabbaï FP (2016) Promoting the hydrosilylation of benzaldehyde by using a
dicationic antimony-based Lewis acid: evidence for the double electrophilic activation of the
carbonyl substrate. Chem Eur J 22:6537–6541. https://doi.org/10.1002/chem.201600971

162. Qiu J, Unruh DK, Cozzolino AF (2016) Design, synthesis, and structural characterization of a
Bisantimony(III) compound for anion binding and the density functional theory evaluation of
halide binding through antimony secondary bonding interactions. J Phys Chem A 120:9257–
9269. https://doi.org/10.1021/acs.jpca.6b08170

163. Haiges R, Vij A, Boatz JA, Schneider S, Schroer T, Gerken M, Christe KO (2004) First
structural characterization of binary AsIII and SbIII azides. Chem Eur J 10:508–517. https://
doi.org/10.1002/chem.200305482

164. Deokar P, Leitz D, Stein TH, Vasiliu M, Dixon DA, Christe KO, Haiges R (2016) Preparation
and characterization of antimony and arsenic tricyanide and their 2,2′-bipyridine adducts.
Chem Eur J 22:13251–13257. https://doi.org/10.1002/chem.201602436

https://doi.org/10.1039/B315176J
https://doi.org/10.1021/om9908534
https://doi.org/10.1002/chem.201900266
https://doi.org/10.1021/cr980083q
https://doi.org/10.1021/om300758s
https://doi.org/10.1016/S0898-8838(00)50007-5
https://doi.org/10.1021/ja9539756
https://doi.org/10.1016/j.jorganchem.2012.02.030
https://doi.org/10.1039/C9NJ03648B
https://doi.org/10.1515/znb-2001-1111
https://doi.org/10.1002/chem.201603135
https://doi.org/10.1002/anie.201801452
https://doi.org/10.1016/j.chempr.2018.02.022
https://doi.org/10.1002/chem.201600971
https://doi.org/10.1021/acs.jpca.6b08170
https://doi.org/10.1002/chem.200305482
https://doi.org/10.1002/chem.201602436


7 Supramolecular Assemblies Based on σ-hole Interactions 239

165. Levason W, Light ME, Maheshwari S, Reid G, Zhang W (2011) Unusual neutral ligand
coordination to arsenic and antimony trifluoride. Dalton Trans 40:5291–5297. https://doi.org/
10.1039/C1DT10113G

166. Murray JS, Lane P, Clark T, Politzer P (2007) σ-hole bonding: molecules containing group
VI atoms. J Mol Model 13:1033–1038. https://doi.org/10.1007/s00894-007-0225-4

167. Varadwaj PR, Varadwaj A, Marques HM, MacDougall PJ (2019) The chalcogen bond: can
it be formed by oxygen? Phys Chem Chem Phys 21:19969–19986. https://doi.org/10.1039/
C9CP03783G

168. Varadwaj PR (2019) Does oxygen feature chalcogen bonding? Molecules 24:3166. https://
doi.org/10.3390/molecules24173166

169. Scilabra P, Terraneo G, Resnati G (2019) The chalcogen bond in crystalline solids: a world
parallel to halogen bond. Acc ChemRes 52:1313–1324. https://doi.org/10.1021/acs.accounts.
9b00037

170. Fischer D, Klapötke TM, Stierstorfer J (2015) 5-Nitriminotetrazole 1-oxide: an exciting
oxygen- and nitrogen-rich heterocycle. Eur J Inorg Chem 2015:4628–4632. https://doi.org/
10.1002/ejic.201500944

171. Göbel M, Karaghiosoff K, Klapötke TM, Piercey DG, Stierstorfer J (2010) Nitrotetrazolate-
2N-oxides and the strategy of N-oxide introduction. J Am Chem Soc 132:17216–17226.
https://doi.org/10.1021/ja106892a

172. Fischer D, Klapötke TM, Stierstorfer J (2014) Synthesis and characterization of diaminobis-
furoxane. Eur J Inorg Chem 2014:5808–5811. https://doi.org/10.1002/ejic.201402960

173. Nayak SK, Kumar V, Murray JS, Politzer P, Terraneo G, Pilati T, Metrangolo P, Resnati
G (2017) Fluorination promotes chalcogen bonding in crystalline solids. CrystEngComm
19:4955–4959. https://doi.org/10.1039/C7CE01070B

174. Chenard BL, Harlow RL, Johnson AL, Vladuchick SA (1985) Synthesis, structure, and
properties of pentathiepins. J Am Chem Soc 107:3871–3879. https://doi.org/10.1021/ja0029
9a019
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Chapter 8
Regium Bonds: A Bridge Between
Coordination and Supramolecular
Chemistry

Antonio Frontera and Antonio Bauzá

Abstract During the past century, the coordination chemistry of coinage metals
(elements of Group 11) has been extensively studied owing to their strong implica-
tions in crystal engineering, protein-drug chemistry, or catalysis. Very recently, their
role has been expanded to the “noncovalent realm” by providing evidence of their
ability to behave as Lewis acids and undergo noncovalent binding. More precisely,
Cu, Ag, andAu are able to undertake noncovalent interactions (NCI) involving Lewis
bases of different nature (e.g., lone pair donors, π-systems) or even small charged
anions (e.g., Cl−). This has been mainly attributed to presence of positive (σ-hole)
and negative (σ-lump) electrostatic potential regions, which mimic in some way the
electrophilic (σ-hole) and nucleophilic (belt) regions present in aerogens (Group 18),
halogens (Group 17), chalcogens (Group 16) and pnictogens (Group 15). Group 11
noncovalent bonds have been named “regium bonds (RgB)” owing to the noblemetal
character of Cu, Ag, and Au elements. This chapter encompasses a series of both
theoretical and experimental examples of RgBs to provide a general picture of the
promising features of the interaction in crystal engineering, biological systems, and
surface absorption processes as well as interplay and cooperativity between RgBs
and other noncovalent forces.

8.1 Introduction

At present, elements of groups 13–18 covalently bound to electron-withdrawing
groups (EWG) are well known to favorably interact with Lewis bases, anions, or
even π-systems [1–13]. During the past century, the electrophilic site was used to
define the ubiquitous hydrogen bonding (HB) interaction, which has led to utilizing
the name of the group of the Periodic Table where the electrophilic atom belongs to
name the noncovalent interactions (NCIs) involving electrophilic and nucleophilic
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species [14, 15]. For instance, the International Union of Pure andApplied Chemistry
(IUPAC)has already recommended the termshalogenbond (HaB) [16] and chalcogen
bond (ChB) [17] to define NCIs of groups 17 and 18, respectively. Moreover, other
terms are widely used for defining other groups of the p-block, which are aerogen
or noble gas bonding (NgB, group 18) [12], pnictogen bonding (PnB, group 15),
[18, 19] tetrel bonding (TtB, group 14) [20], and triel bonding [TrB, group 13] [7].
In addition, spodium bonding (SpB) [21–23] has been recently proposed to refer to
NCIs where elements of group 12 act as Lewis acids and to differentiate this type
of interaction from coordination bonds. Moreover, the terms Alkali bond [24–26],
Alkaline earth bond [27–30], and Osme bond [31] have been coined to describe the
NCIs involving groups 1, 2, and 8 of the periodic table, respectively. Lastly, the term
regium bond (RgB) has been proposed to describe the NCI involving elements from
group 11 (Cu, Ag, andAu) [32]. The term coinage bond (CiB) has been also proposed
and used in the literature [33]. In this chapter, we have adopted the RgB terminology
simply because it is found in a major number of manuscripts. It should be mentioned
that the IUPAC has started a project for naming this interaction (https://iupac.org/pro
ject/2021-006-2-100) without providing any specific recommendation yet (Fig. 8.1).

This chapter is focusedon theRgB interaction, starting from its physical nature and
moving to a collection of several selected computational and experimental examples.
To understand the physical nature of this novel NCI, a series of Molecular Electro-
static Potential (MEP) surfaces are shown in Fig. 8.2. Concretely, in Fig. 8.2a the
MEP surfaces of Cu2, Ag2, and Au2 are represented. As noted, a positive electrostatic
potential region (blue region) is located on the extension of the Rg–Rg bond (Rg =
Cu, Ag, and Au) due to the valence configuration (d10s1) of Rg (e.g., [Xe5d106s1]
for Au), which results in a singly occupied s-orbital. On the other hand, the Rg–Rg
bond displays a negative potential (red region) owing to the polarization of the Rg2

Fig. 8.1 The different noncovalent interactions undertaken by the elements of the periodic table

https://iupac.org/project/2021-006-2-100


8 Regium Bonds: A Bridge Between Coordination … 245

Fig. 8.2 Molecular electrostatic potential (MEP) surfaces of Rg2 a RgCl, b and Rg9, c molecules
(Rg = Cu, Ag and Au). Energy values at selected points on the surface are given in kcal/mol (0.001
a.u.)

σ–orbital toward the bond. Contrary to the common behavior exhibited by other σ–
hole based interactions [34], the Rg2 σ–hole values become more positive in the case
of Cu2 (+29.5 kcal/mol) and Au2 (+30.8 kcal/mol) molecules than for Ag2 (+25.7
kcal/mol).

A similar tendency can be observed in Fig. 8.2b, where the MEP surfaces of
CuCl, AgCl, and AuCl are shown. In this case, the σ–hole MEP values obtained
dramatically increased owing to the Rg+1 oxidation state (e. g. + 30.8 and +84.7
kcal/mol for Au2 and AuCl, respectively). This fact is interesting since + 1 is the
most common oxidation state for noble metals and it critically enhances the Cu, Ag,
and Au σ–hole donor ability.

Finally, in Fig. 8.2c the MEP surfaces of three Rg9 clusters are shown, and the
results point in the same way as for the Rg2 molecules. That is, the overlap of singly
occupied s-orbitals between Rg atoms leads to areas of positive potential (σ-holes in
blue) at the low-coordinated sites of the atoms and negative potential (σ–lumps in
red) in the bonding regions.

From these series of MEP analyses, it is clear that the σ-holes present in these
moieties make them suitable for acting as electrophilic sites upon their interac-
tion with electron-rich species (e.g., a lone pair, π–system, or an anion) from an
electrostatic viewpoint.

In this chapter, both theoretical and experimental studies are gathered to (i) illus-
trate the ability of group 11 of elements to participate in σ-hole interactions; (ii)
demonstrate the interplay between RgBs and other NCIs (e.g., TrBs and NgBs), and
(iii) show the potential applications of the interaction in protein-ligand chemistry,
crystal engineering, and surface absorption mechanisms. It is also important to note
that although elements of group 10 (Ni, Pd, and Pt) are usually considered part of the
noble metal family [35], the examples gathered in this chapter only involve atoms
belonging to group 11 to stay true to the definition of the interaction [32].

In the following sections, several selected theoretical and experimental studies
involving RgBs as well as their interplay with other NCIs are described. This chapter
is intended to serve as a multidisciplinary guide, hence, the studies gathered herein
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are described with the intention of providing a general vision of the work from the
original authors. For a more specific reading or details, see the original article.

8.2 Results and Discussion

8.2.1 Theoretical Studies

Understanding the nature and strength of Regium bonds

Several theoretical studies have been devoted to the study of the physical nature and
strength features of RgBs. For instance, Zheng and collaborators [36] studied the
ability of phosphine oxide (H3PO), the trans phosphinuous acid (T-PH2OH), the cis
phosphinuous acid (C-PH2OH) and a series of RgX (Rg = Cu, Ag, Au; X = F, Cl,
Br) molecules to undergo RgBs at the CCSD(T) [37] andMP2 [38]/aug-cc-pVTZ-PP
[39] level of theory.

They evaluated the stability anddirectionality of bothO–andP–shared complexes,
which exhibited interaction energy values ranging from −72.1 to −16.8 kcal/mol
(CCSD(T)/aug-cc-pVTZ-PP) and P–O–Rg and O–P–Rg angles comprised between
112 and 131° (See Fig. 8.3). The authors found that the P–shared complexes exhibited
larger interaction energy values than their O–shared analogous for both trans and cis

Fig. 8.3 Optimized geometries of several representative complexes H3PO···RgX (O–I), trans-
PH2OH···RgX (T-O-II, T-P-II), and cis-PH2OH···RgX (C-O-III, C-P-III) at theMP2/aug-cc-pVTZ-
PP level of theory. α denotes the P–O–Rg or O–P–Rg angles.
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geometries and that the RgB strength followed the tendency Au > Cu > Ag, F > Cl
> Br, and P··· RgX > O··· RgX.

The authors also analyzed the trans–cis equilibrium, concluding that both struc-
tures were easily converted into each other due to a low energy barrier. Lastly, the
orbital analyses revealed two resonance-type structures of P:Rg-X (ωI) ↔ P–Rg:X
(ωII), O:Rg-X (ωI)↔O–Rg:X (ωII). The authors attributed the competition between
ωI ↔ ωII resonance structures to hyperconjugation interactions present in these
complexes.

In a posterior study, Zhou and coworkers [40] evaluated the RgBs established
in AuX (X = F, Cl, Br)···PHOHR (R = CH3, F, CF3, NH2, CN) complexes at
the CCSD(T) and MP2/aug-cc-pVTZ-PP level of theory. To achieve this goal, the
authors used four types of different dispositions, named trans-P, trans-O, cis-P, and
cis-O (some representative examples are shown in Fig. 8.4). The authors concluded
that the strength of the RgBs studied (with interaction energy values ranging from −
76.6 to −20.4 kcal/mol at the CCSD(T)/aug-cc-pVTZ-PP level of theory) decreased
in the order NH2 > CH3 > F > CF3 > CN, F > Cl > Br, being the nature of the
substituent crucial in regulating the strength of the RgB.

Furthermore, the authors also analyzed the cis/trans conformation barrier,
concluding that for the O–shared complexes (Fig. 8.4 top) the cis tautomers were
more stable in the case of F, CF3, and CN–substituted complexes while in NH2– and
CH3–substituted dimers the trans conformation exhibited more stability than the cis
conformation. On the other hand, among the P–shared complexes (Fig. 8.4 bottom)

Fig. 8.4 Representative set of optimized complexes at the MP2/aug-cc-pVTZ-PP level of theory.
Distances in Å
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the trans tautomers were more stable than their cis analogous. Finally, orbital anal-
ysis suggested that dispersion energy dominates the formation of the Au· · ·O RgBs,
while for Au· · · P complexes the interaction was dominated by electrostatics.

Alkorta et al. have studied the recognition and binding stoichiometry of halide
anions by pyrazolate in a series of theoretical studies [41, 42], while Ulloa and
coworkers [43] have theoretically analyzed the NCIs responsible for the formation
of [Rg3(3,5-(CF3)2Pz)3]−C60 cocrystals in a 4:1 ratio. In the study fromAlkorta and
corwokers [42], the authors evaluated the strength, geometrical features, and electron
density properties of the 1:1, 1:2, and 1:3 complexes involving cyclic (Py-Rg)3 (Rg
=Au, Ag, and Cu) units and halide ions (F−, Cl− and Br−) at theMP2/aug-cc-pVTZ
level of theory (see Fig. 8.5a).

To unveil potential areas of anion binding the authors carried out theMEP analysis
of three pyrazolate moieties bearing Cu (Pz-Cu)3, Ag (Pz-Ag)3, and Au (Pz-Au)3
atoms (see Fig. 8.5b). As noticed, the MEP surface exhibited both negative regions
(highlighted in red) placed above and below the pyrazole moiety and positive regions
(highlighted in blue) on the H atoms in the periphery. Interestingly, the core region

Fig. 8.5 a Schematic view of the possible complexes with X− (X = F, Cl, and Br). The scheme
shows the possible interaction sites. bMEP surfaces of (Pz-Cu)3, (Pz-Ag)3, and (Pz-Au)3. Energy
values at selected points on the surface are given in kcal/mol (0.001 a.u.). c Optimized geometries
of several Pz-Au3 dimers (1:1 apical, 1:1 planar, and 1:1CH) and trimers (1:2 apical, 1:2 planar,
and 1:2 CH) at the MP2/aug-cc-pVTZ level of theory
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of the pyrazolate showed a negative electrostatic potential value in the case of Pz-
Cu3 (−1.3 kcal/mol), which became positive in Pz-Ag3 (+6.7 kcal/mol) and turned
negative again in the case of Pz-Au3 (−5.3 kcal/mol). On the other hand, all CH
groups from the pyrazolate moiety exhibited positive MEP values (ranging from
+16.8 to +23.2 kcal/mol) being those associated with the side CH groups from
the pyrazole ring more positive than those from the central CH group (e.g., +19.8
and +17.9 kcal/mol in Pz-Cu3). Finally, in Fig. 8.5c some representative optimized
dimers and trimers are shown, thus establishing (i) multiple RgBs (in 1:1 apical and
1:2 apical), (ii) combined hydrogen bonding (HB) and RgBs (in 1:1 planar and 1:2
planar) and (iii) HBs (in 1:1 CH and 1:2 CH).

Among the 1:1 complexes, the binding energies resulted in large and attractive
values, as expected for the interaction between an anion and a metal ion, ranging
between −48.8 and −8.4 kcal/mol. The authors concluded that the most stable
complex of each configuration highly depended on the metal atom and on the
anion considered. For example, in 1:1 apical complexes, those involving Ag and
Cu derivatives were found to be the most favorable, while for Au derivatives 1:1
planar complexes exhibited the largest stability. Finally, those complexes involving
the interaction with the central pyrazole CH group were the less stable of the set.

On the other hand, in case of 1:2 complexes, the interaction energies ranged from
–19.6 to +33.5 kcal/mol, strongly depending on the metal and interacting anion. In
the case of complexes involving Br− and Cl−, the binding energies were found to be
repulsive upon formation of the complex. In general, the authors found that for each
anion and configuration, the most stable complexes implicated the Ag pyrazolate
unit.

Lastly, the authors also carried out calculations using 1:3HBcomplexes.However,
similarly than that to 1:2 complexes, the 1:3 complexes exhibit positive binding
energies ranging between +66.2 and +38.2 kcal/mol, much larger than those for the
1:2 complexes, although the obtained structures represented aminima in the potential
energy surface.

Finally, to complement their results with experimental evidences, the authors
carried out a search in the Cambridge Structural Database (CSD) looking for
complexes where (Pz-Rg)3 interacts with halides. The search showed a total of 13
X-ray crystal structures with the presence of halogen atoms in apical disposition
interacting with Cu(II) atoms bridging the pyrazole rings. Three examples retrieved
from the search are shown in Fig. 8.6; RUYGUN [44] and OBOQAY [45] involving

Fig. 8.6 Partial views of the X-ray crystal structures RUYGUN a OBOQAY, b and ELODOY, c.
Distances in Å
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Fig. 8.7 Schematic representation of the HB and RgB complexes studied by Sanchez-Sanz and
collaborators

a Cl– and ELODOY [46] involving a Br− atom. It is also worthy to emphasize that
the global charge was compensated by tetra-n-butylammonium cations.

Other interesting examples of the combination of RgBs and HBs are the studies
from Sánchez-Sanz and coworkers [47, 48]. In their study [48] the authors evaluated
the formation ofRgBandHBcomplexes formedby the combination ofRgRg’ species
(Rg = Cu, Ag and Rg’ = Cu, Ag and Au), which interestingly are able to behave as
both HB acceptor (Lewis base) or RgB donor (Lewis acid) and several XHmolecules
(FH, ClH, OH2, SH2, HCN, HNC, HCCH, NH, and PH3) at the CCSD(T)/CBS [49]
level of theory (see Fig. 8.7).

The authors performed all possible combinations of RgB and HB dimers,
concluding that in most of the cases, the RgBs established are much stronger than the
HBs. The authors also studied the transition barriers for the interconversion between
the RgB and HB, which showed that this process was disfavored from a thermo-
dynamic point of view. On the other hand, the inverse process (from HB to RgB)
exhibited very small energy barriers, indicating an almost barrierless process. Finally,
when mixed binary coinage molecules are used (e.g., CuAg), the authors observed
that AgCu···XH complexes behave similarly to Ag2···XH and Cu2···XH complexes
with small variations of the interaction energy. Interestingly, the large electronega-
tivity difference between Au and Ag (or Cu) created large dipole moments in the
RgRg’ molecules which dramatically affected the formation of the complexes.

Two interesting works involving RgBs with aromatic surfaces were carried out by
us [50, 51]. In our former study [50],we analyzed the energetic and geometric features
of a series of regium–π (Rg–π) complexes involving Cu9, Ag9, and Au9 clusters and
several aromatic compounds, including benzene, naphthalene, and anthracene (as
well as their perfluorinated derivatives) and trifluorobenzene at the PBE0 [52, 53]-
D3 [54]/def2-TZVP [55] level of theory. In Fig. 8.8a some representative complexes
are shown where the Rg9 moiety can either interact through the σ–hole (in Cu9-
B, Ag9–TFB, and Ag9–NT complexes) or the σ–lump (in Au9–HFB and Au9–AT
complexes) depending on the electronic nature of the aromatic system (see Fig. 8.8b,
c). The interaction energies obtained ranged between−19.7 to−7.7 kcal/mol, which
are attractive and moderately strong values.

To conclude this section is also worthy to emphasize the studies from Alkorta
[56], Cui [57], Larrañaga [58], and Zierkiewicz [59] and collaborators, where they
analyze the strength, directionality, and charge-density properties of RgBs involving
both simple molecules (e.g., Cu2, AgCl) as well as small metal clusters (e.g., Au6)
as RgB donors with neutral Lewis bases.
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Fig. 8.8 aOptimizedRg–π complexes at the PBE0-D3/def2-TZVP level of theory.bMEP surfaces
of benzene (B), trifluorobenzene (TFB), hexafluorobenzene (HFB), naphthalene (NT), perfluoron-
aphtalene (PFNT), anthracene (AT) and perfluoroanthracene (PFAT). c MEP surfaces of Cu9, Ag9,
and Au9 metal clusters. Energy values at selected points on the surface are given in kcal/mol (0.001
a.u.)

Interplay between Regium bonds and other NCIs

Two studies were selected where cooperative effects are present between RgB and
TrB and NgB interactions. In the first one, Zhang and collaborators [60] evaluated
cooperativity between RgB and TrB interactions at the MP2/aug-cc-pVTZ-PP level
of theory. More, in particular, the authors computed the interaction energy of binary
TrB complexes of RgCN···ZX3 (Rg = Cu, Ag, Au; Z = B, Al; X = H, F) and
C2H4···ZX3 as well as binary RgB C2H4···RgCN complexes (see Fig. 8.9). The ener-
getic results obtained ranged from−55.5 to−20.1 kcal/mol and the authors observed
a dependency of the strength of the TrB on the nature of Tr and Rg atoms involved
as well as in the Tr substituents (either H or F). The authors also performed orbital
analyses, finding an orbital interaction involving the donation either from a lone pair
of the N atom or from an occupied C = C π-orbital to an empty p orbital (p*) of the
Tr atom (B or Al). On the other hand, in the case of the RgB complexes two main
orbital contributions were unveiled; i) from an occupied C=Cπ-orbital to an empty
σ orbital (σ*) from the metal atom and ii) from a d occupied orbital of the metal atom
to the C = C antibonding π* orbital.
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Fig. 8.9 Representative optimized dimers exhibiting regium bonding (RgB) (a, C2H4···RgCN) and
triel bonding (TrB) (b, C2H4···ZX3 and c, RgCN···ZX3) interactions at the MP2/aug-cc-pVTZ level
of theory. Distances in Å

The authors also carried out an energy decomposition analysis of the TrBs and
RgBs studied herein into electrostatic energy (Eele), exchange energy (Eex), repulsion
energy (Erep), polarization energy (Epol), and dispersion energy (Edisp) to understand
the origin of both NCIs. Results showed that among RgB complexes (Fig. 8.9a),
the authors found that Eele was larger than Epol and Edisp in C2H4···CuCN and
C2H4···AgCN complexes, while the former played a crucial role in C2H4···AuCN
complexes. In addition, in N···Z TrB complexes (Fig. 8.9c), Epol dominates the inter-
action beyond Eele, while the latter plays a more prominent role in those complexes
involving BF3 as TrB donor. Furthermore, the F substituents decrease the values
of both Eele and Epol in N···B TrBs, while an increased effect on both terms was
found in N···Al TrB complexes. Moreover, Edisp played a minor role in RgCN···ZH3

complexes. The authors arrived at a similar conclusion by inspecting the TrBs
involving C2H4···AlX3 system (Fig. 8.9b). Lastly, the weight of each energy term
decreased in the order AuCN > CuCN > AgCN.

In afinal stage of their study, the authors computed the trimers involvingbothRgBs
andTrBs (see Fig. 8.10 for three representative cases) to unveil favorable/unfavorable
cooperative effects between both interactions. They obtained favorable coopera-
tive values in C2H4···RgCN···ZX3 (Fig. 8.10a) trimers but unfavorable in NCRg··
C2H4···ZX3 andC2(CN)4···RgCN···ZH3 trimers (Fig. 8.10b, c, respectively). Surpris-
ingly, in the C2H4···RgCN···ZX3 complexes, the TrB exhibited a shorter binding
distance compared to its corresponding dimer, while the RgB possessed a longer
binding distance than their analogous dimer.

In the second selected example, a computational study by Wang and coworkers
at the MP2/aug-cc-pVTZ level of theory analysed the interplay between RgBs and
NgBs [61]. The authors started by computing the NgB dimers in HCN···XeF2O
and C2H4···XeF2O complexes. They obtained larger interaction energy values for
those complexes involving HCN, in agreement with its stronger Lewis base character
compared to C2H4. Furthermore, they substituted the H atom in HCN for Cu, Ag,
and Au and evaluated its influence on the formation of the NgB, finding that the
metal substitution strengthens the NgB in RgCN···XeF2O (Rg = Cu, Ag, and Au)
and its enhancing effect follows the Au < Cu < Ag pattern. Particularly, the authors
obtained a NgB interaction strength ranging between −13.7 and −6.5 kcal/mol.
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Fig. 8.10 Representative optimized trimers exhibiting cooperativity between Regium (RgB) and
Triel (TrB) bonding interactions at the MP2/aug-cc-pVTZ level of theory. a C2H4-RgCN-ZX3, b
NCRg-C2H4-ZX3 and c C2(CN)4-RgCN-ZH3. Distances in Å

The authors also characterized the NgBs studied herein by an orbital analysis,
which showed that for whether RgCN···XeFO2 or C2H4···XeOF2 complexes there
were two prominent orbital interactions; i) the interaction between a lone pair from
the N atom to an antibonding Xe–O σ* orbital and ii) from a lone pair of the Xe atom
to an antibonding C–N σ* orbital in RgCN···XeFO2 complexes, iii) the interaction
between a C = C π bonding orbital to an antibonding Xe–O σ* orbital and iv) from
a lone pair of the Xe atom to an antibonding C = C π* orbital in C2H4···XeOF2
systems. To conclude this section, the authors performed an energy decomposition
analysis into five physical terms electrostatic, exchange, repulsion, polarization, and
dispersion energies. They found that the exchange energy was the largest attractive
term followed by electrostatics in all the complexes studied. Thus likely pointing
to a major predominance of electrostatics in the formation of the NgB complexes
analyzed herein, although with some degree of covalency.

Lastly, the authors studied the cooperative effects between both interactions
by computing trimers (some representative examples are shown in Fig. 8.11).
They found favorable cooperativity values in C2H2-RgCN-XeF2O and C2H4-RgCN-
XeF2O trimers (Fig. 8.11a),where bothNgBandRgBare reinforced.On the contrary,
both types of interactions areweakened inRgCN-C2H4-XeF2O andC2(CN)4-RgCN-
XeF2O systems (Fig. 8.11b, c respectively) indicating an unfavorable cooperativity
between both interactions.

To conclude this section, it is also worthy to mention the study by Zhang and
collaborators [62] where they computationally studied cooperativity effects between
RgBs and pnicogen bonds (PnBs) at the MP2/aug-cc-pVTZ-PP level of theory.
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Fig. 8.11 Representative optimized trimers showing cooperative effects between Regium (RgB)
and Noble gas bonding interactions (NgB). a C2H2-RgCN-XeF2O systems, bC2H4-RgCN-XeF2O
and c NCRg-C2H4-XeF2O. Distances in Å

8.2.2 Experimental Studies

The following selected experimental studies involve RgBs in the fields of crystal
engineering, biological systems, and metal surface absorption phenomena.

Regium bonds as a novel tool in crystal engineering

The first selected study is the work of Daolio and collaborators [63], where
they synthesized and characterized two tetrachloridoaurates of acetylcholine and
dimethylpropiothetine by combining crystallography and computations at the PBE0-
D3/def2-TZVP level of theory. More specifically, the authors used AuCl4– anions,
which act as self-complementarymoieties, where theAu andCl atoms play the role of
RgB donor and acceptor entities, respectively. In Fig. 8.12, the X-ray structures from
the two newly synthesized compounds are shown with indication of both Au···Cl (in

Fig. 8.12 Partial views of the X-ray crystal structures UVIYUM (a) and UVIYOQ (b) exhibiting
Au···Cl (highlighted in red) and Au···O RgBs (highlighted in blue) contacts
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Fig. 8.13 MEP surfaces of the AuCl4 surface unit and AuCl4-acetylcholine complex using 0.001
a.u. a and 0.008 a.u. b isovalues at the PBE0-D3/def2-TZVP level of theory. Energy values are
given in kcal/mol at several points of the surface

red) and Au···O (in blue) RgB contacts. As noted, the Au···Cl contacts involving Au
and Cl atoms from different units drive the formation of a supramolecular anionic
polymer, wherein the metal centers established a second RgBwith the sp3 hybridized
oxygen atom belonging to the ester moieties.

To demonstrate the electrophilic role of Au as well as the attractive nature of both
the Au···Cl and Au···O interactions, the authors performed theoretical calculations
(PBE0-D3/def2-TZVP level of theory). Concretely, the authors carried out a MEP
analysis (see Fig. 8.13) of the isolated anion (which resulted negative over the entire
surface owing to its net negative charge and locating the global minimum along the
bisector of the Cl-Au-Cl angle). On the other hand, the MEP surface analysis of
the salt showed that the value of the potential of the Au center, while remaining
negative, was reduced to −20.1 kcal/mol. However, this turned into positive (+9
kcal/mol) while adjusting theMEP surface to the intermolecular Au···O/Cl distances,
which were shorter than the sum of the corresponding Au···O and Au···Cl van der
Waals radii. This study might pave the way for the design of new materials where
RgBs involving Au(III) centers dictate the formation of attractive anion···anion and
anion···neutral nucleophile interactions.

In a different study, Priola and coworkers [64] synthesized and characterized
the structure of the {Cu(NH3)4[Au(CN)2]}+[Au(CN)2]− salt, which exhibited an
unprecedented [d9]Cu···[d10]Au RgB. In their work, the authors reported first
evidence of RgBs between two cationic species, where Cu(II) and Au(I) act as elec-
tron acceptor and donor moieties, respectively. This counterintuitive RgB involving
Cu and Au atoms played a prominent role in the formation of a supramolecular
cationic polymer (see Fig. 8.14). Theoretical calculations (PBE0-D3/def2-TZVP
level of theory) provided support for the electrophilic role of Cu and nucleophilic
role of Au as well as the attractive nature of the [d9]Cu···[d10]Au interaction. More
specifically, the authors carried out a MEP analysis of the {Cu(NH3)4[Au(CN)2]}+

cationic unit and the ion pair (see Fig. 8.15).
As noted the MEP values are positive over the entire surface of the cationic

molecule due to its electronpoor nature, with the exception of the N atom belonging
to cyano ligand, which is not coordinated to a metal atom and exhibited a negative
potential (−29 kcal/mol). The most positive MEP values were found at the Cu(II)
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Fig. 8.14 X-ray architecture IWUMEV including Au···Au (in blue) and Au···Cu (in red) contacts

Fig. 8.15 MEP surfaces of the {Cu(NH3)4[Au(CN)2]}+ cationic unit (a) and the ion pair (b) at
the PBE0-D3/def2-TZVP level of theory. The values are given in kcal/mol at several points of the
surface using 0.001 a.u. isovalues

atom located on the opposite site to the Au(I) coordinated –CN group (exhibiting
a σ-hole) as well as the H atoms (+144 kcal/mol) belonging to the Cu(II) coordi-
nated ammonia molecules, thus being useful for understanding the location of the
counterions in this particular X-ray structure.
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Fig. 8.16 Partial viewof theX-ray crystal structureNUFYULexhibitingAu···ClRgBs (highlighted
in red) and CH···HC interactions (highlighted in blue)

When using the closest anion to perform the MEP surface analysis of the salt,
the σ-hole MEP value at the Cu(I) center decreased to +88 kcal/mol while the MEP
maxima were located at the H atoms of the coordinated ammonia molecules (+105
kcal/mol). Lastly, the MEP value of the region between the terminal CN groups
of both metal coordinated and non-coordinated [Au(CN)2]–species exhibited a very
negative electrostatic potential (–100 kcal/mol). It is also worthy to emphasize that
the Au atoms MEP values are negative, thus being adequate for understanding their
role as electron donor species.

These findings show that RgBs involving two noble metal atoms (one acting as
donor and another as acceptor) are strong enough to drive the formation of attractive
cation···cation NCIs, which ultimately is key for determining the crystal packing of
the salt.

Another interesting example of a solid-state architecture governed by RgBs is the
study by Terrón and collaborators [65]. Concretely, the authors reported the synthesis
and X-ray characterization of an Au(III) complex of 1-hexylcytosine via N(3). As
noted in Fig. 8.16, the solid-state architecture of this compound is formed by 2D
layers where molecules self-assemble by means of Au···Cl contacts (highlighted
in red) to form dimers that further interact with each other through hydrophobic
C–H···H–C interactions (highlighted in blue) involving the aliphatic hexyl chains.

To verify the presence of a region of positive electrostatic potential over the
AuCl3N moiety that helped to understand the crystal packing pattern exhibited by
this compound, the authors carried out a MEP analysis and the result is shown in
Fig. 8.17. As it can be observed, the MEP surface exhibits a region of positive
potential above and below the Au atom (+11 kcal/mol). The most electropositive
region was located on the NH2 H atoms (+25 kcal/mol), while the most negative
MEP values were found at the AuCl3N plane between two chlorido ligands (−41
kcal/mol). Finally, it is interesting to highlight that the MEP value at the belts of the
Cl atoms is negative, thus being suitable to participate as RgB electron donor species
(Lewis base).

In addition, a posterior orbital analysis revealed a significant orbital contribution
from an electron donation from a lone pair belonging to the chlorine atom to an
empty p orbital (p*) of Au (basically constituted by the 6pz atomic orbital), thus
remarking the importance of orbital interactions in the formation of this noncovalent
complex.
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Fig. 8.17 MEP surfaces (using an isovalue of 0.001 a.u.) of the X-ray structure synthesized by
Terrón and coworkers at the PBE0-D3/def2-TZVP level of theory, using two different “on-top”
orientations (“O” up in A and “NH2” up in B). Energies at selected points are given in kcal/mol

Regium bonds in biological systems

RgBs have been also spotted in biological systems, playing important roles in protein
conformation and protein-drug interactions. Some examples are given below while
some others can be found in our work [66]. In this chapter four selected protein–
ligand complexes are shown in Fig. 8.18, corresponding to PDB structures 1UT7
[67], 1A8D [68] 4ZFP [69], and 5Y0Y [70].

The first structure (PDB code 1UT7, Fig. 8.18a) encompasses the DNA binding
domain of Arabidopsis ANAC (abscisic acid-responsive NAC) protein. This protein
family is widespread in plants and their main function is related to the deregulation
of crucial biological processes (e.g., transcriptional activity [71], hormone inducible
processes [72], and protein complexation routes [73]). Ersnt et al. [67] reported

Fig. 8.18 Partial views of the X-ray structures of PDB entries a 1UT7, b 1A8D, c 4ZFP, and d
5Y0Y. The regium−π (Rg–π) interaction is magnified in the bottom part of the figure. The Au···C
distances are also indicated (measured to the C atoms of the ring in 1A8D and to the ring centroid
in 1UT7, 4ZFP, and 5Y0Y)
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structural insights of the protein−protein and protein–DNA interactions involving
NAC. To achieve this, the authors used dicyanoaurate to yield a high-resolution X-
ray crystal structure and identified four Au(I) binding sites (three on one chain of
the protein (named A) and one on the other (named B)). In chain A, a hydrophobic
pocket formed by Phe73, Ile46, Leu43, and Phe41 residues accommodated an Au(I)
ion through the formation of a Rg−π bond (Fig. 8.18a). This finding might lead to
structural implications because the corresponding region in monomer B (where no
Rg–π bonds were undertaken) exhibited a different structural pattern.

The second example PDBentry 1A8D (Fig. 8.18b) belongs to theTetanus toxin, an
enzyme present in Clostridium tetani that produces an exotoxin that can potentially
cause paralytic death. To design therapeutic agents capable of effectively inhibiting
this enzyme the structure belonging to the ganglioside binding region was solved
at 1.6 Å resolution by Knapp and coworkers [68]. Concretely, the authors used Au
atoms to solve theX-ray crystal structure and oneAu(I) ion coordinated to CYS214 is
interacting with a neighboring TYR111 residue through a Rg−π bond (Fig. 8.18b).
Thus, Rg–π interactions might become a novel tool for rational drug design as well
as design novel therapeutic agents for the Tetanus toxin enzyme.

The third example involves the work of Ferraro and collaborators, [69] who
used lysozymes (concretely HEWL) as an enzyme model to further understand
protein−Au interactions (Fig. 8.18c). More precisely, in the structure of PDB entry
4ZFP they used AuSac2, a medicinal Au(I) compound, to shed light on how Au
anchors inside the protein hydrophobic core. Importantly, an Au(I)−Met105 coor-
dination complex undertook a Rg−π interaction with the Trp108 π–system, which
belongs to a hydrophobic pocket composed of Trp28, Ala31, and Leu56 residues.
Owing to the important HEWL fluorophore properties of Trp108, the authors carried
out fluorescence spectroscopy assays (both in the presence and absence of AuSac2)
to evaluate the implications of these hydrophobic residues in the recognition and
binding phenomena of Au. They observed an abrupt decrease in the fluorescence
intensity of HEWL upon the addition of AuSac2 and proposed an energy transfer
mechanism from Trp108 to the Au(I)−Met105 complex, resulting in a noticeable
quenching of the protein fluorescence, thus enhancing the visible emission from the
ligand. Hence, the presence of a Rg−π bond might play an important role in facili-
tating the charge transfer process between both counterparts andmight be responsible
for the observed quenching phenomena.

As a final example, the study from Wu and collaborators [70] sheds light on the
structural features of phlebovirus glycoproteinGn, being one of the envelope proteins
on the surface of Severe fever with thrombocytopenia syndrome virus (SFTSV) and
Rift Valley fever virus (RVFV), also considered as a major antigenic component.
Despite its importance for virus entry and fusion, the molecular features of the phle-
bovirus Gn are mostly unknown until date. The authors used Au derivatives to solve
the X-ray crystal structure of these proteins. In addition, they used HIS tags owing
to their convenience for purification and detection assays since these residues are
known to effectively bind several types of metal ions under specific buffer condi-
tions. In this case (see Fig. 8.18d), an Au atom (AU406) is trapped between two
HIS residues (HIS13 and HIS64) and exhibits both a coordination bond with HIS13
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Fig. 8.19 Side (a) and zenithal (b) views of a molecular docking study between the monomeric
unit of MFRM and citrate-AuNP. i, ii, and iii denote electrostatics, hydrogen bonds (HB), and
regium–π (Rg–π) interactions, respectively. Reprinted (adapted) with permission from reference
[74]. Copyright 2021 American Chemical Society

(dAu···N = 2.209 Å) and a Rg–π interaction with HIS64 (dAu···C = 3.276 Å). This
example showcases the ability of HIS residues to covalently and noncovalently trap
Au(I) ions, which might be important in the field of protein engineering.

Regium bonds are involved in metal surface absorption phenomena

As the last selected example of this chapter, it is worth highlighting the study from Li
and coworkers [74], which deals with the synthesis characterization of melamine–
formaldehyde resin microspheres (MFRM) as active absorpters of Au nanoparticles
(AuNPs). AuNPs possess hazardous effects on the environment, animal species,
and human health as well as being potential pollution agents on the environment
[75]. Particularly, they are known to exert cytotoxicity and genotoxicity on marine
organisms, mammals, including human cells [76]. Therefore, there is a growing
interest in the design of newmaterials capable of binding and removing AuNPs from
the ecosystem. During their study, the authors elucidated the molecular recognition
mechanism of the MFRM-AuNP absorption by means of docking simulations (see
Fig. 8.19). They concluded that the MFRM compound interacts with the AuNP
through the combination of i) electrostatics, ii) metal–ligand coordination bonds, and
iii) Rg–π interactions. This study might open new ways to design novel adsorbents
for AuNP removal, thus finding newways to noticeablyminimize the impact ofmetal
nanoparticles in the environment and living ecosystems.

8.3 Concluding Remarks

We are at the mere naissance of RgBs as novel tools in several fields such as crystal
engineering, biology, and environmental chemistry. The X-ray structures and theo-
retical studies shown in Sects. 2.1 and 2.2 of this chapter, although not intended
to be comprehensive, provide theoretical and experimental support to the fact that
the elements from 11 are able to undergo noncovalent binding with Lewis bases.
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Furthermore, RgBs play a relevant role in governing the solid-state architecture of
the crystalline solids. Usually, this interaction is often overlooked or simply identified
as a short contact and therefore, it should be considered and used by the scientific
community. To date, few works have used this interaction on purpose to design
and construct supramolecular assemblies, and thus, it is expected that these interac-
tions will be increasingly used in crystal engineering as well as in supramolecular
chemistry and biological systems.
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Chapter 9
Aqueous Supramolecular Assemblies
of Photocontrolled Molecular
Amphiphiles

Franco King-Chi Leung

Abstract Amphiphilic molecules, are composed of hydrophobic and hydrophilic
parts and the intrinsic tendence to assemble in aqueous conditions, producing
numerous supramolecular assembled structures and functional systems. Some of
the recent challenges in the design of adaptive, responsive, far-from-equilibrium
functional systems in aqueous environments, the proper design of photo-controlled
moieties in intrinsic charged amphiphilic molecular structures offers fruitful oppor-
tunities to create supramolecular assembly systems, based on electrostatic interac-
tion, with response to light in aqueous environment. In this chapter, we discuss
the design strategy of photo-controlled molecular amphiphiles, the supramolec-
ular assembled structures in aqueous environment and at air–water interfaces, as
well as different strategies for producing dynamic functions in both isotropic and
anisotropic supramolecular assembled materials. The motions at air–water interface,
foam formation, reversible supramolecular assembly at nanometer length-scale, and
life-like artificial muscle function are discussed. Manipulating the molecular struc-
tural design, supramolecular assembling conditions, and external stimulation, the
photo-controlledmolecular amphiphiles open directions toward applications ranging
from controlled bio-target delivery to soft robotic.

9.1 Introduction

Amphiphile, this word originated from the Greek amphis: both, and philia: love, is
referring to a chemical structure consisting a polar and a non-polar part with intrinsic
hydrophobic (lipid-loving) and hydrophilic (water-loving) properties [1–4]. Most
common amphiphiles including surfactants and diglycerides [5], the amphiphilic
nature, which means a dual hydrophobic and hydrophilic nature in a small molecular
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structure, determines the spontaneous supramolecular assembly into a well-defined
structure in aqueous environment via noncovalent interactions [6–14], including elec-
trostatic interaction. Bottom-up approach provides natural and synthetic supramolec-
ular assembled structures of molecular amphiphiles across multiple length-scale
[15–37].

Nature has created the most beautiful and sophisticated examples of supramolec-
ular assembled systems derived from amphiphilic molecules. Take phospholipids
as an example, which is a typical class of natural amphiphiles, supramolecular
assembling into biological bilayer membranes, i.e., cell membrane, in living organ-
isms to maintain stable biological conditions and compartmentation [38, 39]. In
the presence of various proteins in the supramolecular bilayered structure of cell
membrane, it allows the membrane to respond automatically to subtle variations in
the surrounding environment and enables living organisms with correct biological
functions [30, 40]. Nature provides unlimited inspiration for designing novel artifi-
cial mimetic systems. In the past decades, various synthetic supramolecular assem-
bled systems are designed and equipped with stimuli responsiveness and functional
tunability, enabling complicated supramolecular assembling pathways and energy
landscapes [41–49]. Numerous synthetic stimuli-responsive amphiphiles have been
developed to provide structurally well-defined supramolecular assemblies, in which
the supramolecular structures can be fine controlled by external stimulation, e.g.,
gases, heat, small molecules, pH, and light [12, 50–69]. Light is regarded as a non-
invasive stimulation to allow high temporal and spatial control of responsive systems
aswell as the tunablewavelength and intensity [70, 71].Advanced synthetic strategies
allow structural modifications of photoresponsive amphiphilic molecules, including
(1) photoresponsivemolecular amphiphile, composed of a covalently linked photore-
sponsive unit, and (2) photoresponsive supramolecular amphiphile, composed of a
noncovalently connected photoresponsive unit [11, 53, 72]. Supramolecular assem-
blies of photoresponsive amphiphilic molecules controlled by light offer ample
opportunities toward adaptive and smart soft materials, as well as stimuli-responsive
systems in research fields ranging from chemical biology, nanotechnology to
materials in robotic science [5, 71, 73, 74].

Naturally, almost all supramolecular assembled structures and their assem-
bling processes with functional capabilities found in living systems occur in
aqueous environment [75, 76]. Water is a basic but important and essential medium
for supramolecular assembly in biological systems, allowing those systems with
advanced complexity, robustness, and adaptability. The supramolecular assem-
blies and hierarchical supramolecular assemblies of photoresponsive molecular
amphiphiles in aqueous environments and conditions offer excellent opportunities
to produce biocompatible and adaptable artificial soft functional systems. In this
current chapter, we discuss and demonstrate the recent research progress in the area
of supramolecular assembled and hierarchical supramolecular structures of photore-
sponsive charged small molecular amphiphiles in aqueous environments and condi-
tions for both at air–water interfaces and in aqueous solutions, including criteria
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of the molecular structures, intrinsic hierarchical supramolecular organized struc-
tures, novel, and important recognition, and their assembly parameters with their
responsive behavior.

The selected areas are discussed: (1) molecular design strategies of photore-
sponsive charged molecular amphiphiles, (2) intrinsic dynamic or static functions
of photoresponsive charged molecular amphiphiles at air–water interfaces, and (3)
functional supramolecular self-assembled structures of photoresponsive charged
molecular amphiphiles in solutions, including one-dimensional (1D) supramolec-
ular structures to randomly arranged and organized three-dimensional (3D) struc-
tures and unidirectionally aligned hierarchical structures. With the focused discus-
sion on the molecular and supramolecular structures and photoresponsive molecular
amphiphile’s intrinsic functions and the correlated supramolecular assembled struc-
tures in aqueous environments, we herein highlight and focus on the recent progress
of dynamic systems in water and amplification of molecular motion of molecular
machineries to sustain macroscopic life-like robotic functions.

9.2 Photoresponsive Charged Molecular Amphiphiles

To provide delicate design of photoresponsive charged molecular amphiphiles
achieving proper supramolecular assembly structures controlled by light in aqueous
environments, the variety of molecular structures of amphiphiles should be consid-
ered [77, 78]. In consideration of the chemical nature of hydrophilic motif, molecular
amphiphiles are classified as ionic (i.e., anionic, cationic), zwitterionic, and nonionic
amphiphiles [14, 77, 78]. Based on the mode and number of connecting points of
both hydrophilic and hydrophobic moieties, molecular amphiphiles can be clas-
sified into head/single tail and double tail amphiphiles, Gemini amphiphiles, and
bola-amphiphiles (Fig. 9.1a) [3, 5, 79].

Most commonly found in natural and synthetic amphiphiles types are head/single
tail, Gemini amphiphiles, and bola-amphiphiles. Gemini amphiphile is composed of
twohydrocarbon tailswith two ionic groups linked by a single spacer, allowing aggre-
gation at very low amphiphile concentration and reducing surface tension signif-
icantly [5, 30, 80]. Bola-amphiphile is composed of two hydrophilic head groups
linked with a single aliphatic chain, which is commonly found in cell membranes of
thermophilic bacteria to show high-thermal resistance [81, 82]. The structural prop-
erties and order of supramolecular assembly of molecular amphiphiles are highly
dependent on the design of its molecular structures. In this connection, not only the
type of molecular amphiphile but also the nature and position of the photorespon-
sive unit (e.g., structural rigidity, geometrical change, change in polarity, etc.) have
to be considered to determine the resulting supramolecular assembly and advanced
functions. In order to strengthen and maximize the intermolecular interaction of the
resulting supramolecular assembly, this chapter focuses on the discussion of anionic,
cationic, and zwitterionic amphiphiles, i.e., charged molecular amphiphiles.
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Fig. 9.1 Schematic diagramof a commonmolecular amphiphiles and b photoresponsivemolecular
amphiphiles illustration (single head–tail amphiphiles are employed as example)

By implementation of photoresponsive units either at the charged head group or
at different positions of the hydrophobic chain, it is regarded as the typical method to
design photoresponsive molecular amphiphiles (Fig. 9.1b). Numerous photorespon-
sive molecules have been well-developed in past few decades to provide applications
ranging from smart responsive systems to material science. Photoresponsive units,
such as stilbenes, dithienylethenes, spiropyrans, azobenzenes, donor–acceptor Sten-
house adducts, molecular motors, are commonly applied to the design of photore-
sponsive molecular amphiphiles [83, 84]. Some representative molecular structures
and the corresponding photoisomerization processes of the photoresponsive units
have been shown in Scheme 9.1.

Scheme 9.1 Major photoresponsive molecular structures and the corresponding photoisomeriza-
tion processes of a stilbene, b azobenzene, c dithienylethene, d molecular motor, e spiropyrans,
and f donor–acceptor Stenhouse adduct. (λ: Photoirradiation and Δ: Heating)
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9.3 Dynamic Functions of Photoresponsive Charged
Molecular Amphiphiles at Air–Water Interfaces

The introduction of molecular amphiphiles into aqueous environments allows
molecules to spread over the entire interface. The charged hydrophilic heads of
amphiphiles orient toward the polar phase, while the hydrophobic tails orient toward
the non-polar phase to produce self-assembledmonolayers at the air–water interfaces.
On the basis of the solubility of molecular amphiphiles in aqueous environment, self-
assembledmonolayers can be classified into the Langmuir monolayers and the Gibbs
monolayers (adsorption monolayers) [85–87]. Langmuir monolayers are composed
of either insoluble or sparingly soluble amphiphiles, providing well-organized
layered films. Photoresponsive molecular amphiphiles, such as spiropyrans, azoben-
zenes,molecularmotors, and dithienylethenes, have been applied inLangmuirmono-
layers in controls of surface pressure/tension reversibly. The supramolecular struc-
ture, prepared by packing tight thin films, can be prepared systematically through
layer-by-layer Langmuir–Blodgett methodology, indicating the important prospects
for materials in sensing technologies and optoelectronic materials [88–105].

Gibbs monolayers (adsorption monolayers) are constructed with molecular
amphiphiles with excellent aqueous solubility to provide direct distribution over the
interfaces between air and water without involvement of common solvents. Gibbs
monolayers demonstrate close correlations between supramolecular assembled struc-
tures in aqueous environments and at interfaces between air and water. The pioneer
studies in the area of the photoresponsive molecular amphiphiles based Gibbs mono-
layers were using physical parameters with crucial equilibrium, including critical
micelle concentration (CMC) and surface tension under equilibrium, to determine
supramolecular assembled structural transformations in aqueous solutions and at air–
water interfaces. In the current section, we focus on the discussion of dynamic/static
interfacial functions for the photoresponsive molecular amphiphiles [106–114].

Shin and Abbott reported an actively controlled surface tension with dynamic
properties of a mixture solution of photoresponsive azobenzene-based bola-
amphiphile 1 with sodium dodecyl sulfate (SDS) (Fig. 9.2a) [115]. Through the
combination of positive charged 1 with negatively charged SDS, this complemen-
tary electrostatic interaction allows a closely packed supramolecular co-assembled
structure at the interface between air and water (Gibbs monolayer). Large geometric
supramolecular transformations, from trans to cis, of the photoisomerization of
azobenzenes 1 induced a significant variation of surface tension around 25 mN/m
dynamically (below CAC, Fig. 9.2b). This molecular design of photoresponsive
molecular amphiphile demonstrated a novel strategy for dynamically controlled
surface tension of the aqueous solutions and provided an alternative method to an
innovative transformation in surface tension under equilibrium conditions. Notably,
the large geometrical transformation of azobenzene-based amphiphiles provides
significant transformation of dipole moment (commonly around 3 D) [115, 116].
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Fig. 9.2 a Photoisomerization process and molecular design of 1 with SDS. b Surface tension
change of 1 with SDS before (filled circles) and after (open-circles) UV photoirradiation. cMolec-
ular design of 2 and its photoisomerization process. Adapted image with permission from Ref.
[115]. Copyright (1999) (American Chemical Society)

A photoresponsive molecular amphiphile 2, designed by Monteux and co-
workers, is composed of a cationic ammonium head group with an azobenzene-
based hydrophobic tail (Fig. 9.2c), to show tunable dynamic surface tension by
photo-controlled adsorption/desorption processes of 2 [117]. The electrostatic barrier
to adsorption was studied by kinetically limited model. The cis-2 isomer showed
10 times faster than that trans-2 isomer in adsorption process and desorbed 300
times faster. As a result, the monolayers were packed with almost only trans-2 in-
equilibrium conditions. Because of the adsorption and desorption processes of trans-
and cis-isomers of 2, instant variation of assembly occurred to trigger rapid changes in
interfacial properties. A solution of 2 and talc particles was observed under optical
microscopy to monitor surface flux process. The surface of solution was exposed
under UV-light spot (λ = 365 nm), the majority of trans-2 isomer adsorbed outside
of the irradiated spot,meanwhile significant desorption of 2 occurred in the irradiated
part because of the trans-to-cis isomerization. As a result, the surface tension of the
solution was rapidly increased to generate surface tension gradient between irradi-
ated and non-irradiated parts. The generated Marangoni flow from outside to inside
of the light spot, it inducedmovements of talc particles toward the light spot. Overall,
the particle concentrating phenomenon of the light spot was observed instantly under
UV-light (Fig. 9.3) [117].
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Fig. 9.3 a Microscopic images of phenomenon of particle concentrating with UV and blue-light
irradiating spot. b Schematic diagram of adsorption–desorption with itsMarangoni flow of photore-
sponsive molecular amphiphiles. Adapted images with permission from Ref. [117]. Copyright
(2011) (Royal Society of Chemistry)

Nonetheless, blue-light irradiation (λ = 436 nm) can induce a similar particle
concentrating phenomenon. The distinct properties of adsorption and desorption
processes of trans-2 and cis-2 isomers were demonstrated to provide a novel strategy
to control surface gradients at air–water interface by azobenzene-based amphiphile
solution with light-induced Marangoni flow.

In using the dynamic and tunable interfacial properties of aqueous solutions of
azobenzene-based photoresponsive molecular amphiphile 2, an in-situ controlled
stability and breakage of photoresponsive foams were reported by Monteux and
co-workers. The photoresponsive foams were prepared with the aqueous solution
of 2 to control stability of foams remotely and non-invasively (Fig. 9.4a) [118].
The majority of trans-2 maintained stable foams, while the foams ruptured upon
UV-light irradiation within 100 s (Fig. 9.4b, c). The obtained solution was able to
prepare stable foams again after blue-light irradiation for a few minutes, indicating
a reversible control of foam formation by UV- and blue-light sequential irradiation.
Trans-2 converts to cis-2 upon UV-light irradiation of the stable foam of 2, inducing
amphiphiles desorbed from the air–water interfaces into the bulk solutions. As a
result, dynamic adsorption and desorption interfaces was achieved. Possibly due to
the dynamic adsorption/desorption phenomenon of 2, an out-of-equilibrium surface
tension gradient can induceMarangoni flows at the interfaces, leading to the breakage
of foams upon UV-light irradiation.

Later Monteux and co-workers reported the correlation of the light-induced flow
and foam destabilization mechanism, they investigated the dependence of light-
induced flow of 2 and its foam breakage at thin-liquid film of bubbles and macro-
scopic foams [119]. A tunable velocity ofMarangoni flowwas observed at thin-liquid
films by controlling photoisomerization of 2 with various UV-light intensities. The
light-induced flow inmacroscopic foams is able to reduce foam drainage rate at early
stage of UV-light irradiation, along with a subsequent rapid foam rupture. The effect
of light irradiation on the disjoining pressure of thin-liquid films showed that UV-
light induced foam rupture was attributed to the decrease of electrostatic repulsion
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Fig. 9.4 a Schematic diagram of photo-controlled foams of 2. b Stable foams of trans-2. c Desta-
bilized foams prepared by UV photoirradiation. Adapted images with permission from Ref. [118].
Copyright (2012) (American Chemical Society)

in the thin foam film and oscillation of the disjoining pressure isotherm [120]. This
photoresponsive molecular amphiphile system at the air–water interface shows the
potential prospects for applications in remote controls of foam stability.

Jiang and co-workers reported a dual stimuli-responsive molecular amphiphile
system, which was synthetically modified on the basis of the azobenzene amphiphile
2 by implementing a tertiary amine head group 3 (Fig. 9.5) [121]. In the conduc-
tivity measurements, amphiphile 3 is able to be reversibly transformed between the
form of hydrophobic tertiary amine and the form of amphiphilic ammonium salt
by purging nitrogen and carbon dioxide alternately. Upon 365 nm light irradiation,
the photostationary state (PSS) was attained with a trans-3: cis-3 ratio 4: 96, while
the backward isomerization was controlled by blue-light irradiation. By controlling
both gases purging (nitrogen/carbon dioxide) and light (UV/blue light) irradiation,
the significant geometrical structural transformation of 3 is achieved to generate dual
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Fig. 9.5 Schematic diagram of the gases and photo-controlled foams of 3. Adapted image with
permission from Ref. [121]. Copyright (2007) (Elsevier)

stimuli-responsive foams. Illusively, the stable foams, prepared from the solutions of
3 by bubbling with carbon dioxide, were ruptured after nitrogen purging for 10 min,
or foam rupture was induced by UV-light irradiation. The current approach provides
a simple and promising strategy for future multiple stimulation responsive systems.

In addition to the structural modification of the hydrophilic parts of azoben-
zene amphiphiles, structural rigidity improved hydrophobic part was designed in
the azobenzene-based amphiphile 4 with carboxylate charged end-group, to provide
significant enhancement of foam stability (Fig. 9.6) [122]. The photoisomerization
of 4 was found to attain the PSS with 95% of cis-4, confirmed by absorption spec-
troscopy and proton NMR. The critical micellar concentration (CMC) was changed

Fig. 9.6 Schematic diagram of photoisomerization of 4 and its photo-controlled foams. Adapted
image with permission from Ref. [122]. Copyright (2017) (American Chemical Society)
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drastically upon photoirradiation, possibly due to the large geometrical transforma-
tion from trans-4 to cis-4. Stable foams were obtained from a solution of trans-4
(2.0 mM) with a stability half-life of ~16 h. In contrast, all the stable foams were
collapsed in 4 min photoirradiation with UV-light, affording photoresponsive foams
with significant variation of foam stability triggered by UV-light.

By substituting the bromide counterion of amphiphile 2 with a bis-
(trifluoromethanesulfonimide) (BTF) anion, it provided a strategy for controlling
foam stability by binding to cucurbit[7]uril (CB7) with spermine moieties (Fig. 9.7)
[122]. The azobenzene-based amphiphile 5, composed of the amphiphile part and
counterion BTF, was improved the foamability after addition of CB7 due to closer
packing at air–water interface. As confirmed by proton NMR and conductivity
measurements, the host–guest complex of 5 ⊂ CB7 might shield the electrostatic
interaction of amphiphile 5 and its counterion BTF. The free BTF is desorbed from
the air–water interface to allow a closer packing at the interface. Given that stronger
host–guest complex forms between spermine with CB7, free amphiphile 5 becomes
available for binding with BTF at air–water interface. The decreased foamability was
observed because of the loosely packed monolayers of 5 at the interface. The results

Fig. 9.7 Supramolecular structural transformations at air–water interface and in aqueous solution
of a 5 and b 5 ⊂ CB7
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clearly demonstrated that a strategy of supramolecular host–guest interaction allows
to reversibly control the foamability by photoresponsive molecular amphiphile.

Chen et al. has synthesized a class of nonionic and cationic azobenzene-based
amphiphiles through the modifications of hydrophobic chains and hydrophilic part.
These amphiphiles allowed the preparation of photoresponsive foams for textile foam
coloring systemswith reduced pollutants discharge and less energy consumption than
that of the traditional coloring processes [123–128]. By the reversibly tuned light
stimulation, the foamability and stability of colored photoresponsive foams could be
systematically controlled. The colored stable foams were applied in textile coloring
process, after photo-controlled foam rupture, the unused colored photoresponsive
amphiphiles were easily recycled, achieving near zero-pollutant discharge coloring
process (Fig. 9.8) [128].Another applicationof photoresponsive foamsprepared from
azobenzene-based amphiphiles is involving the flotation processes of quartz parti-
cles [129, 130]. All these applicational results demonstrated the feasibility of using
photoresponsive molecular amphiphiles in more environmental-friendly industrial
processes.

In using isomerization of molecular amphiphiles, the dynamic photoresponsive
air–water interfaces provide promising opportunities to control optical particle depo-
sitions with defined patterns [131, 132], macroscopic liquid droplet motions [133,
134], and liquid marble transport [135]. A novel strategy for accumulating particles
in predefined locations with complicated patterns was reported, which shared simi-
larities to that of observed particle concentrating phenomenon of amphiphile 2 [117].
A cationic azobenzene-based molecular amphiphile 6 was employed in the photoin-
ducedMarangoni flow in evaporating droplets (Fig. 9.9a) [131]. Various complicated
patterns were formed by using photomasks, showing patterns with model suspension
to complex formulations, e.g., commercial coffee suspensions. Marangoni flows at
air–water interfaces were observed by the photoinduced transportation of floating
liquid marbles by the solution of molecular amphiphile 6. (Fig. 9.9b) [135]. By
controlling the thickness of liquid substrates, twomotion directions of liquid marbles
were observed with Marangoni and anti-Marangoni motions, providing complicated
dynamic function of photoresponsive molecular amphiphiles at air–water interfaces.

A photoresponsive dissipative assembly system of molecular amphiphile 6 in
suspension of anionic polystyrene microparticles was reported by Baigl and co-
workers. A reversible and dynamic control of particle arrangements between a highly
crystalline assembly and disordered states was observed by photoirradiation at air–
water interfaces (Fig. 9.10) [136]. The particle arrangement states were controlled
by the photoinduced dynamic adsorption/desorption processes of amphiphile 6 at
air–water interfaces. In dark, the suspension was mainly composed of trans-6, which
the particles showed disordered state. At PSS, the suspension was composed of cis-6
either 95% (photo-irradiated with UV for 1 min) or 45% (photo-irradiated with blue-
light for 1min), affording similar colloidal assemblywith highly crystalline assembly
state. It was proposed that the continuous photoinduced desorption of amphiphile
6 maintained out-of-equilibrium conditions to allow crystallization process. The
crystals are transferred to disordered state when the light (energy source) is off.
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Fig. 9.8 Schematic diagram of foam coloring process with excellent recyclability. Adapted image
with permission from Ref. [128]. Copyright (2020) (Elsevier)

The system showed the controlled transformation of colloidal assembly at air–water
interfaces to expand the realm of currently known dissipative systems.

Azobenzene-derived photoresponsive molecular amphiphiles 7 and 8 were
reported independently by Ravoo and Braunschweig (Fig. 9.11) to provide studies
of responsive adsorption properties by vibrational sum-frequency generation and
dynamic surface tension, as well as resulting macroscopic functions, such as respon-
sive foams and particle motions. Molecular amphiphile 7, which was designed with
a carboxylate charged group connected with an ethylene glycol-linker, has been
demonstrated with controllable surface tension and foam stability by pH and light
(Fig. 9.11a) [137]. The most foam stability of solution 7was observed at pH 7.1 after
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Fig. 9.9 Schematic diagram of a particles deposition process and b photo-controlled liquid floating
marbles transport. Adapted awith permission from Ref. [133]. Copyright (2016) (American Chem-
ical Society). Adapted b with permission from Ref. [135]. Copyright (2016) (John Wiley and
Sons)

green-light irradiation. Molecular amphiphile 8, which was designed with sulfonate-
charged group connected by an alkyl-linker, can provide higher foam stability than
that of amphiphile 7, because of the improvedmicro-phase separation byhydrophobic
part (Fig. 9.11b) [138]. The results showed a class of photoresponsive molecular
amphiphiles able to control foam stability and photoinduced particle motions via
dynamic adsorption/desorption at Gibbs monolayers.
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Fig. 9.10 Microscopy figures of photo-controlled (i) disassembling and (ii) colloidal crystallizing
processes at air–water interfaces. Scale bar: 100 nm. Adapted image with permission from Ref.
[136]. Copyright (2019) (Elsevier)

Fig. 9.11 a Photoisomerization process of 7. b Photo-controlled foams and photo-controlled
particle movements of 8. Adapted image with permission from Ref. [138]. Open access under
a CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/

Spiropyran-based molecular amphiphiles, as an alternative to azobenzene-base
molecular amphiphiles, could provide dynamic photoresponsive Gibbs monolayers
for responsive foams and photoinduced motions applications [139–141]. Molecular
amphiphile 9, which was designed with a sulfonate-charged group connected with
alkyl-linker to spiropyran core, is able to provide photo- and pH-responsive foams

https://creativecommons.org/licenses/by/4.0/
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Fig. 9.12 Schematic diagram of a photoisomerization of 9 and b pH and photo-controlled solution
color change. Photo-controlled foams of 9 at c pH 5.3 and d 2.7. e Writing and erasing processes
with light of solution 9 (pH 5.3) upon photoirradiation under a photomask. Adapted image with
permission from Ref. [141]. Copyright (2020) (American Chemical Society)

(Fig. 9.12) [141]. The color change (from yellow to dark red) of amphiphile 9 can
be finely tuned by pH (2.1–10.5). In pH range of 4.8–5.9, a reversible color change
(between orange and yellow)was observed by alternating irradiation and kept in dark.
In using the advanced photo-controlled color change, photo-writing of information
and subsequent self-erasing could be done by photoirradiation with a photomask on
top of the solution of amphiphile 9.

The discussion of the controlled macroscopic functions on the basis of photore-
sponsive molecular amphiphiles with excellent aqueous solubility (below 1.0
wt%) supramolecularly assembled as Gibbs monolayers have clearly shown
different promising application opportunities in the novel development of different
environmental-friendly production and industrial processing methodologies [142,
143]. However, currently, in use of photoresponsive molecular amphiphiles at inter-
faces between air and water for industrial-scale instead of laboratory demonstra-
tion remained highly largely unexplored. We believe that the identification of the
supramolecular assembly mechanisms and energy in molecular isomerization ampli-
fied alongmultiple length-scale tomacroscopic dynamic functions, includingmacro-
scopic particle motion and foams with photoswitchability, is able to provide hints in
design of photoresponsive molecular amphiphiles for industrial-scale applications.
Leung and Feringa reported recently the unique supramolecular assembly transfor-
mations of an amphiphile based on molecular motor applied in solution and at inter-
faces, to affordmultiple heat/photo-controlled switching of macroscopic foams. This
work might provide the key design strategies for the mechanism of motion ampli-
fication from nanoscale to assemblies micrometer-scale, and even responsive foam
properties at centimeter-scale (full discussion provided in Sect. 9.4) [144].
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9.4 Functional Supramolecular Self-assembly
of Photoresponsive Charged Molecular Amphiphiles
in Solution

Supramolecular assembly of molecules with amphiphilic properties in no matter
aqueous, organic, or mixture organic/aqueous media has been known to produce
numerous nanostructures, such as bilayers structures (vesicles, tubes, lamellae) and
micelles (worm-like, rod-like spherical,). Because of the biocompatibility and poten-
tial bio-related applications, we herein focus on the discussion of the supramolecular
assembled structures of molecular amphiphile and their structural transformations
in aqueous media. The resulting supramolecular assembled structure showed high
dependence of the molecular structural design and experimental conditions, e.g.,
concentration, temperature, pH, light source, ionic strength [72, 145–152]. To predict
the shape and size of supramolecular assembled structures of molecular amphiphiles
in aqueous media, according to Israelachvili et al., [14] packing parameters (P) can
be employed, which was defined as: P = v/a0l0, where v is the volume of the
amphiphile tail, ao and l0 are the area of the hydrophilic groups and the length
of tail in the amphiphile, respectively. The molecular geometrical transformation
of molecular amphiphile change the packing parameters to induce supramolecular
assembly transformation [14, 29, 145, 153, 154]. In the current section, we focus
on the discussion of assembly structure of photoresponsive molecular amphiphiles
in aqueous media, ranging from one-dimensional (1D) nanostructures, isotropic
entangled three-dimensional (3D) networks to anisotropic 3D structures.

9.4.1 Isotropic Self-assembly of Photoresponsive Charged
Molecular Amphiphiles

Supramolecular assembly of photoresponsive molecular amphiphiles into 1D nanos-
tructures provides deep insight into achieving precise controls of supramolecular
organization and potential bio-related applications. An asymmetric supramolecular
helical structure has commonly recognized as attractive target for biomaterials and
supramolecular chirality [155–161]. Stupp and co-workers reported a supramolecular
structure transformation of a photoresponsive amphiphile 10a fromquadruple helical
nanofibers to single strand nanofibers (Fig. 9.13) [162]. By photocaging design, the
amphiphile 10a was composed of 2-nitrobezyl group with short peptide segment
GV3A3E3 (Gly-Val-Val-Val-Ala-Ala-Ala-Glu-Glu-Glu). Upon 350 nm irradiation,
the 2-nitrobenzyl group can be cleaved to afford 10b (Fig. 9.13). After photocaging,
the supramolecular interactions become favorable to form supramolecular struc-
ture of 10b, revealed by transmission electron microscopy (TEM). Atomic force
microscopy (AFM) and TEM images of 10a showed quadruple helical assemblies
with uniform pitch and width 92 ± 4 nm and 33 ± 2, respectively (Fig. 9.13b–d).
Upon 350 nm irradiation, the dissociation of quadruple-helix assemblies into single
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Fig. 9.13 a Schematic diagramof the photo-controlled caging of 10a conversed to 10bwith 350 nm
light irradiation. b TEM and c AFM images of 10a in aqueous conditions (pH 11). d Quadruple
nanofibers imaged by TEM. e 10a after photoirradiation imaged by TEM. f Absorption spectra (top)
and CD spectra (bottom) of 10a upon 350 nm light irradiation. Adapted image with permission
from Ref. [162]. Copyright (2008) (American Chemical Society)

strand non-helical nanofibers (Fig. 9.13e–f). The current study provided a strategy to
produce functional photoresponsive helical supramolecular structures with prospects
for sensing and actuation.

Later, Stupp and co-workers reported a new photoresponsive molecular
amphiphile (11a) with a segment of a fibronectin epitope Arg-Gly-Asp-Ser
(Fig. 9.14a) [163]. The structural modification of the β-sheet domains can alter
the resulting assembled structures. Due to the weakened β-sheet forming segment of
11a [164], a clear solution remained under the assembling condition of 4.0× 10–4 M
in 0.1 M CaCl2 solution (Fig. 9.14b). In comparison to 10a, the quadruple-helix was
transformed into nanofibers and gels. Upon 350 nm irradiation of 11a, the obtained
11b provided a transparent gel to demonstrate a photoresponsive sol–gel transfor-
mation (Fig. 9.14c). Nanofibers with diameter of 11 nm were observed in 11a, and
nanospheres (12 nm in diameter) were observed in 11b (Fig. 9.14d, e). Because of
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Fig. 9.14 Schematic diagram of a the photo-controlled caging of 11a and the corresponding sol–
gel transformations b before and c after 350 nm light irradiation. 11a d before and e after 350 nm
light irradiation imaged byTEM.Adapted imagewith permission fromRef. [163]. Copyright (2009)
(John Wiley and Sons)

the limited cytotoxicity of both 11a and 11b, the current photoresponsive gelation
process can potentially be applied for photoresponsive cell scaffold development.

In addition to multiple helical supramolecular structures, the design of highly
dynamic and well-defined assembly structures with adaptive behavior to external
stimulations would be considered one of the grand challenges for man-made
supramolecular structures. In 2011, Feringa and co-workers reported a photorespon-
sive supramolecular assembly of vesicle-capped nanotubes of molecular amphiphile
12 in aqueousmedia (Fig. 9.15a) [165]. The phospholipid 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) was premixed to improve amphiphile solubility in aqueous
media to provide unique vesicle-capped nanotubes, observed by cryogenic transmis-
sion electron microscopy (cryo-TEM). The vesicle-capped nanotube was chemically
modified into nanotubes only by adding Triton X-100 and reformed by removing
the Triton X-100 from the medium (Fig. 9.15c). Furthermore, the vesicle-capped
nanotubes were selectively disassembled by photoirradiation (Fig. 9.15b). Due to the
intrinsic fluorescent property of the overcrowded alkene core of 12, the supramolec-
ular transformation was monitored in-situ by fluorescence microscopy. The dynamic
vesicle removal and photo-controlled disassembly process of 12 provided a novel
strategy to control supramolecular assembly structure by both chemical and light
stimulations. Later the vesicle in the vesicle-capped nanotubes showed sensitivity to
change in osmotic pressure, providing assembly structure with vesicle-encapsulated
nanotube (Fig. 9.15d) [166]. The photo-controlled disassembly of nanotubes allowed
the release of encapsulated vesicles. This work demonstrated themultiple-responsive
properties of these novel co-assembled structures.

Even though UV-light is commonly used in photoresponsive supramolecular
systems, the low bio-tissue penetration and serious bio-tissue damage properties
of UV-light limit the bio-related application of UV-responsive systems. Wang and
co-workers reported a co-assembly system of a charged coumarin unit with common
lipids was able to prepare near-infrared (NIR) responsive liposomes for controlled
drug delivery [167], although no detailed assembly transformation process and
origin of NIR responsiveness were mentioned (Fig. 9.16) [168]. The co-assembly
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Fig. 9.15 a Schematic diagram of supramolecular transformations of co-assembly of 12 with
DOPC. b Structure of 12 imaged by cryo-TEM after photoirradiation, images recorded at 0 min
and 120 min. c Disassembly of vesicle imaged by cryo-TEM. d Osmosis caused encapsulation of
vesicles imaged by cryo-TEM. Scale bars in b, c = 100 nm, in d = 50 nm. Adapted a–c with
permission from Ref. [165]. Copyright (2011) (Springer Nature). Adapted d with permission from
Ref. [166]. Copyright (2015) (John Wiley and Sons)

Fig. 9.16 aSchematic diagramof the photo-controlled cagingprocess and assembly transformation
of 13a to13b. Solutions of 13a (30mM)withC14DMAObbefore and c afterNIR irradiation imaged
by cryo-TEM.Solutions of 13b (50mM) andC14DMAOd before and e afterNIR irradiation imaged
by cryo-TEM. Adapted image with permission from Ref. [168]. Copyright (2017) (Royal Society
of Chemistry)
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of amphiphile 13a and tetradecyldimethylamine oxide (C14DMAO) assembled into
worm-like micelles (in 30 mM of 13a) and vesicles (in 50 mM of 13a). Although
the origin of the NIR responsiveness remained unclear, the worm-like micelles and
vesicles were able to transform into spherical micelles with NIR irradiation through
the photocleavage of 13a.

The irreversible photoresponsive charged molecular amphiphilic systems have
shown the feasibility of controllable supramolecular assembly structures in aqueous
conditions ranging from 1D nanostructures transformations to isotropic entangled
3D sol–gel transformations. In contrast, reversible supramolecular assembly trans-
formations can afford scientifically interesting opportunities toward developments
of smart soft materials. Some pioneering works of supramolecular assemblies of
photoresponsive molecular amphiphiles, reported by Engberts and co-workers, were
demonstrated the co-assembly and molecular interactions of common surfactants
and azobenzene amphiphiles to provide solid foundations for the later supramolec-
ular assemblies of photoresponsivemolecular amphiphiles developments [169–172].
Stupp and co-workers reported supramolecular helical nanofibers with a reversible
controlled helical pitch, which were formed from a photoresponsive positively
chargedmolecular amphiphile (azobenzene-based) 14 (Fig. 9.17a) [173]. The photoi-
somerization of nanofibers of trans-14 to cis-14 was driven by 360 nm light source.
Due to the reduced planarity of cis-14, the helical pitch of nanofibers of trans-14
could be reduced by the increased sterically induced torque. The nanofibers helical
pitch was reduced from 78 to 56 nm upon photoirradiation, as confirmed by AFM
(Fig. 9.17b, c). It is noted that the supramolecular assembly required the presence of
organic solvents, which reduced the potential biocompatibility of the current system.

Supramolecular transformations in aqueous media of azobenzene-based photore-
sponsive molecular amphiphiles were widely studied, including cationic bola- and
Gemini-molecular amphiphiles [174–183]. Some supramolecular assembly trans-
formations from vesicles to other assemblies, such as nanofibers, can potentially be

Fig. 9.17 aMolecular design of 14. Helix pitch of 14 nanofibers b before and c after UV photoir-
radiation. Adapted image with permission from Ref. [173]. Copyright (2007) (John Wiley and
Sons)
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applied in drug encapsulation and delivery [55, 184–186]. However, the applica-
tion potentiality of assemblies of azobenzene-based molecular amphiphiles might
be limited by the two-states photoisomerization. The development of multiple-states
assemblies using photoresponsive molecular amphiphiles in aqueous conditions
remains highly challenging. A photoresponsive multiple-states nanostructure using
co-assemblies of a molecular amphiphile 15 was reported, by Huang’s group, with a
cationic amphiphile cetyltrimethylammonium bromide (CTAB, Fig. 9.18) [187]. The
co-assemblies transform reversibly between assemblies of worm-like micelles, vesi-
cles, lamellar structures, and small micelles in aqueous media, which is controlled by
the photoirradiation duration. The assembly transformations, controlled by degree
of photoisomerization of 15, resulted in significant change in macroscopic proper-
ties. The rheology behaviors of the co-assembly of 15 and CTAB, were studied by
different photoirradiation duration, allowing classification of co-assembly structures
into four classes, including (1) worm-like micelles (in the presence of 89% of trans-
15), (2) bilayered vesicles with planar lamellae (68% of trans-15), (3) worm-like
micelles (37% of trans-15), and (4) small micelles (17% of trans-15). But nanos-
tructure studies with TEM in confirming those assembled states were not provided.
Identical molecular amphiphile 15 was also applied in another co-assembly study
with a surface-active ionic liquid to give worm-like micelles [188]. Upon 365 nm
irradiation, the length of worm-like micelles was shortened and become entangled,
affording increased viscosity. The supramolecular assemblies based on ionic liquids,
due to the intrinsic properties, e.g., low vapor pressure, low melting point, thermal
stability, have attracted significant attention lately.

Most of the discussed systems of photoresponsive chargedmolecular amphiphiles,
their supramolecular transformations were observed at the equilibrium state before
and after photoisomerization. In-situ supramolecular assembly transformations
of photoresponsive glucose-based amphiphilic micelles were monitored by time-
resolved small-angle neutron scattering (TR-SANS), reported by Wilkinson et al.
[189]. The evolutions of the precise shape and aggregation number of micelles of

Fig. 9.18 Schematic diagram of photoresponsive co-assemblies. Adapted image with permission
from Ref. [187]. Copyright (2010) (Royal Society of Chemistry)
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Fig. 9.19 a Photoisomerization of 16. bVolume fraction of micelles of 16 in solution with photoi-
somerization progresses from the SANS data. Adapted image with permission from Ref. [189].
Copyright (2015) (Royal Society of Chemistry)

the trans- and cis-states of 16 as well as at discrete time intervals were recorded
(Fig. 9.19). Trans-16 aggregated into micelles with aggregation number ~290,
and then transformed into aggregation number ~110 upon UV-light irradiation,
revealing the size of micellar structures reduced [190]. The combined in-situ SANS
with absorption spectroscopy can monitor the supramolecular transformations from
worm-like micelles to fractal aggregates simultaneously with detailed photoisomer-
ization processes upon photoirradiation. Time-resolved small-angle X-ray scattering
(TR-SAXS) studies provided details information on the photo-controlled disas-
sembling processes of an azobenzene-based amphiphile [191]. All these advanced
measurements provide direct and in-situ studies of assembly transformations of
photoresponsive molecular amphiphiles and deeper insight into the transformation
mechanism.

Other supramolecular assembly examples of azobenzene-based amphiphiles in
aqueous media, including a Gemini azobenzene-based amphiphile reported by Zhao
[192] and a head–tail azobenzene-based amphiphile 17 reported by Jiang’s group
provided more detailed studies of photoresponsive macroscopic gel-sol transforma-
tions [193] The co-assembly of the cationic amphiphile 17 with sodium azophenol
provided a dual stimuli-responsive 3D sol–gel transformations by light and gas
purging (Fig. 9.20). The gel-sol transformationwas controlled by the reversible struc-
tural transformations between AzoONa and AzoOH through alternative purging
of carbon dioxide and nitrogen. Besides, the gel-sol transformation can also be
controlled reversibly by the photoisomerization of amphiphile 17. The dual stimuli-
responsive gel-sol process can potentially be applied in microfluidics and tertiary oil
recovery.

Other photoresponsive molecular amphiphiles with photoresponsive cores, e.g.,
molecular motors, spiropyrans, and diarylethenes will be discussed. A chiral
diarylethene-based molecular amphiphile 18, which featured with a hexa(ethylene
glycol) side chains was reported by Irie and co-workers, to show light-dependent
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Fig. 9.20 a Photoisomerization of 17withAzoONa. bA gas/photo-controlled 3D sol–gel process.
Adapted image with permission from Ref. [193]. Copyright (2018) (Elsevier)

chirality transfer in aqueous media (Fig. 9.21) [194]. The supramolecular struc-
tures of open-18 showed no supramolecular chirality induction but the photo-
isomerized close-18 did. The photo-controlled supramolecular chirality transfor-
mations might provide a novel strategy for photoswitching chiroptical properties in
aqueous conditions.

In 2016, the design of motor amphiphile 19, based on molecular design of
amphiphile 12, was reported by Feringa and co-workers, developing a multi-stage
system for reversible supramolecular assembly in aqueous media (Fig. 9.22a) [195].
The photoisomerization and thermal helix inversion (THI) of motor amphiphile
19 were confirmed with a metastable-19/stable-19 ratio of 95/5 at PSS, while a
half-life of THI was determined as 270 h (at 20 °C) and 4.3 h (at 50 °C). The
solution of motor amphiphile 19 with DOPC was co-assembled into nanotubes
(Fig. 9.22b) and transformed into bilayered vesicles upon 365 nm irradiation for
15 min (Fig. 9.22c). The obtained solution after photoirradiation was subsequently
heated at 50 °C for 16 h to give multi-lamellar vesicles (Fig. 9.22d). Nanotubes

Fig. 9.21 a Photoisomerization of 18. b CD spectra of 18 upon photoirradiation. c Schematic
diagram of nanostructures of open-18 (top) and closed-18 (bottom). Adapted imagewith permission
from Ref. [194]. Copyright (2006) (American Chemical Society)
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Fig. 9.22 a Schematic diagramof photoisomerization of 19 and its assembly transformation. Struc-
tures of stable-19 with DOPC b before and c after photoirradiation, d subsequent heating, and e
freeze-thawing imaged by cryo-TEM. Adapted image with permission from Ref. [195]. Copyright
(2016) (American Chemical Society)

were regained only from multi-lamellar vesicles treated with freeze-thawing cycles
(Fig. 9.22e), revealing a reversible supramolecular assembly process controlled by
heat and light. This strategy might be paving a way for more sophisticated and
dynamic artificial nano-systems in aqueous media.

To minimize the bio-damaging by UV-light in future bio-related applications,
Kudernac and co-workers reported a novel visible-light responsive amphiphile 20
with two spiropyrans switching cores for demonstrating a reversible photo-controlled
vesicle expansion (Fig. 9.23a) [196]. The two spiropyrans motifs were joined to a

Fig. 9.23 Schematic diagram of a photoisomerization and assembly transformation of 20. b
Assembly transformation imaged by TEM. Adapted image with permission from Ref. [196].
Copyright (2018) (Royal Society of Chemistry)
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bent aromatic unit with oligoether dendron as hydrophilic moiety giving the basic
design of amphiphile 20. At low pH, amphiphile 20 adopts the open protonated
merocyanine form (MCH+). This form can be converted to a ring-closed spiropyrans
form (SP) transiently upon visible-light irradiation (Fig. 9.23a). Both SP and MCH+

forms of 20 also assemble into vesicles with different average diameters (SP ~35 nm;
MCH+ ~20 nm), confirmed by TEM (Fig. 9.23b). Upon visible-light irradiation, the
vesicle diameter of MCH+ was increased from ~20 to ~35 nm, possibly due to the
electrostatic interaction generated upon photoirradiation. The vesicle diameter of
MCH+ could be restored reversibly through thermal relaxation from SP to MCH+.
This strategy revealed a reversible vesicle expansion/contraction in aqueous media
controlled by visible light.

To provide extra stimulative controls of the photoresponsive supramolecular
assembling systems, recently, Leung and Feringa reported a multi-modal controlled
assembly of a bola-amphiphile [197]. On the basis of the first-generation molecular
motor core, the bola-amphiphile 21 was designed to connect the core with carboxy-
lates group via alkyl-linkers, demonstrating UV-light, pH and counterion controlled
assembly transformations in aqueous media (Fig. 9.24a). The supramolecular trans-
formations from sheet-like structures to a mixture of sheet-like structures, vesicles,
and micelles were observed upon 312 nm photoirradiation (Fig. 9.24b), possibly due
to significant geometrical transformation from stable trans-21 to unstable cis-21.

Fig. 9.24 a Schematic diagram of assembly transformations of 21. b Photo-controlled, c pH-
controlled, and d counterion controlled assembly transformations imaged by cryo-TEM. Adapted
image with permission from Ref. [197]. Open access under a CC BY 4.0 license, https://creativec
ommons.org/licenses/by/4.0/

https://creativecommons.org/licenses/by/4.0/
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Turning pH from 11 to 8.8 of solution of stable trans-21, supramolecular transfor-
mations frommicelles (pH 11) to disc-like structures (pH 9.8) and to sheet-like struc-
tures (pH 8.8) were observed (Fig. 9.24c), because of the packing parameter upon
protonation. Due to charge screening effect, the vesicleswere precipitated in the pres-
ence of calcium ions (Fig. 9.24d). This approach provides multi-modal controls of
supramolecular assembly in aqueous media, but additional heating and cooling cycle
was required for completing reversible photoresponsive assembly transformation. In
2020, Pujals and Albertazzi also reported an azobenzene-based charged amphiphile
for multiple-responsive supramolecular transformations [198]. Through the controls
of light, pH, ion, and temperature, the supramolecular helicity of the azobenzene-
based charged amphiphile can be fine adjusted, as confirmed by TEM and circular
dichroism (CD).

To provide instant effective photoresponsive supramolecular assembly transfor-
mations, Leung, Wang, and Feringa reported a new design of charged molecular
motor amphiphile 22, featuring with the first-generation molecular motor core func-
tionalized with an alkyl-chain and a quaternary ammonium motif connected with
triethylene glycol-linker (Fig. 9.25) [144]. Motor amphiphile 22 showed instant
dynamic controls of supramolecular assemblies and consequently fine adjustment
of macroscopic foam properties in aqueous media. Upon short duration of UV-
irradiation (6 min), the supramolecular worm-like micelle structure of trans-22 was
transformed into a mixture of worm-like micelle and vesicles to reduce foaming
ratio from ~13 to ~8, i.e., state 1 and state 2 (Fig. 9.25b). The 180° molecular
rotation from stable trans-22 to stable cis-22 could be achieved by subsequent
254 nm photoirradiation and heating process, i.e., state 3. The detailed investiga-
tions of molecular isomerization, transformations of supramolecular assembly, in-
situ surface tension, and macroscopic foam properties have revealed an amplifica-
tion process from molecular motion to microscopic structural transformation, and to

Fig. 9.25 a Photoisomerization and thermal helix inversion of 22. b Dual light/heat-controlled
assembly transformations imaged by cryo-TEM.Scale bars in cryo-TEMimages are 50 nm.Adapted
image with permission from Ref. [144]. Open access under a CC BY 4.0 license, https://creativec
ommons.org/licenses/by/4.0/

https://creativecommons.org/licenses/by/4.0/
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Fig. 9.26 Schematic diagram of photoisomerization of 23 and its vesicle increase of interlamellar
spacing. Adapted image with permission from Ref. [199]. Open access under a CC BY 4.0 license,
https://creativecommons.org/licenses/by/4.0/

macroscopic functions. The current systemmight provide unprecedented controls of
multi-states supramolecular assembly transformations reversibly, without additional
help from lipid or freeze–thaw cycles.

Through counterion co-assembly of an azobenzene-based amphiphile 23 with
common amphiphile negative charged sodium dodecyl sulfate (SDS), it allowed
forming multi-lamellar vesicles (Fig. 9.26), reported byWang et al. [199]. The inter-
lamellar spacing of the co-assembled vesicles was increased from 15.4 to 15.7 nm
upon UV photoirradiation, confirmed by SAXS. The co-assembly is able to encap-
sulate rhodamine B (rhB), which was applied to rat retina for in-vivo drug delivery
studies. A more significant release of rhB was observed upon UV photoirradia-
tion. The current study illustrated the feasibility of photoresponsive supramolecular
assembly in drug delivery applications.

The most representative examples in electrostatic interaction-based photorespon-
sive molecular amphiphiles (below 1.0 wt%) have been discussed to demonstrate
howdynamic supramolecular assembled structural transformations in aqueousmedia
could be achieved by photoirradiation. The discussed photoresponsive molecular
amphiphiles show excellent potential as novel drug carriers for controlled drug
release upon photoirradiation with high spatial–temporal precision.

9.4.2 Anisotropic Supramolecular Assembly
of Photoresponsive Molecular Amphiphiles

Three-dimensional hierarchical supramolecular assembled structures are commonly
found in biological systems, such as collagens and actin filaments [200–205]. The

https://creativecommons.org/licenses/by/4.0/
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hierarchical collagen fibrils are composed of the assembly of the microfibrils of
triple-stranded helices that are formed by the folding of three polypeptide chains.
Actin filaments provide structural stability to cells and asmajor part of the contractile
apparatus inmuscle cells. Structurally, helical ribbon in actin filaments is constructed
from two parallel strands of linear arrays of proteinmonomers, which the strands held
tightly through multiple supramolecular interactions. With the inspiration from the
natural hierarchical supramolecular assemblies, the novel designed and engineered
synthetic molecular amphiphiles assembled precisely into anisotropic macroscopic
structures have been recently developed. Anisotropic 3D hierarchical supramolec-
ular structures, at macroscopic length scales, have provided exciting opportunities
toward applications in regenerative biomedical materials, electronic/optoelectronic
materials, anisotropic actuators, and soft robotics. Stupp and co-workers reported
a peptide amphiphile assembled into nanofibers and, through a shear-flow method,
the nanofibers were assembled hierarchically into a macroscopic string in the pres-
ence of calcium chloride [206]. The macroscopic string, composed of unidirec-
tionally aligned nanofibers, was applied as artificial scaffolds for cell growth with
directional preference, generating potential novel tissue regenerative materials [207,
208]. Later, the same group has shown a thermal responsive macroscopic actuation
by co-assembled supramolecular nanofibers of peptide amphiphiles with thermal
responsive polymers [209, 210].

With the well-established anisotropic 3D hierarchical supramolecular structures,
a system with photo-responsiveness was reported by Liu and co-workers, featuring a
cationic Gemini azobenzene amphiphile 24 (Fig. 9.27) [211]. Amphiphile 24 assem-
bled from nanorods into crystalline helical twisted bundles (3 mm in length and
25 μm in diameter) using organic solvent evaporation for 2 days. The helical twisted

Fig. 9.27 Schematic diagram of the hierarchical supramolecular structures of 24. Adapted image
with permission from Ref. [211]. Copyright (2015) (Springer Nature)
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bundles bent toward the incident light source (302 nm light) in 120 min, which actu-
ated from 36° to a saturated flexion angle of 50° (actuation speed of 1.9 × 10–3 deg
s–1), affording a millimeter length-scale anisotropic actuation. However, the actua-
tion mechanism of the hierarchical supramolecular assembly has remained unclear
that is operated in organic medium.

In 2018, Feringa and co-workers reported the first anisotropic 3D hierarchical
supramolecular structure of a photoresponsive molecular motor amphiphile in
aqueous media, demonstrating macroscopic actuation in water and air (Fig. 9.28)
[212]. The molecular motor amphiphile 25 is composed of two carboxyl groups
linked with alkyl-linkers to lower half of motor core, while a dodecyl chain is linked
to upper half of motor core (Fig. 9.28a, b). Due to the molecular phase separa-
tion of the motor amphiphile, well-structurally organized nanofibers were formed in
aqueous media. The highly negatively charged surface of the nanofibers of 25 could
form macroscopic supramolecular structure hierarchically by a shear-flow method
in the presence of calcium chloride to afford unidirectionally aligned macroscopic
string, confirmed by POM, and scanning electron microscopy (SEM). The resulting
macroscopic string bent toward the light source to complete actuation from 0° to
90° saturated flexion angle within 60 s in aqueous media (Fig. 9.28c). Besides,
the prepared macroscopic string could be pulled out from the aqueous media to
perform actuation in air (Fig. 9.28d), and even could actuate a 0.4 mg piece of paper
(Fig. 9.28e). To minimize the background scattering, in-situ SAXS measurements
were performed with macroscopic string prepared in air. Upon photoisomerization
of 25, the increased free volume around molecular motor core increases the diameter
of nanofibers from 5.45 to 5.80 nm, accompanied by decreased packing order of
the lamellar structures. Due to constant total volume of the macroscopic string, the
contraction of long axis of the string is expected. Meanwhile, by considering the
degree of light penetration and the thickness of the string (~300 μm), the light inten-
sity gradient allows the macroscopic bending of the string toward the light source.
The current study has demonstrated the feasibility of effective energy conversion at
nanoscale, acumination of strain within the hierarchical supramolecular structure,
and amplification of molecular motion to macroscopic actuation of soft materials in
aqueous media.

Feringa and co-workers have further investigated the electrostatic interaction
between carboxylate groups of motor amphiphile 25 and counter cations, which
allowed the stabilization and formation of nanofibers. The studies were focused on
ion effect of the hierarchical supramolecular structure in the nanofiber formation,
aggregation of nanofibers, structural orientation of macroscopic string, and its actu-
ation speed (Fig. 9.29) [213]. A series of macroscopic strings were prepared from
motor amphiphile 25 with different cations and measured with SAXS. The orien-
tation order of resulting macroscopic is followed Ca2+ > Mg2+ > Be2+ ≈ Sr2+ ≈
Sc3+ > Ba2+ ≈ Li+ ≈ Na+ ≈ K+. The macroscopic strings prepared from solutions
of BaCl2, LiCl, NaCl, and KCl, revealed no alignment, and no actuation. In contrast,
the actuation speed of macroscopic strings was shown: Ca2+ > Mg2+ > Sr2+ ≈ Sc3+

> Be2+, indicating structural orientation governed the actuation speed of resulting
macroscopic string. Besides, the alkyl-linkers of the motor amphiphile was modified
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Fig. 9.28 Schematic diagram of a hierarchical supramolecular structures of 25 and b isomerization
processes of 25. A string of 25 bending upon UV-irradiation in c aqueous media, d air, and e with
0.4 mg paper, scale bar: 0.5 cm. f A 25 string before and after actuation analyzed by in-situ SAXS.
Adapted image with permission from Ref. [212]. Copyright (2017) (Springer Nature)
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Fig. 9.29 Schematic diagram of s 25–28 with various alkyl-linkers lengths and the hierarchical
organization the assembled structures. Adapted image with permission from Ref. [213]. Open
access under a CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/

with different carbon number (n = 10, 6, 8, 11; 25–28), providing modifications
to supramolecular packing and resulting actuation functions (Fig. 9.29). The current
study has clearly demonstrated that unidirectionally aligned hierarchical supramolec-
ular structure and its actuation function could be finely adjusted simply by changing
counterion for macroscopic string preparation, without covalent modification of the
motor amphiphile.

Later, Leung and Feringa reported the first dual light/magnetic field controlled
macroscopic actuation and cargo carrier, prepared from a supramolecular hierar-
chical assembled structure of motor amphiphiles. Motor amphiphile 29 is composed
of two additional histidine motifs based on 25 to serve as the nucleation site for iron
nanoparticles (FeNP) formation (Fig. 9.30a) [214]. To improve the structural orien-
tation of macroscopic string of FeNP-29, nanofibers of 25were added (FeNP-29/25),
confirmed by POM, SEM, and SAXSmeasurements. Upon 365 nm photoirradiation,
the macroscopic string of FeNP-29/25 bent toward the light source from 0° to a satu-
ration flexion angle of 90° in 25 s. Besides, the macroscopic string of FeNP-29/25
moves toward a magnet with fast response (2 s, Fig. 9.30b). The dual-controlled
macroscopic string was applied in cargo transport process (Fig. 9.30c–g), through
sequential light/magnet stimulation, the string was able to carry a piece of paper
away 2 cm from original position.

The discussed hierarchical supramolecular assembles of molecular motor
amphiphiles in aqueous media with adjustable structural order and controllable actu-
ation speed reveal unprecedented artificial muscle-like functions by using external
stimulations, i.e., light and a magnetic field. The artificial muscle-like functions
provide applications for cargo transport and weight lifting. Besides the first exper-
imental demonstration of molecular energy conversion, accumulation of structural
strain and energy amplification tomacroscopic actuationwas clearly demonstrated in

https://creativecommons.org/licenses/by/4.0/
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Fig. 9.30 Schematic diagram of a the assembly structure of FeNP-29 and b a FeNP-29/25 string
moving towards a magnet. Images of c a FeNP-29/25 string in position B, d changing to a curved
shape, e carrying a piece of paper to position C, f changing to a linear shape, g unloading the paper.
Adapted image with permission from Ref. [214]. Copyright (2019) (John Wiley and Sons)

using small molecule-based supramolecular systems. In addition, a related approach
using polymeric gels driven bymoleculemotorswas reportedGuiseppone et al. [215–
217]. The slow thermal helix inversion ofmolecularmotor amphiphiles is limiting the
concept of reversiblemacroscopic actuation under ambient conditions. The combina-
tion of photoresponsive units, i.e., photoswitches, with molecular amphiphilic struc-
tures in building hierarchical supramolecular assemblies might provide prospects to
link up responsive molecules and macroscopic functions.

9.5 Conclusion

Supramolecular assembled structures of molecular amphiphiles are discovered in
various living systems. As inspired by nature, different synthetic stimuli-responsive
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molecular amphiphiles in aqueous media provide well-defined supramolecular
assembled structures with promising biomimetic functions. Light is applied as non-
invasive and spatial controllable because of its unique advantages. The recent devel-
opment of the photoresponsive molecular amphiphiles at various concentrations in
different conditions such as Gibbs monolayers or aqueous media has been illustrated
and summarized on the basis of their supramolecular assembled structures.

The morphological and physical/chemical parameters transformations in solu-
tion and at interfaces of air and water, i.e., Gibbs monolayers, are controlled with
high precision by the hierarchical supramolecular assembled structures of photore-
sponsive molecular amphiphiles, which contain photoresponsive molecular machine
units. At amolecular length-scale, dynamic adsorptions and desorptions processes of
isomers produced by light at Gibbsmonolayers result in photo-controlledMarangoni
flows, to allow for centimeter length-scale photoresponsive dynamic functions,
i.e., photo-controlled foams, crystal formations, liquid marble transportations, and
particle depositions. The current discussed examples have shown that the photore-
sponsive amphiphiles prepared Gibbs monolayers at low concentration (<1.0 wt%)
are able to control not only physical parameters but also smart responsive macro-
scopic functions, allowing for potential establishment of environmentalmore friendly
industrial and production processing methodologies.

The photoresponsive amphiphiles with concentration less than 1.0 wt% show
stimuli-responsive supramolecular assembled structures in aqueous solution, and
its structural transformations supramolecularly enable macroscopic gel-sol transi-
tions of 3D randomly organized structures. In advance, using a higher concentration
of about 5.0 wt% of photoresponsive molecular amphiphiles in aqueous solutions,
allows forming a large quantity of nanofibers. The nanofibers are unidirectionally
aligned and orientedwith a tight supramolecular packing into amacroscopic structure
to show a lyotropic liquid crystal phase. The unidirectionally aligned hierarchical
supramolecular structure of nanofibers with significant bundled structures allows an
energy conversion frommolecular rotations, acumination of tension strain within the
highly packed structure, and amplification of molecular motions into macroscopic
muscle-like motions upon light irradiation. Currently, simply in consideration of the
amphiphilic molecular structure, concentration, and environments (at interfaces and
in solution), it has created three distinct approaches to supramolecular chemistry
research with promising and cutting-edge applications from the industrial processes
to future soft robotics.
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Chapter 10
Organic Salts as Tectons
for Self-assembly Processes in Solution

Salvatore Marullo , Carla Rizzo , and Francesca D’Anna

Abstract The literature, covering the last decade, about the self-assembly processes
of organic salts in conventional solvents was analyzed. In particular, data reported
about imidazolium and ammonium salts have been considered. The analysis shows
that these processes are highly determined by structural features of the salts. Indeed,
besides the nature of the cationic head, features of the alkyl chain borne on the cation
structure and its possible functionalization, as well as the nature of the anion play a
pivotal role. These factors determine not only the nature of the solvent in which the
process occurs but also the nature of the self-assembly mechanism. Consequently,
the structure tunability of the salts affects the characteristics of the aggregates and,
in turn, their possible applications. To this aim, some interesting applications in the
biomedical field are reviewed and discussed.

10.1 Introduction

Self-assembly of organic species is a topic that has raised a surge of interest in the
last decades. This is mainly due to the significant changes both in properties and
functions that can be detected moving from the simple tecton to the self-assembled
system. Indeed, the organization of small organic molecules in bi- or tridimensional
supramolecular systems frequently allows the obtaining of functional materials with
specific applications.
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Fig. 10.1 Structures of some of the most common cations and anions in organic salts

Amongorganic species that can give rise to self-assembled processes, organic salts
play a pivotal role. One of the first reports about organic salts dates back to 1839
[1] and it describes first evidence of the obtainment of salts arising from organic
bodies. Since then, they have been widely investigated and used. Organic salts are
usually defined as ionic species mainly composed of organic cations and organic or
inorganic anions. Among different classes, imidazolium, pyridinium, ammonium,
phosphonium, quinolinium, piperidinium, and pyrrolidinium ones hold particular
interest (Fig. 10.1).

Their main feature stands in their structure tunability. Indeed, the skeleton of
organic salts clearly shows three possible points of modification: (i) the cationic
head; (ii) the alkyl tail and (iii) the anionic counterpart.

A raise in possibilities can be obviously detected as far as dicationic organic salts
are considered as, in this case, also the nature of the spacer between the cationic heads
and the symmetric or asymmetric substitution of the spacer plays a role. The most
relevant consequence of the action of the above structural features are the significant
changes in the salt properties and consequently, in their possible applications.

Organic salts may give self-assembly processes both in bulk and in solution.
As far as self-assembly in bulk is considered, they can give rise to the formation
of thermotropic liquid-crystalline organization and some interesting examples have
been already reported [2], together with valuable review articles [3].

On the other hand, if the use of organic salts as tectons for self-assembly processes
in solution is taken in consideration, all the above statements are still valid and, in
the last two decades, a gradual increase in the number of publications concerning
this topic has been detected (Fig. 10.2).

Consequently, amphiphilic cationic compounds have been used as self-assembled
systems able to act as micellar catalysts [4], nanocontainers for drug delivery [5],
non-viral vectors [6], and so on.However, they also demonstrated the ability to inhibit
the growth of various pathogens [7, 8] and have been applied as basis of gels [8, 9]
and emulsions [10] suitable for biomedical applications.
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Fig. 10.2 Number of papers published in the last three decades, using self-assembly and organic
salts as keywords, on the Scopus database

In the light of the above considerations, this chapter reviews the literature
published in the last decade, about self-assembly processes occurring in solution and
involving organic salts. In particular, special attention has been devoted to systems
based on imidazolium and ammonium salts. Data have been discussed as a function
of structural features of tectons, to better highlight their implications on the different
applications.

10.2 Imidazolium Salts

The nucleus of the imidazolium ion has been considered a valuable tecton for the
obtainment of self-assembled systems. This mainly derives from some key structural
features, like the presence of an aromatic structure that allows the establishment of
π-π interactions, the presence of relatively acidic hydrogens favoring the occurrence
of hydrogen bonds and last but not least, the presence of alkyl chain responsible for
the occurrence of van der Waals and hydrophobic interactions. All these interactions
are able to drive the formation of organized supramolecular systems in which the
strength and the nature of interactions are also modulated by the nature of the anion.

The above consideration clearly explains why imidazolium salts, in the liquid
state, giving rise to the class of ionic liquids, have been claimed as organized
supramolecular fluids [11], and the effect of their structural organization proved
to be pivotal in determining reactivity in such kind of solvents [12, 13]. When used
as solutes, imidazolium salts have allowed the obtainment of assembled systems
showing peculiar features and giving a plethora of different applications. To this
aim, self-aggregation behavior of amino acid-derived salts, [C1C14mim][AA], has
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Fig. 10.3 Structure of
[C1C14im][AA] and
representation of the probe
reaction studied in the
micellar aggregates

been successfully studied in water solution. In particular, salts different in the nature
of the amino acid anion, like L-Phe, L-Pro, and L-Ala were considered, together with
the bromide salt (Fig. 10.3) [14].

The combined approach of different techniques, like surface tension measure-
ments, steady-state fluorescence, and isothermal titration calorimetry (ITC) allowed
evidencing the formation of micellar aggregates. Critical micellar concentration
(cmc) heavily depended on the anion nature, increasing in the order: [C1C14im][Phe]
< [C1C14im][Ala] < [C1C14im][Pro] < [C1C14im][Br], indicating that self-
aggregation was driven by the anion hydrophobicity. Gibbs free energy (�G◦

mic)
obtained from ITC investigation shed light on the spontaneous nature of the self-
aggregation process, with no significant differences detected as function of the
different nature of the amino acid.

Micellar aggregates were used as organized reaction media for the hydrolysis of
p-nitrophenylacetate (NPA). Analysis of reaction products allowed to identify the
occurrence of two parallel reaction pathways, as accounted for by the presence of
acetate anion and acetyl derivatives of amino acids. This latter is derived from the
aminolysis reaction of NPA. The target reaction occurred faster in the aggregates
systems than in water solution. However, the catalytic effect of micellar aggregates
was observed until a limit value of organic salts concentration was used (~0.02 M).
Above this value, the increased amount of micellar aggregates induced a separa-
tion of the reagents, decreasing, on the whole, the reaction rate. Kinetic constants
determined by UV–vis measurements, changed along the trend: [C1C14im][Br]
< [C1C14im][Phe] < [C1C14im][Ala] < [C1C14im][Pro]. The highest reactivity
detected in the presence of [Pro]-based imidazolium aggregates perfectly accounted
for the lowest basicity and highest nucleophilic character of the amino acid.

The occurrence of molecular assembly for imidazolium-based salts has
been detected for simple protic cations such as 1-methylimidazolium triflate
([HC1im][CF3SO3]) and 1H-imidazolium triflate ([H2im][CF3SO3], Fig. 10.4)
[15].

The combined use of 1H and 13C-NMR and PFG-NMR experiments evidenced, at
temperature lower than 60 °C and in D2O solution, the unusual magnetic equivalence
of hydrogens and carbons on the C2 and C3 of imidazolium ring of [HC1im+] cation.
Furthermore, with respect to [H2im+] cation, PFG-NMR experiments, performed at
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Fig. 10.4 a Structure of
protic imidazolium salts and
b representation of the
column-like structures of the
aggregates

Fig. 10.5 Structure of
surface-active ionic liquids

T < 60 °C, revealed a higher diffusion for N–H/D2O protons and a lower diffusion for
the cation. The above results were ascribed to the incomplete solvation of [HC1im+]
species, as a consequence of its hydrophobicity, which thanks to the occurrence of
π-π interactions, gave rise to the formation of dimers or ring clusters with a column-
like structure. In the above self-assembled structures, the imidazolium rings bear the
methyl groups on opposite sides, minimizing steric hindrance.

This arrangement created an axial symmetric electronic shielding for H2/H3. The
increase in temperature-induced the melting of the aggregates, causing the split of
H2/H3 peak and the drop in the diffusion coefficient of N–H/D2O.

The aggregation behavior of imidazolium salts has been also deeply investigated
considering salt-free catanionic surface-active ionic liquids (SAILs). In particular,
organic alkyl sulfates bearing alkyl chains of different lengths on both cation and
anion structures were used (Fig. 10.5) [16].

The self-assembly behavior was investigated in water solution, by using surface
activity, fluorescence, and electrical conductivity measurements. Collected results
demonstrated a higher tendency of the used organic salts to form micelles, with
respect to corresponding cationic or anionic surfactants, as accounted for by the lower
cmc values. Plots of cmc values as a function of the sum of carbon atom numbers in
the hydrophobic chain, showed that cmc follows the empirical Stauff-Klevens rule
[17]:

log cmc = A − BNC

where A is the parameter that accounts for the contribution of the polar head group to
micelles formation while B gives the effect of additional methylene unit to cmc. The
SAILs investigated gave different linear correlations in dependence of the length of
the alkyl chain on the cation or anion. In particular, as far as B values are concerned,
both changing the alkyl tail on the anion or on the cation gave values out of ranges
traditionally obtained for surfactants. The above result indicated that these SAILs
behaved differently from the mixtures of cationic-anionic surfactants and, in the case
of the elongation of the tail on the anion, testified that longer alkyl chain induced
a higher propensity of the anion to participate in the formation of the aggregates



314 S. Marullo et al.

Fig. 10.6 Structure of
amphiphilic urethane-based
imidazolium salts

structure. Electrical conductivity measurements as a function of the temperature
indicated that �Gm became more negative as a consequence of the elongation of the
alkyl chain. Furthermore, negative values for �Hm and −T�Sm indicated that the
micellization process is an exothermic and entropy-driven process.

Self-assembly behavior of amphiphilic imidazolium salts bearing a urethane
moiety has been investigated also in the light of the antimicrobial activity that
such kinds of salts are able to exert. With respect to conventional neutral antimi-
crobial agents, this kind of substrate induces the disintegration of microbial
membranes through both electrostatic and hydrophobic interactions. Consequently,
structural features of amphiphilic compounds play a pivotal role in determining
their activity. However, as the same structural features also determine the presence
of the amphiphile as monomer or aggregate species, the study of parameters oper-
ating on the self-assembly process becomes relevant. On this subject, aggregation
behavior of imidazolium amphiphilic compounds, bearing urethane fragments with
butyl substituent and various hydrophobic tails, has been studied in aqueous solu-
tion, using tensiometry, conductivity, dynamic and electrophoretic light scattering
measurements (Fig. 10.6) [18].

Data reported demonstrated that the elongation of the alkyl tail induces a system-
atic decrease in the cmc values, as well as the elongation of the urethane radical
moiety from the ethyl to the butyl, improving the aggregation capacity by 1.5–3 fold.
The elongation of the alkyl tail also caused a decrease in �Gm due to the increase in
density of packing in the absorption layer. Calculation of packing parameters gave in
all cases values lower than 0.33 and shed light on the formation of spherical micellar
aggregates.

Interestingly, fluorescence of pyrene was used to calculate the aggregation
number. In the case of [C4UC14im]Br, the above parameter increased with the
concentration. Differently, for [C4UC16im]Br, it firstly increased and then decreased
probably as a consequence of a morphological rearrangement of the aggregates. The
above hypothesis was also supported by DLS investigation that detected a decrease
in the hydrodynamic radius from DH = 6 nm down to DH = 2 nm, in the cmc
region. The reorganization was ascribed to a different balance of π-π stacking inter-
actions and hydrophobic effect induced by changes in the amphiphile concentra-
tion. Amphiphiles were tested as antimicrobial agents and the highest activity was
detected for [C4UC14im]Br. The activity was mainly related to the ability to mediate
the amphiphile integration with lipid bilayer and this, in turn, depends on the free
volume that the alkyl tail is able to induce in the membrane bilayer.

Homologous imidazolium-based organic salts, with alkyl tails borne on the
urethane moiety varying from 14 up to 18 carbon atoms, were further investigated
for their self-assembly behavior [19]. Besides the significant decrease in cmc values
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Fig. 10.7 Structures of
1-alkyloxycarbonyloxyethyl-
3-methylimidazolium
chlorides

that dropped from 1.3 down to 0.1 mMwith the alkyl chain elongation, the formation
of different morphological features, like small micelles (C14), rod-like or elongated
structures (C18) were detected by combining results deriving from DLS and TEM
investigation. Formation of such kinds of structures was considered as the result
of both hydrophobic and π-π stacking interactions. Furthermore, hydrogen bonds
among urethane units also played a role. The aggregates obtained proved able to act
as nanocontainers for hydrophobic compounds, with solubilizing ability increasing
with the elongation of the alkyl tail. They also showed a good capability as vehicles
for delivery of genetic material, as well as antimicrobial agents. In this latter case,
the tetradecyl derivative was the most efficient one, probably as a consequence of its
pronounced membranotropic properties.

A further structural parameter that has been considered one of the most impor-
tant in affecting the self-assembly process of imidazolium salts, is the one related
to the insertion of a functionalized ester group in the side chain. To this aim, 1-
alkyloxycarbonyloxyethyl-3-methylimidazoliun chlorides [CnCC1im]Cl, with alkyl
chains ranging from 10 up to 14 carbon atoms were considered (Fig. 10.7) [20].

Cmc values, calculated by means of conductivity and surface tension measure-
ments, gradually decreased with the alkyl chain elongation. However, they proved
four times lower than those corresponding to their non-functionalized counterparts,
probably as a consequence of the establishment of hydrogen bonds in the headgroup
region. Values for counterion binding (β) were lower than the ones measured for
the single chain functionalized imidazolium salts. However, also, in this case, the
decrease in �Gm detected for longer alkyl chain was considered as a result of the
relevance of the hydrophobic effect in determining the outcome of the micelliza-
tion process. Interestingly, determination of the hydrodynamic radius, through DLS
measurements, allowed detecting the presence of aggregates of different sizes, as
accounted for by DH values (DH = 2.5–3.3 nm and 110–130 nm). The aggregates
of smaller size proved to be more than two times more compacted with respect
to the ones formed by the corresponding nonfunctionalized imidazolium salts. The
[CnCC1im]Cl salts were tested for their antimicrobial and antifungal activity. In
particular, the antimicrobial activity increased with the elongation of the alkyl chain.
As the same factor induced a decrease in cmc, it was supposed that with the elon-
gation of the alkyl tail, the amount of monomeric salt at the cell membrane became
low and the high activity was ascribed to the high adsorption efficiency (pC20) of
the carbonate-functionalized salts, which would promote the interaction with cell
membrane.

The self-assembly behavior of 1-alkyl-3-methylimidazolium bromides, in
aqueous solution, has been investigated using alkyl chains ranging from tetra- to
octadecyl (Fig. 10.8) [21].
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Fig. 10.8 Structures of 1-alkyl-3-methylimidazolium bromides and of 1-alkyl-3-
hydroxyethylimidazolium bromides

Results collected on the grounds of tensiometry and conductometry investiga-
tion demonstrated that the cmc decreased from 2.5 mM for C14-derivative down
to 0.2 mM for C18-derivative. DLS investigation shed light on the occurrence of
a reorganization process driven by the salt concentration. Indeed, below the cmc,
the presence of aggregates of higher hydrodynamic radius (DH = 6–10 nm) was
detected. These, beyond cmc, are reorganized to give smaller aggregates (DH =
2–4 nm). The detected process was ascribed to the occurrence of different interac-
tions operating on the self-assembly process: π-π stacking in the premicellar region
and hydrophobic effect in the micellar ones. The obtained aggregates proved able
to interact with oligonucleotides. However, differently from what was previously
observed for ammonium salts, the higher charge delocalization on the imidazolium
ion did not induce differences in the electrostatic interactions established between
oligonucleotides and surfactant molecules or aggregates. A very interesting behavior
was detected for membranotropic properties. Indeed, in the presence of dipalmi-
toylphosphocholine (DPPC), as model liposomes, a decrease in the gel/liquid crystal
main transition was observed for the C14-derivative. Differently, the increase in the
alkyl tail induced an opposite effect, indicating a stabilizing effect on the DPPC lipid
bilayer and an improvement of the packing efficiency of amphiphiles hydrophobic
tails in a matrix of phospholipid alkyl moiety.

The study of self-assembly behavior of imidazolium-based amphiphiles
has been extended to functional derivatives. In particular, 1-alkyl-2-
(hydroxyethyl)imidazolium bromides have been considered, with alkyl tails
ranging from 14 up to 18 carbon atoms (Fig. 10.8) [22].

Determination of cmc values by conductometric investigation and compar-
ison with corresponding values obtained for 1-alkyl-2-ethylimidazolium bromides
allowed stating that the presence of hydroxyethyl fragment induces a slight increase
in the self-assembly tendency, probably as a consequence of the intermolecular
hydrogen bond formation. On the other hand, the elongation of the alkyl tail by two
methylene units caused up to a threefold decrease of cmc. A combined investigation
performed by means of dynamic and electrophoretic light scattering allowed estab-
lishing that C14 derivative formed micellar aggregates with DH ranging from 2 up to
4 nm.On the other hand, for higher homologous, C16 andC18, the presence of rod-like
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Fig. 10.9 Structure of
1-dodecyl-3-
methylimidazolium
salicylate organic salts

aggregateswas hypothesized, as accounted for byDH values (>100 nm). This hypoth-
esis was supported by the increase in the zeta potential, which ranged from 60 mV
(C14) up to 90 mV (C18), by TEMmicrographs obtained from aqueous solutions and
from aggregation number obtained through fluorescence measurements.

In the case of larger aggregates, besides hydrogen bond and hydrophobic
interactions, also π-π stacking became responsible for their formation.

The [C2(OH)Cnim]Br aggregates proved able to act as nanocontainers toward
hydrophobic compounds like dyeOrangeOT. In particular, the elongation of the alkyl
tail induced a decrease in the surfactant concentration corresponding to the initial
solubilization activity. Furthermore, they exhibited antimicrobial properties, with
C14 proving more active than norfloxacin against Staphylococcus aureus bacteria,
whereas C18 exhibited activity comparable to ketoconazole towardCandida albicans
fungi.

The aggregationof surface-active ionic liquids has been investigated also as a func-
tion of the different nature of the anion. To this aim, the behavior of aqueous solution
of [C1C12im][MeOSal] and [C1C12im][BrSal] (Fig. 10.9) has been investigated by
using surface tension, conductivity, rheology, SAXS, and POM measurements [23].

Determination of cmc values demonstrated that aggregation occurred at lower
SAILs concentration in the presence of the aromatic anions with respect to the corre-
sponding bromide salt. In general, the presence of aromatic anion induced an increase
in hydrophobic interactions, favoring the micelles formation. The aggregation was
driven by both hydrophobic and electrostatic interactions and lower cmc determined
for [C1C12im][BrSal] allowed stating that the presence of bromide substituent on the
aromatic anion significantly reduced electrostatic repulsions among the imidazolium
heads. Electrical conductivity measurements performed as a function of tempera-
ture shed light on the spontaneous nature of the micellization process, which was
exotermic, driven by the entropic contribution, and was favored in the presence of
bromide, as accounted for by �Gm values. POM and SAXS investigations were
performed as a function of the concentration. Up to 40 wt% both salts exhibited a
lyotropic liquid crystal phase, presenting fan-like or pleated-ribbon texture.

However, when the concentration raised up to 80 wt%, transparent and clear
phases formed. The above observations were supported by SAXS data. In partic-
ular, the comparison among lattice parameters (a0) corresponding to [C1C12im][Sal],
[C1C12im][MeOSal], and [C1C12im][BrSal] demonstrated that the densest arrange-
ment was obtained in the first case, as the presence of substituents on the aromatic
anions induced a significant increase in a0. Interestingly, rheology investigation
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Fig. 10.10 Structures of
1-hexadecyl-3-
methylimidazolium based
organic salts bearing
different benzenesulfonate
anions

performed at 60 wt% indicated that in such systems viscosity is predominant over
the elastic property.

The role played by the aromatic anions in the self-assembly process of
imidazolium salts has been deeply investigated also taking into considera-
tion the [C1C16im]+ cation in combination with aromatic anions, like the 4-
hydroxybenzenesulfonate (HBS), the benzenesulfonate (BS) and p-toluenesulfonate
(PTS, Fig. 10.10) [24].

A combined experimental approach, based on surface tension and conductivity
measurements, allowed demonstrating that cmc changed along with the order:
[HBS−] > [BS−] > [PTS−], according to hydrophobicity or bulkiness of the
substituent. Cation being the same, the presence of the aromatic counterion induced
a 2–3 folds decrease in cmc with respect to analogous salts bearing different coun-
terions. Conductivity investigation allowed determining the degree of counterion
binding (β), which increased with the anion hydrophobicity, indicating a strong
cation–anion interaction also in the micellar phase.

From a thermodynamic point of view, negative�Gm values, decreasing in parallel
with anion hydrophobicity, indicated that the aggregation process was hydropho-
bically driven. Thanks to the use of fluorescence measurements, based on pyrene
emission, important information about the cybotactic region as well as the nature
and the composition of both Stern and Palisade layers was obtained. The cybo-
tactic region represents the region around the solute molecule where ordering of the
solvent is modified by the presence of solute. The Stern layer of micelle is considered
as the layer around the core of an ionic micelle formed by ionic head groups and
tightly bounded counterions. Finally, the Palisade layer ofmicelle is the area between
oil-like hydrophobic core and Stern layer comprised of few carbon atoms. On the
grounds of fluorescence measurements, it was demonstrated that the polarity of the
cybotactic region decreased along the order: [C1C16im][HBS] > [C1C16im][BS]
> [C1C16im][PTS]. Analysis of emission intensity (Iem) as a function of the salt
concentration allowed hypothesizing the insertion of [HBS−] between the imida-
zolium groups in the Stern layer of the micelles, whereas [BS−] and [PTS−] anions
were located in Palisade layer of the micelle and this hypothesis was corroborated
by 1H NMR investigation (Fig. 10.11).
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Fig. 10.11 Schematic representation showing the relative position of aromatic anions and water
molecules with respect to [C1C16im] cation in micelles of different ILs with varying shapes and
sizes in aqueous medium. Adapted with permission from Ref. [24], Copyright 2016 American
Chemical Society

Furthermore, the nature of the counterion also determined the shape of the aggre-
gates that, on the grounds of DLS and TEM measurements, proved to be spherical
micelles, in the case of [HBS−] anion and rod-like micelles in the case of [BS−] and
[PTS−].

In a different investigation, besides the nature of the anion and the length of the
alkyl chain, also the nature of the cationic headwas taken into consideration, studying
the self-assembly behavior of surface-active zwitterionic organic salts (Fig. 10.12)
[25].

Fig. 10.12 Structures of zwitterionic organic salts
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In particular, ammonium and imidazolium butane sulfonate salts, bearing alkyl
chains ranging from C12 up to C14 and paired with naphthalene or benzene sodium
salts were considered.

Analysis of the results collected by means of surface tension measurements
revealed that cation being the same (imidazolium), cmc decreased on going from
C12IPS-Nsa toC14IPS-Nsa. Furthermore, it was affected by the anion nature, going
from [Bsa−] to [Nsa−], according to the anion hydrophobicity.

On the other hand, cation hydrophobicity and charge delocalization were consid-
ered the main factors accounting for the lower cmc detected for C12IPS-Nsa with
respect to SB12-Nsa.

In the case of imidazoliumsalts, itwas hypothesized that the formation of spherical
micelleswas supported byπ-π interactions among imidazoliumand aromatic anions.
The above interactions proved to be stronger in the presence of [Nsa−] anions, as
accounted for by themore significant upfield shift detected for the alkyl chain protons,
in the case of C14IPS-Nsa, C12IPS-Nsa, and SB12-Nsa. This was a consequence of
the penetration of the aromatic anion in the hydrophobic region.

The above hypothesis was also supported by calculated interaction energies of
zwitterionic salt/water (1:1) complexes, by DFT calculations, that accounted for
more negative energies in the case of C12IPS-Bsa and SB12-Nsa/H2O, according to
their difficulty to form micelles.

The study of the self-assembly behavior of 1-dodecyl-3-methylimidazoliumbased
organic salts bearing aromatic anions like salicylate and 3-hydroxy-2-naphthoatewas
also performed in water solution, as a function of salt concentration (Fig. 10.13) [26].

The use of surface tension and conductivity measurements allowed us to demon-
strate that cmc values gradually increased on going from [C1C12im][HNC] to
[C1C12im][Sal]. The above trend was ascribed to the higher hydrophobicity of the
[HNC−] anion that favorsmicelles formation. Conductometricmeasurements carried
out as a function of the temperature, allowed to obtain�Gm values that resultedmore
negative in the case of [C1C16im][HNC], accounting for a spontaneous aggregation
process driven by the hydrophobicity.

Analysis of the phase diagrams of the imidazolium salts as a function of the
concentration shed light on the occurrence of three different systems: (i) the isotropic
solution phase; (ii) the anisotropic hexagonal liquid-crystalline phase (H1) and (iii)
the isotropic cubic liquid-crystalline phase (V1). Obviously, the concentration range

Fig. 10.13 Structures of
1-dodecyl-3-
methylimidazolium salts
bearing aromatic anions
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corresponding to different phases was affected by the anion nature. SAXS patterns
allowed demonstrating that H1 phase was featured by the presence of cylinder like
aggregates, packed in ahexagonal array, and separatedby a continuous solvent region.
In the case of [C1C12im][Sal], increasing the concentration, a denser arrangement
of surface-active ILs molecules was observed, as accounted for by the decrease in
the radius of the cylindrical micelles. The phase behavior was also investigated as
a function of the temperature. In both cases, the increase in temperature induced a
decrease in the radius of cylindrical aggregates and in the thickness of the solvent
layer between cylinders. For [C1C12im][Sal], this was ascribed to the higher softness
of themolecules that extruded each other to a higher degree. Differently, in the case of
[C1C12im][HNC], the observed changes were ascribed to the occurrence and more
interdigitate systems. DFT calculations demonstrated that, in the aggregates, the
[Sal−] anion interacts with the cationic headgroup, whereas [HNC−], penetrates in
the hydrophobic region. The above result was ascribed to the lower electronegativity
of [HNC−] that proved less able to screen the electrostatic repulsions between the
imidazolium ions. However, its higher hydrophobicity better-promoted aggregates
formation. Further differences in the aggregation behavior were also elucidated on
the grounds of the determination of the critical packing parameter, which was equal
to 0.46 and 0.30 in the case of [C1C12im][Sal] and [C1C12im][HNC], accounting
for the inclination to pack in a hexagonal array and to form spherical micelles.

Imidazolium salts have been engaged in self-assembled systems also in the form
of complexes with lanthanides. In particular, these organic cations have been used
to prevent the insertion of active hydroxyls of solvent in the lanthanide coordination
sphere. This is frequently responsible for the fluorescence quenching. To this aim,
complexes of imidazolium organic salts, bearing naphthyl and branched alkyl chain
([Cmnaphim+]) with the anion [(thenoyltrifluoroacetone)4Eu−] ([Eu(tta)4−]) were
prepared (Fig. 10.14) [27].

Ethanol solutions of [Cmnaphim][Eu(tta)4] were dropped in stirred water,
observing a significant increase in the solution turbidity as VH2O exceeded 50%.
The rise in turbidity was ascribed to aggregates formation. The above hypothesis
was supported by both UV–vis and fluorescence investigation. In particular, in the

Fig. 10.14 Structure of
[(thenoyltrifluoroacetone)4Eu−]
based imidazolium salts
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case of UV–vis investigation, two main absorption bands were detected. The first
one, occurring at 275 nm (A1), was assigned to the naphthyl group, whereas the
second one located at 338 nm (A2) was attributed to the absorption of [Eu(tta)4−].
These bands showed a different behavior as a function of the water content. Indeed,
at VH2O < 50%, the A1 slightly increased with water content, whereas the A2

band continuously decreased, At VH2O > 50%, they became similar and weak-
ened. In a similar way, in the emission spectra, two main bands were detected, at
377 and 612 nm, corresponding to the emission of naphthyl group and [Eu(tta)4−],
respectively.

As far as the [Eu(tta)4−] band was concerned, it was observed a gradual increase
in the emission for VH2O > 50%, which reached the maximum value at VH2O =
70%. This was ascribed to the aggregates formation and the enhanced emission was
considered a consequence of the aggregates ability to shield the Eu(III) from the
active hydroxyl groups of the solvent.

Features of the aggregates were investigated using a Malavern size particle
analyzer, DLS measurements, TEM, and SEM. Interestingly, the size of the aggre-
gates, as well as fluorescence emission, decreased with the water amount (for
VH2O > 70%) and complex concentration. In both cases, this was ascribed to the
dissociation of [Cmnaphim][(Eu(tta)4] complex, which induced the diffusion of
[Eu(tta)4−] in the bulk solution with [Cmnaphim+] acting as counterion.

On the other hand, features of the aggregates depended on the length of the alkyl
chain, as accounted for by the decrease in fluorescence emission with the increase
in the above parameter.

The architecture of the self-assembled systems formed by organic salts also
depends on the molecular design of the individual constituents. Under this light, a
raise of interest has been detected toward the obtainment of self-assembled systems
based on host–guest interactions involving organic salts. In this context, the use of
differently functionalized imidazolium salts and their interactionwith cucurbit[8]uril
has been considered (Fig. 10.15) [28].

Fig. 10.15 Structures of
cucurbit[8]uril and
imidazolium-based organic
salts
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In particular, using equimolar mixtures of [mnaphim]Br and CB[8] or
[(naph)2im]Br andCB[8], nanoscopic crystalline structureswere obtained. 1HNMR
investigation allowed to detected a set of broad and ill-defined signals that could
not unambiguously be assigned to the presence of polymeric species. To clarify
and support the above hypothesis, a combination of small-angle neutron scattering,
AFM, and TEM measurements were performed that allowed identifying the pres-
ence of elongated plate-like aggregates, in the case of [mnaphim]Br/CB[8], and
the presence of large nanoscale assemblies in the case of [(naph)2im]Br/CB[8]. In
particular, in the latter case, the presence of fibers was detected and themechanism of
the self-assembly process favoring the fibers formation was elucidated (Fig. 10.16).

In the packingmodel, the formation of zigzagged strands formed by single layer of
[(naph)2im]Br/CB[8] host–guest complexes was hypothesized, in which the mainly
stabilizing interactions were represented by C-H••••O=C hydrogen bonds, between
the imidazolium groups and the carbonyl portals, and ion–dipole interactions.

Fibers formation was also investigated using rheology measurements that gave
trends reminiscent of Maxwellian behavior found in many viscoelastic worm-like
micellar solutions. Analysis of kinetic data obtained, performing rheology measure-
ments as a function of time, and using Avrami theory, supports the hypothesis of a
one-dimensional and interfacial-controlled growth process.

In a further example, complexes formed by dimethoxypillar[5]arene and
anthracenyl-based imidazolium salts, differing in the alkyl chain length and the anion
nature, were investigated both in solution and in the solid-state (Fig. 10.17) [29].

Fluorescence investigation performed in the solid-state evidenced how the addi-
tion of DMP[5]A to the imidazolium salts gave rise to the occurrence of aggregation-
induced emission (AIE) processes, as accounted for by the significant increase in the
fluorescence emission.

Self-assembly of diimidazolium salts bearing rigid aromatic spacers and alkyl
chains of different lengths has been also investigated. The interest for such kinds of
tectons is derived from their structural flexibility and also from the possibility that
they, like cationic surfactants, could be used for drug complexation and delivery,
above all in the case of drugs bearing carboxylate groups.

To this aim, the self-assembly of diimidazolium salts bearing alkyl chain varying
fromfive up to nine carbon atoms and bearing ameta-xylyl spacerwas investigated by
tensiometry, fluorescence spectroscopy, and pulse-gradient spin-echo measurements
(Fig. 10.18) [30].

The results reported evidence of the ability of organic salts to form micellar
aggregates and clearly shed light on the dependence of cmc values on the length
of the alkyl chain. Furthermore, PGSE measurements indicate a reduction of the
self-diffusion coefficient with the increase of fraction of micellized surfactants.

In the case of n = 7, such kind of investigation allowed us to calculate a hydro-
dynamic radius equal to 1.8 nm. On the other hand, SANS investigation gave a
model for the aggregates as formed by a hydrophobic core, surrounded by a polar
shell that included the surfactant headgroup and hydrating water. The only case in
which the SANS model did not give the expected results was the case of n = 5. The
self-assembly behavior of diimidazolium salts was further analyzed in the presence
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Fig. 10.16 a Self-assembly scheme of CB[8] and [p-Xyl-(naphim)2]Br; 2cryo-TEM maps at a
resolution of 5 (b) and 4 Å (c), and packing model for the CB[8]+3 fibers (d) superimposed to panel
b. Unit cell parameters (in green) are shown in panel c. Adapted with permission from Ref. [28],
Copyright 2019 American Chemical Society

Fig. 10.17 Structures of
DMP[5]A and
anthracenyl-based
imidazolium salts
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Fig. 10.18 Structures of
diimidazolium based organic
salts

Fig. 10.19 Structures of
diimidazolium based organic
salts bearing amino acids
residues in the alkyl tail

of increasing concentration of the carboxylate drug valproate. The obtained self-
diffusion coefficients supported the hypothesis of the interaction between the drug
and micellar aggregates, as accounted for by both the decrease and the increase in
diffusion coefficients of aggregates and drug, respectively.

In the attempt to obtain chiral selectors for the enantiodiscrimination of dicar-
boxylate salts of biological relevance, some chiral diimidazolium salts featured by
the presence of amino acids in the side chain have been synthesized (Fig. 10.19) [31].

The conformation of these ditopic receptors was firstly analyzed using, ATR-
FTIR, Monte Carlo simulations 1H-NMR, and 1D-NOESY experiments. Data
collected from this combined approach allowed us to state that conformation of
all tested organic salts heavily depended on the nature of the anion. Indeed, for Br−-
based salts a cleft folded structure, inwhich the aromatic rings of theN-benzyl groups
occupied the final section of the cleft, was suggested. Differently, for [NTf2−]-based
salts an open conformation was proposed, in which the bigger anion was located in
the other section and interacted only with one amide fragment.

The possibility for such structures to form supramolecular aggregates was inves-
tigated by using 1H NMR spectroscopy in CDCl3 solution. Once again, results testi-
fied to the dependence of the salts’ behavior on the anion nature. Indeed, spectra
of [NTf2−]-based salts exhibited a negligible dependence on the salt concentration.
Differently, for Br−-based salts, increasing the concentration from 2 up to 80 mM,
gave rise to a significant upfield shift for HA and HG protons, whereas downfield
shift was observed for HB (Fig. 10.20).

Fig. 10.20 Structures of diimidazolium based organic salts bearing amino acids residues in the
alkyl tail with labeled protons
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Fig. 10.21 Self-assembling phenylene ethynylene-based diimidazolium salts

On the whole, the above trend indicated a major involvement of HA in intramolec-
ular interactions that became more relevant at higher concentrations. In the case of
[Br−] salts, morphology of the aggregates obtained from water/MeOH mixtures
(5%) were affected by the nature of the side chain on the imidazolium cation with
well-defined fractal structures observed for phenylalanine derivatives and spherical
aggregates detected for leucine derivatives, as accounted for by SEM images.

Imidazolium salts can give a diverse range of aggregated structures, upon self-
assemblywhen coupledwith aπ-conjugated spacer. On this topic, it has been demon-
strated that aggregation of diimidazolium salts is affected by the nature of the conju-
gated spacer interposed between the cationic heads. This is the case of diimidazolium
salts bearing the m- and p-phenylene ethynylene spacers (Fig. 10.21) [32].

The salts considered also differed for the alkyl chain length borne on the imida-
zolium rings as well as for the anion. Spectroscopic investigation revealed that the
different substitution or alkyl chain lengths affect the solvents in which aggrega-
tion occurs, such as dipolar aprotic solvents like acetonitrile and tetrahydrofuran or
short-chain alcohols. Notably, the aggregates retained fluorescence in the solid-state,
and the higher tendency to self-assemble observed for the p-substituted salts could
be ascribed to a different geometry of the aggregates, as suggested by DFT-level
calculations.

Changing the spacer, the same group investigated the aggregation of diimida-
zolium salts with a perylene bisimide-based spacer (Fig. 10.22), differing for the
alkyl chain length [32], or the anion [33].

UV–vis and fluorescence spectroscopy investigations pointed out that the salts
bearing iodide anions and different alkyl chains on the cationic moiety, aggregated
via an isodesmic pathway, and that the alkyl chain lengthmainly affected the stability
of the aggregates, as estimated by the equilibrium formation constants [32]. Further-
more, SEM images showed that varying the alkyl chain length barely affected the
morphology of the aggregates, which in all cases appeared as rod-like objects. A
remarkably different result was observed when considering salts sharing the same

Fig. 10.22 Structure of
perylene bisimide
functionalized
diimidazolium salts



10 Organic Salts as Tectons for Self-assembly Processes in Solution 327

Fig. 10.23 Structure of
NDI-functionalized
diimidazolium salts

alkyl chains on the imidazolium ring, but differing in the counteranions [33]. In this
case, this structural variation not only affected the aggregates stability, but also their
morphology. In particular, when [NTf2−] was the anion, morphology changed from
rod-like to irregularly shaped objects.

A similar approach was used to investigate the self-assembly of diimidazolium
salts tethered to a naphthalene diimide (NDI) spacer, reported in Fig. 10.23, once
again differing either for the alkyl chain length on the imidazolium ring [34], or the
anion [35].

In the first case, salts with both alkyl and fluoroalkyl chains were considered.
UV–vis and spectroscopic investigations evidenced that all the salts aggregate in
solvents like DMF or THF forming H-aggregates [34]. Notably, an odd–even effect
was observed, given that the concentration corresponding to the onset of aggregation
follows different trends as a function of the alkyl chain length, depending on whether
chains with an odd- or even number of carbon atoms are considered. Furthermore,
the same odd–even effect was observed for the variation of the melting points of the
salts, as a function of the alkyl chain length. In general, introduction of fluorinated
chains resulted in less stable aggregates, and SEM investigation showed that these
salts aggregated into spherical or disc-like structures, depending on the alkyl chain
length as well as the solvent.

On the other hand, changing the anion significantly altered the properties of the
aggregates [35]. In particular, for NDI-salts bearing octyl chains, changing the anion
from I− to [BF4−] or [NTf2−] induced the shift froman aggregation caused quenching
(ACQ) in the first case, to aggregation enhanced emission (AEE) in the other ones.
However, the same structural change also induced a reduction of the formation
constant of the aggregates. Finally, changing the anion resulted in different aggregate
morphology, as revealed by SEM images.

Markedly different properties were observed when salts with a much more rigid
and extensively conjugated spacer were considered [36]. In this case, the spacers
interpose between an imidazolium cation and a neutral imidazole unit, so that a
potentially push–pull system can be realized. The two salts differ for the π-surface
extension of the aromatic portion of the spacer, comprising a phenyl or a pyrene unit
(Fig. 10.24).
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Fig. 10.24 Structures 1,4-phenyldiethynyl- and 1,6-pyrenediethynyl-functionalized imidazolium
salts

Differently from the previous cases, these salts were able to self-assemble not
only in conventional solvents but also in ionic liquids. The presence of an electron-
donating group (imidazole) linked through extensive conjugation with an electron-
accepting group (imidazolium cation), led to significant AIE in solution. Notably,
aggregation occurred following different pathways, depending on the nature of the
spacer; in particular isodesmic aggregationwas observed for [C6Pyim][Br], whereas
[C6Bzim][Br] aggregated through a cooperative mechanism.

Solid-state fluorescence investigation also showed that [C6Bzim][Br] forms
highly emissive J-aggregates in the solid-state. In contrast, [C6Pyim][Br] forms
H-aggregates in the solid-state, and emission quenching is observed.

The versatility of imidazolium salts tethered to emissive aromatic assembling
motifs is demonstrated by the application of self-assembling 1,8-naphthalimide
imidazolium salts to obtain bioimaging and theranostic soft materials [37]. In partic-
ular, salts with different lengths of the alkyl chain borne on the imidazolium cation
were considered, and also differing for the anion, [CnNIm][X] (Fig. 10.25).

Solvent-dependent spectroscopic UV–vis and fluorescence investigation showed
that these salts are scarcely fluorescent in DMSO, but intense emission is switched
on by adding increasing amounts of water. This is due to occurrence of J-aggregation
and AIE. Notably, fluorescence in solution is persistent over an extended period of
time, such as 8 months (Fig. 10.25b). At higher concentrations, these salts formed
conductive, fluorescent supramolecular gels in H2O/DMSO as well as aqueous
buffers/DMSO mixtures. Fluorescence microscopy showed that these salts, when
dissolved at concentration lower than IC50 were efficiently internalized in cancer
cells of different strains, such as HeLa, MCF7 or HCT117, exhibiting intense blue
emission localized in the organelles. At higher concentration, they exert cytotoxic
activity on these cells and the [C14NIm][glu] salt show a higher selectivity index
toward cancer cells over non-cancer strain.
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Fig. 10.25 a 1,8-Naphthalimide-based imidazolium salts, b pictures of salts solution under UV
light. Adapted with permission from Ref. [37], Copyright 2020 American Chemical Society

10.3 Ammonium Salts

Ammonium salts are among the most frequently used organic salts with self-
assembling ability. This is likely due to the easy introduction of an ammonium
functionality in a self-assembling molecule, often carried out to allow or enhance
solubility in water.

The self-assembly of surfactants can be modulated by adding external cations. In
this regard, it has been described how the addition of Ca2+ or Gd3+ ions modulate
the morphology of the nanostructures formed by the saturated phospholipid 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC, Fig. 10.26), in organic solvents
[38].

In particular, small-angle X-ray scattering (SAXS), dynamic light scattering
(DLS) investigations as well as transmission electron microscopy (TEM) imaging
revealed that at low concentrations, the added cations led to the formation of cylin-
drical micelles, which resulted in gel-like materials. At higher concentrations of
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Fig. 10.26 Structure of
DMPC surfactant

cations, the surfactant assembles into reverse onions which revert to lamellar stacks
at even higher cation concentrations.

In a recent example, an ammonium-appended tetraphenylene-salt,TPE-Gir, gave
rise to self-assembled structures able to recognize nucleic acids (Fig. 10.27) [39].

The tetraphenylene core is a typical motif for obtaining aggregation-induced
emission (AIE), which results in enhanced fluorescence emission upon aggrega-
tion. Moreover, such a π-extended molecule could give rise to supramolecular poly-
mers underpinned by π-stacking interactions, thus leaving the positively charged
ammonium groups available to interact with anionic DNA strands. In particular,
detailed spectroscopic investigation revealed that the self-assembly of TPE-Gir in
THF/water solutions leads to fluorescent nanoparticles with diameters in the range
of 100–120 nm. Further spectroscopic evidence showed that these nanoparticles had
a strong tendency to intercalate with single-stranded DNA and bound to the minor

Fig. 10.27 a Structure of TPE-Gir and b pictorial representation of self-assembled structures
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groove of double-stranded DNA. Thermodynamic investigations, by ITC, showed
also selective binding to G-quadruplex DNA.

The versatility of ammonium salts in self-assembly is also demonstrated by their
ability to form supramolecular network polymers in the presence of suitablemacrocy-
cles. In this regard, it has been reported the obtainment of a hexagonal supramolecular
polymer formed by the planar tritopic salt TAPB (Fig. 10.28) in the presence of the
cucurbit[5]uril-based host Me10TD[5] [40].

NMR and UV–vis investigations proved that the formation of the supramolecular
polymer was driven by the H-bond interaction involving each ammonium moiety in
TAPB with the carbonyl groups of the cucurbit[5]uril-based host. The structure of
the polymer was further confirmed by DLS measurements and TEM images.

A convenient characteristic of self-assembly by organic salts is the possibility
to radically change the morphology or the spectral features of the aggregates in a
straightforward way by changing the ions. In this regard, it has been reported that the
morphology and emission of the cyanine-based salts [PIC][NTf2] and [PIC][BETI],
Fig. 10.29, change drastically as a function of the anion [41].

TEM and SEM images revealed that while [PIC][NTf2] forms diamond-like
structures, [PIC][BETI] assembled forming rod-shaped objects. This difference in

Fig. 10.28 a Structure of TAPB and b pictorial representation of supramolecular network polymer.
Reproduced with permission from Ref. [40], Copyright 2018 Springer Nature
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Fig. 10.29 a [NTf2]- and b [BETI]-self-assembling cyanine-based salts and c thiacarbacyanine-
based salts

morphology resulted from a different mode of aggregation, as revealed by UV–
vis and fluorescence investigations. In particular, [PIC][NTf2] formed J-aggregates
and showed aggregation-induced emission (AIE) whereas the other salts form H-
aggregates.

Notably, a similar effect has been reported by the same group, by variation of the
cation, in thiacarbacyanine salts [41] differing for the length of the cation aliphatic
spacer.

In this case, aggregation of all these salts yielded rod-like objects, and the length
of the spacer mainly affected the size and aspect ratios of the objects, as revealed by
SEM and TEM images. In addition, structural variations in the cation also induced
different aggregation modes, as exemplified by [TC1][BETI] forming J-aggregates,
whereas H-aggregates were observed in the case of [TC2][BETI]. Finally, further
variation of morphology and emission maxima could be achieved by mixing these
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Fig. 10.30 Structures of
anilinium tartrate
self-assembling salts

salts, evidencing a concentration-dependent behavior. Self-assembly of mixture of
salts also exhibited fluorescence resonance energy transfer (FRET).

It is worth noting how subtle structural change in the ammonium cation can
significantly alter the self-assembly ability of the relevant salts. This is exemplified
by looking at the self-assembling ability of differently haloanilinium tartrate salts
(Fig. 10.30) [42].

Among the salts considered, only the 4-F and 4-I substituted salts were able to
assemble forming organogels and helical fibers, whereas the other ones only formed
crystalline flakes or needle-like structures. Interestingly, SEM and circular dichroism
measurements revealed that the helicity of the fibers could be switched upon changing
the gelation solvents, from methanol to tetrahydrofuran.

Simple organic salts can be useful in allowing solubilization of ionic surfactants
in apolar solvents, while at the same time modulating their aggregation. Along this
line, salts like sodium salicylate or benzoate allowed solubilization and aggregation
of the quaternary ammonium gemini surfactants 12-s-12, differing for the spacer
length (Fig. 10.31) [43].

The spacer length had a clear effect on the aggregation of the surfactants, since, in
the presence of sodium salicylate, 12-2-12 and 12-6-12 formed a gel in cyclohexane,
whereas this was not the case for 12-10-12. The structure of the aggregates was
probed by SAXS and POM investigations, showing that the 12-2-12 surfactants

Fig. 10.31 a Structure of
the 12-s-12 surfactants, b
pictorial depiction of organic
salts effect on the
aggregation of 12-s-12 in
cyclohexane
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Fig. 10.32 Structure of
PQPClO4

Fig. 10.33 Structure of
ammonium-appended
Gd(III) complex

formed hexagonal liquid-crystalline structures, whereas a coexistence of different
liquid-crystalline textures was found for 12-6-12. Differently, the longest spacer in
12-10-12 gave rise to reverse vesicles. Finally, the effect of the organic salts could
be rationalized by hypothesizing that the organic salts interpose within the cationic
heads of the surfactants, within the interior core of the aggregates.

An intriguing property of self-assembling organic salts is that, in principle, they
can be strongly responsive to electrochemical stimuli. To this aim, it has been
described the possibility of electrochemical control of the aggregation of a polycyclic
aromatic salts, PQPClO4 (Fig. 10.32) [44].

Self-assembly of PQPClO4 was investigated at the liquid–solid interface between
a gold surface and a perchloric acid solution. Varying the potential applied induced
a switch from monolayer to bilayer assembly, as evidenced by STM-high resolution
images.

The presence of an ammonium tag on a Gd(III) complex with a cyclen-based
ligand favored not only solubilization in water but also self-assembly into micelles
(Fig. 10.33) [45].

In particular, it has been demonstrated that in water these complexes self-
assembled into micelles when the ammonium moiety bears the two longest alkyl
chains. The ammonium cationic head also enabled interaction of the micelles with
a polyelectrolyte such as sodium polyacrylate (PAA). The resulting hybrid material
displayed convenient properties as MRI contrast agent and was applied successfully
to in vivo imaging of bladder and liver regions.

Another example of self-assembly originated from a supramolecular complex,
the fabrication of a supramolecular amphiphile constituted by an inclusion complex
of the ammonium salt bearing a trans-diazobenzene (trans-G2, Fig. 10.34) group in
a pillar[5]arene-based host was described [46].

As evidenced by SEM and TEM images, the complex in water self-organized into
nanosheet-like structures, which were broken down by raising the temperature to
55 °C. Interestingly, the nanosheet could be reversibly restored on cooling to 25 °C.
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Fig. 10.34
Pillar[5]arene-based host and
quaternary ammonium guest

Fig. 10.35 Structure of
tetraphenylene-substituted
pyridinium salt

The complex could be destroyed byUV irradiation, due to isomerization of the diazo-
moiety into the cis-form. Furthermore, adding β-cyclodextrin to the system induced
the formation of a ternary complexwhich self-assembled into vesicles. Notably, these
vesicles could be transformed back to the nanosheets upon UV irradiation, which
makes this a triply responsive supramolecular system.

Moving to the self-assembly of pyridinium salts, the aggregation of a
tetraphenylene-substituted pyridinium salt,TPE-Py (Fig. 10.35),was described [47].

This salt had low emission when molecularly dissolved in THF but becomes
strongly emissive upon adding increasing amounts of water, showing AIE. In the
solid-state, the aggregates were still emissive and existed in two forms, amorphous
and crystalline. These forms emitted at different wavelengths and could be reversibly
switched by fuming-heating or grinding-heating. TEM and SEM images evidenced
that the crystalline form, which displayed amicrorod-morphology, could be success-
fully used as optical wavelength guide, with very low optical loss. Finally, the
emissive aggregates of TPE-Py enabled specific staining of mitochondria in living
cells.

Anionic lipid amphiphiles are well-known aggregation motifs, which can confer
self-assembled ability to metal complexes when used as counterions. In this regard,
the self-assembly of Ru(II) bipyridine complexes [Ru(bpy)3]2+ bearing the anionic
lipids (Fig. 10.36) as counterions has been reported [48].

Depending on the anion used, the complexes obtained self-assembled in ethanol
forming ribbons, helical ribbons aswell as sheet-like structures, as evidenced byTEM

Fig. 10.36 Structure of
self-assembly anionic lipids
used as counterions of Ru(II)
complexes
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images and circular dichroism measurements. Spectroscopic investigations revealed
also that all the complexes were phosphorescent.

It is worth noting that the aggregation of amphiphiles and surfactants can also be
affected by the presence of added salts, either in water or in mixtures with organic
solvent, as exemplified by the drop in cmc of sodium dodecyl sulfate (SDS) upon
adding alkali metal halides like NaCl, KBr or KCl [49].

Aggregation of IL-based surfactants can also lead to ionic liquid crystals. For
instance, self-assembly of N-methyl-N-hexadecyl pyrrolidinium bromide in water
led to formation of lyotropic ionic liquid crystals, when the amount of IL was
comprised between 35 and 70% [50]. Due to the absence of aromatic moieties and,
consequently, of π-π interactions, this surfactant assembles less tightly than the
related imidazolium-based counterparts.

10.4 Conclusions

Analysis of the literature, published in the last decade concerning the self-assembly
processes of organic salts in conventional solvents, clearly shows the wide potential
of such kinds of systems. The structural tunability featuring organic salts induces a
high tunability of the properties of the aggregates systems that, consequently, find
application in very different fields.

This represents themain advantagewith respect to non-ionic amphiphilic systems,
above all for the very simple synthetic procedures that lead to them and for the high
level of modularity for the wide range of cations and anions available. Further-
more, with respect to non-ionic species, the self-assembly of organic salts can afford
conductive materials and, in some cases, ionic materials show significantly higher
thermal stability with respect to the ones formed by neutral amphiphilic species.

In the case of organic salts, data analyzed how the elongation of the alkyl chain,
borne on the charged nucleus, can induce significant changes in the aggregates
organization and in the nature of the application.

Analogously, the nature of the aggregated systems is highly modulated by the
tecton concentration, which affects the nature of the interaction occurring in the
supramolecular systems. On the other hand, cation being the same, the different
anion nature significantly determines the structure of the aggregates, which may
change also in dependence on the counterion location.

A further structural element that can drive the self-assembly process of charged
species is the nature of the spacer bearing the cationic heads. This, together with
alkyl chain length and anion nature, can induce significant variations in the nature
of the solvent in which the aggregation occurs, as well as the mechanism of the
self-assembly process.

Interestingly, given the charged nature of the tectons, they easily interact with
aromatic supramolecular hosts. In this case, the formation of self-assembled systems
is driven by the features of host–guest complexes.
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As for the applications, the analyzed literature demonstrated that these aggre-
gated systems are widely used in biomedical field, spanning from drug delivery to
antimicrobial and bioimaging agents.

Obviously, the reported analysis is not exhaustive but represents a first approach to
demonstrate the strict relationship operating between the properties of self-assembled
systems based on organic salts and the structural features of the ionic tectons.
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Chapter 11
Computational Modelling
of Supramolecular Polymers

Azahara Doncel-Giménez, Joaquín Calbo, Enrique Ortí, and Juan Aragó

Abstract Supramolecular polymers are a type of polymers where the monomeric
units are held together via non-covalent interactions and, thus, exhibit a dynamic
character similar to that found in biological systems (e.g., proteins). Over the last
years, supramolecular polymers have received a deal of attention due to their potential
as functionalmaterials. Nevertheless, the characterization of the final supramolecular
polymeric architectures at atomistic resolution (i.e., dominant interactions, polymer-
izationmechanism, transfer and amplification of chirality) is quite challenging for the
current experimental techniques but accessible by computational modelling. In this
chapter, we highlight, by a selection of research examples, that computational chem-
istry methods (at quantum and classical level) can be seen as powerful techniques
to gain insights not only into the structure of the final supramolecular assemblies
but also into the nature of the key intermolecular interactions and the mechanism
that control the supramolecular polymerization growth as well as the chiral response.
The computational tools discussed in this chapter can be also applied to the theo-
retical characterization of other supramolecular systems; for instance, those mainly
governed by intermolecular electrostatic interactions.

11.1 Introduction

Supramolecular polymers (SPs) are dynamic self-assembled structures formed by
monomeric units interacting via non-covalent interactions (electrostatic interactions,
hydrogen-bonding,π-π stacking, hydrophobic interactions, metal coordination, etc.;
see Fig. 11.1) [1, 2]. Themain difference with respect to covalent polymers lies in the
nature of the interactions between themonomeric units. In supramolecular polymers,
non-covalent interactions are much weaker and reversible, and, therefore, the final
polymeric structure exhibits a dynamic character. In fact, it is this dynamic character
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Fig. 11.1 Schematic representation of a helical columnar supramolecular polymer based on a
benzene-1,3,5-tricarboxamide (BTA) derivative. The BTA core is shown in green whereas the three
arms in grey sticks. In the top and side views of the central BTA dimer, carbon atoms of the BTA
are in green, hydrogen in white, nitrogen in blue, and oxygen in red

that endows SPs with interesting bio-inspired properties such as self-healing, shape
memory, stimuli-responsiveness, and adaptability. SPs have emerged as promising
candidates to build novel functional materials [3, 4]. Furthermore, the electronic
and optical properties of SPs can be easily tailored by employing different building
monomeric units or by synthetic modification of the peripheral groups attached to a
π-conjugated scaffold.

Over the past decade, SPshavebeen explored for applications ranging frombioma-
terials [3] to electronics [5]. An interesting example in the context of biomaterials
is the ureido-pyrimidone (ur-Py), which is able to assemble into one-dimensional
(1D) fibres. Ur-Py moieties dimerize through four hydrogen bonds, and the addition
of urea groups allows lateral stacking in fibres joined by a combination of hydrogen
bonding, hydrophobic interactions, and π-π stacking. In dilute forms, ur-Py fibres
togetherwith cationic residues allow intracellular delivery of siRNA [6]. In the area of
molecular electronics, Headler et al. have obtained highly-ordered helical SPs based
on heterotriangulenes (Fig. 11.2) capable of transporting energy very efficiently at
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Fig. 11.2 An N-heterotriangulene-based supramolecular polymer capable of transporting energy
efficiently. Image adapted with permission from [8]. Copyright 2020 American Chemical Society

room temperature, which is of great interest for nanophotonic devices and quantum
information technology [7, 8].

The field of SPs began with Prof. Jean-Marie Lehn, one of the pioneers in
Supramolecular Chemistry. In 1990, Lehn et al. reported the first supramolecular
polymer [9], which was constituted by two different monomers, one composed by
two diaminopyridines connected by a tartrate bridge and the other by two uracil
derivates. The supramolecular aggregation process occurred through a triple H-
bond array between the diaminopyridene and uracil moieties, resulting in a helical
supramolecular polymer with liquid crystallinity. Since 1990, impressive experi-
mental efforts have been devoted to the synthesis and characterization of a wide
variety of SPs, with special attention over the control of the supramolecular growth
[10]. Despite the significant progress in the field, there are still fundamental questions
about SPs that are difficult to address experimentally [11]. In particular, it is difficult to
unveil, at atomistic resolution, the physical factors that control monomer–monomer
and monomer–solvent interactions, and, in turn, the final supramolecular polymeric
structure. In this context, Computational Chemistry emerges as a powerful tool to
study in-depth and systematically the factors governing the self-assembly process
at molecular scale (electrostatic interactions, hydrogen-bonding, π-π stacking, and
hydrophobic interactions) as well as the electronic and optical properties of the
resulting supramolecular polymers [2, 12–15]. Currently, theoretical calculations
are enormously helpful to offer atomistic models for the supramolecular polymeric
architectures and interpret the experimental results, which entail great complexity
[16–19].

Broadly speaking, the computational chemistry techniques mostly employed
for the characterization of SPs can be classified according to their physical roots
(quantum or classical). Amongst the quantum mechanical approximations, Density
Functional Theory (DFT) is widely used to study the molecular and electronic struc-
ture of supramolecular polymer models [12, 20–22]. At this DFT level of theory,
simplifications in the structure of the supramolecular systems and the treatment of
implicit solvent approaches are usually necessary owing to the high computational
cost. Semi-empirical methods, which are able to capture quantum effects and are
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computationally efficient, represent a feasible alternative to model SPs of large size
at a reasonable level of accuracy [14, 23, 24]. A good choice of DFT-based semi-
empirical methods are those based on a tight-binding approximation such as the
DFTB3-D3 [25] and GFN2-xTB [26] models since they provide accurate results
in small aggregates compared to more sophisticated methods. Although quantum
mechanical methods generally guarantee great precision for structure and energetics,
dynamic aspects of the self-assembly process cannot be properly modelled due to
the extremely huge computational cost [27]. Classical computational techniques
based on all-atom (AA) or coarse-grained (CG) molecular dynamics (MD) simu-
lations have been employed to successfully investigate the dynamic aspects during
the supramolecular polymerization. The classical nature of the MD technique allows
to deal with large systems including explicit treatment of the solvent [2, 4, 28, 29].

In this chapter, we offer a personal perspective to highlight how computational
chemistry techniques are particularly helpful for a comprehension at molecular scale
of the complex supramolecular polymerization process as well as the relevant prop-
erties that the final self-assembling architectures can acquire (e.g., chirality). To
illustrate this objective, we showcase a variety of research examples in which compu-
tational modelling gave important clues to understand the self-assembling process
in some SPs.

11.2 Methodology

Over the last years, computational modelling is becoming a transversal discipline in
all fields of the natural science. The progress in theoretical and computational princi-
ples and algorithms, together with the development of increasingly faster computers,
has enabled a huge leap in the precision and speed of current computational methods.
In chemistry, the computational techniques, based on both quantum and classical
mechanics, have reached such a fantastic ratio between precision and computa-
tional time that some theoretical applications inconceivable several years ago can
be routinely performed nowadays. Depending on the chosen methodology, small-to-
large molecular systems can be theoretically modelled at different levels of accuracy
(Fig. 11.3). In this section, we briefly summarize different computational chemistry
techniques commonly used to study supramolecular polymers at different scale and
precision levels according to the problem pursued.

11.2.1 Density Functional Theory

Density functional theory (DFT) is by far the most used quantum–mechanical theory
to study the electronic structure of many-body systems. The success of DFT lies
mainly in its favourable trade-off between accuracy and computational cost to
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Fig. 11.3 Schematic representation of the available computational approaches mostly used in the
calculation of chemical systems according to molecular size and time scale. The computational
methods are divided in three groups based on quantum mechanics (QM), classical molecular
mechanics and molecular dynamics (MM/MD), and continuum models (CM). Within the QM
methods, the wavefunction (WF), density functional theory (DFT), Hartree–Fock (HF), and semi-
empirical quantum mechanical (SQM) methods are included. MM/MD approaches encompass
all-atom (AA) and coarse-grained (CG) models

predict general properties such as thermochemistry, kinetics parameters, spectro-
scopic constants, and non-covalent interactions. For the latter, additional corrections
are required as will be discussed below.

DFT is based on the Hohenberg and Kohn theorem, which states that the ground-
state electronic energy of a system is determined by its electron density ρ; [30] i.e.,
the ground-state energy is now a functional of the electron density. Conceptually,
this theorem possesses an important simplification for the theoretical description of
N-electron systems since the ground-state energy depends on the electron density
and this density only depends on the spatial coordinates x, y, and z (i.e., only 3
variables). This contrasts significantly to traditional wavefunction methods where
the energy expressions are functionals of complex wavefunctions, which depend on
the coordinates of all electrons (3N variables). Unfortunately, the exactmathematical
expression for the functional that connects the electron density of a system and its
energy is unknown. In the last three decades, the main developments in the DFT
field have been focused on the design of density functionals with different degree of
accuracy and computational cost.
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In practical DFT derivations, the ground-state energy functional can be divided
into three components: kinetic energy (T [ρ]), electron-nuclei attraction (Ene[ρ]),
and electron–electron repulsion (Eee[ρ]). The nuclear–nuclear repulsion is a constant
within the Born–Oppenheimer approximation [31]. The electron–electron repulsion
term can be additionally divided into two components, the Coulomb (J [ρ]) and
exchange (K [ρ]) functionals. The J [ρ] and Ene[ρ] terms can be calculated in a
straightforward manner by their classical expressions [32],

J [ρ] = 1

2

∫ ∫
ρ(r)ρ(r ′)
|r − r ′| drdr ′ (11.1)

Ene[ρ] = −
∑ ∫

ZAρ(r)

|RA − r |dr (11.2)

where the factor of ½ in J [ρ] is needed to avoid double counting by integrating over
all space for both electronic coordinates r and r ′. ZA and RA are the atomic number
and the position of atom A, respectively. Although J [ρ] and Ene[ρ] depend directly
on the density, these terms cannot be directly evaluated because the exact density
matrix is not known. To overcome this difficulty, the Kohn–Sham (KS) formulation
of DFT is generally employedwhere the unknown electron density for theN-electron
systemof interest is assumed to be similar to that obtained for an ideal non-interacting
system with the same number of electrons. Then, the approximate density ρ(r) can
be written in terms of a set of auxiliary one-electron functions, the KS orbitals φi (r),
by the following expression [32]:

ρ(r) =
N∑
i=1

|φi (r)|2 (11.3)

In the KS DFT formulation, the kinetic energy functional T [ρ] is split into two
parts. One part can be calculated exactly by applying the classical kinetic operator
on KS molecular orbitals, and the other corresponds to the kinetic correlation energy
part. The classical kinetic energy functional is thus written as

TS =
N∑
i=1

〈φi | − 1

2
∇|φi 〉 (11.4)

where the subscript S implies that the kinetic energy is calculated from a Slater deter-
minant. The remaining part of the kinetic energy not contemplated in the previous
functional is included in the exchange–correlation functional Exc[ρ]. Therefore, a
general DFT energy functional can be expressed as

EDFT[ρ] = TS + Ene[ρ] + J [ρ] + Exc[ρ] (11.5)
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Themain difficulty in density functional theory lies in finding suitable expressions
for Exc[ρ], since its exact expression is completely unknown. If Exc[ρ] was exactly
derived, the exact ground-state energy for a particular N-electron system could be
calculated including electronic correlation effects.Nevertheless, ifwe assume that the
Exc[ρ] expression is available, the problem is similar to that found for the fundamental
Hartree–Fock iterative method but using the KS equations; i.e., we need to determine
a set of orthogonal KS orbitals that minimize the ground-state electronic energy.

Despite the unknown exact exchange–correlation energy functional, different
affordable strategies to provide approximatemathematical expressions for the Exc[ρ]
functional have been successfully developed and can be classified in a hierarchical
manner regarding their accuracy (DFT rungs, see Fig. 11.4). The simplest method to
approximate the exchange–correlation functional is the local-density approximation
(LDA) [32]. In the LDA approach, the uniform electron gas model is invoked and the
energy functional only depends on the local density at eachpoint.Rising in thePerdew
Jacob’s ladder of density functional approximations, the generalized gradient approx-
imation (GGA) is found [33]. In GGA density functionals, the exchange–correlation
energy not only depends on the value of the electron density at each point but also
on its gradient to account for the non-homogeneity of the true electron density. The
corrections introduced by the GGA approach improve the prediction of equilib-
rium geometries, harmonic frequencies, and charge densities compared to the LDA

Fig. 11.4 Schematic diagram of Jacob’s ladder of density functional approximations suggested by
Perdew. Image adapted with permission from [35]. Copyright 2015 Elsevier
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approximation.Awidely-usedGGAfunctional formultiple applications in chemistry
and condensed matter physics is the popular Perdew–Burke–Ernzerhof PBE func-
tional [33]. In a further step, dependencieswith the second derivatewith respect to the
density (kinetic energy density) have also been included in the exchange–correlation
functional expression. These functionals are called meta-GGA and a representative
example of this type of functional is the TPSS [34].

Another level of significant improvement was achieved by hybrid functionals,
which incorporate a part of the exact Hartree–Fock exchange in its mathematical
formulation. Hybrid functionals have provided excellent results for the thermochem-
istry tests and high performances in the calculation of equilibrium geometries and
harmonic frequencies and in many difficult chemical applications. These are the
reasons why hybrid functionals have become so popular in the quantum chemistry
community since early 90s. Amongst hybrid functionals, the B3LYP functional is
likely to be the most widely used density functional according to the number of
citations.

Even though standard hybrid functionals provide reasonable accuracy for many
chemically relevant properties, they still present problems. One of these drawbacks is
the “self-interaction” error, which arises because electrons can unphysically interact
with themselves [32]. A popular approach to mitigate this flaw is to use the long-
range corrected approximation, which partitions the electron–electron interaction
(1/ri j ) into long-range and short-range regions controlled by a fitted parameter
(ω). In most of the long-range corrected hybrid density functionals, the short-range
region is treated with a semi-local GGA exchange–correlation functional whereas
for the long-range region the exact Hartree–Fock exchange functional is employed.
Some popular long-range corrected hybrid functionals are the LC-ωPBE [36], CAM-
B3LYP [37], andωB97X-D density functionals [38]. These functionals minimize the
self-interaction error and, consequently, improve the prediction of charge-transfer
excitation energies and reaction barriers [32].

Finally, at the top of the Perdew Jacob’s ladder, the modern double-hybrid density
functionals are found. These functionals, which have turned out to be highly accurate
for numerous chemical applications, incorporate information about the unoccupied
orbitals through a perturbative second-order correlation term. Nevertheless, these
functionals are computationally more demanding than their hybrid counterparts due
to the second-order perturbation term. Although there are different double-hybrid
density functionals in the market [39], it should be noted the first double-hybrid
functional (B2PLYP) that was designed by S. Grimme [40].

Despite of the great success of the different standard density functionals, they
(irrespective of the rung) are totally or partially unable to capture the long-range
electron correlation phenomenon responsible for non-covalent interactions. That flaw
compromises the use of standard density functionals in the field of supramolecular
chemistry. Nonetheless, a great effort by the theoretical community to develop DFT-
based approximations able to accurately describe weakly-interacting supramolec-
ular systems has been carried out in the last fifteen years. Amongst the different
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approximations to include non-covalent interactions in DFT calculations, it is neces-
sary to stress the DFT symmetry-adapted intermolecular perturbation theory (DFT-
SAPT) [41], the Tkatchenko–Scheffler (TS) approximation [42], the Becke–Johnson
exchange–hole dipolemodel (XDM) [43], the elegant and seamless non-local van der
Waals correction [44–46], and theGrimme’s dispersion correction [47–51]. The latter
has become by far the most popular approach to deal with dispersion interactions
within the DFT framework due to its excellent computational cost.

The basic idea behind the Grimme’s correction is to add an atom-pairwise
correction to the conventional KS density functional to compute the total energy
as:

EDFT-D = EDFT + Edisp, (11.6)

where EDFT corresponds to the self-consistent KS energy as obtained from the
selected density functional, and Edisp is the dispersion correction term. Within the
Grimme’s correction, the Edisp term is derived on the basis of the classical definition
of long distance forces and can be calculated according to the following pairwise
energy expression:

Edisp = −
∑
n=6,8

sn

Nat−1∑
i

Nat∑
j=i+1

Cn,AB

(rAB)n
fdamp(ri j ), (11.7)

where sn are specific parameters defined for each density functional, Cn,AB denotes
the nth-order dispersion coefficient for atompairAB, and (rAB)n is the intermolecular
AB distance (n value can be 6, 8, 10, …) [47]. The Cn,AB dispersion coefficients are
geometry-dependent in Grimme’s D3 version since they are adjusted on the basis
of local geometry (coordination number) around atoms A and B, whereas fdamp is a
damping function that depends on the distance rAB and can adopt several forms to
attenuate the dispersion correction term in the short range [52]. Indexes i and j run
over the total number of atoms Nat.

The Grimme’s dispersion scheme can be further corrected to take into account
three-body interactions by using the following expression:

EABC =
Nat∑

A <B <C

C9,ABC(3 cos(σa) cos(σb) cos(σc) + 1)

(rABrBCrAC)3
fn(rABrBCrAC) (11.8)

C9,ABC ≈ −√
C9,ABC9,BCC9,AC (11.9)

where σi are the internal angles of the triangle formed by the interatomic distances
between atoms A, B, and C (rABrBCrAC), fn is a damping function, and C9,ABC is the
coefficient approximated calculated using Eq. 11.9.
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The current version of the Grimme’s dispersion correction is known as D4 [53],
which incorporates an efficient way to compute the dipole–dipole molecular disper-
sion coefficients. Unlike the D3 version, the Cn,AB coefficients are now obtained on
the fly by numerical integration of the atomic polarizabilities. Electronic density
information is therefore incorporated via atomic partial charges computed at a
semi-empirical quantum mechanical tight-binding level. Although the Grimme’s
D4 version has proven to be slightly more accurate than its D3 predecessor, the D3
variant is a general and reliable approximation. In fact, D3 is likely to be the most
employed dispersion-corrected approach in the DFT framework as it is the approach
implemented in general quantum-chemistry software packages.

11.2.2 Semi-empirical Methods

Manyproblems in chemistry requiremethods to handle hundreds-to-thousands atoms
and, therefore, are beyond the scope of DFT methods. Semi-empirical quantum
mechanical (SQM) methods are approaches to bridge the gap between first prin-
ciples and molecular mechanics/dynamics methods. SQM methods, derived from
either Hartree-Fock or Kohn-Sham DFT theory, typically consist of a valence-only,
minimal basis, self-consistent field method, where several electronic integrals are
substituted by some empirical parameters. This entails that they are faster by at least 2
orders of magnitude compared to ab initio QMmethods. The parameters are adjusted
to improve the agreement with either experimental data or ab initio calculations [54].
These, however, cause a significant reduction of accuracy and robustness. Neverthe-
less, if the parameters are carefully adjusted, SQM methods can be well-suited to
calculate different properties.

In recent years, a family of extended tight-binding (xTB) SQM methods, derived
fromDFT, have received significant attention. The xTBmethods have been specially
developed for the accurate calculation of Geometries, vibrational Frequencies, and
Non-covalent interactions (GFN). A great advantage of the GFN-xTB methods is to
be parameterized for all elements up to radon [55].Within the family of theGFN-xTB
methods, the GFN2-xTB model (the second version in this family) can successfully
identify the relevant structures for non-polar, polar, and strongly hydrogen-bonded
systems compared to its predecessors GFN1-xTB and GFN0-xTB. Furthermore,
GFN2-xTB does not employ classical FF-type corrections to describe hydrogen
bonds, unlike others GFN-xTB methods. The GFN2-xTB basis set consists of a
minimal valence basis set incorporating Slater functions (STO-mG) [56]. The energy
expression of GFN2 is given by [57]

EGFN2 - xTB = Erep + Edisp + EEHT + EIES + IXC + EAES + EAXC + GFermi

(11.10)
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Here, the repulsion energy (Erep) is calculated using an atom pairwise potential [58].
The dispersion energy (Edisp) is described by a modified D4 dispersion model. The
EEHT is the extended-Hückel energy. By invoking the well-known extended Hückel
theory (EHT) [59], the description of covalent bonds becomes possible. EIES + IXC

corresponds to energy that comes from isotropic electrostatic (IES) and isotropic
exchange–correlation (IXC) contributions. EAES and EAXC are anisotropic electro-
static (AES) and anisotropic XC (AXC) energies, respectively. Due to the anisotropic
electrostatic and XC terms, GFN2-xTB does not require any additional hydrogen-
or halogen-bond corrections. The description of electrostatic interactions is already
improved by EAES. Finally, GFermi is the entropic contribution of an electronic free
energy at finite electronic temperature. This term allows a finite electronic temper-
ature treatment typically at low temperatures, to enable covalent bond dissociations
[26].

In addition to the GFN-xTB methods, other SQM methods are widely used.
For example, the methods based on the Neglect of Differential Diatomic Overlap
(NDDO) integral approximation (MNDO [60], AM1 [61], PM3 [62], …). Other
older methods use simpler integral schemes such as Complete Neglect of Differ-
ential Overlap (CNDO) and Intermediate Neglect of Differential Overlap (INDO)
[63]. The three methods, NDDO, CNDO, and INDO, are included in the class of
Zero Differential Overlap (ZDO) methods [64]. Amongst the ZDO methods, the
PM7 method should be highlighted [65]. PM7 does not only remove some errors of
the NDDO approximation that affect large systems, but also provides a reasonable
description of large organic and solid systems. The most important improvement of
PM7 is that it is partially able to capture weak non-covalent interactions, allowing
its use in supramolecular complexes of increasing size. However, its performance is
inferior to that obtained for the GFN2-xTB method [55].

11.2.3 Molecular Mechanics and Molecular Dynamics
Simulations

Molecular Mechanics (MM) is a computational technique based on classical type
models (known as force fields, FFs) to predict the energy of molecular systems. The
main advantage of MM is its simplicity and efficiency; i.e., it is less time-consuming
than quantum mechanical methods. Therefore, MM can be used to study large and
complex systems as biological molecules or materials composed of thousands of
atoms [66]. MM computes the potential energy surface for an arrangement of thou-
sands of atoms using potential functions (i.e., FFs) that are derived for a particular
set of systems using classical physics. The potential energy for a particular FF and
at a given structure can be written as a sum of terms [67],

EFF = Ecovalent + Enoncovalent = (Estr + Ebend + Etors) + (Evdw + Eel) (11.11)
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where Estr is the energy function for the stretching of a bond between two atom types
A and B, Ebend is the energy required for bending an angle formed by three atoms
A - B - C, and Etors is the torsional energy for a rotation around a B - C bond in four-
atom sequence A - B - C - D. Evdw (van der Waals energy describing the repulsion
or attraction between atoms that are not directly bonded) and Eel (energy associate
to the internal distribution of the electrons, creating positive and negative parts of
the molecule) describe the non-bonded atom–atom interactions [66].

The intramolecular terms (Estr, Ebend and Etors) are given by:

Ecovalent =
∑
str

Kr (r − req)
2 +

∑
bend

Kϕ(ϕ − ϕeq)
2 +

∑
tors

Kφ[1 − cos(nφ − δ)]

(11.12)

where, Kr Kϕ , and Kφ are the stretching, bending, and torsion force constants,
respectively. r − req and ϕ − ϕeq correspond to the distance and angle variation
with respect to the equilibrium position. In the last term, n is the multiplicity of
the function, φ is the dihedral angle between A − B − C − D atoms, and δ is the
phase shift. There are cases where Kφ , that perfectly reproduces the energy of in-
plane angular bending, is not high enough to reproduce the energy of out-of-plane
motions. Therefore, an additional out-of-plane term must be included, usually in
the form of an improper dihedral term, where the potential energy is harmonic as a
function of the out-of-plane angle φ. If necessary, an extra term to take into account
two (ormore) coupled bonded terms (such as angles and bond lengths)may be added.

The non-bonded terms are more computationally intensive. A common choice is
to limit interactions to atomic pairwise energies, which are calculated for those atom
pairs belonging to different molecules or separated by at least 3 bonds. Non-covalent
interactions are usually captured by a Lennard–Jones (LJ) potential and a Coulomb
electrostatic term. The non-covalent energy term is generally given by

Enoncovalent = Evdw + Eel =
∑{

εi j

[(
rmin

ri j

)12

− 2

(
rmin

ri j

)6
]

+ qiq j

4πε0ri j

}

(11.13)

where rmin is the distance at which the potential reaches its minimum for atoms i and
j , ri j is the distance between both atoms, εi j is the potential depth and a measure of
how strongly the two particle (i and j) attract each other, ε0 is the dielectric constant,
and q is the atomic charge. Both non-bonded terms can be buffered or scaled by a
constant factor to account for electronic polarizability and provide better agreement
with experimental observations.

Different FFs have been recently used to theoretically explore and understand
the supramolecular polymerization process at atomistic scale in C3 symmetric BTA-
based compounds [2], bis-urea derivatives [68], oligophenylenevinylene (MOPV)
systems, and rigid anionic azo dyes [69], just to mention a few.
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Fig. 11.5 Basic algorithm for molecular dynamics simulations

Apart from the potential energy of a particular system at MM level, the time
evolution of a targeted system can be studied by the Molecular Dynamics (MD)
technique. This technique generates configurations of the system as a time sequence
(trajectory) by numerically solving theNewton’s equations ofmotion, for a system of
interacting particles, where forces between the particles and their potential energies
are calculated using molecular mechanics force fields [70]. A standard MD algo-
rithm is briefly schematized in Fig. 11.5. Initially, the coordinates, velocities, and the
necessary parameters of the force field must be defined. Then, energies and forces
that act on every atom are calculated. Note that the simplicity of general FFs assures
that energy and force computations are extremely fast even for large systems. Once
the forces are obtained, the classical Newton’s laws are used to calculate acceler-
ations and update the velocities and atom positions at time t + dt. The algorithm
is repeated until the selected time is reached [66, 70]. MD simulations is an attrac-
tive computational technique since it allows the modelling of systems constituted by
thousands of atoms with a reasonable computational cost.

The performance of an MD simulation is highly dependent on the choice of FF,
its parametrization, and the accuracy thereof when describing the molecular system
of interest.

Early investigations of supramolecular polymerization processes by MD simu-
lations involved clusters of relatively small molecular size. Currently, as computa-
tional power increased, several softwares specialized in MD simulations have been
developed to take the advantage of the acceleration provided by the use of GPUs.
Therefore, all-atom MD simulations of relatively large supramolecular aggregates
have become accessible from nano to microsecond time scales. Nevertheless, this
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time and length scales are not enough to simulate and reveal a complete picture of the
self-assembly process. Recently, interesting coarse-grained force fields models have
been successfully proposed for a variety of supramolecular polymers [2, 71], allowing
MD simulations of larger time and size scales intractable with fully atomistic models
[66, 72].

11.2.4 Coarse-Grained Molecular Dynamics

In recent years, there has been a growing interest in the development of coarse-
grained (CG) force fields for a variety of supramolecular polymers [2, 66, 72, 73].
CG models simplify the complexity of the systems by grouping atoms together into
single particles (beads), thereby reducing the number of interactions to deal with
and, consequently, the computational cost (Fig. 11.6). For these models, a balanced
dimensionality reduction is crucial; i.e., it is necessary to simplify the system as
much as possible for a significant computational speed-up but, at the same time,
the CG model must incorporate the sufficient details to preserve the essence of the
targeted system. Despite the dimensionality reduction, CG models can be interest-
ingly used tomodel thermodynamic properties since they can satisfactorily reproduce
free energy differences compared to fully atomistic simulations. This arises from an
error compensation since individual enthalpy and entropy contributions are generally
inaccurate. These limitations are typical for most coarse-grained models [74].

Fig. 11.6 All-atom and coarse-grained representations of palmitoyl oleyl phosphatidylcholine
(POPC) lipid molecule. For POPC, a fully-atomistic representation requires to explicitly treat 134
atoms, whereas a CG model only deals with 16 pseudoatoms or beads [75]
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The accuracy of a CG model depends mainly on: (i) the model resolution (how
many atoms or monomers per bead), (ii) the mapping procedure (how the bead
positions are defined as a function of the atoms or monomers coordinates), and (iii)
the potential energy function (i.e., the coarse-grained force field) [72]. In general,MD
simulations using coarse-grained force field (CG-FF) can be described by formulas
similar to an all-atom force field (AA-FF). Nevertheless, CG-FFs use a wide variety
of additional expressions that go beyond the classical formula to describe the energy.
The final CG-FF model therefore depends not only on the specific CG pattern but
also on the method chosen to transfer atomistic to CG potentials.

Some good CG-FF models for the proper description of the supramolecular poly-
merization process have successfully been designed over the last years [2, 4, 13, 28].
On the one hand, the group of Balasubramanian developed an ad hoc CG model for
the BTA monomer to study the aggregation of different BTA-based oligomers in an
organic solvent (nonane) [28]. On the other hand, G. Pavan and coworkers employed
a modified version of the popular MARTINI coarse-grained force field [73, 76] to
simulate BTA-based supramolecular polymers in water [2, 13].

11.2.5 Solvent Models

Solvent effects play a fundamental role in supramolecular chemistry [77] and need to
be incorporated for a more realistic theoretical description. In computational molec-
ular sciences, there exist different solvent models [78–80] to capture the funda-
mental solute–solvent and solvent–solvent interactions. In general, these theoretical
solvent models can be classified into two classes: explicit and implicit solvent models
[81, 82].

Implicit or continuous solvent models are computationally efficient and can
provide a reasonable description of solute–solvent behaviour, but do not account for
local fluctuations in solvent density around a solute molecule. In this type of models,
the solvent is described as an homogeneous dielectric around the solute, which is
encapsulated in a cavity (Fig. 11.7). The charge distribution of the solute polarizes
the dielectric continuum, which in turn polarizes the solute charge distribution. In
quantum chemistry, where charge distributions are computed from electronic struc-
ture calculations (e.g., HF, Post-HF, orDFT calculations), the implicit solventmodels
describe the solute–solvent interactions as a perturbation to the solute Hamiltonian
[78, 83]. Amongst the continuum solvent models, the polarizable continuum model
(PCM) [84], the conductor-like screening solvation model (COSMO) [85], and the
solvation model based on density (SMD) [86] are the most popular approaches to
include solvent effects in quantum-mechanics calculations.

In the context of MM/MD and SQM computations, the common implicit solvent
models used are those that combine the Poisson-Boltzmann (PB) or generalized Born
(GB) approximations for electrostatic contributions [87] with the solvent-accessible
surface area (SASA) method for the non-polar interactions [88]. These implicit
solvent models directly evaluate the free energy of solvation (
Gsolv), which can be
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Fig. 11.7 Illustration of implicit (left) and explicit (right) solvation models. In the implicit model,
themethylcyclohexanemolecules are treated by a continuum (blue background) and the supramolec-
ular aggregate is surrounded by a cavity. In the explicit model, a supramolecular aggregate (shown
as a ball-and-stick model) is surrounded by explicit methylcyclohexane molecules (shown as
transparent stick models in grey)

written as [89]


Gsolv = 
Gpolar + 
Gapolar (11.14)

where (
Gsolv) is evaluated as the sum of the electrostatic solvation energy 
Gpolar

(polar contribution) and the non-polar contribution 
Gapolar between the solute and
the continuum solvent.

On the other hand, explicit solvent models are those methods in which the solvent
molecules around the solute (Fig. 11.7) are theoretically and explicitly described.
In principle, these solvent models offer a more realistic picture by considering the
solute–solvent and solvent–solvent interactions. Unfortunately, these approaches are
computationally very demanding, especially when the solvent is treated in a quantum
mechanical manner. For this reason, explicit solvent models are generally used in
classicalMDsimulations or in hybrid schemes (known asQM/MM),where the solute
is treated at quantum mechanical level whereas the solvent is classically described
with a force field [81, 82]. TheQM/MMhybrid schemes are common in biomolecular
simulations [90].
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11.2.6 Theoretical Aspects of Supramolecular Polymerization

One of the key aspects in the field of SPs is to understand the polymerization mecha-
nism. Two mechanisms for the supramolecular polymerization growth are generally
proposed (cooperative and isodesmic, Fig. 11.8) [10]. In the cooperative mecha-
nism, a few molecules initially come together to form a small aggregate (nucleus)
that subsequently grows (elongation) to give rise to the final polymer. The cooperative
mechanism is thermodynamically characterized by two equilibrium constants; one
associated with the formation of the nucleus (Knuc) and the other one associated with
the elongation process (Kelo), as illustrated inFig. 11.8a. In the isodesmicmechanism,
the association strength is nearly independent of the oligomer length and, conse-
quently, the polymerization mechanism is only characterized by one equilibrium
constant (Fig. 11.8b).

From a theoretical point of view, a property that can be computed to determine the
mechanism of supramolecular polymerization is the binding energy per interacting
pair (
Ebind,n−1) as a function of the aggregate size. 
Ebind,n−1 can be calculated
according to [91]


Ebind,n−1 = Estack − nEmonomer

n − 1
(11.15)

where Estack is the total energy of the stacked aggregate with n monomeric
units and Emonomer is the energy calculated for the monomer. The more negative

Ebind,n−1 is found, the more favourable the self-assembly process is. 
Ebind,n−1

can be evaluated in the gas phase or including solvent effects. The evolution of

Fig. 11.8 Variation of the binding energy per interacting pair as a function of the oligomer size for
a cooperative (a) and isodesmic (b) supramolecular polymerization mechanism
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Ebind,n−1 for aggregates of increasing size can be used to suggest the mecha-
nism of the supramolecular polymerization growth. For a cooperative mechanism
(Fig. 11.8a), 
Ebind,n−1 decays (i.e., becomes more negative) with the oligomer
size until a plateau is reached, where 
Ebind,n−1 barely changes with the number
of monomer units. These two behaviours, which depend on the selected system, are
associated to the nucleation and elongation processes, respectively. For an isodesmic
mechanism,
Ebind,n−1 hardly changeswith the oligomer size as shown in Fig. 11.8b.

A cooperative mechanism is generally more attractive since it provides poly-
mers with a smaller degree of polydispersity. Although it is not easy a priori to
predict the polymerization mechanism by chemical design, the scientific community
has learned some lessons from different studies [12, 28, 92]. Monomers that can
interact by complementary long-range interactions (such as hydrogen bonds, perma-
nent dipole, or electrostatic interactions together with π–π interactions) generally
favour the cooperative self-assembly. For example, all atom MD simulations in an
explicit apolar solvent revealed that the supramolecular polymerization mechanism
of perylene bisimides derivatives took place by a cooperativemechanismowing to the
complementary of the dipole–dipole interactions between carbonate groups and the
π -π interactions between the conjugated perylene bisimide cores [92]. On the other
hand, the self-assembly of hexaperi-hexabenzocoronenes (HBC), driven primarily by
π-stacking interactions between the monomeric units, occurred through a isodesmic
mechanism [12].

11.3 Structural Models of Supramolecular Polymers
and Polymerization Mechanisms

Some of the main goals of computational modelling in the field of SPs are to provide
structural models at atomistic resolution, shed light on the nature and strength of the
non-covalent interactions governing the supramolecular self-assembly process, and
unveil the possible polymerization mechanism. Over the last years, computational
chemistry simulations have already contributed to expand the understanding of the
supramolecular polymerization process in numerous examples [2, 4, 27, 29, 93, 94].
In this section, we have selected two representative molecular families in the field of
supramolecular polymers to highlight the potential of computationalmodelling in this
scientific area. First, we showcase how a quantum–mechanical approximation that
combines DFT and semi-empirical calculations has successfully allowed providing
structural atomistic models for the different possibilities that N-annulated perylene
bisimide (N-PBI) derivatives exhibit during the supramolecular polymerization. In
this case, the study of the self-assembly process was carried out considering several
pre-stacked monomers in a reasonable initial configuration that is then relaxed to
obtain information on the optimal geometry of the supramolecular polymer and
the associated energy. Second, we illustrate, by using the archetypical benzene-
1,3,5-tricarboxamide (BTA) system, how classical molecular simulations at either
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atomistic or coarse-grained level can be also applied to get a better comprehension
of the molecular aggregation at different spatial and time scales inaccessible for
quantum mechanical approaches.

11.3.1 Supramolecular Polymerization
at Quantum-Chemical Level

Recently, L. Sánchez and coworkers reported the synthesis of two series of N-
PBI derivatives (compounds 1 and 2, Fig. 11.9) [14]. The N-PBI compounds are
composed of a planar perylene π-conjugated core with two imide groups and are
prone to self-assembly due to the optimalπ-π interactions between theπ-conjugated
platforms. Both N-PBI derivatives share the same π-conjugated skeleton but hold
different peripheral substituents attached to the imide positions (ethyl trialkoxy-
benzoate groups for 1 and trialkoxybenzamide fragments for 2). The presence of
benzamide fragments in 2 allowed the formation of intramolecular hydrogen bonds
and, thus, the coexistence of two possible molecular conformations for 2 (M and
M*, Fig. 11.9). This situation suggested a more complex self-assembly scenario for
compound 2 compared to N-PBI 1.

By controlling the experimental conditions, several aggregated species were
experimentally detected for 2. In MCH, N-PBI 2 formed a stable (thermodynamic)
aggregate labelled as 2J2. Nonetheless, compound 2 was also able to generate
metastable kinetic aggregates due to the M* conformer. When the M* monomer
was in an ice bath, a kinetic aggregate (2J1) was formed. This 2J1 aggregate trans-
formed into the 2J2 assemble in a consecutive process. In contrast to 2, only a

Fig. 11.9 Chemical structures of the N-PBI compounds 1 and 2. For N-PBI 2, two relevant molec-
ular dispositions (M and M*) are shown. Adapted with permission from Ref. [14]. Copyright 2020
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



360 A. Doncel-Giménez et al.

Fig. 11.10 Minimum-energy structures computed at the B3LYP-D3/6-31G** level for the most
stable structures of N-PBI 1 and 2. Adapted with permission from Ref. [14]. Copyright 2020
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

single supramolecular aggregate was detected for N-PBI 1, irrespective of the exper-
imental conditions. In this context, computational multiscale modelling was key to
obtain atomistic models of the supramolecular aggregates of compounds 1 and 2,
and understand the effect of peripheral groups and experimental conditions in the
supramolecular self-assembly [14].

Prior to addressing the self-assembly process, computational screenings of the
different conformers accessible to compounds 1 and 2 were carried out under solvent
conditions byDFT calculations at the B3LYP-D3/6-31G** level. Note that the exper-
imental knowledge about the conformational space of 1 and 2 was scarce. For 1, only
one stable conformer was predicted with the peripheral benzoate groups situated out
of the plane of PBI and in an anti-disposition (Fig. 11.10a). The planar geometry
of the N-PBI core revealed that optimal π-π interactions between the N-annulated
perylene platforms could take place in a supramolecular growth. Apart from the
π-stacking between the N-PBI units, extra non-covalent interactions between the
external and flexible benzoate groups could act contributing to the stabilization of a
supramolecular polymer. For 2, two stable conformers according to the disposition
of the peripheral benzamide groups with respect to the N-PBI plane (anti 2a and syn
2b) were calculated and found to be practically degenerate in energy. Both 2a and
2b conformers gave rise to seven-membered pseudocycles with short intramolec-
ular H-bonds of around 2.1 Å (Fig. 11.10b). Furthermore, the π-conjugated N-PBI
scaffold was preserved to be planar, which would favour π-π interactions between
the N-PBI units for an optimal supramolecular growth. Finally, a conformer with
extended peripheral arms and without intramolecular H-bonds (2c) was also opti-
mized (Fig. 11.10b). However, conformer 2c turned out to be less stable compared
to 2a by 24.73 kJ/mol.

To theoretically explore the supramolecular polymerization of compound 1 and
2, oligomers of different size were modelled and optimized using the GFN2-xTB
method. Note that the size of the supramolecular oligomers hinders the use of DFT
techniques and, therefore, other less-demanding computational approaches needed to
be employed. As mentioned above (Sect. 11.2.2), the modern semi-empirical GFN2-
xTB method is a cost-effective but reasonably accurate approximation to deal with
weakly-bounded supramolecular systems of large molecular size. For compound 1,
four possible assemblies were obtained with high stability, either with a growing
stack slipped along the long molecular axis or with a shift along the short axis. For
the most stable assembly (Fig. 11.11), the monomer presents an anti-disposition of
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Fig. 11.11 Minimum-energy structure calculated at the GFN2-xTB level for the most stable
decamer of N-PBI 1. In the N-PBI aggregate representation, carbon atoms are in green, hydrogen
in white, nitrogen in dark blue, oxygen in red, and H-bonds are represented by dots in light blue.
Adaptedwith permission fromRef. [14]. Copyright 2020WILEY-VCHVerlagGmbH&Co.KGaA,
Weinheim

the benzoate groups and grows up with a shift along the long N-PBI axis. In this
aggregate, several stabilizing non-covalent interactions are present; π-π interactions
between the N-PBI cores and the peripheral benzoate groups, weak CH···O bonds,
and dipole–dipole electrostatic forces between vicinal benzoate groups.

Apart from structural aspects, the type of polymerization mechanism was also
theoretically investigated. The binding energy per interacting pair 
Ebind,n−1 was
calculated for ideal oligomers of increasing size (n = 1 to 50 monomers) built up
from the central monomer of the most stable decamer of 1 at the GFN2-xTB level.
Note that upon increasing the oligomer size,
Ebind,n−1 presented a rapid decay from
dimer to decamer with a significant energy difference (>15 kJ/mol). After n = 10,
the decrease in
Ebind,n−1 was attenuated and
Ebind,n−1 converged to a value of ca.
–94 kJ/mol when n = ∞ (Fig. 11.12). This
Ebind,n−1 trend suggested a cooperative
supramolecular polymerization, in good agreement with the experimental results
[14].

As mentioned above, the incorporation of amide groups for compound 2 opened
the door to a complex supramolecular pathway achieving J-type aggregates (2J1
and 2J2) and one H-type aggregate (2H) depending on the experimental condi-
tions (solvent and the application of sonication). To gain insights into the self-
assembly complexity of compound 2, different supramolecular oligomer models



362 A. Doncel-Giménez et al.

Fig. 11.12 Evolution of the binding energy per interacting pair (
Ebind,n−1) as a function of the
oligomer size n for 1. Adapted with permission from Ref. [14]. Copyright 2020 WILEY–VCH
Verlag GmbH & Co. KGaA, Weinheim

were constructed and fully optimized at the GFN2-xTB level. Note that in this case,
where 2 exhibited pathway complexity, the experimental knowledge was impor-
tant to narrow the assembling possibilities. For instance, variable temperature 1H
NMR spectra indicated that the supramolecular polymer 2J1 resulted from the self-
assembly of the M* monomer with intramolecular H-bonds. Based on that exper-
imental information, two different decamers were built from the 2a (anti) and 2b
(syn) conformers (Fig. 11.10b) owing to the small energy difference between them
(0.26 kJ/mol). The most stable decamer model for the aggregate 2J1 (Fig. 11.13)
consisted of a columnar arrangement, in which the monomeric units were π-stacked
(~3.3 Å between theN-PBI cores) and shifted along the longN-PBI axis by ca. 2.8 Å.
The benzamide groups were oriented in anti with significant intermolecular contacts
(benzene–benzene distance of 4.0 Å). The intramolecular H-bonds were preserved
(2.2 Å) in the final supramolecular assemble.

To propose an atomistic model for the aggregate 2J2, an initial decamer based
on the previous 2J1 model but manually distorted to promote intermolecular H-
bonds instead of intramolecular ones was constructed and fully optimized at GFN2-
xTB (Fig. 11.14). The GFN2-xTB method predicted a well-formed π-stack with
relatively strong intermolecular H-bonding interactions, where the monomeric units
were slightly rotated. The stackedmoietieswere alternatively shifted by 3.5 and 4.5Å
along the long molecular axis, which implied a significant increase with respect to
2J1. The N-PBI cores established an effective π-stacking with distances in the 3.2–
3.5 Å range. Finally, strong intermolecular H-bonds (1.8–2.1 Å) between the amide
groups were computed.

Finally, the self-assembly of the aggregate 2Hwasmodelled by considering highly
directional and very strong H-bond intermolecular interactions, and with minimal
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Fig. 11.13 Minimum-energy geometry for aggregate 2J1 calculated at GFN2-xTB. In the N-PBI
aggregate representation, carbon atoms are in green, hydrogen in white, nitrogen in dark blue,
oxygen in red, and H-bonds are represented by dots in light blue. Adapted with permission from
Ref. [14]. Copyright 2020 WILEY–VCH Verlag GmbH & Co. KGaA, Weinheim

Fig. 11.14 Minimum-energy geometry for aggregate 2J2 calculated at GFN2-xTB. In the N-PBI
aggregate representation, carbon atoms are in green, hydrogen in white, nitrogen in dark blue,
oxygen in red, and H-bonds are represented by dots in light blue. Adapted with permission from
Ref. [14]. Copyright 2020 WILEY–VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 11.15 Minimum-energy geometry for aggregate 2H calculated at GFN2-xTB. In the N-PBI
aggregate representation, carbon atoms are in green, hydrogen in white, nitrogen in dark blue,
oxygen in red, and H-bonds are represented by dots in light blue. Adapted with permission from
Ref. [14]. Copyright 2020 WILEY–VCH Verlag GmbH & Co. KGaA, Weinheim

displacement upon growth along the long molecular axis of the N-PBI as shown in
Fig. 11.15. The supramolecular polymer grew in a stair-like arrangement, shifted
along the short molecular axis by 3.5 Å and with a small displacement along the long
axis (less than 0.8 Å). In this H-type aggregate, the monomeric units interacted with
short π-stacking interactions of ca. 3.3 Å and short intermolecular amide H-bonds
with distances of 1.7–1.8 Å.

The above example has clearly shown that a quantum-chemical approximation
based onDFTand semi-empirical (GFN2-xTB) calculations can be extremely helpful
to provide atomistic models that account for the different supramolecular polymers
formed by a family ofN-annulated perylene bisimides (N-PBIs). This computational
approximation is especially relevant when pathway complexity emerges, and the
typical puzzling experimental findings are difficult to be interpreted without further
theoretical assistance.

11.3.2 Supramolecular Polymerization by Classical
Simulations

Although quantumchemical calculations provide important insights into the complex
supramolecular polymerization process, these are restricted to small-size systems
and static properties. To address dynamical aspects of polymerization processes, it
is generally necessary to resort to classical molecular modelling techniques due to
their mathematically simplicity and computational efficiency. Amongst the different
classical approximations, coarse-grained models have gained interest in the field
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Fig. 11.16 Chemical structure of the BTA used to derive the MARTINI-based coarse-grained
model (left). The simplified system based on beads (coloured spheres) is shown in the right [13]

of supramolecular polymers since they enable to monitor the time evolution of
supramolecular polymerization at submolecular resolution.

An interesting CG model was that proposed by G. Pavan et al. and specially
designed for a polar BTA in water. The model, which was based on the popular
MARTINI force field [13], allowed studying the supramolecular polymerization of
BTAs in water over long-time scales, but maintaining a remarkable consistency with
all-atom force field models. As briefly explained above, the basic idea behind a CG
approximation in classical molecular simulations is to transform a fully atomistic
system in a fictitious system with a reduced dimensionality but retaining the essence
of the realistic system. Then, the fictitious system is theoretically described by a
classical force field with a smaller number of interactions to deal with. Figure 11.16
displays the targeted BTA employed for the development of the CGmodel, for which
a bead was utilized for every 3 heavy atoms. The directional nature of the H-bonds
between the amide groups in BTAs posed a relevant challenge for the CGMARTINI
force field, where all interactions were typically represented by a non-directional
LJ potential. For this case, an explicit treatment of the H-bonds was included by a
permanent dipole in the amide beads mimicking the rigid orientation of the amides
and the directionality of the H-bonds in BTA-based supramolecular polymers.

The CG model was positively validated by reproducing all the key features of the
BTA-based supramolecular polymer: (a) the behaviour of the monomer in solution,
(b) the strength of monomer–monomer interaction, and (c) the cooperativity of the
self-assembly. Regarding the monomer behaviour, the CG force field was able to
reproduce the folding of the BTAmolecules in water (especially the side chains) due
to hydrophobic effects showing a decrease of the solvent-accessible surface area to
the BTA monomer. The intermolecular forces between BTA monomers were satis-
factorily described by giving a free-energy profile for the dimerization similar to that
obtainedby fully-atomisticmodels viametadynamics simulations.With respect to the
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Fig. 11.17 a) Two representative snapshots of BTA stacks of different size extracted from the CG
MD simulation. b) Average number of equivalent H-bonds per BTA (black) and average H-bonding
energy per BTA (green) as a function of the assembly size. Image adapted with permission from
[13]. Copyright 2017 American Chemical Society

cooperativity, the CG simulations for oligomers of different size revealed an increase
of the H-bonds per BTA from ~0.7 (for dimers) to ~2.2 for the largest oligomer
(Fig. 11.17b). Consequently, the average H-bonding energy per BTA underwent a
rapid decay for small BTA clusters and an attenuated region for larger oligomers
(Fig. 11.17b) in line with a cooperative mechanism.

After the complete validation of the CGmodel,MD simulations with the CG force
field were carried out for 160 dissolved (disassembled) monomers (Fig. 11.18a).
The simulations revealed that BTA monomers self-assembled quickly (the first ∼0–
20 ns) in small-size clusters which evolve slowly to give supramolecular fibres in
the time scale of μs (Fig. 11.18a). This trend was also supported by the abrupt
decrease in the number of BTA clusters present in the solution along the simulation
(Fig. 11.18b, line dotted red). The degree of order of the BTA aggregates along
the MD run was also investigated (Fig. 11.18b, solid red line) by means of the
parameter Φ (an average coordination number between BTA cores ranging from 0
for totally dissolved BTA to a maximum of 2 for an ideal highly-ordered polymer).
The evolution of the parameter Φ indicated that, up to ∼30 ns, the BTA aggregates

Fig. 11.18 a) Initial and equilibrated (final) snapshots of the CG-based MD simulation for the
BTA self-assembly. b) Number of BTA clusters and order parameter Φ (core−core coordination)
as a function of the simulation time. Image adapted with permission from [13]. Copyright 2017
American Chemical Society
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were mainly disordered (Φ < 1). Only at long-time scales, the index Φ reached
values close to 2 (∼1.8 after 16 μs) generating a long and ordered supramolecular
fibre of ca. 85 monomers (Fig. 11.18a). Therefore, two phases with different time
scales during the polymerization process were clearly identified; the BTAmonomers
quickly self-assembled forming disordered aggregates that, upon reaching a certain
size (∼ 20–30 BTAs), then underwent a structural reorganization and evolved into
more ordered BTA oligomers. Finally, the growth into the supramolecular fibres
proceeded through the fusion of these ordered oligomers.

This subsection has showed that classical coarse-grained force fieldmodels can be
very attractive to unravel the dynamical aspects of the supramolecular polymeriza-
tion process. The CG technique has allowed for a water-soluble BTA to identify and
monitor the nucleation and elongation steps during the polymerization at submolec-
ular resolution,which is a detailed knowledge unattainable fromcurrent experimental
techniques.

11.4 Transfer and Amplification of Chirality

Nature has developed a multitude of hierarchical biological components with fasci-
nating and complex superstructures (e.g., proteins, sugars, DNA, etc.) to perform
information storage and transport, pharmaceutical and toxicological activities, and
localized chemical transformations [95]. Amongst these macromolecular compo-
nents, chirality is an essential and basic characteristic [96]. Supramolecular poly-
mers can give rise to helical columnar aggregates that exhibit chirality [93]. In
fact, these polymers turn out to be excellent models for understanding fundamental
issues such as transfer and amplification of chirality. Computational modelling has
already helped to get a deeper understanding of the chiral transfer and amplifi-
cation phenomena at molecular level. In this section, we discuss how quantum-
chemical calculations (at the DFT and GFN2-xTB level) have successfully assisted
to rationalize the processes related to the transfer and amplification of chirality in
supramolecular polymers based on tricarboxamide derivatives.

Recently, L. Sánchez and coworkers reported the synthesis of a complete family
of chiral and achiral oligo(phenylene ethynylene) tricarboxamide (OPE-TA) deriva-
tives (compounds 3–5, Fig. 11.19a) [19, 97] to understand in more detail the chiral
transfer and amplification phenomena in the OPE-TA-based supramolecular poly-
mers compared to other well-known SPs (e.g., BTA-based polymers) [19]. In partic-
ular, the research was focused on the effect that the number of stereogenic centres in
the monomer exerted on the final helical (chiral) supramolecular polymers.

Experimentally, it was demonstrated by circular dichroism (CD) that the presence
of stereogenic centres of absolute S configuration in the side chains of OPE-TAs,
irrespective of the number of stereogenic centres (3a–c), gave rise to supramolecular
columnar P-type helices. On the contrary, those OPE-TAs with chiral chains with
absolute R configurations (4a–c) resulted inM-type helices (Fig. 11.20) [19, 97, 98].
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Fig. 11.19 Chemical structure of the symmetrically and asymmetrically substituted OPE-TA 3, 4,
and 5. Image adapted with permission from [19]. Copyright 2019 American Chemical Society

Fig. 11.20 Schematic illustration of the relationship between the point chirality embedded in the
side chains of 3a and 4a and the helical outcome upon supramolecular polymerization

This chiral transfer phenomenon was further studied and rationalized by compu-
tational modelling with the GFN2-xTB method. In particular, the tendency of these
OPE-TA derivatives to polymerize into M-type helical assemblies was analysed.
To do so, supramolecular helical aggregates of 20 monomers of M- and P-type for
compounds4a–cwere built and fully optimized.Compound 4a,whichonly had chiral
side chains, favoured the formation of anM-type helix by 6.3 kJ/mol compared to the
P-type helix (the energy difference was calculated per monomeric unit). In contrast
to compound 4a, the presence of achiral and chiral chains in 4b and 4c gave rise
to two different supramolecular arrangements, eclipsed and staggered, according to
the distribution of chains along the helical structure. In an eclipsed-type arrange-
ment, the achiral and chiral chains are located in different arms along the helical
structure (Fig. 11.21a, c), whereas in the staggered-type arrangement achiral and
chiral are intercalated along the helical axis (Fig. 11.21b, d).GFN2-xTB predicted
that the eclipsed arrangement is more favourable than staggered dispositions for
aggregates of 4b. Furthermore, the eclipsed M-type structure was calculated more
stable than its analogous P-type helix by an energy difference per monomeric unit of
7.0 kJ/mol. However, the staggered helical arrangement of 4c is more stable than the
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Fig. 11.21 Eclipsed and staggered disposition, respectively, of chiral chains along the helical stack
of OPE-TAs 4b (a and b) and 4c (c and d). Image adapted with permission from [19]. Copyright
2019 American Chemical Society

eclipsed structure. Within the staggered disposition, theM-type helical supramolec-
ular polymer was found to be 5.0 kJ/mol per monomeric unit more stable than P-type
helix.

GFN2-xTB calculations were therefore able to predict and support that, regardless
of the number of chiral aliphatic chains, OPE-TAs 4a–c self-assembled in prefer-
entialM-type helical stacks whereas derivatives 3a–c polymerized in P-type helical
arrangements in line with the experimental findings. In other words, GFN2-xTB
confirmed that only one stereogenic centre in the side chains of OPE-TAs is sufficient
to effectively transfer chirality to the entire supramolecular polymer.

Regarding the chiral amplification phenomenon, sergeants and soldiers (SaS)
experiments indicated that the decrease in the number of stereogenic centres in the
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side chains was accompanied by a drastic decrease in the ability to amplify chirality
at supramolecular level. The influence of the number of stereogenic centres on the
amplification of chiralitywas also analysed byperformingmajority rules (MR) exper-
iments. These MR experiments revealed that cutting down the chiral information per
monomeric unit was accompanied by a reduced ability of the system to achieve a
complete amplified state. For mixtures of 3a + 4a only a 48% enantiomeric excess
(ee) was required to obtain a homochiral mixture, whereas higher values of ee were
necessary (57%for 3b + 4b and>80%for 3c + 4c) to generate a clear chiral response.
These experimental datawere in linewith those drawn from theSaSfindings, butwere
in contrast to those reported for BTAs, for which reducing the number of stereogenic
centres per monomeric unit caused a more efficient chiral amplification.

To shed light on the controversial trends inOPE-TAs andBTAs related to the chiral
amplification process, minimum-energy geometries at GFN2-xTB for oligomers of
4a–c and BTAs with the same side chains were carefully analysed. The most inter-
esting intermolecular parameter to explain the different trends was the rotation angle
between adjacent monomer units along the growth axis (θ, Fig. 11.22a). For the
oligomers of 4a–c, the rotation angle θ systematically decreased upon reducing the
number of chiral chains, going from an average value of 18.51° in 4a to 18.38°
in 4b and 18.31° 4c. Larger values of the stacking rotation would imply smaller
steric hindrance between neighbouring chains and, consequently, a smaller ener-
getic cost for the incorporation in the helical stack of an extra monomer with the
“wrong” chiral configuration to keep a homochiral polymer. For analogous BTA-
based supramolecular oligomers, GFN2-xTB calculations showed that the number
of chiral side chains barely had an impact on the stacking rotation with a value

Fig. 11.22 Schematic illustration of the steric hindrance effect exerted by the chiral, aliphatic
chains of vicinal units for the OPE-TA 4a (a) and the analogous BTA (b). Image adapted with
permission from [19]. Copyright 2019 American Chemical Society
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of ca. 65° (Fig. 11.22b). With this helical organization in BTAs, the chiral side
chains of neighbouring molecular units do not interact as they are spatially distant.
As θ remains practically constant in BTAs, increasing the number of chiral centres
certainly increased the steric volume in the column. Hence, the energy penalty for
introducing an additional chiral monomer in an unpreferred helical stack would rise
with the number of the chiral side chains in the monomeric unit, which is opposed
to the behaviour observed and predicted for OPE-TAs.

In this section, we have shown that the GFN2-xTB method can be seen as an
affordable computational technique to understand fundamental questions related to
phenomena of transfer and amplification of chirality in supramolecular polymers.
First, GFN2-xTB allowed to explain that only one stereogenic centre in the side
chains ofOPE-TAs is sufficient for an effective transfer of chirality at the supramolec-
ular level. Second, the structural models proposed for the OPE-TA and BTA-based
supramolecular polymers have helped to rationalize the controversial experimental
findings about the chiral amplification process according to the rotation angle of the
columnar helices.

11.5 Solvent Effects

Solvent effects are extremely important in supramolecular chemistry. The
supramolecular polymerization process starts from a good solvent in which the
molecular units are totally dissolved. Subsequently, self-assembly is induced by
adding a poor solvent (i.e., increasing the number of unfavourable solute–solvent
interactions) [99]. The selected solvent conditions (ratio between good and poor
solvents) can therefore determine the stability of the aggregated structures [100] and
even the morphology [77]. Therefore, computational modelling including solvent
effects is generally needed to provide a more complete comprehension of the
supramolecular polymerization process. In this section, we showcase some recent
exampleswhere different solventmodels (implicit and explicit) were employed in the
field of SPs. First, we show how the semi-empirical GFN2-xTB method in combina-
tion with the implicit solvent GBSAmodel was able to successfully provide different
structural atomistic models of two N-annulated PBI derivates that exhibit pathway
complexity. Second, we illustrate that AA-MD simulation techniques, including
the solvent explicitly, can assist to monitor the self-assembly of small-size BTA
oligomers in n-nonane. Finally, we also discuss the supramolecular polymerization
process of polar BTAs by means of either fully atomistic or coarse-grained force
fields for the solute (BTAs) and implicit models for the solvent (water).

Recently, a combined experimental-theoretical study of the self-assembly prop-
erties of a new N-PBI compound (6, Fig. 11.23) compared to its N-PBI 1 analogue
(previously discussed, Fig. 11.9) was reported [101]. Interestingly and in contrast
to 1, a solvent-driven supramolecular polymerization for compound 6 took place;
i.e., aggregates with different optical and chiroptical properties were experimentally
detected in methylcyclohexane (MCH) and toluene. To provide atomistic models for
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Fig. 11.23 Chemical structure of the N-PBI derivative 6. Image adapted with permission from
[101]. Copyright 2021 American Chemical Society

the different aggregates and explain the chiroptical features, a quantum-chemical
approach with an implicit solvent model (GBSA) was adopted.

Compound 6 and its supramolecular polymers were theoretically studied at the
GFN2-xTB level in gas phase. The structure of the monomer was simplified by
substituting the peripheral—OC12H26 chains attached to the terminal phenyl rings
by hydrogen atoms. At monomeric level, only two conformations, differing in the
eclipsed (6a) or staggered (6b) conformation of the peripheral benzene rings with
respect to the long N-PBI axis, were found due to the rigid structure of the terminal
phenyl groups. Both conformers were predicted to be almost degenerate in energy,
and were used to build up supramolecular aggregates of 5 monomeric units. The
pentamer 6A5 was made up of monomers 6a arranged in staggered disposition,
whereas 6B5 was formed bymonomeric units of 6b self-assembled in a helical orien-
tation (Fig. 11.24). In both structures, a number of stabilizing non-covalent interac-
tions are predicted; π-stacking between the central N-PBI cores and the peripheral
phenyl groups together with CH(phenyl)···O interactions (distances of 2.02 Å in 6A5

Fig. 11.24 Minimum-energy structures (with their relative energy indicated) calculated at the
GFN2-xTB level for the most stable supramolecular pentamers of N-PBI 6. Image adapted with
permission from [101]. Copyright 2021 American Chemical Society
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Table 11.1 Self-assembly free energy (
Gsolv
bind,n−1, in kJ/mol) estimated for the two most-stable

oligomers of 6 in toluene and n-hexane solution at the GFN2-xTB/GBSA level

Oligomer 
Gn -hexane
bind,n−1 
G toluene

bind,n−1

6A5 −19.63 −24.94

6B5 −27.93 −24.35

Table reused with permission from [101]. Copyright 2021 American Chemical Society

and 2.25–2.48 Å in 6B5). Although the oligomer 6B5 was found to be 18.61 kJ/mol
more stable than oligomer 6A5, both pentamers were initially considered for the
study in different solvent conditions.

To further investigate the role of the environment on the supramolecular poly-
merization, the 6A5 and 6B5 pentamers previously optimized in gas-phase were
recomputed at the same level (GFN2-xTB) but including solvent effects by means
of the GBSA method in n-hexane and toluene as solvents. Note that n-hexane was
used as a representative solvent that emulates the MCH nature since MCH was not
parameterized for the GBSA model. The self-assembly free energy per interacting
pair (
Gsolv

bind,n−1) in toluene and n-hexane were calculated (Table 11.1). In n-hexane,
the relative stability computed in gas phase for 6A5 and 6B5 was preserved, and
the helical aggregate 6B5 turned out to be more stable than the pentamer 6A5 by
8.30 kJ/mol. However, the stability was reversed in toluene and the linear assemble
(6A5) became slightly more stable by 0.59 kJ/mol. The relative stability of the
supramolecular oligomers of N-PBI 6 was therefore predicted to be dependent on
the solvent nature in line with the experimental evidences. Additionally, the most
stable aggregates theoretically proposed to be generated in n-hexane (6B5) and
toluene (6A5) were successfully used to simulate the absorption and CD spectra in
concordance with the experimental ones [101]. Therefore, this is a good example in
which a quantum-chemical approach (GFN2-xTB) combinedwith an implicit solvent
model (GBSA) has enabled to rationalize the solvent-controlled supramolecular
polymerization process of N-PBI 6.

Explicit solvent effects during the supramolecular polymerization process have
been also considered by means of classical MD simulations. A good example is that
reported by S. Balasubramanian and coworkers [102], in which the supramolecular
polymerization under ambient conditions of a small-size BTA decorated with periph-
eral alkyl chains in n-nonanewas studied by all-atomMDsimulationswith theDREI-
DING force field (Fig. 11.25a) [28]. The MD simulations of pre-stacked oligomers
(Fig. 11.25b) of different size allowed to estimate a potential energy per monomeric
unit. The evolution of the potential energy per monomer as a function of oligomer
size (Fig. 11.25c) revealed cooperativity in line with the outcomes experimentally
obtained for BTA-based supramolecular polymers in apolar solvents. To understand
in more detail the dynamical aspects of the self-assembly in BTAs, MD simulations
starting from disassembled BTAmolecules in a box of n-nonanemolecules were also
carried out. The BTAmonomers were able to self-assemble into small oligomers that
eventually formed a columnar helical aggregate of 6 monomers (Fig. 11.25d) on a
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Fig. 11.25 a) Chemical structure of the BTA used with the DREIDING force field. b) Snapshot of
a 20-mer of BTA solvated in n-nonane. c) The evolution of the potential energy per monomer as a
function of oligomer size. d) Snapshots exhibiting the progress of the supramolecular self-assembly
of BTA in n-nonane starting from a random configuration at 0, 2, 6.5, and 70 ns. Image adapted
with permission from [102]. Copyright 2014 American Chemical Society

time scale of nanoseconds. Another interesting aspect demonstrated by theMD simu-
lations was that the BTA molecules were found to supramolecularly organize with
two amide NH groups and one carbonyl oxygen pointing out in the same direction.
Stabilization of that supramolecular structure was due to the favourable antiparallel
alignment of the dipole moments of the hydrogen bonds.

This example illustrates how explicit solvent effects can be accounted for in
a classical manner to theoretically describe the supramolecular polymerization
process. All-atom MD simulations including solvent molecules can assist to reveal
dynamical aspects of supramolecular polymerization unable to be captured by
quantum-chemical approaches and implicit solvent models.

Although AA-MD simulations including explicit solvent are very attractive
computational techniques to monitor the self-assembly process in SPs, this tech-
nique is limited to supramolecular polymers of small size or to reduced oligomer
models.When the size of the system under study becomes huge, computationally less
demanding techniques are highly desired. In this regard, different possibilities that
combine implicit and explicit solvent models and coarse-grained force fields have
been proposed [4, 13, 28]. Amongst the different affordable computational protocols
to describe SPs including solvent effects, it is necessary to stress two computational
protocols developed by Pavan et al. [4, 13].

The first computational approximation initially employed all-atom MD simula-
tions (explicit solvent) to model the self-assembly of a BTA-based supramolecular
polymer in water (Fig. 11.16, system previously used in Sect. 11.3) [13]. The popular
General Amber Force Field (GAFF) [69] was parameterized to provide a reliable
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Fig. 11.26 Initial (extended) and equilibrated structures of pre-ordered a) and randomly-ordered
b) BTA dimers extracted from the MD simulation. Image adapted with permission from [71].
Copyright 2016 American Chemical Society

picture of the supramolecular growth in BTAs governed by H-bonding. Interestingly,
the authors started the MD simulations from pre- and randomly-ordered stacks of
BTA aggregates of increasing oligomer size. Their outcomes revealed interesting
aspects of the supramolecular polymerization mechanism. For instance, the MD
simulations showed that small aggregates (e.g., dimers or trimers) were found to be
quite unstable (Fig. 11.26) and easily disassembled during the early steps of the MD
trajectory. Only oligomers of larger size (e.g., BTA pentamers) remained assem-
bled and stable owing to the effective π-π interactions and would act as nuclear
species for the supramolecular elongation process. Nevertheless, up to oligomers
of 14 units, BTA aggregates were still found to be non-uniform and discontinuous.
Long, uniform, and persistent BTA polymers were obtained from assemblies with
size ≥14 BTA units. These computational findings seemed to be in controversy with
the general assumption that dimeric species were those which acted as initial nuclear
agents for the supramolecular polymerization process. That aspect was revisited with
large-scale MD simulations using coarse-grained models (see below).

Apart from the time evolution of the self-assembly process visualized from all-
atom MD simulations, thermodynamic aspects to unveil the polymerization mecha-
nism were also extracted fromMD simulations but with a slightly different protocol.
In particular, G. Pavan and coworkers evaluated the self-assembly free-energies
(
G) per monomeric unit of each supramolecular oligomer by using a cost-effective
computational approach. All self-assembly 
G values were calculated as,


G = 
Egas + 
Gsolv − T
S (11.16)

where 
Egas was the gas-phase molecular mechanics energy provided by the force
fields, 
Gsolv was the total solvation energy and T
S is the entropic term of the
free-energy. In the efficient computational protocol, the oligomer structures of BTA
aggregates were extracted from the equilibrated MD simulations (the last 100 ns) to
calculate an average 
Egas, whereas the solvent effects (
Gsolv) were now treated
with an implicit solvent model (GBSA). That combined computational approach
provided a pattern for the evolution of the self-assembly energies as a function of
the oligomer size (Fig. 11.27), characteristic for a cooperative mechanism of polar
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Fig. 11.27 Self-assembly free energies per BTA unit for pre-ordered and randomly-ordered BTA
assemblies of increasing size. Image adapted with permission from [71]. Copyright 2016 American
Chemical Society

BTAs in water, which was consistent with the experimental observations and other
theoretical studies [13]. Note that a cooperative behaviour was predicted for both
pre- and randomly-ordered stacks but being more significant for the pre-ordered
aggregates. The computational protocol proposed by G. Pavan and coworkers is
an excellent example that highlights that combining explicit and implicit solvent
models allows to visualize the supramolecular polymerization process at atomistic
resolution and also to evaluate thermodynamic aspects to determine the potential
polymerization mechanism [71].

The second computational approximation consisted ofMDsimulations using aCG
force field for solute molecules combined with implicit solvents to explore the self-
assembly of BTAs in water [4]. The main advantage of this computational approach
was its efficiency. This approximation enabled the simulation of the self-assembly
of thousands of BTA molecules in large solvent boxes reaching concentration levels
in the simulations similar to those generally used in supramolecular polymerization
experiments.

The implicit-solvent CG model for a water-soluble BTA supramolecular polymer
was opportunely tuned to obtain a dimerization free-energy profile consistent with
that obtained using an explicit solvent and CG FFs for the BTA monomers [13, 71].
Therefore, the CGmodel was able to correctly capture the behaviour of the individual
monomer, monomer-monomer interactions in solution and, more challenging, the
cooperative self-assembly. After the complete validation of the model, a BTA-based
system composed by 1000 monomers randomly dissolved in a cubic box (30× 30×
30 nm)was built to start the study. That box represented a concentration of ca. 48mM.
After 7.5 μs of simulation, a spontaneously long assemble (>70 nm, Fig. 11.28) was
generated. In line with the previous findings using a CGmodel for BTAs and explicit
solvent molecules (water) [13], the BTA units self-assembled in small and disordered
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Fig. 11.28 a) Polymerization of BTA supramolecular fibres obtained from the implicit-solvent CG
model. At 48 mM, randomly dispersed monomers (A) rapidly aggregate into small, disordered
clusters (B), that on longer-time scales evolve into supramolecular fibres (C). b) Average size of
the BTA clusters as a function of Φ for different concentrations along the MD trajectory using the
implicit-solvent CG model Image adapted with permission from [4]. Copyright 2017 American
Chemical Society

oligomers in a fast time scale whilst the ordering of the aggregates proceeded on a
slower time scale. That conclusion was drawn by monitoring the evolution of the
average oligomer size and the stacking order (measured by the order parameter Φ)
during the supramolecular polymerization process (Fig. 11.28).

In a further step, the effect of the monomer concentration on the supramolec-
ular polymerization was analysed by generating different concentration conditions.
Several solvent boxes of different size but keeping constant the number of monomers
in the system (solute) were systematically built from low to high concentrations
(20μM, 1.28 mM, 12 mM, 48 mM, 96 mM, and 160 mM). As shown in Fig. 11.28b,
the polymerization process at high concentrations followed a curve tending to an “L”
shape, meaning that a fast aggregation into large disordered clusters occurs before
the conversion into highly-ordered supramolecular fibres. This is consistent with the
experimental evidence that, at high concentrations, water-soluble BTAs can result in
hydrogels [103]. On the other hand, decreasing the concentration gives rise to curves
with a reverse “L” pattern, in line with the formation of small-ordered clusters for
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long-time scales before proceeding towards a large-ordered supramolecular growth
[4].

The above discussion has highlighted that the combination of coarse-grained force
fields and implicit solvent models can be seen as an interesting and computationally-
efficient approach to theoretically describe systems prone to supramolecularly poly-
merize. For thefirst time, this computational technique opened the door to simulations
in “realistic experimental conditions” (dilute concentrations) to explore a wide range
of potential supramolecular polymers.

11.6 Concluding Remarks

In this chapter, we show how computational modelling at quantum and classical
level is particularly helpful to gain insights into the complex supramolecular poly-
merization process at molecular scale. In particular, we have displayed using a
few selected examples that a quantum-chemical approach (combining DFT with
augmented dispersion-corrected terms and the cost-effective semi-empirical GFN2-
xTBmethod) is able to provide: (i) structuralmodels for the supramolecular polymers
at atomistic level, (ii) energetics of the polymerization mechanism, and (iii) basis
for chiral transfer and amplification phenomena. On the other hand, we have illus-
trated that classical molecular dynamics simulations are also very useful techniques
to explore molecular self-assembling phenomena intractable at quantummechanical
level. For instance, we have shown that molecular dynamics simulations based on
specifically-adaptive coarse-grained force fields can be used to characterize the steps
during the dynamic supramolecular polymerization process even at dilute (realistic)
concentrations.

A bright future for computational modelling in the field of supramolecular poly-
mers is therefore anticipated for the following years. Efficient computational tech-
niques but accurate enough to capture cooperativity effects (e.g., the implicit-solvent
coarse-grained approximation) and pathway complexity are expected to bring an
atomistic detail of the polymerization process difficult to achieve at experimental
level. Nevertheless, some important challenges still need to be addressed. One impor-
tant theoretical challenge is to rationalize at molecular level why a particular solvent
or a mixture of solvents can determine the supramolecular organization of the final
polymers from a dynamic perspective.

Although this chapter has mainly focused, from a computational perspective, on
the supramolecular polymerization growth mostly dominated by non-covalent π-
stacking and H-bond interactions, the computational techniques discussed along this
chapter can be also used in other contexts of supramolecular chemistry. In particular,
these techniques would be appropriate for those supramolecular systems that self-
assemble governed by intermolecular electrostatic interactions. In that context, the
quantum-chemical techniques (e.g., DFT and semi-empirical) would capture these
electrostatic interactions reasonably well without further dispersion corrections.
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