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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 OD 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 the main physicochemical aspects of the fabrication of multilayered nanomaterials
through LbL method.

The next two chapters discuss about o-hole and wt-hole interactions where electro-
static contributions are crucial. A deep understanding of noncovalent o-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 M. Ali Aboudzadeh
Palma de Mallorca, Spain Antonio Frontera
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Chapter 1 ®)
Supramolecular Ionic Networks: Design oo
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 m—m 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
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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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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 small molecules [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 network made up of end-
to-end chaining of low molecular 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 dissociate with changing conditions such as heating
or solvent switching.

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 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, low molecular 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 A, 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 m—
7 stacking. Some examples of supramolecular assemblies via different non-covalent
interactions will be discussed. The electrostatic interactions as the main synthetic
strategy in this chapter will be discussed in much more 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

n—7 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 x 10’ M~!. They observed
that the building blocks are held together by UPy hydrogen bonds 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
groups were condensed with 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 (7';) 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)

_i.; . ..EI-/" H-bonding

disulfide metathesis

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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a)

b)

Fig. 1.4 a An example of Ruthenium(Il) coordination polymer complex, b a model structure of
terpyridine ligand and ¢ 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 appropriate monomer structure, Ruthe-
nium (IT) 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 Fe?*,
Zn*, Ru**, Co?*, etc. to form bisterpy metal complexes [16].

1.2.3 Supramolecular Assemblies Based on m—n Stacking
Interaction

Many conjugated or aromatic molecular structures can undergo m—m 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 w—mn 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 m— stacking
interactions between pyrenyl end-groups and chain folded polyimides [45-47].

Moreover, n—m stacking interaction is very prevalent in copolymers or conjugated
polymers. The cooperative n— 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 and negatively charged groups and they have 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].

Tonomers 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 lonic 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 low molecular weight molecules 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
adicationic compound composed of two cyclic amidinium groups with 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 (EDTA*"), 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 EDTA with para-tetracarboxy-
5,10,15,20-tetraphenyl-21H,23 H-porphine (H, TPP*") 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 on disulfide diphosphonium ionic liquid and tetraanion (EDTA*~). 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)
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Fig. 1.7 Proposed reaction pathway for the synthesis of supramolecular ionic networks based on
citric acid and a commercially available di- or trifunctional amines b a fully renewable C36 biobased
diamine (Priamine 1074) and ¢ 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




