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5.1
Introduction to Molecular Gels

It seems increasingly likely that nanochemistry will underpin manufacturing tech-
nology in the 21st century, with the ability to control structure and morphology at the
nanometer level allowing the synthesis of a new generation of smart materials [1]. As
such, the use of organic building blocks, which can selfassemble into nanoscale
architectures, offers a simple approach to the spontaneous generation of nanoma-
terials. Of particular interest in this regard has been the rapid development of gel-
phase materials constructed via the hierarchical assembly of molecular building
blocks; indeed, over the past 15 years, there has been an explosion of publications
dealing with the self-assembly of organic molecules into nanostructured gels in a
variety of solvents [2]. In 2006, an excellent book, edited by Terech and Weiss, was
published dealing with the topic in a comprehensive manner [3]. This chapter makes
no attempt to reproduce a comprehensive coverage of the topic, but instead intends to
provide a “primer” which will act as an accessible overview and summarize the
following issues:

o What is a molecular gel?

e How can molecular gels be prepared?

e How can molecular gels be studied?

o What kind of molecules assemble into molecular gels and why?

o What are the applications, both real and potential, of molecular gels?

By answering these questions, it is hoped that this chapter will provide a useful
overview for the non-specialist reader, in addition to offering new insights for those
well acquainted with the field.

Gels are a well-known colloidal state of matter and are familiar to us in everyday life
(hair gel, toothpaste, cleaning products, air fresheners, contact lenses, foodstuffs,
etc.). However, perhaps surprisingly, an accurate definition of the gel state remains
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somewhat elusive. In the simplest terms, Dorothy Jordan Lloyd’s definition from the
1920s (paraphrased as “if it looks like ‘Jell-O’ — it must be a gel”) is easy to use on a
macroscopic level [4]. However, more useful in terms of visualizing the structure of a
gel on a molecular level was her additional statement “. . . they must be built up from
two components, one of which is aliquid at the temperature under consideration and
the other of which, the gelling substance proper ... is a solid”. Indeed, it is usually
argued that in gels, a “solid-like” network is able to “immobilize” the flow of bulk
“liquid-like” solvent [5].

Most of the gels familiar from everyday life are constructed from polymers and as
such are not strictly “molecular” gels. In polymer gels, crosslinking between polymer
chains (either covalent or noncovalent) gives rise to an entangled network, which
constitutes the “solid-like” phase. The “liquid-like” solvent is primarily located in
pores within the crosslinked network, in addition to solvating the polymer chains. It
is worth noting that on the molecular level, the solvent is mobile within the gel-phase
network [4]; flow of the bulk solvent is only prevented as a consequence of capillary
forces and some solvent-gelator interactions. This leads to one of most striking visual
properties of gels — when placed in an inverted vial, liquid is unable to flow out of the
material under the force of gravity, in spite of the high liquid content (Figure 5.1).
Indeed, this simple test is one of the best ways of rapidly identifying a new gelator in
addition to performing basic characterization (see Section 5.3.1).

It is relatively straightforward to see how entangled polymer chains can yield gel-
phase materials, but it is more difficult to understand how low molecular weight
molecules can achieve gelation — so-called molecular gels. The concept of low
molecular weight compounds causing viscosity modification is not new — molecular
gels based on simple organic building blocks (e.g. fatty acid salts) were first
recognized in the 19th century [6]. However, the recent academic interest has

GEL
Figure 5.1 Photograph of a typical gel.
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coincided with the ready availability of imaging techniques able to visualize objects
on the nanometer length scale. Electron microscopy in particular has allowed
researchers to observe gel-phase materials on the nanoscale. In turn, this has
enhanced the understanding of the way in which low molecular weight systems
can achieve gelation and improved the ability of researchers to study the effect of
molecular structural change on the gelation process.

It has recently become well understood that self-assembly processes underpin the
formation of molecular gel-phase materials. Intermolecular interactions, such as
hydrogen bonding, t—n stacking, van der Waals interactions and solvophobicity are able to
encourage the assembly of molecular building blocks in a one-dimensional manner.
Such a process can be considered as a supramolecular polymerization [7], i.e. the
polymers formed are held together solely by noncovalent interactions between
building blocks. These supramolecular polymers may then be able to form entangled
networks and hence give rise to gelation. The process of gelation is often described as
hierarchical and depends on a number of steps:

1. Molecule interacts with adjacent molecule to form a dimer.

2. Dimers interact to form oligomers.

3. Oligomers extend into supramolecular polymer fibrils, which have approximately
the same width as the molecular building block (e.g. 1-2 nm wide).

4. Fibrils bundle together to form fibers (often ca. 20-50 nm wide).

5. Fibers interact to form an interconnected sample spanning network. These fiber—fiber
interactions are one of the least well-characterized and understood aspects of
molecular gels.

6. Sample spanning network “immobilizes” solvent.

It should be noted that in different cases, the levels of hierarchical assembly may be
expressed slightly differently; however, some degree of hierarchy is always assumed —
two examples from the literature are illustrated in Figure 5.2. One of the most
fascinating features of molecular gels is that very small amounts of gelator often
achieve complete solvent “immobilization” and this demonstrates the power of
hierarchical assembly. Typically, molecular gels contain <2% w/v gelator. Molecules
which achieve gelation at concentrations <1% w/v are sometimes described as
“supergelators”.

There is clearly a relationship between gelation and crystallization, as in both
cases a solid-like component assembles in a liquid-like phase as a consequence of
multiple noncovalent interactions. However, in gelation, the solid-like network is
compatible with the solvent and remains solvated and hence does not fully phase-
separate. As such, gelation can be considered to be a competition between
solubilization and phase separation. Furthermore, in gelation, the assembly
process is directional — i.e. unlike a crystallization process, aggregation does not
occur in three dimensions; in gels the growth of the supramolecular polymer is
usually one dimensional.

Perhaps one of the key advantages of materials based on low molecular weight
building blocks is their reversibility. Unlike a covalently crosslinked polymer network,
molecular gels can be broken down into their individual molecular building blocks
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Figure 5.2 Hierarchical assembly of gel-phase materials as
illustrated for synthetic systems developed by (A) Meijer’s group
and (B) Aggeli and coworkers. Ref. [8] adapted with permission of
Science and Ref. [9] adapted with permission of National Academy
of Sciences.

and this makes molecular gels highly tunable, responsive materials. For example,
raising the temperature has a profound effect on the assembly process due to the
entropy term (AG = AH — TAS) and encourages disassembly of the gel into the less
ordered “sol” state. Molecular gel formation is also concentration dependent; at low
concentration, the interaction between molecules is unable to yield supramolecular
polymers. Such effects are now well understood in supramolecular polymer chem-
istry [7] and can be applied to gel-phase materials.

5.2
Preparation of Molecular Gels

Molecular gels are often formed by heating the solid low molecular mass gelator in
an appropriate solvent, with sonication sometimes being applied to the sample [10].
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This process results in the solubilization of the gelator. In the isotropic solution,
the gelator molecules have a relatively low degree of aggregation — insufficient to
support a sample spanning network. On cooling, preferably at a controlled rate, the
sol transforms into a gel. In general terms, the higher the concentration of gelator
used, the higher is the temperature of the gel-sol boundary. On some occasions, a
gel forms instantly on dispersing a gelator in the appropriate liquid [11]. This
would imply that in this case, the activation energy required for solubilization and
subsequent molecular assembly is lower than that in those cases where a heat—cool
cycle (or sonication) is required for gelation. It is essential that the method of gel
preparation is accurately reported, as gel properties can vary depending on the
precise details of preparation (e.g. rapid cooling versus slow cooling, heating
versus sonication).

One key recent study provided a detailed insight into a one-dimensional aggrega-
tion process, in which molecules aggregated into dimers, which formed helical
fibrils, that then assembled further into fibers and bundles (Figure 5.2A) [8]. It was
concluded that the basic model of aggregation described above to form gels was
accurate, but that solvent molecules played an unexpected explicit role in forming an
ordered shell capable of rigidifying the aggregates and guiding them towards
assembly into bundles/gels. This analysis is consistent with the observation that
gelation is highly (and sometimes unpredictably) solvent dependent [12]. Under-
standing these nucleation and assembly mechanisms in more detail will hopefully
enable the important goal of extending rational synthesis into the nanoscale regime in a
more controllable way.

53
Analysis of Molecular Gels

Perhaps one of the most interesting features of gels is the ability to gain an
understanding of the connection between molecular structure, nanoscale self-assembled
morphology and macroscopic materials properties. In the following sections, we discuss
the ways in which gels can be analyzed across the full range of length scales. It should
be noted that a full discussion of each of these techniques is beyond the scope of this
chapter, which will instead try to focus on the key points of each method and direct the
reader to useful references in the literature.

5.3.1
Macroscopic Behavior — “Table-Top” Rheology

Quick and simple ways of visually assessing the physical (i.e. macroscopic) behavior
of the gels are referred to as “table-top” rheology [13] and can be readily carried outin
any laboratory without sophisticated equipment. These techniques, discussed
in further detail below, are particularly useful for exploring the gel-sol phase boundary,
as the conversion of the material from a gel to a sol can be readily assessed in a
visual manner. There are two simple parameters which are widely used to define the
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Figure 5.3 Example of a phase diagram for gelation. Reproduced
from Ref. [14] with permission of the American Chemical Society.

macroscopic properties of molecular gels:

1. Minimum gelation concentration (MGC) — the minimum concentration of gelator
required to form a sample-spanning self-supporting gel at a given temperature
(usually 25°C).

2. Gel-sol transition temperature (Tge) — this value can be determined by monitoring
gelation with the use of a high-precision thermoregulated heating—cooling bath. It
is concentration dependent and determining T values at different concentra-
tions allows the construction of a “phase diagram” (e.g., Figure 5.3).

5.3.1.1 Tube Inversion Methodology

The simplest method of monitoring the gel-sol transition involves inverting a vial of
the gel and watching to see whether any flow occurs (for example, the gel shown in
Figure 5.1 would satisfy the tube inversion test) [15]. It is essential to use the same
sample mass and vial type when performing comparative studies, to ensure that the
yield stress exerted on the gel remains constant. This ensures that the gel-sol
transition in each case is determined under the same conditions of stress and hence
meaningful comparative results can be obtained. However, this limitation means that
it can sometimes be difficult to compare results recorded in different laboratories ina
quantitative way.

5.3.1.2 Dropping Ball Method

In this method, a small metal ball is placed on the gel and the dropping of the ball
through the gel is observed [16]. In the ideal scenario, the ball should be immobile
in the gel, but drop rapidly in the sol. In this way, the T, value at any given
concentration of gelator can be determined. In this case, the yield stress is dependent
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on the density of the ball and its radius. Therefore, the ball must be kept constant
across experiments in order to ensure that data can be compared in a meaningful
way. The sample tube should also be significantly larger than the ball, otherwise the
presence of the nearby walls can affect the motion of the ball (wall effects can never
be completely eliminated).

It is possible to analyze the phase diagrams constructed from “table-top” rheology
methods in order to estimate thermodynamic parameters associated with gelation.
Schrader’s relationship can be used to generate plots of In[gelator] against 1/ T,ej, in
which the gradient is —AH/R, where AH can be approximated to the enthalpy
associated with the gel-sol transition [17]. This value can therefore provide some
insight into the thermodynamics of the interactions between molecular-scale build-
ing blocks, although the assumptions inherent in this treatment probably mean that
the data are best used to compare the behavior of related gelators. It should also be
noted that many gels apparently exhibit a plateau region in Ty above a certain
concentration (see Figure 5.3) — corresponding to a point at which the presence of
additional gelator does not appear to enhance the thermal macroscopic properties of
the gel, presumably because the formation of a sample-spanning network is
complete. This behavior cannot be fitted to Schrader’s relationship.

5.3.2
Macroscopic Behavior — Rheology

As soft materials, gels can ideally be explored using rheological methods [18], although
this requires the use of specialist equipment. In typical experiments, the magnitudes
and ratios of the elastic (G') and loss (G”) moduli are determined under oscillatory
shear. The elastic modulus (G’) indicates the ability of a deformed material to regain
its shape, whereas the loss modulus (G”) represents the ability of the material to flow
under stress. For a gel, the elastic modulus should be independent of oscillatory
frequency and G’ should exceed G” by about one order of magnitude. Measurements
of viscosity also provide a useful method for comparing gel-phase materials in a
quantitative way and generating structure—activity relationships.

Rheology has been performed on a number of molecular gels [19] and it is
increasingly clear, from the relationship between strain and stress tensors, that the
choice of theoretical model is not straightforward. Molecular gels can be classified
rheologically as cellular solids, fractal/colloidal systems or soft glassy materials,
depending on their behavior. Evidently, there is the need for continued application of
rheological methods to molecular gel materials in order to provide a better insight
into the way in which modifying gelator structures on the molecular scale controls the
macroscopic rheological properties of the self-assembled material.

533
Macroscopic Behavior — Differential Scanning Calorimetry

In differential scanning calorimetry (DSC), the difference in the amount of heat
required to increase the temperature of a sample and reference is measured as a
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function of temperature [13]. When the sample of interest undergoes a physical
transformation, such as a gel-sol phase transition, more heat will need to flow to it
than the reference in order to maintain both at the same temperature. Observing the
difference in heat flow associated with this endothermic phase transition permits the
measurement of the amount of heat absorbed or released by integration of the DSC
trace. This provides a way of directly measuring the phase-change enthalpy
(AHgel_s01) and can provide an insight into the thermodynamics of the gelator—gelator
interactions. DSC should be performed in both heating and cooling modes in order
to assess both endothermic and exothermic transitions and assess the thermo-
reversibility of the gel-sol phase change.

5.3.4
Nanostructure — Electron Microscopy

Electron microscopy is, perhaps more than any other method, the technique that
has opened up the “nanoworld”. In the simplest use of electron microscopy to
image the nanostructure of gel-phase materials, a gel sample is first allowed to dry
on a substrate (either under ambient conditions or in vacuo). The sample is coated
under vacuum with a thin (ca. 2 nm) metallic layer and then imaged by scanning
electron microscopy (SEM). The SEM image obtained in this way therefore depicts
a dried and treated sample. Usually the network structure of the gel “collapses” on to
itself during drying to yield a xerogel (if “collapse” does not occur, the structure is
referred to as an aerogel). It should be noted that changes in the nanostructure
other than “collapse” may also occur during drying; however, it is often assumed
that such effects are minor.

A range of morphologies are observed for gel-phase materials using SEM
(Figure 5.4). In general, transparent gels exhibit nanoscale structuring, whereas
opaque gels, which scatter light, have microscale features. Typically assembled
nanofibers are observed, as might be expected for supramolecular polymers. Other
types of “one-dimensional” objects such as tapes/ribbons have also been reported. In
some cases nanoscale chirality of these objects can be observed — usually in the form of
helicity. Transmission electron microscopy (TEM) can also be applied to gel imaging,
although it is often necessary to apply a heavy metal staining agent to enhance image
contrast.

Cryo-electron microscopy techniques are used to try and minimize disruption to
the self-assembled network [20]. This method uses a rapid freezing step to prevent
thermal motion of the assembled gelator network. In some cases solvent is then
sublimed from the sample by freeze-drying (although this may modify the gelator
structure, the low temperatures make gelator reorganization less likely). Overall,
cryo-electron microscopy leads to significantly less disruption of the gelator network
and therefore a typical cryo-EM image shows a more expanded and “solvated”
network, in which the solvent pockets can be readily visualized as cavities within
the network (Figure 5.5).

In some rare examples, nonfibrillar gel morphologies have been observed by electron
microscopy methods. For example, platelet-type morphologies have been observed in
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Figure 5.4 SEM images of nanostructured gels synthesized in the
author’s laboratories showing (A) fibrillar, (B) tape-like, (C) rod-
like and (D) helical ribbon morphologies for different gelators.

which interpenetrating networks of platelet-like objects constitute the “solid-like”
phase [21]. Figure 5.6 illustrates how a honeycomb network of two-dimensional
platelets may lead to the effective “immobilization” of solvent molecules within the
nanoscale cavities inherent within the morphology. It has been argued that in these
systems, growth of an ordered structure occurs in two dimensions (and is prevented
in the third). This would therefore appear to be conceptually related to the more
typically observed formation of gel fibers, in which growth is only allowed in one
direction and prevented in the other two.

Figure 5.5 Cryo-scanning electron microscopy image of a self-
assembled gel. Reproduced from Ref. [12a] with permission from
the American Chemical Society.
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Figure 5.6 SEM image of an unusual nonfibrillar interconnected
honeycomb morphology constructed from interlocked platelets
underpinning a gel-phase network. Reproduced from Ref. [12d]
with permission of Wiley.

535
Nanostructure — X-Ray Methods

The irregular packing of fibrils and fibers within gel-phase materials means that
rather than leading to well-defined diffraction patterns, solvated molecular gels
generally scatter X-rays, which can, atlow angles of scattering, be fitted to a computer
model [22]. For example, the scattering data obtained from a gel can be modeled as a
collection of cylinders or tapes. The data can provide useful information about
nanoscale dimensions, such as the cylinder diameter. If the model is accurate, this
will correspond to the fibril dimensions (e.g. ca. 1-3 nm). This is useful information,
as the objects visualized by electron microscopy methods are usually larger fibers and
bundles (i.e. not molecular scale) — X-ray scattering analysis therefore provides a way
of “visualizing” the molecular-scale fibrils present in the gel, which underpin the
morphology observed by electron microscopy. X-ray methods can also be used on the
dried gels (xerogels), in which case diffraction peaks are generally observed. This can
lead to a more precise understanding of the molecular packing within fibrils,
although results must be treated with some care, as drying can lead to morphological
change [23]. Computer modeling is often an excellent complement to X-ray diffrac-
tion (and other) investigations of molecular gels and such approaches can sometimes
be used to provide a predictive understanding of fibril/fiber packing [24] and lead to
pictorial models such as that illustrated in Figure 5.2B [9].

5.3.6
Molecular Scale Assembly — NMR Methods

NMR spectroscopy provides a useful method to try to understand why, on a
molecular level, gelators assemble into fibrillar architectures and to probe the
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intermolecular interactions between the molecular building blocks which under-
pin the self-assembly of fibrillar architectures [25]. It should first be noted that
NMR in the “rigid” gel-phase is challenging because the low mobility of the
molecular building blocks causes broad peaks. As in solid-phase NMR, magic
angle spinning (MAS) could, in principle, be employed to obtain NMR spectra of
rigid gels [26], although this has not been widely applied to low molecular weight
gelation systems. In some rigid gels, unexpected sharp NMR peaks associated
with the gelator have been observed; these have been attributed to gelator
molecules not bound to the nanoscale network. Such peaks can only be observed
if the exchange of gelator molecules from bound to unbound forms is kinetically
slow [25]. Usually, the concentration of gelator being observed in the NMR
spectrum can be quantified by integration with respect to a reference molecule
which does not associate with the “solid-like” gelator network and has sharp NMR
peaks.

In order to facilitate the study of molecular gels, NMR experiments are often
performed on soft solids/partial gels or on samples just above the T, value —in this
way, spectra with reasonably sharp peaks can be recorded. Under this regime of
concentration/temperature, the hierarchical assembly is at the stage of oligomer
formation (rather than fully formed network) and NMR therefore provides an ideal
way of monitoring the way in which one molecule interacts with another to form an
oligomeric assembled structure. Several typical experiments are performed:

1. Variable concentration — NMR titration. NMR spectra are recorded at increasing
concentration of gelator. As the concentration increases, the NMR spectra should
broaden due to gel formation and loss of gelator mobility. However, the NMR
peaks should also shift — particularly those that are involved in noncovalent
interactions between the molecules. For example, N—H protons are often
observed to shift downfield as concentration increases (Figure 5.7) [27]. This
indicates that as the concentration increases, these peaks become increasingly
involved in hydrogen bond interactions. Alternatively, aromatic peaks may shift
upfield — which would be indicative of the aromatic rings becoming involved in the
formation of n—m interactions.

2. Variable temperature (VT) experiments. As the temperature of a sample is in-
creased, the gel should gradually become more mobile and interactions between
molecules will weaken. Once again, as these interactions weaken, NMR peaks will
shift and this can be assigned to breaking hydrogen bonding and n—mn interactions
28].

3. NOE experiments [25,27b,29]. NOE experiments can provide information on the
way in which one molecule interacts with another through space and this can help
uncover the interactions present within a gel.

4. Relaxation time experiments [30]. Relaxation time experiments performed on the
broadened peaks at known concentrations can be used to estimate the molecular
mobility of the aggregated species (diffusion rates can be obtained from such
experiments).
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Figure 5.7 Variable concentration NMR experiment indicating
downfield shifts of NMR peaks on increasing gelator
concentration. Reproduced from Ref. [27c] with permission of the
American Chemical Society.

5.3.7
Molecular Scale Assembly — Other Spectroscopic Methods

There are many other spectroscopic methods which can be applied to provide greater
insight into the assembly of gel-phase materials. Two illustrative examples are given
here:

1.

Infrared (IR) spectroscopy. This method is very useful for probing hydrogen bond
interactions between the molecular building blocks. In particular, O—H, N—H
and C=O0 stretches all show distinctive responses to hydrogen bonding. Van der
Waals interactions can also be detected by looking for changes in C—H stretching
interactions. Typically, it is necessary to compare IR spectra of the gelator in both
the sol and the gel in order to determine the key noncovalent interactions. Variable
temperature IR spectra can provide a useful way of probing the response of these
interactions to temperature changes [31].

. Fluorescence spectroscopy [32]. Gelators which include fluorophores can exhibit

changes in their spectra on aggregation. For example, many fluorophores emit
as excimers when in close proximity (such as in a gel fiber) but emit as
monomers when present in dilute solution. In one very recent example,
excimers were present in the sol, but not in the gel [33]. Fluorescence can also
detect smaller changes associated with differences in polarity between the
gelator in aggregated and nonaggregated states. Once again, VT fluorescence
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can be a useful technique in order to determine which spectral features are
responsive to the aggregation process [34].

5.3.8
Chirality in Gels — Circular Dichroism Spectroscopy

Circular dichroism (CD) spectroscopy [35] is an ideal technique which can be used to
monitor both molecular and nanoscale chirality [36]. An achiral molecule will exhibit
no bands in the CD spectra, whereas a chiral molecule can exhibit a signal (either
positive or negative), in the same wavelength region where it has its UV-Vis
absorption. In general terms, however, solvated isolated chiral molecules often have
relatively small CD signals (unless they have well-organized chromophores inherent
within the molecular structure). As individual molecules assemble into a chiral
nanostructure, the interaction with polarized light can be significantly enhanced and
hence self-assembled nanostructures often exhibit much larger CD bands than their
isolated molecular building blocks. The presence of a CD signal therefore provides
good evidence for the presence of a chiral nanoscale object. To confirm this
assignment, however, it is necessary to carry out a VT experiment or compare
the CD spectrum with that observed in a solvent where aggregation does
not take place [37]. In VT CD, the CD band should decrease in intensity as the
temperature increases, because the nanoscale aggregates break up into their con-
stituent building blocks on heating (Figure 5.8). For well-characterized chromo-
phores, it can sometimes be possible to use CD spectroscopy to predict whether they
are packed in a clockwise or an anticlockwise manner within the helical assembly and
examples will be discussed later in the chapter.

CD spectroscopy also provides an ideal method for probing the assembly
of mixtures of enantiomeric molecular building blocks into gels and can be used to

O 0,
<o 70°C
-80 % $
Y § 50°C
2. &
-120 Ve RT
-160 -

A/nm
Figure 5.8 VT temperature CD experiment demonstrating
disassembly of chiral nanostructure on application of heat.
Reproduced from Ref. [37] with permission of the publishers.

123



124

5 Molecular Gels — Nanostructured Soft Materials

distinguish between situations in which:

1. the presence of one enantiomer disrupts the assembly of the other and cause a
breakdown in chiral order [38];

2. one enantiomer (present in excess) enforces its chirality on to the other enantio-
mer via a “majority rules”-type mechanism — this is well known in supramolecular
polymers [39] but not widely explored in gels; or

3. the two enantiomers ignore one another’s presence and are able to “self-sort” into a
proportional mixture of their own homochiral assemblies [37,40].

5.4
Building Blocks for Molecular Gels

Gelation is highly dependent on the choice of solvent — indeed, it is common for
researchers to present large tables of data testing gelation behavior across a wide
range of solvents. For the purposes of this discussion we will broadly classify gels as
either organogels or hydrogels, where organogels form in apolar, non-hydrogen-
bonding solvents (e.g. hexane, toluene, acetonitrile, food and fuel oils), whereas
hydrogels form in polar, hydrogen-bonding solvents (e.g. water, methanol, ethanol).
The driving forces for gelation in these two classes of solvent are markedly different,
as will be discussed below.

The design of a gelator from first principles is a difficult and challenging task. More
often than not, gelators are discovered serendipitously. However, there is now
sufficient literature available to suggest the following broad conclusions about
whether or not a molecule may be expected to gelate:

1. The molecule must be partly soluble in the solvent of choice (but not too soluble,
otherwise it will simply dissolve).

2. The molecule must be partly insoluble in the solvent of choice (but not too insoluble
otherwise it will simply precipitate).

3. The molecule must have the potential to form multiple noncovalent interactions with
itself. Typically, although not exclusively, these might be hydrogen bonds and /or n—n
interactions for organogels and hydrophobic and/or donor-acceptor interactions for
hydrogels.

4. Van der Waals forces are usually present to support the gelation process and in very
rare cases, gelation can occur solely through these very weak interactions.

5. These noncovalent interactions should occur in a directional manner (a degree of
asymmetry is often advantageous).

The sections that follow highlight the major classes of gelator systems explored in
the literature. The examples chosen are highly selective and, for a more comprehen-
sive overview, the interested reader is directed towards relevant review articles at the
start of each section.
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Figure 5.9 Gelators Ta and 1b with even and odd spacer chains
stack in antiparallel and parallel modes, leading to different gel
behavior and nanostructures (SEM images, scale bar=1pum).
Adapted from Ref. [42a] with permission of the American
Chemical Society.

5.4.1
Amides, Ureas, Carbamates (—XCONH— Groups, Hydrogen Bonding)

The —CONH— group has both a hydrogen bond donor (N—H) and a hydrogen bond
acceptor (C=0) and, as such, is ideal for the formation of intermolecular hydrogen
bonded networks [41]. For example, bisamide compounds 1a and 1b (Figure 5.9)
form effective gels in aromatic solvents such as mesitylene due to a combination of
hydrogen bond and van der Waals interactions [34,42]. Interestingly, the length of the
aliphatic spacer chain between the amide groups was observed to exert an odd/even
effect on gelation. It was argued that the ability of the molecules to assemble in either a
parallel or antiparallel manner was dependent on whether the spacer chain had an
odd or even number of carbon atoms. Indeed, the gels formed by gelators with odd
and even spacer chains had markedly different thermal stabilities and SEM studies
indicated that the gels were underpinned by different nanostructures.

Compound 2 (Figure 5.10) is another example of a bisamide gelator [43] and, once
again, intermolecular hydrogen bonds and van der Waals forces drive the assembly

O,NHCOH
2
'qNHCOH R= (eg) C11H23

Figure 5.10 Compound 2 — a chiral gelator building block.
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process. In this case, the molecular building block is chiral. Racemic mixtures of
compound 2 with its enantiomer were observed to form much less stable gels than
either pure enantiomer, demonstrating that chirality can play an essential role in
controlling the molecular packing. This is consistent with the argument that the
supramolecular polymers which underpin molecular gels have nanoscale chirality
such as helicity (see Section 5.3.8).

In general, if peptidic molecules are to act as hydrogelators, rather than organo-
gelators, they require slightly higher polarity in order to ensure sufficient compatibility
with the aqueous solvent medium but they must also have sufficiently large hydro-
phobicsurfacesto provide athermodynamicdriving force for assembly. Consequently,
many hydrogelators contain unmasked carboxylic acid groups (or amines) to provide
polarity and long alkyl chains to provide a hydrophobic surface for assembly. Amphi-
philicstructures suchas 3 and 4 have therefore been employed (Figure 5.11) [44]. These
molecules self-assemble as a consequence of hydrophobic interactions (and van der
Waals forces) between the long alkyl chains and hydrogen bond interactions between
the peptide groups, with the carboxylic acids/amines ensuring compatibility of the
“solid-like” assembled network with the “liquid-like” solvent phase.

Ureas can readily replace the peptide groups and bisurea bola-amphiphilic
structures also act as highly efficient hydrogelators. Depending on the choice of
spacer chain, compounds such as 5 can have minimum gelation concentrations of
<0.3% w/v (Figure 5.11) [45]. The gelation ability of many hydrogelators is highly pH
dependent. Compound 5 forms vesicles atlow pH and only assembles into fibrillar gel-
phase materials when the pH is increased, a process which optimizes the solubility of
the bola-amphiphile.

Compound 6 provides an interesting example of a photoswitchable hydrogel
(Figure 5.12) [46]. Only the trans form of this compound assembles into nanoscale
fibrillar objects and acts as a hydrogelator, whereas the cis form of the compound
assembles into a microspherical morphology. The cis form of the gelator can be
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Figure 5.11 Hydrogelators based on peptide (3 and 4) and urea
(5) functional groups.
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Figure 5.12 Compound 6 — a photoswitchable hydrogelator.
Adapted from Ref. [46] with permission of the American Chemical
Society.

converted into the trans form by photoirradiation and consequently, photoisome-
rization triggers a morphological transition at the nanoscale level and hence
“switches on” gelation. Using external stimuli in this way to trigger gelation is
an important target in controlled release applications such as drug delivery (see
Section 5.5.4) and is one of the key ways in which the reversibility of supramolecular
gels can be harnessed.

5.4.2
Carbohydrates (Multiple —OH Groups, Hydrogen Bonding)

Like peptides, alcohol groups contain both a hydrogen bond donor and an acceptor,
ideal for setting up intermolecular hydrogen-bonded networks. Carbohydrates are
particularly interesting building blocks for gels [47] as this class of molecule has
many naturally occurring members which possess multiple —OH groups with
subtly different organizations and chiralities, hence providing fertile ground for
investigations of structure—activity relationships [48]. Normally, for the formation of
organogels, some of the sugar alcohol groups will be protected — a completely
unprotected sugar would not have the right solubility profile, being too hydrophilic
and hence insoluble in organic solvents. Once again, the key appears to be
achieving balanced solubility combined with the presence of potential self-assem-
bling functional groups.

Chiral molecule 7, a partly protected version of sorbitol, demonstrates these
principles in action and has been extensively studied as a gelator of organic
solvents and polymer melts since the first reports, which remarkably appeared as
long ago as 1891 (Figure 5.13) [49]. Recently, this molecule has been applied as the
matrix gelator in the development of quasi-solid-state dye-sensitized solar cells
[50]. A wide range of analogues of this compound have since been investigated as
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Figure 5.13 Carbohydrate-based organogelator 7.

organogelators and this has led to an understanding of the role of both intra- and
intermolecular hydrogen-bonding pathways on controlling the self-assembly of
these molecules [51].

Carbohydrates have also been employed as hydrogelators — for example, gels based
on unprotected sorbitol are widely employed in personal care products such as
toothpaste and shaving gel. Typically, in hydrogelators, the carbohydrate is fully
deprotected to provide high compatibility with the aqueous phase and the potential for
multiple intermolecular hydrogen bond pathways. Furthermore, the carbohydrate is
often functionalized with a significant hydrophobic surface in order to provide a
thermodynamic driving force for assembly [52]. An example of this strategy is provided
by amphiphilic compound 8, which assembles into helical nanoscale fibers
(Figure 5.14). Hydrogelators based on sugars have also been constructed with
bola-amphiphile type architectures. For example, it was reported that compound
9 remarkably formed gels at concentrations as low as 0.05% w/v (Figure 5.14) [53].
The chromophoric azo dye used as the linker in these gelators experienced an
induced CD signal due to its incorporation within a chiral nanoscale self-assembled
architecture — the stereochemistry of the glucose units drives the chiral assembly
process. The exciton coupling bands in these CD spectra could be assigned to the
transition dipoles in the azobenzene units being orientated in a clockwise direction —
indicating right-handed helical growth of the molecular fibrils. SEM observation of
the gel fibers showed that this helicity was also manifested in the fibers observed
at the nanometer scale. Transcription of chiral information from the molecular scale
to the helicity on the nanoscale was therefore unambiguously demonstrated.

O OH (:JH
|l| OH OH
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L H e} o ey
Hd oM HO OH
CH

Figure 5.14 Carbohydrate hydrogelators 8 and 9.
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Figure 5.15 Compounds 10 and 11 as simple steroid organogelators.

5.4.3
Steroids/Bile Salts (Hydrophobic Surfaces)

Steroids, such as cholesterol, are naturally occurring lipid molecules which existin all
plants and animals; they have apolar tetracyclic skeletons and relatively planar rigid
structures and have been widely explored as gelators [54]. It is well known in biology
that steroids can interact with lipid membranes as a consequence of solvophobicity
and van der Waals interactions. In gelation, solvophobicity will play the greater role in
hydrogel formation whereas van der Waals interactions will be more important in the
assembly of organogels. In 1979, it was reported that compounds 10 and 11 could
gelate organic solvents and many of the fundamental techniques used to study
organogels were developed using these molecules (Figure 5.15) [55]. Interestingly,
the free radical on compound 10 meant that this gelator could also be investigated by
electron spin resonance (ESR), with this technique even being used to generate a
phase diagram.

Steroids modified with aromatic rings can become even more effective gelators
due to n—m stacking. For example, compound 12 forms gels at concentrations <1%
w/v and was described as a “supergelator” (Figure 5.16) [56]. In an elegant study,
chiral gelator 13, a functionalized cholesterol derivative, was investigated by CD
spectroscopy (Figure 5.16) [57]. The chromophoric azo dye unit attached to the steroid
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Figure 5.16 Modified steroid gelators 12 and 13.
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15

Figure 5.17 Bile acid salt 14 and bile acid derivative 15 both act as hydrogelators.

experienced an induced CD signal due to its incorporation within a nanoscale self-
assembled architecture (caused by the presence of the cholesterol, with its high
propensity for aggregation). Once again, the directionality of helical stacking within
the nanoscale aggregate could be assigned from these CD spectra. In some cases, it
was found that the speed of cooling during gel formation could control the
‘handedness’ of the assembled helical nanostructure — indicating the importance
of carefully controlling and reporting the conditions of gel synthesis, as indicated in
Section 5.2.

Bile acids, such as 14, possess a rigid steroid skeleton, but are functionalized with
polar —OH groups on the concave a-face and apolar methyl groups on the convex
B-face (Figure 5.17). In addition, they contain a carboxylic acid unit which increases
water solubility. As such, these molecules have a degree of facial amphiphilicity and
they might be expected to have higher compatibility with aqueous solvents than
simple steroids such as cholesterol —indeed, they are able to act as hydrogelators, with
the first observation of this process being made for sodium deoxycholate as long ago
as 1913 [58]. As expected for hydrogelators, hydrophobicity (between B-faces) drives
the assembly process, supported by hydrogen bond interactions. Simple bile acids
have also been used to construct more sophisticated gelator architectures. For
example, compound 15, which contains three cholic acid units attached to a triamine
scaffold, forms gels at remarkably low concentrations (Figure 5.17) (0.02% w/v) [59].
The formation of hydrophobic “cavities” in the gel was characterized using
8-anilinonaphthalene-1-sulfonic acid (ANS) as a fluorescent probe of polarity.

544
Nucleobases (Hydrogen Bonding and ww—m Stacking)

Nucleobases are substituted heteroaromatic pyrimidines and purines and are
primary building blocks in the structures of nucleic acids. They constitute interesting
building blocks for gel-phase materials [60] because they can form hydrogen bonding
interactions within the plane of the heteroaromatic ring and n-n interactions
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Figure 5.18 Compound 16 is a nucleobase organogelator.

perpendicular to the plane. This allows these molecules to become involved in
extended networks of intermolecular interactions.

Compound 16 is a typical organogelator incorporating a guanosine nucleobase
(Figure 5.18) [61]. These molecules formed gel-like liquid crystalline phases in
hydrocarbon solvents, but fibrillar structures were not observed — instead, a planar
tape-like assembly was indicated, with in-depth X-ray diffraction analysis providing
evidence that the tapes contained the hydrogen-bonded guanine residues while the
hydrocarbon chains and solvent molecules filled the gap between the tapes. Deri-
vatives of thymidine have also been systematically investigated as organogelators [62].

One of the interesting features of nucleobase derivatives is their ability to form
specific interactions with their complementary partner nucleobase — this can modify the
self-assembly process and hence the properties of the gel. For example, thymidine
derivative 17 (Figure 5.19) forms opaque gels in organic solvents such as benzene, but
on mixing with complementary poly(A) (as a complex solubilized by cationic lipid),
the opaque gel became transparent [63]. However, adding non-complementary poly
(C) had no effect on the optical properties of the gel. SEM demonstrated that the
addition of poly(A) changed the morphology of the gel from a microscale platelet-like
structure (opaque) to an entangled nanoscale fibrillar network (transparent). As
expected, the addition of poly(C) caused no perturbation of the microscale plate-
let-like morphology of compound 17.

Nucleobases have been used to generate bola-amphiphile-type structures such as
18, with two thymine units attached to either end of a spacer chain. This molecule
assembles into hydrogels in a similar manner to the bola-amphiphiles described
in previous sections [64]. Stacking of the nucleobases was indicated by a large
hypochromicity in the UV-Vis spectrum. This system was demonstrated to respond
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Figure 5.19 Structure of thymidine derivative 17, the self-
assembly of which is modified by the addition of complementary

poly(A).
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sugar-phosphate
backbone

adenine residue

thymine residue

Figure 5.20 Compound 18 based on thymine, self-assembled
with oligo(adenine) to yield twisted nanofibers based on
complementary A-T interactions. TEM imaging [(a) and (b)]
indicated the helical pitch and diameter of these nanoscale
assemblies. Adapted from Ref. [65] with permission of Wiley.

to the presence of oligo(adenine) (Figure 5.20) [65]. In the presence of longer strands
of oligo(A), helical nanofibers 7-8 nm in width and several hundred nanometers in
length were observed. In these nanostructures, the oligo(A) strand had wrapped itself
around the fibrillar assembly of compound 18 as a consequence of complementary
hydrogen bond interactions between the A and T nucleobases.

Guanosine derivatives are also known to form gels in aqueous solvents as a
consequence of G-quartet (19) formation (Figure 5.21) — a process which can be
templated by Na* or K" cations (which interact with free lone pairs of the C=0
groups pointing into the cavity). These G quartets can assemble into columnar gels,
primarily driven by hydrophobic stacking [66].

5.4.5
Long-chain Alkanes (van der Waals Interactions)

Alkyl chains are widely incorporated into gelators as they provide a simple way of
tuning the solubility of the molecular building blocks — indeed they are near
ubiquitous in gelation systems. Alkyl chains can pack together via van der Waals
forces and this can enhance gelation by supporting other intermolecular forces,
particularly during the formation of organogels. Alkyl chains can also play a role in
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Figure 5.22 Fatty acid 20 (12-hydroxystearic acid, HSA) is capable
of gelating a wide range of organic solvents and has widespread
industrial use in the form of its lithium salt (Section 5.5.7).

ensuring the compatibility of the molecules with organic oil-type solvents and hence
preventing phase separation. In hydrogels, alkyl chains often play a key role in driving
the aggregation process as a consequence of the hydrophobic effect.

Fatty acids and their salts (e.g. 20, Figure 5.22) have been widely employed for their
gelation potential [6] and are industrially applied in a range of, e.g., cosmetic
products. In 1925, Zsigmondy won the Nobel Prize for his investigations of colloidal
systems, including fatty acid salts [67]. These systems are all underpinned by fibrillar
self-assembled morphologies.

In one unusual example, van der Waals interactions and packing forces alone are
sufficient to drive the gelation process. Simple long-chain alkanes such as n-
hexatriacontane [H(CHj,);¢H] are able to act as gelators in a variety of hydrocarbon
liquids, alcohols, halogenated liquids and a silicone oil [21a]. The extended alkyl
chains pack together in a lamellar fashion to form a type of platelet microcrystal,
which subsequently forms an interpenetrating network of platelets (Figure 5.23).
Interestingly, it is known that this type of aggregation process causes problems in oil
pipelines and production equipment, where so-called “waxes” of long-chain alkanes
are deposited — understanding and prevention of this aggregation process are
therefore of commercial importance.

54.6
Dendritic Gels

In recent years, dendritic (branched) molecules have been explored as gelators [68].
Dendritic systems possess multiple functional groups within the branched structure
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Figure 5.23 (a) Optical micrograph (scale bar 100 um) of the
platelet morphology formed by n-hexatriacontane in 1-octanol; (b)
proposed model of platelet formation; (c) proposed molecular
packing of long-chain hydrocarbons driven by van der Waals
forces. Reproduced from Ref. [21a] with permission of the
American Chemical Society.

and as such are capable of forming multiple intermolecular interactions, making
their self-assembly [69] and gelation properties of considerable interest.
Compound 21 was one of the first dendritic organogelators [70]. In this system,
intermolecular hydrogen bond interactions between the peptide groups at the focal
point of the dendron were responsible for the self-assembly process (Figure 5.24).
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Figure 5.24 Compound 21.
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Lower generation dendritic analogues (with less branching) did not lead to gelation,
instead giving precipitate. It seems likely that in this case, the dendritic branching
plays a steric role in enforcing the directionality of the assembly process and
preventing the formation of “three-dimensional” aggregates.

Compounds such as 22, with dendritic lysine head groups attached to an alkyl
spacer chain, have been investigated in detail as gelators (Figure 5.25) [27c]. These
molecules assemble predominantly as a consequence of hydrogen bond interactions
between the dendritic peptide head groups, as demonstrated by NMR titration and
variable temperature experiments. In this case, the highest generation system
investigated (third generation) was the most effective gelator. It has been argued
[27¢] that dendritic effects on gelation are a balance between favorable additional
intermolecular interactions and unfavorable steric hindrance and entropic penal-
ties. In this case, therefore, it appears that the additional hydrogen bonds possible
on introducing more branching more than compensate for the steric and entropic
penalty of assembling more bulky and flexible molecular building blocks.

In a key study [37], the gelation of mixtures of these building blocks has been
investigated (Figure 5.26). It was reported that in mixtures where the peptide head
groups are different, such as those based on “size” or “chirality”, the dendritic
building blocks are able to self-sort and form their own independent nanostructures.
However, in systems where the dendritic head groups remain the same and only the
spacer chain is changed (“shape“) the molecular recognition pathways between the
peptide head groups become confused, self-assembly is disrupted and the nano-
scale assemblies which result are constructed from a mixture of the different
building blocks.

Amphiphilic dendritic organogelators [dendron rod-coil (DRC) molecules] such as
23 have been investigated as gelators (Figure 5.27) [72]. In this case, structure—
activity relationship studies indicated that at least four hydrogen bonding O—H
groups were required to support gelation, that the rigid aromatic rod became
involved in n—r stacking interactions and that a sufficiently long apolar coil was
required. These gelators have been widely exploited and some examples will be
given in Section 5.5.5.
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Figure 5.26 Self sorting mixtures — size, shape and chirality.
Reproduced from Ref. [37] with permission of Wiley.

Dendritic hydrogelators are also well established. Once again, it is no surprise that
some of these structures are bola-amphiphilic in nature, with hydrophobicity driving
self-assembly. For example, compounds 24 and 25 form gel-phase materials at
concentrations of 1% w/v in water, with fibrous assemblies being visualized by
TEM methods (Figure 5.28) [73]. A series of structure—activity relationship experi-
ments were performed and it was reported that there was an optimum balance
between the length of the spacer chain and the size of the dendritic head group in
order for gelation to occur. Indeed, compound 24 will form a gel when the spacer
chain contains only eight carbon atoms, whereas compound 25, which has more
extensive polar head groups, requires at least 10 carbon atoms in the spacer chain for
gelation to be observed. This hydrophobic/hydrophilic balance reflects the balance in
solubility which is required for effective gelation.

HQ

23

X+y=9 HO

Figure 5.27 Dendron rod-coil 23.
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Figure 5.28 Dendritic hydrogelators 24 and 25.

5.4.7
Two-component Gels

Two-component gelation systems are of rapidly increasing importance [74]. In such
systems, two independent components are both required to be present in order for
gels to form. The two components must first form a complex, which subsequently self-
assembles into a gel-phase material. This introduces another step into the hierarchi-
cal assembly process and consequently provides another level by which the gelation
event can be controlled and tuned.

An early example of a two-component gelation process made use of the well-known
interaction between barbituric acid (26) and pyrimidine (27) (Figure 5.29). Appro-
priate functionalization of these building blocks sterically blocked the formation of a
three-dimensional aggregate and encouraged the formation of a linear supramolec-
ular polymer held together by hydrogen bonds [75]. Although this system only
formed gels at relatively high concentrations, it demonstrated the principle that two
components could act in a synergistic manner to form a gel-phase material.

Extensive studies have been made of a two-component gelation system in which a
twin-tailed anionic surfactant, sodium bis(2-ethylhexyl)sulfosuccinate (AOT, 28)
interacts with substituted phenols (29) (Figure 5.30) [76]. Gelation is initiated via
the formation of a hydrogen bonding interaction (possibly with associated proton
transfer) between the phenol and the sulfonate group. Subsequently, the aromatic
phenols form a nt-stacked architecture. The alkyl chains of the surfactant are then able
to contribute van der Waals interactions, in addition to ensuring the compatibility of
the fibrillar aggregates with the surrounding solvent. Small-angle X-ray scattering
was used to demonstrate that molecular-scale fibrils (diameter ca. 2.1 nm) assemble
into fibers (diameter ca. 10 nm), which then aggregate further to yield fiber bundles
(diameters 20-100nm) — a clear example of the hierarchical assembly process.
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Figure 5.29 Compounds 26 and 27.
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Figure 5.30 Compounds 28 and 29 assemble hierarchically to
form strands, fibrils and fibers. Adapted from Ref. [74] with
permission of Wiley.
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Figure 5.31 Two-component gelation system 30.

Two-component gels based on dendritic building blocks such as 30 have been
reported and fully characterized (Figure 5.31) [12a,14,77]. Intriguingly, it has been
demonstrated that the molar ratio of the two components can control the nanoscale
morphology into which these molecular-scale building blocks assemble [21d]. A
stoichiometric 2 : 1 ratio of dendron to diamine gave rise to well-defined nanofibrillar
architectures; however, when the amount of dendron was decreased relative to the
diamine (e.g. 1: 4.5 ratio), the dendron was less able to stabilize this extended fibrillar
morphology. Gel-phase materials were still obtained, but it was found that these
were underpinned by networks of micro- or nano-crystalline platelets (Figure 5.32). It
was argued that when sufficient dendron is present, the growth of diamine “crystals”
is prevented in two dimensions, giving rise to one-dimensional fibers. However,
when the amount of dendron becomes insufficient, it can only prevent growth of
diamine “crystals” in one dimension and hence two-dimensional platelets result.
Different diamines gave rise to different morphologies (platelet, square, rosette);
however, all of them were fundamentally composed of interlocked two-dimensional
objects. This demonstrates how two-component gels can provide additional control
over nano-fabrication.

Two-component gels have been constructed based on well-known receptors widely
used in molecular recognition. For example, compound 31 employs a dibenzo-24-

Figure 5.32 SEM images of nanoplatelets formed from different
diamines in the case where there is insufficient dendron present to
prevent growth of diamine platelet crystals in two dimensions.
Adapted from Ref. [21d] with permission of the publishers.
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Figure 5.33 Compounds 31 and 32.

crown-8 building block appended with steroid units [78]. Addition of substrate 32,
capable of binding to the crown ether, was observed to enhance significantly the
propensity for gelation (Figure 5.33). It was proposed that molecular recognition
induced a conformational change in compound 31 which encouraged the stacking of
the steroid units and organization of the hydrogen bonding groups. This indicates
how using a two-component approach, gelation can become responsive to specific
chemical triggers. Other researchers have also developed gels which respond to the
presence of specific ions via a host-guest binding mechanism and such systems have
potential in controlled-release applications (Section 5.5.4) [79].

Donor-acceptor m— interactions have also been employed for the assembly of two-
component gels. Bile acid derivative 33, functionalized with a donor group, formed
gels when present in 1:1 stoichiometry with acceptor molecule 34 (Figure 5.34) [80].
UV-Vis spectroscopy indicated the presence of donor-acceptor interactions, as the
gelation process was accompanied by a substantial increase in the charge-transfer

Figure 5.34 Compounds 33 and 34.
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Figure 5.35 Vancomycin 35 triggers the enhanced gelation of
compound 36 via host—guest interactions as illustrated.

band. Indeed, whereas the individual components are colorless/pale yellow, the
nanostructured assembled gel is brightly colored.

Two-component hydrogels have also been uncovered in recent years. Perhaps one
of the most interesting makes use of the medicinally relevant interaction between the
antibiotic vancomycin (35) and pyrene-functionalized p-Ala,p-Ala derivatives such as
36 (Figure 5.35) [81]. It was demonstrated that the addition of vancomycin to a
solution of gelator 36 gave rise to a significant increase in the mechanical strength of
the gel — indeed, a dramatic 10°-fold increase in the storage modulus of the material
was reported. SEM investigations demonstrated that vancomycin changed the

structure which underpins gelation transforming a self-assembled linear superstruc-
ture into a highly crosslinked two-dimensional sheet.

5.5
Applications of Molecular Gels

The endless and subtle synthetic variations which can be made to molecular gelators
as illustrated in Section 5.4, means that the resultant materials have vast potential for

application in a variety of different areas. The following section aims to provide a brief
overview of some current and proposed applications.
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5.5.1
Greases and Lubricants

Many lubricating greases in everyday commercial use are in fact molecular gels,
although perhaps surprisingly, this is not always widely recognized in the recent
scientific literature dealing with organogels [82]. In most greases, the “liquid-like”
phase or base oil makes up 65-95% of the grease and is composed of hydrocarbons
with between 25 and 45 carbon atoms (molecular weights 350-700) and with boiling
points between 350 and 500 °C. One of the most commonly applied types of grease,
referred to as “lithium grease”, is based on a blend of mineral oil and the lithium salt
of 12-hydroxystearic acid (HSA) (20). Over 50% of the lithium grease market is based
on the use of compound 20 as the thickening agent — this compound is obtained from
castor oil, with 65% of the world’s supply being produced in India. This grease
contains a hydrogen bonding OH group, a long alkyl chain (van der Waals interac-
tions) and a charged head group, all of which will assist in the self-assembly process.
The fibrillar nature of the self-assemblies formed by these low molecular weight
additives is well characterized in the grease literature [83].

5.5.2
Napalm

Unfortunately, napalm, one of the most notorious inventions in the history of
mankind, is a gel-phase material [84]. Napalm was originally a mixture of aluminum
salts of naphthenic and palmitic acids in petrol and is a sticky incendiary gel.
Naphthenic acid refers to the mixture of carboxylic acids obtained from crude oil.
Palmitic acid is the most common saturated fatty acid found in plants, C;5H3; COOH.
Napalm was used in flamethrowers and bombs by the US and Allied forces to
increase the effectiveness of flammable liquids by causing them to adhere to
materials. When used against human targets, napalm rapidly deoxygenates the
available air in addition to creating large amounts of carbon monoxide, causing
suffocation. In some cases, napalm incapacitates and kills its victims very quickly, but
victims who suffer second-degree burns from splashed napalm will be in significant
amounts of pain. Napalm was used in the Second World War by US troops and has
also been used in many subsequent military conflicts. Most infamously, napalm was
used in the Vietham war; however, this later version of napalm used a polymer to
achieve gelation rather than using low molecular weight compounds.

5.5.3
Tissue Engineering — Nerve Regrowth Scaffolds

On a more positive note, self-assembled gels have recently been of great interest for
their ability to act as biomaterials. In particular, they can be considered to provide a
form of nanoscaffolding, which may have uses in tissue engineering [85]. There have
been interesting studies investigating nerve growth through gels within animal
model systems [86]. In one study, hamsters were surgically blinded by cutting the
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hamsters with blinding in their right eye, visionis  Academy of Sciences of the USA.

regenerated and the hamster responds to

optic nerve to one eye. Some of the hamsters then had a self-assembling peptide
hydrogel injected in liquid form into the optic nerve — these animals regained ca. 80%
of their vision as the nerves regrew through the nanostructured gel matrix
(Figure 5.36). Untreated animals remained blind. This demonstrates that this kind
of material is compatible with living tissue and has the potential to act as a matrix to
encourage the growth of nerve cells.

In a different study, nanofibers have been self-assembled as a result of interactions
between synthetic amphiphilic peptide 37 and the polyanionic biopolymer heparin
(Figure 5.37) [87]. The nanostructured gel which resulted has been demonstrated to
promote the growth of new blood vessels (angiogenesis), a process which is essential
in wound healing and will be critical in tissue engineering applications. It is known
that heparin binds many of the required angiogenic growth factors. It was argued that
immobilization of the heparin as an integral part of the self-assembled nanofiber
scaffold should help orient the domains of growth factors, in addition to protecting
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Figure 5.37 Peptide 37 used in tissue engineering studies and a
schematic illustration of the way in which heparin can interact with
the surface of the self-assembled nano-cylinder. Adapted from
Ref. [87] with permission of the American Chemical Society.

them from protease activity — hence promoting angiogenesis — indeed, in vivo, these
systems stimulated extensive new blood vessel formation. Once again, the fact that
the components can self-assemble in vivo means that they can easily be delivered by
liquid injection.

The fact that molecular hydrogels are based on relatively low molecular weight
peptide building blocks means they should be biocompatible and furthermore will
gradually degrade in vivo. Hence, over time, these gels should break down and the
degradation products (simple amino acids) are biocompatible. This potential biode-
gradability is a major advantage of molecular gels over polymeric hydrogels, which
are well known in medical applications. Obviously, the long-term stabilities and
toxicities of these gels still have to be fully determined, but there is great promise in
this area.

5.5.4
Drug Delivery — Responsive Gels

Molecular gelshave great potential as drug delivery matrices. Indeed, itis worth noting
that a wide range of pharmaceuticals are already formulated as gels (normally using
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polymeric systems) for oral delivery. Gels can also be subcutaneously injected along
withadruginliquid formand then allowed to gelate invivo[88] for sustained release ofa
drug by allowing slow diffusion of the drug molecule out of the gel. The rate of release
could be controlled depending on whether the drug molecule itself has any specific
interactions with the gelator fibers (which would inhibit release of the drug). Alterna-
tively, responsive molecular gels can achieve rapid (“burst”) delivery of encapsulated
drugs as a consequence of going through a gel-sol transition. As has been discussed
above, molecular gels can be responsive to a wide range of different stimuli —
temperature, pH, photoirradiation, ionic and molecular triggers, etc., and as such,
the design of responsive drug delivery scaffolds is an area of considerable interest [89].

5.5.5
Capturing (Transcribing) Self-assembled Architectures

Although gels are soft materials, it is possible to try and capture the structures
into which they assemble in a more rigid form. In this way, the self-assembled
organic nanoarchitecture can be considered to act as a template for the formation
of an inorganic material. One of the first examples of this approach was the use of
compound 38 in the synthesis of nanostructured silica (Figure 5.38) [90]. A gel
was formed in a mixture of acetic acid, tetraethyl orthosilicate (TEOS) and water.
After 10 days, the solidified material was dried and calcined and was shown to
consist of tubular silica. The charged quaternary ammonium salt was essential for
encouraging the deposition of the silica onto the gel fibers.

Since this initial report, there have been numerous reports of transcription
of organic gel morphologies into silica. Particularly eye-catching has been the
generation of spiral/helical silica morphologies using different gelator structures
(Figure 5.39) [91]. It has been hypothesized that these nanostructured inorganic or
hybrid materials may have applications in enantioselective catalysis or separation.

This approach is not limited to the generation of silica-type materials. Dendron
rod-coil molecules have been transcribed into CdS nanohelices [92]. These gelators
self-assemble into one-dimensional tape-like objects with a uniform width of 10 nm
and lengths up to 10 pm. When these dendron rod-coils were present during the

o
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Figure 5.38 Compound 38 m used for transcription into silica.
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Figure 5.39 Spiral and tubular silica structures created by silica
synthesis in the presence of a self-assembled gelator, as imaged by
TEM. Reproduced from Ref. [91c] with permission of the American
Chemical Society.

synthesis of CdS, they had a direct impact on the morphology of the product - TEM
analysis indicated the formation of right- and left-handed helices of CdS, which had
been templated on the nanoribbon architecture assembled by the dendron rod-coil.
ZnO nanocrystals have also been generated using dendron rod-coils in a similar
approach [93]. When these organic-inorganic hybrid assemblies were placed in an
electric field, a degree of alignment occurred and these aligned nanocomposites had a
lower threshold for lasing behavior than pure ZnO nanocrystals. These results
indicate how self-assembly nanofabrication methods can be used to generate hybrid
nanomaterials with potential photonic applications.

In related studies, gelators have been present during the polymerization of
monomers such as styrene or methyl methacrylate. It has been demonstrated that
polymerization of these gelated monomers leads to materials which have embed-
ded nanostructures [94]. These embedded nanostructures can have a direct impact
on the materials properties of the resultant polymer, leading to toughening/
hardening effects and, in general terms, this approach may yield new advanced
functional materials, in particular if functional gelators can be embedded within
the polymer network. Subsequent washing of these nanoembedded polymers can
often remove the self-assembled fibers and generate materials that are effectively
imprinted by the memory of the nanoscale self-assembled networks [95]. Such
nanoimprinted polymers have potential applications in catalysis and separation
science.
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5.5.6
Sensory Gels

A recent study has demonstrated the potential of hydrogel materials to act as sensors
[96]. Compound 39 is not a gelator in its own right, but can be considered as a latent
gelator. This compound includes a B-lactam unit; such structures are important in
penicillin-type antibiotic drugs (Figure 5.40). One of the key mechanisms of bacterial
resistance to penicillin-type drugs is caused by hydrolysis of the B-lactam ring by
B-lactamase enzymes. Compound 39 is therefore also susceptible to B-lactamase
enzymes and, in their presence, a chemical conversion takes place which activates the
gelator, making it able to form a self-supporting network.

This system, therefore, is capable of detecting the presence of penicillin-resistant bacteria
by undergoing a sol—gel transition — a clear and easily monitored sensory response. It was
demonstrated that this system could operate in biological cell lysates and therefore
clearly illustrates how gelation can be a useful detection event which can be incorpo-
rated into biosensors. The ability to modify the structure of gelators in a precise
manner using organic synthesis means that their potential in this field is very high.

5.5.7
Conductive Gels

Given that gel-phase materials are usually underpinned by fibrillar objects, the
analogy of these nanoscale structures with “wires” is evident. There has therefore
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been considerable interest in the incorporation of conjugated molecular building
blocks into gel-phase materials. This can be considered as a bottom-up approach to
the construction of well-defined nanoscale wires. Recently, compound 40 has been
demonstrated to form gel-phase materials in hexane (Figure 5.41) [97]. Drying the gel
on a TEM grid to give the aerogel, followed by doping with iodine vapor and
annealing, gave rise to an electrically conducting thin film. The hydrogen bond
interactions which underpin gelation were essential for organizing the molecular-
scale building blocks in order to generate nanowires, which could be visualized by
TEM. The self-assembly approach to nanofabrication has considerable potential in
the development of molecular-scale electronics.

5.6
Conclusions

Gel-phase materials are one of the most intriguing classes of self-assembled material
and one of the few systems in which the impact of synthetic changes made on the
molecular level is clearly evident on the nanoscale and furthermore has direct control
over macroscopic materials behavior visible to the naked eye. This chapter has aimed to
provide a “primer” to the area and tried to highlight key principles and emerging themes
in terms of gelator design and applications. There is no doubt that over the coming
years, the simplicity of nanofabrication using a self-assembly strategy will ensure that
gel-phase materials are increasingly widely explored. In particular, it seems likely that
materials incorporating ever increasing degrees of functional behavior will be
developed and for this reason it is predicted that nanochemistry and nanofabrication
methods will become dominant themes of new manufacturing industries in the 21st

century.
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6
Nanoporous Crystals, Co-crystals, Isomers and Polymorphs
from Crystals

Dario Braga, Marco Curzi, Stefano L. Giaffreda, Fabrizia Grepioni, Lucia Maini,
Anna Pettersen, and Marco Polito

6.1
Introduction

Molecules have nanometric dimensions, hence crystal engineering, the intelligent
and purposeful assembly of molecules in crystalline structures, falls in the burgeon-
ing field of nanochemistry [1-3]. Crystal engineering [4] is at the intersection of
supramolecular chemistry [5,6] (molecular aggregates of higher complexity,
“supermolecules”) with materials chemistry [7-11] (materials made of molecules,
i.e. “molecular materials”). Research in supramolecular chemistry has demonstrated
that molecules are convenient nanometer-scale building blocks that can be used,
in a bottom-up approach, to construct larger aggregates, whether supermolecules
or crystalline materials. The controlled assembly and manipulation of three-
dimensional nanostructures with well-defined shapes, profiles and functionalities
present a significant challenge to nanotechnology. Since chemists know how to
synthesize, characterize and exploit molecular aggregation, the molecular approach
to functional nanostructures is a natural development of progress in the field.
Making crystals by design is the paradigm of crystal engineering [12,13], the main
goal being that of obtaining collective properties from the convolution of the physical
and chemical properties of the individual building blocks with crystal periodicity and
symmetry. This is also the main objective of nanotechnology because the aggregation
via intermolecular bonds of the component units (molecules or ions) will determine
the nature of the collective properties and potential applications. Moreover, if “holes”,
“channels” or “cavities” are present in the crystalline materials because of the way in
which the crystalline scaffold is organized, the size of these empty spaces will have,
necessarily, nanometric dimensions. The “bottom-up” construction of such materi-
als requires a crystal engineering approach. This will be the focus of this chapter.
One can envisage two main sub-areas of crystal engineering, namely that of
coordination frameworks [14-27] or periodical coordination chemistry and that of
molecular materials [28—39]. This is a practical subdivision, however, and all possible
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intermediate situations are possible. The possibility of exploiting metal-organic
coordination frameworks (MOFs) for practical applications (such as absorption of
molecules and reactions in cavities) critically depends on whether the networks
contain large empty spaces [40—46] or are close packed because of interpenetration
and self-entanglement. [27,47-50] The possibility of a sponge-like behavior to
accommodate/release guest molecules is of paramount importance if applications
of coordination networks as molecular reservoirs, traps and sensors are sought
[24,51-54].

Whereas in periodical coordination chemistry it is useful to focus on the knots and
spacers in order to describe the topology of the network, when dealing with molecular
materials what matters most are the characteristics of the component molecules or
ions and the type of interactions (van der Waals, hydrogen bonds, n-stacking, ionic
interactions, ion pairs, etc.) holding building blocks together [54-72]. The self-
assembly of “zeotype” coordination compounds is an extremely active area of
research, especially for the synthesis of metal-organic coordination networks,
whether finite (triangles, squares, etc.) [73-76] or infinite networks [27,77-83]. The
reader is referred to the many relevant books and reviews on this subject [84-96).

This chapter is devoted to the progress made in our research group in the “bottom-
up” construction of crystalline aggregates. In particular, we will describe recent
results obtained in the construction of (i) nanoporous coordination network crystals
able to uptake/release small molecules, (ii) hybrid organic—organometallic and
inorganic—organometallic co-crystals and (iii) isomers and polymorphs of crystals
obtained from preformed crystalline materials. In the last section we will discuss the
dynamic behavior of crystalline systems under the effect of changing temperature.

6.2
Nanoporous Coordination Network Crystals for Uptake/Release of Small Molecules

As mentioned above, the construction of MOFs takes the “lion’s share” of the current
efforts in the preparation and exploitation of nanoporous materials. Recently, it has
been shown that, in addition to traditional solution chemistry or more forcing
hydrothermal conditions, coordination framework structures can also be easily
prepared by mechanical methods, i.e. by simple grinding of the component units
in the air.

Mechanochemical methods pertain to the domain of organic solid-state chemistry.
Pioneering work has been carried out by the groups of Rastogi, Etter, Curtin and
Paul [97-103]. More recently, there has been an upsurge of interest in solventless
methods as it has become apparent that these methods could be used successfully to
prepare supramolecular aggregates, crystalline materials, co-crystals and new crystal
forms of a same species (polymorphs and solvates). Remarkable results have also
been obtained by Steed, Batten, Raston and coworkers [104-107].

We have explored the preparation of 1-D network structures by co-grinding
of transition metal salts and organic dinitrogen base that could be used as
divergent ligands. In particular trans-1,4-diaminocyclohexane, H,NCsH;oNH, (dace)
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Figure 6.1 The coordination network in Ag[N
(CH,CH2)3NJ,[CH5COO]-5H,0. Note the chain of AgtH—[N
(CH,CH2)3NJ-Ag ™[N (CH,CH,)sN]-Ag™ with each silver
cation carrying an extra pendant [N(CH,CH,);N] ligand and a
coordinated water molecule in tetrahedral coordination geometry.
H atoms not shown for clarity.

and 1,4-diazabicyclo[2.2.2]octane, N(CH,CH,);N (dabco), coordination polymer
[40-46,108,109], Ag[N(CH,CH,)3;N],[CH3COOQ]-5H,0, has been prepared by co-
grinding of silver acetate and dabco in a 1:2 ratio (Figure 6.1).

When ZnCl, is used instead of AgCOOCH]3 in the equimolar reaction with dabco,
different products are obtained from the solution and solid-state reactions. Figure 6.2
shows that the structure of Zn[N(CH,CH,);N]Cl, is based on a one-dimensional
coordination network constituted of alternating [N(CH,CH,);N] and ZnCl, units,
joined by Zn—N bonds.

More recently, we have applied the same procedure to the solid-state co-grinding of
AgCOOCH; and dace in a 1:1 ratio, resulting in the preparation of a crystalline
powder tentatively formulated as Ag[dace][CH3COO]-xH,0 [110]. We have ascer-
tained the formation of different isomers of the same coordination network depend-
ing on the preparation and crystallization conditions. The relationship between
supramolecular isomerism and network topology has been discussed [6]. Crystalli-
zation of the same compound from anhydrous MeOH yields two types of products
depending on the solvent evaporation conditions: crystals of Ag[dace][CH;COQ]
[MeOH]-0.5H,0 are obtained by crystallization under an argon flow, whereas slow
evaporation in the air results in crystals of Ag[dace][CH3;COO]-3H,0. Structural
analysis shows that both of these compounds contain two isomeric forms of the
coordination network {Ag[dace]*}... If the same reaction between AgCOOCH; and
dace is carried out directly in MeOH-water solution, a third crystalline material is
obtained, namely the tetrahydrate Ag[dace][CH3COO]-4H,0. In all cases, correspon-
dence between bulk powder and single crystals was ascertained by comparing
computed and observed powder diffractograms. In terms of chemical composition,
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Figure 6.2 The one-dimensional coordination network present in
crystals of Zn[N(CH,CH,)3N]Cl,. H atoms not shown for clarity.

the three compounds differ only in the degree and nature of solvation. The
differences in topology are, however, much more dramatic and the three compounds
must be regarded as isomers of the same basic coordination network. The crystal
structure of Ag[dace][CH3COO][MeOH]-0.5H,0 is constituted of a two-dimensional
coordination network (Figure 6.3) formed by the divergent bidentate dace ligand and
two silver atoms, which are joined together by an Ag: - -Ag bond of length 3.323(1) A
and are asymmetrically bridged by two methanol molecules. There is a close
structural relationship between the coordination networks in the Ag[dace]
[CH3COO][MeOH]-0.5H,0 and in the trihydrated compound. This latter structure
is built around a zig-zag chain Ag!")- - -[dace] - -Ag!")- - -[dace] - -Ag"™) units as shown
in Figure 6.3. The Ag atom is coordinated in a linear fashion. A projection
perpendicular to the dace planes shows how the zig-zag chains extend in parallel
fashion. The Ag!")- - [dace]- - -Ag'")- - [dace] - -Ag™") chains are bridged together via
hydrogen bonds involving the N-H donors, the water molecules and the acetate
anions. The tetrahydrated species Ag[dace][CH3;COO]-4H,0, contains an isomeric
form of the coordination networks present in the two former compounds. In the
trihydrated compound, two ligands are in a cisoid relative orientation with respect to
the silver atom, whereas in the tetrahydrated compound the two ligands adopt a
transoid conformation. This is made possible by the different orientation of the N
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(c)

Figure 6.3 Comparison between the isomeric {Ag[H,NCgH10NH;] *}, chains
in (a) Ag[dace][CH;COO][MeOH]-0.5H,0, (b) Ag[dace][CH3CO0]-3H,0 and
(c) Ag[dace][CH;COO0]-4H,0.

atom lone pairs in the dace ligand. The acetate anions form a hydrated network and
interact with the base and the water molecules.

In a further study of the mechanochemical utilization of dace, we have reported
that the compound [CuCl,(dace)],, can be obtained by thermal treatment of the
hydrated compound [CuCl,(dace)(H,0)]., which is prepared by kneading of solid
CuCl, and dace in the presence of a small amount of water [111]. The structure of
[CuCl,(dace)] is not known, since it is insoluble in most organic solvents, which
does not permit the growth of single crystals of X-ray quality. However, the DMSO
adduct [CuCl,(dace)(DMSO)] has been fully characterized by single-crystal X-ray
diffraction, which gives some insight into the structure of [CuCl,(dace)].. The
DMSO adduct can also be easily obtained by kneading solid CuCl, and dace in the
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Figure 6.4 A perspective view of the packing of [CuCl,(dace)
(DMSO)].., showing the layers formed by parallel 1D networks of
alternating CuCl, and dace units. H atoms omitted for clarity.

presence of a small amount of DMSO. This compound is formed of 1-D coordination
networks, constituted of an alternate sequence of CuCl, and dace ligands (Figure 6.4).
Parallel 1-D CuCl,-dace networks form layers and between the layers, the co-
crystallized DMSO is intercalated.

The compound [CuCl,(dace)(DMSO)], is interesting in view of its behavior upon
thermal treatment. When [CuCl,(dace)(DMSO)]., is heated to 130°C it converts to
[CuCl,(dace)]o, as is easily ascertained by comparing X-ray diffraction powder
diffractograms. From the structure of [CuCl,(dace)(DMSO)],, and from the knowl-
edge of its thermal behavior, it is possible to infer that the structure of [CuCl,(dace)],
is based on the stacking sequence of layers as in [CuCl,(dace)(DMSO)].., but
“squeezed” at a shorter inter-layer separation as a consequence of DMSO removal.
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When a guest molecule enters between the layers, the spacing between the
CuCl,—dace chains is expanded and the layers are shifted back in position. A series
of small molecules can be taken up/released depending on the preparation method,
i.e. kneading, suspension in the liquid guest or kneading followed by suspension.
The last approach is the most productive; when suspended in the desired liquid guest
the [CuCl,(dace)]., only takes up relatively small molecules (DMSO, acetone, water,
methanol, etc.) whereas in kneading other guest molecules are also taken up.
However, if [CuCl,y(dace)]., is first kneaded with a small amount of the desired
liquid and then left stirring in the same liquid for 12 h, partial or complete filling of
the compound is observed, independently on the guest molecule.

6.3
Hybrid Organic—organometallic and Inorganic-organometallic Co-crystals

Co-crystals are heteromolecular crystals, i.e. molecular crystals constituted of two
or more molecular components that are solid at room temperature (to distinguish
co-crystals from solvates). The existence of co-crystals is well known, but only recently
have they begun to be considered in debates concerning molecular materials mainly
because of the claims of their potential interest as pharmaceutical novelties [27].

The formation of co-crystals is possible only when the heteromolecular assembly is
more stable than the homomolecular crystals. For this reason, co-crystals are often
formed with hydrogen-bonded systems, where the intermolecular hydrogen bonds
may afford the additional stabilization required for the co-crystals to form. In fact, the
most common way to prepare heteromolecular hydrogen bonded crystals is by
mixing (whether in solution of by solid-state grinding) a hydrogen bonding “donor”
(usually an acidic species) and a hydrogen bond “acceptor” (usually a base). The
mixing of an acid and a base may imply proton transfer from the acid to the base, i.e.
protonation, when the pK, and pK;, values are sufficiently close.

Wehave exploited the mechanical mixing of solid reactants to prepare novel molecular
crystals containing ferrocenyl moieties. Itis useful toremember thatreactions involving
solid reactants or occurring between solids and gases avoid the recovery, storage and
disposal of solvents, hence they are of interest in the field of “green chemistry”, where
environmentally friendly processes are actively sought [112]. Furthermore, solventless
reactions often lead to very pure products and reduce the formation of solvate species. In
spite of these investigations, solid-state processes involving organometallic systems
have only recently begun in a systematic way [113-118].

Manual grinding of the ferrocenyldicarboxylic acid complex [Fe(n’-CsH4,COOH),]
with solid nitrogen-containing bases, namely 1,4-diazabicyclo[2.2.2]octane, 1,4-phe-
nylenediamine, piperazine, trans-1,4-cyclohexanediamine and guanidinium carbon-
ate, generates quantitatively the corresponding organic—organometallic adducts
(Figure 6.5) [119,120]. The case of the adduct [HCeN,H;,][Fe(n*-CsH,COOH)
(n°-CsH,4COO0)]is particularly noteworthy, because the same product can be obtained
in three different ways: (i) by reaction of solid [Fe(n’-CsH,COOH),] with vapor
of 1,4-diazabicyclo[2.2.2]octane (which possesses a small but significant vapor
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Figure 6.5 Grinding of the organometallic corresponding adducts [HCgH1,N,][Fe (17>
complex [Fe(1>-CsH4COOH),] as a solid CsH4COOH) (17°-CsH4COO0)], [C(NH,)s]2[Fe (17
polycrystalline material with the solid bases 1,4- CsH,CO0),]-2H,0, [HCgHsN][Fe (1°-
diazabicyclo[2.2.2]octane, guanidinium cation, CsH4COOH) (>-CsH4COO)], [H2CsH1oN2][Fe
1,4-phenylenediamine, piperazine and trans-1,4- (1>-CsH4,COO),] and [H,CsH14N2][Fe (1>
cyclohexanediamine generates quantitatively the CsH,COO),]-2H,0.

pressure), (i) by reaction of solid [Fe(n*-CsH,COOH),] with solid 1,4-diazabicyclo
[2.2.2]octane, i.e. by co-grinding of the two crystalline powders, and (iii) by reaction in
MeOH solution of the two reactants. Itis also interesting to note that the base can be
removed by mild treatment, regenerating the structure of the starting dicarboxylic
acid.

Bis-substituted pyridine/pyrimidine ferrocenyl complexes have also been obtained
by a mechanically induced Suzuki coupling reaction [121] in the solid state starting
from the complex ferrocene-1,1'-diboronic acid, [Fe(n’-CsH,-B(OH),),] [122]. The
ligand [Fe(n>-CsH,4-1-CsH,N),] (1), obtained by both solution and solid-state meth-
ods, was then used to prepare a whole family of hetero-bimetallic metallomacrocycles
by reaction with AgNO3, Cd(NO3),, Cu(CH;3;COO0),, Zn(CH3CO0), and ZnCly; the
complexes [Fe(n’-CsHy,-1-CsHN),,Ag;(NO3),-1.5H,0, [Fe(n®-CsHy-1-CsHN),,
Cu,(CH3CO0),-3H,0, [Fe(n’-CsH,-1-CsH N),],Cdy(NOs3), CH;OH-0.5CsHs, [Fe
(nS-C5H4-1-C5H4N)2]ZZnZ(CH3COO)4 and [Fe(n5-C5H4-1-C5H4N)2]ZZnZCI4 were
obtained (examples are shown in Figure 6.6) [121]. Reaction of mechanochemically
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prepared [Fe(n’-CsH4-1-CsH,4N),] with the ferrocenyl dicarboxylic acid complex
[Fe(n*-CsH,COOH),] led to the formation of the supramolecular adduct [Fe(n®-
CsH4-1-CsH,N),][Fe(n®-CsH,COOH),] [121].

More recently, the same building block has been used in the preparation of
supramolecular metallomacrocycles with dicarboxylic acids of variable aliphatic
chain length [123].

The supramolecular macrocyclic adducts of general formula {[Fe(n’-CsHy-
CsH4N),] [HOOC(CH,),COOH]}, with n=4 (adipic acid), n=06 (suberic acid),
n=7 (azelaic acid) and n=8 (sebacic acid) have been obtained quantitatively by
kneading powdered samples of the crystalline organometallic and organic reactants
with drops of MeOH (for n=4, 6, 7) and by direct crystallization from MeOH for
n =8 (sebacic), whereas the adduct with n = 5 (pimelic) represents an isomeric open-
chain alternative to the macrocycle. All complexes, with the exception of 1-pimelic(5),
share a common structural feature, namely the formation of supramolecular macro-
cycles constituted of two organometallic and two organic units linked in large
tetramolecular units by O—H- - -N hydrogen bonds between the -COOH groups of
the dicarboxylic acids and the N atom of the ferrocenyl complex. Figure 6.7 shows the
structures of 1-adipic(4), 1-suberic(6), 1-azelaic(7) and 1-sebacic(8). It can be appre-
ciated how the even—odd alternation of carbon atoms in the organic spacers is
accommodated by the twist of the cyclopentadienyl-pyridyl groups and by the eclipsed
or staggered juxtaposition of the organic moieties

The compounds depicted in Figure 6.7 allow speculation on the semantics of these
crystal structures: being finite aggregates they cannot be considered as co-crystals but
rather as supramolecular systems. On the other hand, they possess a chemical
identity and a crystal structure on their own as separate molecules, therefore their
solid-state assembly (via grinding, incidentally) into the aggregates falls under the
broad definition of co-crystals provided above.

The cationic bisamide [Co(nS-C5H4CONHC5H4NH)2] has been used in the
formation of a co-crystal with [Fe(n*-CsH,COOH),] [124]. In crystalline [Co(n’-
CsH,CONHCsH,N),][Fe(n’-CsH,COOH),][PF] the two moieties are linked by an
O—H: - ‘N hydrogen bond forming a sort of dimer (Figure 6.8) reminiscent of that
observed in crystalline [Co(n’-CsH,CONHCsH,NH) (n°-CsH,COO)] [PFy.

The zwitterion sandwich complex [Co™(n’-CsH4,COOH)(n’-CsH4COO0)] [86],
thanks to its amphoteric behavior, undergoes reversible gas—solid reactions with
the hydrated vapors of a variety of acids (e.g. HCl [125], CF;COOH, CCl;COOH,
CHF,COOH, HBF, and HCOOH) [126-128] and bases (e.g. NH3, NMe3 and NH,Me)
[125] and also solid—solid reactions with crystalline alkali metal and ammonium salts of
formula MX (M=K*, Rb*, Cs*, NH,"; X=Cl~, Br, I, PF¢") [126]. These products
could also be obtained by solution methods, as discussed earlier.

Similar behavior is shown towards other volatile acids. Exposure of the zwitterion
to vapors of CF;COOH and HBF,, for instance, quantitatively produces the corre-
sponding salts of the cation [Co(n’-CsH4COOH),]*, viz. [Co(n’-CsH,COOH),]
[CF3COO0] and [Co(n’-CsH,COOH),|[BF,4]. Exposure of the solid zwitterion to
vapor of CHF,COOH quantitatively produces the corresponding salts of the cation
[Co(n’-CsH,COOH),J[CHF,COO0].
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sebaic (8)

Figure 6.7 The supramolecular structures of the macrocycles
1-adipic(4), 1-suberic(6), 1-azelaic(7) and 1-sebacic(8) showing
the hydrogen bond links between the two outer organometallic
molecules and the inner organic spacers.

The zwitterion also reversibly absorbs formic acid from humid vapors, forming
selectivelya1: 1 co-crystal, [Co(n*-CsH4COOH)(n*-CsH,COO)[HCOOH] (Figure 6.9),
from which the starting material can be fully recovered by mild thermal treatment.
Contrary to the other compounds of this class, no proton transfer from the adsorbed
acid to the organometallic moiety has been observed (Figure 6.9). Hence the
reaction between [Co(n*-CsH,COOH)(n*-CsH,CO0)] (solid) and HCOOH (vapor)
would be more appropriately described as a special kind of solvation rather than as a
heterogeneous acid-base reaction, as also confirmed by *C CP/MAS NMR
spectroscopy [128].
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Flgure 6.3 (Top) the dimers of [Co"' (17°-CsH4CONHCsH,4NH)
(°-CsH4COOQ)][PF¢] formed via bifurcate N—H™)- .0
hydrogen-bonding interactions [N---O 2.84(2) and 2.88(2) A].
(Bottom) the ferrocenedicarboxylic acid molecule and the
diamido molecule [Co" (17°-CsH4CONHCsH4NH),] in [Co™ (1°
CsH4CONHCsH4N),][Fe (7°-CsH 4COOH)2][PF6] are linked via
O—H---N hydrogen bonds [N---O 2.52(3

18 5% 178 578

.5 5
[Co''l(n*-CsH,COOH)(n*-C5H,CO0)] [Col'(n3-C5H,COOH)(n3-CsH,CO0))]

HBF. (54% in DEE),16 h 443 K, 30 min, vacuum
Avag) HCOOH ) A\ vacuum

[Co'(n*-CsH,COOH), |[BF,)

fﬂf%ﬂ/ &

Figure 6.9 (Left) exposure of the solid zwitterion [Co"' (17°-
CsH4COOH) (17°-CsH4COO)] to vapor of HBF4 quantitatively
produces the corresponding salt [Co (17°-CsH4COOH),][BF.],
whereas (right) exposure to vapor of HCOOH yields the co-
crystalline material [Co (i7°-CsH4COOH) (4>-CsH,COO0)]
[HCOOH]. Both products revert back to the solid zwitterion after
mild thermal treatment.

[Co"(n*-CsH,COOH) (1 -CsH4COO)[HCOOH]
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6.4
Crystal Isomers and Crystal Polymorphs

The phenomenon of polymorphism, viz. the existence of more than one crystal
structure for a given compound, is well known and has been widely studied [129,130].
However, the structural, thermodynamic and kinetic factors associated with the
nucleation and crystallization of molecular compounds are not yet fully understood.
The experimental investigation of crystal polymorphism is still mainly based on a
systematic, and sometimes tedious, exploration of all possible crystallization and
interconversion conditions [129-131] (“polymorph screening”), while theoretical
polymorph prediction is still embryonic [132,133]. The screening of different crystal
forms of a compound is not only an academic challenge but also is becoming one of
the most important goals in the pharmaceutical industries, since the majority of
drugs are administered as solids and solid-state properties significantly influence the
bioavailability and stability of the final product. When two or more polymorphs occur,
afull characterization of these forms and of the relationship among the different solid
phases should be studied, which is best achieved by using complementary techni-
ques such as X-ray diffraction and differential scanning calorimetry combined with
IR, Raman and solid-state NMR (SSNMR) spectroscopy.

In the context of this chapter, it is worth discussing a classical case of crystal
polymorphism, namely that of the compound 3,4-dicarboxypyridine, also known as
cinchomeronic acid [134].

3,4-Dicarboxypyridine is one of the six isomers of the acid pyridinedicarboxylic. All
these isomers are widely utilized in the construction of coordination networks, since
their metal coordination modes make possible different architectures [135-137].
Furthermore, some of these isomers are biologically active and the acid has been
studied for its ability to promote the growth of radishes [138,139].

The structural relationship between the two crystal forms of cinchomeronic acid
has been investigated by single-crystal X-ray diffraction, IR, Raman and solid-state
NMR spectroscopy, showing that the two polymorphs form a monotropic system,
with the orthorhombic form I being the thermodynamically stable form, whereas the
monoclinic form II is unstable. In both forms cinchomeronic acid crystallizes as a
zwitterion and decomposes before melting. The crystal structure and spectroscopic
analysis indicate that the difference in stability can be ascribed to the strength of the
hydrogen bonding patterns established by the protonated N atom and the carboxylic/
carboxylate O atoms.

Although cinchomeronic acid has been known for almost a century [139] and the
presence of two forms has been reported in the PDF-2 [140] database since 1971, no
scientific report seems to mention the existence of these two polymorphs. The crystal
structure of form I (according to the name in PDF-2) was described by Takusagawa
et al. in 1973 [141,142].

The molecule is present as a zwitterion both in the solid state and in solution [143],
with one acid hydrogen on the ring nitrogen. The presence of different kinds of
acceptor and donor groups for hydrogen bonding makes it a worthy candidate for a
study of the competition among of different supramolecular synthons that can be
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formed [144]. We have fully characterized both forms I and II by single-crystal X-ray
diffraction and spectroscopic methods. Both forms were initially obtained as
concomitant [145] polymorphs from an ethanol-water solution.

In a further study, we investigated the behavior of the different crystal forms of
barbituric acid (C4H4N,O3) towards basic vapors [146]. The two known crystalline
polymorphic forms of barbituric acid (C4H4N,03) (I and II) [147,148] and the
dihydrate form [(C4H4N,03)2H,0] [149,150] have been reacted with vapors of
ammonia, methylamine and dimethylamine and the crystalline products investigat-
ed by means of single-crystal and powder X-ray diffraction, thermogravimetric
analysis, differential scanning calorimetry and infrared spectroscopy. It has been
shown that forms I and II and the dihydrate form of barbituric acid react with
ammonia leading to the same crystalline ammonium barbiturate salt, NH,(C4H;
N,0;) (1a), whereas the gas—solid reactions of form II with methylamine and
dimethylamine yield the corresponding crystalline salts, CH3NH;(C,4H3N,03)
(1b) and (CH3),NH,(C4H3N,03) (1c). Thermal desorption of the bases at ca. 200°C
leads to formation of a new crystal form of barbituric acid, form III, as confirmed by
'H NMR spectroscopy and by its chemical behavior. Dehydration of the dihydrate
form has also been investigated, showing that it releases water to yield exclusively
crystals of form II.

Polymorphism within the barbiturate family is widespread and well studied also in
view of the pharmaceutical interest [151-154].

The three crystal forms are easily prepared separately and could thus be used
independently in the reaction with gases. A similar experiment has been carried out
before by Stowell’s group [155] in the course of the investigation of the reactivity of
indomethacin amorphous and crystal forms with ammonia. In the case of barbituric
acid, the main idea was not only to check whether different crystal forms of the same
acidic molecular species reacted in a different way with vapors of the same base but
also whether the reverse reactions, namely ammonia desorption, would lead to one of
the known crystal form or to the formation of a new polymorph [129,130].

In the first instance, we have discovered that the dihydrate form exclusively
transforms upon dehydration into form II of barbituric acid. Second, we have
shown that all three forms, whether as anhydrous crystals or as the dihydrated
form, react in the same way, yielding the same anhydrous barbiturate ammonium
salt, 1a. This analogy in behavior may be taken as an indication that the gas—solid
reactions require destruction and reconstruction of the crystal phases and are,
therefore, not selective. Form II has beeen used in subsequent reactions with
vapors of ammonia, methylamine and dimethylamine. In all cases it has been
possible to ascertain the rapid formation of the corresponding anhydrous salts in
the form of polycrystalline powders. The structures of the salts 1a, 1b and 1c have
been investigated by X-ray diffraction experiments on single crystals grown by
carrying out the acid-base reaction in solution. In addition to ascertaining the
detailed structural features of the salts, the data were used to calculate theoretical
powder diffraction patterns for comparison. In all cases, the structures determined
by single-crystal X-ray diffraction experiments have been shown to coincide with
those of the bulk products.
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A related situation has been observed on reacting solid malonic acid, HOOC(CHy,)
COOH, with solid N(CH,CH,);N in a 1:2 molar ratio [156]. Two different crystal
forms of the salt [HN(CH,CH,);NH][OOC(CH,)COOH], are obtained, depending
on the preparation technique (grinding or solution) and crystallization rate. Form I,
containing monohydrogenmalonate anions forming conventional intramolecular
O—H- - -O hydrogen bonds and interionic N—H- - -O hydrogen bonds, is obtained by
solid-state co-grinding or by rapid crystallization, whereas form II, containing both
intermolecular and intramolecular O—H- - -O hydrogen bonds, is obtained by slow
crystallization (Figure 6.10). Forms I and IT do not interconvert, and form Iundergoes
an order—disorder phase transition on cooling. One can envisage the two crystalline
forms as hydrogen bond isomers of the same solid supermolecule.

Proton transfer along a hydrogen bond poses an interesting question about
polymorph definition. In fact, proton mobility along a hydrogen bond [say from
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Figure 6.10 Forms I (top) and Il (bottom) of [HN(CH,CH,);NH]
[OOC(CH,)COOH]; and the hydrogen-bonded anion- - -cation
chains present in their crystals. Form | is obtained by solid-state
co-grinding or by rapid crystallization, whereas form Il is obtained
by slow crystallization.
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O—H:---Nto ()0 --- H—N™)] may not be associated with a phase transition, even
though it implies the formal transformation of a molecular crystal into a molecular
salt. This situation has been observed, for instance, for the proton migration along
an O—H---O bond in a co-crystal of urea—phosphoric acid (1:1) as a function
of temperature [157]. Wiechert and Mootz, on the other hand, have isolated two
co-crystals of pyridine and formic acid: in the 1:1 co-crystal proton transfer from
formic acid to pyridine does not take place, whereas in the 1:4 co-crystal
N—H™-..0") interactions are present [158]. Examples of this kind are rare, but
serve to stress how the phenomenon of polymorphism can be, at times, full of
ambiguity.

An intriguing case of interconversion between unsolvate and solvate crystals is
observed when N(CH,CH,);N is reacted with maleic acid, HOOC(HC=CH)COOH.
The initial product is the anhydrous salt [HN(CH,CH,);N][OOC(HC=CH)COOH],
which contains chains of )N —H - - - N®*)-bonded [HN(CH,CH,);N] " cations and
“isolated” [OOC(HC=CH)COOH] ™ anions [159]. On exposure to humidity, the
anhydrous salt converts within a few hours into the hydrated form [HN(CH,CH,);N]
[OOC(HC=CH)COOH]-0.25H,0, which contains more conventional “charge-
assisted” ()N —H---0") hydrogen bonds between the anion and cation (Fig-
ure 6.11). This latter form can also be obtained by co-grinding.

6.5
Dynamic Crystals — Motions in the Nano-world

In a further exploration of the use of mechanochemical methods to prepare
hydrogen-bonded nanometric adducts, we have used crown ethers to capture alkali
metal cations and the ammonium cation in extended hydrogen-bonded networks
formed by hydrogensulfate and dihydrogenphosphate anions [160]. Crown ether
complexes have been the subject of a large number of studies because of the interest
in ion recognition, complexation and self-assembly processes [6,161-164]. The
hydrogensulfate and dihydrogenphosphate salts, on the other hand, have found
applications in a number of devices such as H, and H,O sensors, fuel and steam cells
and high-energy density batteries [165-168]. Manual co-grinding of solid 18-crown-6
and solid [NH4][HSO,] in air leads to the formation of the crown ether complex
18-crown-6-[NH4][HSO4]-2H,0, the water molecules being taken up from ambient
humidity during grinding. In the complex the ammonium cation is trapped via
Ocown® - “H—N hydrogen bonds by the crown ethers, whereas on the exposed side it
interacts with the hydrogensulfate anion (Figure 6.12). The sulfate anion and the
water molecules also interact via hydrogen bonding, forming a ribbon that is
sandwiched between 18-crown-6-[NH,]" units. Hydrogen bonds are also observed
between water molecules and oxygen atoms in the crown ether. Analogous behavior
is shown by the potassium complex 18-crown-6-K[HSO,]-2H,0, which converts into
18-crown-6-K[HSO,4] on dehydration and which undergoes, on further heating,
enantiotropic solid—solid transitions associated with the onset of a solid-state
dynamic process [169].
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Figure 6.11 Views of the packing and hydrogen bonding in the
anhydrous salt [HN (CH,CH,)3;N] [OOC(HC=CH)COOH] (top)
and of the hydrated salt [HN(CH,CH,)3NJ[OOC(HC=CH)
COOH]Hzoo_zs (bottom).

The crown ether 15-crown-5 is a liquid in room temperature, so when it is kneaded
instead of ground, with ammonium hydrogensulfate, a similar reaction as for
18-crown-6 takes place. The product, (15-crown-5);-[NH,],[HSO,]5-H,0, also fully
structurally determined by single-crystal X-ray analysis, is also obtained when the
reaction takes place in solution. (15-Crown-5)3-[NH4],[HSO4]3-H,O is reminiscent of
18-crown-6 because of the formation of hydrogen-bonded ribbons intercalated
between the crown ether layers. The difference between the two adducts is, however,
the two different types of interactions between the ammonium cation and the crown
ether that is present in the 15-crown-5 adduct. One ammonium cation is sandwiched
between two crown ether units, whereas the other is linked to the hydrogensulfate
anion by N—H- - -O hydrogen bonds. In the 15-crown-5 adduct a hydrogen-bonded
[H;0]" ion is also needed to neutralize the overall charge.

More recently, this chemistry has been extended to encompass the investigation of
the behavior under thermal treatment of the transition metals complexes 15-crown-5-
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Figure 6.12 The solid-state structure of 18-crown-6-[NH4][HSO,]-
2H,0. Note how the crown ether molecules interact via

Ocrown’ " *H—N hydrogen bonds with the ammonium cations,
which, in turn, form hydrogen bonds with the hydrogensulfate
anions. Two water molecules (per formula unit) contribute to the
formation of the central hydrogen-bonded ribbon.

[Mn(H,0),(HSO,),], 15-crown-5-[Cd(H,0),(HS0,)3], 15-crown-5-[(H,05)(HSO,),]:
H,0, 18-crown-6:[Pb(HSO,);] and 18-crown-6-[(HsO,)(HSO,4)], obtained by
mechanical mixing or from solution crystallization. It has been shown that the Mo
and Cd complexes undergo reversible water release—uptake processes, accompanied
by a change in coordination at the metal centers [170].

6.6
Conclusions

In this chapter, we have illustrated, by means of examples coming mainly from our
own work, that the basic ideas of crystal engineering belong also to the expanding
field of nanochemistry. The possibility of rationally designing and exploring experi-
mentally the construction of nanoporous materials is a valid example. Many research
groups world-wide are applying crystal design principles to construct materials for
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applications such as sensors, traps and reservoirs. Another area, which we have not
touched upon, is that related to nanocomputing, i.e. the use of self-assembly
processes to construct addressable nanoarrays based on molecules.

Dealing with molecules, ligands and ions naturally “brings in” the nanometer scale
to the scientific strategy, if for no other reason because these chemical entities have
nanometric dimensions. Under this premise, the construction of a co-crystal, i.e. the
heteromolecular assembly of two or more component units denoted by their own
chemical and physical identities, is a nanochemical reaction. The nanochemical
reaction may be “mediated” by the formation of hydrogen bonds. Polymorphism, on
the other hand, may be seen as nanochemical isomerism, viz. the possibility of
different arrangements of the same nano-sized building block in space.
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