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Preface

There are certainly plenty of reasons accounting for the fascination exerted
during the last several years by low molecular mass gelators (LMGs). At least
two of them merit particular attention. On one hand, gelation of organic fluids
or water with LMGs represents an extraordinary macroscopic expression of
supramolecular self-assembly. It is indeed fascinating to realize how recogni-
tion events at the molecular level can lead so efficiently to the generation of
three-dimensional continuous networks spanning whole sample volumes. Re-
markably, the resulting self-assembled gel-phase materials, obtained at amaz-
ingly low concentration of a LMG, are fairly stiff, often at high temperature,
and can retain their macroscopic shape, a property characteristic of the solid
state of matter. On the other hand, gels are doubtlessly unique materials. They
have been known since ancient times - their origin can be traced back to at
least Neolithic times - and, ever since, they have played a crucial role in many
decisive advances of technology, art and medicine. Gels continue to hold the
front page as they not only remain irreplaceable materials in daily life, but are
still considered to be one of the most promising materials in the 21th century.

Gels are especially complex systems and, in spite of the huge number of
investigations, there is no simple definition of the gel state. It is well known
that many polymers, synthetic and natural, form gels. This property largely
stems the propensity of long-chain macromolecules to give rise to networks
that immobilize the majority liquid component by surface tension. By contrast,
LMGs are clearly defined molecular structures and it is their unidirectional self-
assembly that serves to build thermoreversible networks of entangled fiber-
like aggregates. A major attraction of the supramolecular approach toward
gel-phase materials is the possibility to exquisitely control network properties
and morphology by precise variations of the LMG chemical structure. As
the spectrum of LMGs has considerably enlarged over the last decade, it is
thus possible, via rational synthesis, to access a wide diversity of tunable
functional materials for applications in separation technologies, medicine,
biology, electronics, photonics, templated material synthesis, etc.

This book is intended to provide a comprehensive overview of some of
the most exciting chemical and physical aspects in the field of low molecular
weight organo- and hydrogelators. The contributions also illustrate the need for
amultidisciplinary approach between synthetic, physical and biological chem-
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istry, physics and material science. Chapter 1 presents the physical principles
of the growth mechanism of fiber and fiber network with LMGs, as treated
on the basis of the heterogeneous nucleation model. It also demonstrates that,
beside chemical approaches, physical factors can be elegantly exploited to
control and manipulate the morphology of self-assembled nanostructures in
order to produce materials with desired rheological properties. The system-
atic synthesis and gelation ability of LMGs containing cholesterol and amide
self-assembling motifs, two major classes of versatile gelators, are discussed
in Chaps. 2 and 3, respectively. These chapters are intended to outline useful
synthetic guidelines for the generation of an ever-increasing variety of molec-
ular architectures within these two families of gelators. Recent developments
in the chemistry of nucleobase-containing LMGs are described in Chap. 4.
Hydrogen-bonding within these molecular systems involves complementary
base pair formation, a process relevant to DNA double-helix formation. As
such, their self-assembled gels have emerged recently as a very promising class
of soft materials with biomimetic functional features. The self-assembly of
chiral organo- or hydrogelators is the subject of Chap. 5. In many cases gela-
tion of water or organic liquids with chiral LMGs is observed to lead to chiral
supramolecular aggregates that exhibit a distinct helical or twisted structure,
afeature reminiscent of biological systems. Liquid crystalline physical gels that
result from the orthogonal self-assembly of liquid crystals and LMGs are pre-
sented in Chap. 6. The growth of self-assembled solid fibers in thermotropic
liquid crystals leads to the formation of highly anisotropic composite materials
with unique potential for the fabrication of optical, electrical, and photofunc-
tional devices. The volume concludes with Chap. 7, a review of the emerging
field of dendritic gels. Strictly speaking, dendrimers are not low molecular
weight compounds. Yet, in contrast to the case of polymers, they have well-
defined structures. In this respect, dendrimer gelators bridge the gap between
LMGs and polymers and as such do offer exciting future directions to explore.

Of the many exciting achievements of supramolecular chemistry, it is ar-
guably the control of multiple, specific recognition events at the molecular level
that allows the construction of nanoscale architectures of increasing struc-
tural or topological complexity. As such, supramolecular synthesis represents
a powerful bottom-up fabrication approach that allows one to generate not
only novel, beautiful structures, but also uniquely functioning supramolec-
ular devices and highly tunable materials. Clearly the field of low molecular
mass organo- and hydrogelators has evolved into a sophisticated science at the
frontiers of supramolecular chemistry.

Marseille, January 2005 Frédéric Fages
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Abstract The mechanism of fiber and fiber network formation of small molecular gelling
agents is treated on the basis of a generic heterogeneous nucleation model. The for-
mation of a crystallite fiber network can take place via the so-called crystallographic
mismatch branching. At very low supersaturations, unbranched fibers form predom-
inantly. As supersaturation increases, small-angle crystallographic mismatch branching
occurs at the side face of growth fibers. At very high supersaturations, the so-called wide-
angle crystallographic mismatch branching becomes kinetically favorable. Both give rise
to the formation of fiber networks, but of different types. Controlling the branching of
the nanofibers of small molecular gelatins allows us to achieve the micro/nanostructure
architecture of networks having the desired rheological properties. In this regard, the en-
gineering of supramolecular functional materials can be achieved by constructing and
manipulating the micro/nanostructure in terms of a “branching creator”, or by tuning
processing conditions.
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Abbreviations

a Activity

C Concentration

Dy Fractal or Hausdorff-Besicovitch dimension of a pattern
d Diameter of an object

DIOP Di-(2-ethy1hexy1 phthalate) (CgH;7C00);, (CgHy)
EVACP Ethylene/vinyl acetate copolymer

f(m) Interfacial correlation function

G* Complex modulus

el Storage modulus

G’ Loss modulus

GP-1 N-lauroyl-L-glutamic acid di-n-butylamide
AG Gibbs free-energy barrier

h Height of step of crystal surface

Ahm Enthalpy of melting per molecule

ISA Isostearyl alcohol

L-DHL Lanosta-8,24-dien-3-0l:24,25-dihydrolanosterol = 56:44
J Nucleation rate

k Boltzmann constant

m Interfacial matching parameter

N Number of particles or segments

Ny Number of crystals per volume

P Pressure

Te Radius of curvature of critical nucleus

R Radius of gyration of a pattern

Rg Growth rate of fiber along the axial direction
SA-CMB  Small-angle crystallographic mismatch branching
SEM Scanning electron microscopy

T Temperature

ts Nucleation induction time

t Time

WA-CMB  Wide-angle crystallographic mismatch branching
Growth rate of bulk crystals

Crystallinity of a system

Volume fraction of crystal materials

Interfacial free energy

Step free energy of crystal surface

Chemical potential

Viscosity

Contact angle

Volume per structural unit

Induction time for the nucleation of new fibers on the host fibers
Supersaturation

Angular frequency

Branching distance
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1
Introduction

Supramolecular functional materials having 3D fibrous network structures
formed by, for instance, dilute solutions of polymers, proteins, and inorganic
substances like silica or clays in water and organic solvents have been well
studied. In recent years there has been rapidly growing interest in such mate-
rials, which is motivated by the many potential applications in photographic,
cosmetics, food, and petroleum industries, drug delivery, lithography, catalyst
supporters, scaffolds for tissue engineering, the novel separation for macro-
molecules, etc. [1-14]. Supramolecular functional materials with 3D fibrous
network structures can be employed as a vehicle for drug delivery and con-
trolled release. The mesh size of 3D fiber networks will determine the rate of
drug release.

Macroscopic properties, in particular, the rheological properties of supra-
molecular functional materials are determined by the micro/nanostructure
of fiber networks. These materials have continuous 3D entangled networks in
the liquid, thereby preventing the liquid from flowing owing to the capillary
force.

Among these materials, those formed from small organic molecules are
a special class. In contrast to their macromolecular and inorganic counter-
parts, it is believed that the network structure formed by low molecular
weight organogelators is held together solely by noncovalent forces, including
hydrogen bonding, stacking, and solvophobic effects.

Fibrous networks with permanent interconnections will effectively en-
trap and immobilize liquid in the meshes, and possess both the elastic
properties of ideal solids and the viscosity properties of Newtonian li-
quids. Consequently, self-supporting supramolecular materials will be ob-
tained [8-10,15-21]. In contrast, systems consisting of nonpermanent/or
transient interconnecting (or entangled) fibers or needles can only form weak
and viscous paste at low concentrations [6, 7].

Although the formation of supramolecular functional materials from small
molecules is an excellent example of a supramolecular self-organization pro-
cess, most such materials have been found by serendipity rather than design,
and many aspects of supramolecular functional materials are still poorly un-
derstood. The control of gelation phenomena induced by small molecules and
the design of new gelling agents are therefore challenging goals leading to
anew area of fascinating organic materials, and it is only recently that a num-
ber of successes have been reported.

It was believed [6, 9] that the formation of interconnecting fiber networks,
which leads to the formation of supramolecular materials, takes place via
molecular self-assembly of nanofibers. Nevertheless, the latest research in-
dicates that the 3D self-organized micro/nanostructure of supramolecular
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functional materials is controlled by a so-called crystallographic mismatch
branching. This is essentially a special case of heterogeneous nucleation. This
implies that even for areas such as supramolecular functional materials where
conventionally crystallization was regarded unimportant, knowledge of nu-
cleation is also very crucial.

It is the purpose of this chapter to analyze the kinetics of nucleation
under the influence of substrates and additives from the point of view
of the solid/fluid structure. On the basis of the knowledge acquired, the
principles and strategies for the engineering of micro/nanostructures of
various systems, in particular supramolecular functional materials, will be
examined.

2
Crystallization of Nanofibers

As can be seen in the following sections, nucleation is the initial step in the
formation of crystalline materials. It is also very crucial in determination of
the structural synergy between crystals and the substrate. It will be shown
that the formation of a fibrous structure of some supramolecular materials is
actually controlled by special type of nucleation—crystallographic mismatch
nucleation, on the growing tips of fibers. Therefore, a decent understanding
of nucleation is very important.

2.1
Thermodynamic Driving Force

Nanofibers which form self-organized fibrous networks in organogels are
sometimes found to have a 3D crystalline order [15-18,21]. The forma-
tion of fibers, therefore, takes place in most cases via a crystallization pro-
cess [15-18,21], including nucleation and growth [22-32].

Crystallization is the process that the first-order phase transitions be-
gin with. The driving force for the formation of new phases (e.g., crystals)
is Ap, which is defined as the difference between the chemical potentials
Mmother and fcrystal Of the growth unit in the mother and the crystalline
phases [22, 31, 34]:

A= Wmother — Merystal - (1)

When Ap >0, it is said that the system is supersaturated. This is the ther-
modynamic precondition for nucleation and growth of the crystalline phase.
Conversely, when Apu < 0, the system is undersaturated. Under such condi-
tions, crystals will dissolve. In the case where Ay = 0, the mother phase is in
equilibrium with the crystalline phase [20, 29, 32].This implies that under the
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given temperature T, pressure P, concentration C, etc., one always has

€
'u’rr?other = Hecrystal » (2)
where 'u’mother is the chemical potential of solute molecules in the phase equi-

librium (or coexistence) between the mother and the crystalline phases. It

follows that for a given condition, /crystal can be expressed by '“mother There-
fore, in many cases of practical importance A can be expressed as
e
Ap = mother = Mn?other . (3)

For crystallization from solutions, the chemical potential of species i is given
by [15,23, 25]

ni= /J/I +kT1nal~,ul +kTInGC;, (4)

where a;, and C; denote the activities and concentrations of solute, k is the

Boltzmann constant, and T is the absolute temperature. M? denotes the stan-

dard state (a; = 1) of the solute chemical potential. This then gives rise to the

dimensionless thermodynamic driving force:
A ai Ci

kT aiq Ciq
where aeq and Ceq are, respectively, the equilibrium activities and concentra-
tions of the solute.

Notice that the thermodynamic driving force for crystallization is often

expressed in terms of supersaturation. If we define supersaturation as

o= (ai—al )/aeq"( i - ?q) /CiY (6)
Eq. 5 can then be rewritten as

A

. ’TL In(1+0). (7)

In the case of 0 < 1, Eq. 7 can be approximated, after the Taylor series expan-
sion, as

Au/kT=In(l+o0)=o0. (8)

For crystallization from melts at temperatures not far below the melting or
equilibrium temperature, we have the thermodynamic driving force by apply-
ing similar thermodynamic principles as [31, 35]

A
k—’T‘ = AhyAT/KTT,, 9)
AT=(Te-T), (10)

where Ahyp, is the enthalpy of melting per molecule, T, is the equilibrium
temperature, and AT is supercooling.
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2.2
Fiber Formation

2.2.1
Nucleation of Fiber

The formation of fibers, in particular, crystalline fibers takes place in terms
of nucleation. In distinction from the branching process, the nucleation as-
sociated with the generation of new fibers is hereafter referred to as primary
nucleation. A characteristic feature of the nucleation process is that the sub-
stance with the properties of the new phase is fluctuating and localized in
nanoscale small spatial regions. These are occupied by atoms or molecules of
various numbers which constitute the so-called clusters. The clusters staying
in equilibrium with the surrounding mother phase are the critical nuclei, and
the smaller or the larger clusters are the subnuclei or the supernuclei, respec-
tively. Only the supernuclei are the clusters that can grow spontaneously to
reach macroscopic sizes. For simplicity, we call hereafter the subnuclei “clus-
ters”, and the supernuclei “nuclei”.

The nucleation rate J describing the number of nuclei successfully gener-
ated from the population of clusters per unit time unit volume is determined
by the height of a free-energy barrier, the so-called nucleation barrier. The
occurrence of a nucleation barrier is attributed to the following two contra-
dictory effects:

1. Since the crystalline phase is a stable phase, the occurrence of the new
phase from the mother phase will lead to the lowering of the (Gibbs) free
energy of the system.

2. Owing to the interfacial (or surface) free energy, the increase in the
size of the crystalline new phase leads to the increase of the area of
the interface (or surface), and consequently the interfacial (or surface)
free energy. This will cause the increase of the Gibbs free energy of the
system.

The combination of these two effects gives rise to the formation of the
nucleation barrier.

The occurrence of a substrate in the system normally reduces the interfa-
cial (or surface) free energy; therefore it will also lower the nucleation barrier.
Note that the substrate can be any foreign body, such as dust particles, air
bobbles, or the wall of a gelation container during the formation of new fibers.
In the following sections, the so-called crystallographic mismatch branching,
which is one of the key processes responsible for the fiber network formation,
will be treated. In this case, the branching is a special case of heterogeneous
nucleation, where the substrate can be parent fibers. Let AG;; omo be the ho-
mogeneous nucleation barrier, and AG} be the heterogeneous nucleation

hetero
barrier (the nucleation barrier in the presence of the substrate.) The nucle-
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ation barrier can be given as

A Gikletero = f A G;klomo 4 ( 11 )

167y $2>
AGE o= - , (12)

3[len (1 + 0)]2

and, f, a factor describing the lowering of the energy barrier of nucleation
owing to the occurrence of substrate, can be expressed as a function of m
as [22,31, 34]

f(m)=i(2—3m+m3), (13)
with  m = (st - ¥so)/Veg X cosf, (-1<m<1), (14)

where y;; is the surface free energy per unit surface between phases i and j
and §2 is the volume per structural unit, the mother phase is represented by
subscript f, the cluster of the crystalline phase by ¢ and the foreign body by s.

In association with the nucleation barrier, the radius of curvature r of crit-
ical nuclei is determined by y,f and the driving force Au [22,28,30,31], and
can be given by

re =2R2v/ A =28Ry4/kTIn(l + o) . (15)

Note that the factor f(m) changes from 1 to 0 as m varies from -1 to 1.
Obviously, this factor plays an important role in the determination of the
heterogeneous nucleation barrier AGy . . One can see from Eq. 11 that the
influence of substrates on the nucleation barrier can be fully characterized by
this factor.

Let us repeat the picture of the heterogeneous nucleation. On the sub-
strate surface, some molecular processes occur owing to transient visiting
molecules which adsorb, form short-lived unions, break up, desorb, etc. An
instantaneous census would show some distributions of subcritical nuclei (or
clusters) with 1,2,3, ...molecules per cluster.

Nucleation begins with the formation of a cluster of size r., with n*
molecules. 7. is given by Eq. 15.

The widely accepted kinetic model of nucleation (within the cluster ap-
proach) was used first by Farkas [35] in 1927. It is based on the scheme of
successive “chain reaction” between monomer molecules and n-sized clus-
ters:

Monomer = dimer... = (n - 1)mer = n-mer = (n + 1)mer... (16)

Taking into account the effect of the substrate on both the nucleation barrier
and the transport process, and the effect of the density and the size of foreign
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Nucleus (c)

Fluid (f)

0 "\

Substrate (s)

Fig.1 A generic picture of nucleation on the foreign particle. 6 is the virtual contact angle

particles occurring in the system, we obtain the nucleation rate as [31-34]

302
— Bf" 1/2 _ 167{ch'Q , 17
= Bf (] fm)] XeXp[ 3kT [kT In(1 +o~)]2f(m) i)

with  f(m) = %(1 -m), (18)

where B is the kinetic constant. The growth of nuclei is subject to the effective
collision and the incorporation of growth units onto the surfaces of the nuclei
(Fig. 1). In the case of homogeneous nucleation, growth units can be incor-
porated into nuclei in all directions; however, in the case of heterogeneous
nucleation, the presence of substrates will block the collision of growth units
with the surfaces of these nuclei (Fig. 1). f'(m) in the preexponential term
describes the ratio between the average effective collision in the presence of
substrates and that of homogeneous nucleation (no substrate).

Both f(m) and f”(m) are functions of m. When m —- 1, f(m)f”(m) = 1.
This is equivalent to the case of homogeneous nucleation. In the case where
m — 1, one has f(m)f” (m) = 0. Normally, heterogeneous nucleation occurs in
the range of m between 1 and - 1, or f(m) between 0 and 1, depending on the
interfacial structural match between the nucleating phase and the substrate,
and supersaturation.

For a given system, the induction time t; of nucleation can be associated
with J by t; = 1/J. It follows from Eq. 17 that

Int, = mjf(m) ~In {Bf”(m) [f(m)]l/z} : (19)
302
with p= m . (20)
3 (kT)

According to Eq. 15, the plot of In(%;) against 1/ [In(1 + 0)]2 should give rise
to a straight line whose slope is determined by p and f(m). Obviously, for
a given system (p, B = const.), the slope of the straight line will change ac-
cordingly to f(m). In this sense, the slope of the In(f;) vs. 1/ [In(1 + 0)]2 plot
gives the relative f(m) for the given system. One can analyze the change of
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the correlation between the substrate and the crystalline phase in terms of the
variation of the slope.

As given by Eq. 14, m is directly associated with y, which is determined
by the interaction and/or structural match between the crystalline phase and
the substrate. For a given crystalline phase and a substrate, the optimal struc-
tural match is the crystallographic orientation {hkl} corresponding to the
strongest average interaction between the crystalline phase and the substrate.
This orientation corresponds to the (minimal) cusp in the y-plot.

Evidently, an excellent structural match [yc(e) — 0, at « — 0] between
the nucleating phase and the substrate leads to m — yg/ycr [34]. (« is the
mismatch angle between the nucleating phase and the substrate.) In the case
where ys & Y, one has then m — 1, and f(m) — 0 (cf. Eq. 13). As mentioned
before, this implies that AG} ., almost vanishes completely (cf. Eq. 11.) It
occurs only when the growth of the crystals is well orientated and ordered
with respect to the structure of the substrate. In this case, the excellent epi-
taxial relation arises.

As the structural match varies from a perfect to a poor match, m decreases
from 1 to 0, - 1. The extreme case will be m —- 1, corresponding to the situ-
ation where there is no correlation between the nucleating phase and the
substrate. This is the case where the substrates exert almost no influence on
nucleation, which is equivalent to homogeneous nucleation. Nuclei emerging
in this case are completely disordered, bearing no correlation to the substrate.
One has then f(m) = 1.

Substrate

Fig.2 The structural match between a nucleus and the substrate and the correspond-
ing m. (a) Good interfacial structural match between the nucleus and the substrate. m;.
(b) Poor interfacial structural match between the nucleus and the substrate. m, - m; > m;,

and f(m;) < f(my)



Fig.3 In situ observation on the formation of an N-lauroyl-L-glutamic acid di-n-
butylamide (GP-1) fiber network. (a) The formation of primary fibers initiates from
a nucleation center. The formation of GP-1 fibers and the branching process is shown
by (a)-(h), in which the time interval between two neighboring photographs is of 0.2 s.
Solvent 1,2-propanediol; o = 6.92; T = 330K

Note that the primary nucleation of fibers is normally governed by hetero-
geneous nucleation. Figure 3 shows the initiation of an N-lauroyl-L-glutamic
acid di-n-butylamide (GP-1) a fiber network (spherulite) from a nucleation
center.

2.2.2
Growth of Crystalline Fibers

The process following nucleation is growth [22,23]. The growth of crystals is
actually a process of delivering growth units from the bulk to a crystal surface
and incorporating them into the kinks at the surface (Fig. 4) [22,23]. In the
case of the faceted growth, the crystal face is atomically smooth and the kinks
occur only at the steps. In this case, the steps can be regarded as “sinks” for
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5;.‘ Crystal surface
Volume transport~"

/

L

Fig.4 Schematic illustration of the growth process occurring at the surface of a crystal

growth units to enter the crystals [22, 23, 37-39]. As shown by Fig. 4, each ad-
vancing step will be eliminated when it spreads over the surface and reaches
the edge of the surface. Therefore, the step source or the creation of new steps
will determine the growth rate of the crystal surface. Owing to the step free
energy, the creation of a new layer on the existing layer of the crystal surface
requires overcoming a free-energy barrier, the so-called 2D nucleation bar-
rier [22,23,37-39]. Normally, for the growth of flat or faceted crystal surfaces,
the screw dislocations occurring at the surface will provide uninterrupted
step sources for the layer-by-layer growth [22, 23, 37]. In this case, the growth
is controlled by the screw dislocation mechanisms [22, 23, 37].

If the crystals are free of screw dislocations, their growth is then gov-
erned by the mechanism of 2D nucleation [22, 23, 38, 39]. This implies that the
growth of crystal faces takes place by growing crystal layers one on top of the
other, and the occurrence of a new layer on the existing layer is via 2D nu-
cleation [38, 39]. According to this model, the growth rate of the fibers can be
expressed as [38, 39]

A,LL 5/6 ‘stztepnh
R,=C | — _ 1, 21
=0 (7)o (s v

where h and ystep denote the height of the steps and the step free energy of
the growing surface, respectively. C; is a coefficient associated with volume
transport, and should be a constant for a given condition [38, 39].

In the case of the tips of fibrous or needle crystals, the growth of the crystal
surfaces is then likely to occur in a rough mode. In this case, the 2D nu-
cleation energy barrier is zero or very small [22,23,37-39]. The creation of
new layers or steps will not cost any energy. Therefore, the overall crystallo-
graphic orientation of the crystal surface will not be maintained under this
mode of growth [40]. The growth rate of rough (or normal) growth is ex-
pressed [22,41] as

A
Rg = A1 (k—;f) , (22)
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where A, is a coefficient associated with volume transport, and should be
a constant for a given condition [22, 41].

3
Crystallographic Mismatch Branching

3.1
Templating and Shadow Effects

Kinetically, the occurrence of substrates will, on one hand, lower the nucle-
ation barrier, leading to an increase in the nucleation rate; on the other hand,
it will exert a negative impact on the surface integration. Nucleation on a sub-
strate will reduce the effective collisions of structural units with the surface
of clusters (Fig. 4), where the structural units are incorporated into the crys-
tal phase. This will slow down the nucleation kinetics, in contrast to the effect
of lowering the nucleation barrier. The latter, called the “shadow effect” of
the substrate, is described by f”(m) and f (m) appearing in the preexponential
term of Eq. 17.

These two contradictory effects play different roles in different regimes.
At low supersaturations, the nucleation barrier is very high (Egs. 11, 12).
The nucleation rate will be substantially enhanced if the nucleation barrier is
suppressed effectively [ f(m) — 0]. Therefore, the heterogeneous nucleation
with a strong interaction and an optimal structural match (or the optimal
epitaxial relation) between the substrate and the nucleating phase will be ki-
netically favored. In this case, the nucleation of crystalline materials will be
best templated by substrates having excellent structural correlation with the
crystalline phase. The structural synergy between the nucleating phase and
the substrate will be optimal under this condition.

On the other hand, the epitaxial and templating relationship between the
substrate and the nucleating phase cannot be maintained even for substrates
having the optimal structural match with crystalline materials if supersatura-
tion is too high. At higher supersaturations, the exponential term associated
with the nucleation barrier becomes less important. Instead, the shadow ef-
fect of the substrate, described by the preexponential factors f(m) and f'(m),
will govern the kinetics (Fig. 4). Nucleation on substrates having larger f(m)
and f”(m) (or m — 0,- 1) corresponds to a lower degree of restriction from
the substrate, and a higher degree of orientational freedom (or a larger en-
tropy). This will reduce the shadow effect of the substrate, therefore become
kinetically more favorable.

If o progressively increases from low supersaturations to high supersatura-
tions, nucleation will be governed by a sequence of progressive heterogeneous
processes associated with increasing f(m).



Mechanism of Gelation with Small Molecules 13

Notice that the templating and the supersaturation driven interfacial struc-
tural mismatch are two contradictory effects. By carefully adjusting these two
effects, we should be able to engineer and fabricate complex structures at the
micro/nanostructural level.

3.2
Crystallographic Mismatch Branching

3.2.1
General Patterns

Crystalline materials reveal a variety of patterns when they occur at differ-
ent conditions. Pattern formation is the subject of significant fundamental
and practical interest, and receives broad attention across various areas from
materials science, biology, health, mineralogy, etc. [42-45]. This is because
these patterns, which are most likely to capture liquid between the branches,
determine the rheological and other physical properties of the system.

One of the most common patterns we encounter in our daily life is den-
drite. When a liquid is supersaturated and begins to crystallize, the crystals
grow and penetrate into the metastable liquid phase. The resulting crystallites
often appear as needlelike dendrites [46,47]. A common example of dendritic
growth is a snowflake.

Dendrites are a common morphology for diffusion-controlled crystal
growth in the present of anisotropy [44, 45, 48-50]. For the growth of crystals,
some quantities, such as impurities and/or the latent head of crystallization,
that are generated at the interface between the crystal and the melt during
freezing, for example, must diffuse away from that interface. In the case where
a very low or negative temperature gradient occurs on the liquid side of the
interface, like fins on a thermal radiator, the sharp tip of a dendrite may
promote diffusion of the head away from itself, allowing the crystal to grow
rapidly in the direction in which the tip is pointing. When the ratio between
the temperature gradient in the liquid phase G and the growth velocity of the
crystal surface Ry is lower than a certain value, i.e.,

G/Rg < C, (23)

surface instability will occur [22, 46, 47]. (Here C is a constant for a given crys-
tallization system.) In general, the instability of growing crystal faces is due
to a certain type of perturbation at the growing front, which triggers a local
rapid growth compared with that for the rest of the crystal surface.

The formation of certain patterns of crystalline materials can also occur
via an aggregation process. It is believed [43-45,51] that the formation of
a fractal pattern occurs via a diffusion-limited aggregation, a reaction control,
or a cluster—cluster aggregation process.
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Among the two pattern formation mechanisms, the anisotropy in the inter-
facial development plays an important role in this transformation [43-45, 51].
The microscopic interfacial anisotropy is essential to stabilize dendritic
growth. Insufficient anisotropy encourages the formation of fractal pat-
terns [33-35,41-44].

The pattern formation of fiber networks to be discussed as follows is
controlled by a completely new mechanism, the so-called crystallographic
mismatch branching mechanism. The patterns produced by this mechanism
can have both the microscopic interfacial anisotropy and the characteristic
of fractals. In particular, the evolution of the pattern is supersaturation- and
impurity-dependent.

3.2.2
Crystallographic Mismatch Nucleation

In Sect. 3.1, we showed that as supersaturation increases, the interface struc-
tural match between the substrate and the nucleating phase will deviate from

Fiber tip ) .
(Wide Angle) Crystallographic

& - ¢ Mismatch Branching
: - (WA-CMB)

r Growth

Supersaturation driven  ApkT
(a) structural mismatch

Fiber |-: r Girowth

(b)

(c)

Fig.5 (a) Supersaturation-driven structural mismatch at the tip of fiber crystals leads
to wide-angle crystallographic mismatch branching (WA-CMB). This occurs at rela-
tively high supersaturations, or in the presence of additives (including self-impurities).
(b) Spherulitic pattern resulting from WA-CMB [10-12,47,48]. (c) Open interconnect-
ing fiber network resulting from WA-CMB. In comparison with the WA-CMB spherulitic
pattern, the open network structure shown in (¢) occurs at higher supersaturations
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— Crystallographic Mismatch

% | Branching (S A-CMB)
:j % *~ Daughter crystal
0

Supersaturation driven Aw/kT
(a)  structural mismatch

1 ¢asacmB
(A SA-CMB

(b) (c)
0) (ii) !
(d)

Fig.6 Crystallographic mismatch nucleation and growth: the daughter crystal differs from
the parent crystal by crystallographic mismatch (self-epitaxial) nucleation and growth.
(a) Crystallographic mismatch nucleation and growth at a side face of a needle crystal,
resulting in the small-angle crystallographic mismatch branching (SA-CMB). This nor-
mally occurs at relatively low supersaturations. (b) Spherulitic pattern resulting from
SA-CMB [46]. (c) Open interconnecting fiber network resulting from SA-CMB. In com-
parison with the SA-CMB spherulitic pattern, the open network structure shown in
(d) occurs at higher supersaturations. (e) In situ observation of the formation of a GP-
1 fiber network in terms of SA-CMB. The formation of GP-1 fibers and the branching
process is shown by panels i-iii, in which the time interval between two neighboring
photographs is of 0.2 s. Solvent 1,2-propanediol; o =2.17; T =333 K

the optimal structural match position. If the substrate is a growing crystal
itself, the optimal structural match means that the new layer on the surface
of the growing crystal matches exactly the crystallographic orientation of the
parent crystal [15-18, 55, 56]. This corresponds to the growth of crystalline
fibers in common sense. Once the crystallographic mismatch nucleation and
growth takes place, a new crystalline domain will then occur on the surface of
the parent crystal in different orientations (Figs. 5a, 6a).
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Actually, during the growth of crystals, there is a tendency for the oc-
currence of the mismatch of new layers with respect to the crystal sur-
face structure of the parent crystals at high supersaturations owing to the
supersaturation-driven mismatch nucleation and growth. Similar to normal
3D nucleation, the mismatched domain should first nucleate on the growing
crystal surface. If the energy cost to create a mismatch domain per area on
the parent crystals is defined as the specific mismatch free energy ymis, the
barrier of mismatch nucleation is determined by the surface supersaturation
and the specific mismatch free energy ymis (cf. Eq. 12). Obviously, the crystal-
lographic mismatch nucleation is a special case of heterogeneous nucleation,
where ymis = Vcs. If the mismatch growth does not deviate from much from
the orientation of the parent crystal, we can in principle have y. ~ ygf. It
follows then that

M =1~ Ymis/Vcf - (24)

Likewise, the nucleation barrier and the rate of crystallographic mismatch
nucleation is given by Eqs. 11-17. As indicated by Egs. 11 and 12, AG};; de-
creases as the surface supersaturation increases (see Egs. 11, 12). Notice that
the only difference between normal heterogeneous nucleation and the crys-
tallographic mismatch nucleation is that in the crystallographic mismatch
nucleation, the substrate is the growing crystal surface, whereas in normal
heterogeneous nucleation, substrates are foreign bodies.

In the following discussion, we will examine briefly some key factors con-
trolling the crystallographic mismatch nucleation and growth:

1. Supersaturation. Similar to normal nucleation and growth, the kinetics
of crystallographic mismatch nucleation and growth also depends on su-
persaturation. At low supersaturations, AG}; is very high (Egs. 11, 12);
therefore, the crystallographic mismatch nucleation is difficult at low
supersaturations. As supersaturation increases, AGy,;, will drop rapidly
(Eq. 12). It follows that interfacial mismatch nucleation can occur much
more easily in this case.

2. Impurities. Adsorbed impurities may disturb the interfacial structural
match between nucleating layers and the parent crystal surfaces. This
gives rise to the lowering of m; therefore, it will promote crystallographic
mismatch nucleation (Sect. 4.1).

3. Slow surface integration. The crystallographic mismatch nucleation oc-
curs at the surface of growing crystals; therefore, it is governed by surface
supersaturation. The orientations with slow surface integration kinetics
will therefore lead to higher surface supersaturations (much closer to the
bulk supersaturation). It follows that at low supersaturations, the crystal
faces with slow surface integration kinetics can take advantage of the high-
est possible supersaturation—the bulk supersaturation of the system, and
will induce much more easily the crystallographic mismatch nucleation.
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4. Low specific mismatch free energy. According to Eq. 12, a low specific
mismatch free energy ymis corresponds to a low AGp;s. This implies that
the crystallographic mismatch nucleation can occur much more easily in
crystal surfaces with low ymiss. Notice that normally crystal surfaces with
low ymiss often coincide with those with slow surface integration kinetics.
Therefore, criteria 3 and 4 may be very likely applied to the same crystal-
lographic orientation for a given crystalline material.

On the basis of criteria 1. and 3., we will expect that at low supersatura-
tions the crystallographic mismatch nucleation takes place much more easily
in slow growth crystallographic orientations (Fig. 6a), whereas at high su-
persaturations, the crystallographic mismatch nucleation may occur in faster
growth crystallographic orientations (Fig. 6b). Note that another reason for
the occurrence of crystallographic mismatch nucleation in faster growth crys-
tallographic orientations at high supersaturations is that the faster growth
crystallographic orientations can penetrate into the bulk easily, and “feel”
much higher supersaturations in the bulk. This, according to Eq. 17, will trig-
ger the crystallographic mismatch nucleation at the tips.

At relatively low supersaturations, owing to the large AG},;,, the crystallo-
graphic mismatch nucleation and growth will only occur at the side faces of
needle crystals as the side faces are the slowest growing directions and the
largest effective surface supersaturation, leading to “small-angle” crystallo-
graphic mismatch branching (SA-CMB) (Fig. 6). Figure 6d shows the forma-
tion of SA-CMB during GP-1 fiber network formation. The typical crystalline
networks or patterns resulting from the SA-CMB are illustrated in Fig. 6a. At
high supersaturations, the crystallographic mismatch nucleation and growth
will take place at the tips, leading to “wide-angle” crystallographic mismatch
branching (WA-CMB) (Fig. 5a-c). Figure 3 shows the formation of WA-CMB
during GP-1 fiber network (or spherulite) formation

In general, the evolution of fibers to fiber networks of different types for
a given system can be summarized as follows. At low supersaturations, single
fibers form first without any branching, as the free-energy barrier AG}; is
very high. As supersaturation increases, the branching of fibers initiates from
the side faces (SA-CMB). With further increasing supersaturation, AG};, at
the growing tip of fibers becomes very low. It follows that the WA-CMB be-
comes kinetically favorable and will take place at the tip of growing fibers.
This evolution process is demonstrated in Fig. 7, in which the evolution of
GP-1 fiber branching is shown.

As to be discussed in Sect. 4.1, the crystallographic mismatch branch-
ing can be utilized to construct self-organized interconnecting fiber net-
work structures/patterns, so as to engineer supramolecular functional soft
materials.
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Fig.7 Micrographs showing fibers and the fiber network evolution of GP-1 in
a 1,2-propanediol solution with increasing supersaturation. (a) Unbranched GP-1
fibers; 0 =0.188, T =342 K. (b) SA-CMB, and GP-1 fiber network o =2.17, T =333 K.
(c) WA-CMB, and GP-1 fiber network o = 4.76, T =323 K

3.2.3
Fibrous Network Formation

In this section, we will focus on the formation of fibrous networks/patterns
via the (wide angle) crystallographic mismatch branching. Actually, the typ-
ical patterns that occurred owing to the (wide angle) crystallographic mis-
match branching are shown in Fig. 5b and c.

As shown in Fig. 5b and c, these patterns consist of radius arms initiating
from a core. The radius aims are often found to be branched with the Cayley
tree structure (Fig. 5b, ¢) [51, 59, 60]. The patterns are found to initiate by 3D
nucleation [15-18]. This 3D nucleation is a process to create the radial aims
from the cores (Fig. 5a).

If we take into account this fact and the structural characteristics of a Cay-
ley tree of fibrous networks, the process for the network formation can be
regarded as: initial nucleation—growth—branching—growth—branching...
(Fig. 5¢c.) Obviously, one of the key steps in building up the Cayley tree is the
branching at the tips of growing nanofibers. Unlike dendritic branching, the
daughter branches of the fibers cannot be correlated strictly to the crystallo-
graphic orientation of their parent fibers; therefore, the branching is referred
to as crystallographic mismatch (or noncrystallographic) branching.

3.24
Branching Kinetics

The key question to be addressed is why and how crystallographic mismatch
branching takes place. Obviously, the crystallographic mismatch branching
takes place via the supersaturation-driven interfacial structural mismatch or
the crystallographic mismatch nucleation and growth (Fig. 5).
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The occurrence of crystallographic mismatch branching is controlled by
the following two steps: (1) the growth of the surface of parent crystals; (2) the
crystallographic mismatch nucleation on the surface.

As mentioned in Sect. 4.1, the crystallographic mismatch nucleation can
be regarded as a special case of supersaturation-driven interfacial structural
mismatch in heterogeneous 3D nucleation. Therefore, the nucleation rate can
also be described by Eq. 17 with m given by Eq. 24.

In practice, crystallographic mismatch nucleation and the growth of fibers
can be approximately regarded as two independent physical processes. Des-
ignating the induction time for the nucleation of new fibers on the host fibers
as T (r ~ 1/], where ] is the rate of the crystallographic mismatch nucleation),
and the growth rate of fibers in the fibril axis direction as R, it follows then
that the average branching distance can be expressed as

(§) ~ Rgt ~ Rg/J. (25)

In the case of 2D nucleation controlled growth, substituting Egs. 17 and 21
into Eq. 25, we obtain

~ (A /kT)%/® léxf ve§2*3 >
S A 3(AM/kT)2< KT ) ! %)

where C, = C;/B. To check this mechanism, a set of experiments were per-
formed at different supersaturations.

In the case of rough growth (such as the growth of the tips of fibers or
needles), substituting Eqs. 17 and 22 into Eq. 25, we obtain

/D) | 167f (g2 ’ 27)
f 3(Au/kT)? kT ’

where A; = A Bs/B. Actually, Eqgs. 26 and 27 are very similar apart from
the kinetic coefficients C; and A;. In addition, the power of supersaturation

<%> occurring in the pre-exponential term is 5/6 for 2D nucleation growth

(§) = Az

and 1 for rough growth, which again are very close to each other. Such a sim-
ilarity may be attributed to the fact that the 2D nucleation model can also be
applied to describe rough growth.

The average length (§) of branches, which is proportional to the mesh
size in the fiber networks, was examined by scanning electron microscopy
(SEM). The linear relation between In[(£)(Au/kT)™'] and 1/(Au/kT)?
obtained for a lanosta-8,24-dien-38-0l:24,25-dihydrolanosterol = 56:44 (L-
DHL)/di-(2-ethylhexyl phthalate) (CgH;7C00)2(CsH4) (DIOP) system with
0.03% ethylene/vinyl acetate copolymer (EVACP), (C4HgO2)x(CoHy)y, ap-
proximately My, ~ 100000, verifies the branching mechanism described by
Eq. 27.
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Fig.8 The correlation between In[(£)(Au/kT)™'] and 1/(Au/kT)?* for a lanosta-
8,24-dien-38-0l:24,25-dihydrolanosterol = 56:44 (L-DHL)/di-(2-ethylhexyl phthalate)
(CgH17C0O0), (CeH4) (DIOP) system with 0.01% ethylene/vinyl acetate copolymer
(EVACP) at 20 °C. The linear relationship confirms the governing role of the crystallo-
graphic mismatch branching mechanism in the formation of organized interconnecting
fiber networks. T =298.15K, X =0.026. The supersaturation difference Au/kT is ob-
tained by changing the molar fraction of the solute in the solutions [18]

According to this mechanism, the branching density (1/(¢)) of fibers will
increase with Au/kT (or AT) (cf. Eq. 27). For a given concentration, Teq is
constant. It follows from Eq. 9 that a lower T (or a large AT) corresponds
to a larger Au/kT. This will result in a highly branched and more open
structure.

3.2.5
Structural Characteristics

Although the structure of fibrous networks of supramolecular materials is
very important with respect to the macroscopic properties [1-9] and has the
typical characteristic of the Cayley fractal tree, the measurement of the fractal
dimension D remains as a challenging issue owing to the lack of an effective
method. Since the average length of the branches is essentially above microns
and there is a problem associated with multiple scattering, the fractal struc-
ture of this type of fibrous network is difficult to measure by the conventional
light scattering method [59, 60]. Here, we introduce a new method to measure
the in situ fractal growth of fibrous networks of supramolecular materials.
Fractal structures are self-similar in that the two-point density-density
correlation function and their essential geometric properties are independent
of the length scale [59,61-63]. In d-dimensional space, they can be char-
acterized by fractal or Hausdorff-Besicovitch dimension Ds [61, 63, 64]. The
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radius of gyration of such a pattern R is related to the number of particles or
segments it contains N by [61]

N ~ RDr, (28)

A uniform object has D¢ = d, while more open structures in which the density
decreases with distance from the center have Dy < d.

Taking into account the fact that the formation of fibrous networks is con-
trolled by nucleation and growth [15-19], the new method to be introduced is
based on the famous Avrami equation [62], which was developed to describe
the nucleation and growth of bulk crystals, taking into account the Poission
distribution of crystal size [62]. It has the form

In[1 - X, ] =— K°¢4, (29)

where k9 is a constant; ¢ is the time; X denotes the crystallinity of the system,
equal to ¢(t)/¢(00) (where ¢(t) is the volume fraction of crystal material at ¢,
and ¢(00) is ¢ (t) at t — 00). For the growth of spherical crystals, one has
iy %Ngyr(vgt)3 (vg is the growth rate of bulk crystals; Ng is the number of
crystals per volume) [62]. In the case of nonspherical crystals, this expression
should be modified to - k%% = K %Ngn(vgt)3 (where K describes the geomet-
rical deviation of the crystals from the spherical shape). In general, 1D or
rodlike growth, 2D or platelike growth, and 3D growth will lead to d =1, 2, 3,
respectively. In the case of fractal growth, one has growing fractal aggregates
instead of uniform crystals. The length of bulk crystals (as a function of time)
in the previous consideration should then be replaced by the radius of gyra-
tion of fibrous networks, and d by the fractal dimension D¢. This implies that
the previous expression is given for fractal growth as

In[1 - X (£)] =— KO%¢Pr . (30)

The key step in applying Eq. 30 is to measure X as a function of ¢. This can
be obtained from the correlation between ¢ () (the crystallinity) and prop-
erties such as the viscosity of the system [63, 64]. Einstein’s relation has been
applied to examine the dependence of ¢(t) on the viscosity of suspended par-
ticles and of polymer networks [12, 64]. According to this relation, the volume
fraction of fibrous networks can be correlated to the specific viscosity nsp as

Nsp ~ Fo, (31)
*
with  ngp = ——, (32)
1o

where ™ and g are the complex viscosity of the system and the viscosity of
the solvent, respectively, and F denotes the factor determined by the shape of
te particles [64]. The crystallinity can be given by

o) _ @) -m _ G*(1)-Gg
p(00)  nm*(0) =m0  G*(00) -Gy’

Xcr(t) = (33)
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where 715, (00) and n* (oo0) denote nyp and n* at t — oo, respectively,
n*(t) = G*(t)/w, (v is the angular frequency), n* (co) = G*(max)/w, and
ng ~ Gy/w. Figure 9a shows that the change of G* as a function of time
during the formation of GP-1 fibrous networks from an isostearyl alco-
hol (ISA) solution (6.7 wt %). From this graph, X.(¢) is obtained according
to Eq. 33.

In Fig. 9b, In {— In[1 - Xcr(t)]} is plotted versus In(¢). The curve at the be-
ginning of the network formation shows a certain scattering behavior and
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Fig.9 (a) The variation of the complex modulus G* before and after fibrous network for-
mation. The induction time tg of fiber formation is identified from the change of G*.
T =40°C, C=6.7wt % [21]. For rheology, the concentration was focused on the storage
modulus G’ (describing the elastic property) and the loss modulus G” (describing the vis-
cosity property), and the complex modulus G*(= [(G')? + (G')?]"/2) [13-16]. Obviously,
the onset of such changes in G/, G”, or G* should correspond to the initiation of such net-
works. (b) Dependence of In {— In[1- Xcr(t)]} on In(¢). The fractal dimension is given by
the slope (Df = 2.42) [19]
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Table1 Dependence of fractal dimension of N-lauroyl-L-glutamic acid di-n-butylamide
fibrous networks on temperature

20°C 30°C 20°C
Dy 2.10 2.40 2.42
G'(max) (Nm™) 8.97 x 10° 3.62 x 10° 2.63 x 10°
G”(max) (Nm™) 6.53 x 10* 2.79 x 104 2.65 x 10*

a slight deviation from the straight line. This is due to the 3D nucleation
(Fig. 9b). As the networks grow, the power-law domain invades the entire ob-
servable regime. This indicates that the essential geometrical properties are
independent of the size increase of the gyration of fibrous networks dur-
ing the growth, which demonstrates the self-similarity of the fiber fractal
patterns [61, 64, 65]. According to Eq. 30, the slope is then legitimately inter-
preted as the fractal dimension Dy.

A fractal dimension of 2.42 was observed, which is close to diffusion-
limited aggregation [61, 64, 65], for which D¢ ~ 2.5. Nevertheless this does
not imply that the formation of GP-1 networks is controlled by the diffusion-
limited aggregation mechanism. It follows from our experiments that Ds
varies with experimental temperature T. The change of D¢ with temperature
within the range 20-40 °C is given in Table 1.

As shown, D¢ changes from 2.42 to 2.10 as T decreases from 40 to 20 °C.
Since a denser structure adopts a higher Hausdorff dimension, this result
implies that the fibrous networks will adopt a more open structure at lower
temperatures [8].

We notice that some rheological approaches have also been applied to
examine the fractal structure of networks of polymers and suspended par-
ticles [52-54, 66]. For instance, Winter and his colleagues [54, 66] utilized
the correlation between the frequency and the viscosity n* ~ (w)=%P*2) to
measure the fractal dimension of cross-linking polymers. However, these ap-
proaches are very unlikely to be applied to the point where a gel occurs. As
pointed out, the molecular weight of growing polymer cluster diverges at the
gel point, and the relationship does not hold. A similar problem is the fibrous
networks of organic gels. It is worth noting that unlike most other methods
which are only suitable for the measurement of fractal dimension, the ap-
proach developed here allows us measure in situ the fractal growth, which
turns out to be very important in studying the kinetics of fractal network
formation.
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4
Supramolecular Materials Engineering

4.1
Fibrous Network Materials

As mentioned at the beginning, supramolecular materials have a variety of
applications. In a recent paper in Science, Shi et al. [67] reported on new mi-
crocellular organic materials which were prepared by supercritical drying of
organogels in CO,. The most remarkable feature of this system is that ex-
cept for the organogelator and CO,, no other compounds or cosolvents are
involved. This results in a single-step and environmentally friendly method
to create these materials. The essence of this work is that the authors suc-
ceeded in the design of organic gelling agents for CO,, that is, compounds
that strongly associate and form an entangled network structure at lower
temperature or pressure, but that would dissolve upon increasing the tem-
perature or pressure. For this purpose gelling agents were developed in which
urea groups, to achieve association through multiple hydrogen bonding, are
combined with groups showing affinity for CO, to increase the solubility.

The results of this very basic design are remarkable. The compounds dis-
solve very well in supercritical CO, at higher temperatures and pressures,
but upon cooling the solution turns into an opaque gel. After removal of the
solvent by simply lowering the pressure, the network structure is preserved
and a highly porous and self-supporting monolithic foam is obtained. The
foams combine an extraordinary low density (less than 5% of the bulk density
of the organogelators) with a submicrometer cellular size, properties which
could not be obtained with traditional polymers in combination with CO, as
a foaming agent. These organic analogues of silicate aero gels are therefore
highly interesting materials for application in separation processes as well
as for use as novel low dielectric or insulating materials and as supports for
catalysts.

Other research groups including those of Terech, Hanabusa, Weiss,
Shinkai, and Boden all made significant contributions towards the design
of novel gelling agents and the understanding of the gelation phenom-
ena [6,7,11]. Important guidelines for the design of novel gelling agents that
emerged from these studies are:

1. The presence of strong self-complementary and unidirectional intermo-
lecular interactions to enforce one-dimensional self-assembly

2. Control of fiber-solvent interfacial energy to control solubility and to pre-
vent crystallization

3. Some factor to induce fiber cross-linking for network formation

Most new gelling agents that resulted from these studies are based on
peptides or carbohydrates because of the strength and high directionality of
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hydrogen-bond interactions. Especially cyclic dipeptides and bisurea-based
gelling agents appeared to be very efficient gelling agents and combine easy
accessibility with a wide solvent scope, and in the case of the bisurea gelling
agents it was shown that the supramolecular architecture can be controlled
by the spacer between the urea groups [71-77]. The hydrogen bonding core
of these cyclic dipeptides and bisureas provide a “gelating scaffold” which can
easily be functionalized without loss of gelation ability. For example, it was re-
ported some years ago that the polymerizable bisurea is a potent gelling agent
for apolar solvents [77]. After photopolymerization of benzene gels and re-
moval of the solvent by freeze-drying, an organic aerogel was obtained with
very similar characteristics with respect to density and cellular size as that
reported by Shi et al. [67].

Another example is the application of organogelators as a template for
the preparation of nanostructured materials. First, Moller, Weiss, and later
Nolte [57-59] prepared membranes with man-sized pores by the gel-template
leaching process. This process takes advantage of the distinct feature of
organogelators to reversibly form elongated fibers with well-defined dimen-
sions and geometry. In the gel-template leaching process, gels of various
gelling agents are prepared in polymerizable solvents like methacrylates or
styrene in the presence of a cross-linking agent. After polymerization of
the matrix, the organic gelling agent is removed again by extraction with
a proper solvent. In this way the organogel fiber network is “imprinted” in the
cross-linked polymer matrix, resulting in porous membranes with channels
of submicrometer and in some cases even nanometer dimensions.

Apart from this, highly porous and self-supporting monolithic foams,
which are found to have many important applications, including novel
bioseparation [67], can be obtained from the previously mentioned materials
after applying the supercritical CO;, extraction.

A completely different but very appealing issue in gel research is the de-
velopment of “smart” or “responsive” gel systems [79, 80]. Pioneering work
on smart polymer gels which could reversibly swell or shrink upon expo-
sure to some chemical or physical triggering event has been carried out
by Tanaka [81]. Recently, the group of Tanaka developed a novel gel sys-
tem which can bind guest molecules by multiple-point noncovalent interac-
tions [82]. Most interestingly, swelling of the gel induced by a temperature
change increases the distance between the individual interaction points. As
a result the binding changes from a multiple-point to a single-point inter-
action, and the affinity decreases by more than 1 order of magnitude. It is
foreseen that this principle can be applied for controlled drug-release sys-
tems, and gels can be designed to respond to other triggers, like solvent
polarity or pH value, as well.

It should be emphasized that organogels are very attractive systems for
the design of novel responsive gels, because their formation is completely re-
versible. Here the challenge is to couple the self-assembly process to a chem-



ical or physical trigger. Having the feature of reversibility in mind, Aggeli
et al. [71] designed various peptide-based gelling agents which self-assemble
into extended P-sheet tapes and which, depending on the polarity of the
solvents, entangle to form gels. To make gel systems that are responsive to
pH some basic amino acids were incorporated in the peptide, and indeed
it was found that a change in pH triggers the reversible transition from the
gel state to a solution. Gels of other peptides respond to shear by a change
of their viscoelastic properties. Shinkai and coworkers demonstrated some
years ago by using an azobenzenesteroid-based gel system that it is possible
to switch by irradiation with UV and visible light from solution to the gel
state and back [70], and two other recent publications indicate that also host-
guest interactions can be employed to control the structure or stability of
organogels [81-85].

4.2
Micro/Nanonetwork Architecture

Nowadays, one of the key challenges to obtain supramolecular functional ma-
terials is the capability of designing and producing specific materials with
desired structures and physical properties [8-10]. Owing to the lack of suf-
ficient understanding, significant effort is required in order to obtain appro-
priate functional materials with the desirable properties. This includes the
screening of a large number of compounds and solvent molecules, as well as
suitable solvent capable of forming these structures [8,10,13-19]. In some
cases, owing to the limitation in the choice of materials, screening becomes
impossible. On the other hand, if interconnecting 3D micro/nanofiber net-
works with the required organization can be constructed, new functional
materials with the required functionalities can be produced. Obviously, this is
a completely new route in producing new functional materials. In this section,
we will focus on a completely new approach to produce new macromolecular
functional materials.

The strategy of this approach is to construct 3D permanent interconnect-
ing nanocrystal fibrous networks from a system consisting of separate crystal
needles using a tailor-made micro/nanostructure (Fig. 10a), and to engineer
the materials with required micro/nanostructure (Fig. 10b), based on the
CMB mechanism.

A multiphase system or a supramolecular material was obtained when
L-DHL precipitated out from its DIOP solution at room temperature. The
L-DHL powders used in our experiments were in a crystalline state [17, 18].

During the process of natural cooling of the aforementioned system (con-
centration of L-DHL of 10 wt %) from 120 °C to room temperature (approxi-
mately 20 °C), an opaque and viscous paste was obtained (Fig. 11a, inset). It
can be seen that the system consists of only separated L-DHL needles (short
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Fiber network
architecture

2)

(1)

Normal
Processing

Fig.10 Micro/nanostructure engineering of functional materials. (a) Network ar-
chitecture (route 2) with respect to normal fiber formation. (b) Modification of
micro/nanostructure of 3D interconnecting fiber network

and thick fibers), which are in temporary contact with each other (Fig. 11a).
This refers to the “normal processing” illustrated by Fig. 10a.

In order to create networks with permanent interlinking from such a sys-
tem as illustrated by route 2 in Fig. 10a, an additive, a so-called “branching
creator”, EVACP (SP? Scientific Polymer Products) was introduced to the
identical L-DHL/DIOP solution as described before at 120 °C. EVACP has the
molecular structure given in Scheme 1.

—(CHz-CHz)x—(CHz-CH)y—
O
-
(‘IH3
Scheme 1
The addition of a tiny amount of EVACP (0.004 wt %) is sufficient to create

completely different micro/nanonetworks of interconnecting self-organized
L-DHL nanocrystal fibers (Fig. 11b) at the experimental temperature. This



28 X.Y. Liu

(b)

Fig.11 (a) Separate fibers occurring in the 10 wt% L-DHL/DIOP system. This system
gives rise to an opaque paste as shown in the inset. Scale bar 1 pm. (b) Interconnected
fiber networks in the 10 wt % L-DHL/DIOP system after adding 0.004 wt % EVACP. Scale
bar 1 um. This system gives rise to a clear and tough gel as shown in the inset. The
materials to be examined were obtained using L-DHL (Sigma) in DIOP (99%, Cognis)
at approximately 120°C, to form an L-DHL/DIOP solution, and lowering the sample
temperature to a lower temperature (around room temperature), called the experimen-
tal temperature hereafter [19,21,83]. In order to examine the nano/microstructure of
fibrous networks in supramolecular materials scanning electron microscopy coupled with
a CO; supercritical fluid extraction technique (Thar Design), was applied. The purpose
of implementing the latter was to remove the liquid captured in the networks, without
disturbing the essential structure of the networks [15-18].

completely changes the rheological properties of the materials, and leads to
the formation of a self-supporting soft, solidlike supramolecular material
(Fig. 11b, inset).

Figure 12 shows the change of G* as a function of time t for the L-
DHL/DIOP system. G* increases abruptly at ¢ > tg, where (tg) is the gelation
time, indicating the formation of L-DHL crystalline fibers. G* tends to its
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Fig.12 The changes of the rheological properties of the 10 wt % L-DHL/DIOP system in
the absence and presence of EVACP as functions of time or strain. The rheological prop-
erties of the system were measured by an advanced rheological expansion system (This
advanced rheometer allowed us to control the temperature from 600.0 to - 150.0£0.1 °C.)
Dependence of the complex modulus G* on time. The maximal G* is almost doubled after
adding EVACP.

maximum value G}, as the formation of the fiber networks approaches com-
pletion at t — oo. In comparison with the control sample, G}, is almost
doubled when a tiny amount of EVACP is added. (Similar changes were also
obtained for G’ and G”, respectively.)

Figure 12 shows that a new macromolecular material with significantly
modified macroscopic properties forms after the addition of EVACP. To the
best of our knowledge, such a novel approach of creating new supramolecular

materials by an additive has never been reported before.

4.3
Network Formation Mechanism

To explore the network promotion mechanism of EVACP, an adequate under-
standing on the cross-linking of fiber networks is required. The key issue to
be addressed is whether or not the formation of a 3D interconnecting network
of the small molecular organic gelling agents, such as L-DHL, is controlled
by molecule self-assembly as suggested by most people [9, 10]. It is extremely
unlikely that the occurrence of a trace amount of EVACP will cause the lash-
shape of L-DHL crystal needles, as shown in Fig. 11a, to be assembled into
the self-organized and regularly branched nanofiber networks, as shown in
Fig. 11b.

X-ray diffraction analyses have shown that L-DHL powders, needles and
3D interconnecting fibers have identical crystalline structures [31,32]. This



implies that the formation of L-DHL needles and 3D interconnecting fibers
is essentially controlled by a new kinetics associated with the nucleation-
growth process. For the primary fiber formation, it should be controlled as
for most crystalline materials by a nucleation process, which can be verified
by the linear relationship between In t; and 1/(Ap/kT)? [22,30,31].

According to the 3D nucleation model, we should then have a linear re-
lationship between In(tg) and 1/(Au/kT)? (cf. Eq.19) for the nucleation
associated with a given f (including crystallographic mismatch nucleation).
In Fig. 13, the linear fits between In(tg) and 1/ (Au/kT)? obtained for both
systems without and with EVACP indeed verify the nucleation control at the
beginning of fiber network formation.

Referring to Fig. 10b, we can see that one of the key steps in building up
the self-organized interconnecting fiber networks is the crystallographic mis-
match branching at the growing tips of nanofibers (Fig. 5). The occurrence
of the mismatch nucleation, leading to the occurrence of new fiber branches
(Fig. 5), depends on both the structural match between the substrate and the
nucleating phase, and on supersaturation [86-88]. For the growth of L-DHL
needles, the deposition of new layers on the existing surface of growing tips
requires a perfect structural match [86-88]. Since EVACP is an agent that will
selectively adsorb on certain surfaces of organic crystals [40], the adsorbed
molecules will disrupt structural match between new layers and the tip sur-
face of parent fibers.

For the growth of L-DHL fiber tips (10wt % L-DHL in DIOP solutions
without additive and with 0.05 wt % EVACP), it is found [17, 18] (Eq. 1) that
the growth rate of L-DHL fibers increases drastically with the supersaturation
at the beginning, then gradually levels off as supersaturation increases fur-
ther (Eq. 2). The introduction of EVACP causes a reduction in the growth rate
of L-DHL fibers (only a half in comparison with that in the solution without
EVACP) Since only a tiny amount of EVACP was added, the mutual diffusiv-
ity may not be changed much; therefore, the growth rate reduction is due to
the adsorption on the growth tips of the fibers, which slows down the surface
kinetics of the tip growth [22, 89-94].

The structural mismatch caused by the adsorption of EVACP has been
verified by the enhancement of f in heterogeneous nucleation experiments.
The structural match between newly created crystal layers and the tip sur-
face can be described by f (and f') (0 <f, f” <1) in Eq. 1 (and Eq. 5 given
later). According to the heterogeneous nucleation models [29-31], the slope
of the In(t) vs. 1/(Au/kT)? plot corresponds to the specific f [29-31]. In the
case of a perfect structural match (such as crystal growth), one has f,f =0,
while for completely structural mismatch, one has f, f' = 1 [31-33]. If the ad-
sorption of EVACP on any substrate (including the tips of growing fibers) is
capable of disrupting the structural match, one should observe a significant
enhancement of f in the nucleation experiments [31-33]. This turns out to be
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Fig.13 Intg vs. [/(Auu/kT)? plots for the L-DHL/DIOP system in the absence and pres-
ence of EVACP (0.03 wt %). Both cases give rise to a linear relation, indicating the control
of nucleation during the fiber formation [29-31]. The slope of the straight lines repre-
sents the specific f [29-31]. After introducing EVACP, f is raised by more than 183 times,
confirming the significant mismatch between the nucleating fibers and the substrate
caused by the additive.

the case for the L-DHL/DIOP system. Figure 13 shows that f indeed is raised
by a factor of more than 183 after introducing EVACP.

Both the nucleation and the growth kinetics of L-DHL fibers in DIOP con-
firm that the significant structural mismatch is caused by the adsorption of
EVACP on the growth tips of L-DHL fibers. This slows down the surface in-
tegration during the growth of fibers, and causes the interfacial structural
mismatch nucleation and growth. Consequently, the (wide-angle) crystallo-
graphic mismatch branching is promoted (Fig. 5b).

In order to verify quantitatively the previously described mechanism, we
will examine the correlation between the average branching distance (£) and
supersaturation. The average length (§) of the branches, which is propor-
tional to the mesh size in the fiber networks, was examined by SEM. The
linear relation between In[(&)(Au/kT)™'] and 1/(Au/kT)? obtained for the
aforementioned L-DHL/DIOP system with 0.03% EVACP (Fig. 8) verifies the
branching mechanism described by Eq. 21.

44
Engineering Strategy

As illustrated by Fig. 10a and b, one aspect of the micro/nanostructure en-
gineering is the architecture of a self-organized 3D interconnecting nanofiber
structure (Fig. 10a), and the other aspect is to tune the micro/nanostructure
in a predictive way (Fig. 10b). It was shown in the previous sections that the
variations in the micro/nanostructure of functional materials will exert a dir-
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(b)

Fig. 14 Effects of EVACP concentration on the micro/nanofiber structure and rheological
properties of L-DHL. The increase of EVACP concentration Cgyacp will give rise to a re-
duction of the mesh size of the L-DHL network ((a), (b)) and the rise of G*. (a) Fiber
network of L-DHL obtained from 10 wt %L-DHL in DIOP with 0.01 wt % EVACP. (b) Fiber
network of L-DHL obtained from 10 wt %L-DHL in DIOP with 0.1 wt % EVACP

ectimpact on the rheological or other physical properties. This implies that it is
possible to control the mesh size and the corresponding fiber network structure
so as to obtain functional materials with some desired micro/nanostructure
and rheological properties. In other words, the materials with the required
properties can be obtained by altering the experimental conditions.

The implication of Fig. 8 is that the micro/nanostructure can be modified
by changing supersaturation according to Eq. 21. The decrease of the mesh
size of the 3D interconnecting networks of the materials will lead to an in-
crease of G*, G, etc. Therefore, the change of supersaturation should enable
us to alter the rheological or other physical properties of the materials.

Under identical conditions, the increase of the concentration of the
branching promoter (additive) will also cause a reduction of the mesh size of
3D interconnecting networks of the materials. Figure 14a and b shows the 3D
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fiber network structures of L-DHL in 10 wt % L-DHL/DIOP gels with 0.01 and
0.1 wt % EVACP, respectively. Raising the EVACP concentration Cgyscp causes
a reduction of the mesh size of the networks. This consequently will give rise
to the increase of G*, G/, etc. [18]

Since the network can be created and controlled by the previously de-
scribed approaches, we should be able to engineer directly the microstructure
and macroscopic properties of the aforementioned materials in a controlled
manner.

Notice that to engineer supramolecular functional materials by additives,
an effective branching creator is one of the key steps. The criteria for the se-
lection or the design of such molecules should take energetic and entropic
factors into account. Normally, those relatively large molecules with a rela-
tively rigid backbone and multifunctional groups capable of strong binding
to the specific crystal surface are potential branching promoters. For more
details, see Ref. [18].

5
Summary and Conclusions

In this chapter, the formation of fiber and fiber network was treated on
the basis of a generic mechanism of heterogeneous nucleation. In terms of
a so-called interface correlation factor f(m) and the entropic barriers associ-
ated with kink integration, both classic and nonclassic interfacial effects and
the particle size effect during fiber and fiber network formation were ana-
lyzed quantitatively. With the increase of supersaturation, instead of a single
process, the heterogeneous nucleation occurring during the fiber and fiber
network formation is a sequence of progressive processes which reveal a wide
spectrum of heterogeneous characteristics described by f(m) and f”(m). At
low supersaturations, nucleation will be governed by the process with an op-
timal structural match and a strong interaction between the substrate and
the nucleating phase ( f(m) — 0); as supersaturation increases, the nucleation
process will be controlled by the nucleation with the poor structural match
and more orientational freedom ( f(m) — 0).

Supersaturation-driven interfacial structural mismatch is a new effect iden-
tified from the previously described model. This effect is directly responsible
for the fiber network formation of many organic gels. With increasing super-
saturation, the kinetics will be in favor of some random orientations other
than the orientation with the optimal structural match between the nucleat-
ing phase and the substrate. This implies that the epitaxial relationship will
break down at high supersaturations.

On the basis of fact that the surface of growing crystals can also serve as
a substrate for the nucleation and growth of new crystals of the same struc-
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ture, an important phenomenon arising from the supersaturation-driven
interfacial structural mismatch is the so-called crystallographic mismatch nu-
cleation and growth: new crystalline layers occurring at the surface of growing
fibers can adopt a mismatch orientation with respect to the crystallographic
orientation of the parent crystals. This process takes place via the crystallo-
graphic mismatch nucleation and growth process. For needlelike crystals, this
leads to the so-called crystallographic mismatch branching—the branching
controlling the topological structure of the fiber network and the formation
of other crystalline patterns.

At very low supersaturations, unbranched fibers form predominantly. As
supersaturation increases, SA-CMB occurs at the side face of growth fibers.
At very high supersaturations, the so-called WA-CMB becomes kinetically
favorable.

In many cases, the patterns created via WA-CMB have the characteristics of
a Cayley tree structure (a type of fractal structure). The structure of the crys-
tal networks can be then correlated to the rheological properties in terms of
fractal dimension.

Supramolecular materials consist of a self-organized interconnecting fiber
network, which can be created by the branching of fibrous crystals. Control
of the branching of nanofibers allows us to achieve the micro/nanostructure
architecture of networks. As the physical properties, in particular, the rhe-
ological properties of supramolecular functional materials, are determined
by the micro/nanostructure architecture of the network, the engineering of
supramolecular functional materials can be achieved by constructing and
manipulating the micro/nanostructure. In this regard, we presented a typ-
ical example of a so-called “branching creator”, EVACP, to promote the
branching of L-DHL needlelike crystals to generate self-organized intercon-
necting fibrous networks and new supramolecular materials. The branching
is due to the adsorption of the branching creator molecules at the grow-
ing tips of L-DHL needlelike crystals. This disturbs the normal growth of
the needle crystals, leading to the (wide-angle) crystallographic mismatch
branching. As indicated before, another effective way of manipulating the
micro/nanostructure can also be achieved by changing supersaturation.

Acknowledgements The author would like to acknowledge the Science and Engineering
Research Council, Singapore for the support of this research (project no. 022 101 0036).
He also would like to thank R.Y. Wang for providing some of the pictures.

References

1. Mio MJ, Moore JS (2000) MRS Bull 25:6
2. Derossi D, Kajiwara K, Osada Y, Yamauchi A (1991) Polymer Gels - Fundamentals and
Biomedical Applications. Plenum Press, New York, p 206



Mechanism of Gelation with Small Molecules 35

13.

14.
15.
16.
17.
18.

19.
20.
21.
22.

23.

24.
25.
26.
27.
28.

29.
30.
31

32.
33.
34.

35.
36.

37.
38.
39.

. Guenet JM (1992) Thermoreversible gelation of polymers and biopolymers. Aca-

demic, London

. Corriu RJP, Leclercq D (1996) Angew Chem 108:1524

. Reetz MI (1997) Adv Mater 9:943

. Terech P, Weiss RG (1997) Chem Rev 97:3133

. Beginn U, Keinath S, Méller M (1998) Macromol Chem Phys 199:2379

. Brunsveld L, Folmer BJB, Meijer EW (2000) MRS Bull 25:49

. van Esth JH, Feringa BL (2000) Angew Chem Int Ed Engl 39:2263

. Oya T, Enoki T, Grosberg AU, Masamune S, Sakiyma T, Tekeoka Y, Tanaka K, Wang

G, Tilmaz Y, Feid MS, Dasari R, Tanaka T (1999) Science 286:1543

. Terech P, Rodrigez V, Barnes JD, Mckenna GD (1994) Langmuir 10:3406
. Hiemenz PC, Rajagopalan R (1997) Principles of colloid and surface chemistry.

Dekker, New York, p 145

Lescanne, M, Grondin P, d’Ale’o, A, Fages E, Pozzo J-L, Mondain-Monval O, Rein-
heimer P, Colin A (2004) Langmuir 20:3032

Lescanne M, Colin A, Mondain-Monval O, Fages F, Pozzo J-L (2003) Langmuir 19:2013
Liu XY, Sawant PD (2002) Adv Mater 14:421

Liu XY, Sawant PD (2001) Appl Phys Lett 79:3518

Liu XY, Sawant PD (2002) Angew Chem Int Ed Engl 41:3641

Liu XY, Sawant PD, Tan WB, Noor IBM, Pramesti C, Chen BH (2002) ] Am Chem Soc
124:15055

Liu XY, Sawant PD (2002) Chem Phys Chem 3:374

Liu XY, Bennema P (1994) J Cryst Growth 135:209

Liu XY, Bennema P (1993) J Appl Crystallogr 26:229

Chernov AA (1984) Modern crystallography III. Crystal growth. Springer, Berlin Hei-
delberg New York

Bennema P, Gilmer GH (1973) In: Hartman P (ed) Crystal growth—an introduction.
North-Holland, Amsterdam, p 263

Kashchiev D (1969) Surf Sci 14:209

Shi G, Seinfeld JH, Okuyarna K (1990) Phys Rev A 41:2101

Wu DT (1992) ] Chem Phys 97:2644

Shneidman VA, Weinberg, MC (1992) ] Chem Phys 97:621

Kashchiev D (1995) In: van der Eerden JP, Bruinsma OSL (eds) Science and technol-
ogy of crystal growth. Kluwer, Dordrecht, p 53

Liu XY (2001) Appl Phys Lett 79:39; Liu XY (2001) J Phys Chem B 105:11550

Ning D, Liu XY (2002) Appl Phys Lett 81:445

Liu XY (2001) In: Sato K, Nakajima K, Furukawa Y (eds) Advances in crystal growth
research. Elsevier, Amsterdam, p 42

Liu XY (1999) J Chem Phys 111:1628

Liu XY (2000) ] Chem Phys 112:9949

Fowler R, Giggenhein EA (1960) Statistical thermodynamics. Cambridge University
Press, London

Farkas L (1927) Z Phys Chem 125:236

Gebhardt M (1972) In: Hartman P (ed) Crystal growth: an introduction. North-
Holland, Amsterdam, p 105

Liu XY (2001) Surf Rev Lett 8:423

Liu XY, Maiwa K, Tsukamoto K (1997) ] Chem Phys 106:1870

Liu XY, van den Berg EPG, Zauner ARA, Bennema P (2000) ] Phys Chem B
104:7211942



36

X.Y. Liu

40.

41.
42.
43.

44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.

58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.

69.
70.

71.

72.

73.

74.
75.

76.

Bennema P, Liu XY, Lewtas K, Tack RD, Rijpkema JJM, Roberts KJ (1992) J Cryst
Growth 121:679

Cahn JW, Hillig WB, Sears GW (1964) Acta Metall 12:1421

Vicsek T (1992) Fractal growth phenomena, 2nd edn. World Scientific, Singapore
Barabasi AL, Stanley HE (1995) Fractal concepts in surface growth. Cambridge Uni-
versity Press, Cambridge

Langer JS (1989) Science 243:1150

Ben Jacob E, Garik P (1990) Nature 343:523

Huang SC, Glicksman ME (1981) Acta Metall 29:717

Langer JS (1980) Rev Mod Phys 52:1

Kessler DA, Koplik J, Levine H (1988) Adv Phys 37:255

Brener EA, Melnikov VI (1991) Adv Phys 40:53

Ben-Jocob E (1993) Contemp Phys 34:247

Kepler J (1966) De nive sexangula transl Hardie. Clarendon, Oxford

Vandewalle N, Ausloos M (1997) Phys Rev E55:94

Havlin S, Nossal R, Trus B (1985) Phys Rev A32:3829

Muthukumar M, Winter HH (1986) Macromolecules 19:1284

Liu XY, Strom CS (2000) J Chem Phys 112:4408

Strom CS, Liu XY, Wang M (2000) J Phys Chem B104:9638

Phillips PJ (1994) In: Hurle DTJ (ed) Handbook of crystal growth. North-Holland,
Amsterdam, p 1167

Keith HD, Padden FJ (1963) ] Appl Phys 34:2409

Cayley A (1858) Philos Mag 28:374

Vandewalle N, Ausloos M (1997) Phys Rev E55:94

Barabasi L, Stanley HE (1995) Fractal concepts in surface growth. Cambridge Univer-
sity Press, Cambridge

Avrami M (1939) ] Chem Phys 7:1103

Witten TA, Sander LM (1981) Phys Rev Lett 47:1400

Hiemenz PC, Rajagopalan R (1997) Principles of colloid and surface chemistry.
Dekker, New York, p 145

Vicsek T (1992) Fractal growth phenomena, 2nd edn. World Scientific, Singapore

te Nijenhuis K, Winter HH (1989) Macromolecules 22:411

Shi C, Huang Z, Kilic S, Xu ], Enick RM, Beckman EJ, Carr AJ, Melendez RE, Hamilton
RD (1999) Science 286:1540

Hanabusa K, Yamada M, Kimura M, Shirai H (1996) Angew Chem 108:2086; (1996)
Angew Chem Int Ed Engl 35:1949

Lin Y, Kachar B, Weiss RG (1989) ] Am Chem Soc 111:5542

Yoza K, Amanokura N, Ono Y, Aoka T, Shinmori H, Takeuchi M, Shinkai S, Reinhoudt
DN (1999) Chem Eur J 5:2722

Aggeli A, Bell M, Boden N, Keen IN, Knowles RE, McLeish TCB, Pitkeathly M, Radford
SE (1997) Nature 386:259

Yan Esch ], Schoonbeek E, de Loos M, Kooiman H, Spek AL, Kellogg RM, Feringa BL
(1999) Chem Eur J 5:937

(a) Oda R, Hue I, Candau SJ (1998) Angew Chem 110:2835; (b) Oda R, Hue I, Can-
dau S (1998) Angew Chem Int Ed Engl 37:2689

Hafkamp RJH, Feiters MC, Nolte RJM (1999) J Org Chem 64:412

Hanabusa K, Matsumoto Y, Miki T, Koyama T, Shirai H (1994) J Chem Soc Chem
Commun 1401

Hanabusa K, Shimura K, Hirose K, Kimura M, Shirai H (1996) Chem Lett 885



Mechanism of Gelation with Small Molecules 37

77.

78.

79.
80.
81.
82.
83.
84.

85.
86.
87.
88.
89.
90.
91.
92.
93.

94,

van Esch J, De Feyter S, Kellogg RM, De Schryver E, Feringa BL (1997) Chem Eur ]
3:1238

de Loos M, van Esch J, Stokroos I, Kellogg RM, Feringa BL (1997) ] Am Chem Soc
112:12675

Osada Y, Gong JP (1998) Adv Mater 10:827

Flory R] (1974) Faraday Discuss Chem Soc 57:8

Tanaka I (1981) Am Sci 244:110

Beginn U, Keinath S, Moller M (1998) Macromol Chem Phys 199:2379

Gu W, Lu L, Chapman GB, Weiss RG (1997) Chem Commun 543

Hafkamp R]J, Kokke BPA, Danke IM, Geurts HPM, Rowan AE, Feiters MC, Nolte R JM
(1997) Chem Commun 545

Engelkamp H, Middelbeek S, Nolte RJM (1999) Science 284:785

Liu XY, Lim SW (2003) ] Am Chem Soc 125:888

Liu XY, Tsukamoto K, Sorai M (2000) Langmuir 16:5499

Laaksonen A, Talanquer V, Oxtoby DW (1995) Annu Rev Phys Chem 46:489

Liu XY, Boek ES, Briels W], Bennema P (1995) Nature 374:342

Liu XY, Bennema P (1993) ] Chem Phys 98:5863

Liu XY(1999) Phys Rev B 60:2810

Liu XY, Bennema P (1993) J Chem Phys 98:5863

Davey RJ, Garside ], Hilton AM, McEwan D, Morrison JW (1996) J Cryst Growth
166:971

da Silva Couto M, Liu XY, Meekes H, Bennema P (1994) ] Appl Phys 75:627



Tog Curr Chem (2005) 256: 39-76
DOI 10.1007/b107171

© Springer-Verlag Berlin Heidelberg 2005
Published online: 1 July 2005

Cholesterol-Based Gelators

Mladen Zini¢! - Fritz Vogtle? - Frédéric Fages® (5x7)

1Rudjer Boskovic Institute, POB 180, 10002 Zagreb, Croatia
2Kekulé-Institute fiir Organische Chemie und Biochemie, Universitit Bonn,
Gehard-Domack-Str. 1, 53121 Bonn, Germany

3Faculté des Sciences de Luminy, Université de la Méditerranée, Case 901,
13288 Marseille Cedex 9, France
fages@luminy.univ-mrs.fr

1 General Introduction . . . ... ... ... L o 40
2 Families of Cholesterol-Based Organogelators . . . . ... ......... 43
3 ALSGelators . . . . . . o v i e 46
3.1 Polycyclic Aromatic Hydrocarbons . . . . . ... .. .. ... ... ..... 46
3.1.1 Anthracenes . . ... ... ...ttt e 46
3.1.2 Anthraquinones . . . . . . . . . .. i i e e 48
3.1.3 Anthracene or Anthraquinone-Appended Systems

Based on Non-Cholesteryl Steroidal Parts . . . . .. .. .. .. ....... 50
3.2 Conjugated MolecularRods . . .. ... ... ... ... ... ....... 51
33 AzZObENZEeNes . . . . . .. i e e 52
34 Porphyrins . . . . . .o e e 56
35 SmallRings . .. .. oo e 59
3.6  ALS Organogelators: Main Outcomes . . . . . .. ..o v v v ... 62
4 A(LS); Organogelators . . . . .. ... ... 64
4.1 Chromophores . . . . . . . . . i i i e 64
42 Ligands . . ... 66
43 Polymerizable Unit . . ... ... ... .. .. ... .. .. . ... 69
4.4  A(LS), Organogelators: Main Outcomes . . . . . . . oo v v v v vt v v 70
5 Synthetic Aspects . . . . . ... ... ... .. . e 71
6 Applications . . . . . . . ... e e 71
7 Conclusion . . . . .. .. ... . e 73
References . . . .. .. .. . .. ... e 74

Abstract This chapter is intended to provide a comprehensive overview of the chem-
istry and molecular structures of cholesterol-based low molecular mass organogelators
and to describe the underlying principles that are responsible for self-assembly and, in
turn, organogel formation within this important class of systems. In particular, the prop-
erties of the resulting organogels are discussed in terms of the relationship between
the designed structure of the gelator, the nature of the gelled organic fluid component,
the influence of molecular interactions (-7 stacking, Van der Waals, hydrogen bond-
ing, ...), and chirality. Emphasis is given to the remarkably high synthetic tunability of
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the cholesterol-based organogelators, which enable access to a range of functional gels.
The prospects for future applications of cholesteryl molecular gels will be illustrated and
discussed at the end of the chapter.

Keywords Cholesterol - Steroids - Organogels - Self-assembly - Supramolecular chemistry

Abbreviations

A Aromatic unit

AFM  Atomic force microscopy
Bn Benzyl

CD Circular dichroism

DCC  N,N-Dicyclohexylcarbodiimide
DEAD Diethyl azodicarboxylate

DMAP 4-(Dimethylamino)pyridine

DMF  Dimethyl formamide

DMSO Dimethyl sulfoxide

L Linker unit

LMG  Low molecular mass gelator
LMOG Low molecular mass organogelator
NMR  Nuclear magnetic resonance

S Steroidal unit

SANS  Small-angle neutron scattering
SEM  Scanning electron microscopy
TEOS  Tetraethoxysilane

TEM  Transmission electron microscopy
Tgel Gel-to-sol phase transition temperature
TPP Tetraphenylporphyrin

uv Ultraviolet

vol Volume
wt Weight
1

General Introduction

Although the gelation of water or organic fluids by low molecular weight
molecules has been known for a long time [1,2], it is only very re-
cently that the development of self-assembling hydro- and organogelators
emerged as a new challenging area of supramolecular chemistry and ma-
terials sciences [3-5]. Most of the appeal of LMGs arises from their well-
defined molecular structures, in contrast to the case of gelling polymers,
and the flexibility with which such structures can be synthetically var-
ied, which, in turn, enables to fine tune the properties of the gel-phase
assemblies. In that connection, it is remarkable how the field of low mo-
lecular weight gelators (LMGs) progressed rapidly from a situation where
serendipity played a decisive role to the one where it became possible
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to chemists to rationally design new molecular structures capable of self-
assembly and gelation [6]. Over the last decade, LMGs did open access to
a range of functional, nanostructured materials having potential applications
in separation technologies, medicines, biomaterials, electronics, photonics
etc.

The phenomenon of gelation with LMGs is recognized as stemming
from preferential unidirectional self-assembly of molecular units into fiber-
like superstructures. The solid-state fibers, displaying remarkably high as-
pect ratio (usually tens of nanometers in diameter and up to several mi-
crometers in length), become entangled through the formation of junction
zones (crosslinks), which results in the formation of a continuous, three-
dimensional network. As a result of a large solid-liquid interfacial area, the
major fluid component is entrapped by the minor network component, and,
at the macroscopic level, the complete volume of solvent is immobilized.
Usually, the sample-spanning gel material is obtained simply by dissolving
a small amount of gelator compound in a hot solvent and cooling the solution
below the phase transition temperature. Self-assembled gels, based on LMGs,
are physical gels and, thus, thermoreversible. Heating the gel above the gel-to-
sol phase transition temperature disrupts the gel superstructure and re-forms
the isotropic solution. Upon cooling, the sol reverts to the gel; the process
is reversible and can be repeated over a great number of cycles. Another
remarkable feature pertaining to LMGs is that, very often, a very low concen-
tration (0.1-5 wt %) of gelling agent is enough for gelation to occur, which
is not the case for the polymeric counterparts. It can occur that extremely
low concentrations (below 0.1 wt %) are even sufficient to obtain very stable
gels, such exceptional LMGs fall into the category of the so-called “super-
gelators”.

Critical to the rational design of LMGs is the control of (i) the self-
assembling mode at the molecular level, one-dimensional assembly being
required for efficient fiber growth, and (ii) the balance between solubility and
insolubility in a given solvent, which relies on specific interactions between
solvent and gelator molecules. If the latter feature still remains difficult to
predict, the former condition is easily achieved as long as strong and highly
directional self-assembling groups are selected. Hydrogen-bonding function-
alities belong to that class of building-blocks, and amides and urea represent
to date the most developed class of LMGs capable of gelling water and/or
organic fluids [3-7]. Very recently, Shinkai and coworkers elegantly demon-
strated that sugar derivatives could also be conveniently used for the system-
atic design of hydrogen-bonding LMGs and for producing novel hydro-and
organogels with tailored properties [8, 9].

Although several steroids have found outstanding applications in many
areas of supramolecular chemistry [10], it is arguably cholesterol (Scheme 1)
that offered itself as the most versatile unit on which to base the systematic
design of functional LMGs for the gelation of organic fluids [11]. Functional
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Scheme 1 Molecular structures of the cholesterol («- and 8- epimers) and cholestanol (8-
epimer) building blocks

cholesterol-based LMOGs (O for organo) were discovered unexpectedly in
1987 by Weiss and coworkers and still remain a actively investigated class
of compounds at the time of this writing [3,4]. In cholesterol-containing
LMOGs, it is the covalently bound cholesteryl group that induces directional
self-association through weak Van der Waals interactions.

In this chapter, we hope to provide a comprehensive overview of the chem-
istry of cholesterol-based LMOGs and to describe the underlying principles
that are responsible of self-assembly and, in turn, organogel formation. In
particular, we will focus on the properties of the resulting organogels in terms
of relationship between the designed structure of the gelator, the nature of the
gelled organic fluid component, the influence of molecular interactions (-
stacking, Van der Waals, hydrogen bonding, ...) and chirality. The prospects
for future applications of cholesteryl molecular gels will be illustrated and
discussed at the end of this chapter.
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2
Families of Cholesterol-Based Organogelators

Cholesterol is essential to life. The name originates from the Greek chole
(bile) and stereos (solid) as cholesterol was first isolated in the solid form
from gallstones in 1784. More than 200 years later, it is now well estab-
lished that important biological functions and solubility properties of choles-
terol are intimately linked [12]. Indeed its insolubility in water explains why
this molecule is an important component of the lipid membranes of ani-
mal cells. It is this very property that makes cholesterol deleterious, if not
lethal. Indeed its deposition within the wall of an artery can lead to the
formation of arteriosclerotic plaques. Remarkably these are also the unique
self-aggregation properties of cholesterol derivatives that were at the heart
of the discovery in 1888 of a new state of matter, the liquid crystal [13].
In many respects, cholesterol is a fascinating molecule; a unique molecular
building-block that has been widely exploited in supramolecular and materi-
als chemistry [14-17].

Cholesterol, as one of the steroids, has four rings fused together, three
six-membered and one five-membered (Scheme 1). In cholesterol, the cyclo-
hexane rings are trans fused, which implies that they are locked in the chair
conformation. As a consequence, the cholesterol skeleton is rigid, flat, and
straight. The methyl groups at C-10 and C-13 and the hydrogen atoms at
C-8, C-9, and C-14 are axial. Those substituents that lie above the molecu-
lar plane, such as the two methyl groups and the hydrogen atom at C-8, are
termed S, whereas those that lie below the plane are termed «. Cholesterol
has a g aliphatic chain at C-17 of ring D, a double bond in ring B, and a hy-
droxy group on C-3. In the naturally occurring cholesterol molecule, the latter
is equatorial and the stereochemistry at C-3 of the steroid moiety is thus
B. In other words, the C-3 stereogenic center has the (S) configuration. 5a-
Cholestanol (Scheme 1) presents a molecular structure very close to that of
cholesterol and has been used as steroidal fragment of interest for the syn-
thesis of LMOGs. As compared to cholesterol, 5a-cholestanol lacks the double
bond in ring B, and the extra hydrogen atom at C-5 is axial (Scheme 1).

Although cholesterol possesses the typical features that characterize a sur-
factant molecule, e.g., a polar hydroxyl group and a long hydrocarbon skele-
ton, it does not behave as a surfactant in that it is not observed to form
membrane assemblies by itself. However, it is the amphiphilic structure of
cholesterol that explains its ready incorporation into cell membranes as
a “plasticizer” agent. Cholesterol is also not a gelator molecule in its own
right. Yet, simple synthetic derivatives of cholesterol or cholestanol are able
to gel organic liquids, but they are very few (Scheme 2). For example, a long-
chain ester derivative of cholesterol, cholesteryl laurate (3), was observed
to form partial, fragile gels at 5wt % in a silicone fluid [18]. Similarly 5c-
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Scheme2 LMOGs based on long-chain substituted derivatives of cholesterol and
cholestanyldialkylamine

cholestan-38-yl N-octadecylcarbamate, 4, was shown to gelate benzyl alcohol
and ethanol at ca. 0 °C [19]. Both «- and S-epimers of cholestanyldioctadecy-
lamine, (R)-5 and (S)-5, yielded gels with Dow-Corning 704 silicone oil [20],
while several ammonium derivatives, such as 6, were found to gel a variety of
organic liquids at very low concentration (< 5 wt/vol %) [21]. The gelation of
hydrocarbons was first reported for a d-homoandrostanyl derivative contain-
ing a hydroxyl group at C-3 and an amine (1) or nitroxide (2) functionality
at the 17a-aza position (Scheme 3) [22]. The structures and properties of the
organogels of 1 and 2 have been investigated in detail [23-25].

It is worth mentioning the use of naturally occurring bile acids, such
as cholic acid derivatives, as steroidal building-blocks for the design of
supramolecular receptors [10] and organogelators [26,27]. Some of these
simple steroid derivatives, such as the dihydroxy bile salt sodium deoxy-

H
N
1
HO
0
N
2
HO

Scheme 3 The two d-homoandrostanyl derivatives act as gelators of hydrocarbons
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cholate [28] and dihydro-lanosterol [29], are known to gel aqueous solutions
or organic liquids at low concentration.

Historically, the first rational synthesis of cholesterol-based LMOGs was
proposed by RG Weiss and coworkers. They showed that molecular sys-
tems comprising an aromatic (A) moiety connected to a steroidal (S) group
through a functionalized link (L) could display effective, and somewhat pre-
dictable, gelation ability (Scheme 4) [30,31]. A great number of such ALS
gelators, in which the nature of the aromatic and link components (A, L) var-
ied, have been synthesized and investigated during the last decade. Variations
of the S part are so far more limited as most of the known ALS structures
are based on either the cholesterol or the 5x-cholestanol units. In particular,
structure—property relationship studies have outlined the critical role of the
aromatic unit. The latter is not only necessary for gelation to be observed,
but it also allows a fine tuning of the molecular organizations within the self-
assembled superstructures and, in turn, the self-assembly properties of the
gel phase materials. Moreover, the presence of the 7-delocalized unit inciden-
tally endows the gels with electronic and optical properties, a feature that has
been largely exploited for the generation of functional materials (vide infra).
Recently, a new generation of steroidal gelators has appeared. They contain
the same basic components but arranged in a dimer structure, A(LS),, in
which the central aromatic fragment is symmetrically substituted with two
cholesterol units (Scheme 4).

For a certain number of gelator molecules, especially those with the ALS
architecture, the role of the configuration at C-3 of the cholesterol skeleton
on the gelation ability has been investigated. In the following, when the prop-
erties of a- and S-epimers are compared, the number that designates the
compound is preceded by (R)- or (S)- in order to distinguish between the
two epimers. When no explicit mention of the configuration is given, this
means the cholesterol possesses the naturally occurring S-stereochemistry,
which is true for the vast majority of compounds reported so far. Moreover,
for the sake of simplicity, a schematic representation of the cholesterol and
cholestanol moieties (Scheme 1), in which only the configuration at C-3 is

explicit, is used.
steroidal group
S

A

A(LS),

aromatogoup | (rvert )
A

ALS

Scheme4 ALS and A(LS), architectures of cholesterol-based LMOGs
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3
ALS Gelators

We have subdivided ALS organogelators into distinct classes according to the
nature of the aromatic component.

3.1
Polycyclic Aromatic Hydrocarbons

3.1.1
Anthracenes

Cholesteryl 4-(2-anthryloxy)butanoate, 7, was reported by Weiss and cowork-
ers as the first member of the family of ALS gelators (Scheme 5) [30]. The
longer homologue of 7, containing the pentanoate linker (8), and the shorter
one, 9, were also shown to be effective gelators (Scheme 5) [31].

Thermally reversible organogels were also obtained with ALS derivatives
(10-12) containing a nitrogen atom in the linker (Scheme 5) and 1- and
2-propanol, 1-butanol, 1-pentanol, and 1-octanol as solvents [19]. Within
this series, 10 appeared as a very versatile and efficient gelator as it was
observed to gel additionally n-dodecane and n-hexadecane solvents. Inter-
estingly, compound 13, containing the free N — H group, was designed as an
aza-analogue of the excellent gelator 7 in order to investigate the potential
influence of hydrogen bond formation. Actually 13 failed to gel any of the sol-
vents examined in the study, which is in contrast to the N-protected aza-ALS
10-12 [19]. It was argued that hydrogen bonding was not a critical factor in
the aggregate of anthracene-appended cholesterols.

:

R=CO,CH,(C,H,) 10
R=S0,C,H,(CH,) 11

0~ g Chol R=COCH, 12

8

H o
I
0 N\A/U\O/Cho'
O/Chol 13

9

o) R o
OMO,ChOI N\/\/U\O/Chol
7
)

Scheme 5 Anthracene-appended cholesterol derivatives that act as organogelators
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Among the anthracene-appended ALS organogelators, it is 7 that has been
the subject of intense investigation. Owing to the well-known excited-state
properties of anthracene, the anthracenyl chromophore in 7 could be con-
veniently used as a photochemical and photophysical probe to investigate
the supramolecular organization at the molecular level and monitor gel for-
mation. Electronic absorption, fluorescence emission, and CD spectroscopies
proved useful to that end. The photophysical and photochemical results
showed that the anthracene chromophores are overlapping within the aggre-
gates, but not in a parallel fashion as no excimer emission could be detected.
It was reported that small quantities of 7 (0.25-1.5 wt %) could gel reversibly
with a wide variety of organic liquids, including hydrocarbons, alcohols, alde-
hydes, esters, amines etc [31]. In particular, the gelation properties of 7 were
compared in two kinds of solvents, long-chain alcohols such as n-octanol,
and n-alkanes such as dodecane [30-35]. Remarkably, the morphological fea-
tures of the 7 gel superstructure were shown to be strongly influenced by the
solvent nature. Although CD spectroscopy showed that 7 molecules are heli-
cally stacked in the dodecane gels, the observation on the mesoscopic level
of twisted fibers was reported for the gels in n-octanol, but not in n-alkane
solvents. Furthermore, a strong dependence of the morphology of aggregates
on solvent was evidenced using TEM. Consistently, SANS profiles were also
different in n-decane and n-butanol [33, 35]. In decane, the fiber-like aggre-
gates are swollen with lyotropic organizations owing to the penetration of
solvent molecules into the supramolecular structures. In alcohol solvents,
the swelling process is not operative. In the latter solvents, the structural
organization in the gel results from the formation of a more compact gel
structure and is related to the hexagonal ordering found in the solid state. As
a consequence of swelling, the size of the strand aggregates was one order of
magnitude larger in n-alkanes than in n-alkanols. These results are consis-
tent with the fact that Tg values are higher in alcohols (63 °C in 1-octanol
at 0.80 wt %) than in alkanes (40 °C in n-octane at 0.81 wt %). Indeed, the
exclusion of alcohol molecules from the aggregate leads to the formation of
somewhat “dry”, cohesive junction zones. As a result, melting of the gel re-
quires heating to higher temperatures in alcohols than in alkane solvents.

The synthesis of two compounds, 14 and 15, containing the 2-anthracenyl
group connected to the oxygen atom at C-3 of 5w¢-cholestanol (with the
naturally occurring (S) configuration) via a carbamate linker was reported

0]

W
N/\O,Choln

= N
D/ R=H 14
NN R=CH3 15

Scheme 6 Anthracene-appended ALS gelators based on a nitrogen atom-containing linker
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by Weiss and coworkers (Scheme 6) [19]. They can be considered as aza-
analogues of the gelator 9 (Scheme 5). 14 formed thermally stable and ex-
ceptionally long-lived (> 1year) gels with several n-alkanes (Tge ca. 100 °C
at 1.0 wt % in n-dodecane) and linear alcohols (Tge < 40 °C at 0.80 wt % in
1-pentanol), while 15 only gelated 1-butanol (at 2.0 wt %) and 1-pentanol (at
1.0 wt %).

The more effective gelation ability of 14 as compared to its analogue
methylated at the carbamate nitrogen, 15, was postulated to stem from the
smaller size of the N-substituent rather than from hydrogen bonding. In con-
trast to 7, 14 and to a lesser extent 15, exhibited new electronic absorption
and fluorescence emission bands in the gels, due to strong interaction be-
tween pendant anthryl groups. CD spectroscopy confirmed the presence of
J-type aggregates with a helical arrangement of the molecular stacks within
the gelled samples. The exceptional stability of some of the 14 gels at low gela-
tion concentration (2 wt %) was thus related to the enhanced -7 interaction.
Consistently, when the A part contained smaller aromatic rings, such as the 2-
naphthyl moiety, gelation was still observed but the gels were less stable. In
the case of the even smaller phenyl-based derivatives, the gelation property
was lost.

3.1.2
Anthraquinones

Weiss and coworkers reported a series of anthraquinone-containing systems
based on either the cholesterol or the 5x-cholestanol unit (Scheme 7) that
were proven effective gelators of organic liquids. The behavior of cholesteryl
anthraquinone-2-carboxylate, 16, the anthraquinone-containing derivative
of 9, has been investigated in detail [31,33,36-38]. It was shown that the
structure and properties of 16 gels in n-alkanes and long-chain alcohols, at

' N\
L
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>0 16
Q i
| /,O\/\/J\O, 17
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o 18
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Scheme 7 Anthraquinonone-containing ALS organogelators
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concentrations of 1-4 wt %, are very sensitive to the nature of the solvent, as
observed in the case of the anthryl gelator 7 (Scheme 5) [31, 33]. Specific inter-
actions between solvent and gelator molecules in the gel strands were invoked
to account for the dependence of gel structure on solvent type, as confirmed
by the use of neutron and X-ray scattering techniques [38]. A strong change
in CD intensity accompanied the sol-to-gel phase transition in 1-octanol or
hexadecane, which is in keeping with helical molecular association involv-
ing some overlap of the aromatic rings of neighboring molecules. Moreover,
the CD spectra of the 16-hexadecane gel were shown to depend on the cool-
ing rate used for the gel preparation from the isostropic solution [38]. Other
anthraquinone-containing compounds, such as 17-19, also formed gels with
a wide variety of linear and branched alcohols and alkanes, and other solvents
at concentrations near 2 wt % [36]. This indicated that linkers (L) of differ-
ent nature (ether, ester) and length could also impart the ALS with gelation
ability. Interestingly, compound 17 formed n-alkane gels that exhibited gel-to-
sol transition temperatures (59 °C in dodecane) higher than those recorded
for alcohol gels (43 °C in 1-octanol) at the same concentration (2 wt %) [36],
which was consistent with the behavior of 14 (Scheme 6) [19] but in con-
trast with that of the anthracenyl ALS 7 [38]. This effect was rationalized in
terms of the better solubility of the compounds 14 and 17 in alcoholic solvents
relative to 7, as due to the presence of additional heteroatoms in the A or L
units.

The grafting of the anthraquinone ring to the 5a-cholestanol moiety af-
forded an effective gelator of several alcohols (2.91 wt % in 4-heptanol) and
alkanes (1.53 wt % in dodecane) in the case of the naturally occurring epimer
(5)-20 (Scheme 8) [31]. Interestingly, the a-epimer, (R)-20, failed to gel the
same liquids under the same conditions [36], which illustrates the importance
of the configuration at C-3 of the steroid skeleton. In general, an ALS with
B-stereochemistry can preferentially adopt an extended conformation with

(0] O

O‘O | O/(S)-/(R)-Choln
(R)- and (S)-20

O

(0] (0]
OOy e, CoT

o 21 22
O O

Scheme8 The B-epimer of the cholestanol-based gelator (S5)-20 acts as an efficient
organogelator of alcohols. The other anthraquinone-containing systems are non-gelators
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a rod-like shape. In contrast, the «-epimer is likely to better experience a bent
conformation, being thus less prone to one-dimensional stacking and to sta-
ble fiber formation. The compound with the carbonate link, 21, and the one
with the simple ether link, 22, actually the ALS with the shortest link known
to date, failed to gel a representative series of organic liquids.

3.1.3
Anthracene or Anthraquinone-Appended Systems
Based on Non-Cholesteryl Steroidal Parts

Steroid units other than cholesterol or cholestanol have been used for the
synthesis of ALS structures featuring anthraquinone or anthracene as A part
(Scheme 9) [31, 36]. Particularly those compounds in which the steroidal unit
lacks a CgHj7 chain at C-17 failed to produce gels in any of the solvents where
7 and 9, for example, are effective [31]. Slight changes at the C-17 aliphatic
chain, such as introduction of unsaturation (23) and/or ethyl group (24),
were shown to have little impact on the gelation ability [36]. Compound 25,
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Scheme 9 Anthraquinone-appended systems based on non-cholesteryl steroidal parts
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containing the ketocholestanyl group was found effective in forming gels in
dodecane and 1-octanol at low concentration (1.13 wt % in n-dodecane and
0.89 wt % in 1-octanol [31]. The fact that ALS 26 failed to produce gels is
more likely due to the a-stereochemistry, as stated above, rather than to the
structure of the steroidal part itself [36].

3.2
Conjugated Molecular Rods

Whitten and coworkers reported the synthesis and the study of both «-
and B-epimers of two ALS gelators, 27 and 28 (Scheme 10), based on the
trans-stilbene and the squaraine chromophores, respectively [39]. This group
had previously investigated the prominent role of the squaraine and stilbene
units in the aggregation properties of amphiphile derivatives containing these
conjugated units [40]. Compounds 27 and 28 were thus designed to inves-
tigate the effect of two kinds of competing interactions, e.g., chromophore-
chromophore and cholesterol-cholesterol interactions, on organogelation
ability. Moreover, stilbenes and squaraines produce self-aggregated struc-
tures with characteristic spectroscopic signatures and represent valuable
optical probes for the investigation of self-aggregation and organogelation
phenomena [41]. For the squaraine-containing compound 28, the link was
chosen longer and more flexible than in compound 27. For both ALS 27
and 28, the effect of stereochemistry at C-3 on gelation ability has been inves-
tigated. Both epimers of the stilbene-cholesterol gelator, (R)-27 and (S)-27,
were found to be effective in the gelation of several solvents, including ben-

CgH470 O \ 0
Q (R)- and (S)-27

CaHg
AN

C4H9

(R)- and (S)-28

Scheme 10 «- and SB-Epimers of two ALS gelators based on the trans-stilbene (27) and
squaraine chromophores (28)
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zene, nitrobenzene, toluene, haloalkanes, dioxane, acetonitrile, pyridine, and
alcohols at concentrations below 1wt %. However, the “unnatural” epimer,
(R)-27, was observed to give more transparent and stable gels than the “nat-
ural” isomer, (S)-27 [39]. Gelation of acetonitrile occurred at level as low
as 0.1 wt % of the latter. The reverse situation was found in the case of the
squaraine-cholesterol systems. Compound, (S)-28, with the natural choles-
terol unit, could gel several alcohols at concentrations of 1 wt % or less, and
was more effective than the o-epimer. The gels of (R)-27 and (S)-28 were in-
vestigated by a variety of techniques, including absorption, fluorescence and
NMR spectrocopies, AFM and SEM [39,42,43]. These studies brought im-
portant insights into the molecular organization within the gel structures.
Firstly, extensive aggregation of the aromatic chromophores was pro-active
in organogel formation with both squaraine and stilbene derivatives, which
resulted in fluorescence quenching and CD activity. The spectroscopic signa-
ture of the squaraine H-aggregate was recorded in the case of (5)-28. Secondly
a significant amount of solvent molecules, up to 30% in the case of a gel of
(R)-27 in n-octanol, were shown to participate in the process of fiber forma-
tion and to penetrate into the fibers, being held in strong interaction with the
gelator molecules [43]. This observation was consistent with the fact that the
two epimers of the stilbene-containing gelator were observed to photoisomer-
ize within the gel whereas trans-stilbene derivatives do not isomerize in the
crystalline state. This is also in keeping with the behavior of anthracene- and
anthraquinone-cholesterol gelators, of which the fibers were shown by Weiss
and Terech to incorporate solvent molecules and to be swollen with lyotropic
organizations [33, 35,38]. Finally, CD spectra of a gel of (R)-27 in octanol
indicated the formation of a helical organization within the fibers [43].

33
Azobenzenes

Shinkai and coworkers reported the synthesis of a large number of choles-
terol derivatives bearing a chromophoric azobenzene moiety [44-46]. These
systems were primarily designed in order to investigate cis-trans photoi-
somerization in the azobenzene unit as a mean to reversibly control the
characteristics of cholesteryl liquid crystals [47]. Among them, those bearing
a p-alkoxyazobenzene fragment, (S)- and (R)-29R (Scheme 11), were shown
to act as excellent gelators of a great variety of organic fluids at concentrations
of 1-7 wt %.

The detailed investigation of these compounds allowed important con-
clusions to be drawn about the gelation ability of azobenzene-cholesterol
gelators [46]. The gelation ability was found to increase with an increase in
chain length. Compound 30 lacking a para-substituent (Scheme 11) indeed
showed a rather weak gelation ability. Remarkably, (R)-29Dec gelated most
of the 55 organic fluids and solvents tested in the study. Certain compounds
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Scheme 11 Azobenzene-appended ALS gelators

gelated alcohol solvents at levels below 1 wt %. A strong effect of C-3 configu-
ration was observed, as the gelation ability of the cholesteryl derivatives with
the inverted (R)-chirality was found to differ from that of the cholesteryl com-
pounds with the natural (S)-chirality. In general, (S)-29R were found more
useful for gelation of apolar solvents whereas their diastereomers (R)-29R
were superior in polar solvents. This behavior was rationalized in terms of
the specific solubility properties of (S)-29R and their diastereomers (R)-29R
in apolar and polar solvents. The high solubility of (R)-29R in aromatic hy-
drocarbons, halogen solvents, and ethers correlated well with their tendency
to give solutions in such media and to gelate “poor” polar solvents prefer-
entially, such as methanol, ethanol, acetic acid for example. This behavior
was supported by the conformational properties of the two compounds in
the solid state. Indeed, energy-minimized structures of (S)- and (R)-13Me
showed that the natural epimer adopts an extended conformation, whereas
the inverted epimer exits in a bent conformation with a L shape. Such ge-
ometries are likely to be a consequence of either the equatorial or axial
orientation of the substituent at C-3 of the cholesterol skeleton. In the ex-
tended conformation (isomer ), the azobenzene unit is available for experi-
encing significant -overlap with azobenzene chromophores of neighboring
molecules, which can provide additional stabilization (and high crystallinity)
to the aggregate. In contrast, the a-epimer, with the bent conformation, is not
prone to allow face-to-face interactions between azobenzene chromophores.
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Compounds with (S)-configuration consistently gave gels with higher sol-gel
phase transition temperature values than those determined with the (R)-
epimers. Moreover, the monolayer formation properties of (S)- and (R)-13Me
were studied at the air-water interface and were found to be profoundly
influenced by the configuration at C-3 [48]. Compared to the compounds con-
taining a p-alkoxy substituent, those bearing a p-dialkylamino group ((S)-31R
and (R)-31R, Scheme 11) displayed a poorer gelation ability owing to their
higher solubility in organic solvents [46].

Drastic CD spectral changes were observed below and above the sol-gel
phase transition [45,46]. In the sol phase, the compounds (R/S)-29R and
(R/S)-31R were totally CD-silent while, in the gel phase, they displayed CD
spectra containing exciton coupling bands at the position of the azobenzene
absorption band with a zero crossing close to the gel absorption maximum.
This indicated that the ALS gelators self-associate in a specific chiral arrange-
ment, forcing the azobenzene units to experience asymmetric interactions
in the excited state. The either clockwise or anticlockwise orientation of the
azobenzene dipoles, as deduced from the sign of the Cotton effect in the CD
spectra, was found to depend not only on the nature of the solvent and the
length of the alkyl substituent, but also on the gel preparation conditions.
The latter feature was also noticed by Weiss and colleagues [38]. Compound
(R)-31Me formed gels in cycloalkane solvents that displayed CD spectra with
the negative exciton coupling (a sign for (S)-chirality of the aggregate, an-
ticlockwise orientation of azobenzene dipoles) in the case of a slow cooling
rate. Conversely, the positive exciton coupling (gel with the (R)-chirality) was
recorded for a gel formed under a fast cooling regime. Remarkably, when the
gel obtained with the (R)-chirality was slowly heated to temperatures not ex-
ceeding the Ty value, the CD sign was observed to gradually invert from (R)
to (S), which allowed determination of a critical inversion temperature for the
gel material. These results indicated that the gel with (R)-chirality, formed
by rapid cooling, is metastable. It is worth mentioning that no correlation
was found to exist between the chirality of the C-3 stereogenic center in the
ALS gelators (R/S)-29R and (R/S)-31R and that of the resulting gels. Besides,
SEM results confirmed the formation of three-dimensional networks contain-
ing helical fibrils. The gels of (R)-31Me in cyclohexane with (R)-chirality in
CD possessed a right-handed helix, whereas the opposite was found for the
gels with (S)-chirality.

Finally it was observed that UV light irradiation of a (S)-29Me gel in
1-butanol induced the trans-to-cis isomerization in the azobenzene unit,
thereby causing the gel to turn into the solution. The gel could be re-formed
by visible light irradiation. The sol-gel phase transition could be controlled
reversibly by light and monitored efficiently by CD spectroscopy [44, 46].

An important class of azobenzene-based ALS organogelators is that of
cholesterol derivatives bearing a crown ether moiety at the azobenzene unit,
such as compounds 32-2, 33, and 34X (Scheme 12). Compound 32-2 with
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Scheme 12 Azobenzene-appended cholesterol LMOGs bearing a crown ether moiety dis-
play metal-cation sensitive gelation ability

a benzo-18-crown-6 moiety acts as a gelator of several hydrocarbons and al-
cohols [44], whereas, under the same conditions, the smaller analogue 32-1
gives crystals only. Interestingly, the addition of alkali metal cations (Li*, Na*,
K*, Rb*) induced an increase of the gel-to-sol phase transition temperature
of gels of 32-2 in a mixture of methylcyclohexane and benzene as solvent [44].
In contrast, the opposite effect was observed with the larger Cs™ cation, which
indicates that the formation of the 1 : 2 metal-crown sandwich complex desta-
bilizes the gel structure.

Compound 33 featuring a large dibenzo-[30]-crown-10 crown moiety
(Scheme 12) gelated various organic solvents, such as 1-hexanol, DMSO, DMF,
or propionic acid, under 1.0 wt % [49]. The propionic acid gel of 33 exhibited
a negative sign for the first Cotton effect, which suggests that the azobenzene
dipole moments interacts in an anticlockwise manner. Remarkably, 33 en-
abled observation of the formation of tubular-like assemblies with 45-75 nm
wall thickness and 170-390 nm inside tube diameter. Three ALS gelators,
34X (X = O, NH, NBn) bearing an aza-containing 18-crown-6 ether moiety
were reported to display interesting gelation abilities (Scheme 12). Compound
34NBn could gelate eight of the 17 solvents tested, including alcohols, DMSO,
and amines [50,51]. It was found to be particularly effective for alcohols.
The CD properties of 1-butanol gels of 34NBn in the absence and presence



56 M. Zini¢ et al.

of AgNO3; and CsClO4 were investigated. Positive exciton bands clearly ap-
peared in the CD spectra of 34NBn in the presence of metal ions, while the
effect was less pronounced in the case of the metal-free organogel. These
observations indicated that the aggregates of 34NBn are stabilized by inter-
molecular cholesterol-cholesterol and azobenzene-azobenzene interactions.
Compound 34NH, lacking the N-benzyl group (Scheme 12), also displayed
a good gelation ability in alcohols and DMSO [52,53]. The organogels of
34NH were observed to be remarkably stabilized in the presence of mono-
and diamines through the formation of hydrogen-bonded complexes between
the amine guest and the crown ether moiety. Moreover, it was possible to dis-
criminate the “chirality” of amines in the gelation process [52]. The monoaza-
crown ether derivative 340 behaved similarly.

Compound (R)-35 containing an ammonium group presents the struc-
tural features of a conventional cationic surfactant (Scheme 13) [54, 55]. It was
shown to gelate only polar solvents such as methanol, ethanol, acetic acid, and
benzylamine, being thus less versatile than its neutral analogue (R)-29Pent
(Scheme 11). Compounds 36-n (n =2, 3, 4, 5), containing a linear diamine
unit (Scheme 13), were able to gelate various polar solvents such as alcohols,
DMSO, and DMF. The morphology of the aggregate was remarkably sensitive
to the number of methylene units bridging the two amino groups and, clearly,
an odd-even relationship governs the aggregation modes of the diamine-
containing ALS gelators [56]. The xerogels showed a lamellar structure for
n =2 and 4 and a fiber structure for n =3 and 5.

C O—(R)-Chol

Me3N _35

HZN\M/ N\/\/\O

@ 36-n (n=2,3,4,5)
C O-Chol

Scheme 13 Azobenzene-appended cholesterol LMOGs bearing pendant ammonium or
diamine units as effective gelators of polar organic solvents

3.4
Porphyrins

ALS compounds comprising a porphyrin group as the aromatic unit were
shown to act as organogelators and to provide access to gel phase ma-
terials based on ordered chromophoric arrays with light-harvesting func-
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tions. Two epimeric compounds, (S)- and (R)-37, containing the free 5-(4-
phenoxyacetic acid)-10,15,20-tritolylporphyrin unit connected to the choles-
terol unit (Scheme 14), were tested as gelators in a wide range of organic
solvents [57]. It was found that only cyclohexane and methylcyclohexane at
25°C and diphenyl ether at 4 °C could be gelled by the natural (S)-epimer at
9 mM, whereas the inverted one gave isotropic solutions with these solvents.
Although these compounds were not as versatile as the azobenzene gelators,
their gelation ability showed a similar dependence on the configuration at C-3
of cholesterol [46]. From the CD studies, the cyclohexane gel of (S)-37 gave
rise to a strong exciton-coupling-type band and to a red-shift of the Soret ab-
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Scheme 14 Porphyrin-appended cholesterol LMOGS. Addition of [60]fullerene reinforces
the gelation ability of 38-n
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sorption band, which is indicative of the formation of porphyrin J-aggregates
in the gel phase.

A series of ALS containing a Zn(II) porphyrin moiety appended to the
(S)-cholesterol unit (38-n) via a diamine tether of variable length (n =2,
3, 4, 5) were described and tested in various solvents at a concentration
of 25.5mM [58,59] (Scheme 14). As observed in the case of the previous
porphyrin-containing gelator, the gelation ability of 38-n was rather weak. In-
deed 38-4 failed to gel any of the solvents tested at room temperature whereas
38-3 and 38-5 formed turbid gels in cyclohexane and methylcyclohexane.
At 5°C 38-2 with a (CH;), spacer gelated aromatic hydrocarbons such as
benzene, toluene, and p-xylene, but these gels where converted into sols at
20 °C. Remarkably, the gelation ability could be considerably increased when
[60]fullerene was added to a solution of 38-2 in the aromatic solvents; the gels
were then observed to be stable even at 20 °C. A similar stabilization effect
was also observed with 38-4 under the same conditions. The reinforcement
of the gel structure was rationalized in terms of the favorable intermolecu-
lar Zn(II) porphyrin-[60]fullerene interaction [60]. Sol-gel phase transition
temperature measurements and spectroscopic studies supported the forma-
tion of 2:1 Zn(II) porphyrin/[60]fullerene sandwich complex only in the
gel phase. CD spectroscopy was particularly useful for confirming the chi-
ral orientation of 38-2 and 38-4 molecules in the gel phase as induced by the
interaction with [60]fullerene. In contrast, the C60-assisted strengthening of
the gel structure was not operative in the case of compounds 38-3 and 38-5
which have an odd number of methylenic units in their linker.

In the same connection, the gelation test of a [60]fullerene-appended
cholesterol gelator, (S)-39, was performed in 28 solvents. (S)-39 could only
gelate dichloromethane at 25°C at above the concentration of 16.2 mM,
whereas the inverted epimer (R)-39 was inactive in all solvents tested [61]
(Scheme 15). CD spectroscopy studies indicated that the [60]fullerene
moiety in (S5)-39 is chirally oriented in the gel state. The effect of zinc
porphyrin/[60]fullerene interaction was investigated by adding Zn TPP into
the gel of (S)-39. Interestingly, the addition of Zn TPP disrupted the gel, which
is in contrast to the behavior of 38-n in the presence of fullerene.

Scheme 15 [60]Fullerene-based LMOGs
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3.5
Small Rings

In general, cholesterol derivatives bearing a small aromatic ring or a hete-
rocyclic nucleus display a weak gelation ability [31], as compared to their
counterparts containing large w-delocalized systems. This is illustrated by the
benzocrown ether derivative 40-2 that formed a gel in hexane only and at low
temperature (— 6 °C at 2 wt %). Similarly, the shorter analogue 40-0 and re-
lated derivatives 41-n (n =0, 2) failed to gel any of the solvents investigated
(Scheme 16) [44], which indicates that the size of the crown ether moiety is
a particularly critical factor.

The gelation ability of a benzylamine-containing cholesterol 42 in alco-
holic solvents, including n-butanol, was reported (Scheme 17) [62]. TEM
photographs of a 42 organogel (5wt % in n-butanol ) confirmed the forma-
tion of a fibrous network. This study aimed at the use of the gel structure
as a template for the benzylamine-catalyzed formation of silica. Although
compound 43, the trimethyl ammonium derivative of 42, failed to gelate
any of the solvents investigated, an equimolar mixture of 42 and 43 could
gelate 1-butanol. Interestingly, proton NMR experiments ascertained that
both compounds were present in the gel fibers. Pyridine-containing choles-
terols recently appeared as structurally simple yet versatile gelators of organic
solvents (Scheme 17) [63]. Especially, compound 44, in which the pyridine is
substituted at the para position, showed a superior gelation ability relative
to its regioisomers 45 and 46. Indeed it was observed to gelate various sol-
vents ranging from apolar alkanes to polar solvents such as alcohols, ketones,
acetonitrile, and DMSO at concentrations between 5 and 35 gcm™ [63]. Re-
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Scheme 16 Cholesterol-based derivatives containing a benzo-crown ether moiety that be-
have as weak gelators
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Scheme 17 Cholesterol derivatives that bear a benzylamine or a pyridine moiety are versa-
tile organogelators. The gel of 45 in diphenyl ether is stabilized in the presence of silver(I)
metal ions

markably, the gelation properties of compound 45 in diphenyl ether were
found to be significantly improved in the presence of added silver(I) metal
cations whereas they were not affected for 44 and 46. This effect was ra-
tionalized in terms of a favorable orientation of two nitrogen atoms in the
neighboring pyridyl groups for an efficient coordination of Ag(I) inside the
gel aggregates.

Shinkai and coworkers reported the design and synthesis of cholesterol
derivatives bearing heterocyclic units prone to hydrogen bond formation with
the idea of investigating the cooperative participation of hydrogen-bonding
and cholesterol-cholesterol interactions in the gelation process. As a first ap-
proach, the study of compounds 47 and 48, containing an isocyanuric acid
moiety and a triaminopyrimidine unit (Scheme 18), respectively, indicated
that 47 forms a gel only in toluene whereas 48 precipitates from the solution.
In contrast, using a 1: 1 mixture (2 wt %) of 47 and 48 gelated methylcyclo-
hexane, toluene, and 1-octanol the stability of the resulting gels was com-
parable to that of ALS containing an aromatic hydrocarbon group [64, 65].
Infra-red spectroscopy results showed that the reinforced gelation ability did
not stem from “molecular tape” formation, as expected for the regular aggre-
gation of the complementary hydrogen-bond-forming motifs [66], but rather
involved complex hydrogen-bonded patterns.

This approach was further extended to the case of nucleobase-appended
cholesterol derivatives, such as compounds 49R (R = H, Me) functionalized
by a uracil group (Scheme 18) [67, 68]. The fact that 49H could form a very
stable gel as compared to the methylated analogue, 49Me, provided strong ev-
idence for gel stabilization by hydrogen bond formation in addition to the
cholesterol-cholesterol interaction. The latter was ascertained on the basis of
CD spectroscopic results which confirmed the formation of helical columnar
stacks as already noticed for previous ALS gelators. The addition of comple-
mentary nucleoside derivatives to 49H allowed control of the stability and
morphology of the gels [67,68]. A remarkable behavior was observed when
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Scheme 18 Cholesterol-based LMOGs that served to investigate the influence of hydrogen
bonding with complementary guests on gelation ability

49H was mixed with the complementary polynucleotide poly(A) - formation
of a unique helical supramolecular structure [69].

The interplay between hydrogen-bonding and cholesterol-cholesterol in-
teractions was also investigated in ALS compounds having a saccharide
moiety tethered to the cholesterol unit. Sugar derivatives represent a recent
class of effective gelators of water and organic solvents [8,9]. Saccharide-
cholesterol conjugates did behave as outstanding gelators [70] but the gelation
ability was found to be strongly dependent on structure and absolute con-
figuration of the sugar moiety. As an example, compound 50 (Scheme 19),
containing the «-D-glucopyranosyl unit forms transparent gels with many
solvents at a concentration of 4 wt/vol %, whereas its S-anomer («/f refers
in this particular case to the sugar moiety) is insoluble in most solvents
owing to a more straight geometry that favors extensive face-to-face stack-
ing. In some cases, such as the benzene gel of 50, the stability of the gels was
found to be excessively high and Tg values were comparable with the boiling
point of the solvent. This confirmed the cooperative participation of hydrogen
bonds between sugar moieties, and van der Waal forces between cholesterol
units. It is worth noting that the peracetylated S-anomer derivative of 50
could gel some organic solvents [70] and, especially, ionic liquids such as
N,N’-dialkyl-substituted imidazolium and N-alkyl pyridinium ions [71]. In
the latter fluids, the gels form at very low concentration (below 0.4 wt %)
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Scheme 19 Example of a saccharide-cholesterol (50) and a boronic acid-cholesterol (51)
LMOG. Owing to cooperative sugar-sugar and cholesterol-cholesterol interaction, 50
forms remarkably stable gels

and are thermostable (Tge > 100 °C) above 0.4 wt %. When compound 50 was
combined with boronic acid-appended poly(L-lysine) in a DMSO/water sol-
vent mixture, a novel organopolymer gel formed, which consisted of vesicles
of gelator 50 cross-linked by the polymer backbone [72]. Conversely com-
plex formation between saccharide molecules and cholesterol boronic acid 51
(Scheme 19) also assisted organogelation [47].

3.6
ALS Organogelators: Main Outcomes

The use of the general ALS structure as design principle for novel organogela-
tors enables access to a very broad family of cholesterol-based systems. In-
terestingly, such systems can gelate a range of solvent types, including polar
and apolar, protic and aprotic solvents, depending on the nature of the A,
L, and S components of the ALS structure. As gelation of cholesterol-based
molecules is based primarily on weak forces (van der Waals, -stacking), the
solvent plays a critical role and has been shown to control gel stability, fiber
helicity, and aggregate size. Swelling of the aggregates also appears to repre-
sent a common feature of the self-assembly of cholesterol-based LMOGs. Yet,
the gelation ability of a designed ALS in a given fluid or even class of solvent
still remains difficult to predict. This property results from a subtle balance
between solubility and insolubility, which depends on the specific solvation
of each A, L, and S parts. In this respect, the type of aromatic unit and the
chemical nature, length, and flexibility of the linking group have a large im-
pact. Furthermore, the stereochemistry at C-3 of ALS molecules determines
the conformational preference of a ALS system, and, in turn, its solubility
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properties. Those compounds with an extended conformation, such as those
based on the naturally occurring S-epimer, are generally less soluble and give
better gels due to their higher propensity to stack relative to the ¢-epimer.
The structural feature common to effective ALS gelators is the presence
of an aromatic unit tethered to the oxygen atom of the cholesteryl group. As
a matter of fact, aromatic-aromatic and cholesterol-cholesterol interactions
cooperatively act as driving forces in self-aggregation and gelation processes.
It is likely that the additional self-association between aromatic groups assists
the growth of unidirectional aggregates at the expense of the large three-
dimensional structures that are usually observed with liquid crystalline or
amphiphilic cholesterols [73]. In the case of anthracenyl-cholesterol gela-
tors, such as 7, it is the association of the aromatic parts that was believed
to play a crucial role in the formation and ordering at the molecular level
of the fiber aggregates [35]. This interpretation was based on the similar
diffraction patterns in the solid-state of 7 and that of a long aliphatic chain-
substituted anthracenyl organogelator lacking the cholesterol group [74, 75].
In contrast, for azobenzene- or trans-stilbene-appended cholesterol systems,
the aggregation is more likely driven by the stacking of the cholesteryl moi-
eties [42,46]. In the primary unit aggregate, the stacking of the cholesteryl
subunits is postulated to produce a one-dimensional helical array with the
pendant aromatic moieties organized in a helical fashion at the periphery of
the columnar core and sticking outwards (Scheme 20), consistent with AFM
observations [40]. Such geometry of the unit aggregate is reminiscent of that
of a spiral staircase [63]. In the case of azobenzene-cholesterol ALS having
the B-configuration at C-3 (preferential extended conformation), and a long

(-

Scheme20 Unidirectional self-assembly of LMOG molecules driven by cholesterol-
cholesterol interactions forms a helical array as self-assembled unit fiber
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tether (L), m-m interactions between the aromatic part of stacked molecules
within the same unit column can account for the higher stability of the result-
ing gels, as compared to those obtained with the bent-shaped «-epimer [46].

Moreover, an additional association process, involving intercolumnar
aromatic-aromatic interaction, is believed to account for the edge-to-edge
association of adjacent unit fibers leading to the formation of larger fiber bun-
dles which can link together to generate the gel network. As a result, the size
and shape of the aromatic group A represent a key structural factor toward
gelation. Generally, chromophores with a rod-like shape give better results,
which is consistent with the aforementioned aggregation model. Those with
larger rings (porphyrins) or smaller rings (benzene) showed instead weaker
gelation ability, unless their aggregates are stabilized through supramolecular
interactions with exogenous guests, such as metal ions, amines, nucleobases,
or [60]fullerene.

4
A(LS), Organogelators

Recently dimeric cholesterol-based derivatives were reported as a new class
of organogelator architecture. The examples published so far display a A(LS);
structure in which a central unit A is “sandwiched” by two cholesterol moi-
eties. Moreover, all such “gemini”-type cholesterol-based structures reported
to date are based on the cholesterol unit having the natural (S) configuration
at C-3. They are listed below according to the main functional characteristics
of the central unit.

4.1
Chromophores

The synthesis and gelation properties of compounds 52-55, containing aro-
matic chromophores, were reported (Scheme 21). The central unit A of gela-
tor 52 is based on two azobenzene chromophores that are connected by
a central flexible diamino chain [76]. This compound was observed to gelate
various organic solvents, such as 1-hexanol, 1-octanol, toluene, m-xylene, and
p-xylene, under 1.0-5.0 wt %. As observed in the case of ALS systems, CD
spectroscopy pointed to the chiral orientation of 52 molecules within the gel
aggregate and TEM photographs showed the occurrence of helical fibers.
The cholesterol organogelator 53 contains two benzene chromophores
linked by a flexible chain combining both amide and ethylene glycol se-
quences [77]. Interestingly, both hydrogen-bond formation and w-7 inter-
action play a key role in explaining fiber formation. Electronic absorption
spectroscopy studies showed the formation of H-aggregates in which the ben-
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Scheme 21 A(LS); LMOGs bearing a chromophoric unit

zene units are held in a cofacial fashion. These results together with those
obtained from X-ray studies led the authors to propose that 53 could exist
in a folded conformation in the gel state, leading to the formation of lamel-
lar, bilayer structure. The preferential folded conformation of ALS 52 was also
assumed by Shinkai and coworkers to prevail in the gel [76].

The dimeric A(LS), structure was found remarkably effective even in the
case where the unit A is a ionic moiety, such as viologen in 54 [78], or
a strongly self-associating group, such as the N,N’-disubstituted 3,4,9,10-
perylenetetracarboxylic diimide core in 55 [79]. It was found that 54 forms
a stable gel only in 1-butanol at low concentration (below 1wt/vol %) of
which the CD spectrum displayed the features typical of a chiral, clockwise
aggregation of the gelator molecules. X-ray diffraction patterns of the xero-
gel of 54 were similar to those of the neat crystal obtained from ethanol.
They indicated the formation of a lamellar organization with an interlayer
distance of 4.96 nm. The molecules 54 were proposed to exist in an extended
conformation in the gel state and to be tilted relative to the normal of the
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layer plane [78]. A similar extended conformation was proposed to occur
in the gels of 55. The formation of one-dimensional stacks was driven by
the extraordinary strong propensity of perylene derivatives to aggregate into
columnar assemblies [79]. The latter property is at the origin of the known
weak solubility of perylenetetracarboxylic diimide compounds. Transparent
gels of 55, suitable for spectroscopic experiments, were obtained in binary
mixtures of a polar (alcohol, nitrobenzene) and an apolar (toluene, o-xylene,
p-xylene) solvent. For example, the 55 gel formed at 3.8 mM in p-xylene/1-
propanol (3:1 v/v) was thermally stable. CD spectroscopy confirmed the
formation of chiral aggregates as due to the cholesterol-cholesterol inter-
action. Remarkably, confocal laser scanning microscopy could be used to
image the fiber assemblies acting as photonic wires. Moreover, a series of
analogues of 55, in which the perylene nucleus is functionalized at the bay re-
gion (1 and 7-positions) with bulky groups, did not act as gelators under the
same conditions. Nevertheless stable gels could be obtained in mixtures of the
1,7-disubstituted compounds containing up to 50% of 55. Electronic energy
transfer took place efficiently between the mixed chromophores incorporated
into the gel fibers.

4.2
Ligands

A series of A(LS); compounds in which the unit A is a metal ion chelating
site were also described as versatile organogelators (Scheme 22). Two choles-
terol units were introduced onto both extremities of benzo- or diaza-crown
ether units via an azobenzene molecule, such as in compounds 56-n and 57,
respectively [80]. Gelator 56-0 and 56-1, containing a dibenzo-[24]-crown-8
or a dibenzo-[30]-crown-10 central unit, respectively, acted as a good gelator
of organic solvents (propionic acid, acetic acid, 1-butanol, DMSO, DMF etc at
1.0 wt %) [49, 81]. The CD spectrum of the gel of 56-0 in acetic acid exhibited
a negative sign for the first Cotton effect, which supported the anticlockwise
orientation of the azobenzene dipole moments in the gel state, similar to that
previously mentioned for the analogous ALS gelator 33 (Scheme 12) [49]. In
contrast, the gel of 56-1 exhibited different CD features, which pointed to
a peculiar organization of the molecules in the gel structure. To explain, in
particular, the opposite sign for the first Cotton effect, the authors suggested
that the latter compound could adopt a folded conformation in the gel that
would favor efficient intramolecular cholesterol-cholesterol and azobenzene-
azobenzene interactions [81]. Very interestingly, the xerogel of 56-1 consisted
of both tubular structures with about 520 nm outer diameter, and helical
ribbon structures with 1700 nm pitch, as observed by TEM and SEM. The
diaza-[18]-crown-6-containing system 57 (Scheme 22) was found to act as
a more effective organogelator than its mono-type cholesterol ALS analogue
34-NBn (Scheme 12). Indeed it gelated a greater range of organic solvents
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at 5.0 wt %, including long-chain alcohols and amines [51]. The aggregation
mode of the two compounds 57 and 34-NBn was observed to be different,
on the basis of electronic absorption and CD measurements. Particularly the
azobenzene chromophores in the acetic gel of 57 were found to be oriented
into the anticlockwise direction. Strikingly, SEM and TEM investigation of
the acetic acid gel of 57 revealed the spherical morphology of the aggregates.
Two different spherical structures, with 200 nm and 2500 nm diameter, were
observed. The connection of the smaller particles to one another in a pearl
necklace fashion resulted in three-dimensional network formation. Such gel
structure is unprecedented and in stark contrast with the fibrillar structure
usually observed in organogels. The TEM pictures established the multilayer
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structure of the spherical vesicles. The value of ca. 5nm measured for the
layer thickness is consistent with a folded conformation of 57 [51].

Pseudo-rotaxane complex formation was used to reversibly trigger the
conformational preference of the bis-cholesterol derivative 58 (Scheme 22).
Compound 58 was observed to gel cycloalkane and diphenyl ether at 19 mM
but failed to gelate aromatic solvents under the same conditions [82]. How-
ever, addition of a diammonium guest into a benzene sol of 58 induced
gelation to occur. This effect was attributed to a change in host conformation.
Indeed pseudo-rotaxane formation forced the molecule to adopt the extended
geometry, which resulted in a more favorable situation for one-dimensional
aggregation and, in turn, gel formation [82].

Dipyridine ligands, such as phenanthroline and 2,2’-bipyridine, were used
for the construction of two A(LS), organogelators, 59 and 60, respectively
(Scheme 22). Compound 59 is capable of gelating cycloakanes, alcohols, po-
lar aprotic solvents (DMF and DMSO), and organic acids. In most cases the
minimal gelation concentration at room temperature is below 1.0 wt %, in-
dicating that compound 59 falls into the category of supergelators [83, 84].
The gels were remarkably stable, a Ty value of 82-88 °C was determined for
a 1-propanol gel at a concentration of 0.3 wt %. The fluorescence emission
properties of the gels were sensitive to protonation at the phenanthroline ni-
trogen atoms. The 2,2'-bipyridine ligand 60 represented a unique example in
that not only the free ligand but also its copper(I) complex, Cu(I)-60;, acted
as organogelators. The latter displayed gelation ability toward nitrile solvents
at 8.7mM [85]. As such, the copper(I) complex represents a first example
of a new class of cholesterol-based LMOGs in which four cholesterol units
are preorganized in a tetrahedral fashion around the cationic metallic cen-
ter. TEM photographs of gels of 60 and of Cu(I)-60, showed that the network
structure is composed of fibers with 13-100 nm and 40-100 nm, respectively.
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For the free ligand, the fibers were observed to have a left-handed helical
shape. Remarkably, both color change and sol-gel phase transition could be
reversibly controlled by the redox state of the metal in the complex. It is
worth mentioning that metal coordination was also useful to control the self-
assembling properties of cholic amide-phenanthroline gelating agents [86].
Bis-cholesterol hydrogen-bonding receptors 61 and 62 (Scheme 23) were
found to act as gelators in organic solvents. Their gelation ability could be
markedly modulated upon appropriate host-guest interaction [87].

4.3
Polymerizable Unit

Diacetylene cholesteryl esters having two urethane linkages 63X-n formed
organogels in cyclohexane and, for some derivatives, in hexane, diethyl ether,
DMEF, and ethanol (Scheme 24) [88, 89]. Cyclohexane as solvent was far supe-
rior as concentrations as low as 0.2-0.5wt % of the LMOGs were sufficient
to produce stable gels (Tger =70°C for a cyclohexane gel of 63(CH;)s3-4 at
0.2 wt %). Examination of the gelation properties of the model compounds
64-n and 65 led to the important conclusion that the main driving force for
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Scheme 24 A(LS); LMOGs combining hydrogen-bonding and cholesterol units. Due to the
presence of the photoreactive diacetylene moiety in the central linker moiety, topochem-
ical photopolymerization in the gel state makes new stable polymeric materials
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one-dimensional self-assembly and gelation is the hydrogen bonding of the
urethane groups.

4.4
A(LS), Organogelators: Main Outcomes

A(LS), structures do offer new potentialities for the construction of novel
cholesterol-based organogelators. Indeed, from the examples listed above,
ionic aromatic species or even a coordination complex moiety could be
successfully incorporated into gel superstructures, thereby leading to stable
organogels with unique functionalities. Clearly, the A(LS), gelators have been
so far the subject of less investigation than the ALS counterparts. Much work
remains to be done in order to unravel the role of the two pendant choles-
terol units in gel fiber structure and formation. To date, two different kinds
of molecular organization have been postulated to occur within the gel unit
aggregates. They involve either a folded or an extended conformation of the
A(LS), molecule (Scheme 25). In the first case, one-dimensional stacking is
believed to result from both intramolecular and intermolecular cholesterol-
cholesterol interactions. The aggregation mode is somewhat reminiscent of
the spiral staircase arrangement described for ALS systems (Scheme 20) in
that it leads to the formation of a central columnar array of cholesterol units
surrounded by the folded AL, segments organized in a helical arrangement.
Of course, this configuration requires the two linker units L to be long and
flexible enough. In the second case, one-dimensional stacking of the fully

Scheme 25 Possible molecular packing for A(LS), organogelators in either the folded
(right) or extended (left) conformation
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extended molecules could involve the formation of a twisted central col-
umn of stacked aromatic units stabilized at each extremities by cholesterol-
cholesterol interactions (Scheme 25). As mentioned above, the influence of
the configuration at C-3 has not been examined in the case of A(LS); gelators
as all the examples known to date have the (S,S) configuration.

5
Synthetic Aspects

Functionalization at the C-3 hydroxy group of the commercially available 3 8-
cholesterol and 38-cholestanol enables the ready preparation of a variety of
cholesteryl derivatives with the natural configuration. In conventional ester-
ification procedures, either the acid chlorides or the carboxylic acids in the
presence of DCC and DMAP react with the hydroxy function at C-3 to afford
the desired compound in rather good yields. In such cases, the configura-
tion at C-3 is retained as the naturally occurring configuration. In order to
obtain the corresponding a-epimers, a condensation method was found par-
ticularly effective to induce inversion of C-3 [46] when carboxylic acids and
cholesterol (cholestanol) are treated with triphenylphosphine and DEAD as
a condensation reagent under Mitsunobu conditions. 38-Cholesteryl chloro-
formiate is also commercially available and represents a versatile precursor
for the straightforward synthesis of organogelators containing a urethane
group in the linker part. Indeed reaction of the chloroformiate derivative with
an amino derivative leads in one step and high yield to the corresponding ALS
or A(LS), compounds.

6
Applications

The applications of cholesterol-based gelators encompass a wide range of
scientific and technological areas. Steroid-based ALS structures especially
hold great promise for the generation of new functional materials [6]. A re-
markable consequence of the required presence of an aromatic unit in the
molecular structure is that the gel fibers consist of arrays of well-organized
m-conjugated units, which thereby endows the material with optical and/or
electronic properties [4]. Clearly the concepts of supramolecular chemistry as
applied to gels offer elegant opportunities to create supramolecular photon-
ics and electronics [90]. ALS that contain anthracene or perylene derivatives
as chromophoric units, such as 7 [30] and 55 [79], respectively, produce
highly luminescent gels that have great potential for the design of photonic
devices, such as light-emitting diodes, fluorescent sensors, or artificial pho-
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tosynthetic systems with light-harvesting properties. The use of molecular
units with solid-state semiconducting units was reported in the case of a se-
ries of hydrogen-bonded gelators combining oligothiophene oligomers and
urea functionalities [91]. Although there is no example at the time of this
writing of such systems based on cholesterol, ALS gelators properly sub-
stituted with oxidizable/reducible groups might represent valuable attrac-
tive candidates for the generation of organic charge-transport devices [92].
In that connection, one-dimensional assembly of porphyrin-containing ALS
represented a first approach towards the generation of photonic wires trans-
porting charges and/or photons for electronic and photovoltaic applica-
tions [57-59, 93]. The [60]fullerene-porphyrin interaction has been exploited
by Shinkai et al. to reinforce the organogel structure of porphyrin-appended
cholesterol derivatives 38-n. A [60]fullerene-containing cholesterol derivative
(39) has also been reported to gelate dichloromethane [61]. Given the tremen-
dous potential of [60]fullerene dyads for photovoltaic applications and new
electronic devices [94], these examples might open the way to future de-
velopments. Careful design of organogelator molecules containing donor or
acceptor groups may also provide a useful approach for the control of donor
and acceptor units organization within gel fibers, which could be amenable
to the generation of charge transfer interactions for electrical conductivity. In
that respect ALS containing anthraquinone as an electron acceptor has been
shown to form thixotropic gels in the presence of 20% of a non-gelator ALS
containing the dimethoxyanthracene ring as donor. Charge-transfer interac-
tions were indeed observed to occur in the gel state [4].

Another class of important photofunctional gels are those based on
a photoisomerizable group, which may lead to the conception of light-
driven devices that release or uptake ionic or molecular species under ir-
radiation [95,96]. Photoisomerization in the stilbene (27) or azobenzene
(29Me) chromophore was shown to actively trigger the sol-gel phase transi-
tion [39, 44]. Recently, a gel-to-sol transition with spatial control was achieved
with the used of a stilbene photosurfactant [97]. Host-guest interactions have
also been shown to control, to a large extent, the stability and morphology
of the gel superstructure [44, 50-52, 60, 63, 66, 69, 72, 82]. Such gels sensitive
to external stimuli represent promising examples of transducers that convert
a host-guest recognition event into a readable output [98].

Polymerization of self-assembled LMOG molecules within the fibers of
a molecular gel locks the scaffold-like structures and can make new sta-
ble materials [99,100]. Photopolymerization in the gels of diacetylenic
cholesteryl derivatives, such as 63X-n [88, 89], has been successfully employed
to access organic nanowires with potential electrical conductivity, which
could be used in molecular electronics. This strategy was based on the known
propensity of diacetylenes to undergo topochemical solid-state 1,4-addition
reactions leading to conjugated polymers [101].
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The use of organogels as templates for the generation of inorganic
structures and materials has received considerable attention [102]. Three-
dimensional networks permit inorganic materials to be arranged on the
microscopic level, leading to otherwise unattainable structures. Inorganic
nanostructures are obtained by coating the fibers with the inorganic precur-
sor followed by polycondensation or crystallization, and then calcination to
remove the organic template. Remarkably, the process yields hollow fibers,
whose morphology and chirality are directly related to that of the tem-
plating supramolecular assemblies. In that connection, cholesterol-based
organogelators offer themselves as very versatile systems [102]. Indeed, their
gels were found to be stable under the conditions required for the poly-
condensation of TEOS. For example, silica fibers could be generated with
a right-handed helicity from the transcription of an acetic acid gel of a mix-
ture of 35 and (S)-29Bu in the presence of TEOS and water [55]. In a similar
way, a variety of silica nanostructures could be obtained, depending on the
structure of the ALS employed in the transcription process [102]. Interest-
ingly, transcription of the organogel of compound 340 in the presence of
AgNO3 resulted in the incorporation of nanosized metal particles into sil-
ica [102]. Such metal-containing silica could present interesting catalytic
properties. In ALS 42, the benzyl amine moiety served as an immobilized
catalyst for TEOS polycondensation reactions, which avoided the use of an
additional catalyst [62].

The transcription of organogel superstructures into semiconducting inor-
ganics holds promise for the development of the next generation of nanos-
tructured materials in electronics [103]. In that connection, the organogel
fibers of the A(LS), derivative 53 served as nucleation sites for the mineral-
ization of CdS, which led to the formation of CdS nanofibers [77].

7
Conclusion

This chapter illustrates the variety of structures of cholesterol-based LMOGs
that have been reported over the last 15 years. Clearly the chemistry of such
systems has progressed rapidly from unexpected discovery to rational syn-
thesis. Cholesterol-based organogelators present many exciting attributes in
terms of easy synthetic accessibility and tunability, chirality, and gelation
ability. In particular, they display versatile solubility properties, which enable
the gelation of a variety of solvents. They frequently exhibit low critical gela-
tion concentration and the resulting gels are usually thermally stable. In the
rational synthesis of novel organogelators, ALS architectures represent quite
reliable targets. Recently A(LS), systems appeared as promising alternative
structures for the generation of three-dimensional fiber networks with en-
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hanced gel properties. In the light of these recent advances, one can foresee
that more complex, three-dimensional molecular structures, incorporating
several cholesteryl units held together in a well-defined arrangement, could
be amenable to unique self-assembly and gelation properties. The report on
the gelation ability of a copper(I) complex (Cu(I)-60;), bearing four choles-
terol groups oriented in a tetrahedral fashion, represents a first breakthrough.
Cholesterol-based organogelators have been largely exploited to create self-
assembled, nanostructured materials with fascinating functional features. It
is clear that the properties of these soft materials can form the basis of far-
reaching applications.
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Abstract The formation of gels by structurally highly diverse low molecular weight
organic molecules is paradigmatically a supramolecular phenomenon. It is based on
the self-assembly of certain organic molecules and involves highly specific noncovalent
intermolecular interactions, in particular those inducing predominantly unidirectional
aggregation. In this chapter, the design of low molecular weight gelators that incorpo-
rate single or multiple amide units as intermolecular hydrogen-bonding functionalities
and methods of their preparation are given. Many efficient gelators of organic solvents
and water could be prepared by the structural combination of amidic, carbamate, urea,
or oxalamide groups and long aliphatic chains or aromatic groups with a large surface.
The numerous potential applications in slow drug-delivery systems, the fabrication of

templated materials, and in sensing devices are also discussed.
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Abbreviations

AFM  Atomic force microscopy

BuOH Butanol

Boc Butoxycarbonyl

CD Circular dichroism

DCC  N,N-Dicyclohexylcarbodiimide
DMAP 4-(Dimethylamino)pyridine

DMF  Dimethylformamide

DMSO Dimethyl sulfoxide

EtOH  Ethanol

FTIR  Fourier-transform infrared spectroscopy
MeOH Methanol

mgc  Minimal gelation concentration
NMR  Nuclear magnetic resonance

SEM  Scanning electron microscopy

Tgel Gel melting temperature

TEM  Transmission electron microscopy
TFA Trifluoroacetic acid

THF  Tetrahydrofuran

uv Ultraviolet

vol Volume
wt Weight
1

Introduction

Amide hydrogen bonds are among the most important organizational elem-
ents that stabilize natural and synthetic supramolecular systems [1,2].
While formation of amide-amide hydrogen bonds in water is largely en-
tropy driven [3,4], in lipophilic solvents it is enthalpy driven amounting
to a negative free energy change AG of — 28 +4kJ mol™'. Hence, the coop-
erative intermolecular amide-amide hydrogen bonding is favored in both
hydrophilic and hydrophobic environments. Formation of gels by structurally
highly diverse low molecular weight organic molecules is paradigmatically
a supramolecular phenomenon. It is based on the self-assembly of certain
organic molecules and involves highly specific noncovalent intermolecular
interactions, in particular those inducing predominantly unidirectional ag-
gregation. Such aggregation results in the formation of micrometer-long
fibrous assemblies, which entangle into a three-dimensional gel network that
entraps the solvent and results in loss of fluidity. Hence, the design of low
molecular weight gelators which incorporate single or multiple amide units
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as intermolecular hydrogen-bonding and directional functionalities for self-
assembly presents a logical and in many cases fruitful approach. In this
chapter, an outline of various gelator structures and methods of their prep-
aration is given. The review is not intended to comprehensively present the
work published in the last 10 years. Its primary focus is to give an outlook
of the diversity of molecular structures which were found capable of produc-
ing gels with various organic solvents and water. The common characteristic
of the gelator structures covered is that such molecules incorporate amide,
carbamate, urea, and oxalamide units capable of forming strong intermolecu-
lar hydrogen bonds which are either the major or auxiliary supramolecular
bonds that stabilize gel aggregates. Several examples are included showing
how the stepwise structural modifications could be used to tailor the prop-
erties of gels or to endow gels with advanced properties useful for various
applications.

2
Amide Gelators

2.1
Monoamides and -carbamates

Perhaps structurally the most simple primary amide gelators, 3,4,5-tris-
(alkoxy) benzamides 1 and 2 (Fig. 1), have been prepared by amidation of
tris(alkoxy)benzoic acids and shown to gel both polar (MeOH, EtOH, DMF)
and highly lipophilic organic solvents (n-octane, n-decane, toluene) at mini-
mal gelation concentrations (mgc) lower than 2.5 wt % [5]. The gel aggregates
can be embedded into cross-linked polymer matrices using monomer/cross-
linker mixtures as organic solvents.

N

o] o]
0] (]
SO P U U U U Wi
5 NH, S NH,
1 2

Fig.1 Tris(alkoxy)benzamide gelators 1 and 2
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A series of N-alkyl perfluoroalkanamides were recently prepared by the
Weiss group [6]. Perfluorinated alkanoic acids were transformed into acid
chlorides by oxalyl chloride in benzene, and subsequent amidation with alky-
lamine in benzene gave N-alkyl perfluoroalkanamides (Scheme 1). The amide
derivative 3 exhibited efficient gelation (mgc < 2.5 wt %) of various organic
solvents including EtOH, 1-butanol, 1-octanol, hexane, n-octane, benzyl alco-
hol, toluene, and CCly.

Formation of gels by this type of compound is a consequence of the in-
compatibility of perfluoroalkyl and alkyl chains, which leads to the formation
of lamellar aggregates additionally stabilized by intermolecular amide-amide
hydrogen bonding.

12-Hydroxystearic acid (12-HSA) exhibits improved gelation properties
toward various organic solvents as compared to analogous molecules lack-
ing a hydrogen-bonding group in the hydrocarbon chain. Inspired by this
observation, N-acyl-1,w-amino acid derivatives were prepared incorporat-
ing a strongly hydrogen-bonding amide group at the terminus of the alkyl
chain [7]. Within the series of prepared derivatives (Scheme 2) the carba-
mate 4 and amide derivatives 5-9 of the 11-aminoundecanoic acid (AUDA) in
the form of sodium salts showed excellent gelation of polar aprotic solvents

4 (COCl), ,/O H(CH,),,NH, o
F(CF,) ——— F(CF,).C (CF),C
277N C.H 217 C.H 2/7
OH 6 '6 cl 66 NH(CH,),,H
3

Scheme 1 Preparation of N-decanoyl perfluoroheptanamide 3

//O
RC + HN OMe
al W

o
N (e} N o
RTN\/\/\/M( Me > RYN\/\/\/\W Na
o o (0] (0]
R
4 PhCH,O 7 PhCH=CH
5 CH,=CH
8
6 Ph
» J-

Scheme 2 Synthesis of N-acyl-1,w-amino acid sodium salt gelators of DMF
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such as DMF, DMSO, propylene carbonate, and N, N-dimethylacrylamide at
concentrations of 0.4-1.0 gL™..

In the next step, AUDA-based gelators were modified by incorporation
of a core peptidic unit and terminal lauric acid amide [8]. The combina-
tion of these structural fragments was expected to provide favorable prop-
erties for gelation: the presence of two core amidic functions is expected
to induce self-assembly by unidirectional cooperative hydrogen bonding,
and the presence of the chiral center and long aliphatic chain of the lau-
royl amide should decrease the crystallization tendency of such derivatives.
A series of chiral and racemic derivatives were prepared (Scheme 3) and
tested for gelation as free acids and sodium salts. The synthesis starts by
N-protection of selected amino acids using tert-butyloxycarbonyl anhydride
and N,N-dicyclohexylcarbodiimide (DCC) condensation with the methyl es-
ter of AUDA.

Deprotection of terminal amino acid by TFA, condensation with lauroyl
chloride, and methyl ester hydrolysis under acidic or basic conditions fol-
lowed by reacidification gives the free acid derivatives 10. The sodium salts 11
are obtained from 10 using sodium hydroxide in CH,Cl,/MeOH mixture.

The optically active free acid derivatives and their sodium salts showed
ambidextrous gelation properties, being capable of gelling not only water and

H><NH2 a H NHCOOC(CH3)3 b H><NHCOOC(CH3)3
R COOH R COOH R CONH(CH2)IOCOOCH3

e

+
H_ NH, OOCCF,

H_ NHCO(CH,),,CH, d
R~ ~CONH(CH,),,COOCH,

R~ ~CONH(CH,),,COOCH,

eorf,
g

H NHCO(CH,),,CH, h H NHCO(CH,),,CH,

R” “CONH(CH,),,COOH RXCONH(CHZ)IOCOONa
10 11

Leu (S)- and rac-; R= CH,CH(CH,),
Val (S)- and rac-; R = CH(CH,),
PhG (R)- and rac-; R =Ph

Phe (S)- and rac-; R =CH,Ph

Scheme3 Preparation of free acid (10) and sodium salt (11) gelators. Reagents
and conditions: (a) (BOC),0, NaOH/dioxane-water; (b) H,N(CH,);0COOCHj3, DCC,
Et3N, DMAP/CH2C12; (C) TFA/CH2C12; (d) CICO(CH2)10CH3, Et3N/CH2C12; (e) LiOH/
CH,Cl,-MeOH; (f) 10% KOH/MeOH; (g) HCI; (h) NaOH/CH,Cl,-MeOH



82 E. Fages et al.

highly polar DMSO and DMF but also lipophilic aromatic solvents (toluene,
o-xylene, tetralin) and decalin at 1072-10 moldm™ concentrations. The
racemates in the form of free acid or sodium salts are generally less versatile
gelators compared to the corresponding optically active forms. Striking dif-
ferences, however, were observed for Na salts of rac-Leu-11, rac-PhG-11 (PhG
denotes phenylglycine), and rac-Phe-11, which showed excellent gelation of
tetralin and decalin while their optically active isomers lack any gelation
[(S)-Leu-10] or exhibit much weaker gelation [(R)-PhG-10 and (S)-Phe-10].
Surprisingly, the racemic rac-PhG-11 is capable of gelling a 16 times larger
volume of p-xylene than (R)-PhG-10, and the racemic rac-PhG-11, and rac-
Phe-11 are able to gel much larger volumes of decalin than pure enantiomers
(R)-PhG-11 and (S)-Phe-11. This observation contrasts with several earlier
reports which showed that pure enantiomers are generally more efficient
gelators than the corresponding racemates, which tend to crystallize [9-14].

Further designs based on AUDA lead to the preparation of photochromic
organogelators [15]. The covalent attachment of a photostimulable 2H-
chromene unit at the amino terminus of AUDA giving a urethane (13) or
amide derivative (15) was accomplished by using an appropriate isocyanate or
by DCC condensation of AUDA methyl ester and 3,3-diphenylnaphthopyran-
8-carboxylic acid 14 (Scheme 4).

Both 13 and 15 as their sodium salts exhibited efficient gelation of DMF
and DMSO. Upon UV irradiation using a 366-nm lamp, the gels of 13 and
15 became colored and began to flow due to photoinduced ring opening of
the photochromic unit. After irradiation ceased, the coloration disappeared
to give a colorless viscous solution which upon heating reverted to gel as the
consequence of thermal ring closure into 2H-chromene (Fig. 2).

A new class of pyrene-based urethane, urea, and amide gelators has been
prepared (Scheme 5) [16, 17]. Tests revealed gelation of various organic sol-
vents of medium and low polarity (n-BuOH, t-BuOH, n-octanol, cyclohex-
anol, cyclohexane, n-hexane, n-decane, n-dodecane, CCly, toluene). Variable-
temperature FTIR and electronic absorption spectra show that the molecules
aggregate by intermolecular hydrogen bonding and r-stacking interactions.
Introduction of a chiral center (18) results in formation of helical aggregates

: 3
oH C o O C °
R TR OO ROWN/x OO

12 R=CH,0H H

R = CH,OH R =Me, H, Na*

-14 R=COOH
R = COOH 1 NN 13 R= COOCH,
: 13 d e 15 R= C=0

15

Scheme4 Synthesis of photochromic gelators based on AUDA. Reagents and con-
ditions: (a) 1,1-diphenylpropyn-1-ol; (b) O =C=N-(CH;);0COOMe, TEA; (c) HC],
NH;(CH;)10-COOMe, DCC, DMAP; (d) LiOH then HCI; (e) 1 N NaOH
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in cyclohexane gel, and in the CD spectra opposite Cotton effects are ob-
served for enantiomeric 18.

In the majority of cases of simple amide-derived gelators, an amide
group is introduced as organizational element providing strong and direc-
tional intermolecular hydrogen bonding. However, the next example de-
scribes the case where the intramolecular amide hydrogen bonding in-
duces the aggregation responsible for gelation [18]. The 5-cyano-2-(3,4,5-
trioctyloxybenzoylamino)tropone (19, Fig.3) prepared by acylation of 2-
amino-5-cyanotropone with 3,4,5-trioctylalkoxybenzoyl chloride exhibited
gelation of highly polar (DMSO, DMF, MeOH) and apolar solvents (hex-
ane, cyclohexane, decane) at mgc in the range of 4-25gL™!. The results
of 'H NMR, X-ray diffraction, and X-ray crystallographic analysis consis-
tently points toward hexagonal packing in gel aggregates. It is shown that the
intramolecular NH-2-tropone carbonyl oxygen flattens the molecule, induc-
ing efficient 7-7 stacking in columnar organization and hence formation of
a stable hexagonal columnar phase which gives fibrous aggregates and leads
to gelation (Fig. 3).

2.2
Di-, Tri- and Polyamides

2.2.1
Diamide Gelators

trans-1,2-Diaminocyclohexane served as chiral unit for construction of var-
ious bis-alkylamide gelators. Hanabusa and coworkers have prepared both

° ]
X (@)
13 or 15 JE—. Na.'.o_)k/\/\/\/\/\u/ |

NaOHTjal H Q O O

O
o heating

; CC
HOJJ\/\/\/\/\/\N/X Y

H

130r15 sol cooling
130r15 sol /——= gel

heating

Fig.2 Photo- and pH-controlled gel-to-sol transition of photochromic AUDA gelators 13
and 15
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Scheme5 Pyrene-derived urethane and amide gelators: (a) Cu(NO3),, CHCl3; (b) Ha,
Pd/C; (c) 16: 1-octadecanoyl chloride/pyridine in toluene and 17: hexadecyl chloroform-
ate/pyridine in CHCI3

O-...
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/
/GN —
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o OCH,, o
OCgH,;
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§ § fiber bundle gel
interdigitated column network
head-to-head including
dimer solvent
N

Fig.3 Trioctyloxybenzoylamino-2-tropone derivative 19 as gelator with intramolecular
hydrogen bond and the scenario of organization leading to gelation, which starts with the
head-to-tail dimer followed by formation of a stacked column, hexagonal column in gel
fiber, fiber bundles, and finally a gel network
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enantiomers of bislauroyl amides 20 by condensation of lauroyl chloride
and trans-1,2-diaminocyclohexane in THF in the presence of triethylamine
(Fig. 4) [19]. The compounds exhibited efficient gelation of various solvents
of different polarity (alkanes, chlorinated alkanes, alcohols, ketones, nitriles)
with mgc in the range of 2-44 g L. The FTIR results and molecular mod-
eling studies suggest the formation of hydrogen-bonded molecular tapes
(Fig. 4, right). CD spectroscopy of gel samples showed a strong peak which
decreased upon heating and disappeared beyond the gel melting temperature;
this behavior showed that chiral aggregates were present in the gel. The TEM
investigation also revealed the existence of helical fibers; the helicity of the
fibers was always right-handed for (1R,2R)-20 and left-handed for (185,2S5)-20.
The single enantiomer of 20 and the mesogenic unit containing gelator 21
were found to form two types of gels with mesomorphic compounds 22 and
23. Both 20 and 21 are capable of gelling anisotropic and isotropic states of
the mesogens [20, 21].

The same type of gelator was functionalized with S-diketonato ligands (24,
Fig. 5). Although 24 is unable to gel methanol, its mixture with 20 in the
molar ratio 1: 4 is capable of gelling at a mgc of 3 wt %. The FTIR measure-

H %)KO
O::WN
HM N

21

/NO(CHZ)BCH3
H,,C: CN CH,0
H

Fig.4 N, N-bis(lauroyl)-trans-1,2-cyclohexylamine 20 and intermolecular hydrogen bond-
ing motif between self-complementary cyclohexylbisamide units in gel aggregates; gelator
21 with mesogenic cyanobiphenyloxy units and the mesomorphic compounds 22 and 23
giving room-temperature liquid crystals
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ments indicated that molecules of 24 were fully integrated in the assembly
of 20. Addition of triethylamine over the methanol gels containing divalent
metal cations (Cu?*, Ni?*, Co?") resulted in their complexation with g-dike-
tonato units of incorporated 24, inducing increased mechanical strength and
thermal stability of the gels [22].

The mechanical strength and thermal stability of gels can also be im-
proved by the photoinduced polymerization of gelator molecules bearing
polymerizable functions. Gelator 25 with two diacetylenic groups was pre-
pared in 50% yield by condensation of (1R, 2R)-(-)-diaminocyclohexane and
12-tricosadiynoic acid in the presence of N-ethyl-N’-dimethylaminopropyl-
carbodiimide (Scheme 6) [23]. The gelator showed excellent gelation of cy-
clohexane, hexane, ether, methanol, 1-butanol, and acetonitrile at a con-
centration of 5wt %. Irradiation of the hexane gel by UV light (a 500-W
high-pressure Hg lamp) at room temperature resulted in a color change giv-
ing blue gel with an increased gel-to-sol transition temperature compared
to nonirradiated gel. This observation was explained by the intermolecular
polymerization within the gel fiber structure.

Chiral gelators based on the trans-1,2-diaminocyclohexane unit were suc-
cessfully used as templates for the preparation of silica or transition metal
oxide nanostructures: helical fibers or tubes [24-26].

Simple long-chain alkanoic acid bisamides of 3,4-diaminobenzophenone
(26-28; Scheme 7) showed moderate gelation of various polar and apolar or-
ganic solvents. It is interesting that irradiation of the 2-propanol gel of 26
results in photoreaction to give pinacol. Since the photoproduct is soluble in
the solvent, the irradiation leads to gradual transformation of the gel into
a solution [27].

H (CH,),Br
ol
N"(CH,),Br
20
K,CO

Fig.5 Bis-g-diketonato gelator 24
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Scheme 6 Preparation of bis(diacetylenic) gelator 25: (a) N-ethyl-N’-dimethylamino-
propylcarbodiimide (EDCI), dry dichloromethane

A series of the a,w-polymethylene diamines having even or odd num-
bers of methylene groups were converted into dodecanoic acid diamides 29
and 30 (Fig. 6), which showed gelation of aliphatic and aromatic solvents,
methyl oleate, soybean oil, ethyl acetate, and acetonitrile [28]. It was found
that the even and odd numbers of bridging methylenes are decisive for the
gelation: for gelation of mesitylene by 29 (n = even number) the longer the
bridging aliphatic chain, the poorer the efficiency. In contrast, 30 (n = odd
number) exhibits efficient gelation of mesitylene at a mgc of less than 10 g L.
Also, for other liquids 30 was superior to 29. The SEM images of 29 and
30 xerogels show flat, ribbonlike structures and fine woven fibers, respec-
tively. The observed gelation and morphological differences were explained

0
| NHCO(CH,)nCH, 24 n=10
25n=14
26,n=16
NHCO(CH,)nCH,
0 OH  OH
NHCO(CH,),,CH,  hv
¢ —
NHCO(CH,),,CH, O ‘
CH,(CH,),,CONH NHCO(CH,),,CH,

CH,(CH,),;,CONH NHCO(CH,);,CH,
24 in 2-propanol
gel pinacol in 2-propanol
solution

Scheme 7 Benzophenone-based gelators 26-28 and photochemical transformation of 26
by irradiation (400-W high-pressure Hg lamp at 15°C) of 2-propanol gel into pinacol
resulting in gradual decomposition of the gel into solution
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by the self-complementarity of the diamides with an even number of bridg-
ing methylenes, which induces the self-assembly by hydrogen bonding into
ribbonlike assemblies, while in the case of the non-self-complementary odd
amides the self-assembly involves at least four hydrogen-bonded gelator
molecules leading to woven tiny fibers (Fig. 6).

The introduction of stereogenic centers in this type of gelator results in
new morphologies of gel fibers such as twisted ribbons and coiled coils.
Chiral diamides 29-Me and 30-Me were prepared by acylation of the a,w-
polymethylene diamines with (25)-2-methyldodecanoyl chloride in a two-
phase ether-water system in the presence of sodium bicarbonate (Scheme 8).
Formation of twisted ribbons and coiled coils was explained by chiral van der
Waals interactions between terminal alkanoic chains induced by introduction
of chiral centers.

Symmetrical dialkoxybenzoic acid diamides (31,32) as gelators were
prepared by alkylation of 3,5-dihydroxybenzoic acid methyl ester with
11-bromo-N-decylundecanamide under phase-transfer catalysis conditions
with excess K,CO3 [29]. The nonsymmetrical derivative 33 differing in di-
rectionality of amide groups in the side chains was prepared from the acid
derivative 34 in three steps (Scheme 9). The methyl ester derivative 31, the
free acid 32, and the nonsymmetrical methyl ester 33 exhibited gelation of
benzene, toluene, and p-xylene at a mgc of 3 wt %. Freeze-fracture electronic
microscopy revealed platelet-like aggregates with 150-180 —nm widths in the
toluene gels of 31 and 33. In contrast, in the toluene gel of the free acid deriva-
tive 32 tiny fibers of 17-nm width were observed. This sharp difference in the
morphology indicates that the acid group prevents the lateral packing of fib-

O H (0] (0]
D e S B N W L S
H o H H

29 n=even;m=3 30 n=odd;m=3
O O (0]
H
R)kN/\/\/NTR RkN/\/\NJLR
H H H
o
i H o o
R /\/\/NWR R)kN/\/\NJLR
H H

Fig.6 Diamide gelators with even and odd numbers of bridging methylene groups and
indicated self-assembly by amide-amide hydrogen bonding
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rils into larger objects, as in the case of 31 and 33, and limits aggregation to
tiny fibers.

o}

NH
HZNNH 2+ Cl)ga/\/\/\/\/\

H CH,
al

0} o}

/\/\/\/\/%NMNJS’,/\/\/\/\/\

H,C H H CH,

n = even or odd

29-Me n = even
30-Me n = odd

Scheme8 Preparation of chiral even (29-Me) and odd (30-Me) diamide gelators:
(a) Na,COs3, ether/water

OH O(CH,),,CONH(CH,),CH,
MeOOCQ + Br(CHz)mCONH(CHz)QCHs—a» ROOCQ
OH O(CH,),,CONH(CH,),CH,
31R= Me
oL
32R=H
O(CH,),,COOH O(CH,),,CONH(CH,),CH,
MeOOC — = Me0OC
O(CH,),,NHBoc O(CH,),,NHBoc

34
de \

O(CH,),,CONH(CH,),CH,
MeOOC

O(CH,),,NHCO(CH,),CH,
33

Scheme 9 Preparation of symmetrical gelators 31 and 32: (a) K,CO3; (b) LiOH/MeOH.

Three-step synthesis of the nonsymmetrical gelator 33: (c) EDCI (3 equiv.), CH3(CH3)o-

NH, (1 equiv.), HOBu (0.16 equiv.), NMP; (d) 4 M HCI in EtOAc; (e) CH3(CH,)9COOH
(1 equiv.), EDCI (2 equiv.)
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Fig.7 Nongelling (35) and gelling (36) terthiophene diamide derivatives

The terthiophene-based diamide derivatives 35 and 36 (Fig.7) bearing
long alkyl chains were prepared [30]. Only derivatives 36 having n-octyl
substituents at the 3,3”-terthiophene positions were found to gel n-alkanes
(C6-Cs; i-Cg; C11; Ci2; C14) at mgc values in the range 3.6-5.3 gL‘l.

2.2.2
Triamide Gelators

N, N’, N”-tristearyltrimesamide (37) was prepared by the condensation of
trimesoyl chloride and stearylamine and shown to gel 1,2-dichloroethane,
DMF, nitrobenzene, N-methylformamide, benzonitrile, and DMSO at mgc
values of 5-41 gL™!. The secondary amide derivative 38 and the derivatives
with Cg and Cj alkyl chains were found to be incapable of gelling [31]. The
same type of compounds (including 37 and 39-41, Fig. 8) were also studied by
Hanabusa [32] and found to produce highly viscous solutions or crystallize,
i.e., 37 from DMSO, DME, and nitrobenzene.

Much more efficient triamide gelators were prepared from cis-1,3,5-
cyclohexanetricarboxylic acid and long-chain alkylamines (Fig. 8) [33]. Gela-
tors 42 and 43 exhibited excellent gelation of various lipophilic solvents
(hexane, cyclohexane, benzene, toluene, chlorobenzene, and pyridine) and
also of kerosene.

Novel triamide gelator 44 based on 4,4',4”-triaminotriphenylamine and
stearic acid was prepared by the group of Shirota [34]. Triaminotripheny-
lamine was reacted with high-purity stearic acid in mesitylene at 164 °C for
8 h with constant removal of water (Scheme 10).

Compound 44 showed efficient gelation of aromatic solvents, DMSO, and
1,2-dichloroethane with mgc values of 1.3-5.8 g L™1. Gels of 44 in the presence
of n-BuyNClO4 exhibited high ionic conductivities (6) comparable to those
of solutions of tetrabutylammonium perchlorate. Gels were shown to func-
tion as electrochromic materials; upon electrochemical oxidation a green-



Systematic Design of Amide- and Urea-Type Gelators with Tailored Properties 91

CHZ)nCH CHZ)nCH W .
H
. \
/ No-” N
T | i Sk
N o O\\
R J§ u
Hy(CHn ™ I \
CH,(CH,)n o Nl
~(CH,)NCH, (CH JnCH, .L‘O u R
7 1
37 n=17 R=H 42 n= 5
38 n=17 R=Me 43 n= 11
39 n= 2R=H 44 n= 17
40 n= 7 R=H
41 N=1R=H

Fig.8 Triamide gelators based on 1,3,5-benzenetricarboxylic acid and cis-1,3,5-cyclo-
hexanetricarboxylic acid and proposed unidirectional hydrogen-bonded organization in
the gels of 42 and 43
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Scheme 10 Preparation of triamide gelator 44: (a) mesitylene, 165 °C, 8 h, under nitrogen

colored triphenylamine radical cation is formed, which upon reduction be-
comes colorless. The same group prepared more complex gelator molecules
45 and 46, which also possessed electroactive triphenylamine units, by re-
peated Ullman condensations and studied their electrochemical properties
(Scheme 11) [35, 36].

Triamide derivatives 47-50 (Fig.9) intramolecularly organized in Cs-
symmetrical disks have been prepared and shown to undergo helical
supramolecular organization by cooperative stacks, which results in gelation
of some lipohilic solvents [37]. The “sergeants-and-soldiers” principle discov-
ered for covalent polymers, which leads to strong amplification of chirality
when a small amount of a chiral monomer is added to achiral monomers, is
also observed for the mixtures of achiral and chiral 47/48 and 49/50 [38, 39].
Addition of only 2.5% of chiral 50 to achiral 49 generates a strong Cotton ef-
fect in hexane. This shows that chiral 50 induces organization of many achiral
molecules of 49 into a helical columnar aggregate.
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2.2.3
Polyamide Gelators

The hexaamide gelators 51 and 52 based on the triphenylene unit were
prepared by the reaction of 2,3,6,7,10,11-hexahydroxytriphenylene and 2-
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Fig.9 Cs-symmetrical triamide gelators: achiral 47 and 49; chiral 48 and 50

bromo-N-alkylacetoamide (Scheme 12) [40]. Both compounds efficiently
gelled n-hexane, n-octane, cyclohexane, and p-xylene at a concentration of
13.4 wt/vol %. However, 51 exhibited gelation of n-hexane and cyclohexane
at mgc values of 4.0 and 2.7 wt/vol %, respectively. It was observed that the
cyclohexane gels of 51 and 52 exhibited a yellow and greenish-blue color, re-
spectively, while their sols were blue. Fluorescence spectroscopy of the gels
showed strong excimer emission around 525.0 nm in the 51 cyclohexane gel
but not in the 52 gel.

The results suggest self-organization of 51 with eclipsed overlap of triph-
enylene units in the hydrogen-bonded aggregates, resulting in excimer forma-
tion and staggered overlap of the same units in the aggregate of 52.

The tetraphenylporphyrin derivatives 53 and 54, which bear eight amide
functions on phenyl substituents, were prepared by the Shinkai group
as novel gelators capable of self-assembly via w-7 stacking of the por-
phyrins supported by multiple hydrogen bonding between the lateral amide
groups [41]. Such derivatives were brilliantly designed to form capsule
molecules stabilized by hydrogen bonding between four amide groups of
one porphyrin unit and four amide groups of another porphyrin molecule
(Fig. 10). The distance between the porphyrins in the capsule is compara-
ble to the size of Cgo fullerene. It was found that a mixture of Cgy and 53
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in a 1:2 molar ratio is capable of gelling benzene, toluene, p-xylene, and
anisole, and that the thermal stability (Tge; °C) of Ceo +53 benzene gel is
much higher (120 °C) than that of 53 benzene gel. Experimental evidence is
provided that the fibrous supramolecular polymer with encapsulated Ceg is
formed, and that the addition of fullerene changes the two-dimensional ag-
gregation mode of 53 in the gel into the one-dimensional mode [42]. Such
composed porphyrin-fullerene gels are of high interest for development of
photofunctional gels with electron-transfer properties.

3
Amino Acid Derivatives and Peptides

3.1
Long Alkyl Chain Amino Acid Derivatives

Derivatization of amino acids with alkyl chains of variable length or various
aromatic groups gives amphiphilic molecules capable of forming elongated
aggregates which cause gelation of certain solvents [43].

A series of the 4-hexadecanoyl-2-nitrophenyl esters of N-benzoyloxy-
carbonyl-protected amino acids have been prepared by Hanabusa according
to Scheme 13 [44]. The 1r-Ala derivatives 55, 57, and 58 as well as the L-Glu
derivative 56 showed very efficient gelation of methanol and cyclohexane at
the concentrations of 0.5 and 0.25 wt %, respectively.

Modifications of the N-protecting groups and the introduction of ester
alkyl chains with less than ten C atoms resulted in loss of any gelation abil-
ity. The spectroscopic evidence (FTIR) for intermolecular hydrogen bonding
between urethane groups in the gel aggregates is provided. It is shown that
in the spectra of gels strong CD peaks appear which, however, disappear in
the sol phase. This observation clearly shows that enhancement of chirality
occurs upon aggregation.

Within the series of N-benzyloxacarbonyl (Z)-protected alkylamides of
phenylalanine (59, 60) and dodecamethylene (61), and alkyldiacetylene (62)-
bridged bis(N-Z-phenylalanine) amides versatile gelators of various organic
solvents were found [45]. The synthesis of gelators is outlined in Scheme 14.

Simple long-chain alkanoic acid amides of amino acids represent typical
amphiphilic structures with carboxylic acid polar head groups. Medium and
long alkyl chain amides of L-Ala (63-65) showed excellent gelation of many
lipophilic solvents due to organization into inversed bilayer aggregates [46];
N-lauroyl-L-Ala (64) was found to efficiently gel various higher alkane and
aromatic solvents, including commercial fuels, at mgc values between 2 and
12gL7! (Fig. 11). If two phasic fuel-water systems are tested the gelator se-
lectively gels the oil phase, revealing a potential use of gelators in sea oil
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Scheme 13 Synthesis of 4-alkyl-2-nitrophenyl esters of N-benzoyloxycarbonyl-protected
L-Ala 55,57, and 58 and f-alanyl-L-Glu derivative 56: (a) A; (b) AlCls, HCL; (c)
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transport accidents [47]. Recently, the methyl ester of 64 was used in com-
bination with soybean oil, ethanol, and a model fluorescent drug for the
preparation of solid hydrophobic implants possessing sustained drug deliv-
ery [48]. Analogous alkanoic acid amides of L-Ser are able to gel water and
lipophilic solvents, giving tubules or helical ribbons as major supramolecular
aggregates in both media [49, 50].

Another amino acid frequently used in the preparation of gelators in
combination with long aliphatic chains is L-Lys, thus allowing additional
functionalization at the butylamino group [51, 52]. The bolaamphiphile con-
structed from L-Lys and w-aminododecanoic acid (66) forms hydrogels
by organizing into stable micellar fibers [53]. The L-Lys-based gelators 67
and 68 containing viologen units showed gelation of aromatic solvents and
exhibited photosensitized charge separation in the presence of tris(2,2'-
bipyridine)ruthenium(II) and triethanolamine [54]. Following this observa-
tion, new tris(2,2'-bipyridine)-type ruthenium(II) complexes 69 and 70 bear-
ing L-Lys-containing side chains were prepared and shown to gel aromatic
solvents at mgc values of 2-4 g L™! [55]. The gelling complexes were prepared
as shown in Scheme 15.
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It was found that 70 forms a gel with toluene and other aromatic solvents
while 69 gives isotropic solutions; however, the TEM images showed that both
compounds give fibrous aggregates in toluene. Upon addition of methyl vi-
ologen (MV?*) to the methanol/toluene system containing either 69 or 70
below its mgc and irradiation by visible light, the methyl viologen radical
(MV*) was formed at two and five times higher rates as compared to that
with Ru(bpy)s2* as the sensitizer. It was confirmed that in the system with the
self-assembled sensitizers 69 or 70, the lifetime of MV™*- is long and the back
reduction of Ru(III) to Ru(II) by triethanolamine as sacrificial electron donor
is fast as compared to the simple Ru(bpy);2*-containing system.

A series of efficient hydrogelators based on the core rL-Lys unit and
two long aliphatic chains, one carrying a positively charged heteroaromatic
group, have been prepared (Scheme 16). Synthesis starts with esterification
of N®-lauroyl-L-lysine by ethanol, methanol, or 11-bromoundecanol followed
by an acylation step with alkanoyl chloride or n-bromoalkanoyl chloride and
subsequent quaternization of pyridine or methylimidazole [56, 57]. Such gela-
tors are able to gel water at a mgc of 1-3 gL\,
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Scheme 15  Synthesis of tris(2,2-bipyridine)-type ruthenium(II) gelators 69 and 70:
(a) dry THF and Et3N; (b) RuCls - 3H,0/EtOH; (c) Ru(BPy),Cl; - 2H,0/80% EtOH
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A very interesting example of dendritic two-component gels was recently
published by Smith et al. [58,59]. Although neither 78 (Fig. 12) nor o,w-
diaminoalkanes are capable of gelling, their 2: 1 mixture results in large
changes of gel melting temperatures (Tge) from 105 °C for Cy, to 41 °C for
Cs, while variation of the dendrimer : diamine ratio results in a change of gel
morphology. This example reveals the approach to gel systems with tunable
properties.

The octadecylamide of N-benzyloxycarbonyl-L-isoleucine 79 and N-
benzyloxycarbonyl-L-Val-L-Val alkylamide 80, as well as some other N-Z-
dipeptide alkylamides [60], exhibited excellent gelation properties toward
many organic solvents of low, medium, and high polarity at mgc values in the
range of 5-40 g L™!. The compound was used for the preparation of organogel
electrolytes and porous titania with fibrous structure by sol-gel transcription
of gel fibers using polymerization of titanium tetraisopropoxide [61, 62].
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Fig.12 Structure of two-component gelation system based on the interaction between 78
and diaminoundecane

The 1-Val n-Ci;- and n-C;g-alkylamide derivatives of o-, m-, and especially
p-benzenedicarboxylic acid (Fig. 13) are versatile gelators of many highly po-
lar (DMSO, DME, EtOH) and apolar (carbon tetrachloride, chloroform, ben-
zene) organic solvents and even kerosene, silicone oil, and soybean oil [63].
The mgc values of 84 are in the range of 1-24 gL',

The cationic surfactants based on Leu (85-91, Fig. 14) with a p-toluene-
sulfonate counterion exhibited gelation of hexane, octane, decane, dodecane,
kerosene, light oil, and silicone oil at mgc values in the range of 0.2-3 wt %.
Fluorescence studies and the observation of a strong CD peak suggest the
formation of helical aggregates by stacking of p-toluenesulfonate groups [64].

In his seminal paper published in 1985, Kunitake showed that some L-Glu-
derived double-chain ammonium amphiphiles 92 initially formed vesicles in
water which upon ageing transferred into fibrous aggregates such as helices,
helical ribbons, and tubules of micrometer lengths [65]. Thara and cowork-
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ers have shown that the uncharged double alkyl chain L-Glu derivatives 93
and 94 (Fig. 15) form gels with benzene. The 1:1 mixture of 93 and 94 in
benzene showed a clear phase separation phenomenon that is characteris-
tic for biomembranes [66]. Introduction of an isoquinoline unit (95) capable
of complexing Cu(II), Co(II), and Zn(II) results in enhanced chirality of the
gel aggregates in the presence of Cu(II), while the latter two cations destroy
aggregation [67].

A very interesting example of a hydrogel showing a pH-responsive volume
phase transition has been recently reported by Hamachi [68]. Addition of
10 mol % of 96 into the hydrogel formed by glycosylated L-Glu gelator 97 con-
serves the thermally induced swelling-shrinkage volume transition at pH 4,
while at pH 7 only gel-to-sol transition could be observed (Fig. 16). Such
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duced swelling-shrinkage volume phase transition, and acidic multi-H-bonding gelator
98 capable of different self-assembly in chloroform (nanofibers) and water/ethanol 1: 1
mixture (nanodisks)

a pH-controlled volume phase transition could be of high importance for the
development of new hydrogel-based drug delivery systems.
N-stearoyl-L-glutamic acid 98 (Fig. 16) is able to gel chloroform and also
a highly polar water/ethanol 1: 1 mixture [69]. AFM, SEM, and spectroscopic
investigations revealed that the same gelator self-assembles into fiber bundles
in chloroform and into spiral bilayered nanodisks in water/ethanol. These re-
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sults demonstrate that in the case of multi-H-bonding amphiphilic gelators,
the properties of a solvent control intramolecular/intermolecular hydrogen
bonding styles, which in turn results in different morphologies of gel fibers
and consequently different properties of the gels.

A highly interesting group of biocompatible hydrogelators was designed
by Feringa and van Esch [70,71]. The approach is based on the 1,3,5-
cyclohexanetricarboxylic acid scaffold onto which various lipophilic amino
acid units were attached to give 1,3,5-triamide cis,cis-cyclohexane derivatives
(Scheme 17).

Gelators 99-104 exhibited impressively efficient gelation of water at mgc
values of 0.06, 0.08, 0.03, and 0.07 wt %, respectively, with 101 being the most
efficient low molecular weight hydrogelator to date. In water, fibrous gel ag-
gregates are formed by favorable hydrophobic interactions between lipophilic
amino acid substituents and by formation of three amide-type hydrogen
bonds per gelator molecule occurring within the lipophilic core of the ag-
gregate. The acidic gelators 99 and 100 as well as the basic ones, 103 and
104, show pH-reversible gel-to-sol transitions, which makes them of interest
for various medicinal applications. In the pH range of 3.2-4.0 the hydro-
gel of the acidic gelator 99 turns into a sol due to formation of carboxylate
anions, leading to strong repulsive interactions in the aggregates (Fig. 17).
However, a considerably higher pH range (4.3-5.8) is needed to form a sol

Ccocl

R, H
+ {_R ——
H2N>Y o)
cloc CcoCl S H

R R'
apolar
99 CH,CH,SCH, oH
100 CH,Ph NHCH,COOH
101 CH,Ph OCH,CH,0GH,CH,OH
102 CHPh NHCH,CH,0GH,CH,0H
103 CH,CH,SCH, LHisOMe
apolar 104 CH,CH,SCH, NHchzCHTA/T\‘»
H

polar

A

Scheme 17 Synthesis of 1,3,5-triamide cyclohexane hydrogelators and (A) schematic rep-
resentation of the design principle showing polar and apolar domains
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Fig. 17 Acidic hydrogelators 99 and 100 and schematic representation of the attractive and
repulsive interactions in the gel aggregates

for the similar acidic gelator 100. The higher pH range in the latter case is
a consequence of stronger attractive interactions in the gel aggregates due to
an additional amide-type hydrogen bond that can form between Gly units
100 (R’ = NHCH,COOH). This important result shows that the pH-dependent
behavior of gelators can be tuned by selection of groups with different pK,
values and also by changing the strength of the intermolecular attractive in-
teractions (Fig. 17).

3.2
Cyclic Amino Acid Derivatives

The gelation properties of small depsipeptide 105 containing two L-Leu
units was observed by Kellogg in 1993 [72]. The series of unsymmetri-
cal diketopiperazine derivatives prepared by cyclization of various dipep-
tide esters of two different amino acids showed versatile gelation prop-
erties (Scheme 18) [73]. Gelators were prepared from ethyl esters of N-
benzyloxycarbonyl-protected dipeptides by removal of the protecting group
and refluxing of the amino ester in 1,3,5-trimethylbenzene. Interestingly, the
diketopiperazines containing identical amino acids lack any gelation prop-
erty. Within the series, the Phe, Leu (106) and Gly, and y-ethylGlu (107) dike-
topiperazines showed the most efficient gelation of various organic solvents
of different polarity at mgc values of 1-11 gL™!. Incorporation of branched
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Scheme 18 Preparation of diketopiperazine gelators: (a) reflux in 1,3,5-trimethylbenzene

amino acids such as L-Glu or L-Asp in the diketopiperazine improves its gela-
tion ability [74].

Escuder and Luis prepared a series of peptidomimetic cyclophanes con-
structed from m-phenylene and two identical amino acid units bridged by di-
aminopolymethylenes of variable length [75,76]. The macrocycles were pre-
pared by condensation of activated N-carbobenzoxy-protected amino acids
with o,w-diamino alkanes and macrocyclization with 1,3-bis(bromomethyl)-
benzene (Scheme 19).

The C,-symmetric Val and Ile derivatives 108-110 showed excellent gela-
tion of aromatic solvents at mgc values in the range of 0.3-0.5 wt %. Tran-
scription of molecular chirality into the supramolecular level has been ob-
served by SEM and temperature-dependent CD spectroscopy. Such gelator
molecules organize into columnar aggregates by formation of six hydrogen
bonds per gelator molecule, and the cooling rate on going from sol to gel was
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110 CH(CH,)CH,CH, 3 K(j)

Scheme 19 Preparation of biomimetic cyclophane-type gelators: (a) N-hydroxysuccin-
imide, DCC, THEF, 0°C; (b) HyN(CH;),NH;, DME, room temp.; HBr in AcOH (33%),
basic workup; (c) 1,3-bis(bromomethyl)benzene, tetrabutylammonium bromide, CH3CN,
reflux
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shown to have a strong influence on gel morphology. Fast cooling of 108 sol
in benzene gave more helices of smaller dimensions while a slow cooling rate
induced coiling of helices into larger fibers.

3.3
Bola-Type Amino Acid Gelators

A series of N,N’-p-toluoyl L-cystine derivatives have been prepared by
Menger and it was shown that some members of the series are highly effi-
cient hydrogelators [77,78]. The structure of the gelators resembles that of
bolaamphiphiles [79] having two polar terminal groups (COOH or CONH,)
and a lipophilic interior. The best gelators in the series (111-113) were pre-
pared as outlined in Scheme 20.

These highly efficient hydrogelators were designed by increasing hydrogen-
bonding interactions between polar end groups (CONH;) and most probably
the aromatic stacking interactions between N-aroyl units. Compound 113
is able to gel the 75% water/25% DMSO mixture at 0.25 mmoldm™ con-
centrations while 111 and 112 gelled the 95% water/5% DMSO mixture at
0.5 mmol dm™ concentrations.

Another type of “bola gelator” incorporating two amino acid units as po-
lar parts has been prepared by DCC condensation of N-protected amino acids

0 HN H 0 HN H
\O)%S/S\/%(O\ a b HZN)%@S/S\/—%‘/NHZ
HN H o] HN H o]
2 HCI 2 HCI
i o
o RCONH H

S NH,
HNT s
RCONH H o)
R
1M1 phenyl
112 p-toluyl
113 2-naphtyl

Scheme20 Synthesis of L-cystine-based hydrogelators 111, 112 and 113: (a) liq.
NHs, —33°C; (b) HCl/MeOH; (c) 111: water, NaOAc, benzoyl chloride; 112: Et3N,
DMSO/CHCl3, p-toluoyl chloride, 113: EtsN, DMSO/CHCI3, 2-naphthoyl chloride



Systematic Design of Amide- and Urea-Type Gelators with Tailored Properties 107

with selected a,w-oligomethylene diamines (Fig. 18) [80]. The L-Val (114~
116) and r-Ile (117, 118) based gelators exhibited versatile gelation properties
toward various alcohols, aromatic, ether, and chlorinated solvents, DMF and
DMSO, silicone oil, and hydrocarbon fuels.

Further synthetic modification of this type of gelator by shortening of
the polymethylene bridge and introduction of charged pyridinium groups at
both termini (119-121) gave excellent hydrogelators [81]. Gelation of water is
clearly dependent on the counterion hydrophilicity so that the dichloride 119
is too soluble; however, the dibromide 120 (mgc 25 gL™!) is a moderately ef-
ficient gelator and the hexafluorophosphate 121 (mgc 2 gL™') is a 15 times
more efficient hydrogelator than 120. The gelation ability of 119 and 120 in-
creases for aqueous solutions of inorganic acids (HCI) and salts (NaCl, MgCl,,
CaCl,) presumably due to the reduction of electrostatic repulsions in the gel
aggregates; such an effect, however, was not observed for the hexafluorophos-
phate 121.

A series of bis(amino acid) and bis(amino alcohol) oxalic acid amide
derivatives (Fig. 19) have been prepared and shown to exhibit efficient gela-
tion of lipophilic solvents and also of highly polar water or water/DMSO and
water/DMF mixtures (ambidextrous gelators) [82-84].

This type of bola gelator lacks any long alkyl chains and its design is
based on the strong hydrogen bonding and hence directing ability of the
self-complementary oxalamide units also used in the design of molecular
solids [85]. The optically active and racemic gelators as well as the meso-
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Fig. 18 Bola-type L-Val (114-116) and L-Ile (117, 118) organic solvent gelators and doubly
charged hydrogelators 119-121
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Fig.19 Bola-type bis(amino acid and amide) 122-124 and 127, bis(amino alcohol) 125,
and meso-diastereomer 126 oxalic acid amide gelators

diastereomers were prepared by reaction of oxalyl chloride with single-
enantiomer or racemic amino acid in a biphasic dichloromethane/aqueous
NaOH system. The bis(L-LeuOH) 122, bis(L-LeuNH;) 123, bis(p-PhgOH) 124,
and bis(leucinol) 125 showed the best gelation properties within each series.
Investigation of stereochemical influence on gelation properties revealed that
single enantiomers are generally better gelators than the racemates, which
tend to crystallize, while as a rule the achiral meso-diastereomers 126 lack
any gelation ability. However, a notable exception was found for rac-125,
which is capable of gelling CCly, m- and p-xylene, and also up to a five times
larger volume of toluene than the (S, S)-125 giving in each case stable gels
not prone to crystallization. Spectroscopic investigations and single crystal
X-ray structures of both the bis(amino acid) and bis(amino alcohol) gela-
tors revealed that these types of gelators tend to form inversed bilayers in
organic solvents [83,84]. For rac-125, organization into meso bilayers con-
sisting of (R)- and (S)-enantiomers is found in unstable gels which tend to
crystallize upon ageing. The observation that rac-125 efficiently gels toluene,
some other aromatic solvents, and CCly giving stable gels was explained by
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the formation of enantiomeric bilayers in the latter solvents each consist-
ing of the single enantiomer [84]. Interestingly, (S, S)-122 and the bis(ValOH)
derivative (S, S)-127 were found to form gels of exceptional thermal stabil-
ity with some organic solvents of medium and low polarity. Their CCly gels
can be heated to temperatures 50 °C higher than the boiling point of the sol-
vent without apparent gel-to-sol transition [86]. Based on the constitutional
and conformational similarity to the oxalamide-type gelators, the gelation
property of bis(PheOH) fumaric acid amide 128 and lack of any gelation for
the bis(PheOH) maleic acid amide 129 was predicted (Fig. 20). Indeed, the
acidic aqueous solution of 129 was found to contain only 2-10 um-sized mi-
crospheres; upon UV irradiation, however, gel is instantaneously formed due
to fast photoisomerization of 129 into 128 which self-assembled into fibrous
aggregates (Fig. 20) [87]. This example shows that photoisomerization at the
molecular level induces morphological transformation at the supramolecular
level exemplified by the conversion of microspheres to gel fibers.
Monoalkyloxalamide derivative 130 forms gels with various chlorinated
and aromatic solvents at mgc values in the range of 3-6 g L™! [88]. The gelator
organizes into ordered inversed bilayer primary aggregates which are sub-
sequently juxtaposed and interlocked by van der Waals interactions giving
gel fibers. Also, bis(¢N-lauroyl-L-Lys) oxalyl acid amide derivatives prepared
recently from eN-lauroyl-L-LysOH and oxalyl chloride showed excellent gela-
tion of various alcohols, ketones, ethers, aromatic and chlorinated solvents,
and polar solvents DMSO and DMF [89]. The dicarboxylic acid derivative 131
and linear (132) and branched (133) alkyl ester derivatives showed gelation
of a similar set of solvents, but branched alkyl esters 133 and 134 showed in-
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“““““ ’
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HO
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Fig.20 Photoinduced configurational isomerization of bis(PheOH) maleic acid amide 129
into fumaric acid amide derivative 128 in aqueous media occurs by morphological tran-
sition at the supramolecular level from the microspheres formed by 129 to gel fibers
formed by 128
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Fig.21 Monoalkyloxalamide gelator 130 and bis(N-lauroyl-L-Lys) oxalyl acid amide gela-
tors 131-134

creased thermal stability of cyclohexane gels compared to 132; 134 can gel
cyclohexane even at 70 °C at a mgc of 0.7 wt % (Fig. 21).

3.4
Small Peptidic Gelators: Toward Biomaterials

At pH 3-5, the N-(fluorenylmethoxycarbonyl) dipeptides (Fmoc-dipeptides,
135 and 136, Fig. 22) form stable hydrogels at 4 mM concentrations [90]. The
CD spectra of 135 and 136 hydrogels are nearly mirror images and show
Cotton effects at 219 (n-7* transition) and 246-304 nm (7-7* transition)
indicating superhelical organization of gel aggregates. The hydrogel turns im-
mediately into the sol at pH 6 showing reversible gel-to-sol transition. In
addition to the pH-reversible transformation, the 135 hydrogel respond to

O OJCJ)\N : H I OH Q O/?LN/H(H\;/'OJ\OH
SO T SR
) )

135 136
135 + vancomycin ——— 135-vancomycin complex
hydrogel solution

Fig.22 Enantiomeric Fmoc-p-Ala-p-Ala (135) and Fmoc-L-Ala-L-Ala (136) hydrogelators
and enantioselective vancomycin-induced 135 hydrogel-to-solution transition
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a specific biological ligand-receptor interaction: addition of 1 equiv. of van-
comycin, the antibiotic known to bind with the p-Ala-p-Ala terminus of the
peptidoglycan bacterial cell wall precursor, turns the hydrogel into a clear so-
lution. However, the hydrogel of the enantiomer 136 showed no change upon
adding 1 equiv. of vancomycin, in accord with the known fact that the an-
tibiotic cannot bind with the L-Ala-L-Ala fragment. These results are a good
example of the stereoselective biological ligand-receptor interactions which
can be used to induce phase transition, and offer a new design principle to-
ward responsive supramolecular gels.

A tripeptide 137 possessing two noncoded amino acids (Aib and S-Ala)
showed efficient gelation of cyclohexane, benzene, toluene, and o-dichloro-
benzene [91]. Its gelation ability has been explained on the basis of the
X-ray crystal structure showing organization of S-turn-containing molecules
into double-columnar fibrous aggregate by intermolecular hydrogen bond-
ing (Fig. 23). In contrast, the tripeptide 138 containing Gly instead of Aib
forms an extended conformation, which organizes into an antiparallel -
sheet structure by intermolecular hydrogen bonding and gives crystals in-
stead of gels in the same solvents.

O H,C CH

RO S e prx“ﬁr%r

137 138

137 138

Fig.23 B-Turn-forming gelator 137 which organizes into double-columnar fibrous ag-
gregate by two intermolecular hydrogen bonds (N7H*~Os = C and N;pH~Og = C), and
nongelling tripeptide 138 with Gly instead Aib unit which organizes into an antiparallel
B-sheet structure that leads to crystallization
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In a search for an accurate model of amyloid fibrils related to various prion
diseases including Alzheimer’s, Huntington’s, and Parkinson’s diseases, the
amphiphilic tripeptides 139-142 were prepared [92, 93]. They were found to
form gels with solvents of low polarity (benzene, CCly, cyclohexane, dielectric
constants ¢ < 3); however, in a solvent of medium polarity such as chloroform
they do not aggregate. In water which possesses a high ¢ value of 78.39 they
give translucent dispersions. Their self-assembly into bilayered aggregates in
water is governed by hydrophobic interactions supported by intermolecular
hydrogen bonding between tripeptide fragments, giving parallel S-sheets. It
seems that the aggregates are of insufficient length to accomplish gelation.
In CCly, however, inversed bilayers are formed possessing a similar S-sheet
hydrogen-bonding organization which also represents the dominant intermo-
lecular interaction in solvents of low polarity (Fig. 24).

Another approach to amyloid models is based on oxidized glutathione
143 [94]. The compound yields transparent gels in DMSO and in water/DMF
and water/MeOH mixtures giving extended antiparallel S-sheetlike aggre-
gates by intermolecular hydrogen bonding (Fig. 25). The disulfide bridge
functions as a covalent preorganizational element inducing an intermolecu-

R R1
\+ H ? H:_ Ry o
—/N—(CHZ)W\H/N)/U\N/S(N o (CHa), CH, 139 CH, CH,
Br- o HrR " o 140 CH(CH,), CH,CH(CH,),
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bilayer non-aggregate inversed bilayer

Fig.24 Amphiphilic tripetide gelators 139-142 and schematic representation of their pri-
mary aggregation in water (bilayers), CCly (inversed bilayers), and lack of aggregation in
chloroform
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Fig.25 Glutathione, oxidized glutathione gelator 143, and extended B-sheet structure
giving gel fibers in organic solvents

lar B-sheet type of hydrogen bonding, and the geometry of the y-glutamyl
residue enables specific intermolecular recognition through hydrogen bond-
ing. Slices of DMSO gel were stained by alkaline Congo Red and observed
under crossed polarizers. A strong green birefringence was observed as in the
case of the amyloid fibrils.

A series of oligomers of amino acids 144-146 were prepared and shown
to exhibit efficient gelation of various organic solvents ranging from po-
lar lower alcohols, DMF, and DMSO to apolar aromatic solvents [95]. The
oligomers were prepared by decarboxylation of N-carboxyanhydrides of se-
lected amino acids in the presence of an alkylamine (Scheme 21) [96]. The
degree of oligomerization was determined from the relative intensities of se-
lected NMR signals. Oligo(glycine) and oligo(r-alanine) lack any gelation
ability while oligo(rL-Phe), oligo(r-Ile), and oligo(L-glutamate esters) are ef-
ficient gelators. The glutamate esters with a short terminal alkylamino chain
(146; m = 3) showed better gelation of aromatic solvents than the derivatives
with a longer chain, and gelation was achieved only for derivatives with a de-
gree of oligomerization less than 10.

The 24-residue peptide K24 related to the transmembrane domain of
the IsK protein was found to readily form S-sheet tapes in lipid bilay-
ers. The same peptide formed stable transparent gels with methanol or
2-chloroethanol at a concentration of 3gL™! by the same type of organi-
zation [97]. TEM of the gels revealed entangled polymeric tapes of single
molecule thickness (0.7 nm). The much shorter, de novo 11-residue peptide
with primary sequence MeCO-GIn-Gln-Arg-Phe-Gln-Trp-Gln-Phe-Glu-Gln-
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146 CH,CH,COOEt 3% 3

Scheme 21 Synthesis of N-carboxyanhydrides and their oligomerization into 144-146:
(a) CHam-1NH,

GIn-NH; (147) was designed to form B-sheet polymer tapes in water based
on the following design principles: (1) cross-strand attractive forces (hy-
drophobic, electrostatic, hydrogen bonding) between side chains; (2) lateral
recognition between adjacent S-strands to constrain their unidirectional self-
assembly, and (3) strong solvation of the surface of the tapes to control
solubility. The proposed antiparallel S-sheet arrangement in the gel is shown
in Fig. 26.

Arg, Glu, _
Gin, . Gin, Gln, ° Gin,,
Gln,, Glug Gin, Ging Gln,

+
Arg,

Phe ‘ Phe
2 (O™ Ly ™ L en,
S O, AR
Trp,
Phe, O ¢ Phe, Gln,

Trpg

Fig.26 Schematic representation of antiparallel S-sheet arrangement of 11-residue pep-
tide 147. C and N denote N and C termini. Electrostatic interactions between negatively
charged Glug and positively charged Args side chains and stacking interactions between
Phey-Phes and Trpe-Trps are indicated
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A theoretical model that can predict the morphology (tapes, ribbons,
fibrils, fibers) and properties of self-assembled peptides from the molecu-
lar parameters of the peptide monomers was recently proposed [98]. Self-
assembling peptide polyelectrolyte complexes capable of forming nematic
hydrogels have been prepared by the same group of researchers [99]. Mix-
ing of aqueous solutions of 11-residue cationic and anionic peptides results
in the formation of polyelectrolyte §-sheet complexes of 1:1 stoichiome-
try, which further self-assemble into a fibrillar network producing a nematic
hydrogel. The network is quite robust to variations of pH or peptide concen-
tration so the hydrogel is stable in the pH range of 1-12. The latter results
open a new avenue for exploiting protein-like self-assembly in the produc-
tion of biocompatible soft materials with numerous possible applications, for
example, encapsulation, immobilization, and separation of cells, proteins, an-
tibodies, or enzymes.

The first antibiotic hydrogelator, the vancomycin-pyrene conjugate 148,
has been recently prepared (Fig.27) [100]. In water, the conjugate orga-
nizes into helical fibers by multiple hydrogen bonding between vancomycin
units and w-7 stacking between pyrenes. It was observed that 148 is 8-11
times more active against VRE than vancomycin; it is hypothesized that
the conjugate 148 aggregates into polymerlike structures at the cell surface.
The approach opens new exciting possibilities for the preparation of various
hydrogelator-biologically active compound conjugates, which may result in
improved properties of drugs [101].

148

Fig.27 A hydrogelator, vancomycin-pyrene conjugate 148, exhibiting enhanced antibac-
terial activity compared to that of vancomycin
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4
Urea-Derived Gelators

4.1
Bisurea Derivatives

The tendency of the self-complementary substituted urea fragments to
self-assemble into one-dimensional arrays of hydrogen bonds was used in
the design of molecular solids [102,103]. Synthesis of trans-(1R,2R)-1,2-
bis(dodecylureido)-cyclohexanes 149 and 150 having two ureido units and
long alkyl chains gave excellent gelators of various polar (MeOH, EtOH,
DMF, DMSO) and apolar (chloroform, tetrachloromethane, benzene, toluene)
organic solvents (Fig.28) [104]. The compounds prepared from trans-
(1R,2R)-1,2-diamino cyclohexane and the respective alkylisocyanate showed
a gelation efficiency in the range of 2-15gL7!. In the trans-bis(ureido)
derivatives the urea units are in the antiparallel arrangement and hence
self-complementary so that the one-dimensional self-assembly results in the
formation of linear aggregates. In contrast, the cis derivative 151 is not self-
complementary and hence is unable to self-assemble and lacks any gelation
ability. The rheology and thermotropic properties of gels formed by 149 and
various primary alcohols have been studied in detail [105].
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Fig.28 Unidirectional intermolecular hydrogen bonding between substituted ureas (top),
preparation of gelling trans-bisurea cyclohexane derivatives 149 and 150 and their self-
assembly by intermolecular hydrogen bonding (left), and the nongelling cis derivative 151
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The achiral bisurea derivatives 152-154 possessing terminal benzyl groups
and 155-157 with terminal alkyl chains of variable lengths were studied
by van Esch and Feringa (Scheme 22) [106, 107]. The compounds exhibited
efficient gelation of 1- and 2-octanol, toluene, tetralin, n-butyl acetate, cyclo-
hexanone, and hexadecane. Gelators were prepared in high yields by reaction
of alkyl or benzyl isocyanates with the respective amines.

Electronic microscopy investigation of gels revealed that the gel fibers have
a multilayered structure. The STM study of monolayers of 156 physisorbed
at the graphite/1-octanol interface showed at submolecular resolution the
presence of slightly bent ribbons of 5-nm thickness formed by hydrogen
bonded all-trans molecules. Subsequently, such ribbons stack to form mul-
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Scheme 22 Synthesis of bisurea gelators 152-157: (a) dichloromethane, room temp. (fop).
Ribbonlike organization of all-trans-155 by intermolecular hydrogen bonding involving
both urea units (bottom)
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tilayered sheets which finally stack to give gel fibers. Further STM studies
of self-assembled monolayers of 155 and 156 revealed different contrasts
of urea groups for odd and even numbers of C atoms in the spacer, and
this contrast variation was correlated with the orientation of the molecules
within the monolayer [108]. The two-component self-assembly of selected
bisurea derivatives aimed at patterning organic monolayers was also studied
by STM by the same group. It was shown that the variation in position of
urea groups, molecule length, odd-even number of spacer atoms, and shape
complementarities of one component controls the two-dimensional pattern-
ing from randomly intermixed systems to phase separation [109]. The same
group also prepared chiral (1R,2R)-bis(amido)- (158) and bis(ureido)- (159)
cyclohexane gelators bearing terminal polymerizable methacrylate functions
(Fig. 29) [110, 111].

While 158 gelled only tetralin at high concentration (mgc 25gL™!) the
bis(ureido) derivative 159 readily formed gels with a variety of organic
solvents including cyclohexane, butyl acetate, benzene, tetralin, and 1,2-
dichloroethane at mgc values in the range of 2-20 g L™!. Butyl acetate gel
of 159 was irradiated (200-W high-pressure Hg lamp) in the presence of
2-phenylacetophenone resulting in complete photopolymerization of the gel.
In this way the supramolecular gel containing fibers formed by self-assembly
of 159 is transformed into a polymer gel showing a more than 100 °C higher
gel melting temperature than that of the unpolymerized gel. The freeze-dried
polymerized gel gave a highly porous material (density of only 0.005 kg dm™)
retaining the shape of the vessel and having the characteristics of an organic
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Fig.29 Polymerizable bis(amido)- 158 and bis(ureido)- 159 cyclohexane gelators contain-
ing methacrylate end groups, and azobenzene gelators 160 and 161
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aerogel; resolvation by addition of methanol or chloroform gives a transpar-
ent gel again without any change of shape.

Introduction of a 4,4/ -azobenzene spacer between two urea units gives the
highly efficient gelators 160 and 161 (Fig.29) that are capable of harden-
ing highly polar solvents (DMSO, EtOH, 2-propanol), aromatic solvents, and
highly lipophilic hexane. Compound 161 is especially efficient as it is able
to gel hexane at a 0.2 gdm™ concentration by organizing into two different
morphs depending on kinetic factors and the polarity of the solvent [112].

Chiral recognition was found to occur through cooperative interactions in
the aggregates and gels of 162 and 163 [113]. Coaggregation of (R, R)-162 and
(R, R)-163 was less favorable than the coaggregation of (S, S)-162 and (R, R)-
163. Since the dimerization constants are not affected by the chirality of the
components and the association constant for the (S, S)-162 and (R, R)-163
coaggregates, Kp s, is almost twice as large as Kg g, it is evident that coopera-
tivity is the most important factor for chiral recognition in these systems. The

N\A%(N\,E\/\/\/\/\/\
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Fig.30 Chiral gelators 162 and 163 and representation of different packing in homochiral
and heterochiral combinations of 162 and 163
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Scheme 23 Preparation of thiophene-containing gelators 164 and 165 and spatial organi-
zation by urea-urea hydrogen bonding and stacking of bithiophene units

results from NMR titration studies, CD measurements, and kinetics of cis-
trans isomerization of the azobenzene groups in the coaggregates consistently
point toward different packing of 163 in the homo- and heterochiral coag-
gregates. In the former, the azobenzene groups are inserted between closely
packed alkyl chains and in the latter, the same groups experience a more
exposed “solvent-like” environment (Fig. 30).

With the idea of combining the favorable properties of polymers of thio-
phene as organic semiconducting materials and the ability of bisurea com-
pounds to self-assemble into well-defined lamellar structures, van Esch and
Feringa have synthesized gelators 164 and 165 with thiophene and bithio-
phene groups incorporated in the spacers connecting two urea units [114].
The compounds prepared from 2,5-di(4-aminobutyl)-thiophene and 5,5'-
di(4-aminobutyl)-2,2’-bithiophene (Scheme 23) are able to form gels with
tetralin and 1,2-dichloroethane.

In gels, the bisurea thiophenes 164 and 165 organize into lamellar rib-
bons by hydrogen bonding between urea units and stacking interactions
between thiophene moieties. The well-defined arrangements of thiophene
moieties in the closely packed layers results in efficient charge transport,
as measured by the pulse-radiolysis time-resolved microwave conductivity
(PR-TRMC) technique, and make these compounds promising candidates
for application in charge-transport devices based on organic semiconduct-
ing layers. Supramolecular organization in 2D of similar bisurea derivatives
containing thiophene, bithiophene, and trithiophene units in the spacers has
been studied by STM at the solution/graphite interface [115]. It was found
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that the compounds form highly ordered physisorbed monolayers organized
by hydrogen bonding between urea units and partial overlap of thiophene
7T systems.

4.2
Urea-Amino Acid Conjugates

The bisurea—amino acid conjugates 166-168, a new type of low molecular
weight organogelators, have been prepared by Hamilton [116]. The com-
pounds were obtained by the reaction of xylylene-1,4-bisisocyanate and tert-
butyl esters of L-Ala, L-Phe, and L-Val (Scheme 24).

However, only the L-Val derivative 168 formed a gel with ethyl acetate that
was stable at room temperature, whereas 166 and 167 gelled acetone and THF
at 5 °C and the gels turned into sols at room temperature.

The same group also designed efficient hydrogelators by combining
bisurea units, glutamate, and long alkyl chains in the same structure [117].
The hydrogelators 169-176 are able to gel at mgc values below 0.3 wt % in
the narrow pH range of 5.9-7.9 and at high ionic strength (I = 1 molkg™).
Synthesis starts from the commercially available N-Boc-protected y-benzyl
ester of L-glutamate which was first condensed with selected long-chain al-
cohols. The esters were then treated with trifluoroacetic acid (TFA) which
removed the Boc protecting groups. The TFA salts were reacted with selected
bisisocyanates giving bisurea derivatives, and finally the y-benzyl esters were
removed by hydrogenolysis in the presence of Pd/C catalyst to give the hydro-
gelators in 45-70% overall yields (Scheme 25).

The combined use of cryo-TEM and X-ray diffraction sheds light on the
mechanism of gelation for certain members of the bisurea-glutamate fam-
ily [118]. Aggregation is governed by intermolecular hydrogen bonding be-
tween both urea units, by hydrophobic interactions involving alkyl ester
groups, and also by Ca?*-bis(carboxylate) interactions, the latter being in
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Scheme 24 Synthesis of bisurea—amino acid conjugates 166-168
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Scheme 25 Synthesis of bisurea-glutamate hydrogelators 169-176: (a) EDCI, DMAP; (b)
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Fig.31 Some selected structures of monourea 177 and bisurea 178 types of gelators of sc
CO;

accord with the observation that the presence of Ca?* strongly promotes gela-
tion.

A structurally similar group of compounds based on L-aspartate were
designed as supercritical (sc) CO, gelators [119]. In addition to two urea
and two L-aspartate units, CO;-philic groups such as fluoroalkyl and fluo-
roether were incorporated into ester groups or into bridge-connecting urea
fragments. Two types of efficient gelators of sc CO, were obtained in this
way: the monourea 177 and the bisurea 178 (Fig. 31) which are able to gel
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Scheme 26 Synthesis of polymerizable monourea L-Ser gelator 179: (a) EDCI, DMAP;
(b) Hy, Pd/C; (c) methacryloyl chloride; (d) TFA, CH,Cl,, and bisurea L-Glu deriva-
tives 180 and 181; (e) TEA, CH3(CH;)sNCO and bisurea L-Glu derivatives 180 and 181;
(f) HO(CH,),OCOC(CH3) = CHy; (g) OCN(CH,);,NCO

at mgc values between 1.0-6.0 wt %. Impressively, upon removal of CO, self-
supporting foams with cells possessing an average diameter smaller than
1 um were obtained, which resulted in a reduction of the bulk density of 97%
relative to the parent material. Such gels are of high interest as precursors of
microcellular materials which may find numerous applications.

Mono- and bisurea derivatives containing L-Ser and L-Glu alkyl and
alkyl methacrylate ester groups were designed as polymerizable organo-
gelators [120]. The L-Ser derivative 179, and L-Glu derivatives 180 and 181,
(Scheme 26) exhibited efficient gelation of ethylene glycol, hexane, ethyl ac-
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etate, acetone, and EtOH at mgc values of 2-10 g L™!. The ethyl acetate gels of
180 and 181 were fully polymerized after 2-4 h of irradiation with a 500 -W
Hg lamp, giving gels with impressively higher thermal stabilities; gel melt-
ing temperatures were 70 °C higher compared to those of the unpolymerized
samples. SEM investigation of polymerized and unpolymerized gels showed

practically identical morphologies.

Monourea L-serine derivatives 182-187 containing long N-alkyl chains ex-
hibited remarkable hydrogelating properties at mgc values of 0.8-1.5 wt %.
Further structural modifications by introduction of N-benzyl instead of N-
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Scheme 27 Synthesis of di- (193-195) and triurea (196-198) gelators exhibiting in situ

gelation at room temperature
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alkyl substituents to give derivatives 188-192 also gave efficient hydrogela-
tors, the best being the N-(4-bromobenzyl) ethyl ester derivative 191 capable
of forming the hydrogel at a mgc of 0.5 wt % (Fig. 32) [121].

In contrast to the conventional gelation commonly performed by dis-
solving a gelator in a selected solvent by heating and subsequent cooling
of the solution, the example of in situ gelation that occurs by reaction
of highly reactive methyl 2,6-diisocyanatohexanoate or 2-isocyanatoethyl
2,6-diisocyanatohexanoate with selected long-chain amines was recently re-
ported by Suzuki (Scheme 27) [122]. In this way, prepared di- and triurea
derivatives exhibited gelation of various aromatic solvents, EtOAc, THF, diox-
ane, DMSO, and DMF at mgc values in the range of 5-40 g L™\, Derivatives
196 and 197 failed to gel acetone, ethyl acetate, and acetonitrile by the con-
ventional method due to their insufficient solubility in these solvents even at
elevated temperatures. However, in situ gelation performed by reaction of 2-
isocyanatoethyl 2,6-diisocyanatohexanoate with octylamine or dodecylamine
at room temperature produced gels with the same solvents.

5
Latent Gelators

Recently, a new concept of “latent” low molecular weight gelators was intro-
duced by Weiss and George [123]. They have shown that sols or solutions of
various alkylamines can absorb CO, giving more strongly gelling ammonium
carbamates. Gentle heating of the formed gels results in decarboxylation of
the carbamates and bubbling of nitrogen ensures displacement of dissolved
CO; so that sols or solutions of starting amines are recovered (Scheme 28).
The gelation/degelation cycle could be repeated many times without de-
tectable degradation of the components. This example describes the new
concept of chemically reversible gels that are also thermoreversible. It shows
that gelation could be induced by in situ chemical reaction and that chemi-
cally reversible organogels could be prepared via latent gelators.

The described concept has been recently extended to other gases (NO,,
SO;) and CS; (Scheme 29). However, in contrast to the systems with CO;,
none of the adducts 202-204 could be reverted to the starting alkylamines
by heating, but the adducts 204 were converted into N, N'-dialkylthiourea
derivatives 205 which also exhibited gelation properties [124].

Further extension of the above principle resulted in the highly inter-
esting preparation of polyammonium-polycarbamate alcohol and 1-methyl-
2-pyrrolidone gels formed by bubbling CO, into polyallylamine solution
in these solvents [125]. The reaction of polyallylamine (the latent gelator)
with CO; resulted in transformation of neutral amine functions into charged
ammonium and carbamate groups amenable to strong electrostatic inter-
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actions which “cross-link” the polymer chains to give a three-dimensional
network. However, in contrast to low molecular weight systems which showed
reversible gelation/degelation upon absorption and removal of CO,, respec-
tively, the polyammonium-polycarbamate system exhibited irreversible be-
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havior. The removal of CO, by heating of the gel and bubbling of nitrogen
resulted in permanent loss of the gel phase despite subsequent retreatment
with CO,.

6
Conclusions

Many efficient gelators of organic solvents and water could be prepared by
the structural combination of amidic, carbamate, urea, or oxalamide groups
and long aliphatic chains or aromatic groups with a large surface. Such com-
bination of polar hydrogen-bonding groups and highly lipophilic and flexible
alkyl chains or large aromatic groups results in diminished solubility and
a decreased tendency for crystallization, which are both competitive pro-
cesses to gelation. In many cases the introduction of chiral centers is favorable
for gelation. However, racemates and the centrosymmetric meso diastere-
omers tend to crystallize or show much weaker gelation compared to the
respective enantiomers. Some recent work describes exceptions showing that
racemates could be more efficient gelators than the pure enantiomers [8, 84].

In most publications the efficiency of gelation of various solvents by differ-
ent gelator molecules is expressed as minimal gelation concentration (mgc)
using weight % (wt %) or g L™! units. It should be emphasized that the com-
parison of gelator efficiencies between structurally different gelator molecules
based on mgc values is very uncertain and should be made with reservations.
In many papers the precise procedures of mgc determination are not pro-
vided. In most cases the mgc values are obtained by repeated additions of
small measured volumes of a solvent and repeated heating (sol)-cooling (gel)
cycles until finally the cooling step gives a loose gel or viscous solution that
restores the fluidity of the system. In such experiments, test tubes of different
diameters and different heating-cooling regimes are used. If the experiments
are performed in a tube of small diameter, much higher volumes of gelled sol-
vent per weighed amount of the gelator could be measured due to stronger
capillary forces compared to experiments performed in a tube with larger
diameter; the differences in mgc values in mol dm™3 could be up to a factor
of 10 (see ref. [126]).

Once the prototype gelator structures are discovered, the subsequent syn-
thetic modifications by introduction of various functions give gelators with
controllable or advanced properties of interest for numerous possible appli-
cations. The mechanical and thermal properties of gels could be improved
by photoinduced polymerization of polymerizable functions present in gela-
tor molecules [23, 110, 111, 120]. Introduction of photochromic groups in the
gelator molecule gives photoresponsive gels suitable for development of sens-
ing devices [15]. Gel fibers can be used as templates for polymerization of
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silica or transition metal oxides, and their structures can be transcribed
into silica or transition metal oxide nanostructures, such as tubes or he-
lical fibers [24-26,62]. Some gels exhibited high ionic conductivities and
can be used as electrochromic materials [34, 61]. The porphyrin-fullerene
gelators could be of interest for the development of photofunctional gels
with electron-transfer properties [42]. The bisurea-thiophene gelators could
be used in charge-transport devices [114]. Some hydrogels showed pH-
responsive volume phase transitions [68] or pH-dependent sol-to-gel transi-
tions [70,71,90], both of which are of high interest for development of new
drug-delivery systems. Most interestingly, efficient gelators of sc CO, were
discovered; the gels after removal of CO, give self-supporting foams with cells
smaller than 1 um and a reduction of bulk density of 97% [119]. Such gels are
of high importance as precursors of microcellular materials with numerous
potential applications. The vancomycin-pyrene gelator showed 8-11 times
higher activity against VRE than vancomycin itself [101]. The latter opens ex-
citing perspectives for the preparation of drug-containing gelators which may
result in improved drug properties.
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Abstract Nucleobases are nitrogenous heterocyclic compounds and have high ability to
form directionally controlled multiple intermolecular interaction, i.e., in-plane multi-
ple hydrogen-bonding interactions and stacking interactions perpendicular to the plane.
Here the recent development of nucleobase-containing low molecular mass gelators
in aqueous and organic systems is reviewed, and the self-assemblies of nucleobase-
containing small molecules and their arrangement within the gel are discussed from the
molecular, and mesoscopic to the macroscopic level in regard to becoming a macroscale
three-dimensional network. Brief overview of the nucleoside-containing supramolecular
materials are also presented.

Keywords Nucleobase - Hydrogen bond - Stacking interaction - Hydrogel - Organogel

Abbreviations

A adenine

AFM  atomic force microscopy
C cytosine
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CD  circular dichroism

G guanine

GMP guanosine monophosphate
isoG  isoguanosine

LC liquid crystal

SAXS Small-angle X-ray scattering
SEM scanning electron microscopy
SUV  small unilamellar vesicle
TEM transmission electron microscopy
Tge  sol-gel transition temperature
THN teterahydronaphthalene

U uracil

XRD  X-ray diffraction

1
Introduction

Since the DNA double-helix structure was elucidated fifty years ago, non-
covalent base-base interactions have been the subject of continuing interest
both in biological and synthetic systems. A nucleobase is a nitrogenous het-
erocyclic compound that is optimized for self-recognition and interaction
with other molecules by multiple base-base hydrogen bonds. Since forma-
tion of the multiple hydrogen bonds requires a strict spatial arrangement
of the nucleobase moieties, recognition of other molecules can be achieved
with high specificity. In biological systems, genetic information storage and
processing are realized through the complementary base pair formation by
the multiple hydrogen bonds. In synthetic systems, highly specific base-base
interactions are used to design drugs, molecular sensors, and functional ar-
chitectures, attracting considerable interest not only in pharmaceutical but
also supramolecular and materials chemistry.

Sol-gel transition is the macroscopic process induced by formation of
a macro-scale, three-dimensional network of gelator molecules. Therefore,
low molecular mass gelator molecules have to be brought together into
a macroscopic scale three-dimensional assembly by intermolecular interac-
tions [1,2]. Because of the high ability to form intermolecular interactions,
carbohydrate and amino acid units are frequently found in the molecular
structure of the gelators. These units serve as the building blocks of the
macroscale three-dimensional structure. However, there have been relatively
few reports about nucleobase-containing gelators even though a nucleobase
has a suitable molecular structure for intermolecular interactions. It has to
be noted that a compound that can be in a gel state is not necessarily classi-
fied as a gelator. For example, DNA sediment in aqueous alcoholic solution
is known to be in a highly concentrated viscous gel state [3] but DNA can
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not be regarded as a gelator in this case. In this chapter, the term “gela-
tor” is limited to that which can induce gelation of a system without phase
separation, preferably with relatively low concentrations. Since formation of
mesoscopic-scale assembly is not sufficient to induce gelation, macroscopic-
scale arrangement and network structure of the assemblies in the gel is essen-
tial to understand the gelation process. We will review the self-assemblies of
nucleobase-containing small molecules from the molecular, and mesoscopic
to macroscopic level in regard to becoming a macroscale three-dimensional
network.

2
Base-Base Interactions

Nucleobase molecules are substituted pyrimidines and purines. Guanine (G),
adenine (A), thymine (T), and cytosine (C) are the four principal nucleobases
found in DNA, and uracil (U) instead of T in RNA. There are many other
naturally occurring or chemically modified nucleobases that are the con-
stituents of the nucleic acids. Hydrogen-bonding and aromatic stacking are
the major base-base interactions contributing to the thermodynamic stabil-
ity of the DNA double helix. Since the nucleobase molecules have a planar
ring structure, hydrogen-bonding interactions are mostly limited within the
plane but aromatic stacking operates in a perpendicular direction to the nu-
cleobase plane. These directionally controlled base-base interactions allow
construction of the well-defined three-dimensional assemblies. Directionally
controlled multiple intermolecular interactions are also suitable for precise
molecular recognition, which are the key to the fidelity of transcription and
translation of the genetic information. In the following sections, the proper-
ties of these noncovalent base-base interactions will be briefly summarized.

2.1
Hydrogen Bond

Nucleobases have multiple hydrogen-bond donor and acceptor sites within
their molecular structures. The hydrogen bonding sites of guanine, adenine,
thymine and cytosine are shown in Fig. 1. Because of the presence of multiple
hydrogen bonding sites, the hydrogen bonding patterns between nucleobases
are not limited to the Watson-Crick or Hoogsteen type base pairs. There is
a wide variety of hydrogen bonding patterns in the crystal structures of nucle-
obases, nucleosides, and nucleotides. They form dimer-type base pairs, cyclic
oligomers, infinite linear polymers, or more complex structures. Typical ex-
amples of the hydrogen bonding patterns for the principal nucleobases are
shown in Fig. 2
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Fig.1 Hydrogen-bonding donor (D) and acceptor (A) sites of guanine (G), adenine (A),
thymine (T) and cytosine (C)
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The hydrogen bond is a moderately strong and directional intermolecu-
lar interaction among noncovalent interactions. Though the definition of the
hydrogen bond is still the subject of heavy debate, it is widely accepted that
the electrostatic interaction is the major attractive force [4]. Generally, hy-
drogen bond energy depends greatly on the type of donor-acceptor sets and
surrounding media. In the case of a weak hydrogen bond like C-H-O0,
hydrogen bond energy is only a few kJ mol™!, while that of a strong hydro-
gen bond with a charged acceptor like O — H— O is more than a hundred
kJ mol™! [5]. The interbase hydrogen bond is a relatively strong hydrogen
bond ranging between 20-40 k] mol™!. Because of the additivity of inter-
molecular interaction, formation of multiple hydrogen bonds contributes
to high stability of their assemblies. In addition, the cooperativity of the
hydrogen bond has to be considered when multiple hydrogen bonds are
involved. Because of the polarizability or charge transfer nature of the com-
ponents of the hydrogen bonding chains or networks, the binding energy
is larger than the sum of the individual hydrogen bond energies. Recent
ab initio calculation estimated that the cooperative contributions provided
31% and 12-16%, respectively, of the stability of the A-T and G-C base
pairs [6].

As the electrostatic force is inversely correlated to the relative permittivity
(&) of the solvent, hydrogen bond interaction does not operate effectively in
water that has large relative permittivity (e = 80.1). As the major attractive
force of the base-base interaction, this characteristic of the hydrogen bond
has to be considered especially in water.

2.2
Aromatic Stacking

Though aromatic stacking is the important noncovalent interaction which
stabilizes the double helical structure, the nature of this interaction is not
well understood. Electrostatic interactions, dispersion forces, and solvopho-
bic effects are the potentially important factors in stabilizing the face-to-face
base-base interactions [7]. The electrostatic interactions operate between par-
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Fig.2 Typical hydrogen bonding patterns for the principal nucleobases (a) base pairs
(b) cyclic oligomer and (c) infinite linear polymers
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tial charges localized at specific parts of a given heterocyclic base. Dispersion
forces depend on the surface area of contact and on the polarizability of the
two species. Finally, solvophobic and other solvent-driven effects depend on
the relative energies of the solvation of bases when stacked and unstacked as
well as the amount of surface area desolvated on stacking. It has been indi-
cated that the relative stacking ability of the natural bases qualitatively goes in
the order purine-purine > pyrimidine-purine > pyrimidine-pyrimidine [8].

3
Molecular Assemblies and Gelation in Aqueous Systems

As discussed above, hydrogen bond interaction does not operate effectively in
water that has large relative permittivity. Indeed, nucleobases can not form
hydrogen-bonded complementary base pairs in water [9]. As the hydrogen
bond is essential to the base-base interaction, an effective approach to the de-
sign and construction of stable and predictable nucleobase assemblies is to
make the microenvironment of the nucleobase more hydrophobic (lower per-
mittivity). The use of an air/water interface is one of the effective approaches
for this purpose.

3.1
Molecular Assemblies at Air/Water Interface

Though the hydrogen bonding interaction between nucleobases (or their
mimicry) is usually suppressed in bulk water, base pair formation at the air-
water interface was first suggested by Kitano and Ringsdorf [10], and then
was extensively studied by Kunitake and his group [11]. Selective association
of diaminotriazine-functionalized amphiphile (1) monolayers with thymine
and thymidine in aqueous solution took place at the air-water interface, and
this molecular recognition was indicated to be due to complementary hydro-
gen bonding (Fig. 3a) [12]. This remarkable feature of the air-water interface
is ascribed to the unique properties of water at the interface, where the water
structure is different from that in bulk water [13]. Similar base pair formation
is also reported for the monolayers of nucleoside-lipid hybrids at the air-water
interface [14] or within the monolayer [15].

H2N—<_\ N—(CH,);7CHs
N—
o)

3

Scheme 1
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Fig.3 Recognition of nucleic acid bases at the air-water interface: (a) recognition of
thymine by a 1 monolayer; (b) recognition of adenine by a 2 monolayer. Reprinted with
permission from Acc Chem Res 1998, 31, 371

Fig.4 Fluorescence images of the 3 monolayer at 3mNm™ (a) on pure water sub-
phase observed with a G-filter (546 nm) for octadecylrhodamine B excitation, scale
bar = 200 um, (b) on guanosine subphase observed with a G-filter, scale bar 100 pm,
(c) on guanosine subphase observed with a B-filter (410 nm) for octadecylacridine orange
excitation, scale bar 100 um, and (d) close-up image on guanosine subphase, scale bar
25 pm. Reprinted with permission from ] Am Chem Soc 1997, 119, 2341
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Stacking interaction operates effectively at the interface. Base pairs of
cyclic imide-functionalized amphiphile (2) monolayers with aqueous ade-
nine at the air/water interface were suggested to stack along the interface,
and this stacking interaction enhanced cooperatively the base pair forma-
tion (Fig. 3b) [16]. By using amphiphilic fluorescent probes, Shimomura et
al. observed formation of spiral-shaped two-dimensional domains in a com-
pressed alkylated cytosine (3) monolayer spread on an aqueous guanosine or
deoxyguanosine solution (Fig. 4b-d) [17]. This macroscale spiral-shaped do-
main of more than 10~! mm in size was a two-dimensional crystal consisting
of laterally stacked cytocine-guanine pairs. This observation demonstrated
that the unique properties of the air/water interface allowed formation of
macroscale nucleobase assemblies by the complementary hydrogen bond and
the base stacking interactions though it was not three-dimensional but two-
dimensional.

3.2
Molecular Assemblies in Bulk Aqueous Phase

3.2.1
Small Assemblies

NH, o
NN NH
< ]l |
| v T')%O
A U
o Base
P
R*O/\;/\O >0 (0]
_C OH
R-O OH OH
R= acyl chain
length Base
4: 8, octanoyl A
5: 8, octanoyl U

6: 18 (9-olefin), oleoyl A
7: 18 (9-olefin), oleoyl U

Scheme 2

In the bulk aqueous phase, it is necessary to make the hydrogen bonding in-
teraction effective in order to induce self-assembly of the nucleobase. The
first approach is to use the hydrophobic interior of amphiphile aggregates,
micelles, and the formation of a complementary A-T base pair was observed
at the micellar core [18-20]. However, the surface region of micelles and
vesicles also provides an effective microenvironment for the base-base inter-
actions. Phosphatidylnucleosides, a group of phospholipids that have a nucle-
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oside at their head group, have been synthesized by enzymatic reaction, and
base-base interaction was studied in their micellar and vesicular aggregates.
The phosphatidylnucleosides having short and saturated dioctanoyl chains,
4 and 5, formed quasi-spherical micelles composed of 28-45 monomers in
the pH range of 3.5-7.5 [21], and the micelles were in a thermodynami-
cally equilibrated state due to the fast lipid exchange. Though nucleobases
were anchored at the micellar surface in a highly aqueous environment, both
base-base stacking and hydrogen bonding interactions were observed for the
4 and 5 1:1 mixture by spectroscopic and other analytical methods [22].
NMR studies confirmed formation of the Watson-Crick type adduct at the hy-
drophilic micellar surface. Similar results are also observed for the micelles of
monoalkyl-phosphoryl nucleosides [23].

In the case of vesicles, the lipid exchange was not sufficiently fast. Small
unilamellar vesicles (SUV) of approximately 33 nm in radius were prepared
from 6 and 7, phosphatidylnucleosides having A and U, respectively, with di-
oleoyl chains [24,25]. When the 6 and 7 vesicles prepared separately were
mixed together (1:1), no base-base interaction was observed immediately.
Only after aging for nearly two weeks were formation of hydrogen-bonded
complementary base pairs and aromatic stacking completed. This slow de-
velopment of base-base interaction was attributed to the slow lipid exchange
rate in the case of SUV having high curvature and tension. The results showed
that the hydrogen bonding and stacking interactions operated effectively at
the hydrophilic vesicular surface.

NH, o)
O
N B NH
Base N

R/ONO ¢ I: \fj\/&
0 N N N~ -0

(0] | |

OH OH A T

(0]
o
; -
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Scheme 3

The A-T base pair formation at the vesicular surface was also shown
to induce hemifusion of bilayer membranes of giant unilamellar vesicles
(10-150 pm in diameter) which consisted of dioleylphosphatidylcholine
containing deoxyadenosine (8) or deoxythimine (9)-functionalized lipids
(5w/w %), which gives some insight into the growing process of the assem-
blies [26].

For small molecular aggregates, self-assembled aggregates are usually in
stable thermodynamic equilibrium, and can be discussed mostly from the
viewpoint of static intermolecular interactions. However, as it is shown in
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the above examples, mesoscopic- to macroscopic-scale assemblies that are
responsible for macroscale gelation are frequently in metastable or kineti-
cally frozen states, and their morphologies are quite sensitive to many factors,
especially to coexistent components, temperature, and the method of prepar-
ation.

3.2.2
Hydrogels

It has been known for a long time that guanosine derivatives yield gels
in aqueous solutions at relatively high concentration, and the presence
of an alkali metal is essential for formation of the homogeneous gel.
Some examples of the gel-forming guanosine derivatives in the presence
of 0.1 M KCl and 0.1 M nucleoside are guanosine, guanosine 2'-, 3'-, and
5'-monophosphate (2'-GMP, 3'-GMP and 5'-GMP), isoguanosine (isoG), and
oligoguanylic acids [27]. The assemblies in the gel were shown to be the
cyclic tetramer (G-quartet, Fig. 2b) of the guanine moieties in a 3'-GMP gel
(Fig. 5a) and a continuous helix with 15 bases (Fig. 5b) in a 5'-GMP gel de-
termined from their X-ray diffraction (XRD) patterns [28, 29]. The multiple
hydrogen-bond donor and acceptor sites within the guanine units allowed the
guanosine derivatives to form the hydrogen-bonded G-quartet or continuous
helix in the presence of alkali metal ions as a template. The structure of the
metal-induced G-quartet was extensively studied, and high size-selectivity to-
ward metal ions was demonstrated [30]. Na* and K* ions were effective in
inducing the G-quartet formation but Li* and Cs* were not effective. Large
hypochromicities and an increase of circular dichroism (CD) indicated that
the G-quartets were assembled into columnar stacks in the gel. Formation of
the columnar stacks was not only due to the stacking interactions between the
cyclic tetramers, but also the alkali metal ions contributed to forming colum-

Fig.5 (a) Tetrameric arrangement of guanine bases for the Guo-3'-P gel and (b) the
continuous helical arrangement in the Guo-5-P gel. Reprinted with permission from
] Biomol Struct Dyn 1990, 8, 491
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nar assemblies. The arrangement of the columnar or helix assemblies on
a macroscopic scale was further studied in detail in the liquid crystalline (LC)
phase [31]. In the cholesteric liquid crystalline phase of 5'-GMP, the arrange-
ments of the rod-like columnar assemblies are shown in Fig. 6b. At higher
concentrations, arrangement of the columnar assemblies became a hexagonal

(Fig. 6¢).
Base:['\ﬂ_b NH;
SN NSy NH
N f |
o Sy
C A U
C Base
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R*O/\;/\O o (0]
_0 OH
R-0 OH X
R= acyl chain
length X Base
10 : 16, palmitoyl -H C
11a: 14, myristoyl -OH A
11b: 12, lauroyl -OH A
12 : 14, myristoyl -OH u
Scheme 4

In 1988, Yanagawa et al. reported that phosphatidylnucleosides self-
assembled into circular and linear helical strands in aqueous salt solu-
tion [32]. In the case of phosphatidyldeoxycytidine with dipalmitoyl chains

—

340 pm

Fig.6 (a) A scheme of the columnar aggregate of G-quartet and their relative arrange-
ments in the (b) cholesteric and (c) hexagonal phases. Reprinted with permission from
Comprehensive supramolecular chemistry, Vol. 9. Elsevier, Oxford, 1996, p 483
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(10) [33], a sonicated aqueous solution of the lipid in a Tris-HCI buffer
(pH 8.0) at 50 °C for 45 min formed vesicles of approximately 20-160 nm in
size, and the vesicles were slowly transformed into superhelical strands after
aging at 25 °C for 1 day. The strands consisted of a right-handed duplex with
a diameter of approximately 11 nm and a helical pitch of 24 nm or double du-
plex in the case of the thick strands, and the duplex or double duplex further
formed a superhelical structure with a helical pitch of 95-110 nm. Develop-
ment of the superhelical strands on a mesoscopic scale was clearly shown
by transmission electron microscopy (TEM) (Fig. 7). After aging for a week,
the superhelical structures were converted into gels and the gels contained
a number of thick strands consisting of linearly extended helical strands
(Fig. 7d). A greatly increased positive Cotton effect, presumably due to the
helical assemblies was observed in the CD spectra below the transition tem-
perature of the gel-liquid crystal of the lipid. Since this large positive Cotton
effect was quite similar to that of poly(C) in a nonprotonated single-stranded
helical structure, the helical assemblies were suggested to be stabilized by
the base-base stacking interactions and the hydrophobic interactions at the
long alkyl chain moieties. Formation of different hybrid helical strands was
also reported when the 1: 1 mixture of the lipid having complementary bases
(11a and 12) were used, suggesting the importance of the interbase hydrogen
bonding interactions [34].

Similar giant polymer-like assemblies of phosphatidylnucleosides (11b)
were also observed in solution by light scattering and small-angel neutron-

Fig.7 Formation process of superhelical strands of 10. The electron micrographs were
taken after aging for (a) 5h (b) 15h (c) 1 day and (d) 1 week respectively. All scale bars
represent 2000 A. Arrows in (b) represent positions where strands are twisting. Inset in
(d) in the Fourier-transformed image (scale bar, 100 &) of the segment boxed by a rect-
angle. Reprinted with permission from J] Am Chem Soc 1989, 111, 4567
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scattering methods [35]. The results indicated micellar growth to giant worm-
like assemblies that entangle to form a transient network with a response to
mechanical stress, which is similar to that of polymer solutions in the semi-
dilute range. TEM observation supported the formation of a polymer-like
network. However, no gelation of the system was reported.

O
ﬁNH
(0] /&
Vo NI N” ~0O
—N*— O—II'*‘—O
| o 0
R/O O\R

R= acyl chain length
13a: 14, myristoyl
13b: 16, palmitoyl
13c: 18, stearoyl
13d: 20, arachidoyl
13e: 18 (9-olefin), oleoyl

Scheme 5

Recently, Moreau et al. reported gel formation of a different type of lipid-
nucleoside hybrids [36]. Structures of diacyluridinophosphocholine with dif-
ferent acyl chains (13) were prepared. All the derivatives formed bilayer
vesicles in aqueous solution. In addition, 13b-d showed the ability to form

Fig.8 Proposed model illustrating DNA-like helical fiber and multilamellar organizations
in water formed by 13b. (A) Two molecules of 13b forming the basic repeat unit of the
helical structure. (B) Top view of the strand presented in (C) with a diameter @ of 4.2+
0.5nm: « is hydrophilic domain (phosphocholines), 8 corresponds to uridine packing,
and y is the hydrophobic core. (C) Drawing of the fiber (for helical pitch ) 7.0 £0.5 nm.
(D) Drawing of a multilamellar, Ly, organization. Reprinted with permission from ] Am
Chem Soc 2004, 126, 7533
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stable opaque hydrogels in aqueous solution of more than 6 w/w % below
their melting points (mp). Scanning electron microscopy (SEM) showed an
entangled fiber network throughout the hydrogel and magnified TEM im-
ages showed aligned helical nanofibers of approximately 4.2 nm with a helical
pitch of 7.0 nm for 13b. Small-angle X-ray scattering (SAXS) measurements
showed formation of nanofibers below mp and a lamellar-like structure of
4.6+ 0.2 nm in repeat distance above mp. Based on the above observation,
the observed hypochromic effect and CD spectra, the molecular assemblies
of nanofibers and lamellae were determined, which are shown in Fig. 8. The
temperature-dependent transition between nanofibers and bilayer assemblies
took place, and the phase diagram of this transition is shown as a function of
the acyl chain length Fig. 9).
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Scheme 6

Shimizu and co-workers have been actively studying molecular assemblies
of a new family of amphiphiles, bolaamphiphiles having two hydrophilic head
groups at both ends of a hydrophobic alkyl chain [37], and reported the self-
assemblies of the bolaamphiphiles having nucleobases at their head groups.
In the case of amide-connected bolaamphiphiles, 14-16, an equimolar mix-
ture of the complementary 14a and 15a components in 10% ethanolic aque-
ous solution yielded an amorphous gel [38]. Heteroditopic 16c also formed an
amorphous gel in 50% ethanolic aqueous solution. In the 14a/15a gel, a net-
work of nanometer-sized fibers with uniform width ranging from 15 to 30 nm
was observed by TEM. A network of nanofibers 20-100 nm in width was
also found in the 16c gel. Hydrogen bonding interactions were noticed be-
tween complementary A-T base pairs and the amide units. Base stacking was
also indicated from the observed large hypochromicity. From these results
and X-ray diffraction patterns, the structure of the nanofiber was elucidated
(Fig. 10).
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Fig.9 (a) Illustration of the thermoreversible helical-bilayer transition and (b) phase dia-
gram at 1 atm for the transformation between fibers and bilayers formed by 13. Reprinted
with permission from ] Am Chem Soc 2004, 126, 7533

It is interesting to note that 15a alone in 10% ethanolic aqueous solution
formed a double helical rope of 1-2 um in width and several hundred pm
in length. Approximately equal amounts of the right-handed and left-handed
double helical ropes were observed. Detailed NMR and model studies indi-
cated that the presence of small amounts of a natural light-induced [2 + 2]
photodimer between adjacent thymine units was responsible for formation of
the ropes. The presence of complementary base, A, suppressed formation of
the photodimer, leading to the formation of the nanofibers described above.
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Fig. 10 A possible molecular packing and hydrogen bond scheme for (a) the heteroassem-
bly formed from an equimolar mixture of 14a and 15a and (b) the homoassembly from
16a. (a, b) Top view of a layered structure composed of linear polymolecular arrays (“re-
versed” Hoogsteen base pair configuration is employed here for the thymine-adenine
heteroassociation). (¢) Front view showing 2-D complementary and 1-D amide hydrogen
bond network. (d) Side view of the polymolecular arrays. In (d), the one-dimensional
amide hydrogen bond chain contributes to the stabilization of the base stacking and
the formation of complementary hydrogen bonds. Reprinted with permission from ] Am
Chem Soc 2001, 123, 5947

Nucleotide bolaamphiphiles, 17, in which two deoxythymidine 3’-mono-
phosphate were connected by C12-C20 oligomethylene spacers, showed
good solubility in aqueous media at weakly acidic to neutral pH, and the
longer homologues with the C18 (17f) and C20 (17g) chains effectively
caused gelation [39]. The 17g showed excellent gelation ability, requiring
only 0.2 wt % to induce gelation, and the translucent gel was stable for over
a week under neutral or mild alkaline conditions. This is actually the first re-
port on the designed nucleobase-containing low molecular mass “hydrogela-
tor” inducing effective gelation at low concentrations. Sol-gel transition took
place at approximately 85 °C. Microscopic observations showed formation of
nanofibers of 10-30 nm in diameter and several um in length, which even-
tually formed well-developed three-dimensional fibrous networks. An atomic
force microscopic (AFM) image showed the typical fiber to be a ribbon-type
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with a 10-nm thickness and 80-nm width. It is interesting to note that slightly
shorter 17f formed stable giant vesicles of 1-2 um in a neutral buffer so-
lution, and hydrogel was formed only in deionized water. Hydrogen bonds
involving the 5'-hydroxyl group, hydrophobic interaction between the long
oligomethylene chains, and 7-n stacking of the thymine residues were in-
dicated to be responsible for the network formation, leading to the effective
hydrogel formation.

When a series of oligoadenylic acids d(A), (n = 2-40) were present (total
A/T =1) in the 17g solution, hydrogels were formed after several days of
incubation [40]. In the case of shorter d(A), (n = 2-8), three-dimensionally
intertwined nanofibers similar to those without a template were formed. For
longer d(A), (n =10-40), however, formation of discrete helical nanofibers of
7-8 nm in width and several hundred nm in length were indicated, showing
the template effect of the oligoadenylic acids. Formation of the complemen-

sugar-phosphate
backbone

adenine residue

thymine residue

~—35nm——
dTp-20-dTp

d(A),(n =10, 20, and 40)

nanofiber

Fig. 11 Illustration of the proposed mechanism of formation of the oligoadenylic acid
template self-assembly of the thymidine bolaamphiphile 17g. Reprinted with permission
from Angew Chem Int Ed 2003, 42, 1009
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tary A-T base pairs was confirmed by infra-red (IR) and mass spectrome-
try [41]. The structure of the helical nanofibers was proposed to be the double
strands of the d(A), twisted around the vertically stacked rods of the bolaam-
phiphiles (Fig. 11).
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189g: R = p - Butyl benzyl
OH OH 9 P Y Y

Scheme 8

Kim and his co-workers applied a different gelator design [42]. They intro-
duced several benzyltriazole derivatives to the C5 position of 2’-deoxyuridine
(18) in order to control the hydrophilic/hydrophobic balance and to in-
crease the aggregation ability. Most of them showed excellent gelation abil-
ity in less than 1wt % in water, and formation of fibrous or lamellar as-
semblies were indicated from their SEM images. In these gels, hydrogen
bonding interactions between hydroxyl groups of the deoxyribose moieties,
and additional interbase hydrogen bonding interactions were suggested to
be important for formation of the fibrous assemblies. However, the stack-
ing interaction between the attached benzyltriazole moieties was not clearly
discussed.

4
Molecular Assemblies and Gelation in Organic Systems

Since nucleobases are only slightly soluble in organic solvents, it is neces-
sary to introduce some lipophilic moieties in order to dissolve nucleobase
derivatives. In organic solvents having low permittivity, base-base hydrogen
bonding interaction operates effectively, and this interaction plays a primary
role in organogel formation but hydrophobic interaction is much less effective
in organic solvents though the solvophobic effect is expected to some extent
in polar organic solvents.

Lipophilic guanosine-based organogelators were reported by Gottarelli’s
and Araki’s groups. In both cases, structures of the gelator assemblies and
their macroscale arrangement in the gel states were clarified, and, interest-
ingly, they were not the entangled fibrous networks generally observed for
low molecular mass gelators.
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Gottarelli and his group have been studying various supramolecular struc-
tures formed by guanosine derivatives [31, 43]. Formation of a gel-like liquid
crystalline-phase was observed for a lipophilic didecanoyl deoxyguanosine 19
in hydrocarbon solvents [44]. However, no fibrillar structure was observed,
and instead, a liquid crystalline phase composed of a planar tape-like as-
sembly of the hydrogen bonded guanine moieties was suggested. Detailed
examination of the tape-like assembly was further performed [45,46]. The
lipophilic guanosine derivatives 19-22 formed a gel-like phase in chloro-
form, toluene and hexadecane. The gel-like phase was birefringent, indicating
an ordered structure. The critical concentrations at which birefringence ap-
peared are shown in Table 1. Based on the in-depth NMR study of 19 in
chloroform, the tape-like assembly was indicated to be a linear polymer con-
nected by double interbase hydrogen bonds shown as tape II in Fig. 2. It is
interesting to note that the mode of the hydrogen bond networks of 19 imme-
diately after dissolution in solution was not the tape II but tape I, indicating
that the hydrogen-bonded linear polymer in the solid phase was in tape I.
IR spectra of the gel-like structures indicated that the hydrogen-bonded tape
present in hexadecane (and possibly in toluene) must be similar to tape I
and different from the tape present in chloroform. X-Ray diffraction meas-
urements for the gel phase of 19 and 20 in hexadecane gave narrow Bragg

Table1 Critical concentration (wt%) of 19-22 for the formation of the gel-like
phases [46]

Compound CHCl3 Toluene Hexadecane
19 23% 4% 8%

20 22% 4% 5%

21 4% 5% *2

22 4% 5% *2

*% = no birefringent phase observed.
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reflections at small-angle regions. The peak reciprocal spacings were in the
ratio 1:+/2:+/4..., indicative of two-dimensional square packing. The ab-
sence of additional small-angle peaks indicated that no correlation existed
in the direction perpendicular to the two-dimensional square cell. Interest-
ingly, the unit cell parameters continuously increase as a function of the
solvent content, indicating a continuous swelling of the two-dimensional cell.
From in-depth analysis of the XRD data, it was confirmed that the tapes
contained the guanine residues in the extended hydrogen-bonded configu-
ration, while the hydrocarbon chains, together with the hydrocarbon sol-
vent in which they were dissolved, filled the lateral gap between the tapes
(Fig. 12).

0
g
>
HZNJ\\N N
RO~ o
OR

23a: R = Si(iPP,CsHy7
23b: R=SiPh,{Bu
23¢: R=Si(iP1);

Scheme 10

Araki and his group introduced nonpolar and flexible alkylsilyl groups to
deoxyguanosine, and alkylsilylated guanosine derivative 23a was shown to

Paing

P
A

Fig.12 A model for gel-like phases of 19 and 20 in hydrocarbon. Reprinted with permis-
sion from Chem Eur J 2002, 8, 2143
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be a good organogelator for alkanes such as hexane (minimum gelation con-
centration 1.0 wt %), dodecane (0.6 wt %) and cyclohexane (4.3 wt %) [47].
In the AFM image of the gel transferred onto a silicon wafer (Fig.13),
mesoscopic-scale sheet-like structures instead of fibrous structures were
clearly observed. The depth profile along the line in the image showed
that the height of the sheets was 2.540.2 nm but their width was as large
as 50-300 nm. A concentrated gel (41 wt %) showed further extended and
piled sheet-like assemblies, but the height of the sheets was practically un-
changed. By comparing the IR spectra of reference compounds 23b and
23c, whose crystal structures were established by X-ray crystallography, the
hydrogen bond pattern of the 23a-dodecane system was examined. The ref-
erence compound 23b has the hydrogen-bonded tape I shown in Fig. 2, but
reference compound 23c has additional double inter-tape hydrogen bonds
between 2-NH; and 3-N of the two guanine-bases located at the adjacent
tapes, leading to formation of two-dimensional hydrogen-bonded sheets
(Fig. 14a). Partial formation of the inter-tape hydrogen bonds in the 23a-
dodecane system in the gel state was indicated from the IR spectrum of

8.0
6.0 -
(a)
4.0
2.0
0.0 '
Height /nm §
4.0
(b) 20
0.0
0 1000 2000

Height profile / nm

Fig. 13 (a) AFM view of the 23a-dodecane (5wt %) sample. (b) Depth profile along the
line in the image. Height from the silicone surface is shown in nm. (¢) Schematic view of
the depth profile. Reprinted with permission from ] Mater Chem 2001, 11, 3018
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b) 50~300 nml

Alkylsilyl group
Ribose
Guanine

Fig. 14 (a) Two-dimensional hydrogen-bonded sheet of guanine moieties and (b) schema-
tic view of the mesoscopic-scale sheet-like assembly of the 23a-dodecane gel. Reprinted
with permission from J Mater Chem 2001, 11, 3018

the gel. Furthermore, the gel to LC phase transition by heating was ob-
served for the 23a-dodecane system at high concentration (37-63 wt %), and
this transition was shown to be due to the selective cleavage of the inter-
tape hydrogen bonds. The results indicated that formation of the sheet as-
semblies by the inter-tape hydrogen bonds was essential for the gelation
process.

The observed thickness of 2.5nm in the AFM image was comparable to
that of the sheet-like structure of 23a, while spacings of 4.0 and 3.2 nm were
obtained from XRD patterns of the 23a-dodecane gel at 41 and 60 wt %,
respectively. The observed spacing of the gel was larger than the thick-
ness of the sheet assembly. Since a higher dodecane content increased the
spacing, the gel was suggested to have a layer structure composed of the
hydrogen-bonded sheet-like assemblies and dodecane molecules were en-
trapped in between the sheet assemblies. A schematic view of the mesoscopic-
scale sheet-like assembly in the gel is given in Fig. 14b. The splitting and
stitching of the sheet assemblies, clearly shown in the AFM image, led to
formation of well-developed macroscale three-dimensional networks of the
sheet assemblies, offering a molecular-level understanding of the network
formation.
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Kim et al. tested gelation abilities of a series of lipophilic thymidine deriva-
tives having alkyl chains (24-28) [48]. All the derivatives (2 w/w %) showed
gelation ability in organic solvents (Table 2). The urea- (24) and amide-
linked (25) derivatives gave robust and translucent gels in alkanes, while
the carbamate- (27) and ester-linked (28) derivatives yielded opaque gels in
toluene and tetrahydronaphthalene (THN). The N-alkylated derivatives (26)
formed opaque gels in benzene, toluene, and THN. Gelation was not observed
in methanol, chloroform, tetrahydrofuran, acetone, and 2-octanol. SEM im-
ages of the dried samples showed three types of structures, i.e., fibrous
structure (24/cyclohexane and 26/CCly), woven structure (27/cyclohexane)
and lamellar structure (28/cyclohexane and 26/touluene, benzene, and THN)
(Fig. 15). Though the pattern of the hydrogen bonding interaction was not
clarified in these gels, it is obvious that the hydrogen bonding interactions,
including the base moieties, deoxyribose moieties and the linkage units, were
the major driving force for gelation. For the N-alkylated derivatives, hydrogen
bond formation of the hydroxyl groups at the deoxyribose unit was observed
by IR spectra. The solvent effect on the gelation ability and morphology of the
assemblies indicated that van der Waals interaction and w-7 stacking in add-
ition to the hydrogen-bonding interaction were responsible for the organogel
formation.

To change the structure and properties of the gel, complementary poly(A)
was added to the 28c/benzene gel system [49]. Since poly(A) was vir-
tually insoluble in organic solvents, the lipohilic poly(A)/cationic lipid
complex was used instead. In the presence of an equal amount of the
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(b) -

Fig.15 SEM images of 26 and 27; (a) 26a/CCly system, (b) 27c/octane system,
(c) 26¢c/toluene system. The different gelling abilities are attributed to differences in
hydrogen-bonding interactions. Reprinted with permission from Chem Commun 2003,
254

poly(A)/lipid complex, the opaque 28c/benzene gel became transparent
(Fig. 16a) though the noncomplementary poly(C)/lipid showed no effect at
all. Formation of the complementary A-T hydrogen-bonding pair in 28¢c
with the poly(A)/lipid gel was confirmed by IR measurement. SEM images
indicated that an addition of the poly(A)/lipid complex altered a plate-
like structure of the 28c/benzene gel into an entangled fiber structure
(Fig. 16¢). Based on the X-ray diffraction pattern, it was suggested that for-
mation of the complementary A-T hydrogen bonds with poly(A) prevented
the bilayer assemblies of 28c from developing into a multi-layered lamel-
lar structure, inducing morphological change from a plate-like to a fiber
structure.

Some of the uridine-phosphocholine hybrids, which are discussed as hy-
drogelators in the preceding section, also caused gelation of nonaqueous
solutions [36]. For example, 13b formed a clear organogel in cyclohexane
(6 w/w % above 42 °C). The longer chain derivatives (13c-e) did not form
organogels, and this is a likely consequence of their increased solubility.

Fig. 16 (a) Photograph of 28c gel (left) and 28c with poly(A)/lipid gel (right); SEM images
of (b) 28c gel, (c) 28c with poly(A)/lipid gel and (d) 28c with poly(C)/lipid gel, prepared
from benzene, bar length = 5mm, [A or C]/[T] = 1.0. Reprinted with permission from
Chem Commun 2004, 1996
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A SEM image of the 13b organogel in cyclohexane showed formation of
multilamellar assemblies. SAXS measurements confirmed the presence of
repeat periods of 4.6 £ 0.2 nm, which was consistent with the lamellar struc-
ture found in the aqueous system. The IR spectrum of the organogel indi-
cated formation of the U-U hydrogen bonding in the 13a supramolecular

assembly.
R o
N~
o< _N- CHZQ
29: R=H, 30: R=Me
/N_\\
HoN
N N- CHs@
Scheme 12

All the organogelators discussed above use base-base interaction as the
major driving force for assembling the gelators. Instead, Shinkai and co-
workers used a steroid unit as the major gelation unit, and a nucleobase
moiety was introduced as an additional unit to control the mode of as-
sembly. Steroid derivatives that have extended planar surfaces with mo-
lecular chirality are known to serve as an effective mesogenic unit for in-
ducing the columnar cholesteric mesophase. Many types of low molecular
mass organogelators having steroid structures have been reported [1]. In
these gels, the steroid moieties are stacked in a helical fashion to form
a central core. Shinkai et al. have been actively studying a variety of self-
assemblies formed by cholesterol derivatives [50], and have found that func-
tional groups introduced at the C3 position of cholesterol stick outwards
like a spiral staircase from the core [51]. They introduced a uracil unit to
this position [52,53]. The uracil-appended derivative 29 showed excellent
gelation ability in cyclohexane (minimum gelation 0.25 wt %), and the sol-
vents that were gelated by 29 at 3wt % were n-octane, benzene, toluene,
p-xylene and decaline. The stability of the gel was estimated from the sol-
gel transition temperature Tge. Methyl substitution of the uracil NH of
the gelator (30) resulted in decreased gel stability, which suggested that
the intergelator hydrogen-bonding interaction at the uracil moiety was also
important for gel formation in addition to the columnar stacking of the
steroid units. The presence of lipophilic nucleosides was found to destabi-
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lize the gel system presumably due to suppression of the intergelator hy-
drogen bonds, further supporting the importance of the hydrogen bonds
for the gel formation. The SEM picture of the xerogel prepared from 29
showed a well-developed network structure consisting of fibrils. The diam-
eter of the fibrils was about 20-40 nm and the fiber structure showed clear
right-handed helicity. Since no helical structure was observed for the xe-
rogel of 30, hydrogen-bonding interaction was suggested to be essential
to induce neat molecular packing in the gel phase, leading to the helical
superstructure.

Though the presence of the adenosine-appended cholesterol derivative 31
in cyclohexane apparently decreased the Tge of 29, an increase of the mo-
lar fraction of 31 from 0.3 to 0.8 did not result in a monotonous decrease
of the Tge. Instead, the highestTg, within this range was observed when
the molar fraction of 31 was 0.5, suggesting a contribution of the comple-
mentary A-T hydrogen-bonding interaction to the gel stability. In a SEM
picture of the xerogel, a change in the morphology of the assemblies was
evident, which showed a mixture of both sheet and fiber structures. The
presence of a polynucleotide also affected the gelation ability of 29 in n-
butanol [54]. As shown in Table 3, 29/poly(A) and 29/poly(C) complexes
showed an increased gelation ability of n-butanol compared to that of 29
alone. A TEM image of the 29/poly(A) complex showed a well-developed
fibrous network structure, and a close-up picture showed that most tape-
like fibers of 50-100 nm in diameter were twisted in a right-handed helical
fashion with 600-700 nm pitches. The 29/poly(C) complex also showed de-
velopment of the fibrous network but no helical structure was observed even
in a magnified picture. These results indicated the importance of the interbase
hydrogen-bonding interaction for compact packing, affecting the morph-
ology of the assemblies.

Table3 Gelation test and T values® of 29/polynecleotide complexes [54]

[29] [adenine base]/[29] molar ratio

wt % 0 0.05 0.10 0.30 0.50 0.70
3wt% S pG

5wt % S PG G (70) G (76) G (72) G (70)
7 wt% G (80) G (82)

[29] [cytosine base]/[29] molar ratio

wt% 0 0.05 0.10 0.30 0.50 0.70
3wt% S pG

5wt % S PG G (72) G (69) G (70) G (70)

2G = gel, pG = partial gel, S = solution, °C in parenthesis
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5
Design of Nucleobase-Containing Molecules
for Supramolecular Materials

A nucleobase has high ability to form directionally controlled multiple inter-
molecular interactions, i.e., in-plane multiple hydrogen bonding interaction
and stacking interaction perpendicular to the plane. As a result, molecu-
lar assemblies of the nucleobases have geometrically well-defined structures
like helical or lamellar motif discussed above rather than randomly arranged
amorphous states. Molecular assemblies to form macroscale networks lead-
ing to the amorphous gel state are not necessary to have a well-defined,
ordered structure. Therefore, the nucleobase assemblies are more suitable for
designing and constructing supramolecular materials with highly organized
structures. As concluding remarks to show the high ability of the nucleobase-
containing molecules in supramolecular chemistry, a brief overview of the
nucleobase-containing supramolecular materials and their potential applica-
tions will be presented.

5.1
Base Pairs

Base pair formation is the principal interbase hydrogen-bonding motif, and
has been used for specific recognition of receptors [55], as the mesogenic
unit for liquid crystals [56], the cross-linkage of polymer systems [57-59],
and the connecting unit for supramolecular polymers [60]. Among them,
inter-chain cross-linking of polymers by the base pairs at their side chains
offers a convenient approach to a tunable gel, though they can not be in-
cluded in the category of low molecular mass gelators. As shown in Fig. 17a,
association of a self-complementary nucleobase analog (ureidopyrimidinone)
appended to a polyolefin chain caused reversible cross-link formation, lead-
ing to gelation of toluene [57]. The bulk polymer showed unique elastomeric
properties due to the reversible network formation. Instead of direct self-
association, bi-functional cross-linkers can be used (Fig. 17b and c) to induce
inter-chain cross-linking [58,59]. In the case of Fig. 17c, two DNA strands
(SA1 and SA2) appended to polyacrylamide chains were cross-linked by the
third DNA strand L2, leading to reversible hydrogel formation. In addition,
Guan et al. reported the unique mechanical properties of polymeric materials
when cross-links are formed within the same chain [61].

Supramolecular polymers, in which monomer units are connected by
noncovalent interactions, have been attracting considerable interest [60],
and there are many reports using base-base interactions as connecting
units [62-64]. Among them, an interesting approach was reported by Meijer
and his co-workers, polymeric assembly of monofunctional and bifunctional



Nucleobase-Containing Gelators 161

a) H H
b)\_?\/—rj\_\)(iN\/NjL/
- v

c) SA1, SA2: 20bases DNA

L2 L2 : 50bases DNA
SA2 complementary to
SA1 and SA2

Fig. 17 Cross-linkage of polymer systems by use of (a) self-complementary sidechains [57]
(b) a bifunctional cross-linker [58] and (c) a DNA cross-linker [59]

building blocks having self-complementary nucleobase analogs, ureidotri-
azine derivatives, as the functional units [65]. They formed columnar stacks
by the interbase hydrogen bonds and the stacking interaction.

5.2
Cyclic Oligomers

Cyclic oligomers are observed mostly for the guanosine derivatives because
they have sufficient hydrogen bond donor and acceptor sites within the
guanine ring [30]. As discussed in Sect. 3.2, the highly size-selective cation
binding ability of the cyclic oligomers of G and isoG as self-assembled
supramolecular ionophores has attracted considerable interest, and their
ionophoric properties have been studied [66-68]. Their use as ion-channels
has also been examined [69, 70]. In addition, the liquid crystal properties of
the columnar stacks of guanosine and guanine-like folic acid derivatives have
been studied [71-73].

53
Linear Polymers

The linear polymer formed by multiple interbase hydrogen bonds has a rigid
structure with sufficient stability, and is suitable as a component of liquid
crystals [31,44-46]. The use of linear polymers as photoconductive and elec-
tronic materials was also reported [74, 75].
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Fig. 18 Guanosine-based supramolecular (a) fiber and (b) film. Reprinted with permission
from Chem Commun 2001, 1826 and Angew Chem Int Ed 2004, 43, 100
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Scheme 13

Furthermore, supramolecular fibers and films were fabricated from these
assemblies. The molecular design to wrap the hydrogen-bonded linear poly-
mer chains of the guanosine derivatives by nonpolar and flexible alkylsi-
lyl side chains allowed melt spinning to give sufficiently tough and flexible
macro-scale fibers of 0.02 to 0.21 mm in diameter (¢) and infinite length
(Fig. 18a). High orientation of the hydrogen-bonded polymer chains along
the fiber axis was indicated [76]. When the two-dimensional hydrogen-
bonded sheet assemblies of the guanosine derivative 32 was sandwiched
by nonpolar alkylsilyl groups having an oxyethylene unit at the chain end,
self-standing and flexible supramolecular film was obtained by the solvent-
cast method [77]. Unlike guanosine derivative 23a, the presence of inter-
sheet interaction allowed fabrication of the supramolecular film instead of an
organogel (Fig. 18b).

6
General Conclusion

Heterocyclic nucleobase molecules have high ability to form in-plane multi-
ple hydrogen bonding and base stacking perpendicular to the plane. These
directionally controlled multiple base-base interactions make the nucleobase
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moiety a highly useful structural element for design and construction of
macroscale helical, lamellar, and other geometrically well-defined three-
dimensional assemblies. Though it requires further study, rapid progress
of the nucleobase-related supramolecular and materials chemistry in recent
years, which is briefly reviewed here, will open the way to a variety of
novel functional materials that consist of geometrically well-defined three-
dimensional assemblies of nucleobase-containing molecules.
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Abstract Chirality seems to be intimately associated with the growth and stability of self-
assembled fibrillar networks and with the most common macroscopic property of these
networks, which is the thermoreversible gelation of the solvent. The presence and the
relative configurations of stereogenic centers in the structure of a small molecule gelator
are generally (but not always) observed to be critical to its ability to form gels. Sym-
metry considerations of chiral molecular packing provide thermodynamic and kinetic
arguments that may explain why chirality favors fiber growth. Additionally, molecular
chirality is sometimes expressed at a scale of nanometers or micrometers and gives rise to
twisted or coiled fiber structures that are readily observable by microscopic techniques.
These chiral fiber morphologies have already found some applications as templates for
helical protein crystallization or for the growth of chiral inorganic replicas. The chirop-
tical properties of assembled chiral molecules, e.g., circular dichroism, allow monitoring
of aggregation and may sometimes give insights into molecular packing. But determining
chiral molecular arrangements in the fibers remains a challenge and requires the use of
multiple techniques.
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Abbreviations

AFM  Atomic force microscopy

CD Circular dichroism

DIC Differential interference contrast
HRSEM High-resolution scanning electron microscopy
NMR  Nuclear magnetic resonance

SEM Scanning electron microscopy
STM Scanning tunneling microscopy
TEM  Transmission electron microscopy
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WAXS  Wide-angle X-ray scattering

1
Introduction

Chirality seems to be intimately associated with the growth and stability of
self-assembled fibrillar networks of small organic molecules and with the
most common macroscopic property of these networks, which is the ther-
moreversible gelation of the solvent. The importance of chirality is apparent
both at the molecular scale and at the scale of the self-assembled fibers, which
typically ranges from nanometers to micrometers. This chapter attempts to
review literature data about both these aspects.

As is discussed in the second section of this chapter, many research groups
have reported that the presence of at least one stereogenic center in the struc-
ture of a small molecule gelator determines its ability to form gels in organic
solvents or in water. Molecular chirality thus seems to promote the growth of
assemblies with high aspect ratio that entrap the solvent in which they form.
When the molecule possesses several stereogenic centers, their relative con-
figuration is also critical to the gelling properties. This has led to the simple
empirical (though not general) rule that a molecule has a better chance to be
a good gelator if it is chiral. But these observations remain for a large part
difficult to explain.

On the other hand, molecular chirality is sometimes expressed at a much
larger scale in the morphology of self-assembled fibers. Elongated, fibrous ob-
jects such as rods, tapes, or tubes may be helically twisted, coiled, or wound
around one another, and therefore exist in a left-handed or a right-handed
form. These intriguing shapes can often be simply visualized by microscopic
techniques and have fascinated both chemists and physicists. The third sec-
tion of this chapter aims to illustrate the structural variety of these objects
and the extent to which their formation can be altered and their shapes tuned
upon changing the experimental conditions. It also gives a perspective of the
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relations that can sometimes be drawn between on the one hand, chirality of
small molecular components and, on the other hand, supramolecular chiral-
ity within their assemblies.

The fourth section of the chapter focuses on the various approaches to
experimentally address chirality in self-assembled fibers. The unique chi-
roptical properties of chiral molecules can be studied by circular dichro-
ism and give access to valuable information about the conformations and
relative positions of the molecules in the fibers. This section also gives an
overview of the techniques that have been used to observe and assign fiber
handedness.

One of the reasons why gels and self-assembled fibers attract so much at-
tention is their very high potential for applications. The last section of this
chapter addresses applications which specifically make use of chirality, such
as those based on enantioselective molecular recognition, or those based on
the use of chiral fibers as templates for the generation of helical arrays of
proteins or of chiral inorganic materials.

This chapter was constructed so as to limit overlap with previous reviews
on the topic of chirality in self-assembled fibers. Excellent papers by Fuhrhop
and Helfrich [1], Schnur [2], and Kunitake [3] were published at the be-
ginning of the 1990s. More recently, an important book chapter appeared
about chiral molecular self-assembly of amphiphilic molecules in water or
other protic solvents [4]. The present chapter should complement this re-
view in several ways. It extends the field covered to chiral assembly and to
gelation in organic solvents. It presents short sections on the tools to inves-
tigate chirality in self-assembled fibers and on applications of these chiral
fibers. Additionally, the systems are not classified here according to the fam-
ily of molecules to which they belong, but rather according to the type of
properties that they exhibit. This was partly facilitated by the way the field
tends to be divided. Indeed, molecular chirality as a factor of gelling ability
on the one hand, and chirality expressed in the morphology of the fibers on
the other hand, often belong to the same systems. However, many publica-
tions tend to focus on one aspect only. Publications dealing primarily with
gelling ability describe various aspects which can be considered from the
perspective of chirality: the solvent range of gel formation, gel transition tem-
peratures as a function of concentration, possible molecular arrangements of
the gelators in the gels etc. These papers often show a few images of the net-
work of fibers, but rarely give detailed accounts of the morphology of these
fibers. Conversely, extensive studies about helical or twisted fiber morph-
ology often do not even make mention that the fibers that are studied form
a gel.

To further define the scope of this chapter, a line should be drawn between
solid fibers and fluid micellar rods [1]. The solid fibers of which organogels
and hydrogels are made and which interest us here are generally produced
by fast precipitation after having elevated the temperature above the solubil-
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ity limit of the gelator. However, fluid-elongated micelles can be produced by
simply suspending an amphiphilic molecule in water or, more rarely, in other
solvents. Fluid micellar fibers thus exist at temperatures above the solubil-
ity limit of the amphiphile (Krafft temperature). Compared to solid fibers,
the effect of chirality is rare in fluid fibers [5]. However, the border between
these two types of fibers is not always easy to establish. Both may lead to
a large increase of viscosity and the visual aspect of the samples can be simi-
lar. Moreover, some systems seem to combine both solid and fluid features,
for example, the thixotropic gels which spontaneously repair after physical
damage.

Formally, physical organogels or hydrogels consist of a network of solid
fibers. In other words, connections between the fibers should be necessary
to the physical integrity of the gels. But again, this aspect is often not pre-
sented in detail in the literature. Micrographs of the samples do not always
show clear differences between connected and entangled fibers. Rheological
studies should provide definite answers about the importance of connections
in a gel, but they are rarely undertaken.

Even with these limitations, the very large body of literature pertaining to
the topics presented here could not be covered exhaustively in the context of
this chapter. We have selected examples which we thought were illustrative.
As a consequence, this chapter is not perfectly representative of the scientific
production of the various contributors to this field, and we apologize for any
important omissions.

2
Chirality and Gelation

2.1
Most Small Molecule Gelators are Chiral

The number of reports on low molecular mass gelators of organic liquids
and water has grown steadily in the last ten years. From this large body
of data has emerged an empirical view of the structural requirements for
a molecule to gel a liquid. Yet, one is rarely able to predict whether a given
molecule will be a gelator. Most new gelator families are still being discov-
ered by serendipity and not by de novo design. A quick look at the literature
on small molecule gelators and, to start with, at review articles on this topic
makes it clear that the ability to form gels is often associated with the pres-
ence of stereogenic centers in the gelator molecular structure [6,7]. The fact
that chirality enhances gelling ability has been persistently (although hardly
conclusively) reported. It has become a widely accepted fact and seems to
be true for most families of gelators no matter how different they may be
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from each other. On the other hand, no broad explanation has yet been pro-
posed. In this section, we have tried to give a clear perspective on the extent
to which chirality matters in gelation. We have gathered and organized data
from a number of publications, and derived from them hypotheses on the
role of chirality in gelation phenomena. Given the large body of literature
that pertains to this subject, we did not intend to make an exhaustive pre-
sentation and have selected relevant examples. It should be added that our
sampling of chiral gelators is not necessarily representative of the numer-
ous families of chiral gelators. Several of these families are derived from
steroid derivatives or from complex sugars [6]. In these cases, the synthetic
chiral precursors of the gelators are obtained from the chiral pool of nat-
ural products, and are often available only as a single enantiomeric form.
Neither the racemate nor the other enantiomeric form is readily available.
Because of this, the gelling properties of these compounds have not always
been addressed from the perspective of chirality and are not accounted for
here, even though these gelators are chiral as well. The chiral gelators that
are mentioned here are limited to those for which the property of gela-
tion has been addressed in one way or another from the perspective of
chirality.

As stated above, the vast majority of gelators possess at least one stere-
ogenic center in their structure. On the contrary, Scheme 1 shows 11 examples
of gelators that possess none: chirality is a common but not a universal feature
of organic gelators [8-18]. These nonchiral compounds were discovered by
different authors in different contexts. Nevertheless, several of them are struc-
turally related. These 11 examples may in fact be reduced to a smaller number
of subclasses, such as compounds 1-4, which all consist of two alkylamido
or alkylurea units connected directly or by an aliphatic spacer, C3 symmet-
rical tris-amides such as 5 and 7, and alkoxy-aromatics such as compounds
8 and 9. In short, the number of families of achiral gelators may be limited
to just a few. It is interesting to note that compounds 1-11 gel organic li-
quids and that none of them gels water. A recent review on water gelation
by small organic molecules [7] actually shows that almost all hydrogelators
are chiral. As mentioned in the Introduction, a clear distinction should be
made between genuine gels, which consist of solid-like fiber networks, and
the highly viscous solutions of cylindrical micellar aggregates of amphiphilic
molecules [1]. The latter may have a gel-like aspect because of their high vis-
cosity and viscoelasticity but they differ fundamentally from a gel in that
they exist at temperatures above the Krafft temperature, and in that they
can flow, albeit slowly. This distinction is important because cylindrical mi-
celles seem to form regardless of the presence of stereogenic centers in the
amphiphile, and most of the studied micellar cylinders are made of achiral
molecules (e.g., cetyltrimethylammonium salicylate [19], or many classes of
gemini surfactants [20]).
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Scheme 1 Representative examples of nonchiral gelators. Compounds 1-11 are described
in [8-18], respectively.

2.2
Diastereomers Show Different Gelation Behaviors

When a small molecule gelator contains more than one stereogenic center,
the various diastereomers may show completely different gelation behaviors.
Changing the configuration of a single stereocenter in such a molecule may
have dramatic effects on its solubility properties, the range of solvents that
can be gelled, the stiffness of the gels it forms, its critical gelation concen-
tration, and the temperature at which its gels melt. The most compelling ex-
ample of such effects is displayed by 11 isomers of methyl 4, 6-O-benzylidene
monosaccharides described by Shinkai et al. (Scheme 2) [21,22]. Among
them, only 12a, 12b, 12f, 12i, and 12j are good gelators. A closer look at
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Scheme 2 Methyl 4, 6-O-benzylidene monosaccharides as gelators [21, 22]

these structures allows one to conclude that efficient gelation—though not
necessarily in the same solvents—is possible for both o and B anomers,
with equatorial benzylidene groups (gluco-12a and manno-12b) and also with
axial benzylidene groups (galacto-12i). No particular configuration appears
to prevent gelation by itself, except maybe the axial configuration of the
3-OH group in the allo- (12¢c, 12f), altro- (12d, 12h), and ido-pyrranosides
(12k). The nongelators either yield poorly soluble material which precipi-
tates instead of forming gels, or very soluble material which remains soluble
at concentrations much above the critical gel concentrations of the gelators.
These variations are difficult to predict but can to some extent be rational-
ized on the basis of the X-ray crystallographic structures of some of these
compounds. In the solid state, gelators tend to show one-dimensional arrays
of intermolecularly hydrogen bonded molecules. Compounds that are poorly
soluble show two-dimensional arrays of intermolecularly hydrogen bonded
molecules. And, in one example, exclusively intramolecular hydrogen bonds
seem to correlate with high solubility.

In the specific case of meso compounds, the gelling properties of chiral and
achiral diastereomers can be generalized. Many gelators have a C; symmet-
rical structure and contain two chiral units with the same stereochemistry
(Schemes 3 and 4). It is not clear whether such C, symmetrical structures
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have higher chances to be good gelators, or whether more of them have been
found because they are generally easier to prepare in a convergent fashion.
Among this rather large family of chiral gelators, we could not find a single
example where the achiral meso diastereomer is also a gelator. Whenever the
meso compounds are mentioned in the literature, they invariably tend to form
precipitates or crystallize.

23
Enantiomerically Pure Gelators Overrun their Racemates

The fact that the presence of a stereogenic center is essential to the gelation
properties of a small organic molecule is often characterized by the obser-
vation that pure enantiomers of a given gelator have a better ability to form
gels than their corresponding racemate. For example, Scheme 3 shows struc-
tures which, taken as a single enantiomer, are found to be good gelators,
whereas their racemates are reported not to form any gel at all, or at best to
form weak, partial, or unstable gels, or to form gels in a restricted range of
solvents [23-31]. Again, it should be kept in mind that these examples are
not representative of the numerous chiral gelators, but are cases that have
been studied from the perspective of chirality. Because they are poor gelators,
the properties of the racemates are often considered to be of lesser impor-
tance. Few reports described them in detail, and most reports do not mention
anything about them. When information about the nature of the aggregates
formed by the racemates is available, they are reported to crystallize, or to
precipitate as flakes or platelets. Thus, when the two enantiomers of a gela-
tor are mixed two phenomena result. First, they generally combine in a single
aggregate. Second, this aggregate differs significantly in size and aspect ratio
from the gel fibers of the single enantiomer, and does not lead to a gel.

The tendency of enantiomeric gelators to coaggregate is nicely illustrated
by the results of van Esch et al. [29] who showed that the probe (S, S)-19b
with its azobenzene chromophores (Scheme 3) has a marked preference to
be incorporated in the gel fibers of (R, R)-19a, which possesses an opposite
chirality, rather than in the gel fibers of (S, S)-19a, which has the same chiral-
ity. Other interesting examples were provided by Fuhrhop et al., who showed
that the two enantiomers of gluconamide 18 [28] coaggregate in platelets even
when they possess alkyl chains of different lengths [32].

Coaggregation of enantiomers thus appears to be a common behavior of
racemic mixtures of chiral gelators. Yet, there are also rare examples where
a racemic gelator forms a conglomerate: the two enantiomers spontaneously
resolve into gel fibers consisting of a single enantiomer. The fibers obtained
from the racemates and, presumably, from a mixture of the two enantiomers
in any proportions are then of an identical nature to the fibers obtained from
a pure enantiomer. What varies is only the proportion of fibers containing one
enantiomer and of fibers containing the other enantiomer. This was demon-
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Scheme 3 Gelators that gel as a single enantiomer. Compounds 13-21 are described in
references [23-31], respectively

strated unambiguously by calorimetric studies and a phase diagram of mix-
tures of the two enantiomers of diacetylenic phospholipid 22 (Scheme 4) [33].
It is also supported by circular dichroism studies [34]. A similar phase sepa-
ration was also proposed in the case of the mixture 27a+27b (Scheme 4) [35].
Right-handed helical fibers are observed in gels of L-27a+L-27b, left-handed
helical fibers form in gels of p-27a+D-27b, and both right- and left-handed
fibers are observed in rac-(27a+27b). Similar results were reported for com-
pound 28 [36]. When such separation between the enantiomers occurs, the
racemate forms gels similar to those of the individual enantiomers. But it has
also been proposed that even when a conglomerate forms, the presence of
the other enantiomer may slow down the formation of the fibers and possibly
alter their shapes and thus the properties of the gel [31].

Compounds 23-26 (Scheme 4) exhibit an even less conventional behavior.
As for compounds 13-21, they are good gelators as single enantiomers and
their racemic solutions produce racemic aggregates. However, unlike com-
pounds 13-21, the racemic aggregates of 23-26 have equal or better gelling
properties than the single enantiomers. Because of this unusual property,
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Scheme 4 Gelators that gel as racemates, conglomerates, or solid solutions

these racemates have been the object of detailed studies. For example, Terech
et al. clearly established that the racemic gels of 12-hydroxyoctadecanoic acid
26 [37] are comparable in every respect to the gels of the single enantiomer:
the aspect of the samples; the concentration range and the range of solvents in
which the gels form; the longevity of the gels; the viscosity and viscoelasticity
of the gels; the shape of the gel fibers; and the molecular packing within the
fibers. In toluene, gelator 24 [38] is able to gel a volume three times as large
as a racemate than as a pure enantiomer. Similarly, gelator 25 [39] gels larger
volumes (up to ten times) of a variety of solvents as a racemate, and even as
a mixture of diastereomers, than as a single enantiomer. For both 24 and 25,
transmission electron microscopy (TEM) shows that the fibers produced by
the racemates are thinner, more numerous, and more connected than those
produced by the single enantiomer. This is consistent with their ability to
gel larger volumes of solvent and contrasts strongly with the large aggregates
normally produced by racemates. In a recent publication, Zini¢ et al. system-
atically compared the gelation properties of the single enantiomers and of
the racemates of eight gelators derived from various amino acids [40]. As ex-
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pected, most of the racemates were found to be poor gelators. However, some
proved able to gel significantly (up to 16 times) larger volumes of solvents,
as for 24 and 25. Thus, the fact that racemates are poorer gelators cannot be
taken as a general rule.

Gelator 23 [41] shows a slightly different behavior. In chlorinated and or-
ganic solvents, its racemate forms a crystalline precipitate of large aggregates
as for compounds 13-21. In water, however, its racemate forms stiffer gels
than the single enantiomer. TEM studies show that the racemate consists of
large platelets, as do most racemates, but these still have a high aspect ratio,
and are thicker, wider, longer, and have larger junction zones than the fibers
formed by a single enantiomer. Another unusual aspect of this gelator is that
the two enantiomers mix in the same gel fibers in any proportions [42], as in
a solid solution (a crystal in which the two enantiomers may differently oc-
cupy the same crystallographic position [43]). The shape and size of the fibers
vary with the enantiomeric excess, but a hydrogel is formed in all cases.

24
Comparing Racemic or Homochiral Gel Fibers
to Racemic or Homochiral Crystals

The general tendency of both enantiomers of a chiral gelator to aggregate
together in racemic fibers is an illustration of their crystalline nature. In-
deed, about 90-95% of racemic solutions produce racemic crystals, and at
most 5-10% spontaneously resolve in crystals containing exclusively one or
the other enantiomer (conglomerate) [43]. In this respect at least, gel fibers
seem to behave similar to crystals. The actual physical origin for the prefer-
ential formation of crystalline racemates is not yet settled and is still being
debated. As early as 1885, it was observed that racemic crystals were gener-
ally denser [44,45]. This higher density was presented as arising from lower
values of crystal network free energy. Statistical arguments have also been
invoked involving the larger number of nonchiral space groups and the addi-
tional symmetry elements that they offer. Racemates have more possibilities
of packing than conglomerates. The chances are thus higher that the most
stable arrangement lies among racemic packing. More specifically, it can be
observed that crystal packing of organic molecules is often guided so as
to avoid energetically unfavorable mutual orientations of juxtaposed polar
groups of neighboring molecules related by symmetry elements. Thus, a glide
reflection is preferable to a pure reflection, a screw rotation is preferable to
a pure rotation, and the combination of glide reflection and screw rotation
is preferable to either individually [45,46]. This is reflected by the symme-
try properties of the most common achiral space groups (P2;/c, C2/c, and
P1 account for about 85% of the space groups of crystalline racemates) [43]
and also by the most common chiral space groups (P2; and P2;2;2; account
for about 85% of the space groups of organic crystalline enantiomers) [43].
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Achiral space groups offer the symmetry elements available in chiral space
groups and also additional possibilities (glide reflections and inversion cen-
ters), which may lead to a preference for racemic crystals over conglomerates.
Finally, kinetic arguments may be involved in the process of forming a viable
crystal nucleus from a racemic solution. For a racemic crystal, all molecules
(both enantiomers) may find a suitable binding site on the surface of the nu-
cleus, whereas for a conglomerate half of the molecules may scroll on a wrong
subcritical cluster belonging to the other enantiomer and inhibit its growth.

These arguments were developed for crystals, but their validity probably
extends largely to gel fibers. Though they consist in metastable structures,
gel fibers most often give powder diffraction data that reveal a long-range
crystal-like order. The various factors presented above may thus shed some
light on the fact that racemic gelators tend to coaggregate. However, it re-
mains to explain why these racemates generally do not lead to a gel. Gel fibers
arise upon a strong preference for anisotropic unidirectional growth. Instead,
racemates aggregate as platelets or crystals, which result from a preferential
bidirectional growth or from three-dimensional growth, respectively. Again,
it is likely that symmetry considerations come into play in this process. As
mentioned above, crystal packing of organic molecules is often guided so
as to avoid energetically unfavorable mutual orientations of juxtaposed po-
lar groups of neighboring molecules related by symmetry elements. Since
racemic crystals possess additional symmetry elements to limit these repul-
sions (hence their stability), one can conceive that crystal growth along the
various (hkl) crystallographic directions has more chances to be even. On
the contrary, crystals of a single enantiomer lack some of these symmetry
elements, and attractive or repulsive interactions have more chances to be
unevenly distributed along the crystallographic directions.

The few examples of chiral gelators that have been characterized by single-
crystal X-ray crystallography tend to support this view. This is the case for the
example of gelator 25 [38] (Scheme 4), the crystal of which reveals strong di-
rectional interactions along the b plane and much weaker interactions along
the a and ¢ planes, suggesting an anisotropic growth into fibers. As pointed
out by the authors, this rationale relates to the theory of crystal growth pro-
posed by Hartman and Bennema which states that “the relative growth rate
of a crystal face increases with E,¢, which is the energy per molecule re-
leased when one slice of thickness djx; crystallizes onto a crystal face (hkl).”
Other examples of crystal structures of chiral gelators (or closely related
analogues) also show distinct unidirectional arrangements of the molecules.
This includes a chiral analogue of 9 [16] (Scheme 1); 4,6-O-benzylidene
monosaccharides [21,22] (Scheme 2); a derivative of 16 [26] having shorter
alkyl chains (Scheme 3); the bis(valine) analogue of bis(alanine) derivative
20 [30, 47] (Scheme 3); analogues of gelator 21 (Scheme 3) [31], di(p-toluyl)-
L-cystine [48], sugar-based bolaamphiphiles [49], or a tetralin derivative [50].
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It should be added that the most common chiral space groups (P2; and
P212,2,) feature twofold screw axes which, by construction, represent colum-
nar arrangements. The crystal structures referred to above belong to these
space groups. The unidirectional arrangements of the molecules do not al-
ways match a twofold-symmetry screw axis: weak intermolecular interactions
may be observed along the 2; axis whereas much stronger interactions are
observed along another direction. However, some families of molecules have
been identified where the 2; axis does indeed represent the direction where
the strongest intermolecular interactions take place in the crystal, thus defin-
ing this crystallographic direction as the direction of most favorable growth.
This is the case, for example, in salts of chiral primary amines and achiral
carboxylic acids [51].

When considering gel fiber growth, kinetic factors should also be invoked.
Despite their crystalline nature, gel fibers are produced out of equilibrium,
and are not true, thermodynamically stable crystals. The typical conditions
of formation of a gel consist of dissolving the gelator at high temperature
and letting it cool upon standing, or upon cooling it actively to accelerate
the temperature drop. It has been noted that very slow cooling of the gela-
tor solution may promote crystallization or precipitation instead of gel fiber
growth [52]. Conversely, some racemic solutions of gelators may produce gels
when cooled very rapidly, whereas simply standing at room temperature leads
to weak gels or precipitates [31]. Clearly, the change in temperature has to be
commensurate with the energetic factors which promote growth of a gel fiber
in a particular direction.

Finally, the fact that gel fibers are not at equilibrium raises the question
of what prevents their rearrangement into crystals. Again, it is possible that
chirality comes into play. Fuhrhop et al. proposed a rationale to explain the
stability of chiral fibers called the “chiral bilayer effect.” They predict that
the kinetic barrier to rearrange a chiral micellar cylinder into an enantiopo-
lar crystal should be larger than the barrier to rearrange an achiral micellar
cylinder into an achiral crystal having a bilayered structure [28]. The gen-
erality of this concept has been questioned and it was suspected that its
application is limited to amphiphilic structures in aqueous medium [37]. It
seems to us that the enantiopolar lamellar structure proposed for crystals
of single enantiomers is far from being general. Some chiral gelators show
distinct bilayer structures in the solid state [38].

Perhaps an important factor that contributes to the stability of fibers of
chiral gelators is their ability to adopt morphologies that express chirality at
a mesoscopic scale, giving rise to fibers possessing complex superstructures,
such as helical cylinders or multiple helices. As is presented in more detail in
the next section, the width of these structures cannot grow without perturb-
ing the molecular packing, thus stabilizing the high aspect ratio of the fibers.
Moreover, twisted or helical fibers are less prone than flat objects to forming
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thick bundles that would eventually precipitate, because the contact surface
involved in a stack of helices is limited compared that of a stack of flat objects.

3
Chirality and Fiber Morphology

When chiral molecules self-assemble into fibrillar structures, chirality is
sometimes expressed in the morphology of the fiber at a supramolecular scale
of nanometers or micrometers. Elongated objects may be coiled or twisted
and exist as a left-handed or a right-handed form. The two enantiomers of
the chiral molecule individually generate fibers with opposite handedness but
for rare exceptions, or unless they are mixed. This section presents in detail
the diverse morphologies of chiral fibers that can be generated, as well as the
various means by which these morphologies can be tuned. The last part of
this section briefly discusses chiral molecular organization in self-assembled
fibers and the mechanisms through which chirality may be expressed at
a mesoscopic scale.

As mentioned in the Introduction, literature reports concerning chirality
in self-assembled fibers often do not make mention of whether the fibers
studied belong to true physical gels or to fibrous precipitates as, for example,
in references [2,53-60]. However, this distinction is not essential when dis-
cussing fiber morphology. Gel formation is often a consequence of inhibited
crystallization or precipitation. It is generally a strongly history-dependent
process and the same solution may produce a fibrous precipitate or a gel de-
pending on how it is treated. However, even though the aspect of the samples
may seem different, it is often assumed that the local supramolecular organi-
zations in gel fibers and in fibrous precipitates are very similar.

3.1
Various Chiral Morphologies of Fibrillar Aggregates

Self-assembled fibrillar objects, such as rods, tapes, or tubes, may be heli-
cally twisted, coiled, or wound around one another to give multiple helices
or even coiled coils. These structures are intrinsically chiral and thus possess
a right- or left-handedness. The length, the diameter, and the chiral pitches
of the fibers are highly variable: from ~10 nm to 1 mm. The observation that
aggregates of chiral molecules may exhibit supramolecular chirality was first
reported with natural lipids such as sodium deoxycholate [61], deoxycholic
acid [62], and hydroxystearic acid 26 (Scheme 4) and its salts [37, 58, 59]. The
D and L enantiomers of hydroxystearic acid were used to provide the first
evidence that the handedness of the helical fibers is determined by the con-
figuration of the molecular component. The L enantiomer gives right-handed
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twisted fibers, whilst the b enantiomer gives left-handed twisted fibers. Al-
most 15 years later, the first examples of synthetic chiral molecules forming
chiral aggregates were reported [53, 55, 63].

Among the variety of chiral fibrillar structures encountered in the liter-
ature, probably the most commonly described are chiral ribbons of single
or multiple bilayer membranes. Such ribbons can be roughly classified into
two different morphologies: helical and twisted shapes. The distinction be-
tween helical and twisted ribbons is shown in Fig. 1. Helical ribbons have
a cylindrical curvature and can be precursors of tubules (see below). By
comparison, twisted ribbons have Gaussian or saddle-like curvature. Typi-
cal examples of helical ribbons are those formed by diacetylenic lipids such
as 22 (Scheme 4) [2, 53, 54, 60], by N-octyl-L-galactonamide [64], by cytidine
myristoylphosphatidyl conjugates [65], or by some chiral single-chain ammo-
nium amphiphiles [66]. Typical examples of twisted morphologies are those
of hydrostearic acid [58,59], of double-chain ammonium amphiphiles de-
rived from glutamic acid [63], or of diammonium cationic gemini surfactants
23 (Scheme 4) [41, 43].

The distinction between twisted and helical chiral morphologies is not
always straightforward, and ribbons having both a twisted and a helical com-
ponent can also form. Additionally, authors do not always use the same
nomenclature and term as “helical” ribbons that are actually twisted and
vice versa. Why some ribbons have a cylindrical curvature whereas others
have a saddle-like shape is still a matter of debate. A theoretical model
treating the energy differences in the two types of curvatures has been in-
troduced and it was suggested that for fluid membranes, twisted ribbons are
favored, whereas crystalline molecular organization imposes a helical curva-
ture [43,67]. But this may not be general and is not always verified at the
experimental level [67, 68].

Helical Platelet Twisted

Fig.1 Schematic representation of helical and twisted ribbons
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The expression of molecular chirality at the level of the fiber and the emer-
gence of helical or twisted shapes presumably play a role in the high aspect
ratio of the fibers and in the ability of chiral compounds to form gels (see
Sect. 2). For example, whilst the width of a flat ribbon may grow infinitely,
the width of a helical ribbon is limited to the point when the ribbon trans-
forms into a tubule (see below). The growth in width of a twisted ribbon is
also predicted to be limited. For a given pitch of a twisted structure, the tear
stress of the edges increases with the width of the ribbon. Despite its edges ex-
posed to the solvent, a twisted ribbon is predicted to reach a finite width that
is inversely proportional to the strength of the chiral effect [42].

Helical and twisted ribbons formed from self-assembled chiral am-
phiphilic molecules may have a single or a multiple bilayer structure. Some
have been shown to consist of interdigitated bilayers [69, 70]. Interdigitation
is considered to have a consolidation effect for such membrane structures as
it results in highly ordered packing. In a few cases, helical ribbons have been
shown to wind around one another and generate well-organized multiple he-
lices. This is the case, for example, for gluconamide 18 [28] (Scheme 3). After
numerical treatment, the microscope images of the fibers show a spectacular
helix comprising four ribbons (Fig. 2) [71, 72].

The various ribbons presented above consist of amphiphilic molecules ar-
ranged in bilayers. The long axis of the molecules is perpendicular to the
ribbon plane or slightly tilted from this direction. But ribbons or tapes can
also be formed from the assembly of molecular rods oriented with their long
axis parallel to the width of the ribbon. This is the case for some peptides
that form extended B-sheet tapes which stack to form chiral superstructures
(Fig. 3) [73]. It is also the case for numerous gelators consisting of a central
aromatic core and chiral cholesteryl saccharidic moieties on the sides, such
as the porphyrin derivative shown in Fig. 4 [74]. Chirality effects in these

Fig.2 Electron micrograph of N-octyl-p-gluconamide self-assembled fibers and 3D model
of four entwined ribbons [71, 72]. Image kindly provided by Dr. B6ttcher
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Fig.3 Model of hierarchical self-assembly of chiral rodlike units. Local arrangements
(c~f) and the corresponding global equilibrium conformations (c’-f’) for the hierarchical
self-assembling structures formed in solutions of chiral molecules (a), which have com-
plementary donor and acceptor groups, shown by arrows, through which they interact
and align to form tapes (c). The black and white surfaces of the rod (a) are reflected in the
sides of the helical tape (c), which is chosen to curl toward the black side (¢’). The outer
sides of the twisted ribbon (d), of the fibril (e), and of the fiber (f) are all white. One of
the fibrils in the fiber (f') is drawn in a darker shade for clarity. (e) and (f) show front
views of the edges of fibrils and fibers, respectively. Reprinted with permission from [73].
Copyright 2001 National Academy of Sciences USA

tapes leads to a tilt between each consecutive rod which eventually produces
a long-range twist.

Although a cylinder possesses no apparent chirality, chirality may play
a role in the formation of cylindrical (tubular) fibers. As seen in Fig. 5, heli-
cal ribbons may spontaneously evolve into tubules upon an increase of their
width. Tubules that are formed through this pathway often bear helical scars,
where the edges of the ribbons have merged, as an indication of their chi-
ral origin. Depending on the experimental conditions, this may be the case
for the tubules of diacetylenic lipid 22 (Scheme 4) [2]. Some tubes, however,
are produced from vesicles and show no apparent chirality even though the
amphiphiles they are made of are chiral [75]. Sometimes, tubular structures
form upon rolling up a sheet to form a cigar-like object [64]. As rolling does
not occur parallel to the edge of the sheet, the cigar has a right- or left-
handedness which may reflect the chirality of the molecular components.
Rolling up a sheet is one of the very few possibilities to produce fibers—
and potentially gels—from molecules that have no spontaneous tendency to
assemble into elongated structures.
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Fig.4 Proposed twisted ribbons consisting of octametric units of porphyrins bear-
ing aminoglycosamide functions. Reprinted with permission from [74]. Copyright 1992
American Chemical Society

Whilst tubules are hollow fibers, rodlike fibers with no hollow may also
reveal the chirality of their molecular components at a mesoscopic scale.
However, rodlike fibers are often very thin and structurally more difficult to

(a) (b) (c)

Fig.5 a Helical bilayer growing to form tubules, b tubules growing from vesicles, and
c a planar bilayer sheet rolling up directly to form a cigar-like structure
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characterize than fibers derived from ribbons or tapes. Thin fibers tend to
wind into bundles in which a global helicity is detected. Some of these fibers
supposedly have a cylindrical micellar-type structure with a chiral (helical)
solid-like molecular packing (Fig. 6) [64, 65, 76], in contrast to the more usual
fluid nature of cylindrical micelles [19, 20]. Fibers may also be formed from
stacks of disklike objects such as large aromatic groups which pile up to form
a rod. A clockwise or counterclockwise staggering of the disks in the fibers
may then give rise to a left-handed or right-handed twist [77]. Both chiral
micellar fibers and chiral stacks of disks can wind together to form multi-
ple helices (Fig. 6) and thus generate a second level of helicity (coiled coil).
The handedness of such a multiple helix is a function of the handedness of
the individual chiral fibers and of various parameters, such as the inclination
and depth of the grooves of the chiral fibers. In practice, it is often observed
that the multiple helix has a handedness opposite to that of the chiral fibers
it is made from [77], as in the coiled coils of some proteins, e.g., keratin.
Many other chiral rodlike fibers have dimensions much larger than the diam-
eter of micelles (a few tens of nanometers), and the exact nature of molecular
packing in these is far from obvious.

The various chiral fiber morphologies presented above are characterized
by long-range helicities which are directly observable by microscopic tech-
niques. These techniques have their own detection limits, and the fact that
chirality is not observable in micrographs does not mean that there is no
chiral twist within the molecular packing. Indeed, chiral packing can be re-
vealed by spectroscopic methods or even by X-ray crystallography, without
necessarily being visible by microscopy. Numerous fibers show intense circu-
lar dichroism bands that are not observed in the sol states and that can be
interpreted as arising from chiral packing of the molecules (see Sect. 4), even

Fig.6 Micellar fibers with chiral packing of amphiphilic molecules
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though no specific chiral morphology is observed. For example, intense in-
duced circular dichroism was observed for L-glutamic acid derivatives [78],
various cholesteryl derivatives [79, 80], or oxidized glutathione [81]. Exam-
ples of helical organizations revealed by X-ray crystallography have been
mentioned in Sect. 2.4 (e.g., references [48] and [50]). Note that in crystals,
helical organizations are most commonly simple twofold screw axes. The
scale of the helical pitch is then on the order of a few molecules, which is
very small compared to the pitches that can be reached in the chiral fibers de-
scribed above. It is interesting to observe that some fibers may possess both
a local crystal-like order and a long-range helical order.

3.2
Morphology Control of Chiral Fibers

It is not easy to predict what parameters cause a chiral gelator to assemble
into one type of chiral fiber or another. Very often, the balance between these
parameters is subtle, and seemingly slight changes in the experimental condi-
tions may lead to important changes of chiral fiber morphology. For instance,
the nature of the solvent, the cooling rate of the sample, or the age of the sam-
ple may strongly affect fiber morphology. In addition to these environmental
parameters, the most critical is the molecular structure of the amphiphile,
within which very slight changes may lead to completely different aggregate
morphologies.

The effect of the solvent on chiral fiber morphology can be very strong, but
is unfortunately very difficult to rationalize. In some systems, a gelator may
assemble into fibers of identical shapes in solvents as different as chloroform
or toluene, and water [23,41, 82]. In other systems, slight solvent changes
may be reflected in fiber morphology. For example, diacetylenic phospho-
lipid 22 (Scheme 4) gives single-walled tubules in methanol/water, whereas
in ethanol/water or water, the same molecule forms multiple bilayers. Some
gelators form twisted or helical ribbons in one solvent whereas they form
achiral fibrils in other solvents; the size of the helices can also vary signifi-
cantly depending on the solvent [83-85].

As mentioned above, fiber formation is generally a kinetically controlled
event. It is thus no surprise that the cooling rate of the samples strongly
affects fiber morphology. Thus, the size of the tubules formed by 22 was re-
ported to vary with the cooling rate [86]. With azobenzene-linked cholesterol
derivatives, it was observed that fast cooling of the solution in cyclohexane
leads to a mixture of right-handed and left-handed helices, whereas slow
cooling gives homochiral helices [87].

Morphology evolution with time has been reported. As explained in
Fig. 5, tubular morphology may be derived from the growth of a helical rib-
bon, and such transitions have often been observed experimentally [65, 88].
Going from tubules to ribbons is also possible. In a mixture of diacetylenic
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phospholipid 22 and a short-chain lipid (1, 2-bis(dinonanoyl)-sn-glycero-3-
phosphocholine), a gradual transformation of nanotubules into a lipid gel
phase consisting of interconnected “helical” ribbons (i.e., twisted ribbons as
defined in Fig. 1) was observed at room temperature upon polymerization of
the diacetylenic functions [89].

Small changes of the chemical structures also lead to strong changes of
chiral aggregate morphology. Typical molecular parameters that induce sig-
nificant morphology variation are the length [55, 87,90, 91] and the number
of unsaturations [68] of alkyl chains. In the case of bolaamphiphiles [92-94],
not only the length of the spacer alkyl group matters but also whether it has
an odd or an even number of carbon atoms, as revealed by IR spectroscopy
(Fig. 7). With the salts of L- and D-12-hydroxystearic acid 26 (Scheme 4) men-
tioned above [37, 58, 59], the nature of the cation affects helix handedness:
Rb* and Cs™ salts give a handedness opposite to that of Li* salts, and Na*
and K" salts give a mixture of both right- and left-handed helices [95]. As
an example of the delicate balance that determines whether twisted or helical
ribbons are formed, the former were obtained from a long-chain glutamate
lipid with an oligosarcosine head group, whereas the lipids with an oligopro-
line head group gave the latter [96]. It is interesting to note that these changes
in fiber morphology do not necessarily affect significantly the gelling proper-
ties (gel aspect, gel stiffness, or gelling temperature).

Diastereomers can have highly variable and unpredictable behaviors as
demonstrated by the n-alkyl aldonamide-derived lipids [32,64]. An alkyl
galactonamide derivative forms helical ribbons whereas the mannonamide
derivative forms a rolled-up sheet, and the gluconamide derivative forms
multiple helices. Mixtures of these three aldonamides with various chain
lengths showed that they may coaggregate or aggregate separately depending
on their absolute and relative configurations, and on the difference in alkyl
chain length. The functionalization of these alkyl aldonamides also has strong
effects on the morphology of their aggregates [84, 97].

The various relations that can be established between molecular chiral-
ity and fiber handedness are worth a detailed presentation. The general rule
is that the handedness of a chiral self-assembled fiber is controlled by the
stereochemistry of the molecule. One enantiomer gives a right-handed fiber
and the other enantiomer a left-handed fiber. However, there are some rare
cases where a pure enantiomer of a chiral molecule assembles into a mixture
of right- and left-handed helices. This is the case for the phosphonate ana-
logues of diacetylenic lipid 22 (Fig. 8) [98-100], for cholesteryl anthryloxy-
butanoate [83], or for a mixture of a bile salt, a phosphatidylcholine, and
cholesterol (Fig. 9) [101]. In the latter case, in addition to the fact that both
right- and left-handed helical ribbons are observed, two or three different and
well-defined helical pitches coexist (Fig. 9) [101].

Sometimes, even achiral molecules can form helical fibers: achiral iso-
mers of diacetylenic lipid 22 (Fig. 10) [102], cyanurate derivatives [103],
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Fig.8 Contact-mode AFM images of diacetylenic phosphonate lipids showing the pres-
ence of both right- and left-handed helices with a pure enantiomer of the lipid. Reprinted
with permission from [98]. Copyright 1998 American Chemical Society

some cyanine dyes [104, 105], perfluorinated lipids [106,107], and various
bolaforms [108-110]. In the case of a family of nucleobase-derived bo-
laamphiphiles, nonchiral bis-thymine bolaamphiphiles form double-helical
ropes (Fig. 11) whereas bis-adenine bolaamphiphiles only form microcrys-
talline solids [110]. A mixture of bis-thymine and bis-adenine or thymine-
adenine bolaamphiphiles yield nonchiral nanofibers. It was suggested that
bis-thymine bolaamphiphiles may photodimerize leading to chiral molecules
which may, in turn, pack in a chiral way. Assembly of the same molecules in
the dark did not yield helical structures.

To finish this section, additives or mixtures in various proportions have
also been used to tune chiral aggregate morphologies. For example, a transi-
tion from twisted ribbons to helical ribbons has been observed in mixtures of
cardanyl glucosides with saturated and unsaturated alkyl chains [68]. When
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Fig.9 Three different helical pitches observed with a mixture of a bile salt, phos-
phatidylcholine, and cholesterol. The pitch angleisa 114+2°,b 54+2°, and ¢ 40.8+2°.
Reprinted with permission from [101]. Copyright 1999 National Academy of Sciences
USA

the relative proportion of the unsaturated derivatives is increased, twisted
ribbons change into helical ribbons and then tubules. The diameter of the
tubules formed by diacetylenic lipid 22 can be reduced by a factor of 10 upon
adding a short-chain phospholipid [89]. For the same lipid, it was observed
that the presence of a few percent of negatively charged lipids yields tubules
with three different pitch angles, 14, 28, and 42°, and with diameters of 2000-
2500, 1000-1500, and 700-1000 nm, respectively [111]. These results can be
compared to what was observed with the bile system presented above [101].
As discussed in Sects. 2.3 and 2.4, mixing the two enantiomers generally
results in important changes in fiber morphology. Racemates tend to form
platelets that do not express any chirality. In a couple of cases [35,36] as,
for example, for diacetylenic lipid 22 [33, 34], a mixture of right-handed and
left-handed helices is observed instead of platelets. Data are rarely available
concerning the behavior of mixtures of enantiomers other than 1:1 racemic
mixtures. In the case of diacetylenic lipid 22, the phase separation between
the enantiomers should lead to tubules of opposite handedness, the propor-

Fig. 10 Chiral tubular structure formed by an achiral g-lecithin molecule. No handedness
preference is shown. The width of the image is about 8 um. Reprinted with permission
from [102]. Copyright 2003 National Academy of Sciences USA
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Fig. 11 Double-helical ropes of achiral bis-thymine bolaamphiphiles. Reprinted with per-
mission from [110]. Copyright 2001 American Chemical Society

tions of which reflect the overall proportion of enantiomers (Fig. 12). In the
case of cationic bis-quaternary ammonium gemini amphiphiles with tartrate
counterions 23 (Scheme 4), studies of aggregate morphology as a function

pure enantiomer  racemic mixture  mixture of enantiomer 2:1

Fig.12 Schematic representation of the effect of the proportion of enantiomers (top), and
the case of continuous mixing of the enantiomers (bottom) as in a solid solution [43]
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of enantiomer proportions showed that increasing the enantiomeric excess
from 0 (racemic) to 1 (pure enantiomer) results in a continuous decrease of
the pitch of the twisted fibers from infinite (flat ribbons) to about 200 nm
(Fig. 12) [43]. This behavior may be due to the unique features of this sys-
tem; the chirality belongs to the counterion and not to the amphiphile itself,
but a conformationally labile chirality can be induced in the structure of the
amphiphile [112]. Up to now, such continuous pitch variation has not been
observed in any other system.

3.3
From Molecular Chirality to Supramolecular Chirality:
Molecular Organization in Chiral Fibers

The helical pitch of twisted or helical fibers or ribbons typically ranges from
ten nanometers to microns. This means that the number of molecules needed
to span one turn of a helix lies between hundreds to tens of thousands. In
other words, the twist between a molecule and its neighbor associated with
fiber helicity will be at most one degree and, very often, much less than that.
This change of scale of chirality and the cooperative effects that are involved
are not easily understood. A number of theoretical models have been pro-
posed to explain the formation of chiral fibers, among which those about
cylindrical tubules and helical and twisted bilayer ribbons are probably the
most elaborate. These models have been presented in detail in several reviews
and we will simply refer the reader to these [4, 67, 113]. Theories are success-
ful in describing some chiral fiber morphologies by introducing chirality as
a global parameter. However, they treat the system as a continuous medium
instead of an ensemble of discrete chiral molecular objects having a specific
shape. Thus, they do not allow prediction of the behavior of a given molecular
system under given experimental conditions.

From an empirical perspective, several factors have been pointed to as
necessary for designing molecules that self-assemble into fibers with chiral
morphologies, besides the presence of stereogenic centers. Such molecules
are most often “amphiphilic”. This term is understood here in its broadest
sense. It implies that the molecules are composed of two antagonist parts.
One is solvophobic and provides the driving force for aggregation; the other
is solvophilic and assures the solubilization of the amphiphile and the sta-
bility of the aggregates in suspension. Additionally, the molecules possess
some chemical functions capable of directed noncovalent interactions and/or
rigid segments which determine the pseudocrystalline organization of the
molecules in the fibrous structures. Thus, small molecules that assemble
into chiral fibers often possess hydrogen-bonding functions and may com-
bine amino acid or amide functions [23, 36, 76, 108, 114], sugar groups [21, 22,
69,74,115,116], or both as in gluconamides [28, 32, 84,97,117,118], as well
as urea functions [29, 119-121]. Replacing a hydrogen-bonding function by
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a non-hydrogen-bonding one, e.g., exchanging an amide for an ester [122],
results in a loss of directional interactions and no fibrous aggregate forms.
Aromatic 7w - m stacking is also commonly involved in fibrous chiral ag-
gregates [16, 26, 36, 65, 69, 74,123-126]. Among the rare precursors to chiral
fibers that possess neither hydrogen-bonding functions nor aromatic groups
are diacetylenic phospholipids such as 22, the helices and tubules of which
are among the most extensively studied aggregates [2, 32, 34, 53, 54, 60]. To
explain why such molecules form helical ribbons or tubules while other phos-
pholipids do not, it was proposed that diacetylene groups add rigidity and
a kink to the alkyl chains, which might impose some steric hindrance when
the molecules pack parallel to each other. A chiral twist of the packing allows
alleviation of this hindrance [34].

The nature of molecular organization within the aggregates is very import-
ant to determining whether and how chirality is transferred from individual
molecules to their aggregate structures. But accurate data are still very dif-
ficult to obtain. Formally, in order to correlate structural information about
packing at the molecular level and information about the morphology at the
fiber level, both types of data should be collected simultaneously from the
solvated fiber. Correlating the orientation of the molecules with respect to
the fiber coordinates in the presence of the solvent is complicated and, in
practice, rarely achieved [37,127]. To date, most studies on molecular or-
ganization within fibrous aggregates (chiral or not) have been performed
on desolvated fibers, assuming that fibrous aggregates are in a pseudocrys-
talline state and that molecular organization is unchanged when the gels or
the fibers are dried. This assumption is necessary as gels are frequently not
amenable to detailed determination of molecular packing, but its validity
must be questioned in each case. Thus, wide-angle X-ray powder diffraction
or wide-angle X-ray scattering (WAXS) [116, 128], solid NMR [129], and in-
frared spectroscopy [130] were performed on the desolvated fibers and the
results extrapolated to the gel structure. Such measurements can provide in-
formation about molecular organization at close to atomic resolution if (and
only if) the molecules have crystalline order. Even with this, it remains dif-
ficult to propose a correct orientation of the molecules within an individual
fiber. Techniques which allow the direct observation of isolated fibers (i.e.,
electron microscopy and AFM) do not yet have the necessary resolution to
observe molecular organization. Moreover, some limitation may originate
in the nature of the samples. For instance, some aggregates are labile in
solution, and the molecules within the aggregate may possess significant mo-
bility, especially when there is no other driving force for molecular assembly
than hydrophobic effects which impose little directional constraint and allow
a high degree of conformational freedom.

An assumption that should also be made carefully is that the packing
within the gel fibers is similar to the packing of the gelators or of their ana-
logues in single crystals (see Sect. 2.4). Single-crystal structures determined
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by X-ray crystallography provide very accurate information about molecu-
lar packing [16, 26, 30, 31, 38,47-50, 116]. However, while some single-crystal
X-ray structures have been validated by comparison with powder diffrac-
tion patterns of the gels, this control was not performed in many cases.
Occasionally, it was even observed that a single-crystal structure and the
corresponding gel structure do not match [129]. Furthermore, even with ac-
curate information at the molecular level, it still is not easy to understand
precisely how a given molecular packing gives rise to supramolecular chiral-
ity in a fiber.

Sometimes attempts can be made to observe fiber orientation by one
technique, and to study molecular orientation in the same fiber by an-
other. In most gels, fibers are at or below the limit of detection of opti-
cal microscopy, and are isotropically oriented in the sample. Studies of the
properties of a single fiber have been accomplished in very few cases, and
only under special circumstances where the fibrous structure was observable
by optical microscopy (wavelength in the visible range) and when molecu-
lar packing within this fiber could be identified from single-crystal struc-
tures [127] or by infrared spectroscopy [130]. However, in none of these
cases was chirality involved. A more attractive alternative to determine the
orientation of the fibers without having to isolate one is to apply an exter-
nal force or field that induces the aggregates to orient at the moment of
their formation. There are many examples of such orientation induction on
elongated supra/macromolecular structures in the literature using electric
fields [131-136], magnetic fields [137, 138], or by applying a shear field. These
have been applied extensively to flexible objects such as wormlike micelles,
disklike assemblies, or polymer solutions. Because the fibers in gels are of-
ten mechanically fragile, imposing an orientation to the fibers by an external
force or field is not trivial. However, rigid tubules have been aligned through
such methods [139-142], which bodes well for the possibility of exploring
chiral packing of molecules directly in oriented fibrillar structures.

4
Methods for Probing Chirality in Self-assembled Fibers

4.1
Methods for Probing Chirality at the Molecular Level

Various tools may be used to probe intramolecular and intermolecular in-
teractions and to study molecular packing in self-assembled fibers: infrared
or UV/Vis absorption spectroscopy; fluorescence spectroscopy; NMR spec-
troscopy; X-ray diffraction and X-ray scattering etc. In this section we focus
on the techniques that may provide information related to chirality.



Chirality Effects in Self-assembled Fibrillar Networks 195

Single-crystal X-ray crystallography gives the most complete and accurate
description of the conformations and packing of molecules in the solid state.
As mentioned in Sects. 2.4 and 3.3, this also applies to chiral gelators whose
X-ray structures often show linear arrays of tightly associated molecules sug-
gesting a preferred direction of fiber growth, and 2; chiral screw rotation
symmetry axes. However, the use of crystallography to study chiral fibers is
limited on several grounds. First of all, crystals of gelators suitable for X-ray
diffraction are very difficult to obtain, precisely because these molecules tend
to aggregate into gel fibers, or at best into thin needles instead of crystals of
sizable dimensions. Crystallographic studies are often performed on analo-
gous molecules that possess poor or no gelling abilities. Second, it is very
difficult to establish that the linear arrays seen in the crystals define the di-
rection of preferred fiber growth. Moreover, crystals possess a long-range
order and by definition show no long-range twist or coiling. Thus, molecular
packing in a crystal does not provide much information about the origin of
chiral fiber morphologies such as those described in Sect. 3. Wide-angle X-ray
scattering may be measured directly on gel fibers. Although the information
obtained by this technique does not generally allow an accurate description
of molecular packing, it gives some distinctive periodicities that may be com-
pared to and eventually validate an arrangement measured in the crystal.

NMR has sometimes been of some use to assess chiral interactions of
small molecule gelators. For example, a selective interaction between chiral
tartrate anions and achiral dicationic surfactant head groups in gelator 23
(Scheme 4) results in diastereotopic NMR patterns in the signal of the protons
of the head groups [112]. Cross-polarization magic-angle spinning (CPMAS)
13C NMR solid-state spectroscopy may allow characterization of molecular
conformations and disorder in the molecular arrangements directly in gel
fibers, provided that complementary solution NMR data and solid-state spec-
tra of crystals of related molecules are also available. Such studies have been
accomplished on N-octylhexonamide supramolecular assemblies [129].

The most versatile tool for studying assemblies of chiral molecules is cir-
cular dichroism (CD) spectroscopy. CD measures the differential absorption
of right- and left-handed circularly polarized light. CD spectra are gener-
ally recorded in the UV/Vis range, but measurements in the short-UV and
infrared (see below) are also possible. A CD spectrum amounts to the sub-
traction of two slightly different spectra and, consequently, CD bands are very
weak compared to those of the corresponding absorption spectra. However,
the intensity and sign of CD bands are extremely sensitive to changes in the
conformation of the molecules in the vicinity of the chromophores to which
they are allied. Thus, upon aggregation of chiral molecules into fibrous ob-
jects, large changes in CD spectra are commonly observed [143], although the
changes are sometimes limited to a simple increase of band intensity [144].
As illustrated in the following, these changes are very practical to determine
the onset of aggregation. However, they do not necessarily correspond to dra-
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matic changes in the conformation of the molecules and interpretation of CD
data should always be made cautiously [145].

CD signals may be induced in nonchiral chromophores (e.g., aromatic
groups) provided that a chiral group lies nearby. The magnitude of such in-
duced CD is inversely proportional to the third power of the distance between
the chiral group and the chromophore [146] and should thus decline very fast
as this distance increases. However, in a self-assembled fiber, a chiral environ-
ment may be provided by the chiral packing of the molecules. Induced CD
may thus be observed in chromophores remote from any stereogenic centers
when the overall packing has a chiral twist. For example, strong CD bands al-
lied to the electronic transitions of diazobenzene moieties are observed in the
CD spectrum of 19b in gel fibers (Scheme 3) [29]. CD bands are also observed
in chromophores of molecules that do not possess any chiral center but that
coaggregate with [147] (or bind to aggregates of [5, 148]) chiral molecules.
Such induced CD signals may emerge in a chiral assembly even though chi-
rality may not be observed at the level of the fiber.

One of the main uses of CD is to monitor self-assembly. For a small
molecule gelator, a typical experiment consists in following the CD spectrum
from a temperature above Ty to a temperature below Tg|. A sharp change in
the CD spectrum is often observed at the onset of aggregation which may not
coincide exactly with gelation. Indeed, the latter occurs only when assemblies
become long enough to entrap the solvent and is associated with an increase
of viscosity. Using this method, transition temperatures [68, 149, 150], criti-
cal aggregation concentrations [150], and the influence of added ions [150] or
of the solvent [82] have been determined. Photochemical reactions within gel
fibers and the subsequent changes in molecular organization have also been
monitored by CD [151].

As mentioned above, the onset of CD signals does not necessarily imply
that a structure exhibiting chirality at a mesoscopic scale has emerged. How-
ever, when such a structure exists, CD spectroscopy may be useful to mon-
itor changes in aggregate morphology. This is the case, for example, for the
transformation from nanotubes to twisted ribbons observed in mixtures of
diacetylenic phospholipid 22 and of a short-chain lipid, 1,2-bis(dinonanoyl)-
sn-glycero-3-phosphocholine (see Sect. 3.1) [89]. Slight changes in the CD
spectrum of tubules of the diacetylenic phospholipid 22 have also been used
to determine the number of lipid bilayers in the tubule walls [152].

CD spectroscopy may give insights into whether some chiral molecules
mix in the same fibers or, on the contrary, phase separate into different aggre-
gates. In particular, when the two enantiomers of a given gelator are mixed,
various behaviors may be expected (see Sect. 2.3). If a complete phase sep-
aration of the enantiomers into aggregates of opposite handedness occurs,
the CD intensity is expected to vary linearly with the enantiomeric excess
(ee) of the mixture. Similarly, if the two enantiomers cocrystallize to form
a racemic (nonchiral) crystal, CD will arise from the remaining single enan-
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tiomer and a linear dependence of CD intensity on ee is expected. However,
if the two enantiomers mix, at least partially, regardless of their propor-
tions, coaggregation may occur with negative or positive cooperativity and
it is likely that the CD intensity would deviate from a linear dependence on
the ee. Thus, a linear dependence of CD intensity on ee in tubules of chi-
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Fig.13 Top: CD spectra of tubules of various mixtures of the two enantiomers of di-
acetylenic phospholipid 22 (inset: variation of the molar ellipticity as a function of
enantiomeric excess) prepared from methanol/water. Bottom: CD spectra of tubules of
diacetylenic phospholipid 22 (solid line), of an achiral analogue (dotted line), and of
a mixture of the achiral analogue with 6.1% of 22 (dashed line). Reprinted with permis-
sion from [34] and [102]. Copyrights 1998 American Chemical Society and 2003 National
Academy of Sciences (USA)
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ral diacetylenic lipids was interpreted as a phase separation (Fig. 13) [34].
This behavior contrasts with that of an achiral diacetylenic lipid that forms
equivalent amounts of right- and left-handed tubules. Upon adding only 6%
of a similar chiral phospholipid, the intensity of the CD signal increases
from zero to approximately 30% of the signal obtained for the enantiopure
phospholipids, thus suggesting that the nonchiral lipids may express chirality
induced by the added chiral lipid (Fig. 13) [102]. This amplification of chi-
rality by achiral lipids may be compared to the sergeant-and-soldiers effects
observed in helical polymers [153]. Other examples of the use of CD spec-
troscopy to evidence chiral interactions and recognition include the gels of
compounds 19a and 19b (Scheme 3) [29], and the spontaneous formation of
complementary hydrogen-bond pairs of mixtures of melamine and cyanuric
acid derivatives and their hierarchical self-assembly in chiral supramolecular
membranes [147]. Similarly, CD has been used to study a double-helical ar-
rangement of A-T base pairs in an oligonucleotide-templated self-assembly of
nucleotide bolaamphiphiles [154].

It is difficult to draw definite conclusions from a CD spectrum about the
conformations of molecules and their relative positions in a gel fiber. The as-
signment of CD bands to the transitions of the chromophores to which they
are allied is not always straightforward because significant bathochromic or
hypsochromic shifts may occur upon aggregation; assignments performed
from the absorption spectrum in solution may not provide reliable references.
However, when this assignment can be made and when artifacts due to poten-
tial linear dichroism can be eliminated, the appearance of exciton coupling in
the CD spectra may be interpreted to determine the sign (clockwise or coun-
terclockwise) of a chiral twist of the molecular arrangement. In molecules
that possess a single chromophore, exciton coupling occurs intermolecularly
and arises from close chiral packing of the chromophores in the fibers. The
sign of the exciton coupling indicates the relative orientation of the transi-
tion moments allied to the CD band. For example, such assignments have
been performed for nitro-substituted derivatives of the 4,6-O-benzylidene
monosaccharides shown in Scheme 2 [82], and for azobenzene-based sugar
derivatives [155]. In the latter case, the sense of helicity at the molecular scale
determined by CD spectroscopy corresponds to the handedness observed by
SEM at the fiber level. However, to fully validate this correspondence, the
orientation of the molecules with respect to the fibers should be determined.

Vibrational circular dichroism (VCD) may provide extra information com-
pared to CD in the UV/Vis range. As this technique measures CD in the
absorption region of vibrators, it may be helpful to study molecules lacking
chromophores. Its use in the study of chiral aggregates is not yet widespread.
But since VCD apparatus are now commercially available, there is no doubt
that this method will develop progressively. Vibrational absorption and cir-
cular dichroism spectra provide richer information and can, in principle, be
more easily predicted and assigned than in the electronic excitation range.
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An example of the use of VCD was provided in a study of ammonium gemini
surfactants bearing chiral tartrate counterions such as 23 (Scheme 4) [112].
These compounds aggregate into chirally twisted ribbons that express the chi-
rality of the counterions despite the fact that the surfactants are not chiral.
However, VCD measurements show induced CD bands in the symmetric and
antisymmetric stretching modes of the CH; groups of the alkyl chains of the
achiral cations. This unambiguously demonstrates that the cations adopt chi-
ral conformations in the chiral ribbons, induced by tartrate anions.

4.2
Methods for Probing Chirality at the Fiber Level

Microscopy is by far the most commonly used technique for structural studies
of chiral fiber morphologies. Small-angle neutron scattering and small-angle
X-ray scattering have occasionally been used to determine some parameters
of helical fibers such as the pitch and the width [76]. But microscopy is usually
preferred as it provides direct images of the chiral structures. This preference
partly contributes to the aesthetic appeal of some micrographs. However, the
preparation of samples and the microscopic observations themselves can in-
duce artifacts, leading to false interpretations such as misassignment of helix
handedness. In the following, we intend to briefly compare of some of the
methods often used to probe chirality at the fiber level, with their advan-
tages and limitations. These methods are divided into three groups: optical
microscopy, electron microscopy and derived techniques, and scanning probe
microscopy.

Optical microscopy can provide information about the morphology of chi-
ral fibers if their dimensions exceed a few hundred nanometers (0.2 um is
the lower theoretical limit in the wavelength range of visible light). Numer-
ous examples of chiral fibers observed through this technique can be found,
as illustrated in Figs. 9 and 14, which show optical micrographs of both helical
and twisted ribbons [88, 92, 98, 99, 101, 109].

Despite the relatively limited accessible magnification, optical microscopy
offers the possibility of direct observation of the native structures, since it re-
quires neither drying nor staining, thus reducing the risk of artifacts. It has
been demonstrated that sometimes the same solution displays much richer
morphism of chiral structures when probed with optical microscopy than
with electron microscopy [88]. However, optical microscopy and, more gen-
erally, techniques based on transmission observations of three-dimensional
structures may be limited when it comes to an unambiguous determination
of chiral aggregate handedness. This problem is particularly well described by
Thomas et al. [98]. For instance, in the case of helical ribbons, it may be dif-
ficult to distinguish the two sides of the ribbon closer to and farther from the
microscope objective, making it difficult to distinguish the apparent handed-
ness. This problem may be partially overcome by using Nomarski differential
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Fig.14 Optical micrographs of left- and right-handed helical ribbons (a) and twisted
ribbons (b). Reprinted with permission from [99] and [109]. Copyrights 1999 and 2000
American Physical Society and American Chemical Society

interference contrast (DIC) microscopy. This technique has a high sensitivity
to the sample thickness, leading to a small focal distance that permits unam-
biguous placement of the microscope focal plane on either side of the chiral
object, provided that the dimensions of the helices allow focalization solely
to one side of the ribbons. In this case, one should be very careful about the
position of the focus plane to avoid potential confusion (Fig. 15).

As can be noticed from the various figures of Sect. 3, electron microscopy
is a very common tool for studying the morphology of chiral fibers. Both
scanning (SEM) and transmission (TEM) electron microscopies are used to
observe molecular assemblies at much higher resolutions compared to optical
microscopy, and allow determination of the morphology and dimensions of
chiral structures. However, one must underline the limits of these techniques.
First, observations by electron microscopy operated under high vacuum re-
quire desolvation or thermal fixation (cryogenic techniques) of the samples.
Desolvation of molecular assemblies in solution may cause a collapse or
shrinkage of the structures. Moreover, organic molecules in the fibers and the
carbon films that support them have a similar electron density. The samples
often require staining or metal shadowing to improve contrast. These con-
trasting methods may cause artifacts for estimating the dimensions of chiral
fibers as they result in larger apparent diameters [114]. Additionally, staining
with heavy metal salts can modify gelation behaviors [71].
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(A)

Fig. 15 Optical micrographs through a focus sequence of a large hydrated phosphonate
tubule. Illustration of apparent shift in handedness upon changing the height of the focal
plane. The scale bar is 5 um. Photographs reprinted with permission from [98]. Copyright
1998 American Physical Society

Provided these potential artifacts do not affect the chiral morphologies,
unambiguous assignment of their right- or left-handedness may still not
be straightforward [33, 34, 155] especially when observing negatively stained
images by TEM. In the case of negative staining, the total projections do
not provide clear information about the orientation of fiber curvature in
the plane perpendicular to the sample (Fig. 16). Using appropriate stain-
ing methods may help overcome this problem. When carefully contrasting
chiral objects with a correct angle, for example using platinum, preferen-
tial shadowing can be obtained, thus helping the correct determination of
handedness [28].

Finally, the preparation of grids for TEM requires successive steps which
should all be performed very carefully to avoid confusion in handedness
assignment: (1) deposition of the sample; (2) staining or shadowing; (3) in-
troduction of the grid into the microscope; (4) production of images or
of negatives; and (5) scanning or development on paper. At many of these
steps, a lack of care in the manipulation will produce the mirror image
of the desired micrograph and thus a wrong assignment of handedness
(Fig. 17).

Cryogenic techniques have also been successfully used for the study of
chiral effects in fibrillar networks. The great difference when using these
techniques is that samples undergo an ultrafast freezing to avoid crystal-
lization of the solvent before observation, therefore upholding the native
morphologies. This is hardly practical for gels produced in solvents which
cannot be frozen in an amorphous state and is most commonly performed
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Fig. 16 Metal shadowing (left) versus negative staining (right). Metal shadowing is de-
posited to one side of the object along a preferential incidence (arrow), allowing easier
handedness evaluation. The bottom left picture is a Pt shadowed TEM image of a twisted
ribbon formed by a mixture of 23 (Scheme 4, n = 16) and its analogue bearing bromide
counterions. The bottom right picture is a TEM image of a twisted ribbon of 23 stained
with uranyl acetate with no metal shadowing
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Fig.17 Effect of sample position on handedness assignment: a when electrons hit the
helix before the support film (top), the original handedness is observed on the micro-
graph (bottom), whereas b if the grid is put upside down, the images show an inverted
handedness

with aqueous samples. Thus, cryo-TEM has been used to observe twisted
fibers [105], as well as twisted [128] or helical [23] ribbons. This tech-
nique involves the formation of a thin vitrified film of the solution and the
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direct observation of this film, i.e., of the solvated objects, with TEM. An
advantage of cryo-TEM is that it does not require staining because of the
intrinsic contrast between vitrified ice and organic materials. But this par-
ticular feature also constitutes a drawback when studying chiral objects, since
the absence of shadowing makes the determination of handedness uncer-
tain (Fig. 18). It should also be mentioned that cryo-TEM is not always well
adapted to the study of highly viscous systems such as gels, because of the
difficulty of forming a sufficiently thin film with well-defined structures.
These are probably the reasons why cryo-TEM observations are often comple-
mented by other measurements, such as TEM on carbon-platinum shadowed
samples.

Freeze fracture is another technique associated with TEM. Here, frozen
samples are fractured and replicated by carbon-platinum spread at a spe-
cific angle under vacuum. Replicas are then observed under standard TEM
operating conditions. Due to the shadowing procedure, the images obtained
through this technique can provide more accurate information about chiral
fiber handedness [56, 118, 149, 156] (Fig. 19). Upon replication, the “topogra-
phy” of the native sample is conserved leading to 3D images. The handedness
of a chiral fiber can then be assigned unambiguously, provided that it can be
determined whether a concave or a convex replica is observed. If this latter as-
pect is not obvious at first sight, the assignment may be facilitated upon slight
tilting of the sample grid. Freeze fracture also allows the analysis of viscous
samples.

Analogous to freeze fracture, cryo-HRSEM (high-resolution scanning elec-
tron microscopy) also permits observation of the sample without prior re-
moval of the liquid phase. Although this technique has been used for the
observation of fibrillar structures in gels [157, 158], to the best of our know-
ledge it has not yet been applied to the study of chiral fibers. However, given
the quality of the images that may be obtained, it represents a very promising
method for probing the chirality of fibers in solution. Finally, scanning probe
microscopies such as AFM or STM also have the potential to image hydrated
samples in situ, without desolvation of the fibers, under highly humid con-
ditions (Fig. 20). Yet, examples in the literature generally show dried samples

Fig. 18 Cryo-TEM micrographs of helical assemblies in vitrified water: a multilamellar he-
lical ribbons; b helical ribbons as precursors of tubules. These micrographs illustrate how
difficult handedness assignment can be when using cryo-TEM. Reprinted with permis-
sion from [23]. Copyright 2001 American Chemical Society



204 A. Brizard et al.

Fig.19 Freeze-fracture images of a twisted ribbons and b right- and left-handed helical
ribbons. Reprinted with permission from [149] a and [156] b. Copyrights 2001 and 1990
American Chemical Society

o 100 200

Fig.20 a AFM image of tubular J-aggregates characterized by a “cigar-like” morphology
kindly provided by Prof. H. Von Berlepsch [104]. b High-resolution AFM phase image
of quadruple helices. Reprinted with permission from [160]. Copyright 2000 American
Chemical Society

that are easier to observe and less mobile. Using these techniques, 3D maps of
the samples can be generated that permit unambiguous handedness assign-
ment [99, 159, 160]. However, artifacts may be introduced upon drying. For
instance, dried tubules may be so flattened that the images cannot be inter-
preted with respect to handedness assignment, as for the phosphonate lipid
tubules described by Thomas et al. [98] (Fig. 8).
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5
Applications and Perspectives

The numerous examples cited in the previous sections illustrate the con-
siderable efforts that have been devoted to the design and characteriza-
tion of chiral self-assembled fibrillar networks over the last two decades.
Supramolecular chemistry has been successful at creating a great diversity
of chiral structures with twisted, helical, or cylindrical tubular morphologies
that often express the chirality of their molecular constituents at a meso-
scopic scale. These chiral structures represent excellent models for studying
the emergence of specific shapes at a macroscopic scale through coopera-
tive interactions between a large number of very small building blocks. In
addition to this fundamental aspect, they possess a great potential for appli-
cations in the development of new functional supramolecular devices, taking
advantage of the chirality of the molecular constituents organized in a hier-
archical manner or (and) of the supramolecular chirality of the fibers that can
be generated.

5.1
Applications Based on Chiral Recognition

Applications of fibers of low molecular weight gelators may emerge directly
from the chirality of their molecular constituents. For instance, chiral recog-
nition may occur at the molecular level between various guest molecules
and chiral gelators, but only when the latter are engaged in a fiber-like or-
ganization. A first example has already been given in Sect. 2 of this chap-
ter: the enantioselective incorporation of (S, S)-19b in the gels of (R, R)-19a
(Scheme 3) [29]. Another example is the aqueous gelation of tripodal cholic
acid derivative 29 (Scheme 5) reported by Maitra et al. [148]. The gelation of
29 creates highly hydrophobic chiral pockets that recognize the sodium salt of
achiral bromophenol blue (BPB; 30). When the latter is entrapped in the cavi-
ties of the gel fibers, circular dichroism bands are observed in the absorption
region of BPB, suggesting that chiral conformations are induced in BPB upon
recognition. When associating chiral gelators with liquid crystals (LC), ori-
ginal behaviors may also be observed [161]. For instance, cholesteric LC can
be induced in the presence of a chiral gel, leading to unique liquid-crystalline
physical gels. This topic is presented in detail in the following chapter of this
book, and will therefore not be examined further here.

Selective chiral recognition by self-assembled fibrillar networks paves the
way to important applications of gels. A first type of application is chiral
discrimination/separation: enantioselective elution phenomena using a chi-
ral organic gel as the stationary phase [162]. Chiral stationary phases are
normally produced upon grafting chiral groups onto polymer beads. Alter-
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natively, the solid-like fibers of a chiral gelator may also be used in chiral
separation. This is the case for the benzene gel of a mix of chiral amino
acid derived lipids 31a and 31b (Scheme 5). Thus, when eluting through this
gel an aqueous solution of L- or D-N-dansyl-phenylalanine (32), a selectiv-
ity E_L/E_D (E = elution rate) of 1.5 was observed. Selective interaction of
L-32 and D-32 with the gel is supported by the appearance of induced circular
dichroism signals of opposite sign belonging to the dansyl chromophore. The
intensity of the induced signal is twice as large for the p than for the L enan-
tiomer. Moreover, when a gel of 31a alone is used as the stationary phase, no
enantioselectivity is observed, suggesting that enantioselectivity arises from
specific interactions between the positively charged head groups of 31b with
the carboxylate of 32.

A second potential application of chiral recognition in gel fibers is
asymmetric synthesis. Shinkai et al. recently published pioneering work
along this line using a derivative of compound 17 [27] as a chiral gelator
(Scheme 3) [163]. In fact, they do not use the organic fibers directly. Instead,
they use silica inorganic helices produced by replication of the organic fibers
(see Sect. 5.3) [164]. Specifically, when applying either left- or right-handed
helical silica to the addition of diisopropylzinc to aldehyde 33 (Scheme 6),
product 34 is obtained mainly as a single enantiomer (96-98% optical pu-
rity). This result is remarkable in that the enantioselectivity of the reaction
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Scheme 5 Molecular components of gels involved in chiral recognition
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Scheme 6 Enantioselective reaction induced by chiral fibers

is not guided by any chiral organic substances, which have all been removed
from the silica.

5.2
Chiral Fibers as Templates for Helical Crystallization of Proteins

Chiral fibers can prove potentially useful in biology as templates for the heli-
cal crystallization of biological macromolecules. This application is based on
the idea that helical crystallization, e.g., of a protein, may be promoted at the
surface of tubules formed by self-assembled chiral lipids bearing specific lig-
ands. The helical morphology of the lipid bilayer induces the formation of the
tubules and the ligands provide specific binding sites for the protein of in-
terest (Fig. 21). A proof of concept was first proposed by Brisson et al. [165]
who showed that biotinylated lipids such as 35 can form unilamellar tubular
structures under specific conditions. The biotin residues of the lipids confer
the tubules with the ability to recognize the protein streptavidin, which con-
tains four biotin binding sites. Transmission electron micrographs revealed
that streptavidin spontaneously assembles into ordered helical arrays on the
tubule surface. Importantly, this helical array of streptavidin is induced by
the preexisting chiral morphology of the biotinylated lipid tubules. For in-
stance, no organized array of streptavidin was obtained using biotinylated
lipids assembled as spheroidal liposomes. Another interesting feature of this
system is that these helical crystals of streptavidin now possess biotin bind-
ing sites at their periphery. Thus, they may in turn serve as templates to
bind a variety of biotinylated molecules. For example, secondary binding of
biotinylated ferritin on the streptavidin tubules has been achieved by the
authors [165].

Wilson-Kubalek et al. also produced specifically and nonspecifically func-
tionalized unilamellar lipid tubules by using mixtures of a tubule-forming
galactosylceramide and various charged or derivatized lipids [166]. Thus,
nickel-doped lipids allowed the helical crystallization of histidine-tagged pro-
teins. The authors also reproduced the helical crystallization of streptavidin.
They even obtained helical arrays of relatively small proteins, such as actin
and annexin, as well as large macromolecules, such as RNA polymerase
(Fig. 21).
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(a) (b) (©) -

Fig.21 Structure of biotinylated lipid 35 [165]; schematic representation of the helical
crystallization of streptavidin on a chiral tubular structure. a Formation of a chiral tubule
functionalized with biotin; b helical crystallization of streptavidin on the preexisting chi-
ral tubes; ¢ secondary binding of biotinylated macromolecules on the remaining binding
sites of streptavidin. Right: TEM image of a helical array of RNA polymerase on a func-
tionalized ceramide tubule (positive surface charge). The diffraction pattern below, with
visible peaks to 1/38 A~!, illustrates the crystalline nature of the helices. Photographs
reprinted with permission from [166]. Copyright 1998 National Academy of Sciences USA

The main advantage of these crystalline helical arrays of proteins is
that they represent ideal specimens for 3D electron microscopy. The two-
dimensional crystals of proteins at air/water interfaces usually prepared
for electron microscopy studies provide a single view of the protein. To
allow a 3D structure to be calculated from the images by reconstruc-
tion methods, the plane of the crystal can be slightly tilted so as to offer
views at different angles. However, this operation requires the recording
and combination of many images of tilted specimens and has intrinsic
limitations, resulting in the loss of resolution along the direction perpen-
dicular to the crystal plane. On the other hand, the cylindrical symmetry
of the helical crystals readily offers all orientations of the repeat motifs.
The analysis of helical specimens can be performed using computational
tools that have been developed for proteins which spontaneously form he-
lical assemblies, i.e., in the absence of any template. In addition, helical
crystals form in solution and can be easily transferred onto electron mi-
croscopy grids. In contrast, the transfer of two-dimensional crystals from
air/water interfaces is extremely tricky, inefficient, and prone to result in
structural damage. Helical crystals may thus be very useful to structure
determination.
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5.3
Chiral Fibers as Templates for the Growth of Inorganic Replicas

Chiral fibers are representative examples of the variety of shapes, sizes,
chemical compositions, and functions that can be reached through the self-
assembly of small organic molecules. In contrast, inorganic objects with the
same type of morphologies are not readily prepared. One approach to de-
velop inorganic materials closely corresponding to organic assemblies is to
transcribe them to produce inorganic replicas by sol-gel methods. Transcrip-
tion occurs upon adding inorganic derivatives, often metal oxide precursors,
to the organic assemblies which may or may not be preformed. Polymeriza-
tion of the inorganic precursors at the surface of the organic template gives
rise to a new robust inorganic material. If the template expresses chirality at
a mesoscopic scale, the inorganic replica often does as well. The final prod-
uct of the transcription process can be an organic-inorganic hybrid or purely
inorganic depending on whether or not the organic template has been re-
moved. This approach has developed very rapidly in the last few years. It
constitutes a major advance in the design of functionalized materials with ap-
plications in the fields of electronics, optics, chromatography, or asymmetric
synthesis with, for example, the tailoring of advanced chiral catalysts [163].
Self-assembled organic fibers are very attractive objects for transcription into
inorganic materials because their high aspect ratio is expected to produce
much sought for rodlike inorganic structures [167]. In the following, we fo-
cus mostly on examples where chiral fibers were used as templates. Even so,
the literature is already far too rich to make an exhaustive presentation in
the context of this chapter, and we have limited the scope of this section
to a few examples. For more details, we refer the reader to several review
articles [168-170].

Whilst the largest number of transcription protocols of organic tem-
plates into inorganic materials have been developed for metal oxides, and
in particular silica, some reports deal with metals or semiconductors. Mat-
sui et al. described the electroless metallization of bolaamphiphile nano-
tubes with nickel and copper baths containing reducing agents, leading to
Ni and Cu nanowires that might find applications in nanoelectric circuits
(Fig. 22a) [108]. In this case, the bolaamphiphile does not possess any stere-
ogenic center and chirality is not apparent in the inorganic replica. On the
other hand, when an achiral precursor gives rise to (both right- and left-
handed) twisted ribbons, the twist of the fibers is transcribed into the inor-
ganic replica. For example, a coiled fiber of CdS was obtained in this way
(Fig. 22b) [171]. The absence of chirality in the system results in a mixture
of right- and left-handed CdS. A remarkable aspect of this process is that
CdS grows along only one face of the twisted-ribbon template. The unique
coiled morphology of the semiconductor may be suitable for photovoltaic
applications [171]. An example of true chirality transfer from organic to in-



210 A. Brizard et al.

== 500 nM L O

L"'"\"‘-\ i
50 nm

b |

A

Fig.22 a TEM micrograph of a Ni-coated bolaamphiphile nanotube; b TEM micrograph of
a helical fiber of CdS with a pitch of 40-50 nm, produced on a twisted-ribbon template as
shown in c. Reprinted with permission from [108] and [171]. Copyrights 2000 American
Chemical Society and 2002 Wiley-VCH

organic structures that is also potentially applicable in the field of electronics
and optics is the preparation of helical transition metal oxide tubes, achieved
by Hanabusa et al. [172]. Gelator 36 (Fig. 23) is immediately derived from
compound 17 [27] (Scheme 3), and possesses positively charged groups that
promote the aggregation of the metal oxide precursors at the surface of the
gel. Using the two R,R and S, S enantiomers of 36, left-handed and right-
handed inorganic helices are produced, respectively.

Fig.23 Structure of 36 and SEM images of tantalum oxide fibers obtained from (R, R)-
36 (right) and (S,S)-36 (left). Reprinted with permission from [172]. Copyright 2002
American Chemical Society
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Tubules and helical ribbons formed by diacetylenic lipids such as 22
(Scheme 4) have been extensively used as templates for metallic coat-
ings [173], and the deposition of gold nanoparticles [174] or polypyr-
role threads [175]. Their coassembly with silica precursors gives rise to
organic/inorganic hybrids having mesoscopic helical and tubular shapes and
multilamellar walls [176].

The largest body of work on transcription of chiral fibers has been devoted
to silica because of the ease with which it can be handled. The strong activity
the Shinkai research group should be underlined in this respect. Gel fibers can
be coated with silica, and yield hollow inorganic tubules after removal of the
organic template [177]. If the organic template is hollow in the first place, as
in the organic tubules of a crown-appended cholesterol gelator, both the inte-
rior and the exterior of the organic tube can be accurately coated with silica,
which finally results in double-walled silica tubes (Fig. 24) [178].

Another example of very accurate transcription is the generation of
both right- and left-handed silica fibers by sol-gel transcription of heli-
cal organogel fibers of a derivative of compound 17 [27] as a chiral gelator
(Scheme 3) [164]. The authors clearly established that the final helicity of
the inorganic fiber reflects the original chirality of the organic template
(Fig. 25). A similar result was obtained with silyl derivatives of gelator 19b
(Scheme 3) [179]. A right-handed helix is produced by the R, R enantiomer,
and a left-handed helix is produced by the S, S enantiomer. In most examples
of helical fiber transcription into silica, the silica precursors are driven to the
organic fiber surface by noncovalent interactions. In this case, however, the
silica precursors are covalently attached to the gelator.

To illustrate the diversity of chiral inorganic objects that can be obtained
by transcription of chiral self-assembled fibers as organic templates, even
double-helical silica has been produced. Gels of a mix of sugar-based gela-
tors produce double-helical silica nanotubes by transcription (Fig. 26) [180].
In addition, gels of gemini surfactant 23 (Scheme 4) produce double-helical
fibrils of silica [181]. In the latter case, the continuous variation of the pitch

Fig.24 TEM images of double-walled helical silica obtained after calcination of tubular
ribbons in growth. Reprinted with permission from [178]. Copyright 2003 Wiley-VCH
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Fig.25 SEM images of right-handed and left-handed helical silica fibers obtained after
transcription of organic chiral templates. Reprinted with permission from [164]. Copy-
right 2000 American Chemical Society

of the organic template as function of the enantiomeric enrichment of the
gelator [43] allows tuning of the pitch of the final double-helical silica.

54
Perspectives

The first four sections of this chapter illustrate not only the considerable
efforts that have been devoted to the design and characterization of chiral
self-assembled fibrillar networks, but also the difficulty in understanding at
the molecular scale the mechanisms through which chirality is expressed in
self-assembled fibers and how it affects the structure and properties of the
gels. To progress along these lines, it will be necessary to gather accurate
information about the molecular structure of gel fibers. However, this re-
mains a very challenging task. As is often the case in the chemical sciences,
progress may be expected from the improvement of instrumental techniques.
The resolution of microscopic tools is still increasing and may reach a level
of practical use to distinguish molecules within a fiber. The use of Rietvel
methods for X-ray or neutron powder diffraction may lead to the resolution
of some gel structures. The improvement of theoretical tools may allow more
accurate assignment and interpretation of circular dichroism spectra, both in
the electronic absorption range and the vibrational range. Molecular model-
ing tools have not yet been applied to the study of gel fibers and may also
provide useful information.

Future developments will thus aim at understanding how specific shapes
assembled from large numbers of much smaller building blocks emerge
at a macroscopic scale through cooperative interactions. This fundamental
question not only pertains to the science of fibrillar networks, but also to all
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Fig.26 TEM images a, b and schematic representation ¢ of double-helical silica nanotubes.
Reprinted with permission from [180]. Copyright 2002 American Chemical Society

hierarchically organized structures in biology and physics. Answers are not
easily found. Yet, applications of these objects have already started to be de-
veloped. As seen in this last section, chiral fibrillar networks have proven to
be useful in areas as diverse as the helical crystallization of biological macro-
molecules, chiral separation, and the production of chiral inorganic objects.
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Abstract Physical gelation of liquid crystals with low molecular weight gelators leads
to the formation of a new class of anisotropic gels that have great potentials for opti-
cal, electrical, and photofunctional materials. The liquid crystalline (LC) physical gels
are microphase-separated anisotropic composites consisting of liquid crystals and self-
assembled solid fibers. For these materials, the isotropic-anisotropic transitions due to
liquid crystals and the sol-gel transitions due to gelators occur reversibly and inde-
pendently. The thermal, optical, and electrical properties of the LC gels are tuned by
the selection and combination of the components, which determine the microphase-
separated structures. LC gels based on room temperature nematic liquid crystals show
electro-optical switching on twisted nematic and light scattering modes. The electro-
optical properties can be improved in the presence of fiber additives. Discotic liquid
crystals that function as hole transport materials have been used as LC components
of anisotropic gels. The discotic gels exhibit hole mobilities higher than those of the
liquid crystal alone. Chemical modification of gelators with functional moieties is an-
other versatile approach for functionalization of LC gels. Hydrogen-bonded gelators with
photoswitchable azobenzene moieties have been developed and complexed with liquid
crystals. The resultant photoresponsive LC gels show light-induced structural changes,
which are applicable to rewritable information recording.

Keywords Liquid crystals - Gelation - Self-assembly - Hydrogen bonding -
Electro-optical properties
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Abbreviations

LC Liquid crystalline
TN Twisted nematic
Col,  Hexagonal columnar

1
Introduction

Physical gelation of functional fluids such as liquid crystals [1-5] and elec-
trolytes [6-8] with low molecular weight gelators is a new approach to the
development of functional molecular materials. A large number of gelators
for common organic solvents and aqueous solutions, which have isotropic
structures, have been exploited [9-11]. Liquid crystal is one of the functional
soft materials that form anisotropic structures with orientational order and
positional disorder [12]. Thermotropic liquid crystalline (LC) materials have
been widely used in the field of electro-optics [12-15]. The electronic proper-
ties of liquid crystals as organic semiconductors have also attracted attention
from the viewpoint of the fabrication of organic devices [16-20].

LC physical gels are obtained by fibrous self-assembly of low molecu-
lar weight gelators in thermotropic liquid crystals [1-5,21-37]. Three-
dimensional dispersion of these self-assembled nanofibers in liquid crystals
results in the physical gelation of liquid crystals, as shown in Fig. 1. In these
composites, liquid crystals (LC phase) and self-assembled fibers of gelators
(solid phase) form microphase-separated structures. Figures 2 and 3 show
some examples of the components used for LC gels. The liquid crystals (Fig. 2)
are effectively gelated by using 0.2-5.0 wt % of the gelators shown in Fig. 3.
They have hydrogen bonding or m-m stacking moieties that promote the
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Self-assembled fibers Liquid crystals
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Fig.1 Schematic illustration of a hierarchical structure of LC physical gels
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Fig.2 Chemical structures of liquid crystals studied for the preparation of LC physical gels

formation of one-dimensional molecular assemblies. Self-aggregation of the
gelators leads to the formation of solid fibers of 30-100 nm diameter.

Two transitions for the LC gels are observed independently: the sol-gel
transition induced by the fibrous aggregation of gelators, and the isotropic—
anisotropic transition of liquid crystals. Figure 4 shows the phase transition
behavior of the mixtures of nematic liquid crystal 5CB and cyclohexane di-
amide gelator Cy(11); [3]. The mixtures exhibit three states thermoreversibly:
isotropic liquid (sol), isotropic gel, and LC gel states. The transition from
isotropic liquid to isotropic gel states corresponds to the fibrous aggregation
of Cy(11),. Variable-temperature infrared measurements for the mixtures
show the formation of intermolecular hydrogen bonding in fibrous aggre-
gates [3,26]. The sol-gel transition temperatures increase as the concentra-
tion of Cy(11); increases (Fig.4). On the other hand, the isotropic gel-LC
gel transition is due to the isotropic-nematic transition of 5CB in the fiber
networks. The gel-gel transition temperatures are almost the same with the
isotropic-nematic transition temperature of 5CB alone, which indicates the
microphase separation of liquid crystals and fibrous aggregates of gelators in
the mixtures.

In the LC gels, the transition temperatures are tunable by the choice
of the components. The different order of sol-gel transition temperatures
(Tsol-ge1) and isotropic-anisotropic transition temperatures (Tiso-1c) gives
two types of phase behavior. Figure 5 shows the two types of transi-
tions for nematic LC gels. When T, ge is higher than Tis i (Type I,
Fig. 5a), randomly dispersed networks of gelators are formed in the isotropic
states of solvents on cooling [3-5,25-35]. Then the LC gel states are in-
duced by the isotropic-anisotropic transitions of liquid crystals. In con-
trast, when Tis,c is higher than T ge (Type II, Fig. 5b), aligned fibrous
aggregates of gelators are formed by the template effects of the LC me-
dia, resulting in oriented LC gels [22-24]. Self-assembled fibers aligned
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Fig.3 Chemical structures of gelators used for the preparation of LC physical gels

parallel and/or perpendicular to the LC director can be obtained by the
appropriate combination of the components. Fibrous assembly parallel to
liquid crystal alignment (Fig.5b) is observed for the nematic mixtures
containing Lys18 [23,24]. Fibrous aggregates of non-hydrogen-bonded an-
thracene derivative DDOA are also aligned in oriented cyanobiphenyl liquid
crystals [22].



Gelation of Liquid Crystals with Self-Assembled Fibers

223

150

100 |

Temperature (°C)

50 H

Isotropic

Gel

LC (nematic) gel

Il 1 |

5 10 15 20

Concentration of Cy(11), (wt.-%)

Fig.4 Phase behavior of a mixture of 5CB and Cy(11), on cooling

(a) Type I: Tsolgel > Tiso-ic

s -\:. W&
TN
| ' v: '-_..

< Liquid Crystal
0 : Gelator

— —p
— —_—
00— Tiso- Tsol-gel
I :.::__;:‘. R E: iso-lc -9
| e —
LC Gel
(b) Type II: Tiso—ic > Tsol-gel
-_— > — @a
S ==
—_— —_—
S — o=
SELE < Seas
_— — %@
LC Gel Liquid crystal Isotropic
Temperature ”

Fig.5

Schematic illustration of two types of structural transitions of LC gels:

(a) Tsol-gel > Tiso-l1c (Type I); (b) Tsol-gel < Tiso-1c (Type 1I)

Smectic LC gels also exhibit two types of transitions [21]. For Type II,
aligned fibrous aggregates of ZI18 are formed in the homogeneously oriented
smectic A phase of the liquid crystal in a parallel rubbed cell (Fig. 6a) [21].
The direction of aligned fibers is perpendicular to the molecular orientation
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Fig.6 (a) Polarized optical photomicrograph of a mixture of a smectic liquid crystal
(SCE8) containing 1.0 wt % of ZI18 at 60 °C in a parallel rubbed cell. It is cooled from the
isotropic state. (b) Schematic illustration of an anisotropically oriented structure of the
mixture of SCE8 and ZI18

of the liquid crystal, that is, parallel to the layered structure of the smectic LC
media. The fibers maintain a distance of ca. 10 um. Polarized infrared meas-
urements show that the hydrogen-bonded chains of ZI18 are oriented in the
fiber direction as shown in Fig. 6b.

2
Electro-Optical Properties

In this part, we describe the electro-optical behavior of LC physical gels. LC
components in the anisotropic gels can respond to external electric fields
under the effect of submicrometer-scale phase separation of liquid crystals
and self-assembled solid fibers. Electro-optical properties of LC gels have
been tuned and improved by small amounts of the fiber additives with appro-
priate morphologies. As shown in Sect. 2.1, fast and high-contrast responses
are observed for nematic LC gels in twisted nematic (TN) cells. In Sect. 2.2,
nematic LC gels forming LC polydomain structures are shown to have poten-
tials for light scattering electro-optical materials.

2.1
Electro-Optical Effects in Twisted Nematic Cells

Room temperature nematic liquid crystals have been developed for electro-
optical applications [13-15]. In particular, twisted nematic (TN) liquid crys-
tal displays have been widely used for practical display devices [13-15, 38]. In
the TN cells, nematic liquid crystals form twisted alignment due to the influ-
ence of rubbed alignment polymer layers coated on the substrates (Fig. 7a).
The TN cells are placed between two crossed polarizers. Without electric
fields, the twisted LC alignment induces optical rotation of incident polarized
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(b)

-----
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Fig.7 Schematic illustration of TN cells incorporating nematic LC physical gels:
(a) exhibiting TN alignment without aggregates of hydrogen-bonded molecules; (b) ex-
hibiting TN alignment with a randomly dispersed fibrous network; (c) exhibiting TN
alignment with an oriented fibrous network

light, resulting in light transmission states. The light transmittance for the
cells can be electrically tuned by the reorientation of nematic liquid crystals
from TN to homeotropic alignment.

Electro-optical properties of the nematic LC gels have been examined on
the TN mode [3,5,23,25-30]. The TN alignment behavior and the electro-
optical responses of the nematic gels can be observed for the LC gels (Fig. 7b,
Fig. 7¢). The behavior is dependent on the chemical structures of the gelators
and their concentrations. For example, the LC gels of 5CB formed by gela-
tors Cy(11),, ZI18, and Lys18 exhibit TN alignment and response to electric
fields when the concentrations of the gelators are less than 1.0 wt % [3, 23, 25].
In contrast, the LC gels based on (ZV);12 show neither TN alignment nor
electro-optical response even though the concentration of the gelator is
0.5 wt % [25]. Microscope observation shows that gelators Cy(11),, ZI18, and
Lys18 form dispersed fibrous aggregates in the TN cells (Fig. 7b). Compound
(ZV),12 forms thick aggregates in the cell. The poor TN alignment and poor
response of the gels formed by (ZV);12 are due to the strong interactions
between thick aggregates of the gelator and the liquid crystals.

Introduction of small amounts of self-assembled fibers into nematic liquid
crystals in TN cells is found to accelerate electro-optical responses of the ma-
terials [25,27-30]. In 16 um-thick TN cells, the response time of the 5CB
gel containing dispersed self-assembled fibers of ZI18 (0.5 wt %) is 6 ms at
10 V [25]. This response is twice as fast as that of 5CB alone (12 ms). Similar
effects of the self-assembled fibers have been observed for several LC phys-
ical gels. For the mixture of 5PCH and ZI18 (0.5 wt %), the response time is
7 ms at 10 V, which is 10 ms shorter than that of 5PCH alone (17 ms) [27-29].
When gelator DUPy (1.0 wt %) is mixed with 5CB, the response time of the
gel in the TN cell is 4 ms [30]. A slight lowering of threshold voltages has also
been observed for these fast responsive nematic gels. For example, the thresh-
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old voltages of 5CB alone and the 5CB gel containing 0.5 wt % of ZI18 are 1.0
and 0.8 V, respectively [25]. These results indicate that the appropriate inter-
actions between the liquid crystals and the fibrous aggregates of the gelators
induce TN alignment that is metastable and responsive. The presence of the
aggregates should weaken the interactions between the LC molecules and the
rubbed polymer surfaces.

The faster responses described above have been observed for the gels
containing randomly dispersed self-assembled fibers (Fig. 7b). Such random
dispersion of the fibers in TN cells induces partial light scattering, leading to
the decrease in display contrast [29].

In order to improve optical properties, nematic gels oriented along
TN alignment (Fig. 7c) have been prepared by using the LC physical gels
of Type Il [23]. Such an oriented structure has been obtained for the
5PCH/Lys18 gels. For the mixture of 5PCH and Lys18 containing 0.4 wt % of
Lys18, the Tiso-1c and Tsol gl are 53 and 43 °C, respectively. On cooling from
Tiso-1c to Tsol-gel> the homogeneous LC mixture dissolving the gelator shows
TN alignment. On the sol-gel transition, gelator Lys18 forms oriented fibrous
aggregates in the liquid crystals exhibiting TN alignment, resulting in the
anisotropic composite structures as shown in Fig. 7c. In the TN cell, the 5PCH
gel responds in 7 ms, while the response time of 5PCH alone is 17 ms. The
threshold voltage is also decreased from 1.7 to 0.7 V by introducing oriented
fibers of Lys18. Moreover, the Type II gels forming the ordered aggregates
show higher light transmission than the Type I gels. The efficiency of light use
in the TN cell of the 5PCH/Lys18 gel reaches 88% for that in the TN cell of
5PCH alone. In contrast to nematic gels with randomly dispersed fibers, the
oriented 5PCH/Lys18 gel exhibits a faster response, a lower threshold volt-
age, and a smaller decrease of contrast. The selection of the components and
the morphology control of the aggregates are essential for the induction of
significant electro-optical properties.

2.2
Light Scattering Electro-Optical Effects of Nematic Gels

LC physical gels have been applied to light scattering electro-optical materials
(Fig. 8) [24, 31-33]. For LC composites containing non-LC solid components,
random dispersion of the solid components in liquid crystals induces the
formation of LC polydomain structures showing light scattering [39-41].
Such light scattering states can be electrically switched to transparent mon-
odomain states. As no polarizer is needed in light scattering electro-optical
materials, bright and high-contrast electro-optical switching is available with
simple device structures.

LC physical gels containing random network aggregates of gelators, which
are formed through Type I phase behavior, are suitable for the light scatter-
ing materials as shown in Fig. 8. This is because small amounts of nanofibers
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Fig.8 Photographs of light scattering liquid crystal cells filled with a gel consisting of 5CB
and ZI312: (a) light scattering state (electric field off); (b) light transmission state (electric

field on)

dispersed in liquid crystals effectively induce the formation of LC polydo-
main structures that can scatter light (Fig. 9a). Light scattering electro-optical
properties have been reported for LC physical gels formed by amino acid and

(a) Normal Mode

Light scattering

ITO glass
substrate

Self-assembled
fibers of gelators

Nematic
liquid crystals

/
ITO glass
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Light

(b) Reverse Mode

Light transmission

Homeotropic
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—
{

E field OFF
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—
&1

E field OFF

Light transmission
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Fig.9 Schematic illustration of light scattering electro-optical switching of nematic LC

gels: (a) normal mode; (b) reverse mode
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sugar derivatives [31-33, 42]. For the LC gels formed by a sorbitol derivative,
the driving voltage is high (~100 V) and a large electro-optical hysteresis is
observed between step-up and step-down voltage scans [42]. We have exam-
ined the light scattering behavior of nematic gels based on hydrogen-bonded
gelators containing L-isoleucine moieties [31]. The isoleucine derivatives
form hydrogen-bonded aggregates with different sizes and morphologies.
For example, mono-amino acid gelator ZI18 forms fibrous aggregates with
a diameter of ca. 100 nm, while the fiber thickness of ZI312 with three amino
acid moieties is ca. 30 nm. The increased number of hydrogen-bonded moi-
eties in the gelators leads to efficient gel formation, thermal stabilization of
the gels, and the induction of high light scattering states. The nematic gels
formed by gelator ZI312 show a significant light scattering electro-optical
behavior (Fig. 10, curve A). The driving voltage for the 5CB gel containing
0.2 wt % of the gelator is lower than 40 V. The ratio of the light transmittance
between light scattering and light transmission states is more than 60. The LC
gels exhibit a stable orientation behavior of the LC molecules both in the step-
up and step-down voltage scans. Electro-optical properties of nematic LC gels
are also tunable by the choice of LC components as well as gelators. Liquid
crystal mixture E63, whose refractive anisotropy is higher than that of 5CB,
is suitable for preparing light scattering LC gels [32].

These normal light scattering electro-optical materials exhibit turbid (light
scattering) states in electric field off states and transparent (light transmis-
sion) states in on states (Fig. 8, Fig. 9a). Light scattering switches on reverse
mode (transparent in off states and turbid in on states) are useful for various
applications. Reverse mode switching for LC physical gels has been attained

100

(A
80

60

Transmittance (%)

20 -
(B)

0 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80

Voltage (V)

Fig.10 Relationships between light transmittance and applied voltage in 16 um-thick
cells: A 5CB gel containing 0.2 wt % of ZI312 (normal mode switching); B MBA gel con-
taining 0.2 wt % of Lys18 (reverse mode switching)
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by forming homeotropically oriented structures through Type II phase tran-
sition (Fig. 9b) [24]. To attain high transparency in off states, homeotropically
oriented LC gels are prepared in liquid crystal cells coated with homeotropic
alignment polymer films. As an LC component, nematic liquid crystal MBA
with negative dielectric anisotropy is used because it aligns the LC molecules
perpendicularly to the applied electric field. Due to the presence of the fibrous
aggregates of gelators, LC polydomains are formed under the application of
electric fields, leading to the induction of light scattering states (Fig. 9b). The
reverse mode switching can be driven by low voltages around 30 V (Fig. 10,
curve B).

3
Photoconductive Materials

3.1
Structures and Phase Behavior

Photoconductive properties are observed for some discotic molecules hav-
ing abundant 7 electrons [16-20]. For example, triphenylene derivatives can
show high charge carrier mobility in the hexagonal columnar (Col,) LC phase
due to their ordered molecular packing [16-20, 43-45].

Triphenylene derivative 6C6TP shown in Fig. 2 is one of the discotic LC
materials having charge transporting properties. On cooling 6C6TP exhibits
a Coly phase from 98 to 54 °C. The discotic LC physical gels are formed
when the mixtures of 6C6TP and gelator (ZV);12 are cooled down from
the isotropic liquid state (Fig. 11) [34]. For example, the mixture containing

160
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Fig. 11 Phase transition behavior of mixtures of 6C6TP and (ZV),12
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Fig.12 (a) Polarized optical photomicrograph of the Col, gel based on 6C6TP and
(ZV),12 at 76 °C; (b) AFM image of a xerogel obtained from 6C6TP/(ZV);12

3.0 wt % of (ZV),12 exhibits a transition from the isotropic liquid to the nor-
mal gel at 133 °C and then a transition to the Col;, gel state at 97 °C. The Coly,
gel is exhibited until 57 °C at which temperature a Coly-crystalline transition
occurs.

Figure 12a shows a polarized optical photomicrograph of the Coly gel
based on (ZV);12 and 6C6TP at 76 °C. In the dark area of the image, columns
of 6C6TP align homeotropically to the substrates. Figure 12b shows an AFM
image of the xerogel, which indicates the formation of a fine network of fi-
brous aggregates with a diameter of 50-100 nm.

3.2
Photoconductivities

We have found that the hole mobility of discotic liquid crystals is enhanced
by the physical gelation with hydrogen-bonded fibrous aggregates [34]. The
hole mobility of the Col;, gels can be measured by the time-of-flight method.
For the Col;, phase of 6C6TP alone exhibiting homeotropic alignment, the
hole mobility is 4.5 x 10~ cm? V! s7! (Fig. 13). Interestingly, the mobility of
the Col;, gel states is 1.2 x 107> cm? V™! s7!, which is ca. three times higher
than that of 6C6TP alone. The dispersed network based on the aggregates
of (ZV);12 may effectively suppress the fluctuation of the 6C6TP molecules
and enhance the molecular order of the columnar structure, leading to the
positive effect on the hole mobility. The combination of fibrous molecular
network and discotic LC compounds will provide new electro-active organic
materials.



Gelation of Liquid Crystals with Self-Assembled Fibers 231

‘v
ik 3 0O p 0 O 0 g o
510_
2
E
S
> e ® ® ° 0 o o0
=
o
E
o2
£

104}

1 1 1 1

50 60 70 80 90
Temperature (°C) Col,, (Homeotropic)

Fig.13 Plot of the hole mobility versus temperature of 6C6TP/(ZV);12 3.0 wt % (open
circle) and 6C6TP alone (filled circle) in an electric field of 4.0 x 10* V. cm™!

4
Photoresponsive Materials

4.1
Photoinduced Structural Changes

The composite structures of LC physical gels change in response to external
stimuli such as heat and electric fields. In addition, if photoresponsibility is
introduced into LC physical gels, the dynamic change in anisotropic com-
posite structures can be induced by the light stimuli. Among the methods to
afford the photoresponsive functions to the LC gels, the introduction of pho-
tochromic reactions is effective for the development of new photoresponsive
materials. The photochromic reactions, in particular, the trans-cis photoiso-
merization of azobenzene derivatives are often used for induction of phase
transition and control of the molecular alignment of liquid crystals [46-53].
Moreover, gel-sol transitions can be induced by the photochromic reactions
in the organogel systems [54-56].

The photoresponsive nematic LC gels can be formed from mixtures con-
sisting of nematic liquid crystal 5CB and gelator Cy(AzCN), having pho-
tochromic azobenzene moieties [35]. When the mixtures are cooled down
from an isotropic liquid (Fig. 14a), the nematic LC gel forms at room tem-
perature (Fig. 14b) via an isotropic gel state. In the gel state, the gelator with
trans-azobenzene moieties (trans-Cy(AzCN);) aggregates through hydrogen
bonds of their amide units. The nematic gel has fine micrometer-scale phase-
separated structures due to the finely and randomly dispersed aggregates of
trans-Cy(AzCN);.
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The photostimulated structural changes of the LC gels can be induced
by trans-cis photoisomerization of azobenzene units in Cy(AzCN),. After
UV irradiation, the structural transition from the nematic gels to chiral
nematic LC phases occurs, which is revealed by the observation of finger-
print textures (Fig. 14c). In these chiral nematic phases, chiral cyclohexane
compound Cy(AzCN), with cis-azobenzene moieties (cis-Cy(AzCN),) acts
as a chiral dopant by dissolving in 5CB. In the photoinduced phase transi-
tion from nematic gels to chiral nematic LC states, dissociation of hydrogen
bonds of Cy(AzCN), is observed by infrared spectroscopy [37]. Upon UV
irradiation, the hydrogen-bonded N-H (3280 cm™!) and C=0 (1637 cm™)
stretching bands of amide units in Cy(AzCN), observed before UV irradi-
ation shift to free N-H (3400 (br) cm™') and C=0 (1662 cm™!) bands. The
molecular polarity of azobenzene dramatically changes between trans- and
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Fig.14 Polarized optical photomicrographs of a mixture of Cy(AzCN), (3 wt%) and
5CB and schematic illustrations of their structures: (a) isotropic liquid state at 120 °C;
(b) nematic gel state at room temperature before UV irradiation; (c¢) chiral nematic

LC phase (LC sol state) at room temperature after UV irradiation of the nematic gel;
(d) chiral nematic gel state at room temperature after maintaining a chiral nematic phase
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cis-isomers. The polarity change of azobenzene moieties induced by trans-cis
photoisomerization increases the solubility of Cy(AzCN), in 5CB, leading to
the dissociation of hydrogen bonds and the transition to LC states.

The chiral nematic LC states (Fig. 14c) return to gel states by the trans-
cis back-isomerization. In this stage, trans-Cy(AzCN), reaggregates along
the fingerprint structures, resulting in the formation of chiral nematic gels
(Fig. 14d). The fingerprint structures are maintained even after most of the
cis-Cy(AzCN); are isomerized to trans-Cy(AzCN),. The aggregation of trans-
Cy(AzCN), with fingerprint structures has been confirmed by the observa-
tion of the xerogels [35]. Although the fingerprint structures of chiral nematic
LC states should behave as templates for self-aggregation of trans-Cy(AzCN),
in the initial stage, these fingerprint structures are eventually fixed by the
aggregates of trans-Cy(AzCN);. The chiral nematic gels (Fig. 14d) as well as
nematic gels (Fig. 14b) are stable at room temperature. However, once the
chiral nematic gels are heated to an isotropic state and cooled to room tem-
perature, the nematic gels form again (Fig. 14, d—a—b). This result indicates
that bistable LC gel states consisting of the same components can be repeti-
tively produced by providing light stimuli and thermal treatments as shown
in Fig. 14.

The reversible structural changes of discotic LC gels consisting of
Cy(AzCN), and 6C6TP can also be induced by light stimuli [36]. In this case,
the trans-cis photoisomerization of azobenzene moieties induces the change
in aggregation behavior of the gelator and consequently causes the change in
columnar domain size and orientation.

4.2
Structural Pattern Formation

The photocontrol of reversible structural changes of LC gels leads to the
fabrication of micropatterns [35-37]. Figure 15 shows the polarized photomi-
crographs of the patterned gels based on nematic liquid crystal 5CB (Fig. 15a)
and discotic Coly, liquid crystal 6C6TP (Fig. 15b), prepared by UV irradiation
through a photomask. In Fig. 15a, the regions of the nematic gels with fine do-
mains and the chiral nematic gels with fingerprint structures are arranged.
Because of stability of both the gels, these patterns are stable at room tem-
perature for more than two years. Figure 15b exhibits the photopatterns of the
Col, gels. Although the gels in the irradiated region have larger domains of
the Coly, phase and partially homeotropic alignment (dark area), the gels in
the non-irradiated region have fine domains. As these photopatterns can be
erased by heating to isotropic phases and subsequent cooling, we can repet-
itively fabricate photopatterns. The repetitive formations of photopatterns
based on the bistable gel structures can be applied to photon-mode rewritable
information recordings.
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unirradiated region (nematic gel) irradiated region (Col,, gel)
irradiated region (chiral nematic gel) unirradiated region (Col, gel)

Fig.15 Polarized optical photomicrographs of the patterned samples prepared by
UV irradiation through a photomask: (a) 5CB/Cy(AzCN), (3 wt%, r.t.); (b) 6C6TP/
Cy(AzCN), (3 wt%, 65 °C)

5
Conclusion

Liquid crystalline physical gels are new functional soft materials. They are
obtained by orthogonal self-assembly of liquid crystals and gelators. The
electro-optical or electric properties can be tuned by the morphology control
of the phase-separated structures. The interactions between liquid crystals
and fibrous aggregates of gelators improve or enhance the properties of the
anisotropic gels. These materials may become interesting dynamically func-
tional systems in advanced technologies and biorelated fields [1, 2, 57-59].
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Abstract Dendritic molecules fall somewhere between small-molecule organic systems
and polymers. Like polymers, they are constructed from a repeating motif, often have
nanoscopic dimensions, and are capable of forming multiple non-covalent interactions.
However, they are synthesized using organic chemistry methods and, unlike polymers,
have well-defined, discrete structures which can be precisely controlled. This combina-
tion of properties makes dendritic molecules of particular interest for application in
the assembly of gel-phase materials. In particular, this review focusses on the way in
which molecular-scale information, put into place using organic synthesis, is transcribed
up to the nanoscale, as visualised by electron microscopy techniques. Furthermore, it
is illustrated that the molecular and nanoscale structures have a direct impact on the
macroscopic materials properties of the gel-phase network. We discuss the structural ef-
fects on macroscopic gelation in terms of molecular size, shape and chirality, and clearly
outline the specific advantages of using dendritic structures for this type of soft materials
application.

Keywords Dendrimer - Gel materials - Nanotechnology - Self-assembly -
Supramolecular chemistry
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1
General Introduction to Dendritic Gels

The first attempts to investigate and define the gel state were made well
over 100 years ago [1]. However, as pointed out by Dorothy Jordan-Lloyd
in 1926 and often acknowledged since, a gel is easier to recognise than de-
fine [2]. Originally, gelators were generally polymeric systems, and it was
Flory who first developed a detailed understanding of the ways in which co-
valently crosslinking polymeric architectures could give rise to an extended
sample-spanning network, capable of behaving macroscopically as a gel [3].
Interestingly, it is worth noting that Flory appreciated that branched building
blocks could give rise to hyperbranched polymeric networks with gel-phase
properties. Crosslinked silicates (sol-gel matrices) also constitute a major
class of inorganic gel-phase material [4]. However, it is not only perma-
nent, covalently crosslinked polymeric architectures which give rise to gels—
associative polymers are also extensively used for the formation of gel-phase
materials [5]. In associative polymers, the building blocks are held together
by multiple non-covalent interactions to form an extended sample-spanning
network. In many cases, gelation occurs as a consequence of phase separa-
tion, e.g. self-assembly of block copolymers, with “similar” monomeric repeat
units or blocks forming complementary interactions with one another.

In recent years, as the remainder of this volume illustrates [6], signifi-
cant attention has begun to focus on the fact that small molecules can
assemble into fibrous architectures. These assembled fibres can be consid-
ered to be supramolecular (non-covalent) polymers [7] which, in certain
cases, are capable of aggregating further to yield gel-phase materials. One
of the major attractions of using self-assembly methods [8] to generate gel-
phase materials is the fact that the chemical architecture of low molecular
weight gelators (LMWGs) determines the nanostructure and morphology
of the self-assembled state. In this way, subtle control of the macroscopic
gel-phase properties is ultimately achieved by manipulation of the individ-
ual molecular recognition events. Applying a supramolecular approach to
the assembly of fibrillar aggregates therefore offers a controlled synthetic
route to develop functional nanoscale materials. Indeed, the emerging fields
of supramolecular hydrogel [9] and organogel [10] formation are of con-
siderable importance in understanding self-assembly (or bottom-up) fab-
rication processes for the development of nanochemistry. Great emphasis
is currently being placed on understanding the complex relationship be-
tween molecular recognition and self-assembly, which ultimately is expressed
macroscopically as gelation. As described elsewhere in this volume [6],
a wide range of different small molecules have been used for the forma-
tion of gel-phase materials with a variety of different nanoscale features.
Due to their potential applications in templated materials synthesis, drug de-
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Fig. 1 Dendritic architectures: a dendron, b dendrimer

livery, chiral separations, environmental technology and biomimetics, these
supramolecular soft materials constitute an important class of functional sys-
tems.

One class of molecular structure (or building block) which has been of
particular recent interest in a wide range of different research arenas is the
dendritic macromolecule (Fig. 1) [11]. Dendrimers are oligomers constructed
in a controlled manner using branched repeat units. “Bottom-up” fabrication
using simple dendritic building blocks has recently been widely exploited in
the self-assembly of nanoscale architectures [12].

The specific aspect of dendrimer self-assembly of interest in this article is
their ability to form nanoscale assemblies with gel-phase materials proper-
ties. The principal mechanism by which dendrimers form gels is supramolec-
ular, and relies on complementary non-covalent interactions between indi-
vidual dendritic building blocks. This chapter will demonstrate that den-
drimers are of particular interest as gelators because their molecular size
lies somewhere between that of small molecules frequently used in LMWGs
and polymers traditionally used for making gels (Fig. 2). As such, dendritic
molecules possess some of the advantages of both low molecular weight and
polymeric gelators, which makes them a unique class of molecule for applica-
tion in gel technology.

Part of the appeal of dendrimers lies in their precisely defined oligomeric
molecular structures—in stark contrast to polymers traditionally used for
gel formation. By controlling precisely the three-dimensional branched archi-
tecture, explicit manipulation of molecular interactions (hydrogen bonding,
donor-acceptor effects etc.) between dendritic building blocks becomes pos-
sible. In analogy with traditional LMWGs, it therefore becomes possible to
“program” structural information into dendritic building blocks in order that
they can effectively self-assemble. This provides a range of materials with
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Molecular Size
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Fig.2 Dendritic molecules can act as gelators using the full range of gelation
mechanisms—from low molecular weight gelators through associative polymer-type gels
to covalently crosslinked gels

regular structures that would otherwise be inaccessible via conventional syn-
thetic routes.

In contrast to simple LMWGs, however, the dendritic architecture can
effectively multiply up the number of recognition units present in the branch-
ing units. This is analogous to multiple non-covalent interactions, which are
possible between polymeric gelator building blocks. It is well-known that
such multivalency [13] can strengthen molecular recognition processes on
dendritic surfaces [14], and this review will show that it can also give rise to
stable gel-phase assemblies which, in addition, show remarkable degrees of
tunability. Dendritic branches can also, as a consequence of their well-defined
molecular sizes and shapes, play significant steric roles [15] in controlling
the self-assembly of gel-phase materials. Simple LMWGs usually do not exert
such significant steric impacts, as a consequence of their smaller sizes.

For the purpose of this article we have sub-divided dendritic gelators
into two distinct types: one-component dendritic gelators (based on the self-
assembly of a single dendritic building block) and two-component dendritic
gelators (which require the addition of a second component in order to induce
gelation). We will see how dendritic gelators can effectively “fill the space” be-
tween LMWGs and polymeric gelators—many dendritic gelators behave like
LMWGs, while some can be considered as more traditional polymeric gela-
tors. We will discuss the structure-property relationships and the underlying
principles which drive the gelation process, particularly in terms of the rela-
tionship between the spatial organisation of the building blocks, the designed
manipulation of molecular interactions via the synthesis (hydrogen bonding,
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donor-acceptor effects etc.) and chirality. In particular, we will focus on the
roles played by the dendritic branching and the extent to which it is proactive
in encouraging (or discouraging) the assembly of gel-phase fibrillar aggre-
gates. In this way, we hope to illustrate the prospects and potential of gels
constructed using branched building blocks.

2
Introduction to Dendrimers

2.1
Dendritic Structures: Dendrons and Spherical Dendrimers

Before considering dendritic gel-phase materials, it is first worthwhile to
briefly consider some key aspects of dendrimer chemistry. Dendritic struc-
tures, as stated above, are monodisperse, well-defined oligomers constructed
using a branched repeat unit [16]. In general terms, dendritic structures
can be classified as either dendrons or dendrimers. A dendron is a single
branched unit emanating from a focal point (Fig. 1a). Spherical dendrimers
(Fig. 1b), on the other hand, possess a number of dendrons attached to a core
unit. In both cases, a dendritic molecule consists of three essentially dif-
ferent architectural regions: a core (or focal point), layers or “generations”
of repeat units emanating from this core, and terminal functional groups
on the outer layer of repeat units. It is generally considered that the multi-
ple surface groups of a dendritic structure control its interactions with the
surrounding solvent environment and neighbouring molecules. The core (or
focal point) is effectively buried within the branched shell and experiences
a unique encapsulated microenvironment, which is conceptually similar to
the microenvironments found within biological macromolecules [17]. For
their applications as building blocks capable of self-assembly, the ability to
vary precisely the size and functionality of dendritic structures is a crucial
advantage that provides this class of molecule with immense synthetic tun-
ability [18], which can in principle enable access to a vast array of different
nanoscale assemblies.

2.2
Synthetic Approaches to Dendritic Architectures:
Divergent, Convergent and Hyperbranched

Given the emphasis of this review on the synthetic tunability of dendritic
systems, it is worth reflecting briefly on the different synthetic approaches
used to build dendritic macromolecules. These syntheses have been the sub-
ject of extensive and excellent reviews [11,16] and the basic strategies are
only covered in outline here. Dendrimers are synthesised by stepwise iter-
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Scheme 1 Synthesis of dendritic architectures. Adapted from reference [16b] with the kind
permission of Elsevier

ative synthetic procedures. Such methods of synthesis allow the branched
architectures to be constructed in a controlled way, one layer of branch-
ing at a time. Two distinct stepwise synthetic methodologies have achieved
positions of prominence for the preparation of dendrimers (Scheme 1): the
divergent (inside-out) and convergent (outside-in) approaches.

The divergent strategy, which was pioneered by Vogtle [19], Denkewal-
ter [20], Tomalia [21], Newkome [22], Meijer [23] and Miilhaupt [24], builds
the dendritic structures from the central core or focal point out to the periph-
ery. Using this approach, reaction of the peripheral functionalities of the core
with a complementary reactive group on the branched monomer introduces
a new layer of branching at each coupling point. The branched monomer
must have its own peripheral functionalities present in a latent (or protected)
form. After a layer of branching has been introduced, the new surface can
then be activated and another layer of branching introduced. The cycle is
then repeated. This divergent approach results in an increase in the number
of peripheral functionalities on the dendritic structure with each synthetic
step. Thus, the number of coupling reactions required increases exponentially
with each successive generation of growth. This can make it increasingly diffi-
cult to get complete reaction of all the surface functionalities as the dendritic
architecture increases in size.

In contrast, the convergent approach initiates the growth of the dendritic
structure from what will eventually become the exterior of the molecule, and
progresses inwards. Hawker and Fréchet [25], Miller and Neenan [26], and
Moore and Xu [27] pioneered convergent approaches to different dendritic
architectures. A recent review by Grayson and Fréchet [28] provides an ex-
cellent overview of this synthetic approach. Convergent growth is achieved
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by coupling the focal point of the growing structure to the peripheral groups
of the branched monomer. In this case, the focal point of the branched
monomer must be present in latent (or protected) form, and after comple-
tion of the coupling, the single functional group located at the focal point
of the dendritic fragment or dendron can be activated. This approach avoids
an exponential increase in the number of reaction sites, which is inherent
in the divergent approach. However, the focal point functional group often
decreases in reactivity as it becomes increasingly sterically hindered.

It is also possible to combine the most attractive features of convergent
and divergent methodologies in a semi-convergent (or double-exponential)
growth method [29]. This approach provides more rapid access to higher-
generation dendrimers. Using this approach (instead of building up the
branching a single layer at a time) larger branched fragments are coupled
together. For example, coupling two second-generation fragments can yield
a fourth-generation system without the need to synthesise the intermediate-
stage third-generation molecule.

Regardless of the approach employed, the choice of synthetic route is justi-
fied by the features desired for the target molecule, the chemistry available for
growth, and the specific building blocks used for the construction of the den-
dritic framework. Generally, the convergent approach provides better overall
structural control, in part as a result of its enhanced potential for purification
at intermediate stages of growth, and in part as a result of its innate ability to
introduce differentiated functionalities at the focal point and the periphery of
the dendrimer. Irrespective of the approach employed, however, the dendritic
molecule must be purified, sometimes by simple crystallisation or precipita-
tion or more often employing time-consuming column chromatography.

The explosion of interest in dendrimer chemistry over recent years has
generated a huge range of dendritic architectures, making them ripe for ex-
ploitation in the areas of nanochemistry and self-assembly. The most widely
used dendritic systems rely on amide, ester and ether connectivities, pri-
marily as a consequence of the synthetic simplicity of introducing branched
building blocks via the formation of these types of bonds. (It is important that
reactions used in dendrimer synthesis are particularly robust.)

It is also worth pointing out that in order to expedite the availability of
branched macromolecules, chemists have also attempted to mimic proper-
ties of dendrimers through the use of hyperbranched polymers [30]. Whereas
dendritic structures have to be prepared in a stepwise iterative fashion as de-
scribed above, hyperbranched polymers are usually conveniently obtained in
a non-iterative one-pot polymerisation of multifunctional monomers of the
AB,, type. However, this simple procedure yields imperfect structures that of-
ten exhibit irregular architectures with incomplete branching and broad mo-
lecular weight distributions. Considerable effort has been devoted to control-
ling the degree of branching and polydispersity, with Frey and co-workers, for
example, reporting considerable success [31]. Nonetheless, hyperbranched
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systems will always, by definition, be imperfectly branched and polydisperse.
They are, therefore, less appealing than dendritic structures for precise stud-
ies of self-assembly in which the impact of individual chemical modifications
at the molecular level has a profound impact on material properties. It is of-
ten stated that hyperbranched systems have greater potential for commercial
exploitation than structurally perfect dendrimers as a consequence of their
lower production cost. However, it should be noted that many of the well-
defined dendritic gelators discussed in this article are readily synthetically
accessible. Indeed, the self-assembly step effectively multiplies up relatively
small dendritic structures in a non-covalent manner to generate assembled
architectures which have high levels of inherent branching. As such, the self-
assembly of small dendritic building blocks is one of the most exciting areas
of dendrimer chemistry for potential commercial exploitation, as it does not
necessarily rely on the time-consuming covalent synthesis of expensive high-
generation branched architectures.

23
Dendritic Structures in Materials and Supramolecular Chemistry

Dendritic structures have been widely exploited in materials and supramolec-
ular chemistry—a full evaluation is certainly beyond the scope of this art-
icle [12]. It is simply worth noting here that in recent years, attention has
turned to the assembly of a wide variety of nanoscale materials using den-
dritic building blocks. To provide some insight into this explosion of interest
in bottom-up fabrication with dendritic building blocks, the following se-
lected examples are instructive:

e Nanoparticles have been synthesised using dendritic stabilisers as lig-
ands [32]. The dendritic architecture and size control the diameter and
stability of the spherical nanoparticles formed.

e Cylindrical and tubular architectures have been assembled [33].

e Dendritic surfactants which exhibit superamphiphilic behaviour and
generation-dependent self-assembly have been reported [34].

e Polycationic dendrimers and dendrons have also been assembled with
DNA in order to generate complexes which have well-defined nanoscale
sizes (ca. 50-200 nm) that are capable of transfecting DNA into cells [35].

e A wide range of dendritic systems capable of self-ordering on the nano-
and mesoscales in order to form liquid crystalline domains have also been
reported [36].

It is therefore of little surprise that attention has recently begun to focus
on the potential of dendritic systems to assemble into nanoscale arrays which
exhibit gel-phase materials behaviour. As outlined above, in order to gener-
ate tunable gel-phase materials, it is necessary to understand and modulate
the molecular recognition event, i.e. the specific non-covalent interactions



Dendritic Gelators 245

between individual molecular building blocks. This allows the transcription
of information from the molecular to the nanoscopic level to be modulated,
ultimately controlling the macroscopic material properties. Given the op-
portunities for exercising exquisite control over dendritic composition, the
intrinsic potential of this class of molecule for molecular recognition, and
the inherent nanoscale size of well-defined dendritic structures, this class of
macromolecule provides a fascinating opportunity for exploring the phenom-
ena of supramolecular gelation.

3
One-Component Dendritic Gelators

3.1
Dendritic Hydrogels

3.1.1
Low Molecular Weight Dendritic Hydrogelators

As early as 1986, Newkome and co-workers initiated the field of dendritic
gelators by reporting dendritic bola-amphiphiles or “arborols” with hy-
drophilic surface head groups connected by a flexible lipophilic hydrophobic
spacer (Fig. 3) [37]. Unlike an amphiphile, which has an apolar chain func-
tionalised on one end with a polar head group, bola-amphiphiles have an
apolar chain which is functionalised on both ends with polar head groups.
In their preliminary communication, Newkome and co-workers reported
that their arborols formed a gel in aqueous solution. They commented in
particular on the “low molecular weight (1052) compared to a typical gel”.
Using transmission electron microscopy (TEM) they illustrated that a fibrous
assembly was formed, and noted that a 1 wt/vol% solution exhibited no
steady-state flow— analogous to a traditional crosslinked polymer gel. The
authors suggested that the polar head groups became “crosslinked via hydro-
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Fig.3 Dendritic bola-amphiphiles which act as effective hydrogelators
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gen bonding through water molecules”. This work was significantly ahead of
its time. Not only was this an early report of a well-defined small-molecule
gelator, it was also some 10 years ahead of most reports of dendritic com-
pounds which possess materials properties.

It is worth noting that Newkome’s structures have multiple surface hy-
droxyl groups. As outlined in the Introduction, it is these surface groups
that determine the compatibility of dendritic architectures with bulk envi-
ronments such as the surrounding solvent. These hydroxyl groups there-
fore ensure the compatibility of these systems with water. Furthermore, the
relatively apolar hydrocarbon chain is shielded within the dendritic super-
structure, and it may be expected that the structure will attempt to phase
separate in some way in order to yield stabilising hydrophobic-hydrophobic
and hydrophilic-hydrophilic interactions.

In a series of interesting studies [38], Newkome and co-workers modu-
lated the chemical architecture of these gelators (Fig. 3). The structures can
be abbreviated as [m]-n-[m] arborols, where m and n designate the number
of surface hydroxyl groups and the number of carbon atoms in the connect-
ing hydrocarbon spacer chain, respectively. Structural changes were made
using simple synthesis in order to assess the impact of chemical modifica-
tion at the molecular level on the macroscopic ability of these dendrimers to
induce physical gelation. Attachment of the hydrophilic head groups to the
hydrophobic core was achieved via a relatively straightforward two-step pro-
cedure: reaction of an «,w-dibromoalkane (which becomes the spacer chain)
with either ethyl sodiomethane tricarboxylate or methyl sodiomalonate, fol-
lowed by amidation with tris(hydroxymethyl)aminomethane (to generate the
dendritic head groups) [22]. This procedure gave high overall yields and was
sufficiently flexible to enable a variety of different dendritic structures to be
generated.

Thermally reversible aqueous gels were formed from the [6]-n-[6] series
where the number of carbon atoms in the spacer was 8 < n < 13. In this case,
gels were formed at concentrations of dendrimer as low as 1.0 wt/vol %. In
the [9]-n-[9] series gels were only formed where 10 < n < 13. It therefore be-
came clear that the presence of larger polar head groups (m =9) required
a longer apolar spacer chain in order for gelation to be observed. These ex-
periments thus indicated that an “optimum” relationship existed between the
length of the hydrocarbon spacer and the “size” of the hydrophilic head group
[38a]. By using experimental techniques (e.g. electron microscopy and light
scattering) as well as computer simulations, Newkome and co-workers postu-
lated that self-assembly was driven by uni-directional orthogonal stacking of
building blocks that maximised both lipophilic-lipophilic and hydrophilic-
hydrophilic interactions. In this way, the dumb-bell building blocks hierarchi-
cally self-assembled to form extended fibrous rod structures.

Newkome and co-workers also modified the properties of the spacer unit
in a different way. Specifically, they introduced central acetylenic (a) [38b],
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Fig.4 Structures of dendritic bola-amphiphiles with varied spacer chains: alkyne (a),
biphenyl (b), spirane (c)

biphenyl (b) and spirane moities (c) (Fig. 4) [38c]. It was noted that when the
spacer chain contained an alkyne group, the self-assembled state was signifi-
cantly altered. Electron microscopy revealed the presence of single-stranded
self-assemblies that hierarchically self-assembled to form helical supramolec-
ular structures. This aggregated state had a regular repeating twisted struc-
ture and a diameter of approximately 600 A. Furthermore, these helical su-
perstructures were not observed for the alkane analogues. Therefore, it was
argued that the less flexible alkyne spacer unit induces a non-orthognal stack-
ing and a favoured helical arrangement (Fig. 5).

Interestingly, the arborols possessing spirane or biphenyl moieties did
not induce gelation in an aqueous environment. Newkome and co-workers
concluded that the biphenyl and spirane spacer units were more sterically
demanding than the related alkane series, which disrupted the molecular in-
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Fig.5 Postulated stacking arrangements for dumb-bell-shaped arborols. Top: orthogonal
stacking of the alkane arborols. Bottom: non-orthogonal relationships between adjacent
molecules of alkyne arborols leads to A—helical structures, B—ribbon structures. Repro-
duced from reference [38b] with the kind permission of Wiley-VCH

teractions between building blocks. In summary, it was concluded that for
this class of hydrogelator, there appeared to be three parameters that control
gelation: the length of the spacer, the diameter/rigidity of the spacer and the
size of the head group.

Another interesting approach, which used the molecular requirements of
arborol self-assembly, was developed by Jergensen et al. [39]. In this case,
the self-assembling units of Newkome’s arborols were covalently attached to
a tetrathiafulvalene (TTF) core (Fig. 6) which has the potential for electri-
cal conductivity in the presence of an appropriate dopant. Unfortunately, the
synthetic route used to generate this molecule gave rise to a mixture of cis
and trans isomers. It was anticipated that uni-directional stacking of the gela-
tor building block may yield molecular wires with the TTF moieties forming
an internally conducting stack, partitioned from the solvent by the arborol

HO OH OH
HO OH
HO NH
s CH O, _NH
le) S S 3
HN” O H,c™ S ST >g Y

7\ HNZCOH
HO OH
OH OH

OH

Fig.6 Molecular structure of a bis-arborol-type molecule
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head groups. The TTF gel was prepared by dissolving a known amount of
material in hot solvent mixtures of 25% (v/v) ethanol/water or dimethyl-
formamide/water. On cooling, these solutions became opaque, resulting in
a gel-phase material. In this case, string-like superstructures were observed
using both phase contrast optical microscopy and atomic force microscopy
(AFM). These self-assemblies had lengths of the order of microns and diam-
eters ranging from about 30 to several hundred nanometres. It was found that
on oxidation of the gel with iodine, UV/Vis bands corresponding to oxidised
TTF oligomers (A = 874 nm) were observed in addition to a band corres-
ponding to oxidised monomer (A = 673 nm). In free solution, only the band
corresponding to the oxidised monomer is usually seen for this type of com-
pound. This observation suggested that the TTF units were brought into close
proximity within the gel, perhaps in a stacked arrangement. Cyclic voltamme-
try in acetonitrile indicated that the redox potentials of the TTF core were not
altered significantly by the arborol substituents. The redox properties within
the gel state would also have been of interest; however, gel-phase electro-
chemical investigations were not performed.

As indicated above, the investigation of electroactive self-assemblies is an
area of considerable current interest in terms of the development of insu-
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Fig.7 A bis-arborol tetrathiafulvalene derivative
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Fig.8 Hydrogelators based on ammonium-functionalised phosphorus-based dendrimers

lated nanoscale wires [40]. With such goals in mind, Bryce and co-workers
have recently reported a modified TTF arborol (Fig.7) which, owing to
the symmetry of the molecule, could not exist as a mixture of geometric
isomers [41]. Interestingly, they formed thin films of the dendrimer using
a spin-coating method, and noted that the arborol played a key role in
enabling film formation, presumably due to its inherent potential for self-
assembly. The thin films exhibited low-energy UV/Vis bands after iodine
doping, and furthermore showed modest conductivities, which suggests that
supramolecular ordering is present in the film. This indicates how the order
inherent in a gel-phase material may be harnessed, even at concentrations
below the gelation threshold, to yield advanced functional nanostructured
materials.

Majoral et al. reported a different class of dendritic hydrogelator. This
system was based on a symmetric (spherical) phosphorus-containing den-
drimer (Fig. 8) [42]. These dendrimers were relatively straightforward to
synthesise using divergent methodology well-established by Majoral and co-
workers [43]. Given that the synthetic approach is a divergent one, it was pos-
sible to generate a range of dendrimers with different surface functionalities
by simply varying the capping reagent used in the final step of the synthe-
sis. This enabled these researchers to investigate dendrimers with a range of
different surfaces. Given that it is the surface of the dendrimer which is ex-
posed to the bulk solvent, it was to be expected that simple modulation of
these groups should have a significant impact on the materials behaviour of
the dendrimers; in fact, all the gel-forming dendrimers reported by this group
have polycationic surfaces.

Majoral and co-workers also reported that dendrimers of generations 1 to
4 formed reversible rigid gels when dissolved in water, with gelation being
observed at concentrations of 1.5-1.8 wt/vol %. As stated above, the den-
drimers investigated had cationic surfaces: either ammonium or pyridinium
chloride. The nature of the cation appeared to modify the kinetics of gela-
tion, which was, in addition, strongly dependent on the experimental condi-
tions and extremely slow. The best results were obtained when an aqueous
solution of dendrimer was heated at 60-65 °C for 11-13 days. Ammonium-
functionalised dendrimers formed gels more quickly than the pyridinium-
functionalised system. Remarkably, gelation times were shortened by 10-30%
in the presence of water-soluble components such as metal salts (Ni, Y, Er ac-
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etates) or a buffer (tris(hydroxymethyl)aminomethane (Tris)). It is not clear,
however, why this is the case, although the authors speculated that acetate
anions could act to enhance the process of gelation by bridging the non-
covalent network of dendrimers. It is also somewhat unclear from simple
inspection of the structures why they should give rise to the one-dimensional
fibrillar assemblies observed by scanning electron microscopy (SEM) of the
freeze-dried aerogels. However, the authors have recently published a paper
in which the aggregation of this type of cationic dendrimer has been opti-
mised using high salt conditions, and the process rationalised in terms of
colloidal flocculation [44]. In addition, it was reported that macroscopic fibres
could be produced under gentle flow conditions. These fibres were mechan-
ically strong and, as the authors point out, the high inherent functionality of
dendritic molecules means that these fibres have potential for a wide range of
applications.

In the examples above, the dendrimers which form hydrogels are anal-
ogous to small molecules. They have well-defined structures and relatively
low molecular masses. However, as indicated in the Introduction, dendritic
molecules are able to span the range between small molecules and poly-
mer systems. In the following section, the dendritic systems described ben-
efit from the presence of a significant “polymeric” component, which plays
a proactive role in the formation of the hydrogel.

3.1.2
Dendritic Hydrogelators with a Polymeric Component

Self-assembling biomaterials have been extensively developed by Stupp
et al. [45] using a block copolymer strategy. The long-term goal of this work
is to develop functional materials that act as a temporary molecular scaffold
for cell growth and tissue engineering applications. The building block con-
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Fig.9 Block copolymer based on an L-lysine dendron, a biodegradable r-lactic acid poly-
mer chain and a cholesterol unit
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Fig.10 ABA block copolymer, with dendritic A blocks based on citric acid, which exhibits
hydrogelation properties

tains a cholesteryl moiety that is linked to a short chain of approximately 20
L-lactic acid residues (Fig. 9). The hydroxy terminus of this L-lactic acid chain
was substituted with L-lysine dendrons of different generations. In this sys-
tem, the cholesteryl unit assists the self-assembly process and the lactic acid
unit is potentially biodegradable.

It was proposed that the steric effects of the dendritic branching would
help to direct the self-assembly process. Indeed, it was observed that mod-
ulating the “size” of the dendron head group (from generation 1 to gen-
eration 3) controlled the mode of self-assembly and the aggregate morph-
ology. It should be noted that Stupp and co-workers do not explicitly state
that these materials form hydrogels; however, it is clear that this strat-
egy to self-assemble nanoscale soft biomaterials, which exhibit a signifi-
cant degree of hydration, is in some ways analogous to the process of
gelation. In a recent paper, these authors reported the application of this
type of system to form biological scaffolds [46]. A poly(r-lactic acid) fi-
brous network was modified with the second-generation dendron. It was
demonstrated that this network allowed more effective cell growth—a fea-
ture which may, in the future, be useful in tissue engineering and cell
transplantation.

In a similar general approach, Namazi and Adeli reported thermore-
versible hydrogels formed from ABA-type copolymers. The A blocks were
constituted from dendritic citric acid and the B block was a polyethylene
glycol unit (Fig. 10) [47]. This dendrimer has a dumb-bell-type structure,
somewhat reminiscent of Newkome’s bola-amphiphiles, only with a poly-
meric spacer chain. First- and second-generation dendritic systems were re-
ported and it was found that the gels could also be formed in the presence
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Fig. 11 Photocrosslinkable dendrimer with polymerisable methacrylate peripheral groups
can be used as a macromer for the construction of crosslinked gels

of small molecules. The authors indicated that such systems could therefore
have applications in drug delivery.

Grinstaff and co-workers utilised dendritic architectures for the synthesis
of hydrogels using a crosslinked polymer chemistry approach. Firstly, they
synthesised a series of well-defined polyester dendritic macromolecules com-
posed of succinic acid, glycerol and polyethylene glycol [48] (Fig. 11). These
branched structures are composed of building blocks that are known to be
biocompatible or degradable in vivo to give natural metabolites. Derivati-
sation of the dendritic periphery with a methacrylate unit rendered the
system photocrosslinkable. Photopolymerisation resulted in a gel network
composed of permanent covalent contact points or linkages resulting in a hy-
drogel material. This illustrates how dendritic molecules can act, not only
in a similar way to LMWGs (as described previously), but also as fasci-
nating building blocks for the formation of more traditional crosslinked
polymer gels. In situ photopolymerisation is currently being explored for
dental, drug delivery, biological adhesive and ophthalmology applications.
Indeed, in one of their papers, Grinstaff and co-workers illustrated that
their biodegradable dendritic gel performed effectively as an adhesive for
repairing corneal lacerations, and was more effective than conventional
stitching [48b].

In the example above, the key role of the dendritic architecture is to act
as a multivalent crosslinking unit in the formation of the gel-phase materi-
als. Gitsov and Zhu have also utilised a similar approach to the application of
dendritic architectures. They reacted Fréchet-type dendritic benzyl bromides
and polyethylene glycol to generate hybrid covalently crosslinked dendritic-
linear copolymers, which acted as hydrogels [49].
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3.2
Organogels

3.2.1
Low Molecular Weight Dendritic Organogelators

In 2000, Aida and co-workers were one of the first groups to report den-
dritic molecules capable of forming physical gels with organic solvents at low
concentration [50]. They made use of Fréchet-type dendrons functionalised
at the focal point with a dipeptide (Tyr-Ala) building block (Fig. 12, cate-
gory 1). They found that second- or third-generation dendritic branching was
required for effective gelation, which occurred at very low concentrations (ca.
1.0 mM). Indeed, they calculated that one molecule of gelator could effectively

COzMe COzMe

Category 1
MeOzC

COzMe MSOZC

Category 2 Category 3

Fig.12 Three categories of molecules, some of which are capable of forming gel-phase
materials in organic solvents (see discussion)
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“immobilise” almost 20 000 solvent molecules. (It should, however, be pointed
out that in gel-phase materials, individual solvent molecules are not strictly
immobilised but actually retain their molecular mobility, trapped within the
interstices of the gel microstructure, with the overall flow of the fluid being
inhibited as a consequence of capillary forces.) In contrast, lower-generation
analogues only gave a crystalline solid, rather than a gel-phase assembly.

In a subsequent excellent paper, Jang and Aida uncovered the detailed
structural parameters required for effective gelation by synthesising a series
of different dendrons (Fig. 12) [51]. Three different categories of potential
gelator were reported, in which the Fréchet-type dendron was attached either
to the tyrosine side chain of the dipeptide (category 1), the N-terminus of the
dipeptide (category 2) or the C-terminus of the dipeptide (category 3). The
key conclusions of this study were as follows:

1. Dipeptides were required for effective gelation (rather than monopep-
tides).

2. Ester functionalities (rather than methoxy groups) on the surface of the
dendron assisted the gelation process.

3. Peptides in categories 1 or 2 were required for gel formation.

4. Higher-generation dendrons gave more effective gelation.

The dendritic branching therefore plays a proactive role in encouraging gela-
tion (perhaps steric). However, on applying differential scanning calorimetry
(DSC) to the dried gels, only a small dendritic effect was observed. In this
case, the effect of dendritic branching was not readily quantified.

Fig. 13 Proposed assembly modes for the organogelators depicted in Fig. 12. This image is
reproduced from reference [51] with kind permission of the American Chemical Society
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Fig. 14 Dendritic organogelator based on triazine building blocks

Furthermore, the xerogels were investigated using SEM. In certain
cases, the self-assembled state exhibited a fibrous nanostructure, whilst
others showed relatively wide (30-60 nm) self-assembled nanoribbons. X-ray
diffraction (XRD) measurements on the dried xerogels combined with other
results helped the authors to propose different modes of self-assembly for the
different categories of dendritic gelators. These are illustrated in Fig. 13.

Recently, Jang and Aida functionalised a macrocyclic core with dendritic
substituents [52]. The resultant dendrimer self-assembled into a solution-
phase fibrous nanostructure with the dendritic branching assisting the solu-
bilisation of the macrocycle and playing a proactive role in enabling effective
stacking of the units into fibres. However, the authors did not report gel-
phase materials properties for these assemblies, and it is worth noting here
that gelation requires the hierarchical self-assembly of individual nanoscale
supramolecular fibres into a network of fibre bundles.

Simanek and co-workers reported a small library of triazines with a var-
iety of surface and interior linking groups which were capable of acting as
organogelators (Fig. 14) [53]. They ascertained that dendrimers which incor-
porated interior and surface groups capable of donating hydrogen bonds (e.g.
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Fig. 15 Dendrons and symmetric dendrimers capable of gelating organic solvents

using an N — H group) were more effective gelators than those that did not.
The authors also reported that halogenated solvents only formed gels when
acidified with HCL. Furthermore, they observed that for gel-forming systems,
the gel permeation chromatography (GPC) retention times were significantly
different in acidified and neutral chloroform, which indicates that GPC was
a good method for probing gelation behaviour. Transmission electron mi-
croscopy (TEM) confirmed the presence of fibres in the assembled structure.
In this case, however, no clear dendritic effect on material properties was
reported.

Kim and co-workers used peptide dendrons to form gel-phase assembled
materials at relatively high concentrations (8 wt/vol %) [54]. They employed
both dendrons and symmetric dendrimers constituted from repeating amide
units with peripheral hydrophobic chains (Fig. 15). They observed a negative
dendritic effect on the thermal stability of the gel as determined from the gel-
sol transition temperature (Tgel) measurements.

In this example, the thermal stability decreased with increasing dendritic
generation, for both the dendrons and the symmetric dendrimers. TEM and
XRD studies indicated a lamellar structure. Interestingly, some of these asym-
metric phase-separated dendrons also possess amphiphilic properties and
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Fig.16 Dendron used for assembly of gel-phase materials which can subsequently be
crosslinked by in situ photopolymerisation of the triple bonds

were observed to form discrete vesicles (diameter ca. 160 nm) in an aqueous
phase.

In an extension of this work, alkyne functionalities were incorporated
into the long hydrophobic tails on the periphery of the dendritic structure
(Fig. 16) [55]. TEM images of the second-generation dendron indicated the
presence of fibrous bundles, and XRD of the dried gels indicated that these fi-
bres had a hexagonal columnar structure. An attempt was made to covalently
“capture” the assembled superstructure using in situ photopolymerisation of
the triple bonds. UV irradiation of the assembled structures in toluene led
to a colour change, with the samples becoming deep red. After irradiation
for 2 h, part of the sample became insoluble in organic solvents, with this
product maintaining its columnar hexagonal packed structure as indicated by
XRD. It was argued that this material was the covalently fixed analogue of the
gel-phase self-assembled state.

Smith and co-workers reported a one-component gelator based on L-lysine
dendritic branches (dendrons) (Fig. 17) [56]. These symmetric dendrimers
with a core disulfide moiety induced gelation of a number of organic sol-
vents including cyclohexane, acetonitrile and dichloromethane. In particular,
the Ty value increased dramatically with increased dendritic branching. This
was the first example of a positive dendritic effect on gelation which could be
directly quantified. It was argued that this positive dendritic effect is a conse-
quence of additional dendrimer-dendrimer hydrogen-bonding interactions,
which are possible between amide groups in the more extensive dendritic
branching. SEM indicated that a generation-dependent fibrous morphology
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Fig.17 Third-generation dendritic disulphides constructed using biocompatible L-lysine
building blocks

was generated, with circular dichroism (CD) spectroscopy studies showing
that the nanoscale self-assembly had a helical bias. This investigation in-
dicated that peptidic dendritic branching can play a proactive role in the
formation of highly functional organic materials.

It is worth noting that several other groups have reported peptidic den-
drimers capable of non-specific self-assembly in organic solvents. Kraft and
Osterod investigated dendritic aromatic amides [57], whilst Chow and co-
workers investigated a series of dendrimers based on branching constructed
from B-alanine and 3,5-diaminobenzoic acid [58]. In both cases, ill-defined
nanoscale aggregates assembled as a consequence of hydrogen-bonding inter-
actions. However, in neither case was gel-phase materials behaviour reported.
The degree of aggregation was relatively low in both cases, and hence the
dendrimer network was not sufficiently developed to induce macroscopic
gelation.

3.2.2
Dendritic Organogelators with a Polymeric Component

Perhaps some of the most exciting work using one-component dendritic gela-
tors has been performed by Stupp and co-workers. They have investigated the
assembly properties of so-called dendron rod-coil molecules (Fig. 18) [59].
These dendron rod-coils are effectively tri-block copolymers, which have
a flexible (coil) polymer unit attached to a well-defined linear rigid rod
unit, which is, in turn, grafted to a dendritic head unit. The synthesis of
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Fig. 18 Dendron rod-coil molecule used for self-assembly of a one-dimensional nanoscale
architecture, hence leading to the formation of gel-phase materials

a whole range of different dendritic generations of dendron rod-coils has
been reported [60]. Interestingly, even in the extremely dilute state (as low
as 0.2 wt/vol %), these systems underwent self-assembly in various organic
solvents to produce birefringent soft solids. TEM imaging indicated the for-
mation of one-dimensional fibrous objects with a uniform width of 10 nm,
which could be consistent with bimolecular packing. Strands as longas 10 um
could be isolated, which indicates the high aspect ratio of the assembled
superstructure. In order to probe the structural requirements for assembly,
a range of analogues have been prepared and their assembly properties inves-
tigated. It was found that:

1. At least four hydrogen-bonding OH groups were required on the surface
of the dendron block for effective gelation, indicating the importance of
hydrogen-bonding interactions.

2. Therigid-rod segment required a sufficient number of biphenyl ester units
for assembly to occur. Indeed, the more biphenyl ester units, the greater
the mechanical strength of the gel, suggesting a role for 7-x interactions
in the assembly.

3. A sufficiently long coil was found to be essential for gelation.

4. Dendrons of higher generation were not effective in forming gels, possibly
a steric effect of the bulky head group.

AFM imaging indicated a uniform thickness of 2 nm and this led the authors
to propose a ribbon-like structure, a proposal supported by light-scattering
studies [61]. The crystal structure of an analogous small organic molecule
was determined, and this allowed the authors to propose a structural model
for the assembled ribbons.

Most interestingly, Stupp and co-workers have begun to develop applica-
tions for the self-assembled nanostructures. They exploited the self-assembly
of molecular building blocks as scaffolding for toughening polymeric materi-
als [62]. Judicious solvent selection provided a solvent capable of promoting
self-assembly and providing a polymerisable medium. In this exciting de-
velopment, the polymerisation reaction essentially takes place around the
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Fig.19 TEM image of the CdS nanohelices generated using assemblies of dendron rod-
coils as a templating matrix. This image is reproduced from reference [63] with kind
permission of Wiley-VCH

nanoscale assembled structure generated by the dendron rod-coil. Small-
angle X-ray scattering (SAXS) studies indicated that the polymer retained
reflections corresponding to the fibrous scaffold and, furthermore, the poly-
styrene generated in this way had a significantly higher impact strength. It
was argued that the supramolecular structure within the polymer may act as
an impact-absorbing skeleton to dissipate strain energy. Dendron rod-coils
have also been used for the preparation of CdS nanohelices (Fig. 19) [63].
Cadmium nitrate was added to THF and then mixed with a dendron rod-coil
gel. The gel was aged for one week and then exposed to H,S(g). The sample
was aged for a further week, and the solid inorganic product was isolated.

TEM analysis indicated the formation of right- and left-handed helices
of CdS, which had been templated on the twisted nanoribbon architecture
assembled by the dendron rod-coil. These workers have also utilised their
dendron rod-coils for the assembly of ZnO nanocrystals [64]. When these
organic-inorganic assemblies were placed in an electric field, a degree of
alignment occurred (as determined using UV/Vis spectroscopy and second
harmonic generation measurements). Most notably, these aligned nanocom-
posites had a lower threshold for lasing behaviour than pure ZnO nanocrys-
tals. These results indicate the way in which self-assembly using dendritic
building blocks can be used to generate hybrid nanomaterials with potential
photonic applications.

Recently, Stupp and co-workers demonstrated that dendron rod-coil sys-
tems can have conjugated systems such as oligothiophene incorporated into
their rod segments [65]. These molecules formed gel-phase materials in or-
ganic solvents and self-assembly of the systems gave rise to a blue-shifted
absorption spectrum, and a red-shifted, quenched fluorescence spectrum. In
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the case of the oligothiophene system, self-assembly led to a three orders of
magnitude enhancement in the conductivity of iodine-doped films. In add-
ition, the supramolecular assemblies could be aligned in an electric field; this
macroscopic orientation may well be useful in the fabrication of devices for
use in nanotechnology.

4
Two-Component Dendritic Gelators

4.1
Introduction to Two-Component Gels

Two-component gelators are significantly rarer than single-component sys-
tems. In a two-component gel, the process of gelation is intrinsically depen-
dent on two different molecular-scale components interacting to generate
a complex. This complex subsequently undergoes hierarchical self-assembly
to yield nanoscale fibres that interact with one another to form a sample-
spanning entangled network. Macroscopically, this hierarchical process gen-
erates a gel-phase material.

A range of different systems have been used to generate two-component
gels. For example, a number of systems are formed by two components
which interact through complementary hydrogen-bonding interactions [66].
Other approaches to the formation of the intial complex have relied on
-1 acceptor-donor interactions [67] and metal-ligand bonds [68]. A final
method for generating two-component gel-phase systems involves the for-
mation of a latent covalent bond between two molecules which in their own
right are not gelators, but which form a gelator on reaction with one another;
in some cases, this bond-forming step can itself be reversible (and therefore
somewhat like a non-covalent interaction) [69].

In addition to exemplifying the way in which supramolecular chemistry
can operate on multiple different levels, two-component systems have a vast
degree of tunability. Either one of the two molecular components can be
subtly varied in order to ascertain the effects on nanoscale architecture and
macroscopic behaviour. In this way, there is the potential to access novel
forms of functional gel-phase materials.

4.2
Two-Component Dendritic Organogels

In early 2001, Smith and co-workers communicated the basic design princi-
ples of the first dendritic two-component gelator [70]. This system was based
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on the interaction of dendritic building blocks based on L-lysine repeat units
with an aliphatic diamine (Fig. 20).

This system has been investigated in detail, and the tunability of this type
of two-component gelation system has been exemplified, as explained be-
low. The acid-base interaction between the two components plays a primary
role in the formation of the gel—if the acid is protected as an ester, no gel
formation takes place. It is proposed that this interaction (Fig. 20) generates
the gelator complex, which is the species that hierarchically self-assembles to
form fibrous gel-phase aggregates. Interestingly, it was reported that macro-
scopic gelation still occurred when the acid-base interaction was swapped for
an interaction between a crown ether and a protonated amine (Fig. 21) [71].
This indicates that different supramolecular interactions between the compo-
nents can easily be employed.

Smith, Hirst and co-workers reported the effect of the aliphatic diamine
spacer chain length on the supramolecular chiral assembly [72]. Interestingly,
the degree of structuring observed in these gel-phase materials was directly
controlled by the length of the diamine spacer unit, as illustrated by the ther-
mally reversible gel-sol phase transition (Tg). Remarkably, as the length of
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Fig.21 Two-component gel based on interactions between a crown ether and a bis-
protonated amine
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the spacer unit was incrementally increased from six to twelve carbon atoms,
Ty increased profoundly from 4 to 105°C. This major change in macro-
scopic behaviour results from a relatively small modulation in molecular-level
structure. Scanning electron microscopy (SEM) showed that the length of
the spacer unit dictated the aggregate morphology and that the formation
of long, intertwined fibres with widths of ca. 20 nm is a prerequisite for
a high degree of structuring. This situation was only achieved with aliphatic
diamines that possess relatively longer spacer chains. Intriguingly, CD spec-
troscopy indicated that the spacer unit also controlled the level of helicity
of the self-assembled state. Furthermore, 'H NMR spectroscopy of the self-
assembled state indicated that the spacer unit dictates the mobility of the
peptide units via the formation of intermolecular amide-amide hydrogen
bonding. It is proposed that in this way, the molecular structure of the spacer
unit can directly control both the mesoscale morphology and the macro-
scopic properties of the gel. Solvent studies supported this hypothesis, with
apolar, non-hydrogen-bonding solvents being the preferred solvent environ-
ment for the formation of these gels. Indeed, the thermal properties of the
gel could be correlated with the polar solubility parameter §, and with the
Kamlet-Taft hydrogen-bonding parameter o [73].

In addition, the effect of dendritic generation on the self-assembly was
investigated [74]. Notably, in contrast to some other reports of dendrimer
assembly, an optimum size of gelator unit was identified; second-generation
branching gave a more thermally stable gel-phase material than first- and
third-generation analogues. It was argued that in this case, optimal gelation
conditions are reflected in a balance between the formation of enthalpically
favourable hydrogen bonds and the steric and entropic cost of immobilis-
ing larger dendritic branches. It is notable that this observation is different
from the results obtained with one-component dendritic systems based on
L-lysine [56, 75]. This probably reflects differences in the mode of hierarchical
self-assembly between one- and two-component gelators.

The effect of stereochemistry on the supramolecular chiral assembly was
also studied [76]. The stereochemistry of the lysine groups in the dendritic
building blocks played a key role in controlling the mode of self-assembly.
Notably, the T value, which reflects the macroscopic properties of the gel,
was dependent on the stereochemistry. Racemic mixtures of L,L,L and D,D,D
dendritic peptides possess lower Tg values than their single- enantiomer
analogues. Interestingly, SEM investigations indicated that the racemic gels
possess a dramatically different morphology (Fig. 22). CD spectrometry in-
dicated the helical nature of the homochiral assemblies and, furthermore,
demonstrated that the presence of the “wrong” stereoisomer was able to
disrupt the stacking process. This resulted in the break-up of well-ordered
helical assemblies, giving rise to nanoscopic structures, which have less stere-
ochemical and morphological definition.
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Fig.22 Effect of chirality on the nanoscale morphology of the two-component gelation
system. a =1,1,1. b =50% D,p,D, 50% L,L,L. ¢ =d,d,d

Stereoisomeric gels, in which one chiral centre of the dendritic peptide was
changed, were also investigated. This important study proved that a subtle
stereochemical change to a single chiral centre had a pronounced effect on
the self-assembly process. The Ty values of these gels were depressed and
SEM indicated a less entangled fibrous network. SAXS data indicated that the
mode of molecular packing was also modulated, as was the helicity of the fi-
bres. It is particularly noteworthy, given that dendritic systems are capable of
multiple interactions, that when one chiral centre is modified the gel forma-
tion is not completely switched off, but the nanostructure and strength of the
material can be modulated. This is a clear example of the impact that subtle
changes in chirality can have within an assembled dendritic architecture, and
indicates that hydrogen-bonding interactions which yield dendritic gel-phase
assemblies can enable exquisite levels of control over materials behaviour.

In a key study, Smith, Hirst and co-workers reported the effect of vary-
ing the ratio of the two components [77]. Remarkably, increasing the amount
of diamine relative to the dendritic branch changed the propensity of this
system to induce macroscopic gelation, and ultimately gave rise to a com-
pletely new morphology in which micrometer-sized platelets were observed

Fig.23 The nanoscale morphology observed using SEM for the two-component gelation
system. a =2:1 dendron:diamine ratio. b =1:4.5 dendron: diamine ratio
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(Fig. 23). It is believed that as the amount of dendron was decreased relative
to the diamine, it was less able to stabilise the extended fibrous morphology,
and instead, microcrystalline chunks of diamine formed which were effec-
tively capped by the small amounts of dendron present. This result illustrates
a way in which two-component gels can be tuned that is not accessible for
single-component gelators.

It is worth noting that Aida and co-workers have also reported what is
effectively a two-component approach to a fibrous (columnar) assembled
nanostructure [78]. They synthesised dendrons with a pyrazole unit at the
focal point. Pyrazole is an exobidentate ligand capable of binding Group 11
univalent metal ions (Cu(I), Ag(I) and Au(I)), and appropriately function-
alised pyrazoles are capable of forming metal pyrazolate coordination trian-
gles (Fig. 24). Heating a paraffin suspension of the dendron-metal complexes
at 200 °C and then cooling gave rise to a fibrous precipitate. In this case, the
material formed did not show gel-phase properties due to its poor solubil-
ity in paraffin. It was argued that metal-metal interactions were responsible
for holding the assembled fibrous superstructure together. The fibres were
intensely luminescent, and the dendritic ligand was capable of acting as an
antenna, transferring energy to the interior metal ion cluster. On dissolution
in CH;,Cl,, the characteristic luminescence disappeared as the fibre became
dissociated into individual metallacycles. Interestingly, an optimum level of

complex
stacking

JiS\o M = Cu(l), Au(l)

Fig.24 Two-component approach to fibrous assemblies in which the initial complex is
assembled as a consequence of coordination interactions between dendritic pyrazole
ligands and metal ions. These complexes go on to assemble into columnar fibrous super-
structures that precipitate from solution
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dendritic branching was required for the assembly process to take place, indi-
cating that unfavourable steric repulsion and favourable van der Waals forces
between dendron units are in balance within the stacked superstructure—
a common feature within dendritic assemblies [74]. On investigation by SEM
it was found that, remarkably, even though the system does not contain
any chiral centres, the fibres were helical and comprised a bundle of several
loosely twisted fibrils.

4.3
Versatile One- and Two-Component Dendritic Gelators

In a recent publication, Smith and co-workers developed a dendritic system
which is capable of acting as both a one-component and a two-component
dendritic gelator (Fig.25) [79]. By changing the “surface groups” on the
L-lysine dendron from Boc protecting groups to long alkyl tails, the den-
dron becomes, in its own right, a one-component gelator. In fact, peptidic
molecules with long alkyl tails are well-known to promote gelation as a con-
sequence of their ability to form hydrogen bonds combined with a preference
for solvophobic packing and their ability to form van der Waals interac-
tions [80]. However, it had not previously been realised that such systems can
also form a two-component complex on the addition of aliphatic diamine,
and this was exploited to develop a very tunable gelation system.

When the dendrons were investigated as one-component gelators, second-
generation dendron B formed effective gel-phase materials, with a T value
increasing up to a maximum of 87 °C. First-generation dendron A, on the
other hand, only formed very soft, weak networks, with the Tgel values re-
maining at approximately 20 °C irrespective of concentration. This indicates
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Fig.25 First A and second B generation dendrons capable of acting both as one- and
two-component gelators. Dendron B is a more effective one-component gelator, whilst
dendron A forms stronger gels in the presence of a second component (diaminodode-
cane)
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that the additional dendritic branching of dendron B significantly assists
in the assembly of gel-phase materials—presumably by allowing the forma-
tion of additional favourable non-covalent interactions. Interestingly, how-
ever, when investigated as two-component gelators, the mixture of dendron A
(a poor gelator in its own right) with diaminododecane gave rise to a very
effective gel, with a maximum T, gel value of 95°C. In contrast, dendron B
(a potent gelator in its own right) only formed very weak gels in the presence
of diaminododecane, with a maximum Tg value of 20 °C.

The addition of the second component therefore enhanced the gelation
process for dendron A, but hindered the gelation process for dendron B. In
summary, the gel-phase materials properties of the two dendrons responded
in opposite ways to the presence of a diamine additive. This is a remarkable
example in which dendritic generation and the use of a second (supramolec-
ular) component can both control materials properties. This effect can be
considered as orthogonal dendritic and supramolecular control. It was ar-
gued that, in the future, these systems may be exploited to develop switchable
and highly controllable gel-phase materials.

5
Conclusions and Future Outlook

It is clear that the field of low molecular weight organogelators is one of
the most exciting frontiers of supramolecular science. By controlling molecu-
lar recognition events, the self-assembly of molecular building blocks into
nanoscale architectures is realised. This bottom-up fabrication approach will
doubtlessly allow the generation of highly functional and tunable nanostruc-
tured materials of importance in the emerging field of nanochemistry. This
article has focussed on the formation of soft materials, and in particular has
illustrated the application of dendritic building blocks in the self-assembly of
tunable gel-phase materials. The specific roles played by dendritic branching
in the formation of gel-phase materials can be summarised as follows:

e Multiple interactions between dendritic branches enable the formation of
strong fibrous assemblies as a consequence of multivalency (multiple non-
covalent interactions are stronger than isolated ones).

e Dendritic branching can play a proactive steric role encouraging the for-
mation of one-dimensional assemblies.

e For the formation of more traditional crosslinked polymer gels, dendritic
building blocks act as ideal crosslinking units with multiple reactive sites.

It is also worth noting that very few dendritic gelators are the fully spher-
ical systems traditionally associated with dendrimer chemistry. It is in-
tuitively clear that spherical systems will have difficulty assembling into
one-dimensional fibres, and consequently it is likely that the use of non-
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spherical dendritic systems to obtain gel-phase materials is a general design
principle.

In terms of applications, it is expected that dendritic gels will have similar
applications to other low molecular weight gelators. However, the branched
framework of dendritic building blocks also offers a number of inherent ad-
vantages which may be of special interest. The following points offer some
speculation about directions in which applications of dendritic gelators may
develop in the future:

e The tunability of dendritic structures means that subtle modifications
can easily be made to the dendritic architecture. Such modifications can
modulate gel-phase properties without completely disrupting the gel for-
mation process.

e The dendritic branching often forms the periphery of the fibrous assem-
bly, and as such can be considered to play a role in the encapsulation of
the centre of the fibre from the bulk solvent. This may lead to modification
of, for example, electronic and optical properties within the assembled gel
state.

e The dendritic branching provides multiple surface groups, and as such has
potential for chemical modification to yield gelators with multiple cova-
lently appended functionalities.

e The multiple surface groups present on the surface of the fibre (as a conse-
quence of the dendritic branching) may offer multiple points for interac-
tion with other species (e.g. other nanostructures or biological systems);
this may give rise to gels with good adhesive properties.

e The repeating branched architecture can, in principle, be biodegraded
into a relatively small number of similar building blocks. In many cases
dendrimers are constructed from biocompatible branched motifs, such as
L-lysine or L-glutamic acid derivatives; this may give rise to biocompatible
gelators.

In summary, the unique architecture of dendritic molecules has proven to
be amenable to the formation of gel-phase assemblies. We propose that the
inherent branched architecture of dendritic macromolecules will be further
exploited in the near future to yield a new generation of functional, dendritic,
soft nanomaterials.
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