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Abstract: In the past 10 years, the molecular self-assem-
bly and network formation of small molecule gelators
has become one of the most active frontiers of the
emergent area of nanochemistry. Increasingly, research
efforts have begun to focus on multicomponent gelators,
which rely on the initial interaction of distinct individual
components to form a complex that subsequently self-
assembles into a fibrous supramolecular polymer. In
true two-component systems, an individual component
can be present in isotropic solution, and only on addi-
tion of the second component will a gel actually form.
In some cases, however, two-component gels are report-
ed in which the second component significantly modifies
the behaviour of a known gelator. Both systems are dis-
cussed in this article. The additional level of supra-
molecular control in the hierarchical self-assembly of
two-component gels confers exquisite tunability and
controllability. Functionality can be readily built into
the material by simple variation of one of the individual
components. This article discusses the key approaches
used to control self-assembly by manipulating single
molecular-recognition events and illustrates how con-
trolling the transcription of information from the molec-
ular to the macroscopic level by the simple addition of
a second component allows complex functional materi-
als to be selectively assembled from simple building
blocks.
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Introduction

The properties of a material depend both on the nature of
its molecular constituents and the precise spatial positioning
of functional groups. Supramolecular chemistry has provided
a means of exploiting this exciting frontier of chemistry by
the rational design of molecular components or building
blocks capable of programmed self-assembly.l!! Modifying
the covalent structural framework of a molecule can lead to
the explicit manipulation of the molecular recognition
event, a process that ultimately controls the function or
macroscopic behaviour of the material. The structural
framework of the building block can be considered to be
programmed with molecular information (e.g., chirality, hy-
drogen-bonding capacity, steric demands, electrostatic prop-
erties, hydrophilic or hydrophobic character and metal-ion-
binding capability). Self-assembly provides a route to or-
dered nanomaterials that would be impossible to generate
by more traditional synthetic approaches. For example,
“bottom-up” fabrication, using simple molecular building
blocks to fashion nanoscale assemblies, has enabled the cre-
ation of remarkable architectures ranging from helices and
grids to rotaxanes and catenanes.

In addition to the assembly of intriguing architectures,
self-assembly has also been applied to the construction of
nanostructured materials that extend over macroscopic
length scales. Supramolecular gel-phase materials™ based on
low-molecular-weight gelators are a prime example of the
way in which bottom-up fabrication can be used for the as-
sembly of nanoscale architectures. Supramolecular gels are
constructed from individual molecules organised through a
self-complementary network of interactions, enabling them
to assemble into extended fibres and hence form a self-sup-
porting gel. In most cases, these gels are based on a single
molecular component. Indeed, using this approach a vast
array of organogels and hydrogels based on different molec-
ular building blocks have been reported, and a good under-
standing is gradually beginning to emerge.?! Typically, these
building blocks assemble by means of self-complementary
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hydrogen bonds, m—m interactions, solvophobic interactions,
van der Waals forces and so forth.

This article, however, focuses on two-component gelation
systems, which have a significant conceptual difference to
their one-component analogues. In two-component gels,
self-assembly relies on the initial interaction between two
distinct, complementary components to form a complex.
This complex subsequently self-assembles into a fibrous
supramolecular polymer (Scheme 1). The formation of the
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Scheme 1. Schematic illustration of the self-assembly of a two-component gel-phase material.

complex prior to fibrillar assembly offers an additional level
of control in the hierarchical self-assembly process, and, as
will be illustrated in this article, provides exquisite tunability
and control—indeed this level of control is difficult to repli-
cate in one-component gelation systems. In two-component
systems, structural modifications of either one of the two
components readily enable the introduction of functional
behaviour into the materials. Finally, the ratio of the two-
components offers another parameter that can be varied to
generate new morphologies and tune the materials behav-
iour.

This concept article describes the different types of two-
component self-assembling gelation systems. It is shown that
the use of hydrogen bonding,
chirality, reversible metal-
ligand interactions and charge-

Hierarchical
Assembly

two-component gels, will also be discussed in this article.

Two-Component Organogelators

Hydrogen-bonding/electrostatics: The first two-component
gelators were reported in 1993, and it was Hanabusa and
co-workers who were perhaps the first to realise the poten-
tial of this general approach to gelation. This group reported
a two-component gel based on
the well-known interaction be-
tween barbituric acid and py-

Eg_ts']ﬁ'ed rimidine units. These building
orilar .
Gel-Phase blocks (1 and 2, respectively)
Network

were functionalised in such a
manner as to encourage the
one-dimensional assembly of an
extended complex. This was
achieved by sterically blocking
one face of each of these
“three-faced” noncovalent
building blocks, and the authors proposed that this should
give rise to self-assembly as illustrated in Scheme 2.

Indeed, gel-phase materials were generated by applying
precisely controlled 1:1 mixtures, although the concentra-
tions required for gelation were relatively high (40-160 mwm,
depending on the solvent). IR spectroscopic measurements
supported the formation of the proposed hydrogen-bond in-
teractions. Transmission electron microscopy (TEM) indicat-
ed a fibrillar architecture, with large fibre diameters
(80 nm), consistent with the hierarchical self-assembly of
smaller strands. Miilhaupt and co-workers made use of this
type of self-assembling system to assemble nanoscale fibres
within a polypropylene matrix and illustrated that these

o H

transfer interactions to build CoH N .
self-assembling two-component s >:O
systems confers tunability and Cals & N\H ""'H
responsiveness to  different %, % NH
stimuli. Strictly speaking, in H oo N=
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individual components should H S S NH
form a solution, and only on Q N/H N-H CoH < N'H \‘g‘H
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nent will a gel form. It should, CraHas N H N 2z NG
however, be noted that in some o H N-H Q"—,,, H H\N—H
of the two-component gels dis- 4 Ho N=
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nents forms a gel in its own S8 NH
right and the addition of the Coabae ? N’H :_:H
second component modifies the >:0,,
gelation process as a conse- Craks 4 N\H ’
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quence of complex formation
with the first component; such
systems although not strictly
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Scheme 2. Assembly of compounds 1 and 2 through hydrogen-bond interactions gives rise to an extended fi-
brous nanostructure, and hence a gel-phase material.
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Scheme 3. Complex formed between compounds 3 and 4 which leads to enhanced gelation in 1,2-dichloroethane.

types of two-component assemblies can lead to modified
materials behaviour of the polymer.”!

Shinkai and co-workers have also made use of barbiturate
derivatives to generate two-component gels.”! In their case,
they developed barbiturate receptors functionalised with
cholesterol units (compound 3, Scheme 3). Cholesterol is a
building block that is known to encourage gelation, primari-
ly as a consequence of solvophobicity. Indeed, compounds
such as 3 do form gels in certain solvents (e.g., toluene) in
their own right. However, in selected solvents (e.g., 1,2-di-
chloroethane), addition of a barbiturate guest (4) enhanced
the gelation properties. Recently, Yagai, Kitamura and co-
workers reported a related gelation system based on mela-
mine/barbiturate interactions that exhibited good gelation,
even at relatively low concentrations (e.g., 0.2 wt % ).

In interesting recent studies, hydrogen-bond interactions
between nucleobases have also been employed to generate
two-component gelation systems.”! Shinkai and co-workers
have made use of an organogelator based on thymidine,
which yielded opaque gels in benzene, and demonstrated
that when complementary (poly(A)) RNA was added (with
an appropriate lipid to aid solubility), a new transparent gel
phase was formed. It was reported that in addition to a
change in optical properties, the thermal behaviour of the
two-component gel was also modified. Noncomplementary
RNA (poly(C)) did not modify the gel properties in this
way.

Beginning in 1993, McPherson and co-workers have made
a detailed and informative study of organogels that form
when substituted phenolic compounds, such as p-chloro-
phenol (5) are added to anhy-
drous solutions of the twin-
tailed anionic surfactant sodium
bis(2-ethylhexyl)sulfosuccinate
(6, AOT; Scheme 4).®! Using
this two-component system,
they found that gel phase mate-
rials could be generated in non-
polar solvents including isooc-
tane, toluene and hexadecane.
The propensity for gel forma-

tion was most evident when mode of self-assembly.

Chem. Eur. J. 2005, 11, 5496 -5508

Scheme 4. Association of p-chlorophenol (5) and bis(2-ethylhexyl) sulfosuccinate (6, AOT) and proposed

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

using a 1:1 molar ratio of phenol/AOT. In nonpolar solvents
AOT typically forms spherical inverse micelles. Upon addi-
tion of the phenolic component, however, the low-viscosity
micellar solution spontaneously transformed into a rigid or-
ganogel.

It was proposed that gelation begins through the forma-
tion of a hydrogen-bonding interaction (possibly with associ-
ated proton transfer) between the phenol and the sulfonate
head group of the AOT. This proposal was supported by the
observation that gels form efficiently when para-substituted
phenols were used; however, ortho-substituted phenols do
not form gels—presumably as a consequence of steric hin-
drance of the phenolic OH group. Furthermore, the thermal
stability of the gel increased with the pK, value of the phe-
nolic component. For example, the gel-sol transition tem-
perature (7,,) of the gel based on p-nitrophenol gels was
significantly higher than the corresponding p-chlorophenol-
based gels. Once again, these observations are consistent
with the involvement of the phenolic OH group in a hydro-
gen-bond (or proton-transfer) interaction. This class of ma-
terial has also been shown to form gels if the phenol build-
ing block is replaced by a dihydroxynaphthalene.”!

Evidence suggested that after the initial complexation be-
tween phenol and AOT, the gel-phase materials were con-
structed from strands of stacked and motionally restricted
phenol molecules, with the surfactant molecules hydrogen
bonded to the outer surface, coating the fibres, ensuring
compatibility with the surrounding solvent environment
(Scheme 4). The microstructure was later determined in
more detail using small-angle X-ray scattering (SAXS) and
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atomic force microscopy (AFM). In summary, it was found
that AOT-phenolic strands, each composed of individual
phenol stacks (ca. 2 nm in diameter, as shown in Scheme 4),
self-assemble into fibres (ca. 10 nm diameter). These fibres
then aggregate further into fibre bundles (ca. 20-100 nm in
diameter) (Scheme 5). Above a critical threshold concentra-
tion the gel-phase material behaves like a cross-linked, or
entangled three-dimensional network.

Strand Fibre

Self-Assembly N Aggregation
= Aggregation vOQ Gelation
Q — OO0
Q0
OO
2.1 nm 10 nm
SAXS SAXS
NMR AFM

Scheme 5. Diagram illustrating three hierarchical levels of organisation present in the phenolic organogels
(strand, fibre, fibre bundle). Each individual strand also has an internal level of hierarchical supramolecular or-

ganisation; that is, the interaction between the phenol and AOT.

In early 2001, Smith and co-workers communicated the
basic design principles of the first dendritic two-component
gelator."” This system utilised the interaction between den-
dritic building blocks based on L-lysine repeat units and an
aliphatic diamine (complex 7). Complex 7 forms as a conse-

HN o) s
0% \VNH H HN=C 0
o
A NH HN ~
0= IO
A 7 ~

quence of acid-base hydrogen-bond interactions (with possi-
ble associated proton transfer). It was proposed that this ge-
lator complex is the species that hierarchically self-assem-
bles to form fibrous gel-phase aggregates. Notably, when the
acid was protected as an ester, no gelation occurred. It was
argued that complex 7 assembled into fibres as a conse-
quence of intermolecular dendron—-dendron hydrogen-bond
interactions.

Detailed further studies performed by Smith, Hirst and
co-workers included solvent investigations, which supported
the hydrogen-bonding hypothesis.""! Apolar, non-hydrogen-
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bonding solvents were the preferred solvent environment
for gel formation; indeed the thermal properties of the gel
could be correlated with the polar solubility parameter 9,
and the Kamlet-Taft hydrogen-bonding parameter a.

The aliphatic diamine spacer chain length was shown to
have a marked effect on the supramolecular chiral assem-
bly."”! Remarkably, as the length of the spacer unit was in-
crementally increased from six to twelve carbon atoms, the
T, value increased profoundly
from 4 to 105°C. This illustrates
the remarkable tunability that
is inherently possible for two-

component gelation systems.

% % % 'HNMR spectroscopy of the
%% % self-assembled state indicated

y that using longer spacer units
% % % enhanced the formation of the

intermolecular  dendron-den-

Fibre Bundle
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dron hydrogen bonds responsi-
ble for the self-assembly of
AFM complex 7 into fibres. Scanning
electron microscopy (SEM)
demonstrated that the length of
the spacer unit dictated the ag-
gregate morphology, and that
formation of long, intertwined
fibres with widths of approxi-
mately 20 nm underpins gela-
tion, a situation that was only achieved with the longer ali-
phatic diamines. Intriguingly, circular dichroism (CD) spec-
troscopy indicated that the spacer unit also controlled the
nanoscale chirality of the self-assembled state.

The effect of dendritic generation on self-assembly has
also been reported.!™ Notably, in contrast to some other re-
ports 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 the optimal
gelation conditions are reflected in a balance between the
formation of more enthalpically favourable hydrogen bonds
and the steric and entropic cost of immobilising larger den-
dritic branches. This observation was in contrast to the re-
sults obtained with analogous one-component dendritic sys-
tems based on covalently linked L-lysine building blocks.!!
This may reflect the fundamental differences in the mode of
hierarchical self-assembly between one- and two-component
gelators.

The effect of the stereochemistry of the lysine groups
during self-assembly was also investigated and shown to
play a key role.'!) Notably, the T, value, which reflects the
macroscopic properties of the gel, was dependent on the
stereochemistry, with the gel formed from a racemic mixture
of L,L,L- and D,D,D-lysine possessing lower T, values than
its single enantiomer analogues. Interestingly, SEM investi-
gations indicated that the racemic gel possesses a dramati-
cally different nanostructured morphology (Figure 1). CD
spectroscopy confirmed that the presence of even small

20-100 nm
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Figure 1. Effect of chirality on the nanoscale morphology of the two-com-
ponent gelation system. A) L,L,L. B) 50% p,p,D, 50% L,L,L. C) D,D,D.

113

amounts of the “wrong” stereoisomer was able to disrupt
the nanoscale chiral organisation.

Stereoisomeric gels, in which one chiral centre of the den-
dritic peptide was changed, were also investigated. This im-
portant study proved that a subtle stereochemical change to
a single chiral centre had a pronounced effect on the self-as-
sembly process. The T, values of these gels decreased and
SAXS data indicated that the mode of molecular packing
was also modulated as was the helicity of the fibres (CD
spectroscopy). This is a clear example of the surprising
impact that subtle changes in chirality can have, indicating
that hydrogen-bond interactions can enable exquisite levels
of control over materials behaviour.

In a key study, Smith, Hirst and co-workers reported the
effect of varying the ratio of the two-components, and illus-
trated that this offers a unique method of achieving morpho-
logical tunability.'” Increasing the amount of diamine rela-
tive to the dendritic branch changed the propensity of this
system to induce macroscopic gelation, and ultimately gave
rise to a completely new morphology in which micrometer
sized platelets were observed (Figure 2).

It is argued that as the amount of dendron was decreased
relative to the diamine, it became less able to stabilise the
extended fibrous morphology, and instead, microcrystalline
chunks of diamine formed, the surface of which could be
stabilised by the small amounts of dendron present. Recent-
ly, we have shown that changing the spacer chain can also
modify the size of the platelets being formed, with nanoscale
squares (ca. 300 nm diameter) being accessible when using
diaminononane.'™ These observations illustrate a way in
which two-component gels can
be tuned that is simply not ac-
cessible for single-component

CONCEPTS
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Figure 2. The nanoscale morphologies observed by using SEM for the
two-component gelation system. A)2:1 dendron/diamine ratio. B) 1:4.5
dendron/diamine ratio.

were dendritically controlled (Scheme 6). For the first-gener-
ation dendron, addition of the diamine enhanced gelation,
whereas when using the second-generation dendron, gela-
tion was inhibited by the diamine. This indicates that when
self-assembly is possible by two different mechanisms
(either using one- or two-components) interesting synergis-
tic effects can be observed. This result begins to hint at ways
in which switchable two-component gelation systems may
be developed.

Hanabusa and co-workers have also reported gelators
based on acid-amine interactions between the two compo-
nents.”” They employed a combinatorial approach by using
small libraries of seven different bile acids and twelve differ-
ent alkylamines. They found that certain combinations gave
rise to effective gelation of organic solvents. This combina-
torial mixing approach is an ideal method for enabling the
discovery of new two-component gelation systems.

Shinkai and co-workers have also recently reported a ge-
lation system that requires an acid—amine type interaction
for the formation of the initial complex.?” Interestingly, this
system, in addition to being thermally responsive, was also
responsive to light. The two-components were anthracene-9-
carboxylate (photo-responsive unit) and an alkylammonium
group (the structuring unit). This example therefore, clearly
illustrates how a two-component approach can generate gels
from building blocks that have different functions. On irra-
diation (1>300 nm), the anthracene undergoes dimerisation

Hn e 8b

gelators. 0 8a

Recently, Smith and co-work- o
ers replaced the Boc protecting HO’“E'N_,(O 8a <
. . 0 ) H

groups with long alkyl talls.to e Self-assembly with or without

generate dendrons 8a/b, which diaminododecane A

are, in their own right, one- Oy-cﬁst v
HN

component gelators.”® These
dendrons, however, can still
form a complex on the addition
of aliphatic diamines. Interest-
ingly, addition of the diamine
component modified the mate-
rials properties of the gel. Fur-
thermore, these differences
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Scheme 6. System capable of both one- and two-component gelation with the effect of the second component

being controlled by dendritic generation.
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and the gel was observed to break down. A complex heat—
cool cycle was eventually able to regenerate the gel, al-
though with some loss of absorbance, ascribed to partial
photoinduced decomposition.

Similar systems, reliant on acid—amine interactions have
been reported by Dastidar and co-workers.”! Interestingly,
they reported that a simple system was able to gelate food
oils, as well as commercial fuels such as kerosene and diesel.
Furthermore, it was capable of the selective gelation of oil
from oil/water mixtures.

Crown ethers are one of the most widely used motifs in
supramolecular chemistry, and have been used by a number
of groups in the development of gel-phase materials. In
1999, Shinkai and co-workers developed a two-component
crown ether based system.”” The first component was an
azacrown ether appended with cholesterol, whilst the
second component was one of a range of different amines.
The authors demonstrated that, whilst the cholesterol-func-
tionalised crowns acted as gelators in their own right, the
thermal stability of the gels were enhanced by the addition
of amines. It was also noted that a degree of chiral discrimi-
nation between enantiomeric amines could be observed.

More recently, these workers have used larger diben-
zo[24]crown-8 derivatives functionalised with two cholester-
ol derivatives (compounds 9) in order to form two-compo-
nent gels based on pseudo-rotaxane type complexation
(Scheme 7). In this case, the second component was a bis-
secondary ammonium cation (10), which can thread through
the crown ether macrocycle. It was argued that the complex-
ation of the guest additive induced a conformational change
in the crown ether building block, hence promoting gelation
(increasing T by ca. 10°C). Specifically, in the absence of
the guest, the crown ether was folded over so that the cho-
lesterol units can undergo an intramolecular interaction,
whilst it was proposed that addition of the guest caused the
crown to unfold, with intermolecular interactions between
cholesterol units becoming favoured. Monitoring the ther-
mal properties of the gel, as well as the NMR shifts of key
protons, at different ratios of crown/bis-ammonium cation,
led to the conclusion that the bis-ammonium cation thread-
ed through two crown ether derivatives. This exciting paper
succinctly shows how the spatial distribution of the compo-
nents can control the “degree of interaction” between indi-
vidual complexes in the formation of extended nanostructures.

+

2PFg

Smith and co-workers have also incorporated a crown
ether into their two-component gelation system and impor-
tantly illustrated the generality of their two-component ap-
proach to gelation. The acid—amine interaction between the
two-components in complex 7 was replaced with the interac-
tion between dendritic crown ethers and a protonated ali-
phatic diamine.”” This gave rise to a complex that still sup-
ported the formation of a gel.

In a different approach dependent on hydrogen bonding,
Marcelis and co-workers reported that cholic acid deriva-
tives coupled through an ester linkage to an alkyl chain
formed gels in the presence of specific carbohydrates (iso-
mannide and isosorbide) in hexane or octane.”! Using trans-
mission electron microscopy (TEM), the authors proposed a
mode of self-assembly analogous to wormlike inverted mi-
celles. They suggested that the carbohydrate units were lo-
cated in the centre of the fibres, with the steroid groups sur-
rounding the carbohydrate core. It was argued that the ste-
roids had their polar face pointing towards the carbohydrate
(forming hydrogen-bond interactions), and their apolar face
and alkyl tail projected into the surrounding apolar solvent.
It was noted that if the amount of isomannide was too low
in comparison with the alkyl cholate, the T, value de-
creased. This again indicates that the molar ratio of two
components can control materials properties, in agreement
with Smith’s studies described above.'’l Mattay and co-
workers also reported a two-component system in which the
ratio of components appeared to control the rheological
properties of the gel.”

Van Esch and co-workers have made use of their versatile
bis-urea-based gelation system to generate two-component
systems based on cooperative hydrogen-bond interactions.”)
This is not strictly a two-component gelator, as the second
component did not significantly enhance the gelation ability,
and it is probably better considered as a mixed gelation
system. By using a mixture of gelators, as shown in
Scheme 8, van Esch and co-workers were able to probe
chiral recognition phenomena. Compound 11 was a gelator
in its own right, and the addition of compound 12 was of in-
terest, because the chromophoric groups could be used to
monitor its incorporation into the self-assembled gel-phase
fibres by means of CD methods. This gave rise to useful in-
sights into the chiral preference for recognition within a ge-
lator stack. This experiment illustrates how using mixtures

/\o’\ﬁo/\
RHN—@ig NH" g NHR

oo
S o NHR
RHN-ES -

) NH o

20/ 00—~

o NHL A~ _NH! 4 2ol o*

2PFg”
etc.

Scheme 7. Two-component gel based on 2:1 rotaxane-type complexation between compounds 9 and 10.
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the presence of TNF (1 equiv)
I as a consequence of charge-
“© transfer interactions, suggesting

. H O/\/\Nﬁ' N"\'m the formation of a supramolec-

0 O\/\/'_?'N AN ular self-assembled state com-
O/\/\NT LNT’m ,,""6@"". posed of an alternative stack of
0\/\/,?_1N ,1|N o~~~ I donor and acceptor surfaces. It
°© 12 V\/\/\/\/\/EN ENm was also found that the bile

Scheme 8. Mixed gelation system developed by van Esch and co-workers.

of different gelators can give fundamentally important infor-
mation about molecular recognition pathways and gelation.

We believe that in the future, the use of mixed gelation
systems will continue to be a theme of increasing impor-
tance, both for understanding fundamental gelation process-
es, but also for the creation of truly functional gels in which
different components can have intriguing synergistic effects.

Donor-acceptor interactions: In 1999, Maitra and co-work-
ers were the first group to report a two-component gelation
system based on a specific donor-acceptor m—rm interac-
tion.” Bile acid derivatives functionalised at the 3-position
with an aromatic group (13) formed gels in organic solvents
(particularly alcohols) in the presence of trinitrofluorenone
(14, TNF). Interestingly, the most effective gelation was ach-

CO,Me

o)
O,N Q.O NO,
14 ON

ieved using a 1:1 stoichiometry of the two components. By
using variable-temperature UV-visible spectroscopy, it
became clear that the gelation process was associated with a
general increase in the donor-acceptor interaction because
of the substantial increase in the charge-transfer band ob-
served around the T, point. Indeed, whilst the two individ-
ual components are colourless or pale yellow, the two-com-
ponent gel is coloured due to the charge-transfer band.

A subsequent paper™ investigated these (and related) ge-
lators in more detail. In particular, the nature of the linkage
between the bile acid and the pyrene unit was explored. The
linkers chosen included ester (normal and reversed), ur-
ethane, ether, urea and aliphatic CH, moieties. Interestingly,
building blocks that had no hydrogen-bonding functionality

Chem. Eur. J. 2005, 11, 5496 -5508
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o) acid could be replaced by ali-
phatic chains, and in certain
cases, two-component gelation
was still observed. In one case,
a chiral gelator gave rise to a
gel-phase material with nanoscale chiral ordering, as ob-
served by CD methods. Building blocks possessing an amide
linker, however, did not form charge-transfer gels in the
presence of TNF, but instead formed one-component gels in
the absence of TNF. Replacing the pyrene with naphthalene,
however, prevented the formation of a one-component gel.
These observations indicated that both hydrogen-bonding
and m—m interactions were necessary to induce gelation in
the one-component system. This research offers an interest-
ing example of the way in which nanoscale objects can be
underpinned by different molecular recognition pathways.

The concept of donor—acceptor gelators has been further
extended by Reinhoudt, Shinkai and co-workers.”™” They
synthesised two saccharide-based gelators—one containing a
donor moiety (p-aminobenzylidene), the second containing
an acceptor group (p-nitrobenzylidene). Gelation studies
were performed by using different molar ratios of the two
components in water, octanol and diphenyl ether. In the last
two (less polar) solvents a colour change was observed,
from colourless to yellow, when the system was cooled
below the T, value. This phenomenon was further investi-
gated by UV-visible spectroscopy, which once again revealed
the presence of charge-transfer interactions in the gel-phase
material. Furthermore, T, measurements showed that in di-
phenyl ether, the two-component gel exhibited increased
thermal stability at a 1:1 ratio, independent of the solvent.
Indeed, the two-component system was 30-40°C more
stable than the single-component analogues.

Furthermore, Shinkai and co-workers used donor—accep-
tor interactions between a porphyrin unit (appended with an
assembling cholesterol group) and a [60]fullerene.”"! It was
noted that the presence of the fullerene could stabilise the
gel-phase materials formed, and this was ascribed to the for-
mation of a stacked superstructure with interactions be-
tween alternating porphyrins and fullerenes enhancing the
assembly process.

Very recently, Shinkai and co-workers have assessed the
gelation ability of complexes formed between dibenzo[24]-
crown-8 derivatives and bipyridinium cations.”? These com-
plexes are formed primarily as a consequence of charge-
transfer interactions. On the basis of '"H NMR and IR spec-
troscopy, and XRD results, the host—guest interaction stabi-
lised gelation, with the complexes assembling into fibres as
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a consequence of hydrogen-bonding, hydrophobic and
charge-transfer interactions.

Metal coordination: Metal coordination can provide strong
interactions between individual components. Although
metal coordination formally relies on the formation of
dative covalent bonds (rather than intermolecular interac-
tions) it is often considered to be “supramolecular” as a
consequence of its reversibility. Metal coordination gives
rise to well-defined geometries as a consequence of ligand-
field stabilisation, and this, in turn, can lead to interesting
novel architectures. Metal ions also introduce functionality
to the materials, as they often have redox, optical, catalytic
or magnetic properties.

In 2000, Hanabusa and co-workers made use of metal
complexation to enhance the stability of gel-phase materi-
als.*> Their gelator, 15 (Scheme 9), was based on trans-

o O

OYCH»WO@M
cu", co' or Ni'
O,NH
“NH

o O

Scheme 9. Two-component gelator based on coordination interactions be-
tween [-diketonate ligands and divalent metal ions.

(1R,2R)-diaminocyclohexane functionalised with two p-di-
ketonate ligands. It was reported that in the presence of
metal ions (Cu", Co" or Ni") and a base (triethylamine), the
mechanical strength of the gels formed by this compound in-
creased. Furthermore, the T, values increased on metal ion
addition—indeed solvent loss was observed rather than a
gel-sol transition. Transmission electron microscopy (TEM)
showed a high-contrast fibrillar architecture. The high con-
trast of this image was consistent with the incorporation of
“heavy” metal ions into the fibrillar aggregate.

Thara and co-workers developed a two-component gela-
tion system that utilised a metal ion as one of the compo-
nents.®" They synthesised compound 16, incorporating an L-
glutamide moiety (unit of chirality), two long-chain alkyl
groups (lipophilic components) and an isoquinoline head
group (metal-binding unit) (Scheme 10). The ligand did, in
its own right, form gel-phase materials in apolar solvents
(e.g., toluene, cyclohexane) after a heat—cool cycle. Most in-
terestingly, it was reported that the mode of self-assembly
could be controlled by the judicious use of metal chlorides.
Furthermore, the transcription of chirality and the morphol-
ogy of the self-assembled state were controlled by the
choice of metal ion. The presence of CuCl, enhanced chiral
order and resulted in the formation of a fibrillar network.
With CoCl, and ZnCl,, however, a decrease in helicity was
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Scheme 10. Isoquinoline-based gelator that on the addition of metal ions
forms gels with chiral and morphological modifications.

observed, rendering the aggregated state effectively achiral.
This exciting work indicated that self-assembly was control-
led by the geometric preference of the metal ion. Copper(11)
has a strong preference for square-planar coordination.
However, the different preference of Co™ and Zn" appears
to disrupt the chiral organisation of gelator building blocks.

Metal coordination has also been exploited as a tool for
directing self-assembly and gelation by Kral, Drasar and co-
workers.”! Cholic acid was used as the self-assembling unit,
and it was covalently connected to phenanthroline, which
acted as the metal-binding subunit. This compound formed
a one-component translucent gel in 1:1 methanol/water mix-
tures. SEM revealed that this one-component gelation pro-
cess was underpinned by a fibrous network with fibre diam-
eters ~0.5 um and lengths of 5-20 um. The Zn" complex in
the same solvent formed a white translucent gel. Imaging by
means of SEM revealed a morphological change in the self-
assembled state, with a globular structure of 0.5-3 um diam-
eter being formed. On standing, this gel was transformed to
a transparent, low-viscosity liquid. The presence of Zn™
therefore controls the hierarchical self-assembly process
with the relatively sterically demanding phenanthroline—
metal-ion interaction perturbing the mode of self-assembly,
which is directed by m—m stacking, hydrogen-bonding and
lipophilic interactions of the steroid.

Aida and co-workers have also reported what is effective-
ly a two-component approach to a fibrous (columnar) as-
sembled nanostructure.®® They synthesised dendritic ligands
with a pyrazole unit at the focal point. The pyrazolate anion
is an exobidentate ligand capable of binding Group 11 uni-
valent metal ions (Cu', Ag' and Au') to form a triangular
complex (17). Appropriately functionalised pyrazoles are
therefore capable of forming metal-pyrazolate coordination
triangles. Heating a paraffin suspension of the dendron-

RO OR
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B Me
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metal complexes at 200°C and then cooling gave rise to a fi-
brous precipitate. In this case, the material did not show gel-
phase properties due to its poor solubility in paraffin. It was
argued that metal-metal interactions were responsible for
holding the assembled superstructure together. The fibres
were intensely luminescent, and the dendritic ligand was ca-
pable of acting as an antenna and 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.

Aida and co-workers have recently extended this concept
and reported the first phosphorescent organogels formed
through metal-metal interactions, by using a trinuclear Au'-
pyrazolate complex with long Cy alkyl chains at the periph-
ery (these enhance the solubility and begin to favour gela-
tion rather than precipitation).”” This complex self-assem-
bled in hexane to form a red luminescent organogel (A=
284 nm, A.,=640 nm). Doping the organogel with a small
amount of Ag" resulted in a blue luminescence (1,=
370 nm, A.,=458 nm) without disruption of the gel, whilst
removal of Ag* with cetyltrimethylammonium chloride re-
sulted in complete recovery of the red luminescent gel. Fur-
thermore, heating the doped organogel above the T, value
reduces metal-metal interactions, generating a green solu-
tion (ley =370 nm, A.,, =501 nm).

Beck and Rowan have reported an excellent system that
exploits the reversibility of metal-ligand interactions.*™
They synthesised dumbbell-shaped compound 18 with an
ethylene oxide chain connecting two ligating groups
(Scheme 11). Co™ or Zn" ions (added in 97 %) are bound by
two ligands, and therefore act as “chain-extension” units.
Meanwhile La™ or Eu™ ions (added in 3%) are bound by
three ligands and therefore act as “cross-linking” agents.
Therefore this combination of metals enabled gelation. The
resultant gel exhibited thermal and mechanical responses, as
well as light-emitting properties. Given the wide range of

Q\ _Me Me @
N N
N N
(o] o] (o] o] O (o]
N= —N
N e 18 me ™ /\
~

97% Co" or Zn"

CONCEPTS

metal ions, counterions and possible ligand structures, a
wide variety of environmentally responsive metallosupramo-
lecular materials may be envisaged.

In an recent paper,* Kimizuka and co-workers reported
a ligand with a triazole head group that formed gel-phase
materials in the presence of cobalt(i). Most interestingly,
the blue gel was only obtained at temperatures above 25°C;
below this temperature a pink solution was obtained. This
striking feature is the first example of a supramolecular two-
component gel to exhibit thermally induced gelation; that is,
assembly was triggered by heating not by cooling. It was
argued that below 25°C, the geometry about the metal ion
changes from tetrahedral to octahedral, and that the gel-
phase material only results if tetrahedral Co™ complexes are
present. As such, this result indicates how two-component
gels can access truly new types of materials behaviour.

Reversible chemical reactions: In addition to using intermo-
lecular interactions as described in the preceding sections, it
is also possible to use reversible chemical reactions for the
formation of responsive two-component gel-phase materials.
A good example of this is provided by the rapid uptake of
CO, by solutions composed of a primary or secondary ali-
phatic amine and an organic liquid; this leads to in situ
chemical transformation to the corresponding alkylammoni-
um alkylcarbamate based gels (Scheme 12).“ The ionic in-
teractions, initiated as part of the chemical transformation,
are the major driving force to generate thermally stable gels.
Furthermore, in each case, the thermal stability of the gels
was enhanced with longer alkyl chains, indicative that van
der Waals forces are also important in the self-assembly pro-
cess. Chemical reversibility was demonstrated by the remov-
al of CO, from the gels by using gentle heating in the pres-
ence of nitrogen.

This work was extended™ to assess the impact of differ-
ent neutral triatomic molecules, i.e., CO,, NO,, SO, and
CS,, on the gelation properties
(Scheme 12).  The  gelation
properties of the products were
observed to depend primarily
on the nature of the triatomic
molecule added to the amine
and the length of the alkyl
chain: alkylammonium alkylcar-
bamates were better gelators
than the salts formed from
other triatomic molecules, and
the efficiency within one family
of salts increased with increas-
ing alkyl-chain length. Howev-
er, only CO, gave rise to truly

—

o @

. Co'", zn'

> ( 3% Eu" or La"

mixture of metal ions with different programmed geometric requirements.
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Scheme 11. A dumbbell-shaped ligand can form a cross-linked supramolecular polymer on the addition of a
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reversible gel-phase materials.
Suzuki and co-workers inves-
tigated the in situ formation of
gel-phase materials by using a
two-component “covalent reac-
tion” approach.l*” Interestingly,
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CH3(CHy);7—NH,.NO,

H
CH,(CH,),7—NH, CH;(CH,);77N=CO,"  "H;N—(CH,);,CH,

CH,(CH,);7—NH,.S0O,

Scheme 12. Latent gelators formed on chemical reaction between two-
components. The gel formed with CO, is a truly reversible system and re-
verts to the precursors on heating in the presence of nitrogen gas.

they illustrated that a mixture of an appropriate isocyanate
and an alkylamine in toluene underwent a reaction at room
temperature to yield a product capable of acting as a one-
component gelator. Hence, in situ organogelation, although
not yielding a truly reversible two-component gel, offers the
advantages that the heating process is omitted and the gela-
tion time is reduced.

Two-component hydrogels: There is intense current interest
in hydrogels as a consequence of their potential applications
in drug delivery and as biocompatible scaffolds for tissue en-
gineering.””! Xu and co-workers have employed the affinity
of vancomycin antibiotic for p-Ala-p-Ala to yield an intrigu-
ing class of new materials.*! Hydrogels based on a small li-
brary of Fmoc-protected (Fmoc= N-fluorenylmethoxycar-
bonyl) dipeptides (i.e., alanine, glycine, serine and threo-
nine) were synthesised and their response to the addition of
vancomycin investigated. Since the dipeptides bind to van-
comycin with different affinities, the materials properties of
the gels were dramatically different. In certain cases, vanco-
mycin had no effect on gelation, whilst in other cases vanco-
mycin acted as a gel-sol “trigger”.

This strategy was taken a step further in order to improve
the mechanical strength of the supramolecular hydrogels.[*”!
Xu and co-workers showed that the addition of vancomycin
to an appropriate D-Ala-p-Ala derivative (19) led to a dra-
matic rise in the mechanical strength of the gel (Figure 3).
Using small amplitude oscillating shear measurements, they
estimated that the molecular recognition between the two-
components provided a 10°-fold increase in the storage mod-
ulus of the material.

Investigations with SEM suggested that the addition of
vancomycin modulated the microstructure that underpins
gelation, transforming a self-assembled one-dimensional
linear superstructure to a highly cross-linked two-dimension-
al sheet. Again replacing the p-Ala-p-Ala derivative with its
enantiomer or a close structural analogue resulted in only a
small or moderate increase in mechanical strength on the
addition of vancomycin. Overall, this work highlights the
way in which a specific biomolecular recognition event can
be used to control the mode of hydrogel self-assembly and
the resultant materials properties.

Furthermore, Xu and co-workers have illustrated that by
using a combination of two Fmoc-protected amino acids (20
and 21), hydrogels could be formed.”" Interestingly, neither
component formed a hydrogel independently due to their
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Vancomycin

Figure 3. Structural illustration of the complex formed between vancomy-
cin and pyrene functionalised D-Ala-p-Ala (19). Complexation to vanco-
mycin significantly increases the mechanical strength of the gel that is
formed.

limited water solubility. Addition of Na,CO; (1 equiv) to a
suspension of either component lead to the formation of a
solution. The use of the same procedure with the two-com-
ponent mixture produced a clear gel that underwent a gel-
sol transition at pH > 11.4.

By using CD and fluorescence spectroscopy it was shown
that Na,CO; aided the self-assembly process, promoting a
superhelical arrangement of the fluorenyl groups, which
stacked in an antiparallel fashion. The s—mr stacking interac-
tions between fluorenyl groups provide part of the interac-
tion strength required for forming extended chain structures,
complemented by a hydrogen bonded network as shown in
Scheme 13. These gels offer an anti-inflammatory function
and may additionally act as a drug delivery vehicle. Specifi-
cally, an antineoplastic agent was successfully incorporated
into the gel.

A pH-responsive character has also been conferred onto
a supramolecular hydrogel by mixing a hydrogelator with re-
lated small acidic molecules to generate what is effectively a
supramolecular copolymer.*” The resultant hydrogel dis-
played pH-responsive shrinkage or swelling. Compound 22
induces the structuring of an aqueous environment, whilst
23 confers the pH responsiveness. As such this is effectively
a mixed gelation system (like the example by van Esch and
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Scheme 13. Proposed mode of self-assembly of a supramolecular hydro-
gel driven by hydrogen bonding and n—m interactions when the molar
ratio of 20/21/Na,CO; was 1:1:1.

co-workers?"! described above) rather than a true two-com-
ponent gel. The pH-volume change was exploited as a drug
release mechanism, releasing water-soluble B;, Bs and By,
vitamins. Conversely, relatively hydrophobic flavone deriva-
tives, for example, myricetin and quercetin, were less effec-
tively released, in spite of gel shrinkage. Therefore, control-
led release could be performed by using this system.

Conclusions and Prospects

It is clear that the study of supramolecular gel-phase materi-
als has led to a revolution in the ability of chemists to engi-
neer nanoscale structures that have macroscopic soft-materi-
als properties. This article has described the way in which
two-component gels, by inserting an additional level of hier-
archical control into the self-assembly process, offer highly
tunable and controllable forms of materials behaviour.

It is relatively straightforward to vary the structure of one
or both of the two individual components. This enables the
incorporation of functionality and switchability (e.g., pH
triggers, light triggers etc.) into the materials. This also ena-
bles chemists to develop a deeper understanding of the mo-
lecular recognition pathways that underpin gelation, and it
is clear that this level of understanding will be of deep sig-
nificance in the rapidly emerging field of nanochemistry.
Furthermore, it is also possible to vary the ratio of the two
components, and it has been demonstrated that this addi-
tional level of control—impossible with a one-component
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gelator—can enable the controlled assembly of completely
new nanostructured morphologies.

It is the opinion of the authors that as the understanding
of gelation and other self-assembly processes becomes in-
creasingly refined, researchers will be able to develop self-
assembling systems that employ increasingly complex mix-
tures of components in order to generate materials with
truly new, synergistic forms of behaviour.
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