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Introduction

Self-assembled organic nanostructures[1] are at the forefront
of chemical nanoscience as a consequence of their aestheti-
cally appealing architectures, academic challenge, and po-
tential applications in diverse fields including regenerative
medicine, biomineralisation, materials synthesis and elec-

tronic device construction.[2] Intense research efforts are
being devoted towards the design, investigation and under-
standing of molecular gels.[3] In these materials, low-molecu-
lar-weight building blocks assemble in solution through self-
complementary non-covalent interactions to yield nanoscale
assemblies, which form a sample spanning network and
hence exhibit macroscopic gel-phase materials behaviour.
Gelation systems which rely on the presence of two comple-
mentary components have an additional level of control in
the hierarchical assembly process—initially the two compo-
nents must form a complex, and only then can further as-
sembly into nanoscale architectures take place.[4] A wide
range of two-component systems based on different non-co-
valent interactions has been reported.[5–8] The two-compo-
nent approach endows gel-phase materials with exquisite
microstructural tunability, as either of the two components
can be subtly modified. Furthermore, it is possible to tune
the network structure by altering the molar ratio of the two
components. For example, we reported systems in which
varying the molar ratio of the two components could induce
dramatic morphological changes,[9] while Lee and co-work-
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ers also recently reported a two-component gel in which the
thermal and morphological properties were also modified
and under certain conditions microtubule formation was
even observed.[10]

Gel-phase materials can readily incorporate functionality,
switchability and guest responsiveness. For example, Shinkai
and co-workers developed a gel capable of colorimetric de-
tection, able to differentiate between different classes of
electron-rich aromatic compounds (i.e., detecting dihydroxy-
naphthalenes rather than alkoxy- and hydroxynaphtha-
lenes).[11] Naked-eye differentiation of different dihydroxy-
naphthalene isomers was achieved based on a macroscopic
colour change of the gel. Steed and co-workers reported an
elegant example in which gelation was triggered in response
to the presence of fluoride anions.[12] In addition, we used
crown ethers to incorporate cation responsiveness,[13] and a
range of other gels with sensory properties have also been
reported.[14]

Previously, we have investigated the basic design princi-
ples of a dendritic two-component gelator system.[15] This
system utilised the interaction between an aliphatic diamine
and dendritic building blocks based on l-lysine repeat units.
The two components form a complex as a consequence of
acid–base hydrogen-bond interactions (with possible associ-
ated proton transfer). Intermolecular hydrogen bonding be-
tween peptide groups on neighbouring complexes then
drives fibre formation, which ultimately underpins network
formation and macroscopic gelation. Our detailed studies
have highlighted the roles of the spacer chain length,[16] den-
dritic generation,[17] solvent,[18] stereochemistry,[19] molar
ratio,[9] hydrogen-bonding units,[20] and solubility[21] in con-
trolling self-assembly. We recently became interested in
using different, more rigid diamines, such as 1,4-diamino-
benzene, and in the process of our investigations we uncov-
ered clear stoichiometric control of the self-assembly pro-
cess as reported in this paper. The “solid-like” networked
gelator always had the same stoichiometric composition,
and intriguingly, it could tolerate the presence of excess dia-
mine in the “liquid-like” solvent phase. This opened the pos-
sibility of exploring self-assembly from mixtures of excess
diamine, and we report here that component-selective self-
assembly (self-sorting) was observed. Component-selective
self-assembly (self-sorting) from complex mixtures of build-
ing blocks is an important area of contemporary chemical
research.[22] We have previously reported the ability of mul-
ticomponent gelators to self-organise into different nano-
scale networks,[23] however the approach outlined in this
paper, for the first time allows us to quantify the extent to
which molecular scale information controls the selective
self-assembly process.

Results and Discussion

Characterisation of two-component gelation system : As a
first stage in our exploration of rigid diamines, we initially
screened the ability of structurally diverse aromatic dia-

mines to form gel-phase materials in toluene in the presence
of the second component, generation two l-lysine-based
dendron, G2-COOH (Figure 1).[24] Most aromatic diamines,
such as 1,5-diaminonaphthalene, 1,8-diaminonaphthalene,
3,4-diaminodiphenylmethane and 9,10-diaminophenanthrene
remained insoluble in toluene, even in the presence of the
dendron. In fact, gels could only be formed from a limited
range of rigid diamines, primarily 1,4-diaminobenzene (1,4-
BZ) and trans-1,4-diaminocyclohexane (1,4-CH). Addition-
ally, systems based on 1,3-diaminobenzene formed irrepro-
ducible partial gels, but the 1,2-diaminobenzene analogue
did not form gels under any conditions. This highlights the
importance of ensuring the correct relative positions of
amine groups on the rigid spacer unit for gel formation to
be observed. It may also reflect the enhanced basicity of
1,4-BZ compared to the positional isomers, with pKa(1) of
the conjugate acid of 1,4-BZ being 6.08, compared with 4.88
and 4.47 for 1,3-BZ and 1,2-BZ respectively.[25]

From the results of our previous research using flexible
spacer units, it was clear that the dendron/diamine molar
ratio could directly control network formation and structure,
with optimum bundles of fibres having been formed at a 2:1
dendron/diamine molar ratio.[9] On the addition of further
diamine, the gel network evolved and its macroscopic ther-
mal stability decreased, until ultimately nanosized flattened
platelet-like aggregates were observed at a 1:4.5 stoichiome-
try. We therefore decided to elucidate the effect of molar
ratio on gelation using rigid diamines, 1,4-BZ and 1,4-CH.
The macroscopic behaviour of the gel was initially deter-
mined by monitoring the transition from an immobile to a
mobile self-assembled state using tube-inversion experi-
ments across a range of molar ratios (stoichiometries). This
simple, reproducible methodology is widely used for prelimi-
nary investigations of low molecular weight gelators.[26] Un-
expectedly, for both gelators, the anticipated 2:1 dendron/di-
amine ratio did not form gels, instead resulting in optically
transparent solutions. On the other hand, in both cases, in-
creasing the amount of diamine to provide a 1:1 dendron/di-
amine molar ratio led to macroscopic gelation, with Tgel

values �42 8C.
Figure 2 illustrates the effect on thermal stability of

changing the dendron/diamine molar ratio. Notably, on in-

Figure 1. Structure of dendron (G2-COOH) and rigid spacer units used
for the construction of gels.
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creasing the diamine content beyond the 1:1 molar ratio
(i.e., above 18 mm), the Tgel values for both systems were
surprisingly independent of the molar ratio, suggesting that
the network structure that optimally underpinned macro-
scopic gelation at a 1:1 ratio was unaffected by the presence
of increasing amounts of diamine. However, increasing the
amount of diamine even further, beyond �1:4 dendron/dia-
mine molar ratio, resulted in an incremental decrease in the
thermal stability of the material. The gels based on 1,4-BZ
and 1,4-CH spacer units both exhibited similar thermal be-
haviours and 1:1 stoichiometric molar ratios for gelation.

It is worth noting that previous work by McPherson and
co-workers has shown that structural differences in the
spacer unit can influence the molar ratio at which gelation
occurs.[5e, 27] For example, the optimal molar ratio for gel for-
mation based on bis(2-ethylhexyl) sodium sulfosuccinate
(AOT) and 4-nitrophenol was 1:1, whereas for the system
based on AOT/2,6-dihydroxynaphthalene, gel formation oc-
curred at a ratio of 50:1.

Based on our unexpected observations, we became inter-
ested in elucidating the true stoichiometry of the complex
formed by the two components to gain an insight into how
the self-assembled complexes spatially organise within the
sample-spanning networked gelator structure. We employed
1H NMR spectroscopy to determine the molar ratio of den-
dron/diamine present in the immobilised gel network as the
molar ratio of the components was incrementally changed
(Figure 3). We based our approach on methodology previ-
ously published in the literature.[28] It is assumed that gelator
incorporated and immobilised within the “solid-like” net-
work cannot be observed in the 1H NMR spectrum due to
line broadening effects, whilst material present within the
“liquid-like” phase has sharp NMR peaks as a consequence
of its molecular-scale mobility. The mobile material can thus
be quantified by integration of the peaks and comparison
with an internal standard (in this case diphenylmethane)
which does not associate with the gel-phase network. In this
way, the composition of the immobile networked gelator
fibres which underpin the gel can be deduced (Figure 3).

As Figure 3 indicates, irrespective of the molar ratio ac-
tually employed, the molar ratio immobilised in the net-
worked gel structure was always �1:1 dendron/diamine.
This provides strong evidence that a dendron/diamine ratio

of 1:1 is optimum for satisfying the spatial requirements of
the diamine spacer unit, whilst promoting intermolecular hy-
drogen bonding between dendritic head groups. The excess
diamine was unincorporated within the “solid-like” net-
worked gelator, being instead observed in the “liquid-like”
mobile phase.

We then investigated these gels further by variable tem-
perature NMR methods. At 80 8C, in the solution state, both
dendron and diamine were clearly observable in the NMR
spectrum (Figure 4). At lower temperatures, however, the
gel formed, and the resonances associated with the dendron
disappeared—only peaks associated with the excess diamine
present in the “liquid-like” phase were observed. Further-
more, the resonances associated with diamine 1,4-CH shift-
ed upfield on decreasing the temperature. At 80 8C, the dia-
mine is complexed by the dendron in solution (although the
complex is unable to underpin gelation), but at lower tem-
peratures, the diamine observed by NMR is only the mobile
uncomplexed diamine, as the complexed diamine becomes
incorporated into the gel. The upfield shift associated with
decomplexation indicates that the interaction of G2-COOH
with 1,4-CH most likely involves proton transfer (i.e., acid–
base interaction between the carboxylic acid and one of the
amines). The NMR shifts were less significant for 1,4-BZ

Figure 2. Effect of molar ratio (dendron/diamine) on the gel–sol transi-
tion temperature (Tgel). For each measurement [dendron] =18 mm and
solvent = toluene; * = 1,4-diaminocyclohexane, * =1,4-diaminoben-
zene.

Figure 3. Plot of diamine/dendron molar ratio present in the “solid-like”
network (as measured by 1H NMR using diphenylmethane as internal
standard) against the molar ratio present in the overall sample. Solvent
= toluene, * =1,4-diaminocyclohexane, * = 1,4-diaminobenzene.

Figure 4. 1H NMR spectra for the system G2-COOH/1,4-CH, molar ratio
1: 1.3. [dendron]=18 mm, solvent = toluene.
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than 1,4-CH, in accordance with the reduced basicity of aro-
matic amines.

We then employed circular dichroism (CD) spectroscopy
to probe the nanoscale chiral organisation.[29] This investiga-
tion was performed in the dilute state at a concentration of
3 mm (i.e., below the gelation threshold) in cyclohexane.
Under these conditions, CD spectroscopy probes the chiral
organisation of the short supramolecular oligomers which
are formed before the sample-spanning network is fully as-
sembled.

In previous gels based on G2-COOH we have observed
thermally responsive CD bands with lmax values at about
220–225 nm, ascribable to chiral organisation of the peptide
groups in the dendritic building block.[16–19] The chiral build-
ing block, G2-COOH, does not exhibit significant CD bands
in its own right. On addition of 1,4-BZ a remarkable and
distinctive CD response was observed (Figure 5). A negative
CD band was observed at about 215 nm, a positive band at
about 230 nm and a negative band at about 255 nm. This
CD response can be rationalised as consisting of contribu-
tions from nanoscale peptide chiral organisation (at shorter
wavelength) as well as chiral organisation of the aromatic
1,4-BZ unit (at longer wavelength). This is a supramolecular
induced circular dichroism effect,[30] in which chiral informa-
tion is transferred from the dendritic branch to the aromatic
diamine within the self-assembled nanoscale chiral architec-
ture.

Conversely, the addition of 1,4-CH to G2-COOH did not
induce any chiral ordering (Figure 6). It may have been ex-
pected that a CD band associated with chiral organisation of
the peptide groups in G2-COOH would be observed, how-
ever this was not the case. This highlights the subtle inter-
play between self-assembled,
gelator components and the
spatial and geometrical re-
quirements necessary for tran-
scription of chiral molecular
information into chiral nano-
scale assemblies.

The precise spatial organisa-
tion of the networked gelator

molecules was probed further by small angle neutron scat-
tering (SANS).[31] In all cases, the characteristic dimensions
of the scattering objects could be deduced by fitting to a
form factor calculated according to infinitely long flexible
filaments with a circular cross-section.[21] Figure 7 shows a
typical scattering profile and the extracted parameters are
shown in Table 1.

The data indicate that for G2-COOH/1,4-CH 1:1, Rc =

32 �, with a polydispersity of 25 %. Computer simulations
for a single gelator building block predict a 35–40 � length
and a thickness of 20 � (Figure 8A). It is therefore possible
to argue that the circular section of G2-COOH/1,4-CH 1:1
filament presents two molecules lying end-by-end across the
radial direction. This model is shown in Figure 8B. In this
model, intermolecular hydrogen bonds lie along the filament
direction explaining the anisotropic nature of the self-assem-
bled state that underpins the networked-gel structure. Im-
portantly, the scattering data for the same gelator system at

Figure 7. Fitting of the SANS data for G2-COOH/1,4-BZ, according to
filament objects with a circular cross section.[21]

Table 1. Parameters used to model the scattering data according to a filament model with a circular cross sec-
tion.

Sample Molar ratio Rc [�] s/Rc [%] A B C

G2-COOH/1,4-CH 1:1 32 25 1� 10�5 3 1� 10�3

G2-COOH/1,4-CH 1:3.5 30 25 1� 10�5 3 1� 10�3

G2-COOH/1,4-BZ 1:1 20 16 – – –
G2-COOH/1,4-BZ 1:3.5 20 16 – – –

Figure 5. CD spectra of the dendritic branch with the presence of 1,4-di-
aminobenzene at room temperature. Solvent = cyclohexane; [den-
dron] =3 mm.

Figure 6. CD spectra of the dendritic branch with the presence of 1,4-di-
aminocyclohexane at room temperature. Solvent= cyclohexane; [den-
dron] =3 mm.
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a 1:3.5 molar ratio indicated that the Rc value was essential-
ly identical (Rc = 30 �) to the 1:1 molar ratio system, provid-
ing conclusive evidence that the self-assembled filaments as-
sembled from the networked gelator are identical in both
systems, independent of the amount of diamine present.
This effect was also apparent for G2-COOH/1,4-BZ system
in which Rc values were independent of the total amount of
1,4-BZ present. For a molar ratio of 1:1, Rc =20 �; the same
as that obtained for a molar ratio of 1:3.5. It is interesting to
note that the fibrillar objects formed with 1,4-BZ are small-
er than those formed from 1,4-CH—indeed, they are ap-
proximately the size of an individual 1:1 filament (Fig-
ure 8A) This more controlled fibre diameter may help ex-
plain why there is greater fidelity in the transcription of
chiral information in the former system.

In summary, probing the gel on the macroscopic level
(Tgel), the molecular level (NMR) and the nanoscale level
(CD/SANS) led in each case to the same conclusion: for
these short rigid “spacer” units, a 1:1 two-component com-
plex is formed in preference to the expected 2:1 complex.
This 1:1 complex underpins the formation of the gel net-
work, with excess diamine being tolerated in the “liquid-
like” phase to a certain extent
(up to ca. 1:4 ratio).

Component selection within
complex mixtures : We have re-
cently been interested in as-
sembly from complex mix-
tures.[23] Cases where specific
systems assemble in a con-
trolled way from complex mix-
tures can be considered as
“self-sorting”—a key frontier
of supramolecular science.[22]

The amenability of these gela-
tors to NMR investigation, the

subtle tunability of the two structural components, com-
bined with the stoichiometric fidelity and ability of these
gels to tolerate an excess of diamine building block, made
them an ideal test-bed to investigate component-selective
self-assembly processes.

We investigated a system based on a mixture of G2-
COOH/1,4-BZ/1,3-BZ/1,2-BZ in a 1:1:1:1 molar ratio in tol-
uene. Once again, we employed NMR methods, with peak
integration referenced to diphenylmethane, to determine
the amount of gelator present in the “liquid-like” phase and
hence deduce the amount of gelator associated with the im-
mobilised, “solid-like” gel network. Figure 9 illustrates how
the NMR resonances associated with 1,2-BZ, 1,3-BZ and
1,4-BZ could be readily differentiated. It is clear that in the
gel-phase the resonance associated with 1,4-BZ is the small-
est, indicating the least amount of material in the “liquid-
like” phase, and therefore the most incorporation into the
gel. Table 2 quantifies this, and reports the molar ratios of

each diamine which were effectively immobilised in the
“solid-like” gel-phase network. For a freshly made sample
of gel, NMR integration indicated that 77 % of 1,4-BZ was
immobilised within the networked gel, while for 1,3-BZ and
1,2-BZ this fell to 21 and only 8 %, respectively. Clearly, 1,4-
BZ is selectively incorporated into the gel-phase network
and the assembly process is component-selective. We al-
lowed a sample to equilibrate over a period of two weeks,
and although small changes in the distribution of diamines
in the networked “solid-like” phase were observed, the
basic principle remained the same, that is, gels assembled

Figure 8. Dimensions and possible self-assembly behaviour of G2-
COOH/1,4-CH 1:1 based on experimental NMR spectroscopy and SANS
data. Modelled using Macromodel 9.5 program (Maestro 8 interface).
a) CPK model of the single G2-COOH/1,4-CH 1:1 gelator building
block; b) a proposed self-assembly model.

Table 2. Composition of �solid-like’ networked gelator formed by a mix-
ture of dendron, 1,4-BZ, 1,3-BZ, and 1,2-BZ in a 1:1:1:1 molar ratio at
30 8C in toluene. [Dendron]=18 mm.

t Molar fraction of
1,4-BZ in network

Molar fraction of
1,3-BZ in network

Molar fraction of
1,2-BZ in network

fresh 0.771 0.211 0.079
3 d 0.783 0.192 0.116
6 d 0.708 0.268 0.079
13 d 0.708 0.261 0.106

Figure 9. 1H NMR spectra of equimolar mixtures of 1,2-BZ, 1,3-BZ and 1,4-BZ. Top: Gel-state, that is, with
dendron G2-COOH, [dendron]=18 mm ; bottom: Solution-state, that is, without dendron G2-COOH. Solvent
= toluene; T=30 8C.
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from mixtures preferentially amplified specific components
in the gel-phase network.

We argue that the ability of this gelation system to toler-
ate excess amounts of diamine in the mobile “liquid-like”
phase plays a key role in allowing the self-organisation and
component-selection process to take place—that is, the
excess of unincorporated diamine does not disrupt the gel-
forming process. This experiment importantly demonstrates
that hierarchical multicomponent self-assembly processes
can amplify selected components from complex mixtures, in-
corporating them into nanostructured assemblies with useful
materials properties. These observations are important in
the emerging field of systems chemistry,[32] and it is intrigu-
ing to consider that this type of “informed” recognition pro-
cess may have been important in prebiotic chemistry.

Given the ability of this gelator to tolerate unincorporat-
ed species in the “liquid-like” phase, we also became inter-
ested in the ability of these gels to act as hosts for a ternary
guest molecule.[11] To exemplify this principle, we studied
the interaction between pyrene and the two-component net-
worked gel. Pyrene was chosen as it has a large p-system
which could potentially interact with the G2-COOH/1,4-BZ
gel as a consequence of p–p interactions. Furthermore,
pyrene is readily soluble in toluene and presents readily re-
solved NMR signals. We employed 1H NMR relaxation stud-
ies[33] to investigate the interaction of pyrene with the two
different gels (G2-COOH/1,4-BZ and G2-COOH/1,4-CH)
in order to assess the relative selectivities of the different
gel networks for this ternary guest.

Table 3 presents the transverse 1H NMR relaxation times
for the singlet-like resonance of pyrene. Clearly in both gel
systems, pyrene experienced a degree of interaction with the

gel network, leading to a decrease in the relaxation time
being observed. Most interestingly, the gel network based
on 1,4-BZ caused a greater reduction in the relaxation time
than that based on 1,4-CH. It could be argued that this rep-
resents the fact that pyrene forms stronger interactions with
the gel network based on 1,4-BZ than that based on 1,4-CH
and therefore has lower mobility within the former network.
This can be rationalised on the basis that 1,4-CH, unlike 1,4-
BZ, does not contain a p-system and, as a consequence, will
be unable to form p–p interactions and hence is expected to
show weaker interactions with the pyrene ternary guest.

We also measured nuclear Overhauser enhancements
(NOE) for these systems. Intramolecular NOEs between

pyrene protons are positive for “free” pyrene in solution but
negative in the presence of the G2-COOH/1,4-BZ gel net-
work. This confirms that an exchange process occurs be-
tween solvated pyrene molecules and the “solid-like” gel-
phase network.

These results support the concept that networked two-
component gelators may be exploited as hosts for ternary
guests, and that a degree of selectivity is possible based on
subtle differences in the molecular-scale structures of the ge-
lator building blocks. This is therefore a promising approach
for the development of selective responsive two-component
gel-phase materials with applications in sensor technolo-
gy.[34]

Gel-phase materials which can exhibit component selec-
tion have great potential for the selective adsorption and/or
sensing of target analytes. Gels are highly porous materials,
and diffusion of molecular-scale objects through a nanoscale
gel matrix is relatively fast. As such, gel-phase materials
which interact selectively with specific species may be of
great use in flow-through chromatography applications as
well as in the development of “wet” sensors, which are
highly compatible with analytes in solution.[35]

Conclusion

In this paper, two-component gelators based on rigid dia-
mines and dendritic acids have been fully characterised and
surprisingly, in all cases, irrespective of the molar ratio em-
ployed, the dendron/diamine molar ratio in the “solid-like”
fibres is 1:1. This stoichiometric control highlights the pre-
cise geometrical and spatial arrangement necessary for fi-
brillar growth and network formation. Intriguingly, when an
aromatic diamine was employed, the assembled nanostruc-
ture evolved a distinctive chiral signature in the CD spec-
trum, but when an aliphatic cyclic diamine analogue was
used, the self-assembled nanostructure appeared achiral.

The ability of the gel network to tolerate an excess of the
diamine led us to explore the self-assembly of networked
gelators from mixtures of diamine building blocks, in order
to determine whether preferential hierarchical self-assembly
could lead to the amplification of specific components
within the gel network. We found that when one molar
equivalent of the dendron was mixed with an equimolar
mixture of 1,2-, 1,3- and 1,4-diaminobenzene, component-se-
lective self-assembly in favour of 1,4-diaminobenzene was
observed. In addition, the selectivity of different networked
gelator systems towards pyrene as a ternary guest molecule
was investigated, and the results suggested that the net-
worked gelator system based on the dendron combined with
1,4-diaminobenzene showed a greater degree of interaction
with pyrene than that based on 1,4-diaminocyclohexane.

In summary, we have demonstrated that this gelation
system undergoes high fidelity self-assembly with stoichio-
metric control and component selection/amplification—such
principles are of general importance in the organisation of
ordered systems from complex mixtures and will underpin

Table 3. Transverse (T2)
1H NMR relaxation times measured for systems

based on 1:1 molar ratio of networked gelators. [dendron] =18 mm, Sol-
vent= toluene.

Sample Pyrene (singlet-like 1H) T2 [s]

pyrene solution 4.95�0.45
G2/1,4-CH + pyrene 1.65�0.13
G2/1,4-BZ + pyrene 0.75�0.05
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the future development of highly responsive and smart soft
materials.
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