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Introduction

Perhaps one of the most intriguing phenomena currently
being investigated by chemists is the ability of chemical sys-
tems to spontaneously generate order from complex mix-
tures.[1] One mechanism by which systems can self-organise
is mediated through non-covalent intermolecular interac-
tions—in particular, well-designed molecules are able to un-
dergo self-sorting.[2] By only forming interactions with spe-
cific targets, some molecules are able to recognise the differ-
ence between “self” and “non-self” and hence self-assemble
in a controlled manner. In particular, the ability of stereo-
chemical information pre-programmed into chiral molecules
to drive self-sorting processes has been of intense interest.[3]

Self-assembly processes are of crucial importance in the

“bottom-up” formation of nanostructured materials,[4] and
harnessing self-recognition processes in such materials is a
significant challenge.
Supramolecular gels[5] constitute one class of nanostruc-

tured self-assembled systems. These soft materials constitute
a fascinating arena for the exploration of molecular modifi-
cations on “bottom-up” assembly. Perhaps surprisingly, in-
vestigations of the self-assembly of nanoscale gel-phase ma-
terials from complex mixtures of building blocks has seen
relatively little investigation. Chirality effects on self-assem-
bly have been studied;[6] in the vast majority of reported
cases, individual enantiomers have a greater propensity to
form gels than their corresponding racemate. Indeed, addi-
tion of the opposite enantiomer can normally be considered
to have a disruptive effect on the global mode of packing.[7]

As an example of this, we recently reported a gelation pro-
cess in which molecular recognition and nanoscale self-as-
sembly based on enantiomeric mixtures were significantly
disrupted relative to either of the single enantiomers.[8] In
just a handful of rare cases, it has been reported that mixing
enantiomers does not lead to a disruptive effect on gela-
ACHTUNGTRENNUNGtion.[4a–c,9,10] Occasionally, a racemic self-assembled state ap-
pears to promote macroscopic gelation when compared with
the individual enantiomers which comprise it.[9] There are
also a few examples in which racemic mixtures form assem-
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blies with soft materials properties which appear to be iden-
tical to those generated from the individual enantio-
ACHTUNGTRENNUNGmers.[4a–c,10] This can occur as a consequence of the individu-
al enantiomers self-sorting to yield homochiral aggregates.
We therefore became interested in investigating self-sort-

ing processes in gels in a more general manner. Here, we
report the elucidation of the different geometric and struc-
tural requirements that are important in the self-organisa-
tion of mixtures of our peptidic gelators in organic solution.
Using three simple experimental techniques, which reflect
nanoscale and macroscopic properties of the gels, we are
able to determine which factors control the self-organisation
of this system. These techniques were selected because they
directly investigate the solvated gel-phase itself, rather than
dried samples, which may have modified nanostructures.
The gelators investigated in this paper are illustrated in

Figure 1. We previously published a full investigation of
their ability to self-assemble.[11] Using NMR methods, we

unambiguously demonstrated that this class of gelator self-
assembles into gels as a consequence of intermolecular hy-
drogen bond interactions between the CONH groups in the
peptidic head groups. Furthermore, small angle X-ray scat-
tering indicated that for G2-C12 the diameters of the assem-
bled fibrils corresponded directly with the dimensions of the
molecular scale building blocks, indicating the molecules
stack in a unidirectional manner. This gave us a basic under-
standing of the packing of the molecular building blocks.
This family of gelators is ideal for probing the behaviour of
mixtures, because they have a range of different variable
structural features:

a) Molecular “size”: gelators G1 and G3 have dendritic[12]

head groups with different sizes;
b) Molecular “shape”: gelators G2-C6 and G2-C12 have

spacer chains of different lengths connecting the peptidic
head groups;

Figure 1. Comparisons between the self-assembling gelators investigated in this paper.
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c) Molecular “chirality”: gelators can be constructed using
d-lysine, rather than l-lysine (e.g. d-G2 and l-G2).

The nomenclature used in this paper reflects these three
key structural features. The full label for each gelator can be
described as: chirality ACHTUNGTRENNUNG(l,d)–size ACHTUNGTRENNUNG(G1,G2,G3)–shape ACHTUNGTRENNUNG(C6,C12).
We apply a nomenclature priority rule to enhance readabili-
ty: the peptide size is always stated (G1, G2 or G3), howev-
er the shape is assumed to be C12 (unless otherwise stated)
and the chirality is assumed to be l (unless otherwise
stated).

Results and Discussion

Synthesis of gelators : The gelators investigated in this paper
have Boc-protected l-lysine (or d-lysine) head groups cova-
lently connected to each end of diaminoalkanes (Figure 1).
The synthesis of these gelators (with l stereochemistry) was
previously reported.[11] For this new paper, we synthesised
some analogues with the alternative (d) stereochemistry (d-
G1 and d-G2). These syntheses were achieved by using a di-
rectly analogous strategy to that previously reported (data
in the Supporting Information). In addition, diastereomeric
meso-compound d,l-G1 was synthesised using an orthogonal
protecting group strategy (Scheme 1). In this approach,
mono-Boc protection of diaminododecane enabled Z-pro-
tected lysine with l stereochemistry to be attached to one
end. Subsequently, Boc deprotection followed by coupling
with Boc-protected d-lysine and then a swap of protecting
groups from Z to Boc allowed the synthesis of the target
compound. Experimental data for compound d,l-G1 were
consistent with the proposed structure and are given in the
Supporting Information.

Self-assembly of mixtures—molecular “size”: The thermal
properties of G3 in toluene were investigated as a function
of concentration (Figure 2a). The Tgel values of all gels were
determined using a reproducible tube inversion methodolo-
gy described in detail in the Supporting Information. The
Tgel value increased with concentration until reaching a “pla-
teau” value of 97 8C. In the presence of an equimolar con-
centration of G1, the dependence of Tgel on [G3] was com-
pletely unchanged. Mixing G1 into G3 therefore has no
effect on the macroscopic gelation of G3. The gel formed by
G1 alone only has a Tgel plateau value of 33 8C. Therefore
the mixture behaves like G3, the more effective gelator and
indicates that compound G3 is able to self-organise in the
presence of G1.
Small angle X-ray scattering (SAXS) experiments[13] on

G3 in toluene (20 mm) gave data which could be fitted to an
unusual model of ribbon-like assemblies with a persistence
length of 15 M, a width of 93 M and a thickness of 43 M
(Table 1, and Supporting Information).[14] When the experi-
ment was repeated on a mixture of G3 (10 mm) and G1
(10 mm), the data could be fitted to the same model, giving
similar dimensions. This indicates that the presence of G1
does not significantly disrupt the mode of nanoscale self-or-
ganisation of G3.
Circular dichroism (CD) spectroscopy probes the nano-

scale organisation of chiral systems.[15] We studied d-G1 and
l-G3 in cyclohexane, an optically transparent solvent which
supports gelation. Both systems exhibited CD bands at
about 220 nm which correspond to the spatial organisation
of the CONH groups within homochiral assemblies (d-G1:
+130 mdeg, l-G1: �110 mdeg). These CD bands are tem-
perature dependent, proving they are consequence of the as-
sembly of chiral nanoscale objects, rather than just being
due to the inherent chirality of the individual molecules.

Measuring CD spectra of the
mixtures indicated that the ad-
dition of l-G3 to d-G1 led to a
linear change in the ellipticity
(Figure 3a). This linear change
is consistent with a proportional
mixture of d-G1 and l-G3 as-
semblies being present at each
point in the experiment. We
therefore propose that d-G1
and l-G3 self-sort into their
own assemblies based on the
difference in molecular “size”.

Molecular “shape”: Thermal
experiments (Figure 2b) indicat-
ed that the presence of G2-C6
depressed the Tgel plateau value
of G2-C12 from 93 to 83 8C.
However, a mixture of G2-C12
(9 mm) and G2-C6 (21 mm) had
a high Tgel value of 80 8C—
whereas at these concentra-Scheme 1. Synthesis of d,l-G1 using an orthogonal protecting group strategy.
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tions, the individual gelators only have Tgel values of 28 8C
and 50 8C respectively. This indicates that these gelators
modify one anotherNs self-assembly, diminishing or enhanc-
ing thermal stability, depending on the precise conditions.
This is different to what happened on mixing molecular
sizes (i.e., G1 and G3).
The SAXS profiles for G2-C6 and G2-C12 could be fitted

to a model of homogeneous infinite solid cylinders
(Table 1). The greater spacer chain length of G2-C12 gives
cylinders with a larger radius (Rc=17.5 M) than G2-C6
(Rc=12.5 M). These dimensions approximately correspond
with the size of a molecular building block, consistent with
the assembly of a molecular-scale fibril.[16] Mixtures of G2-
C12 and G2-C6 had intermediate radii, and this may indi-
cate that a mixed gelation system with intermediate dimen-
sions is being formed. The SAXS data for the mixture of
G2-C12 (6 mm) and G2-C6 (14 mm) also had a feature cor-
responding to dimensions of 66 M which could not be fitted
to the model (Supporting Information). This may be related
to the enhanced Tgel value observed for this type of mixture.
SAXS therefore indicates the ability of these gelators to
modify one anotherNs nanoscale self-assembly. This is unlike
G1 and G3, where G1 had little effect on the assembly of
G3.

The CD spectrum of G2-C12 has an ellipticity of
�120 mdeg, whilst that of G2-C6 is effectively zero. The
presence of just 20% of G2-C6 was sufficient to completely
inhibit the chiral self-assembly of G2-C12 (Figure 3b). The
loss of CD signal is not proportional, which indicates that
G2-C6 has a disruptive effect on the nanoscale chiral organi-
sation of G2-C12.
In combination, these results indicate that differences in

the molecular “shape” parameter are therefore insufficient
to enable self-organisation. Instead, mixtures of these gela-
tors form mixed nanoscale assemblies with one building
block disrupting the other and in which chiral information is
lost.

Molecular “chirality”: Thermal studies indicated that mixing
d-G2 and l-G2 had minimal effect on the Tgel value, which
remained approximately constant at around 80 8C (see Fig-
ure 2c). This is an unusual result compared with most chiral
gelators as a mixture of enantiomers suppresses gelation.[7,8]

SAXS data for the enantiomeric mixture of l-G2 (10 mm)
and d-G2 (10 mm) could be fitted to the same model of in-
finite solid cylinders as l-G2 (Table 1). Gratifyingly, the
data indicated an almost identical radius for the cylinders
(Rc=17.0 M), demonstrating that mixing the two enantio-
mers has no impact on the nanoscale organisation of the
molecular building blocks.
The two enantiomers had equal and opposite CD bands

(l-G2 : �120 mdeg, d-G2 : +120 mdeg). Mixing the two
enantiomers led to a linear response of the CD signal (Fig-
ure 3c). Spector and co-workers have previously proposed
that this proportionate response is consistent with resolution
(i.e., self-sorting) of enantiomers into mirror image assem-
blies, with the CD signal at each point being due to a pro-

Figure 2. Thermal studies: a) Size: Tgel values for G3 (*) and an equimo-
lar mixture of G3 and G1 (~). b) Shape: Tgel values for G2-C6 (&), G2-
C12 (*) and mixtures of G2-C6 and G2-C12 in which [gelator]total=
30 mm (~). c) Chirality: Tgel values for mixtures of d-G2 and l-G2, [gela-
tor]total=20 mm. Solvent: toluene.

Table 1. SAXS data for gels in toluene fitted to models based on ribbon-
like or cylindrical assemblies. In each case [Gelator]total=20 mm.

Ribbon-like assemblies Cylindrical as-
semblies

Sample Length
a

Width
b

Thickness
c

Radius Rc

size G3 (20 mm) 15 93 43 –
G3 (10 mm)
+ G1 (10 mm)

15 80 43 –

shape G2-C6 (20 mm) – – – 12.5
G2-C6 (14 mm)
+ G2-C12
(6 mm)

– – – 14.0

G2-C6 (10 mm)
+ G2-C12
(10 mm)

– – – 16.5

G2-C6 (5 mm)
+ G2-C12
(15 mm)

– – – 17.5

G2-C12
(20 mm)

– – – 17.0

chirality l-G2 (20 mm) – – – 17.5
l-G2 (10 mm)
+ d-G2
(10 mm)

– – – 17.0
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portional mixture of left and right handed assemblies.[10c] We
therefore propose that self-sorting of enantiomeric mixtures
is possible in this case. In previous cases, where enantiomer-
ic building blocks have disrupted each otherNs self-assembly,
we have observed non-linear effects on mixing enantio-
mers.[8]

To confirm the generality of this observation, we then in-
vestigated the self-assembly of mixtures of l-G1 and d-G1.
As reported previously,[11] compound l-G1 forms an optical-
ly transparent gel in toluene, with a Tgel value of 34 8C at
concentrations above about 40 mm. As expected, enantiomer
d-G1 formed gels with effectively identical thermal proper-

ties (Tgel=33 8C, 60 mm). Mixing one enantiomer (d-G1)
into the other (l-G1) had minimal impact on the macro-
scopic thermal behaviour of the materials (50:50 mixture,
Tgel=31 8C, 60 mm, Figure 4a). Once again, this indicates
that changing the chirality of the dendritic peptide does not
cause disruption of the self-assembly process on the macro-
scopic level.

Gelator l-G1 exhibited nanoscale chiral organisation,
with a negative CD band at about 220 nm. Variable temper-
ature CD spectroscopy performed on l-G1 demonstrated
that increasing the temperature decreased the intensity of
the CD band, as the aggregates of l-G1 disassembled
(Figure 5), proving that this CD band is associated with the
self-assembly of the gelator molecules and is not an inherent
property of isolated l-G1 molecules. As expected, the CD
spectrum of d-G1 yielded a positive peak at about 220 nm—
the mirror image of the spectrum recorded for l-G1.
Incremental addition of d-G1 to the self-assembly com-

posed of l-G1 led to a proportionate (i.e., linear) decrease
in the extent of nanoscale chiral organisation (Figure 4b).
Once again, this linear response of CD signal is consistent
with resolution (i.e. , self-sorting) of two-different enantio-
mers into mirror-image assemblies (self-sorting), with the as-
sembly at each point being comprised of a mixture of left
and right handed forms in the relevant proportion.[10c]

Figure 3. CD studies: a) Size: addition of l-G3 to d-G1. b) Shape: Addi-
tion of G2-C6 to G2-C12. c) Chirality: addition of l-G2 to d-G2. Solvent:
cyclohexane, [gelator]total=3 mm.

Figure 4. a) Effect of enantiomeric mixing on Tgel. Solvent: toluene. For
each point, [Gelator]total=60 mm ; b) Addition of d-G1 to l-G1 illustrat-
ing a non-disruptive (linear) effect of enantio-mixing. Solvent: cyclohex-
ane, [Gelator]total=3 mm.
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Therefore, like the d-G2 and l-G2, gelators d-G1 and l-G1
appear to be able to self-organise when assembling from an
enantiomeric mixture.
Other researchers have previously used electron micro-

scopy methods to visualise chiral self-sorting processes in
helical fibrillar assemblies.[10a] However, in this case, the fi-
brillar assemblies did not have an obvious helical twist, and
therefore the nanoscale chirality could not be visualised by
electron microscopy methods (data not shown).

Further investigations of chirality effects (d,l-G1): Finally,
we decided to further investigate chirality effects using dia-
stereomer d,l-G1 in which the two head groups have oppo-
site chiralities, in order to compare behaviour with d-G1
and l-G1, and then determine whether mixtures of diaste-
reomers would be able to self-organise in the same way that
mixtures of enantiomers can.
Once again d,l-G1 was capable of forming a self-support-

ing gel in toluene (Tgel=33 8C, 60 mm). Measuring Tgel as a
function of concentration revealed that d,l-G1 (see Sup-
porting Information) behaved in an analogous manner to l-
G1 with both materials having similar thermal stabilities.
Furthermore, in each case, the network building was essen-
tially complete at a concentration of about 40 mm. However,
mixing d-G1 into a sample of d,l-G1 only gave rise to a par-
tial gel. This is significantly different to what was observed
on mixing enantiomeric d-G1 and l-G1 when there was
minimal effect on macroscopic gelation (Figure 2c). These
results indicate that the presence of diastereomeric d,l-G1
has a significant disruptive effect on the gelation of d-G1
(and vice versa).
Furthermore, mixing d,l-G1 into d-G1 was monitored

using CD spectroscopy (Figure 6). This clearly indicated
that the presence of d,l-G1 significantly disrupted the nano-
scale chiral organisation of d-G1. Even the presence of
about 20% of the diastereomer was sufficient to completely
inhibit chiral organisation. Once again, this is in stark con-
trast with the mixture of enantiomers, where a linear re-
sponse of CD ellipticity was observed and indicates that
unlike enantiomers, the diastereomers disrupt one anotherNs
assembly.

Interpretation of the results : In summary, the results demon-
strate that of the three parameters investigated, mixtures
with different “size” and “chirality” can self-organise their
molecular building blocks, while mixtures with different
“shape” disrupt one anotherNs self-assembly (Figure 7). In-
terestingly, the “size” and “chirality” parameters correspond
to the molecular information programmed into the peptidic
head group and it is the hydrogen-bond interactions be-
tween these head groups which enable the self-assembly.[11]

We therefore propose that if a mixture has building blocks
with different head groups, the molecular recognition path-
way is able to discriminate between “self” and “non-self”.
On the other hand, the molecular “shape” parameter modi-
fies the spacer chain, not the peptide, and we propose that

Figure 5. Temperature dependence of the CD spectrum of l-G1 mea-
sured in cyclohexane, [gelator]total=3 mM.

Figure 6. Incremental addition of d,l-G1 to d-G1 monitored using CD
spectroscopy. Solvent: cyclohexane. [gelator]total=3 mm.

Figure 7. Summary of molecular recognition processes within the mix-
tures, controlled by interactions between peptidic head groups.
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mixtures of these molecules are unable to discriminate
“self” and “non-self”, having a disruptive effect on one an-
otherNs self assembly by forming mixed assemblies. It is
worth noting that the “shape” parameter is somewhat de-
pendent on the conformation of the flexible aliphatic chain.
The X-ray scattering results, however, would indicate that
this chain is reasonably extended. Studies using more rigid
linking groups are currently in progress in order to fix this
parameter more carefully. Nonetheless, we argue that be-
cause the head groups drive the assembly process, their
identical nature in G2-C6 and G2-C12 prevents these mole-
cules being able to effectively differentiate themselves.
These results are supported by the study with compound

d,l-G1. An enantiomeric mixture of l-G1 and d-G1 is capa-
ble of chiral self-organisation, but a diastereomeric mixture
of d,l-G1 and d-G1 is not. This is consistent with our previ-
ous model of fibre formation in which the molecular recog-
nition pathway is based on intermolecular hydrogen bonding
patterns between peptides.[11] Gelators l-G1 and d-G1 have
peptide “head groups” with fully opposite chiralities and
can hence “ignore” one another during self-assembly. In this
case, the enantiomer can only recognise “self”. For diaste-
reomeric mixtures of d,l-G1 and d-G1, however, the chirali-
ty of one of the head groups is the same in both molecules,
and consequently we propose that “partial” molecular rec-
ognition process can occur between the different building
blocks (i.e.; the head groups with “d” chirality are able to
interact). Importantly, the “wrong” chiral head group (l)
would then be inserted in the self-assembled stack, resulting
in a mismatch of hydrogen-bonding patterns and disruption
of the self-assembly process and gelation. Hence, the pres-
ence of d,l-G1 disrupts the gelation of d-G1 and self-organi-
sation does not take place.
Interestingly, in our previously reported two-component

gelation system (Figure 8),[8] we found a disruptive effect on
self assembly when using an enantiomeric mixture of den-
dritic peptides. In this system, the peptides are not perma-
nently bound to the spacer chain, and therefore it is possible
to generate complexes with all d stereochemistry, complexes
with all l stereochemistry, and complexes with mixed d and
l stereochemistry. In analogy with the results in this new
paper, it would be expected that the presence of this latter

mixed two-component complex would give rise to the dis-
ruption of the self-assembly process.

Conclusion

In summary, this paper demonstrates that subtle molecular
recognition pathways can be differentiated within mixtures
leading to self-organisation. In particular, we have demon-
strated that the molecular-scale information programmed
into the dendritic peptide groups, in this case, controls the
self-organisation of the building blocks within the self-as-
sembly. The organised assemblies which emerge from mixed
gelator systems have potential to be harnessed as multi-
functional nanomaterials, and work in this direction is cur-
rently in progress.
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