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Abstract: For chiral gels and related applications, one of the
critical issues is how to modulate the stereoselective interaction
between the gel and the chiral guest precisely, as well as how to
translate this information into the macroscopic properties of
materials. Herein, we report that this process can also be
modulated by nonchiral solvents, which can induce a chiral-
interaction reversion for organogel formation. This process
could be observed through the clear difference in gelation
speed and the morphology of the resulting self-assembly. This
chiral effect was successfully applied in the selective separation
of quinine enantiomers and imparts “smart” merits to the gel
materials.

Chiral interaction is always a hot topic in chemistry because
of its importance in biological processes,[1] medicine,[2]

asymmetric catalysis,[3] and separation,[4] among other areas.
An important challenge, and a new and promising direction of
research on chiral materials and their applications, is how to
transfer the weak chiral-interaction signal to changes in the
macroscopic properties of materials,[5] for example, gelation
and wettability. This process normally requires the participa-
tion of chiral guests or other asymmetric factors,[6] which can
influence the assembly behavior of chiral aggregates or the
conformation of chiral polymers and thus induce changes in
the macroscopic properties of materials. Herein, we show that
this process can also be modulated by nonchiral factors.[7] We
report the ability of nonchiral solvents to trigger the reversion
of chiral interactions for organogel formation. A mechanistic
study indicated that solvents with different polarities deter-
mine the optimal conformations of chiral gelators and can
unexpectedly initiate reverse interaction processes with chiral

drug enantiomers. This finding not only enables a better
understanding of the assembly behavior of chiral gelators, but
can also be used to add new “smart” features to organogels.[8]

We further demonstrate controllable enantiomeric separation
based on this effect by the use of a semipermeable membrane
modified with our chiral organogel. This membrane enables
the selective permeation of l or d enantiomers through
alteration of the polarity of the solvent.

Because of their reversible swelling and shrinkage proper-
ties, controllable assembly behavior, and broad application
prospects in chirality-related domains, chiral organogels or
hydrogels have received considerable attention in recent
years.[9] For this study, dipeptides were chosen as the
fundamental units for the construction of chiral gelators
owing to their abundant hydrogen-bonding sites and pro-
grammable sequence combination. A para-disubstituted
phenyl group was introduced as a bridge to connect two
dipeptide arms and form a structure with C2 symmetry to

Scheme 1. a) Molecular design of small-molecular gelators G1–G6
composed of two symmetrical dipeptide arms with different sequences
linked to a rigid p-phenyl backbone; the structure of G1 is shown as
an example. G7 and G8 are controls with a one-arm or flexible-linkage
architecture based on l-Asp-l-Phe. b) Photographs showing gel forma-
tion of G1–G8 in ethanol after ultrasonic treatment for 4 min followed
by cultivation at the normal temperature (20 8C) for 1 h.
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provide sufficient rigidity (Sche-
me 1a). The relationship between
the dipeptide sequence and the
gelation capacity in ethanol was
first explored. Six dipeptide sequen-
ces were examined, namely, l-Asp-
l-Phe (in G1), d-Asp-d-Phe (in
G2), l-Asp-l-Val (in G3), l-Ala-l-
Pro (in G4), l-Leu-l-Val (in G5),
and l-Ala-l-Phe (in G6), but only
G1, G2, and G6 formed a macro-
scopic organogel (Scheme 1 b). This
result indicates that the Phe residue
is necessary for gel formation. We
presume that the p–p stacking
between adjacent phenyl groups is
a vital driving force for the supra-
molecular self-assembly of the gel in
this case. Control experiments with
single-arm (compound G7) or flex-
ible structures (compound G8)
based on l-Asp-l-Phe further
proved the importance of a two-
arm, rigid architecture for gelation.
Our following research mainly
focused on the gelator G1 because
of its excellent capacity for gel
formation.

By conventional incubation, the
gelation of G1 is a slow process
requiring almost 1 day for the for-
mation of a macroscopic gel in
ethanol (gelator concentration:
1 mgmL�1). However, this process
can be shortened significantly to
about 1 h by brief ultrasonic treat-
ment (4 min) before incubation at
20 8C (Figure 1a).[10] Circular
dichroism (CD) spectroscopy[11]

was used to monitor this process
(see Figure S1 in the Supporting
Information).[12] The spectrum
showed positive and negative
“Cotton effect” bands with peaks
at 290 and 310 nm, respectively.
These bands were enhanced dra-
matically when the duration of
ultrasonic treatment was increased
from 10 s to 4 min. Our results
showed the occurrence of a self-
assembly process of G1 from single molecules to supramolec-
ular aggregates (Figure 1a), which function as the seeds for
further growth into long helical nanofibers, as shown by the
atom force microscopic (AFM) image (bottom of Figure 1a).

Interestingly, this self-assembly process was significantly
influenced by the addition of small-molecular chiral guests in
the form of a pair of pseudoenantiomers: (+)-quinidine and
(�)-quinine. The former is an antiarrhythmic drug, whereas
the latter is well-known for its antipyretic, antimalarial, and

anti-inflammatory properties.[13] It was found that the addi-
tion of (+)-quinidine could significantly accelerate gel
formation: The gelation time was shortened from 1 h to
30 min (Figure 1b). Scanning electronic microscopy (SEM)
showed that in the presence of (+)-quinidine, the gel fibers
become much wider and thicker (see Figure S2b) than the
thin, long fibers formed from pure G1 (see Figure S2a).
However, a totally different situation was observed upon the
addition of (�)-quinine, which strongly inhibited gel forma-

Figure 1. a) Illustration of the ultrasound-promoted self-assembly processes of G1, with or without
the participation of quinine enantiomers. Ultrasonic treatment can accelerate the dissolution and
dispersion of gelator molecules in ethanol, and the formation of supramolecular aggregates. The
self-assembly process is strongly influenced by the configuration of quinine, which can initiate
different processes. b) Photographs showing the states of gels at 30 and 60 min. c,d) CD spectra of
G1 exposed to ultrasonic treatment for different periods of time (0–4 min) with the addition of an
equal amount of (+)-quinidine (c) or (�)-quinine (d) as a chiral guest. e) Comparison of the CD
intensity (l =360 nm) with respect to ultrasonic-treatment time for G1 (&), G1 with (+)-quinidine
(*), and G1 with (�)-quinine (~).
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tion under the same conditions. The solution of G1 after
(�)-quinine addition remained in a liquid state after ultra-
sonic treatment and subsequent incubation for as long as 12 h
(Figure 1b). The above results indicate that (+)-quinidine
and (�)-quinine have opposite effects on the gel-formation
process of G1. CD spectra revealed that (+)-quinidine
(Figure 1c) or (�)-quinine (Figure 1d) directly determined
the self-assembly of G1 during the initial ultrasonic-treatment
step. The addition of an equal amount of (+)-quinidine
induced a clear enhancement of the CD signals, with
a decrease in the intensity at 360 nm from �0.53 to
�9.0 mdeg, whereas the chiral signal was strongly suppressed
by the addition of (�)-quinine, and no apparent change was
observed upon prolonged incubation. A comparison of the
time dependence of the peak intensity at 360 nm (Figure 1 e)
clearly demonstrates the promotion and inhibition of the
initial self-assembly process of G1 by (+)-quinidine and
(�)-quinine, respectively.

Solvent polarity is an important factor governing gel
formation. We changed the solvent from ethanol to a weakly
polar solvent—chloroform—and found that the macroscopic
organogel could not form at a low concentration (below
10 mg mL�1), even though we increased the incubation time
and the temperature (see Figure S4). Therefore, AFM[14] was
used to study the influence of (+)-quinidine and (�)-quinine
on the self-assembly of G1 in chloroform (CD spectra could
not be obtained owing to the serious background noise in
chloroform (see Figure S3c)). For pure G1, by adjusting the
concentration of the gelator (e.g. 0.1, 0.5, 1.0, and
2.0 mgmL�1) in chloroform, well-ordered micropatterns of
single long fibers, dendritic patterns, and nestlike patterns
could be clearly observed on mica (see Figure S5). These
results indicate three different self-assembly behaviors of G1
at low, medium, and high concentrations, which provide an
ideal platform for studying the effect of (+)-quinidine and
(�)-quinine. Unexpectedly, we observed an interesting effect
that was totally opposite to that in ethanol.

At a concentration of 1.0 mg mL�1, pure G1 exhibited
a nestlike microstructure (see Figure S5c). The addition of
(+)-quinidine (0.4 equiv) to the solution of G1 caused the
collapse of this microstructure and the generation of many
short and small fibers (Figure 2a,c), which even became much
shorter and thinner when the molar ratio of (+)-quinidine to
G1 was increased to 1:1. This result indicates that (+)-qui-
nidine can inhibit the self-assembly of G1 in chloroform to
a remarkable extent. However, the presence of (�)-quinine
promoted the formation of fibers, which further assembled
into large rootlike patterns (Figure 2b,d) upon an increase in
the (�)-quinine concentration. The different effects of
(+)-quinidine and (�)-quinine became much more distinct
when the culture temperature was elevated to 30 8C. Under
these conditions, the rootlike pattern grew rapidly from an
average size of about 5 to about 30 mm in the presence of
quinine (Figure 2 f), whereas no evident change was observed
with (+)-quinidine (Figure 2 e). Meanwhile, this chiral dis-
crimination remained even when the molar ratio was
increased from 1:1 to 2:1 (see Figure S6).

CD spectra (see Figure S3) indicated that the absolute
configurations of G1, (+)-quinidine, and (�)-quinine did not

Figure 2. Morphology of self-assembled structures of G1 on mica after
incubation in chloroform with (+)-quinidine (a,c) or (�)-quinine (b,d)
in different molar ratios at 20 8C for 1 h, as observed by AFM in the
tapping mode. The molar ratio of the chiral guest to G1 was 0.4:1
(a,b) or 1:1 (c,d). e,f) Large-scale morphologies of G1 after incubation
at 30 8C for 1 h with an equal molar amount of (+)-quinidine (e) or
(�)-quinine (f), and the corresponding section profiles.

Table 1: Association constants (Ka) between chiral gelators G1–G8 and
(+)-quinidine or (�)-quinine in ethanol or chloroform at 20 8C.

Gelator Ka in ethanol [Lmol�1][a] K(+)/K(�)

(+)-quinidine (�)-quinine

(l,l)-G1 [b] (1.42�0.20) � 103

(d,d)-G2 (2.09�0.28) � 103 (4.80�0.57) � 102 4.35
G3 (1.60�0.32) � 103 (5.00�0.62) � 03 1/3.12
G4 (2.51�0.39) � 103 (3.41�0.31) � 103 1/1.36
G5 (1.08�0.13) � 104 (1.14�0.15) � 104 1/1.05
G6 [b] (1.20�0.20) � 103

G7 [b] (5.88�0.65) � 103

G8 (1.37�0.22) � 104 (1.44�0.18) � 104 1/1.05

Ka in chloroform [Lmol�1][a]

(l,l)-G1 (2.27�0.29) � 104 (5.82�0.39) � 103 3.90
(d,d)-G2 (6.30�0.75) � 103 (1.90�0.28) � 104 1/3.01
G3 (1.53�0.16) � 104 (9.50�1.10) � 103 1.61
G4 (7.70�0.98) � 104 (6.80�0.72) � 104 1.13
G5 (2.37�0.29) � 104 (2.33�0.27) � 104 1.02
G6 (1.86�0.49) � 104 (4.00�0.21) � 103 4.65
G7 (3.45�0.41) � 104 (1.16�0.09) � 104 2.97
G8 (4.80�0.58) � 103 (4.02�0.46) � 103 1.19

[a] Ka values were obtained from fluorescence titration experiments
according to intensity changes in the emission-peak maximum. [b] A
Ka value could not be obtained because the change in the spectrum was
too small.
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change under the experimental conditions. Therefore, the
above results reveal the uncommon phenomenon of a rever-
sion triggered by solvent polarity (which is itself a non-
asymmetric factor) of a chiral interaction for organogel
formation. To explore the molecular mechanism, we con-
ducted fluorescence titration experiments[15] to obtain the
association constants (Ka) between G1 and (+)-quinidine or
(�)-quinine in ethanol and chloroform. G1 exhibited strong
complexation with (�)-quinine in ethanol and induced a 60%
increase in the fluorescence intensity (see Figure S7b), thus
resulting in a Ka value of 1300 L mol�1 (Table 1). As a result,
the self-assembly process of G1 is strongly suppressed by
competitive complexation with (�)-quinine. By contrast, the
addition of (+)-quinidine induced almost no change in the
spectrum, thus indicating a very weak host–guest combina-
tion. This result is in good agreement with the gelation
performance in ethanol. To elucidate the importance of
chirality, we used a reference compound, (d,d)-G2, which
exhibited much stronger complexation with (+)-quinidine
than with (�)-quinine, thus resulting in a K(+)/K(�) ratio of
4.35 (see Figure S8). These data prove the relevance of the
chiral interaction. Similarly, we also investigated the chiral
interaction in chloroform. Contrary to that in ethanol, G1
exhibited a much stronger complexation with (+)-quinidine
than with (�)-quinine, and the K(+)/
K(�) ratio was 3.90. These data provide
solid evidence that enables a better
understanding of the solvent-driven
reversion of the chiral interaction.

We also investigated the relation-
ship between the dipeptide sequence
and the observation of chiral-interac-
tion reversion. By comparing the
binding properties of various chiral
gelators (G3–G8) with quinine pseu-
doenantiomers in ethanol or chloro-
form, we found that the dipeptides
containing Asp or Phe units (G1, G2,
G3, G6, and G7) usually had a stronger
chiral-discrimination ability than that
of dipeptides composed of other
amino acids (G4 and G5). Moreover,
in ethanol, all exhibited larger associ-
ation constants with (�)-quinine than
with (+)-quinidine (K(+)/K(�) ratios
smaller than 1), whereas in chloro-
form, the K(+)/K(�) ratio was always
larger than 1 (Table 1). The analysis of
these data indicates that this effect not
only exists for a specific dipeptide
sequence (Asp-Phe), but may be
a rather general effect valid for many
other peptides. It may thus provide
a wide selection range for materials
design. Nevertheless, the rigidity of
the structure is also critical for chiral
discrimination. This ability was almost
lost in gelator G8 in which the rigid
para-phenyl linkage was replaced with

a flexible alkane chain: a result that is also consistent with its
gelation behavior.

The mechanism of the reversion of the chiral interaction
was further studied by quantum-chemical calculations at the
single-molecule level (Gaussian 2003, density functional
theory at the 6-311g(d) level).[16] First, the optimum con-
formations of G1 in ethanol or chloroform were obtained (see
Figure S9; their possible self-assembly modes are discussed
briefly in Figure S10). Since both (+)-quinidine and (�)-
quinine have bulky naphthalene units with strong p–p-
stacking capacity, these model analyses revealed the critical
role of p–p stacking between aromatic rings in the promotion
and inhibition of G1 assembly and the gel-formation process.
This hypothesis was first proved by a control experiment in
which quinoline alone was introduced as a guest; quinoline
completely inhibited (Figure 3a) the formation of gel fibers in
chloroform (see Figure S11).

Figure 3b–e shows the calculated interaction models of
G1 with (+)-quinidine or (�)-quinine. In ethanol, (�)-
quinine combines with G1 strongly (Figure 3 c) through
both H bonds (green dashed lines) and p–p stacking (red
arrow) between its naphthalene ring and the phenyl group of
G1, owing to the conformational compatibility between the
two molecules. In contrast, (+)-quinidine binds to G1 weakly

Figure 3. a) Illustration of the quinolone-inhibited self-assembly of G1. b–e) Molecular-interaction
models of G1 with (+)-quinidine or (�)-quinine in ethanol (b,c) or chloroform (d,e). The p–p

stacking between quinoline (highlighted by the blue electronic cloud) and the adjacent phenyl
group is indicated by red arrows, whereas H bonding is indicated by green dashed lines with
different bond lengths.
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only through H bonds (green dashed lines, Figure 3b) owing
to the mismatched conformations. Stronger complexation of
G1 with (�)-quinine gives rise to a binding free energy (DG)
much lower than that with (+)-quinidine; their difference
(DG(+)�DG(�)) is + 62.3 kJmol�1. The strong combination
between G1 and (�)-quinine, as well as the occupation of p–p

interaction sites, prevents G1 molecules from assembling with
each other, and finally inhibits gel formation. However, the
weak interaction with (+)-quinidine leads to a more extended
conformation of G1, and an extra unoccupied aromatic
quinolone ring, which can enhance the p–p stacking of G1
molecules and thus promote the self-assembly process.
Interestingly, in chloroform, the conformation selectivity
between G1 and (+)-quinidine/(�)-quinine is just the oppo-
site (DG(+)�DG(�) =�24.0 KJmol�1; Figure 3d,e), in close
agreement with the experimental results of the assembly
behavior. Intermolecular p–p stacking was proved by the 1H–
13C COSY NMR spectra (see Figure S12), in which clear
coupling and overlap occur between signals of the aromatic
rings of G1 and those of the naphthalene ring of (+)-quini-
dine. Moreover, multiple H-bonding interactions may also
contribute to this process, as shown by the 1H–1H COSY
NMR spectra (see Figure S13).

The effect of this stereoselective interaction between G1
and chiral guests, which can be completely reversed by
different solvents, may be very useful in chiral separation and
other applications. To address this point, we designed a device
composed of a dialysis membrane (typical molecular-weight
cutoff: 3500) on which organogels of G1 were immobilized.[17]

The permeation of (+)-quinidine and (�)-quinine through
the membranes was then evaluated in a medium of either
ethanol or chloroform. In ethanol (Figure 4a), (+)-quinidine
exhibited fast permeation behavior, and the permeation
fraction (PF, refers to the percentage of compound permeated
out) increased rapidly to about 60% in 2 h. By contrast, the
permeation of (�)-quinine was much slower, and the PF value
only reached about 20% in 2 h, and gradually increased to
about 40% after 4 h. In contrast, when the medium was
changed to chloroform (Figure 4b), the permeation of (�)-
quinine became much faster than that of (+)-quinidine, and
the PF values were 80 and 10%, respectively, after perme-
ation for 1 h. These results indicate excellent chirality-
selective permeation behavior of the membrane, whereby
the selectivity can be controlled and reversed by the
application of a particular solvent. In a further study with
racemic quinine, a final proportion of 6:1 for (+)-quinidine
and (�)-quinine was obtained after a single permeation
process in ethanol (Figure 4 c), thus proving the feasibility of
this device in chiral separation.

In conclusion, we have described herein an interesting
effect of solvent-triggered chiral-interaction reversion, which
directly determines organogel- and microstructure-formation
processes. This effect has advantages over conventional
routes based on asymmetric factors for the translation of
chiral-interaction signals into macroscopic materials proper-
ties and adds new “smart” features to organogels. It may thus
provide important insight into the design of chiral gels and
relevant applications,[18] such as enantiomeric separation.
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