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Binding of metal ions to the head of a coordinating amphiphile

TTC4L substantially changes the emission color of the terthiophene

group attached to the chain end via a conformation triggered self-

assembly. This is in analogy with the allostery of proteins in which

binding a ligand to one site may affect its performance at another

site through conformational change.

Allostery is a well-known phenomenon in biology.1–3 Generally
speaking, binding a ligand at one site of a protein modifies the
performance at a distant site through conformational or dynamic
changes.4–6 Similar allostery was also found in DNA in recent years,
where the deformation of a double-helical structure is the origin of
DNA allostery.7–9 Since DNA is a supramolecular self-assembly of
many base-pairs, it suggests that allostery may have a general effect
on molecular self-assemblies. Although extensive studies have
been done on various aspects of self-assemblies,10–14 less is known
about their allostery, which is normally considered to be a mere
biological phenomenon. Although it is well-known that the metal
ions may trigger the change of the conformation of ligands, it only
causes an allosteric effect on the molecular level.15–18 In fact, many
artificial molecular systems have been verified amazingly similar
to bio-systems,19–22 and bio-systems have inspired a number of
elegant artificial designs. For instance, Rowan et al. reported the
mechanical responsive hydrogels may mimic the behaviors of sea
cucumber,23 Yan et al. fabricated a breathing vesicle with fluores-
cence on–off just like jellyfish,24 or even the growth of inorganic
materials can be made in great analogy with the growth of plants.25

In contrast, allostery has not been reported for molecular self-
assemblies, namely, studies about molecular conformation
triggered change in self-assembled structures and their properties
have not been recognized. This is to a large extent due to the lack

of proper molecules which display conformation-dependent self-
assembled structures.

Herein we report upon the employment of an amphiphile
that exhibits distinct conformational related fluorescence,
allostery in a molecular self-assembly can be achieved. This
design employs the unique intermolecular distance dependent
fluorescence of the terthiophene group. Blue, green and violet
emissions may occur one by one with the intermolecular
distance being 3–4 Å,26,27 4–7 Å,28,29 and larger than 7 Å,30

respectively. In this study, the hydrophobic terthiophene group
was tethered to a hydrophilic coordinating head by a butyl
group to form an amphiphile TTC4L (Scheme 1). TTC4L alone
can hardly self-assemble into any well-defined structure; however,
upon binding with metal ions, they self-assemble into mesoscale
structures which are highly dependent on the metal ions.
Meanwhile, the emission color changes accordingly. Molecular
modelling suggests that both the change of the self-assembled
structure and the emission colors are closely related to the
metal ion triggered conformational change of TTC4L. This is in
high analogy with the conformational related property change
of protein or DNA. In this way, we generate an elegant case of
allostery in molecular self-assembly.

Scheme 1 Structure of TTC4L and the schematic representation of the
change of emissions of TTC4L triggered by Ag+.
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TTC4L was synthesized in our lab.31 The fresh solution of
TTC4L in ethanol–water mixed solvent (1 : 1, v/v) is clear.
However, upon addition of metal ions, such as Ag+, the solution
immediately turns turbid, indicating the formation of large
particles. SEM images in Fig. 1a shows the formation of uniform
microspheres in the TTC4L-Ag+ system with a nearly monodispersed
size of about 10 um. A zoomed in observation in Fig. 1b reveals that
these spheres are the hierarchical self-assembled structures of
nanosheets. Such highly ordered structure is in clear contrast to
the amorphous structures of native TTC4L (Fig. 1c). Meanwhile,
energy-dispersive spectroscopy (EDS, Fig. 1d and Table S1, ESI†)
demonstrates that the molar ratio between TTC4L and Ag+ is
close to 1 : 1, suggesting that the basic units in the microspheres
are the 1 : 1 coordinated TTC4L and Ag+.

Furthermore, CLSM observation reveals that these spheres
emit bright green color (Fig. 2a), which is completely different
from the dark orange color of native TTC4L (Fig. 2b). Since the
emission colors of TTC4L are highly dependent on the self-
assembly status of the terthiophene groups32 at the chain end,
the present results indicate that we may encounter an allostery
in this self-assembled system, which is generally recognized in
protein and DNA systems.

In order to gain physical insights into this unusual allosteric
effect in the TTC4L-Ag+ coordinating self-assembly, fluores-
cence measurements were performed. Solid TTC4L on its own
displays a broad emission with the strongest peak at 438 nm.
(Fig. 2c, black line) The coexisting shoulder peaks at 420 nm,
450 nm, and 540 nm suggest that the molecular packing in the
TTC4L system is rather ill-defined, which is in accordance with
the structures observed in SEM (Fig. 1c). In contrast, in the TTC4L-
Ag+ system the strongest emission occurs at 470 nm which is
accompanied by a shoulder peak at 502 nm (Fig. 2c, red line).
These are the characteristics of terthiophene excimers,29 in
accordance with the green emissions observed in Fig. 1b.

To further verify that the self-assembled structures play
important roles in the change of the emissions, the TTC4L-Ag+

self-assembled particles were completely dissolved in ethanol. It
is found that Ag+ ions only slightly influence the emission of
native TTC4L. The emission peaks are not shifted, except for the
occurrence of a strong excimer emission (Fig. 2d, red). Obviously,
the emission of the self-assemblies in Fig. 2c is drastically different
from that of the dissolved TTC4L-Ag+ (Fig. 2d). This means that
the change of the emission colors is indeed triggered by the self-
assembly of the TTC4L-Ag+.

Next, XRD measurements were made to examine the molecular
arrangements in the microspheres. Fig. 3a shows that different
from the native TTC4L system, the TTC4L-Ag+ system exhibit sharp
Bragg’s peaks corresponding to the distances of 2.4, 1.6, 1.2,
9.5 nm. These can be assigned as 002, 003, 004, and 005
diffractions, respectively, revealing a typical lamellar feature
where the TTC4L molecules are in parallel packing.33–35 This means
that binding of Ag+ has changed the molecular arrangement of

Fig. 1 SEM images of the assemblies of (a) TTC4L-Ag+ and (c) TTC4L.
(b) is a highly magnified image of the surface of a TTC4L-Ag+ microsphere.
(d) X-ray energy dispersive spectroscopy (EDS) of TTC4L-Ag+ assemblies
on silicon sheets. The concentrations of TTC4L and silver ions are all
0.50 mM.

Fig. 2 Comparison of the CLSM images and fluoresence spectra for the
TTC4L-Ag+ assembly and for TTC4L. (a) CLSM image of TTC4L-Ag+; (b)
CLSM image for TTC4L. The concentration of TTC4L and silver ions are all
0.50 mM. (c) The solid fluorescence emission spectra for the TTC4L-Ag+

microsphere; (d) the emission of the molecularly dissolved TTC4L-Ag+

coordinating complex in ethanol. (lex = 365 nm).
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TTC4L. The distance of 4.8 nm for the 001 diffraction (Fig. S1, ESI†)
is two-fold the length of native TTC4L. Therefore, the repeating unit
in the microspheres is the bilayer of TTC4L-Ag+.

In order to find the origin of the metal ion triggered bilayer
arrangement of TTC4L, the restricted density function method36

was employed to understand the effect of coordination on the
molecular conformation of TTC4L. This method does not require
assumptions but calculations of the conformation of TTC4L upon
binding of Ag+ to the coordinating head. Fig. 3b shows the front
and the side views of the conformations. In the left column we
compared the conformational difference for TTC4L alone (where
1 K is bound), and TTC4L-Ag+ systems. Obviously, the plane of
terthiophene twists upon addition of Ag+. This tendency can be
further evidenced in the side views. In the right column we show
that the twisting angle between the terthiophene plane and the
butyl group for the primitive TTC4L is about 1561, whereas in
the presence of Ag+, the twisting angle becomes 1161. Further
calculations suggest that no specific interaction, such as p–p
stacking, exists between the twisted TTC4L-Ag+. This indicates
that the hydrophobic interaction should be the driving force for
the self-assembly of the twisted TTC4L-Ag+. Since hydrophobic
interaction often drives the parallel alignment of the lipid molecules,
the TTC4L-Ag+ coordinating unit tends to self-assemble into
bilayered structures. On the other hand, the coordination also
affected the conformation of the terthiophene group. The calculated
conformation suggests that Ag+ triggered a planar terthiophene,
which further affect their packing in the bilayers. As a result, the
intermolecular distance between terthiophene groups, which is
at the opposite end of TTC4L, was dramatically affected so that
different emission colors occurred. This means that the Ag+

triggered a self-assembled structure and the corresponding
distinct fluorescence is indeed an allosteric effect.

Most strikingly, we found that each different conformation
of TTC4L triggered by specific metal ions could lead to a distinct
self-assembled structure (Fig. 4 and Fig. S2 and S3, ESI†) with
the corresponding emission colors. For instance, TTC4L-Ca2+

self-assemble into microflowers (Fig. 4a) with yellow emission
(Fig. 4b), and TTC4L-Pd2+ star anises (Fig. 4c) with yellow-green
emission (Fig. 4d). Compared with previous studies that modify
the intermolecular distance between TTC4L by inserting surfactant
molecules between them,31 the prominent feature of this allosteric
effect lies in the change of molecular conformation of TTC4L,
which is the origin of different molecular packing, different self-
assembled structures, and different emission colors.

In summary, we demonstrated a case of allostery in a molecular
self-assembly using a coordinating amphiphile TTC4L that contains
a terthiophene group at the chain end. It was found that binding of
Ag+ at the coordinating head resulted in distinct twisting of the
terthiophene group at the chain end, which further affected the
arrangement and intermolecular distances between the terthio-
phene groups, and finally led to a different fluorescence. A
similar effect can be triggered by other metal ions, such as Ca2+,
Pd2+ etc., demonstrating that each specific metal ion can trigger
distinct self-assembled structures and emission colors. This is
in great analogy with protein allostery in which binding a ligand
at one site will affect the performance at a distant site. Therefore,
this work demonstrated an elegant case of allosteric self-assembly.

Fig. 3 (a) XRD patterns for TTC4L and TTC4L-Ag+ microspheres. (b1)–(b4)
Molecular modelling of the conformation of TTC4L and TTC4L-Ag+. (b1)
and (b2) are the front views of TTC4L (binding with 1 K, b1) and TTC4L-Ag+

system (b2), (b3) and (b4) are the side views of TTC4L and TTC4L-Ag+

systems, respectively. Fig. 4 Molecular modelling of the conformation of TTC4L coordinating
systems with Ca2+, Pd2+, and Cu2+. (a and c) and (b and d) are the the SEM
and corresponding CLSM images of the self-assembled structures in the
TTC4L-Ca2+ and TTC4L-Pd2+ systems, respectively.
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We envisage that bio-inspired allosteric self-assembly may act as a
new strategy to control the self-assembled structures and their
functions, which will open a new vista in the field of nanoscience,
self-assembly and related materials science.

This work was supported by the National Natural Science
Foundation of China (21422302, 21273013, 21573011), the
National Basic Research Program of China (973 Program,
2013CB933800) and the Research Fund for the Doctoral Program
of Higher Education of China.
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