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ABSTRACT: Allosteric regulation is extensively employed by nature to
achieve functional control of protein or deoxyribonucleic acid through
triggered conformational change at a remote site. We report that a similar
strategy can be utilized in artificial self-assembly to control the self-
assembled structure and its function. We show that on binding of metal
ions to the headgroup of an amphiphile TTC4L, the conformational change
may lead to change of the dipole orientation of the energy donor at the
chain end. This on the one hand leads to a drastically different self-
assembled structure; on the other hand, it enables light harvesting between
the donor−acceptor. Because the Forster resonance fluorescence transfer
efficiency is gated by metal ions, controlling the feeding of metal ions allows
switching on and off of light harvesting. We expect that using allosteric self-
assembly, we will be able to create abundant structures with distinct
function from limited molecules, which show prominent potential for the
postorganic modification of the structure and function of self-assembled materials.

■ INTRODUCTION

One of the marvellous magic of nature is to employ allosteric
effect,1−4 namely, to regulate the function of protein5−7 or
deoxyribonucleic acid (DNA)8−10 through conformational or
dynamic changes. Typical allosteric effect refers to binding a
molecule at one site but changing the binding ability at a
remote site.11−13 Using this strategy, various complex and
precise functions are created by nature with limited
compositions. Similarly, allosteric regulation is also employed
by chemists to achieve the desired sensor or detection
effect.14,15 However, so far, examples for artificial allosteric
regulation are limited on the molecular level,16,17 where the
distance or interaction between two groups within one
molecule is controlled by triggered conformational variation
of the molecule. This is in clear contrast to the complexity in
natural allostery, where the stimuli act at one end, but
functional changes occur at a remote end. Furthermore, many
self-assembled structures, such as β-sheets or α-helices in
protein and base-pairs in DNA, participate in the transduction
of signals triggered by a remote stimulus. In analogy to allostery
in nature, we expect that functional control over the artificial
systems can be achieved by allosteric effect that occurs in
molecular self-assembly.
Among various functional materials, light-harvesting systems

based on the Forster resonance fluorescence transfer (FRET)
have attracted intensive interest in the past two decades.18−21

Upon rationale arrangement of donor and acceptor molecules,

the light absorbed by the donor can be funneled to the acceptor
and thus generate long-wave emission, which is very useful in
energy conversion,22,23 luminescence,24 bioimaging,25,26 and
sensors.27,28 However, energy transfer from the donor to
acceptor becomes possible only as the dipole moments of the
donor and the acceptor molecules orient appropriately or the
distance between them is within 1−10 nm.29 Because both the
donor and acceptor are usually planar-conjugated molecules,
they undergo π−π stacking readily, which results in dramatic
emission quenching. To avoid the undesired π−π stacking,
tremendous efforts have been input, such as tethering the
donor and acceptor with a linker group in one mole-
cule,25,27,30,31 doping of acceptors in dendrimers,32−34 or
designing elegant molecular arrays of donor and acceptors
using supramolecular self-assemblies.35−40

Herein, we report that upon employment of allosteric self-
assembly, considerations about the arrangement of donor and
acceptors in space are not necessary, and light-harvesting can be
facilely generated in the arbitrary self-assembled donor−
acceptor system. The underlying chemistry is that coordinating
a metal ion to the head of a chromophore amphiphile TTC4L
changes the dipole orientation of the terthiophene donor group
tethering to the chain end (Scheme 1). This directly results in
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self-assembly of TT4CL transition from vesicles to flowerlike

structures. As a result, FRET in the allosteric self-assembly

becomes possible, whereas it is silenced in the vesicular self-

assembly of TTC4L. Notice that the emission of the single

donor group is not affected by binding of the metal ion at the

remote head without self-assembly. FRET is facilitated by the

transition of the self-assembly of TTC4L. This allosteric self-

assembly allows facile regulation of both the structure and

function of molecular self-assemblies via a postorganic synthesis

strategy, which are expected to offer help in creating desired

functional materials through a simple pathway.

■ RESULTS AND DISCUSSION

Zn2+-Triggered Allosteric Self-Assembly of TTC4L.
TTC4L is a coordinating amphiphile synthesized in our lab,
which contains a fluorescent terthiophene group tethered to a
coordinating head of pyridine dicarboxylate via an oxyl-butyl
chain (Figure 1a).41 The solubility of TTC4L in water is
relatively small but can form a clear solution in methanol at
concentrations below 200 μM. Transmission electron micros-
copy (TEM) observations reveal that TTC4L itself self-
assembles into spherical vesicles (Figure 1b) with a well-
defined cortex.42 The average diameter of the vesicles is about
150 nm. Figure 1c shows that the TTC4L vesicles display
typical lamellar diffractions. The distance of 4.71 nm is in good

Scheme 1. Illustration of Allosteric Self-Assembly-Facilitated Light Harvesting in the TTC4L−Metal Ion−4-(4-
diethylaminostyryl)-1-methylpyridinium iodide (SMP) Systema

aBinding of metal ions to the coordinating head (blue) of TTC4L twists the terthiophene group (yellow) at the chain end, which changes the dipole
orientation of the terthiophene (yellow). As a result, π−π stacking of terthiophene and SMP is avoided, so that FRET occurs between them.

Figure 1. Self-assembly of TTC4L and TTC4L/Zn2+. (a) Chemical structure of TTC4L. (b) TEM of TTC4L methanol solution (50 μM). (c) X-ray
diffraction (XRD) result of TTC4L vesicles.
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agreement with 2 times the extending length of TTC4L,
confirming the presence of bilayers formed with TTC4L.
However, upon addition of Zn(NO3)2 at the molar ratio of

TTC4L/Zn(NO3)2 = 1:1, the vesicles change into flowerlike
structures with an average size of ∼400 nm (Figure 2a). On
aging, the flowerlike nanoclusters can grow further into micro-
nanometers (Figure 2b) and gradually settle down to the
bottom of the test tube within 6 h but can be redispersed
facilely upon shaking with hand, indicating that their density is
larger than water. Enlarged TEM image (Figure 2c) shows that
the flowerlike structures are formed by small nanoplates about
20 nm wide. Scanning mode of the TEM image (Figure 2d)
reveals that the zinc element in the flowerlike structures is
homogeneously distributed, indicating that the flowerlike
structures have a solid interior. Fourier transform infrared
(FT-IR) and X-ray photoelectron spectroscopy (XPS)
measurements suggest that Zn2+ coordinates with the pyridine
dicarboxylate headgroup of TTC4L (Figure S1) in the
flowerlike structures. Variation of the molar ratio between
TTC4L and Zn(NO3)2 does not change the morphology and
size of the freshly prepared nanoclusters (Figure S2), indicating
that the flowerlike nanoclusters have a fixed composition.
Elemental analysis with energy-dispersive X-ray spectroscopy
(EDX) (Figure 2e) reveals the presence of TTC4L and Zn2+ at

a constant molar ratio of 1:1 in the flowers obtained at different
TTC4L/Zn(NO3)2 systems (Figures 2e and S2). Meanwhile, a
Job’s plot obtained by measuring the fluorescence of TTC4L at
varied TTC4L/Zn2+ molar ratios also suggests that the binding
ratio is around 1:1 (Figure 2f). This means that TTC4L and
Zn2+ form a charge-neutral TTC4L/Zn2+ coordination
compound, which explains why variation of the molar ratio
between TTC4L and Zn(NO3)2 does not affect the final self-
assembled structure.
It is noteworthy that coordination of Zn2+ to the head of

TTC4L did not change the electronic states of the terthiophene
groups at the chain end. The UV−vis spectra in Figure 3a
reveal that the absorption of the terthiophene group at 350 nm
is not affected, only that for the pyridine dicarboxylate group at
250 nm blue shifts to 220 nm, indicating the subtraction of
electrons from the dicarboxylate group because of the
coordination with Zn2+. Such a scenario was further confirmed
by the fluorescence measurements. Figure 3b shows that for a
very dilute solution of 10 μM, the emission spectra of TTC4L
(Figure 3b, black line) and TTC4L/Zn2+ (Figure 3b, red line)
are essentially the same. However, at the concentration of 50
μM where the nanoclusters are formed, the emission spectrum
of TTC4L/Zn2+ is considerably different (Figure 3b, blue line).
The occurrence of a broad emission at 550 nm was observed

Figure 2. (a) TEM image of the freshly prepared TTC4L/Zn2+ (50−50 μM) in methanol. (b) Scanning electron microscopy (SEM) image of the
TTC4L/Zn2+ self-assembly after aging 6 h. (c) Enlarged TEM image of the TTC4L/Zn2+ nanoflowers. (d) Scanning TEM image of the TTC4L/
Zn2+ self-assembly showing the distribution of the Zn element. The content of Zn across the red line in (d) is given in the inset, which reveals that
the Zn element is homogeneous throughout the self-assembly. (e) EDX data of TTC4L/Zn2+. (f) Job’s plot of TTC4L and Zn2+. The total
concentration of TTC4L and Zn2+ was kept constant at 100 μM. The measured fluorescence intensity was at the wavelength of 550 nm.
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for the self-assembled TTC4L/Zn2+ system featuring the
emission of excimers of the terthiophene moiety.43−46 Lifetime
measurements also confirm the presence of excimers, whereas it
is absent in the TTC4L single system (Figure S3 and Table
S1). This means that the coordination only changes the packing
mode of TTC4L, which can be further verified by XRD
measurements.
Different from the three broad diffraction peaks for the

TTC4L vesicles in the low-angle region (Figure 1c), seven
sharper diffraction peaks are obtained in the XRD measurement
for the flowerlike clusters (Figure 3c). These peaks can be
assigned to two groups of sublayers of a lamellar structure, one
with distances of 4.33 nm (001) and 1.44 nm (003) and the
other with distances of 2.59 nm (001), 1.28 nm (002), 0.86 nm
(003), 0.64 nm (004), and 0.51 nm (005). The disappearance
of the (002) diffraction in the first set of sublayers is probably
caused by the distinction effect between the two sets of
sublayers. Specifically, the distance attributed to the bilayers
formed by the TTC4L molecules becomes smaller in the
nanoflowers (4.33 nm) than in the vesicle (4.71 nm),
suggesting that coordination has triggered the partially
interlaced packing of the TTC4L molecules. It is noted that

the distance of 2.59 nm for the 001 diffraction of the second set
of layer is only slightly longer than the extending length of
TTC4L (2.35 nm), and this layer is dominant throughout the
structure so that the fifth diffraction is observed. This means
that the TTC4L molecules in the coordinated system have
arranged into completely interlaced bilayers upon coordination,
as illustrated in Figure 3d. Obviously, the distance of 2.59 nm is
from a pair of fully interlaced TTC4L/Zn2+ supramolecules,
whereas the distance of 4.33 nm is from the partial interlaced
pair of TTC4L/Zn2+.
We expect that the change of packing mode of TTC4L in the

TTC4L/Zn2+ nanoflowers originates from the coordination
triggered chain twisting of TTC4L. To verify this argument,
quantum chemistry calculation was adopted to reveal the
conformation of the TTC4L molecules upon coordination with
Zn2+. The results are listed in Figure 3e−h. It clearly shows that
the terthiophene groups are arranged in an almost planar mode
before coordination (Figure 3e,f), whereas coordination with
Zn2+ triggers considerable twisting of the terthiophene plane at
the chain end (Figure 3g,h). As a result, π−π stacking between
the terthiophene groups becomes difficult, and the molecules
have to form interlaced pairs to minimize energy. However,

Figure 3. (a) Ultraviolet−visible (UV−vis) spectra of TTC4L and TTC4L/Zn2+. (b) Fluorescence spectra of TTC4L/Zn2+ at nonaggregated (10
μM) and aggregated concentrations (50 μM). (c) XRD result of TTC4L/Zn2+. (d) Scheme of the molecular arrangement in the nanoflowers. The
dotted lines are eye-guiding lines for the arrangement of the complete interlaced bilayers of TTC4L/Zn2+. (e−h) Molecular modulation of TTC4L
and TTC4L/Zn2+. (e,f) are the front view and side view of TTC4L (binding with 2K+). (g,h) are the front and side views of TTC4L/Zn2+,
respectively.
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π−π stacking between the last thiophene ring of interlaced pairs
is still possible, which generates excimers.
Allosteric Self-Assembly-Enabled Light Harvesting.

Thiophenes are well-known organic dyes rich in electrons,
which have great potential in optoelectronics, photocatalysis,
sensors, and luminescence. With the terthiophene moiety
imbedded in the molecule, TTC4L can serve as an energy
donor when paired with a cationic fluorescent dye SMP (Figure
4a) because the emission of TTC4L overlaps well with the
absorption of SMP (Figure S4). However, obvious fluorescence
quenching of TTC4L occurs immediately when the two are
mixed in methanol (Figure 4b, line 2), and a decrease of the
lifetime of TTC4L is observed (Figure S3a and Table S1).
Variation of the molar ratio between TTC4L and SMP only
changes the degree of fluorescence quenching (Figure S5). In
the meanwhile, no emission of SMP is observed. 1H nuclear
magnetic resonance (NMR) measurements suggest that the
chemical shifts of SMP have shifted to upper field (Figures 4c
and S6), indicating the occurrence of π−π interaction between
SMP and the terthiophene group. TEM and dynamic light
scattering measurements reveal that addition of SMP to the
vesicular system of TTC4L does not change the size and
morphology of the vesicles noticeably (Figure S7).
However, upon addition of Zn(NO3)2 to the TTC4L/SMP

system, the red fluorescence of SMP is observed immediately
(Figure 4b, line4) along with the increase of lifetime of SMP
(Figure S4b and Table S2), signifying the occurrence of FRET.
TEM and SEM observations reveal that the vesicles change into
the same flowerlike nanoclusters observed in the TTC4L/Zn2+

system (Figure 4d−f), indicating that the structural transition is
solely triggered by the binding of Zn2+ to the head of TTC4L.
XRD pattern reveals that the sublayers of TTC4L/Zn2+ are still
there, although the peak intensity varies (Figure S8). But a peak
featuring the 2 times extended length of SMP, 1.95 nm, occurs
at 2θ = 4.5° in the XRD measurement (Figure S8). This means
that the SMP molecules have inserted into the bilayers of
TTC4L/Zn2+. The possible location of SMP in the TTC4L/
Zn2+ bilayer is the eye-guiding lines in Figure 3d, as illustrated
in Scheme 1. Notice that the 1H NMR measurements reveal
that the chemical shifts of SMP in the clusters are almost the
same as those in the SMP single solution (Figures 4c and S6).
This is in clear contrast to the distinct chemical shifts of SMP in
the TTC4L/SMP dual system, suggesting that Zn2+ has
triggered a weaker interaction between the donor and acceptor,
which enables the occurrence of FRET. Because the 1:1
binding of Zn2+ to the coordinating head does not change the
hydrophilic and hydrophobic portion of TTC4L drastically, we
attribute the drastic change in molecular packing to the
conformational change, especially to the twisting of the
terthiophene group. The dipole orientation of the twister
terthiophene plane differs significantly from that of the planar
SMP, so that no specific interactions occur between them,
which finally lead to efficient energy transfer from TTC4L and
SMP.

Generality of Allosteric Assembly-Triggered Light
Harvesting. The metal ion-triggered allosteric effect is a
general phenomenon. Besides Zn(NO3)2, other metal nitrates,
such as Cd(NO3)2 and Al(NO3)3, can also drive allosteric self-

Figure 4. Evoked light harvesting of TTC4L and SMP triggered by allosteric effector Zn2+. (a) Chemical structure of SMP. (b) Fluorescence spectra
of TTC4L-containing system. (c) 1H NMR chemical shift of SMP in the light-harvesting system. (d,e) TEM result of TTC4L/Zn2+/SMP. (f) SEM
image of the TTC4L/Zn2+/SMP nanoclusters.
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assembly and awaken light harvesting between TTC4L and
SMP (Figure S9), but the efficiency of light harvesting differs
from metal to metal because of different triggered conforma-
tions. However, in all cases, the allosteric self-assembly-enabled
light harvesting can be produced either by addition of metal
ions to the mixture of TTC4L/SMP or by addition of SMP to
the TTC4L−metal ion coordinating system. Figure S10 shows
that no changes were observed in both the emission spectra
(Figure S10a) and the TEM image (Figure S10b). EDX (Figure
S11) measurement suggests that the molar ratio of TTC4L/
Zn2+ is 1:1 even in the presence of SMP, indicating that the
conformational change triggered by coordination is crucial for
the occurrence of FRET. Furthermore, no FRET occurs at
dilute TTC4L/Zn2+ solution where no self-assembly occurs,
suggesting that the FRET is mediated by the allosteric self-
assembly. Because metal ions can be removed by addition of a
competitive ligand, the FRET can be switched on and off.
Figure 5a shows that upon removal of Zn2+ with ethyl-
enediaminetetraacetic acid (EDTA), the FRET phenomenon
vanishes, whereas it occurs again by feeding Zn2+ to the system.
This process is repeatable (Figure 5b), which reveals a typical
“on−off” behavior.
Chain Length Dependence of the Light-Harvesting

Efficiency in the Allosteric Self-Assembly. Furthermore,
the allosteric effect has a strong distance effect. In the DNA
allosteric system, effective allosteric effect was found within
several base pairs.9 Similarly, we found that the light-harvesting
efficiency is closely related to the length of the linker chain
between the terthiophene group and the coordinating head. As
the chain length increases from 4 to 6 (TTC6L) and 8
(TTC8L) carbons (Figure 5c), the FRET efficiency decreases
significantly (Figure 5d). Quantum chemistry calculation results
infer that the longer the linker chain is, the smaller is the extent
of twisting of terthiophene that can be induced (Figure S12).
Our results strongly indicate that upon employment of
allosteric self-assembly, we are able to control both the
structure and function of self-assembled materials.

■ CONCLUSIONS

In summary, allosteric self-assembly can be used to control the
self-assembled structure and its function. We show that upon
binding the metal ion at the headgroup, the conformational
change of the amphiphile TTC4L may lead to change of the
dipole orientation of the energy donor at the chain end. This
on the one hand leads to a drastically different self-assembled
structure; on the other hand, it enables light harvesting between
the donor−acceptor based on FRET. In analogy with the
allosteric effect in biological systems, the distance between the
functional site and the binding site is also very relevant to the
efficiency of light harvesting. The longer the linker is, the
weaker is the allosteric effect. Because the FRET efficiency is
gated by metal ions, controlling the feeding of metal ions allows
switching on and off of light harvesting. We expect that using
allosteric self-assembly, we will be able to create abundant
structures with distinct function from limited molecules. In this
regard, allosteric self-assembly is expected to show prominent
potential for the postorganic synthesis control over the
structure and function of self-assembled materials.

■ EXPERIMENTAL SECTION
Materials. TTC4L was synthesized according to the procedures

reported in our previous work.41 TTC6L and TTC8L were
synthesized in this work (Scheme S1); the synthetic method was
similar to TTC4L. SMP was purchased from Sigma-Aldrich Co. and
used without further purification. Zn(NO3)2 was purchased from
Beijing Chemical Reagents Co. (AR grade). EDTA disodium salt
dihydrate, 99%, was purchased from J&K Chemicals. Solvent methanol
was purchased from Beijing Chemical Reagents Co. (AR grade). The
desired amounts of TTC4L, Zn(NO3)2, and SMP were added into the
methanol solvent sequentially. In a typical procedure, TTC4L,
Zn(NO3)2, and SMP were mixed in the molar ratio of 1:1:1 with a
total concentration of 150 μM, unless stated otherwise. All solutions
were prepared fresh and kept away from light. All experiments were
performed at room temperature (∼25 °C), unless stated otherwise.

TEM Observations. TTC4L TEM images were recorded on a
JEM-100CX II transmission electron microscope (JEOL, Japan, 80

Figure 5. “On−off” and distance-dependent light-harvesting behavior in the allosteric self-assembly system. (a) Fluorescence spectra of the TTC4L/
SMP FRET system affected by Zn2+ and EDTA. (b) Fluorescence intensity at 600 nm of the TTC4L/SMP FRET system affected by Zn2+ and
EDTA. (c) Chemical structures of TTCnL (n = 4, 6, 8). (d) Fluorescence spectra of the TTCnL/Zn2+/SMP light-harvesting system.
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kV). The other self-assembled structures were characterized by TEM
(FEI Tecnai G2 T20, 120 kV, together with energy-dispersive
spectroscopy measurement). The samples were prepared by dropping
solutions onto copper grids coated with the Formvar film. Excess water
was removed by a filter paper, and the samples were dried in an
ambient environment at room temperature for TEM observation. In
case of the TTC4L or TTC4L/SMP samples, they were negatively
stained by uranyl acetate before water removal. The samples
containing Zn2+ were observed directly without staining.
Fluorescence Measurements. Fluorescence spectra were

obtained with a Hitachi F-7000 fluorescence spectrometer. The
excitation wavelength was 365 nm. The slit for excitation and emission
was 5 nm. The scanning rate was 1200 nm min−1. The scanning
voltage of the Xe lamp was set at 700 V.
Fluorescence Life Measurements. The fluorescence lifetime

measurement was performed on a FLS980 spectrometer (Edinburgh
Instrument) with a 355 nm laser source. The lifetime curves were
fitted with the two-exponential decay eq 1 and three-exponential decay
eq 2.

= +τ τ− −I I Ie et
t t

1
/

2
/1 2 (1)

= + +τ τ τ− − −I I I Ie e et
t t t

1
/

2
/

3
/1 2 3 (2)

where It is the change in absorbance at time t and τ is the lifetime.
UV−Vis Measurements. UV−vis spectra were obtained with a

spectrometer (Shimadzu, UV-1800) using a 10 mm quartz cell in the
range of 200−700 nm with a step size of 0.5 nm.

1H NMR Measurements. 1H NMR spectra were acquired on
Bruker AVANCE III 500 MHz NMR spectrometer with 512 scanning
times. The samples were prepared in methanol-d4.
FT-IR Measurements. FT-IR spectra were measured with a

spectrometer (Thermo Scientific, Nicolet iN10 MX). Drops of
samples were put onto a diamond window plate and dried under
ambient conditions. The spectra were collected from 4000 to 600
cm−1 with 16 scanning times with the transmission mode.
XPS. XPS measurements were performed with an X-ray photo-

electron spectrometer (Kratos Analytical Ltd., AXIS ULTRA). Several
drops of samples were put onto a silicon wafer and allowed to dry
under ambient conditions. With Al Kα (hν = 1486.7 eV) as the X-ray
source, the operating voltage is 15 kV and the emission current is 40
mA.
XRD Measurements. XRD results were performed with an X-ray

diffractometer (Rigaku D/MAX-2000, Ni-filtered Cu Kα radiation);
the operating voltage is 40 kV and the emission current is 100 mA.
The DivSlit, SctSlit, and RecSlit were 1/6, 1/6 and 0.15 nm,
respectively, when the measured range is from 0.6 to 8°, and the
DivSlit, SctSlit and RecSlit were 1/2, 1/2 and 0.30 nm, respectively,
when the measured range is from 3 to 30°.
Quantum Chemistry Calculation. Molecule modeling was

calculated at the restricted density functional theory level. The hybrid
functional B3LYP and the 6-311+g(d,p) basis set were used. All
calculations were performed using the Gaussian 09 package.
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