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In the natural photosynthetic centers of bacteria and plants,
antenna chromophores absorb solar light and transfer the
excitation energy to the reaction center by highly efficient
singlet–singlet energy transfer.[1–6] Spatial organization of
individual chromophores is key to such efficiency: chromo-
phores need to be separated enough to minimize self-
quenching without sacrificing the dipole–dipole coupling-
mediated energy transfer.[1,2] In addition to its important role
in photosynthesis, efficient transfer of energy from multiple
chromophores to a single acceptor is of potential significance
to solar cells, photocatalysts, optical sensors and light-emit-
ting devices.[7–10] For these reasons, there has been a great deal
of interest in mimicking the natural light-harvesting pro-
cess.[11–37] A variety of scaffolds have been used including
dendrimers,[11–17] organogels,[18, 19] porphyrin arrays/assem-
blies,[20–23, 34] biopolymer assemblies,[24–28] and organic–inor-
ganic hybrid materials.[29–32]

Although impressive results have been obtained with the
above scaffolds, the multistep synthesis of the complex
architectures hampers their scale up and widespread applica-
tion. Nature relies on a combination of covalent and non-
covalent interactions to create the photosynthetic centers.
Covalent structures possess excellent stability and noncova-
lent self-assembled constructs provide order and synthetic
efficiency. Herein, we report a biomimetic approach to
construct artificial light-harvesting systems. We combined

two self-assembling strategies and covalent fixation to
prepare a highly efficient antenna system from readily
available building blocks. The entire synthesis was achieved
by a one-pot reaction, and the product precipitated sponta-
neously out of the reaction mixture at the end of the reaction.

The synthesis of the light-harvesting system is shown in
Scheme 1, and is based on the recently reported method to
cross-link surfactant micelles.[38, 39] Our model antenna chro-
mophore is 9,10-bis(4-methylphenyl)anthracene (DPA),
a compound with high fluorescence quantum yield
(90 %).[40] Eosin Y disodium salt (EY) is the energy acceptor.
Cationic surfactant, 4-(dodecyloxy)benzyltripropargylammo-
nium bromide (1),[38] forms micelles at concentrations of
above 0.14 mm in water. Because the surface of the micelle is
covered with a dense layer of alkynyl groups, 1,4-diazidobu-
tane-2,3-diol (2)[38] could easily capture the micelle by 1,3-
dipolar cycloaddition with a CuI catalyst.[41] When 1 and 2
were used in a 1:1 ratio, the resulting surface-cross-linked
micelles (SCMs) are water-soluble nanoparticles with numer-
ous alkynes on the surface. Surface functionalization occurred
readily upon addition of a THF solution of DPA–N3 (obtained
from commercially available DPA by partial bromination and
azidation, see the Supporting Information). After 18 hours at
room temperature, the DPA-functionalized SCMs (DPA–
SCMs) precipitated spontaneously from the 2:1 THF/water
mixture, apparently as a result of the increased hydrophobic-
ity of the product. The IR spectrum of the DPA–SCMs
showed nearly complete disappearance of the alkyne peaks in
the starting SCMs (Figure S1, in the Supporting Information).
DLS (dynamic light scattering) indicated an increase in size
for the SCMs upon DPA-functionalization (Figure S2, in the
Supporting Information).

The absorption band of the DPA–SCMs is at 330–420 nm
in THF and the emission band at 390–520 nm. These spectra
match almost exactly with those of the free, monomeric DPA
in solution (Figure S3, in the Supporting Information).
Therefore, the DPA concentration ([DPA]SCMs) in this
system can be determined from the absorption spectrum
and the molar coefficient extinction of DPA.

A frequent issue in light-harvesting systems with multiple
donors is the self-quenching and/or excimer formation caused
by the proximity of the chromophores. These pathways
interfere with the energy transfer and lower the overall
efficiency, and often require elaborate strategies to over-
come.[15, 42] Excitingly, the fluorescence quantum yield was
0.80 and 0.90 for the micelle-bound DPA and the free
chromophore, respectively (see the Supporting Information).
Clearly, neither self-quenching nor excimer formation was
significant in the highly crowded system. We suspect there are
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three reasons for the observed results. First, the two phenyl
groups at the 9 and 10 positions of DPA are forced out of the
anthracene plane by steric interactions, and the nonplanarity
of the chromophore may make it difficult to form stacked
structures. Second, as only short and aromatic (i.e., triazole)
linkages are used to connect DPA to the SCMs, the DPA on
the SCM surface had limited freedom. Therefore, it is possible
that the preferred orientation/distance of the self-quenching
or excimer formation for the surface-bound DPA simply
could not be achieved in our structure. Third, the positively
charged SCMs by electrostatic repulsion would reduce the
chance of intermicellar interactions of the DPA.

The Fçrster radius (R0), defined as the theoretical donor–
acceptor distance at the 50% energy-transfer efficiency, was
estimated to be 3.6 nm for DPA–EY and 2.5 nm for DPA–
DPA (see the Supporting Information).[24,43] Our previous
estimates[38, 39] suggest that the average distance between the
residual alkynyl groups in SCMs is less than 2 nm. The high
density of DPA on the SCM surface thus makes it extremely
easy to shuttle energy from DPA to DPA and ultimately to the
EY acceptor. To test the hypothesis, we titrated a THF
solution of DPA–SCM with EY. The expectation was that the
negatively charged EY would assemble spontaneously on the
surface of the positively charged DPA–SCM by electrostatic
interactions. No matter which DPA chromophore absorbs

light, energy migration should occur readily from
donor to donor and finally to the acceptor.

As EY was added to the DPA–SCMs, the DPA
absorption, at 330–420 nm, stayed nearly constant
while that of EY, at 450–570 nm, increased grad-
ually (Figure 1a). Importantly, the titration low-
ered the donor emission at 430 nm while enhanc-
ing that of the acceptor at 550 nm when the donor
was selectively excited at 375 nm. In the absence of
DPA–SCM, irradiation of EY at 375 nm yielded
negligible emission since EY has negligible absorp-
tion at this wavelength (Figure 2 a, dotted trace).
The results indicated Fçrster energy transfer from
DPA to EY despite the low concentrations of the
two—[DPA]SCMs = 23 mm and [EY]max = 1.34 mm.
Additional evidence for the energy transfer was
obtained in a reverse titration of EY by DPA–
SCMs (Figure S4, in the Supporting Information)
and from the excitation spectrum of the EY in the
presence of DPA–SCMs (Figure 2 b). The excita-
tion spectrum of the acceptor was nearly identical
to the absorption spectrum of DPA–SCM, thus
demonstrating that the donor contributed directly
to the acceptor emission.

The electrostatic assembly of the EY on the
DPA–SCM surface was confirmed by control
experiments. Energy transfer was absent under
similar conditions when free DPA was titrated by
EY (Figure 2a, and Figure S5 in the Supporting

Scheme 1. Preparation of DPA-functionalized SCMs and the construc-
tion of a light-harvesting system by introducing EY through electrostatic
interactions.

Figure 1. Absorption (a) and fluorescence (b) spectra of DPA–SCM in
THF with different concentrations of EY. [DPA]SCMs = 23.0 mm. [EY] was
0.00, 0.08, 0.17, 0.33, 0.50, 0.67, 0.84, 1.00, 1.17, and 1.34 mm from
bottom to top. lex = 375 nm.
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Information). Moreover, when DPA–SCM was added to
a neutral Bodipy[44] acceptor, no energy transfer was
observed, even though the DPA–Bodipy Fçrster radius was
similar to that for DPA–EY (Figure S6 in the Supporting
Information).

The majority of the DPA fluorescence was quenched by
a few percent of EY (Figure 1b). One acceptor, therefore,
must have quenched multiple donors in our system. If we
assume n DPA fluorophores could be quenched by one EY,
we could treat (DPA)n as one unit and model the quenching
by a 1:1 binding isotherm. This model combines the direct
quenching (Figure 3, path 1) and the energy-migration-
assisted energy-transfer pathway corresponding to the
antenna effect (Figure 3, path 2) and may be expressed as
Equation (1).

ðDPAÞn þ EY ¼ ðDPAÞn EY ð1Þ

The quenching data indeed fit well to the 1:1 binding isotherm
(Figure 4a). Nonlinear least-squares curve fitting afforded an
association constant Ka = (4.1� 0.2) � 106

m
�1 and the (DPA)n

concentration c0 = (4.8� 0.4) � 10�7
m. Since the concentra-

tion of DPA in the solution was 2.3 � 10�5
m based on optical

density, the number of DPA chromophores in the light-
harvesting unit was calculated to be n = 48� 4.

The number of the DPA chromophores per light-harvest-
ing unit was in excellent agreement with the aggregation

number of surfactant in the SCM. According to the previous
DLS study, an SCM on average contained 40–50 cross-linked
surfactants.[38] Since a 1:1 stoichiometry was employed in the
preparation of the SCMs for 1 and 2, the SCM on average

Figure 2. a) Fluorescence spectra (lex =375 nm) of EY/DPA–SCM
(1.4 mm/23 mm, solid trace) and EY/free DPA (9.9 mm/98 mm, dash-dot
trace). The fluorescence spectrum (dotted trace) of EY is shown for
comparison. b) Normalized excitation spectrum of EY/DPA–SCM
(lem = 550 nm, dash-dot trace) and absorption spectrum of DPA–SCM
(solid trace). [EY] = 1.4 mm. [DPA] =23.0 mm. THF was used in all
spectroscopic measurements.

Figure 3. The two main pathways involved in the light-harvesting
system: 1) Direct energy transfer from donor to acceptor (path 1);
2) Energy migration from donor to donor (path 2a), then energy
transfer to acceptor (path 2b). D and A represent donor and acceptor,
respectively.

Figure 4. a) The nonlinear least-squares analysis of IF versus the
concentration of EY according to equation:
IF = I0 + ((Ilim�I0)/(2 c0)) (c0 + cEY + (1/Ka)-((c0 + cEY + (1/Ka))2�4 cEYc0)
(1/2)), in which IF is the observed emission intensity of DPA–SCM, I0

the emission intensity of DPA–SCM in the absence of EY, Ilim the
emission intensity of the fully complexed DPA–SCM (assumed to be
zero in the curve fitting), c0 the concentration of (DPA)n, and cEY the
concentration of EY.[45] b) Comparison of the degree of complexation
and the degree of quenching. The degree of complexation was
calculated from Ka and c0 obtained from the curve fitting and the
degree of quenching (= 1�IF/I0) calculated from the observed emis-
sion intensity.
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contained one residual alkyne group per surfactant. Assuming
complete functionalization of these alkyne groups by DPA–
N3, a value of n = 48� 4 for the light-harvesting unit strongly
suggests that the light-harvesting unit was indeed the DPA–
SCM nanoparticle, on which highly efficient energy migration
took place.

Figure 4b compares the degree of complexation (i.e.,
percentage of DPA–SCMs with a bound EY) and the degree
of quenching. The degree of complexation was calculated
from Ka and c0 obtained by the nonlinear least-squares curve
fitting. The degree of quenching was obtained from the
observed emission intensity. As shown by Figure 4b, the two
sets of data overlap perfectly, thus indicating that every bound
EY completely quenched the excited DPA, regardless of its
location on the DPA–SCM.

Because the diameter of the DPA–SCM is about 20 nm
according to DLS (Figure S2), the energy transfer to EY
could not all take place through the Fçrster mechanism but,
instead, happens through both direct quenching (Figure 3,
Path 1) and energy-migration (Path 2) pathways.[24, 37] The
majority of DPA chromophores on the surface of the DPA–
SCMs were not in the immediate vicinity of a bound EY.
Path 2 thus must be the dominant process responsible for the
quenching.

In summary, we have prepared a highly efficient light-
harvesting system by combining two self-assembling strat-
egies (micellization and electrostatic attraction) and covalent
capture. Inexpensive starting materials and simple chemistry
were employed. The synthesis was achieved by a one-pot
reaction at RT. The modularity of the preparation makes it
straightforward to vary the donor, the acceptor, and the ratio
between the two. A high density of the antenna chromophore
was achieved without self-quenching and excimer formation,
affording extremely efficient energy transfer. The construc-
tion of our light-harvesting system is considerably simpler
compared to most of those reported in the literature, making
it a potentially useful platform for optical, photovoltaic, or
photocatalytic devices.
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