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Abstract: We report the first highly efficient artificial light-
harvesting systems based on nanocrystals of difluoroboron
chromophores to mimic the chlorosomes, one of the most
efficient light-harvesting systems found in green photosynthetic
bacteria. Uniform nanocrystals with controlled donor/acceptor
ratios were prepared by simple coassembly of the donors and
acceptors in water. The light-harvesting system funneled the
excitation energy collected by a thousand donor chromophores
to a single acceptor. The well-defined spatial organization of
individual chromophores in the nanocrystals enabled an
energy transfer efficiency of 95 %, even at a donor/acceptor
ratio as high as 1000:1, and a significant fluorescence of the
acceptor was observed up to donor/acceptor ratios of
200000:1.

I n plants and bacteria, photosynthesis usually starts with the
absorption of sunlight by antenna chromophores in light-
harvesting systems, followed by the highly efficient transfer of
the excitation energy to an acceptor of the reaction center.!!!
In bacteria, over 200 bacteriochlorophylls supply energy to
one chromophore of the reaction center with an efficiency of
over 95%.1"? This high efficiency is possible because of the
well-organized arrays of chromophores in the photosynthetic
membrane."* Considerable effort has been devoted to mimic
this light-harvesting process, because of both its role in
photosynthesis and its potential significance to photocatalysis,
solar cells, optical sensors, and luminescent materials.”’
Although impressive examples of artificial light-harvest-
ing systems constructed using both covalent and noncovalent
interactions have been reported,*® their light-harvesting
capacity remains a fraction of that of the natural counterparts.
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An artificial light-harvesting with a high energy collection
efficiency should have the following two properties, namely,
1) contain multiple antenna chromophores per acceptor and
2) transfer the excitation energy with high efficiency. Artifi-
cial light-harvesting systems constructed with covalent bonds,
such as porphyrin arrays and dendrimers, contain very few
donor chromophores per acceptor because of synthetic
difficulties. Self-assembled light-harvesting systems, such as
organic gels, biopolymer assemblies, and organic-inorganic
hybrid materials, have high donor/acceptor ratios, but low
energy-transfer efficiencies probably because of the low
degree of spatial organization of the chromophores.

The chlorosomes, one of the most efficient light-harvest-
ing systems found in green photosynthetic bacteria, contains
large numbers of bacteriochlorophyll molecules organized in
stacked structures through self-assembly without any direct
involvement of proteins. Interaction between chromophores
within the chlorosomes lead to the formation of delocalized
electronic excitations, that is, excitons, which facilitate its high
energy-collection efficiency.”) However, studies focusing on
mimicking the chlorosomes are still rare.'” Herein, we
prepared light-harvesting systems based on organic nano-
crystals. Organic nanocrystals of chromophores containing
multiple chromophores in well-defined relative orientations
and distances may provide an ideal scaffold for artificial light-
harvesting systems. Such nanocrystals have attracted much
attention recently because of their promising applications in
electronic and photonic devices.''l However, to the best of
our knowledge, no examples of light-harvesting antenna
systems based on nanocrystals of chromophores have been
reported. We describe two such systems that were fabricated
by coassembly of the donor and acceptor chromophores at
molar ratios ranging from 1x 10%:1 to 1000:1. High energy-
transfer efficiency (95%) was observed even for the nano-
crystals with a donor/acceptor ratio of 1000:1.

We chose the difluoroboron f-diketonate (BF,dbk)
derivative BF,bcz as our model antenna chromophore,
because of its high fluorescence in both solution and the
solid state. BF,cna or BF,dan, analogues of BF,bcz, were used
as the energy acceptor (Figure 1). The three BF,dbk deriv-
atives were synthesized in approximately 70% yield by
Claisen condensation of the corresponding acetophenones
with benzoates, followed by treatment with BF,/Et,O (see the
Supporting Information). BF,bcz is a typical donor-acceptor—
donor (D-A-D) type fluorophore, with the difluoroboron
moiety acting as the electron acceptor and the amino group of
the carbazole acting as the electron donor. It has been
reported that a donor-acceptor dipole—dipole interaction
between two adjacent molecules can guide the preferential
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Figure 1. The molecular structures of BF,bcz, BF,cna, and BF,dan.
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growth of 1D or semi-1D nanostructures.'?) X-ray crystallo-
graphic analysis of a single crystal of BF,bcz grown from
chloroform showed that the BF,bcz molecule was nearly
planar and aggregated in a slipped-stack geometry directed by
the intermolecular CH--m interaction and CH--F hydrogen
bonding (Figure S3 in Supporting Information). The struc-
tural properties of BF,bcz facilitated its assembly into nano-
crystals by a template-assisted assembly method in water in
the presence of sodium dodecyl sulfate (SDS; see Figures S1
and S2 in the Supporting Information). Figure 2a,b displays
the typical scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) images of as-prepared
BF,bcz nanocrystals, which have a smooth surface and
uniform size with a width of 500-600 nm and a length of
about 7 um. Both anionic (e.g. SDS or sodium dodecyl
benzene sulfonate) and cationic surfactants (e.g. hexadecyl
trimethyl ammonium bromide) yielded 1D crystalline BF,bcz
nanorods of uniform morphology (Figure S4 in the Support-
ing Information).

We prepared the light-harvesting systems by coassembly
of BF,bcz and different amounts of the BF,dan or BF,cna
acceptors in water, with SDS as the surfactant. The amount of

Figure 2. a) SEM and b) TEM images of as-prepared BF,bcz nano-
crystals obtained by SDS-assisted reprecipitation at room temperature.
c,d) SEM images of BF,bcz nanocrystals doped with 0.1 mol % BF,dan
and BF,cna, respectively, prepared under the same conditions as that
in (a). Scale bar in SEM images: 5 um.
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dopant (0.0001-0.1 mol %) did not influence the morphology
and monodispersity of the nanocrystals (Figure 2c¢,d and see
Figure S5 in the Supporting Information). To further inves-
tigate the crystal structure of the nanocrystals, we measured
the X-ray diffraction (XRD) patterns of the nanocrystals
without dopant and with a doping ratio of 0.1 mol%.
Compared with the X-ray diffraction pattern of the bulk
crystal of BF,bcz, the diffraction peaks of (202) lattice planes
were weakened greatly for nanocrystals, while the peaks of
(110) lattice planes were strengthened significantly (Figure S6
in the Supporting Information). This finding indicates that
these nanocrystals grew preferentially along the [110] direc-
tion (Figure S7 in the Supporting Information). The (110) and
(220) diffraction peaks, which correspond to a d spacing of
1.16 nm and 0.58 nm, respectively, indicated a lamellar struc-
ture within the nanocrystals with an interlayer distance of
1.16 nm. At a doping ratio of 0.1 mol %, the doped nano-
crystals showed identical XRD patterns to that of pure
BF,bcz nanocrystals. This result indicates that doping small
amounts of BF,dan or BF,cna did not change the crystallinity
of the nanocrystals, probably because of the structural
similarity of the three molecules enabling simple replacement
of the BF,bcz molecules by the acceptor in its crystal lattice.

BF,bcz showed green fluorescence in CH,Cl,. In contrast,
the emission bands of BF,cna and BF,dan in CH,Cl, were
located in the red region because of the more predominant
electron-donating capability of the amino group of the
naphthalene units compared with the carbazole units (Fig-
ure S8 in the Supporting Information). Aqueous dispersions
of BF,bcz nanocrystals had a strong yellow fluorescence with
an emission band centered at 4 =567 nm when excited at
480 nm, and thus is red-shifted by about 50 nm compared with
that of the monomer in CH,Cl, (Figure S9 in the Supporting
Information). Intermolecular dipole-dipole interactions and
n-nt stacking between BF,bcz molecules are the possible
reasons for the red-shift. The absorption spectra of BF,cna or
BF,dan showed good overlap with the emission spectra of the
BF,bcz nanocrystals (Figure S10 in the Supporting Informa-
tion).

Energy transfer from the BF,bcz to BF,cna or BF,dan in
the nanocrystals was confirmed by steady-state and time-
resolved fluorescence spectroscopy. Significant changes in the
fluorescence were observed with nanocrystals containing
different amounts of BF,cna or BF,dan. As shown in Fig-
ure 3a,b, increasing the concentration of the doped acceptor
decreased the intensity of the donor emission centered at 1 =
567 nm, with a simultaneous growth of new emission bands at
A =616 nm or A =636 nm, which we ascribed to the emission
of BF,cna or BF,dan, respectively. When the molar ratio of
the acceptor reached 0.1 mol % relative to BF,bcz, the donor
emission was almost completely quenched and only acceptor
emission was observed. Remarkably, a significant fluores-
cence of the acceptor was observed even at extremely high
donor/acceptor ratios (up to 200000:1), thus illustrating the
highly efficient energy transfer in these nanocrystals. Time-
resolved fluorescence measurements revealed a remarkable
decrease in the donor fluorescence lifetime () upon increas-
ing the acceptor/donor ratios (Figure 3c,d; see also Fig-
ure S11 and Table S1 in the Supporting Information), which
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(@)% —0 o) iy — 0.1 mol % in CH,Cl,. The emission spectra of such solutions
4000 e 4000 - upon excitation at A =480 nm were dominated by that of pure
2 3000 ook 2 3000] - BF,bcz (Figure S13 in the Supporting Information). More-
c —0.0075% c ——0.01% . .
£ 2000 oo 8 on00) —ooz over, the efficiency of the energy transfer was much lower
2 000 =% T 000l (less than 30 % ) for the the BF,bz nanocrystals that adsorbed
/ NN ol 0.1 mol % of the acceptors on their surfaces compared with
500 550 600 650 700 750 800 500 550 600 650 700 750 800  that of the cocrystalline systems (Figure S14 in the Supporting
©) I Wavelengiiom_, (d) Wayelengthinm, Information). These results confirmed that well-defined
} — oo 10° e intermolecular organization of the donor and the acceptor
. :§§§§“;;: . gééég% in nanocrystals. is essential for effici.ent.energy. transfer. .
E E “ooso% The strong intermolecular coupling in our light-harvesting
2 e systems may result in the excitation energy being delocalized
over more than one molecule." An exciton transfer (i.e.
50 60 70 50 s 70 coherent resonance energy transfer) mechanism could be
Time/ns Time/ns expected in such systems, as displayed schematically in
Figure 3. a,b) Fluorescence spectra of aqueous dispersions of BF,bcz Figure 5a.'“"¥ The exciton is formed upon irradiation of the
nanocrystals doped with different amounts of BF,cna (a) and BF,dan
(b), 2c=480 nm. c,d) Lifetime decay profiles of the aqueous disper-
sion of BF,bcz nanocrystals containing different amounts of BF,cna (c)
and BF,dan (d) monitored at 1=>540 nm. IRF =instrument response
function.
demonstrates the occurrence of efficient energy transfer from
the donors to the doped acceptors in the nanocrystals. (b) 1610 (c) +oxo’
The energy transfer was also apparent by the variation in . /gt -negoE . 3-i-3-
the emission color of aqueous dispersions of nanocrystals 10 800
doped with different amounts of acceptor under illumination o 800 J @ 2.0x10°
with a UV lamp (Figure 4a and see Figure S12a in the = o B0 s _ k=119 x 107M°s"
Supporting Information). In the absence of the acceptor,
aqueous dispersions of BF,bcz nanocrystals exhibited yellow S T T T T T o 150 T T T
fluorescence. The fluorescence color changed to orange and Ca/mol L Ca/mol L
red on increasing the amounts of BF,dan or BF,cna. The Figure 5. a) Schematic representation of a section of the self-assem-
variation in the macroscopic color was also observed in  bled nanocrystal, which contains a large number of donors and only
individual nanocrystals doped with different amounts of  a few acceptors. Initially the excitation energy is delocalized over many
acceptor molecules by microscopy imaging (Figure 4b and donor molecules, and then transferred to acceptors mainly through
Figure S12b in the Supporting Information), further indicat- exciton migration pathways. c,d)‘PIIOts qfthe reciprocal of.the lifetime
. .. e of the BF,bcz nanocrystals containing different concentrations of
ing the. efficient energy transfer. In addition, €VEry Nano-  gp 4.1 (b) and BF,cna (c) monitored at 4 — 540 nm against the
crystal in all the samples had a homogeneous emission color,  oncentrations of the acceptors. The slope gives the corresponding
thus confirming that the acceptor molecules were dispersed  second-order rate constant (k) for the exciton migration towards the
uniformly in the BF,bcz matrix. acceptor.
In control experiments, no energy transfer was observed
in solutions of the donor and the acceptor at a molar ratio of
nanocrystals. The resonant excitonic structure could result in
very rapid migration of the exciton throughout the coupled
chromophore aggregates, with the excitation energy finally
being funneled efficiently to the acceptor.™ Since the
intermolecular interaction is strong within a layer of nano-
crystals having a lamellar structure, the migration of the
exciton within the layers is expected to be more efficient than
that between the layers. By plotting 1/7 against the concen-
tration of the acceptors, the exciton migration rate constants
were estimated to be on the order of 10> M 's™!, which
indicates that the migration rate of excitonic energy within
\ the nanocrystal is much larger than the diffusion limit for the
0% 0.005% 0.1% bimolecular reaction in solution (Figure 5 and Figure S15 in
fi . N the Supporting Information).'*) The efficiency of the
igure 4. a) Fluorescence images of aqueous dispersions of nanocrys- .
tals doped with different amounts of BF,dan. b) Fluorescence micros- energy transfer was 95% with BF,cna as dopants and 90 %
copy images of nanocrystals doped with different amounts of BF,dan. with BF,dan as dopants at a doping ratio of 0.1 mol%
Scale bar: 5 um. (Figure S16 in the Supporting Information), thus indicating
Angew. Chem. 2016, 128, 2809 —2813 © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de 2811
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that the excitation energy absorbed by approximately 1000
donors was efficiently funneled to a single acceptor. Further-
more, the estimated donor/acceptor ratio of 1000:1, which
achieved a high energy transfer efficiency (over 90%), is
much higher than those of previously reported light-harvest-
ing systems such as self-assembled [n]acene gel fibers (200:1
with @pp=35% )" and amphiphilic naphthalene soft nano-
tubes with anthracene as the acceptor in the nanochannels
(20:1 with @pr=40%).59

The light-harvesting capacity was quantified as the
antenna effect, a widely used empirical parameter to deter-
mine the degree of amplified emission resulting from
excitation of the donor. In our system, the antenna effect =
Ix 370/ 555, Where I, 37 and I, 555 are the fluorescence inten-
sities of the acceptor upon excitation of the donor at 1=
370 nm and upon direct excitation of the acceptor at 1=
555 nm, respectively. The maximum acceptor emission am-
plification factors were 28 and 29 for BF,cna and BF,dan,
respectively (Figure S17 in the Supporting Information) at
a doping concentration of 0.01 mol%. It further demon-
strated that such nanocrystals functioned as an excellent light-
harvesting antenna.

In conclusion, we have described highly efficient light-
harvesting antenna systems based on nanocrystals of organic
chromophores to mimic chlorosomes for the first time. A
simple coassembly approach in aqueous solution was
employed to achieve uniform nanocrystals with controlled
donor/acceptor ratios. The highly ordered arrangement of the
chromophores resulted in extremely efficient energy transfer.
The light-harvesting system funneled the excitation energy of
a thousand donor chromophores to a single acceptor, which is
the highest donor/acceptor ratio reported in the literature.
The highly efficient energy transfer and simple preparation of
such light-harvesting systems make them potentially useful in
photocatalysis, light-emitting devices, and optical sensors, and
our strategy may inspire the exploration of novel light-
harvesting systems based on organic nanocrystals. We are
currently using ultrafast spectroscopy to understand the
mechanism of the exciton transport in our light-harvesting
system.
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