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Efficient Light-Harvesting Systems with Tunable Emission through Controlled
Precipitation in Confined Nanospace

Abstract

Light harvesting is a key step in photosynthesis but creation of synthetic light-harvesting systems (LHSs)
with high efficiencies has been challenging. When donor and acceptor dyes with aggregation-induced
emission were trapped within the interior of cross-linked reverse vesicles, LHSs were obtained readily
through spontaneous hydrophobically driven aggregation of the dyes in water. Aggregation in the
confined nanospace was critical to the energy transfer and the light-harvesting efficiency. The efficiency
of the excitation energy transfer (EET) reached 95 % at a donor/acceptor ratio of 100:1 and the energy
transfer was clearly visible even at a donor/acceptor ratio of 10 000:1. Multicolor emission was achieved
simply by tuning the donor/acceptor feed ratio in the preparation and the quantum yield of white light
emission from the system was 0.38, the highest reported for organic materials in water to date.
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Figure 2. a) Fluorescence spectra of TPE-CHO@cRVs (4., = 372 nm)
and Nile red@cRVs (1= 490 nm) in CHCl; and in water. The inset
shows the corresponding photographs under a hand-held UV lamp
(365 nm). b) Comparison of QYs of TPE-CHO@cRVs in CHCl; and in
water with different dye loadings.

As the acceptor, TPE-TCF absorption overlaps with the
emission peak of the TPE-CHO donor (see Figure S3). Since
both the donor and the acceptor are AIE-based and share
a common backbone, their intimate mixing upon aggregation
should be facile and facilitate EET. With the hydrophobic
AIE dyes trapped in the interior of the cRVs, making a LHS is
as simple as using a dye mixture in the preparation. To test the
light-harvesting property, three batches of AIE@cRVs (I-III)
with low (0.7 %), medium (6.4 %) and high (11.3 %) loadings
of TPE-CHO were prepared. The donor/acceptor ratio was
varied from 10000:1 to 100:1.

As shown in Figures 3 a—c, excitation of these AIE@cRVs
at 372 nm with increasing amounts of the acceptor, displayed
decreasing donor emission at 480 nm and increasing acceptor
emission at 570 nm, consistent with fluorescence resonance
energy transfer (FRET) from the donor to the acceptor.'®!
The energy-transfer efficiencies (@gr) of the LHSs are shown
in Figure 3d and Table S1. At a 100:1 donor/acceptor ratio,
a very impressive @1 was obtained, that is, 83 %, 89 % and
95%, for AIE@cRV I, II, and III, respectively. For AIE@cRV
III, a significant @ (13% ) was observed even at a donor/
acceptor ratio of 10000:1, highlighting the efficiency of the
system.

The energy transfer of AIE@cRV III was studied addi-
tionally by its fluorescence lifetime decay. The lifetime of the
donor emission at 480 nm was 1.97 ns and decreased contin-
uously, with increasing amounts of acceptor doped into the
mixture, to 0.52 ns at a 100:1 donor/acceptor ratio (Figure 3e,
see Table S2). At this ratio, the time-resolved fluorescence
spectra, excited at 371 nm, displayed a decrease of donor
emission (4., = 480 nm) within 2 ns, accompanied by a sharp
increase of the acceptor emission (4., = 570) (Figure 3 f).

The efficiency of a LHS is often measured by the average
number of donor molecules quenched by a single acceptor
and the antenna effect (AE) as described in the literature. The
former could be obtained by the linear curve-fitting of the
Stern—Volmer plot of the donor as a function of the donor/
acceptor ratio (Kg, Figure $6)."") Our cRV-based LHSs were
found to have outstanding Ky values: 266: 17 for cRV I,
534: 23 for cRV 1L, and 689: 28 for cRV I (Figure 4a). The
increasing Ky values with the higher loading of the dye in the
cRV was reasonable given the positive correlation between
the dye loading and donorQs QY Figure 2b). The result

Figure 3. Fluorescence spectra of AIE@cRVs | (a), Il (b), and 1l (c) in
water at different donor/acceptor (D:A) ratios. d) Energy-transfer
efficiencies (@g) of AIE@cRVs Il as a function of D:A ratios.

e) Fluorescence lifetime decay curves of AIE@cRV 11l at the donor’s
emission of 480 nm in water. f) Time-resolved fluorescence spectra of
AIE@cRV 111 after excitation at 371 nm with the donor/acceptor ratio
of 100:1. [1]= 0.5 mm.

Figure 4. a) K, and AE of the AIE@cRVs I-Il. b) K, and AE of the
mixed aggregates of AIE@SLS.

suggests that a larger amount of the hydrophobic dye in the
cRV aggregated more strongly and was helpful to the AIE.
The AE displayed a similar trend: 16: 2 for cRV I (D:A =
500:1), to 27: 2 for cRV II (D:A = 1000:1), and 35: 3 for
cRVIII (D:A = 1000:1). It is worth noting that AIE@cRV III,
with Kgy of 689 and AE of 35, outperforms the vast majority
of artificial LHSs reported in the literature.*'*!!
White-light-emitting organic materials have gained much
attention in recent years because of their potential in



illumination and sensing."”! Thanks to the complementary
emission colors of the TPE-CHO and TPE-TCF (i.e., cyan
and orange), the emission of the dye-loaded cRVs can be
tuned at will by simply changing the donor/acceptor ratio. As
shown in Figure 5, the emission color of AIE@cRV III with

Figure 5. CIE 1931 chromaticity diagram showing the luminescence
color coordinates of AIE@cRV Il with different donor/acceptor ratios
in water. The insert shows the corresponding fluorescence photo-
graphs under 365 nm UV light.

decreasing TPE-CHO/TPE-TCF ratios changed gradually
from cyan to orange. Significantly, the sample with a 300:1
donor/acceptor ratio displayed a pure white-light emission
with color coordinates of (0.31, 0.34), very close to the exact
white point (0.33, 0.33). The quantum yield of the white light
was 0.38 (see Table S3), the highest reported so far for white-
light-emitting organic materials in water.

The strong performance of our LHSs in multiple aspects
indicates that the cRV is an outstanding platform for light
harvesting and luminescence. Two key factors were probably
responsible for the results. First, the hydrophobically driven
aggregation of the dyes put the fluorophores within very close
distance. Our calculation affords a Forster radius of 3.3 nm for
the donor-donor energy transfer and 4.6 nm for the donor—
acceptor transfer (see Supporting Information for details).
Since aggregation of hydrophobic molecules seeks to mini-
mize the unfavorable exposure of hydrophobic surface, the
dyes will be in intimate contact with one another. Normally,
such aggregation is expected to cause quenching and/or
excimer formation for hydrophobic fluorophores but actually
enhances the QY of the AIE-based dyes, as shown in
Figure 2b. All these factors collectively made it possible for
the system to reach 95% @g for AIE@cRV I (Figure 3d).
Second, the confined nanospace of the cRV set the boundary
for the aggregation of donor and acceptor fluorophores and
forced them to coaggregate at the intended ratio. Intermo-
lecular interactions are known to increase, sometimes dra-
matically, when the molecules are confined in a nanospace.””
Owing to enclosing in the cRVs, the donor and acceptor
engage in an enhanced intermolecular interaction. Once
transferred into water, they might prefer to coaggregate at the
intended ratio, otherwise the phase separation of the two dyes

would lower the number of the donor molecules around the
acceptor, thus decreasing the overall efficiency of system (see
Figure S4). As a control, we prepared coaggregates of TPE-
CHO and TPE-TCF by reprecipitation from their tetrahy-
drofuran solution into an aqueous solution of sodium
laurylsulfonate (SLS). The materials obtained (ATE@SLS)
represent traditional organic nanoparticles prepared without
the membrane boundary of cRVs and thus any potential
nanoconfinement. As shown in Figures 4b, Figures S5-S7,
and Table S4, the energy transfer was significantly less
efficient and the highest Kgy and AE values achieved were,
respectively 162 and 3.3, in sharp contrast to the 689 and 35
obtained for AIE@cRV III (Figure 4a).

Once again, the natural design with dyes aggregating in
a confined nanospace proves superior to those relying on
special organic frameworks to arrange the dyes. When we
created similar biomimetic LHSs as a primitive chloroplast
using cRVs, the membrane-enclosed structure clearly facili-
tated the self-assembly and the energy transfer of the
entrapped donor/acceptor dyes. This platform gives us
tremendous flexibility with regard to the type, amount, and
ratio of dyes loaded into the vesicles. Importantly, aggregation
of the dyes occurs spontaneously through hydrophobic
interactions and the intimate contact of the dyes was optimal
for AIE-based fluorophores and the EET of the system. In
addition to the potential of the cRVs in light harvesting and
emission, the tunable multicolored emission and water-
compatibility of our platform holds great promise in bio-
imaging and sensing. Applications of these materials are
currently being investigated and will be reported in due
course.
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