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The design and fabrication of highly efficient artificial light-harvesting systems (LHSs) are of great impor-
tance in supramolecular chemistry and materials science. Benefitting from the convenient construction
process of supramolecular self-assembly, herein, a dual-donor artificial LHS was efficiently constructed
through hierarchical self-assembly approaches involving metal-ligand coordination interactions, host—
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LHS with only one donor chromophore, the prepared dual-donor artificial LHS exhibited higher energy
transfer efficiency and antenna effects. This research provides an efficient strategy for the construction of

rsc.li/frontiers-organic artificial LHSs with high energy transfer efficiency and antenna effects.
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Introduction

Photosynthesis, a highly efficient process for capturing, trans-
ferring, and storing light energy from the sun, exists widely in
nature and plays a key role in living systems.' As an example,
higher plants collect solar energy by a large array of chloro-
phyll compounds and transform it into chemical energy to
produce ATP for vital activities.> Inspired by the fascinating
function of photosynthesis, much effort in recent decades has
been devoted to exploring its complex inner mechanism and
mimicking this critical process.’ To date, a variety of artificial
light-harvesting systems (LHSs) benefitting from the primary
step of natural photosynthesis for efficiently utilizing light
energy have been successfully designed and fabricated for use
in photocatalysis and biological imaging.*

The critical factors for constructing LHSs include two
aspects: (1) multiple donors closely packed around each accep-
tor without the aggregation-caused quenching (ACQ) phenom-
enon and (2) a highly efficient energy transfer process based
on good spectral overlap between the absorption of the accep-
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tor and the emission of the donor.” In recent years, the major
developments in the field of artificial LHSs have focused on
supramolecular self-assembly involving different weak inter-
actions, owing to their straightforward construction and easily
adjustable donor-acceptor ratios compared with those of
covalent synthetic methods.® For instance, Zhang and Yi
recently reported an artificial LHS fabricated using fluorescent
metallacycles with highly sequential energy transfer efficien-
cies and further utilized this LHS for photocatalysis.” However,
existing reports of artificial LHSs have mainly focused on one
type of donor chromophore with narrow absorption, which
results in low visible light-harvesting ability compared with
plant photosynthesis.® Therefore, the development of novel
artificial LHSs with improved capacity to harvest visible light
has been attracting much attention and is still a great
challenge.

Coordination-driven self-assembly, a highly efficient strat-
egy, has been employed to produce discrete supramolecular
coordination complexes (SCCs) ranging from two-dimensional
metallacycles to three-dimensional metallacages with well-
defined topological structures.” Due to the metal-ligand
bonds being highly directional and comparatively strong, the
self-assembling metallacycles and metallacages prepared
through coordination interactions are straightforward and
nearly quantitative.'® During the past few decades, these
designed and constructed supramolecular coordination archi-
tectures have been endowed with a range of functions invol-
ving the fields of supramolecular catalysis,"" information
storage,'” energy transfer,"> tumour treatment,'* and supramo-
lecular radicals."> Moreover, the coordination-driven self-
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assembly strategy allows for precise control over the shape and
size of the final construction as well as the distribution and
total number of incorporated functional moieties such as
fluorophores. Therefore, self-assembled metallacycles and
metallacages are advantageous platforms for preparation of
artificial light-harvesting systems. For instance, Mukherjee and
Stang et al. reported fluorescent hexagonal Pt(i) metallacycles
as a new platform to fabricate artificial light-harvesting sys-
tems.’® Zhang and co-workers constructed two tetragonal pris-
matic platinum(u) cages as the efficient platform for preparing
artificial light-harvesting systems.”® However, the application
of self-assembled metallacycles and metallacages toward light
harvesting is in its infancy. It is worth noting that the introduc-
tion of other weak interactions into the coordination struc-
tures could construct hierarchical self-assembly systems with
attractive features and functions.'® For example, in our group,
we reported two metallacycles decorated with both tetrapheny-
lethene (TPE) and pillar[5]arene moieties to successfully con-
struct cross-linked aggregation-induced emission (AIE) supra-
molecular polymer gels induced by host-guest interactions via
hierarchical self-assembly.'” Due to the convenient preparation
method and excellent AIE properties, the hierarchical self-
assembly system including TPE and pillar[5]arene-containing
metallacycles is an advantageous platform that offers fascinat-
ing opportunities to fabricate highly efficient supramolecular
artificial LHSs. Moreover, the modification of guest molecules
with other AIE compounds with broad absorption in the
visible-light range could enhance their capacity to harvest
visible light.

To achieve this goal, we employed a 120° TPE-containing
dipyridyl donor decorated with pillar[5]arene moieties and a
60° diplatinum(u) acceptor to construct a discrete rhomboidal
metallacycle via coordination-driven self-assembly in nearly
quantitative yield (Scheme 1). Notably, in contrast to the dipyr-
idyl ligand, the prepared metallacycle exhibited unique pro-
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Scheme 1 Self-assembly of 120° dipyridyl donor 1 and 60° diplatinum
(1) acceptor 2 into discrete rhomboidal metallacycle 3, and the chemical
structures of building block DSA-containing guest 4, model guest 5 and
fluorescent acceptor 6.
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perties of aggregation-induced emission enhancement (AIEE)
induced by coordination interactions. In addition, the optical
properties of the host-guest complexes of metallacycles with
different neutral dinitrile guests have been investigated. By
taking advantage of the AIE properties and spherical mor-
phology of the host-guest complexes based on the prepared
metallacycle and a 9,10-distyrylanthrance-containing (DSA)
dinitrile guest in THF/water (1/9, v/v), a supramolecular artifi-
cial LHS was successfully fabricated by adding the hydro-
phobic fluorescent dye diketopyrrolopyrrole (DPP) as the
acceptor chromophore. More importantly, the introduction of
a DSA unit for fabricating the dual-donor system of the LHS,
with an expanded absorption range from UV to blue light,
caused a noticeable improvement in the energy transfer
efficiency and the antenna effect compared to that of the LHS
with only a TPE-containing metallacycle as the donor.

Results and discussion

Synthesis and characterization

The 120° TPE-containing dipyridyl building block 1 decorated
with pillar[5]arene moieties was designed and synthesized as
described previously."” With the 120° precursor in hand, the
self-assembly of a new rhomboidal metallacycle with dual-
functional units of TPE and pillar[5]arene was then conducted.
Guided by the coordination-driven self-assembly approach, the
discrete rhomboidal metallacycle 3 was constructed in quanti-
tative yield by stirring a mixture of 120° donor ligand 1 and
60° diplatinum(u) acceptor 2 at a 1:1 molar ratio in acetone/
water (5/1, v/v) (Schemes 1 and S17). The obtained metallacycle
3 was first monitored by *'P{'"H} and '"H multinuclear NMR
spectroscopy (Fig. 1a-d).

Multinuclear NMR spectroscopy analysis confirmed that
the formed metallacycle had a discrete and highly symmetric
structure. For instance, the *'P{'H} NMR spectra of metalla-
cycle 3 exhibited a sharp singlet at 15.7 ppm, shifted upfield
by approximately 4.1 ppm relative to the starting 60° diplati-
num(u) acceptor 2. This upfield shift and the decrease in the
coupling of flanking '*°Pt satellites ca. AJpp; = —48.5 Hz for 3
are consistent with back-donation from the platinum atoms.
Additionally, significant downfield shifts were observed for
metallacycle 3 in the "H NMR spectra compared to the proton
signals of dipyridyl ligand 1, resulting from the loss of electron
density upon the coordination of the Pt(u) metal centre with
pyridyl moieties. Moreover, the self-assembly of metallacycle 3
was further studied by 2D NMR techniques (‘"H-'H COSY,
'"H-"H NOESY and DOSY), which proved the successful prepa-
ration of rhomboidal metallacycle 3 (Fig. S1-S37).

ESI-TOF-MS analysis provided further support for the for-
mation of a discrete and highly symmetric metallacycle. As
shown in Fig. 1le, the ESI-TOF-MS spectrum of metallacycle 3
exhibited two main peaks at m/z = 2491.13 and 1832.10, corres-
ponding to different charge states owing to the loss of the
hexafluorophosphate counterions [M — 3PF, *" and [M —
4PF¢]*", respectively, where M represents the initiating coordi-
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Fig. 1 Partial *H NMR spectra (500 M, dg-acetone, 298 K) of rhomboi-
dal metallacycle 3 (a) and 120° dipyridyl donor 1 (b). 3*P NMR spectra
(202 M, dg-acetone, 298 K) of rhomboidal metallacycle 3 (c) and 60°
diplatinum(i)) acceptor 2 (d). Theoretical (top) and experimental (bottom)
ESI-TOF-MS of rhomboidal metallacycle 3.

nation architecture. More importantly, these peaks were isoto-
pically resolved and were in good agreement with their theore-
tical distribution, which allowed the structure of the rhomboi-
dal metallacycle 3 to be definitely established.

Pillar[5]arene is capable of binding the neutral dinitrile
molecule with strong affinity via host-guest interactions in
organic solvents, according to previous reports."® The driving
force of these host—guest processes mainly consists of dipole—
dipole forces and [C-H---xt], [C-H---N], and [C-H---O] hydrogen
bonding. To evaluate the host-guest properties of pillar[5]
arene-containing metallacycle 3, neutral dinitrile guests 4 and
5 with a DSA moiety or a phenyl moiety, respectively, were
designed and synthesized (Schemes S2 and S31). The com-
plexation of metallacycle 3 with dinitrile guest 4 to form
complex 3 D 4 was first investigated by '"H NMR spectroscopy.
As indicated in Fig. S4, the related NMR signals of He-Hi on
guest 4 showed obvious broadening and shifted upfield upon
the addition of metallacycle 3. These chemical shift changes of
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the protons on guest 4 indicated that the electron-rich cavity of
pillar[5]arene was successfully threaded by the guest molecule.
Moreover, the observation of a distinct band in the 2D DOSY
spectrum of the complex of metallacycle 3 and guest 4 indi-
cated the existence of host-guest interactions (Fig. S71). The
host-guest interactions of metallacycle 3 and model guest 5
have also been characterized (Fig. S8-5107), which proved the
successful construction of host-guest complex 3 D 5.

Due to the introduction of the TPE units, the AIE properties
of ligand 1 and metallacycle 3 were investigated. In this study,
THF was employed as a good solvent, and water was selected
as a poor solvent. As shown in Fig. 2, metallacycle 3 was emis-
sive even in the original THF solution with a ¢ value of 2.5%,
while ligand 1 was non-emissive. This change resulted from
the coordination interactions between Pt-N bonds, which
restricted the rotation of the phenyl groups on the TPE moi-
eties. With the gradual increase in the water fraction in the
THF solution of metallacycle 3, the emission intensity and
fluorescence quantum yield exhibited a dramatic enhance-
ment. The emission intensity of ligand 1 increased slightly
when the water fraction was less than 80%. However, a further
increase in f;, to 90% significantly enhanced the emission
intensity and fluorescence quantum yield of ligand 1. It
should be noted that the fluorescence quantum yield of metal-
lacycle 3 is approximately two times as strong as that of ligand
1, exhibiting typical AIEE properties induced by metal-ligand
coordination interactions. Meanwhile, the AIE properties of
DSA-containing guest 4 have also been studied in a mixture of
THF and water, as shown in Fig. S12 and S13.1 More impor-
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Fig. 2 Fluorescence emission spectra (a) and fluorescence quantum
yields (b) of building block 1 versus the water fraction in the THF/water
mixtures (lex = 336 nm; slit widths: ex = 5 nm, em = 5 nm; [TPE unit] =
10 pM). Fluorescence emission spectra (c) and fluorescence quantum
yields (d) of rhomboidal metallacycle 3 versus the water fraction in the
THF/water mixtures (lex = 361 nm; slit widths: ex = 5 nm, em = 5 nm;
[TPE unit] = 10 pM). Inset: Photographs of building block 1 (b) and rhom-
boidal metallacycle 3 (d) in THF/water mixtures with different fractions
of water upon excitation at 365 nm using an ultraviolet lamp at 298 K
(ITPE unit] = 10 pM).
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tantly, guest 4 showed an intense absorption band of a peak
centred at approximately 415 nm (blue visible light).

Subsequently, with the marriage of TPE-containing metalla-
cycles and DSA-containing dinitrile guests through host-guest
interactions, the AIE properties of complex 3 D 4 were investi-
gated. To enhance the binding ability, the molar ratio of metal-
lacycle 3 and guest compound 4 was adjusted to 1:4 to form
the complex 3 D 4. As shown in Fig. 3a and b, with the gradual
increase in the water fractions in the THF solution of complex
3 D 4, the emission intensity of the system was gradually
enhanced. When the water fraction reached 90%, the obtained
fluorescence spectra exhibited the strongest emission inten-
sity, with the fluorescence quantum yield increasing to 21%
(Fig. 3e). A similar fluorescence enhancement of the complex
3 D 5 was observed (Fig. 3¢, d and f). These obtained results
demonstrated the unique AIE properties of the host-guest
complexes of TPE-containing metallacycle 3 with different
dinitrile guests.

The sizes and morphologies of the aggregates of host-guest
complex 3 D 4 in THF/water (1:9, v/v) were investigated by
dynamic light scattering (DLS), scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) measure-
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Fig. 3 Fluorescence emission spectra (a) and (I — Ip)/lp plots (b) of
3 D 4 versus the water fraction in the THF/water mixtures (lem =
548 nm). Fluorescence emission spectra (c) and plots of (I — Io)/lo (d) of
3 D5 versus the water fraction in the THF/water mixtures (lem =
537 nm). Fluorescence quantum yields of 3 D 4 (e) and 3 D 5 (f) versus
the water fraction in the THF/water mixtures (lex = 361 nm; slit widths:
ex = 5 nm, em = 5 nm; [TPE unit] = 10 uM, [DSA unit] = 20 pM, [phenyl
unit] = 20 pM). Inset: Photographs of 3 D4 (b) and 3 D 5 (d) in THF/
water mixtures with different fractions of water upon excitation at
365 nm using an ultraviolet lamp at 298 K ([TPE unit] = 10 pM, [DSA unit]
= 20 pM, [phenyl unit] = 20 pM).
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Fig. 4 DLS data (a), TEM image (b) and SEM image (c) of 3 D 4 in the
mixture of THF/water (1:9, v/v) ([TPE unit] = 10 pM, [DSA unit] = 20 pM).
Inset: Photograph of the Tyndall effect.

ments. A narrow size distribution with an average hydrodyn-
amic diameter of 142 nm was observed by DLS, indicating that
the host-guest complex 3 D 4 forms well-defined nanoaggre-
gates (Fig. 4a). Additionally, the solution exhibited a clear
Tyndall effect, as further evidence of the existence of nanoag-
gregates. TEM and SEM experiments were carried out to deter-
mine the morphologies of the aggregates. As shown in Fig. 4b
and c, the obtained TEM and SEM images revealed several
nearly spherical shapes with an average diameter of approxi-
mately 150 nm, which is in agreement with the DLS data.
These results combined with the excellent optical properties
showed the excellent capability of the aggregates of complex
3 D 4 in THF/water (1: 9, v/v) to fabricate artificial LHSs.

To construct LHSs, hydrophobic fluorescent dye 6 (DPP)
was chosen as a promising acceptor because its absorption
closely matched with the emission of the aggregates of
complex 3 D 4 (Fig. S15%). Then, the light-harvesting behaviour
of complex 3 D 4 and fluorescent dye 6 has been investigated.
As shown in Fig. 5b, with the addition of acceptor 6 to the
complex 3 D 4 system, the emission intensity of acceptor 6 at
568 nm gradually increased, accompanied by a decrease in the
emission of complex 3 D 4 at 548 nm when excited at 361 nm.
When the ratio of donor 3 D4 and acceptor 6 reached
1:4:0.007, an obvious antenna effect occurred. These
observed phenomena suggested that the energy transfer
process from 3 D 4 to 6 effectively took place, and a supramo-
lecular artificial LHS was successfully fabricated. Then, the
fluorescence decay profiles were employed to analyse the light-
harvesting process. The average fluorescence lifetime (z) of
3204 (r = 2.2 ns) was found to be higher than that of
(3 D4) D6 (r = 1.33 ns), indicating that energy transfer took
place from 3 D 4 to 6 and providing additional evidence that
light harvesting was successfully performed. Subsequently, to
test the visible light-harvesting property, the absorption of
guest 4 at 415 nm was used as the excitation. As shown in
Fig. S16,7 the fluorescence spectra changed similarly to the
excitation at 361 nm, revealing a good artificial LHS with the
property of harvesting blue visible light.

In addition, as a control experiment, host-guest complex
3 D 5 in THF/water (1:9, v/v) was used to fabricate artificial
LHSs through the addition of acceptor 6 to evaluate the
efficiency of the existence of a TPE unit alone with different
excitations (361 nm and 415 nm). As shown in Fig. S17a,} with
the gradual addition of DPP into the 3 D 5 system, the starting

Org. Chem. Front, 2021, 8, 5250-5257 | 5253
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Fig. 5 Scheme of the fabrication of an artificial LHS (a), fluorescence
emission spectra of (3 D 4) D 6 with different concentrations of accep-
tor 6 (lex = 361 nm, slit widths: ex = 5 nm, em = 5 nm) (b), fluorescence
decay profiles of 3D 4 (1:4, red line), and (3 D54) D6 (1:4:0.08, blue
line) (c), photographs of (3 D 4) D 6 with different concentrations of
acceptor 6 upon excitation at 365 nm using an ultraviolet lamp at 298 K
(d), fluorescence emission of (3 D 4) D 6 in the CIE coordinates with
different concentrations of acceptor 6 in the mixture of THF/water (1:9,
v/v) (e). ([TPE unit] = 10 pM, [DSA unit] = 20 uM, [DPP unit] = 0, 0.03,
0.10, 0.20, 0.25, 0.33, 0.40 pM).

emission intensity at 545 nm decreased, while the emission
peak at 568 nm ascribed to acceptor 6 gradually increased.
According to the fluorescence decay profiles (Fig. S17bt), an
obvious decline in the average fluorescence lifetime from
3D 5 (r=1.82ns) to (3 D 5) D 6 (r=1.42 ns) was observed. All
of the obtained results indicated that the LHS of (3 25)D 6
was successfully fabricated.

To quantitatively evaluate the constructed LHS, the energy
transfer efficiency and antenna effect were calculated.
According to the fluorescence spectra in Fig. S21 and S23,7 the
energy transfer efficiency was determined to reach 53.1%, and
the antenna effect was estimated to be up to 12.8 for LHS
(3D4)D6 at a ratio of 1:4:0.08 (excitation at 361 nm).
Moreover, as shown in Fig. 6a, after the introduction of DSA
units by host-guest interactions to expand the absorption
range from UV to blue visible light, the properties of the fabri-
cated LHS were dramatically enhanced. For instance, upon
excitation with UV light at 361 nm, the energy transfer
efficiency of LHS (3 D 4) D 6 was calculated to be 1.29-fold as
strong as that of the LHS of (3 D 5) D 6 at a ratio of 1:4:0.08.

5254 | Org. Chem. Front, 2021, 8, 5250-5257

View Article Online

Organic Chemistry Frontiers

Sy
5

18

(@) 1 Excitation of UV (361 nm) (b) [ Excitation of UV (361 nm)
1 Excitation of blue visible light (415 nm) [ Excitation of blue visible light (415 nm)

53.1 12.8
9

L
Antenna effect
® © N @

Energy transfer efficiency (%)

@
©

41.2 41.2
‘ \ | \ 0

(3-4)-6 (3-5)-6 (354)-6 (355)-6

>

Fig. 6 (a) Energy transfer efficiency and (b) antenna effect of
(324)D6 or (3D5) D6 with different excitations (361 nm and
415 nm) at a ratio of 1:4:0.08 in the mixture of THF/water (1:9, v/v).
([TPE unit] = 10 uM, [DSA unit] = 20 pM, [DPP unit] = 0.4 pM).

It should be noted that the energy transfer efficiency can also
be calculated from the time-resolved data.’* In addition,
upon excitation with blue visible light at 415 nm, the antenna
effect of LHS (3 D 4) D 6 was estimated to be approximately
2.9 times to that of (3 D 5) D 6 (Fig. 6b). These results indicate
that the supramolecular artificial LHS (3 D 4) D 6 could be an
efficient platform for harvesting solar energy from the UV and
blue visible-light range, which provides a novel strategy to
mimic photosynthesis with high energy utilization.

Conclusions

In summary, we successfully developed a dual-donor (TPE-con-
taining metallacycle 3 and DSA-containing dinitrile guest 4)
supramolecular artificial LHS by combining metal-ligand
coordination interactions, host-guest interactions and hydro-
phobic interactions, and it exhibited an excellent capacity for
harvesting UV and blue visible light. In comparison with the
LHS of the TPE-containing metallacycle 3 alone as the donor,
the energy transfer efficiency of the LHS (3 D 4) D 6 at the
ratio of 1:4:0.08 was enhanced approximately 0.29-fold (exci-
tation at 361 nm), and the antenna effect was enhanced
approximately 1.9-fold (excitation at 415 nm). Therefore, this
study not only provides a unique strategy for the fabrication of
artificial LHSs, but also offers prospects towards utilizing solar
energy for potential applications.
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