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Developing an efficient artificial light-harvesting system (ALHS) with high solar spectrum overlap, energy
transfer efficiency and photocatalytic performance remains a key challenge to realize sustainable energy
utilization. Inspired by nature, herein, a 2D ALHS, namely, 2D MB/Yb-TCPP-SO, nanosheets with
chloroplast bionic structure were successfully constructed by coupling a kind of porphyrin-based 2D
lanthanide metal-organic framework (namely, Yb-TCPP MOF) and methylene blue (MB). The newly
assembled 2D ALHS showed 100% spectrum efficiency in the visible light region and high-efficiency
energy transfer (up to 78.6%) between 2D Yb-TCPP nanosheets and MB. Significantly, this 2D ALHS
possessed high activity towards the photocatalytic semi-synthesis of artemisinin after installing Brgnsted

Received 11th February 2021
Accepted 16th March 2021

DOI: 10.1035/d1ta01278a acid sites, giving a record yield as high as 85%. This demonstrated that the as-constructed 2D ALHS is an

Published on 16 March 2021. Downloaded by RUTGERS STATE UNIVERSITY on 5/15/2021 6:21:15 AM.

rsc.li/materials-a

Introduction

Light-harvesting systems in natural photosynthesis have
attracted much research interests on account of the efficient
solar energy conversion and utilization for promoting sustain-
able development.”™ In natural photosynthesis, chloroplast,
a highly integrated energy converter in plants and some
photosynthetic bacteria, contains tightly stacked sheet-like
thylakoids to capture light energy, followed by a photoin-
duced energy transfer to the reaction center, thus realizing the
conversion of light energy into chemical energy.>® A variety of
sophisticated bionic platforms, such as dendrimers,**® gels,"**
biohybrid assemblies,”™® DNA' and supramolecules with
aggregation induced emission hosts**?* have been successfully
developed to mimic these natural light-harvesting systems.
Although these 0D, 1D or 3D ALHSs with ingenious design have
achieved light-harvesting, they suffer from insufficient light
harvesting in visible areas and inefficient energy transfer.
Furthermore, the utilization of the harvested light energy by
ALHS for photocatalytic reaction to promote matter conversion
remains less addressed.
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ideal artificial solar converter, which showed a promising application for photochemical catalysis.

In recent years, chemists have found that chromophores in
crystal MOFs are close to each other rather than in direct
contact, effectively avoiding the aggregation-caused quenching
by the close arrangement of chromophores, and the highly
ordered chromophores within MOF crystals contribute to
photon capture and energy transfer.”** However, the transfer
of internal energy within conventional 3D bulk MOF crystals to
external acceptors is severely limited by the energy transfer
distance constraints, thus restraining the energy transfer effi-
ciency and photocatalytic performance. 2D materials with
extraordinary physicochemical properties have been widely
used in photocatalysis.>**** 2D MOFs, as newly developed 2D
materials, have been widely used in electronics,* optics,*°
catalysis,® sensing,*® medical science,*** as well as in gas
storage and separation.*>**> Compared with 3D bulk MOFs, 2D
MOFs can efficiently transfer the captured energy to external
acceptors as each chromophore molecule on the 2D nanosheet
is located on the exposed outer surface close to the acceptors.
Furthermore, 2D MOFs have a larger specific surface area and
more accessible active sites, which can provide abundant
reactive sites and high mass transfer rate for boosting the
photocatalytic performance.*>**

Herein, porphyrin-based 2D lanthanide MOFs, namely 2D
Yb-TCPP nanosheets,** were used as scaffolds to construct a 2D
MOF-based ALHS. Just as sheet-like thylakoids in chloroplasts
that are packed tightly together to increase the surface area for
light-harvesting, 2D Yb-TCPP nanosheets contain individual
porphyrin structural units that can be assembled together to
form a high surface area array for photon collection. Therefore,
2D Yb-TCPP nanosheets can be used as ideal scaffolds for
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mimicking chloroplasts due to the similar structural units to
thylakoids and orderly arranged porphyrin pigment molecules
to simulate chlorophyll. To better mimic natural photosyn-
thesis and make full use of the harvested energy, a photosensi-
tizer, MB, acting as the energy receptor was coupled to 2D Yb-
TCPP nanosheets so as to construct the 2D MB/Yb-TCPP-SO,
ALHS, which structurally resembled the thylakoids in natural
chloroplasts. The coupled MB effectively improved the solar
spectrum efficiency of 2D Yb-TCPP nanosheets, and the efficient
Forstor resonance energy transfer (FRET) between Yb-TCPP and
MB greatly increased the energy utilization to boost the 'O,
generation via a synergistic effect. Significantly, by treating with
acids to install Brensted acid sites, the 2D MB/Yb-TCPP-HSO,
ALHS showed a high photocatalytic activity for the semi-
synthesis of artemisinin, giving the highest yield of 85%
among all known photooxidation processes of dihy-
droartemisinic acid up to now (Scheme 1).

Results and discussion

The excellent spectral overlap between 2D Yb-TCPP nanosheet
emission and MB absorption spectra was crucial to allow
effective coupling for FRET (Fig. 1a). To efficiently integrate the
2D Yb-TCPP nanosheets and MB together, the strategy of elec-
trostatic self-assembly was applied (Fig. 1b). The SDS-modified
2D Yb-TCPP nanosheets (Yb-TCPP-SO,) with strong electro-
negativity were able to efficiently adsorb the electropositive MB.
The electronegativity of the nanosheets decreased with the
increase in the MB adsorption concentration, and did not
change significantly when the adsorption equilibrium was
reached (Fig. 2a). The absorption band around 665 nm of MB
was observed distinctly in the absorption spectrum of MB/Yb-
TCPP-SO,, and it increased with the increase in the MB loading
(Fig. 2b). The saturated adsorption capacity of MB was calcu-
lated to be 60 ug mg~" by comparing the UV-vis absorbance to
the calibration curve (Fig. S11). Correspondingly, the fluores-
cence emission of 2D Yb-TCPP nanosheets decreased with the
increase in the MB adsorption (Fig. 2c). To understand the
quenching mechanism clearly, the fluorescence decay curves of

Artificial chloroplast mimics

Scheme 1 Working principle of the constructed 2D ALHS with chlo-
roplast bionic structure for artemisinin production.
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Fig. 2 The zeta potential and spectral characterization of SDS-
modified 2D Yb-TCPP nanosheets (Yb-TCPP-SO,4) with MB loading. (a)
The zeta potential of 2D Yb-TCPP nanosheets, Yb-TCPP-SO4 and MB/
Yb-TCPP-SO4 with different MB loadings (from a to m); (b) the
absorption spectra and (c) corresponding fluorescence spectra of MB/
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resolved fluorescence decay traces of Yb-TCPP-SO, and MB/Yb-
TCPP-SOy,.
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SO,, demonstrating that fluorescence quenching was ascribed
to the occurrence of FRET (Fig. 2d). In the meantime, the FRET
efficiency was calculated as high as 78.6% due to its open 2D
plane structure and relatively close distance between the 2D Yb-
TCPP nanosheets and MB.

The peaks at 1068 cm ™', 1142 cm™ ' and 1338 cm ™" in the
FTIR spectra were assigned to the »(C-S-C), §(C-N) and »(C-N,
in N-CHj;) vibrations of MB,*® respectively, which were also
present in that of MB/Yb-TCPP-SO, (Fig. S21). Meanwhile, the
bands at 500 cm™', 1036 cm™ !, 1394 cm™ ! and 1625 cm ™’
assigned to §(C-N-C), »(C-S-C), v(C-H, CHj3) and »(C-C, ring) of
MB, respectively, were also observed in the Raman spectrum of
MB/Yb-TCPP-SO, (Fig. S31).*” The scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and atomic
force microscopy (AFM) images manifested that MB/Yb-TCPP-
SO, kept the sheet-like 2D structure of the as-synthesized Yb-
TCPP with the thickness of around 1.93 nm (Fig. 3a, b and $4,
S5f). Compared to 2D Yb-TCPP nanosheets (Fig. S6t), the
thickness increased obviously, indicating that SDS and MB were
successfully modified to the surface of 2D Yb-TCPP nanosheets.
Moreover, the PXRD patterns of 2D MB/Yb-TCPP-SO, nano-
sheets were consistent with that of 2D Yb-TCPP nanosheets,
indicating no structural disruption by surface interaction
(Fig. 3c). The similar TGA curves revealed the high thermal
stability (up to 400 °C) of 2D MB/Yb-TCPP-SO, nanosheets like
that of 2D Yb-TCPP nanosheets (Fig. S71). Significantly, the
Brunauer-Emmett-Teller (BET) surface area and pore size
distribution of 2D MB/Yb-TCPP-SO, nanosheets were also
almost identical to that of 2D Yb-TCPP nanosheets, demon-
strating that the large surface area and abundant accessible
active sites were maintained (Fig. 3d and S87). All the above
results demonstrated that MB was successfully loaded on 2D
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Fig. 3 The characterization of 2D MB/Yb-TCPP-SO,4 nanosheets. (a)
TEM and (b) AFM images of the as-synthesized 2D MB/Yb-TCPP-SO4
nanosheets, inset: high magnification image. (c) PXRD patterns of 2D
Yb-TCPP nanosheets and 2D MB/Yb-TCPP-SO,4 nanosheets. (d) N,
sorption—desorption isotherms of 2D Yb-TCPP nanosheets and 2D
MB/Yb-TCPP-SO4 nanosheets.
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Yb-TCPP nanosheets through electrostatic self-assembly to
form a 2D ALHS that structurally resembled the thylakoids in
natural chloroplasts.

To endow 2D MB/Yb-TCPP-SO, nanosheets with versatility,
we carried out acid treatment to install Brensted acid sites for
facilitating acid catalytic processes. Herein, the as-prepared 2D
MB/Yb-TCPP-SO, nanosheets were immersed in acid solution
such as H,SO,4, HCl, HNO; and trifluoroacetic acid (TFA) to
protonate the -SO, group that originated from SDS, followed by
freeze drying and vacuum drying. The acidity of 2D MB/Yb-
TCPP-HSO, nanosheets was evaluated by *'P magic-angle
spinning (MAS) solid-state NMR spectroscopy (*'P MAS
NMR).**** For 2D MB/Yb-TCPP-SO, nanosheets and 2D MB/Yb-
TCPP-HSO, nanosheets, the resonances observed below 62 ppm
were attributed to the physisorbed and trapped free TMPO in
the MOF pores (Fig. S91).°>** The new resonances appeared
within the range from 62 to 73 ppm in the spectrum of 2D MB/
Yb-TCPP-HSO, nanosheets, which were assigned to TMPO
adsorbed on the strong Brensted acid sites, demonstrating the
strong acidity of 2D MB/Yb-TCPP-HSO, nanosheets.*>*° Besides,
the pH of the washing solution of 2D MB/Yb-TCPP-HSO,
nanosheets was around 2.20, close to the pK,, value (1.92) of
sulfuric acid,* indicating the successful protonation of the -SO,
group (Table S17). Furthermore, the PXRD patterns showed that
the crystal structure was maintained after acidification,
demonstrating that 2D MB/Yb-TCPP-HSO, nanosheets possess
high stability (Fig. S10%).

To evaluate the photoactivity of the newly developed 2D
ALHS, UV/vis diffuse reflectance spectroscopy was performed
first. 2D MB/Yb-TCPP-SO, nanosheets and 2D MB/Yb-TCPP-
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Fig. 4 The photochemical properties of the as-prepared 2D ALHS. (a)
UV-vis diffuse reflection spectra of 2D Yb-TCPP nanosheets and 2D
MB/Yb-TCPP nanosheets; (b) absorbance decays of DPA (40 mg mL™})
at 372 nm in the presence of MB, Yb-TCPP, MB+Yb-TCPP, 2D MB/Yb-
TCPP-SO4 nanosheets and 2D MB/Yb-TCPP-HSO,4 nanosheets,
respectively; (c) the ESR spectra of the different reaction systems in the
presence of TEMP under visible-light irradiation; (d) the 1O, emissions
at around 1270 nm induced by MB, 2D Yb-TCPP nanosheets, MB+Yb-
TCPP, 2D MB/Yb-TCPP-SO,4 nanosheets, 2D MB/Yb-TCPP-HSO,
nanosheets and RB in ethanol solution under an excitation of 532 nm.

J. Mater. Chem. A, 2021, 9, 9301-9306 | 9303


https://doi.org/10.1039/d1ta01278a

Published on 16 March 2021. Downloaded by RUTGERS STATE UNIVERSITY on 5/15/2021 6:21:15 AM.

Journal of Materials Chemistry A

HSO, nanosheets with a theoretical solar spectrum efficiency of
43% (Fig. 4a), where the visible light region accounts for about
43% of the total solar spectrum,®® offered the ability to fully
capture the solar power in the visible light region. The corre-
sponding optical band gap was calculated to be 1.66 eV by Tauc
plot, lower than that of 2D Yb-TCPP nanosheets (1.78 eV),
further revealing the preferable visible light harvesting capa-
bility of 2D MB/Yb-TCPP-SO, nanosheets and 2D MB/Yb-TCPP-
HSO, nanosheets (Fig. S117). As is well known, porphyrin-based
MOFs and MB as photosensitizers can produce singlet oxygen
(*0,) under light irradiation. Therefore, the photochemical
activity of the as-constructed 2D ALHS to generate 'O, was
evaluated by using 9,10-diphenylanthracene (DPA) as the 'O,
indicator. The characteristic absorption and emission of DPA
decreased with the increase of MB loading under the same
reaction conditions, indicating that the higher the loading of
MB, the stronger the ability to generate 'O, (Fig. S127).

In such cases, the degradation rates of DPA resulting from
2D MB/Yb-TCPP-SO, nanosheets were the fastest among the
investigated 2D ALHSs, while only a slight change was observed
without the presence of photocatalysts (Fig. 4b and S13f).
Compared with 2D MB/Yb-TCPP-SO, nanosheets, the photo-
catalytic activity of 2D MB/Yb-TCPP-HSO, nanosheets decreased
slightly due to the influence of acid. Besides, the electron spin
resonance (ESR) spectra of 2D MB/Yb-TCPP-SO, nanosheets and
2D MB/Yb-TCPP-HSO, nanosheets showed typical 1:1:1
triplet signals of 4-oxo-TEMPO, and were stronger than that of
2D Yb-TCPP nanosheets, Yb-TCPP+MB and MB, suggesting the
stronger ability to produce 'O, (Fig. 4c). The '0, quantum yield
was measured by using Rose Bengal (RB) as a standard photo-
sensitizer, and the 'O, quantum yield was calculated to be 0.55,
0.62, 0.63, 0.66 and 0.65 for MB, 2D Yb-TCPP nanosheets, Yb-
TCPP+MB and 2D MB/Yb-TCPP-SO, nanosheets and 2D MB/Yb-
TCPP-HSO, nanosheets, respectively (Fig. 4d and Table S2t).
Based on the above results, we concluded that the high activity
of the 2D ALHS for the generation of 'O, can be attributed to the
energy transfer-induced synergistic effect between MB and Yb-
TCPP.

Photocatalytic semi-synthesis of artemisinin from available
artemisinic acid has been considered as an effective approach
to minimize the cost of artemisinin extraction or total
synthesis.***¢ In the photooxidation process, the conversion of
dihydroartemisinic acid to artemisinin generally undergoes
complex oxidation/rearrangements including the peroxidation
via 'O,-induced Schenck ene reaction, followed by an acid-
induced Hock cleavage, a subsequent oxygenation and cycliza-
tion to give the final product, artemisinin (Fig. S14t).°%%7%
Herein, inspired by the exciting features of 'O, generation and
strong Bregnsted acid sites, we conducted the photocatalytic
synthesis of artemisinin by using the newly developed 2D MB/
Yb-TCPP-HSO, nanosheets as a biomimetic photocatalytic
system. The product was identified as artemisinin by "H NMR
spectroscopy and mass spectroscopy (Fig. S15-S207). Surpris-
ingly, 2D MB/Yb-TCPP-HSO, nanosheets treated with 0.005 M
H,SO, achieved 85% conversion and 41% yield within 0.5 h,
and obtained 98% conversion and 85% yield after a reaction for
3 h (Fig. S211 and Table 1, entry 8). Meanwhile, 2D MB/Yb-
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Table 1 Photocatalytic synthesis of artemisinin using different pho-
tocatalysts in dichloromethane

Entry  Catalyst Conversion® (%)  Yield® (%)
1 MB+TFA 70 36
2 Yb-TCPP+TFA 99 36
3 Yb-TCPP+MB+TFA 99 44
4 MB/Yb-TCPP-SO,+TFA 99 63
5 Yb-TCPP-HSO, 99 57
6 MB/Yb-TCPP-HSO,-0.001M% 98 61
7 MB/Yb-TCPP-HSO,-0.002M“ 99 79
8 MB/Yb-TCPP-HSO,-0.005M“ 98 85
9 MB/Yb-TCPP-HSO,-0.01M" 99 83
10 MB/Yb-TCPP-HSO,-0.01M” 99 83
11 MB/Yb-TCPP-HSO4-0.01M° 99 81
12 MB/Yb-TCPP-HS0,-0.01M“ 98 83

@ Treatment with H,SO,. ° Treatment with HNO,. ¢ Treatment with HCI.
¢ Treatment with TFA. © Reaction conversions and yields were
determined by 'H NMR spectroscopy using biphenyl as an internal
standard.

TCPP-SO, treated with other acids also achieved almost 99%
conversion and more than 80% yield (Table 1, entries 10, 11,
and 12). A big progress could be highlighted as compared to
other reported catalytic systems, which gave the yield of arte-
misinin almost below 70%.%*3¢58-¢

As previously reported, the low yield of intermediates in
peroxidation and cyclization steps limited the conversion
yield.®® To clearly understand the mechanism behind the
exceptional activity of 2D MB/Yb-TCPP-HSO, nanosheets
towards photocatalytic synthesis of artemisinin, we monitored
the yields of intermediates 1 and 2 in the photocatalytic process.
Under visible light irradiation and in the presence of O, but
without the addition of an acid, the yields of intermediate 1
were obtained to be 18%, 21%, 22%, 25% for MB, 2D Yb-TCPP
nanosheets, MB+Yb-TCPP and 2D MB/Yb-TCPP-SO, nano-
sheets, respectively (Fig. S22%), indicating that the higher
quantum yield and faster generation rate of 'O, are critical to
inhibit the formation of byproducts (intermediate 2) in the
Schenck ene reaction, thus boosting the formation efficiency of
intermediate 1. Besides, acid plays an important role in the
Hock cleavage step in the process of photocatalytic synthesis of
artemisinin. Usually, TFA was used for inducing acid-catalyzed
Hock cleavage of intermediate 1.°*°° However, a series of
dehydration condensation reactions in the cyclization step were
carried out,****** wherein TFA might not participate effectively.
Interestingly, the sulfuric acid (-HSO,) and sulfonic acid
(-HSO;) groups are commonly used in carbohydrate dehydra-
tion condensation reactions.®** That is, -HSO, or -HSO; may
effectively promote the efficiency in the final ring closure step.
Verified by comparing to 2D MB/Yb-TCPP-SO, nanosheets with
the addition of TFA (Table 1, entry 4), 2D MB/Yb-TCPP-HSO,
nanosheets gave higher yield of artemisinin, manifesting that
the formed -HSO, not only can be used as Brensted acid to
facilitate Hock cleavage, but also as a dehydrating agent to
effectively improve the dehydration cyclization efficiency in the
cyclization steps. Thus, the high yield of artemisinin obtained
by using 2D MB/Yb-TCPP-HSO, nanosheets is due to the energy

This journal is © The Royal Society of Chemistry 2021
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transfer-induced synergistic effect for boosting 'O, generation
and abundant -HSO, groups as Brensted acid sites, which can
effectively accelerate the peroxidation and Hock cleavage, as
well as the cyclization, thus giving a record yield as high as 85%.

Recyclability and stability are vital performance metrics of
heterogeneous catalytic systems. The photocatalytic activity test
demonstrated that the yield decreased slightly after three cycles,
but the yield could be recovered after an acid treatment again
(Fig. S237), suggesting that 2D MB/Yb-TCPP-HSO, nanosheets
possessed high recyclability and regeneration ability. Besides,
the PXRD patterns confirmed that the structural integrity of 2D
MB/Yb-TCPP-HSO, nanosheets were well retained after photo-
catalysis (Fig. S247). Furthermore, the long-term stability of 2D
MB/Yb-TCPP-HSO, nanosheets in water and dichloromethane
was monitored by UV-vis absorption spectroscopy, with no MB
being observed in the supernatants, indicating no MB leaching
(Fig. S257).

Conclusions

In summary, we have successfully developed a 2D MOF-based
ALHS to mimic chloroplast via a facile, general, and effective
electrostatic self-assembly strategy. The as-constructed 2D
MOF-based ALHS with similar structure to the natural chloro-
plast exhibited a 100% theoretical solar spectrum efficiency in
the visible light region and a high-efficiency FRET to boost 'O,
generation. Furthermore, the 2D MOF-based ALHS installed
with Brensted acid sites showed a high photocatalytic activity
towards artemisinin semi-synthesis. This study highlights
a great potential of 2D MOF-based ALHSs for solar light-
harvesting and photocatalytic applications.
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