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Supramolecular organic framework nanosheets for
efficient singlet oxygen generation: a multilevel
energy transfer approach for photocatalytic Minisci
reactionsy

*a

Jian-Yue Liu,® Rong-Zhen Zhang,® Ning Han, & ** Hui Liu*® and Ling-Bao Xing
Replicating the multistep and sequential energy transfer observed in natural photosynthesis, the
development of artificial light-harvesting systems (LHSs) capable of sequential multistep energy transfer
remains a challenging and active area of research. In the present work, we have designed and
synthesized a triphenylamine-modified cyanophenylenevinylene derivative (TPCI), which can self-
assemble with cucurbit[8]uril (CBI[8]) via host—guest interactions to form a supramolecular organic
framework (SOF). The structural restrictions of its macrocyclic framework greatly enhance the
fluorescence emission intensity of the SOF compared to the monomeric TPCI molecule, rendering it an
optimal energy donor and pertinent for the advancement of light-harvesting systems (LHSs). Utilizing the
SOF as the energy donor, we identified two distinct cyanine dyes (Cy5 and IR) and successfully
developed a sequential light-harvesting system (LHS) from SOF to CyS5, followed by IR with high energy
transfer efficiency. Through stepwise energy transfer, the singlet oxygen (*O.) generation efficiency is
progressively enhanced, which exhibited remarkable catalytic efficiency in the Minisci-type alkylation
reaction. This study provides a thorough investigation into the development of sequential energy transfer
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Introduction

Given the escalating global demand for sustainable energy,
solar energy is acknowledged as a vital solution to the energy
problem and the mitigation of carbon emissions, due to its
enduring sustainability and environmental advantages. Natural
photosynthesis, an essential mechanism in transforming solar
energy into chemical energy, is vital to the global material
cycle.” It functions as an effective model for the efficient har-
nessing of solar energy, incorporating essential processes such
as light absorption, energy transfer, and conversion into useful
forms.> The light-harvesting process, as the preliminary phase
of photosynthesis, is crucial for the efficient utilization of solar
energy.® Inspired by this natural phenomenon, a growing
number of researchers are committed to creating light-
harvesting systems (LHSs) that seek to emulate the principles
of natural photosynthesis.** Forster resonance energy transfer
(FRET) is a commonly employed energy transfer method in the
development of artificial systems, in which energy is conveyed
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in SOFs as type Il photosensitizers for photocatalytic organic transformations.

from an excited-state donor to a dye acceptor.®® FRET can be
utilized to create artificial light-harvesting systems (ALHSSs) by
incorporating a limited quantity of acceptor molecules into the
energy donor system.

In recent years, numerous supramolecular assemblies have
been developed utilizing supramolecular self-assembly tech-
niques for application in ALHSs, including metal coordination
complexes,’?® supramolecular polymers,*° host-guest molec-
ular assemblies,***® micelles,*** vesicles,”>®” and other
structures.”®* The supramolecular self-assembly approach is
distinguished by its simplicity in building, great efficiency in
assembly, and the capacity for precise control over both structure
and function. Owing to noncovalent interactions and spatial
structural effects, the construction of supramolecular assemblies
with precise spatial arrangements enhances the dispersion of
fluorescent molecules and mitigates energy losses from chro-
mophore aggregation quenching. Furthermore, the dynamic and
controllable characteristics of supramolecular systems, along
with the tunability of internal structural space and molecular
distances, ensure that the distances between donors and accep-
tors are maintained within an optimal range, thereby facilitating
efficient FRET process.®*® Consequently, supramolecular
organic frameworks (SOFs), characterized by their periodic pore
architectures, uniform solubility, pore-channel development
during packing, straightforward synthesis, and simple functional
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Scheme 1 Schematic diagram of sequential energy transfer process in SOFs for photocatalytic Minisci-type alkylation reaction.

modification, present a promising approach for the construction
of high-efficiency ALHSs.***

This study involved the design and synthesis of a triphenyl-
amine-modified cyanophenylenevinylene derivative (TPCI),
which establishes a supramolecular organic framework (SOF)
via host-guest interactions with cucurbit[8]uril (CB[8]) in the
aqueous solution. The structural constraints of its macrocyclic
framework significantly amplify the fluorescence emission
intensity of the SOF in comparison to the monomeric TPCI
molecule, establishing it as an ideal energy donor and relevant
for the development of light-harvesting system (LHS). Utilizing
the SOF as the energy donor, we identified two distinct cyanine
dyes (Cy5 and IR) and successfully developed a sequential LHS
from SOF to Cy5, followed by IR. The synthesized LHS demon-
strated a significant enhancement in singlet oxygen ('O,)
production and exhibited remarkable catalytic efficiency in the
Minisci-type alkylation reaction (Scheme 1).

Experimental
Synthesis of compound TPCI

In a 50 mL round-bottom flask, compound TPC (200.0 mg, 0.20
mmol) and methyl iodide (4.8 g, 2.0 mL, 34.0 mmol) were
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dissolved in 30 mL acetonitrile. The mixture was stirred and
heated to 40 °C for 1 h and then refluxed for 12 h. After cooling
to room temperature, the mixture was poured into diethyl ether
to get precipitates. The precipitates were then washed with
diethyl ether three times and dried under reduced pressure to
afford the product as an orange powder (244 mg, yield: 79%). 'H
NMR (400 MHz, DMSO-dg) 6 8.98 (s, 8H), 8.49 (s, 8H), 8.18 (s,
2H), 8.15 (d, J = 8.1 Hz, 8H), 8.07 (s, 4H), 7.93 (s, 4H), 7.37 (s,
12H), 4.32 (s, 12H). "*C NMR (101 MHz, DMSO-d;) 6 153.14,
149.21, 145.54, 131.38, 129.99, 128.57, 126.48, 123.28, 47.03.
HRMS: m/z calculated for C,,HsgNg'', 258.8275; found:
258.6193.

Results and discussion

The target compound TPCI was synthesised through a four-step
reaction, with both intermediates and products confirmed via
'H NMR, *C NMR, and HRMS (Scheme S$1 and Fig. S1-S67).
Initially, the fluorescence properties of TPCI were investigated
using fluorescence emission spectra in solvents with varying
dimethyl sulfoxide (DMSO) and H,O ratios. As illustrated in
Fig. S7,T TPCI showed weak fluorescence emission in DMSO;
however, as the water content increased from 0 to 100%, its

This journal is © The Royal Society of Chemistry 2025
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Fig.1 (a) UV-Vis absorption spectra and (b) fluorescence emission spectra of TPCI before and after adding CBI8] (inset: color changes of TPCI

and SOF); (c) Job's plot of TPCI and CBI8]; (d) fluorescence lifetime of TPCI and SOF; (e) *HNMR titration spectra of TPCI with CBI8] in D,O; (f)
particle size of SOF (inset: Tyndall effect of SOF); (g) TEM image of SOF; (h) zeta potential of TPCl before and after the addition of 2.0 equiv. CBI8].

fluorescence emission markedly intensified. Concurrently, TPCI
exhibited orange-yellow fluorescence in the aqueous phase,
indicating its aggregation-induced emission (AIE) effect
(Fig. S71). The assembly behaviour of TPCI and CB[8] in
aqueous solution was further examined using UV-Vis absorp-
tion spectra, fluorescence emission spectra, and "H NMR titra-
tion experiments. As illustrated in Fig. 1a, the incorporation of
CB[8] resulted in a progressive attenuation of TPCI absorption
at 445 nm, accompanied by a redshift. Simultaneously, the
fluorescence emission spectra revealed a considerable rise in
the fluorescence intensity of TPCI at 612 nm, which redshifted
to 635 nm, a behaviour likely resulting from the host-guest
interaction between TPCI and CB[8] (Fig. 1b). Upon the addition
of 2.0 equiv. of CB[8], TPCI exhibited its maximum fluorescence
emission intensity, with a colour transition from orange-yellow
to orange (Fig. S71). Subsequently, Job's plots were used to
ascertain the stoichiometric ratio between TPCI and CB[8] in
SOF (Fig. 1c). As the concentration ratio of TPCI was incre-
mentally increased, the maximum fluorescence intensity was
recorded at 0.33, indicating a stoichiometric ratio of TPCI to CB
[8] of 1:2, while the total concentrations of TPCI and CB[8]
remained constant. In comparison to the state before to the
introduction of CB[8], the fluorescence lifespan of SOF rose

This journal is © The Royal Society of Chemistry 2025

from 1.68 ns to 1.93 ns (Fig. 1d), while the fluorescence
quantum yield (&) increased from 1.5% to 1.9% (Table S17).
Furthermore, 'H NMR titration experiments were conducted to
investigate the host-guest interaction between TPCI and CB[8].
Upon the addition of 2.0 equiv. of CB[8] to the D,O solution of
TPCI (Fig. 1e), the characteristic signal of the methyl group of
TPCI (H,) exhibited a downfield shift, while the signal in the
aromatic region (Hp) displayed an upfield shift. Additionally,
the characteristic signal of CB[8] became broadened, signifying
the successful encapsulation of the methylated pyridine unit of
TPCI within the cavity of CB[8] via host-guest interaction, thus
forming a stable SOF.

Thereafter, the morphology of SOF was analysed utilizing
dynamic light scattering (DLS) and transmission electron
microscopy (TEM). The DLS test results revealed that the
introduction of CB[8] into the TPCI solution resulted in an
average size of approximately 500 nm (Fig. 1f). Upon laser illu-
mination, a pronounced Tyndall effect was observed, signifying
the formation of substantial aggregate SOF in the aqueous
solution. Subsequently, TEM analysis was employed to examine
the structure of SOF. Fig. 1g illustrates the observation of a two-
dimensional nanosheet structure of SOF, with a diameter that
aligns with the measurements obtained using DLS, thereby

J. Mater. Chem. A, 2025, 13, 13789-13796 | 13791
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validating the creation of SOF. Furthermore, the Zeta potential
of TPCI altered from +33.8 to +30.5 mV following the incorpo-
ration of CB[8], hence reinforcing the successful formation of
SOF (Fig. 1h). The aforementioned data unequivocally indicate
that TPCI and CB[8] generate SOF in the aqueous solution.

Owing to the exceptional fluorescence properties of SOF in
the aqueous solution, it can function as the energy donor for the
development of LHS. The energy level compatibility between the
fluorescence acceptor and the donor is crucial in the FRET
process. Consequently, in the initial phase of energy transfer,
Cy5 was selected as the energy acceptor due to a significant
overlap between the absorption spectrum of Cy5 (550-690 nm)
and the emission spectrum of SOF (520-800 nm) (Fig. S8af).
The incremental addition of Cy5 resulted in a fluorescence
emission peak at 690 nm, indicative of Cy5's fluorescence
emission (Fig. 2a). Simultaneously, the emission peak of SOF at
635 nm diminished markedly, indicating that the energy of SOF
was sent to Cy5 via the FRET mechanism. Furthermore, the CIE
1931 color coordinates clearly demonstrated that the fluores-
cence color transitioned from orange to orange-red with the
incorporation of Cy5 (Fig. S9t). Additionally, we investigated the
energy transfer mechanism of LHS by fluorescence lifespan
analyses. Following the initial phase of energy transfer, the
fluorescence lifespan diminished from 1.93 ns to 1.80 ns
(Fig. 2c), while the fluorescence quantum yield increased from
1.9% to 10.1% (Table S17). The results indicate that energy was
transferred from SOF to the acceptor Cy5. At a donor (SOF) to
acceptor (Cy5) ratio of 1:0.012, the energy transfer efficiency
(Pgr) was 51.2%, and the antenna effect (AE) was 2.9 (Fig. S10a
and bf¥).

Natural photosynthesis is generally a multi-stage process.
Therefore, to enhance the simulation of natural photosynthesis,
we used IR dye as the secondary sequential energy acceptor. IR
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Fig. 2 (a) Fluorescence emission spectra of SOF after adding Cy5
(inset: color changes of SOF and SOF + Cy5); (b) fluorescence emis-
sion spectra of SOF + Cy5 after adding IR (inset: color changes of SOF
+ Cy5 and SOF + Cy5 + IR); (c) fluorescence lifetime curves of SOF,
SOF + Cy5, and SOF + Cy5 + IR; (d) Aaps(Ao/A) of ABDA (1.0 x 107* M)
under light irradiation (440-450 nm, 5 W) for different photosensi-
tizers at different times.
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has an absorption band between 600 and 800 nm in water,
which substantially coincides with the emission band of SOF +
Cy5 (Fig. S8bt). After the addition of IR to the aqueous solution
of SOF + Cy5, the emission intensity at 840 nm of the SOF + Cy5
aqueous solution gradually increased, coinciding with the
emission peak of IR (Fig. 2b), and the fluorescence intensity at
690 nm of SOF + Cy5 decreased, indicating the occurrence of
two-step sequential energy transfer. Concurrently, the CIE 1931
chromaticity coordinates indicated that during the two-step
sequential energy transfer, the fluorescence color shifted from
orange-red to red (Fig. S9f). Moreover, with the application of
IR, the fluorescence lifetime diminished from 1.80 ns to 1.39 ns
(Fig. 2¢), while the fluorescence quantum yield increased from
10.1% to 13.5% (Table S1t). Upon mixing SOF + Cy5 (donor) and
IR (acceptor) at a molar ratio of 1:0.012:0.16, the computed
@ and AE were 74.9% and 7.1, respectively (Fig. S10c and d+).
These data indicate that the integration of IR established an
LHS via a two-step sequential energy transfer process.

We examined the potential applications of LHS in improving
the photocatalytic oxidation process. 9,10-Anthracenediyl-
bis(methylene)dimalonic acid (ABDA) was utilized as a selec-
tive detection reagent for 'O, (Fig. S111). Upon the addition of
ABDA to the aqueous solutions of TPCI, SOF, SOF + Cy5, and
SOF + Cy5 + IR, the distinctive peaks of ABDA in these solutions
diminished under blue light irradiation. The most pronounced
reduction was observed in SOF + Cy5 + IR, suggesting that SOF +
Cy5 + IR produced a greater quantity of 'O, (Fig. 2d). We
subsequently assessed the quantum yield of 'O, utilizing Rose
Bengal (RB) as a reference (Fig. S127). The findings revealed that
the quantum yields of 'O, for TPCI, SOF, SOF + Cy5, and SOF +

Table 1 Optimization of the reaction conditions

= . LHS(1mol% N

la 2a 3aa
Entry Variation from standard conditions” Yield” (%)
1 None 93
2 TPCI 21
3 SOF 47
4 SOF + Cy5 66
5 LHS (0.5 mol%) 54
6 LHS (1.5 mol%) 96
7 CB[8] NR
8 Cy5 Trace
9 IR NR
10 6h 44
11 18 h 95
12 No SOF + Cy5 + IR NR
13 No light NR
14 Under N, NR

“ Reaction conditions: 1a (0.2 mmol), 2a (0.5 mmol), light-harvesting
system (LHS): SOF + Cy5 + IR (1.0 mol%), blue LEDs (5 W, A = 440-
450 nm), room temperature (r.t.), under air conditions, 12 h.
b Isolated yield; NR = no reaction.

This journal is © The Royal Society of Chemistry 2025
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Cy5 + IR were 36.0%, 70.5%, 80.7%, and 108.4%, respectively
(Fig. S13t), thereby confirming that SOF + Cy5 + IR is an effec-
tive type II photosensitizer.

To enhance the simulation of energy transfer in photosyn-
thesis, we examined the appropriateness of this energy transfer
system in a Minisci-type reaction. We initially selected 4-
methylquinoline (1a) and pivalaldehyde (2a) as the substrates.
The screening assays of the reaction conditions demonstrated
that this reaction had exceptional catalytic activity. Table 1
demonstrates that under the excitation of a 440-450 nm LED
lamp, the alkylation product 3aa was achieved in 93% yield with
merely 1.0 mol% of the catalyst (entry 1). In contrast, when the
individual components of the energy transfer system were
employed for independent catalysis of the reaction, exceedingly

Table 2 Substrate scope for the Minisci-type alkylation reaction®”

View Article Online
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poor yields or no reaction occurred (entries 2-4 and 7-9),
indicating that the energy transfer process is critically signifi-
cant. Concurrently, it is significant that the catalytic activity of
one-step energy transfer diminished markedly (entry 4). In
addition, we screened the equivalents of the catalyst. A decrease
in the equivalent of the catalyst would result in a reduction of
the reaction yield (54%, entry 5). On the contrary, an increase in
the equivalent of the catalyst had a negligible effect on the
reaction yield (96%, entry 6). Thus, 1.0 mol% was determined as
the optimal dosage of the catalyst. Furthermore, the studies
revealed that a decrease in reaction time led to a substantial fall
in reaction yield (44%, entry 10). Conversely, an increase in
reaction time did not significantly affect the reaction yield (95%,
entry 11). The conclusive control experiments indicated that the
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room temperature (r.t.), under air conditions, 12 h. ? Isolated yield.
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energy transfer system, illumination, and atmospheric
circumstances are pivotal in the process (entries 12-14). The
apparent quantum yields (AQY) of products 1a were calculated
to be 0.015%. Upon establishing the optimal reaction condi-
tions, we performed studies to evaluate the compatibility of
diverse substrates with the reaction. Table 2 illustrates that
a variety of primary aldehydes (3ac, 3ae), secondary aldehydes
(3ab, 3ad), tertiary aldehydes (3aa), and cycloalkyl aldehydes
(3af, 3ag) can be utilized to produce products with moderate to
good yields (79-94%) when employing alkyl aldehyde
substrates. Unexpectedly, isoquinoline (3ah) and benzothiazole
(3al) also engaged in the reaction effectively (83-85%), thereby
confirming the compatibility and catalytic efficacy of this
multistep energy transfer system.

We subsequently investigated the photocatalytic mechanism
of the decarbonylation Minisci-type alkylation reaction.
Initially, we performed experiments to evaluate the inactivation
of the substrate for the photosensitizer in an aqueous envi-
ronment through Stern-Volmer quenching experiment. When
only the model substrate 1a was added, the fluorescence
intensity of SOF + Cy5 + IR at 840 nm exhibited nearly no vari-
ation. In contrast, when only the model substrate 2a was
introduced, the fluorescence intensity of SOF + Cy5 + IR at
840 nm decreased rapidly. Furthermore, when both the
template substrates 1a and 2a were simultaneously incorpo-
rated into the system, the outcome of the fluorescence intensity
assessment was identical to that when only the template
substrate 2a was added. By employing the Stern-Volmer

(a) Control experiment
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equation Io/I = 1 + k[Q] = 1 + kq7o[Q], the rate constant was
calculated to be 6.52 x 10" M~" s™*. These results suggest that
there exists a strong interaction between the SOF + Cy5 + IR and
the template substrate 2a (Fig. S14}). Control experiments
revealed that the introduction of 2,2,6,6-tetramethylpiper-
idinyloxy (TEMPO) or butylated hydroxytoluene (BHT) into the
model reaction significantly inhibited the reaction, implying
that it may proceed via a radical mechanism (Fig. 3a). Simul-
taneously, the addition of hole inhibitors, hydroxyl radical
inhibitors, and superoxide anion radical (O, ") inhibitors at
conventional reaction conditions resulted in no significant
alteration in the reaction yield, suggesting that these chemicals
did not participate in the reaction. Furthermore, the introduc-
tion of a 'O, inhibitor (NaN;) into the reaction system
successfully obstructed the reaction, indicating that 'O, is
crucial to the reaction process. Furthermore, the light-switching
experiment precluded the chain reaction mechanism (Fig. 3b).
Based on the aforementioned mechanistic investigations, we
hypothesized a cooperative reaction mechanism for the oxida-
tion of the energy transfer system. Upon light irradiation, the
energy transfer mechanism is activated to the excited state
(Fig. 3c); thereafter, the excited state SOF* transfers energy to
Cy5, which then transfers it to IR. Following a two-step energy
transfer, IR attains the excited state IR* and then transfers
energy to oxygen, resulting in the formation of '0,, while IR*
returns to the ground state through quenching. Thereafter,
pivalaldehyde and 'O, engage in hydrogen atom transfer (HAT),
resulting in the formation of the hydrogen peroxide radical

(b) Light ON|OFF experiment
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—
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13794 | J. Mater. Chem. A, 2025, 13, 13789-13796

Mechanistic investigations: (a) control experiment; (b) light on/off experiment; (c) reaction mechanism.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta01483b

Open Access Article. Published on 31 March 2025. Downloaded on 10/19/2025 10:21:12 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

(HO;) and I. Subsequently, I experience CO loss to produce tert-
butyl radical, and radical II reacts with 4-methylquinoline to
yield intermediate radical III. Intermediate III undergoes a 1,2-
hydrogen shift to produce a nitrogen-centered radical inter-
mediate IV, which subsequently interacts with HO;, via HAT to
yield the desired product.

Conclusions

In conclusion, we have developed a novel LHS that achieves
a two-step sequential energy transfer process in the structure of
SOF, which can be constructed through host-guest interaction
between TPCI and CB[8]. The AIE effect of TPCI, in conjunction
with SOF, markedly amplifies the fluorescence emission inten-
sity of TPCI, indicating its potential utility in the development
of LHS. Through the utilization of Cy5 and IR as energy
acceptors, we have successfully accomplished a consecutive
two-step energy transfer process from SOF to Cy5 and then to IR,
demonstrating a high energy transfer efficiency and enhanced
'0, generation capacity, which has greatly facilitated the
Minisci-type photooxidation reaction. This study provides
a thorough investigation into the development of sequential
energy transfer in SOFs as type II photosensitizers for photo-
catalytic organic transformations.
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