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a b s t r a c t

Herein, a simple and effective outer-surface interactions assisted supramolecular hierarchical assembly

has been first exploited to uniformly distribute tungstosilicic acid (TSA) inside the porous structure of

cucurbit[10]uril-based single-layer 2D supramolecular-organic-frameworks (Q[10]-SOFs) in water. Impor-

tantly, the 2D Q[10]-SOFs can further serve as light harvesting antenna, achieving fast energy transfer to

the embedded redox-active TSA upon photoexcitation, resulting in efficient visible light-driven selective

oxidation of benzyl alcohols into the corresponding aldehydes in high yield at room temperature. Further

studies revealed that the integrated of 2D Q[10]-SOFs and TSA played a key role in the catalytic process,

due to the presence of a novel stepwise electron transfer route in the single-layer hybrid 2D structures.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hybrid two-dimensional (2D) nanosheets are a class of nano-

materials that are composed of two or several components within

2D frameworks [1-3]. Unlike the well-studied 2D nanomaterials, a

hybrid 2D nanosheets possessed the advantages of its individual

components, and emerged as a new opportunity for 2D materials

owing to their smart tailored structures and adjustable functional-

ity. These multicomponent structures hold great potential to over-

come the weaknesses of the individual counterparts and offers an

intelligent way to optimize the performance for specific applica-

tions. To date, a variety of hybrid 2D micro-/nano-structures have

been successfully prepared through various synthetic approaches

[3]. However, the investigation on ultrathin hybrid 2D nanosheets

with desirable structures in solution for facile operation is still

difficult to realize using the most current well-developed meth-

ods, because of their high tendency toward irreversible aggregation

leads to a significant loss in the advantages arising from their 2D

structural features.

Macrocycle-based supramolecular organic frameworks (SOFs)

are a class of periodic self-assembled structures constructed via

non-covalent interactions [4-6]. For example, Li and co-workers re-
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ported their pioneering work on a type of cucurbit[8]uril (Q[8] or

CB[8])-derived water-soluble SOFs using various molecular build-

ing blocks prepared using directional host-guest interactions in an

aqueous solution [4]. Given the advantages of their stability and

porosity in an aqueous solution, these Q[8]-based SOFs have been

successfully exploited in drug delivery [7,8], catalysis [9-11], chi-

ral adaptive induction [12,13], and adsorption of organic pollutants

in water [14]. Meanwhile, we discovered that Q[n]s could be used

as rigid barrel blocks to produce a series of Q[n]-based solid SOFs

utilizing the outer-surface interactions of Q[n]s [15-19]. Although

the outer-surface interactions of Q[n]s with anionic species have

been fully studied in the solid-phase, their binding behaviors in

solution have been rarely studied. From a structural viewpoint, the

nanocage-like Q[n] host derived 2D SOFs are an ideal framework

to fabricate stable hybrid single-layer 2D nanosheets in water by

noncovalent interactions.

In this work, a novel Q[10]-based stable single-layer 2D SOFs

was constructed via host-stabilized charge-transfer (HSCT) interac-

tions in water (Q[10]-SOFs) as a proof of concept study (Scheme

1). Scheme 1b shows that a number of regular positive poten-

tial appended rhombic quadrilateral pores were expected to be

formed in the 2D SOFs due to the positive electrostatic potential

of the outer-surface of Q[10] host. Subsequently, a hybrid single-

layer 2D nanosheet could be constructed upon the addition of
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Scheme 1. (a) Chemical structures of TPE-MV8+ , 2-furaldehyde and Q[10]. (b) Supramolecular assembly of Q[10]-SOFs. (c) Outer-surface interactions derived assembly of

TSA@Q[10]-SOFs. (d) A schematic illustration of the TSA@Q[10]-SOFs assembly engaged selective oxidation of benzyl alcohols using energy transfer and electron transfer

under light irradiation.

negative charge appended tungstosilicic acid (TSA) to the Q[10]-

SOFs solution via the outer surface interactions of the Q[10] host

(Scheme 1c). Most importantly, the resulting hybrid single-layer

2D nanosheet (TSA@Q[10]-SOFs) enabled the light harvesting effi-

ciency of TSA to be utilized [20], where the Q[10]-SOFs act as the

light harvesting antenna (Scheme 1d), leading to the TSA@Q[10]-

SOFs assembly being used as a catalyst for the selective photocat-

alytic conversion of benzyl alcohols to aldehydes in high yield in

an aqueous solution at room temperature.

Q[10] has the largest nanocage size in the Q[n] family, and

is unique due to its ability to simultaneously bind two mono-

bipyridinium guest molecules (e.g., methyl viologen, MV2+) and an

electron-rich guest molecule (e.g., dihydroxynaphthalene) in its hy-

drophobic cavity to form a stable 2:1 inclusion complex [21]. Al-

though Q[10] has similar guest binding behaviors to the Q[8] host,

the exploration of Q[10] as molecular handcuffs to accommodate

guest molecules in its cavity to form SOFs in solution has not yet

been reported to date. In this work, a tetraphenylethylene sup-

ported bipyridinium guest (TPE-MV8+; Cl− as counter anions) was

synthesized (Figs. S1 and S2 in Supporting information), which ex-

hibited excellent solubility in water. Herein, the MV2+ group of

TPE-MV8+ acting as an electron acceptor and the 2-furaldehyde

molecule acting as an electron donor were simultaneously encap-

sulated into the Q[10] cavity to form single-layer 2D SOFs (Scheme

1).
1H NMR spectroscopic analysis (Fig. 1) revealed that all of the

proton peaks corresponding to the 2-furaldehyde molecule and

Ha and Hb protons on the TPE-MV8+ guest molecule underwent

a remarkable upfield shift, whereas the proton peaks including

Hc, Hd, He, Hf and Hg were shifted downfield when 2.0 equiv.

of Q[10] (1.0mmol/L) was added to the mixture solution of TPE-

MV8+ (0.5mmol/L) and 2-furaldehyde (1.0mmol/L) (Fig. 1c). These

spectral changes suggested that the whole of the 2-furaldehyde

Fig. 1. 1H NMR spectra obtained for (a) TPE-MV8+ , (b) 2-furaldehyde, (c) Q[10]-

SOFs and (d) TSA@Q[10]-SOFs in D2O.

molecules and the part of the viologen moiety in the TPE-MV8+

guest molecule were encapsulated in the Q[10] cavity. The corre-

sponding COSY 2D NMR spectra obtained for the host-guest com-

plex showed correlations between the 2-furaldehyde protons and

protons Ha, Hb, Hc and Hd on the viologen moieties (Figs. S3 and

S4 in Supporting information). These inter-molecular correlations

suggested that the 2-furaldehyde molecule in the complex should

be close to the viologen moiety, i.e., a sandwich-like ternary assem-

bly was formed in the Q[10] cavity. Dynamic light scattering (DLS)

experiments revealed that the average hydrodynamic diameter of
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Fig. 2. (a) SEM, (b) TEM, and (c) AFM images of the Q[10]-SOFs upon slowly evaporating the aqueous solution. (d) TEM images of TSA@Q[10]-SOFs with different scale bars

and the corresponding energy dispersive X-ray spectroscopy (EDS) elemental mapping images.

the host-guest assembly in water was as high as 295nm, indicat-

ing the existence of supramolecular polymers (Fig. S5 in Support-

ing information). Scanning electron microscopy (SEM) and trans-

mission electron microscopy (TEM) images showed that the 2:2:1

(mole ratio) mixture of Q[10], 2-furaldehyde and TPE-MV8+ gave

rise to thicker planar flakes and layered films on the surfaces, re-

spectively (Figs. 2a and b). In particular, atomic force microscopy

(AFM) studies further showed the planar assemblies have a height

of ∼2.0 nm, in line with the height of the Q[10] host (Fig. 2c). This

result strongly supported that Q[10], 2-furaldehyde and TPE-MV8+

formed a single-layer 2D SOFs in solution.

Polyoxometalates (POMs) are composed of large metal oxide

clusters and generally present a wide range of negative charge ap-

pended anion forms in normal media. Previous studies have re-

vealed that these anionic POMs form strong hydrogen bonding and

ion-dipole interactions with the outer-surface of Q[n]s in the solid

state [15]. In particular, POMs are generally too large to be included

in the Q[n] cavity as normal guest molecules. All these charac-

teristics allow POMs to be used as ideal candidates to form ex-

clusion complexes with Q[n]s. Herein, it was found that TSA (an

important member of the POMS family with a Keggin structure)

had good compatibility with Q[10]-SOFs in aqueous media. Fig.

1d shows that upon the addition of TSA (0.5mmol/L) to the so-

lution of Q[10]-SOFs, no significant changes in the 1H NMR spectra

were observed for the protons on the TPE-MV8+ and 2-furaldehyde

molecule, apart from the proton signals on the Q[10] host where

the proton peaks undergo a slight downfield shift. This result im-

plied the formation of an exclusion complex between the Q[10]

host and TSA via the outer-surface interactions of Q[10] because

the Q[n] protons were barely affected by the formation of the in-

clusion complex [22,23]. DLS measurements showing a diameter of

220nm existed in the TSA@Q[10]-SOFs solution (Fig. S5 in Support-

ing information), indicating that the assembly of Q[10]-SOFs was

retained in the presence of TSA.

TEM images of the solution of TSA@Q[10]-SOFs demonstrated

that the hybrid assembly also formed film-like structures with

lateral sizes of around several hundred nanometers and part of

them were obviously wrinkled (Fig. 2d). Notability, the films dis-

played very low contrast to the carbon film-coated TEM grid, sug-

gesting the formation of extremely thin 2D nanosheets. Most im-

portantly, elemental mapping analysis of energy-dispersive X-ray

spectroscopy (EDS) showed that C, N, O, Cl, Si and W were uni-

formly distributed in the films, which implies that TSA was uni-

formly dispersed in the pores of the Q[10]-SOFs (Fig. 2d). There-

fore, these results provided unequivocal proof for the formation of

hybrid single-layer 2D nanosheets by the supramolecular assembly

of TSA and Q[10]-SOFs.

The photophysical properties of Q[10]-SOFs and the as-prepared

hybrid 2D SOFs were then investigated. Fig. S6a (Supporting infor-

mation) shows the UV–vis absorption of TPE-MV8+ in water ex-

hibits absorbance maxima at 285 and 372nm, which belong to

the π-π transition of the MV2+ and TPE units, respectively. The

absorbance intensity observed at a shorter wavelength was sig-

nificantly enhanced and exhibits a red-shift at the longer wave-

length after the addition of Q[10] and 2-furaldehyde to the so-

lution, which can be attributed to the HSCT interactions formed

between the MV2+ and 2-furaldehyde moieties, indicating the for-

mation of Q[10]-SOFs. The continued addition of TSA to the Q[10]-

SOFs solution caused a stronger absorption at 285nm and a fur-

ther red-shift of the longer wavelength of TPE-MV8+ to the visible-

light region. Essentially, the UV–vis absorption with further red-

shift was ascribed to the formation of a more rigid planar 2D struc-

ture of the SOFs after embedding TSA into the framework, which

enhances the charge transfer between of 2-furaldehyde and MV2+

groups in the Q[10] cavity. For comparison, the UV–vis absorp-

tion peaks of the free TSA and 2-furaldehyde molecules exhibit a

weaker intensity at 270 and 291nm under the same experiment

conditions, respectively. These UV–vis absorption properties sug-

gested that the Q[10]-SOFs acted as a light harvesting antenna and

may be favorable for the collection and transfer of energy from vis-

ible light to the TSA moiety in an aqueous solution.

POMs are attractive candidates for catalysis due to their abil-

ity to undergo fast, reversible, and multiple electron transfer reac-

tions, but their applications have been hindered by several draw-

backs, such as their poor visible-light utilization efficiency and self-

aggregation in solution. Although various modification methods,
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including heteroatom doping, transition-metal-substituted, MOF-

and COF-junctions have been developed to improve the visible

light harvesting ability and catalytic activity of POMs [24], there

are few reports on POM-2DSOFs. As shown in Fig. S6b (Support-

ing information), after incorporation of TSA into the Q[10]-SOFs,

the solid-state UV diffuse reflectance (UV-DRS) spectra indicated

that the light response of TSA distinctly strengthens in the vis-

ible light region compared to pure TSA. Based on the Tauc plot

(Fig. S6c in Supporting information), the bandgap energies (Eg) of

TSA, Q[10]-SOFs and TSA@Q[10]-SOFs were calculated to be 3.08,

2.16, and 2.09 eV, respectively [25]. The calculated Eg of TSA in

this work is closed to the reported value of 3.26 eV [26]. The flat

potential of Q[10]-SOFs and TSA@Q[10]-SOFs were determined to

be −1.50 and −1.40V as measured by Mott–Schottky plots (Figs.

S6d and S7 in Supporting information), respectively. The positive

slope of both structures is consistent with the typical n-type semi-

conductors. As a result, the conduction band (ECB) positions of

Q[10]-SOFs and TSA@Q[10]-SOFs were calculated to be −1.30 and

−1.20V versus normal hydrogen electrode (vs. NHE), and the cor-

responding position of the valance band potentials (EVB) is situ-

ated at +0.86 and +0.89V vs. NHE, respectively, according to the

formula EVB = ECB + Eg. These results suggested the Q[10]-SOFs and

TSA would retain their independent photophysical characteristics

in the hybrid single-layer 2D structures. To further understand the

separation efficiency of photogenerated charge carriers, transient

photocurrent response curves of TSA, Q[10]-SOFs and TSA@Q[10]-

SOFs were measured with several visible-light on−off cycles in

a three-electrode system. As depicted in Fig. S6e (Supporting in-

formation), the photocurrent density of TSA@Q[10]-SOFs is much

higher than that of TSA and Q[10]-SOFs under the same condi-

tions, indicating a higher separation efficiency of the photogener-

ated electron−hole pairs was achieved in the hybrid single-layer

2D nanosheets. Moreover, the arc radius of TSA@Q[10]-SOFs in the

Nyquist plot is smaller than that of TSA and Q[10]-SOFs (Fig. S6f

in Supporting information), implying the smallest transfer resis-

tance of the interface electrons over TSA@Q[10]-SOFs [27]. All of

these results suggest that combining the TSA into Q[10]-SOFs by

the outer-surface interactions led to superior photo-induced hole–

electron separation and transport efficiency on the long-range or-

dered single-layer 2D structures. The higher efficiency of charge

immigration and separation is more conducive to enhancement of

the photocatalytic activity of TSA@Q[10]-SOFs. Subsequently, the

catalytic activity of TSA@Q[10]-SOFs was exploited for the selec-

tive oxidation of benzyl alcohols into their corresponding aldehy-

des because of the tailored POMs can not only activate O2 to form

reactive oxygen species (ROS) under light irradiation, but also ad-

sorb and activate alcohols in the catalytic process.

Although the application of hybrid POM-photocatalysts has

been studied for the selective oxidation of benzyl alcohols to

the corresponding aldehyde compounds, the moderate conversion

yield of the product and the use of high-energy light sources are

the main limitations of these materials [28,29]. Herein, the 4-

methylbenzyl alcohol was selected as a model substrate to opti-

mize the reaction conditions. Table 1 and Fig. S8 (Supporting infor-

mation) show the TSA@Q[10]-SOFs nanosheets exhibited the high-

est catalytic activity to produce the desired aldehyde in the pres-

ence of O2 in water under white LED light source (10W, 400–

830nm) at room temperature, and the reaction was completed in

2h with the conversion rate of 99% (entry 1); no desired product

was obtained when an argon atmosphere was used instead of O2

(entry 2), indicating that this catalytic process was an O2-mediated

oxidation reaction. Notably, a trace conversion yield of benzyl alco-

hol was achieved when Q[10]-SOFs (entry 3), TPE-MV8+ (entry 4)

and TSA (entry 5) were used as the catalyst under the conditions

used in entry 1, even when the reaction time was extended. These

results indicated that the light energy transfer from the Q[10]-SOFs

Table 1

Oxidation of 4-methylbenzyl alcohol in different catalysts under white LED light

source (10W, 400–830nm) irradiation.

Entry Catalyst Time (h) Conditions Conversion (%)

1 TSA@Q[10]-SOFs 2 O2 99

2 TSA@Q[10]-SOFs 10 Ar Trace

3 Q[10]-SOFs 10 O2 Trace

4 TPE-MV8+ 10 O2 trace

5 TSA 10 O2 trace

antenna to the TSA group played a crucial role in activating the

catalytic effect of the hybrid 2D SOFs.

With the optimal reaction conditions in hand, the oxidation of

various benzyl alcohols into their corresponding aldehydes over

the TSA@Q[10]-SOFs was performed. Table S1 (Supporting informa-

tion) shows that the photocatalysis of alcohols including electron-

donating and electron-withdrawing substituents, and different po-

sitions of substituents on the aromatic ring occurs successfully to

achieve their corresponding aldehydes in excellent yield (Figs. S8-

S17 in Supporting information). The recycling experiments demon-

strated that the catalytic activity of the hybrid 2D SOFs was well

retained even after four runs of the benzyl alcohol oxidation re-

action without any treatment or activation (Fig. S18 in Support-

ing information), indicating that the supramolecular assembly of

TSA@Q[10]-SOFs as a catalyst had greater stability in water.

Encouraged by the excellent photocatalytic performance of

TSA@Q[10]-SOFs in the oxidation of benzyl alcohol, we proceeded

to investigate the detailed mechanism of this reaction. To clarify

which active oxygen species were actually generated in this re-

action system, 9,10-anthracenediyl-bis(methylene)-dimalonic acid

(ABDA) and dihydroethidium (HE) as ROS indicators [30] were in-

troduced into the reaction to specifically monitor the generation

of 1O2 and O2
•−, respectively. Figs. 3a and b, and Figs. S19 and

S20 (Supporting information) show the decreased UV–vis absorp-

tion intensity of ABDA and enhanced fluorescence emission of HE,

indicating both 1O2 and O2
•− were generated as the active species

by TSA@Q[10]-SOFs after light irradiation. Meanwhile, similar spec-

troscopic changes for ABDA were recorded for Q[10]-SOFs and TPE-

MV8+, apart from TSA, where no obvious spectroscopic changes

were observed for both indictors. Notability, TSA@Q[10]-SOFs ex-

hibited the fast generation of O2
•− when compared to Q[10]-SOFs,

particularly when triethanolamine (TEOA) was added as a sacrifi-

cial electron donor to the solution (Fig. 3b). These results revealed

that the integrated assembly of Q[10]-SOFs and TSA played a key

role in the generations of O2
•−. Unexpectedly, additional experi-

ments revealed that H2O2 and •OH were also generated by the

hybrid 2D nanoshetts under the same conditions (Figs. S21 and

S22 in Supporting information). To further confirm the effect of

ROS and other active species in the photocatalytic reaction sys-

tem, five specific scavengers including KI, l-glutamic acid, catalase,

l-ascorbic acid and d-mannitol that exclusively inhibit the gener-

ation of holes, O2
•−, H2O2,

1O2 and •OH, respectively, were intro-

duced into the reaction system [31], where the 4-methylbenzyl al-

cohol was still selected as the reaction substrate. As shown in Fig.

S23 (Supporting information), no significant effect on the photocat-

alytic oxidation of 4-methylbenzyl alcohol in the presence of cata-

lase and l-ascorbic acid, while the reaction yield quickly decreased

with the addition of l-glutamic acid to the solution, and moder-

ated decreased in the presence of KI and d-mannitol, respectively.

These results suggested that O2
•−, holes, and •OH participated in

the reaction of benzyl alcohol, where O2
•−may as the dominant

radicals.
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Fig. 3. Degradation rates of (a) ABDA and (b) HE using TAS, Q[10]-SOFs, TAS@Q[10]-SOFs and TPE-MV8+; A0 and A are the absorbance of ABDA, and I0 and I are the intensity

of HE in the presence of the different species before and after irradiation with white light, respectively. The UV–vis absorption spectra obtained for TSA@Q[10]-SOFs and

the corresponding photographs of the aqueous solution in the presence of (c) TEOA and (d) 4-methylbenzyl alcohol before and after light irradiation under different gas

atmospheres.

Interestingly, a photochromic phenomenon was further ob-

served over TSA@Q[10]-SOFs during our evaluation of the pho-

tocatalytic mechanism. When a mixture of TSA@Q[10]-SOFs and

TEOA (or benzyl alcohol) in water was irradiated with visible light

under an argon atmosphere (Figs. 3c and d), the color of the so-

lution changes from pale yellow to a cyan accompanied by a new

broad absorption peak with strong intensity at 500–800nm in the

UV–vis spectrum, which indicates the formation of viologen radi-

cals [32]. However, when O2 was introduced into the solution, no

obvious changes in the color and UV–vis absorption were observed

(Figs. 3c and d), implying that the V•+ radicals can be scavenged by

molecular oxygen to produce O2
•−. In addition, slight changes in

the color and UV–vis absorption were observed in the solution of

TSA@Q[10]-SOFs under an argon atmosphere (Fig. S24a in Support-

ing information), indicating the electron of V•+ radicals is mainly

derived from the TSA activate alcohols rather than directly from

the water molecules. On the contrary, no significant changes in the

color and UV–vis absorption were triggered in the aqueous solu-

tion of Q[10]-SOFs, TPE-MV8+ and TSA under the same conditions

(Figs. S24b-d in Supporting information), respectively. These results

indicated the Q[10]-SOFs as light harvesting antenna activated TSA

played a crucial role in the photocatalytic oxidation of alcohols via

a stepwise electron transfer process.

X-ray photoelectron spectroscopy (XPS) analysis of the hybrid

TSA@Q[10]-SOFs catalyst was performed to elucidate its elemental

composition and valence state. Fig. S25 (Supporting information)

shows the XPS spectra indicate the presence of C, N, O, Si, W and

Cl in the catalyst. After light irradiation, it was clearly observed

that a new peak at 400.06 eV appeared in the N 1s core-level spec-

trum (Fig. S26a in Supporting information), which was assigned

to the nitrogen atom of the pyridyl radical on the viologen moi-

eties [33]. Meanwhile, two new peaks at 34.86 and 37.31 eV were

observed in the W 4f core-level spectrum, indicating the high-

valence W6+ was partially reduced to W5+ (Fig. S26b in Support-

ing information) [34]. On the other hand, the C 1s and Cl 2p core-

level spectra suggested that the binding energy of C=N+ (in the

V2+ moieties) and the Cl– counter anion shifted from 284.72 to

197.88 eV to the higher energy level of 284.95 and 198.24 eV (Figs.

S26c and d in Supporting information), respectively, indicating

both atoms acted as electron donors in the hybrid 2DSOFs. As for

Si 2p and O 1s, no obvious binding energy changes were observed

in their core-level spectra upon irradiation with light (Fig. S27 in

Supporting information). These spectroscopic changes implied that

the MV2+ moieties and TSA in the TSA@Q[10]-SOFs nanosheets

have an excellent electron acceptor ability, where the counter an-

ions, water, and benzyl alcohols acted as electron donors.

Based on the results of above studies, a plausible mechanism

for the as-prepared TSA@Q[10]-SOFs selective photocatalytic oxi-

dation of benzyl alcohol to produce its corresponding aldehyde

was proposed. As shown in Fig. 4a, the conduction band (CBs)

of Q[10]-SOFs and TSA are −1.30 and 0.04V (vs. NHE), and the

valance band (VBs) were calculated to be 0.86 and 3.26V (vs. NHE),

respectively. Obviously, the CB position of Q[10]-SOFs lower than

0.33V (E(O2/O2
•−)=−0.33V vs. NHE), 0.68V (E(O2/H2O2)=0.68V

vs. NHE) and 1.07V (E(H2O2/
•OH)=1.07V vs. NHE) [29], indicating

the potential of reducing O2 into O2
•−, H2O2 and •OH. However,

the CB position of TSA is higher than E(O2/O2
•−) and lower than

E(O2/H2O2) and E(H2O2/
•OH), suggested that TSA did not have the

ability to activate O2 into O2
•−, but can activate O2 into H2O2 and

•OH. In the meantime, it was found that the CB position of TSA

is lower than the VB position of Q[10]-SOFs, which means that

more photogenerated electrons from TSA can effectively transfer to

the V2+ moieties of Q[10]-SOFs and further reduce O2 into O2
•−or

other ROS. While the holes reserved in TSA enable the electron

donor benzyl alcohol to be oxidized.

In other words, as shown in Fig. 4b, under light-irradiation, the

light energy was first harvested by the Q[10]-SOFs, then trans-

ferred to the TSA moieties, and the electron-hole pairs of TSA

5
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Fig. 4. (a) Schematic illustration for the energy band positions and electron trans-

fer of the hybrid 2D materials. (b) Proposed mechanism of light energy transfer

triggered ROS generation and photo-oxidation reaction in the current catalytic sys-

tem.

were then generated (Eq. 1). Due to the close integration between

the Q[10]-SOFs and TSA, electron transfer from the CB of the TSA

species to the V2+ of Q[10]-SOFs was facilitated. Therefore, the

electrons in the CBs of TSA were partially captured by the V2+ sites

to form V•+ radicals and partially captured by the W6+ sites in TSA

to form W5+ species (Eq. 3). Meanwhile, the electrons in both sites

were more likely to be scavenged by molecular oxygen to pro-

duce O2
•− radicals or other ROS in an O2 atmosphere (Eqs. 4–6).

Most importantly, during the light-energy-transfer-driven photo-

oxidation process of benzyl alcohol, the benzyl alcohol not only

acts as sacrificial electron donor to provide electrons via the holes

on the valence band (VB) of TSA (Eq. 2), but also as activated radi-

cal intermediates that react with O2
•− or •OH to generate the target

aldehyde (Eq. 7) and further promote the catalytic reaction cycle.

Overall, the integrated of Q[10]-SOFs and activate TSA in the long-

range ordered single-layer 2D structures, plays a key role in pro-

moting the unique stepwise electron transfer process involving the

optically induced hopping of electrons from benzyl alcohol to V2+

and W6+ sites in the hybrid 2DSOFs.

In summary, a simple and effective supramolecular hierarchical

assembly has been exploited to prepare a tailored hybrid single-

layer 2D material based on a stable host-guest interaction-derived

SOFs, which uniformly distributed an earth abundant element-

based TSA in its regular porous structure via the outer-surface in-

teractions of the Q[10] host in water. Efficient light energy trans-

fer between the integrated photosensitive 2D SOFs and TSA cluster

occurred in the TSA@Q[10]-SOFs, leading to a unique light-driven

oxidation reaction by a Keggin-type POM via the synergistic pho-

toexcitation of the SOFs and stepwise electron hopping from the

excited states of the TSA and activated benzyl alcohols. Further-

more, the nanocage-like macrocycle-based SOFs with a long-range

ordered structure and high specific surface area ensured the uni-

form distribution of TSA in the single-layers, which cannot only

prevent the self-aggregation of TSA, but also allowed the exposure

of more active sites for catalysis in solution. The modular and tun-

able nature of this noncovalent interactions-derived supramolecu-

lar approach with low cost and facile operation provided an up-

dated insight into the design of multifunctional hybrid single-layer

2D materials and their applications in solution.
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