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a b s t r a c t

A photoactive polyoxometalate-based metal−organic framework (POMOF), NiW-DPNDI, was synthesized

by combination of Ni(II) ions, [ZnW12O40]
6– anions, and N,N’-bis(4-pyridylmethyl)naphthalene diimide

(DPNDI) molecules into one single framework. NiW-DPNDI displays a three-dimensional structure by

the strong anion���π interactions between the trapped [ZnW12O40]
6– anions and the electron-deficient

naphthalenic ring centroids and the π−π stacking interactions between DPNDI moieties. NiW-DPNDI

displayed a highly efficient hole-electron separation and ordered electron transfer under irradiation, thus

ensuing its excellent photocatalysis in oxidation of styrene to produce benzaldehyde. In addition, it gave a

high efficiency for styrene oxide under thermocatalytic conditions. Because the carbonic anhydrase (CA)-

mimicking Ni sites and the negative electron-enriched [ZnW12O40]
6– anions are well aligned in the pores,

it can promote the cycloaddition of CO2 with epoxides under mild conditions.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nowadays, the efficient conversion of hydrocarbons derived

from fossil fuel resources into high additional-value compounds by

selectivity oxidation has been become one of the most important

reactions of modern petrochemical industry [1–5]. Benzaldehyde

and styrene oxide are important intermediates of pharmaceutical,

pesticide and functional materials, which can be produced by se-

lective oxidation of styrene [6–8]. Photocatalytic oxidation technol-

ogy is receiving considerable attention as one of the most promis-

ing strategies to obtain compounds for having an inherent advan-

tage in environmental protection, energy conservation and high ef-

ficiency by utilizing environmentally singlet oxygen (1O2) and so-

lar energy source to drive the redox reaction [9–12]. However, as

a sole oxidant 1O2, its reaction efficiency still needs to be im-

proved. Superoxide radicals (O2
·–) has displayed excellent catalytic

performance in many reactions, which can be produced by hetero-

geneous photocatalysts through photogenerated electrons transfer-

ring to O2 [13–15]. Therefore, in order to achieve the synergy of
1O2 and O2

·–, it is imperative to develop charge transfer units and

to promote multi-electron transfer reactions.

The combination of photosensitizer and oxidation catalyst

within one framework has attracted much attention as a pow-

erful generation photocatalysts for prospective practical applica-
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tions [16–18]. Beyond that, the major challenge to achieve high

photocatalytic efficiency and selectivity lies in the synergy of the

multiple catalytic sites and the efficient electron transfer. Inspired

by the high efficient, specificity and stereoselective of natural en-

zymes, chemists have attempted to construct chemical photocatal-

ysis system capable of forming long-lived charge-separated states

for advances in solar energy conversion [19–21]. By assembling the

well-chosen electron donor and acceptor in an analogous coordina-

tion mode to metalloenzymes make them possess highly intrinsic

peroxidase-like activity, good stability and long excited state life-

times [22,23].

Functional naphthalenediimide (NDI) derivatives as n-type

semiconductors meet the evaluation of design principles because

of their efficient electron-transfer properties, high redox activity

and strong π-acidity [24,25]. Additionally, it can be easily intro-

duced into framework by using non-covalent or covalent strate-

gies to enhance the light absorption capacity of catalysts act as

a photosensitizer. Owing to the excellent reversible photo- and

electro-chromism, thermal stability and redox-active properties,

polyoxometalates (POMs) are well-known catalysts studied in the

olefin epoxidation [26,27]. Especially for multi-electron transfer

processes, POMs are promising candidates because they are stable

against oxidative degradation and can receive a lot of electrons and

protons without deforming their structures [28–30].

In this context, a new polyoxometalate-based metal-organic

framework (POMOF), Ni2(H2O)7(DPNDI)2.5 [H2ZnW12O40]�2H2O
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Scheme 1. The design concept of NiW-DPNDI for photocatalysis styrene oxidation.

Fig. 1. (a) Ball-and-stick representation of NiW-DPNDI. (b) 3D open network of

NiW-DPNDI viewed down the a axis.

(NiW-DPNDI) was synthesized by solvothermal method in pres-

ence of nickel(II) ion, [WZn3(H2O)2(ZnW9O34)2]
12– and DPNDI lig-

and. In this structrue, the strong anion���π interactions between

the trapped [ZnW12O40]
6– anions and the electron-deficient naph-

thalenic ring centroids and the π���π interactions between the

DPNDI moieties in the solid-state superstructure can promote

electron–hole separation and create a short charge transport path-

way. NiW-DPNDI was explored in the reaction of oxidation of

styrene under thermocatalysis and photocatalysis systems, respec-

tively, which displayed high efficiency and diverse chemselectivity.

Under irradiation, benzaldehyde is the main product, while styrene

oxide is by-product in the reaction of oxidation of styrene. How-

ever, the main product in thermocatalysis is opposite to that in

photocatalysis. In addition, because the carbonic anhydrase (CA)-

mimicking Ni sites and the negative electron-enriched POM are

well aligned in the pores, which can activate epoxide and promote

the capture and activation of CO2. Thus, NiW-DPNDI shows good

effect for CO2 cycloaddition reactions at a mild temperature. More-

over, it gave a yield of 78% in one-pot tandem reaction (Scheme 1).

NiW-DPNDI was synthesized by NiCl2·6H2O, DPNDI and

Na12[WZn3(H2O)2(ZnW9O34)2]·46H2O precursor under hydrother-

mal conditions. Single-crystal structural analysis revealed that

NiW-DPNDI crystallizes in a space group P-1. The asymmet-

ric unit of NiW-DPNDI consists of a [H2ZnW12O40]
4– unit, a

[Ni2(DPNDI)2.5(H2O)7]
4+ cation, and two free H2O molecules

(Fig. 1a). [ZnW12O40]
6– shows the Keggin type structure, which

connected with two nickel ions (Ni1 and Ni2) by two terminal

oxygen atoms, respectively. The Ni1 ion adopts a distorted octa-

hedral geometry and coordinates with one terminal oxygen atoms,

one N atom of DPNDI and four H2O molecules. And Ni2 ion coor-

dinated with two N atoms of two DPNDI molecules, one terminal

oxygen atoms and three H2O. The lability of the coordinated water

molecules and free protons allows NiW-DPNDI to act as both Lewis

acid catalyst and Brønsted acid catalyst. Ni1 and Ni2 are linked by

DPNDI to form a fragment. The fragments are then stacked in a

paralleled pattern by π���π interactions (about 3.3∼3.4 Å) to form

a 3D porous structure (Fig. 1b). The H-type aggregate between the

DPNDI moieties in the solid-state superstructure is beneficial for

enhanced electron transport. The [ZnW12O40]
6– anions are local-

ized on the electron-deficient naphthalenic ring centroid with cen-

troid distance 3.0 Å. Hydrogen bonds were found between the C

atoms and the imbedded [ZnW12O40]
6– anion with separations be-

tween C···O about 3.07∼3.30 Å. With these hydrogen bonds inter-

acted [ZnW12O40]
6– anion, the sheets were further stacked in a

parallel fashion with both the active sites of the Lewis acid cat-

alysts and the oxidation catalysts aligned in the channels. The ac-

cessible empty space of the framework is approximately 232.9 Å3

(5.0%), as calculated from PLATON analysis, suggesting the possibil-

ity that the MOF-based material NiW-DPNDI can absorb substrates

within its pores [31].

The morphology of NiW-DPNDI was characterized by scanning

electron microscopy (SEM), which showed quadrilateral shaped

blocks with coarse surfaces. The mapping images of NiW-DPNDI

reflected the element distribution (Fig. S2 in Supporting informa-

tion). In the FTIR spectrum, the peaks at 938−768 cm–1 are at-

tributed to ν(W=Od) and ν(W–Ob/Oc) vibrations of [ZnW12O40]
6–

(Fig. S3a in Supporting information) [32]. The peaks of 1710−1597

cm−1 corresponded to C−H, C=O, N-H stretching vibrations of the

DPNDI. Elemental analyses and powder X-ray analysis (PXRD) indi-

cated the pure phase of its bulk sample (Fig. S3b in Supporting in-

formation). Thermo-gravimetric analysis (TGA) indicated that there

is a weight loss of 3.43% (calcd. 3.77%) from 30 °C to 128 °C, which

are corresponding to the loss of two free H2O molecules and seven

coordinated water molecules. From 128 °C to 490 °C, there was a

weight loss of 5.10% corresponding to half a DPNDI in the frame-

work (calcd. 5.21%). From 490 °C, the skeleton starts to collapse

with loss of two DPNDI. The results proved NiW-DPNDI has good

thermal stability that meets most of the prerequisites as an ideal

platform for heterogeneous catalysts (Fig. 2a).

TPD−CO2 (temperature-programmed desorption of CO2) study

on CO2 sorption was carried out [33]. Generally, the different des-

orption peaks stand for different bonding strength between the

CO2 and the sorbent. In Fig. 2b, two desorption peaks indicated

there are two sorption sites at 194 °C and 392 °C, respectively. As
seen, there was a desorption peak at 194 °C, meanwhile, there also

exited a weight loss in TGA at the similar temperature. This phe-

nomenon verifed that abundant water molecules in the structure

can effectively enhance the adsorption of CO2. The other desorp-

tion peak at 392 °C is corresponding to the skeleton collapses. In

order to explore the universality of NiW-DPNDI, it was soaked in

a series of solution with pH value of 2, 6 and 10 for 24 h, respec-

tively. The IR spectra of soaked crystals are consistent with that of

fresh samples, which proved NiW-DPNDI has the good acid-base

stability (Fig. S4 in Supporting information).

The optical properties of NiW-DPNDI were researched with UV–

vis diffuse reflectance spectroscopy (DRS). As shown in Fig. 2c, it

exists optical absorption showed in UV−vis band from 250 nm

to 450 nm, which proved it has good light absorption abil-

ity. The band gap (Eg) was calculated to be 2.66 eV by using

Kubelka−Munk (KM) method based on Tauc plot [34]. As shown

in Mott−Schottky plots, NiW-DPNDI is a typical n-type semicon-

ductor [35]. As can be seen from Fig. 2d, the flat band potential of

NiW-DPNDI was estimated to be –1.32 V (vs. Ag/AgCl). From the

equation ECB = E(vs. Ag/AgCl)+0.2 V, the negative position of the

lowest unoccupied molecular orbital (LUMO) of NiW-DPNDI is es-

timated to be –1.12 V (vs. NHE). The highest occupied molecular or-

bital (HOMO) potential value is 1.54 V calculate by the equation of

EVB = ECB + Eg. According to Nyquist plots, NiW-DPNDI has a min-

imal charge transfer resistance, which indicated that NiW-DPNDI

has higher photochemical activity for electron and hole separation

(Fig. 2e). It is obvious that NiW-DPNDI has steady and strong pho-

tocurrent response than DPNDI, which in harmony with the result

of EIS (Fig. 2f). The result further verified the incorporation of the

redox-active DPNDI into POM-based MOF can promote the produc-

tion of abundant of photogenic electrons.

2



X. Yan, J. Xu, T. Zhang et al. Chinese Chemical Letters 34 (2023) 107851

Fig. 2. Characterizations of NiW-DPNDI, (a) TG. (b) TPD−CO2 curve. (c) Solid UV–vis absorption spectra (inset: Tauc plots). (d) Mott−Schottky plots. (e) Electrochemical

impedance spectroscopy (EIS) Nyquist plots in 0.1 mol/L Na2SO4 aqueous solution without bias versus Ag/AgCl electrode irradiated with white light. (f) Transient photocurrent

response in 0.1 mol/L Na2SO4 aqueous solution without bias versus Ag/AgCl electrode irradiated with white light.

Table 1

Epoxidation of styrene by NiW-DPNDI under thermocatalysisa and photocatalysisb.

Entry Styrene Con. (%)c Sel. (%)c A Sel. (%)c B

1a Styrene 74.9 95.7 4.37

2b Styrene 79.7 16.3 83.7

3b 4-Chlorostyrene 61.5 - 100

4b 1-Methoxy-4-vinylbenzene 6.5 - 100

5b 4-tert-Butylstyrene 3.8 - 100

6b,d Styrene 46.6 - 100

7b,e Styrene 4.8 - 100

8b, f Styrene 1.0 - 100

a Thermocatalytic conditions: NiW-DPNDI (20 mg), TBHP (1 mL), CH3CN (2 mL),

80 °C, 72 h.
b Photocatalytic conditions: NiW-DPNDI (20 mg), CH3CN:CH3OH (2:1), O2

(0.1 MPa), 10 W white light, 25 °C, 72 h.
c Conversion and selectivity for A and B were determined by 1H NMR.
d With the addition of 1 mL of •OH capture agent IPA.
e With the addition of 20 mg of 1O2 capture agent DABCO.
f With the addition of 20 mg of O2

·– capture agent 1,4–benzoquinone.

Selective oxidation of styrene was a subject of experimen-

tal significance. The photocatalytic reactions were performed on

WATTCAS Parallel Light Reactor (WP-TEC-1020HSL) with 10 W

6000–6500 K white LED. In this work, NiW-DPNDI as catalyst were

explored in the styrene oxidation under the thermocatalytic and

photocatalytic conditions, respectively. We first investigated NiW-

DPNDI with t-butylhydroperoxide (TBHP, 70% in decane) as the

oxidant at 80 °C for 72 h, it gave a 74.9% conversion and 95.7%

selectivity for styrene epoxide (Table 1, entry 1). At the same

conditions, it gave a 55.75% of conversion and 59.53% selectivity

for epoxide without NiW-DPNDI. Combined with the above photo-

electrochemical properties, it gave a 66.63% yield of benzaldehyde

using O2 as oxidant under irridiation for 72 h at room tempera-

ture. At the same time, there is a 13.02% yield of styrene oxide in

photocatalytic reactions (Table 1, entry 2). The blank control ex-

periment gave a 24.20% of conversion and 72.73% selectivity for

benzaldehyde. The use of such a catalyst can be extended to the

chlorostyrene with comparable activity and selectivity (Table 1, en-

Scheme 2. Proposed catalytic mechanism of photocatalysis of oxidation of styrene.

Table 2

Cycloaddition of CO2 with epoxides by NiW-DPNDIa.

Entry Epoxide Yield (%)

1 Styrene oxide >99

2 Styrene oxide 13.8

3 4-Bromostyrene oxide 93.5

4 Glycidyl phenyl ether 63.5

5 trans-Stilbene oxide 5.0

6 Cyclohexene oxide 33.0

a Standard conditions: substrate 1 mmol, NiW-DPNDI 20 mg, TBAB 20 mg, CH3CN

2 mL, CO2 0.1 MPa, 80 °C, 5 days.

try 3). However, the substrates with electron-donating groups (as

-OCH3 and -C4H9) gave an inferior efficency under the same re-

action conditions, which revealed that the substrates are too large

to be adsorbed in the channels. It is suggested that the reaction

indeed occur in the channels of the POMOF, not on the external

surface (Table 1, entries 4 and 5).

A possible reaction mechanism for NiW-DPNDI catalyzed

epoxidation of styrene was proposed in Scheme 2. In order to con-

firm the reactive oxygen species (ROS) contributing to the catal-

ysis, trapping experiments were performed (Table 2, entries 6–

8). Isopropanol (IPA) as the ·OH scavenger introduced decreased

the conversion from the 79.65% to 46.62%. However, when 1,4-

diazabicyclo[2.2.2]octane (DABCO) and benzoquinone were added

as 1O2 and O2
·– radical traps, the reactions were almost inert. So
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Fig. 3. (a) EPR spectra of 1O2 trapped by TEMPO with O2. (b) EPR spectra of O2
·− trapped by DMPO. (c) UV–vis absorption spectra of the NiW-DPNDI system after light

irradiation for 4 h.

we surmised that 1O2 and O2
·– play major roles in oxidation of

styrene under the light. Furthermore, electron paramagnetic reso-

nance (EPR) employing TEMPO and 5,5-dimethylpyrroline-N-oxide

(DMPO) as the classical 1O2 and O2
·– probes further revealed that

both active oxygen species (1O2 and O2
·–) were involved in the

photocatalytic reaction (Figs. 3a and b) [36,37]. The formed ROS

O2
·− further combined protons that generated from the oxidation

of methanol by photogenerated-hole to form H2O2 (Fig. 3c), and

H2O2 further converted into 1O2, which play a supportive role in

the oxidation of styrene.

Owing to the excellent CO2 adsorption and active ability, NiW-

DPNDI was also explored to promote the reaction of styrene ox-

ide and CO2. As a model reaction, the reaction was conducted in

CH3CN under CO2 atmosphere at 80 °C with an excellent yield

of >99% (Table 2, entry 1). The N atoms of DPNDI as basic sites

can activate CO2, and TBAB as nucleophile attacks epoxides to ac-

celerate ring-opening. When the reaction in the absence of TBAB,

only a few yield of desired carbonate produced (Table 2, entry 2).

When in the absence of NiW-DPNDI, it gave a 65.24% conversion.

To demonstrate the catalytic universality of NiW-DPNDI for the re-

action with other epoxide substrates under the standard condi-

tions. Compare with the styrene oxide, 2-(4-bromophenyl)oxirane

with –Br as electron withdrawing group also showed high conver-

sion (Table 2, entry 3). The lower conversion of trans-stilbene ox-

ide is due to its large steric hindrance impeded the reaction with

CO2 existed in micropores (Table 2, entry 5). Cyclohexene oxide as

substrates only obtain 33% yield bacause of high steric hindrance

blocked the opening of epoxides (Table 2, entry 6). The stability

of NiW-DPNDI plays a critical role in practical use. As shown in

Fig. S7a (Supporting information), the XRD peaks intensity of NiW-

DPNDI with a slight decrease after 3rd run. The reusability of NiW-

DPNDI was investigated in the progress of cycloadditions of CO2

from styrene oxide, the yield has a little change after 3rd run (Fig.

S7b in Supporting information).

We also explored the one-pot tandem catalysis to realize the

conversion from styrene to styrene carbonate with NiW-DPNDI as

catalyst, TBAB as cocatalyst and TBHP as oxidant under 0.1 MPa

CO2 atmosphere for 5 days at 80 °C, it gave a 78% yield. The ex-

perimental result demonstrates catalytic ability of NiW-DPNDI for

the one-pot synthesis from styrene to styrene carbonate. In the

blank control experiment for cycloaddition of CO2 from styrene, it

gave a 18.6% conversion. Ground on the previous reported mech-

anism of CO2 and epoxides activation, a possible reaction mecha-

nism was proposed (Scheme S1 in Supporting information). First,

styrene was converted into styrene epoxide with TBHP as oxidant.

Next, Ni(II) centers as Lewis acid sites activated ring opening of

epoxide to promote interact with the oxygen atom of epoxide.

Whereafter, the Br– of TBAB hit the less blocking of C atoms in the

epoxide by nucleophilic attack. Then, combine CO2 with the active

oxygen anions to form alkylcarbonate salts. The final step, styrene

carbonate was formed by closing-ring, and NiW-DPNDI was

regenerated.

In summary, a new photoactive POMOF NiW-DPNDI was ob-

tained by solvothermal method. The strong anion���π interactions

between [ZnW12O40]
6– anions and the electron-deficient naph-

thalenic ring centroid and the π���π interactions between DP-

NDI moieties promote electron–hole separation and create a short

charge transport pathway. NiW-DPNDI gave high efficiency and di-

verse chemselectivity in the reaction of oxidation of styrene un-

der thermocatalysis and photocatalysis systems. In addition, the

carbonic anhydrase-mimicking Ni sites and the negative electron-

enriched POM aligned in the pores can activate epoxide and CO2,

thus displaying a good efficiency for cycloadditions of CO2 with

styrene oxide under mild conditions. This work provide a new

route for design and construction of excellent solid catalysts and

expands the scope of MOFs as heterogeneous photocatalysts.
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