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The performance applications (e.g., photocatalysis) of zirconium (Zr) and hafnium (Hf) based complexes
are greatly hindered by the limited development of their structures and the relatively inert metal reac-
tivity. In this work, we constructed two ultrastable Zr/Hf-based clusters (Zr9-TC4A and Hf9-TC4A) using
hydrophobic 4-tert-butylthiacalix[4]arene (H4TC4A) ligands, in which unsaturated coordinated sulfur (S)
atoms on the TC4A4� ligand can generate strong metal–ligand synergy with nearby active metal Zr/Hf
sites. As a result, these two functionalized H4TC4A ligands modified Zr/Hf-oxo clusters, as catalysts for
the amine oxidation reaction, exhibited excellent catalytic activity, achieving very high substrate conver-
sion (>99%) and product selectivity (>90%). Combining comparative experiments and theoretical calcula-
tions, we found that these Zr/Hf-based cluster catalysts accomplish efficient amine oxidation reactions
through synergistic effect between metals and ligands: (i) the photocatalytic benzylamine (BA) oxidation
reaction was achieved by the synergistic effect of the dual active sites, in which, the naked S sites on the
TC4A4� ligand oxidize the BA by photogenerated hole and oxygen molecules are reduced by photogener-
ated electrons on the metal active sites; (ii) in the aniline oxidation reaction, aniline was adsorbed by the
bare S sites on ligands to be closer to metal active sites and then oxidized by the oxygen-containing rad-
icals activated by the metal sites, thus completing the catalytic reaction under the synergistic catalytic
effect of the proximity metal–ligand. In this work, the Zr/Hf-based complexes applied in the oxidation
of organic amines have been realized using active S atom-directed metal–ligand synergistic catalysis
and have demonstrated very high reactivity.

� 2023 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

The elements of group IVB (titanium (Ti), zirconium (Zr), and
hafnium (Hf)) have been widely used in the fields of atomic energy,
aerospace, and medical devices due to their hardness, corrosion
resistance, and high thermal conductivity [1–4]. Among them, for
applications in the field of catalysis, the elements of this group
are mainly concentrated in their oxides [5]. However, oxides not
only inherently have little structural variation, but also mainly uti-
lize the intrinsic activity of metals for catalytic reactions, thus
greatly limiting the improvement of catalytic performance and
the expansion of catalytic reaction types. Considering the strong
Lewis acidity and high coordination number of the elements in
group IVB, the design and synthesis of their corresponding com-
plexes are considered as an important way to expand the structural
diversity and catalytic reaction types [6–8]. Through the modifica-
tion of functionalized ligands, the group IVB metal-containing
complex catalysts not only exhibit flexible structural compositions
but also enable effective modulation of catalytic reaction types and
performance [9–11]. Nevertheless, the hydrolytic nature of metals
in this group makes the crystallization of their complexes very dif-
ficult [12,13], and therefore the development of the structures and
catalytic applications of the group IVB metal-containing complexes
are still very limited. Moreover, most catalytic applications, espe-
cially photocatalysis, of the existing complex catalysts of this group
are concentrated on Ti, while the development of Zr and Hf is rare
[14–18], because the large atomic radius of Zr and Hf leads to their
low reaction activity, and their strong binding ability with oxygen
ters for
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Fig. 1. (Color online) Two possible synergistic strategies. (a) Two active sites; (b)
one adsorption site and one active site.
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makes their complex structural units immobilized, thus limiting
the diversity of structures [6].

To effectively develop the catalytic applications (e.g., photo-
catalysis) of Zr/Hf-based complexes and improve their correspond-
ing performance, most of the current researches have been devoted
to the construction of Zr/Hf-based metal–organic frameworks
(MOFs), which are composed of functional ligands and limited
Zr/Hf-oxo clusters (usually with a nucleus number �6) [19–25].
Compared to MOFs, constructing Zr/Hf-based clusters seems to
have greater catalytic potential. This is because they not only have
the same ligand-regulated advantages of MOFs but also have a
lower dimensionality, which allows the substrate to be more
accessible to the active sites [26–30]. Furthermore, more metal
active sites can be exposed by further increasing the nuclearity
[31–33]. At present, the main strategy to improve the catalytic per-
formance of Zr/Hf-based clusters is to regulate the electronic struc-
ture and coordination environment of metal active sites by
modifying them with functional ligands [34–36]. However, we
believe that it may be a more effective strategy to further enhance
the catalytic performance, if functional ligands can be used
together with metal active sites to catalyze specific reactions
(Fig. 1). Moreover, to successfully implement this synergistic strat-
egy, we speculate that in the catalyst structure, a reasonable spatial
distribution and adjacent spatial distance between the Zr/Hf active
site and the functional ligand are also required.

To explore the reliability of the above strategy in modulating
the performance of Zr/Hf-based complex catalysts, we synthesized
two ultrastable Zr/Hf-based clusters functionalized by
p-tert-butylthiacalix[4]arene (H4TC4A) (Zr9(TC4A)3(l3-O)4-
(l4-O)3(l3-OH)(HCOO)3(OH)3(CH3O)3(DMF)3 (Zr9-TC4A), and
Hf9(TC4A)3(l3-O)4(l4-O)3(l3-OH)(HCOO)3(OH)3(CH3O)3(DMF)3
(Hf9-TC4A)). H4TC4A is a bowl-shaped macrocyclic ligand contain-
ing four phenolic units and linked by four sulfur (S) atoms, and its
unique molecular crystallographic conformation usually leads to
an adjacent spatial distribution and distance between the soft base
S atom and the hard acidic metal (e.g., Zr, Hf) active site [37–42]. In
this case, the S atom can be a potential non-metallic catalytic
active site that synergizes with the metal active site. As expected,
both Zr9-TC4A and Hf9-TC4A exhibit very high substrate conver-
sion (>99%) and product selectivity (>90%) when they were used
as catalysts for photocatalytic oxidative coupling reaction of ben-
zylamine and aniline oxidation reactions under hydrogen peroxide
system. Experiments and theoretical calculations show that unsat-
urated S atom on TC4A4� has an important role in the reaction: (i)
in the benzylamine oxidation reaction, under irradiation, photo-
generated electron holes are enriched in S sites to activate benzy-
lamine molecule, and then co-operate with metal active sites to
complete the catalytic reaction; (ii) in the oxidation of aniline,
active S site can adsorb and lock the aniline substrate due to the
strong adsorption and thus close the distance to the metal reactive
site to complete the catalytic reaction together. This work effec-
tively improves the catalytic performance of Zr/Hf-based clusters
and expands their applications in catalytic organic oxidation reac-
tions by establishing unsaturated S atom-directed ligand engineer-
ing, which provides an important feasibility strategy for designing
high-performance Zr/Hf-based complex catalysts and developing
more catalytic reaction types in the future.
2. Materials and methods

2.1. Synthesis of Hf9-TC4A and Zr9-TC4A

Synthesis of Hf9-TC4A. HfCl4 (16.00 mg, 0.05 mmol) and H4TC4A
(7.20 mg, 0.01 mmol) were dissolved in a mixed solution (N,N-di
methylformamide:methanol = 2:1, v/v), then the mixture was
2

transferred to a 10 mL scintillation vial. The vial was put in an oven
and heated at 100 �C for 72 h. After cooling down to room temper-
ature, colorless square crystals were obtained.

Synthesis of Zr9-TC4A. The synthesis process is similar to the
above process, except that HfCl4 was instead of ZrCl4 (12.00 mg,
0.04 mmol). After cooling down to room temperature, colorless
square crystals were obtained.

2.2. Characterization

Powder X-ray diffraction (PXRD) spectra of the samples were
recorded on a Rigaku SmartLab diffractometer (Japan) equipped
with Cu Ka (k = 1.54060 Å) radiation at 40 kV and 200 mA. Fourier
transform infrared spectroscopy (FTIR) was recorded on a Nicolet
iS50 Fourier transform infrared spectrometer (Thermo Scientific,
USA) in the range of 4000–400 cm�1 using the technique of pressed
KBr pellets. Thermogravimetric analysis (TGA) was carried out on a
STA449F3 analyzer (Netzsch, Germany) under the oxygen atmo-
sphere heated from room temperature to 800 �C. UV–visible
(UV–Vis) absorption spectra were acquired on a Cary 5000 (Varian,
USA) in the wavelength range of 250–800 nm. Electron paramag-
netic resonance (EPR) experiments were conducted on EMX PLUS
(Bruker, Germany). The electrochemical tests were carried out with
an EC-Lab SP-150 workstation (Bio-Logic, France). 1H nuclear mag-
netic resonance (NMR) and 13C NMR were carried out by AVANCE
III 400 M spectrometer (Bruker, Germany). Chemical shifts (d) are
reported in parts per million (ppm) relative to incompletely
deuterated CDCl3 (s, 7.26 ppm). The catalytic liquid products were
analyzed by gas chromatography-mass spectrometer (GC-MS)
(Agilent 7890B and 5977B equipped HP-5-MSUI or HP-PLOT Mole-
sieve capillary column, USA). Single-crystal XRD data of crystals
were measured on an APEXII CCD diffractometer (Bruker,
Germany) with graphite-monochromated Mo Ka radiation
(k = 0.71073 Å) at 296 K. All the structures were solved by direct
method using SHELXT program and refined on an Olex2 software.
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The detailed crystallographic information of these crystals is listed
in Table S1 (online). The Cambridge Crystallographic Data Centre
(CCDC) numbers of Hf9-TC4A and Zr9-TC4A are 2252126 and
2252190.

2.3. Photocatalytic oxidative coupling of benzylamines

Typically, the photocatalyst (5 mg) was dispersed in 2 mL of
CH3CN containing 0.1 mmol benzylamines (BA) in a quartz reactor
(10 mL) and the photoreactor was sealed. A 300 W Xenon lamp
(light intensity: 200 mW cm�2, Beijing China Education Au-Light
Co., Ltd., China) with a full spectrum was used as a light source.
The reaction temperature was controlled at 298 K by using the
cooling water circulation. After the reaction, the solution was col-
lected, centrifuged, and filtered through a 0.22 lm syringe filter to
remove the solid catalyst. The filtrate was identified by GC-MS,
and the conversion and selectivity were analyzed by GC. Other
benzylamine derivatives with the same concentration were
conducted using a similar approach and the corresponding
conversion was analyzed by NMR spectroscopy.

The conversion of BA and selectivity for N-
benzylidenebenzylamine (BDA) product, were calculated with the
following Eqs. (1) and (2):

Conversion %ð Þ ¼ C0 � CBA

C0
� 100; ð1Þ

Selectivity %ð Þ ¼ 2 CBDA

C0 � CBA
� 100; ð2Þ

where C0 is the initial concentration of BA; CBA and CBDA stand for
the concentration of the residual BA and the corresponding product
of BDA at a certain time after the catalytic reaction, respectively.

2.4. Photoelectrochemical measurements

Preparation of the working electrode: 2 mg photocatalysts were
mixed with 990 lL ethanol and 10 lL Nafion D-520 dispersion
solutions with sonicating for 30 min. Subsequently, 200 lL of
slurry was transferred and coated on an indium-tin-oxide (ITO)
glass plate (1 cm � 2 cm) and then dried at room temperature.

Photocurrent response measurements were carried out on a CHI
660E electrochemical workstation in a standard three-electrode
electrochemical cell with the catalyst-modified ITO glass plate as
the working electrode, platinum plate as a counter electrode, and
an Ag/AgCl electrode (with saturated KCl) as a reference electrode.
A sodium sulfate solution (Na2SO4, 0.2 mol L�1) was used as the
electrolyte. A xenon lamp with full spectrum as the light source.

Mott-Schottky plots were conducted in the electrochemical
workstation (Bio-Logic, France) via a conventional three-
electrode system with a working electrode, a platinum plate as a
counter electrode, and a Ag/AgCl electrode as a reference electrode
in 0.2 mol L�1 Na2SO4 aqueous solution (pH 6.8) at different fre-
quencies of 500, 1000, and 1500 Hz. The preparation of the work-
ing electrode was the same as that of photocurrent response
measurements.

Electrochemical impedance spectra (EIS) measurements were
also carried out on the electrochemical workstation (Bio-Logic,
France) via a conventional three-electrode system in 0.2 mol L�1

Na2SO4 aqueous solution over a frequency range of 100 kHz–0.1 Hz.
The EPR spectra were obtained in the presence of 5,5-dimethyl-

1-pyrroline-N-oxide (DMPO). Typically, 5 lL DMPO was mixed
with 0.5 mL of photocatalyst/CH3CN suspension (2 mg/0.5 mL).
The formed mixture (50–100 lL) was added into the EPR tube.
EPR measurements were carried out during the light irradiation
with a 300 W Xenon lamp under air conditions.
3

2.5. General procedure for aniline oxidation

The mixture of aniline, catalyst, and methanol is transferred to a
glass bottle in the air. Then, a certain amount of H2O2 (30%, w/w)
was added to the reaction vessel. The mixture was stirred at room
temperature for a certain time. After the reaction, the filtrate is col-
lected by filtering. The products were determined by GC-MS and
quantified by GC. The resulting reaction products of aniline deriva-
tives were characterized by NMR spectroscopy. The calculation of
the conversion of substrate and the selectivity of products are
the same as those of the benzylamine oxidation process.
2.6. In-situ FTIR measurement

The in-situ FTIR spectra of benzylamine (BA) adsorbed on sam-
ples were carried out on a Nicolet iS50 Fourier transform infrared
(FT-IR) spectrometer (Thermo Scientific, USA). Firstly, a powder
sample (catalysts mixed with KBr) was pressed into a self-
supporting sample cell. Before measurements, the sample cell
was treated under a N2 atmosphere at 120 �C for 1 h to remove sur-
face contaminants. After the sample cell cooling to room tempera-
ture, 5 lL of benzylamine was spiked into the cell with a syringe.
After adsorption equilibrium was reached 30 min later, turning
on the 300 W Xe lamp and infrared spectra were recorded from
0 to 60 min.
3. Results and discussion

3.1. Structure and characterization of clusters

The colorless Zr/Hf-based clusters modified by H4TC4A were
both successfully synthesized via solvent thermal reaction
(Figs. S1, S2 online). Single-crystal X-ray diffraction analysis
reveals that Hf9-TC4A and Zr9-TC4A are isomorphic. Zr9-TC4A
was taken as an example to introduce their structure in detail.
Zr9-TC4A crystallizes in the cubic I-43m space group and each
molecule contains nine Zr atoms, three calixarenes ligands, and
three N,N-dimethylformamide (DMF) molecules (Fig. S3 online).
The nine Zr atoms are connected by six l2-O, eight l3-O, and three
l4-O to form the Zr9-oxo core (Fig. 2). As shown in Fig. 2c, except
for the six-coordinated Zr3 atoms, Zr1 and Zr2 atoms are both
seven-coordinated. Especially, each Zr1 atom is coordinated with
one DMF molecule. The overall metal-oxo core is firmly anchored
in the cavity of three TC4A4� ligands, in which each TC4A4� uses
three O atoms (two O6 and one O2) to coordinate with Zr3 atom,
and one O atom (O7) to coordinate with Zr2 atom. Noteworthily,
the S atoms on the TC4A4� ligand are exposed, which do not coor-
dinate with any additional atoms and the distances between S and
Zr are in the range of 3.96 to 7.52 Å (Table S1 online). Compared to
Hf9-TC4A and Zr9-TC4A, though Hf9-SO4 and Zr9-SO4 have similar
metal-oxo cores to Hf9-TC4A and Zr9-TC4A, their periphery is both
coordinated by fourteen SO4

2� with four-coordinated S atoms
(Fig. 2).

The phase purity of the prepared complexes Hf9-TC4A,
Zr9-TC4A, Hf9-SO4, and Zr9-SO4 was determined by PXRD
(Figs. S4–S7 online). The p-tert-butyl groups of calixarene in
complexes Hf9-TC4A and Zr9-TC4A were characterized by FTIR
spectra (Figs. S8–S11 online), in which, the peak at 2965 cm�1

can be ascribed to C–H vibration bands of H4TC4A. Moreover, the
chemical stability of Hf9-TC4A and Zr9-TC4A was evaluated by
immersing samples in aqueous solutions with different pH values.
As shown in Figs. S12 and S13 (online), the PXRD peaks that match
well with the simulated peaks indicate the good stability of the
Hf9-TC4A and Zr9-TC4A. In addition, the thermal stabilities of these
complexes were confirmed by thermogravimetric analysis



Fig. 2. (Color online) Simplify of the structures of Zr9-TC4A and Zr9-SO4.
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(Figs. S14–S17 online) and all frameworks are stable up to at least
ca. 400 �C in air. These results suggest that Hf9-TC4A and Zr9-TC4A
have good stability, which provides a good foundation for their fur-
ther performance applications.

3.2. Catalytic performance

Subsequently, the photophysical properties of Hf9-TC4A and
Zr9-TC4Awere investigated due to the special structural character-
istics of calixarene and their applications in the field of photocatal-
ysis [43–45]. The UV–Vis diffuse reflectance spectroscopy was
recorded. As shown in Fig. 3a, both Zr9-TC4A and Hf9-TC4A exhib-
ited a similar light absorption range with an edge around 380 nm.
Based on the UV–Vis spectra, the optical band gaps (Eg) of Zr9-
TC4A and Hf9-TC4A were calculated by the Kubelka–Munk (KM)
method from the Tauc plots, which are about 3.54 and 3.57 eV,
respectively (Fig. 3b). Significantly, compared with Zr9-SO4 and
Hf9-SO4, it is obvious that Zr9-TC4A and Hf9-TC4A display a greatly
enhanced light absorption, which may be ascribed to the modifica-
tion of calixarene that changes the electronic structures of the clus-
ters (Fig. 3a). Then, Mott–Schottky electrochemical measurements
were conducted together to evaluate the band structures of photo-
catalysts and explore the lowest unoccupied molecular orbital
(LUMO) positions of photocatalysts. As presented in Fig. 3c and
Figs. S18, S19 (online), the Mott–Schottky plot of Zr9-TC4A and
Hf9-TC4A have positive slopes, revealing an n-type semiconductor
behavior. Thus, their flat band potential (Efb) is �1.30 and �1.40 V
vs. Ag/AgCl, respectively, and the LUMO value of Zr9-TC4A and Hf9-
TC4Awere estimated to be �1.10 and�1.20 V vs. normal hydrogen
electrode (NHE), respectively, due to the bottom of LUMO nearly
equals to the Efb in the n-type semiconductors. Subsequently,
according to the value of Eg and LUMO, the corresponding highest
occupied molecular orbital (HOMO) positions of Zr9-TC4A and Hf9-
TC4A were further ascertained to be 2.44 and 2.37 V vs. NHE,
4

respectively. Obviously, these photocatalysts have a much positive
HOMO value, which allows them a potential application in various
photoinduced organic synthesis reactions such as amine oxidation
(Fig. 3c). Besides, the transient photocurrent response measure-
ments and EIS experiments were carried out to evaluate the
charge-separation efficiency of photocatalysts, which is an impor-
tant influencing factor for photocatalytic processes. As displayed in
Fig. S20 (online), Zr9-TC4A and Hf9-TC4A have stronger intensities
of the transient photocurrent responses than that of Zr9-SO4 and
Hf9-SO4, suggesting a better photoinduced charges transfer. More-
over, the EIS for Zr9-TC4A and Hf9-TC4A show a smaller radius in
comparison with Hf9-SO4 and Zr9-SO4, indicating lower charge-
transfer resistance that can achieve higher efficiency for charge
transfers (Figs. S21, S22 online). These results prove that
Zr9-TC4A and Hf9-TC4A can be potential photocatalysts.

The appropriate band structure is one of the most important
parameters of catalysts for photocatalytic reactions. It can be seen
that these LUMO values are more negative than the theoretical
potential for the reduction of O2 to superoxide radical (�0.33 V
vs. NHE) [46,47], a key active species in organic oxidation reac-
tions, which suggests that the Zr9-TC4A and Hf9-TC4A are theoret-
ically feasible for the photocatalytic conversion of O2 to superoxide
radical anions (O2

��) intermediate (Fig. 3c). Given the excellent pho-
tophysical properties mentioned above, the photocatalytic oxida-
tive coupling reaction of BA was performed, which involves
molecular oxygen activation and organic coupling reaction. After
systematic optimization, when Zr9-TC4A (or Hf9-TC4A, 5 mg) and
benzylamine (0.1 mmol) in 2 mL of CH3CN was irradiated over a
300 W Xenon lamp (light intensity: 200 mW cm�2) with a full
spectrum under air at room temperature, the formation of BDA
with a considerable conversion (99% and 97.4%, Fig. 3d and
Figs. S23, S24 online) was observed. Then, a series of control exper-
iments were conducted to determine the indispensable reaction
conditions. As demonstrated in Table S3 (entries 2–4, online), the



Fig. 3. (Color online) The photophysical properties of samples and the performance of photocatalytic oxidative coupling reaction of benzylamines. (a) The UV–Vis diffuse
reflection spectra for samples. (b) Tauc plots of Zr9-TC4A and Hf9-TC4A. A is the absorption coefficient and hv is the photon energy. (c) Energy band diagrams of two clusters.
(d) Conversion of oxidative coupling of benzylamine. (e) Some comparative tests with the corresponding sacrificial reagents. (f) EPR spectra of Hf9-TC4A under irradiated and
in the dark in the presence of DMPO.
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photocatalyst, oxygen, and light are all essential conditions for the
oxidative amine coupling reaction of BA, otherwise, only a little or
trace conversion can be observed. To investigate the origin of the
good performance, the activities of Hf9-SO4 and Zr9-SO4 for oxida-
tive amine coupling reaction of BA were evaluated and the results
show that their performance is very poor with an extremely low
conversion of 5.1% and 1.1%, respectively (Fig. 3d). Such a large per-
formance difference may be origin from the modification of cal-
ixarene on the Hf9-TC4A and Zr9-TC4A. Besides, another
comparative experiment was conducted to measure the perfor-
mance of the physical mixture (H4TC4A and metal salts). As dis-
played in Fig. S25 (online), the physical mixture shows very poor
catalytic performance with a conversion of less than 25%, which
demonstrates the advantages of binding between ligands and met-
als in the reaction.

To explore the mechanism of the photocatalytic reaction, a ser-
ies of quenching experiments were performed to determine the
key intermediates in the photocatalytic transformation (Table S3,
entries 5–9 online) [48]. The addition of L-histidine and iso-
propanol (IPA) shows a negligible decrease in the reaction conver-
sion, which rules out the existence of 1O2 and �OH radicals during
photocatalysis. Then, p-benzoquinone (PBQ), AgNO3, and KI are
used as O2

��, photogenerated electron, and hole scavenger, respec-
tively, to be added to the mixture reaction. The significantly
decreasing conversion of BA indicates that O2

�� radical, photogener-
ated electron, and hole are very important to the amine coupling
reaction. Furthermore, electron paramagnetic resonance (EPR)
experiments with DMPO as a capture agent were carried out to fur-
ther measure the active species. As presented in Fig. 3f, for Hf9-
TC4A and Zr9-TC4A, almost no signals of O2

�� were captured in
the dark. However, the characteristic O2

�� EPR signal intensity for
Hf9-TC4A and Zr9-TC4A is significantly enhanced under visible
light irradiation, which confirms the generation of O2

�� radical in
the photocatalytic reaction and suggests that photogenerated elec-
5

trons might facilitate the reduction of O2 to form O2
��. By contrast,

the characteristic O2
�� EPR signal intensity for Hf9-SO4 and Zr9-SO4

is so weak (Fig. S26 online), which shows the importance of the
modified H4TC4A in photocatalytic reactions.

To in-depth understand the reaction process of BA photo-
conversion to BDA, the in-situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) measurement was performed
(Fig. 4) [49,50]. In the dark, after achieving the adsorption equilib-
rium for 20 min, no new IR band/peak is observed at 0 min, sug-
gesting the photocatalytic nature of BA photo-conversion to BDA.
With the stimulation of light, new IR peaks at 1643 and
2897 cm�1 appear, which can be assigned to the C=N and C–H
stretching vibrations of the benzyl imine intermediate, respec-
tively. As time goes on, the product BDA generates, as suggested
by the appearance of the C=N stretching vibration (1652 cm�1)
for BDA. This phenomenon indicates that the product BDA can
form via the pathway that benzyl imine intermediate nucleophilic
attacked by BA molecules. Meanwhile, the peaks at 1604 and
3309 cm�1 of N–H bending and stretching vibrations grow up,
which indicates the formation of NH3 with the production of
BDA. In addition, we also observe the characteristic IR peak of
the C=O bond appears at 1700 cm�1, which indicates that there
is another pathway involved benzaldehyde intermediate for the
BA photo-conversion to BDA in our photocatalytic system.

Moreover, the density functional theory (DFT) calculations were
performed to further investigate the underlying cause of the clus-
ters’ high activity. Fig. 5a displays the HOMO and LUMO orbitals of
Hf9-TC4A, which are located at the ligands and the hafnium-oxo
core, respectively. By analyzing the spatial distribution of the
HOMO orbital, it is observed that the majority of the orbital is
localized around the S atoms of the ligands (Fig. S27 online). This
observation indicates that S serves as the key site for photocat-
alytic reduction, exhibiting the highest charge transfer efficiency
among all ligands. Furthermore, through the examination of the



Fig. 4. (Color online) In-situ DRIFTS on cluster complexes under dark and irradiation conditions using BA as the reactants. (a) The in-situ FTIR spectra from 3400 to 2600 cm�1.
(b) The in-situ FTIR spectra from 1800 to 1415 cm�1.
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potential energy landscape of Hf9-TC4A (highlighted in the red
region of Fig. 5b, details in Supplementary materials online), it
was discovered that S provides more favorable adsorption sites
for nitrogen. Hence, S acts as both an adsorption site for photocat-
alytic reactants and a facilitator for charge transfer in the photocat-
alytic reaction, solidifying its significance as the reaction site.
Correspondingly, experimental evidence demonstrates a decline
in photocatalytic activity when oxygen is used to saturate the S
atom, i.e., in the synthesis of Hf9-SO4. Additionally, our potential
energy landscape analysis in Fig. 5b reveals a sharp decrease in
the adsorption capability towards nitrogen upon S saturation. This
result further substantiates the crucial role of S in photocatalysis.

Therefore, according to the previously reported literature and
the above results of the experiment and DFT calculations, the main
pathway of photocatalytic oxidative amine coupling reaction of BA
can be proposed [46–50]. As depicted in Fig. 5c, firstly, upon irra-
diation, the TC4A4� are excited to form photogenerated electron–
hole pairs, and the photogenerated electron transfers to the
Hf/Zr-oxo core. Then, the locked BA molecules are deprotonated
to a cationic amine radical (PhCH2NH2

�+) by photogenerated holes
and the O2 molecules are reduced to form active species O2

��. Sub-
sequently, PhCH2NH2

�+ cation free-radicals and O2
�� are transformed

into unstable intermediate species (Ph–CH=NH) and release H2O2.
Finally, Ph–CH=NH can be converted to target products by two
pathways (Fig. 5c). In the first pathway, Ph–CH=NH is attacked
6

by a wandering BA molecule to undergo a nucleophilic addition
reaction to produce the coupling product and release ammonia.
In the second pathway, Ph–CH=NH rapidly hydrolyzes and releases
ammonia gas to generate benzaldehyde, which then undergoes an
aldehyde amine condensation reaction with another BA molecule
to generate a coupled imine product.

The above results encourage us to investigate whether our
strategy has a positive effect on the catalytic performance in other
amine oxidation reactions. The oxidation of aromatic amines to
achieve aromatic azo compounds with the N=N motif, which are
widely used in the synthesis of dyes, medicine, and food additives,
plays an increasingly important role in modern industry [51].
However, the challenge of this reaction lies in controlling the selec-
tivity of oxidation products such as azoxybenzene (AOB), azoben-
zene (AB), and nitrosobenzene (NSB). Inspired by the excellent
oxidative capacity of Hf9-TC4A and Zr9-TC4A, they may be poten-
tial catalysts in the oxidation reaction of aromatic amines. Based
on this awareness, phenylamine was first selected as a model sub-
strate to explore the application of Hf9-TC4A and Zr9-TC4A in the
aniline oxidation reaction. After systematic optimization, by
employing 10 mg of Hf9-TC4A (or Zr9-TC4A) and 0.1 mmol of
phenylamine in 1 mL of methanol with the addition of 60 lL of
H2O2 at room temperature for 24 h, the formation of AOB as a
major product with a conversion of nearly 100% and selectivity
of over 90% (Fig. 6a and Figs. S28, S29 online) was achieved. The



Fig. 5. (Color online) Density functional theory (DFT) calculations and reaction mechanisms. (a) DFT simulates the HOMO and LUMO of Hf9-TC4A and Hf9-SO4. (b) The
potential energy surface (PES) scan. (c) Proposed reaction mechanisms for photocatalytic benzylamine oxidative coupling reaction.
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cycling experiment shows that the catalytic activity of Hf9-TC4A
decreased very little after five cycles (Fig. 6b), proving the excellent
stability of Hf9-TC4A during the catalysis process. To further
explore the stability of catalysts, the PXRD and FTIR tests were car-
ried out. Compared with the as-synthesized Hf9-TC4A and Zr9-
TC4A, there was no noticeable alteration in the PXRD patterns
and IR spectrum of the recovered catalysts (Figs. S30–S33 online),
which confirms the structural integrity and stability of Hf9-TC4A
and Zr9-TC4A during the photocatalytic reaction.

Some comparative experiments were also carried out to verify
the active sites of the catalysts and the necessary conditions for
the reaction. As displayed in Fig. 6a, when the ligand H4TC4A
was used as the catalyst for the phenylamine oxidation reaction,
only trace oxidation products were obtained. In contrast, when
the clusters Hf9-SO4 and Zr9-SO4 were employed as catalysts,
respectively, the target products with the conversion of 47% (Hf9-
SO4) and 51% (Zr9-SO4) could be achieved, which suggests that
the catalytic active centers are Hf9 and Zr9 clusters in Hf9-TC4A
and Zr9-TC4A, respectively. Besides, as shown in Table S4 (entry
2, 3, online), both catalysts and H2O2 are indispensable for aniline
oxidation reaction in the catalytic system, otherwise, only trace
quantities of target products can be obtained. Moreover, the poor
performance of the physical mixture indicates that the coordina-
tion between ligands and metals is crucial for the catalytic perfor-
mance of the catalysts (Fig. S34 online).

By experiment, the mechanism of aniline oxidation in our cat-
alytic system can be revealed. As proposed by previous works,
the oxidation of aniline is reported to proceed through two gener-
ally believed mechanisms: a radical mechanism (Scheme S1
online) and the nitrosobenzene intermediate mechanism
(Scheme S2 online) [52]. A quenching experiment was carried
out to identify the real reaction mechanism. When 2,6-di-tert-
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butyl-4-methylphenol (BHT) as the radical scavenger was added
to the reaction mixture, the reaction proceeded normally, indicat-
ing that the radical reaction mechanism is not the main process
occurring in this system (Scheme S3 and Table S4, entry 4, online).
Besides, the detected trace quantities of NSB during the reaction
process further demonstrate that the reaction mechanism in our
catalytic system complied with the nitrosobenzene intermediate
mechanism.

DFT calculations were conducted to provide further insight into
the detailed reaction processes. Firstly, we focused on the adsorp-
tion of aniline and H2O2. Based on the previous findings from the
potential energy surface (PES) scan, which explored the energy of
the nitrogen atom at different positions on the complexes’ surface,
it was observed that aniline preferentially adsorbs onto S sites. In
addition, for the adsorption of H2O2, as the adsorbate is oxygen
(O), direct utilization of the potential energy surface search results
is not feasible. Therefore, we directly calculated the adsorption
energy on Hf and S atoms. Fig. 6c illustrates that the adsorption
energy of H2O2 is lower on Hf sites (2.707 eV) compared to S atoms
(2.269 eV), indicating that the primary adsorption sites for H2O2

are on Hf sites. After the adsorption of aniline and H2O2, they react
to form Ph-NHOH. According to the comparison of calculated ener-
gies, Ph-NHOH preferentially adsorbs onto Hf rather than S sites
(Fig. 6c, d and Fig. S35 online). Hence, subsequent reactions are
expected to take place on the Hf sites. Therefore, the mechanism
of aniline oxidation on hafnium clusters can be proposed. Aniline
molecules are adsorbed on naked S atoms of ligands and H2O2 is
adsorbed on the Hf sites and activated to produce HOO�, which
is the active species for this reaction. Subsequently, aniline is
attacked by HOO� to generate Ph-NHOH (Fig. 6e, step 1), which
was readily oxidized to NSB (Fig. 6e, step 2). Then AOB, a more
inclined product was formed by the condensation reaction



Fig. 6. (Color online) The performance of the oxidation reaction of phenylamine and the corresponding theoretical calculations. (a) Selective oxidation of anilines to
azoxybenzenes, azobenzenes, and nitrosobenzenes with peroxide as the oxidant. (b) Conversion and selectivity of oxidative of aniline with Hf9-TC4A in five repeating cycles.
(c) The adsorption energy of H2O2 and the free energy of the formation of the intermediate (Ph-NHOH) in RDS on the S site and the metal site. (d) Free energy diagram (FED) of
Hf9-TC4A and Hf9-SO4 for aniline oxidation to produce AOB. (e) Proposed reaction mechanism for the aniline oxidation reaction and reaction energy change of each step after
adsorption at the Hf site.
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between NSB and Ph-NHOH (Fig. 6c, step 4) since the reaction
energy of step 4 is lower than that of step 3 and step 5. Addition-
ally, we discovered that the bond formation between aniline and
H2O2 in step 1 exhibits the most favorable reaction energy
8

(�0.923 eV) among all the steps, serving as the rate-determining
step (RDS) for the entire process. This finding holds true for Hf9-
SO4 as well. By comparing the reaction energies of the RDS for both
Hf9-TC4A and Hf9-SO4 (Fig. 6d and Figs. S35, S36 online), it is evi-
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dent that Hf9-TC4A exhibits a lower RDS energy, further emphasiz-
ing the significance of naked S atoms in the reaction.

To investigate the general applicability of the reaction, the sub-
strate scope was expanded. As shown in Table S5 (online), for the
photocatalytic oxidative coupling reaction of BA, benzylamines
with different electron-donating or electron-withdrawing groups
(such as Me-, MeO-, F-, Cl- and Br-) can be converted into target
products with satisfactory conversions, following the order of
electron-donating groups > electron-withdrawing groups. This
result indicates that the electronic effect plays a role in the BA oxi-
dation reaction [53]. Moreover, this effect is more pronounced in
the aniline oxidation reaction. As presented in Table S6 (online),
the substrates with an electron-donating group (p-Me-, m-Me-,
and o-Me-) are better conversion than those with the electron-
withdrawing group (Cl- and Br-). Besides, the effect of steric hin-
drance on the reaction was also explored in the aniline oxidation
reaction. The results show that there is no significant difference
between the yields of p-, m-, and o-substituted products
(Table S6 online), which means that the steric hindrance has no
obvious effect in our catalytic system.

4. Conclusion

To sum up, for the first time, we synthesized two Zr/Hf-based
clusters modified with 4-tert-butylthiacalix[4]arene ligands (Zr9-
TC4A and Hf9-TC4A) and used them as catalysts for photo-
induced oxidative coupling of benzylamine reaction and aniline
oxidation reaction in H2O2 system. Thanks to the modification of
4-tert-butylthiacalix[4]arene, both light absorption and electron
transfer capabilities of Zr/Hf-based clusters have been greatly
enhanced, which allows them to exhibit excellent catalytic perfor-
mance with a high substrate conversion (>99%) and product selec-
tivity (>90%) in these two types of amine oxidation reaction. The
DFT calculations prove that the bare S atoms embedded in ligands
can synergize with the metal to complete the catalytic process in
two ways: (i) unsaturated S atoms act as active sites in synergy
with metal active sites for catalysis, and (ii) unsaturated S atoms
as adsorption sites for reaction substrate in concert with metal
active sites to complete the catalytic reaction. This work pioneered
the application of Zr/Hf-based cluster complexes in photocatalytic
reactions and, more importantly, it proposed the synergistic catal-
ysis of naked S atoms in amine oxidation reactions for the first
time.
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