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bis-imidazole ligand-involved
synthesis of inorganic–organic hybrid
polyoxometalates as electrochemical sensors for
detecting bromate and efficient catalysts for
selective oxidation of thioether†

Xiang Wang, * Jiafeng Lin, Huan Li, Chenying Wang and Xiuli Wang *

Considering the potential application on preparing electrode and catalyst materials of inorganic–organic

hybrid polyoxometalates, a bis-imidazole ligand with carbazole as a connector, 3,6-di(1H-imidazol-1-yl)-

9H-carbazole (L), was used for preparing inorganic–organic hybrid polyoxometalates. As a result, three

complexes formulated by [NiL2(Mo2O7)] (1), [Cu(H2O)2(HL)2 (b-Mo8O26)]$H2O (2) and [Ni2(H2O)4L2
(CrMo6(OH)5O19)]$6H2O (3) were obtained successfully. Structural analysis indicated that the different

polyoxoanions and metal ions showed important influences on the formation of structures. In the

presence of Ni2+ ions and heptamolybdate, a 2D network constructed from Ni2+ ions and L ligands was

formed in complex 1, in which the [Mo4O14]
4� polyoxoanions were encapsulated. But the use of Cu2+

ions led to a 1D chain of complex 2, which was composed of [b-Mo8O26]
4� polyoxoanions and

mononuclear {CuL2} units. By utilizing [CrMo6(OH)5O19]
4� as the inorganic building block, complex 3

showed a 2D (4, 4)-connected layer. Complexes 1–3 could be employed as electrode materials for

sensing bromate with the limits of detection of 0.315 mM for 1, 0.098 mM for 2 and 0.551 mM for 3.

Moreover, these complexes showed efficient catalytic activity for the selective oxidation of thioethers.
Introduction

Nowadays, polyoxometalates (POMs) as anionic metal oxide
clusters have attracted more and more attention because of
their satisfactory properties and potential applications in many
elds due to excellent redox properties, such as electrochem-
istry,1 catalysis,2,3 energy storage and battery,4–6 and so on, and
also their diverse architectures,7,8 including classical Keggin,
Wells–Dawson, Anderson, Waugh and Lindquist types.
However, their disadvantages, such as aggregation and insta-
bility in most solvents, oen hinder their promising applica-
tion. Many strategies to overcome these disadvantages have
been exploited. For example, the use of a host material is usually
considered as a helpful approach, such as carbon nanotubes,9

or polypyrroles,10 because they can strengthen the stability of
the structure, as well as conductivity and energy density of
materials.
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Another method is to combine a POM and metal–organic
framework (MOF), because MOFs own usually not only high
crystallinity and satisfying stability, especially these obtained
from hydrothermal condition, but also porous structures
featuring 2D or 3D networks resulting from organic ligands as
linkers and metal ions, as well as secondary building units, in
which the POMs acting as guest molecules or inorganic linkages
are involved.11,12 For instance, the Keggin type POMs as guest
molecules were successfully embraced in the porous Cu2+/1,3,5-
tricarboxybenzene MOF.13,14 The N-donor ligands are also
popular candidates, because their abundant congurations and
linking modes with metal centers usually result in the stable
frameworks to accommodate POMs. To this day, a plenty of N-
donor ligands have been employed to react with metal ions and
POMs under hydrothermal condition, resulting in POM-based
complexes materials with excellent properties and structures,
where the POMs play different roles in the nal structures. For
example, the use of metalloporphyrin ligand generated stable
POM-based MOFs with remarkable performance for scavenging
of dyes and for heterogeneous selective oxidation of alkylben-
zenes, or highly selective electroreduction of CO2.15–18 The
carbazole-contained ligands, 4-{[4-(9H-carbazol-9-yl)phenyl]
ethynyl}aniline and 2-(9H-carbazol-9-yl)-N-(1,3-dihydroxy-2-
(hydroxymethyl) propan-2-yl)acetamide have been also
designed and used to prepare the complexes based on Lindqvist
RSC Adv., 2022, 12, 4437–4445 | 4437
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and Anderson POMs, the non-linear optical property and gen-
otoxicity of which were evaluated.19,20

Based on their potential feasibilities of the analysis of the
electrocatalytic reaction,21 the electrochemical techniques were
regarded as considerable means for detecting bromate because
of their high sensitivity, uncomplicated and fast procedures,22

compared with other ways such as ion chromatography,23 liquid
chromatography-mass spectrometry,24 spectrouorometry,25

and so on. The POM-based complexes may be satisfactory
candidates as electrode materials to prepare the electro-
chemical sensor for detecting bromate due to their stable
structures and satisfactory redox abilities. For example, the
complexes based on Keggin and Wells–Dawson POMs by using
1,4-bis(1-imidazol-yl)-2,5-dimethyl benzene, 1,2,4-triazole and
terphenyl-based tricarboxylate as organic ligands, could be
chosen as electrode materials to fabricate electrochemical
sensors for the detection of bromate.26–28 The complexes based
on octamolybdate and Anderson POMs originated from bis-
amide ligands exhibited promising applications on the prepa-
ration of electrochemical sensors of bromate.29,30 Further, such
complexes could also be utilized to prepare composite materials
or lms as the electrode materials of electrochemical sensors of
bromate.31–33 The above investigations manifest that the
synthesis of polyoxometalate-based complexes composed of
metal ions and organic ligands is of great signicance for the
development of catalysts and electrode materials.

In this work, a bi-imidazole ligand bridged each other by
a carbazole connector, 3,6-di(1H-imidazol-1-yl)-9H-carbazole(L),
was used in order to synthesize the POM-based complex mate-
rials. By adjusting the polyoxoanions and metal ions, three
POM-based complexes, [NiL2(Mo2O7)] (1), [Cu(H2O)2(HL)2 (b-
Mo8O26)]$H2O (2) and [Ni2(H2O)4L2 (CrMo6(OH)5O19)]$6H2O (3),
have been prepared under hydrothermal condition. Complex 1
is a 2D structure, and the [Mo4O14]

4� inorganic units are
encapsulated in a network constructed from Ni2+ ions and L
ligands. Complex 2 shows a chilopod-like chain composed of
mononuclear {CuL2} units and [b-Mo8O26]

4� polyoxoanions. In
3, the L ligands link the 1D [CrMo6(OH)5O19]

4� POM-based
inorganic chains into a 2D (4,4)-connected network. The
metal centers and polyoxoanions play important roles in tuning
the diverse architectures. Moreover, the complexes display
satisfying electrochemical sensing behaviors for BrO3

� and
catalytic performance for oxidation of thioether to sulfoxide.
Experimental
Reagent and apparatus

The L ligand and other reagents during experimental operation
were purchased from commercial sources and used directly. FT-
IR were measured on a Varian 640 FT-IR spectrometer (KBr
pellets). The morphological characterization was analysed by
using a Hitachi S-4800 scanning electron microscope (SEM).
The powder X-ray diffraction (PXRD) data was collected by using
a Rigaku Ultima IV diffractometer. The catalytic reaction of
oxidation of thioether was monitored by utilizing a Shimadzu
Techcomp GC-7900.
4438 | RSC Adv., 2022, 12, 4437–4445
Preparation of complexes 1–3

Synthesis [NiL2(Mo2O7)] (1). A mixture of Ni(CH3COO)2-
$4H2O (0.05 g, 0.2 mmol), L (0.012 g, 0.04 mmol) and (NH4)6-
Mo7O24$4H2O (0.05 g, 0.04 mmol) in 10 mL deionized water was
stirred for 1 hour. Aer the pH was adjusted to 4.9 with 0.1 M
HCl and NaOH, which was transferred into a 25 mL Teon-lined
autoclave and reacted successively at 160 �C for 4 days. Green
crystals were isolated. Yield: 63% (based on Ni). IR (solid KBr
pellet, cm�1): 1611(w), 1582(s), 1511(s), 1466(m), 1396(m),
1270(s), 1255(m), 968(w), 908(s), 807(s), 732(s).

Synthesis of [Cu(H2O)2(HL)2(b-Mo8O26)]$H2O (2). The
method was similar to that of complex 1, except the Ni(CH3-
COO)2$4H2O was replaced with CuCl2$2H2O (0.034 g, 0.2
mmol). Green crystals were isolated. Yield: 53% (based on Cu).
IR (solid KBr pellet, cm�1): 3434(w), 1614(w), 1586(w), 1528(s),
1468(w), 1400(m), 1270(s), 1252(s), 951(s), 905(s), 838(s), 725(s).

Synthesis [Ni2(H2O)4L2(CrMo6(OH)5O19)]$6H2O (3). The
method was similar to that of complex 1, except the (NH4)6-
Mo7O24$4H2O was replaced with Na3 [CrMo6O24H6]$8H2O
(0.06 g, 0.048 mmol), and the reaction temperature is 120 �C.
Green crystals were isolated. Yield: 48% (based on Ni). IR (solid
KBr pellet, cm�1): 3499(w), 1610(s), 1538(s), 1467(w), 1429(s),
1248(s), 943(s), 905(s), 842(m), 804(m), 737(m), 654(m).
Electrochemical measurements

All electrochemical studies were achieved on a CHI 660 elec-
trochemical workstation. The cyclic voltammogram and
amperometric measurements were performed to study the
response current and sensing behavior toward bromate of the
electrode materials prepared from three complexes. Electro-
chemical measurements were performed in 0.1 M H2SO4 +
0.5 M Na2SO4 aqueous solution containing a certain number of
bromate. The carbon paste electrodes (CPEs) modied by
complexes 1–3 (1–3-CPEs),34 Pt wire and saturated calomel
electrode were chosen as the working, counter and reference
electrodes.
General procedure for the oxidation of suldes

Suldes (0.5 mmol), tert-butyl hydroperoxide (TBHP) (0.75
mmol), catalyst (3 mmol), and methanol (2 mL) were added into
a 25 mL round-bottom tube. The mixture was reacted at the set
temperature. The conversion and selectivity of the resulting
products were analyzed by GC with naphthalene as an internal
standard.
X-ray structure determination

The crystal data of complexes 1–3 were collected on a Bruker
SMART APEX II with Mo Ka (l ¼ 0.71073 Å) at 293 K by u and q

scan mode. All structures of 1–3 were solved and rened by
employing SHELXTL-2014 packages and Olex2 soware and
using direct methods.35,36 The primary crystal data and structure
renements of 1–3 are summarized in Table 1. The crystallo-
graphic data of 1–3 have been deposited in the Cambridge
Crystallographic Data Center with CCDC No. 2123433–2123435.
Table S1† includes the selected bond lengths and angles.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Crystal data and structure refinement for complexes 1–3

Complex 1 2 3

Formula C36H26Mo2N10NiO7 C36H34CuMo8N10O29 C36H51CrMo6N10Ni2O34

Fw 961.24 1901.77 1912.86
Crystal system Monoclinic Monoclinic Triclinic
Space group P21/n C2/c P�1
a Å�1 12.1311 (14) 8.4459 (4) 7.8269 (4)
b Å�1 19.995 (2) 24.3390 (11) 10.4537 (5)
c Å�1 14.5390 (16) 24.7639 (11) 17.1966 (8)
a ��1 90.000 (5) 90 95.1090 (10)
b ��1 93.938 (2) 95.4410 (10) 91.5670 (10)
g ��1 90.000 (5) 90 97.2660 (10)
V Å�3 3518.2 (7) 5067.6 (4) 1389.12 (12)
Z 4 4 1
Dc (g cm�3) 1.815 2.487 2.261
m mm�1 1.299 2.427 2.264
F (000) 1920.0 3652.0 920.0
Final R1,

a wR2
b [I >2s(I)] 0.0490, 0.1303 0.0355, 0.0721 0.0383, 0.0908

Final R1,
a wR2

b (all data) 0.0813, 0.1552 0.0623,0.0810 0.0524, 0.0974
Goodness on F2 0.918 1.017 1.042

a R1 ¼
PkFoj � jFck/

PjFoj. b wR2 ¼ [
P

w(Fo
2 � Fc

2)2]/
P

[w(Fo
2)2]1/2.
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Results and discussion
Crystal structures

Complex 1 consists of one Ni2+ ion, two L ligands and one
[Mo2O7]

2� anion. Bond valence sum calculation indicates the Ni
and Mo ions are in +II and +VI oxidation states,37 respectively.
The Ni atom shows a six-coordinated mode with an octahedral
conguration (Fig. 1a), surrounded by two terminal oxygen
atoms belonging to [Mo2O7]

2� anion and four nitrogen atoms
from two L ligands. The bond length of Ni–O and Ni–N are
2.056–2.192 Å. All two Mo atoms are ve-coordinated modes.
Both {MoO2} and {MoO3} clusters are aggregated through one
bridged oxygen atom m2-O7 to form a {Mo2O6} cluster (Fig. 1b).
Two m3-O6 oxygen atoms connect two {Mo2O6} clusters into
a {Mo4O14} cluster (Fig. 1c).

Complex 1 is a 2D structure. Firstly, a binuclear metal–
organic ring {Ni2L2} with a size of 11.58 Å � 9.90 Å is con-
structed from two Ni atoms and two L ligands depending on the
coordination bonds between imidazole group and Ni atom
(Fig. 2a). The size of the {Ni2L2} ring is enough to accommodate
one {Mo4O14} cluster, in which one {Mo4O14} cluster can be
perfectly encapsulated, resulting in a POM-based ring. More-
over, the {Mo4O14} cluster provides two pairs of oxygen atoms
including two terminal O5 and two m2-O7 atoms to coordinate
together with the Ni atoms from the {Ni2L2} ring (Fig. 2b),
respectively. Further, the remaining L ligand links the POM-
based ring into a 2D layer (Fig. 2c), which offers two N atoms
of imidazole group to coordinated with the Ni atom from
adjacent POM-based ring. In fact, each of Ni atoms of the POM-
based ring is surrounded by four L ligand. Or to say, the {Ni2L2}
rings are extended via four L ligands into a 2D network and the
{Mo4O14} cluster are embedded into these {Ni2L2} rings.
Considering the POM-based rings as four connected modes, the
2D layer can be simplied as a (4, 4)-connected network
(Fig. 2d).
© 2022 The Author(s). Published by the Royal Society of Chemistry
Complex 2 is compose of one Cu2+ ion, one [b-Mo8O26]
4�

(abbreviated to Mo8) polyoxoanion, two L ligands, two coordi-
nated water molecules and one crystal water molecule. One of
two imidazole groups of L ligand is protonated. Bond valence
sum calculation indicates the Cu and Mo ions are in +II and +VI
oxidation states,37 respectively. The Cu atom has a six-
coordinated mode (Fig. 3a), dened by two nitrogen atoms
from two L ligands, two oxygen atoms of the Mo8 anion and two
water molecules. The bond length of Cu–O and Cu–N are 1.951–
2.303 Å.

In the structure of complex 2, the combination of two L
ligands and one Cu atom via Cu–N coordination bond to
generate a mononuclear unit {CuL2} (Fig. 3b). Each of Mo8
polyoxoanions acting as bidentate inorganic building block
utilizes two symmetric terminal oxygen atoms to coordinate
with the Cu atom from the mononuclear unit {CuL2}, forming
a 1D chilopod-like chain of complex 2 (Fig. 3c). Meanwhile, two
water molecules compensate the coordination numbers of the
Cu center.

Complex 3 consists of one Ni2+ ion, two L ligands, one
Anderson-type polyoxoanion [CrMo6(OH)5O19]

4� (abbreviated
to CrMo6), three coordinated water molecules and six crystal
water molecules. Bond valence sum calculation indicates the Ni
and Mo ions are in +II and +VI oxidation states,37 respectively.

The six-coordinated Ni atom is surrounded by two water
molecules, two nitrogen atoms from two imidazole groups of L
ligand, two oxygen atoms of the CrMo6 anion (Fig. 4a), showing
an octahedral conguration. The CrMo6 anion acts as a tetra-
dentate inorganic ligand to provide four oxygen atoms to
coordinate with four Ni atoms.

Complex 3 has a 2D structure. The Ni atoms join the CrMo6
anions in pairs into a 1D POM-based inorganic chain (Fig. 4b).
Then the L ligand plays a role of bi-dentate linker, utilizing two
nitrogen atoms of imidazole group to coordinate with two Ni
atoms from neighboring POM-based inorganic chains. Such the
RSC Adv., 2022, 12, 4437–4445 | 4439
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Fig. 1 (a) View of crystal structure of 1 (50% thermal ellipsoids). All
hydrogen atoms are omitted for clarity. #1: 1� x, 1� y, 1� z; #2: 1.5�
x, 0.5 + y, 0.5 � z. (b) View of the {Mo2O6} cluster. (c) View of the
{Mo4O14} cluster.

Fig. 2 (a) View of the metal–organic ring {Ni2L2}. (b) The {Mo4O14}
cluster-encapsulated ring. (c) View of the 2D layer of complex 1. (d)
View of the (4, 4)-connected network of 1.

Fig. 3 (a) View of crystal structure of 2 (50% thermal ellipsoids). All
hydrogen atoms and crystal water molecules are omitted for clarity.
#1: �x, 1 � y, 1 � z. (b) View the mononuclear {CuL2} composed of
two L ligands and one Cu center. (c) The chilopod-like 1D chain of
complex 2.

4440 | RSC Adv., 2022, 12, 4437–4445
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coordination pattern induces a 2D structure of complex 3. If
both Ni atoms and CrMo6 anions are considered as four-
connected nodes, the 2D layer can be simplied as a (4,4)-
connected network (Fig. 4c).
Morphology, PXRD and FT-IR spectra

The SEM of the crystalline complexes was carried out, as shown
in Fig. S1.† It can be observed that the lumpy crystals of
complexes 1–3 were synthesized during their preparation
process. The phase purity of complexes 1–3 was veried by
PXRD. The experimental diffraction peaks are consistent with
that simulated by crystal data, as shown in Fig. S2,† revealing
that two complexes have good phase purities. Additionally, the
IR spectra of 1–3 and L were recorded in the range of 4000–
400 cm�1 (Fig. S3†). The absorption bands in the region of 1582
to 1062 cm�1 indicate the presence of organic ligand L. The
absorption bands at 929, 908, 880, 807 cm�1 for 1, 955, 904,836,
817 cm�1 for 2, 938, 918, 885, 634, 568 cm�1 for 3, should be
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) View of crystal structure of 3 (50% thermal ellipsoids). All
hydrogen atoms and crystal water molecules are omitted for clarity.
#1: �1 + x, 1 + y, z. (b) The POM-based inorganic chain constructed
from Ni atoms and CrMo6 anions. (c) View of the 2D layer of complex
3.

Fig. 5 (a–c) Cyclic voltammograms of 1–3-CPEs in 0.1 M H2SO4 +
0.5 M Na2SO4 aqueous solution at different scan rates (from inner to
outer: 20, 40, 60, 80, 100, 120, 140, 160, 180, 200, 250, 300 and
350 mV s�1). (d) The plots of the anodic and cathodic peak currents vs.
scan rates (II–II0).
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ascribed to the characteristic peaks of polyoxoanions.30,38 These
results conrm further the composition of all three complexes.
Electrochemical properties

The electrochemical properties of complexes 1–3, including the
cyclic voltammogram, electrocatalytic and amperometric
sensing behaviors, were investigated. As shown in Fig. 5a–c,
three complexes show three pairs of redox peaks with the
average peak potentials calculated based on E1/2 ¼ (Epa + Epc)/2
of +284 mV (I–I0), +30 mV (II–II0), �160 mV (III–III0) for 1-CPE,
+208 mV (I–I0), +65 mV (II–II0), �146 mV (III–III0) for 2-CPE,
+186 mV (I–I0), +41 mV (II–II0), �99 mV (III–III0) for 3-CPE,
respectively, which should be attributed to three consecutive
two-electron redox processes of Mo centers.39 The linear rela-
tionship between peak current and scan rate (II–II0) indicates
that the redox reaction belongs to be surface-controlled
(Fig. 5d). The excellent redox abilities of complexes 1–3
© 2022 The Author(s). Published by the Royal Society of Chemistry
indicate their potential applications as electrode materials in
the electrochemical elds.

Based on the excellent redox abilities of complexes 1–3, the
electrocatalytic activities of 1-, 2- and 3-CPEs toward the
reduction of BrO3

� were inspected in the 0.1 M H2SO4 + 0.5 M
Na2SO4 aqueous solution. It can be observed that the gradual
addition of BrO3

� causes the obvious increase of reduction peak
currents of 1–3-CPEs (Fig. 6a–c), especially the third reduction
peak, while the corresponding oxidation peak currents
decrease, indicating that complexes 1–3 have good electro-
catalytic activities toward the reduction of BrO3

�, which
suggests their potential applications for preparing electro-
chemical sensors depending on the current responses with the
change of concentration.

Further, the electrochemical sensing activities toward BrO3
�

of 1–3-CPEs as amperometric sensors were evaluated. Fig. 6d–f
illustrates that 1–3-CPEs exhibit quick current responses when
the BrO3

� is added continuously at 30 s intervals at optimal
voltage, respectively. At the same time, there is a remarkable
linear relationship between response current and substrate
concentration in the range of 10 to 1000 mM. Based on the linear
regression equation of I ¼ �8.579C � 0.520 (R2 ¼ 0.998) for 1-
CPE, I ¼ �27.614C � 3.807 (R2 ¼ 0.999) for 2-CPE and I ¼
�0.542C + 0.257 (R2 ¼ 0.999) for 3-CPE, the sensitivity and limit
of detection (LOD) of 1–3-CPEs are calculated as 8.58 mA mM�1

and 0.315 mM for 1-CPE, 27.61 mA mM�1 and 0.098 mM for 2-
CPE, 0.54 mA mM�1 and 0.551 mM for 3-CPE. The LOD of 2-CPE
is lowest in comparison with that 1-CPE and 3-CPE, which are
comparable to the reported electrochemical sensors (Table S2†).
To understand the differences of electrocatalytic activity of the
CPEs modied by three complexes, the electrochemical
impedance spectroscopy (EIS) could be carried out to determine
the electroconductivity of 1–3-CPEs (Fig. S4†).40 The Nyquist plot
of 2-CPE possesses smallest charge-transfer impedance than
that of 1- and 3-CPEs, which may be resulted by their different
structures, that may be benecial to the electron transfer during
RSC Adv., 2022, 12, 4437–4445 | 4441
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Fig. 6 (a–c) Cyclic voltammograms of 1–3-CPEs in 0.1 MH2SO4 + 0.5MNa2SO4 aqueous solution containing BrO3
� (scan rate: 60mV s�1). (d–f)

Current responses of 1–3-CPEs with continuous addition of BrO3
� per 30 s interval (Inset: the plot of response current vs. concentrations of

substrate.
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the electrocatalytic reduction of BrO3
�,40 suggesting the high

electrochemical performance of 2-CPE. The mechanism may be
that the BrO3

� could be reduced by the multi-electron-reduced
products of complexes. Three pairs of redox peaks (I–I0, II–II0,
III–III0) of 1–3-CPEs should belong to three consecutive two-
electron redox processes of Mo centers, and the electro-
chemical reaction can be shown as follows.41,42

POM � complex + 2H+ + 2e� / H2POM � complex

H2POM � complex + 2H+ + 2e� / H4POM � complex

H4POM � complex + 2H+ + 2e� / H6POM � complex

Considering that the addition of BrO3
� can lead to the

obvious increase of reduction peak currents (II–II0, III–III0),
especially the third reduction peak, so the catalytic behavior
toward BrO3

� may involve the four-electron-reduced and six-
electron-reduced products, producing bromide as the
product.26,43 The catalytic chemical steps can be explained by
the following reactions.

3H4POM � complex + 2BrO3
� / 3POM � complex + 2Br� +

6H2O

H6POM � complex + BrO3
� / POM � complex + Br� + 3H2O

The anti-interference ability is also usually considered as the
key to evaluate the performance of the electrochemical sensors.
Here, the CO3

2�, HCO3
2, SO4

2�, Cl� and Br� as potential
interference substances are introduced to investigate the anti-
interference abilities of 1–3-CPEs as electrochemical sensors
4442 | RSC Adv., 2022, 12, 4437–4445
in the process of detecting BrO3
�. As shown in Fig. 7, the

addition of BrO3
� can lead to obvious current responses of the

corresponding CPEs, but the response remained unchanged
when the selected potential interference substances are added,
indicating that 1–3-CPEs as electrochemical sensors of BrO3

�

can exhibit excellent selectivity and anti-interference ability.

Catalytic oxidation of thioether

Generally, the POM-based complexes could usually be recog-
nized as good catalysts for oxidation of thioether,44,45 so the
catalytic performances of complexes 1–3 for the oxidation of
thioether were also studied here. The reaction of oxidation of
methyl phenyl thioether (MPS) with 1 as catalyst and TBHP as
oxidant was used to investigate the inuences on the catalytic
efficiencies of dosage of catalyst, reaction time, oxidant and
temperature (Table 2). Firstly, the inuence of reaction
temperature is evaluated under the reaction condition con-
taining 0.5 mmol substrate, 3 mmol catalysts and 0.75 mmol
TBHP. Increasing the reaction temperature from room
temperature to 50 �C, the conversion and selectivity reach to
99.5% and 98.6% within 40 minutes (Entries 1–3). When the
temperature is raised to 60 �C, the conversion and selectivity are
reduced to 99.0% and 96.3% (Entry 4), which reveals that the
optimum reaction temperature is 50 �C.

Further, the changes of reaction time, dosage of catalyst and
oxidants under the optimum reaction temperature lead to the
decreases of conversion and selectivity (Entries 5–10). Mean-
while, the solvents such as ethanol, CHCl3 and acetonitrile are
appraised, indicating that methanol is satisfactory (Entries 11–
13). So the most effective reaction condition is to use methanol
as solvent under 50 �C within 40 minutes, with the suitable
mole ratio of 1:1.5:0.6% for substrate, oxidate and catalyst,
respectively.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Current responses of 1–3-CPEs with the addition of BrO3
� and

interference substances.

Table 3 Conversion and selectivity of MPS to sulfoxide by using
different catalysts

Catalyst Conv. (%) Sel. (%)

1 99.5 98.6
2 99.2 98.1
3 99.0 97.3
(NH4)6Mo7O24$4H2O 10.1 90.9
CrMo6 64.1 91.4
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The catalytic activities of 2 and 3, as well as raw materials
molybdate and CrMo6 were further investigated under
optimum condition, as shown in Table 3. When the complexes
2 and 3 are employed as catalysts, the excellent conversions
Table 2 The influences on conversion and selectivity of reaction time, do
as catalysta

Entry Catalyst (mmoL) TBHP (mmoL) Tim

1 3 0.75 40
2 3 0.75 40
3 3 0.75 40
4 3 0.75 40
5 3 0.75 30
6 3 0.5 40
7 3 None 40
8 6 0.75 40
9 None 0.75 40
10 3d 0.75 40
11 3e 0.75 40
12 3f 0.75 40
13 3g 0.75 40

a Reaction condition: substrate (0.5 mmoL), methanol (2 mL), 1 (3 mmoL, 0
and selectivity were analyzed by GC. d H2O2.

e Ethanol (2 mL). f CHCl3 (2

© 2022 The Author(s). Published by the Royal Society of Chemistry
and selectivity of 99.2% and 98.1% for 2, 99.0% and 97.3% for
3, can be obtained, which are comparable to the reported
POM-based hybrids.46–48 However, the use of (NH4)6-
Mo7O24$4H2O and CrMo6 cause the lower conversions of
10.1% and 64.1%, despite the high selectivity of 90.9% and
91.4%. These results reveal that complexes 1–3 can show
satisfying catalytic performances toward the oxidation of MPS
to sulfoxide.

Further, the catalytic ability of 1 as a representative was
estimated by choosing the thioether derivatives including these
containing different groups and alkyl thioethers under the
optimum condition. The results are summarized in Table 4. It
can be observed that the conversions and selectivity of 4-
methoxythioanisole, 4-chlorothioanisole and diphenylthioether
due to the larger steric resistance are lower than that of MPS
(Entries 2–4), but the conversions and selectivity are satisfactory
or higher than that of MPS when the alkyl thioethers such as
dipropyl thioether and 2-chloroethyl ethyl thioether are chosen
(Entries 5 and 6). These results manifest that the steric
hindrance of substrate play key inuences on the conversion of
thioether to sulfoxide in the presence of 1 as catalyst, which is
similar to those reports.49–51

Considering that the recyclability and stability are very
important to evaluate the catalytic performance of catalyst, the 1
as representative was also investigated by utilizing the reaction
of MPS to sulfoxide under optimum condition (Fig. 8).
sage of catalyst, oxidant, temperature and solvent in the presence of 1

e (min) Temp. (�C) Conv. (%)b Sel. (%)c

rt 81.5 91.1
40 99.1 97.0
50 99.5 98.6
60 99.0 96.3
50 78.5 99.5
50 91.0 99.2
50 <10 96.5
50 98.9 96.6
50 33.2 98.9
50 98.0 84.0
50 93.1 98.5
50 87.8 97.4
50 78.0 98.7

.6 mol%). b Conversion and selectivity were analyzed by GC. c Conversion
mL). g Acetonitrile (2 mL).

RSC Adv., 2022, 12, 4437–4445 | 4443
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Table 4 The conversion and selectivity of thioether derivatives to
sulfoxides catalyzed by 1

Entry Substrate Product Conv. (%) Sel. (%)

1 99.5 98.6

2 98.2 97.6

3 97.8 97.3

4 95.3 94.2

5 99.8 98.7

6 99.6 99.3

Fig. 8 Cyclic catalytic performance of 1 as catalyst for the oxidation of
MPS.
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The catalysts were ltered aer catalytic reaction, and
washed by using methanol, which were further reused to cata-
lyze the oxidation of MPS to sulfoxide. Aer 3 runs, the catalytic
ability of complex 1 has barely changed, and the conversion and
selectivity remain still above 96%, indicating that the 1 as
catalyst has good recyclability for the oxidation of MPS to sulf-
oxide. Furthermore, the stability of catalyst aer catalytic reac-
tion was assessed relying on PXRD (Fig. S5†), conrming the
good stability of catalyst during the catalytic reaction.

Conclusions

In a word, three new POM-based complexes were prepared by
using a bi-imidazole ligand containing carbazole connector.
The metal centers and polyoxoanions play important roles in
tuning the diverse architectures of the complexes. These
complexes can be employed as the electrode materials for
preparing the electrochemical sensors of BrO3

� with lower
LODs, likewise, as efficient catalysts for the oxidation of
4444 | RSC Adv., 2022, 12, 4437–4445
thioether to sulfoxide accompanying with satisfying recycla-
bility and stability, which opens up a possible means for
preparing novel POM-hybrids as electrochemical sensor and
catalyst materials.
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