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[4–9]. According to some published literature, scientists 
have explored the use of metal-organic coordination poly-
mers, including zinc and cadmium, as photocatalysts in the 
degradation of antibiotics and organic dyes [10–12]. Addi-
tionally, MOFs constructed with cobalt and manganese 
ions often exhibit excellent photocatalytic activity, offering 
potential for photocatalytic dye degradation to aid in waste-
water treatment, thereby diversifying the range of photo-
catalytic materials.

It is well-known that the activity and structural diversity 
of MOFs largely depend on the choice of metal atoms and 
organic ligands, as well as the reaction mechanisms to obtain 
the coordination compounds [13, 14]. Therefore, the logical 
design of suitable metal ions and organic ligands plays a 
crucial role in synthesizing CPs with desirable properties. 
The benzimidazole moiety, being bicyclic and composed of 
imidazole and benzene rings, is widely used in the design 
and synthesis of photocatalysts [15–17]. To create MOFs 
with photocatalytic activity, aside from selecting appropri-
ate active metal ions, the choice of suitable organic ligands 
is equally vital [18, 19]. Taking these factors into consider-
ation, in this study, 2-(hydroxymethyl)-1H-benzo[d]imidaz-
ole-5-carboxylic acid (H2L) was employed as the organic 
ligand to react with corresponding metal salts, resulting in 
the successful synthesis of two transition metal CPs with 
Cu(II) and Mn(II) ions as metal centers. Their structures 
were characterized through PXRD, EA, IR, single-crystal 
X-ray diffraction, and TGA analyses. Furthermore, the 

1  Introduction

With the rapid development of industries, the pollution 
caused by industrial waste has become increasingly hard to 
ignore. Water pollution, in consideration of drinking water 
safety, has emerged as one of the pressing issues. Pollutants 
such as heavy metal ions from industrial wastewater, anti-
biotics overused in livestock farming, and dyes discharged 
untreated from textile and dyeing industries pose significant 
threats to water system safety [1–3]. Among these, organic 
dyes, due to their poor biodegradability and short-term 
chemical stability, constitute a major concern and require 
urgent treatment. Exploring an efficient, environmentally 
friendly, and cost-effective method to treat dye pollutants in 
wastewater is of paramount importance.

Metal-organic frameworks (MOFs), as a rapidly advanc-
ing class of materials, have garnered attention for their 
excellent stability, large surface area, and facile modifi-
ability. They find applications in various fields includ-
ing fluorescence, gas storage, drug loading, and catalysis 
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Abstract
In the present study, two transition metal CPs on the basis of Co(II) and Mn(II) ions as the metal centers have been 
produced in success with reaction between the ligand of 2-(hydroxymethyl)-1H-benzo[d]imidazole-5-carboxylic 
acid (H2L) and corresponding metal salts under a solvothermal reaction condition, and their chemical formulae are 
{[Co2(HL)2(H2O)4]·H2O·SiF6}n (2) together with {[Mn2(HL)2(H2O)3(SO4)]·H2O}n (1). They were characterized by 
PXRD, EA, IR, single-crystal X-ray diffraction, and TGA. Additionally, both complexes exhibited excellent photocata-
lytic activity in the UV-induced degradation of Rhodamine B, rendering them excellent candidates for dye degradation.
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photocatalytic degradation performance of the two mate-
rials towards the common dye Rhodamine B (RhB) under 
ultraviolet (UV) light irradiation was investigated [20–22]. 
The results revealed that both materials exhibited excellent 
photocatalytic performance for RhB degradation under UV 
light irradiation, with the degradation efficiency of 88.52% 
(1) and 80.16% (2) achieved after 150 min of UV irradia-
tion. Furthermore, both materials maintained a relatively 
high degradation efficiency even after 5 cycles. Therefore, 
both materials have significant potential for the treatment of 
dye-containing wastewater.

2  Experimental

2.1  Chemicals and Measurements

In this work, all the chemical reagents for producing the 
complexes with reagent grade were purchased from mar-
ket source and utilized with no further modifications. A PE 
240 C automatic analyzer (Perkin-Elmer, Waltham, USA) 
was performed for conducting the EA of N, H and C at an 
analysis center of Liaoning Normal University. TGA were 
implemented with the PerkinElmer Diamond TG/DTA with 
10 ℃ per min raising rate in a temperature range from RT 
to 800 ℃. With the Advance-D8 that containing a Cu-Kα 
radiation of 5° < 2θ < 40°, the PXRD could be performed at 
2 s/step count time and 0.02° (2θ) step size. The IR spectra 
was gathered with Bruker AXS TENSOR-27 (Bruker, Karl-
sruhe, Germany) using pressed KBr pellets at RT from 400 
to 4000 cm− 1. UV-visible absorption spectra were measured 
and recorded using a Shimadzu UV-2600 spectrophotom-
eter. Data collection was conducted within the range of 200 
to 400 nm. Dye degradation experiments were performed by 
placing 50 mg of the complex into a 1 L solution of 10 mg/L 
Rhodamine B (RhB) in water. After a certain period, 5 ml 
of the solution was extracted, and the degradation rate was 
studied using UV spectroscopy. The change in degradation 
rate over time was investigated.

2.2  Preparation and Characterization 
for {[Mn2(HL)2(H2O)3(SO4)]·H2O}n (1) and 
{[Co2(HL)2(H2O)4]·H2O·SiF6}n (2)

A mixture synthesized from 0.1 mmol and 0.019 g of H2L, 
0.030  g and 0.2 mmol of MnSO4, together with 5 mL of 
CH3CN/H2O (the volume ratio is 1:1) was stored in a stain-
less steel vessel (25 mL) lining by Teflon, and this mixture 
was heated under a temperature of 140 °C for twenty-four 
hours. After cooling this mixture RT with a cooling rate of 5 
℃ per h, the yellow crystals for the compound 1 were gath-
ered with 42% of yield (in the light of H2L). Anal. Calcd 

for C18H22N4O14SMn2 (%): N, 8.48, C, 32.74 and H, 3.36. 
Found: N, 8.52, C, 32.50 and H, 3.68.

A mixture formed by 0.1 mmol and 0.019  g of H2L, 
0.031  g and 0.1 mmol of CoSiF6·6H2O, together with 5 
mL of CH3OH/CH3CN/H2O (the volume ratio is 3:1:1) was 
stored in a stainless steel vessel (25 mL) lining by Teflon, 
and this mixture was heated under a temperature of 130 °C 
for 72 h. After cooling this mixture RT with a cooling rate of 
5 ℃ per h, the pink crystals for the compound 2 were gath-
ered with 41% of yield (according to H2L). Anal. Calcd for 
C18H24N4O11F6SiCo2 (%): N, 7.65, C, 29.52 and H, 3.30. 
Found: N, 7.53, C, 29.51 and H, 3.38.

The SuperNova was utilized for acquiring the data of 
X-ray. And the CrysAlisPro was employed for analyzing 
the intense data, and it was next converted to HKL files. 
The SHELXS in the light of direct mean together with 
the SHELXL-2014 software according to least-squares 
strategy were employed respectively for the synthesis and 
refinement of original architectural modes. After the use of 
entire non-hydrogen atoms, we mixed anisotropic param-
eters. Ultimately, the whole H-atoms were next fixed on the 
C atoms, which are bridged with AFIX commands in the 
geometry. The as-prepared compounds’ refinements details 
as well as their crystallography parameters were displayed 
in the Table 1.

3  Results and Discussion

3.1  Crystal Structures

The analysis of single crystal X-ray diffraction displays 
that the 1 exists in a monoclinic P2(1)/c space group and 
it exhibits 2-dimensional coordination polymer net. There 
exist two isolated Mn(II) centers in crystallography, three 
coordinating molecules of H2O, two H2L, a SO4

2− ion and 
a lattice molecule of H2O in its structural unit. The Mn1 ion 
and Mn2 ion, two special cobalt ions, they possess a 6-coor-
dinated geometry, where the Mn1 ion is coordinated via a 
N atom and a hydroxyl O atom come from two H2O mol-
ecules and a HLˉ unit, two carboxylic O atoms originated 
from two diverse H2L (Fig. 1a). A N2 atom and O12, O6, 
O1 atoms occupied equatorial plane, while the four equato-
rial atoms are nearly coplanar with the Mn1 ion, and the 
average deviation is 0.080 Å. O2 atom and O13 atom are 
situated in axial locations; the center of Mn2 is surrounded 
through two carboxylic O donors existed in two diverse 
H2L, a N atom and a hydroxyl O atom originated from a 
HLˉ unit, a molecule of H2O and a O atom in sulphate ion. 
N3 atom (N3) and O7, O4, O3 atoms occupied equatorial 
plane, but the four equatorial atoms are nearly coplanar with 
Mn2 ion, and the average deviation is 0.026 Å, O5 atom 
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and O8 atom are situated in the axial locations. The Mn1 
center and Mn2 center are situated in the twisted octahedral 
coordination structure of [MnNO5]. In the complex 1, the 
tetradentate ligand of H2L is linked with two Mn(II) by the 
bidentate chelating carboxylic acid group of H2L, hydroxyl-
O atom and imidazole-N atom of this ligand, exhibiting a 
(κ1-κ1)-(κ1)-(κ1)-µ3 coordination pattern (Fig.  1b). Fasci-
natingly, the O6, O4, O3, O1, N3, and N2 atoms in H2L 
anion connect two metal atoms in order to establish a cyclic 

dimer subunit of [Mn2(HL)2]. In meantime, two repeat-
ing units are interlinked through µ2 − 1,3-carboxylic acid 
links to generate a chain architecture in Fig.  1c. Besides, 
the consecutive chains are bridged via µ2 − 1,3-carboxylic 
acid, which deeply consolidate the architecture, resulting in 
a 2-dimensional layered architecture by ab-plane, and the 
square dimensions is 4.9635 × 11.1578 Å2 (Fig. 1d).

As exhibited by the detection of single-crystal X-ray dif-
fractions, the 2 exits in the triclinic P-1 space group as a 

Fig. 1  (a) The diagram of the 1’s 
least building unit. (b) The coor-
dination manner of the ligand. (c) 
The 1-dimensional chain exits in 
compound 1. (d) 1’s 2D layered 
net

 

Identification code 1 2
Empirical formula C18H21Mn2N4O14S C18H24Co2F6N4O11Si
Formula weight 659.33 732.36
Temperature/K 296.15 273.15
Crystal system monoclinic triclinic
Space group P21/c P-1
a/Å 7.5160(10) 7.5127(2)
b/Å 11.038(4) 10.55980(10)
c/Å 27.714(2) 15.3692(3)
α/° 90 81.672(2)
β/° 95.163(3) 80.447(2)
γ/° 90 88.4920(10)
Volume/Å3 2289.9(9) 1189.69(4)
Z 4 2
ρcalcg/cm3 1.912 2.044
µ/mm− 1 1.280 1.563
Data/restraints/parameters 3976/1/361 4179/17/415
Goodness-of-fit on F2 1.080 1.102
Final R indexes [I > = 2σ (I)] R1 = 0.0795, ωR2 = 0.2217 R1 = 0.0241, ωR2 = 0.0594
Final R indexes [all data] R1 = 0.0891, ωR2 = 0.2282 R1 = 0.0280, ωR2 = 0.0610
Largest diff. peak/hole / e Å−3 2.05/-0.79 0.23/-0.34

Table 1  The CPs’ refinements 
details as well as their crystallog-
raphy parameters
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and Co1 atoms (or Co2 and Co2) are successively bridged 
via carboxylic acid O atom, hydroxyl O atom as well as the 
imidazole N atom to produce the [Co2(HL)2] dinuclear unit 
(Fig. 2b). According to Fig. 2c, syn, trans µ2-1,3-carboxylic 
acid groups connect the neighboring dimmers to provide 
an infinite 1-dimensional chain, where the distance of the 
consecutive Co1···Co2 is 4.8977(5) Å. Finally, via the syn, 
trans carboxyl group exists in H2L bridge the neighboring 
chains generating 2-dimensional supramolecular sheet, the 
square dimensions are 4.9096 × 10.9069 Å2 (Fig. 2d).

For exploring the products’ phase purity, the PXRD study 
for the as-prepared CPs was finished (Fig. 3a). Between the 
PXRD patterns peak positions of the simulation and experi-
ment, there exist a well accordance, and this result suggests 
that the crystal architectures is a real representation of mas-
sive crystal products. The strength differences are probably 
resulted from crystal samples preferred selection. For ana-
lyzing the thermal stability of skeletons, the TGA could be 
involved in a temperature range of 25 ℃-800 ℃ with 10℃ 
per min heating rate under Ar flow (Fig.  3b). Complex 1 

2-dimensional coordination polymer (Fig. 2a), and its struc-
tural unit is composed of four coordinating molecules of 
H2O, two coordinating H2L, the isolated Co1 and Co2 ions 
in crystallography, a lattice H2O molecule and a guest SiF6

2− 
ion. The Co1 center and Co2 center reveal a coordination 
environment of [CoNO5], with twisted octahedral structures. 
In the 2’s crystal architecture, Co1 ion and Co2 ion are situ-
ated in completely distinct coordination surroundings. Co1 
atom and Co2 atom are surrounded by two carboxylic acid 
O atoms, a hydroxyl O atom and a N atom provided by a 
HLˉ unit, and two H2O molecules, O8, O3 and O2 atoms and 
N1 atom occupied equatorial plane. As for the Co1 atom, the 
average deviation from plane is 0.125 Å, and the axial loca-
tions are occupied O4#2 atom and O1 atom, and the angle of 
O4#2-Co1-O1 bond is 176.33(7)°. A N3#4 atom and coordi-
nating O7, O6 and O5 atoms come from equatorial plane, 
and the four equatorial atoms are nearly coplanar with Co2 
atom, the average deviation is 0.152 Å. O10#4 atom and 
O9#3 atom are situated in the two sides of plane, the bond 
angle of O9#3-Co2-O10#4 is 177.32(6)°. In addition, the Co1 

Fig. 2  (a) The diagram of the 2’s least building unit. (b) [Co2(HL)2] dinuclear unit of the complex 2. (c) The 1-dimensional chain architecture exits 
in compound 2. (d) 2’s 2D supramolecular net
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process. The collected data were plotted in Fig. 4a-b, which 
showed that within 150  min, the maximum degradation 
rates of RhB under the catalysis of complexes 1 and 2 were 
88.52% and 80.16%, respectively, indicating the effective-
ness of the obtained complexes in RhB degradation. In addi-
tion, to evaluate the cycling performance of the obtained 
samples, a recycling experiment was conducted to study 
their catalytic efficiency. In the typical recycling experi-
ment, distilled water, 0.1  M NaCl aqueous solution, and 
ethanol were used as washing agents to restore the catalytic 
performance of the catalyst. The typical procedure is as fol-
lows: collect the complexes after catalytic testing, wash the 
samples three times sequentially with distilled water, 0.1 M 
NaCl aqueous solution, and ethanol, then vacuum dry at 
80 °C for 6 h. The dried samples were used for subsequent 
cyclic performance tests. The cyclic performance tests were 
repeated five times for each group of samples. The obtained 
data are shown in Fig. 4c-d. The results showed that after 
five repeated uses, both complexes were able to maintain 
catalytic efficiency at 82.97% (1) and 75.98% (2), indicat-
ing that the prepared complexes, as photocatalysts for dye 
degradation, exhibited good cyclic usability.

4  Conclusion

Taken together, we have produced two fresh transition 
metal CPs in success on the basis of Co(II) and Mn(II) 
ions as the metal centers with reaction between H2L and 
corresponding metal salts under the reaction condition 
of solvothermal. And their architectures could be char-
acterized via the PXRD, EA, IR, single-crystal X-ray 

reflects 10.2% of weightlessness between 60 and 160 ℃ is 
on account of the removing a lattice and three coordinated 
molecules of H2O (the calculated value is 9.7%). The 2’s 
TG curve provides 11.9% of weightlessness between 60 and 
147 ℃, associated with the losing four coordinated and a 
lattice molecules of H2O (the calculated value is 12.2%), 
and next, in a temperature range of 260–400 ℃, 18.8% of 
the second step weightlessness appears, which is related to 
the loss of a free SiF6

2ˉ ions (the calculated value is 19.6%).

3.2  Photocatalytic Property

Considering that manganese and cobalt ions are commonly 
used as efficient active centers for electrocatalytic hydro-
gen and oxygen evolution or photocatalytic degradation 
of organic dyes, and the two complexes prepared with the 
H2L ligand used in this study can absorb both ultraviolet 
and visible light due to their extended conjugated structures, 
providing an energy source for dye degradation. There-
fore, the two complexes prepared in this study are highly 
likely to possess photocatalytic degradation performance 
for dyes. The photocatalytic degradation rates of the two 
complexes towards the common organic dye RhB were 
tested using a UV-visible absorption spectrophotometer. 
As shown in Fig. 4a-b, the initial solution of RhB without 
complexes exhibited a stable characteristic UV absorption 
peak at 550 nm. However, upon the addition of 30 mg of 
finely ground complexes, the characteristic absorption peak 
of RhB gradually decreased with increasing UV irradiation 
time and reached its minimum value at 150 min. The UV 
absorption peak intensities of RhB at different times were 
collected at 30-minute intervals to describe the degradation 

Fig. 3  (a) The CPs’ patterns of PXRD. (b) and their curves of TGA.
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