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Efficient photocatalytic degradation of methyl
violet using two new 3D MOFs directed by
different carboxylate spacers†

Jun Wang, *a Congying Rao,b Lu Lu,a Shile Zhang,a

Mohd Muddassir c and Jianqiang Liu *b

Two highly stable metal–organic frameworks (MOFs) assembled by a flexible 1,4-bis(2-methylimidazol-1-yl)

butane (bib), and two different aromatic carboxylate coligands, namely, [Zn(BDC–OH2)(bib)] (1) and

[Cd3(BTC)2(bib)(DMF)3] (2) (H2BDC–OH2 = 2,5-dihydroxyterephthalic acid, H3BTC = 1,3,5-

benzenetribenzoic acid), were designed and synthesized. 1 showed a 4-fold interpenetration of

4-connected dia-type topological net. In 2, the 3D topological structure can be viewed as a (3,4,5)-

connected network, and its Schläli point is {4·62}2 {42·6·83} {46·89}. Different auxiliary carboxylate ligands

were examined with respect to the building of various structures. 1 and 2 have outstanding photocatalytic

behaviors for the disintegration of methyl violet (MV) under UV irradiation.

Introduction

Organic aromatic dyes and heavy metal ions are widely applied
in textiles, medicines, and other industries.1–3 They are very
harmful to humans due to their toxicity and carcinogenicity
when these dyes are dumped into water. Recently, more and
more technologies and strategies have been designed and
explored to reduce and eliminate them.4,5 Among these
methods, photodegradation has been identified as one of the
effective tools in eliminating such dyes.6–9 Although many
traditional semiconductors have been extensively used as
photocatalysts to degrade organic dyes, there are certain defects
(such as loss of reactivity, low efficiency and separation).
Therefore, it is very urgent to develop a new catalytic material
with high efficiency and friendly environment.10 Metal–organic
frameworks (MOFs) assembled from the metal ions/metal
clusters and organic linkers are transferring from a focus on the
structural feature to their various outstanding applications,
including luminescent sensing, supercapacitor electrode, gas
storage, and biomedical therapy.11,12 Interestingly, the MOFs
have been just recently used as the photocatalysts for dye

degradation. However, the key factor in the building of
promising MOFs is the design and synthesis of suitable organic
ligands.13 Flexible bis(imidazole) derivatives have been
extensively explored in coordination chemistry because the
imidazole rings are able to rotate freely around the –(CH2)n– (n
= 2–8) group to satisfy the geometric requirement of the metal
centers.14 However, rigid and symmetric multicarboxylates have
been designed and selected as linkers to construct unique and
intriguing MOFs, which showed excellent properties due to their
various coordination modes and π-conjugated skeleton.15 Based
on the background of this study, the selection and assembly of
bis(imidazole)-based bridging ligand with
2,5-dihydroxyterephthalic acid and 1,3,5-benzenetribenzoic acid
in the presence of Zn/Cd salts were explored. Differential
structural aspects of the MOFs, namely, [Zn(BDC–OH2)(bib)] (1)
and [Cd3(BTC)2(bib)(DMF)3] (2), clearly demonstrate the effect
of these geometric configurations of the ligands and the
coordination tendency of the metal cations. Herein, we tried to
apply the effectiveness of 1 and 2 for the decomposition of
methyl violet (MV) under UV irradiation with an underlying
application from the purification viewpoint.

Photocatalytic method

The sample of 1 or 2 (40 mg) was dispersed in a 50 mL
aqueous solution of methyl violet (10 mg L−1) with stirring in
the dark for 30 min to ensure the establishment of an
adsorption–desorption equilibrium. The photocatalytic
degradation of MV was conducted on an UV-400 type
photochemical reactor having a mercury lamp of 100 W
(mean wavelength = 365 nm). Aliquots of 5.0 mL were taken
out at specific time intervals and separated through
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centrifugation and then subsequently analyzed using a UV
spectrophotometer. Moreover, a control experiment was
conducted under the identical conditions without adding the
MOF-based catalysts 1 or 2.

Results and discussion
[Zn(BDC–OH2)(bib)] (1)

When the BDC–OH2 ligand was used to react with the Zn(II)
salt and bib, a new structure of 1 was obtained. It was
revealed that 1 includes one Zn(II) ion, one BDC–OH2 ligand
and one bib linker (Fig. 1a). The Zn(II) atom is connected by
two O atoms from different carboxyl groups from the two
BDC–OH2 ligands and two N atoms from the bib linkers,
which can be deemed to be a tetrahedral subunit. Each BDC–
OH2 behaves in monodentate coordination mode and
connects the metal centers to shape a wave-like 1D chain (Fig.
S1 and Scheme S1a†), which is further joined by the bib
ligands to generate a 3D net from two different directions
(Fig. 1b and S2†). From the topological point of view, if each
mononuclear subunit is treated as a 4-connected node, and
BDC–OH2 and bib linkers are considered as the linkages; the
structural feature of 1 is a dia-type topology (Fig. 1c).16 The 3D
network of 1 possesses maximum dimensions (the longest
intracage distances across the unit along the directions) of 31
× 26 × 16 Å3. The cavity is large enough to be filled via the
mutual entanglement of three independent equivalent nets,
thus generating a [2 + 2] interpenetrating dia network
belonging to class IIIa (Fig. 1d). Thus, 1 is 4-fold
interpenetrating frames, which looks similar to that of the
documented MOFs of [Zn4(μ4-O)(L1)6(DMF)2]

17 and [Zn4(μ4-O)
(L2)3] (H2L1 = 6,6′-di-chloro-2,2′-diethoxy-1,10-binaphthyl-4,4′-
dibenzoic acid and H2L2 = 6,6′-dichloro-2,2′-dibenzyloxy-1,10-
binaphthyl-4,4′-dibenzoic acid).18 Compared to the MOF 1,
they have more flexible skeleton and low dimensional feature.

[Cd3(BTC)2(bib)(DMF)3] (2)

The above results prompted us to explore the highly
connected topological types. Then, we used BTC instead of
BDC–OH2. It was revealed that the asymmetric unit of 2
comprises three Cd(II) cations, two BTC ligands, one bib
ligand and three coordinated DMF molecules (Fig. 2a). The
Cd1 ion is seven-coordinated with pentagonal bipyramid
geometry and connected to 7 oxygen atoms of the four
carboxyl groups from the four BTC linkers and one oxygen
atom from the coordinated DMF molecule. The Cd2 ion is
connected by four O atoms from three BTC, one O atom of
the coordinated DMF molecule and one imidazole N atom
directed from one bib, thus exhibiting a slightly distorted
octahedral geometry. Cd3 is an octahedral geometry, being
connected by four O atoms from the two BTC linkers, one
O atom from a coordinated DMF and one imidazole N atom
from one bib. In 2, the BTC shows one coordination mode
and acts as a μ5-bridging linkage to join five Cd centers
(Scheme S1b†). Two of these carboxyl groups coordinate to
four metal centers (two Cd1 and two Cd2) with μ2–η

1:η2

mode, thus generating a dinuclear subunit. The third group
showing μ1–η

1:η1 mode binds to one adjacent Cd center.
Then, the Cd centers are further linked by BTC to shape a
3D coordination framework (Fig. 2b and S3†). The bib
ligands adopt anti-conformation and are inserted in the
pore (Fig. 2b). To allow a better visual connection of 2, the
dinuclear subunits are encompassed by the four BTC3− and
one bib linker, which are recorded as 5-connected nodes.
Cd3 centers are besieged by two BTC3− and one bib linker,
which can simply be regarded as 3-connected nodes. The
full 3D topological structure of 2 is a (3,4,5)-connected net;
its Schläli point is {4·62}2 {42·6·83} {46·89} (Fig. 1e).19

PLATON calculation manifested that the full solvent-
accessible volume accounts for about 10% of the total
volume in 2.20,21

Through the above structural analysis of 1 and 2 adopt
new abilities for tuning the network topologies by controlling
the length and skeleton of the linkages. In 2, Cd centers are
bridged by the triangular BTC and bidentate bib at three
dimensions, which resulted in a 3D non-interpenetrated
motif. By shortening the straight tricarboxylate from BTC to
BDC accompanied by an alternation of Cd2+ to Zn2+ with
smaller atomic radius, the corresponding 1 induced the high
connectivity of these frames to cut down 5-c to 4-c.22 Thus,
the full networks can be regulated by the character of
ligand and geometry of metal center. The channels are
occupied by disordered DMF and water molecules. About
22% of solvent-accessible volume is estimated using PLATON.
Note that the pores of the channels may be partly blocked by
the DMF molecules and methyl groups from bib molecules
and the actual pore sizes are less than 7.5 × 4.1 A3.

Physical property of 1–2

The UV-vis spectra in the solid-state at room temperature
were measured for 1–2 (Fig. S4†). The maximum absorption

Fig. 1 (a) View of the coordination environment of Zn center; (b) 3D
porous network; (c) the dia-type topological net; (d) view of the 3D
4-fold interpenetrated net.
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Fig. 2 (a) Coordination environment around the Cd2+ centers in 2. (b) and (c) The two different Cd-based SBUs; (d) a 3D structure formed by
[(Cd(BTC)4]n and [Cd(bib)] chain unit. (e) (3,4,5)-Connected diagrammatic drawing.

Fig. 3 (a) and (b) Electronic absorption spectra of the MV solution on UV irradiation in presence of photocatalysts 1 and 2, respectively; (c)
experiment results of the catalytic degradation of MV dye; (d) linear-fitting function plot.
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peaks of 1–2 were observed at ca. 284 and 303 nm. The
absorption results were fitted by the Kubelka–Munk function.
The energy band gaps were obtained ca. 3.27 eV for 1 and
2.28 eV for 2 through the extrapolation of the linear part of
absorption edges. These band gap values suggested 1 and 2
may have the potential advantages and characteristics for
photocatalytic performance.23

Photocatalytic properties of MOFs 1 and 2

We have used methyl violet (MV) as the typical contaminant
in water to estimate the catalytic efficiencies of 1–2 under UV
irradiation. The absorption peaks of MV were remarkably
decreased in the presence of 1–2 within 40 min. Note that
the peaks declined dramatically at the same condition in the
presence of catalyst 2 (Fig. 3a and b).24 The variations of C/Co

vs. irradiation time for 1–2 were plotted (Fig. 3c).
The results are displayed as changes in the C/C0 plot

of the MV solution versus the irradiation time (Fig. 3c).
Compared to the control group with 24.87% (without
catalyst), the photocatalytic activity increased from 66.45%
and 85.19% in the presence of pure 1 and 2 after 40 min
irradiation, respectively. Based on the current reactive
rates and efficiencies, it was indicated that the
photocatalytic activity of 2 surpasses 1. This may be
attributed to the relatively low capture capability for MV
due to its entanglement feature and weak conjugated
system of 1.25,26 The rate constants for the MV
photodegradation in the presence of the photocatalysts 1
and 2 were 0.0272 (10) min−1 and 0.0431 (2) min−1,
respectively (Fig. 3d). We have also explored the effect of

the particle size in the photocatalytic performance and
found that the size had little impact on the photocatalytic
activity of 1 and 2.

We have explored the plausible mechanism of MV by 2,
the catalytic exploration experiments were implemented
before three types of scavengers were added.27,28 It is obvious
that these values fall rapidly from 85.19% to 82.1%, 50.2%
and 83.2% (Fig. 4a and b). Three types of scavengers,
including tertiary butyl alcohol (TBA), benzoquinone (BQ),
and ammonium oxalate (AO), can act as hydroxyl radicals
(HO˙), superoxide radicals (O2˙

−) and leaving holes (h+),
respectively. Thus, the data showed that O2˙

− was
the main active species, while ˙OH and h+ may contribute to
the MV degradation. The relevant rate constant (k) for the
deterioration of MV in 2 was found to reduce from 0.0431 (2)
to 0.0173 (6) min−1 in the presence of BQ (Fig. 4c and Table
S3†). This inhibiting effect from BQ is also presented in
polymer 1.

Based on previous research and current experimental
results, the catalytic degradation mechanism can be
inferred. The MOF 2 has successful supplied photon
transitions with equivalent or higher the band gap
(2.86 eV) when skeleton was irradiated; then the
electrons get excited from the valence band (VB) to the
conduction band, impressing the holes in the valence
band. The photoexcited hole electrons have the ability to
oxidize the dyes or can react with OH− to generate OH.
These ˙OH species can straightway oxidize these dyes and
effectively break them down to finish the full catalytic
process (Scheme 1).29,30 Furthermore, to explore the
stability of these catalytic materials as photocatalysts, we

Fig. 4 (a) and (c) photodegradation of the MV solution in the different scavenger solutions in 2; (b) the plot as a function of deduced mechanism
of the degradation of MV by 2; (d) cycling runs of the photocatalytic degradation of MV in 2.
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repeated the experiment four times under the same
conditions (Fig. 4d). The results showed that the catalytic
properties of these materials did not change significantly,
which indicates that the materials are very stable and
recyclable.31,32 We also investigated the morphological
changes of the samples before and after catalysis, SEM
experiments show that the external morphology of the
samples has little change (Fig. S9†).

Compared with the catalytic performances of the reported
Zn/Cd-based MOFs (Table 1),33 2 has excellent photocatalytic
degradation of MV. Although some of them showed good
efficiency for the degradation of MV, the photocatalysts had
large dosage and the concentration of MV was higher than
that of this work.

Identification of the degradation products of MV dye

The degradation products were analyzed by LC-MS and
the fragmented products were evaluated by the mass
fragmentation pattern.34,35 From the MS fragmentation

pattern, the m/z values were achieved and these values
correspond to the degradation products obtained during
the photodegradation of MV (Fig. S10†). Hence, from the
m/z values, the degradation products were traced and
probable mechanistic pathway for the degradation of MV
dye was suggested (Scheme 2). A low intensity signal was
obtained at m/z = 358, which corresponds to the molar
mass of MV. The intensity of this signal and the
simultaneous appearance of multiple mass signals
predicted that the degradation of MV took place. Two
types of degradation patterns were predicted for MV
according to the m/z signals obtained from the MS
pattern. Firstly, MV undergo degradation to give signals at
m/z = 344 and 330. This fragment (m/z = 316) undergoes
further degradation to give multiple signals at m/z = 301
and 300. The degradation products corresponding to these
multiple signals were identified and a mechanistic
pathway for the degradation of MV was suggested.
However, in the second case, MV degraded to give signal
at m/z = 301 and underwent further degradation to form
multiple signals at m/z = 181, 168 and 124.

Conclusions
Two new d10-based MOFs constructed from the flexible
bis(imidazole) derivative 1,4-bis(2-methylimidazol-1-yl)butane
(bib) ligand with linear dicarboxylate and angular
tricarboxylic acid were successfully obtained. Structural
differences in 1 and 2 indicate that the multicarboxylate
ligands play an important role in the coordination mode and
in the final structure. 2 displays efficient photodegradation
of MV. The mechanistic investigation indicates that the main
active component is the superoxide radicals (O2

−˙). The
intermediate products and degradation pathway of MV were
discussed based on the results of LC-MS. It can be concluded
that 1–2 can be used as potential photocatalysts.

Scheme 1 The possible schematic mechanism between the energy
transition and the active species for degradation of MV.

Table 1 List of ZnII/CdII-based materials for the degradation of dye MV

Formula Ligands
Light
source

Efficiency
(%) Ref.

[Zn(L)] H2L = 1,4-bis(triazol-1-yl)terephthalic acid UV 61 33a
[Zn5(L)2(DMF)2(μ3-H2O)] H5L = 3,5-di(3′,5′dicarboxylphenyl)benzoic acid UV 73 33b
[Zn4(NDC)3.5(μ4-OH)
(DMF)]

H2NDC = 1,4-naphthalenedicarboxylic acid UV 78 33c

[Zn2(L)(DMF)3] H4L = terphenyl-3,3″,5,5″-tetracarboxylic acid UV 72 33d
[Zn(L)(4,4′-bipy)4] H2L = 1,4-bis(3-carboxylbenzyl)piperazine acid UV 68 33e
[Cd(H2L)(bpz)] H4L = 5,5′-(1,4-phenylenebis(methyleneoxy))diisophthalic acid and bpz =

3,3′,5,5′-tetramethyl-4,4′-bipyrazole
UV 77 33f

[Cd2(H4L)(L)(bpz)2] H4L = 5,5′-(1,4-phenylenebis(methyleneoxy))diisophthalic acid UV 44 33g
Cd(dbp)(H2O)] H2dbp = 4′-(4-(3,5-dicarboxylphenoxy)phenyl)-4,2′:6′,4′-terpyridine UV 93 33h
[Cd(L)(bb)] H2L = 3,3′-[{1,3-phenylenebis-(methyleneoxy)}dibenzoic acid]; bb = 4,4′-bis(imidazolyl)

biphenyl
UV 72 33i

[Zn(BDC–OH2)(bib)] Bib = 1,4-bis(2-methylimidazol-1-yl)butane and H2BDC–OH2 = 2,5-dihydroxyterephthalic
acid and

UV 66 This
work

[Cd3(BTC)2(bib)(DMF)3] H3BTC = 1,3,5-benzenetribenzoic acid UV 85 This
work
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