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Abstract: A microporous Zn-based anionic metal–organic
framework (MOF) was synthesized with triangular 4,4′,4′′-(pyr-
idine-2,4,6-triyl)tribenzoic acid. The anionic MOF material fea-
turing open channels proved to be a good capturing agent

Introduction
The brighter side of the discovery of synthetic dyes by W. H.
Perkin in 1956 is plagued by a darker side linked to toxicity and
environment pollution. Nearly 40000 dyes are currently listed in
the color index, which consists of over 7000 chemical scaf-
folds.[1] The effluent of several industries, namely, the textile,
printing, leather, paper, pharmaceutical, and food industries,
contains dyes that contribute to toxicity in the environment
and that endanger aquatic life.[2] Furthermore, dye wastes are
toxic, carcinogenic, and mutagenic and thus also affect humans
and other terrestrial animals.[3,4] There have been consistent ef-
forts to develop techniques for dye removal to decrease their
adverse effects on the biosphere. As a result, a plethora of
methods including chemical oxidation,[5] photolytic degrada-
tion,[6] biological treatment,[7] and adsorption have been re-
ported in the literature for removal of dye wastes.[8,9]

Among them, the adsorption of dyes is one of the most ef-
fective strategies for the removal of these toxic materials from
the environment owing to low cost and operational simplic-
ity.[8,10] On these lines, a variety of adsorbent materials have
been developed, including agricultural waste products, acti-
vated carbon, zeolites, metal–organic frameworks (MOFs), and
porous organic polymers. Among the porous materials, MOFs
have been receiving considerable attention owing to their ex-
cellent properties, which include high surface areas and tailor-
made structures and pore sizes, and their applications in gas
adsorption, sensors, and catalysis.[11–15] Until now, however,
only a few MOFs have been examined for the adsorption and
separation of dyes.[16] Most porous materials used for dye sepa-
ration operate on a size-exclusion basis, but the separation of
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for the cationic dye methylene blue. In addition, the Zn-MOF
demonstrated excellent catalytic activity for CO2 fixation by
cycloaddition reaction with epoxides for the generation of cy-
clic carbonates.

dyes of similar sizes is typically difficult.[16] Therefore, the devel-
opment of materials for the efficient adsorption or separation
of dyes of similar sizes is timely and highly desirable.

In addition, industries that use dyes, including the textile
industry, are not only adding dye effluents to the environment,
but they also have a large water footprint and contribute to
CO2 emissions. Current technologies available to curb this me-
nace are either corrosive or energy intensive.[17] Adsorptive
technologies that exploit the physisorption of CO2 into porous
materials, especially MOFs, have gained momentum as a result
of the facile regeneration process.[12,18] Keeping these points in
mind, we synthesized a zinc-based metal–organic framework
with 4,4′,4′′-(pyridine-2,4,6-triyl)tribenzoic acid (H3L) and ex-
plored its use in dye adsorption and CO2 fixation.

Results and Discussion
The zinc-based anionic microporous metal–organic framework
(Zn-MOF) with the triangular ligand 4,4′,4′′-(pyridine-2,4,6-
triyl)tribenzoic acid (H3L) was synthesized by using the solvo-
thermal technique and was characterized by a variety of tech-
niques, including single-crystal X-ray diffraction (SCXRD), pow-
der X-ray diffraction (PXRD), thermogravimetric analysis (TGA),
and Fourier-transform infrared (FTIR) spectroscopy to establish
the structure of the MOF (Figure 1). As revealed by SCXRD, there
are two kinds of ZnII ions in the structure: hexacoordinated ZnII

and tetracoordinated ZnII. The adjacent ZnII ions are connected
through a carbonyl O atom of the ligand or formic acid thus to
form a chain structure. The ligands connect each chain and
construct a 3D framework with chiral square channels. The
framework structure is similar to a reported one.[19] The dimen-
sions of the channel are 9.053 × 9.053 Å, which enables en-
trance of the dye molecules. PXRD studies were performed to
verify the phase purity of the MOF. The diffraction pattern of
the fresh sample is consistent with the calculated one (Fig-
ure S2, Supporting Information). TGA of the synthesized MOF
shows initial loss of solvent and decomposition after 400 °C,
which is indicative of the high thermal stability of the frame-
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work (Figure S3). Furthermore, the synthesized MOF was evalu-
ated in terms of its capacity for dye uptake. The Zn-MOF exhib-
its highly selective uptake and release of the cationic dye meth-
ylene blue through an ion-exchange process, and the MOF can
effectively separate this dye from another dye with a similar
size, that is, methyl orange.

Figure 1. (a) 4,4′,4′′-(Pyridine-2,4,6-triyl)tribenzoic acid (H3L) and secondary
building unit. (b) 3D packing of Zn-MOF.

Dye Adsorption and Separation

As evident from structural studies of the crystals, pores avail-
able in the framework can be promising for the adsorption of
dye molecules. For the synthesized MOF, we studied dyes of
similar sizes with different charges, namely, methylene blue, a
cationic dye, and methyl orange, an anionic dye. We started the
experiment with the adsorption of methylene blue (MB) on the
Zn-MOF: typically, freshly prepared crystalline MOF (10 mg) was
added to a 10 mL solution of the dye, and absorption of the dye
solution was monitored by UV/Vis spectroscopy. The intensity
of the MB solution decreased gradually as a function of time
(Figure 2, a). The dark blue color of the solution started to van-
ish and changed to almost colorless. These results demon-
strated that the dye molecules could be adsorbed by the MOF,
which highlights that the open channels of the Zn-MOF were
accessible to the dye molecules. We consider that the adsorp-
tion can be attributed to the anionic framework, which captures
the cationic dye molecule by exchanging the [(CH3)2NH2]+

counterion generated in situ in the framework. To support this
view, we used methyl orange (MO) as a control for dye adsorp-
tion. Despite the fact that its size is similar to that of methylene
blue, methyl orange was not adsorbed by the Zn-MOF (Figure 2,
b), which supports our assumption of adsorption of the cationic
dye in the framework with charge selectivity. To further support
this selectivity, we ran the adsorption experiment by using a
mixture of MB and MO with the Zn-MOF. The green color of the
mixed dye solution, resulting from a combination of the blue
color of MB and the orange color of MO, gradually changed to
orange color, which indicated that MB was selectively taken up
by the MOF, whereas MO remained in the solution (Figure 3).
Further, to confirm the exchange mechanism of the dye mol-
ecule with the [(CH3)2NH2]+ cation of the framework molecule,
we performed a dye-release experiment in pure DMF and in
NaCl-containing DMF solution. After the adsorption of MB onto
the framework, the blue-colored crystals of the MOF were thor-
oughly washed with DMF, and then these crystals were sepa-
rately treated with pure DMF and a NaCl-containing solution of
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Figure 2. Absorption spectra of (a) methylene blue and (b) methyl orange
with Zn-MOF.

Figure 3. Absorption spectra for a mixture of methylene blue and methyl
orange with Zn-MOF.
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DMF. It was observed that negligible dye release occurred in
pure DMF, whereas in NaCl, the solution started to turn blue
and the intensity of the color increased as time progressed,
which indicated release of the dye molecule in the solution, as
monitored by UV/Vis spectroscopy (Figure 4). The results im-
plied that only the cationic guest could enter the Zn-MOF,
whereas the negatively charged dye molecule could not be ad-
sorbed by the anionic framework (Figure 5). The maximum MB
adsorption uptake was determined to be 410 mg g–1.

Figure 4. Absorption spectra for release of methylene blue.

Figure 5. Graphical representation of dye adsorption and release.

Cycloaddition of CO2 with Epoxides

Metal–organic frameworks, having the advantages of structural
tunability, active metal sites, and accessible pore volumes,[11]

have emerged as efficient and selective heterogeneous cata-
lysts.[14,15] Though several MOFs have been developed and eval-
uated for their use as Lewis acid catalysts for the chemical con-
version of CO2 into value-added chemicals, synthetic conditions
involving pressures greater than 3 MPa and temperatures above
100 °C limit their large-scale and industrial use.[20] Herein, we
employed the Zn-MOF for the catalytic addition of CO2 to epox-
ides to generate cyclic carbonates. To evaluate the generality
of the reaction, different substituted epoxides were used, and
reactions were performed at room temperature under atmos-
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pheric pressure. The results of these catalytic reactions are sum-
marized in Table 1. It is clear that the Zn-MOF showed high
catalytic efficiency for the cycloaddition of propylene oxide to
form propylene carbonate in 92.1 % yield over 48 h. This effi-
cacy is comparable to that of MMCF and MMPF reported previ-
ously by our group.[21] High catalytic activity was also observed
for the catalytic conversion of other epoxides into their corre-
sponding carbonates in quantitative yields (Table 1) at ambient
temperature over 48 h. The decrease in the yield with an in-
crease in the size of the epoxide can be attributed to the limited
diffusion of larger epoxide molecules in the channels of the
MOF.

Table 1. Zn-MOF-catalyzed addition of CO2 and epoxides.

[a] Reaction conditions: epoxide (25 mmol), Zn-MOF (20 mg), nBu4NBr
(0.58 g), r.t., CO2 (101.3 kPa), 48 h.

A tentative mechanism for the cycloaddition of CO2 and ep-
oxides to form cyclic carbonates was proposed on the basis of
some reports available in the literature.[22] The Zn-MOF can help
to accelerate the cycloaddition process in a dual manner. First,
a Lewis acidic site in the framework interacts with the epoxide
through the oxygen atom of the epoxide, which activates the
epoxy ring; second, being anionic, the framework interacts with
the ammonium ion, which increases the availability of the Br–

ion. Attack of the Br– ion leads to ring opening, and the oxygen
anion of the opened epoxy ring then combines with CO2 to
form an alkyl carbonate anion. In the final step, ring closing
leads to the generation of the cyclic carbonate.

Conclusions
In summary, a new Zn-based anionic metal–organic framework
was synthesized under solvothermal conditions. The MOF ex-
hibited highly selective adsorption and separation of the cati-
onic dye methylene blue from its anionic counterpart methyl
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orange on the basis of a charge-exclusion effect. Further, the
use of the Zn-MOF as a heterogeneous catalyst for the cyclo-
addition of CO2 with epoxides to give cyclic carbonates under
ambient conditions was very successful and provided the tar-
geted products in good to excellent yields.

Experimental Section
General: All reagents and solvents were purchased from commer-
cial sources and were used as received, whereas 4,4′,4′′-(pyridine-
2,4,6-triyl)tribenzoic acid was synthesized according to the litera-
ture.[23]

Synthesis of Zn-MOF: A 20 mL scintillation vial was charged with
H3L (0.04 g, mmol), Zn(NO3)2·6H2O (0.16 g, mmol), HBF4 (0.1 mL),
and DMF (5.0 mL), and the mixture was sonicated for 10 min. The
mixture was then heated in the sealed vial at 120 °C for 24 h to
produce rodlike crystals. The crude product was washed with DMF
to give pure Zn-MOF (43 % yield, based on H3L). IR: ν̃ = 2981 (w,
br.), 1588 (m), 1538 (m), 1381 (s), 1181 (m), 1107 (w), 1055 (m), 1015
(s) 854 (s), 778 (s), 812 (m), 702 cm–1 (m).

Dye Adsorption: In a typical experiment, a fresh crystalline sample
of Zn-MOF (10 mg) was put in the dye solution (10 mL, 200 ppm).
The adsorption spectra of the dye treated with the Zn-MOF were
recorded by using a UV/Vis spectrometer. The maximum adsorption
capacity of MB was investigated by adding the as-synthesized Zn-
MOF (35 mg) into of a 10 mmol L–1 DMF solution (20 mL) at room
temperature. Similarly, the maximum uptake was determined by
using UV/Vis spectroscopy.

Dye Release: Dye-release experiments were performed in pure
DMF and NaCl (50 mg) containing DMF solution, respectively. UV/
Vis spectra were used to measure the release ability of the Zn-MOF.

Cycloaddition of CO2 with Epoxides: In a typical reaction, a
Schlenk tube was charged with propylene oxide (25 mmol), Zn-
MOF (20 mg), and nBu4NBr (0.58 g), and the mixture was purged
with CO2 (101.3 kPa) with stirring under solvent-free conditions at
room temperature for 48 h. The progress of the reaction was moni-
tored by NMR spectroscopy/GC. A similar synthetic procedure was
followed for the other epoxides. All products were identified by
comparison with authentic samples.
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