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ty and Ins
[26_TD$DIFF]A B S T R A C T

Two isostructural Ni(II)/Co(II)-based metal-organic frameworks (MOFs), namely {[M3(L)2(bpb)3(H2O)4]�
2DMF�2H2O}n [M =Ni (HL-5, HL is short for Hui-Ling Liu); M = Co (HL-6); H3L = 20,60-dimethyl-[1,10-
biphenyl]-3,40,5-tricarboxylic acid; bpb = 1,4-bis(pyrid-4-yl)benzene], have been hydrothermally syn-
thesized and structurally characterized. BothHL-5 andHL-6, which have the same three-interpenetrated
3D pillared-layer framework with sqc306 type topology, present good selective methyl orange (MO)
adsorption over rhodamine B (RhB). Moreover, the catalytic CO2 cycloaddition properties with epoxides
of the two MOFs have also been studied at ambient pressure and temperature.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Nowadays, the environment deterioration has been one of the
biggest issues which is unable to avoid. For example, the release of
toxic organic compounds or harmful gases have seriously
endangered the ecological balance and brought a variety of
disasters and diseases to human beings. To solve these problems,
many ideas have been developed, based on the keywords of
degradation, adsorption or conversion [1–3]. Therefore, how to
degrade, adsorb, separate or convert these hazardous wastes is of
great significance and challenge, and to realize this purpose, one of
the important directions is exploit relative materials that could
efficiently deal with these pollutants.

Recently, porous metal-organic frameworks (MOFs), which are
composed of inorganic metal centers and organic ligands, have
received great attention since this kind of materials entered the
sight of human. Compared with many traditional materials, MOFs
have presented many unique physical and chemical properties,
and showed potential applications in lots of areas (e.g., storage,
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separation, catalysis and sensing) [4–21]. The micro/meso-
porosity of MOFs make them very suitable for the adsorption of
specific molecules (e.g., gas or organics) [22–26]; through the
modulation of ligands and/or metal centers, the pores of MOFs
could be easily functionalized and size/shape-modulated, which
further brought excellent performances such as molecule sieving
and selective catalysis [27–33]. All these features confirm that
MOFs are well in line with the concept mentioned above in this
area, and some success have also been achieved in designingMOFs
with excellent performances for pollutant removal and transfor-
mation [34–38]. However, some non-ignored problems also need
to be solved, for example, the framework stability towards hard
conditions (many MOFs lost their porosity when degassed,
exposed in water or under high temperature due to their weak
coordination bonds). Therefore, there is still a long way to go for
the studies of this field.

In this work, our focus lies on the dye adsorption and CO2

conversion. Here, we present two isostructural Ni(II)/Co(II)-based
MOFs, namely {[M3(L)2(bpb)3(H2O)4]�2DMF�2H2O}n [M =Ni (HL-
5); M = Co (HL-6)], with a three-fold interpenetrated sqc306 type
topology. Due to their interpenetrated features, both the twoMOFs
exhibit excellent hydrothermal stabilities. Moreover,HL-5 andHL-
6 shows good bifunctions in selective dye adsorptions and catalytic
cycloaddition of CO2 with epoxides.
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Single-crystal diffraction analysis reveals the two MOFs are
isostructural in spite of their different metal centers and space
groups (HL-5: Ni2+, C2/m; HL-6: Co2+, P1). Therefore, in the
following description, HL-6 is selected to show their structures. As
illustrated in Fig. S1b (Supporting information), the asymmetric
unit of HL-6 contains three Co(II) centers (Co1, Co2, and Co3), one
L3� ligand, three bpb ligands and two water molecules. All Co(II)
ions are six-coordinated (two N atoms and four O atoms) with
octahedral geometry (Table S2 in Supporting information)
calculated by SHAPE 2.1 [39] and two vertexes of the
octahedron are occupied by the two N atoms from different bpb
ligands with four O atoms forming the equatorial plane. However,
for Co1 and Co2, coordinated O atoms are from two
isophthalate groups of L3� ligands and two water molecules,
while for Co3, the four O atoms are all from the third carboxylate
groups of two different L3� ligands. The Co��O bond distances are
from 2.081(2) Å to 2.140(2) Å, and the Co��N bonds range from
2.102(3) Å to 2.159(3) Å. In addition, the coordination angles
around Co(II) ions are in the range of 61.33(10)�–180.0� (Table S3 in
Supporting information). Each L3� ligand acting as a 3-connected
linker in a m3-h1:h1:h2 coordination mode (two monodentate
and one chelate, Fig. S1c in Supporting information), connects
three Co(II) ions, resulting in the formation of a two-dimensional
(2D) honeycomb layer structure (Fig. 1a), which is further
partitioned by the coordination between 1/3 of the bpb
ligands and Co3 centers (Fig. 1b). Then, the rest 2/3 bip ligands,
which coordinate with Co1 and Co2 centers, respectively, link the
2D layers together to form a three-dimensional (3D) “pillared-
layer” framework (Fig. 1c). Moreover, since the large voids in
one single framework, three identical and independent
single frameworks are entangled with each other to generate
the final three-fold interpenetrated framework of HL-6 (Fig. 1d).
The solvent accessible volume is [27_TD$DIFF]23.6% (526.8 Å3 per unit cell
volume), as estimated by PLATON [40]. Finally, topology of the
framework of HL-6 is also analyzed, and it reveals a (3,4,4)-
connected 3-nodal sqc306 type 3D net with a point symbol of
{6�72}2{64�7�8}2{74�10�11} (Fig. S1d in Supporting information) by
considering L3-, Co1 or Co2, and Co3 as three-, four-, four-
connected nodes, respectively.
[(Fig._1)TD$FIG]

Fig.1. Structures of theMOFs. (a, b) Formation of the 2D layer structures inHL-6. (c) The 3
3D framework of HL-6.
Before property studies, the framework stability of HL-5 and
HL-6 were further confirmed by PXRD and TGA analysis. On one
hand, the PXRD patterns of the samples for both HL-5 and HL-6
after various treatments (solvents exchanged, dyes solution and
even immersed in boiling water) agree well with the experimental
and simulated ones, indicating their good phase purity and
excellent framework stability against different solvents and
solutions (Fig. S2 in Supporting information). On the other hand,
TGA curves (Fig. S3 in Supporting information) reveal that both the
two frameworks showgood thermal stabilities with relatively high
decomposing temperatures (HL-5: 400 �C; HL-6: 379 �C). In
particular, for HL-5, the first step [28_TD$DIFF]8.7% weight loss at 30–189 �C
corresponds to the departure of two free DMF molecules (calcd.
8.5 wt%), while the second loss of [29_TD$DIFF]6.3% at 293–343 �C means the
removal of two free and four coordinated H2O molecules (calcd.
6.2 wt%); forHL-6, thefirst obviousweight loss of [30_TD$DIFF]10.2% is observed
at 30–169 �C, which is caused by the removal of two free H2O and
two free DMF (calcd. 10.8wt%), and further weight loss of [31_TD$DIFF]4.7% was
observed from277–379 �C,which is consistentwith the loss of four
coordinated water molecules (calcd. 4.6 wt%). The excellent
framework stability of the two MOFs provides powerful guarantee
for further property studies.

Using porous materials to adsorb dyes from aqueous solutions
is one of the effective methods for dyes pollutant collection. Given
their hydrothermal stability, the dyes adsorption properties of the
two MOFs were measured by immersing a certain amount of the
samples (10mg) in aqueous solution of dyes (MO or RhB, 5mL,
20mg/L). As shown in Fig. 2a, after 90min, the orange solution of
MO shaded off into colorless in the presence ofHL-6, indicating the
efficient MO adsorption of HL-6. Meanwhile, the absorbance peak
of MO at 462 nm decreases a lot with time, and about [32_TD$DIFF]96.3% of total
MO is adsorbed (capacity: 9.63 [33_TD$DIFF]mg/g). However, as for RhB uptake
(Fig. 2b), the solution color has almost unchanged with the
absorbance peak (552 nm) slightly declined. Investigation forHL-5
([34_TD$DIFF]Figs. 2d and e) reveals that it has similar dyes adsorption
behaviors with HL-6 and the MO uptake capacity is 8.0mg/g.
Moreover, a pseudo-first-order kinetic model (Fig. S5 in Supporting
information) is evaluated for better comprehending the reaction
kinetics behavior of the dye adsorption [41] and the apparent rate
D pillared-layer framework inHL-6. (d) Formation of the three-fold interpenetrated
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Fig. 2. UV–vis spectra and color changes during adsorption of MO and RhB in the presence of the MOFs. MO (a) and RhB (b) adsorptions for HL-5; MO (d) and RhB (e)
adsorptions for HL-6. Adsorption performance of HL-5 (c) and HL-6 (f) in the mixture solution of MO and RhB dyes.

[(Fig._3)TD$FIG]

Fig. 3. Yields of propylene carbonates from cycloaddition of CO2 and different
propylene oxide with and without the two MOFs.
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constants ([35_TD$DIFF]Ka) forMO is calculated to be 1.79�10�2min�1 forHL-5
and 4.04�10�2min�1 for HL-6.

Due to the obvious difference for MO and RhB adsorptions,
dyes separation properties of HL-5 and HL-6were further studied
in a mixed solution (v/v = 2.5/2.5, 5mL) as well. As shown in
[34_TD$DIFF]Figs. 2c and f, both HL-5 and HL-6 present good selective MO
uptake over RhB. The orange red mixture gradually turns to pink
which is the color of RhB, suggesting the removal of MO from the
solution. Moreover, the UV–vis absorption spectra could also
demonstrate that the peaks of MO at 462 nm quickly decreasewith
time, while the peaks of RhB at 552 nm are only slightly change.
The selective MO uptake properties of the two MOFs might be
attributed to the size-based sieve effect (molecular size:
RhB>MO), which are caused by framework interpenetration of
HL-5 and HL-6.

Epoxy carbonates are widely used as reaction intermediate or
solvent in some fine chemical synthesis processes. The key
factor for this transformation is the adsorption and activation of
the greenhouse gas CO2. The unique features of pore structure
and acidic metals have made MOFs potentially excellent
catalysts. Considering the high solution stability as well as
the outstanding adsorption property, catalytic transformation of
CO2 into value-added epoxy carbonates via cycloaddition with
epoxides over the obtained MOFs were further carried out as an
expand application.

The reaction was carried out under mild conditions (room
temperature and 1 atm pressure). Fig. 3 shows the catalytic
performance of cycloaddition of CO2 with various epoxides
over HL-5 and HL-6. No product was detected without the
addition of any catalysts, and about [36_TD$DIFF]20% yield of epoxy carbonates
were obtained when adding tetrabutylammonium bromide
(TBAB) as catalyst, which is consistent with the results in
previous literatures. However, when adding MOFs into the
reaction system in the presence of TBAB, it clearly showed an
enhanced catalytic conversion rates of the products.
Apparently, HL-6 exhibited superior catalytic performance than
HL-5 under the same conditions, which should be connected with
the different intensity of acidic metal site. The yield of propylene
carbonate overHL-6 is [37_TD$DIFF]76.27%, which is obvious higher than that of
HL-5 and some reported catalysts (for example, the yield of
propylene carbonate is [38_TD$DIFF]49.20%, 48% and 47.5% over HKUST-1, MOF-
505 and Cu(tactmb), respectively) [42,43]. Some high yield of
propylene carbonate [39_TD$DIFF](>80%) was also reported over some MOFs,
however, excessive TBAB and/or high temperature are
required during the reaction process [44,45]. In addition, the
yield of epoxy carbonate decreased over both HL-5 and HL-6 with
the increase of molecular size of epoxides substrates, which
should be possibly caused by the limited diffusion of epoxides with
large-sized molecules into the micropores of the MOFs. These
results further indicate that the obtained MOFs could potentially
be used as molecular size selective catalysts in some chemical
transformations.

In summary, two isostructural Ni(II)/Co(II)-based MOFs, show-
ing 3D (3,4,4)-connected 3-nodal sqc306 type topology, have been
synthesized and characterized. The two MOFs which are hydro-
thermally stable, both exhibit good selective dye adsorption of MO
over RhB. Further studies reveal that both the twoMOFs also show
certain catalytic activity in CO2 cycloaddition with epoxides at
ambient conditions. [40_TD$DIFF]
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