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Two metal-organic frameworks, {(NH,Me,)[Zn(Pycia)l}, (MOF-1)
and {(NH;Me,)[Zn,(Pycia)(PBA)I},, (MOF-2), have been synthesized
based on pyrazole functionalized carboxylic acid ligands for
organic dye adsorption. The enlarged pore dimension of MOF-2
suggests the advantage of additional linear auxiliary ligand for
the structure tuning of the MOFs. Furthermore, the anionic
frameworks of the MOFs endow them with size selective
adsorption toward different cationic organic dyes.

Organic dyes are critical compounds for industrial
applications such as textile, printing, leather, etc." However,
they could also induce serious threats to the environment
and human health.>® Due to the stability of the dye
molecules, their degradation and elimination under natural
conditions can be difficult.* As an alternative approach, the
physical adsorption of dyes with porous materials could be a
straightforward and effective way.

In this context, metal-organic frameworks (MOFs), as a
class of newly-developed materials with high porosity and
designable channels,”” have caught much attention. As a
new class of porous materials constructed from metal ions or
clusters and organic ligands through coordination bonds,*™*°
MOFs feature highly tuneable structures and adsorption
properties, which make them widely investigated in storage
and separation fields (including gas molecules and organic
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molecules).""™* Specific to the adsorption of organic dyes,

the highly tuneable pore geometry and chemistry of MOFs
could be utilized to regulate the adsorption and separation of
dye molecules that feature distinct sizes and
characteristics.">°

For the achievement of function targeted structural tuning
of MOFs, the rational design of organic ligands is critical."”
For instance, the metal-ligand bonding affinity could
influence the stability of MOFs, the structural flexibility of
MOFs could rely on the variable configuration of ligands, and
the topology of MOFs is usually determined by the geometry
of ligands.>"® Aiming at the construction of MOFs for dye
adsorption, the stability and porosity structure of framework
are two important factors that could determine the
performances of the MOFs. In this consideration, the
utilization of carboxyl-pyrazole based ligands could be an
ideal choice. On the one hand, carboxyl groups possess a
variety of coordination modes, providing more possibilities
to form novel MOFs in the process of self-assembly.'”'®* On
the other hand, based on the hard and soft acids and bases
(HSAB) principle, the pyrazole group can form strong
bridging interaction with soft Lewis acid metal ions, which
has important significance for the stabilization of
coordination frameworks.>'°*' Furthermore, there are
similar characteristics between a carboxyl group and a
pyrazole group, including similar electric charges and
coordination modes, but subtle coordination ability.*?
Therefore, MOFs feature intriguing and stable architectures
and are expected to be constructed with ligands by
integrating carboxyl groups with pyrazole groups.**™°

Taking all these aspects mentioned above into account
and as a continuous work of our group,'*” we have
proceeded the construction of MOFs based on pyrazole
functionalized carboxylic acid ligands for dye adsorption.
Herein, two Zn(u) MOFs, {(NH,Me,)[Zn(Pycia)]}, (MOF-1) and
{(NH,Me,)[Zn,(Pycia)(PBA)]},, (MOF-2) (HzPycia = 5-(1H-
pyrazole-4-carboxamido)isophthalic acid and H,PBA = 4-(1H-
pyrazol-4-yl)benzoic acid), were reported. MOF-1 exhibits a
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porous framework with 3,6-connected topology and one-
dimensional (1D) channels of about 6.0 A in diameter. By
introducing H,PBA to the assembly system, MOF-2 was
obtained, which reveals a 3,5-connected topology and an
enlarged pore diameter of about 15.0 A. The result indicates
that the mixed-ligand strategy is a promising and convenient
method for the tuning of MOF structure. Furthermore, MOF-
1 and MOF-2 are negatively charged frameworks and possess
positive ions in the channels, which exhibit favourable
selective adsorption of organic cationic dyes based on charge
and size-matching effect (Scheme 1).

Single X-ray diffraction study revealed that MOF-1
crystallizes in the orthorhombic system with the space group
Pbcn. The asymmetric unit contains one Zn(u) ion and one
Pycia®™ ligand (Fig. 1a). According to the charge balance
consideration, the anionic framework is balanced by (NH,-
Me,)", from the decomposition of the DMF solvent during
the solvothermal reaction. Each Zn(u) ion is coordinated with
two O atoms and two N atoms from four Pycia®” ligands,
showing a distorted tetrahedral geometry. Two Zn(u) ions are
bridged by four N atoms from two Pycia®” ligands to form a
dinuclear second building unit (SBU). The dinuclear SBUs are
connected by six Pycia®” ligands to form octahedral
substructure (Fig. 1e), which are further linked by Pycia®
ligands to generate a three-dimensional (3D) framework
(Fig. 1d and f). The network reveals 1D channels with a
diameter of 6.0 A along the ¢ axis (Fig. 1d, considering the
van der Waals radius). In detail, the 1D channel could be
considered as a linear assembly (Fig. 1c) of hexahedral cages
in an ABAB:---arrangement, of which the cages are defined by
the ligands and metal centres (Fig. 1b). The accessible
volume of the framework is about 66.5% of the cell volume,
according to the PLATON?® analysis after removing all the
guest molecules. Furthermore, the framework could be
viewed as a (3,6)-connected network with apo topology with
the Schlifli symbol of {4-6*},{4%.6°-8"}, where the SBUs and
Pycia®™ ligands are simplified as 6-connected and
3-connected nodes, respectively (Fig. S47).

MOF-2 crystallizes in the trigonal system with the space
group P3,21. The asymmetric unit contains two distinct Zn(r)
ions, one Pycia®” ligand, and one PBA*” ligand (Fig. 2a). Each
Zn(u) ion is coordinated with two N atoms from one Pycia®
and one PBA”" ligands and two O atoms from one Pycia®

+@=

H,Pycia + zn(ll)

MOF-2

Scheme 1 Schematic representation of the construction of MOF-1
and MOF-2 for selective adsorption of organic dyes.

5942 | CrystEngComm, 2020, 22, 5941-5945

View Article Online

CrystEngComm

Fig. 1 Crystal structure of MOF-1: (a) coordination environment of
Zn(1) ions and Pycia® ligands; (b) the hexahedral cage defined by
dinuclear SBUs and Pycia®  ligands; (c) one dimensional channel
assembled by the hexahedral cages along the c axis; (d) the 3D
framework with one dimensional channels; (e) the octahedral
representation of the dinuclear SBU; (f) schematic illustration of the 3D
framework of MOF-1 with one dimensional channels.

and one PBA®  ligands, showing a distorted tetrahedral
geometry, which is similar to the Zn(u) ion in MOF-1. The
two adjacent Zn(u) ions are bonded into a dinuclear SBU with
four N atoms from one tritopic Pycia®” and one linear PBA*”
ligands, and two O atoms from one PBA*" ligand. The
dinuclear SBU as a polyhedral centre is connected by three
Pycia®™ and two PBA*™ ligands to form a trigonal bipyramid
(Fig. 2e). The trigonal bipyramids are further connected by

(d) U]

Fig. 2 Crystal structure of MOF-2: (a) coordination environment of
Zn(in) ions and ligands; (b) the hexagonal prism cage formed by
dinuclear SBUs and Pycia®" and PBA?" ligands; (c) the one dimensional
channel formed by the hexagonal prism cages along the c direction;
(d) the 3D framework with one dimensional channels; (e) the trigonal
bipyramidal representation of dinuclear SBU; (f) schematic illustration
of the 3D framework of MOF-2 with one dimensional channels.
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the ligands to form a three-dimensional framework with 1D
hexagonal channels (Fig. 2d and f), of which the aperture is
about 15 A (considering the van der Waals radius), larger
than that of MOF-1. Meanwhile, twelve dinuclear SBUs as
vertices form a hexagonal prism cage (Fig. 2b), then three
cages at different angles as the minimum repeated unit
construct a 1D channel along the ¢ axis (as shown in
Fig. 2¢). The anionic framework is charge balanced by (NH,-
Me,)". For the 3D framework, the effective free volume is
80.6% of the cell volume, which is much higher than that
of MOF-1. In addition, the topological analysis of the
framework results in a (3,5)-connected new network with
the Schlifli symbol of {4-5°}4-5%.6>-7°.8}, where the SBUs
and Pycia’” ligands are simplified as 5-connected and
3-connected nodes, respectively (Fig. S57).

By comparing the structural characteristics of the two
MOFs, it is obvious that the introduction of the auxiliary
H,PBA ligand tunes the structure of the MOF effectively.
The Zn(n) ions in the two compounds reveal similar
coordination modes and the pyrazole groups in the two
kinds of the ligands adopt the same coordination modes.
However, the carboxyl groups in PBA®>" ligand adopt a
bidentate bridging mode to connect the adjacent Zn(u)
ions to form the dinuclear SBU, while Pycia®~ ligand takes
a monodentate bridging mode to link one Zn (u) ion.
Obviously, the PBA®" ligand as a spacer could further
increase the distance between the inorganic SBUs to result
in a more accessible pore volume. As a result, the
channels of MOF-1 are formed by the hexahedral cages,
while the channels of MOF-2 are constructed by the
hexagonal prism cages with larger apertures. In
consideration of the dye adsorption application, the larger
pore volume and aperture could benefit the adsorption of
organic molecules with larger backbone of dyes and
improve adsorption capacity.

Before the investigation of their dye adsorption
properties, the phase purity and thermal stabilities of MOF-
1 and MOF-2 were characterized by powder X-ray diffraction
(PXRD) and thermogravimetric (TG) analyses (Fig. S6-S97).
As shown in Fig. S6 and S7,f the well-matched experimental
and simulated XRD patterns indicate the high phase purity
of the bulk samples. The TG profiles show that the
frameworks of MOF-1 and MOF-2 could be stable up to 350
°C (Fig. S8 and S97).

Since the frameworks of MOF-1 and MOF-2 are anionic,
they are suitable for the adsorption of cationic dyes.
Accordingly, two sets of experiments were designed to
evaluate their dye adsorption behaviours. The first group
focused on dyes with similar sizes, but different charges
(including methylene blue: MB', thiazole orange: TO', sudan
I: SD° coumarin: CM° methyl orange: MO~, and lllion
chrome blue and black: LB'). Based on the experimental
results of the first group, the second group concentrated on
cationic dyes with different sizes (such as methylene blue:
MB’, thiazole orange: TO', rhodamine 6G: R6G", and victoria
blue: VB') (Fig. S10%).
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For the first set of experiments, the cationic dye solutions
containing MB" (20 mg L") and TO" (20 mg L™) have
gradually faded during 24 hours when 10 mg of MOF-1 and
MOF-2 was added. Accordingly, the colorless crystals turned
into blue and orange in the solution of MB' and TO',
respectively. On the contrary, the colors of anionic solutions
containing MO~ (20 mg L") and AR™ (20 mg L") and
electrically neutral solutions containing SD° (20 mg L") and
CM° (20 mg L") remained. The phenomenon coincided with
the measurement results by UV-vis spectroscopy (Fig. S11 and
S12t). The effective adsorption of cationic molecules could
be attributed to the ionic interaction between anionic
frameworks and the cationic dye molecules. Moreover, the
(NH,Me,)" guests in the channels could be readily exchanged
with cationic dyes to promote the adsorption of dyes.

Furthermore, to verify the adsorption selectivity of MOF-1
and MOF-2 toward cationic dyes, competitive experiments
were performed in the presence of different anionic or
neutral dyes. The mixed solutions (20 mg L', 1:1 by volume
ratio) including MB'/SD°, MB*/CM°, MB'/MO™, and MB'/LB~
(Fig. 131 for MOF-1 and Fig. S$151 for MOF-2) and TO"/SD°,
TO/CM®, TO"/MO™, and TO'/LB™ (Fig. S141 for MOF-1 and
Fig. S167 for MOF-2) were utilized for the experiments, and
the results showed that the two MOFs could selectively
adsorb MB' and TO". All the results demonstrate that MOF-1
and MOF-2 are not only high-efficiency porous materials for
the adsorption of MB' and TO', but also that their
adsorption behaviours are not interfered by other anionic or
neutral dyes.

In consideration of the distinctive pore dimensions of
MOF-1 and MOF-2, their adsorption selectivity to cationic
dyes with different sizes was also investigated with R6G" and

Fig. 3 UV-vis spectra of MB* solutions (a) and TO™ solutions (b) upon
adsorption by MOF-1; UV-vis spectra of MB* solutions (c), TO*
solutions (d), R6G* solutions (e) and VB* solutions (f) upon adsorption
by MOF-2.
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VB', which reveal a much larger molecular backbone than
that of MB" and TO" (Fig. S101). As revealed by the UV-vis
spectroscopy data (Fig. S11t), when MOF-1 was added into
the dye solution (20 mg L"), the concentration of MB" and
TO" dropped quickly (Fig. 3a and b), while the concentration
of R6G" and VB' remained nearly unchanged. In contrast, for
MOF-2, all four kinds of dyes could be removed from the
solution effectively (Fig. 3c—f). The distinctive dye adsorption
behaviours of MOF-1 and MOF-2 toward dye molecules with
different sizes are well consistent with their structures. The
enlarged pore aperture of MOF-2 allows the adsorption of
dyes with larger dimension, while the limited pore size of
MOF-1 results in its size selective adsorption toward smaller
dyes.

In addition, the adsorption capacities of MOF-1 and MOF-
2 toward MB' and TO" were determined to further evaluate
the effectiveness of the mixed-ligand strategy for dye
adsorption optimization. As shown in Fig. S18; for both
MOF-1 and MOF-2, the equilibrium adsorption amount (g.)
reaches a plateau with increasing initial concentration of the
adsorbent (c,) in the g.—c, profile for both MB" and TO". The
adsorption capacity of MB" reaches 29 mg g™' for MOF-1 and
87 mg g~ ' for MOF-2, respectively. As for TO", the capacities
are about 13 mg g™* and 76 mg g for MOF-1 and MOF-2,
respectively. It is clearly evidenced that the MOF-2 owning
the enlarged pore dimension and pore volume has an
improved adsorption capacity relative to MOF-1. By
comparing with the dye adsorption performances reported in
relative research,?~** the distinct dye selectivity and capacity
of MOF-1 and MOF-2 further verify the importance of charge
effect as well as the size-matching effect factors for
performance optimization. All these results demonstrated
that mixed-ligand strategy is a promising method for
structural tuning and optimizing properties of MOFs.

In summary, two Zn(u) MOFs with a distinct
architecture have been constructed with trigonal H;Pycia
and linear H,PBA ligands. Compared with MOF-1
possessing hexahedral cages, MOF-2 exhibits a structure
with larger hexagonal prism cages resulting from the
existence of auxiliary H,PBA ligand. Based on charge and
size-matching effect, they exhibit size selective adsorption
behaviour for cationic organic dyes. Therefore, two MOFs
could be considered as the promising materials to clean
environment by the simple physical adsorption of organic
dyes.
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