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Two Ln-based metal—organic frameworks based on
the 5-(1H-1,2,4-triazol-1-yl)-1,3-
benzenedicarboxylic acid ligand: syntheses,
structures, and photocatalytic propertiest
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Two new metal—-organic frameworks (MOFs) having the formula [Lnx(H,0)s(L)s-3H,O], (Lh = Sm for MOF-
Sm and Tb for MOF-Tb) have been synthesized solvothermally by reacting LnClz-6H,0 with 5-(1H-1,2,4-
triazol-1-yl)-1,3-benzenedicarboxylic acid (H,L) and characterized. Single crystal X-ray analyses for MOF-
Sm and MOF-Tb revealed that both MOFs are isostructural and display a (6,8)-connected 3D structure
with a point symbol of (3°-4%.65)(3%-4°.5Y). The natures of weak interactions existing in both MOFs have
been assessed using Hirshfeld surface analyses and fingerprint plots. The utility of MOF-Sm as
a photocatalyst for the safe photodegradation of the model aromatic dye methyl violet (MV) is also
checked. The photocatalysis results showed that MOF-Sm offers reasonable photocatalytic degradation
of this dye. The plausible photocatalytic mechanism of MOF-Sm aided photocatalysis has been explained

rsc.li/rsc-advances

Introduction

The use of photocatalytic methods for degradation of aromatic
pollutants have been explored extensively due to their simple
operation, low energy consumption and high efficiency.'”
Compared to traditional photocatalysts viz. traditional semi-
conductors (such as TiO, and some metal sulphides), metal-
organic frameworks (MOFs) have comprehensively been used in
catalysis to treat organic pollutants in wastewater. This is
because of their potential semiconducting properties which
they exhibit on exposure to light.** It has now been established
that the structure of the resultant architecture in MOFs is
usually affected by several factors viz. selection of a suitable
ligand, metal cations, solvent, temperature, heating as well as
cooling rate, etc. But amongst these pertinent factors, the apt
selection of suitable organic linkers is considered as a sensible
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with the help of band gap calculations using density of states (DOS) and partial DOS plots.

way to fabricate the desirable MOFs.*” The previous reports
suggest that the imidazole-carboxylate bi-functional ligands
offer some advantages for designing and fabrication of targeted
MOFs. This is because, this ligand possess several coordination
sites to meet the coordination requirements of metal ions.*’
The photocatalysis technology utilizing solar light has now
been considered as one of the most effective technology for
waste water treatment due to its various advantages, such as low
cost, requiring low energy and better efficiency. The irradiation
of UV-visible light can induce the excitation of electrons in dye
molecules. The excited states of [dye]* can have stronger inter-
actions with the active sites of MOF and hence results in more
surface adsorption. Under UV light, the photo-excited [dye]*
gets degraded by "OH radicals which is generated via direct
excitation pathway by MOFs.' Methyl violet (MV) is a typical
cationic dye that is widely used in paper making, spraying and
textile industries. Moreover, MV can affect human's physical
health and can cause vomiting, shock, jaundice and cyanosis.
This is because this dye can interact freely with the negatively
charged membrane surface of cells, and then can reach cell's
nucleus.’”” Therefore, there is an utmost need to explore safe
and sustainable treatment methods to degrade such aromatic
dyes to convert them to relatively less harmful products.
Mostly transition metals mainly belonging to 3d transition
series have been utilized to develop MOFs having varied archi-
tectures which eventually have been utilised as photocatalysts
working under UV-vis irradiation.*”® However, lanthanide
based-MOFs which although possess enormous potential have
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Scheme 1 Chemical structure of 5-(1H-1,2,4-triazol-1-yl)-1,3-ben-
zenedicarboxylic acid (HoL) showing different coordination and
hydrogen bonding sites.

not been explored exhaustively as photocatalyst to photo-
degrade pollutants especially the aromatic dyes present in the
wastewater discharge.

Hence, in view of aforementioned points and in the pursuit of
new lanthanide based MOFs bi-functional imidazole-carboxylate
ligand a multifunctional ligand, 5-(1H-1,2,4-triazol-1-yl}-1,3-
benzenedicarboxylic acid (H,L)" have been selected in the pre-
sented study. The selection of this ligand is to increase the coor-
dination function and possible synergism of the two functional
groups, as the triangular linker. The H,L linker has been designed
because of the following merits (Scheme 1). (1) The aromatic
carboxylate and triazole ligands are two very important moieties
utilized for the construction of MOFs due to their versatile coor-
dinated modes." (2) The aromatic fragments can be regarded as
antenna which increases light absorption and transfer energy to
metal efficiently through “antenna effect”.”® With these view
points, in the presented work two new isostructural MOFs having
general formula [Ln,(H,0);(L); - 3H,0],, (Ln = Sm for MOF-Sm and
Tb for MOF-Tb), have been synthesized hydrothermally and char-
acterized. In addition to molecular structure investigation of both
MOFs their Hirshfeld surface analyses have been executed. The
MOF-Sm has further been employed as possible photocatalyst for
photodegradation of a model organic dye methyl violet. These
results of all these studies are presented herewith.

Experimental

Materials and methods

These 5-(1H-1,2,4-triazol-1-yl)}-1,3-benzenedicarboxylic acid (H,L)
and LnCl; materials were purchased from Jinan Henghua Sci and
Tec Co., Ltd and used without further purification. The FTIR
spectra were recorded in KBr discs on Nicolet Avatar 360 FTIR
spectrometer in the 400-4000 cm ™ region. Powder X-ray diffraction
(PXRD) data for the MOFs were recorded on Bruker D§ ADVANCE X-
ray powder diffractometer using Cu-Ko. radiation of 1.5418 A.

X-ray crystallography

The single crystal X-ray diffraction data were collected on
Bruker SMART APEX diffractometer using graphite mono-
chromated Mo-Ko. radiation (A = 0.71073 A) by using an w-scan
technique. The structures were solved by direct method
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(SHLEXS-2014) and refined using the full-matrix least-square
procedure based on F* (Shelxl-2014).** All the hydrogen atoms
were generated geometrically and refined isotropically using
a riding model. All non-hydrogen atoms were refined with
anisotropic displacement parameters. Crystallographic details
and selected bond dimensions for MOF-Sm and MOF-Tb are
listed in Tables S1 and S2,} respectively. CCDC no.: 2014162 and
2014163.F

Photocatalytic method

The finally divided sample of MOF-Sm (40 mg) was dispersed in
50 mL aqueous solution of methyl violet (MV) having concen-
tration of 10 mg L. After adding the MOF, the mixture was
stirred under dark for 30 min to ensure the establishment of
adsorption-desorption equilibrium. After that, the photo-
catalytic degradation of MV was conducted using XPA-7 type
photochemical reactor fitted with 100 W mercury lamp (mean
wavelength 365 nm) having light intensity of 12.7 mW cm ™2 at
quartz tube positions. During the photocatalytic degradation,
aliquots of 5.0 mL were isolated at specific time intervals and
separated through centrifugation and then subsequently the
intensity of characteristic electronic absorption band of MV
recorded using UV-visible spectrophotometer. In addition,
a control experiment was conducted under the similar reaction
conditions but without the addition of MOF-Sm.

Computational details

The possible photocatalytic mechanism by which the MOF-Sm
performed the photodegradation of the MV have been explained
with the aid of theoretical band gap calculations. The smallest
unit of this MOF was geometry optimized using the B3LYP
functional,****** using 6-31G** basis set for all the atoms except
Sm for which SDDALL basis set was employed. All the calcula-
tions were performed using Gaussian 09 program.** The final
results of the calculations were used to construct the density of
states (DOS) and fragmented partial DOS plots using GaussSum
3.1 version of programs.**?

Hirshfeld surface analyses

Molecular Hirshfeld surfaces'®>?

in the crystal structures of
both MOFs were constructed by using the procedure mentioned

previously.*

Synthesis of [Sm,(H,0);(L);-3H,0],, (MOF-Sm)

To the 10 mL aqueous solution of SmCl;-6H,O (0.0382 g,
0.1 mmol), ligand H,L (0.0233 g, 0.1 mmol) was added and the
mixture was stirred for 30 min. Thereafter the pH of this
mixture was adjusted to 6.0 by adding aqueous solution of 0.5 M
NaOH. The obtained mixture was transferred to a Teflon-lined
stainless steel vessel (25 mL), sealed and heated to 160 °C for
72 h. After 72 h the vessel was cooled to room temperature at
arate of 5 °C h™". The colourless block crystals of MOF-Sm were
obtained which was washed with distilled water (5 mL), yield
28.8% based on H,L. IR (cm™'): 3486(vs); 3128(m); 2366(m);

This journal is © The Royal Society of Chemistry 2020
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1632(v); 1583(v); 1444(vs); 1388(v); 1219(w); 1134(m); 1076(m);
785(v); 729(v); 663(m).

Synthesis of [Th,(H,0);(L);-3H,0],, (MOF-Tb)

The solvothermal reaction adopted for the synthesis of MOF-Tb
was similar to that used for MOF-Sm, except that TbCl;-6H,0
(0.0373 g, 0.1 mmol) was used in the reaction. The faint yellow
block crystals of MOF-Tb were obtained which was washed with
distilled water (5 mL), yield 49.8% based on H,L. IR (cm )
3468(vs); 3129(m); 1632(v); 1583(v); 1448(vs); 1388(v); 1219(m);
1134(m); 1067(m); 785(v), 730(v), 672(v).

Results and discussion
Molecular structure description

X-ray single crystal structural analysis reveals that MOF-Sm and
MOF-Tb crystallize in the triclinic system with P1 space group
and possess isostructural 3D network. Here, we select MOF-Sm
as a representative example for a detailed discussion of the
structure. As illustrated in Fig. S1,f the asymmetric unit of
MOF-Sm contains two independent Sm(u) ions, three L>~
ligands, three coordinated water molecules and three lattice
water molecules.

Two kinds of L*>~ are existing in MOF-Sm. In addition to type-
a L>” (Fig. 1a), type-b L*~ is also present which through one of
its triazole nitrogen and two carboxylates is participating in the
formation of self-assembly framework (Fig. 1b).>> The MOF
comprises of two different kinds of secondary building units
(SBU). The first type of SBU consists of two nine-coordinated
Sm(m) and surrounded by two oxygen atoms from two
terminal H,O, two nitrogen atoms from two trizaole groups and
twelve oxygen atoms from six carboxylate groups (Fig. 1c). While
in second type of SBU, the nitrogen atoms are replaced by two
oxygen atoms of two terminal H,O ligands (Fig. 1d and S2t). In
other words, the carboxylate group exhibits bridging p,-n>
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Fig.1 (a and b) The coordination modes of the two kinds of ligands in
MOF-Sm; (c and d) two kinds of SBUs in MOF-Sm; (e) the packing
mode of MOF-Sm. Silver, blue, red and purple spheres represent C, N,
O and Sm, respectively. Hydrogen atoms have been omitted for clarity.
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Fig. 2 (a) Perspective view of 3D network in MOF-Sm; and (b) sche-
matic representations of 6,8-connected dinuclear metal units coor-
dinated with L%~ ligands.

mode in type-a L*” ligand, while two different coordination
modes from the pair of carboxylate groups of type-b L>~ ligand
can be seen which coordinates to Sm(m) in p;-n* and p,-n’n’
modes.*®

Each SBU connects adjacent SBU through two kinds of L>~
bridges in four different directions which forms an unusual
three-dimensional network with one-dimensional channels of
ca.5.2 A x 6.3 A (Fig. 1e and 2a). Topologically, each SBU can be
simplified as nodes and the L*>~ ligands can be considered as 2-
connected and 3-connected nodes, the complicated architecture
of MOF-Sm is simplified to a new (6,8)-connected 3D network
with a point symbol of (3°-4*-6°%)(3°-4°-5"7) as analysed by the
TOPOS program (Fig. 2b).”” Moreover, the -7 stacking
interactions between the trizaole rings of two kinds of L>~
ligands (centroid-to-centroid distances of 3.86(3) A) were
observed in the channel (Fig. 1e). The water molecules and
uncoordinated imidazole groups occupy the voids of three-
dimensional network. The solvent accessible volume in MOF-
Sm calculated excluding water molecules by PLATON analysis is
6.5% of the cell volume. Wang et al. have reported four water-
stable lanthanide metal-organic frameworks (Ln(u)-MOFs)
(1-Ln, Ln(m) = Tb, Eu, Dy, and Sm), [Ln(L)(HL)(H,0),]
(H,L = 4-(1H-1,2,4-triazol-1-yl)isophthalic acid), where the
deprotonated H,L ligands have two different coordination
modes. These adjacent SBUs were linked with >~ linkers to give
a 2D layer along the c¢ direction. Furthermore, these C8-HS8A:--
N3 (1.935 A) hydrogen bonds exist between the neighbouring

Fig. 3 The dphorm surfaces for MOF-Sm and MOF-Tb.
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layers, extending the 2D network into a 3D framework. Topo-
logically, these structures could be viewed as a binodal (3,4)-
connected topological net with a point symbol of (4>- 6 8)(4>--
6)."** The difference in structures is due to the isomerism of the
functional groups of the ligands.

Hirshfeld surface analyses

The Hirshfeld surfaces for both the MOFs are shown in Fig. 3.
The dominant interactions are revealed by circular depressions
in the d,orm plots which have been constructed between —0.7 to
1.4 A. The weak interactions are shown effectively in dnorm
surfaces with large circular depressions (deep red), suggesting
the existence of strong interactions. While, the longer and
weaker interactions are shown as small areas in the Hirshfeld
surface plots.

In fingerprint plots for both MOFs (Fig. 4), the complemen-
tary regions are visible where one molecule behaves as a donor
(de > d;) whilst another acts as an acceptor (d. < d;). In addition,
the characteristic plots could be split apart to specify the atom
pairs having close contacts. This enables us to evaluate the
contributions by the different strong as well as weak interac-
tions present in the structure. In the complex the O---H/H:--O
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Fig. 4 Fingerprint plots for both the MOFs.
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and N---H/H---N interactions appear as two distinct spikes of
unequal lengths in the 2D fingerprint plots between the region
2.03 A < (d. + d;) < 2.47 A as light sky-blue pattern in full
fingerprint 2D plots. While, the 7t---7t non-covalent interactions
are lying in the upper middle portion of the fingerprint plot in
the region 1.6 A < (d. + dj) < 2.4 A. For MOF-Sm, the
O--*H/H:--O, N---H/H--N and 7---7t interactions contribute
24.5%, 10.8% and 2.8%, respectively. While, in MOF-Tb the
O---H/H---O, N--*H/H---N and m---7 interactions contribute
24.3%, 10.6% and 2.6%, respectively to its total Hirshfeld
surface. The small variation in different contribution in the
fingerprint plots could be ascribed to the isostructural nature of
both the MOFs.

IR spectra and thermal properties

In the FTIR spectra of both MOFs (Fig. S31), the main charac-
teristic bands at ~1384 cm™' and ~1631 cm™ ' are mainly
attributed to the asymmetric and symmetric stretching vibra-
tions of the carboxylate groups, respectively. The characteristic
absorption band was not observed at 1700 cm ™" which suggests
the complete deprotonation of H,L ligand.”® This difference in
the vibration magnitudes corresponding to symmetric and
asymmetric stretch Av[vagcoo)y7scoo) are ca. 139 cm™! and
126 cm ™~ for MOF-Sm and MOF-Tb, respectively. This indicate
bridging bidentate coordination modes of carboxylate groups to
the central metal atoms. The bands at 3486 and 3461 cm ™" for
MOF-Sm and MOF-Tb respectively, are assigned to the stretch-
ing vibrations »m) of water molecules. The bands at ca.
1583 cm ™ ' for both MOFs are assigned to the V(c=n) absorption
in the imidazole ring of L*~ ligand. To assess the thermal
stabilities of both MOFs, thermogravimetric analyses (TGA)
were performed under nitrogen atmosphere (Fig. S41). The TGA
analyses indicated that the weight loss of 9.8% (calcd 9.6%) in
the first step from 57 to 255 °C corresponds to the removal of

—s—Without catalyst
e MOF-Sm
~—a—Add BQ in MOF-Sm
v Add TBA in MOF-Sm
~+—Add AO in MOF-Sm

Absorbance(a.u)
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Fig. 5 (a) Absorption spectra of the MV solutions during the decom-

position reaction under UV irradiation in presence of MOF-Sm; (b)
photodegradation of the MV solution with different scavenger solu-
tions in presence of MOF-Sm; (c) linear-log plot as a function of visible
light irradiation time; (d) cycles of the photocatalytic degradation of
MV in MOF-Sm.
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water molecules. The second weight loss occurred in a temper-
ature range from 342 to 608 °C which corresponded to the
decomposition of the 1>~ ligands which eventually ruptures the
MOF framework.

Photocatalytic property

In this work, we employed the photodegradation of MV as
a model to demonstrate the photocatalytic activities of MOF-Sm
under UV light irradiation (Fig. 5). For MOF-Sm, about 98.7%
degradation of MV was observed after 30 min. Apart for per-
forming the photodegradation of MV in presence of MOF-Sm,
for the sake of comparison, the control experiment (without the
addition of MOF-Sm) was also executed. Under control experi-
mental condition, the photodegradation of MV was only 13%
within 40 min (Fig. S5f), which indicated that negligible
decomposition of the dye without the photocatalyst MOF-
Sm.>* Also, the change in the Ci/C, plot of MV solutions vs.
reaction time is presented in Fig. 5b. The distinct variation in
photodegradation of MV compared with the control experiment
indicates that MOF-Sm is an active photocatalyst for the
decomposition of MV in the presence of UV irradiation. The
photocatalytic performances of several Ln-based MOFs for
aromatic dye putrefaction under UV radiation; visible radiation;
or both UV and visible light irradiation are listed in Table S3.t
This comparison indicates that the photocatalytic perfor-
mances of MOFs are affected by several factors such as
absorption of the light, charge separation efficiency, number as
well as the nature of catalytic sites. This suggest that during Ln-
based cation used to prepare MOFs, the resulting MOF frame-
works, extent of conjugation, coordination environment and
steric hindrance around the active metal sites play vital role in
deciding the suitability of any MOF to be used as photocatalyst.

In order to gain insight into the nature of active species
involved in the dye degradation process, the photocatalytic
reactions were performed under the similar conditions using
catalyst MOF-Sm along with several radical scavengers such as
tertiary butyl alcohol (TBA), benzoquinone (BQ) and ammo-
nium oxalate (AO) (Fig. 5b and 6). The radical scavenging
experiments demonstrated that the photocatalytic activity of
MOF-Sm decreased to 47% after 30 min of irradiation and the

100

- @
o o
1 1

Decolorization (%)
N
o

20 4

TBA

Original BQ AO

Fig. 6 Comparison of the percentage photodegradation of MV solu-
tion with different scavenger in presence of MOF-Sm.
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Table 1 The pseudo first-order rate constants and the corresponding
square of the correlation coefficients for the photocatalytic degrada-
tion reactions

MV
Material k (min™") R
MOF-Sm 0.1450 0.9979
MOF-Sm + BQ 0.0603 0.9938
MOF-Sm + TBA 0.0216 0.9952
MOF-Sm + AO 0.0825 0.9991

degradation rate was 0.0216 min~" when the TBA was added in
the system (Fig. 5c and Table 1). However, the degradation of
MV by MOF-Sm in the presence of other two radical scavengers
viz. BQ and OA doesn't declined significantly (Fig. 5b, ¢ and 6).

The degradation mechanism for MV could be explained as
follows: the excited photo-electron moves from the valence
band (VB) to the conduction band (CB), when MOF-Sm is under
UV-vis light illumination. Meanwhile, the excited holes in the
VB at the Sm(m) sites helps to produces hydroxyl radicals which
decomposes the organic pollutants (Scheme 2). Thus, hydroxyl
radicals play an important role in degrading different organic
dyes because of its strong oxidising ability in aqueous solution.
This mechanism is also found in other Ln-MOFs.* Further-
more, when MOF-Sm was suspended into the aqueous solution
of MV in the dark for two days, no significant decline in the
characteristic absorption intensity of MV was observed, which
ruled-out the possibility of adsorption of dye molecule into the
framework of MOF-Sm.**® Hence, this experiment indicates
that MOF-Sm showed excellent catalytic activity and good
stability for the photodegradation of MV in water. To check the
photocatalytic ability of the recycled MOF-Sm, after each pho-
tocatalytic cycle of MV, the photocatalyst MOF-Sm was filtered,
washed with distilled water under stirring, and then filtered
again. No significant reduction in percentage photodegradation
of MV was observed even when the photocatalyst was used four

v

= 1%

o/
CBe hv
TN
MOF-Sm

Scheme 2 The possible mechanism involved in dye degradation and
electron transfer in photocatalytic process.
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Fig. 7 Density of states (DOS) and partials DOS plots for MOF-Sm.

cycles.’”** The result indicated that MOF-Sm shows good
reproducibility as photocatalyst. Moreover, the recovered
sample of MOF-Sm was further characterized by powder X-ray
diffraction (PXRD) which showed patterns nearly identical to
that of the pristine MOF-Sm (Fig. S67). This suggested that the
MOF retained its framework integrity after performing photo-
catalysis of MV.

To explore the mechanism using which MOF-Sm performed
photo-degradation of MV, the band structure calculations were
performed which was based on density functional theory (vide
supra). The obtained results of this calculation were used to
construct DOS and partial DOS plots which are shown in Fig. 7.
The plots display that the valence band (VB) in MOF-Sm is
having major contributions from aromatic carbons and
carboxylate oxygen atoms. While Sm(ui) and nitogen centres of
traizole offered almost negligible contribution in the VB. Like-
wise, the conduction band (CB) in MOF-Sm is again having
contributions from aromatic carbon and oxygen centers. Hence,
pDOS plots suggest that in MOF-Sm, the electronic transitions
are of ligand-to-ligand type. During photo-excitation one L>~
transfers electron to another L>~ ligand which lead to genera-
tion of holes and these holes further assist in the production of
hydroxyl radicals by reaction with water. These hydroxyl radicals
then perform mineralization of MV.

Conclusion

In summary, we have successfully synthesized and character-
ized two isostructural Ln-MOFs based on a versatile bi-
functional imidazole-carboxylate 5-(1H-1,2,4-triazol-1-yl)-1,3-
benzenedicarboxylic acid ligand. They exhibit a unique (6,8)-
connected network with a point symbol of (3°-4*-6°)(3%-4°-5'7).
The various interactions existing in the crystal structure of both
the MOFs were investigated using Hirshfeld surface analyses
and the fingerprint plots obtained during Hirshfeld surface
calculations allowed scrutiny of all the important intermolec-
ular interactions within the crystal structures. The photo-
catalytic results of MOF-Sm showed that this material can be
suitable for performing photodegradation of MV and analogues
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aromatic dyes. This induced photocatalytic properties was
ascribed to the formation of hydroxyl radicals generated during
the ligand to ligand transitions. The presented work will
generate interest amongst inorganic chemistry to design and
synthesize newer Ln-based MOF for their use as photocatalyts
for the safe and sustainable degradation of organic dyes.
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