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Synthesis, crystal structures and, magnetic and
photoluminescence properties of lanthanide-based
metal—organic frameworks constructed with 2,5-
dihydroxybenzene-1,4-dicarboxylic acidt

Sajjad Hussain, & *2 Xuenian Chen, & **¢ william T. A. Harrison, ¢ Saeed Ahmad,®
Shahzad Sharif,” Jian Su, Shabbir Muhammad ©" and Shujun Li@®®

Four new lanthanide() coordination polymers (1-4)
dihydroxybenzene-1,4-dicarboxylate (Dhbdc, CgHeOg% ) as a ligand and characterized by elemental
analysis, infrared spectroscopy, TGA-DSC (Thermogravimetric Analysis-Differential Scanning Calorimetry)

have been synthesized by using 2,5-

and single crystal X-ray diffraction studies. The isolated complexes include; [Ce(Dhbdc)(H,0)sCll, (1) and
[Ln(Dhbdc)1 5(H20).],-3n(CoHeO)-nHLO [Ln = Eu (2), Gd (3) and Tb (4)]. The structural analysis reveals
that compound 1 is a two-dimensional polymer in which the cerium atoms are coordinated by six
oxygen and two bridging chloride ions adopting a dodecahedral geometry. The compounds 2-4 are
isomorphous and their extended structures consist of three-dimensional supramolecular frameworks
encapsulating [001] channels occupied by the guest water and ethanol molecules. The metal atoms in
2—-4 exhibit a square antiprism geometry. All these compounds have O-H---O hydrogen bonds
originating from the coordinated water and solvent molecules that help to consolidate the structures.
The compounds 1, 3 and 4 were investigated for magnetic properties and they exhibited weak
antiferromagnetic coupling interactions between the lanthanides as per the Curie Weiss law. Anisotropic
nature of 3 and 4 has been depicted as per magnetization versus field plots. Complex 4 behaves as
a soft magnetic material as compared to 3. The luminescence studies indicate that compounds 2, 3 and
4 show ligand-centred fluorescence, which is significantly enhanced in the case of 4.

1. Introduction

The lanthanide-based metal-organic frameworks (MOFs) have
drawn special consideration owing to their fascinating struc-
tures' ™ resulting from the flexible coordination environment of
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lanthanide(m) ions»*** and due to their distinct magnetic and
optical properties arising from the 4f electrons of lantha-
nides.**"'® These properties led to their prospective applica-
tions in catalysis,'*”*® gas absorption,*'®" optoelectronic
devices,''*?*?* sensors,”**** contrast agents® and molecular
magnetism‘5,15,16,30—32

Several factors are important for the rational design of
MOFs, such as the shape and binding mode of the ligands, the
spacer linking the binding sites, reaction conditions and
geometry of metal ions. The selection of a characteristic ligand
plays a fundamental role in the formation of lanthanide-based
coordination networks.>**%*¢33-35 Lanthanide(u) ions have high
affinity towards hard bases, such as oxygen donors and in this
respect multicarboxylate ligands, which possess hard base sites
of high density, seem to be ideal ligands in the construction of
MOFs. > 581115163451 Among these ligands, the rigid carboxyl-
ates, benzene-1,4-dicarboxylic acid (Bdc-H,)***** and its
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derivatives with a centrosymmetric structure®>**>3#* have
drawn considerable attention because they possess various
coordination modes such as, monodentate, bis-monodentate,
bidentate, tridentate and chelating bridging; which favor the
building of interesting structural patterns and packing frame-
works. They can promote eminent pi stacking and help to
sensitize the lanthanide centered fluorescence initiated from
the ligand centered excited states.***

A number of lanthanide coordination compounds incorpo-
rating 2,5-dihydroxybenzene-1,4-dicarboxylate (Dhbdc) ligand
have been structurally characterized and investigated for their
magnetic properties.>**** Their structures range from one
dimensional chains to three dimensional networks. 2,5-
Dihydroxybenzene-1,4-dicarboxylic acid (Dhbdc-H,) contains
two sets of oxygen donors: carboxylate oxygen binds strongly to
the metal center,>*'* whereas the hydroxyl groups may be
engaged in coordination®** or remain uncoordinated and can
form various hydrogen bonds to produce complicated supra-
molecular structures.®**** Thus, it seems to be a suitable
candidate to develop the extended lanthanide-based
frameworks.

Keeping in view the continuing demand for the fabrication
of novel lanthanide-based polymers to enlarge the available
database and for exploration of their magnetic properties, we
have used 2,5-dihydroxybenzene-1,4-dicarboxylic acid (Dhbdc-
H,) as a carboxylate linker with a number of lanthanide salts to
grow new functional lanthanide coordination polymers. As
a result, four new mononuclear lanthanide(i) complexes (1-4)
with two- or three-dimensional framework structures were
prepared, which have the general formula; [Ce(Dhbdc)(H,0)s;-
Cl], (1) and [Ln(Dhbdc), 5(H,0)s],*37(C2HeO)-nH,O [Ln = Eu
(2), Gd (3) and Tb (4)]. The complexes (1-4) were characterized
by thermogravimetric analysis (TGA), infrared (IR) spectros-
copy, and their structures were determined by single crystal X-
ray diffraction technique. The representative photo-
luminescent and magnetic properties were also investigated. In
the previous such reports, the optical properties of the
complexes were not considered.>*'>

2. Experimental

2.1 Materials and measurements

The lanthanide salts (CeCl;-7H,0, EuCl;-6H,0, GdCl;-6H,0,
TbCl;-6H,0) and ethanol were purchased from Sigma Aldrich,
Johnson Matthey Company, USA. 2,5-Dihydroxybenzene-1,4-
dicarboxylic acid was obtained from Alfa Aesar, China. The IR
spectra were measured over the frequency range 4000-400 cm ™"
using KBr pellets on PerkinElmer Spectrophotometer-100. TG-
DSC analyses were performed on NETZSCH Simultaneous
Thermal Analyzer 449 F5 from room temperature to 1000 °C in
air with heating rate of 10 °C per minute. The percentage
composition analysis for carbon and hydrogen were carried out
on Vario Microcube Elementar. The photophysical properties
were investigated through Fluorescence Spectrometer FLS 180
(Edinburgh Instruments). The magnetic susceptibilities were
performed in the temperature range of 2-300 K by applying
magnetic field of 2000 Oe (1 kOe = 7.96 x 10* Am™") for 1, 3
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and 4 as well as in the field of —90 to 90 kOe for samples 3 and 4
using a Quantum Design Dyna Cool PPMS, USA. The magnetic
susceptibilities were revised for the diamagnetic corrections.*
The results are depicted as plots of Xm, xm - and xmT versus T
(xm = molar magnetic susceptibility) using Origin Pro soft-
ware.”® The effective magnetic moment (u.sr) was derived by
using the formula pegr = 2.828 (xmT)"? in Bohr magneton units
(us)-*”*® The Hirshfeld surfaces are generated by crystal explorer
version 17.5 to analyze the interactions in the crystals structure.

2.2 Crystal structures determination

Single crystal analyses of 1-4 were conducted on a Rigaku Super
Nova CCD diffractometer using CuKe. radiation (1 = 1.54184 A)
at 150(2) K. An empirical absorption correction was applied
using SADABS.* The crystal data were solved by direct methods
with SHELXS-97 ® and refined by full-matrix least-squares
methods on F* using SHELXL-2014.°* The C-bound H atoms
were geometrically placed (C-H = 0.99 A) and refined as riding
atoms. The O-bound H atoms were located in difference maps
and refined freely as riding atoms in their as-found relative
positions or with gentle restraints. The constraint U, (H) =
1.2Ueq (carrier) was applied in most of the cases. The data
collection and refinement details are summarized in Table S1.t

2.3 Synthesis of complexes

2.3.1. Synthesis of 1. The solutions of cerium(m) chloride
heptahydrate (0.372 g, 1 mmol) in 5 mL deionized water and
0.198 g (1 mmol) 2,5-dihydroxybenzene-1,4-dicarboxylic acid
dissolved in 20 mL ethanol, were mixed and stirred for 2 hours.
0.1 M NaOH solution was used to adjust the pH of the mixture at
4-5. After stirring, the mixture was filtered and left for crystal-
lization at room temperature. After one-week, light yellow
crystals of 1 were separated after rinsing with ethanol.

Analysis for 1, CgH;00oClCe: calculated (%): C 22.57; H 2.37.
Found (%): C 22.91; H 2.51, yield ~39%. IR peaks of 1 (cm ™,
KBr): 3355 (s), 3054 (w), 1637 (vs.), 1505 (m), 1450 (m), 1363 (m),
1246 (m), 904 (w), 868 (w), 817 (m), 786 (s), 595 (W), 553 (m).

2.3.2. Synthesis of complexes 2-4. The compounds 2-4
were synthesized by reacting 1 mmol of MCl;-6H,0 [M = Eu
(0.366 g), Gd (0.371 g) and Tb (0.373 g)] dissolved in 5 mL
deionized water and 0.396 g (2 mmol) 2,5-dihydroxybenzene-
1,4-dicarboxylic acid in 20 mL ethanol. The solutions were
stirred at room temperature for three hours and the pH of 4-5
adjusted using 0.1 M NaOH solution. The solutions were filtered
and kept in the refrigerator at 0 °C for crystallization. The
crystals appeared in the solutions after two to three weeks. The
complexes 2, 3 and 4 were separated from the solutions as
colorless crystals after rinsing with ethanol.

Analysis for 2, C13H3,0;5Eu: calculated (%): C 33.86; H 4.74.
Found (%): C 33.91; H 4.82, yield ~40%. IR data of 2 (cm !,
KBr): 3418 (s), 1568 (w), 1503 (m), 1452 (s), 1357 (m), 1237 (vs.),
1117 (w), 1040 (w), 902 (w), 872 (m), 817 (m), 812 (s), 787 (s) 786
(s), 605 (W), 549 (m).

Analysis for 3, C;3H30015Gd: calculated (%): C 33.58; H 4.70.
Found (%): C 33.81; H 4.75, yield ~45%. IR data of 3 (cm !,

This journal is © The Royal Society of Chemistry 2020
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KBr): 3393 (m), 1573 (m), 1503 (s), 1448 (vs.), 1361 (s), 1239 (vs.),
1116 (w), 1043 (w), 870 (m), 812 (w), 787 (m), 605 (W), 546 (m).

Analysis for 4, C;3H3,0;5Tb: calculated (%): C 33.50; H 4.68.
Found (%): C 33.65; H 4.77, yield ~43%. IR data of 4 (cm™",
KBr): 3402 (m), 1570 (m), 1503 (s), 1448 (vs.), 1357 (s), 1239 (vs.),
1116 (w), 1041 (w), 871 (m), 812 (w), 787 (m), 605 (W), 548 (m).

3. Results and discussion
3.1 Synthesis

The compounds 1-4 were obtained by treating the respective
metal chlorides with 2,5-dihydroxybenzene-1,4-dicarboxylic
acid (Dhbdc-H,) in 1:1 or 1:2 molar ratio in water-ethanol
mixture maintained at a pH of 4-5 by using 0.1 M NaOH solu-
tion. In all cases, the carboxylate groups were fully deproto-
nated, while the hydroxyl groups remained protonated. The
presence of water and ethanol molecules within the structures
demonstrate that the mixture solvent was crucial for the
formation of complexes. Except for complex 1, the chloride ion
did not participate in coordination to metal ions. The chloride
binding was also not detected in the previously reported
structures of lanthanide-Dhbdc complexes prepared using
chloride salts.>” All four prepared complexes exist as mono-
nuclear polymers. The X-ray analyses revealed that these
compounds could be divided into two different families.
Complex 1, belongs to family 1 and features a two-dimensional
layer structure. Complexes 2-4 belong to family 2 and possess
a three-dimensional framework. It is reported that mono-
nuclear, dinuclear or non-cluster polynuclear complexes are
usually formed at pH range 3-5,>% while the polynuclear
lanthanide-hydroxido complexes are obtained under physio-
logical pH conditions.*

3.2 IR analysis

The IR spectrum of complex 1 is displayed in Fig. 1, while those
of complexes 2-4 are shown in Fig. S1-S3t respectively. The
spectral pattern of all complexes is nearly similar because of
having the same ligands, particularly for 2-4, which are iso-
structural. The IR spectra of the complexes show the charac-
teristic absorptions for the asymmetric and symmetric stretches
of carboxylate functions in the regions of 1600 and 1500, and
near 1350 cm ' respectively,>® which are not found in the
spectrum of Dhbdc-H,. In the IR spectrum of Dhbdc-H,, these
stretching frequencies are observed around 1700 and
1400 cm™ " respectively. Coordination involving the carboxylate
groups for all the complexes is supported by the shifts of their
bands towards lower wavenumbers as compared to free ligand.
The absence of peaks at about 1700 cm " indicates that the
carboxylic groups in the complexes are deprotonated. The broad
signals due to O-H stretching vibrations of water and hydroxyl
group appear at about 3420-3300 cm ™ " in all these compounds.
The broadening represents the presence of hydrogen bonding
in the complexes, particularly in 2-4. The rocking vibrations of
coordinated H,O (p(H,0)) were found near 800 cm™'. The
medium intensity bands in the vicinity of 1240 cm ™" can be
assigned to the carboxylate (O-C=0) stretches. The carboxylate

This journal is © The Royal Society of Chemistry 2020
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bending vibrations, §(O-C-O) are observed around
900 cm ™ '.*** The spectra also give characteristic »(C=C)
modes of benzene ring near 1450 cm~ ‘. The weak bands
appearing around 3000 cm ™" are assigned to the C-H stretching
vibration of the ligand. The C-H stretch of ethanol solvate in 2

was detected at 2873 cm ™.

3.3 Thermal analysis

The TG-DSC plots of complex 1 is depicted in Fig. S4.7 The first
weight loss of 11.5% (calculated = 12.7%) that occurs at 100-
160 °C, attributes to the removal of three coordinated aqua
ligand. The loss of water is accompanied by an endothermic
transition at 110 °C in the DSC curve. The dehydrated complex
remains stable up to 225 °C. Above 225 °C, a continuous
decomposition occurs until 825 °C in two overlapping steps. In
the first stage two molecules of CO, along with 0, and in the
later, chloride ions are lost with a combined weight loss of
32.5% (theoretical 24.4 + 8.3 = 32.7%). The DSC plot shows an
endothermic dip at 260 °C corresponds to the release of CO,.
The total weight loss is 44% (calculated = 45.4%). The final
residue probably corresponds to the presence of cerium-
phenolate species with a percentage 56% (calculated = 55%).
The compound 2 is selected as a representative from the
isostructural series of 2, 3 and 4. The TG-DSC curves of 2 are
depicted in Fig. S5.1 The first weight loss of 24% occurs between
60 °C and 125 °C that corresponds to the non-coordinated water
and ethanol molecules (calculated = 24.6%). The second weight
loss of 5.8% (calculated = 5.4%) observed in the temperature
range 130-190 °C is attributed to the removal of two aqua
ligand. The next decomposition step falling in the region 190-
925 °C indicates the removal of benzene-dicarboxylate ligands
(with minus 1.5 oxygen atoms) with the weight loss of 43.2%
(calculated = 42.3%) leaving behind 1Eu,0; as a residue
(experimental = 27%, calculated = 27.4%). The DSC curve
depicts three endotherms at 100 °C, 175 °C and 320 °C corre-
sponding to the above three weigh losses respectively.

3.4 Description of crystal structures

Complex 1, [Ce(Dhbdc)Cl(H,0);], shows a 2D layered frame-
work, in which the asymmetric unit consists of one Ce(m)
cation, a doubly-deprotonated Dhbdc>~ (CsH,4O6>") anion,
a chloride ion and three coordinated water molecules as
exhibited in Fig. 2. The important bond parameters are pre-
sented in Table 1. The Ce atom in 1 is coordinated by three
oxygen atoms from three different Dhbdc ligands, two chloride
ions and three water oxygen atoms. The resulting CeO¢Cl,
coordination polyhedron approximates quite well to a dodeca-
hedron as shown in Fig. 3. The Dhbdc?*~ anion adopts a mono-
dentate (n') coordination mode towards the Ce(u1) ion from the
C7/01/02 carboxylate group and bridging monodentate (-
n',n') to two symmetry related Ce(ur) ions from the C8/03/04
group. The dihedral angles between C7/01/02 and C8/03/04
groups and the central C1-C4 benzene ring are 11.01 (9) and
13.30 (17)°, respectively. The OH groups at the 2- and 5-posi-
tions of the benzene ring form intramolecular O-H:--O
hydrogen bonds to adjacent carboxylate O atoms to generate

RSC Adv, 2020, 10, 12841-12850 | 12843
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Fig. 1 FTIR spectrum of [Ce(CgH4O6)Cl(H,0)3l,, 1.

S(6) rings. The Ce-O bond lengths vary from 2.402(3) to 2.573(3)
A (mean Ce-O = 2.478) and fall in the range of already reported
Ce(ur) carboxylate complexes.>*****® The Ce-O bond lengths for
carboxyl groups are shorter than those of water molecules
indicating their stronger binding. The mean Ce-Cl bond
distance (2.878 A) is considerably longer. The chloride ions are
also connected with a neighboring metallic center, forming the
four-membered rings as depicted in Fig. 2. Crystal symmetry
results in a centrosymmetric Ce,Cl, diamond with a Ce---Cel @i
=—x,1—1y,2—2)=4.6668 (4) A and Ce-Cl-Ce' = 108.32 (4)°.

In the extended structure of 1, the combination of the edge-
sharing (via the chloride-ion bridges) between the CeO¢Cl,
polyhedra and the bridging Dhbdc ligands lead to (011) poly-
meric layers without any pores or free space. Within the crystal
structure, the intra- and inter-layer O-H---O hydrogen bonding
interactions connect the coordinated water molecules (O7W,
0O8W and O9W) of one polymer to the carboxylate oxygen atoms
of an adjacent chain or layer. These H-bonds help to consolidate

Cefll

the 2D layers to a 3D network. The details of H-bonds are given
in Table S2.f

The structural pattern of complex 1 is not similar to any of
the previously reported structures of the lanthanide(u)
complexes. However, its composition matches with two related
hydrated compounds, {{Ln(malonate)(H,0);Cl]-0.5H,0},, (Ln =
Ce®” and Pr®®). The metal ions in both complexes are 10-coor-
dinated to three H,O molecules, six oxygen from carboxylates
and a chloride ion. The carboxylate groups behave as symmetric
chelating and monoatomic bridging ligands. In 1, the cerium
atom exhibits a coordination number of eight and the carbox-
ylate ligand adopts a monodentate (n') and bridging mono-
dentate (1,-n",m") coordination mode towards Ce(m) ions. The
chloride ions act as bridging ligands between the two metal
atoms, while in the above two complexes they are bound to one
metal ion only. The chloride ions in 1 along with the bridging
carboxylate ligands crosslink the Ce(m) chains into a two-
dimensional double layer structure. The structure of another

Fig.2 The asymmetric unit of 1 showing 50% displacement ellipsoids expanded to show adjacent Ce ions. The H-bonds are shown by dashed
lines. Symmetry codes: (i) —x, 1 —y, 2 —z; (i) —x, 1 —y, 1 —z (i)x,y -1 z+ L (ivix,y+1z-1
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Table 1 Selected bond distances [A] for complexes 1-4

1
Cel-02 2.402 (3) Ce1-03' 2.451 (3)
Ce1-04 2.457 (3) Ce1-07 2.490 (3)
Ce1-09 2.493 (3) Ce1-08 2.573 (3)
Ce1-claf 2.8734 (11) Ce1-Cl1 2.8832 (11)
2

Eu1-O1 2.343 (2) Eu1-04! 2.367 (3)
Eu1-010 2.402 (3) Eu1-03" 2.407 (2)
Eu1-011 2.421 (3) Eu1-02' 2.429 (3)
Eu1-07 2.435 (3) Eu1-08 2.540 (3)

3

Gd1-01 2.3310 (19) Gd1-04' 2.3607 (19)
Gd1-03' 2.3936 (19) Gd1-010 2.395 (2)
Gd1-011 2.416 (2) Gd1-02" 2.418 (2)
Gd1-07 2.426 (2) Gd1-08 2.526 (2)

4

Tb1-01 2.310 (2) Th1-04' 2.341 (2)
Tb1-03' 2.372 (2) Tb1-010 2.374 (2)
Tb1-011 2.398 (2) Tb1-02" 2.402 (2)
Tb1-07 2.408 (2) Tb1-08 2.517 (2)

cerium(in) complex of Dhbdc ligand, [Ce,(Dhbdc);(dmf),)]-dmf
is also known.*? In each dinuclear unit, two nine-coordinated
metal ions are bridged by four carboxylate groups of the four
Dhbdc ligands. The binuclear complex exists as a 3D MOF.
Compounds 2, 3 and 4 crystallize in the monoclinic space
group P2,/n and are isostructural. The structure of 2 (containing
europium) is discussed in details as a representative of the
series with highlighting significant differences for 3 (gadoli-
nium complex) and 4 (terbium complex), wherever appropriate.
Selected bond distances are listed in Table 1. As illustrated in
Fig. 4, the asymmetric unit of 2 consists of a Eu(i) ion, one and
a half Dhbdc®>~ anion and two coordinated water molecules
(010 and O11). The structure is completed by one water mole-
cule of crystallization (012) and three uncoordinated ethanol

Fig. 3 The CeOxCl, dodecahedron in 1; symmetry codes are same as
given in Fig. 2.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 The asymmetric unit of 2 expanded to show the complete C9

ligand and adjacent Eu ion with extra-framework species omitted for

clarity. Symmetry codes: ()1 —x,1—y, 1 —z (i) x+3,3 —y, z+ 3 (i1 —

x3+yi-z (v —xl-yl-z

solvent molecules: the overall formula being [[Eu(Dhbdc), 5(-
H,0),]-3(C,H¢0)-H,0],. The Eu(m) ion attains a coordination
number of eight by binding with six carboxylate oxygen atoms
from three Dhbdc ligands and two water molecules, adopting
a square antiprism coordination environment (Fig. 5). The
square faces of an EuOg polyhedron are defined by 01/02'/031/
o4 (()=1-x1-y,1—z (i) =1+x1 -y l+z({i)=1-=x1
+y,1 — z) and 07/08/010/011 sets of oxygen atoms. The dihe-
dral angle between these is 3.89 (14)° and the metal ion is dis-
placed from them by —1.0574 (13) and 1.5255 (15) A,
respectively. The Dhbdc ligands display two kinds of coordi-
nation modes; the C7/01/02 and C8/03/04 carboxylate groups
are bis(monodentate) bridging (1,-n*,n"), whereas C12/07/08 is
n? (0,0') chelating. The dihedral angles for C7/01/02 and C8/
03/04 with their attached aromatic ring are 6.6(6)° and 4.9(6)°

Fig. 5 The EuOg square antiprism in 2: symmetry codes as in Fig. 4.

RSC Adv, 2020, 10, 12841-12850 | 12845
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respectively; while the equivalent value for C12/07/08 with
respect to its ring is 2.3(6)°. In each case, the hydroxyl groups of
the Dhbdc®~ anions form intramolecular O-H---O hydrogen
bonds to an adjacent carboxylate oxygen atom to generate an
S(6) ring.

The mean Ln-O bond distances of 2.417, 2.408 and 2.389 A
in 2, 3 and 4, respectively, are close to those reported in other
Ln(m) complexes with carboxylic acids.**3>*>5%%7* This bond
length order is consistent with the expected trend based on the
lanthanide contraction effect, which describes that the ionic
radii decrease as the atom number increases, that lead average
Ln-O bond lengths decrease accordingly.>*”> It may be noted
that in each case, the Ln-O bonds for the chelating C12/07/08
carboxylate group are relatively longer due to formation of
strained four-membered rings.

The (1,-m",n") bridging carboxylate groups are bound to the
adjacent metal atoms to form two 8-membered chelate rings.
The pairs of metal atoms are separated with Eu---Eu' distance (i
=1-2x,1-y,1—2)0f4.1317 (3) A. The equivalent metal-metal
separations for 3 and 4 are 4.1317 (4) and 4.1329 (4) A, respec-
tively. The dimers thus formed are extending through mono-
dentate bridging carboxylate ligands into 2D sheets. Then the
sheets are bridged by chelating dicarboxylate ligand on either
side into a three-dimensional framework. The extended three-
dimensional metal-organic framework encapsulates the [001]
channels occupied by the guest water and ethanol molecules
(Fig. 6). In each case, a network of O-H---O hydrogen bonds
involving both the coordinated water molecules and ethanol
molecules helps to stabilize the structure. The geometrical
parameters of the hydrogen bonds involved in the structure are
explained in Tables S3-S5.}

Crystal structures of two lanthanide complexes with the
similar composition, [Ln(Dhbdc), 5(H,0),], (Ln = La and Pr)®
have been reported but they are not isomorphous to the present
series (complexes 2-4). In those two complexes metal ions are
nine-coordinated and Dhbdc®~ ion acts as a tridentate ligand
coordinating to three Ln(m) ions with a monodentate and
a bridging bis(monodentate) carboxylate groups, and one

Fig. 6 Polyhedral view of the metal-organic framework in 2 showing
the formation of [001] channels.
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monodentate hydroxyl group.” In the related dinuclear
complexes, [Ln,(Dhbdc);(dmf),]-2dmf (Ln = La, Nd, Sm, Gd,
and Er), the coordination modes are same as in 2.°' Later,
another similar type of complexes with one dmf solvent of
crystallization, [Ln,(Dhbdc);(dmf),)]-dmf (Ln = La, Ce, Pr, Nd
and Gd), was reported, in which three different coordination
modes are realized by the carboxylate groups of the Dhbdc
linkers, described as: p,-n',n?, p-n',m?, and p,-n2.52 All these
complexes yield the 3D MOFs. The crystal structures of analo-
gous lanthanide-terephthalate (benzene-1,4-dicarboxylate, Bdc)
compounds consist of 3D molecular frameworks and contain
no crystallization water molecules; [Ln,(Bdc);(H,0),],, with Ln
=La, Ce, Er, Tb.*”* The Ln(m) ions are eight coordinated; bound
with six O atoms from carboxylate and two O atoms from water
molecules. The Bdc ligand exhibits only the p,-n',n" bonding
mode.

3.5 Magnetic properties

The magnetic behaviors of 1, 3 and 4 are represented in the
forms of Xm, Xm - and xmT vs. T (xm molar magnetic suscep-
tibility) are shown in Fig. S6, S7t and 7 respectively. The best fit
for 1 gives the Curie constant C = 45.796 + 4.404 cm® K mol "
and the Weiss constant § = —36.325 K. At a temperature of 300
K, the product of x,T' is 0.86596 cm® K mol ™" with an effective
magnetic moment pg of 2.631 ug, which is a little higher than
the calculated value of 2.543 ug for one independent Ce(m) ion
(g7 = 0.85) in °F/, ground state. At the lower end of temperature
(2 K) the product of x,T decreases as the temperature is drop-
ped to reach a final value of 0.34347 cm® K mol ' with an
effective magnetic moment of 1.657 ug (Fig. S6T). For
compound 3, the Curie constant and Weiss constant values are
calculated as: C = 0.203 & 0.022 cm® K mol " and § = —1.55 K
respectively. At 300 K, xT = 7.61 cm® K mol " with an effective
magnetic moment u.g of 7.77 ug, which to some extent is
smaller than the calculated value of 7.94 ug per formula for one
independent Gd(m) ion (g; = 2.0) in ®S;,, ground state. The T
decreases to 7.41 cm® K mol " at 2 K with an effective magnetic
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Fig. 7 Temperature dependence of xm Xm - and xmT for 4 at an
applied field of 2 KOe.
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moment of 7.69 ug (Fig. S71). For 4, Curie constant C = 0.992 +
0.042 cm® K mol™" and the Weiss constant § = —11.54 K were
calculated. At 300 K, 7 = 11.24 cm® K mol " gives an effective
magnetic moment peg of 9.50 ug, which is a little less than the
calculated value of 9.72 up per formula for one independent
Tb(m) ion (g = 1.5) in “Fs ground state. The product xmT
decreases as the temperature is lowered to reach a final value of
5.38 cm® K mol 'at 2 K with an effective magnetic moment of
6.56 ug (Fig. 7). Such behaviors and shapes of the plots of 1, 3,
and 4 indicate weak antiferromagnetic exchange coupling
interactions between the Ln(m) ions within complexes. The
small difference between the calculated and experimental x,,T
value is due to the reduction in orbital angular momentum by
the presence of ligands with respect to the free metal ion and
the depopulation of excited Mj states of the Ln(ur) ions.””

Magnetization (M) data were measured against applied field
(H) in the range of 0-90 kOe at 2-10 K and 6-50 K for complexes
3 and 4 as shown in Fig. 8 and S87 respectively. The curves show
steady increase with increasing field (H). The plots of M versus H
for complexes show nonsuperposition of curves, indicating
magnetic anisotropic nature of 3 and 4.7°7® Magnetization
versus field (—90 to 90 kOe) plots of 3 and 4 (Fig. 9) at 4 K is
showing relatively more hysteresis loop for 3 and hence pres-
ence of more coercive forces. As the quantum regime is rela-
tively fast for 4 as shown in Fig. 9, compound 4 does not exhibit
hysteresis effect above 4 K and can be categorized as soft
magnetic materials as compare with 3.”

3.6 Photophysical properties

The conjugated ligands having aromatic ring are considered as
sensitive reagents to modify the lanthanide fluorescence. The
fluorescence emission of lanthanide complexes is due to
adequate energy transfer from the lowest triplet state of ligand
to the lanthanide ions' resonance energy level. The solid-state
photoluminescent properties of lanthanide complexes of 2,5-
dihydroxybenzene-1,4-dicarboxylate are not explored so far. The
solid-state photoluminescence spectra of compounds 2, 3 and 4
were recorded, which exhibited ligand centered emission as

1
100

Fig. 8 Magnetization M versus field H of 3 in the range 0-90 kOe.
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Fig. 9 Magnetization M vs. H of 3 and 4 at 4 K.

shown in Fig. 10. Upon excitation at 340 nm the ligand gives an
emission peak at ~480 nm. The emission bands in all these
complexes are almost similar to that in the free ligand, which
demonstrate that they have acquired the emission wavelength
of the ligand. The significant luminescence enhancement
might be due to the reason that lanthanide ions are coordinated
by the ligand that increase the rigidity and reduce the loss of
energy by radiationless decay.** The metal to ligand charge
transfer might be another possible reason for the luminescence
enhancement. The characteristics emission peaks of lantha-
nides are not observed in the spectra of complexes, which might
be due to energy gap between the lowest triplet state of ligand to
the resonance energy level of lanthanide ions.** This energy
barrier is significant that may not support the energy transfer
process from the ligand triplet state to lanthanide ions. The
luminescence quenching of coordinated water molecules is
another possible reason to deprive these complexes from
characteristics emission of lanthanides. The luminescence
emission intensity of 4 (Tb) is more as compared to that of 2
(Eu) and 3 (Gd), which might be due to overlapping of °D, — "Fg
transitions originating from terbium. Thus, complex 4
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Fig. 10 Emission spectra of the ligand and its complexes excited at
340 nm.
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Compound 3

Fig. 11 The Hirshfeld surfaces of 1 and 3 with their dyorm, d; and de maps.

efficiently enhances the luminescence emission intensity of the
ligand and can be used as promising photoluminescent
materials.

3.7 Hirshfeld surface analysis

Over the past few decades, the study of crystal structures based
on Hirshfeld surfaces have received significant importance. The
Hirshfeld surface defines the space of a molecule inside the
crystal for describing the crystal electron density into the
molecular fragments. Usually, the other molecular surfaces are
defined only by the molecule itself, whereas the Hirshfeld
surface is well-defined by the molecule and the proximity of its
nearest neighbors, and hence encodes the information about
intermolecular interactions. In present investigation, we have
chosen two representative compounds, 1 and 3 for the purpose
of studying their Hirshfeld surfaces analysis. Based on Hirsh-
feld techniques, we have represented the dy,om, di and d. maps
as shown in the Fig. 11. Among the d,,orm surfaces, the sharp red
regions appear on the surface are due to the short interatomic
contacts. The adjoining red blue shade signifies the weak
C-H---O interactions over the surface. The d; and d. surfaces
indicates that inner intermolecular contacts are more towards
the groups bearing O atoms. The stronger intermolecular
interactions are visible with red spots on Hirshfeld surfaces of
compounds 1 and 3, which mostly indicate H---O, O---O and
O---metal atom interactions. For example, in case of compound
1, two sharp peaks are visible in 2D figure print region for O

12848 | RSC Adv, 2020, 10, 12841-12850

atom interactions with all other atoms outside (Fig. S9 in ESI¥).
These sharp symmetric spikes constitute the prominent
contributions of 29.5% for inside O atom and all outer atoms,
while 20% for O atom outside all inside atoms at d, + d; = 2.4 A.
The 2D figure print regions of compound 1 for all atomic
interactions (100%) and specifically partial contributions for O
atoms are shown in Fig. S9.1

4. Conclusions

In the present study, four new lanthanide coordination polymers
based on 2,5-dihydroxybenzene-1,4-dicarboxylate ligand have
been synthesized and structurally characterized by X-ray crystal-
lography. The results indicate that 2,5-dihydroxybenzene-1,4-
dicarboxylate ligand is a suitable candidate to generate a variety
of coordination polymers through two carboxylic groups. The two
hydroxyl groups on the benzene ring can also modify the final
structure through hydrogen bonding. The Ce(m) complex
(compound 1) has two-dimensional layered structure without any
pores or free space, while those of Eu(u) (2), Gd(m) (3) and Tb(u)
(4) have three dimensional frameworks with one dimensional
channels propagating along [001] plane occupied by guest water
and solvent molecules. The Curie Weiss law and Curie constant
are satisfying for the weak antiferromagnetic interactions
between lanthanide centers for complexes 1, 3 and 4. Separation
of Mversus H plots is an indication of magnetic anisotropic nature
of 3 and 4. Complex 4 can be regarded as soft magnetic materials
as compared to 3 due to less hysteresis effect at 4 K. The

This journal is © The Royal Society of Chemistry 2020
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fluorescence studies show a significant enhancement of
complexes’ fluorescence when compared with the ligand's fluo-
rescence. The Hirshfeld surface analysis for selected compounds
(1 and 3) showed the maps of d,om, d; and d. with stronger
intermolecular interactions through the O atoms dominantly as
visible on Hirshfeld surfaces. We believe that our study will be
interesting for the scientific community engaged in designing
lanthanide-based materials for the potential application in
magnetic and photoluminescent devices.
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