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Abstract: Two new metal-organic frameworks based on
2,2′-bipyridine-5,5′-dicarboxylate and lanthanide (Ln)
metal ions were prepared under solvothermal condi-
tions, using HCl as a modulator. JMS-8 and JMS-9 MOFs
([Ln(bpdc)3(dmf)(H2O)3·5dmf·1.5H2O]n) crystallised in a
triclinic system with space group P1. The MOFs have rod
SBUs that grow along the b-axis. The linkers connect the
SBUs along the a-axis and c-axis giving a 3D network
structure. The packing diagrams show large pores as
viewed on the a-axis and smaller pores which can be
viewed on the c-axis. The MOFs exhibit good thermal and
chemical stability. Gas sorption studies revealed low sur-
face areas and poor CO2 adsorption capacity.
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1 Introduction

Metal–organic frameworks (MOFs) are a class of porous
materials that have attracted significant scientific interest in
recent years. Their modular construction from a wide range
of inorganicmetal nodes and organic linkers has enabled the
rational design and synthesis of materials exhibiting unique
topologies and exceptional physicochemical properties.1 As a
result, MOFs have received considerable attention owing to
their broad spectrum of potential applications.2 Structurally,
MOFs are low-density crystalline materials characterized by
large unit-cell volumes. They consist of metal centres linked
by organic ligands through coordination bonds, forming 2D
or 3D networks.3

The synthesis of MOFs is governed by several parame-
ters, including temperature, concentrations of reactants,
solubility of the reactants in the solvent, as well as the pH of
the reaction medium.4 Systematic variation of these pa-
rameters allows for fine control over the structural features
and properties of the resulting frameworks. Furthermore,
the final architecture of MOFs is influenced by factors such
as the coordination geometry of the metal centres, the shape
and functionality of the organic ligands, reaction pathways,
choice of solvent, templates, counter-ions, and the pH of the
reactive environment.5 Several synthetic routes have been
developed for MOF synthesis, includingmicrowave-assisted,
sonochemical, ionothermal, sol–gel, and microfluidic
methods. Nevertheless, solvothermal and hydrothermal
approaches remain the most widely employed techniques
for MOF synthesis.6–9

The rational self-assembly strategy for the design of new
MOFs has generated sustained interest due to the intriguing
structural diversity of these materials and their potential as
novel functional systems.7 In MOF architectures, the inor-
ganic component typically contributes to magnetic behav-
iour, mechanical robustness, and thermal stability, whereas
the organic linker enhances luminescence, structural
tunability, and processability.5 Continued research efforts in
this field have advanced the understanding of structure–
property relationships, driven by the deliberate design and
controlled synthesis of coordination polymers capable of
maintaining structural integrity under elevated tempera-
tures and pressures over extended periods.4 The inherent
high crystallinity and porosity of MOFs render them
attractive for applications such as gas storage, separation,
catalysis, luminescence, and drug delivery.10 Additionally,
their high surface areas and ease of functional modification
make MOFs highly promising candidates for the develop-
ment of advanced materials.11 Numerous studies have
demonstrated the exceptional hydrogen storage and carbon
dioxide capture capabilities of MOFs at practical pressures,
attributable to their high porosity, large pore volumes, and
tunable internal chemical environments.12,13

The organic linker plays a crucial role in defining the
mechanical behaviour of MOF crystals under applied phys-
ical stress.14 When subjected to uniaxial pressure, frame-
works containing linear molecular motifs may undergo
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buckling. At sufficiently low temperatures, such buckling
phenomena can exhibit quantum mechanical characteris-
tics, giving rise to flexibility and sensing functionalities in
MOFs.15

In this work, two novel lanthanum–bipyridyl MOFs
were synthesized, both of which clearly exhibit buckling
behaviour as revealed by single crystal X-ray diffraction
studies. Furthermore, the two isostructural MOFs of
Ce(III) and La(III) exhibited good chemical and thermal
stabilities positioning them as good candidates for cata-
lytic applications.

2 Materials and methods

2.1 Experimental

All materials were purchased from commercial sources and
were used without further purification.

2.1.1 Synthesis of JMS-8 and JMS-9
[Ln2(bpdc)3(dmf)(H2O)3·5dmf·1.5H2O]n

2,2′-bipyridine-5,5′-dicarboxylic acid (H2bpdc) (5.0mg, 0.05mmol)
and 0.5 M HCl (0.25 mL) were mixed with 5 mL DMF and
preheated to dissolve followed by addition of Ln(NO3)3⋅6H2O
(8.4 mg, 0.025 mmol), where Ln is La or Ce. The reaction
mixture was stirred for 5 min and heated in an oven for 72 h
at 60 °C. White spiky crystals of JMS-8 and yellowish spiky
crystals JMS-9 were obtained. Both JMS-8 and JMS-9 were
activated at 200 °C in an oven for 24 h to give JMS-8a and
JMS-9a polycrystalline powders.

2.1.2 Single crystal data collection

Data collectionwas done on a single crystal X-ray diffraction
using a Bruker KAPPA APEX II DUO diffractometer equip-
ped with a graphite monochoromated MoKα radiation
(λ = 0.71073 Å) at 173 K. Unit cell refinement and data
reduction were performed using the SAINT program.16 Data
were corrected for Lorentz-polarisation and absorption ef-
fects using themulti-scan method (SADABS).17 The structure
solutions were achieved by direct methods (program
SHELXS)18 and refined anisotropically by full-matrix
least-squares on F2 using SHELXL18,19 within the X-SEED20

interface. The non-hydrogen atoms were located in the
difference electron density maps and were refined aniso-
tropically while all the hydrogen atoms were placed with
geometric constraints and refined with isotropic tempera-
ture factors. The disordered solventmolecules weremasked
using the SQUEEZE program in Platon.

3 Results and discussion

MOF synthesis is based on the original models of the
building-blockmethodology.21,22 The subject has advanced to
a point where a large diversity of framework structures are
being used in numerous applications.23,24 Thus, in addition to
studies that exploit the porosity of MOFs by choice of linkers
and metal centres.25 Herein we use 2,2′-bipyridine-
5,5′-dicarboxylic acid (H2bpdc) as the linker to fabricate
lanthanide MOFs based on the following factors: (i) the
polydentate nature of the linker, it has of up to six donors,
displaying various coordination modes; (ii) the higher sym-
metry of the ligandmay result in ordered structures; (iii) the
rigidity of the linker may decrease the possibility of lattice
interpenetration in MOFs formed.26

3.1 Structural description

JMS-8 and JMS-9 are isostructural MOFs with La(III) and
Ce(III) metal centres respectively, hence the full structural
description of JMS-8 is given. Single crystal X-ray diffraction
revealed the JMS-8 crystallises in a triclinic crystal system
and space group P1. In the asymmetric unit, wemodelled two
crystallographically independent La(III) metal centres co-
ordinated to three bpdc linkers, one coordinated DMF
molecule, and three coordinated water molecules. There
were one and half water molecules and five DMF molecules
uncoordinated in the asymmetric unit of both MOFs. In
JMS-8 MOF, three of the DMF and water molecules were
highly disordered, therefore a solvent mask was calculated
for the disordered molecules and 277 electrons were found
in a volume of 916 A3 in 2 voids per unit cell. This is consistent
with the presence of 3 DMF and 1.5 water per asymmetric
unit which account for 270 electrons per unit cell. Each
La(III) metal centre is coordinated to eight oxygen atoms
resulting in a coordination number of 8 and a geometry of
bicapped trigonal prismatic as illustrated in Figure 1a.

The structure of the JMS-8 is made up of rod secondary
building units (SBU) consisting of alternating La2C4O8 and
La2C2O4 growing along the b-axis (Figure 1b), the La2C4O8

configuration of the SBU gives a paddle wheel conformation.
The bond length about the two metal centres modelled

in the asymmetric unit are not the same (2.497(2) and 2.429(2)
Å) and this describes why the structure has two crystallo-
graphically independent La(III) centres. The La(III) metal
centres take up a geometry of bicapped trigonal prismatic.27

The volume occupied by coordinated and uncoordinated
DMF in the asymmetric unit, together with two H2O mole-
cules constitutes 53.6 % of the unit cell volume as estimated
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in Platon28 using a probe radius of 1.2 Å. The crystallographic
information for the two isostructural MOFs is given on
Table 1.

The packing diagram of JMS-8 is illustrated in Figure 2.
Analysis of the structure shows the presence of both inter-
molecular and intramolecular hydrogen bonding that exist
between coordinated water molecules and uncoordinated
water and DMF molecules. This seems to strengthen the
geometry and convey stability in the MOF.27 These solvent
molecules occupy the channels of 13.2 × 14.5 Å illustrated in
Figure 2a.

The MOFs exhibit rod SBUs which are connected by
double and single bpdc linkers which propagate along the a-
axis and b-axis to give a 3D structure depicted in Figure 2a.
Buckling of the linkers is observed in Figure 2a, double
walled linkers buckle out interconnecting SBUs along the b-
axis. The single walled linkers show alternating buckling in
and out as the connect SBUs along the c-axis. The connection
between SBU and the single walled linkers can be viewed
along the b-axis (Figure 2b). A view along the c-axis show the

slanted double walled linkers connecting to adjacent SBUs,
with smaller pore which can also be seen in this axis
(Figure 2c). The case of MOFs’ stability, the trend is that
dot < rod < sheet.29 Hence these Rod MOFs (JMS-8a and
JMS-9a), show fairly good stability.

3.2 FTIR analysis

FTIR analysis was done to provide evidence that the linkers
are coordinated to the metal centres and the deprotonation
of the carboxylic acid groups (Figure 3). This is consistent
with what is modelled in the crystal structure.

The linker shows a carboxylic acid absorption band at
1,738 cm−1, which shifts to 1,570 cm−1 uponMOF formation in
JMS-8 (Figure 3a). This suggest that the carboxylate moiety is
coordinated to the La(III) centres. A similar effect is also
observed in JMS-9 (Figure 3b). Upon activation of the MOFs
there is the disappearance of the absorption band at
1,652 cm−1 in both MOFs, confirming the successful removal

Figure 1: Connectivity of the linker to the metal
ion. (a) a view of the geometry around La(III)
metal centre, (b) secondary building unit of
JMS-8 viewed along the b-axis.
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of DMF molecules. The asymmetric and symmetric carbox-
ylate stretches in JMS-8MOF is located at 1,570 and 1,395 cm−1

respectively (1,566 and 1,389 cm−1 in JMS-9). The band located

at 1,518 cm−1 in JMS-8 (1,509 in JMS-9) is attributed to the C–C
of the aromatic rings.

3.3 PXRD analysis

PXRD analysis shows that the calculated and experimental
diffraction peaks of JMS-8 and JMS-9 are in good agreement,
confirming the phase purity of the synthesized MOFs
(Figure 4).

Upon activation of the MOFs to give JMS-8a and JMS-9a,
it was noted that some,diffraction peaks around 10, and 16
two-theta positions disappear while the structural integrity
is maintained.21,27

3.4 Thermal analysis

Thermal analysis of JMS-8 by TGA (Figure 5a) shows a 14 %
weight loss between 26 and 133 °C which corresponds to the
loss of three coordinated water molecules, and two unco-
ordinated DMF molecules (calculated 15 %). The 15 % weight
loss between 140 and 420 °C was due to the 3 uncoordinated
DMFmolecule and one coordinated DMFmolecule modelled
in the crystal structure (calculated 17 %). There is a 2 % dif-
ference in the expected weight loss and the experimental
weight loss. This was possible due to the loss of uncoordi-
nated water molecules prior to the thermal experiment.

The TGA thermal of JMS-9 is different (Figure 5b), having
a continuous weight loss of 33 % from 26 to 301 °C, corre-
sponding to the loss of three coordinated water molecules,
five uncoordinated DMF molecules and one coordinated
DMF molecules (calculated 32.4 %).

Table : Crystallographic and refinement parameters of JMS- and
JMS-.

JMS- JMS-

Empirical formula CHNO.La CHNO.Ce
Formula weight (g mol−) ,. ,.
Temperature/K () ()
Crystal system Triclinic Triclinic
Space group P P
a/Å .() .()
b/Å .() .()
c/Å .() .()
α/° .() .()
β/° .() .()
γ/° .() .()
Volume/Å ,.() ,.()
Z  

Calculated density (g/cm) . .
μ(Mo-Kα)/mm−

. .
F()  

Crystal size/mm
. × . × . . × . × .

Radiation . Å . Å
θ range for data
collection/°

.° .°

Index ranges , ,  , , 
Reflections collected , ,
No. unique data , ,
Goodness of fit on S . .
Final R indexes [I ≥ σ(I)] . .
Final wR indexes [all data] . .
Largest diff
peak/hole/e Å−

./−. ./−.

Figure 2: Packing diagramof JMS-8. (a) pores viewed along the a-axis, (b) MOF framework viewed along the b-axis, and (c) pores viewed along the c-axis.

4 M. Gumbo and G. Mehlana: Synthesis and characterization of lanthanide MOFs



Figure 3: FTIR spectra of (a) JMS-8, (b) JMS-9.

Figure 4: PXRD pattern of (a) JMS-8, (b) JMS-9.

Figure 5: Thermal analysis of (a) JMS-8, (b) JMS-9.
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The thermograms of both activated MOFs (JMS-8a and
JMS-9a) show some weight loss below 100 °C which could be
attributed to adsorption of moisture. Thermal decomposition
of both thenative andactivatedMOFs is observedabove400 °C.

3.5 Chemical stability studies of JMS-6 and
JMS-7

To assess the chemical stability, the activated MOFs, JMS-8a
and JMS-9a were soaked in different organic solvents for
24 h. JMS-8a and JMS-9a were soaked in methanol, ethanol,
water, acetonitrile, isopropyl alcohol and THF. The recov-
ered samples we analysed using FTIR, PXRD and TGA.

3.6 FTIR spectra of soaked materials

Successful activation of the MOFs is evidenced by the
disappearance of the FTIR band at 1,652 cm−1, which is
attributed to the carbonyl stretch of DMF molecules.30 FTIR
studies show that the position of the asymmetric and sym-
metric carboxylate stretches at 1,572 and 1,395 cm−1 were not
affected by soaking the MOFs in solvents (Figure 6). There is
no evidence of the carboxylic acid absorption band at
1,738 cm−1, indicating that the carboxylate sites are still co-
ordinated to the metal centres. Both JMS-8a and JMS-9a
(Figure 6) are stable is all the solvents used. Chemical sta-
bility ofMOFs is important to ascertain the differentworking
environments for the MOF materials.

3.7 PXRD diffractograms of soaked
materials

PXRD shows comparable patterns of the soaked materials to
the calculated pattern of the activated materials (JMS-8a and
JMS-9a). This supports that the materials are stable in the
solvents they were soaked in. The stability observed in the
two systems may be attributed to the presence of a rod SBU
and the high coordination number of the metal centre
(Figure 7).

3.8 TGA curves of the soaked materials

TGA analysis revealed that the thermal stability of the MOFs
is significantly reduced by soaking them in solvents, how-
ever the materials are quite stable in all the solvents used to
soak them (Table 2 and Figure 8).

The activated MOFs were able to take up water and
methanol molecules after the MOFs were soaked in these
solvents (Table 2). Water and methanol were able to occupy
the vacant pores of the MOFs due to their small molecular,
mass and dimensions. Both MOFs did not show an uptake of
bulky solvents such as isopropyl alcohol due to pore size re-
striction. The amount of THF and acetonitrile uptake per
asymmetric unit was observed to be 0.5 in both JMS-8 and
JMS-9. This can be attributed to similar kinetic diameters for
these two molecules. JMS-9 showed more water uptake of 3.5
per asymmetric unit compared to 2.5 for JMS-8. The amount of
ethanol andmethanol uptake in bothMOFswere comparable.

Figure 6: FTIR spectra for chemical stability studies of (a) JMS-8, (b) JMS-9 in different solvents.
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Figure 7: PXRD pattern of chemical stability studies of (a) JMS-8, (b) JMS-9.

Table : Solvent uptake and thermal decomposition temperature of JMS-a and JMS-a.

Solvent JMS-a JMS-a

Solvent uptake
(La(bpdc):sol)

Decomposition
temperature (°C)

Solvent uptake
(La(bpdc):sol)

Decomposition
temperature (°C)

Water .  . 

Methanol   . 

Ethanol    

Acetonitrile .  . 

Isopropyl alcohol    

THF .  . 

Figure 8: Thermal analysis of (a) JMS-8 and (b) JMS-9 soaked in various solvents.
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The MOFs both exhibit decomposition above 400 °C in
the soaked samples as compared to 420 °C in the activated
material (Figure 8).

3.9 Surface characterisation

SEM analysis was used to investigative the surface
morphology of the JMS-8a and JMS-9a. Both JMS-8 and JMS-9
present a rod like morphology as depicted in Figure S1. TEM
studies of both JMS-8a and JMS-9a were done to check the
morphology of the MOFs. As illustrated in Figure S2, both
MOFs exhibits a block morphology. EDX studies was used to
further confirm the presence of desired elements and to
check possible presence of impurities. EDX can detect
numerous elements, even those with low atomic number.
Pristine JMS-8a and JMS-9a MOFs only contained lanthanum
metal, carbon, nitrogen and oxygen atoms (Figure S3).
Elementarymappingwas employed to study the distribution
of the different elements present in the JMS-8 and JMS-9MOF
matrix. As illustrated in Figure S4, the Ln metals are evenly
distributedwithin theMOFmatrix. BET analysis was done to
conform the surface area and pore size distribution of the
JMS-8 (Figure S5). The MOF shows at type 1 adsorption
isotherm and a surface area of 20 cm2/g. The pore size dis-
tribution shows a greater degree of micro porosity, which is
characteristics of regular MOFs. CO2 sorption of the mate-
rials studies were attempted; however, the materials did not
show good CO2 sorption properties.

4 Conclusions

Two isostructural MOFs JMS-8 and JMS-9 were reported.
These MOFs were analysed by diffraction and spectroscopic
methods. The activated phases JMS-8a and JMS-9a were
exposed to ethanol, methanol, water, acetonitrile, isopropyl
alcohol and THF to test their chemical stability. Both MOFs
show good chemical and thermal stability. Gas sorption
studies however, show that the MOFs have very low surface
areas as well as poor CO2 sorption. Owing to the thermal and
chemical stability, future work will focus on encapsulating
molecular catalysts in bothMOFs CO2 hydrogenation studies.
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