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ABSTRACT: A La-TMA metal−organic framework (MOF) made up of benzene-
1,3,5-tricarboxylate and La(III) was synthesized by a different methodology
compared to those in previous reports. By using various approaches, the structural
characteristics and physical properties of the La-TMA MOF were analyzed.
Eventually, the results showed micro-hexagonal hollow tubes with a high
crystallinity grade and thermal stability (up to 400 °C) and a higher surface
area compared with those from earlier reports. The BET surface area of a similar
previous MOF was about 14.8 m2/g; however, in the current project, the BET
surface area increased to about 34.49 m2/g and the Langmuir surface area to 42.3
m2/g.

1. INTRODUCTION
Metal−organic frameworks (MOFs) are the types of
penetrable crystalline hybrid materials, and these networks
have achieved extraordinary growth over the last years, with
growing importance in industry, more specifically in science
and engineering. These compounds have been known as a
pervasive branch of porous materials with crystalline
architecture and enormous surface areas. MOFs comprise
inorganic moieties or metal-based node centers (ions like
alkaline earth metals, transition metals, lanthanides, or clusters)
and organic moieties involving the extended family of some
multifunctional ligands, which bind to each other through
coordination bonds to make crystalline frameworks. The
organic linkers are usually based on polytopic N-donor groups,
carboxylates, or even phosphonates. However, different
building blocks can be assembled to set up analogous
structures, and as a way to solve the challenge of the random
architecture and resultant behavior, post-synthetic modification
of the synthesized product to provide a prospective network
has been employed. It is an important area and promising
strategy used to design and generate novel scaffolds for
exhibiting stupendous properties compared to those of the
parent frameworks. The changed chemical and physical
properties induced in MOFs by changing their chemical
composition have introduced unexampled opportunities for
several applications.1−3

These arranged materials possess physicochemical parame-
ters that result in desirable features, such as open metal sites,
extraordinary surface area, large inoperative space, arranged
topology structure, HOMO−LUMO level, pore size/shape,
functionalized surface characteristics, uniform micro/nano-

pores,4−6 and, finally, excellent thermal, mechanical, and
chemical stability. The ability to control their morphology
(like micro- or nanoscale spheres, cubes, sheets, and rods) and
the chemical nature of their pores and to diversify the building
blocks of these structures enables us to synthesize extra-
ordinary MOFs with great potential for applications in energy
such as storage media for gases and high-capacity adsorption/
separation or in catalysis, dye/toxic material removal,7−16

enzyme immobilization,17 sensing, biomedicine and drug
delivery,18,19 separation, luminescence, fuel/energy conver-
sion/storage, thin-film devices, membranes, ferroelectrics, and
so on.1,2,5,20−28

Various methods have been suggested for synthesis of MOFs
to achieve essential properties such as shape and morphology.
The main purpose is to present an alternative method for
preparing MOFs, utilizing a proper technique and optimizing
the morphology or other properties through various factors,
such as the concentration of reagents, reaction time, and
different solvents. To date, various methods of MOF
preparation in the laboratory and industry have been reported,
from conventional solvothermal/hydrothermal synthesis to
microfluidic synthesis or dry gel conversion, etc.20,29−32 These
materials have had great effects on a broad range of
groundbreaking research areas and also industries. Moreover,
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conditional and environmental challenges such as high
temperature, the presence of toxic organic solvents and their
types, and excessively acidic or basic pH are the most
important parameters.33 The most common solvothermal
synthesis necessitates non-renewable solvents, organic com-
pounds, and high boiling temperatures. However, MOFs are
mostly synthesized by solvothermal design, which involves
poisonous solvents, long procedure times, and environmental
and health complications, although the effort to develop green
synthesis techniques is a welcome occurrence. Different
parameters of MOF synthesis such as reagents, concentrations,
molar ratios, surfactants, and solvents can lead to different 3D
structures of MOFs.34 One of the most important steps in the
synthesis is the selection of a solvent (or solvents) that is a
structure-directing agent and will regularize the coordination
environment. As a result, the kind of solvent has a significant
influence over the resulting lattice structure. Of course, the use
of some organic solvents can damage the environment.35,36

Computational assessments have proved that the thermal
stability of MOFs is the counterpart with 1- coordination
number and 2- coordination environment (not with framework
topology).37 The specific heat capacities (Cp) of all MOFs that
were studied by Mu and Walton are comparable with those of
solid-state materials such as coordination polymers, zeolites,
carbon nanotubes, and minerals. Among these MOFs, the one
with the highest thermal stability is LaBTB (560 °C) as a result
of the high coordination number of La, which is common
among lanthanides.37

La-based MOFs with different conditions of synthesis have
been reported many times. Of course, their obtained products
have some differences. Some of these differences and their unit
cells are shown in Table 1.34,38−41 A La(BTC) with a micro-
spindly rectangular rod shape and some of its graphene oxide
composites were synthesized by Liu et al., which had BET
surface areas of 14.8 m2/g for the MOF and, as the best result,
26.6 m2/g for its graphene oxide composite. Furthermore, they
acted as good absorbents for proteins (especially for
hemoglobin).38 La-based MOFs have been used as purifier
agents for water and air several times. Zhang et al. used the
calcination process on a La(BTC) MOF to absorb phosphate
from water, which could remove more than 170 mg P/g
phosphate from water.42 In addition, Jeyaseelan et al. prepared
a composite of hydroxyapatite as a substrate with a La(BTC)
MOF as a layer on it for defluoridation of water.43 The two
La3+-based MOFs that had been prepared by Paz et al. were
thermally stable MOFs (up to 400 °C) and had high selectivity
for absorbing CO2 and not N2 gas.44 Now, we introduce
another micro-La-TMA MOF with a novel hexagonal hollow
tube shape to this class of MOFs.

2. REAGENTS AND INSTRUMENTS
All of the chemical precursors and solvents were of analytical
grade and supplied by commercial sources. They were used as
received without further purifications. Benzene-1,3,5-tricarbox-
ylic acid, La(NO3)3·6H2O, and solvents comprising dimethyl-
formamide (DMF) and formic acid were purchased from the
company Sigma-Aldrich. Fourier transfer infrared (FT-IR)
spectra were obtained by a Rayleigh WQF-510A FT-IR
spectrometer (400−4000 cm−1) using KBr pellets. Field
emission scanning electron microscopy (FE-SEM), energy-
dispersive X-ray spectroscopy (EDS), and elemental mapping
were carried out with a Quanta FEG 450 FEI. The results of
thermogravimetry (TG) and differential scanning calorimetry
(DSC) were recorded using a TA thermogravimeter, the Q600.
Powder X-ray diffraction (XRD) analysis was carried out by
means of an ASENWARE AW-XDM 300 with a step time of 1
s and a step size of 0.05° at 40 kV, 30 mA, and a 0.154184 nm
wavelength. The surface area, adsorption/desorption graph,
and corresponding data of the La-TMA MOF were obtained
by a BELSORP-mini II. And as the other technique, X-ray
photoelectron spectroscopy results were obtained using a Bes
Tec in a 10−10 mbar vacuum with Kα energy = 1486.6 eV and
an Al anode.

3. EXPERIMENTAL SECTION
Benzene-1,3,5-tricarboxylic acid (0.0417 g, 0.198 mmol) and
La(NO3)3·6H2O (0.086 g, 0.198 mmol) at a 1:1 molar ratio
were mixed in an autoclavable glassy container that contained
10 mL of formic acid and 10 mL of pure DMF (at a 1:1
voluminal ratio). we shook the dish of the mixture for a few
seconds to dissolve the reagents, and then it was put in an oven
at 100 °C for 12 h. Then, the product was collected and
sequentially washed with 5 mL of pure DMF, 5 mL of
deionized water, and 5 mL of absolute acetone. Then, the
white precipitate was put in an oven at 50 °C for 30 min to
remove the residual solvents. The efficiency was more than
80%.

4. THE CHARACTERIZATION METHODS OF THE
MATERIAL

4.1. FT-IR Spectroscopy. The selected infrared absorption
bands (KBr, cm−1) are listed in Table 2.45 Great trans-
formations in the FT-IR pattern of the La-TMA MOF versus
that of the pure ligand were observed, which demonstrated the
formation of a TMA-bonded-to-La structure.

4.2. Powder X-ray Diffraction. Normal powder XRD was
utilized to find out the class of the crystalline structure with the
parameters of the La-TMA MOF (Figure 1b). The unit cell of
La-TMA MOF was determined to be monoclinic, with space

Table 1. Comparison of La-Based MOFs Comprising 1,3,5-Tricarboxylic Acid Linkers

conditions

name of MOF solvent/solvents temperature reaction time unit cell morphology

La-TMA MOFa DMF/formic acid (1:1) 100 °C 12 h monoclinic hexagonal hollow tube
La(BTC)(H2O)6

38 DMF/water (1:1) room temperature 6 h monoclinic spindly rectangular rods
La(1,3,5-BTC)(H2O)6

34 HNO3, water, ethanol room temperature 15 min monoclinic 3D flowerlike
La-BTC39 DMF 120 °C 24 h rod-like
La(BTC)(DMF)2(H2O) or LaMOF40 DMF/water 65 °C 24 h monoclinic rod-like
La(BTC)(H2O)(DMF)41 DMF 150 °C 36 h monoclinic rod-like

aThis project.
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group I12/c1 and cell specifications a = 7.621(6) Å, b =
5.368(4) Å, c = 3.596(2) Å, α = γ = 90°, and β = 96.73(1)°.

4.3. X-ray Photoelectron Spectroscopy. X-ray photo-
electron spectroscopy (XPS) is a reliable method for
comprehensive study of materials and is especially suited for
surveying coordination compounds.46,47 The full-survey
spectrum of the La-TMA MOF coordination polymer is
shown in Figure 2a, where each of the main peaks is
deconvoluted to La 3d, La 4p, O 1s, and C 1s zones,
confirming the existence of a trimesic acid ligand and metal
components in the product. However, we will assess its XPS
pattern in detail in the Results and Discussion section.

4.4. Morphological Properties of the La-TMA MOF;
SEM, EDS, and Elemental Mapping. The surface features of
the La-TMA MOF were scrutinized by the FE-SEM, EDS, and
elemental mapping techniques. The SEM images are given in
Figure 3a,b.

4.5. Thermogravimetry Analysis and DSC. To estimate
the thermal stability of the La-TMA MOF, TG (thermog-
ravimetry analysis (TGA) and its derivative, DTG) as well as
DSC measurements were performed and their results are
depicted in Figure 4a,b. TGA and DSC were carried out at a 15
°C/min heating rate. Both thermostability assessments were
performed under a nitrogen atmosphere, in the temperature
range ∼28−850 °C.

4.6. The Surface Area Studies. The surface area and
behavior of the nitrogen gas adsorption/desorption of the La-
TMA MOF was studied. The profiles of such behavior and
surface area of the MOF were computed using Brunauer−
Emmett−Teller (BET) calculations.

5. RESULTS AND DISCUSSION
The selected IR absorption bands (Table 2) exhibit great
transformations in the FT-IR pattern of the La-TMA MOF
versus the those of the pure ligand, which verified the
formation of a TMA-bonded-to-La structure. The normal
powder XRD showed the monoclinic unit cell of the La-TMA
MOF, with an I12/c1 space group and a = 7.621(6) Å, b =

Table 2. The Main FT-IR Absorption Bands of the La-TMA
MOF

functional group and
vibrational mode

reference wavenumber of
the moieties (cm−1)

La-TMA
MOF (cm−1)

O−H stretching vibration >3500 (m, very broad) 3442 (m, very
broad)

C−H aromatic stretching
vibration

3000−3100 2908, 3001
(w)

C�C and 1650−1690 1408, 1421
C�O stretching vibration 1660−1740 (vs) 1577 (vs)
aryl C−H out-of-plane bending
(or wag) vibration

795−880 773 (s)

Figure 1. (a) FT-IR spectrum and (b) XRD pattern of the La-TMA MOF.
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5.368(4) Å, c = 3.596(2) Å, α = γ = 90°, and β = 96.73(1)° cell
parameters. The XPS of the La-TMA MOF showed the
deconvoluted La 3d spectrum (Figure 2b). The XPS spectrum
of La 3d has two main peaks of La 3d3/2 and La 3d5/2 at
binding energies of 852.5 and 835.8 eV, respectively, and the
difference between the two major peaks is 16.7 eV, as
confirmed by the pattern in the spectrum of lanthanum.48,49

Further, the other two peaks at 838.8 and 855.5 eV are La 3d
satellite peaks, which are set down to the relocation of
electrons of O 2p to an unoccupied La 5f revealing the La3+
oxidation state.50 Figure 2c displays the high-resolution La 4p
XPS spectrum of the La-TMA MOF compound, which has a
peak observed at a binding energy of 196.8 eV.51 The
deconvolution of O 1s is displayed in Figure 2d. There are two
types of oxygen present in the surface of the La-TMA MOF
with BEs of 529.8 and 531.7 eV, which could be assigned to
oxygen atoms in the patterns of −(C�O)OH and −COO−
La, respectively.52 The two oxygen atoms in the carboxylate
(COO−) moiety bound to La(III) might be equivalent.53

Figure 2e displays the high-resolution C 1s XPS spectrum of
the La-TMA MOF, which is fitted into three peaks at 283.7,
284.6, and 288.3 eV. The peaks at 283.7 and 284.6 eV are
assigned to the C�C and C−C bonds of trimesic acid ligands.
Another peak (at 288.3 eV) would be ascribed to the −(C�
O)OH bond of the ligand.48 The results of SEM, EDS, and
elemental mapping studies obviously indicated hollow
hexagonal tubes with micrometer dimensions, lengths of
several micrometers, and uniform shapes. The presence of C,
O, and especially La atoms in the La-TMA MOF was analyzed
by EDS (Figure 3a,b).54,55 The peaks reveal the presence of La,
O, and C atoms. The uniformity of elemental distributions was
examined though elemental mapping analysis. In Figure 3c−f
shown is the equally uniform distribution of all elements. A
little bit of physically adsorbed molecules and solvents that
were trapped in the pores of open channels in the main
backbone of the La-TMA MOF, during the heating procedure
and by increasing the temperature,56−62 were removed the
framework, simultaneously (this step is an endothermic

Figure 2. (a) XPS survey spectrum of La-TMA MOF and detailed spectra of (b) La 3d, (c) La 4p, (d) O 1s, and (e) C 1s (e) atoms in the La-TMA
MOF.
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procedure as exhibited in the DSC curve that is shown in
Figure 4b). The onset decomposition temperature of the La-
TMA MOF is ∼350 °C, and the peak is at 405.86 °C as shown
in the TGA/DTG curves of the La-TMA MOF (Figure 4a).
Hence, this MOF is thermally stable at least up to 350 °C. The
uptake of nitrogen gas by the MOF was 7.9235 cm3/g (STP),

and also the pore volume was 0.3581 cm3/g. The BET and
Langmuir surface areas were 34.487 and 42.294 m2/g,
respectively (Table 3). The nitrogen adsorption/desorption
behavior of the La-TMA MOF, which is shown in Figure 4c,
represents a type IV isotherm and H1 hysteresis comprising
narrow/uniform mesopores.63

Figure 3. (a,b) SEM images of La-TMA MOF as well as (c−f) elemental mapping analysis of the La-TMA MOF.
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Figure 4. (a) Schemas of TG (green) and DTG (dark blue) of the La-TMA MOF and (b) DSC and (c) adsorption (blue)/desorption (orange) of
the La-TMA MOF.
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Consequently, this La-TMA MOF was synthesized by a
comparatively facile method. Clearly, the characterization
approaches delineate the formation of a pure, crystalline, and
thermally stable La-based MOF with high efficiency. Liu et al.
could prepare a La(BTC)(H2O)6 MOF and its graphene oxide
composites with BET surface areas of 14.8 and 26.6 m2/g as
the best results, respectively.38 However, the La-TMA MOF in
this project has BET and Langmuir surface areas of 34.487 and
42.294 m2/g, respectively.
The La-TMA MOF in this project is a thermally stable

material (up to 400 °C) because of the high coordination
number of La, which is common for lanthanide elements.37

However, the TGA diagrams of La-TMA MOFs that were
previously synthesized showed lower thermal stability38,64 in
comparison with that of our MOF.
Selection of solvent/solvents is a vital step in the

solvothermal synthesis of MOFs and can regularize the
coordination environment and have a structure-directing role.
In this project, we chose DMF as well as formic acid, which
have high boiling points and are common solvents in MOF
preparation.36 The obtained MOF has a micro-hexagonal
hollow tube shape, which is a novel structure in the group of
La-based MOFs. As previously described, this La-TMA MOF
can be important in the absorption of proteins (especially
hemoglobin (Hb)) with more than double the BET surface
area in comparison to those of spindly rectangular rods from a
previous work (14 m2/g changes to 34 m2/g)38 or for
phosphate absorption42 and defluoridation of water43 as well as
absorption of CO2.

44 Furthermore, the La-TMA MOF can be
used as thermally stable material. As a result, La-based MOFs
have the capacity to be studied more and more and used as a
science-based industrial product.

6. CONCLUSIONS
In the current project, by using a new procedure, a La-TMA
MOF with good purity and high efficiency in the class of La-
based MOFs and desirable thermal stability (∼ 400 °C) was
synthesized. The construction of this MOF as well as some of
its physical properties was verified through FT-IR, elemental
analysis (CHN), FE-SEM, EDS, elemental mapping, XPS,
XRD, DSC, TGA and DTG, and BET and nitrogen gas
adsorption/desorption analyses. A MOF with a novel micro-
hexagonal hollow tube shape in the class of La-based MOFs
with high thermal stability, high quality of crystallinity, and a
higher surface area in comparison to those from other research
studies and with other considerable features was synthesized.
Furthermore, the surface area from a previous work was ∼14
m2/g, which changes to ∼34 m2/g in the current project
(increasing by about 20 m2/g). Furthermore, this class of
MOFs has an absorption capacity for CO2 and contaminants
from water.
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