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Abstract. The reaction between lanthanide nitrate (Sm, Eu, and Th) with Na-PTC in
DMF and water at 170 °C solvothermal for 6, 24, and 72 hours resulted in new Ln-MOFs
which differed from one another. The new Ln-MOFs were then characterized using
FTIR, UV-DRS, TGA, XRD, and SEM-EDX. FTIR and UV-DRS characterization
showed that the synthesis time affected the Ln-MOFs structure as seen from the FTIR
spectrum shift and changed the band gap value. The three MOFs' XRD patterns showed a
polycrystalline structure with about 20 nm with a crystallinity of less than 45% and not
found in the X'Pert HighScore 2.1 and Match! 3 software database. This indicates that
Ln-MOFs are new compounds. Ln-MOFs are not resistant to high temperatures based on
the TGA characterization. The bandgap value for Ln-MOFs is 2.15 - 2.22 eV, so it has
the potential as a photocatalyst to degrade dye and produces Hz gas from the water in the
visible area. The use of metal lanthanides allows MOFs to have potential as catalysts in
organic reactions. However, this potential must be proven by further experiments.
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1 Introduction

Metal-Organic Frameworks (MOFs) was first synthesized in 1995 [1] and are still being
developed to this day, both how to synthesize and use them. MOFs are porous materials
composed of metal ions or cluster ions linked to organic compounds [2]. MOFs are also
known as absorbent coordination polymers (PCPS), a new class of hybrid porous materials
with a 3D crystal framework consisting of metal-oxo clusters and organic compounds as a
linker [3]. Pores will form when the solvent is removed.

Metals that can make MOFs can be from alkaline earth, transition, and lanthanides [4].
Various organic compounds are used [5] depending on the intended use, physical properties,
and desired chemical properties. However, the organic compound must have a functional
group with a lone pair of electrons assigned to metal ions and can act as a bridge between
metal ions, such as dicarboxylate groups, diamines, diimides, and others.

There are at least 11 methods to synthesize MOFs that have been developed by humans
[6], such as solvo/hydrothermal synthesis [7], sonochemistry [8], slow diffusion [9],
conventional heating [10], temperature-controlled cooling [11], gel growth crystallization
technique [12], microwave synthesis [13], rapid precipitation procedure [14], electrochemical
synthesis [6], modulation synthesis [15] and microfluidic synthesis [16]. Among the eleven
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methods, making MOFs more often used is the solvo/hydrothermal method because of its ease
in synthesizing MOFs.

Applications from the use of MOFs to date that have been developed by humans are at
least 7 [17]. These MOFs include being used as gas storage (9), molecule separation (18),
chemical catatalysts [2][15], chemical sensors [19-21], ion exchange (22), drug delivery (23)
and photocatalysts (24).

Lanthanide metals is an inner transition metal having 3d-4f orbitals. The presence of an f
orbital in the lanthanide metals, which is still empty, can form a coordination number greater
than or equal to 9 [25]. The lanthanide metal can be made into MOFs and is known as Ln-
MOFs [2]. Ln-MOFs as the catalyst for oxidation and cyanosilylation reactions [2], as a
photocatalyst [24], as a chemical sensor [7][21][26—-30], and for the degradation of dyes [31].

3,4,9,10-perylene tetracarboxylic acid (PTCA) is an organic compound that has four
carboxylic acid groups. PTCA and its derivatives have several uses, such as materials for
making organic solar cells [32], electro-oxidation of methanol [33], to detect Ph?* [34], and
oxidize water [35].

Based on the many MOFs, metal lanthanides, and PTCA applications, this research aims
to synthesize MOFs using metal lanthanides and PTCA with the solvothermal method. The
results of the characterization of Ln-MOFs were obtained as a consideration for the
application of Ln-MOFs in the next research.

2 Experiment Section

2.1 Chemicals and Characterization Instruments

The chemicals used in this experiment were Sm(NOs3)s.6H,0, Eu(NOs3)3.xH20,
Th(NO3)3.5H,0 (Sigma-Aldrich), NaOH (Merck), perylene 3,4,9,10-tetracarboxylic dihydrate
(PTCDA) (Sigma-Aldrich), N, N dimethyl-formamide (DMF) (Merck), ethanol (Merck),
methanol (Merck), and distilled water.

The synthesized Ln-MOFs were then characterized by Fourier Transform Infra-Red
(FTIR) Prestige 21 Shimadzu, Diffuse Reflectance UV-Vis (Shimadzu spectrophotometer
2200A), Thermal Gravimetric Analysis (TGA), X-Ray Powder Diffraction (XRD)
Spectrometer Shimadzu 6000 and Scanning Electron Microscope and Energy Dispersive X-
ray Spectroscopy (SEM-EDX).

2.2 Synthesis of Na-PTC

The synthesis method of Na-PTC from PTCDA is the modified method from [36]. The
ligands to be used for the MOFs synthesis are in the form of salts, not acids. PTCDA (0.5 g,
1.27 mmol) was deposited in 50 ml of distilled water, then NaOH (0.356 g, 8.9 mmol) was
added while stirring vigorously, and a solution of sodium perylene tetracarboxylic (Na-PTC)
was formed, which was greenish-red. Then filtered and the filtrate obtained is added with
excess ethanol to obtain a yellow precipitate. The Na-PTC precipitate was then filtered and
washed by ethanol and dried at room temperature for 24 hours. Na-PTC and PTCDA were
then compared to their IR spectrum using FTIR.



2.3 Synthesis of Ln-MOFs

The synthesis of Ln-MOFs is the modified method from [36]. Sm(NOs)s:.6H,0,
Eu(NOs3)3.xH20 and Th(NOs3)3.6H,0 two mmol each (889.0; 676.0 and 870.0 mg) in different
containers added with one mmol (516.3 mg) Na-PTC, 4 mL DMF and 11 mL distilled water.
Then stirred for 45 minutes, then transferred to Teflon and autoclaved for 6, 24, and 72 hours
at 170 °C. The crystals formed were filtered and then washed with distilled water and DMF.
Then the crystals are dried in an oven at 60 - 80 °C for 24 hours.

3 Result and Discussion

3.1 Synthesis results of Na-PTC

The synthesis of Na-PTC ligands from PTCDA was successfully carried out, as evidenced
by the ligands color before (red) and after (yellow). NaOH’s addition has a different color
shown in Figure 1. Indicates that chemical bonds are missing or new bonds are formed. The
formed or missing chemical bonds are proven by FTIR analysis, which can be seen in Section
3.3.

Fig. 1. PTCA (red) and Na-PTC (yellow)

NaOH reacts with an acid anhydride group ((RCO).0) to form RCOOH and RCOONa.

The presence of excess NaOH in the solution makes NaOH react again with the RCOOH
group formed in the first reaction. This made the entire (RCO),O group turn into RCOONa
and was strengthened by the absence of an IR spectrum in the firm and vast area of 2,500 -
3,300 cm™, indicating the presence of the COOH group.
The purpose of converting PTCDA into Na-PTC (an acid anhydride compound into its salt) is
because the solvent medium used to synthesize MOFs uses media containing water. At the
same time, PTCDA is insoluble in water, so it needs to be converted into other compounds
that are more soluble in water.

3.2 Synthesis results of Ln-MOFs
The synthesis of lanthanide MOFs (Ln-MOFs) was carried out by the solvothermal

method at a temperature of 170 °C with DMF and water as a solvent. Using more than one
type of solvent, the resulting MOFs are expected to be single crystals. The solvent used can



also be replaced according to the form of MOFs want to obtain, such as by using acetone,
alcohol, acetonitrile, and others [37]. However, the variation of the solvent was not carried out
in this research. The variation used was the length of the MOFs synthesis time with a
temperature of 170 °C.

Before placing it in the ligand mixture oven, the metal salt and the solvent are yellow
(Figure 2). The yellow color comes from the Na-PTC color, while the metal salts and solvents
are colorless. After being put in the oven and drying, the mixture turns red even though the
metal is different, as shown in Figure 3 and Figure 4, so it is assumed that Sm-MOFs, Eu-
MOFs, and Thb-MOFs have almost the same shape. However, this assumption needs to be
proven by further analysis, which can be seen in the section on characterization results with
instruments.

Fig. 2. Ln-MOF before putting it in Fig. 3. Ln-MOF after being put in the
the oven oven and drying

Fig. 4. Physical form and color of Na-PTC and Ln-MOFs

3.3 FTIR characterization results

Based on the wavenumber value [38], the IR spectrum analysis on the ligands before and
after reacting with NaOH (Figure 5) shows that new bonds are formed. Some are broken, such
as initially there are C - O cyclic anhydride bonds (939 and 1,122 cm™) and C = O aromatic
anhydride in the PTCDA structure (1,757 and 1,774 cm™) then becomes absent when Na-PTC
compounds are formed and changes to C - O carboxylic acids (1,362 cm™?) and C = O
carboxylic anions (1,564 cm™). During the Na-PTC synthesis process, there was no -OH



group, which was proven by the absence of a healthy and board IR spectrum in 2,500 - 3,300
cm™.

The IR spectrum region is divided into 2, namely the functional group area (3,600 - 1,250
cm™) and the fingerprint area (1,200 - 600 cm™) (38). Analysis of the IR spectrum in the
functional group region of Ln-MOFs (Ln: Sm, Tb, and Eu) has the same functional group but
with slightly different wavenumber values. In the fingerprint area (fingerprint), the IR
spectrum has almost the same shape, but the intensity is different. This strengthens the
temporary suspicion that the three MOFs have almost the same shape. The comparison of the
IR spectrum of the ligands with Ln-MOFs can be seen in Figure 5.
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Fig. 5. The comparison of the IR spectrum of the ligands with Ln-MOFs

Comparing the IR Sm-MOFs spectrum with the synthesis time of 6, 24, and 72 hours
(Figure 6) shows almost the same spectrum shape but with different intensities. The intensity
of the C = O bond in the area 1,710 - 1780 cm has decreased. This shows that the synthesis
time affects the structural shape of the MOFs. This is also experienced by [39] between 10
minutes and 1 hour reaction time at 95 °C and [40] synthesized MOFs for 24 hours and 48
hours at 150 °C to produce different forms of MOFs.
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Fig. 6. Comparison of the IR spectrum to the difference in the length of time to synthesize
Ln-MOFs

3.4 UV-DRS characterization results

The data obtained from UV-DRS is only in the form of wavelength () and percent
reflectance (% R), so it needs to be processed first by using the Kubelka-Munk function
(equations 1 - 5) to estimate the band gap value of MOFs. The bandgap value is obtained by
plotting the x-axis h.v and the y-axis (F(R).h.v)? with Origin 2017 64-bit software, and the
calculation of the Ln-MOFs band gap value can be seen in Table 1.

hv = % 1)

F(R) =% @

K =(1-R)? 3)
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Information

h.v : Energy (eV)

A : Wavelength (nm)

F(R) : Kubelka-Munk Function

K : Molar absorbance coefficient

S : Scattering factor

R : The reflectance of the material
%R : Percent reflectance of the material

Tabel 1. The result of the Ln-MOFs band gap value

Synthesis Time Eg: Eg>

MOFs (hours) (eV) (eV)
6 2,09 2,02

Sm-MOFs 24 2,08 216
72 2,00 2,15

Eu. MOF 24 2,10 2,18
u- MIDrs 72 1,93 2,15
T MOE 24 2,09 2,22
- MOFS 72 1,97 2,19

Based on the data obtained, Ln-MOFs have 2 Eg (Eg: and Egy). This is because the UV-
DRS spectrum has two peaks that indicate that there is not only one electronic transition. The
Egl value in Ln-MOFs tends to decrease with increasing synthesis time. The Eg. value in Sm-
MOFs had increased from 6 hours to 24 hours of synthesis time and then decreased at 72
hours of synthesis time. This reinforces the notion that the length of time for synthesis will
affect the structural shape of MOFs.

Ln-MOFs showed a bandgap value greater than 1.23 eV, so that Lh-MOFs has potential
as a photocatalyst for water splitting. However, it is necessary to carry out cyclic voltammetry
(CV) analysis and the application of photocatalytic water to strengthen the suspicion that the
water-splitting reaction can work or not.

Based on the FTIR analysis results and the bandgap values that were not much difference
between the synthesis time of 6, 24, and 72 hours, then for further analysis using Ln-MOFs
with a synthesis time of 72 hours.

3.5 TGA characterization results

TGA analysis on Sm-MOFs and Th-MOFs for 72 hours was carried out at a temperature
of 25 - 550 °C. The results obtained are not much different, which can be seen in Figure 7. As
the TGA analyzer temperature continues to increase, the MOFs’ weight continues to decrease
from a temperature of 25 °C to 200 °C. Sm-MOFs fell by 3.57%, while Th-MOFs was 4.76%.
This shows that MOFs are not resistant to high temperatures.
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Fig. 7. Results of TGA analysis on Ln-MOFs

When the TGA analyzer temperature was above 225 °C to 500 °C, the MOFs' weight was
almost half (41.72% and 41.64%). This shows that the organic compounds from MOFs have
begun to degrade. After the TGA analysis process is complete, the MOFs’ color, which
initially was red, turned gray (Sm-MOFs) and brown (Th-MOFs), as shown in Figure 8. Gray
and brown colors indicate that metal oxide has formed. Ln-MOFs that have begun to degrade
at high temperatures are still suitable if used as photocatalysts to produce H, gas from the
water with visible light.

Then based on the results of FTIR and UV-DRS analysis, which were not much different
between Sm-MOFs, Eu-MOFs, and Th-MOFs, then the Eu-MOFs were suspected if the TGA
analysis was carried out, the results were not much different.

Fig. 8. Color Sm-MOFs (left, gray) and Th-MOFs (right, brown) after input into the
TGA analyzer

3.6 XRD characterization results

Peaks XRD on Sm-MOFs, Eu-MOFs, and Th-MOFs with a synthesis time of 72 hours
can be seen in Figure 9. Based on the XRD peaks, the Ln-MOFs synthesized are still
polycrystalline. The XRD peaks on Ln-MOFs had the best images of Sm-MOFs 72 hours and
had a higher intensity compared to Eu-MOFs and Th-MOFs with the same synthesis time of
72 hours.



—— Th-MOFs 72 Hours
——— Eu-MOFs 72 Hours
—— Sm-MOFs 72 Hours
]
I‘JLJJ\,\JLMWULW\ A
2 |
g :
=
h | m“' J |
»JL/WNWMM bl W Jallomd Dl i
T T T T T T T T T T T T T T T

10 20 30 40 50 60 70 80 90
Angle 20 (°)

Fig. 9. The comparison of the IR spectrum of the ligands with Lnh-MOFs

The XRD peaks pattern from Ln-MOFs was also tried to find using X'Pert HighScore 2.1
and Match! 3 software, but not found in the software database. This shows that Ln-MOFs are
new compounds.

Based on the XRD peaks, we can estimate three things: the degree of crystallinity, the
crystal size, and the distance between the crystal planes. The peaks are further processed using
Origin 2017 64 bit software and Microsoft Excel.

Sm-MOFs 72 hours, Eu-MOFs 72 hours, and Th-MOFs 72 hours each have a crystallinity
of are 23.14%, 30.69%, and 41.07%. The Ln-MOFs crystal size can be estimated using the
Scherrer equation, which is equation 6. Mathematically, the mean crystal size was 24.97 nm
(Sm-MOFs 72 hours), 18.99 nm (Eu-MOFs 72 hours), and 22.80 nm (Th-MOFs 72 hours).
The complete mathematical crystal size data can be seen in Table 2. Bragg's law estimated the
distance between the crystal planes (equation 7) so that the results can be seen in Table 2.

KA

D= B cosO ©)
Information
D : Crystal size (nm)
K : Scherrer constant (0,9)
A : Wavelength of X-rays (0.15406 nm)
B : Full Width at Half Maximum (FWHM) (rad)
0 : Peak position (rad)

. nAi
T 2sin@

U]



Information
A

: Wavelength of X-rays (1,5406 A)

0 : Peak position (rad)
n : Diffraction order (n = 1)
d : The distance between 2 crystal planes/d-spacing (A)
Table 2. Crystal Size and d-spacing Ln-MOFs
Sm-MOFs 72 Hours Eu-MOFs 72 Hours Th-MOFs 72 Hours
Peak . Peak . Peak .
T Crystal d-spacing T Crystal d-spacing o Crystal d-spacing
pgg't('o‘;“ size (nm)  (A) pgg”('j;“ size (nm)  (A) pg;'t(L‘;“ size (nm)  (A)
1 6,27 22,62 14,090 6,25 16,03 14,124 6,30 20,83 14,029
2 11,76 23,70 7,518 11,55 22,73 7,658 8,92 22,24 9,907
3 16,79 24,68 5,277 12,64 21,00 6,996 12,73 20,16 6,949
4 18,56 25,72 4,777 23,29 16,22 3,816 15,57 22,50 5,687
5 20,94 27,56 4,239 - - - 16,96 22,95 5,225
6 27,77 25,53 3,210 - - - 23,54 26,92 3,776
7 - - - - - - 23,86 21,60 3,727
8 - - - - - - 27,17 23,11 3,280
9 - - - - - - 29,44 24,81 3,032
10 - - - - - - 32,88 22,95 2,722

3.7 SEM-EDX characterization results

SEM-EDX analysis on Ln-MOFs shows that the MOFs' shape is still varied, with

magnifications

of 10,000x, 25,000x, and 50,000x. This is under the results of XRD

characterization, which still shows a polycrystalline form. Ln-MOFs at 25,000x magnification
have a gravel-like shape, as can be seen in Figure 10.

Sm-MOFs 72 Hours

Eu-MOFs 72 Hours Th-MOFs 72 Hours

Fig. 10. Morphology of Ln-MOFs at 25,000x magnification




The lanthanide group elements are already present in Ln-MOFs. The elements of carbon and
oxygen were also detected. This element comes from the ligands used. Other elements
detected with small intensity come from impurities in the SEM-EDX instrument. The element
intensity detected in Ln-MOFs can be seen in Figure 11.
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Fig. 11. EDX analysis results from Lnh-MOFs

3.8 Potential applications of Ln-MOFs

Based on the three Ln-MOFs characterization results, Ln-MOFs have the potential as a
photocatalyst to produce H, gas from water and degrade dye. MOFs can act as photocatalysts,



and it can be seen from the band gap value. If the bandgap value is more significant than 3.1
eV, it is irradiated with UV light, and if it is less than 3.1 eV, visible light can be used [41].
The potential of Ln-MOFs in this research as a photocatalyst to produce H, gas from water
and degrade dye can be seen in Table 3 and Table 4.

The presence of d and f orbitals causes complex compounds of lanthanides to function as
Lewis acids to be used as catalysts in the Fridel — Crafts, Diels — Alder, aldol, allylation, and
Michael addition reactions [2]. The synthesis reaction of organic compounds with the help of
Ln-MOFs can be carried out at room temperature up to 80 °C [42]. Based on these, the three
new Ln-MOFs that were successfully synthesized have potential as catalysts in organic
compounds. However, this potential must be tried experimentally first.

Table 3. MOFs research as a photocatalyst to produce Hz gas from water

MOFs Band Gap Photosensitizers Sacrificial Cocatalysts Irradiation Hz Product_llo r?lrate Ref.
(eV) agents (nmol g*h™)
PCN-415-NH; 1.99 - TEOA Pt Visible 594 [43]
Cu-I-bpy 2.05 - TEA - uv 7,09 [44]
MOF-199/Ni 248 Eosin Y TEOA - Visible 8000 [45]
{[Tb2Cus(OH)2(pyd i i
0)s(H20)s] Is} 2.82 MeOH uv 2105.0 [24]
Ln-MOFs This
(Ln:Sm,Euand 1.93-2.22 Na-PTC - - - -
Research
Th)
Table 4. MOFs research as a photocatalyst degradation of dyes
Band Gap i

MOFs V) Dye Irradiation Ref.

BR14@HKUST-1 - RB13 Visible [46]

MIL-53(Fe) - RhB Visible [47

MIL-53(Al) 3.87 MB Visible [48]

MIL-53(Cr) 3.20 MB Visible [48]

MIL-53(Cr) 2.72 MB Visible [48]

Ln-MOFs 1.93-2.22 - - This Research

(Ln: Sm, Eu, and Th)

4 Conclusions

A total of 3 new Ln-MOFs were successfully synthesized. The Ln-MOFs have almost the
same functional groups and band gap values but are still polycrystals with the largest crystal
size owned by Sm-MOFs, then Th-MOFs, and Eu-MOFs. The newly synthesized Ln-MOFs
have the potential as photocatalysts to produce H, gas from water; photocatalysts degrade dyes
and catalysts in the synthesis of organic compounds.
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