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ABSTRACT 

Metal-organic frameworks (MOFs, also known as coordination polymers), are a new 

class of crystalline porous materials that consist of metal centers and/or metal clusters 

connected by organic linkers . 

This project is concerned with the synthesizing and characterization of mixed-metal 

metal-organic frameworks (MM-MOFs) of 1,3,5-Tri-Carboxylic Acid Benzene (BTC), 

M-Fe-BTC, where M = Ti+3, by using the Solvothermal method .  The MM-MOFs' 

powder X-ray diffraction patterns were similar to those of MIL (100). The results of 

scanning electron microscopy show that most of them are nanomaterials. The six 

samples had varying amounts of iron and titanium, according to the EDX results. The 

FT-IR results support the XRD outcomes .  Thermal analysis demonstrates multiple 

stages of decomposition, and the materials show thermal stability up to 450 °C. UV-Vis 

Diffuse Reflectance confirmed that all samples, with the exception of sample No. 1 

(insulator), are semiconductors. 

KEYWORDS: MOFS, Mixed-metal metal−organic frameworks (MM-MOFs).
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INTRODUCTION 

Metal-organic frameworks (MOFs, also known as 

coordination polymers) [1], are a new class of 

crystalline porous materials [2] consisting of 

metal centers and/or metal clusters connected by 

organic linkers [3]. The organic units are 

typically mono-, di-, tri-, or tetravalent ligands 

[4], forming 3-D porous structures with 1-D, 2-D, 

or 3-D channel systems [3]. The structure and 

characteristics of the MOF are significantly 

impacted by the choice of metal and linker. For 

example, the metal's coordination preference 

influences the size and shape of pores by 

dictating how many ligands can bind to the metal 

and in which direction [5].  

MOFs consist of inorganic and organic units. The 

(linkers/bridging ligands) are the organic units, 

carboxylates, or anions, such as phosphonate, 

sulfonate, and heterocyclic compounds are the 

most common example of them [6]. For the 

construction of metal-organic frameworks, Poly 

carboxylic acids are among the most attractive 

building blocks due to their versatile coordination 

modes, which prompted several studies to 

ascertain routes to predictable metal-carboxylate 

motifs and to design new open framework 

structures. Some research relates to the use of 

dicarboxylate, tricarboxylate, and tetra 

carboxylate ligands, which are inter-bridged by 

mono- or multi-nuclear metal nodes, leading to 

stable MOFs with permanent porosity. Benzene-

1,3,5-tricarboxylic acid (H3BTC, tri mesic acid) 

has been extensively used in its various degrees 

of deprotonation as a bridging ligand in the 

synthesis of multidimensional MOFs [7]. 

Iron is an attractive transition element because it 

is readily available, inexpensive, environmentally 

friendly, nontoxic, and exhibits interesting redox 

behavior. Fe-BTC is an iron (III) carboxylate 

MOF that has initially been developed by the 

collaboration between the CNRS-Institute for 

Lavoisier (ILV; Prof. G. Ferrey and Dr. C. Serre) 

and the Korea Research Institute of Chemical 

Technology (KRICT; Dr. J.-S. Chang and Dr. 

Y.K. Hwang). In fact, it is one of the most porous 

MOFs that can be prepared by large-scale 

hydrothermal synthesis [8]. Titanium (Ti)-based 

metal-organic frameworks (MOFs) have attracted 

considerable attention due to their low toxicity, 

abundance in the earth's crust, and unique 

photocatalytic properties of the Ti element.  The 

Ti-BTC described by Marti-Gastaldo et al. is 

based on the combination of BTC ligand and 

Ti3(μ3-O) trimer [9]. The aim of this study is to 

synthesize and characterize Fe-BTC and Ti-BTC 

using optimal chemical methods and to determine 

the crystal structures of Fe-BTC, Ti-BTC, and 

their mixtures. 

 

MATERIALS AND METHODS 

MOFs were frequently synthesized using the 

conventional Solvothermal method by heating a 

mixture of metal salt and organic linker in a 

solvent that typically contains formamide to 

temperatures near or above the boiling point of 

the solvent. This method is widely used since it is 

commonly used to synthesize other porous 

materials and often yields crystals suitable for 

XRD [10]. 

 

MATERIALS  

Solvents and materials used for preparation were: 

DMF (99.9%) (ROMIL-SPS), deionized water, 

iron chloride (III) FeCl3 (aq) by Riedel-de Haën 

AG (0.166M), 1,3,5-benzenetricarboxylic acid 

(H3BTC, 99%) was supplied by Aldrich, and 

titanium chloride (0.166M) (III) TiCl3 by Alfa 

Aesar Chemicals. All the chemicals were used 

without further purification, and the reaction 

solutions were prepared in a volumetric flask. 
 

SYNTHETIC PROTOCOLS 

FeBTC and TiBTC were synthesized following a 

previously reported study [11]. Briefly, 60 ml of 

FeCl3, TiCl3 solutions (0.166 M) was added 

gradually to 60 ml of BTC solution (1:1 ratio). 

The homogeneous solution was mixed in a 120 

mL Teflon and stirred for ~1 hour using a 

magnetic stirrer plate. After stirring, the sample 

was put in a sealed autoclave and placed in a 

preheated oven at 120 °C for overnight. PH and 

temperature for the mixture were measured (0.5, 

120 )  before placing the sample in the oven, as 

shown in Table1. After that, the sample was 

cooling to room temperature for approximately 

24h.The resulted product was collected by 

filtration and rinsed with about 10ml fresh DMF, 

and the solid was allowed to dry in the drier at 
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35-38°C for ~24h., finally the product was 

weighed. And all the important information 

related to the samples is collected in Table1. 
 

Table 1: Samples parameter preparation and their PH, 

temperature, and weight product (1-6) 

 

CHARACTERIZATION 

The characterization of the MOFs products were 

investigated using scanning electron microscopy 

(SEM), Fourier transform infrared spectroscopy 

(FTIR), thermal gravimetric analysis (TGA), X-

ray diffraction (XRD), energy dispersive X-ray 

(EDX), and UV-VIS diffuse reflectance. 

 

RESULTS AND DISCUSSION: 

X-RAY DIFFRACTION (XRD) 

 Figure 1: Powder XRD spectra for the sample (1-

6) and the simulated pattern of MIL100(Fe).  

 

 

From figure 1 and comparing the results of the 

previous samples with the resulted XRD 

spectrum of the MIL-100, it was found that the 

samples follow the MIL-100 (simulated) pattern.  

The PXRD patterns of MM-MOFs display that 

the modified MOFs are isostructural to Fe-BTC. 

MIL-100 (Fe) is an iron (III) carboxylate that was 

first created through cooperation between the 

Korea Research Institute of Chemical 

Technology (KRICT; Dr. J.-S. Chang and Dr. 

Y.K. Hwang) and the CNRS-Institute for 

Lavoisier (ILV; Prof. G. Férey and Dr. C. Serre).  

The diffractogram of the synthesized materials, as 

seen in Figure 1, generally agrees with the 

simulated powder pattern from the single crystal 

data of MIL-100 (Fe), with the main 2θ on 7.11, 

10.9, 10.03, 20.15, and 25. This proves beyond 

any doubt that MIL-100 (Fe) was synthesized. 

The diffraction pattern looks broad and shows 

that the semi-crystalline nature of the material 

crystal has a specific phase; its size (crystallite 

size) can be ascertained using X-ray diffraction 

[12]. Equation which formulates Debye Scherrer's 

equation, is used to determine the primary peaks 

of the pattern diffractogram. 

𝐷 = K. λ/βcos θ [13], where D is the size of the 

crystallite, K is the Scherrer constant (0.9), 𝜆 is 

the X-ray wavelength (0.15406 𝑛𝑚), 𝛽 is the Full 

Width at Half Maximum (𝐹𝑊𝑀, radians), and 𝜃 

is the peak position. 

The lattice parameters can be calculated using the 

following equation: 

 sin2 θ = (h2+k2+l2) (λ2 /4a2) 

from the previous equations we can determine the 

size and shape of the Crystal as shown in Table 2: 

 

Table 2: Crystall Size and shape of samples (1-6) 

Sample No Size (nm) Crystal 

type 

1 1.58 Face-centered 

cubic 

2 1.19 Face-centered 

cubic 

3 1.2 Diamond Cubic 

4 1.6 Face-centered 

cubic 

5 1.0 Face-centered 

cubic 

6 1.19 Diamond Cubic 

 

 

EDX AND SEM RESULTS 

Sample 

No 
proportion Synthetic 

protocol 
pH 0Temp/C Product/g 

Sample 1 100% Fe Solvo- 

thermal 

0.5 120 1.5 

Sample 2 90%Fe,10%Ti Solvo- 

thermal 

0.5 120 1.238 

Sample 3 70%Fe,30%Ti Solvo- 
thermal 

0.5 120 0.5 

Sample 4 50%Fe,50%Ti Solvo- 

thermal 

0.7 120 0.5 

Sample 5 20%Fe,80%Ti Solvo- 

thermal 

0.6 120 1.25 

Sample 6 100%Ti Solvo- 
thermal 

1.3 120 0.26 
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From the EDX results, the amount of Iron and 

Titanium have been calculated within each 

sample, as shown in Table 3. 

 

Table3: Iron and Titanium amount of the  

Samples (1-6) 

Sample No Fe Ti 

1 1 0 

2 0.7 0.3 

3 0.5 0.5 

4 0.02 0.98 

5 0.3 0.7 

6 0 1 

 

 
Figure2: SEM Results for the samples (1-6) 

 

From the SEM Results, the material samples 

appear to be nanoparticle-sized based on the 

figure2, which is in agreement with the 

information gained from the XRD results (Debye 

Scherrer's equation). 

 

 

 

 

 

 

 

 
FT-IR RESULTS 

 

Figure 3 shows FT-IR spectra of BTC ligand and 

resulted samples. It is evident that every sample 

has the same ligand pattern. The notable  

in stretching vibration from the C=O acid ligand 

from 1697 cm-1 (free ligand) to 1607 cm-1 prove 

that BTC's C=O carboxyl group has been 

deprotonated and intercalated with M3+ to create 

MIL-100. 

The two sharp bands at 1250 and 1200 cm−1 are 

attributed to asymmetric (νas (CO)) and 

symmetric (νs (CO)) vibrations of carboxyl 

groups, respectively. This result confirms the 

presence of the tricarboxylate ligands [20]. In 

addition, from the vibration at 410–420 cm-1 it is 

possible to identify the features of Fe-O 

stretching vibrations in which the oxygen atom 

coordinates with Fe3+. The broad peak at 2514–

3360 cm-1, corresponds to the OH stretching  

absorption of the carboxyl group and shifted from 

3094–3624 cm-1 which indicates the presence of 

water molecules bonding the M-M trimeic unit on 

MIL-100. (Because of the interactions between 

the water molecules, this peak is typically broad.  

This wide peak demonstrates the hydrophilicity 

of the samples [14], and the aromatic benzene 

ring observe in bands below 1300,[15].  
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Figure3. FT-IR spectra of the ligand BTC and 

 samples (1-6). 
 

 

 

Figure 4: FT-IR spectra of (a) ligand: 1,3,5-

benzene tricarboxylic acid and MIL-100(Fe) 

which electrochemically synthesized (after and 

before activation, b and c) and hydrothermal (d) 

[15]. 

Additionally, the bands that show up at around 

744, 1026, 1360, and 1610 cm-1 are bands that 

show the compound contains Iron; according to 

[16] the O-H stretching peak is located at 3400 

cm-1. According to [17], this band additionally 

demonstrates titanium's presence in the compoun
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Figure 5:TGA and DTG Results of samples (1-6) 

TGA AND DTG RESULTS  

Thermal analysis demonstrates multiple stages of 

decomposition from 75 °C to 450 °C and 

validates that samples are thermally stable up to 

450 °C. This corresponds to what [15] supposed. 

The initial decrease in weight at nearly 100 °C 

was ascribed to the dissolution of water 

(endothermic reaction).   A second weight loss 

was noted at 200 ◦C, which can be attributed to 

adsorbed water within the cages, and a little 

weight loss was observed for the solvent that is 

physically adsorbed in internal pores [18]. The 

organic ligand BTC starts to burn out at about 

338 °C (exothermic reaction). 

Following the analysis, the mass remained, and 

assuming that this mostly relates to FeXOY. 

These results are fairly close and fall into the 

same temperature range when we compare them  

to the findings of the study carried out by Aguilar 

and colleagues [19]. This conclusion relates to the 

water responsible for the weight loss at almost 

100 °C. Around 200 °C, a new weight loss step 

was noted; this can be attributed to adsorbed 

water in the cages. The organic ligand BTC start 

to burn out at about 318 °C, which resulted a    

multiple stages of decomposition, and all the 

samples are thermally stable up to 450 °C . 

weight loss of the original sample. After the 

analysis, the mass was left, and it is probable that 

Fe2O3 makes up the majority of that mass. 

 
UV-VIS DIFFUSE REFLECTANCE RESULTS5 

Using a UV-visible spectrophotometer, diffuse 

reflectance spectroscopy (DRS) is a method 

commonly used to investigate the optical 

characteristics of solids. 
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Figure 6: Band gap values of the samples (1-6) 

 

Table 4: Band gap values of the samples (1-6) 

Sample No Band Gab (eV) 

Sample 1 3.39 

Sample 2 1.67 

Sample 3 1.72 

Sample 4 2.08 

Sample 5 1.57 

Sample 6 1.52 

 

We can say that all samples, as shown in figure 6, 

with the exception of sample No. 1 (insulator), 

are semiconductors because materials with a band 

gap of less than three (Eg<3.0eV) are 

semiconductors, and those with a band gap of 

greater than three are insulators (Eg> 3.0eV)       .

[20]   

CONCLUSION  

There were six resulted samples, which varied in 

the proportions of the two elements with BTC. 

Over all, this work showed that all the samples 

have the same XRD pattern of MIL-100. The 

EDX results show that the substitution of iron by 

titanium happens in different proportions in each 

sample, and the SEM confirmed the results of the 

XRD calculations, which showed that most of the 

samples were nanoparticles. 

The FT-IR results support the conclusions of the 

XRD results and show that the M-M bond formed 

in every sample, thermal analysis demonstrates  

From UV-VIS, we conclude that sample No. 1 

(insulators) has a band gap greater than three (Eg 

>3.0 eV), and all the others are semiconductors 

because their band gap is less than three (Eg < 3.0 

eV). 
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