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Abstract 

Fungicides are essential for plants to combat plant pathogens that cause severe diseases, leading to significant yield losses and 

quality deterioration. Since the majority of fungicide active ingredients are unstable, inert additives like organic solvents must 

be used to create stable formulations for agrochemical products. To address this challenge, calcium L‑lactate framework 

(MOF-1201) was synthesised using the solvothermal method. Powder X-ray diffraction confirmed that the framework 

exhibited a pattern similar to the simulated MOF-1201. The field emission scanning electron microscopy image showed that 

MOF-1201 displayed a rod-like morphology with a size range between 60.1 and 72.1 μm. In addition, MOF-1201 exhibited 

high thermal stability up to 400 °C. The encapsulation efficiency (EE) and loading capacity (LC) of the dazomet fungicide 

with different solvent concentrations were determined using high-performance liquid chromatography. The highest EE and 

LC values of dazomet were observed when ethanol was used as the solvent. MOF-1201 retained its crystallinity even after the 

incorporation of dazomet in its framework. In conclusion, the loading of dazomet fungicide strongly depends on solvent 

properties, highlighting the importance of solvent selection in optimising fungicide delivery systems. 
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Introduction 

The increasing demand for sustainable and effective 

agricultural practices has prompted the development 

of advanced delivery systems for agrochemicals, 

particularly fungicides [1]. Calcium-based metal-

organic frameworks (Ca-MOFs) have emerged as 

viable alternatives for the controlled release of active 

ingredients owing to their high surface area, tunable 

porosity, and biocompatibility [2]. Dazomet, a broad-

spectrum fungicide effective against soil-borne 

pathogens, faces significant limitations due to its rapid 

degradation in the environment and poor solubility, 

which reduce its overall efficacy in controlling 

infections [3]. Incorporating dazomet into Ca-MOFs 

offers a potential solution to these challenges by 

improving its stability and enabling controlled release. 

However, the loading efficiency of dazomet in Ca-

MOFs is influenced by the choice of solvent, which 

governs the interaction between the fungicide and the 

Ca-MOF structure.  

 

The choice of solvent is a key factor influencing the 

loading efficiency of agrochemicals into MOFs, as it 

can significantly affect the interaction between the 

host framework and the guest molecule [4]. Solvent 

properties, such as polarity, solubility, and molecular 

size, are crucial for determining the amount of 

encapsulation and the stability of the resulting 

composite [5]. Optimising solvent selection is 

essential for enhancing dazomet encapsulation in Ca-

MOFs, as solvents govern the physicochemical 

interactions between the fungicide and the host 

framework. In addition, the structural and chemical 

compatibility between the fungicide and the MOF host 
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is critical for achieving high loading capacities and 

controlled release profiles. A thorough understanding 

of the molecular interactions, such as hydrogen 

bonding, π-π stacking, and electrostatic forces, 

between dazomet and the Ca-MOF can provide 

insights into the encapsulation mechanism. 

 

High-performance liquid chromatography (HPLC) 

provides a reliable analytical method for determining 

loading efficiency and investigating the release 

kinetics of dazomet Ca-MOFs [6]. By systematically 

screening a range of solvents, this study aims to 

identify optimal conditions for maximising dazomet 

loading while maintaining the structural integrity of 

the Ca-MOF. This research contributes to the growing 

body of research on MOF-based agrochemical 

delivery systems and provides a methodological 

framework for solvent screening that can be extended 

to other active ingredients and MOF architectures. By 

addressing the challenges of fungicide loading and 

release, this study paves the way for the practical 

application of MOFs in agriculture, offering a 

promising alternative to conventional delivery 

methods. 

 

Materials and Methods 

Materials 

Calcium acetate monohydrate (Ca(CH3CO2)2·H2O,      

99%, Sigma-Aldrich), L-lactic acid (C3H6O3, 98%,    

Merck), ethanol absolute (C2H5OH, 99.5%, Merck),   

dazomet (C5H10N2S2, Merck), dimethylformamide    

(DMF, 99.8%, Merck), isopropyl alcohol ((CH3)2CH

OH, 99.5%, Merck), and deionised water were used    

as received without further purification.  

 

Synthesis of calcium L-lactate framework (MOF-1

201) 

The preparation of MOF-1201 was modified from       

Yang et. al. [7]. Approximately 0.071 g (0.4 mmol)       

of calcium acetate monohydrate was weighed and        

dissolved in 7 mL of anhydrous ethanol. Then, 0.072 

g (0.8 mmol) of L-lactic acid was added to the metal   

solution with continuous stirring and sonicated for 10 

min. The solution was placed in an oven at 125 °C         

for 96 h. Colourless rod-shaped crystals were formed 

at the bottom of the vial. The sample was washed          

with anhydrous ethanol three times for three days.       

The sample was then activated in vacuum (100 mbar) 

using a vacuum oven at 80 °C to remove solvent mol

ecules. The yield of the obtained sample was 40.2%. 

 

Incorporation of dazomet fungicide in MOF-1201 

(Dazo-MOF1201) 

About 100 mg of MOF-1201 was weighed and mixed 

with 10 mL of dazomet solution using three different 

solvents, namely ethanol, DMF, and isopropyl                

alcohol, each at a concentration of 10.0 mg mL-1. The 

solutions were placed in a microwave Teflon                   

container and subjected to microwave irradiation at      

100 °C with 100 W for 10 min [8]. After the reaction, 

the mixture was allowed to cool to room temperature. 

The resulting products were centrifuged three times      

at 2,500 rpm for 10 min to remove any unentrapped     

dazomet molecules.  

 

Physicochemical characterisation of MOF-1201     

and Dazo-MOF1201 

The powder X-ray diffraction (PXRD) pattern was        

recorded using a Shidmadzu-600 diffractometer,           

covering a range of 3–40° with a Cu-Kα radiation         

source (λ = 1.5405 Å) operated at 40 kV and 30 mA. 

Simulated PXRD patterns were obtained using the     

Mercury programme based on single crystal data [9]. 

Thermogravimetric analysis (TGA) was conducted at 

a heating rate of 10 °C min-1 from 50 to 800 °C and a 

nitrogen flow rate of 50 mL min-1. The Fourier                 

transform infrared (FTIR) spectroscopy analysis was 

conducted using a Shimadzu IRTracer-100 with a          

wavenumber range between 4000 and 400 cm-1 and      

over 32 cumulative scans. Field emission scanning       

electron microscopy (FESEM) images were obtained 

using a JEOL JSM-6400 microscope at an emission     

voltage of 5 kV. The samples were dried at room             

temperature for 12 h under vacuum to remove excess 

solvents. Nitrogen sorption measurements were             

conducted at 77 K using a BELSORP mini apparatus 

(Microtrac-BEL). 

 

Measurement of dazomet content in MOF-1201 

A Dionex Ultimate 3000 HPLC instrument was used    

to determine the content of dazomet. The analysis        

was performed using a Luna C18 column (250 mm × 

4.6 mm, 10 µm). The isocratic mobile phase                     

consisted of a mixture of methanol/water (30:70, v/v) 

with a flow rate of 1.0 mL min-1. The column                    

temperature was set at 28 °C, and the sample                    

injection volume was 20 µL. The chromatogram was 

detected at 280 nm using a UV detector [10].  

 

The loading capacity (LC) and encapsulation                   

efficiency (EE) were calculated using the following      

equations: 

 

LC = (A − B)/C            (1) 

 

EE = (A − B)/A            (2) 

 

where A is the total amount of added dazomet, B is        

the free amount of dazomet, and C is the weight of      

MOF-1201. 

 

Results and Discussion 

Synthesis and characterisation of MOF-1201 

MOF-1201 was synthesised using Ca2+ as the metal     

nodes and both lactate and acetate as linkers [7].            

Lactate and acetate molecules formed bridges that         
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connected to the Ca2+ centres to form a framework.       

The obtained MOF-1201 was observed to be                   

crystalline under a light microscope at 20×                      

magnification. As shown in Figure 1(a), MOF-1201     

exhibited colourless, rod-shaped crystals. The                

crystallinity of MOF-1201 was assessed by                      

comparing the experimental and simulated PXRD         

patterns [11].  

 

Figure 1(b) shows that the synthesised MOF-1201 m

atched well with the simulated PXRD patterns at each 

stage, namely as-synthesised, solvent exchange, and   

activated, respectively. Four significant peaks were      

observed at lower angles (2θ = 3.5, 5.0, 7.5, and 10.

1°) in the synthesised MOF-1201. Although several     

peak intensities in MOF-1201 differed slightly from     

their simulated patterns, this variation does not affect 

the crystal structures, as the lattice parameters,               

symmetry, and space group of each crystal are related 

to peak positions rather than peak intensities [12].          
These variations in peak intensities may be attributed 

to the preferred orientation of the MOF-1201                   

crystallites or slight differences in phase composition 

arising from variations in synthetic conditions [13,      

14]. The PXRD data indicate that MOF-120 exhibited 

high crystallinity at each stage.  

 

The FESEM image (Figure 2(a)) indicates that MOF

-1201 exhibits a rod-like morphology, with crystal        

dimensions of 72.1 μm (length) and 5.71 μm                   

(diameter). The rod-like structure is attributed to the    

use of calcium metal as a precursor. This finding is                     

consistent with several studies that have used calcium 

metal sources for the synthesis of Ca-based MOFs       

[16]. Rod-like particles are known for their unique        

phase behaviour, including the ability to form an inter

mediate liquid-crystalline phase between the liquid       

and solid states, which may influence molecular                  

diffusion and release dynamics [17]. Such features        

could make MOF-1201 advantageous for enhancing     

the loading of dazomet fungicide. The thermal               

decomposition pattern of MOF-1201 comprises three 

stages occurring at 155, 453, and 544 °C (Figure 2

(b)).  

 

The first stage of thermal decomposition is associated 

with the decomposition of solvent molecules (9.5%), 

followed by the loss of coordinated hydroxy and             

acetate linkers (39.3%) in the second stage. The third 

stage is associated with the loss of coordinated carbo

xyl linker (24.8%) and the total collapse of the MOF-

1201 framework [7]. Nitrogen sorption measurements 

at 77 K were subsequently conducted for MOF-1201 

(Figure 2(c)). The results indicated that MOF-1201       

exhibited a fully reversible type I isotherm, indicating 

that it possesses permanent microporosity. The             

Brunauer-Emmett-Teller surface area of MOF-1201   

was found to be 323.75 m2/g. 

 

Loading of dazomet fungicide in MOF-1201 (Dazo

-MOF1201) 

The calibration curves of dazomet (20, 40, 60, 80,          

and 100 μg mL-1) were established using ethanol,        

DMF, and isopropyl alcohol as solvents. As shown in           

Figure 3, the coefficient of determination (R2) values 

for the standard curve of dazomet were 0.998, 0.997, 

and 0.994 in ethanol, DMF, and isopropyl alcohol,        

respectively. According to Table 1, the EE% and LC% 

of dazomet in MOF-1201 varied significantly with        

the solvent used, with ethanol exhibiting the highest    

efficiency, followed by isopropyl alcohol and DMF.     

This variation can be attributed to differences in             

solvent properties, including polarity, molecular size, 

and evaporation rate [5]. In contrast, isopropyl                

alcohol, being less polar and slightly larger,                     

demonstrated reduced solubility of dazomet, which      

could lead to lower EE [15]. Although DMF                    

possesses high polarity and strong solvating power,      

its larger molecular structure and low evaporation          

rate hinder dazomet's access to the MOF pores,               

resulting in poor loading of dazomet in MOF-1201. 

 

 
Figure 1. a) Structure of MOF-1201 observed under a light microscope at 20× magnification and b) PXRD               

patterns of experimental MOF-1201 (blue, red, and green) compared to the simulated MOF-1201             

pattern (black) 
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Figure 2. a) FESEM images of MOF-1201 at 1,000× magnification, b) TGA of MOF-1201, and c) nitrogen               

isotherm of MOF-1201 

 

Additionally, the hydrogen bonding capability of the   

solvents plays a critical role in the loading of                   

dazomet fungicide. Ethanol exhibits higher hydrogen 

bonding capacity compared to isopropyl alcohol due    

to its simpler molecular structure, which features only 

one alkyl group attached to the hydroxyl group, allow

ing for more potential hydrogen bond interactions        

with neighbouring molecules, whereas isopropyl          

alcohol has a branched structure with two alkyl              

groups attached to the hydroxyl group, which hinders 

its ability to form as many hydrogen bonds [18]. How

ever, DMF lacks strong hydrogen bonding ability           
because it does not have a readily available hydrogen 

atom directly bonded to a highly electronegative atom 

like oxygen, which is necessary for forming a                 

hydrogen bond [19]. 

 

 
 

Figure 3. Calibration curves of dazomet in a) ethanol, b) DMF, and c) isopropyl alcohol 
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Table 1. Amount of dazomet loaded in MOF-1201 at different concentrations. 

Type of Solvent Encapsulation Efficiency (%) Loading Capacity (%) 

Ethanol 79.39 ± 0.7 0.79 ± 0.8 

DMF 23.11 ± 0.5 0.23 ± 1.0 

Isopropyl alcohol 42.65 ± 0.8 0.43 ± 0.9 

 

Physicochemical characterisation of Dazo-MOF      

1201 

The PXRD patterns revealed the presence of both         

peaks at lower and higher angles of Dazo-MOF1201 

(Figure 4(a)). The presence of lower angle peaks in  

Dazo-MOF1201 is similar to those of the pristine       

MOF-1201, suggesting that the crystallinity of MOF-

1201 was retained after the encapsulation of                    

dazomet in the framework. Furthermore, the presence 

of peaks at higher angles in Dazo-MOF1201 indicate

d that dazomet was incorporated into the framework. 

The slight shifts observed in some peaks of Dazo-

MOF1201 may be attributed to the deposition of some 

dazomet molecules on the surface of MOF-1201 [21]. 

Figure 4(b) shows the FTIR spectra of MOF-1201,       

dazomet, and Dazo-MOF1201. A broad O-H                   

stretching at 3350 cm-1 was observed in Dazo-MOF    

1201 compared to pristine MOF-1201 and dazomet.    

This broad O-H peak is correlated with strong                 

hydrogen bonding between structural atoms, along      

with the additional N-H stretching [20]. In this case,    

the presence of the hydroxyl group from MOF-1201  

and the amine group from dazomet enhanced the           

broadening of O-H peaks in Dazo-MOF1201.                 

At 1750 cm-1, a COO- stretching peak was observed     

in both MOF-1201 and Dazo-MOF1201,                            

corresponding to the presence of the carboxyl group    

from the linkers. The minor shifts in the COO- band    

could indicate that the intermolecular interactions         

between Ca2+ and the linkers were weakened in the       

presence of dazomet molecules [21]. Several addition

al peaks were seen in the fingerprint region of Dazo-       

MOF1201, indicating that dazomet was attached to       

the MOF-1201 framework. 

 

Conclusion 

In this study, MOF-1201 was successfully synthesise

d and characterised. Pristine MOF-1201 possessed       

high crystallinity and thermally stable up to 400 °C.    

Furthermore, the loading of dazomet fungicide in       

MOF-1201 is highly dependent on the properties of      

the solvent. Significant variations were observed,         

with ethanol emerging as the optimal solvent due to      

its moderate polarity, small molecular size, and               

effective hydrogen bonding capability. These factors              

collectively facilitate efficient dazomet loading             

within MOF-1201. These findings underscore the          

importance of solvent selection in optimising                  

dazomet loading in Ca-MOF, providing valuable           

insights for the development of advanced                          

agrochemical delivery systems.  
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