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Optimization of Reaction Conditions for 
Synthesis of MOF-5 using Solvothermal Method          

Tri Ana Mulyati1, Ratna Ediati1, and Muhammad Nadjib1 
 

AbstractMOF-5 (metal-organic frameworks-5) have been synthesized using solvotermal method in which reaction mixtures 
of zinc nitrate hexahydrate and benzenedicarboxylic acid in dimethylformamide were heated at various heating temperatures 
and times in order to obtain the best reaction conditions for the synthesis of MOF-5. The heating temperatures used were 105, 
120 and 140 °C, respectively with heating times of 12-144 hours. Determination of the best reaction conditions was based on the 
observation of phase purity and crystal morphology of MOF-5 using XRD and SEM. The characterization results showed that 
optimization of MOF-5 crystals were obtained when the reaction mixtures were heated at 105 °C for 144 h, 120 °C for 24 h and 
140 °C for 12 h. The maximum weight of MOF-5 crystal was generated from reaction mixture heated at 120 °C for 72 h. 
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I. INTRODUCTION1 
etal-organic frameworks 5 (MOF - 5) are new type 
materials in which the metal ion acts as a 

coordinating center and associated with a variety of 
polyatomic organic compounds to form three- 
dimensional structures. By changing the metal ions and 
ligands used, material with variety in porosity, surface 
area and pore size can be obtained [1]. One type of 
MOFs which is still intensively investigated to date is 
MOF-5. The advantages of MOF-5 include a large 
surface area, high porosity and low-cost and readily 
available raw materials [2]. MOF-5, with molecular 
formula of Zn4O(BDC)3, has been synthesized from 
Zn(NO3)2.6H2O (zinc nitrate hexahydrate) as the 
inorganic material associated with H2BDC (1,4-benzene 
dicarboxylic acid) as the organic linker and DEF (N’N-
diethylformamid) or DMF (N’N-dimethylformamid) as 
solvents . The DEF is preferred as a reaction solvent 
eventhough  the DMF can be used as a substitute for the 
equivalent phase but get lower quality and cheaper price 
[3]. 

Methods for MOF-5 synthesis have been developed 
with the aim of obtaining materials with high surface 
area and pore volume. It has been reported that MOF-5 
has been synthesized by use of solvotermal method as 
well as sonochemical [4] and microwave methods [3]. 
Solvotermal method is widely used as MOF-5 crystals 
with large surface area crystallinity and pore volume 
have been produced [5]. The parameters influence. The 
characteristics of MOF-5 crystals depend on reaction 
parameters such as reaction temperature, reaction time, 
ratio of metal / ligand, solvent composition and pH of the 
solution [6]. 

Some researchers have reported the synthesis and 
characterization of MOF-5 by use of the solvotermal 
method at various reaction conditions. Biemmi et al . 
(2009) [7] have synthesized MOF-5 at 110 °C for 48 
hours and the product has a typical diffractogram pattern 
of MOF-5. Lu et al. (2010) [8] and Son et al . (2010) [4] 
have reported that MOF-5 crystals with a surface area of 
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1080 and 3200 m2/g have been obtained at a heating 
temperature of 105 °C for 20 hours and 24 hours 
respectively. Furthermore, Phan et al. (2010) [9] and 
Blanita et al. (2011) [2] have shown that higher surface 
area and pore diameter of MOF-5, i.e. 3846 m2/g and 
18.6 Å as well as 3153 m2/g and 18.3 Å, have been 
synthesized at 100 °C for 24 hours and 7 hours, 
respectively. In addition, Zhao et al. (2011) [10] have 
also reported the synthesis of MOF - 5 at 130 °C for 4 
hours which produces cubic crystals. The results 
mentioned above indicate that the heating temperature 
and time in the synthesis of MOF-5 can affect the 
characteristics of the obtained MOF-5. Therefore, 
research on the optimization of reaction conditions for 
synthesis of MOF - 5 in order to obtain MOF - 5 crystals 
with the desired characteristics is still required. 

Several studies conducted by Orefuwa et al. (2012) 
[11] , Venna et al. (2010) [12] , and Biemmi et al. (2009) 
[7] have discussed the optimization of reaction 
temperatures and times for the synthesis of MOFs. 
Orefuwa et al. (2012) [11] have reported the effect of 
reaction temperatures on the structure of IRMOF-8 in 
which an intermediate phase and other products have 
been formed when the reaction temperatures  of 100 °C 
and 150 °C  were used respectively. An evolution of 
ZIF-8 structure as a function of time has been reported 
by Venna et al. (2010) [12], i.e. the phase purity of ZIF-8 
increased with the increase in reaction time and remained 
unchanged after 50 minutes, whereas the crystal size of 
ZIF-8 increased with the increase in reaction time. The 
research results Biemmi et al. (2009) [7] have shown the 
evolution of the HKUST-1 structure as a function of 
temperature despite the formation of metal oxide Cu2O 
phase at a temperature of 453 K. In addition, the 
regularity of morphology of the HKUST- 1 crystals 
decreased with the increase in reaction temperatures. In 
the case of MOF-5 synthesis, Choi et al. (2008) [13] 
have investigated the effect of reaction time on 
crystallinity of MOF - 5 synthesized by use of 
microwave method at various reaction time of 15, 30, 45 
and 60 min. Diffractogram patterns of MOF - 5 
generated from reaction time of 15 , 45 , and 60 min 
showed the highest peak intensity at 2θ of 9.6° and 6.8° 
when the reaction time was 30 min. 

Optimization of the reaction temperatures and times 
for the synthesis of MOF - 5 by use of solvotermal 
method has not been reported. Therefore, synthesis of 
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MOF - 5 by use of solvothermal methods at various 
heating temperatures of 105 °C, 120 °C and 140 °C, for 
various heating times of 12, 24, 36, 48, 72 and 144 hours 
have been performed in this study. The determination of 
the optimum reaction conditions for the synthesis has 
been focused on the observation of phase purity and 
crystal morphology of MOF - 5 through characterization 
results by XRD and SEM. 

II. METHOD 

A. Synthesis of MOF-5 
The materials used for the synthesis of MOF-5 include 

zinc nitrate hexahydrate (Zn(NO3)2.6H2O Sigma-
Aldrich, 99,0%), 1,4-benzenedicarboxylic acid (H2BDC 
Sigma-Aldrich, 99,0%), N’N-dimethylformamide (DMF, 
Merck, 99,8%), chloroform (CHCl3, Merck, 99,9%), 
nitrogen, and aquades. 

The synthesis of MOF-5 has been carried out by 
dissolving 6.48 g of zinc nitrate hexahydrate (6.1 mmol) 
and 1.188 g of 1,4-benzenedicarboxylic acid (2.0 mmol) 
in 180 mL DMF, then stirred with magnetic stirrer for 30 
minutes. The reaction mixture was then transferred into 6 
of 50 mL vial botols with lids, each with a volume of 30 
mL, and heated in an oven at 105 °C. Each reaction 
mixture was removed from the oven at intervals of 12, 
24, 36, 48, 72 and 144 hours, allowed to cool at room 
temperature. The solvent was then removed from the vial 
bottles by decantation, the solid was washed by adding 
30 mL of DMF and left for 24 hours. The washing 
process was repeated twice with chloroform as the 
solvent. The obtained solid was then dried under vacuum 
at 60 °C and stored in a container with a nitrogen 
atmosphere and weighed. The same process was repeated 
for the heating temperature of 120 and 140 °C. 

B. Characterization 
The crystalline structures of the obtained samples were 

determined by X-ray diffraction (XRD) by use of a 
JEOL diffractometer with a Cu Kα radiation (λ = 
1.54056 Å) at 40 kV and 30 mA. The diffractograms 
were recorded with a 2θ scale of 5-50° and a scan speed 
of 0.020°/sec. Surface morphology and the percentage 
content of elements in the crystals obtained by SEM-
EDX (SEM - Zeiss EVO MA10). 

III. RESULT AND DISCUSSION 

A. Synthesis of MOF-5 with Solvothermal Method 
The clear solution of (Zn(NO3)2. 6H2O) and H2BDC 

in DMF turned into a mixture of a white solid on the 
walls and bottom of the bottle vial and clear filtrate (Fig. 
1b), (Fig. 1a) after the heating process. After washing 
and drying process, the white crystals were obtained 
(Fig. 1c). The weight of the crystals produced at each 
heating temperature is shown in Figure 2. At a 
temperature of 105 °C, the weight of the resulting 
crystals increases with the increase in heating to reach a 
maximum of 0.53 grams after heating for 144 hours. 

However, at the reaction temperatures of 120 °C and 
140 °C, the maximum weight of the obtained crystals 
were as much as 0.68 grams and 0.61 grams, 
respectively, at a temperature of 120 °C for 72 h and 140 
°C for 36 hours. Therefore, reaction conditions that 

produce crystals most is heating at a temperature of 120 
°C for 72 hours (Fig 2). 

B. Optimization  Optimization  Synthesis of MOF-5 on 
Variation Temperature and Time 

1) Optimization  at Temperature 105 °C 
Diffractogram pattern of crystals synthesized at 105 °C 

for 12-144 hours and simulated diffractogram of MOF-5 
are shown in Figure 3. 

As is shown in the Figure 3, crystals obtained at 
heating time for 12 hours (a) has different diffractogram 
pattern to that of simulated MOF-5 which indicates that 
MOF-5 crystal has not been formed. When the heating 
times were increased up to 36 hours, the MOF-5 crystals 
have been formed along with the presence of impurities, 
as indicated from the appearance of small peak at 2θ = 
6.8° on the diffractograms b and C. Further increase in 
the heating time for 48 – 144 hours resulted in the 
formation of crystals with the same diffractogram pattern 
to that of simulated MOF-5 (Figures 3f). The formation 
of MOF-5 is indicated by the presence of four peaks at 
2θ = 6.8 °; 9.6 °; 13.7 ° and 15.4° (Fig. 3f) as reported by 
Li, et al. [5]. The highest crystal weight of 0,5303g has 
been achieved by heating time of 144 h. 
2) Optimization at Temperature 120 °C 

Diffractogram  pattern of crystals synthesized at 120 
°C for 12 – 144 hours and the simulated diffractogram 
pattern of MOF-5 are shown in Figure 4. At the heating 
temperature of 120 °C, MOF-5 crystals have been 
formed after reaction times of 24 hours as indicated by 
the appearance of peaks characteristic of MOF-5 at 2θ = 
6.8 °; 9.6 °; 13.7 ° and 15.4 °. As can be seen in Figures 
4 b, c and d, the crystals obtained with heating times of 
24 – 144 hours show the same diffractogram pattern to 
that of simulated MOF-5 (Fig. 4e) [5]. The intensity of 
the four main peaks, however, decreases with the 
increase in heating time, which indicates that the 
crystallinity of the MOF-5 decreases with the increase in 
heating time. Based on these results, the best heating 
time at 120 °C is 24 hours. 
3) Optimation at Temperature 140 °C 

Diffractogram pattern of crystals synthesized at 140 °C 
for 12 – 144 hours and the simulated diffractogram 
pattern of MOF-5 are shown in Figure 5. In other hand, 
crystal formed by synthesis at temperature 140 °C on 12 
h. Figure 5a, crystal formed indicate peak characteristic 
of simulated peak on 2θ = 6,8°; 9,6°; 13,7° and 15,4°. 
This Characteristic peak still appear at difractogram of 
crystal on synthesis time 24-144 h, despite of the 
characeristic peak intensity decrase with increasing 
heating time (Fig. 5b-5e). 

This decrease in intensity indicates that the 
crystallinity of the MOF-5 crystals are lower with 
increasing synthesis time of 24-144 hours. Therefore, 
based on the crystallinity of the resulting crystals, long 
the best heating for the synthesis of MOF-5 at a 
temperature of 140 °C is 12 hours. 
4) Crystallinity and Morphology of MOF-5 

As explained above, the best treatment for the 
synthesis of MOF-5 is 105 °C - 144 hours, 120 °C - 24 
hours, and 140 °C - 12 hours. This treatment was chosen 
because the resulting crystal diffractogram pattern 
follows the pattern of simulated diffractogram and has 
the highest crystallinity. Nevertheless, from a 
comparison of the three crystals selected diffractogram 
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and simulation of MOF-5 (Fig 6), it is seen that the 
results of treatment Kristal 120 ° C - 24 hours has the 
same pattern with the simulated diffractogram MOF-5 
(Fig 6b and 6d). 

Furthermore, the crystallinity in each diffractogram 
pattern is calculated based on the number 4 peak area on 
MOF-5 characteristics analogy with the calculation of 
peak area were carried out by Jiang et al. (2011) [17]. 
Crystal with the largest peak area, expressed with 100% 
crystallinity, other crystals with a lower peak area, 
crystallinity is calculated relative to the peak area of the 
highest value. Crystallinity calculation results of 
treatment outcome Crystals 105 °C - 144 hours (A), 120 
°C - 24 hours (B) and 140 °C - 12 hours (C) are shown in 
Table 1. Crystal with the highest crystallinity resulting 
from the treatment of 120 ° C - 24 h. 

Crystal morphology of MOF-5 synthesized A, B and C 
and the approximate elemental composition were 
observed using SEM - EDX, the results of which are 
shown in Figure 7 -9. From the SEM photograph can be 
seen that the MOF-5 crystals A, B and C have the form 
of a box. This observation is in accordance with SEM 
photograph MOF-5 has publicated by Li et al., (2009) 
[5]. Morphological differences between the three crystals 
synthesized MOF-5 is located on the surface texture. Flat 
surface morphology with smaller crystal size (85-95 
µm), indicated by the MOF-5 crystals synthesized at 
high temperature (140 °C) with a short time (12 hours), 
as can be seen in Figure 9. Increased long heating at 
lower temperatures, which is the treatment of 100 °C - 
144 h and 120 °C - 24 h, resulting in MOF-5 crystals 
with larger particle size (250-300 µm) and the surface 
morphology is less flat (Fig 7 and 8 ).  

When compared with the results of Yang et al. (2011) 
[18], MOF-5 crystals synthesized at the conditions of 
140 °C - 12 h have a similar size, which ranges 100-110 
µm, while the size of the crystal at 100 ° C - 144 h and 
120 ° C - 24 h are similar to those reported Mueller et al. 
(2006) [19] yaitu berkisar (200-250 µm). 

Elemental composition (wt%) in MOF-5 A, B and C 
from EDX results are shown in Figure 7-9 and Table 2. 
The results obtained from the red circle representing the 
MOF-5 box. 

 As is seen, the optimum composition of the Zn is 
contained in the treatment of 120 ° C-48 h, which is 
35.50 wt%, whereas treatment with the smallest Zn 
composition obtained in the treatment of 140 ° C-12 h is 
30.13 wt% (Table 2). Although there are differences, but 
this difference was only 3-5 wt% in each treatment. 
Therefore, it might be concluded that all three selected 
treatments produced MOF-5 crystals that have  formed. 

When compared with the elemental composition of the 
simulation, then a similar treatment is 120 ° C - 24 hours 
which is very similar to the simulation code D. This 
suggests that the formulation of MOF-5 may be formed 
in this study is Zn4,26O12,8C24H11,3. 

IV. CONCLUSION  
Based on the XRD patterns, the optimum treatment 

obtained at a temperature of 105 ° C was 12 hours, at a 
temperature of 120 ° C was 48 hours, while at a 
temperature of 140 ° C was 144 hours. This is shown by 
the XRD pattern generated according to the XRD 
patterns simulated MOF-5 and has the highest intensity. 

SEM results showed that all three treatments at optimum 
conditions, ie 105 ° C-144 h, 120 ° C-24 h, and 140 ° C-
12 h has a morphology that box. The third difference lies 
in the morphology of the surface texture. In the treatment 
of 140 ° C - 144 hours has the smoothest surface texture 
but very small crystals obtained. In the treatment of 105 
° C - 12 hours crystalline MOF-5 crystal size is large but 
has uneven surface texture, whereas at 120 ° C - 24 hours 
of MOF-5 crystal size large and flat enough surface 
texture, but there are cracks. The EDX results showed 
that treatment of 120 ° C - 24 hours is a treatment that 
has a composition wt% Zn largest and most suited to the 
simulation of the code D. It can be concluded that 
treatment with optimum conditions is 120 ° C - 24 hours. 
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Figure. 1. Process Synthesis of MOF-5 

 

 
Figure 2. Corelation Between Mass Changes and Temperature Function of MOF-5 

 

 
Figure 3. Diffraction Patterns of MOF-5 at 105 °C and Different 

Time Function: a. 12 h, b. 24 h, c. 36 h, d. 48 h, e. 144h, f. 
Simulated MOF-5 

 

 
Figure 4. Diffraction Patterns of MOF-5 at 120 °C and Different 

Time Function: a. 12 h, b. 24 h, c. 48 h, d. 144h, e. Simulated 
MOF-5
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Figure 5. Diffraction Patterns of MOF-5 at 140 °C and Different 

Time Function: a. 12 h, b. 24 h, c. 36 h, d. 72 h, e. 144h, f. 
Simulated MOF-5 

 
Figure 6. Diffraction Patterns of optimization MOF-5: a. 105°C-

144 h, b. 120°C-48 h, c. 140°C-12 h, d. Simulated MOF-5 

 
Figure. 8 SEM-EDX Images of MOF-5 at 105°C – 144 h 

 

 
Figure. 9 SEM-EDX Images of MOF-5 at 120°C – 24 h 

 

 
Figure. 10 SEM-EDX Images of MOF-5 at 140°C – 12 h 
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TABLE 1. 
PEAK AREA AND CRYSTALLINITY OF MOF-5 AT OPTIMUM REACTION CONDITIONS 

Cystals Conditions of 
Synthesis  Peak Area Crystallinity 

(%) 

A 105°C-144 h 4940,07 91,37 

B 120°C-24 h 5406,46 100 

C 140°C-12 h 3840,16 71,03 
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