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Abstract 

A facile and environmentally friendly nano-scale synthesis of a Zn(II) metal-organic 

framework (MOF), {[Zn4(BDC)4(bpta)4]·5DMF·3H2O}n (1) (bpta = N,N′-bis(4-pyridinyl)-

1,4-benzenedicarboxamide, BDC = 1,4-dicarboxylate, DMF = N,N-dimethylformamide), 

with nanorods morphology under ultrasonic irradiation at ambient temperature and 

atmospheric pressure has been explored. This MOF has been characterized by scanning 

electron microscopy (SEM), powder X-ray diffraction (PXRD) and IR spectroscopy. Some 

parameters such as concentration of initial reagents, power ultrasound irradiation and time 

effects on size and morphology of nano-structured compound 1 have been studied. 

Keywords: metal-organic framework, sonochemical, amidic pillar, nano-structure; 

1. Introduction 

Metal-organic frameworks (MOFs) are porous organic-inorganic hybrid materials, that are 

constructed by joining metal-containing units with organic linkers, using strong bonds to 

create open crystalline frameworks with permanent porosity [1, 2]. Because of their porosity 

and tunable chemical functionality, they have been used in diverse areas such as gas storage 

[3, 4], adsorption [5], separation [6], catalysis [7], magnetism [8, 9] and drug delivery [10]. 

The key to the design of intriguing MOFs [11] lays in the intelligent ligand design, the proper 

choice of metal center and counter ions. Hydrogen bonding, on the other hand, plays a crucial 

role in the crystal engineering of organic solids [12]. Combination of both metal–ligand 

coordination (MLC) and hydrogen bonding in designing MOFs should be considered an 
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attractive design strategy because of the possibility of structural variations and guest 

entrapment induced by specific hydrogen bonding interactions. The amide group is a 

fascinating functional group because it possesses two types of hydrogen-bonding sites: the -

NH moiety acts as an electron acceptor and the –C=O group acts as an electron donor. These 

multifunctional moieties of amide groups tend to form hydrogen bonds among themselves 

and interact negligibly with guest molecules after construction of MOFs [13]. These 

structural frameworks have been utilized in applications such as chemical sieving, sensing, 

and catalysis, and much progress has been made in all of these areas [14]. By decreasing the 

size of metal-organic frameworks in nano-size, surface area would be increased. Hence 

making MOFs in nano-scale is certainly a major step forward toward the technological 

applications of these new materials [15, 16]. 

There are several different synthetic approaches for the preparation of metal–organic 

frameworks such as slow diffusion, hydrothermal, and solvothermal synthesis methods [17-

19]. In many cases, these methods are needed long reaction times, high temperatures and 

pressures. Also, because of the big potential of MOFs for industrial applications, it is 

important to develop novel and techno-economically approaches, such as mechanochemical 

[20-23], microwave (MW) [24-27], electrochemical synthesis [28, 29] and sonochemical 

approach. In recent years many kinds of nano-sized materials have been prepared by 

sonochemical method [30-34]. With using ultrasonic irradiation, various chemical reactions, 

even some reactions that were previously difficult to realize by other traditional methods, can 

also proceed at room temperature easily [35-37]. Sonochemical methods can lead to 

homogeneous nucleation and a substantial reduction in crystallization time compared with 

conventional oven heating when nanomaterials are prepared [38]. Many researchers have 

investigated the effect of ultrasound on chemical reactions, and most theories imply that the 

chemical or physical effects of ultrasound originate from acoustic cavitation within 

collapsing bubbles, which generates extremely localized hot spots having temperatures of 

roughly 5000 K, pressures of about 500 atm, and a lifetime of a few microseconds. Between 

the microbubble and the bulk solution, the interfacial region around the bubble has very large 

gradients of temperature, pressure, and the rapid motion of molecules leading to the 

production of excited states, bond breakage, the formation of free radicals, mechanical 
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shocks, and high shear gradients [39]. The use of high-intensity ultrasound to enhance the 

reactivity of metals as a stoichiometric reagent has become a synthetic technique for many 

heterogeneous organic and organometallic reactions [40-46]. Ultrasonic irradiation is 

considered a green energy source because of shorter reaction times and higher yields in 

comparison with thermal energy sources [47] and this method is more convenient, cost 

effective and environmentally friendly approach to nano-scale coordination supramolecular 

compounds and easily controlled [39, 48, 49]. As a part of our ongoing efforts in the design 

and synthesis of facile and environmentally friendly nano-scale materials, we wish to report 

herein on the synthesis of a nano-structure porous MOF, 

{[Zn4(BDC)4(bpta)4]·5DMF·3H2O}n (1), (bpta= N,N′-bis(4-pyridinyl)-1,4-

benzenedicarboxamide, BDC=1,4-dicarboxylate) [50], which is synthesized by the reaction 

of zinc(II) acetate dehydrate, N,N′-bis(4-pyridinyl)-1,4-benzenedicarboxamide and 1,4-

dicarboxylate under ultrasonic irradiation at ambient temperature and atmospheric presure. 

MOF 1 was synthesized in three different concentrations of initial reagents (0.006, 0.01 and 

0.04 M) and two different reaction times of 15 and 30 min. MOF 1 was also synthesized 

using the ultrasonic method at two different ultrasound powers (12 and 24 W). This metal-

organic framework has potential uses in the context of molecular recognition, catalysis, size-

selective guest transportation, optical materials, molecular magnetism, semiconductors, and 

conductors [51]. 

Because of the unique properties of nano-particles, they have been used in electrical, optical, 

magnetic and chemical features which are entirely different from their bulk counterparts [40, 

52-55], in particular nanoscale metal–organic frameworks (NMOFs), have potential in 

templating, biosensing, magnetic resonance imaging and drug delivery [56, 57]. 

2. Experimental 

2.1. Materials and physical techniques 

Except bpta ligand that was synthesized, all reagents and solvents for the synthesis and 

analysis were commercially available and were used as received. Powder X-ray diffraction 

(PXRD) of compound 1 was carried out on a diffractometer of Philips Company with X’pert 

monochromatized Cu kα radiation. Simulated XRD powder patterns were calculated using 
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Mercury based on the single crystal data [50]. FT-IR spectra were recorded on a Nicolet 

Fourier Transform IR, Nicolet 100 spectrometer in the range 500–4000 cm
-1

 using the KBr 

disk technique. Ultrasonic generator was carried out on a TECNO-GAZ, S.p.A., Tecna 6, 

input: 50–60 Hz/305 W. 

 

2.2. Synthesis of bpta ligand 

The N,N′-bis(4-pyridinyl)-1,4-benzenedicarboxamide ligand of bpta is synthesized according to 

literature method [58].(Fig.1) 

200 mL of CH2Cl2 and 3 mL of NEt3 were successively added to a 500 mL flask containing 

terephthaloyl chloride (0.5 g, 2.46 mmol) and 4-aminopyridine (0.48 g, 5.20 mmol). The 

resulting mixture was stirred at room temperature for 24 h. The resulting white precipitate 

was collected, washed with water (50 mL) and CH2Cl2 (50 mL), and dried. IR (cm
-1

) selected 

bond: 594(m), 835(m), 1118(m), 1296(s), 1416(m), 1505(vs), 1594(vs), 1663(s), 3533(s).  

2.3. Synthesis of {[Zn4(BDC)4(bpta)4].5DMF.3H2O}n (1) as single crystal 

According to reported method [50], colorless block crystals of compound 1 were obtained 

from a mixture of ZnCl2 (20.5 mg, 0.15 mmol), H2BDC (24.9 mg, 0.15 mmol), bpta (47.8 

mg, 0.15 mmol), DMF (7 mL) and H2O (0.5 mL) in Teflon-lined stainless steel autoclave 

under autogenous pressure and heated at 120 °C for 72 h and then slowly cooled to 30 °C. 

m.p. > 300 
o
C. IR (cm

-1
) selected bond: 532(s), 601(m), 748(m), 831(s), 1103(s), 1296(m), 

1384(s), 1508(vs), 1595(vs), 1671(s), 3077(m), 3263(m).  

 

2.3. Synthesis of {[Zn4(BDC)4(bpta)4].5DMF.3H2O}n (1) nano-structure by a sonochemical 

process 

 

To prepare {[Zn4(BDC)4(bpta)4].5DMF.3H2O}n (1) nanopowder, Zn(OAC)2.2H2O (0.01 M), 

BDC and bpta with molar ratio 1:1:1 were added to the one-necked flask that contain 25 ml 

DMF as solvent and treated by ultrasound irradiation in ultrasonic bath. The obtained 

precipitates were filtered off, washed with DMF several times and then dried in air, m.p. > 

300 
o
C. IR bands are: 534(s), 602(m), 748(m), 833(s), 1104(s), 1297(m), 1385(s), 1508(vs), 

1596(vs), 1671(s), 3079(m), 3267(m).  
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To investigate the role of initial reagent concentrations on size and morphology of nano -

structured compound 1, the above processes were done with different concentrations (0.04, 

0.01 and 0.006 mol L
-1

). For monitoring the role of power ultrasound irradiations on size and 

morphology of compound 1 the process with the initial reagents concentration 0.01 M has 

been done in three different ultrasound power (12 and 24 W). Sonochemical syntheses of 1 

for the reaction times of 15 and 30 min were carried out under ultrasonic irradiation too. 

3. Results and discussion 

The hydrothermal reaction of zinc(II) chloride with 1,4-dicarboxylate (BDC) and N,N′-bis(4- 

pyridinyl)-1,4-benzenedicarboxamide (bpta) as amidic pillar in 1:1:1 mole ratio at 120 °C for 

72 h yields colorless crystals of compound 1, which is suitable for X-ray crystallography, 

while nano-structures of compound 1 were obtained in DMF by ultrasonic irradiation at room 

temperature. Scheme 1 gives an overview of the methods used for the synthesis of 

{[Zn4(BDC)4(bpta)4].5DMF.3H2O}n (1) using the two different routes. 

The IR spectrum of the nano-structures produced by the sonochemical method and of the 

bulk material produced by the solvothermal method were compared with each other in Fig. 2. 

The structure of compound 1 was characterized by single-crystal X-ray diffraction techniques 

[50]. The molecular structure of the fundamental building unit for 1 is shown in Fig. 3. The 

asymmetric unit consists of four Zn(II) atoms, four BDC
2−

 ligands, four bpta linkers, five 

DMF, and three water guest molecules. The framework is constructed from a six-connected 

dinuclear {Zn2N4O6} node, which is octahedrally bound to four BDC ligands and two 

double-bpta-deckered pillars. Each BDC
2−

 ligand acts as a µ3-bridge to link three Zn(II) 

atoms, in which one carboxylate group exhibits a µ2-η1:η1-bridging coordination mode, while 

the other adopts a monodentate structure (Fig. 3). 

Fig. 4 shows the simulated XRD pattern from single crystal X-ray data of compound 1 in 

comparison with the XRD pattern of the as synthesized nano-structure of compound 1 by the 

sonochemical process. Acceptable matches were observed between the simulated and 

experimental XRD patterns. This indicates that the compound obtained by the sonochemical 



  

  

  

  

  

  

  

 

  

 6  

 

process as nano-structures is identical to that obtained by single crystal diffraction. The 

significant broadening of the peaks indicates that the particles are of nanometer dimensions. 

The morphology and size of compound 1 prepared by the sonochemical method was 

characterized by scanning electron microscopy (SEM). Fig. 5 shows the SEM of the 

compound 1 prepared by ultrasonic generator 12W in concentration of initial reagents [Zn
2+

] 

= [BDC] = [bpta] = 0.04 mol L
-1

. Also different concentrations of zinc(II), 1,4-

benzenedicarboxylate and N,N′-bis(4-pyridinyl)-1,4-benzenedicarboxamide solution (0.01 

and 0.006 mol L
-1

) were tested (Figs. 6 and 7). In order to investigate the role of 

concentration of initial reagents on the nature of products, reactions were performed with 

three different concentrations of initial reagents. Comparison between the samples with 

different concentrations shows that high concentrations of initial reagents decreased particles 

size. Thus, particles sizes produced using lower concentrations of initial reagents (0.006 mol 

L
-1

, Fig. 7) are bigger than particles size produced using higher concentrations (0.04 and 0.01 

mol L
-1

, Figs. 5 and 6, respectively). More interestingly that, as shown in Fig. 7, decreasing 

of concentration of initial reagents ultimate to prepared rod-like nano-structure compound 1 

(Fig. 7). The morphologies and size of nano-structure of the as-prepared samples for different 

reaction times were characterized by SEM. Fig. 8 shows the SEM image of compound 1 with 

reaction time of 30 min ( Zn(II) = BDC = bpta = 0.006 mol L
-1

, 12 W ). The results show that 

the size of the nanoparticles increased with increasing reaction times. Thus, smaller particles 

(for 15 min, see Fig. 7) were achieved by sonocrystallization at shorter times when compared 

with 30 min (Fig. 8). To investigate the role of power ultrasound irradiation on the nature of 

products, reactions were performed under diverse power ultrasound irradiation too (Zn(II) = 

BDC = bpta = 0.006 mol L
-1

, 12 and 24W). Comparison between the samples with different 

powers ultrasound irradiation shows that increasing of power from 12 to 24W leads to 

decreasing of sizes of the nanoparticles (Fig. 9).  Table 1 gives an overview of the 

comparison of the concentration of initial reagents, times effect and different powers of 

ultrasonic irradiation on the morphologies and sizes of nano-structure of the compound 1.   

Thermogravimetric analysis of 1 showed that guest molecules are eliminated from the 

network (calcd 16.1%; found 16.5%, which correspond to loss of 20 DMF molecules and 12 
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H2O molecules per unit cell) when the temperature is increased from room temperature to 

about 270 °C [50]. 

 

4. Conclusions 

Nanoparticles and nanorods of porous metal-organic framework, 

{[Zn4(BDC)4(bpta)4].5DMF.3H2O}n (1) ,(bpta = N,N′-bis(4-pyridinyl)-1,4-

benzenedicarboxamide, BDC = 1,4-dicarboxylate, DMF = N,N-dimethylformamide) have 

been synthesized under ultrasound irradiation. Structural information of the nanoparticles was 

compared with the structural information of crystals of compound 1. Morphology and sizes of 

the nano-structures were investigated in different concentrations of initial reagents, different 

powers of ultrasonic irradiation and various reaction times. Results show an increase in the 

particles size as the concentrations of initial reagents is decreased. It is an interesting point 

that low concentration of initial reagents leaded to rod-like nano-structures morphology. Also 

the shorter reaction times and using of different powers of ultrasonic irradiation lead to 

decreasing the size of nano-structures. 
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Scheme 1. Materials produced and synthetic methods. 

 

 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                  Fig. 1. bpta ligand     
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Fig. 2. IR spectrum of (a) nanostructures of compound 1 produced by sonochemical method and (b) bulk    

materials of 1. 
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Fig. 3. Molecular-packing diagram of {[Zn4(BDC)4(bpta)4].5DMF.3H2O}n (1) viewed along the b-axis, 

Zn(yellow), O(red), N(blue), C(purple and green), H(grey). 

 

  

  

  

  

  

  

  

  

  

  

  

  



  

 

  

 

Fig. 4. XRD patterns of simulated pattern based on single crystal data of compound 

nanostructures of 1 prepared by sonochemical process (red) 
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XRD patterns of simulated pattern based on single crystal data of compound 1 (blue), as synthesized and 

prepared by sonochemical process (red)
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Fig. 5. SEM photographs of compound 

of initial reagents [Zn2+] = [bpta] = 0.04
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of compound 1 nanoparticles prepared by ultrasonic generator 12W in concentration 

] = [bpta] = 0.04 mol L-1. 

  

  

  

  

  

  

 

  

 

  

  

  

  

  

  

  

  

  

  

  

  

  

 

generator 12W in concentration 

 



  

 

 

 

 

Fig. 6. SEM photographs of compound 

of initial reagents [Zn
2+

] = [bpta] = 0.01

13 

 

SEM photographs of compound 1 nanoparticles prepared by ultrasonic generator 12W in concentration 

] = [bpta] = 0.01 mol L
-1
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generator 12W in concentration 



  

 

 

Fig. 7. SEM photographs of compound 

of initial reagents [Zn
2+

] = [bpta] = 0.006
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SEM photographs of compound 1 nanoparticles prepared by ultrasonic generator 12W in concentration 

] = [bpta] = 0.006 mol L
-1
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generator 12W in concentration 
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Fig. 8. The SEM image of compound 1 with reaction time of 30 min (Zn(II) = bpta = 0.006 mol L
-1

, 12 w). 
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Fig. 9. SEM photographs of compound 1 nanoparticles prepared by ultrasonic generator 24W in concentration 

of initial reagents [Zn
2+

] = [bpta] = 0.006 mol L
-1

. 
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Morphology 
Size 

(nm) 

Power 

(W) 

Time 

(min) 

Concentration 

 (M) 

spherical 74 12 15 0.04 

nanorod  85 12  15  0.01 

nanorod  109 12  15  0.006 

nanorod  135 12  30 0.006 

nanorod  89 24 15  0.006 

 

Table 1. Comparison of the concentration of initial reagents, times effect and different powers of ultrasonic 

irradiation on the morphologies and sizes of nano-structure of the compound 1. 
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• Nanorods of a Zinc(II) metal-organic framework were synthesized 

• The morphology of the nanorods depend on the concentration of initial 

reagents 

• Low concentrations of initial reagents leaded to rod-like morphology 

• The time effect on size of nano-structured MOF have been studied 

• The shorter reaction times lead to decreasing the size of nano-structures 

 


