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Abstract: Two ligands, 1, 3-bis(4-carboxyphenyl)imidazolium chloride and 4, 4՛-bipyridine, were 

employed to prepare nickel and zinc azolium based MOFs, 1 and 2 by the mixed ligand solvothermal 

approach. The positively charged azolium moieties in the imidazolium linker resulted in a charged 

environment in the as-synthesized frameworks. As a result, 1 and 2 demonstrated preferential 

adsorption of CO2 over methane molecules in the gas phase adsorption due to the higher quadruple 

moment of CO2, which interacts more with the positively charged frameworks. Besides, in aqueous 

media, 1 and 2 exhibited incredible adsorption efficiency for anionic dyes. In the following, MOF 1 

was metallated at the carbene site of the azolium linker to generate the novel heterogeneous catalyst 

1-Pd, which was successfully applied for Sonogashira and Suzuki-Miyaura coupling reactions 

without losing its activity after three cycles. 
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1. Introduction 

Work over the last two decades on a class of materials known as metal organic frameworks (M

OFs) or porous polymers (PCPs) has evolved to an unparalleled level of activity based on their high

 surface area[1], well-defined pore architectures[2], and tunable structural features[3]. MOFs gained 

much interest, not only because of their various applications but also because of their ability to be 

built by a linker with an extra active site that can be pre-, in-situ, or post-synthetically modified. An 

excellent example of such linkers is the azolium-containing ligands, precursors for N-heterocyclic 

carbenes (NHC). These imidazolium salt linkers are considered a novel strategy for creating 

electrostatic environments within the frameworks[4]. Therefore, these cationic components can 

increase the interaction between MOF and guest molecules. The proton conductivity of azolium 

linkers enhances their particular adsorption of gas molecules, including varying quadrupole moment 

and polarization. Azolium-containing MOFs show selective sorption of CO2 over a non-polar gas 
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such as N2 and CH4[4, 5]. Hence, gaseous molecules with higher quadrupole moment and 

polarizability preferentially would be adsorbed due to their remarkable interaction with the 

framework. 

Nowadays, many synthetic organic dyes are consumed in various industries, such as the textile 

industry[6], leather tanning industry[7], paper production[8], and hair colorings[9]. Unfortunately, 

these organic dyes are a concern as they may give rise to significant non-aesthetic pollution and 

severe health problems[10]. Adsorption is considered a highly competitive technique attributed to its 

broad application scope, economic viability, and high performance, which is employed to reduce 

these synthetic dyes from the wastewater and environment[11]. Due to the inadequate absorptivity 

of traditional adsorbent like activated carbon[12], researchers have been looking for an advanced 

alternative. Regarding MOF's multiple properties, like high surface areas, large pore volume[13], 

pores surface functionalization, and host-guest interactions[14-16], make them a competitive 

candidate for this purpose. Ionic MOFs include more distinctive merits, such as selective adsorption 

of cationic or anionic dyes through host-guest electronic interactions, guest-guest exchange 

interactions, or both. Accordingly, azolium-based metal-organic frameworks may propel the 

adsorption properties since the charged azolium moieties interact with ionic organic substrates (like 

ionic dyes). Besides, the ionic substrates can be adsorbed and desorbed reversibly[17-19]. 

Interestingly, MOFs are considered as heterogeneous catalysts with both advantages of 

homogeneous and heterogeneous properties[20]. MOFs can provoke catalyzed reactions through the 

use of unsaturated metal coordination sites[21], fabrication of transition metal nanoparticles inside 

the pores[22], employing metal complexes chelated through the ligand as linker[23], and post-

synthetic modification (PMS) (functionalization of the linker such as an azolium linker)[23, 24].  

Sonogashira and Suzuki-Miyaura C-C coupling reactions are two well-known reactions in modern 

organic synthesis, usually catalyzed by palladium. The coupling products have been applied as 

intermediates to synthesize pharmaceuticals, natural products, biologically active molecules, and 

conjugated polymers[25, 26]. 

Up till now, there is still a knowledge gap in employing mixed azolium-pyridine based MOFs 

for the removal of charged organic pollutants from aqueous solutions. In this work, a mixed ligand 

solvothermal synthetic approach was successfully applied to prepare two azolium-pyridine based-

MOFs, 1 and 2 (Scheme 1). MOF 1 and 2 were evaluated for the adsorptive removal of positively 

charged dye molecules from an aqueous medium, thereby establishing their potential application for 

wastewater treatment. Moreover, the as-synthesized frameworks proved highly efficient for the 

selective adsorption of CO2 over non-quadrupole CH4. Also, the PSM of 1 with Pd resulted in forming 

a new heterogeneous NHC catalyst, 1-Pd, which manifests as an efficient catalyst for Sonogashira 

and Suzuki-Miyaura C-C coupling reactions. This work may shed light on exploiting these hybrid 

framework materials to remove organic contaminants, gas separation, and catalysis. 
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Scheme. 1 Synthetic scheme of 1 and 2 applying mixed azolium-pyridine ligands. 

 

2. Results 

2.1. Characterization of compound 1 and 2  

H2L+Cl¯ ligand was prepared in the lab, as Figure S1 demonstrates the 1H-NMR spectrum of 

H2L+Cl¯ agrees well with the literature[27]. 

Field emission scanning electron microscopy (FE-SEM) was applied to study the surface 

morphology of as-prepared MOFs. As illustrated in Figure 1, the FE-SEM images of 1(a) and 2(b) 

show a homogeneous surface morphology. The uniform microcrystals also indicate the high 

crystalline nature of the frameworks. The as-synthesized MOF, 1, reveals a uniform flower-like 

microcrystal with an average particle size of 1.3 µm. Furthermore, homogenous plate-like structures 

with a crystal width of 4.3 µm and a length of 700 µm are observable for 2. 

 

Fig. 1 SEM images of MOFs, 1(a) and 2(b) 
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Powder X-ray diffraction (PXRD) has been applied to study the phase purity and local geometry 

of the as-synthesized samples 1 and 2, as presented in Figure 2a. As shown, the prominent peaks 

appear around 5º (2θ), 4.2 and 4.8 for compound 1 (Figure 2a), and 10º (2θ), 10.9 (Figure 2a) for 

compound 2 specifically, determining the formation of highly crystalline material that correlates with 

MOF crystal structure[24, 29]. 

Figure 2b demonstrates the thermogravimetric analyses (TGA) assessing the thermal stability of 

the MOFs 1 and 2. For MOF 1 (Figure 2b), the first weight loss occurs in a temperature range between 

120-240ºC (5.37%) and can be assigned to the loss of lattice water molecules and DMF molecules. The 

second weight loss takes place between 260-480ºC (40.72%), likely owing to the loss of the remaining 

DMF molecules. The weight loss for MOF 2 (Figure 2b) exhibits three steps at temperatures ranging 

between 20-120ºC (20.33%), 160-260 ºC (10.76%), and 300-460ºC (36.34%), which may be attributed to 

the loss of lattice water and DMF molecules from the samples’ surface and cavities. However, both 

frameworks are stable up to at least 300 °C. 

The FT-IR spectra of H2L+Cl¯, 4, 4ʹ-bipyridine, 1, and 2 are presented in Figure 2c. The spectrum 

of H2L+Cl¯ demonstrates a strong absorption band at 1702 cm-1 attributed to the ν (C=O) stretching 

vibration of uncoordinated carboxylate acid group, -COOH. This shift is a consequence of the 

deprotonation of the carboxyl groups present in the imidazolium ligands and occurs due to the 

coordination of the carboxylate group with the metal. Furthermore, the band at 3268 cm-1 assigned to 

the ν(N-H) stretching vibration due to the interaction between 4,4ʹ-bipyridine and water (present in 

the metal sources) is not present in the spectrum of 1 and 2, proofing the coordination of 4,4ʹ-

bipyridine to metal centers in the frameworks. These results verify that the reaction of mixed 1,3-

bis(4-carboxyphenyl)imidazolium chloride and 4,4ʹ-bipyridine with Ni(NO3)2·6H2O or 

Zn(NO3)2·6H2O led to the coordination of both ligands with Ni(II) and/or Zn(II) to form the desired 

MOF structures, 1 and 2, respectively. The sharp band at 1367cm-1 for 1 and 1362 cm-1 for 2 represents 

the presence of NO3- anions present in the MOF cavities. 
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Fig. 2 a) PXRD pattern of compound 1 and 2. b) Thermal stability of the frameworks 1 and 2. c) FTIR spectra of 

H2L+Cl¯, 4, 4ʹ-bipyridine, 1 and 2, illustrating the coordination of the ligands with the metals with formation of 

the frameworks. 

The porosity properties of the two as-synthesized MOFs were analyzed by Brunauer–Emmett–

Teller (BET) method, as presented in table S1. The calculated surface areas of MOF 1 and 2 were 24.67 

and 20.80 cm2/g, respectively. Such small surface areas are assigned to the high degree of 

interpenetration of these kinds of MOFs, resulting from the bending structure of the azolium 

ligand[29].  

2.2 CO2 and CH4 adsorption of compound 1 and 2 

As described previously, a cationic MOF can be created due to the positively charged aromatic 

azolium component of the ligands. Considering this particular characteristic, which is useful for gas 

separation, the superior absorptivity of two different gases in terms of polarity was investigated. 

Hence, CO2 and CH4 isotherms were determined for the two as-synthesized frameworks, 1 and 2, as 

presented in Figure 3. The adsorption of CO2 is considerably higher than the methane uptake for both 

Ni (1) and Zn (2) azolium-bipyridine based MOFs. Rapid CO2 adsorption in the initial stage implies 

a privileged interaction between CO2 molecules (high quadrupole moment and polarizability) and 

the positively charged host frameworks. Methane molecules interact less with the frameworks and, 

as a result, demonstrate less adsorption[4, 5]. The CO2 adsorption capacity of these MOFs 1, 2 are 

compared with those of MOFs containing different azolium ligands as a linker in their structure 
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(Table S2). As was reported, these azolium based MOFs exhibit a small CO2 adsorption capacity as a 

result of the bent structure of the azolium ligands.  

The lower CH4 uptake can be attributed to its non-(quadru-)polar characteristic[4]. On the contrary, 

the high quadrupole moment (-13.4 × 10−40 C m2) and polarizability (26.3 × 10−25 cm3) of CO2 resulted 

in superior adsorption [30, 31] owing to the strong electrostatic interactions with the positively 

charged frameworks[5]. Notably, the strong interaction between CO2 molecules and the frameworks 

makes the desorption of CO2 molecules sluggish[32, 33]. Accordingly, the disparity in the gases' polar 

structure and the MOFs' cationic characteristics is the essential explanation of the superior sorption 

of CO2 over CH4. 

 

 

Fig. 3 The CO2 and CH4 isotherms of 1(a) and 2(b). 

 

The Ideal Adsorption Solution Theory (IAST) proposed by Myers and Praunitz[34] was further 

employed to predict the CO2/CH4 adsorption selectivity, thereby evaluating the extent of the 

interaction of azolium frameworks with these gases. Figures 4a and 4b illustrate the IAST selectivity 

of CO2 over CH4, which confirms remarkably favorable interactions between 1 and 2 with CO2 at low 

pressure. The high selectivity is due to the synergistic effects of the charged azolium struts that create 

an electropositive environment within the MOFs and the unsaturated metal sites in the framework 

structure. Therefore, CH4 with lower quadrupole moment and polarizability interacts less with both 

MOFs, unveiling the potential applications of these azolium frameworks for gas separation. Notably, 

the higher CO2/CH4 selectivity of 2 than 1 is in agreement with the little higher anionic dye adsorption 

capacities of 2 compared to 1. Overall, the IAST selectivity results further confirm the electrostatic 

interactions between these azolium frameworks and the adsorbates. In conclusion, combining the 

sorption and IAST selectivity results, the electronic environment of 1 and 2 plays a decisive role in 

the selective sorption of CO2 over CH4. 
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Fig. 4 IAST adsorption selectivity of CO2 over CH4 for 50/50 binary mixture at 273 K for 1(a) and 

2(b). 

 

2.3 Dye adsorption of compound 1 and 2 

Besides, the charged nature of these two MOFs, 1 and 2, motivated us to apply these compounds 

to assess their capacity for dye adsorption. Consequently, we arranged an experiment for dye 

adsorption employing 1 and 2 and several dyes, including cationic and anionic dyes in an aqueous 

solution. Accordingly, six dyes: electrically positively charged Nile Blue A (NBA), Rhodamine Blue 

(RhB), and Methylene Blue (MB) and negatively charged Orange II sodium salt (OS), Congo Red 

(CR), and Methyl Orange (MO) were selected as the models for dye-uptake experiments. UV-Vis 

spectroscopy was utilized to study the adsorption behaviors of compounds 1, 2 toward these dyes. 

Figure 5 and Figure S2 illustrate the various performances of the two compounds 1, 2 in an aqueous 

solution of anionic and cationic dyes, respectively. 
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Fig. 5 The uptake of Anionic dyes (CR, OS, MO) over compounds 1, 2 in an aqueous medium. 

Figure 5 illustrates that frameworks 1 and 2 adsorb up to 95 % of CR, 75.93 % and 79.65 % of OS, and 

75.04 % and 81.08% of MO, respectively. Furthermore, Figure S2 depicts the percentage adsorption 

capacity of MOFs 1 and 2 for MB (23.7 % and 19.5 %), RhB (52.9 % and 41.4 %), and NBA (23.97 % 

and 13.29 %). The abovementioned results demonstrate that 1 and 2 exhibit an excellent capacity to 

absorb anionic dyes. Figures 5 and S2 reveal that both MOFs, 1 and 2, reveal higher adsorption for 

anionic dyes than for the cationic counterparts due to their positive charge present in the frameworks 

deriving from the azolium linker[18]. Hence, for compounds 1 and 2, a higher affinity for adsorption 

of  MO, CR, and OS (anionic dyes) was observed compared to those obtained for MB, RhB, and NBA 

(cationic dyes ). In this experiment, neutral dyes were not employed due to their insolubility in 

aqueous media. In the following, the comparison of the maximum adsorption of CR over MOFs 1, 2 

with those of other adsorbents is reported in table S3, demonstrating the advantage of applying 

azolium based MOFs for this purpose. The two azolium based MOFs 1 and 2 displayed comparable 

adsorption capacity, suggesting the effectiveness of these materials for removing anionic dyes from 

contaminated aqueous medium. Worth mentioning is that considering the small pore volume of these 

two MOFs and dye molecules' size, dye molecules cannot get through these materials' pores. 

2.4 Characterization of the post-modified MOF(1-Pd) 

High-resolution powder X-ray diffraction (PXRD) was applied to examine the phase purity and 

crystallinity of post-modified 1; see Figure 6a. Fortunately, the crystal structure of the as-synthesized 

MOF 1 remained the same after post-modification, as determined by the matching PXRD spectra of 

the as-synthesized MOF (1) and the post-modified MOF (1-Pd). To evaluate the thermal stability of 

1-Pd, thermogravimetric analysis was conducted on 1-Pd, applying a heating rate of 10 ºC/min. As 
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illustrated in Figure 6b, a weight loss is observed between 240-310 ºC, which could be assigned to the 

loss of DMF molecules remaining in the framework after the post-modification[27]. The total collapse 

of the structure occurs at 400 ºC signifying that 1 could retain its thermal stability after the post-

synthetic modification, Figure 6b. 

The FT-IR analysis of 1-Pd is presented in Figure 6c, which is completely matched with 1 (figure 

1c). This matching affirms that the structure of 1 did not change during PSM.  

The surface morphology of PSM was studied using field-emission scanning electron microscopy 

(FE-SEM). The FE-SEM image of 1-Pd shows no significant changes in surface morphology compared 

with that of the as-synthesized MOF. Thus, the framework did not undergo any deformation after 

PSM. 

 

Fig. 6 a) PXRD pattern for post-synthetic modified MOF 1-Pd. b) TG of MOF 1-Pd, illustrating the thermal 

stability of this MOF. c) FT-IR spectrum of MOF 1-Pd. d) SEM image of the post-modified MOF, 1-Pd. 

 

High-resolution transmission electron microscopy (HR-TEM) was used to characterize the 

surface morphology of 1-Pd after post-modification with Pd and to examine the level of possible 

aggregation of Pd after post-synthetic modification (Figure 7). Examination of the TEM image of 1-

Pd (Figure 7b) revealed the existence of high density and homogeneous distribution of black areas 

with a maximum diameter of 10 nm on the surface of the frameworks (as some are identified with a 

yellow circle). Comparing figures 7a and 7b,c demonstrates no black areas in the TEM image of the 

as-synthesized MOF 1, which confirms the Pd coordination to the ligand in the structure of 1 (Figure 

7b, c). Besides, the ICP-MS result revealed the quantitative amount of Pd(II) as 9.65%. 
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Fig. 7 a) TEM image of MOF 1, b) HR-TEM image of 1-Pd, c) Pd is coordinated to ligand in black areas of MOF 

1 (yellow circles). 

 

The binding energies of Pd and Ni of (1-Pd) were studied by X-ray photoelectron spectroscopy 

(XPS). The general survey scan of the XPS analysis (figure 8b) demonstrates the presence of Ni, Pd, 

N, C, and O in the modified framework. The binding energy of the N 1s in the imidazolium moieties 

appears at 400.2 eV[35]. Figure 8b illustrates the best curve-fit of the Pd XPS data. The binding 

energies arising at 336.72 and 342 eV are related to Pd 3d5/2 and 3d3/2, respectively. These binding 

energies are typical for Pd (II)[36, 37] and are in excellent agreement with the values reported for 

Pd(II)–NHC complexes[29, 38]. Accordingly, this result confirms that Pd is in the +2 oxidation state. 

The characteristic binding energies for Ni (II) are presented as a doublet (Ni 2p1/2 - 2p3/2) on 872.35 and 

854.7 eV, respectively, (Figure 8c)[39]. No peaks of Ni metal, around 853 eV, were observed and the 

peak at 860.28 eV is a satellite peak.  
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Fig. 8 a) XPS survey of the post-modified MOF 1-Pd, demonstrating the presence of Pd, Ni, C, O, and N, b) High-

resolution spectrum of Pd 3d, c) High-resolution spectrum of Ni 2p. 

 

2.5 Catalytic activity of MOF 1-Pd in Sonogashira and Suzuki C-C coupling reaction: 

The significant Pd-catalyzed coupling reaction, known as the Sonogashira cross-coupling 

reaction, was investigated to assess the catalytic performance of 1-Pd. The representative data are 

summarized in Table 1. This coupling reaction was carried out using substituted aryl halide, 

substituted phenylacetylene, K2CO3, 1-Pd in DMF at 100°C under air atmosphere for 12 h to produce 

the desired products as presented in Table 1. 

 

 

Table 1. Sonogashira cross-coupling reaction of various substrates with 1-Pd 

Entry R X Y Rʹ Product Yield(%)b 

1 H Br H 4-NO2 
 

90.3 

 

2 4C(CH3)3 Br H 4-NO2 
 

88.2 

3 4-OCH3 Br H 4-NO2 
 

95.51 
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4 4-OCH3 Br N H 
 

89.53 

5 H Br H 4-NO2 
 

45.6c 

6 H Br H 4-NO2 
 

88.43d 

 

aReaction conditions: aryl halide (0.92 mmol), phenylacetylene (1.1 mmol), Cs2CO3 (1.84 mmol), catalyst (15 mg) 

in 6 mL DMF heated at 100°C under air atmosphere for 12 h. bIsolated yield, cCatalyzed by Pd(OAc)2,dafter 3 

runs. 

 

Under these reaction conditions, the catalyst (compound 1) generates a higher yield of products 

(Table 1, entry 3) when phenylacetylene bears a para-substituted electron-withdrawing group 

compared with phenylacetylene compounds bearing a para-substituted electron-donating group 

(Table 1, entry 2). The electron-withdrawing group attached to the phenylacetylene generates a more 

acidic acetylene proton resulting in an easier cleavage during the coupling reaction. As a reference, 

we further applied Pd(OAc)2 as a catalyst; however, the obtained yield was significantly lower (Table 

1, entry 5). As illustrated in Table 1, entry 6, the catalytic performance did not exhibit any significant 

product yield changes after the third catalytic run. The 1H-NMR analyses of the products are 

displayed in Figure S4-7 of supporting information. MOF 1-Pd was analyzed after the third reaction 

cycle using PXRD and SEM. From the XRD spectrum and the SEM images (Figure S3), no variations 

can be observed of this MOF after three reaction cycles. 

Additionally, the catalytic activity of 1-Pd was evaluated for the Suzuki-Miyaura coupling 

reaction of phenylboronic acid phenyl halides. This coupling reaction was implemented with 

phenylboronic acid, substituted aryl halide, K2CO3, and 1-Pd in ethanol at 60 °C under an air 

atmosphere for 6 h to produce the related products presented in Table 2. Under the given reaction 

conditions, excellent yields are obtained by applying aryl halide bearing para-substituted electron-

withdrawing groups (Table 2, entries 2, 3) in comparison with aryl halide without any substituent 

(Table 2, entry 1). An electron-withdrawing group makes the cleavage of halides much easier. Entry 

4 in Table 2 demonstrates that the yield of the product catalyzed by 1-Pd catalyst remains unchanged 

after three runs for the Suzuki-Miyaura. Notably, the product yield catalyzed by Pd(OAc)2 is far less 

than the yield obtained using 1-Pd as catalyst (Table 2, entry 5). The 1H-NMR analyses of the products 

are displayed in Figures S7-9 of supporting information. Furthermore, this MOFs’ (1-Pd) catalytic 

activity in C-C coupling was compared with some other MOFs which contain Pd (II) anchored to 

either bipyridine or NHC linkers in their structures. As shown in table S4, this 1-Pd MOF has an 

excellent catalytic activity comparable to its counterparts.  

 

 

 

Table 2. Suzuki-Miyaura coupling reactions of phenylboronic acid and phenyl halides catalyzed by 1-Pd 

Entry X R Product Yield (%)a 
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1 Br H 
 

89.2 

2 Br NO2 
 

94 

3 Br COCH3 
 

92 

4 Br H 
 

87.8b 

5 Br H 
 

23.45c 

Reaction conditions: phenylboronic acid (1.2 mmol), Aryl halide (1.0 mmol), K2CO3 (2.0 mmol), 1-Pd (15 mg), 

EtOH (4 mL) at 60 ºC under air atmosphere. aIsolated yield, b third cycle, cCatalyzed by Pd(OAc)2. 

 

4. Materials and Methods  

All initial chemicals and solvents were purchased from commercial sources and directly applied 

as received. 

The azolium ligand, 1,3-bis(4-carboxyphenyl)imidazolium chloride (H2L+Cl¯), was synthesized in two 

steps according to the literature [27]. 

4.1 Ligand Synthesis 

4.1.1 Synthesis of N, N′-Bis(4-carboxyphenyl)ethylenediimine (LA) 

4-aminobenzoic acid (10 g, 72.92 mmol, 2.0 equiv) was dissolved in 30 mL dry methanol. Then, 

formic acid (four drops) was added, followed by dropwise addition of 40% W/W aqueous glyoxal 

solution (4.18 mL, 36.46 mmol, 1.0 equiv), stirring at ambient temperature for 24 h. The resultant solid 

white product was collected by filtration, washed with cold methanol, and dried in air named 

compound LA.  

4.1.2 Synthesis of 1,3-Bis(4-carboxyphenyl)imidazolium chloride (H2L+Cl¯) 

Under an argon atmosphere, compound LA (5 g, 16.89 mmol) was dissolved in anhydrous THF 

(30 mL) followed by addition of a solution of paraformaldehyde (635 mg, 21.16 mmol, and 1.25 equiv) 

in 12 M HCl (2.1 mL, 25.33 mmol, 1.5 equiv). Next, dioxane (4 mL) at 0 °C was added, followed by 

stirring for 4 h at room temperature. The product was collected through filtration (Scheme 1), washed 

with Et2O, and dried under vacuum. 

 4.2 MOF Synthesis 

Compounds 1, 2 were synthesized as follows; A mixture of H2L+Cl− (23.78 mg, 0.069 mmol), 4, 4′-

bipyridine (10.8 mg, 0.069 mmol), and Ni(NO3)2·6H2O (81.1 mg, 0.279 mmol) or Zn(NO3)2·6H2O (82.5 

mg, 0.279 mmol) in 3 mL of DMF was added in a Teflon-lined stainless steel autoclave and heated at 

90 °C for 48 h (Scheme 1). Then, the product was cooled to room temperature at a rate of 10 °C/h. 

Finally, the product was collected through filtration and washed with the pre-dried DMF.  

4.3 Gas Adsorption Experiments 
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The sorption isotherm of CO2 and Methane using activated MOFs 1and 2 were explored at 

relative pressure p/p0 of 1 at STP. Sample activation involved the solvent exchange with EtOH, 

followed by vacuum drying at 100 ºC for 12 h.  

4.4 A General Procedure for Dye Adsorption Experiments 

To assess the dye adsorption capability of compounds 1, 2, 10 mL of an aqueous dye solution 

(100 mg/L), 10 mg of the as-synthesized framework were added in a 20 mL reaction vessel. The 

mixture was stirred at room temperature for 24 h. After that, the solid part was collected through 

centrifuging, and the liquid part was diluted to 1/10 of the stock solution and analyzed by UV-Vis 

absorption spectroscopy. The efficiency of the dye adsorption frameworks was calculated based on 

the percentage of degradation D% as follows: 

D% = (A0–A) / (A0) x 100% 

Where A0 and A shows the absorbance of the liquid sample before and after degradation, 

respectively. 

4.5 Post-synthetic Modification of MOF 1  

NiMOF (MOF 1) was post-modified with palladium acetate according to the literature[24, 28]. 

In a typical procedure, THF solution (20 mL), Pd(OAc)2 (30 mg, 0.13 mmol), and 1 (100.0 mg) were 

introduced in a 50 mL two-necked round bottom flask followed by stirring at ambient temperature 

for 6 h and refluxing for 4 h under an inert N2 atmosphere. The resultant light green-yellowish solid 

(1-Pd) was centrifuged, washed with THF, MeOH, and Et2O, and dried in air. 

4.6 A typical procedure for the Sonogashira C-C coupling reaction 

Phenylacetylene (0.92 mmol), aryl halide (1.1 mmol), Cs2CO3 (1.84 mmol), 1-Pd (15 mg), and 

DMF (6 mL) were introduced in a round-bottomed flask and stirred at room temperature under air 

atmosphere for 12 h. The solid was filtered and washed twice with DMF (3 mL) after being cooled to 

room temperature. The filtrate was collected, dried, and ethyl acetate (3×3 mL) was employed to 

extract the residue, and the related product was achieved by purification using silica gel 

chromatography (eluent: petroleum ether). Finally, the products were identified by 1H-NMR. 

4.7 A general procedure for the Suzuki-Miyaura cross-coupling reaction 

A mixture of aryl halide (1.0 mmol), phenylboronic acid (1.2 mmol), K2CO3 (2 mmol), and 1-Pd 

(15 mg) in 5 mL of ethanol was stirred for 6 h at 60 °C under air atmosphere in a 10 mL round-

bottomed flask. The reaction mixture was cooled to room temperature, centrifuged, and extracted 

with ethanol. Next, the organic layer was dried over anhydrous Na2SO4 and concentrated in a 

vacuum. Chromatography on silica gel using hexane/ethyl acetate as eluent was used to give the 

isolated yield. The isolated yield was obtained based on aryl halide. 

4.8 Recycling Test 

To assess the catalyst’s recyclability, the catalyst was separated through the centrifuge, washed 

with DMF, and dried at 100 °C under vacuum overnight after each run of the coupling reaction. After 

that, under the same reaction conditions, the catalyst was used again in the reaction. The product was 

subsequently isolated in the same way applied in the first run, and the catalyst was separated to be 

applied in the next cycle. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 November 2020                   



 

 

4.9 Characterization 

Powder X-ray diffraction patterns (PXRD) were obtained on a Bruker D8 advanced 

diffractometer, applying Cu Kα radiation within a 2θ angle at ambient conditions. The materials’ 

texture was recorded on a scanning electron microscope (SEM) from JEOL (JSM-5610LV, 0.5–35 kV). 

A Netzsch (STA449c/3/G) instrument was employed to achieve thermogravimetric analyses (TGA–

DSC) at a heating rate of 10 °C/min under an inert atmosphere (N2-flow). Tunnel electron microscopy 

(TEM) and high resolution-Tunnel electron microscopy (HR-TEM) analysis were carried out in a 

Philips CM20 microscope operated at 200 kV. 1H-NMR spectra were obtained at 500 MHz, if not 

otherwise stated, using a Brüker 500 MHz NMR spectrometer referenced to tetramethylsilane (TMS). 

Fourier transform infrared (FT-IR) spectra were measured on a Perkin-Elmer Spectrum One 

spectrometer. UV–Vis spectrometry was recorded applying a UV-3600, Shimadzu, Japan. X-ray 

photoelectron spectroscopy (XPS) was applied to study the surface electronic state on a Perkin-Elmer 

PHI 5000C ESCA. C1s= 284.6 eV was used as a reference to calibrate all the binding energy values. 

The Pd contents were determined by inductively coupled plasma optical emission spectra (ICP, 

Varian VISTAMPX). 

 

5. Conclusions 

The two frameworks of 1 and 2 are synthesized by applying two ligands, 1,3-bis(4-

carboxyphenyl)imidazolium chloride and 4,4′-bipyridine, and two metal salts of Zn and Ni, 

respectively. The positively charged aromatic azolium moieties create a cationic environment in the 

frameworks. In gas adsorption, it was demonstrated that these two frameworks have more affinity 

to adsorb CO2 over methane. This phenomenon is attributed to the strong interaction between CO2 

molecules and the charged frameworks. As the CO2 molecules are polar, they can be adsorbed by 

positively charged frameworks more than the non-polar methane.  

Besides, in liquid phase adsorption, these charged frameworks prove proficient in removing 

anionic dyes from contaminated aqueous medium. In addition, in this examination, MOF (1) was 

post-modified with palladium on the carbene site of the azolium ligand to generate the catalyst 1-Pd. 

The crystallinity and morphology of the MOF 1 remain after metallation. 1-Pd, as a catalyst, 

demonstrated suitable activities in C-C coupling reactions such as Sonogashira and Suzuki-Miyaura 

reactions. The catalytic activity remains the same after three cycles of reaction. Overall, these mixed 

azolium-pyridine incorporated frameworks have potential applications for the separation of CO2 

from flue gases, for adsorptive removal of negatively charged organic contaminants, and as an 

efficient catalyst for C-C coupling reactions. 

Supplementary Materials: the porosity properties, H-NMR data, the graphs of dye adsorption related to cationic 

dyes, and the PXRD and SEM image of 1-Pd after catalytic reaction can be found in supplementary materials. 
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