
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


1 

 

Master’s Thesis  

 

 

Study of Controlling Secondary Building Units of 

Metal-organic Frameworks  
 

 

 

 

 

 

 

 

Jaehui Kim 

 

Department of Chemistry 

 

 

 

 

Ulsan National Institute of Science and Technology 

 

2021 



2 

 

 

Study of Controlling Secondary Building Units of 

Metal-organic Frameworks  
 

 

 

 

 

 

 

 

Jaehui Kim 

 

 

 

 

 

 

Department of Chemistry 

 

 

Ulsan National Institute of Science and Technology 

 

2021 



3 

 

 



4 

 

  



5 

 

Abstract 

A class of metal-organic frameworks (MOFs) were constructed by polynuclear metal clusters (secondary 

building units; hereinafter, SBUs) and their coordination with organic linkers (i.e., ligands). Such MOFs 

have been widely used in the various applications fields such as gas storage and separation, chemical 

sensing, and catalysis due to their stable structures and possibility of having a diverse set of functions. 

To make such MOFs have specific functions applicable to the application fields, we need to synthesize 

MOFs with specific crystal structures by controlling the two determinants of the crystal structures – the 

SBUs per se and/or their coordination with ligands. In this thesis, we reported the two research on 

controlling SBUs of MOFs. One research deals with the transformation of SBUs in synthesizing a rarely 

reported ndc-based Zn MOF. The other research deals with the formation of SBUs in synthesizing bdc-

based Zn MOFs. For each research, we identified the set of parameters that facilitate the synthesis of 

MOFs with specific SBUs. 

First, we conducted the transformation of SBUs in synthesizing a rarely reported ndc-based Zn 

MOF. We transformed specific MOFs –Zn MOFs having four handed paddlewheel SBUs linked by N-

donor pillars – into another MOF – MOF having 7-coordinated Zn4O(COO)7 SBUs. We found that the 

two parameters – the presence of Zn+-O- in solution and the basicity of ligands – affect the transformation 

of SBUs. First, the presence of Zn+-O- in solution facilitates the transformation of SBUs. We conducted 

the transformation of the two same Zn-MOFs in two different solutions – one solution contains Zn+-O- 

in solution and the other solution does not contain Zn+-O- in solution. We found that the Zn-MOF in a 

solution containing Zn+-O- were transformed into the MOF that we want to obtain (i.e., MOF having 7-

coordinated Zn4O(COO)7 SBUs) but the Zn-MOF in the other solution did not. Second, low basicity of 

ligands facilitates the solid-state transformation. We synthesized three Zn-MOFs by making each of them 

have different basicity of ligands and found that a Zn-MOF with a low level of basicity of ligands was 

successfully transformed into the other MOF that we want to obtain (i.e., a MOF having 7-coordinated 

Zn4O(COO)7 SBUs).  

We also conducted the formation of diverse SBUs in synthesizing bdc-based Zn MOFs (bdc = 

benzene-1,4-dicarboxylate). We found that the two parameters – the reaction temperature and the molar 

ratio of precursors (i.e., metal precursors and ligand precursors)– influence the determination of the SBUs 

of the bdc-based Zn-MOFs .We found that at lower temperature, a Zn-MOF having Zn3(COO)6 SBUs was 
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successfully formed. Secondly, we found that molar ratio of metal precursors to ligand precursors affects 

the formation of bdc-based Zn-MOFs. At the molar ratio of Zn(NO3)2·6H2O : H2bdc = 1 : 2, a Zn-MOF 

having Zn3(COO)6 SBU, to which two terminal DMF solvents are coordinated, was obtained. At the molar 

ratio of Zn(NO3)2·6H2O : H2bdc = 1 : 4, the other Zn-MOF having Zn3(COO)6(COOH)2 SBU (Not surely 

determined), which is linked by bdc pillars, was obtained.   

After studying how to synthesize MOFs, we further explored the possibility of using the MOF that 

is synthesized by the above-mentioned transformation of SBUs (i.e., 7C-MOF) for CO2 cycloaddition. 7C-

MOF has been rarely reported in the academic field, so exploring the characteristics of this MOF that can 

be applicable into the “real” world may contribute to expanding the usage of 7C-MOF. We analyzed 7C-

MOF using CO2 sorption isotherm and found that 7C-MOF is capable of adsorbing CO2 molecules. This is 

because 7C-MOF is an anionic framework and has cation complex [Zn(DMF)6]2+ in its pores. Thus, we 

expected that 7C-MOF can act as a Lewis catalyst for CO2 cycloaddition. By analyzing product yields 

(100[mole of cyclic carbonate] / [mole of cyclic carbonate and epoxide]) using H-nuclear magnetic 

resonance spectroscopy, we found that 7C-MOF can act as a Lewis acid catalyst which facilitates CO2 

cycloaddition.  
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Nomenclatures 

MOF    Metal-organic framework 

PXRD    Power X-ray diffraction 

SCXRD   Single-crystal X-ray diffraction 

TGA    Thermogravimetric analysis 

EA     Elemental analysis 

FT-IR    Fourier Transform Infrared Spectroscopy  

BET    Brunauer-Emmett-Teller 

1H-NMR   H-nuclear magnetic resonance spectroscopy 

DMF    N, N-dimethylformamide 

DEF    N, N-diethylformamide 

H2ndc    1,4-naphthalene dicarboxylic acid 

H2bdc    1,4-benzene dicarboxylic acid  

dpndi     N, N’- di-4-pyridylnaphthalenetetracarboxydiimide  

bpy    4, 4’-bipyridine 

dabco     1,4-diazabicycle[2,2,2]octane 

CO2    Carbon dioxide 

SBU    Secondary building unit 
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1 General Introduction 

Metal-organic frameworks (MOFs) consist of mononuclear/polynuclear metal clusters and their 

coordination with organic linkers (Figure 1.1). Compared to MOFs with mononuclear metal clusters, 

MOFs with polynuclear metal clusters have more robust structures that are less likely to be changed. This 

is because multiple metal ions are strongly entangled with each other through linking themselves with 

ligands when forming a MOF, which helps the MOF have SBUs with their fixed coordination geometries.  

The polynuclear metal clusters are commonly referred to as secondary building units (hereinafter, 

SBUs) when those polynuclear metal clusters are linked with each other through ligands to form a MOF. 

The crystal structures of MOFs with SBUs can be more diversely constructed than others because various 

components can be used as SBUs and various types of coordination can exist between the SBUs and 

ligands. Thus, we can design and synthesize a MOF having a function, which is inherent to its specific 

crystal structure, without limitation on the set of possible functions that we can impose on the MOF. Due 

to their stable structures and possibility of having a diverse set of functions, such MOFs have been 

promising materials for applications such as gas storage and separation [1-4], drug delivery [5-6], and 

catalysis [7-9]. For example, MOFs can have a function of separating propylene, which can be used for 

making petrochemical products, from propylene/propane mixture [4], carrying drugs and releasing them 

into a target part of our body [5], or facilitating the conversion of CO2 into cyclic carbonate which can be 

electrolyte solvents [9].   

To make such MOFs have specific functions applicable to those fields, we need to synthesize a 

MOF with a specific crystal structure by controlling the two determinants of the crystal structures – the 

SBUs per se and/or their coordination with ligands. In this thesis, we introduced two methods of 

synthesizing a MOF with a specific structure. In the section 2, we introduced the solid-state 

transformation which transforms a MOF with a specific crystal structure into another MOF with another 

crystal structure. In the section 3, we introduced the topology control of a MOF when synthesizing the 

MOF with a specific crystal structure at once (i.e., one step). In the section 4, we introduced one of the 

application fields – CO2 cycloaddition – for which a MOF synthesized by the solid-state transformation 

can be used.  
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2 Transformation of SBUs in Synthesizing a ndc-based Zn MOF 

 

2.1 Introduction 

Because the application areas of MOFs are becoming wide, designing and synthesizing MOFs with 

specific functions applicable to those application areas are required. However, the synthesis of MOFs 

with specific structures are quite difficult. The main issue regarding the synthesis is that the crystal 

structures of MOFs are often randomly decided when synthesizing MOFs at once. To address this 

limitation, researchers have transformed a MOF with a specific crystal structure (i.e., ex-ante MOF) into 

another MOF with another specific crystal structure (i.e., ex-post MOF) by adjusting parameters that 

significantly change the crystal structure of the ex-ante MOF [10-16]. Thus, to obtain a MOF with a 

specific function, it is important to identify the parameters and study the ways of adjusting them.  

 

Figure 2.1 Schematic illustration of the solid-state transformation from the doubly interpenetrated 

[Zn2(bdc)2(bpy)]n to the triply interpenetrated [Zn2(bdc)2(bpy)]n [10]. 

By Barbour et al., a doubly interpenetrated ndc-based Zn MOF having bipyridine as a pillar was 

transformed into a triply interpenetrated MOF in the solid state (Figure 2.1) [10]. The solid-state 

transformation was triggered by desolvation of the doubly interpenetrated [Zn2(ndc)2(bpy)]n MOF at 

120 °C. In the progress of the desolvation, two-dimensional layers that were formed by linking SBUs 
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with ndc ligands can slide while keeping their original connectivity between ndc ligands and SBUs, and 

the coordination between zinc metal ions and bpy broke down and regenerated.  

 

Figure 2.2 Solid-state transformation of the lattice fom from the kagomé  to the square. Methanol causes 

the transformation. [11]. 

Tao and coworkers transformed the lattice form of Zn MOFs having four handed paddlewheel SBUs, 

more especially from the kagomé to sqaure shape while keeping their solid state (Figure 2.2) [11]. Added 

methanol triggers the cleavage and reformation of coordination bonds between the metal nodes and 

carboxylate groups.  
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Figure 2.3 Solid-state transformation of FeII
4 squares having from four low-spin to four high spin centers 

[12]. 

Zheng and co-workers conducted research on transforming spin of FeII
4 squares from having four low-

spin to having four high spin centers through the adsorption and desorption process of water molecules 

(Figure 2.3) [12]. Also, Nakamura’s research group conducted a solid-state transformation of MOF-2 

([Zn(bdc)(H2O)]n) built by 4-coordinated SBUs into MOF-5 ([Zn4(μ4-O)(bdc)3]n) built by 6-coordinated 

SBUs (Figure 2.4) [15, 16]. The research group heats N, N’- dimethyl formamide (DMF) solution 

containing MOF-2 and zinc ion precursors (i.e., zinc nitrate hexahydrate). Then, the group obtained 

formate from DMF hydrolysis, which acts as a base. Such increased basicity of the solution produces 

basic oxide ions (i.e., Zn+-O-), resulting in the solid-state transformation.  
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Figure 2.4 Transformation of MOF-2 into MOF-5 [15, 16]. 

 

 

Figure 2.5 Transformation of pcu into sev topology  
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Inspired from the experiment of the research group, we expected that the two parameters–basicity 

of ligands and basic oxide ions in solution–influence cleavages and reformations of coordination between 

SBUs and ligands, resulting in the solid-state transformations of MOFs. Specifically, we hypothesized 

that low basicity of ligands makes the transformation more easily happen, and having basic oxide ions in 

solution facilitates the transformation. To verify my hypothesis, I conducted the solid-state 

transformations from Zn-MOFs built by 6-coordinated pillared paddlewheel SBUs with pcu topology to 

another Zn-MOF built by 7-coordinated Zn4O(COO)7 SBUs with sev topology (Figure 2.5).  

Firstly, to verify that low basicity of ligands facilitates solid-state transformations, we used the 

following three Zn-MOFs with pcu topology which have different basicity of ligands as ex-ante MOFs: 

(1) a MOF of Zn-MOFs with pcu topology is [Zn2(ndc)2(dpndi)]n  (ndc = 1,4-naphthalene dicarboxylate; 

dpndi = N,N’- di-4-pyridylnaphthalenetetracarboxydiimide) (i.e., a MOF which has low basicity – pKa = 

3.92 – of ligands), (2) a MOF of Zn-MOFs with pcu topology is [Zn2(ndc)2(bpy)]n (i.e., a MOF which has 

moderate basicity – pKa = 5.25 – of ligands), (3) a MOF of Zn-MOFs with pcu topology is 

[Zn2(ndc)2(dabco)]n  (dabco = 1,4 = diazabicycle[2,2,2]octane) (i.e., a MOF which has high basicity – pKa 

= 9.76 – of ligands). Through the transformation of each Zn-MOFs with pcu topology, I could 

successfully obtain a Zn-MOF with sev topology from [Zn2(ndc)2(dpndi)]n  and [Zn2(ndc)2(bpy)]n  (i.e., a 

MOF with low or moderate basicity) but not from [Zn2(ndc)2(dabco)]n  (i.e., a MOF with high basicity). 

Secondly, to verify basic oxide ions in a solution facilitate solid-state transformations, we used 

the [Zn2(ndc)2(bpy)]n MOF and conducted solid-state transformations of the MOF either (1) in DMF 

containing zinc nitrate hexahydrate (i.e., the presence of basic oxide ions in the solution) or (2) in DMF 

containing no zinc nitrate hexahydrate (i.e., the absence of basic oxide ions in the solution). Trough the 

solid-state transformations of [Zn2(ndc)2(bpy)]n MOF with pcu topology, we could successfully obtain a 

Zn-MOF with sev topology built by 7-coordinated Zn4O(COO)7 SBUs from [Zn2(ndc)2(bpy)]n MOF in 

DMF containing zinc nitrate hexahydrate (i.e., the presence of basic oxide ions in the solution) but not 

from the same MOF in DMF containing no zinc nitrate hexahydrate (i.e., the absence of basic oxide ions 

in the solution).  

For each transformation described above, we checked whether a Zn-MOF with sev topology 

built by 7-coordinated Zn4O(COO)7 SBUs is successfully made using powder and single-crystal X-ray 

diffraction.  
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2.2 Experimentation 

2.2.1 Materials and instruments  

UNIST Central Research Facilities center in Ulsan National Institute of Science and Technology 

helps us to conduct elemental analyses. The single crystal was coated with Parabar 10312 

(Hampton Research Inc.) to mount micro-loop. We used synchrotron employing a PLSII-2D 

SMC an Rayonix MX225HS detector with a silicon (111) double crystal monochromator (DCM) 

at Pohang Accelerator Laboratory, Korea to collect SCXRD data measured using. The 8 PAL 

BL2D-SMDC program [18] was used for both data collection, and HKL3000sm (Ver. 730r) [19] 

was used for cell refinement, reduction and absorption correction. The crystal structures were 

solved by the intrinsic phasing method with SHELX-XT (Ver. 2018/2) [20], and refined by full-

matrix least-squares calculation with SHELX-XL (Ver. 2018/3) [21]. All non-hydrogen atoms in 

whole structures were refined anisotropically. Although some structure solvents were observed 

by Fourier Mapsin the X-ray diffraction, the exact position of these solvent molecules could not 

be well defined due to disordered solvent of diffused electron densities. We used the SQUEEZE 

routine in the software of PLATON [22] and performed the final structure refinements. The 

additional crystallographic data are summarized in Table 2.1, and CCDC 1986596 also contain 

the supplementary crystallographic data for this paper. The data can be obtained free of charge at 

www.ccdc.cam.ac.uk/conts/retrieving.html or from the Cambridge Crystallographic Data Centre, 

12, Union Road, Cambridge CB2 EX, UK. 

2.2.2 Synthesis of 6Cbpy-MOF  

Zinc nitrate hexahydrate (0.074 g, 0.00025 mol), 1,4-naphthalene dicarboxylic acid (0.054 g, 

0.00025 mol) and 4, 4’ - bipyridine (0.019 g, 0.000125 mol) were dissolved in DMF solution (5 

mL). The solution was heated for two days (80 °C).  

2.2.3 Thermal treatment of 6Cbpy-MOF to 7C-MOF  

6Cbpy-MOF (0.030 g, 0.000042 mol) was added into DMF solution (0.005 L) containing zinc 

nitrate hexahydrate (0.062 g, 0.00021 mol). The mixture was heated for 1.5 days (70 °C). Yield: 

20 mg (35%). Calculated by elemental analysis for Zn4.5C61.5H70.5N6.5O23.5: C, 47.01; H, 4.52; N, 

5.80.; found: C, 46.74; H, 4.27; N, 5.85.  
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2.2.4 Synthesis of 6Cdabco-MOF 

Zinc nitrate hexahydrate (0.476 g, 0.0016 mol), 1,4-naphthalene dicarboxylic acid (0.346 g, 

0.0016 mol) were dissolved in DMF solution (0.020 L). dabco (0.09 g, 0.0008 mol) was added to 

the DMF solution. Using centrifuge, supernatant solution was prepared. The solution was heated 

for a day (100 °C).  

2.2.5 Thermal treatment of 6Cdabco-MOF  

6Cdabco-MOF (0.03 g, 0.000045 mol) was added into DMF solution (0.005 L) containing zinc 

nitrate hexahydrate (0.268 g, 0.0009 mol). The mixture was heated for 1.5 day (70 °C).  

2.2.6 Synthesis of 6Cdpndi-MOF  

We modified the procedure conducted by another group [25], zinc nitrate hexahydrate (0.012 g, 

0.00004 mol), 1,4-naphthalene dicarboxylic acid (0.009 g, 0.00004 mol), and dpndi (0.017 g, 

0.00004 mol) were dissolved in N,N’-diethylformamide (DEF) (0.005 L). The solution was heated 

for 48 h (70 °C).  

2.2.7 Thermal treatment of 6Cdpndi-MOF into 7C-MOF  

6Cdpndi-MOF (0.03 g, 0.000031 mol) was added into DMF solution (0.005 L) containing zinc 

nitrate hexahydrate (0.045 g, 0.00015 mol). The mixture was heated for 1.5 day (70 °C). Yield: 

0.0015 g (5 %) 

2.2.8 Synthesis of IRMOF-7  

We modified the procedure conducted by another group [26]. Zinc nitrate hexahydrate (0.119 g, 

0.00040 mol), 1,4-naphthalenedicarboxylic acid (0.087 g, 0.00040 mol) were dissolved in DEF 

solution (0.005 L). The solution was heated for a day (100 °C). ‘ 

 2.2.9 Thermal treatment of IRMOF-7 into 7C-MOF  

IRMOF-7 (0.046 g, 0.000028 mol) was added to DMF solution (0.005 L) containing 1,4-

naphthalene dicarboxylic acid (0.011 g, 0.00005 mol). The solution was heated for a day (100 °C). 

Yield: 0.037 g (84%).  

2.2.10 Synthesis of [Zn2(bdc)2(bpy)]n  
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We modified the procedure conducted by another group [27]. Zinc nitrate hexahydrate (0.088 g, 

0.0003 mol), terephthalic acid (0.050 g, 0.00030 mol) and 4,4’-bipyridine (0.023 g, 0.00015 mol) 

were suspended in DMF and ethanol (1:1 (v/v), 0.025 L), and the mixture was heated for one day 

(90 °C).   

2.2.11 Synthesis of [Zn2(2,6-ndc)2(bpy)]n  

Considering one synthesis conducted by other group [28], zinc nitrate hexahydrate (0.089 g, 

0.0003 mol) and 2,6-naphthalene dicarboxylic acid (0.065 g, 0.00030 mol) were dissolved in 

DMF/MeOH solution (1:1 (v/v), 0.006 L). 4,4’-bipyridine (0.023 g, 0.00015 mol) was added the 

solution. We stirred the mixture at R.T. for one day and put for two days (120 °C).  
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2.3 Results and Discussion 

2.3.1 The presence of Zn+-O- in solution 

In order to verify our postulation that whether basic oxide ions exist in solution or not affects the solid-state 

transformation. We firstly prepared 6Cbpy-MOF through the reaction of zinc nitrate hexahydrate (i.e., 

Zn(NO3)2·6H2O), ndc, and bpy in the DMF solution, as it is described in one previously reported procedure 

[23]. After the solvothermal reaction, we obtained colorless large cuboid crystals (Figure 2.6(a)). The MOF 

we synthesized have octahedrally 6-coordinated Zn-based SBUs and have pcu topology. Each square 

window that is formed by the coordination between the zinc metal and ndc ligands was linked by bpy pillar 

ligand in a square-pyramidal fashion, resulting in three-dimensional structures (Figures 2.6(a) and Figure 

2.7). Furthermore, the MOF has non-interpenetrated crystal structure due to the bulkiness of the ndc ligand. 

The non-interpenetrated structures provide the possibility of making other solvents or reactants accessible 

to the SBUs. So, we expected that relatively weak coordination bond of the metal-N-donor can be deformed 

by the solid-state transformation. [29-33]. 

To verify the presence of the basic oxide ions affects the topology conversion of the 6Cbpy-MOF, the 6Cbpy-

MOF crystals (0.030 g) underwent a solvothermal reaction in placed a DMF solution (5 mL) containing 

zinc nitrate hexahydrate (~ 5 equivalent per each paddle-wheel SBU) for 1.5 days (70 °C). We added the 

zinc nitrate hexahydrate in the reaction to derive the generation of the basic oxide ions during the reaction 

[16, 34]. Through the solid-state transformation, we obtained polycrystalline cuboid crystals (Figure 2.6(b)). 

We confirmed that the MOF we obtained through the solid-state transformation is the 7C-MOF by 

comparing the PXRD patterns of 6Cbpy-MOF and the transformed solid (Figure 2.6(d)). Using single-crystal 

X-ray diffraction (SCXRD) data. We confirmed the exact structure of 7CMOF using single-crystal X-ray 

diffraction (SCXRD) data. The 7C-MOF confirmed by SCXRD has Zn4O(COO)7 SBU, and each SBU is 

coordinated by seven carboxylates and one terminal DMF molecules (Figure 2.6(b) and Figure 2.7(b)). We 

found the formula by using TGA and EA: {[Zn4(μ4-O)(ndc)3.5(DMF)]·[Zn0.5(DMF)3]· 2.5DMF·2H2O}n 

and the orthogonal Cmca space group and has a sev net topology. As a side note, the 7C-MOF having 7-

coordinated SBUs is rarely reported in MOF chemistry [25–29]. We described more details for the 

crystallographic information of 7C-MOF in section 2.3.3 

Compared to the previous transformation that was triggered by ~ 5 equivalent Zn(NO3)2·6H2O, the 

heat treatment of 6Cbpy-MOF without zinc precursors or smaller amounts of zinc nitrate hexahydrate (~ 0.5 

equivalents to each SBU) did not trigger the solid-state transformation and the 6Cbpy-MOF crystals was 

remaining almost, as revealed by OM and PXRD patterns (Figures 2.8 and 2.9). Based on the results, we 

concluded that sufficient amount of basic oxide ions are needed to trigger the transformation from pcu 



22 

 

topology of 6Cbpy-MOF to sev topology of 7C-MOF.  

Inspired by the role of basic oxide ions to trigger the solid-state transformation, we also considered 

the role of acidic molecules (i.e.,the addition of H2ndc ligands) instead Zn2+precursors. We conducted the 

transformation of 6Cbpy-MOF in DMF solution containing was conducted with 1,4-naphthalene 

dicarboxylic acid instead of zinc precursors. There was no transformation in this case. the original crystal 

structure of 6Cbpy-MOF was remained, despite of the previous research that demonstrates ligand addition 

into the SBUs and transformation of the MOFs could be expected [30]. Based on our knowledge, cleavage 

of coordination bonds are entropically favored when the MOFs are exposed to acidic environment. However, 

in our 6Cbpy-MOF system, 6Cbpy-MOF might keep its original structure because the MOF is 

thermodynamically stable eenough to obtain stability from the acidity of the H2ndc ligands (Figure 2.9).  

To expand our knowledge for the role of synthetic precursors (i.e., zin and H2ndc) to transform in 

the solid-stat, we conducted the solid-state transformation of IRMOF-7 having pcu topology into 7C-MOF 

under the existence of Zn(NO3)2∙6H2O or H2ndc was conducted. IRMOF-7 is built by octahedrally 6-

coordinated Zn4O(COO)6 secondary building units coordinated by six ndc ligands and has the same Zn4O 

based secondary building units with 7C-MOF. The only difference between IRMOF-7 and 7C-MOF is the 

7C-MOF has one additional carboxylate coordinated to each Zn4O SBU, resulting in a Zn4O(COO)7 SBU. 

The IRMOF-7 has Zn4O SBIs and each SBU is coordinated by six terephthalic acids, making cubic pcu 

topology. IRMOF-7 crystals (46 mg) was added into a DMF solution (5 mL) containing 1,4-naphthalene 

dicarboxylic acid (~ 2 equivalent to each secondary building units) and make thermal treatment the prepared 

solution at 100 °C for 24 h. New opaque crystal was obtained as we described in Figure 2.6(b). The crystal 

structure of the resulting crystal was the same with that of 7C-MOF based on the PXRD patterns (Figure 

2.6(e)). While 6Cbpy-MOF has the octahedrally 6-coordinated pillared-paddlewheel SBUs of, IRMOF-7 has 

the same Zn4O SBUs of with the 7C-MOF; therefore, the addition of a basic species was not an influential 

parameters to trigger the solid-state transformation from IRMOF-7 having Zn4O(COO)6 SBU to 7C-MOF 

having Zn4O(COO)7 SBU. Based on our reasoning, added ndc ligands instead of zinc precursors 

compensate the scare amount of Zn to carboxylate connectivity and generates the 7C-MOF through the 

transformation of IRMOF-7.  
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Figure 2.6 Crystal structures and optical microscopic images of (a) 6Cbpy-MOF, (b) 7C-MOF, and (c) 

IRMOF-7. PXRD patterns describing the transformations from (d) 6Cbpy-MOF to 7C-MOF and IRMOF-7 

to 7C-MOF. Color scheme: C, grey; O, red; N, blue; Zn, purple for 7C-MOF and sky blue for other 

compounds. 
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Figure 2.7 Schematic illustrations of SBU geometries of (a) 6Cbpy-MOF, (b) 7C-MOF, and (c) IRMOF-7. 
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Figure 2.8 PXRD patterns of 6Cbpy-MOF before and after heating in DMF at 70 °C for 36 h. During the 

transformation reaction, the original phase is well maintained and the peaks corresponding to 7C-MOF do 

not appear. 
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Figure 2.9 PXRD patterns of 6Cbpy-MOF before and after heating in DMF with added ndc (~5 equivalents 

to each cluster) for 1.5 days (70 °C). During the transformation, the original phase is well maintained and 

the peaks corresponding to 7C-MOF do not appear. 
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2.3.2 Basicity of ligands  

We also conducted the solid-state transformation of three different types of 6CL-MOF (L = pillar 

molecules to figure out that low basicity of ligands facilitates the solid-state transformations. This is because 

basicity of ligands decide the relative strength between metal and ligand [32]. To verify our postulation, we 

used the following three Zn-MOFs with pcu topology which have different basicity of ligands as ex-ante 

MOFs: (1) a MOF of Zn-MOFs with pcu topology is [Zn2(ndc)2(dpndi)]n  (i.e., a MOF which has low 

basicity – pKa = 3.92 – of ligands), (2) a MOF of Zn-MOFs with pcu topology is [Zn2(ndc)2(bpy)]n (i.e., a 

MOF which has moderate basicity – pKa = 5.25 – of ligands), (3) a MOF of Zn-MOFs with pcu topology 

is [Zn2(ndc)2(dabco)]n  (dabco = 1,4 = diazabicycle[2,2,2]octane) (i.e., a MOF which has high basicity – 

pKa = 9.76 – of ligands) (Figures 2.10(a) and 2.10(b)) [33]. Through the solid-state transformation of each 

Zn-MOFs with pcu topology, I could successfully obtain a Zn-MOF with sev topology from 

[Zn2(ndc)2(dpndi)]n  and [Zn2(ndc)2(bpy)]n  (i.e., a MOF with low or moderate basicity) but not from 

[Zn2(ndc)2(dabco)]n  (i.e., a MOF with high basicity). 

 As compared to the previous transformation, a pillared MOF having dabco as a pillar (6Cdabco-MOF) 

in a DMF containing zinc nitrate hexahydrate was not successfully  transformed into 7C-MOF, even at 

harsh conditions (20 equivalent of zinc nitrate hexahydrate or harsher temperature (100 °C)). We verified 

the innerness of 6Cdabco-MOF using PXRD (Figures 2.10 (c) and 2.10 (e) and Figure 2.11). In the contrary, 

unliked the other pillared MOF, 6Cdpndi-MOF having dpndi as a pillar  has strong basic pillars (15.450, 

2.569, and 7.043 Å  for dpndi, dabco, and bpy, respectively) and their conjugate acid has the relatively low 

pKa (i.e., weaker base).  

6Cdpndi-MOF underwent the solid-state transformation into 7C-MOF (Figures 2.10(d) and 2.10(f), 

and Figure 2.12) even though lower concentration of zinc nitrate hexahydrate (0.5 equivalent) was added 

for the transformation. We reasoned that the basicity of ligands determines the inertness of secondary 

building units and become determines of if the initial crystal maintains its original for or is transformed to 

7C-MOF.  

At the above, we described the basicity of ligands impact on the transformation of topology from 

a MOF having pcu topology to another MOF having sev topology. Here, we also investigated the effect of 

carboxylate ligands on the topology conversion. We synthesized other pillared MOFs, [Zn2(bdc)2(bpy)]n 

and [Zn2(2,6-ndc)2(bpy)]n [34, 35], and conducted their solid-state transformation under the same 

solvothermal condition. Noticeably, they have the pcu topology which is the same as one of the 6Cbpy-MOF. 

However, they are doubly interpenetrated because the terephthalic acid and 2,6-naphthalene dicarboxylic 

acids ligands are not no sterically bulky [36, 37]. The bdc-based MOF was transformed into MOF-5 having 
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pcu topology, instead of 7C-MOF having the sev topology (Figure 2.13). The different results from the 

ndc-based MOF is maybe because the different characteristic of bdc and ndc ligands. [Zn2(2,6-ndc)2(bpy)]n 

maintained its original form without any transformation while heating with DMF (Figure 2.14). We 

reasoned that such inertness of [Zn2(2,6-ndc)2(bpy)]n results from the higher value of pKa of 2,6-

naphthalene dicarboxylic acid ligands and triply interpenetrations of the framework making hard to ligand 

replacement [38]. From the above results, we concluded that the characteristics of the carboxylate ligand is 

one of the influential parameters to decide whether the conversion of pcu to sev topology happens or not.  

 

  



29 

 

 

 

Figure 2.10 Crystal structures and optical microscopic images of (a) 6Cdabco-MOF and (b) 6Cdpndi- 

MOF. PXRD patterns before and after the corresponding transformation reaction for (c and e) 6Cdabco-MOF 

and (d and f) 6Cdpndi-MOF.  
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Figure 2.11 PXRD patterns of 6Cdabco-MOF before and after heating in DMF at 70 °C for 36 h with or 

without corresponding additives. During the transformation reactions, the original phase is well maintained 

and the peaks corresponding to 7C-MOF do not appear.  
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Figure 2.12 PXRD patterns of 6Cdpndi-MOF before and after heating in DMF at 70 °C for 36 h with 

corresponding amounts of Zn(NO3)2·6H2O. Upon the solvothermal reactions, the phase transformation to 

7C-MOF occurs. 
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Figure 2.13 PXRD patterns of [Zn2(bdc)2(bpy)]n before and after heating in DMF at 70 °C for 36 h with 

or without corresponding additives. Upon the solvothermal reaction with ~5 equivalent zinc nitrate 

hexahydrate, the conversion to MOF-5 occurs. 
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Figure 2.14 PXRD patterns of [Zn2(2,6-ndc)2(bpy)]n before and after heating in DMF at 70 °C for 36 h 

with or without corresponding additives (2,6-ndc = 2,6-naphthalene dicarboxylate). During the 

transformation reaction, the original phase is well maintained and the peaks corresponding to 7C-MOF do 

not appear. 
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2.3.3 Crystallographic information of 7C-MOF 

 

Through solid-state transformation of pillared MOFs, our group obtained 7C-MOF having Zn4O(COO)7 

SBUs. There are only few MOFs having 7-coordinated SBUs synthesized [39-43]. Liu group and co-

workers. reported the sev topology which is the same one of the 7C-MOF we synthesized [39], in which 

Zn2+ based SBUs are coordinated with seven ndc2− ligands but the bridging oxygen existing in the secondary 

building units was different from the reported one because the other group assigned not μ4-O but μ4-OH. 

In the 7C-MOF, zinc based secondary building units are coordinated by 7 ndc organic linkers and 1 terminal 

DMF molecule (Figure 2.15 and Figure 2.16). In each SBU, two Zn nodes have four-connected tetragonal 

geometries and the other Zn nodes have a five-connected square pyramidal geometry and a six-connected 

tilted octahedral geometry due to the DMF molecule which is coordinated. The charge imbalance issue of 

7C-MOF was compensated by the cation complex [Zn(DMF)6]2+ in the pores of the anionic framework 

(Figure 2.6(b)). The characteristic was verified by the EA (Table 2.2), and SCXRD (Table 2.1).  

We used thermogravimetric analysis (TGA) to verify that the coordinated DMF molecules with the 

guest solvents are removed after heating 7C-MOF. We verified that the weight loss of the 7C-MOF while 

heating from room temperature to ~270 °C has good agreement with the calculated results (32.5%), which 

implies that 6.5 DMF molecules and two H2O molecules per formula unit were lost (Figure 2.17). As a side 

note, irreversible structural deformation was happened when the sample was heated at 270 °C (Figure 2.18), 

for activation of the 7C-MOF make the removal of non-coordinating solvent molecules. The activation 

condition is under vacuum at R.T. The fact is verified by 1H-NMR (Figure 2.19).  
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Table 2.1 X-ray crystallographic data of 7C-MOF. 

 

 

Compound 7C-MOF 

formula C108H98N8O38Zn9 

crystal system Orthorhombic 

space group Pmca 

Formula weight 2704.27 

a, Å  17.443(4) 

b, Å  18.819(4) 

c, Å  40.617(8) 

α, deg 90 

V, Å 3 13333(5) 

Z 4 

calcd, g cm-3 1.347 

temp , K 173(2) 

, Å  0.70000 

, mm-1 1.595 

goodness-of-fit (F2) 1.110 

F(000) 5504 

reflections collected 77394 

independent reflections 11931 [R(int) = 0.1432] 

completeness to max, % 100.0% 

data/restraints/parameters 11931 / 157 / 574 

 range for data collection, deg 1.644 to 33.687 

Diffraction limits (h, k, l) -24 ≤ h ≤ 24, -28 ≤ k ≤ 28, -61 ≤ l ≤ 61 

refinement method Full-matrix least-squares on F2 

R1, wR2 [I>2(I)] R1 = 0.1186a, wR2 = 0.3453b 

R1, wR2 (all data) R1 = 0.1941a, wR2 = 0.3752b 

largest peak, hole, eÅ -3 2.639, -2.261 
aR =Fo - Fc/Fo. bwR(F2) = [w(Fo2- Fc2)2/w(Fo2)2]½  where w = 1/[2(Fo2) + 

(0.2000P)2], P =(Fo2+ 2Fc2)/3. 
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Figure 2.15 (a) The topology of 7C-MOF containing the [Zn(DMF)6]2+ cation complex existing in the 

pore of 7C-MOF and the crystal structure of 7C-MOF at (b) the YZ plane and (c) XZ plane. Disordered 

ndc ligands were omitted for the convenience. 
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Figure 2.16 FT-IR of 7C-MOF. Through the FT-IR data, we can indirectly verify the presence of 

coordinate DMF in 7C-MOF. 

 



38 

 

 

Figure 2.17 TGA trace of 7C-MOF (5 °C per minute under N2 atmosphere) 
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Table 2.2 Composition of elements (hydrogen, carbon, oxygen, and nitrogen) in 7C-MOF. Calculated 

represents the composition of elements that we obtained from EA of 7C-MOF. Measured represents the 

composition of elements that we calculated by hand based on TGA and EA. 

 

 

 

 

  

Element Calculated [wt. %] Measured [wt. %] 

Hydrogen 4.64 4.43 

Carbon 47.0 46.8 

Oxygen 23.9 23.39 

Nitrogen 6.10 6.05 
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Figure 2.18 PXRD patterns of 7C-MOF and the corresponding dried sample obtained by heating at 

270 °C under vacuum for 1 h. 
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Figure 2.19 1H-NMR spectrum of 7C-MOF after the 7C-MOF was evacuated (p is below 10-2 bar) at 

R.T. for 1.5day, prior to the gas sorption measurements. The ratio between ndc and DMF, which is 

estimated by integration, is in good agreement with the crystal structure that contains no free guest 

molecules, {[Zn4(μ4-O)(ndc)3.5(DMF)]·[Zn0.5(DMF)3]}n (ndc : DMF = 3.5 : 4.0). 
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2.4 Conclusion 

To make MOFs have specific functions for some applications, we need to synthesize a MOF with a 

specific crystal structure by controlling the two determinants of the crystal structures – the SBUs per se 

and/or their coordination with ligands. We investigated two main ways of synthesizing a MOF with a 

specific structure. We firstly conducted solid-state transformations which transform a MOF with a 

specific crystal structure into another MOF with another crystal structure. To explore the solid-state 

transformation methods, we conducted the research on the conversion of ndc-based Zn-MOFs having 6-

coordinated pillared paddlewheel SBUs. Through the research, we concluded that the existence of Zn+-O- 

and weak basicity of ligands facilitates the conversion of the MOFs having pillared SBUs, resulting in 

another MOFs (i.e., 7C-MOF) having Zn4O(COO)7 SBUs. 
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3 Formation of SBUs in Synthesizing bdc-based Zn MOFs 

 

3.1 Introduction 

The crystal structures of MOFs are often randomly decided when synthesizing MOFs at once while newly 

creating SBUs and building their coordination with ligands. To systematically control the crystal 

structures of MOFs, researchers conducted research on controlling parameters to build the crystal 

structures of MOFs [44-52]. In case of Zr-based MOFs having tetratopic ligands, there are various crystal 

structures of the MOFs that are reported including csq. ftw, lvt, and sci, scu, shp topologies. One way to 

control the crystal structures of Zr-MOFs is to use different types of modulators. For example, a Zr-MOF 

having csq topology can be synthesized by using benzoic acid modulator [44] while a Zr-MOF having 

scu topology can be synthesized by using 4-amino-benzoic acid modulator [45]. 

 

Figure 3.1 Topology control of Zr-MOFs by changing ligands [46]. 

 

Another way to control the crystal structures of Zr-MOFs is to attach different functional groups to 

ligands that are used to build the Zr-MOFs. For example, nitro group or bromo group were added to 

1,2,4,5-tetrakis(4-carboxyphenyl) benzene ligands, resulting in the different level of bulkiness of the 

ligands. By the different bulkiness of the ligands, two different Zr-MOFs (i.e., NU-904 and NU-1008) 

were obtained (Figure 3.1) [46]. Nu-904 has shp topology while NU-1008 has csq topology. 
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Figure 3.2 Crystal structures of MOFs having Zn4O(COO)6 SBUs and their coordination with BTB 

derivatives (BTB = triangular 1, 3, 5 – benzenetribenzoate) [47]. 
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As well as the control of the crystal structures of the Zr-based MOFs, the control of the crystal structures 

of the Zn-based MOFs have been also controlled. Yaghi and coworkers synthesized 24 different crystal 

structures of MOFs having Zn4O(COO)6 SBUs and their coordination with BTB derivatives (BTB = 

triangular 1, 3, 5 – benzenetribenzoate) (Figure 3.2) [47]. By changing functional groups and their 

positions at the BTB ligands, each MOF has its own topology (i.e., qom, pyr, or rtl topologies).  

Cohen et al. obtained two different crystal structures of the Zn-based MOFs having Zn4O SBUs and their 

coordination with BTB derivatives [48]. In particular by utilizing methoxy and hydroxy groups as the 

functional groups of the BTB ligands, they obtained a MOF having qom topologies and the other MOF 

having interpenetrated pcu-e topology.  

To more explore the topology control of Zn-based MOFs, we studied the topology control of bdc-

based Zn-MOFs (bdc = benzene-1,4-dicarboxylate) and verified impact of two parameters -reaction 

temperature and molar ratio of metal precursors to ligand precursors – on the determination of their own 

crystal structures.  

Firstly, to verify that reaction temperature impacts on the determination of the crystal structures 

of bdc-based Zn-MOFs, we conducted the solvothermal reactions between zinc nitrate hexahydrate, 

which is a metal precursor, and H2bdc, which is a ligand precursor, in a DEF solution. at each different 

temperature (i.e., 70, 85, 100, and 130 °C). Through the solvothermal reaction, we could successfully 

obtain MOF-5 having Zn4O(COO)6 SBUs at 85, 100, and 130 °C and a new MOF having Zn3(COO)6 

SBUs at 70 °C. 

Secondly, to verify molar ratio of metal precursors to ligand precursors affects SBUs of forming 

MOFs, we conducted the solvothermal reactions zinc nitrate hexahydrate, which is a metal precursor, and 

H2bdc, which is a ligand precursor, in a DEF solution at the following molar ratios of precursors: (1) 

molar ratio of zinc nitrate hexahydrate : H2bdc = 4:1, (2) molar ratio of zinc nitrate hexahydrate : H2bdc = 

2:1, (3)  molar ratio of zinc nitrate hexahydrate : H2bdc = 1:1, (4) molar ratio of zinc nitrate hexahydrate : 

H2bdc = 1:2, (5) molar ratio of zinc nitrate hexahydrate : H2bdc = 1:4. Trough the solvothermal reaction, 

we could obtain MOF-5 having Zn4O(COO)6 SBUs at 4 : 1, 2 : 1, and 1:1 molar ratios, a new MOF 

having Zn3(COO)6 SBUs in which DMF solvent is coordinated at 1 : 2 molar ratio, another new MOF 

having Zn3(COO)6 SBUs linked by bdc ligands at molar ratio of Zn(NO3)2·6H2O : H2bdc = 1 : 4. 
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3.2 Experimentation 

3.2.1 Materials and instruments The crystal structures were solved by the intrinsic phasing method with 

SHELX-XT (Ver. 2018/2), and refined by full-matrix least-squares calculation with SHELX-XL (Ver. 

2018/3). All non-hydrogen atoms in whole structures were refined anisotropically. Although some 

structure solvents were observed by Fourier Mapsin the X-ray diffraction, the exact position of these 

solvent molecules could not be well defined due to disordered solvent of diffused electron densities. 

Using the SQUEEZE routine in the software of PLATON,[S5] we performed the final structure 

refinements.  

3.2.2 Synthesis of bdc-based Zn-MOF (zinc nitrate hexahydrate: terephthalic acid = 4:1) 

Zinc nitrate hexahydrate (472 mg, 1.60 mmol) and 1,4-naphthalenecarboxylic acid (0.087 g, 0.0004 mol) 

were added in DEF (0.01 L) in a 0.035 L glass bottle. The solution was treated at 100 °C for one day.  

3.2.3 Synthesis of bdc-based Zn-MOF (zinc nitrate hexahydrate: terephthalic acid = 2:1) 

Zinc nitrate hexahydrate (0.236 g, 0.0008 mol) and 1,4-naphthalenecarboxylic acid (0.087 g, 0.0004 mol) 

were added in DEF (0.01 L) in a 0.035 L glass bottle. The solution was treated at 100 °C for one day. 

3.2.4 Synthesis of bdc-based Zn-MOF (zinc nitrate hexahydrate: terephthalic acid = 1:1) 

Zinc nitrate hexahydrate (0.118 g, 0.0004 mol) and 1,4-naphthalenecarboxylic acid (0.087 g, 0.0004 mol) 

were added in DEF (0.01 L) in a 0.035 L glass bottle. The solution was treated at 100 °C for one day.  

3.2.5 Synthesis of bdc-based Zn-MOF (zinc nitrate hexahydrate: terephthalic acid = 1:2) 

Zinc nitrate hexahydrate (0.118 g, 0.0004 mol) and 1,4-naphthalenecarboxylic acid (0.174 g, 0.0008 mol) 

were added in DEF (0.01 L) in a 0.035 L glass bottle. The solution was treated at 100 °C for one day.  

3.2.6 Synthesis of bdc-based Zn-MOF (zinc nitrate hexahydrate: terephthalic acid = 1:4) 

Zinc nitrate hexahydrate (0.118 g, 0.0004 mol) and 1,4-naphthalenecarboxylic acid (0.348 g, 0.001.6 mol) 

were added in DEF (0.01 L) in a 0.035 L glass bottle. The solution was treated at 100 °C for one day.  

3.2.7 Synthesis of bdc-based Zn-MOF (reaction temperature: 70 °C) 

Zinc nitrate hexahydrate (0.118 g, 0.0004 mol) and 1,4-naphthalenecarboxylic acid (0.087 g, 0.0004 mol) 

were added in DEF (0.01 L) in a 0.035 L glass bottle. The solution was treated at 70 °C.  

3.2.8 Synthesis of bdc-based Zn-MOF (reaction temperature: 85 °C) 
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Zinc nitrate hexahydrate (0.118 g, 0.0004 mol) and 1,4-naphthalenecarboxylic acid (0.087 g, 0.0004 mol) 

were added in DEF (0.01 L) in a 0.035 L glass bottle. The solution was treated at 85 °C.  

3.2.9 Synthesis of bdc-based Zn-MOF (reaction temperature: 100 °C) 

Zinc nitrate hexahydrate (0.118 g, 0.0004 mol) and 1,4-naphthalenecarboxylic acid (0.087 g, 0.0004 mol) 

were added in DEF (0.01 L) in a 0.035 L glass bottle. The solution was treated at 100 °C.  

3.2.10 Synthesis of bdc-based Zn-MOF (reaction temperature: 130 °C) 

Zinc nitrate hexahydrate (0.118 g, 0.0004 mol) and 1,4-naphthalenecarboxylic acid (0.087 g, 0.0004 mol) 

were added in DEF (0.01 L) in a 0.035 L glass bottle. The solution was treated at 130 °C.  
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3.3 Results and Discussion 

Table 3.1 Secondary building units that are formed at each reaction temperature and molar ratio 

of metal precursors to ligand precursors. 
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3.3.1 Reaction temperature  

While the solid-state transformation is to transform a MOF into another MOF, we wanted to obtain a 

MOF with a specific crystal structure at once by newly creating SBUs and building their coordination 

with ligands. The MOFs that we wanted to obtain were bdc-based Zn-MOFs (bdc = benzene-1,4-

dicarboxylate). We figured out that the two parameters – reaction temperature and molar ratio of 

precursors (i.e., metal precursors and ligand precursors) – influence the determination of the crystal 

structures of bdc-based Zn-MOFs.  

Firstly, we verified how reaction temperatures affect the determination of the crystal structures of 

bdc-based Zn-MOFs while the MOFs are synthesizing at once without the solid-state transformations. 

Zinc nitrate hexahydrate (0.4 mmol, 119 mg) and H2bdc (0.4 mmol, 86 mg) were heated in a 10 mL DEF 

solution at the following temperature: (1) 70 °C, 85 °C, 100 °C, and 130 °C. Through the solvothermal 

reaction, we could obtain MOF-5 having Zn4O(COO)6 SBUs at 85 °C, 100 °C, and 130 °C. Interestingly, 

even though the phase of the MOF-5 was dominant at  85 °C , a new phase of a MOF having Zn3(COO)6 

SBUs (hereinafter, COMPOUND 1) was slightly shown at a 85 °C, and the MOF having Zn3(COO)6 

SBUs was dominant at 70 °C. Such information about the crystal structure of each MOF was confirmed 

via powder X-ray diffraction (PXRD) (Figure 3.3).  

 Based on our research results about reaction temperature effect on the determination of the 

crystal structures of the bdc-based Zn-MOFs, we concluded that we can control the crystal structure of 

the bdc-based Zn-MOFs while synthesizing the MOFs at once by varying reaction temperature. Here, 

we would say that COMPOUND 1 having Zn3(COO)6 SBUs that was formed at at 70 °C is a kinetic 

bdc-based Zn-MOF while MOF-5 having Zn4O(COO)6 SBUs that was formed at 85 °C, 100 °C, and 

130 °C is a thermodynamic bdc-based Zn-MOF.  

 

  

27 
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Figure 3.3 PXRD patterns of bdc-based Zn-MOFs after the solvothermal reaction in DEF at each reaction 

temperature 70, 85, 100, and 130 °C. During the solvothermal reaction, the new phase of a MOF having 

[Zn3(-COO)6] SBUs was started to be shown at 85 °C and the new phase is dominant at 70 °C 

(COMPOUND 1). 
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3.3.2 Molar ratio of metal precursors to ligand precursors  

Secondly, we verified how molar ratio of metal precursors to ligand precursors affects the final crystal 

structures of bdc-based Zn-MOFs while the MOFs are synthesizing at once without the solid-state 

transformations. Zn(NO3)2·6H2O and H2bdc (benzne-1,4-dicarboxylic acid)  were heated in a 10 mL DEF 

solution at 100 °C for 24 hours. The molar ratios of Zn(NO3)2·6H2O to H2bdc were varied like the 

following condition: molar ratio of Zn(NO3)2·6H2O : H2bdc = 4 : 1, 2 : 1, 1 : 1, 1 : 2, and 1 : 4.  

Through the solvothermal reaction, we could obtain MOF-5 having Zn4O(COO)6 SBUs in the 

following condition: Zn(NO3)2·6H2O : H2bdc = 4 : 1, 2 : 1, and 1 : 1. Interestingly, in the condition 

Zn(NO3)2·6H2O : H2bdc = 1 : 2, 1 : 4, we could obtain two different MOFs having Zn3(COO)6 SBUs, which 

were analyzed by powder X-ray diffraction (PXRD) (Figure 3. 4). The crystal structures of the two different 

MOFs that we obtained in the condition Zn(NO3)2·6H2O : H2bdc = 1 : 2, 1 : 4 were also verified using 

SCXRD (Figures 3.5 and Figure 3.6). 

In case of a Zn-MOF (i.e., COMPOUND 1) that was formed in the condition Zn(NO3)2·6H2O : 

H2bdc = 1 : 2 (Figure 3.5), the crystal structure is built by Zn3(COO)6 SBUs and shows two-dimensional 

structure. The Zn2+
 based SBUs are coordinated with six bdc2-

 ligands and two terminal Zn2+
 nodes are 

coordinated with two terminal DMF molecules. In the secondary building unit, 2 Zinc ions existed in 4 

connected tetragonal structures, while the other zinc ions exist in a six-connected octahedral structure. The 

same crystal structure was already reported by other research groups [53-54]. Lee group reported the 

identical topology of the MOF where Zn2+ based SBUs are coordinated with six bdc2- ligands but two 

terminal ethanol molecules instead of DMF molecules were coordinated to each SBU [53]. Walton and 

coworkers also reported the same structure of the MOF, in which water molecules instead of DMF 

molecules were coordinated to each SBU [54]. They have the same 36 topologies.  

In case of the bdc-based Zn-MOF (i.e., COMPOUND 2) that was formed formed in the condition 

Zn(NO3)2·6H2O : H2bdc = 1 : 4 (Figure 3.6), the crystal structure is built by Zn3(COO)6 SBUs and shows 

three-dimensional structure. The Zn2+
 based SBUs are coordinated with six bdc2-

 ligands and bdc pillars 

link the bdc-linked planed, resulting in three-dimensional structure. In the secondary building units, 2 zinc 

ions existed in 4 connected tetragonal structures, while the other Zn ions exist in a six-connected octahedral 

structures. In particular, when we solved the crystal structure of the MOF using SCXRD, the charge 

imbalance of the 6-coordinated SBU was considered due to the bdc pillars or, pillar bdc presumably was 

not deprotonated to compensate the charge imbalance.  
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Based on our research results about molar ratio of metal precursors to ligand precursors impact 

on the determination of the crystal structures of the bdc-based Zn-MOFs, we concluded that we can 

control the crystal structure of the bdc-based Zn-MOFs while synthesizing the MOFs at once by 

varying molar ratio of metal precursors to ligand precursors. Here, we would say that trends of creating 

a MOF with certain crystal structure in this molar ratio effect is proportional to the temperature effect 

as we discussed in section 3.3.1 
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Figure 3.4 PXRD patterns of bdc-based Zn-MOFs before and after the solvothermal reaction in DEF at 

100 °C for 24 h at each molar ratio of metal to ligand precursors (i.e., molar ratio of Zn(NO3)2·6H2O : 

H2bdc = 4 : 1, 2 : 1, 1 : 1, 1 : 2, and 1 : 4). During the solvothermal reaction, the new phase of MOFS is 

shown at molar ratio of Zn(NO3)2·6H2O : H2bdc = 1 : 2 and 1 : 4. In case of 1 : 2 molar ratio, a MOF 

having Zn3(COO)6 SBUs at which DMF solvent is coordinated was obtained while a MOF having 

Zn3(COO)6 SBUs linked by bdc (benzne-1,4-dicarboxylate) was obtained at 1 : 4 molar ratio. 
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Figure 3.5 Crystal structure of the bdc-based Zn-MOF that was obtained in the condition: molar ratio of 

Zn(NO3)2·6H2O : H2bdc = 1: 2(COMPOUND 1). a = 25.083(5), b = 20.806(4), c = 17.748(4), alpha = 90, 

beta = 114.39(3), gamma = 90. The crystal structure consists of [Zn3(-COO)6] SBUs at which DMF 

solvent is coordinated (left side) and forms two-dimensional structure (right side). Please note that the 

coordinated DMF molecules are omitted to clearly show the two-dimensional stacking in the right side 
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Figure 3.6 Crystal structure of the bdc-based Zn-MOF that was obtained in the condition: molar ratio of  

Zn(NO3)2·6H2O : H2bdc = 1: 4 (COMPOUND 2). a = 33.382(7), b = 9.824(2), c = 18.193(4), alpha = 90, 

beta = 92.48(3), gamma = 90. The crystal structure consists of [Zn3(-COO)6] SBUs linked by bdc 

(benzne-1,4-dicarboxylate) and forms three-dimensional structure.  
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3.4 Conclusion 

In the section 3 Topology Control of MOFs, we conducted the topology control of bdc-based 

Zn-MOFs depending on reaction temperature and molar ratio of metal precursors to ligand precursors. 

In the research on reaction temperature effect, we could successfully obtain MOF-5 having 

Zn4O(COO)6 SBUs at 85, 100, and 130 °C reaction temperatures and a MOF having Zn3(COO)6 SBUs 

at 70 °C reaction temperature. In the research on molar ratio of precursors (i.e., zinc nitrate 

hexahydrate : H2ndc) effect, we could obtain MOF-5 having Zn4O(COO)6 SBUs in the following 

condition: molar ratio of Zn(NO3)2·6H2O : H2bdc = 4 : 1, 2 : 1, and 1 : 1. Another Zn-MOF having 

Zn3(COO)6 SBUs in which two terminal DMF molecules are coordinated was obtained in the molar 

ratio of Zn(NO3)2·6H2O : H2bdc = 1 : 2 while the other Zn- MOF having Zn3(COO)6 SBUs linked by 

bdc pillars in the molar ratio of Zn(NO3)2·6H2O : H2bdc = 1 : 4. Based on our research results about 

reaction temperature and molar ratio of metal to ligand precursors effect on the determination of the 

crystal structures of the bdc-based Zn-MOFs, we concluded that a MOF having Zn3(COO)6 SBUs that 

was formed at at 70 °C is a kinetic bdc-based Zn-MOF while MOF-5 having Zn4O(COO)6 SBUs that 

was formed at 85 °C, 100 °C, and 130 °C is a thermodynamic bdc-based Zn-MOF. Also, we would say 

that trends of creating a MOF with certain crystal structure in this molar ratio effect is proportional to 

the temperature effect. 
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4 CO2 Cycloaddition of 7C-MOF 

4.1 Introduction 

CO2 emission is one of the main causes to trigger global warming all around the world. Thus, it is 

important to deal with the increasing amount of the CO2 emission. CO2 conversion reactions have been 

promising solutions to deal with the issue because through the reactions, CO2 is converted into valuable 

chemicals including C1 feedstocks. Among various CO2 conversion reactions, CO2 cycloaddition is the 

reaction in which epoxide and CO2 react with each other and produce cyclic carbonate (Figure 4.1). The 

resulting cyclic carbonate can be used in many applications including electrolyte solvents and biomedical 

products [55-57]. 

 

Figure 4.1 Schematic catalytic mechanism for CO2 cycloaddition [70]. 
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MOFs are promising heterogeneous catalysts due to structural diversity as we described in 

section 1.1. Thus, many researchers have researched MOFs-based catalysts for CO2 cycloaddition. For 

example, Indium based MOFs having trinuclear and mononuclear Indium clusters showed enhanced 

catalytic activity because Indium metals have accessible p-orbitals and thus, the metal-based MOFs easily 

accept electrons, which is important to catalyze CO2 cycloaddition (Figure 4.2) [58]. The other MOF that 

was constructed by octcarboxylate ligands and Cu (II) ions shows high interaction with CO2. This 

characteristic creates the corresponding catalytic activity for CO2 cycloaddition [59]. And Zn-based 

MOFs were also used to catalyze the CO2 cycloaddition (Table 4.1 and Figure 4.3) [60-65]. 

 

Figure 4.2 Schematic catalytic mechanism of the In-organic frameworks for CO2 cycloaddition.  Epoxide 

is catalyzed by an Indium based MOF. Two different types of Indium metal clusters have different 

function in the CO2 cycloaddition [58].  
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Table 4.1 The representative Zn-based MOFs that shows the catalytic activity for CO2 cycloaddition. 

 

 

 

 

 

Figure 4.3 Schematic catalytic mechanism for CO2 cycloaddition with Zn-based MOF [61].  
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We explored the possibility of using the 7C-MOF into the CO2 cycloaddition. 7C-MOF has been 

rarely reported in the academic field, so exploring whether the MOF can be applicable into the CO2 

cycloaddition may contribute to expanding the usage of 7C-MOF. We firstly analyzed 7C-MOF’s 

interaction with CO2 using CO2 sorption isotherm and found that 7C-MOF is capable of adsorbing CO2 

molecules because 7C-MOF is an anionic framework and has cation complex [Zn(DMF)6]2+ in the pores 

(Figure 2.15 (a)). By analyzing product yields (100[mole of cyclic carbonate] / [mole of cyclic carbonate 

and epoxide]) using H-nuclear magnetic resonance spectroscopy, we found that 7C-MOF can facilitate 

CO2 cycloaddition. 
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4.2 Experimentation 

4.2.1 Materials and instruments  

All chemicals and solvents were of reagent grade and were used as received without further purification. 

NMR spectra were recorded on Agilent 400-MR DD2 spectrometer.  

4.2.2 CO2 cycloaddition (Condition: 0.1 mmol TBAB without 7C-MOF) 

Tetrabutylammonium bromide (TBAB) (0.1 mmol, 32 mg), which is a co-catalyst was added to an 

autoclave batch reactor with stirring bar. After evacuating air within the reactor, propylene oxide (10 

mmol, 0.6761 mL) was added and then, the reactor was filled with CO2 (10 bar). CO2 cycloaddition went 

on at room temperature for 24 h, 

4.2.3 CO2 cycloaddition (Condition: 0.1 mmol TBAB with 7C-MOF) 

TBAB (0.1 mmol, 32 mg) and 7C-MOF (0.01 mmol, 13 mg) were added to an autoclave batch reactor 

with stirring bar. After evacuating air within the reactor, propylene oxide (10 mmol, 0.6761 mL) was 

added and then, the reactor was filled with CO2 (10 bar). CO2 cycloaddition went on at room temperature 

for 24 h, 

4.2.4 CO2 cycloaddition (Condition: 1 mmol TBAB with 7C-MOF) 

TBAB (1 mmol, 320 mg) and 7C-MOF (0.01 mmol, 13 mg) were added to an autoclave batch reactor 

with stirring bar. After evacuating air within the reactor, propylene oxide (10 mmol, 0.6761 mL) was 

added and then, the reactor was filled with CO2 (10 bar). CO2 cycloaddition went on at room temperature 

for 24 h, 
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4.3 Results and Discussion 

CO2 emission is one leading cause to exacerbate global warming all around the world. Thus, it is pivotal 

to mitigate the increasing amount of CO2 emission. CO2 converting reactions are promising alternatives to 

deal with the issue. Through the reactions, CO2 is converted into useful chemicals including C1 feedstocks. 

Among various CO2 conversion reactions, CO2 cycloaddition is the reaction where epoxide and CO2 react 

with each other and produce cyclic carbonate (Figure 4.4). The cyclic carbonate can be used in many 

applications including electrolyte solvents and biomedical products. In this context, after studying how to 

adjust parameters to determine the crystal structures of MOFs and synthesizing the MOFs, we further 

explored the possibility of using a MOF synthesized by a solid-state transformation (i.e., 7C-MOF) into 

CO2 cycloaddition. There are only a few researches that reported a MOF having 7-coordinated zinc-based 

SBUs and sev topology in the academic field. Thus, it is valuable to explore the catalytic activity of this 

MOF for CO2 cycloaddition and then, contribute to expanding the usage of 7C-MOF.  

We firstly analyzed the interaction of 7C-MOF with N2 and CO2 using N2 and CO2 sorption 

isotherm. While the 7C-MOF showed no porosity, which was verified by N2 sorption isotherm (Figure 4.5 

(a)), 7C-MOF showed the interaction with CO2 gas, which was verified by N2 sorption isotherm (i.e.,  max. 

0.00143 mol/g of carbon dioxide adsorbed at 196 K in one stepwise way) (Figure 4.5 (a)) with no 

influencing the phase, which was verified by the PXRD patterns before and after the gas sorption 

experiment (Figure 4.5 (b)). We considered that such interaction of 7C-MOF with CO2 molecules might 

results from an electrostatic field formed by the anionic framework and cation complex of [Zn(DMF)6]2+ in 

the pore [66, 67]. Regarding this characteristic of 7C-MOF, we expected that CO2 can access to 7C-MOF 

and undergo CO2 cycloaddition in which 7C-MOF act as a Lewis acid catalyst. Then, we conducted CO2 

cycloaddition like the following procedure. Tetrabutylammonium bromide (TBAB) (0.1 mmol, 32 mg), 

which is a co-catalyst and 7C-MOF (0.01 mmol, 13 mg) were added to an autoclave batch reactor with 

stirring bar. After evacuating air within the reactor, propylene oxide (10 mmol, 0.6761 mL) was added and 

then, the reactor was filled with CO2 (10 bar). CO2 cycloaddition went on at room temperature for 24 h, 

After finishing the reaction, product yield (100[mole of cyclic carbonate] / [mole of cyclic carbonate and 

epoxide])) was analyzed using H-nuclear magnetic resonance spectroscopy (1H-NMR). The product yield 

was about 63 % (Figure 4.7). The maintenance of the structure of 7C-MOF after the CO2 cycloaddition was 

confirmed using PXRD (Figure 4.8). The reference catalytic reaction, in which there was not 7C-MOF 

catalyst was also conducted and the product yield was about 11 % (Figure 4.6). In order to increase product 

yield, we increased the amount of TBAB to 1 mmol (320 mg). Even though the product yield was about 

93 % (Figure 4.9) under the condition, the structure of 7C-MOF was collapsed after the CO2 cycloaddition, 
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as confirmed by PXRD (Figure 4.10) 

Even though we did not achieve the enhancement of the product yield to over 90 % with the 

maintenance of the crystal structure of the 7C-MOF, we considered one possible catalytic reaction 

mechanisms for the reaction, in which the product yield was 63 %. The mechanism is that two 4-coordinated 

zinc metal sites within the framework of 7C-MOF act as Lewis acidic sites and activate the propylene oxide 

to make cyclic carbonate. Even though the two zinc metal sites are not open-metal sites, they can act as 

Lewis acidic sites. This mechanism was considered based on previous literature that MOF-5 having 4-

coordinated zinc metal sites has catalytic activity for CO2 cycloaddition [68-69].  

 

 

 

Figure 4.4 Reaction scheme of CO2 cycloaddition, in which CO2 reacts with epoxide to produce cyclic 

carbonate.   
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Figure 4.5 Reaction scheme of CO2 cycloaddition with epoxide (b) PXRD patterns of 7C-MOF before 

and after the CO2 sorption experiment. 
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Figure 4.6 1H-NMR after CO2 cycloaddition in the absence of 7C-MOF as a Lewis catalyst (TBAB: 0.1 

mmol). The product (cyclic carbonate) yield is about 11 %. 
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Figure 4.7 1H-NMR after CO2 cycloaddition in the presence of 7C-MOF as a Lewis catalyst (TBAB: 0.1 

mmol). The product (cyclic carbonate) yield is about 63 %. 
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Figure 4.8 The PXRD patterns of 7C-MOF as synthesized, after vacuum drying, and after CO2 

cycloaddition (Condition: TBAB 0.1 mmol). We verified that 7C-MOF maintained its structure after the 

CO2 cycloaddition. 
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Figure 4.9 1H-NMR after CO2 cycloaddition in the presence of 7C-MOF as a Lewis catalyst (TBAB: 1 

mmol). The product (cyclic carbonate) yield is about 93 %. 
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Figure 4.10 The PXRD patterns of 7C-MOF as synthesized, after vacuum drying, and after CO2 

cycloaddition (Condition: TBAB 1 mmol). We verified that the crystal structure of 7C-MOF was 

collapsed after the CO2 cycloaddition. 
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4.5 Conclusion 

We further explored the possibility of using 7C-MOF for CO2 cycloaddition. We analyzed 7C-MOF using 

CO2 sorption isotherm and found that 7C-MOF is capable of adsorbing CO2 molecules. This is because 

7C-MOF is an anionic framework and has cation complex of [Zn(DMF)6]2+ in its pores. Thus, we 

expected that 7C-MOF can act as a Lewis catalyst for CO2 cycloaddition. By analyzing product yields 

(100[mole of cyclic carbonate] / [mole of cyclic carbonate and epoxide]) using H-nuclear magnetic 

resonance spectroscopy, we found that 7C-MOF can act as a Lewis acid catalyst which facilitates CO2 

cycloaddition.  
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