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Abstract 

 

 Metal-organic frameworks (MOFs) are a class of hybrid organic-inorganic microporous 

materials with lots of significant applications including gas capture and storage, gas separation, 

batteries, catalysis, ion exchange and drug delivery. MOFs based on s-block metals are 

important due to their many practical applications. These MOFs are also very interesting 

because the s-block MOFs often exhibit unpredictable behavior of coordination. In this thesis, 

the structures of six s-block metal (Li, Na, Cs, Mg, Ca, Sr) based MOFs involving V-shaped 

link, 4, 4′- sulfonyldibenzoate (SDB) are characterized by various techniques including, 

powder X-ray diffraction, TGA and solid-state NMR spectroscopy. 13C CPMAS NMR was 

used to probe the local structure around SDB linkers. 7Li, 23Na, 133Cs, and 25Mg SSNMR were 

utilized to directly characterize the metal center surroundings. Explicitly, variable temperature 

(VT) 13C SSNMR spectroscopy is used to investigate the behavior of 13CO2 in four selected 

MOFs with porous channels. The analysis of 13C static spectra reveals that CO2 molecules 

undergo localized wobbling and non-localized hopping within these MOFs. Additionally, all 

these s-block MOFs based on SDB ligands share the common adsorption site (π-pocket of SDB 

ligands). Moreover, another novel MOF, UTSA-280, with Ca center and C4O4 ligands is also 

studied. Based on its rigid channel size, UTSA-280 shows a high separation performance of 

CO2 from CH4 and C2H4 from C2H6 under ambient condition. In this thesis, the behaviors of 

13CO2 and C2D2 within UTSA-280 are investigated via VT 13C wide-line SSNMR experiments 

and VT 2H wide-line SSNMR experiments, respectively. The results show a tight guest-host 

interactions. Meanwhile, with the same ligands as UTSA-280, MOF (Zn(bipy)(C4O4)(H2O)2) 

is studied as well. 
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Summary of Lay Audience 

 

Metal-organic frameworks (MOFs) are a class of materials composed of metal centers 

linked by organic ligands. Most MOFs have porous channels, in this case, they can be widely 

used in gas capture and storage, gas separation, batteries, catalysis, ion exchange and drug 

delivery. MOFs based on s-block metals are important due to their many practical applications. 

These MOFs are also very interesting because the s-block MOFs often exhibit unpredictable 

geometry around the metal centers. In this thesis, the structures of six s-block metal (Li, Na, 

Cs, Mg, Ca, Sr) based MOFs involving V-shaped link, 4, 4′- sulfonyldibenzoate (SDB) are 

characterized by various techniques to confirm the structure of the sample obtained is 

consistent with the one discussed in literature. For four selected MOFs with porous channels, 

the behaviors of 13CO2 within frameworks are revealed by variable temperature (VT) 13C 

SSNMR spectroscopy. The results show the CO2 molecules are jumping between two sites in 

channels while rotating itself at the same time. The MOFs based on another ligand, C4O4, are 

also studied. Especially, USTA-280, which is a Ca based MOF, shows a high separation 

performance of CO2 from CH4 and C2H4 from C2H6 under ambient condition, due to rigid 

porous channels size. In this thesis, the behaviors of 13CO2 within frameworks are revealed by 

variable temperature (VT) 13C SSNMR spectroscopy; the behaviors of C2D2 within frameworks 

are revealed by VT 2H SSNMR spectroscopy. The results exhibit a tight interaction between 

adsorbed molecules and UTSA-280 frameworks.  
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Chapter 1 

1. General introduction  

1.1  Composition and properties of MOFs 

Metal-organic frameworks (MOFs) are microporous materials composed of metal ions or 

clusters linked by organic ligands to form potentially infinite structures. Since the first MOF, 

MOF-5, was found in 1999 by Yaghi,1 MOFs have attracted attention in the past decades. 

Compared with other microporous materials such as zeolites, MOFs are more diverse since 

they can be rationally constructed with various metal centers and designable functional organic 

linkers.1 Because of their porous structure and properties, MOFs are considered to have a broad 

range of promising applications.2,3,4,5 in gas capture and storage (including CO2 capture and 

storage), gas separation,6,7 batteries,8,9 catalysis,10 ion exchange11 and drug delivery,12 

Generally, there are two categories of traditional synthesis methods, solvothermal and non-

solvothermal. Solvothermal synthesis implies the use of solvent in the synthesis, while the term 

“hydrothermal” specifically indicates the use of water as solvent. The solvothermal synthesis 

is carried out at or above the boiling point of the solvent in closed chemical reactors at an 

elevated pressure which usually results from the vapour of the solvent. Non-solvothermal 

methods conversely refer to the synthesis that occurs below the boiling point of the solvent in 

an open container, such as electrochemical synthesis and mechanochemical synthesis. Due to 

the high pressure caused by solvent vapour in solvothermal synthesis, it helps to raise the 

solubility of salts, which in turn promotes reaction.13  

Figure 1-1 Schematic diagram of basic composition of metal-organic frameworks.1 
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Metal ions or clusters and organic linkers, as two main components of MOFs, determine 

the properties of MOFs, such as exceptional porosity, large surface area, high thermal stabilities 

and variability. Depending on the length of organic linkers, high porosity MOFs usually come 

with longer linkers while shorter linkers result in low porosity.14 As shown in Figure 1-2, MOFs 

(IRMOF-n series) exhibit rising porosity when incorporating organic linkers with increasing 

length. The surface areas of MOFs are usually over hundreds m2/g. Additionally, given the 

reason that C-O, C-C bonds within organic linkers and O-M bonds between metal ions and 

linkers are all strong bonds, MOFs are featured with high thermal stability. Last but not the 

least, variability, as one of the outstanding features of MOFs, is achieved by varying the internal 

and external factors. For instance, as the internal factors which is mostly about metal centers 

and organic ligands, substituting with different metal cations, the framework may vary since 

different metal cations have various charges and coordination numbers. Replacing the organic 

linkers will result in various properties of the porous channels in MOFs, such as pore shape 

and pore size. It is worth mentioning by introducing functional groups into organic linkers (-

OH, -Cl, -Br and -NH2), the properties of the linker are changed, such as the hydrophilicity. 

The different functional groups will further modify the pore size and the interactions between 

frameworks and guest molecules, making MOFs good material for gas selectivity and 

separation.15,16,17 Furthermore, as the external factors, the types of solvent and synthesis 

conditions, like synthesis temperature and time, will affect MOF formation as well.18  

Figure 1-2 Changing in porosity with different types of organic linkers in the IRMOF-n 

series.14 (the size of channels are labeled in yellow) 
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1.2  S-block metals in MOFs  

For the metal center, giving the well-known coordination behavior and stable framework 

formed with bridging-carboxylic acid linkers under hydro and solvothermal conditions, 

transition metals and rare earth metals are always considered as good candidates. For example, 

a report by Zhu and coworkers mentioned that zinc can adopt 4 coordination modes: tetrahedral 

for four-coordinated zinc, trigonal bipyramidal and square pyramidal for five-coordinated zinc, 

and octahedral for six-coordinated zinc.13 Distinguished from transition metals, s-block metals 

usually tend to exist in the ionic states and tend to coordinate with solvent molecules, forming 

the solvated metal centers. Additionally, the various possible coordination numbers resulted in 

a complicated situation for people to systematically study s-block metal MOFs.19,20  

1.2.1 Li-MOFs 

Among s-block metals, lithium is the lightest element and an excellent reducing agent that 

easily loses electrons like all other alkali metals. Li ion normally crystallizes in the tetrahedral 

geometry due to the small size of the atom. With various organic ligands employed, a huge 

number of Li-MOFs were synthesized, where some Li-MOFs’ structures showed great 

flexibility. A novel 3D coordination polymer Li4(pdta)(OC-NMe2) (pdta = 5,5′-(propane-1,3- 

diylbis(oxy)) diisophthalic acid) (Figure 1-3a) has been reported by Liu21 which exhibits large 

expansion upon heating, also named positive thermal expansion (PTE). Two 

crystallographically independent Li(I) atoms (Li[1] and Li[2]) both present a LiO4 tetrahedral 

geometry constructed by four oxygen atoms, which are all from the carboxyl group of pdta 

ligand, except one for Li [2] atom that binds to the carbonyl group of DMF. With V-shaped 

pdta linker, a large windmill-like unit is constructed. Another Li-based MOF 

{(Me2NH2)2[Li(NTB)](H2O)3(DMF)2}n (NTB = 4.4′,4″-nitrilotrisbenzoate) (Figure 1-3b), 

reported by Chen22, is believed to be a potential luminescent probe for the detection of Fe(III) 

ion and nitrobenzene in solution. It contains one crystallographically independent Li(I) ion 

within each asymmetric unit. Li(I) ion is four-coordinated by four carboxylate O atoms from 
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four different NTB3- ligands to furnish a slightly distorted tetrahedral geometry.  

1.2.2 Na-MOFs 

Same as other s-block metals, sodium normally exists as Na+ in MOFs. As the atom gets 

larger than Li, the coordination mode is not limited to 4-coordinated tetrahedral geometry. Even 

with the same organic ligand, different Na-MOFs have been successfully synthesized with 

more than one coordination modes. A series of “light metal” based MOFs (from IMP-22 to 

IMP-27) were synthesized and reported by Pugh,23 where IMP-23 (Na2(L1)(DMF)2), IMP-25 

(Na12(L2)4(DMF)3), IMP-26 (Na42(L2)14(H2O)3) and IMP-27 (Na4(L3)(DMF)4(H2O)4) are Na 

based MOFs (Figure 1-4). In IMP-23, two crystallographically independent Na(I) ions are 

included in each asymmetric unit. Each Na(I) ion is six-coordinated by four carboxylates 

a. 

b. 

Figure 1-3 (a). 1D windmill-like structure along c direction, Z-shaped 2D layer structure and 

3D hinged network of Li4(pdta)(OC-NMe2). (b). The connection mode of NTB3− ligand in 

{(Me2NH2)2[Li(NTB)](H2O)3(DMF)2}n. (Li sites are labeled with pink tetrahedrons)21,22 
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groups, where one of them binds to Na atom in a bidentate chelating mode while the other three 

are in the monodentate chelating mode, and one DMF molecule. Unlike IMP-23, IMP-25 

contains 4 crystallographically independent Na(I) ions. Na(1), Na(2) and Na(4) are all five-

coordinated and Na(3) is in a four-coordinated environment since the organic linker L2 (L2= 

4,4’,4’’-(methylsilanetriyl)tribenzoic acid) (Figure 1-4) is bulkier than organic linker L1 ((L1= 

4,4’-(dimethylsilanediyl)dibenzoic acid) for IMP-23. Under the same synthesis condition, 

IMP-26 is formed together with IMP-25 (in a roughly 1:2 ratio for IMP-25: IMP-26), where 

Na+ cation is binding to the H2O molecule instead of the DMF molecule. With organic linker 

L3 (4,4’,4’’,4’’’-silanetetrayltetrabenzoic acid), IMP-27 is built up with four 

crystallographically independent Na(I) ions. Two of them are six-coordinated, while the other 

two are located in seven-coordinated geometry.  

Figure 1-4 (a). Silicon-centered linkers L1-H2, L2-H3 and L3-H4. (b). The coordination 

environment around each Na+ cation in IMP-23. (c). The coordination environment around 

each Na+ cation in IMP-25 and IMP-26. (d). The repeat unit in the metal node of IMP-27.23 
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1.2.3 K-MOFs 

Due to the fast chemical reaction rate of K+ cation in batteries and the high abundance of 

potassium in the earth, organic potassium-ion batteries (OPIBs) have been widely considered 

as the new generation battery system after Li and Na. Many K-MOFs have been synthesized 

in past years for OPIBs, and there are also several K-MOFs constructed based on its intense 

photoluminescence properties. A novel K-MOF, [C7H3KNO4]n (Figure 1-5), was mentioned 

and synthesized by Li.24 Each asymmetric unit contains one crystallographically independent 

K(I) ion, which is seven-coordinated with two O atoms and one N atom from one organic ligand, 

and four O atoms from four other linkers. 1D zigzag chain is generated by the connection of O 

atoms and K atoms in up and down modes. Then 2D layered structures could be formed by the 

linkage of K+ cations and C7H3NO4
- anions from the 1D chains, further generating 3D 

architectures. This MOF showed excellent rate capacities and superior long-cycle capacities, 

which proved the potential of K-MOFs as efficient electrode materials for OPIBs. Another K-

MOF, [K8(ptca)3(H3O)4]n,
25 with the linker 3,4,9,10-perylenetetracarboxylic acid (H4ptca) 

contains two crystallographically independent K(I) ions in each asymmetric unit. K(1) has 

K1O8 coordination environment while K(2) is in an octahedral geometry. As Seco proved, this 

material displays intense photoluminescence properties in liquid and solid states at room 

temperature, and the potential of this compound to build humidity actuators on flexible 

substrates.  

Figure 1-5 (a). The coordination environment around potassium ion of [C7H3KNO4]n. (b). 1D 

and 2D structure of [C7H3KNO4]n.
24 

a. b. 
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1.2.4 Rb-MOFs and Cs-MOFs 

Eight-coordinated modes are always found in Rb and Cs MOFs due to their large ionic 

radius. Additionally, because of the similar properties, Rb and Cs often share the same 

coordination mode. Nanoporous MOFs, CD-MOF-2 and CD-MOF-3, are constructed by the γ-

cyclodextrins (γ-CDs) with either Rb+ centers or Cs+ centers. It is proved by Forgan26 that CD-

MOF-2 shows potential as a simple, inexpensive and green porous material; topologically 

distinct MOFs could be synthesized using CD linker with different s-block metals. Only one 

crystallographically independent Rb(I) or Cs(I) ion is included in each asymmetric unit, where 

each metal ion center is eight-coordinated with 8 O atoms from 4 different γ-cyclodextrin. 

1.2.5 Be-MOFs 

Beryllium is the first member of alkali earth metals. Be only forms tetrahedrally 

coordinated units because of its small size and the fact that its bonds are always covalent due 

to the high charge/radius ratio.19 There were only a few Be-MOFs have been studied, due to 

the fact that Be is toxic even though it is the lightest alkaline earth metal.27 The first single-

crystal structure of a beryllium-based MOF was reported by Long28 using 1,3,5-

benzenetribenzoic acid (btb) as the linker. [Be12(OH)12]
12+ rings are formed by the combination 

of tetrahedrally coordinated Be. Further linked by the btb, Be12(OH)12(btb)4 is constructed. Two 

other Be-MOFs, Be2(OH)2(BDC) (BCF-3) (Figure 1-7a) and Be4(OH)4(btec) (BCF-4) (Figure 

1-7b), were synthesized and reported by Kang29. Each Be atom has a tetrahedrally coordinated 

a. b. c. d. 

Figure 1-6 (a). Crystal packing of CD-MOF-3. (b).(c). Side-on view and top view of the 

arrangement of Cs+ ions around two γ-CD units. (d). Local coordination environment of Cs+ 

center.26 
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geometry in BCF-3 and BCF-4 with two oxygen atoms from hydroxyl groups and two oxygen 

atoms from either BDC or btec ligands. BCF-3 shows high thermal stability up to 400 °C and 

BCF-4 exhibits a moderate CO2 uptake capacity. 

1.2.6 Mg-MOFs 

Mg is the most widely used alkali earth metal in MOFs. As similar chemical properties 

between Mg2+ and Zn2+, like Zn, Mg is usually in tetrahedral or octahedral coordination mode 

in the formation of MOFs. Several novel Mg-MOFs with large porous channels have been 

constructed and reported. Mg(3,5-PDC)(H2O) and Mg(2,4-PDC)(H2O)3 (3,5-PDC = 3,5-

pyridinedicarboxylate; 2,4-PDC = 2,4-pyridinedicarboxylate) (Figure 1-8) were synthesized 

and reported by Mallick30. With the position of nitrogen within the organic linkers differing, 

the two MOFs show totally different structures. Mg(3,5-PDC)(H2O) contains one 

crystallographically independent Mg2+ ion in each asymmetric unit, given an octahedral 

coordination environment by one nitrogen atom from the pyridine-N functionality and five 

oxygen atoms from four carboxylate groups of 3,5-PDC ligands and one coordinated water 

molecule. 1D channels with open Mg-metal sites are formed along the c-axis. While Mg(2,4-

PDC)(H2O)3 is also six-coordinated, with two oxygen atoms and one nitrogen atom from two 

2,4-PDC linkers and three oxygen atoms from coordinated water to achieve octahedral 

geometry. Lee31 reported two Mg-MOFs with two similar organic linkers, H4TDA(4,4’-[1,4-

a. b. 

Figure 1-7 (a). Up down view of BCF-3.28 (b). Side view of BCF-4.29 
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phenylenebis-(carbonylimino)]bis(2-hydroxybenzoic acid)]) and H4ODA(4,4’-

[oxalylbis(imino)]bis(2-hydroxybenzoic acid)]) (Figure 1-9). In both MOFs, Mg2+ ions are six-

coordinated with 3 oxygen atoms from hydroxyl groups and 3 oxygen atoms from carboxylate 

groups, forming an infinite framework with one-dimensional, hexagonal channels.  

1.2.7 Ca-MOFs 

Ca tends to have a higher coordination number (from 6 to 8) than Mg because of the larger 

ionic radius. Ca-MOFs play an important role in biological field due to it biocompatibility. 

However, solvent molecules are always coordinated to the Ca centers and the removal of them 

could lead to structural rearrangements in some cases.  Liang32 reported several new Ca-MOFs 

a. 

c. b. 

Figure 1-9 (a). The organic linker 3,5-PDC and 2,4-PDC. (b). The view of Mg(3,5-

PDC)(H2O) along c-axis. (c). The asymmetric unit of Mg(2,4-PDC)(H2O)3.
30 

Figure 1-8 Organic linkers (H4TDA(left) and H4ODA(right)) and the structure of 

MOFs formed by Mg2+ and two linkers respectively.31 
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with aromatic polycarboxylates synthesized under solvothermal conditions (Figure 1-10). 

Ca(BDC)(DMF)(H2O) includes one crystallographically independent Ca2+ ion in each 

asymmetric unit, which is eight-coordinated with six oxygen atoms from the carboxylate 

groups belonging to four BDC ligands, one oxygen atom from the coordinated water molecule, 

and one oxygen atom from DMF. 3D structure with rhomboidal channels is generated by the 

connection of BDC ligands. Ca2+ ion is seven-coordinated in Ca(H2dhtp)(DMF) (H2dhtp = 2,5-

dihydroxy-terephthalic acid) with five oxygen atoms of the carboxylate groups from five 

H2dhtp ligands, one oxygen atom of the hydroxyl groups of H2dhtp, and one oxygen atom of 

coordinated DMF molecule. Ca(H2dhtp)(DMF)2 could be obtained under the same synthesis 

condition as Ca(H2dhtp)(DMF) except at a lower temperature. Ca2+ is six-coordinated with four 

oxygen atoms of the carboxylate groups from four H2dhtp ligands and two oxygen atoms from 

the coordinated DMF molecules. Both Ca(H2dhtp)(DMF) and Ca(H2dhtp)(DMF)2 are porous 

MOFs with square-grid channels.  

a. b. c. 

Figure 1-10 Local coordination environment of Ca2+ ion and structure of (a). 

Ca(BDC)(DMF)(H2O); (b). Ca(H2dhtp)(DMF); (c). Ca(H2dhtp)(DMF)2.
32 
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1.2.8 Sr-MOFs and Ba-MOFs 

Both Sr and Ba have similar electronic character and ionic radius.33 As the last two 

nonradioactive elements in alkali earth metals, they potentially have a higher coordination 

number compared to Ca. Employing the same organic linker, pyridine-2,4,6-tricarboxylic acid 

(ptcH3), distinct structures could be constructed by introducing Sr2+ and Ba2+ ions. 

{Sr1.5(ptc)·5H2O}n contains two crystallographically independent Sr(II). Sr(1) is nine-

coordinated with six oxygen atoms from carboxylate groups, two nitrogen atoms from the rings 

of two ptc linkers, and one oxygen atom from a coordinated water molecule; Sr(2) is also in a 

nine-coordinated environment, but with five oxygen atoms from coordinated water molecules 

and four oxygen atoms from three distinct ptc ligands. {[Ba(ptc)(H2O)][Ba(ptcH2)H2O]}n 

undergoes more complicated construction with two distinct units. Two crystallographically 

independent Ba(II) ions are included, where Ba(1) is linked to four mono-dentate carboxylate 

oxygen atoms from four ptc ligands, two chelate oxygen atoms from another ptc ligand, one 

NO2 donor from another ptc unit and one oxygen atom from coordinated water to achieve the 

ten-coordinated environment. Ba(2) has two less mono-dentate carboxylate oxygen atoms from 

two ptc units coordinated.  

Figure 1-11 (a). Local coordination environment of Sr2+ ions within {Sr1.5(ptc)·5H2O}n. (b). 

Local coordination environment of Ba2+ ions within {[Ba(ptc)(H2O)][Ba(ptcH2)H2O]}n.
33 

a. 

b. 
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1.2.9 Summary of s-block metals within MOFs 

All the s-block metals within MOFs are listed in the Table 1-1 with most usual 

coordination number. Along the same group, as the radius of metal getting larger, the most 

usual coordination number gets larger as well. Additionally, the s-block metals in the same 

periods show the similar coordination behavior within MOFs.  

Table 1-1 Most usual coordination numbers for each s-block metals within MOFs. 

 

1.2.10 Applications of MOFs based on s-block metals 

Despite the difficulties in constructing predictable structures and investigating structures 

systematically, several potential applications of s-block MOFs were developed based on the 

unique advantages of s-block metals. Permanent porosity allows them to be used in gas storage 

and separation;28,30,34,35 active metal sites contribute to the catalytic application;36,37,38 

nontoxicity and biocompatibility make the s-block metal-based MOFs outstanding candidates 

for applications within the biological field;39,40 with the huge abundance on the planet, Na, K, 

Mg, and Ca are the interested metals in MOFs for commercial purposes. 

1.3  Organic ligands in MOFs 

As the second component of MOFs, employing distinct organic ligands is also a key method 

for the design of MOFs. Usually, the type and number of donor atoms within organic ligands44, 

the different atomic arrangements within ligands45, the size of ligands46 and the shape of 

ligands47 all result in the distinct structures of MOFs and different properties of porous channels.  

Alkali metal Li Na K Rb Cs 

Coordination number 4 4-7 7-8 8 8 

Alkaline earth metal Be Mg Ca Sr Ba 

Coordination number 4 4 or 6 6-8 6-9 >8 
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1.3.1 The donors within organic ligands 

To construct MOFs rationally, the general strategy is to introduce the multidentate ligand 

with N- or O- donor, which helps form polymeric structures.41 Five membered heterocycle 

azolate is usually included in N-donor ligands, such as bipyridine and 1,3-bis(4-

pyridyl)propane,42,43 where the sp2 N-donor atoms are chelated with metal center upon 

deprotonation. Carboxylic acids are always considered as appropriate O-donors ligands. When 

the number of donor atoms in a linker is limited, it is hard to construct the 3D infinite structure. 

Instead, they usually generate a 2D layered structure. For instance, Moreno synthesized three 

Al-MOFs with organic ligands EB (4–ethylbenzoic acid), HB (4–heptylbenzoic acid) and DB 

(4–dodecylbenzoic acid).44 All three ligands contain one carboxylate group where two O-donor 

could be found. Three 2D frameworks were formed under solvothermal conditions. (Figure 1-

12) 

To construct 3D structure, di- and polycarboxylic acids are the better choices. With fully 

Figure 1-12 Three mono-carboxylate ligands and resulted 2D structures.44 



14 

 

 

or partially deprotonated carboxyl groups, di and polycarboxylic acid can provide various 

coordination cases, resulting in diverse structures with not only 2D but 3D dimensions. 

1.3.2 The atomic arrangement within organic ligands 

With different atom arrangements in organic linkers, such as pyrazine, pyridazine and 

pyrimidine, the frameworks of MOFs usually will not change. However, the properties of 

porous channels vary a lot, such as the gas molecule uptake capacity since the interactions 

between guest molecules and the frameworks are changed. Song45 synthesized three 

isostructural Cu-MOFs (ZJNU-46, ZJNU-47 and ZJNU-48) with organic linkers, 5,5′-

(pyrazine-2,5-diyl)diisophthalate(H4L1), 5,5′-(pyridazine-3,6-diyl)-diisophthalate(H4L2) and 

5,5′-(pyrimidine-2,5-diyl)diisophthalate(H4L3). All ligands have same linear structure with 

four carboxylate groups and three rings except the position of N atoms. Since metal centers are 

only coordinating with carboxylate groups, three ligands will result the MOFs with the same 

structure. As Song tested, all three MOFs have similar surface areas as the results of BET 

measurement (2622m2/g for ZJNU-46, 2638m2/g for ZJNU-47 and 2670m2/g for ZJNU-48). 

However, ZJNU-47 exhibited the highest C2H2 uptake capacity under all conditions, which 

demonstrated the MOFs could be further designed by rational modification of the atom sites. 

1.3.3 The size of organic ligands 

Changing the sizes of ligands directly alters porosity. Zhang’s group replaced BDC linker 

in Co-BDC with a longer ligand, 4,4′-biphenyldicarboxylic acid (H2bpdc), which has an 

additional phenyl group. They investigated its Na+ storage performance as a novel anode 

material in sodium-ion batteries.46 Benefiting from the expanded linear nature and the larger 

Figure 1-13 The organic linkers used to construct ZJNU-46, ZJNU-47 and ZJNU-48.45 



15 

 

 

cell volume, Co-bpdc exhibited a higher capacity of 169mAh/g with the desired voltage plateau 

for batteries and excellent capacity retention (79% after 1000 cycles). 

1.3.4 The shape of organic ligands 

Among thousands of organic ligands, their shapes can be linear, zigzag, V-shaped and 

others. Wang compared two Cu-MOFs (ZJNU-91 and ZJNU-92) (Figure 1-14) with zigzag 

and linear ligands respectively, investigating the properties of pores within these two MOFs.47 

5,5′-(Thieno[3,2-b]thiophene-3,6-diyl) diisophthalic acid (H4L1) and 5,5′-(thieno[3,2-

b]thiophene-2,5-diyl) diisophthalic acid (H4L2) were used where the only difference is the 

connection between two 5-member rings involving four carbon atoms and one sulfur atom, 

resulting in the linear and zigzag geometry. By single-crystal X-ray diffraction, it was proved 

that the coordination modes within both MOFs are identical. However, since the distinct 

geometries of ligands, two MOFs contain different pores in shape and size. Although ZJNU-

92 showed a larger surface area of 2845 m2/g than ZJNU-91 (2404m2/g) by BET measurement, 

a. 

b. c. 

Figure 1-14 (a). The organic linkers used to construct ZJNU-91 and ZJNU-92. (b).(c). The 

structure of ZJNU-91 and ZJNU-92.47 
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ZJNU-91 exhibited a better performance in terms of adsorption selectivity for both C2H2/CH4 

and CO2/CH4, and uptake capacity for C2H2 and CO2, which could be attributed to its more 

optimized pore shape and size.  

Compared with linear ligands, the V-shaped ligands tend to construct the helicity or other 

polymeric chains, which allows people to tune the structures and properties optionally.45 With 

different bend angles of the V-shaped linker, diverse structures can be synthesized. Additionally, 

V-shaped ligands provide more opportunities for introducing distinct topologies, connectivity 

and chirality with unpredictable orientations.49 Three Ni-MOFs were synthesized and reported 

by Wang,50 where two asymmetric V-shaped ligands were used, 3-(4-carboxy-phenoxy)-

phthalic acid (H3L
1) and 3-(2-carboxy-phenoxy)-phthalic acid (H3L

2). [Ni3(L
1)2(μ-4,4′-

bpy)3(H2O)2]n·(4,4′-bpy)n·(H2O)5n was formed by Ni(II) ions, L1 ligands and 4,4′-bpy, in which 

it is found to contain helices as repeating subunits.(Figure 1-15a) Huang also designed a novel 

Mn-MOF, {[Mn2(IP)4(oba)2]·(oba)(H2O)2}n,(Figure 1-15b) with both 1H-imidazo[4,5-

f][1,10]-phenanthroline (IP) and V-shaped ligand 4,4′-oxybis(benzoic acid) (H2oba).51 In this 

Mn-MOF, the helical chains were generated by the connections between Mn(II) ions and 

carboxylate groups in monodentate chelating mode. Further connected by hydrogen bonds 

between N atoms from IP ligands and O atoms from oba ligands, 3D network is constructed. 

With the π–π stacking interactions among 6-member rings, the framework was further 

stabilized. 3,5-bis(5-(pyridin-4-yl)thiophen-2-yl)pyridine (BPTP), a three N-donors V-shaped 

ligand, were employed with oba, another V-shaped ligand, to construct Zn-MOF and Cd-MOF 

by Han.52 In Zn-MOF, the 2D network with rhomb-like windows could be generated by Zn(II) 

ions and oba ligands. BPTP ligands further bridged to build 3D porous framework structure. 

(Figure 1-15c) It is worth mentioning the uncoordinated nitrogen atoms of middle pyridine are 

exposed in pores. Cd-MOF showed a more complicated structure, where the nitrogen atoms of 

middle pyridine are coordinated with Cd(II)(1).(Figure 1-15e) With four oxygen atoms from 

two oba ligands bidentate coordinated and one oxygen atom from coordination water, Cd(II)(1) 

constructs a strongly distorted octahedral geometry. Cd(II)(2) is coordinated with two oxygen 

atoms from one bidentate coordinated oba ligand, two oxygen atoms from two monodentate 

coordinated oba ligands and two nitrogen atoms from two terminal pyridines of two distinct IP 
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ligands. A slightly distorted octahedron is constructed around Cd(II)(2).  

Figure 1-15 (a). The organic linkers used in Ni-MOFs and the helical chains. (b).The organic 

linkers used in Mn-MOF and the structure of Mn-MOF (c). The 2D network and 3D structure in 

Zn-MOF. (d). The organic linkers used in Zn-MOF and Cd-MOF. (e). 3D structure of Cd-MOF. 

a. 

b. 

c. 

d. e. 
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1.4  Organic ligands studied in this thesis  

In this thesis, we chose 4, 4′- sulfonyldibenzoic acid (H2SDB),53 one of the typical V-

shaped dicarboxylates, and squaric acid (H2C4O4), one of the top-performing rigid organic 

ligands in MOFs.62,63 

 In recent years, the MOF systems involving SDB-based linker has shown a high CO2/N2 

selectivity 54-57 And several MOFs based on s-block metal and SDB linker have been 

reported.58-61 There are six potential donor atoms (oxygens) within the H2SDB, which will 

result in a distinguished coordination environment with s-block metals.  

Squaric acid (H2C4O4) has four potential donor atoms (oxygen). By the constrained square 

linkers, high pore rigidity can be observed with minimum rotation and distortion after squaric 

acid coordinates with the metal center, which helps to control the pore size.62,63 

1.5  Introduction of solid-state nuclear magnetic resonance (SSNMR) 

Nuclear magnetic resonance (NMR) spectroscopy has been a major technique for studies 

of solids and liquids since it was first discovered in 1938 by Isidor Rab, which earned him the 

Nobel Prize in Physics in 1944. With the expansion of NMR into liquids and solids by Felix 

Bloch and Edward Mills Purcell in 1946, they were offered the Nobel Prize in Physics in 1952. 

Several techniques are employed to characterize the synthesized MOFs, explore the 

Figure 1-16 2D and 3D structure of H2SDB (a) and H2C4O4 (b). 

b. a. 
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structure and investigate the local interaction between the framework and guest molecules. 

SSNMR is one of the most powerful methods for material characterization, especially for the 

investigation of the local environments of nuclei of interest.70 One of the most typical uses of 

SSNMR is the determination of the local structures of target nuclei. Additionally, SSNMR can 

also reveal the dynamic information of adsorbed gas molecules within MOFs. 

There are two fundamental factors which are critical to SSNMR: nuclei spins (I), which is 

an intrinsic property, and an applied magnetic field (B0), which is an extrinsic property.71,72,73 

To be magnetically active, the nuclei with a non-zero spin quantum number is required. By 

counting the number of protons or neutrons, whether the nucleus is magnetically active or not 

can be predicted.74 For instance, If the numbers of protons and neutrons are both even, this 

nucleus is magnetically inactive; In contrast, if either the number of protons or neutrons are 

odd, this nucleus is magnetically active. (Table 1-2) 13C has 6 protons and 7 neutrons with I = 

1/2 and spherical distribution of charges in the nucleus, which makes 13C a suitable nucleus in 

NMR measurement. Besides I and B0, radio frequency (rf) field is required as well. When the 

nuclear spin system is placed in the external magnetic field (B0), rf radiation is employed to 

result in a second rf field (B1), which is used to cause “perturbation”. A voltage change within 

the coil of the NMR probe will be induced when B1 is removed, generating free induction decay 

(FID), where FID is a time domain signal which can be transferred into a frequency domain 

spectrum by Fourier transformation (FT). 

Table 1-2 The prediction of spin quantum number I according to the number of protons and 

neutron. 

Number of protons Number of neutrons Nuclear spin 

quantum number 

Example 

Even Even Zero 12C 

Even Odd Half-integer (i.e.1/2) 13C 

Odd Even Half-integer (i.e. 3/2) 7Li 

Odd Odd Integer 2H 
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1.6  NMR interactions 

In the presence of an external magnetic field, the nuclear spin will undergo several typically 

interactions in NMR, which can be summarized within the formula ĤNMR = ĤZ + Ĥrf + ĤCS + 

ĤD + ĤJ + ĤQ,73 corresponding to Zeeman, radio frequency interaction, magnetic shielding 

interaction, dipolar coupling, J-coupling and quadrupolar interactions. The magnitudes for 

these typical NMR nuclear spin interactions are listed in Table 1-3. 

Table 1-3 Estimated magnitudes of typical NMR nuclear spin interactions. 

 

1.6.1 Zeeman interaction 

Zeeman interaction, known as the strongest one among all interactions, refers to the 

interaction between B0 and a nuclear spin. A nucleus with the spin I has 2I+1 possible energy 

levels in the degenerate ground state when external magnetic field B0 is not applied. Due to the 

interaction between the magnetic moment of the nuclear spins and B0 when B0 is applied, the 

spin states which were at the same energy will split and form 2I+1 energy levels distinguished 

by magnetic quantum number mI (mI= -I, -I+1, -I+2, …., I-2, I-1, I). In such case, Zeeman 

interaction results in an energy gap between adjacent energy levels, and Larmor frequency (ν0) 

refers to the rate of transitions between two adjacent energy levels which is proportional to the 

gyromagnetic ratio γ of a given nuclei and the strength of external magnetic field B0. (ℎ is 

Planck’s constant)72,75
 Figure 1-17 illustrate the Zeeman interaction in a nucleus with I=1/2 as 

an example. Thus, a stronger NMR signal is obtained when applying a higher magnetic field.  

Interactions Magnitude (Hz) 

Zeeman 107-109
 

Magnetic shielding 103-105 

Dipolar coupling 103-104 

J-coupling 0-103 

Quadrupolar 103-107 
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1.6.2 Magnetic shielding interaction  

When applying an external magnetic field, a small secondary magnetic field will also be 

generated by the additional motion of the electron surrounding the nucleus (electron cloud), 

which shields or deshields the nucleus, resulting in a frequency deviation. For instance, if the 

secondary magnetic field has the opposite direction to the main magnetic field, the nucleus is 

shielded from the B0. The influence of nuclear magnetic shielding interaction (NMS) (or called 

chemical shielding) on Zeeman interaction is expressed as:72  

ν =  
γ

2π
B =  

γ

2π
B0(1 −  σ) 

where ν refers to the modified resonance frequency, B refers to the modified magnetic field, 

and σ  is a second-rank magnetic shielding tensor, which refers to the nuclear magnetic 

shielding constant and can be described by 𝜎 =(

𝜎𝑥𝑥 𝜎𝑥𝑦 𝜎𝑥𝑧

𝜎𝑦𝑥 𝜎𝑦𝑦 𝜎𝑦𝑧

𝜎𝑧𝑥 𝜎𝑧𝑦 𝜎𝑧𝑧

)  in principal axis system 

(PAS)73. PAS orients within the molecular framework, where three chemical shielding tensor 

components ( 𝜎11, 𝜎22, 𝜎33 ) can be defined from the diagonal of symmetrized chemical 

shielding tensors matrix in PAS, 𝜎PAS =(
𝜎11 0 0
0 𝜎22 0
0 0 𝜎33

). By further converting three principal 

components using 𝛿=
𝜎𝑟𝑒𝑓−𝜎

𝜎𝑟𝑒𝑓
≈ (𝜎𝑟𝑒𝑓 − 𝜎) , three chemical shift (𝛿11, 𝛿22 and 𝛿33) can be 

obtained, which are commonly used in NMR spectra. For 𝜎11, 𝜎22, 𝜎33, 𝜎11 refers to the least 

shielded component while 𝜎33 refers to the most chemical shielded component (𝜎11 <  𝜎22 <

𝜎33). In such case, 𝛿11 will appear at the highest frequency while 𝛿33 will show up at the lowest 

Absence of B0  B0 applied  

mI = -1/2 

mI = 1/2 

∆𝐸 = ℎ𝜈0 = (ℎ/2𝜋) 𝛾𝐵0 

Figure 1-17 Illustration of Zeeman interaction within nucleus with I=1/2. 
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frequency after converting (𝛿11 > 𝛿22 > 𝛿33).
73 A typical spectrum with 𝛿11, 𝛿22 and 𝛿33 labeled 

is shown in Figure 1-18. 

In solid-state NMR, due to that the magnetic shielding interaction is anisotropic, a static 

NMR spectrum is highly sensitive to molecular motions. The magnetic shielding interaction is 

anisotropic, meaning that the frequency of nuclei in a molecule depends on the orientation of 

the molecules with respect to the external magnetic field. All possible orientations can be found 

in small crystallites for a powder sample. The observed powder pattern is considered a 

distribution of frequency. While in solution NMR, molecules undergo rapid reorientation, 

which averages out the chemical shielding anisotropy (CSA) and results in sharp peaks. 

A wide line NMR spectrum with chemical shielding anisotropy is usually described by 

three parameters including the isotropic chemical shift (δiso), span (Ω), and skew (κ) (Herzfeld-

Berger convention)78 where δ𝑖𝑠𝑜 =
δ11+δ22+δ33

3
 , Ω = δ11 − δ33  and κ =

3(δ22−δ𝑖𝑠𝑜)

Ω
 . In 

particular, isotropic chemical shift (δiso) refers to the position of the pattern. The different δiso 

values for the same nucleus can deliver information about the distinct chemical environments 

of that nucleus. Span (Ω) is the measure of the breadth of the signal and skew (κ) exhibits the 

symmetry of the spectrum, ranging from -1 to 1. The influence of each parameter on the 

observed spectrum is illustrated in Figure 1-19.78 

𝛿11 

𝛿22 

𝛿33 

Figure 1-18 A typical powder spectrum with labelled three chemical shift components.73 
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As the molecule that will be discussed in this thesis, the CO2 in the gas phase will display 

a sharp line (small span) at 125 ppm due to rapid reorientation. However, when CO2 isotropic 

motion is restricted, such as adsorbed by MOFs or at a lower temperature, the molecular 

reorientation is not fast enough to average the chemical shielding interaction to its isotropic 

value, resulting in a larger span. The CO2 molecule with three chemical shielding tensor 

components and the 13C SSNMR spectrum of solid CO2 are shown in Figure 1-20. Since CO2 

molecule is axially symmetric, 𝜎11  and  𝜎22  are perpendicular to each other, while  𝜎33  is 

perpendicular to  𝜎11𝜎22 plane. By this theory, whether CO2 molecules are adsorbed can easily 

be determined by the lineshape. temperature can often slow down the motions of CO2 adsorbed 

in the MOFs, leading to a broader pattern (larger span) at low temperatures. 

 

Figure 1-19 The influence of δiso (a), Ω (b), and κ (c) on a static NMR spectrum.78 
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1.6.3 Dipolar interaction  

Dipolar interaction happens via space between two spins, denoted as I and S.72 Two 

adjacent spins have distinct magnetic moments, which can be considered as two small bar 

magnets, and they generate two small local fields felt by each other. The strength of the dipolar 

interaction is quantified by dipolar coupling constant (D): (where μ0 is the permeability of 

vacuum; r is the inter-nuclear distance; 𝛾𝐼 and 𝛾𝑆 are the magnetogyric ratios for the spin I and 

S respectively)  

𝐷 =
μ0

4π

𝛾𝐼𝛾𝑆

𝑟3

ℎ

2𝜋
 

In such case, the modified frequency is orientation dependent and can be calculated by: (where 

𝑣𝐿 is the Larmor frequency and α is the angle between inter-nuclear vector and the direction 

Figure 1-20 PAS of CO2 molecule76 and the 13C SSNMR spectrum of rigid CO2 molecule 

where δiso=125 ppm, Ω=335 ppm and κ=1.77 

200 300 0 ppm 100 -100 

𝝈𝟐𝟐 =  𝝈𝟏𝟏 

𝝈𝟏𝟏 =  𝝈𝟐𝟐 

𝝈𝟑𝟑 

𝛿11= 𝛿22 

𝛿33 
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of external magnetic field) 

ν =  𝑣𝐿  ±  
1

2
D(1 −  3 cos2α) 

Pake doublet80 is the typical NMR spectrum of dipolar interaction, which contains two 

mirrored powder patterns with two “horns” and two “feet” attributed to the opposite dipolar 

perturbation to Zeeman interaction. (Figure 1-21) When the I-S vector is perpendicular to the 

external magnetic field B0, “horns” are derived, while “feet” are exhibited when the I-S vector 

is parallel to the B0. Additionally, the frequency gaps between two “horns” and two “feet” are 

equal to D and 2D correspondingly when observing at an isolated I-S pairs. Experimentally, 

dipolar interactions resulting from multiple spins will broaden the NMR signals and lead to a 

featureless spectrum, resulting the difficulties in further analysis. 

1.6.4 J-coupling interaction 

Compared to dipolar interaction, J-coupling interaction is much weaker and originated from 

the chemical bonds between nuclei. Since the relatively small magnitude of J-coupling 

interaction, it is less often observed in broad lineshape SSNMR compared to that in solution 

NMR.73 

Figure 1-21 (a). The demonstration of the principle of dipolar interaction. (b). Pake doublet 

and patterns (dotted lines) which refers to the dipole perturbation of nuclei S either enhance 

or cancel the magnetic field that I experiences.80 

α 

B0 

r 

S 

I 

a. b. 
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1.6.5 Quadrupolar interaction 

A quadrupolar nucleus (spin-quantum number > 1/2) holds an electric quadrupole moment 

since the nuclear charge distribution is non-spherical. The electric quadrupole moment will 

interact with the electric field gradient (EFG) which is the change in electric field due to the 

local distribution of nuclear and electronic charges. Quadrupolar interaction is the interaction 

between the quadrupole moment and the EFG. Similar to chemical shielding interaction, the 

EFG is described by the second-rank tensor in PAS with Vxx, Vyy, Vzz, where Vzz  > Vyy > Vxx. 

In such cases, quadrupolar interaction can be described by two parameters, the quadrupolar 

coupling constant (CQ) and the asymmetry (ηQ):72,73 (where e is the elementary charge) 

𝐶𝑄 =
𝑒𝑄𝑉𝑧𝑧

ℎ
 

𝜂𝑄 =
𝑉𝑥𝑥 − 𝑉𝑦𝑦

𝑉𝑧𝑧
 

CQ describes the strength of quadrupolar interaction, in which the smaller value corresponds 

to the higher spherical symmetry of the local environment of the quadrupolar nucleus, giving 

the weaker quadrupolar interaction. ηQ indicates the axial symmetry of the EFG tensors, 

ranging from 0 to 1, where the smaller η𝑄 corresponds to the higher axial symmetry. 

With only Zeeman interaction, a total of 2I+1 energy levels are generated, separated by 

identical transitional energy. Further affected by the quadrupolar interactions (first-order 𝐻̂𝑄
1
 

and second-order 𝐻̂𝑄
2
), the energy levels will shift by different extents. (Figure 1-22a)81,83 For 

the nuclei which have relatively low quadrupole coupling constant, Zeeman interaction is still 

dominating. First-order quadrupolar interaction is treated as the full quadrupolar interaction. 

When the quadrupolar interaction is above 5% of Zeeman interaction, the second-order 

quadrupolar interaction will be considered as well.82 For nuclei with half-integer I, the energy 

between central transition (CT) (
1

2
↔ −

1

2
) is not affected by the first-order quadrupolar 

interactions on two energy levels are equal. While the second-order quadrupolar interaction 

affects central transition and satellite transitions (ST). The spatial portion of these energy 

contributions from quadrupolar interactions can be further described as spherical harmonic 

oscillations P2 and P4:
81 (where θ refers to the angle between the EFG symmetry axis and the 

direction of the external magnetic field) 
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𝐻̂𝑄
1

: 𝑃2(𝑐𝑜𝑠θ) =
1

2
(𝑐𝑜𝑠2θ − 1) 

𝐻̂𝑄
2

: 𝑃4(𝑐𝑜𝑠θ) =
1

8
(35𝑐𝑜𝑠4θ − 30𝑐𝑜𝑠2θ + 3) 

Since the ST are strongly dependent on θ, the intensity of ST peaks will spread over wide 

frequency range. The typical NMR patterns for nuclei (I=3/2) with first-order quadrupolar 

interaction is shown in Figure 1-22b, which is composed by a sharp CT peak with high 

intensity and two low-intensity ST peaks.84 Further influenced by second-order quadrupolar 

interaction, the CT peak will exhibit two “horns”. (Figure 1-22c)84 

1.7  Techniques of SSNMR 

1.7.1 Single-pulse  

Single-pulse sequence, also called one pulse sequence, is the simplest and the most 

fundamental sequence in any NMR. When the sample is placed in the B0, a net magnetization 

(M0) is generated by the net magnetic moments of the nuclei in the direction of B0. The 

detection coil of the NMR probe is lying in the xy plane of the rotating frame. Thus, to make 

M0 detectable, a second magnetic field B1 along the x axis is applied to give the 90° rotation of 

a. b. c. 

Figure 1-22 (a). the energy level and transition with Zeeman interaction, first-order and 

second-order quadrupolar interaction. (I=3/2 as example; ωQ = 3CQ/4I(2I-1), called 

quadrupolar splitting parameter) (b). The typical spectrum with only first-order quadrupolar 

interaction. (c). The CT peak affected by the second order quadrupolar interaction.84 
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magnetization from the z-axis to the xy plane. As the M0 is rotated to the xy plane, B1 is 

switched off. With the M0 relaxes back to the z-axis, an oscillating signal, called free induction 

decay (FID), is recorded in the time domain. (Figure 1-23) Fourier transformation (FT) is then 

employed to convert the signals from time domain into the frequency domain.72 

1.7.2 Spin-echo 

Based on single-pulse, several sequences are then designed to achieve specific purposes. 

Spin-echo sequence is used in this thesis to acquire static 13C SSNMR spectra of CO2. In solid 

state NMR, ideally, when B1 is removed, the receiver should be turned on immediately after a 

perfect 90° pulse and the signal should be immediately recorded for the nuclei that have short 

T2 relaxation time, such as 13C. However, there is always a dead time between the end of the 

90° pulse and the start of signals collection to prevent pulse breakthrough and imperfection. In 

such case, the signals will not be collected fully, which results in the partial loss of FID, leading 

to a broad and truncated powder pattern. The spin-echo sequence is then employed. Moreover, 

the spin magnetizations with different frequencies will lose their phase coherence during the 

dead time, causing a distorted NMR lineshape not only in SSNMR but also in liquid or gas 

phase NMR. The spin-echo sequence starts with a 90° pulse that rotates the net magnetization 

M0 to the x-y plane, followed by an echo dephasing time τ1. During this time, M0 starts to 

evolve with different pace in the x-y plane since the spins are with different frequencies. Then 

a 180° pulse is applied along the y axis followed by a second delay τ2. At the end of τ2, an echo 

is formed and the magnetization M0 is refocused, after which FID can be fully 

collected.72,85(Figure 1-24) Additionally, the spin-echo sequence can also be used for 

measuring T2 relaxation time by optimizing the τ and obtaining the intensity of the signal, 

Figure 1-23 The scheme of one pulse sequence.72 
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because the natural distribution of frequencies due to T2 relaxation process cannot be 

refocused.86  

 

1.7.3 Cross polarization (CP) 

Given the long relaxation time, low natural abundance or low gyromagnetic ratio, there are 

several nuclei that are NMR unfavorable, which means the spectra of these nuclei always 

exhibit low signal-to-noise ratio (S/N). Cross polarization is designed to transfer magnetization 

from abundant spins (such as 1H or 19F) to dilute spins (such as 13C) to increase the S/N. 

Hartmann-Hahn condition explains the relationship between two nuclei in polarization transfer 

with different Larmor frequency:87 (where 𝐵𝐼 and 𝐵𝑆 refer to the radio frequency field that 

applied for two nuclei) 

𝛾𝐼𝐵𝐼 = 𝛾𝑆𝐵𝑆 

1H-13C cross polarization is the most common sequence in CP experiments. 90° pulse is 

firstly applied on 1H channel followed by a spin lock pulse BI, avoiding magnetization from 

dephasing. During the contact time, the magnetization of 13C will be generated in the xy plane 

due to the dipolar coupling interaction. After that, 1H channel starts to decouple while 13C FID 

is collected. (Figure 1-25)79  

The rate of magnetization transfer in a CP experiment depends on the strength of the dipolar 

coupling between spin I and S. In this case, the stronger the dipolar coupling interaction, the 

faster the transfer. And the longer the contact time, the further the spin I that the polarization 

can be transferred from.  

Figure 1-24 The scheme of echo sequence.85 
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1.7.4 Magic-angle spinning (MAS) 

Besides various designed sequences, there are also several methods to eliminate or average 

specific interaction, which helps increase the resolution of spectra. Dipolar interaction, 

magnetic shielding interaction and first-order quadrupolar interaction both contain (3cos2θ -1) 

terms where θ is the angle between the z-axis of the PAS and the direction of B0. By employing 

magic-angle spinning, where the sample will be placed in a rotor sitting on the axis at the magic 

angle (54.74°) with respect to B0 (3cos2(54.74°) – 1 = 0), (Figure 1-26)79 the dipolar interaction, 

chemical shielding interaction and the first-order quadrupolar interaction are averaged out. In 

the other words, all the interactions are reduced to their isotropic values. However, If the 

spinning rate is less than the magnitude of anisotropic interactions, there will be spinning 

sidebands located on both sides of the isotropic peak separated in the frequency domain by a 

frequency equal to the rate of spinning (Hz). Additionally, only the isotropic peak does not 

change its frequency with different spinning speed. Thus, by increasing the spinning speed, the 

spectrum with more clear resonances can be obtained.  

Figure 1-25 Pulse sequence of CP (Cross polarization)79 

Figure 1-26 Schematic diagram of Magic-angle spinning.79 

θM =54.74° 

θM 
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1.7.5 Multiple-quantum magic-angle spinning (MQMAS) 

As mentioned before, by using MAS, the first-order quadrupolar interaction with second-

rank terms is averaged. However, if the second-order term is considered, it requires other 

methods to obtain the spectra with high resolution. A method called multiple-quantum magic-

angle spinning experiment (MQMAS) was introduced by Frydman and his coworker in 1995.88 

They found that the second-order quadrupolar interaction can be averaged during the multiple 

quantum transition evolution. Although the multiple quantum transitions cannot be detected 

directly, they can be detected indirectly by 2D experiment. The two-pulse sequence of 

MQMAS is shown in Figure 1-2789 where the first pulse excites transitions in the quadrupolar 

spin system, and the interested multiple quantum coherence then can be selected by the cycled 

phase. Usually, triple quantum is picked considering the excitation efficiency and every half-

integer nucleus has the energy transition <+3/2←→-3/2>. After t1 evolution period, the second 

pulse is introduced, which converts triple quantum coherence to observable single quantum 

coherence. Then the normal FID is acquired during t2. the relationship of the signal without 

second order quadrupolar interaction and corresponding t1 can be plotted as the isotropic FID 

(F1). While the signals acquired during t2 give a combination of FIDs with normal MAS under 

different t1 (F2). After FT, the spectrum will show two dimensions map (MAS and isotropic). 

1.8  SSNMR spectrum simulations 

The NMR spectra of molecules can be simulated in two types: analytical (WSolids) and 

dynamic (EXPRESS), which can help to reveal more information on the interested nuclei and 

even the motion of molecules where interested nuclei is included. 

Figure 1-27 Two-pulse sequence and the example of 3Q-MAS in a spin I=5/2 

system.89 
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1.8.1 13C static NMR of CO2 

13C static spectra can be calculated by WSolids package91 and EXPRESS92 when the 

motional rate and type of motions are assumed, thus, the simulated spectra, which show high 

agreement with experimental spectra, can reveal the possible motion of CO2. Two typical 

molecular motions are wobbling and hopping, where wobbling refers to the localized rotation 

along an axis at adsorption sites while hopping refers to the distinct jumping among adsorption 

sites. With different molecule orientations and rotation angle, various lineshapes can be 

calculated.93 As shown in Figure 1-28, the left part demonstrates the powder pattern changes 

with increasing wobbling angle α and fixed β = 0, where α refers to the angle between the 

carbon-oxygen bond and C3 rotation axis; β refers to equivalent rotation angle for C2 hopping. 

While the right part shows the changes of powder pattern with various β and fixed α = 30°. It 

is worth mentioning that all wobbling rotations with more than 3 folds will result in the same 

powder pattern. 

1.8.2 2H static NMR 

2H SSNMR spectroscopy is widely used for studying the molecular dynamics of molecules 

Figure 1-28 13C SSNMR simulation spectra of CO2 with changing wobbling and hopping 

angles in fast motion regime with a motional rate of 1 x 107 s-1. 
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that contain H. Due to the spin quantum number I is equal to 1, 2H is a quadrupolar nucleus 

and the first order quadrupolar interaction is dominantly broadens the powder patterns for the 

2H spectrum.  

Like CO2 dynamic, 2H spectra can also be calculated by EXPRESS, where the rotation 

types and motion rates also contribute to the line shape.94 As shown in Figure 1-29, with 

different motion types, the motion rates decide the broadness and the shape of the powder 

patterns. Usually, the slow (< 103 Hz), intermediate (103 < rate < 107 Hz), and fast regimes 

(rate > 107 Hz) are used to differentiate how rapid the nuclear reorientation is. 

1.9  Outline of the thesis 

The main objectives of this thesis are to systematically study the MOFs based on s-block 

metals, as they are giving many potential applications but are not investigated as much as the 

MOFs based on transition metals.  

Figure 1-29 2H SSNMR simulation spectra of C6D6 (left) and CD4 (right) with changing 

motion rates under different motion types. 
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In this thesis, totally five chapters are included. General introduction about the MOFs, 

especially s-block metal-based, and the background of solid-state NMR are given in chapter 1 

and chapter 2 respectively.  

The MOFs with combination of s-block metals and V-shaped SDB ligands will be 

discussed as the first part of the experiment. Six s-block metal-based MOFs with SDB ligands 

were chosen (three alkali metals: Li, Na and Cs; three alkali earth metals: Mg, Ca and Sr).64-67 

Beginning with the systematic study on the structures of six s-block metal-based MOFs with 

SDB linker, particular attention will be paid to the coordination environments around metal 

centers by using solid-state nuclear magnetic resonance (SSNMR) in chapter 3. Additionally, 

followed by study on the properties of the porous channel, the motions of CO2 inside the 

framework in four activated porous SDB MOFs (Na2SDB, Mg3(OH)2(SDB)2, CaSDB and 

SrSDB) at various temperatures will be examined by using variable-temperature (VT) static 

13C SSNMR with further analytical and dynamical simulations of the spectra in chapter 4.  

Chapter 5 mainly focuses on the squarate ligands, where the dynamics of guest molecules 

within UTSA-280 and Zn(bipy)(C4O4)(H2O)2 under various temperatures will be 

investigated,68,69 including H2, C2H2 and CO2. The structures of UTSA-280 and 

Zn(bipy)(C4O4)(H2O)2 will also be explored, especially on the coordinated water molecules 

within frameworks, with static 2H SSNMR employed.   
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Chapter 2 

2. Investigating the coordination environments using MAS SSNMR 

2.1  Introduction  

2.1.1 Alkali metal center MOFs: M2SDB (M=Li, Na and Cs) 

Li2SDB (Figure 2-1) is also named ULMOF-3 since lithium is the lightest metal (UL = 

ultralight; SDB = sulfonyldibenzoate).1 The 1D chain is formed by the corner-sharing LiO4 

(highlighted with the purple Li clusters along a-axis). With bridging SDB ligands connected 

among 1D chain, a nonporous 3D structure is formed with space group: P21/n. Li2SDB contains 

two distinguished Lithium centers: Li(1) is tetrahedrally coordinated with three oxygen atoms 

(O(1), O(2) and O(3)) from three carboxylic groups belonging to three SDB ligands and one 

oxygen atom (O(4)) from sulfonyl group in another SDB ligand; Li(2) is tetrahedrally attached 

with four oxygen atoms (O(1), O(2), O(3) and O(5)) from four carboxylic groups belonging to 

four independent SDB ligands. The average distance between the phenyl rings of each identical 

layer is 5.5 Å along the a-axis and the distance between two identical phenyl rings is 10.32 Å 

along the c-axis. 

Figure 2-1 (I). 3D framework of Li2SDB. (II). The local coordination geometries of the 

central Li(1) and Li(2) atoms. (All H atoms are omitted for clarity) 

a b 

c 

I. 

II. 
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Na2SDB (Figure 2-2) has a 1D chain formed by corner-sharing NaO6 with bridging SDB 

ligands connection among Na sites. A 3D porous structure (space group: P-1) was generated 

with two types of channels,2 where the solvent-accessible channel volume is 11.4 × 13.9 Å2, 

while the volume of the channel that adsorbs the guest molecule is 7.6 × 9.8 Å2 (The distance 

between benzene ring centers with van der Waals considered). Na2SDB contains two 

distinguished Na atoms. Na(1) is six-coordinated with one oxygen atom (O(5)) from a sulfonyl 

group in one SDB ligand, three oxygen atoms (O(3) and two O(4)) from three inequivalent 

carboxylic groups belonging to other three SDB ligands and two independent oxygen atoms 

(O(1) and O(2)) from single carboxylic groups in another SDB ligand. Na(2) is five-

coordinated with one sulfonyl group oxygen atom (O(6)) from one SDB ligand and four oxygen 

atoms (O(1), O(2), O(3) and O(4)) from four carboxylic groups belonging to other four SDB 

ligands. The CO2 adsorption capacity is 1.73/1.33 mmol/g at 273/298 K under 1 atm, and no 

methane gas sorption ability is shown at 298 K under 1 atm.   

 

Figure 2-2 (I). 3D framework of Na2SDB. (II). The local coordination geometries of the 

central Na(1) and Na(2) atoms. (All H atoms are omitted for clarity) 

I. 

II. 

a b 

c 
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Cs2SDB (Figure 2-3) has the 1D chains that are formed by the corner-shared and edged-

shared motifs CsO9. Further bridged by SDB ligands among Cs sites, a 3D porous structure 

was generated.2 Similar to Na2SDB, Cs2SDB has the space group of P-1 and contains two types 

of channels where the solvent-accessible channel volume is 12.5 × 15.4 Å2, while the volume 

of the channel that adsorbs the molecule is 9.1 × 11.4 Å2. The asymmetry unit of Cs2SDB 

contains only one Cs atom: two oxygen atoms (O(1) and O(2)) from two sulfonyl groups 

belonging to two independent SDB ligands, five oxygen atoms (two O(3), O(4), O(5) and O(6)) 

from five carboxylic groups belonging to other five SDB ligands and two oxygen atoms (two 

O(7)) from coordinated water molecules.  

I. 

II. 

Figure 2-3 (I). 3D framework of Cs2SDB. (II). The local coordination geometries of the 

central Cs(1) and Cs(2) atoms. (All H atoms are omitted for clarity) 

a b 

c 
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2.1.2 Alkaline earth metal center MOFs: MSDB (M=Mg, Ca and Sr)  

Mg3(OH)2(SDB)2(EtOH)(H2O)3 (as-made MgSDB)(Figure 2-4) has a 2D layer structure 

(space group: P2/c) with porous channels.3 [Mg3(μ3-OH)2]n chains along the a-axis, where 

Mg(1)O6 and Mg(3)O6 octahedra are edge-sharing and they are apex-shared with the Mg(2)O6 

octahedra, are linked by SDB ligands, extending to the layered structure within the ab-plane. 

Each layer contains rhomboidal channels with 5.2 x 4.7 Å2. The layers are further connected 

by the hydrogen bonds between the coordinated water molecules and oxygen atoms on the 

sulfonyl group. Three different Mg sites are all connected to the same oxygen atoms (O(1) and 

O(2)). Mg(1) coordinates with two oxygen atoms (O(4) and O(5)) from two carboxylic groups 

belonging to two SDB ligands, two oxygen atoms (O(1) and O(2)) from the bridging OH 

groups which connects to Mg(2) and Mg(3) as well, and two oxygen atoms (O(3) and O(6)) 

from two coordinated water molecules; Mg(2) has four coordinated oxygen atoms (O(7), O(8), 

O(9) and O(10)) from four different carboxylic groups belonging to four independent SDB 

ligands and two oxygen atoms (O(1) and O(2)) that shares among three Mg centers; Mg(3) 

coordinates with two oxygen atoms (O(11) and O(12)) from two carboxylic groups belonging 

to two SDB ligands, two oxygen atoms (O(1) and O(2)) sharing with Mg(1) and Mg(2), one 

oxygen atom (O(13)) from coordinated water molecule and one oxygen atom (O(14)) from 

coordinated ethanol molecule. 
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Mg3(OH)2(SDB)2 (activated MgSDB)(Figure 2-5) is obtained after activation at a high 

temperature, usually 200 °C. The MOF will transfer into its de-solvated phase with space group 

of P21/n. The layer structure is retained with [Mg3(μ3-OH)2]n chains along the a-axis connected 

by the SDB ligands, and the layers are also connected by the hydrogen bonds between the 

bridging OH group and oxygen atoms on the sulfonyl group. Mg(1) centers is still 6-

coordinated with four oxygen atoms (two O(2) and two O(3)) from four carboxylic groups 

belonging to four SDB ligands and two oxygen atoms (two O(7)) from two bridging OH groups. 

While Mg(1) and Mg(3) from Mg3(OH)2(SDB)2(EtOH)(H2O)3 lose coordinated water and 

Figure 2-4 (I). 3D framework of Mg3(OH)2(SDB)2(EtOH)(H2O)3. (II). The local coordination 

geometries of the central Mg(1), Mg(2) and Mg(3) atoms. (All H atoms are omitted for 

clarity) 

I. 

II. 

a 

b 

c 
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ethanol, resulting in two equivalent Mg ion centers, named as Mg(2) in Mg3(OH)2(SDB)2. 

Mg(2) is tetrahedrally coordinated with two oxygen atoms (O(1) and O(4)) from two carboxylic 

groups belonging to two independent SDB ligands and two O(7) atoms from two bridging OH 

groups. Mg3(OH)2(SDB)2 has larger rhomboidal channels compared with 

Mg3(OH)2(SDB)2(EtOH)(H2O)3 and can adsorb 1.72/1.13 mmol/g at 273/298 K under 1 atm. 

 

 

CaSDB and SrSDB (Figure 2-6) are sharing the same coordination modes and extended 

3D frameworks with both space group of P21/n, including channels with approximately 8.5 x 

8.4 Å2 for CaSDB and 8.8 x 8.7 Å2 for SrSDB.4 Triangular edge-sharing CaO7 or SrO7 trigonal 

prism form zigzag 1D chains, further connected by μ6-SDB ligands. The asymmetric unit 

contains only one Ca or Sr atom, which is six-coordinated: five oxygen atoms (two O(1), O(2), 

Figure 2-5 (I). 3D framework of Mg3(OH)2(SDB)2. (II). The local coordination geometries of 

the central Mg(1) and Mg(2) atoms. (All H atoms are omitted for clarity) 

I. 

II. 

a 

b 

c 



50 

 

 

O(3) and O(4)) from five carboxylic groups belonging to five independent SDB ligands and 

one oxygen atom (O(5)) from sulfonyl group belonging to another SDB ligand. The CO2 

adsorption capabilities of CaSDB and SrSDB at 298K under 1 atm are 1.37 and 1.17 mmol/g, 

respectively. 

2.1.3 Motivation of SSNMR study on s-block MOFs 

For the structural characterization of MOFs, it is usually hard to obtain the ideal single 

crystals for X-ray diffraction, and detailed information cannot be obtained only from the PXRD 

data. In such case, several methods, like FTIR, EXAFS (Extended X-ray Absorption Fine 

Structure), XANES (X-ray Absorption Near Edge Structure) and solid-state NMR (SSNMR) 

were applied to MOFs to explore not only the structure but also the dynamic of guest molecule 

in the channel. Among those technologies, SSNMR was most used due to the ability to observe 

Figure 2-6 (I). 3D framework of MSDB (M=Ca or Sr). (II). The local coordination 

geometries of the central M (M=Ca or Sr) atom. (All H atoms are omitted for clarity) 

a 

b 

c 
I. 

II. 
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the local structure around the nucleus of interest. 13C and 2H SSNMR can help identify the 

presence of organic linkers and the critical functional groups on the linkers. The isotope metal 

SSNMR can help obtain information about the metal sites within the MOFs. 

Among six s-block metal MOFs in this study, 7Li  and 23Na have a small spin quantum 

number (3/2) and rich natural abundance (92.5% for 7Li and 100% for 23Na), which allows 

them to be ideally sensitive isotopes. Although 25Mg, with spin quantum number (5/2), is low 

sensitive nucleus and has approximately 10% natural abundance, it is the only NMR active 

isotope. In this case, 25Mg NMR can still provide some information on the local environment 

of Mg sites. 133Cs with spin quantum number (7/2) is NMR sensitive and has 100% natural 

abundance. With very low quadrupole moment, 133Cs NMR can be perfectly used to study the 

Cs sites. Thus, in this study, 13C, 7Li, 23Na, 25Mg and 133Cs MAS NMR were collected to study 

the framework structure of six MOFs. 

2.2  Experimental 

2.2.1 Alkali metal-based MOFs: M2SDB (M = Li, Na and Cs) 

Li2SDB, Na2SDB and Cs2SDB were prepared according to previously-reported research 

procedures with some modifications.1,2 For Li2SDB, LiNO3 (0.172 g), H2SDB (0.067 g) and 

DMF (7 ml) were mixed in a 25 ml Teflon chamber; For Na2SDB, NaOH (0.04 g), H2SDB 

(0.0612 g), DMF (7 ml), EtOH (2 ml) and H2O (1 ml) were mixed in a 25 ml Teflon chamber; 

For Cs2SDB, CsCl (0.1684 g), H2SDB (0.186 g), DMF (7 ml), EtOH (2 ml) and H2O (1 ml) 

were mixed in a 25 ml Teflon chamber. Teflon chambers were then placed in a Teflon-lined 

stainless-steel autoclave with stable heating in the oven. 180 °C was applied to Li2SDB for 2 

days, 120 °C to Na2SDB for 2 days and 90 °C to Cs2SDB for 2 days as well. After cooling to 

room temperature, about 10 ml ethanol was used for washing the product and the white solid 

was obtained by vacuum filtration and dried at room temperature. 

2.2.2 Alkali earth metal-based MOFs: MSDB (M = Mg, Ca and Sr) 

MgSDB, CaSDB and SrSDB were also prepared according to previously-reported research 

procedures with some modifications.3,4 For MgSDB, H2SDB (0.1224 g), Mg(NO3)2•H2O 

(0.4100 g), EtOH (5 ml) and H2O (1 ml) were mixed in a 25 ml Teflon chamber; For CaSDB, 
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Ca(NO3)2•4H2O (0.189 g), H2SDB (0.198 g) and EtOH (10 ml) were placed into a small Teflon 

chamber; For SrSDB, Sr(NO3)2 (0.3384 g), H2SDB (0.1224 g), EtOH (7 ml) and H2O (3 ml) 

were mixed in 25 ml Teflon chamber. After the chamber is inserted into a Teflon-lined stainless-

steel autoclave, the autoclaves were then placed into the oven and heated. For MgSDB, the 

mixture was heated at 150 °C for 1 day; For CaSDB, the autoclave was heated at 180 °C for 4 

days; For SrSDB, the mixture was heated at 190 °C for 2 days. After cooling to room 

temperature, about 10 ml ethanol was used for washing the product and the white solid was 

obtained by vacuum filtration and dried at room temperature. 

2.2.3 Activation scheme of MOFs 

Since Li2SDB has the non-porous framework and Cs2SDB will decompose at around 100°C 

because of the coordinated water, four porous MOFs (Na2SDB, MgSDB, CaSDB and SrSDB) 

were heated under vacuum for several hours to be activated (emptying the pores occupied by 

the solvent molecule during the synthesis). The detailed activation schemes are shown below:  

⚫ Na2SDB: heated at 180°C for 24 hours under vacuum. 

⚫ MgSDB: heated at 200°C for 24 hours under vacuum. 

⚫ CaSDB: heated at 150°C for 24 hours under vacuum. 

⚫ SrSDB: heating at 150°C for 24 hours under vacuum. 

2.2.4 Powder X-ray diffraction measurements 

Powder X-ray Diffraction patterns were obtained with a Rigaku diffractometer using Cu-

Kα radiation (λ=1.5406 Å). Samples were scanned in the range 5° ≤ 2θ ≤ 45° at a rate of 10°/min 

with a step size of 0.02°. 

2.2.5 Thermogravimetric Analysis (TGA) 

TGA measurements were conducted by heating the sample from room temperature to 

700 °C at a rate of 10 °C/min, which can be used to check if the pore is completely empty. 

Additionally, TGA can help to determine thermal stability by checking the decomposition 

temperature.  
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2.2.6 Solid-state state Nuclear Magnetic Resonance (SSNMR) 

13C CPMAS NMR, 7Li (static and MAS) NMR and 23Na (1D and 2D) MAS NMR spectra 

were recorded at 9.4 T on a Varian 400 WB spectrometer. 25Mg MAS NMR and 133Cs (static 

and MAS) NMR were conducted at 21.1 T on a Bruker AvanceII spectrometer at the National 

Ultrahigh-Field NMR Facility for Solids in Ottawa, Canada. Adamantane was used as a 

reference for 13C CPMAS NMR, where the high field shift was set at 38.5 ppm. For the 7Li and 

23Na MAS NMR, 1M LiCl solution and 1M NaCl solution were used respectively as the 

reference at 0.0 ppm. 1M MgCl2/H2O and 0.1M CsCl/H2O were used as reference at 0 ppm for 

25Mg and 133Cs MAS NMR, respectively. All experimental parameters including the rotor 

diameter, spin rate, optimized 90° pulse length, pulse delay and acquisition number are listed 

in Table 2-1. Additionally, the contact time for all 13C CPMAS experiments is 2 ms. MNova 

was used to process NMR raw data such as Fourier transformation (FT), phase correction, and 

line broadening. ssNake software was used to simulate the patterns for specific spectra (25Mg 

MAS NMR, 23Na 1D and 2D MAS NMR), extracting NMR parameters like δiso, CQ and ηQ 

that define NMR line shape.   

Table 2-1 The experimental parameters setup of 13C, 7Li, 23Na, 25Mg and 133Cs SSNMR. 

 13C CPMAS 7Li static 7Li MAS 23Na 1D MAS 

Rotor diameter (mm) 4 3.2 3.2 3.2 

Spin rate (kHz) 10 - 10 20 

90° pulse length (μs) 3.3 0.7 1.25 1.0 

Pulse delay (s) 15 1 1 1 

Acquisition number >4000 3424 3024 1200 

 23Na 2D MAS 25Mg MAS 133Cs MAS 133Cs MAS 

Rotor diameter (mm) 3.2 mm 7 mm 3.2 mm 3.2 mm 

Spin rate (kHz) 20 kHz 8 kHz 5 kHz 20 kHz 

90° pulse length (μs) 3.0(1st); 1.0(2nd) 12 1 1 

Pulse delay (s) 1 5 120 120 

Acquisition number 64 x 128 12000 482 128 
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2.3  Results and discussion 

2.3.1 Synthesis and characterization with PXRD 

PXRD patterns of all as-made complexes are consistent with the simulated ones from the 

literature1,2,3,4 (Figure 2-7), which indicates that Li2SDB, Na2SDB, Cs2SDB, MgSDB, CaSDB 

and SrSDB were successfully obtained according to the synthesis scheme listed before. 

Specifically, for porous MOFs (Na2SDB, MgSDB, CaSDB and SrSDB), the PXRD patterns 

after activation are plotted as well. The peaks of activated Na2SDB, CaSDB and SrSDB show 

agreement with the literature patterns, which suggests the frameworks of Na2SDB, CaSDB and 

SrSDB stay unchanged after removing the molecules that are remained in the channel during 

the synthesis.   

From the literature, it is known that the Mg3(OH)2(SDB)2(EtOH)(H2O)3  (as-made 

MgSDB) will change its structure during activation, forming the de-solvated phase 

Mg3(OH)2(SDB)2 (activated MgSDB). The typical change in PXRD patterns between as-made 

and activated MgSDB is that the first two peaks around 2θ value of 6° will transfer into a single 

peak after activation, as shown in Figure 2-8 where the MgSDB is activated after temperature 

reaches 200 °C.3 The PXRD patterns for activated MgSDB (blue line) display the combination 

of the two peaks at the low 2θ range, which indicates the existence of activated MgSDB. 

However, the broad peaks instead of sharp peaks are found through all 2θ angle range, which 

Figure 2-7 Powder x-ray diffraction patterns for MOFs. 
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suggests the decomposed or disordered framework is yielded during the activation. Additionally, 

it is worth mentioning that CaSDB and SrSDB have similar patterns, given the fact that they 

share the same structure.  

For Cs2SDB, because of the similar temperature for loss of guest water molecule and a 

coordinated water molecule, it is not implementable to directly activate Cs2SDB by heating 

under vacuum. Acetone and ethanol were used to exchange with the guest water molecules in 

channels, then the temperature needed for the activation will be lowered, which can prevent 

the coordinated water molecules from being removed. Figure 2-9 exhibits the PXRD patterns 

of as-made Cs2SDB and Cs2SDB after the solvent exchange in ethanol or acetone. Several 

peaks at the low angle range are missing, indicating the changed structure of Cs2SDB after the 

solvent exchange was found. It can be proved that the new framework of Cs2SDB after solvent 

exchange is non-porous structure by the TGA analysis in following section. In such a case, 

Cs2SDB will not be properly activated and discussed in this thesis.  

Figure 2-8 Powder x-ray diffraction patterns for MgSDB with elevating temperature.3 
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2.3.2 Thermal stability with TGA 

The TGA data for as-made and activated MOFs are plotted in Figure 2-10. Five MOFs 

(except Cs2SDB) are measured to have the decomposition temperature at around 500 °C. since 

the crucibles containing either as-made or solvent-exchanged Cs2SDB underwent vibration 

around 400 °C, the highest temperature for Cs2SDB is only set at 350 °C to obtain the clear 

mass loss curves, especially around 100 °C, which represents loss of water molecules.  

For Li2SDB, only the curve of the as-made complex is shown since Li2SDB does not have 

Figure 2-10 TGA curves for MOFs. 

Figure 2-9 Powder x-ray diffraction patterns for Cs2SDB with solvent exchange in ethanol 

and acetone. 
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a porous structure, which is also proved by the flat line before 500 °C. Comparing the mass 

loss curves in Na2SDB, MgSDB, CaSDB and SrSDB, they all display the decreased number of 

molecules inside of the channels after the activation. In Na2SDB. the TGA curve of the 

activated sample exhibits a flat line before the temperature reaches around 500 °C, indicating 

that the pore does not contain any solvent molecule after activation. The as-made thermal curve 

has a smooth weight loss drop at around 100 °C, which indicates the loss of ethanol and water 

molecules that remained in the pore during synthesis. Another weight loss drop is found starting 

at around 170 °C due to DMF molecules lost. By further NMR experiment, it is found that 

DMF within Na2SDB cannot be removed totally during the activation, and approximately 1/3 

of DMF molecules are remained inside of the porous channels according to the integral ratio 

of DMF peaks in the 13C spectra of as-made and activated Na2SDB. As proved by PXRD that 

Cs2SDB undergoes the structural change during the solvent exchange, its TGA curves can still 

deliver some information on the framework. The thermal curve of as-made Cs2SDB displays a 

huge weight loss drop around 100 °C, which refers to the loss of both coordinated water 

molecules and guest water molecules. Additionally, the thermal curve of Cs2SDB after solvent 

exchange exhibits the flat line before reaching 350 °C, which indicates there is no solvent 

molecule (either acetone, ethanol or water) adsorbed by the Cs2SDB anymore. The TGA 

analysis provides a complement to the PXRD result, where the porous structure of Cs2SDB 

does not exist anymore after the solvent exchange. 

 The decomposition of coordinated ethanol molecules happens at 100 °C and coordinated 

water molecules happen at 150 °C for MgSDB. Combined with the guest water molecules lost 

within the pore at around 100 °C, two weight loss drops are shown at 100 °C and 150 °C for 

the as-made MgSDB. After the activation, a slight weight loss happens at the temperature 

ranging from 100 °C to 150 °C, which may result from a small amount of inactivated MgSDB. 

The TGA curves of CaSDB and SrSDB exhibit similar results. The weight loss drops at 70 °C 

for guest ethanol molecules and 100 °C for guest water molecules within the channel before 

activation can be easily found, and the flat curves for activated CaSDB or SrSDB demonstrate 

the empty pore after activation. 
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2.3.3 Characterization of linker local structure 

2.3.3.1 SDB ligands 

To identify the carbon signals of SDB linker in the 13C CPMAS NMR spectra of MOFs, 

the spectrum of the precursor, H2SDB, was also measured, shown in Figure 2-11 (asterisk * 

indicates spinning sidebands). According to the literature, within the structure of H2SDB, the 

single peak at 171.3 ppm is corresponding to the C1, the single peak at around 146.0 ppm is 

for C5 and three peaks at 133.5 ppm, 131.6 ppm and 129.7 ppm are from the carbon atoms in 

the phenyl group (C2, C3 and C4)5. Two C1 atoms and two C5 atoms in the same SDB linker 

are crystallographically equivalent, corresponding to a single C1 and C5 peak. However, two 

inequivalent C1 and two inequivalent C5 atoms within one SDB ligand can be observed if the 

SDB ligand loses mirror plane as its symmetry element, which can result from: (1). the 

coordination that happens on the carboxyl and sulfonyl groups; (2). The physical interaction 

between other molecules and SDB ligand. Additionally, two inequivalent SDB ligands within 

a single unit cell can also result in two inequivalent C1 and C5 atoms from two independent 

SDB ligands. Any situation that mentioned above will cause the splitting of the single C1 and 

C5 peak. To obtain an overview of the local structure of SDB ligands in four MOFs without 

influence from the guest molecule, the spectra of dried non-porous MOF (Li2SDB), dried 

Cs2SDB which cannot be activated and four activated porous MOFs (Na2SDB, MgSDB, 

CaSDB and SrSDB) are shown Figure 2-11 as well.  

All carbon atoms in SDB ligands have different sensitivities to the metal coordination. It 

is worth discussing the C2 and C5 carbon in this case since they are both three atoms away 

from the coordination site. Compared with the carbon that is connected to the carboxylic group, 

the carbon bound to the sulfonyl group is more sensitive to the metal coordination. For example, 

the coordination between metal atom and sulfonyl and carboxyl group will result in an 

asymmetry of SDB ligand, which causes carbon atoms on the two sides of the SDB ligand 

inequivalent. Since the carbon bound to the sulfonyl group is more sensitive, a larger difference 

in the chemical shift of two C5 atoms will be observed than that of two C2 atoms within the 

single SDB ligand.6,7  
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The number of inequivalent C1 and C5 atoms in each MOF (based on each crystal structure) 

and the number of inequivalent C1 and C5 that can be observed from the 13C NMR spectra are 

given in Table 2-2. The intensity ratios of the resonances due to C1 or C5 in all spectra are 

listed in Table 2-3 (which will be specified with 13C CPMAS NMR spectra for each MOFs in 

following discussion), and Table 2-4 exhibits the chemical shift values for each resonance due 

to C1 or C5 in all spectra. All the data in these tables can reveal the symmetry of each unit cell 

in all six MOFs and will be discussed in following sections. 

 

 

 

 

 

 

 

Figure 2-11 The overview of 13C CPMAS NMR spectra for pure H2SDB (organic linker) and 

six SDB MOFs based on s-block metals. (* corresponds to spinning side bands) 
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 δiso of resonance(s) at C1 

site 

δiso of resonance(s) at C5 

site 

Dried Li2SDB 174.5; 171.9 143.9; 142.3; (141.4) 

As-made Na2SDB 175.6; 168.9 146.1; 143.6; 142.7; 141.2 

Activated Na2SDB 175.8; 169.1  145.3; 143.7; 142.2; 141.4 

Dried Cs2SDB  175.4; 167.3  150.3; 144.2; 139.9 

As-made MgSDB (173.5); 172.6 144.5; 143.4; 142.0 

Activated MgSDB 171.0 143.3; 141.8; (140.8) 

As-made CaSDB 175.5: 168.1 144.9; 143.5; 141.5 

Activated CaSDB 175.5; 168.2 144.8; 142.8; 141.5 

As-made SrSDB 175.8; 168.8 144.5; 143.9; 142.2 

Activated SrSDB 176.7; 172.8; 168.8 143.4; 142.3 

 

Table 2-3 The chemical values of each resonance at C1 and C5 site in all 13C NMR spectra. 

(The chemical shift value for shoulder are shown in bracket) 

Table 2-2 The number of inequivalent C1 and C5 atoms in each MOF (based on each crystal 

structure) and the number of C1 and C5 that can be observed from the 13C NMR spectra. 
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2.3.3.2 Alkali metal MOFs 

Within Li2SDB, there are two equivalent SDB ligands in the unit cell, which are related by 

an inversion center according to X-ray structure. However, unlike H2SDB where two phenyl 

rings in each SDB are equivalent, two halves of each SDB become inequivalent after the 

coordination with Li centers in Li2SDB. Thus, each SDB has two inequivalent C1 and C5 

originating from two sides of a single asymmetric SDB ligand. In this case, two distinct 

resonances should be seen for both C1 and C5 in the 13C CPMAS NMR spectrum.  

In the experimental Li2SDB 13C CPMAS NMR spectrum (Figure 2-12), two resonances 

due to the C1 (174.5 ppm and 171.9 ppm) and three resonances at C5 site (143.9 ppm and 142.3 

ppm with a resonance at around 141.0 ppm as shoulder) due to C5 are observed. Besides all 

resonances associated with the SDB linker (125 - 175 ppm) and corresponding spinning 

sidebands, there are no extra peaks found, consistent with the absence of DMF used in the 

synthesis in the non-porous framework.  

 

 

 Integral ratio of 

resonances at C1 site 

Integral ratio of 

resonances at C5 site 

Dried Li2SDB 1 : 1.8 1 : 1.8 : 1.1 

As-made Na2SDB 1 : 1.1 1 : 1.1 : 1.1 : 1.2 

Activated Na2SDB 1 : 1.9 1 : 0.8 : 1 : 0.9 

Dried Cs2SDB 1 : 1.5 1 : 1.1 : 1.2 

As-made MgSDB 1 : 2.3 1 : 1.4 : 1.6 

Activated MgSDB - 1 : 0.9 : 0.9 

As-made CaSDB 1 : 1.5 1 : 1 : 1.9 

Activated CaSDB 1 : 1.5 1 : 1.2 : 2.1 

As-made SrSDB 1 : 1.3 1 : 1.2 : 1.9 

Activated SrSDB 0.3 : 1 : 0.8 1 : 1.3 

 

Table 2-4 The integral ratio of each resonance at C1 and C5 site in all 13C NMR spectra. 
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The integral ratio of the resonances due to C5 is 1 : 1.8 : 1.1, which infers that four 

crystallographically distinct C5 atoms exist in Li2SDB. Existence of four C5 carbons suggests 

that the inversion center which relates the two SDB linkers in the unit cell does not actually 

exist as indicated by the X-ray structure. This results in total of four different C5 signal as 

observed. In the carboxylate region, the relative intensity ratio between the two resonances due 

to C1 atoms at 174.5 and 171.9 ppm is 1 : 1.8, clearly indicating that the number of inequivalent 

C1 carbons is greater than two as predicted by the X-ray structure. Since the CP intensity 

depends on the distance between hydrogen atoms and the carbon of interest, the CP method is 

not quantitative. At this point, it is difficult to explain why the 2 peaks due to inequivalent C1 

atoms only give a 1:1.8 ratio. Obviously, one of the peaks is less enhanced by CP. More work 

is needed to understand the CP intensity.  

In short, the 13C CPMAS data clearly show that the actual crystal structure of Li2SDB is 

different from that obtained from X-ray diffraction. It is very likely that the inversion center in 

original structure is absent. 

Within Na2SDB, there are also two equivalent SDB ligands in the unit cell, related by an 

inversion center. Like Li2SDB, two phenyl rings in each SDB ligand are inequivalent as well. 

Figure 2-12 13C CP MAS NMR spectrum of dried Li2SDB. (* corresponds to spinning side 

bands) (Experimental patterns are in blue and resolved peaks are labeled in yellow ) 
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In this case, two sides of a single asymmetric SDB ligand will lead to a total of two inequivalent 

C1 and C5 atoms. Two distinct resonances should be seen for both C1 and C5 in the 13C 

CPMAS NMR spectra.  

Figure 2-13 shows the 13C CPMAS NMR spectra of as-made and activated Na2SDB. Two 

resonances due to C1 (175.6 ppm and 168.9 ppm in as-made Na2SDB; 175.8 ppm and 169.1 

ppm in activated Na2SDB) and four distinct peaks due to C5 are observed in the spectra of both 

as-made and activated Na2SDB. Besides the spinning sidebands, three solvent-associated 

(DMF) resonances are located at 160.5 ppm, 34.5 ppm and 29.6 ppm in the spectrum of as-

made Na2SDB. The intensities of the DFM peaks decrease significantly in the spectrum of 

activated Na2SDB, suggesting most of the DMF was removed during activation. Additionally, 

all peaks become broader after activation, which indicates the slightly decreased crystallinity.  

Four distinct resonances due to C5 have approximately same integral values (specified in 

Figure 2-13), which clearly indicates four crystallographically distinct C5 atoms existing in 

both as-made and activated Na2SDB. This observation hints the absence of an inversion center 

Figure 2-13 13C CP MAS NMR spectra of as-made and activated Na2SDB. (* corresponds to 

spinning side bands) (Experimental patterns are in blue or red, and resolved peaks are labeled 

in yellow ) 
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in the unit cell. The integral ratio of the resonances at 169.1 and 175.8 ppm is 1 : 1 in as-made 

Na2SDB, which suggests four C1 carbons appears as two groups of peaks with equal intensity. 

However, the ratio is 1 : 1.9 for activated Na2SDB, which also confirms the lack of inversion 

center relating the two SDBs in the unit cell. As is the case for Li2SDB, one of the four peaks 

of the activated sample is less enhanced by CP, which results in the ratio of 1 : 1.9. Existence 

of four C1 carbons and four C5 carbons suggests the inversion center which relates to two SDB 

ligands in the unit cell does not actually exist as indicated by the X-ray structure.  

Additionally, Na ions have larger orbitals and electron density than Li ions, resulting in 

greater shielding interaction, which results in a greater difference in chemical shift between 

two resonances at the C1 site (175.8 – 169.1 ppm for Na2SDB and 174.5 – 171.9 ppm for 

Li2SDB) (Table 2-4). Overall, the 13C CPMAS data clearly indicates that the actual crystal 

structure of Na2SDB is different from that obtained from X-ray diffraction, likely due to the 

absence of inversion center in original structure. 

Like two alkali metal MOFs mentioned above, Cs2SDB also has two equivalent SDB 

ligands in its unit cell, related by an inversion center. Two phenyl rings in each SDB ligand are 

inequivalent as well, resulting in a total of two inequivalent C1 and C5. Two distinct resonances 

should be seen for both C1 and C5 in the 13C CPMAS NMR spectra. 

The 13C CPMAS NMR spectrum of dried Cs2SDB is shown in Figure 2-14. Two distinct 

sharp peaks are observed at 175.4 ppm and 167.3 ppm due to C1 and three resonances due to 

C5 are observed at 150.3 ppm 144.2 ppm and 139.9 ppm. DMF associated resonances can also 

be found at 161.1 ppm, 35.6 ppm and 30.7 ppm since DMF molecules, as solvent in synthesis, 

are remained within the porous channels. Because the Cs2SDB cannot be successfully activated 

via heating or solvent exchanging, the spectrum for activated Cs2SDB was not acquired, which 

requires more works in future to explore the structure of Cs2SDB without solvent molecules 

adsorbed. 

Three distinct resonances due to C5 with approximately same integral values (specified in 

Figure 2-14) suggest the number of inequivalent C5 carbons is greater than two as predicted 

by the X-ray structure, which hints the absence of an inversion center in the unit cell. Since 

there are two C1 or C5 atoms in each SDB ligand, the number of crystallographically distinct 
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C1 or C5 can either be 2 or 4. In this case, four inequivalent C5 atoms are likely included, two 

of which give the signals with similar chemical shift values. Because one peak is less enhanced 

by CP, three resonances with same intensities are resulted. Two distinct C1 resonances have 

the integral ratio of 1 : 1.5, which likely correspond to two groups of C1 atoms. Each group 

contains two distinct C1 atoms that give similar chemical shift values. This observation also 

confirmed the inversion center that relates to two SDB ligands does not exist in the unit cell as 

indicated by the X-ray structure. 

The difference in chemical shift values between two C1 peaks (175.4 - 167.3 ppm) is larger 

than that in both Li2SDB and Na2SDB, which proves the explanation discussed above that the 

larger orbital and electron density of the metal ions strengthen the shielding interaction. In short, 

the 13C CPMAS data clearly show that the actual crystal structure of Cs2SDB is different from 

that obtained from X-ray diffraction. It is very likely that the inversion center in original 

structure is absent. 

 

2.3.3.3 Alkali earth metal MOFs 

Within as-made MgSDB, there are four SDB ligands included in a single unit cell. Relating 

by the inversion center, four SDB ligands can be divided into two equivalent groups. In each 

Figure 2-14 13C CP MAS NMR spectra of dried Cs2SDB. (* corresponds to spinning side 

bands) 
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group, two inequivalent SDB ligands are involved. Two phenyl rings in each SDB ligand are 

inequivalent as well. In such case, a total of four inequivalent C1 and C5 atoms emerged, which 

leads to four distinct resonances for both C1 and C5 in the 13C CPMAS NMR spectra. After 

the removal of the coordinated water and ethanol molecules, the activated MgSDB still 

contains four SDB ligands in each unit cell. However, all of them are equivalent, related by an 

inversion center and C2 rotation axis. A total of two inequivalent C1 and C5 atoms originates 

from two sides of a single asymmetric SDB ligand. In this case, two distinct resonances should 

be seen for both C1 and C5 in the 13C CPMAS NMR spectrum. 

Figure 2-15 shows the 13C CPMAS NMR spectra of as-made MgSDB and activated 

MgSDB. In as-made MgSDB spectrum, two distinct resonances due to C1 (173.5 ppm as the 

shoulder and 172.6 ppm) and three distinct resonances due to C5 (144.5, 143.4 and 142.0 ppm) 

are observed. After activation, one broad peak due to C1 (171.0 ppm) and three distinct 

resonances due to C5 (143.3, 141.8 and 140.8 ppm) are observed in the spectrum of activated 

MgSDB. Besides the spinning sidebands, two extra peaks (59.2 ppm and 15.3 ppm) are found 

in the spectrum of as-made MgSDB, associated with coordinated and adsorbed ethanol that 

was used as solvent in synthesis. Two ethanol resonances are no longer seen after activation, 

which indicates all ethanol molecules are removed. Additionally, all peaks become broader 

after activation, which indicates the slightly decreased crystallinity.  
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Three distinct resonances due to C5 in as-made MgSDB spectrum have integral ratio of 1 : 

1.4 : 1.6, which suggests four crystallographically distinct C5 atoms existing in as-made 

MgSDB if taking account of the different enhancement on each peak from CP. While two C1 

peaks give the intensity ratio of 1 : 2.3, further confirming the existence of four C1 atoms within 

a single unit cell. This observation supports the X-ray structure. In activated MgSDB spectrum, 

the one broad resonance due to C1 represents overlapping of several peaks with similar 

chemical shift value. Three resonances due to C5 have intensity ratio of 1 : 0.9 : 0.9, which 

hints at least three crystallographically independent C5 atoms within a single unit cell. Since 

MgSDB has a restructured framework after activation, the absence of inversion center relating 

to four SDB ligands will result in the ratio of 1 : 0.9 : 0.9.  

Overall, it can be concluded that the 13C CPMAS NMR spectrum of as-made MgSDB 

shows the structure consistent with that obtained from X-ray diffraction. However, activated 

MgSDB loses its crystallinity, and the structure is different from X-ray structure due to the 

absence of inversion center. 

Figure 2-15 13C CP MAS NMR spectra of as-made and activated MgSDB. (* corresponds to 

spinning side bands) (Experimental patterns are in blue or red, and resolved peaks are labeled 

in yellow ) 
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Within both CaSDB and SrSDB, there are four SDB ligands within each unit cell as they 

have the same structure. Similar to activated MgSDB, an inversion center and C2 rotation axis 

are relating to all four SDB ligands, resulting in all SDB ligands equivalent within a single unit 

cell. Two phenyl rings in each SDB ligand are inequivalent, leading a total of two inequivalent 

C1 and C5. Two distinct resonances should be seen for both C1 and C5 in the 13C CPMAS 

NMR spectra. 

13C CPMAS NMR spectra of as-made and activated CaSDB are exhibited in Figure 2-16, 

all peaks due to C1 and C5 show high consistency before and after activation. Three resonances 

due to C5 (144.8, 143.5 and 141.5 ppm) and two distinct resonances due to C1 (175.5 and 168.1 

ppm) are observed in both spectra of as-made and activated CaSDB. Ethanol associated 

resonances (55.9 and 15 ppm) are observed only in the spectrum of as-made CaSDB, which 

indicates adsorbed ethanol are all removed after activation.  

Three distinct resonances due to C5 have the intensity ratio of approximately 1 : 1 : 2 in 

spectra of both as-made and activated CaSDB, hinting four crystallographically distinct C5 

Figure 2-16 13C CP MAS NMR spectra of as-made and activated CaSDB. (* corresponds to 

spinning side bands) (Experimental patterns are in blue or red, and resolved peaks are labeled 

in yellow ) 
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atoms exist in CaSDB. This observation suggests the absence of either inversion center or the 

C2 rotation axis in the unit cell. The integral ratio of the resonances due to C1 is 1 : 1.5 in the 

spectra of both as-made and activated CaSDB, which suggests four C1 carbons may appear as 

two groups of peaks. Since one peak is less enhanced by CP, the ratio of 1 : 1.5 is obtained. 

Existence of four C1 carbons and four C5 carbons suggests either the inversion center or C2 

rotation axis which relates to four SDB ligands in the unit cell does not actually exist as 

indicated by the X-ray structure.  

Figure 2-17 shows the 13C CPMAS NMR spectra of as-made and activated SrSDB. Two 

resonances due to C1 (175.8 and 168.8 ppm) and three distinct resonances due to C5 (144.5, 

143.9 and 142.2 ppm) are observed in the spectrum of as-made SrSDB. While three distinct 

resonances due to C1 (176.7, 172.8 and 168.8 ppm) and two distinct resonances (143.4 and 

142.3 ppm) are observed in the spectrum of activated SrSDB. Besides the spinning sidebands, 

two ethanol associated resonances (58.5 and 15.5 ppm) are only found in the spectrum of as-

made SrSDB, indicating the adsorbed ethanol is totally removed. The changed number of 

resonances due to C1 and C5 between the spectra of as-made and activated SrSDB suggests 

the local environment of SDB ligands varies after activation.   

Three distinct resonances due to C5 in the spectrum of as-made SrSDB has the integral 

ratio of 1: 1.2 : 1.9, which clearly indicates four crystallographically distinct C5 atoms existing 

in as-made SrSDB, suggesting the absence of either inversion center or C2 rotation axis relating 

to four SDB ligands in a single unit cell. An intensity ratio of 1 : 1.3 is given by two resonances 

due to C1, which results from two groups of peaks with equal intensity. In the spectrum of 

activated SrSDB, the new resonance appears at 172.8 ppm, leading a total of three resonances 

due to C1 with the integral ratio of 0.3 : 1 : 0.8. The resonance at 144.5 ppm is no longer seen, 

resulting two resonances with intensity ratio of 1 : 1.3 due to C5. This observation hints there 

is a change on the structure of SrSDB when being activated. The crystallinity is maintained due 

to the sharp peaks shown in the spectrum of activated SrSDB, but the number of inequivalent 

C1 and C5 carbons is greater than two as predicted by the X-ray structure.  
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In short, the 13C CPMAS data clearly show that the actual crystal structure of CaSDB and 

SrSDB is different from that obtained from X-ray diffraction due to the absence of inversion 

center or C2 rotation axis. Additionally, the structure of SrSDB is changed after activation, 

which is different from the result obtained from X-ray diffraction. More work is required to 

understand the structure change of SrSDB during the activation. 

2.3.4 Characterization of metal local structure  

The environments of metal ions also play a significant role in the topology of MOFs and 

their applications. To obtain detailed information on the local structure for those SDB MOFs, 

7Li, 23Na, 133Cs and 25Mg NMR were used. 7Li MAS and static spectra of dried Li2SDB are 

shown in Figure 2-18. Within Li2SDB, there are two crystallographically distinct Li sites in its 

unit cell, which should lead to two distinct resonances in 7Li MAS NMR spectrum. However, 

in the 7Li MAS NMR spectrum, only one sharp resonance is observed at 0.7(1) ppm, with six 

corresponding spinning sidebands. The static spectrum gives the patterns with a broader 

lineshape. However, it is hard to tell from either spectrum if the resonance results from two Li 

Figure 2-17 13C CP MAS NMR spectra of as-made and activated SrSDB. (* corresponds to 

spinning side bands) (Experimental patterns are in blue and resolved peaks are labeled in 

yellow ) 
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sites due to the overlapping of the resonances with similar chemical shifts. Li(1) is tetrahedrally 

coordinated with four carboxylate groups and Li(2) is tetrahedrally coordinated with three 

carboxylate groups and one sulfonyl group. In such case, two Li associated resonances will 

have very similar CQ and ηQ, resulting in the difficulty in observing the distinct resonances. In 

short, the 7Li NMR spectra cannot confirm the exact same structure reported in the published 

paper.1 

Figure 2-19 gives the 23Na MAS NMR spectra of as-made and activated Na2SDB. Within 

Na2SDB, two crystallographically distinct Na sites are included in each unit cell. In this case, 

the resonances belong to at least two Na sites in 23Na MAS NMR spectrum. Although three 

distinct resonances can be observed in the 23Na MAS NMR spectrum of as-made Na2SDB and 

two distinct resonances can be observed in the 23Na MAS NMR spectrum of activated Na2SDB, 

it is hard to assign separated resonances because of the typical second-order quadrupolar 

powder patterns. 23Na 2D 3Q MAS was performed to obtain higher-resolution spectra (Figure 

2-20).  

Figure 2-18 7Li MAS and static NMR spectra of Li2SDB (* indicates spinning sidebands) 

Dried Li2SDB 



72 

 

 
 

As-made Na2SDB 

Activated Na2SDB 

Figure 2-19 23Na 2D 3Q MAS NMR spectra of as-made and activated Na2SDB. 

Figure 2-20 Experimental 23Na MAS NMR spectra of as-made and activated Na2SDB. 
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With the help of 2D 3Q MAS, the second-order quadrupolar interaction can be eliminated 

and the isotropic peaks for individual sites can be clearly resolved. Additionally, every 23Na 1D 

MAS pattern for each distinct Na site can be extracted from 23Na 2D 3Q MAS spectra. 

According to the simulation of the 23Na 2D 3Q MAS spectra, the normal MAS spectra can be 

easily simulated.  

The simulated 23Na MAS NMR spectra of as-made and activated Na2SDB are exhibited in 

Figure 2-21, and the 23Na MAS NMR parameters are listed in Table 2-5. In the 23Na MAS 

NMR spectrum of as-made Na2SDB, three resonances are observed at 0.2(1) ppm, 0.6(1) ppm 

and 6.7(1) ppm. The resonances with chemical shift at 0.2(1) ppm (site 1) and 0.6(1) ppm (site 

2) are belonging to two independent Na sites that are originally in Na2SDB, since these two 

resonances are still observed in the spectrum of activated Na2SDB with similar chemical shift, 

CQ and ηQ. According to the CQ values of site 1 and site 2 (1.50(5) MHz and 2.30(5) MHz), it 

can be concluded that Na site corresponding to site 2 is much more geometrically asymmetric 

than the other one. In such case, the resonance with CQ value of 2.30(5) MHz is likely 

associated with Na(2), where Na(2) is five-coordinated with four oxygen atoms from four 

different SDB ligands and one oxygen atom from sulfonyl groups. There will be an available 

position that allows the interaction between Na(2) sites and the guest molecules, which can 

explain the existence of the extra resonance at 6.7(1) ppm (site 3) in the spectrum of as-made 

Na2SDB, which disappears after activation. The resonance with CQ value of 1.50(5) MHz is 

then associated with the Na(I) which is octahedrally coordinated. Additionally, in the spectrum 

of as-made Na2SDB, the integrals ratio of these three resonances is approximately 1.00 : 0.75 : 

0.25. It proves that Na(1) and Na(2) are equally populated within the pure structure, but with 

the interactions between the solvent molecules (water, ethanol or DMF) and a small number of 

Na(2) sites, an extra resonance is resulted. After the removal of the guest molecules, site 1 and 

site 2 back to equal in their intensities in in the spectrum of activated Na2SDB.  
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Table 2-5 Simulated 23Na MAS NMR parameters for as-made and activated Na2SDB. 

 

133Cs and 25Mg MAS NMR spectra of dried Cs2SDB and as-made MgSDB are exhibited 

in Figure 2-22. All simulated 25Mg MAS NMR parameters are listed in Table 2-6. A single 

peak (34.1 ppm) is found in the 133Cs MAS NMR spectrum with 5 kHz spinning rate and a 

single peak (31.8 ppm) is found in the 133Cs MAS NMR spectrum with 20 kHz. Several 

spinning sidebands are observed in both 133Cs MAS NMR spectra. This result is consistent with 

the structure where only one independent Cs site is included in Cs2SDB. For as-made MgSDB, 

the peaks in the 25Mg MAS NMR spectrum give detailed information. Three separated 

MOFs site δiso (ppm) CQ(MHz) ηQ intensity ratio 

as-made Na2SDB 

site 1 7.0(1) 1.50(5) 0.50(1) 1.0 

site 2 1.0(1) 1.55(5) 0.40(1) 1.0 

site 3 -2.0(1) 1.80(5) 0.70(1) 0.9 

      

      

Figure 2-21 Simulated 23Na MAS NMR spectra of as-made and activated Na2SDB. 
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resonances with chemical shift of 7.0(1) ppm 1.0(1) ppm and -2.0(1) ppm represent three 

independent Mg sites within as-made MgSDB, which is consistent with the structure obtained 

from X-ray diffraction.3 For all three sites, CQ values are close (1.50(5) MHz for site 1, 1.55(5) 

MHz for site 2 and 1.80(5) MHz for site 3), which suggests the similar local geometry of those 

three sites. The Mg-O bonds between Mg sites and carboxylate groups are approximately 

2.09(1) Å; the Mg-O bonds between Mg sites and bridging OH groups are around 2.05(1) Å; 

the Mg-O bonds between Mg sites and coordinated water molecules are around 2.12(1) Å; and 

the Mg-O bonds between Mg sites and coordinated ethanol molecules are around 2.12(1) Å as 

well. In this case, the peak with CQ value of 1.50(5) is likely associated with the Mg(2) which 

is six coordinated with four carboxylate groups and two bridging OH groups, since it has 

relatively highest symmetry among the three sites. Due to Mg(1) and Mg(3) being relatively 

lower symmetric with coordinated water and ethanol molecules, they result in peaks with CQ 

values of 1.55(5) and 1.80(5), respectively. However, all three peaks assigned in the 25Mg MAS 

NMR spectrum are not accurate enough. With the help of 25Mg 2D 3Q NMR for both as-made 

and activated MgSDB in future, a better characterization on MgSDB can be achieved.   

Table 2-6 Simulated 25Mg MAS NMR parameters for as-made MgSDB. 

 

 

 

 

 

 

 

Site δiso (ppm) CQ(MHz) ηQ Intensity ratio 

Site 1 7.0(1) 1.50(5) 0.50(1) 1.0 

Site 2 1.0(1) 1.55(5) 0.40(1) 1.0 

Site 3 -2.0(1) 1.80(5) 0.70(1) 0.9 
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2.4 Conclusion 

PXRD patterns and TGA graph provided a rough characterization of all six MOFs, 

confirming all six s-block metal MOFs based on SDB were successfully synthesized. 

Figure 2-22 133Cs MAS NMR spectra of dried Cs2SDB with spinning rate 5 kHz and 20 kHz 

(top) (* indicates spinning sidebands) and 25Mg MAS NMR spectrum of as-made MgSDB. 

Dried Cs2SDB 

As-made MgSDB 
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Compared with PXRD patterns, 13C CPMAS NMR spectra provide more detailed information 

on the ligands. Whether the porous channel is completely empty was much easier to be 

analyzed with 13C MAS CPNMR spectra compared with TGA. The multiple peaks of C1 and 

C5 are caused by the multiple crystallographically distinct C1 and C5 atoms within one unit 

cell. Asymmetric SDB ligand or inequivalent SDB ligands in one unit cell can both lead to 

multiple C1 and C5 atoms. The structures of all the s-block MOFs except as-made MgSDB are 

different from those obtained from X-ray diffraction, where the inversion center symmetry 

elements are absent. The structures of Na2SDB before and after activation are unchanged but a 

small amount of DMF remains in the rigid channels. The structure transforms with decreased 

crystallinity during activation were proved in MgSDB. No major changes were observed 

between 13C CPMAS NMR spectra of as-made and activated CaSDB. The 13C CPMAS NMR 

spectra of SrSDB exhibit a signal shift on the C1 site after activation. With the help of 7Li, 23Na, 

133Cs and 25Mg NMR, the structure of Li2SDB, Na2SDB, Cs2SDB and MgSDB were further 

characterized, and the local environments of metal centers were studied. Within Na2SDB, the 

coordination mode of Na site is proved that Na(1) is six-coordinated, and Na(2) is five-

coordinated. The 25Mg MAS NMR spectrum of as-made MgSDB exhibits that the structure is 

consistent with the one obtained from the X-ray diffraction. For both Li2SDB and Cs2SDB, it 

is hard to tell if the same structure as that discussed in the published paper is observed.  
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Chapter 3 

3. Exploring the dynamics and adsorption of 13CO2 in four porous SDB MOFs using 

VT 13C static SSNMR 

3.1 Introduction  

3.1.1 Climate change 

“Climate change” refers to the change of weather patterns within a long-term period in one 

region, which includes the wind pattern shift, increasing or decreasing average temperature and 

the change in the amount of precipitation. The causes of climate change is divided into two 

parts, natural cause, and human causes. In the past, the earth’s climate is mainly controlled by 

natural causes, while in recent decades, human causes had risen to dominate climate change. 

The rising temperatures, also known as “global warming”,1,2 is induced by the huge increase of 

greenhouse gases. The climbing temperature has a significant impact on humans’ daily life, 

such as the extreme weather on higher frequency and intensity, as well as geological changes, 

such as the rising of sea levels, ice sheets melting and noticeable ocean acidification.3 

Greenhouse gases can adsorb and maintain the infrared radiation from the sun and the 

reflected radiation from the ground, which is the reason why the earth can keep itself warm. 

However, excessive greenhouse gases are the reason for causing “global warming”. Normally, 

water vapor (H2O), carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O) and ozone (O3) 

are considered as the “greenhouse gases”.4 

3.1.2 CO2 emission 

Carbon dioxide (CO2), one of the greenhouse gases, is the largest contributor to global 

warming. To meet the daily demands of humans, the remarkable CO2 emission is induced from 

several perspectives. For instance, Transportation contributes approximately 29% of CO2 

emissions, electricity generation makes up nearly 27.5% and followed by industry operation 

with 22%.5 The dramatically increased number of factories have been built to meet the need 

for fast society development, but the old fashion energy sources, such as carbon-based fossil 

fuels, are still being utilized by most factories, such as power plants, which results in 
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uncontrollable CO2 emission. Before the industrial revolution, around the late 19th century, the 

global mean CO2 concentration was approximately 280 ppm; however, it hit 417 ppm on the 

latest measurement on April 2022 according to National Oceanic and Atmospheric 

Administration (NOAA) (Figure 3-1).6 Additionally, it was found that CO2 emission has a 

significant influence on food production, economic growth and energy utilization as well.7  

3.1.3 Carbon capture and storage (CCS) 

Carbon capture and storage (CCS) is then escalating to become a significant social problem 

that needs to be solved world-wide collaboratively. The methods applied should be economical, 

efficient, and effective.8 The traditional CO2 adsorbents, using Aqueous alkanolamine solutions, 

have been applied for decades. Generally, monoethanolamide (MEA) and triethanolamine 

(TEA) are used, which interact with CO2, composing carbamate or bicarbonate species (Figure 

3-2).8 the adsorption performance of this method is considered as the standard, where 30 wt% 

MEA solution can adsorb nearly 2.1-5.5 wt% CO2 while TEA has better performance. However, 

it is worth mentioning that the maximum loading capacity for CO2 is significantly influenced 

by the stoichiometry of the reactions since the primary secondary and tertiary amine have 

different interaction ratios with CO2 (2:1 for primary amine and 1:1 for secondary and tertiary 

amine). Despite the high adsorption capacity of CO2 within aqueous alkanolamine solutions, 

there are also several drawbacks that cannot be avoided. Firstly, the energy required to desorb 

CO2 is noticeably high since the tight interaction. Additionally, the aqueous alkanolamine 

Figure 3-1 Global atmospheric CO2 level.6 
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solutions are corrosive and unstable under heat. With the decomposition over time, the lifespan 

is dramatically shortened, especially in industry.9 

3.1.4 CO2 adsorption in MOFs 

For this reason, metal-organic frameworks (MOFs) are considered as new materials that 

capture the CO2 before emitting it into the atmosphere, because of their reusability and wide 

applications with low energy cost. Moreover, most MOFs are not corrosive and have 

remarkable CO2 adsorption capacity. For instance, the well-known MOF, MIL-53(Al), has a 

CO2 capacity of 10.4 mol/kg at 30 bar and 304 K;9 MIL-101 (Cr) shows a CO2 capacity of 

about 18 mol/kg at 50 bar and 304 K and it shows even higher capacity when activated with 

ethanol and NH4F, which increased to 40 mol/kg under the same condition.10 Additionally, gas 

selection can also be performed by MOFs giving the reason for the specific pore size. 

3.2  Experimental  

3.2.1 MOFs synthesis and activation  

All four SDB MOFs (Na2SDB, MgSDB, CaSDB and SrSDB) were synthesized and 

activated according to the same scheme as listed in chapter 3. 

Figure 3-2 The scheme of CO2 capture in Aqueous alkanolamine solutions. 
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3.2.2 13CO2 loading 

Since 13C natural abundance is only 0.96%, to observe 13C resonances specifically from 

13CO2 rather than the framework, 99% isotopically labeled 13CO2 gas was used. To empty the 

pore of MOFs for CO2 loading, about 120 mg samples are prepared on the horizontal bottom 

of an L-shaped glass tube. A small amount of glass wool was used to make sure the sample was 

tightly packed. After activation (using the activation scheme above), a certain amount of pure 

13C enriched 13CO2 in a round bottom flask was introduced into the vacuum line with the 

vacuum line isolated from either vacuum or air. Then using liquid nitrogen surround the L-

shape glass tube to condense and trap 13CO2, followed by the flame-sealing under vacuum. 

Approximately 0.2 moles of 13CO2 per mole of metal in MOFs was used in this experiment. 

3.2.3 13C static SSNMR 

For static 13C SSNMR, a Varian Infinity Plus 400 spectrometer that operated with an 

Oxford 9.4 T magnet and a Varian/Chemagnetics 5mm HX static probe were used. The CO2 

adsorption behavior can be probed by a variable-temperature study from 133 K to 373 K using 

a Varian VT temperature control unit calibrated by 207Pb chemical shift of solid Pb(NO3)2. 

Ethanol was used as the reference for chemical shift 13C, where the methylene carbon of ethanol 

was set at 56.83 ppm from tetramethylsilane (TMS).  

Depth-echo sequences without decoupling were applied to acquire all 13C spectra. 90° pulse 

length (pw90) was set at around 3.3μs (optimized each time), pulse delay was set at 3s and 

40μs for τ1 while 20μs for τ2. Every spectrum has approximately 1000 scans except the one 

under room temperature (293K), which is nearly 10000 scans. 

3.3  Results and discussion  

To obtain more information on the dynamics of CO2 adsorbed within four porous SDB 

MOFs, in situ 13C VT SSNMR experiments at temperatures ranging from 373 to 173 K were 

performed.  

3.3.1 in situ 13C VT SSNMR of Na2SDB with 13CO2 

In Figure 3-3, the resulting experimental and analytically simulated spectra are exhibited. 
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Two distinct sites are featured from the experimental 13C VT SSNMR spectra obtained at 

temperatures from 173 to 373 K (Figure 3-3a), as proved by the analytical simulations (Figure 

3-3b). The sharp and intense resonance (site 1) can be clearly found around 124 ppm, which is 

induced from mobile CO2 in the gas or liquid phase outside of the frameworks; while the 

underlying 13C powder pattern is broadened by a considerable amount of chemical shift 

anisotropy (CSA) because of the slowed motion of CO2. The second simulated powder pattern 

(a) 

(c) 

(b) 

Figure 3-3 (a). The experimental (blue) and simulated (red) static 13C VT SSNMR spectra of 

Na2SDB loaded with 0.2 mole 13CO2 per mole of Na. (b). The specific patterns for free 

(orange) and adsorbed (green) 13CO2. (c). Comparison of experimental and stacked simulated 

patterns. 
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(site 2) corresponds to 13CO2 adsorbed within MOFs, which is largely influenced by 

temperature.  

As known that CO2 is changing to the solid phase when the temperature decreases to 195K 

at 1 atm, it is not clear if there are still central resonances for free CO2 in spectra obtained under 

173 K and 193 K since the intensities of these patterns are extremely small. As temperature 

decreases, the increasing intensity of the broad powder pattern suggests the majority of CO2 is 

adsorbed within Na2SDB, and the broadening width demonstrates the reduced CO2 mobility, 

confirming the interaction among CO2 and Na2SDB. 

The NMR parameters of the resonances associated with adsorbed 13CO2 in Na2SDB are 

listed in Table 3-1. The span value of the resonance associated with adsorbed CO2 within 

Na2SDB steadily broadens from 106(1) ppm at 373 K to 128(2) ppm at 173 K, which is largely 

less than the span value of the pattern related to static CO2 (335 ppm)12. This observation 

suggests that the CO2 within Na2SDB is neither static nor totally mobile, and CO2 undergoes a 

reduced motion as temperature decreases. Additionally, the skew values of the adsorbed CO2 

associated resonances remain consistent with slight fluctuations under various temperatures. 

To obtain deeper information on CO2 motion, the EXPRESS software package was used 

to simulate the spectra as well. The CO2 motional data obtained from the EXPRESS simulation 

are listed in Table 3-1 and they fit experimental spectra well (Figure 3-4a). According to the 

motional data, CO2 undergoes two types of motion within Na2SDB framework, localized 

rotation upon adsorption sites (threefold (C3) wobbling) and twofold (C2) non-localized 

hopping between two equivalent adsorption sites. The angle between the CO2 molecule and the 

C3 wobbling axis is defined as α, and the β denotes the equivalent rotation angle for C2 hopping, 

as shown in Figure 3-4b. It is worth mentioning that all wobbling rotations with more than 3 

folds will result in the same powder pattern. 

The CO2 motional rates at all temperatures are in a fast motion regime. With the 

temperature increasing, the α value slightly increases from 23(1)° to 33(1)°, which indicates 

that CO2 is wobbling with a larger angle and occupying a larger volume of space within the 

channels when more thermal energy is given to compete with CO2-framework interaction. The 

similar CO2 wobbling angle changes within Na2SDB were observed compared with that within 
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either MIL-53 or MOF-74,13,14 Additionally, the hopping angle stays unchanged with increased 

temperature, which confirms the orientation of CO2 and the interaction type between CO2 and 

the framework of Na2SDB are not altered significantly under various temperatures.  

 

 

 

 

Temperature (K) Intensity(%) δiso (ppm) Ω (ppm) κ 

373 82 123.0(5) 106(1) -0.38(1) 

353 86 123.0(5) 106(1) -0.40(1) 

333 89 123.0(5) 106(1) -0.40(1) 

313 91 122.0(5) 108(1) -0.40(1) 

293 92 121.5(5) 110(1) -0.38(1) 

273 92 122.0(5) 113(1) -0.40(1) 

253 94 122.0(5) 116(1) -0.38(1) 

233 92 123.0(5) 118(2) -0.41(1) 

213 91 123.0(5) 121(2) -0.40(1) 

193 94 123.0(5) 125(2) -0.40(1) 

173 94 123.5(5) 128(2) -0.41(1) 

Temperature (K) 
α (C3 wobbling 

 angle, °) 

β(C2 hopping 

 angle, °) 
  

373 

353 

333 

313 

293 

273 

253 

233 

33(1) 40(1)   

33(1) 40(1)  

32(1) 40(1)  

31(1) 40(1)  

30(1) 40(1)  

29(1) 40(1)  

28(1) 40(1)  

27(1) 40(1)  

Table 3-1 The static 13C SSNMR parameters of adsorbed 13CO2 associated resonance and 

the CO2 motional data of adsorbed 13CO2 in Na2SDB at various temperature. All motion 

rates are ≥ 107 Hz 
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3.3.2 in situ 13C VT SSNMR of MgSDB with 13CO2 

Like Na2SDB, MgSDB contains one adsorption site and there is no open metal site. Figure 

3-5 reveals the experimental and analytically simulated static 13C SSNMR spectra. The 

213 

193 

173 

26(1) 40(1)  

25(1) 40(1)  

23(1) 40(1)  

Figure 3-4 (a). Analytical simulated and motional simulated static 13C SSNMR spectra of 

13CO2 loaded Na2SDB, including both threefold wobbling angles (α) and twofold hopping 

angles (β) at different temperature. (b). The model of CO2 dynamics in Na2SDB with both 

wobbling and hopping. 

(a) 

(b) 

Analytical simulation Motional simulation 
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analytical simulation proves the single adsorption site and exhibits a broad powder pattern, 

corresponding to adsorbed CO2. The sharp 13C resonance refers to the mobile, non-adsorbed 

CO2.  

The static 13C SSNMR parameters are listed in Table 3-2. The chemical shift value of 

adsorbed CO2 associated resonance clearly moves from 121.5(5) to 115.0(5) and the skew 

value shifts from 0.49(2) to 0.41(1) at the temperature ranging from 173K to 373K. Meanwhile, 

Figure 3-5 (a). The experimental (blue) and simulated (red) static 13C VT SSNMR spectra of 

MgSDB loaded with 0.2 mole 13CO2 per mole of Mg. (b). The specific patterns for free 

(orange) and adsorbed (green) 13CO2. (c). Comparison of experimental and stacked simulated 

patterns. 

(a) 

(c) 

(b) 
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the span values largely increase from 130(1) ppm at 373 K to 212(2) ppm at 173 K, which hints 

CO2 is under a tighter interaction with the adsorption site in MgSDB when the temperature 

decreases. Additionally, the overall span values are much larger than the span values in Na2SDB 

(106 ppm – 128 ppm), which can be explained by the significantly restricted motion due to the 

larger CO2-framework interaction in MgSDB. 

Table 3-2 The static 13C SSNMR parameters of adsorbed 13CO2 associated resonance and the 

CO2 motional data of adsorbed 13CO2 in MgSDB at various temperature. All motion rates are 

≥ 107 Hz. 

Temperature (K) Intensity (%) δiso (ppm) Ω (ppm) κ 

373 80 115.0(5) 130(1) 0.41(1) 

353 84 117.0(5) 138(1) 0.41(1) 

333 89 119.0(5) 144(1) 0.42(1) 

313 91 119.0(5) 148(1) 0.42(1) 

293 93 121.0(5) 157(2) 0.42(1) 

273 96 121.0(5) 163(2) 0.42(2) 

253 100 120.0(5) 173(2) 0.44(1) 

233 100 121.0(5) 183(2) 0.43(1) 

213 100 121.0(5) 193(1) 0.45(2) 

193 100 122.0(5) 202(2) 0.45(2) 

173 100 121.5(5) 212(2) 0.49(2) 

Temperature (K) 
α (C3 wobbling 

 angle, °) 

β(C2 hopping 

 angle, °) 
  

373 

353 

333 

313 

293 

273 

36(1) 28(1)   

35(1) 28(1)  

34(1) 28(7)  

33(1) 27(1)  

32(1) 27(1)  

31(1) 27(1)  
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253 

233 

213 

193 

173 

30(1) 27(1)  

29(1) 27.(1)  

28(1) 27(1)  

25(1) 26(1)  

23(1) 26(1)  

As simulated by the EXPRESS package, the CO2 motional data are listed (Table 3-2) with 

the comparison of spectra of analytical simulation and motional simulation (Figure 3-6). 

Similar to the CO2 dynamic behaviors in Na2SDB, wobbling angle of CO2 clearly increases 

with elevating temperature. More space is occupied by CO2 wobbling in high temperature, 

Figure 3-6 Analytical simulated and motional simulated static 13C SSNMR spectra of 13CO2 

loaded MgSDB, including both threefold wobbling angles (α) and twofold hopping angles (β) 

at different temperature. 

Analytical simulation Motional simulation 
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which hints more thermal energy is available to compete with the adsorption interaction among 

CO2 molecules and MgSDB framework at the higher temperature. The hopping angle of CO2 

does not have significant change, which decreases from 28(1)° at 373 K to 26(1)° at 173 K, 

which likely results from the stronger CO2-framework interaction at lower temperature. As the 

constant hopping angle value of 40°determined in Na2SDB, a smaller hopping angle is 

exhibited in MgSDB, which further proves that MgSDB has smaller porous channels than 

Na2SDB and the stronger CO2-framework interaction exists within MgSDB. 

3.3.3 In situ 13C VT SSNMR of CaSDB and SrSDB with 13CO2 

Given the fact that CaSDB and SrSDB have the same structure, the static 13C SSNMR 

spectra of both MOFs are analyzed and exhibited together for a better comparison. The sharp 

13C resonance (site 1) is observed as well in both static 13C SSNMR spectra, corresponding to 

mobile, non-adsorbed CO2. However, unlike Na2SDB or MgSDB, two distinct broad powder 

pattern (site 2 and site 3) are observed in static 13C SSNMR spectra of both CaSDB and SrSDB 

(Figure 3-7 and Figure 3-8). As confirmed by the analytical simulation, two CO2 adsorption 

sites are observed in both CaSDB and SrSDB. Adsorption site 1 and adsorption site 2 are 

believed to have distinct local geometry and CO2 binding affinity since their static 13C SSNMR 

parameters differ from each other, as shown in Table 3-3.  

The parameters of all powder patterns show clear changes as temperature decrease, 

indicating that adsorbed CO2 molecules at both sites undergo motional restrictions with altered 

strength at different temperatures. The changes in skew values for all powder patterns hint the 

varied adsorption interactions between CO2 and frameworks as temperature decreases. In the 

13C SSNMR spectra of CaSDB, the CO2 molecules have a relatively stronger binding 

interaction with adsorption site 2 due to its larger span values. However, the adsorption site 1 

is more populated than adsorption site 2 under all temperatures measured, since the intensity 

of the resonance corresponding to adsorption site 1 is larger than that corresponding to 

adsorption site 2. The observation can be explained by the higher accessibility of adsorption 

site 1 compared to adsorption site 2. However, the adsorption site 1 and 2 in SrSDB are similar 

populated, which originates from the similar interaction strength and similar CO2 accessibility 

at both adsorption sites within SrSDB.  
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(a) (b) 

(c) 

Figure 3-7 (a). The experimental (blue) and simulated (red) static 13C VT SSNMR spectra of 

CaSDB loaded with 0.2 mole 13CO2 per mole of Ca. (b). The specific patterns for free 

(orange) and adsorbed (green and purple) 13CO2 at different sites. (c). Comparison of 

experimental and stacked simulated patterns. 
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Figure 3-8 (a). The experimental (blue) and simulated (red) static 13C VT SSNMR spectra of 

SrSDB loaded with 0.2 mole 13CO2 per mole of Sr. (b). The specific patterns for free (orange) 

and adsorbed (green and purple) 13CO2 at different sites. (c). Comparison of experimental and 

stacked simulated patterns. 

(a) (b) 

(c) 
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Table 3-3 The static 13C SSNMR parameters of adsorbed 13CO2 associated resonances in 

CaSDB and SrSDB at various temperature. 

MOF site Temperature (K) Intensity (%) δiso (ppm) Ω (ppm) κ 

CaSDB 1 373 53 123.0(5) 33(1) 0.25(1) 

  353 55 123.0(5) 34(1) 0.28(1) 

  333 56 123.0(5) 35(1) 0.30(1) 

  313 56 121.5(5) 36(1) 0.36(1) 

  293 58 122.0(5) 38(1) 0.41(1) 

  273 63 122.0(5) 40(1) 0.45(1) 

  253 65 122.0(5) 48(1) 0.52(1) 

  233 65 122.0(5) 53(1) 0.55(1) 

  213 66 122.0(5) 62(1) 0.59(1) 

  193 66 122.0(5) 72(2) 0.63(1) 

  173 70 120.0(5) 86(2) 0.66(1) 

 2 373 19 125.0(5) 140(2) -0.00(1) 

  353 20 125.0(5) 150(2) -0.00(1) 

  333 21 124.0(5) 160(2) -0.00(1) 

  313 25 124.0(5) 170(2) -0.00(1) 

  293 25 124.0(5) 180(2) -0.10(1) 

  273 21 124.0(5) 190(2) -0.20(1) 

  253 23 124.0(5) 195(3) 0.25(1) 

  233 23 124.0(5) 200(3) 0.30(1) 

  213 23 124.0(5) 215(3) 0.40(1) 

  193 25 124.0(5) 230(3) 0.55(1) 

  173 21 123.0(5) 250(3) 0.60(1) 

SrSDB 1 373 45 115.0(5) 90(1) 0.80(1) 
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  353 50 115.0(5) 90(1) 0.80(1) 

  333 56 115.0(5) 90(1) 0.70(1) 

  313 47 116.0(5) 100(1) 0.65(1) 

  293 51 117.5(5) 103(1) 0.62(1) 

  273 52 120.5(5) 103(1) 0.60(1) 

  253 59 123.0(5) 109(1) 0.58(1) 

  233 58 125.0(5) 117(1) 0.55(1) 

  213 52 122.0(5) 121(1) 0.68(1) 

  193 53 121.5(5) 138(2) 0.72(1) 

  173 53 122.5(5) 152(2) 0.72(1) 

 2 373 40 115.0(5) 45(1) 0.80(1) 

  353 35 117.0(5) 53(1) 0.70(1) 

  333 35 114.5(5) 59(1) 0.56(1) 

  313 49 114.5(5) 68(1) 0.45(1) 

  293 48 113.5(5) 72(1) 0.45(1) 

  273 48 116.0(5) 80(1) 0.35(1) 

  253 41 115.0(5) 85(1) 0.30(1) 

  233 42 115.0(5) 96(1) 0.25(1) 

  213 48 115.0(5) 103(1) 0.15(1) 

  193 47 115.0(5) 105(1) 0.05(1) 

  173 47 116.0(5) 110(2) 0.00(1) 

 

Table 3-4 The CO2 motional data of adsorbed 13CO2 in CaSDB and SrSDB at various 

temperature. All motion rates are ≥ 107 Hz. 

MOF site Temperature (K) 
α (C3 wobbling 

 angle, °) 

β(C2 hopping 

 angle, °) 

CaSDB 1 373 48(1) 32(1) 

  353 48(1) 32(1) 
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  333 48(1) 32(1) 

  313 48(1) 32(1) 

  293 48(1) 32(1) 

  273 47(1) 31(1) 

  253 47(1) 30(1) 

  233 46(1) 28(1) 

  213 45(1) 27(1) 

  193 44(1) 26(1) 

  173 42(1) 25(1) 

 2 373 29(1) 35(1) 

  353 28(1) 35(1) 

  333 27(1) 35(1) 

  313 26(1) 34(1) 

  293 24(1) 33(1) 

  273 22(1) 32(1) 

  253 21(1) 32(1) 

  233 20(1) 31(1) 

  213 19(1) 29(1) 

  193 16(1) 27(1) 

  173 14(1) 25(1) 

SrSDB 1 373 43(1) 19(1) 

  353 43(1) 20(1) 

  333 43(1) 21(1) 

  313 42(1) 21(1) 

  293 41(1) 22(1) 

  273 41(1) 22(1) 

  253 40(1) 22(1) 

  233 40(1) 21(1) 

  213 39(1) 21(1) 
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  193 37(1) 20(1) 

  173 35(1) 20(1) 

 2 373 48(1) 21(1) 

  353 47(1) 23(1) 

  333 46(1) 26(1) 

  313 45(1) 27(1) 

  293 44(1) 28(1) 

  273 43(1) 29(1) 

  253 42(1) 30(1) 

  233 40(1) 31(1) 

  
213 39(1) 33(1) 

  
193 38(1) 34(1) 

  
173 37(1) 35(1) 

The 13C VT SSNMR spectra of 13CO2 loaded CaSDB and SrSDB were then simulated 

using the EXPRESS package to obtain detailed CO2 motional information (Figure 3-9, 3-10). 

All the motional rates sit in a fast regime. The wobbling angles of CO2 at two adsorption sites 

in both CaSDB and SrSDB steadily increase as the temperature ranges from 173 K to 373 K, 

like the results observed in Na2SDB and MgSDB. A larger volume is occupied by CO2 

wobbling when more thermal energy is given.  
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Figure 3-9 Analytical simulated and motional simulated static 13C SSNMR spectra of 13CO2 

loaded SrSDB, including both threefold wobbling angles (α) and twofold hopping angles (β) 

at different temperature. 

Figure 3-10 Analytical simulated and motional simulated static 13C SSNMR spectra of 13CO2 

loaded CaSDB, including both threefold wobbling angles (α) and twofold hopping angles (β) 

at different temperature. 
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In CaSDB, the C2 hopping angles of CO2 rise from 25(1)° at 173 K to 32(1)° at 373 K at 

adsorption site 1, from 25(1)° at 173 K to 35(1)° at 373 K at adsorption site 2, which is due to 

the change in the orientation of CO2. The similar reduction in hopping angles with increased 

temperature was observed for guests in the MIL-53 and MOF-74 frameworks.13,14 Meanwhile, 

the hopping angles of CO2 at adsorption site 1 in SrSDB remain consistent with slight 

fluctuations at various temperature, which hints the orientation of CO2 and the interaction type 

between CO2 and the adsorption site 1 in SrSDB are not altered significantly under various 

temperatures. However, the hopping angles of CO2 at adsorption site 2 in SrSDB show the 

opposite tendency, which requires more works in future to study the origins for the opposite 

changing of hopping angles. Specific local adsorption site geometry and MOF topology always 

influents the CO2 hopping angles under different conditions.  

In shorts, as observed in 13C SSNMR spectra, both CaSDB and SrSDB exhibit two distinct 

adsorption sites for CO2. Although CaSDB and SrSDB have the same structure, they display 

distinct behaviors on CO2 adsorption, likely due to the huge impact from the distinct metal 

centers. Since Ca has much smaller atom radius, the channels within CaSDB will be more 

crowded than those within SrSDB when CO2 is loaded. 

3.3.4 Comparison of in situ 13C VT SSNMR of four SDB MOFs 

As all four metals were chosen from s-block, their structures have a common property that 

there is no open metal site within the porous channel that directly interacts with CO2. In such 

case, the CO2 adsorption within these four MOFs is mainly physical adsorption. According to 

the CO2 adsorption sites within PbSDB and CdSDB that were discussed by Chen,15 the π-

pocket of the SDB linker is presumably the common location for CO2 adsorption that all four 

s-block metals-based MOFs shares as well (Figure 3-11). The π-interactions between phenyl 

rings and CO2 double bonds play the dominant role in CO2 adsorption in these s-block MOFs 

based on SDB ligands It is believed that the common local geometry is found at the adsorption 

site in Na2SDB, MgSDB, CaSDB (adsorption site 1) and SrSDB (adsorption site 1), given the 

fact that they exhibit similar wobbling and hopping angle changes. However, due to the distinct 

electron density and atomic radius of metal center, the frameworks of these MOFs have 

different degree of crowdedness, which further affect the CO2-framework interaction.  
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As for two alkali earth MOFs (CaSDB and SrSDB), the spans of the powder patterns 

associated with the π-pocket exhibit a decreasing trend with the larger metal atom. The span 

value for adsorption site 1 in CaSDB increases from 33(1) ppm at 373 K to 86(1) ppm at 173 

K; while the span value for adsorption site 1 in SrSDB starts from 90(1) ppm at 373 K and 

reaches 152(2) ppm at 173K, which confirms that the larger metal atom in MOFs with the same 

linker creates the larger porous channel for molecule adsorption, and the smaller channel 

usually shows the stronger adsorption interaction between CO2 and MOFs frameworks.  

Relying only on 13C SSNMR, it is not sufficient to imply where exactly CO2 is located, 

especially for CaSDB and SrSDB. However, comparing two adsorption sites in CaSDB and 

SrSDB, it is obvious that CO2 molecules adsorbed at site 1 in CaSDB and site 2 in SrSDB have 

weaker interaction and are less motional restricted, which can be confirmed by the much 

broader 13C powder patterns. 

3.4 Conclusion  

A series of SSNMR experiments have been applied to explore the CO2 adsorption and 

dynamics in four SDB MOFs, which do not feature open metal sites or functional groups. The 

number of adsorption sites and the detailed CO2 motional data were successfully revealed by 

the VT 13C SSNMR and simulation using Wsolid and EXPRESS. CO2 was found to undergo a 

combination of a localized rotation (C3 wobbling) and a non-localized motion (C2 hopping 

between symmetry-equivalent adsorption sites) in all four SDB linker-based MOFs. Although 

the detailed information about the locations of the adsorption sites in PbSDB and CdSDB 

Figure 3-11 The model of CO2 C2 hopping within MgSDB as an example (left) and the 

location of π-pocket (right). (CO2 molecules are zoomed out for the clearer view of four sites) 
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(transition metals) was already discussed by Chen15, the specific location of adsorption sites in 

these four s-block MOFs with SDB linkers still needs future investigation, such as the single 

crystal x-ray diffraction (SCXRD), since the different properties of the metal atoms.  
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Chapter 4 

4. Investigating the dynamics and adsorption of small molecules in MOFs with 

squarate linker (C4O4) 

4.1  Introduction 

4.1.1 Small molecule storage in MOFs 

MOFs have risen to be a promising sorbent for gas adsorption and separation giving the 

reason of their high surface area and chemically tunable structure. Besides the carbon capture 

and storage, as one of the effective ways to deal with global warming,1 acetylene (C2H2) storage 

is also a suitable application which can be implemented by MOFs.  

Traditional gas field is still a vital source of energy for daily life and chemical industry. 

Acetylene (C2H2) is widely used due to its high flame temperature, nearly 3000 ℃.6 However, 

on the other hand, C2H2 is not stable and high risky of explosion, which results the challenge 

on storage and transportation. For high purity C2H2, it can only be compressed under 2 atm 

since it is possible to explode when above 2 atm. Nowadays, the standard method of C2H2 

storage is to dissolve it in acetone and save in steel tanks filled with specific porous material, 

such as diatomaceous earth and firebrick.7 In such case, it is worth  putting effort on 

developing the materials that have high capacity for C2H2. MOFs is one of the most suitable 

materials in this field. Cu2(pzdc)2(pyz) (pzdc = pyrazine-2,3-dicarboxylate, pyz = pyrazine) is 

the first MOF tested for C2H2 adsorption. With unsaturated carboxyl oxygen atoms in pore 

surface, it adsorbs 42 cm3/g C2H2 at STP, which started the development of MOFs on C2H2 

adsorption.8 Cu2(DTPD) (ZJU-12, H4DTPD = 5,5'-(2,6-dimethoxynaphthalene-1,5-

diyl)diisophthalic acid) was reported, which shows 244 cm3/g C2H2 adsorption capacity under 

298K and 1 bar. Such high C2H2 adsorption capacity is attributed to the open metal sites and 

optimized pore size.9  

5.1.1 Gas separation in MOFs 

Metal−organic frameworks (MOFs) have also been explored for gas separation and 

purification. During the CO2 capture, there is always other gas molecules competing, such as 
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N2, O2 and H2O. It is not avoidable and dramatically reduces CO2 adsorption capacity 

industrially, as the fact that the post-combustion flue gas composition for a coal-fired power 

pant includes 75% N2, 6% H2O and only 15% CO2.
1 In such case, it is required to implement 

the MOFs that have high selectively adsorption of CO2 (kinetic diameter 3.30 Å) over N2 

(kinetic diameter 3.64 Å) even with humid environments. By tuning the pore size and adjusting 

the interaction between framework and CO2 quadrupolar moment, many MOFs have 

demonstrated a high selectivity for CO2/N2. CaSDB adsorbs 4.5 wt% CO2 and only 0.3 wt% 

N2 over 1 atm and room temperature;10 rht-type MOF, [Cu3(BTB6−)]n, shows the 157 wt% CO2 

uptake capacity while only 13% for CH4 and 11 wt% for N2 at 273K and 20 bar;11 Qc-5-Cu-

sql-β even shows a higher CO2/N2 selectivity value (40000) at 293K.12 However, a high 

accuracy of pore size control is required to achieve molecular size sieving, especially for CO2 

and CH4 whose molecular size difference is only 0.046 nm. Moreover, CO2 and CH4 are always 

existing together industrially. Among various well-performing MOFs for CO2 capture, only a 

few examples were found to separate CO2/CH4 efficiently, considering the flexible nature of 

MOFs that will facilitate the pore size to be changed under higher pressure.13 

4.1.2 Ca-MOF and Zn-MOF based on squarate ligand (C4O4) 

Ca(C4O4)(H2O): Ca(C4O4)(H2O) (UTSA-280) is a 3D MOF that involves s-block metal 

(Ca) and rigid organic linker (C4O4).(Figure 4-1)15 1D motif chain is found along a-axis. With 

C4O4 ligands coordinated along b- and c-axis, two one-dimension cylindrical channels are 

observed in UTSA-280 along a-axis with 3.2 x 4.5 Å2 and 3.8 x 3.8 Å2. Both channels display 

similar cross-sectional areas of 14.4 Å2, which is larger than the minimum cross-sectional area 

of C2H4 (13.7 Å2) and CO2 (10.7 Å2) and smaller than C2H6 (15.5 Å2) and CH4 (15.1 Å2). 

Combined with constrained C4O4 ligands, UTSA-280 shows a high separation performance of 

CO2 from CH4 and C2H4 from C2H6 under ambient condition. Lin et al.13,14 reported the uptake 

of C2H4 by UTSA-280 is 2.5 mmol g-1 at 298K and 1 bar, while under the same condition, the 

uptake of C2H6 is only 0.098 mmol g-1; the CO2 uptake capacity is reported as 3.0 mmol g-1 

under 298K and 1 bar, while it shows negligible adsorption for CH4. It is worth to mention that 

the coordinated water is essential for the structure to let UTSA-280 exhibit a high sieving effect. 

Only one seven-coordinated Ca site can be found in UTSA-280, which coordinate with six 
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oxygen atoms from five C4O4 linkers and one oxygen atom from water molecule. As for organic 

linker, each C4O4 linker coordinates with five Ca ion centers. 

Zn(bipy)(C4O4)(H2O)2 (bipy = 4,4-bipyridine,): It is a 3D porous MOF that contains Zn and 

two ligands, bipyridine and C4O4 ligand (Figure 4-2)16. Each Zn(II) is monodentate 

coordinated with two C4O4 ligands, forming the zigzag chain along a-axis. Further connected 

by two bipyridine ligands with bis-monodentate coordination mode, the 3D microporous 

network is constructed. Asymmetry unit of Zn(bipy)(C4O4)(H2O)2 only contains one Zn atom 

which is octahedrally coordinated with two oxygen atoms (two O(1)) from two C4O4 ligands, 

two nitrogen atoms (N(1) and N(2)) from two bipyridine ligands and two oxygen atoms (two 

O(3)) from coordinated water molecules. The quadrilateral grids porous channel has 

approximately 7.94 x 11.11 Å2 cross section area. It is worth mentioning in 

Zn(bipy)(C4O4)(H2O)2, the hydrogen bond interaction among coordinated water molecule and 

uncoordinated guest water molecule sightly changes the channel structure. When there is guest 

Figure 4-1 (I). 3D framework of UTSA-280, (II). the local coordination geometries of the 

central Ca atoms, (III). the local coordination geometries of C4O4 linker (all H atoms are 

omitted for clarity) 

I. 

II. III. 

a 
b 

c 
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water within the porous channels, the pore size of quadrilateral grids is nearly 8.04 x 11.49 Å2. 

Additionally, Zn(bipy)(C4O4)(H2O)2 displays good de/rehydration processes with guest water 

molecules.  

4.2  Experimental  

4.2.1 Synthesis 

UTSA-280: UTSA-280 was prepared according to the procedure from previously reported 

research with some modifications.15 A solution (16 ml water) of 0.182 g squaric acid and 0.128 

g NaOH was slowly layered on top of a solution (40 ml water) of 1.888 g Ca(NO3)2·H2O, 2.75 

Figure 4-2 (I). 3D framework of Zn(bipy)(C4O4)(H2O)2, (II). the local coordination 

geometries of the central Zn atom. (In model, all terminal O atoms and N atoms are 

connected to Zn atoms, and all H atoms are omitted for clarity) 

II. 

a 
b 

c 

I. 
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mL CH3COOH and 1.280 g NaOH. After three days in room temperature, water was used for 

washing the product and the colorless single crystal was obtained by vacuum filtration and 

dried at room temperature. 

Zn(bipy)(C4O4)(H2O)2: Zn(bipy)(C4O4)(H2O)2 was prepared according to the procedure 

from previously reported research with some modifications.16 A solution (20 ml water) of 0.057 

g squaric acid was added into a solution (70 ml water) of 0.156 g 4,4’-bipyridine and 0.068 g 

ZnCl2. Allowing to stand for one weak, water was used for washing the product and colorless 

single crystal was obtained by vacuum filtration and dried at room temperature.  

4.2.2 Activation scheme  

UTSA-280: Due to the coordinated water molecule will be removed easily with high 

temperature, a mild activation condition was used to empty the adsorbed water after synthesis. 

According to the scheme from Lin’s lab14, the as-made MOF was activated using 100 °C under 

vacuum for 1 day followed 110 °C under vacuum for 2 days after modification. Same condition 

was applied for the reactivation after CO2 adsorbed. 

Zn(bipy)(C4O4)(H2O)2: The fresh as-made MOF was activated under 70°C under vacuum 

for 6 hours.  

4.2.3 Powder X-ray diffraction measurements 

Powder X-ray Diffraction patterns were obtained with a Rigaku diffractometer using Cu-

Kα radiation (λ=1.5406 Å). Samples were scanned in the range 5° ≤ 2θ ≤ 45° at a rate of 10°/min 

with a step-size of 0.02°. 

4.2.4 Thermogravimetric Analysis (TGA) 

TGA measurement were conducted by heating the sample from room temperature to 700 °C 

at a rate of 10 °C/min, which can be used to check if the pore is completely empty. Additionally, 

TGA helps to determine the thermal stability by checking the decomposition temperature.  

4.2.5 Brunauer–Emmett–Teller (BET) - CO2 adsorption measurement 

The CO2 single-component adsorption isotherm was measured on Micromeritics ASAP 

2020. The adsorption measurement was performed at 273K with ice-water bath from 0.01 
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relative pressure to 0.3 relative pressure at increasing rate 0.01 relative pressure. About 100 mg 

activated sample was prepared for each adsorption measurement.  

4.2.6 Gas loading 

To empty the pore of MOFs for CO2 loading, about 100 mg sample are prepared on the 

horizontal bottom of a L-shaped glass tube. A small amount of glass wool was used to make 

sure the sample was tightly packed. After activation (using the activation scheme above), 

certain amount of pure 13C enriched 13CO2 or D labeled C2H2 in a round bottom flask was 

introduced into the vacuum line with the vacuum line isolated from either vacuum or air. Then 

using liquid nitrogen surround the L-shape glass tube to condense and trap loaded gas, followed 

by the flame-sealing under vacuum. Approximately 0.1 mole of 13CO2 (or 0.1 mole of C2D2) 

per mole of metal in MOFs was used in this experiment. 

4.2.7 D2O exchange 

100 mg UTSA-280 and Zn(bipy)(C4O4)(H2O)2 were sunk in 10 ml D2O solvent for three 

days. The sample was then placed in the oven under 60 °C for 12 hours. The dried sample was 

put in the 5 mm glass tube with the cap, which is then ready for the 2H SSNMR experiment. 

For UTSA-280, the D2O exchanged sample was activated as well.  

4.2.8 2H and 13C static SSNMR 

For both static 2H and 13C SSNMR, a Varian Infinity Plus 400 spectrometer that operated 

with an Oxford 9.4 T magnet and a Varian/Chemagnetics 5mm HX static probe were used. The 

CO2 and C2H2 adsorption behaviors can be probed by variable-temperature study from 133 K 

to 373 K using a Varian VT temperature control unit calibrated by 207Pb chemical shift of solid 

Pb(NO3)2. Additionally, the exchange of  D2O from the solvent and coordinated H2O on the 

structure can be observed by the 2H SSNMR under room temperature. Ethanol was used as the 

reference for chemical shift 13C, where the methylene carbon of ethanol was set at 56.83 ppm 

from tetramethylsilane (TMS). While D2O was used as the reference for chemical shift 2H, the 

sharp single peak for hydrogen was set at 4.8 ppm from TMS. 

DEPTH-echo sequences without decoupling were applied to acquire 13C spectra and 
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quadrupolar-echo sequences were used in 2H spectra. For 13C NMR, the 90° pulse length (pw90) 

was set at 3.6 μs, pulse delay was set at 3 s and 40 μs for τ1 while 20 μs for τ2.  For 2H NMR, 

the 90° pulse length (pw90) was set at 3.2 μs for C2D2 and 3.6 μs for D2O, pulse delay was set 

at 2 s and 50 μs for τ1 while 45 μs for τ2. To obtain the spectra with high resolution, all spectra 

for gas loaded sample under various temperature have approximately 1000 scans except the 

13C static NMR under room temperature (293K), which is nearly 10000 scans. Three 2H spectra 

for D2O exchanged MOFs have around 30000 scans. 

4.3 Results and discussion  

4.3.4 Synthesis and characterization with PXRD 

PXRD patterns of all as-made complexes are highly consistent with the simulated ones 

from the literature (Figure 4-3), which indicates that both UTSA-280 and 

Zn(bipy)(C4O4)(H2O)2 were successfully synthesized according to the listed synthesis scheme 

in section 5.2.1. The peaks of activated UTSA-280 and Zn(bipy)(C4O4)(H2O)2 show high 

agreement with the simulated patterns as well, suggesting the frameworks of both MOFs are 

maintained after the removal of guest molecule that was left within the porous channels during 

the synthesis. Additionally, the PXRD patterns for reactivated UTSA-280 is also plotted. Due 

to the high consistency of the peaks between the reactivated patterns and the simulated patterns, 

it is believed that the framework is unchanged during the reactivation.  

Figure 4-3 PXRD patterns for UTSA-280 and Zn(bipy)C4O4(H2O)2. 
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4.3.5 Thermal stability with TGA 

Figure 4-4 shows the TGA curves for both as-made and activated UTSA-280 and 

Zn(bipy)C4O4(H2O)2, where both MOFs exhibit great capacities for water adsorption. The 

decomposition temperatures for these two MOFs are around 800 °C and 450 °C, respectively. 

For UTSA-280, the TGA curve of as-made sample exhibits the first weight loss around 100 °C, 

associated with the loss of both guest water molecules and the coordinated water molecules. 

The porous framework cannot be maintained at this temperature as well according to the 

published paper.15 Followed by a flat line until the temperature reaches around 300 °C, the 

C4O4 linkers start decomposing. Ca(OH)2 is likely the remain when temperature approaches 

800 °C. After the activation, a slight weight loss can be found around 100 °C, which 

corresponds to the removal of coordinated water molecules. Comparing the percent of weight 

loss around 100 °C for both as-made and activated UTSA-280, it can be concluded that all the 

guest water molecules are removed, and a small amount of coordinated water molecules are 

likely removed as well during activation. After 100 °C, the TGA curve of as-made UTSA-280 

shows high consistency with that of activated UTSA-280, which demonstrates the same 

behaviors with elevating temperature.  

Similar to UTSA-280 which is synthesized in water, an obvious weight loss can be found 

started from around 70 °C in the TGA curves of Zn(bipy)C4O4(H2O)2 where guest water 

molecules are removed and ended at around 120 °C where coordinated water molecules are 

removed as well. The large porous channels of Zn(bipy)C4O4(H2O)2 allow the lower 

temperature for removal of guest water molecules. Followed by a weight loss around 180 °C, 

bipyridine ligands are decomposed. ZnO is believed to be the remain after the huge weight loss 

starting from 380 °C which includes the decomposition of C4O4 linkers as well. After activation, 

a mild loss on sample weight from 100 °C to 200 °C was observed instead of the obvious drop 

at 100 °C, which is associated with the removal of coordinated water molecules. Also proved 

by the PXRD results that framework is unchanged after activation, the coordinated water 

molecules is much harder to be removed than the guest water molecules when the temperature 

is around 100 °C. Two weight loss drops at 250 °C and 380 °C are then belonging to the removal 

of bipyridine and C4O4 linkers, respectively.  
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4.3.6 CO2 adsorption measurement with BET 

The CO2 adsorption curves of both activated and reactivated UTSA-280 are plotted in 

Figure 4-5. For the activated sample, the CO2 adsorption capacity increases obviously with the 

elevating temperature. However, after reactivation where the sample with CO2 loaded is 

activated again, the great difference of CO2 adsorption capacities between the activated and 

reactivated UTSA-280 is found. Due to the similar cross section area of CO2 and porous 

channels of UTSA-280, CO2 likely has strong interaction with the frameworks of UTSA-280, 

which can be further proved by the NMR experiment for the 13CO2 loaded UTSA-280. The 

mild activation scheme cannot provide enough energy to compete with those interaction. In 

this case, CO2 is probably still trapped within the channels that prevents more CO2 to be 

adsorbed.  

Figure 4-4 TGA curves for UTSA-280 and Zn(bipy)C4O4(H2O)2. 
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4.3.7 2H SSNMR of MOFs with D2O exchange 

To obtain the information on the coordinated water molecules on the MOFs framework, 

2H static SSNMR experiments were performed on with the MOFs that were sunk in D2O 

solvent for three days. Experimental and WSolids simulated 2H spectra of D2O exchanged 

UTSA-280 (before and after activation) and Zn(bipy)C4O4(H2O)2 are exhibited in Figure 4-6 

and 4-7, respectively. The CQ and ηQ values extracted from WSolids simulations are listed in 

Table 4-1. Since the 2H natural abundance is 0.0156% and 99% isotopically labeled D2O 

solvent was used, all 2H resonances observed in spectra originate from the adsorbed D2O and 

the exchanged coordinated D2O on the framework.  

Within UTSA-280, there is only one coordinated H2O site within one unit cell, related by 

a 21 screw axis along any principle axis of the crystal structure. However, for each site of the 

coordinated H2O, two possible positions are included, which leads to two crystallographically 

independent coordinated H2O in UTSA-280. As two hydrogen atoms on a single H2O are 

equivalent, a total of two inequivalent hydrogen atoms are resulted. In this case, two distinct 

patterns should be observed in the 2H SSNMR spectrum of activated UTSA-280 if they are 

with distinct CQ or ηQ.  

Three distinct resonances are simulated from the 2H SSNMR spectrum of D2O exchanged 

UTSA-280 before activation. The resonance at site 1 (purple) is likely associated with the D2O 

molecules that are adsorbed within UTSA-280 as the high affinity and the small CQ value of 

56(1) kHz compared with those of other two sites. The CQ value is not zero but much lower 

Figure 4-5 CO2 sorption isotherm of UTSA-280 at 273K. 
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than that of static D2O (225 kHz)17
, indicating the D2O molecules within porous channels are 

not static and with restricted mobility. The resonances at site 2 and site 3 have relatively higher 

CQ value but much less intensity. It likely results from a small amount of D2O that already 

exchanged with coordinated water molecules on the framework, whose motion is further 

restricted due to the coordination with the framework. Two distinct resonances hint two 

crystallographically inequivalent hydrogen atoms within a single unit cell, which is consistent 

with the structure that obtained from the X-ray diffraction. After activation, the adsorbed D2O 

associated resonance is no longer seen, indicating the water molecules within channels are fully 

removed during the activation and meanwhile the framework is still maintained as the 

coordinated D2O can still be observed. Additionally, the CQ value is slightly decreases at both 

sites after removal of the adsorbed D2O, which probably results from the loss of hydrogen 

bonding interaction.  

In short, a small amount of solvent water molecules successfully exchange with the 

coordinated water molecule, and it is also proved that two distinct positions of coordinated 

water molecules are found in UTSA-280. 

Within Zn(bipy)C4O4(H2O)2, there is only one crystallographically independent H2O 

molecule in one unit cell. In such case, a single resonance should be observed in the 2H SSNMR 

Figure 4-6 Experimental (top) and simulated (middle) static 2H SSNMR spectra of D2O 

exchanged UTSA-280 before and after activation with stacked resonances of each site 

(bottom). 
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spectrum of activated Zn(bipy)C4O4(H2O)2.  

The 2H SSNMR experiment of D2O exchanged Zn(bipy)C4O4(H2O)2 was repeated twice 

with different preparation conditions. The first sample was exposed to the air for several days 

after drying, whose 2H SSNMR spectrum was shown in the Figure 4-7 (left). The 2H SSNMR  

experiment was immediately performed after drying for second sample, whose 2H SSNMR 

spectrum was exhibited in the Figure 4-7 (right).  

For the first sample, not a standard Pake doublet is observed in the 2H SSNMR spectrum 

of D2O exchanged Zn(bipy)C4O4(H2O)2. Instead, a doublet with a huge broad shoulder was 

observed. By WSolid simulation, multiple sites can be extracted. Only three adsorbed D2O 

associated resonances are shown in Figure 4-7, as they can reveal a general lineshape of the 

experimental patterns. However, more resonances are included within the experimental 

patterns with different CQ and ηQ values. As listed in Table 4-1, all three resonances exhibit 

various CQ and ηQ values, which likely results from the hydrogen bonding interaction with 

different strengths. This assumption supports that Zn(bipy)C4O4(H2O)2 is featured with the 

large porous channels and the large amount of hydrogen bonds when there is guest water 

molecules.  

For the second sample, a totally different lineshape was obtained. Two resonances are 

simulated with larger CQ values, which are likely associated with the coordinated D2O 

molecules. The middle part of this 2H SSNMR spectrum is likely associated with the adsorbed 

D2O molecules, which can be simulated by more than three resonances, like shown in the 2H 

SSNMR spectrum of the first Zn(bipy)C4O4(H2O)2 sample.  

In short, for Zn(bipy)C4O4(H2O)2, the observations from two 2H SSNMR experiments are 

not consistent. In such case, although the large channels were proved by the various resonances 

associated with the adsorbed D2O molecules, there is no other result that can be confirmed so 

far. More work is needed to study the detailed information on the structure of 

Zn(bipy)C4O4(H2O)2 in future.  
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Table 4-1 The 2H SSNMR parameters of D2O exchanged UTSA-280 and 

Zn(bipy)C4O4(H2O)2. 

 

UTSA-280 

(Before activation) 

Site Intensity (%) CQ (kHz) ηQ 

1 80 56(1) 0 

2 4 89(1) 0 

3 12 110(1) 0 

UTSA-280 

(After activation) 

1 - - - 

2 38 87(1) 0 

3 62 100(1) 0 

Zn(bipy)C4O4(H2O)2 

(1) 

1 29 22(1) 0.30(1) 

2 26 110(1) 0.25(1) 

3 45 65(1) 0.40(1) 

Zn(bipy)C4O4(H2O)2 

(2) 

1 

2 

71 

29 

193(1) 

200(1) 

0.10(1) 

0.05(1) 

Figure 4-7 Experimental (top) and simulated (middle) static 2H SSNMR spectra of D2O 

exchanged Zn(bipy)C4O4(H2O)2 before activation. (Left: the 2H SSNMR experiment was 

performed after the sample was exposed to air for several days. Right: the 2H SSNMR 

experiment was immediately performed after the sample was dried)  
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4.3.8 In situ 2H VT SSNMR of UTSA-280 with C2D2 

Figure 4-8 shows the experimental and WSolids simulated 2H spectra of C2D2 loaded 

UTSA-280 from 173 K to 333 K. Since the 2H natural abundance is 0.0156% and 99% 

isotopically labeled C2D2 gas was used, all 2H resonances observed in spectra originate solely 

from the loaded C2D2 rather than the framework.  

Two distinct resonances are featured in 2H SSNMR spectra at temperature of 333 K and 

313 K, as confirmed by the analytical simulations with WSolid package. A sharp resonance 

with low intensity located at 0 kHz results from the gaseous, mobile C2D2. A typical 

temperature-dependent Pake doublet is found from 333 K to 173 K, which is C2D2 associated, 

indicating both deuterium in C2D2 are interacting with an equivalent chemical environment. 

Additionally, an uncommon resonance starts shown at 253 K, which is left shifting with the 

decreasing temperature. Since it is independent to the patterns associated with C2D2, the C2D2 

associated Pake doublet can still be simulated. The origin for this uncommon resonance then 

needs further investigation as future work. 

As the temperature decreases (when below 293 K), the gaseous C2D2 associated sharp 

resonance disappears, indicating the C2D2 is totally adsorbed within the UTSA-280 and higher 

C2D2 adsorption capacity at lower temperature is revealed. The CQ and ηQ values extracted from 

Figure 4-8 Experimental (blue) and simulated (red) static 2H VT SSNMR spectra of C2D2 

loaded UTSA-280. (0.1 mole C2D2 was loaded per mole of Ca) 
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WSolids simulations are listed in Table 4-2. Due to the decreased C2D2 mobility, the patterns 

are broadened under lower temperature. The CQ values increases from 148(1) kHz at 333 K to  

167(1) kHz at 173 K. All those values are non-zero but slightly lower than that of static 

C2D2 (198 kHz)18, which indicates the adsorbed C2D2 is not static but highly restricted on its 

mobility. The large CQ values can be explained by the dramatically large C2D2-MOF interaction 

due to the limited cross-section area of the porous channels in UTSA-280 that is close to the 

cross-section area of C2D2. The ηQ values are zero under all temperatures as the value for the 

static C2D2,
18 suggesting the axial symmetry in the electric field gradient around the deuterons 

at the adsorption sites.   

To obtain deeper information on C2D2 motion, the EXPRESS software package was used 

to simulate the C2D2 associated resonance. The C2D2 motional data extracted from the 

EXPRESS simulation are listed in Table 4-2 and they fit analytical simulated spectra well 

(Figure 4-9a). According to the motional data, C2D2 undergoes two types of motion in UTSA-

Table 4-2 The 2H SSNMR parameters and motional data of adsorbed C2D2 in UTSA-280 at 

various temperature. (All motion rates are ≥ 107 Hz) 

Temperature (K) CQ(kHz) ηQ 
α (C3 wobbling 

 angle, °) 

β(C4 hopping 

 angle, °) 

333 148(1) 0 23(1) 10(1) 

313 151(1) 0 22(1) 10(1) 

293 153(1) 0 21(1) 10(1) 

273 155(1) 0 20(1) 10(1) 

253 160(1) 0 19(1) 10(1) 

233 161(1) 0 18(1) 10(1) 

223 161(1) 0 18(1) 10(1) 

213 161(1) 0 18(1) 10(1) 

193 163(1) 0 18(1) 10(1) 

173 167(1) 0 17(1) 10(1) 
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280, localized rotation upon adsorption site (threefold (C3) wobbling) and fourfold (C4) non- 

localized hopping symmetry-equivalent adsorption sites. The angle between the C2D2 molecule 

and the C3 wobbling axis is defined as α, while the β denotes the equivalent rotation angle for 

C4 hopping. The C4 hopping sites are exhibited in Figure 4-9b. It is worth mentioning that all 

wobbling rotations with more than 3 folds will result in the same powder pattern. 

The motional rate of C2D2 sits in the fast motion regime (≥ 107 Hz) at all temperatures that 

Figure 4-9 (a). Analytical simulated and motional simulated static 2H SSNMR spectra of 

C2D2 loaded UTSA-280, including both threefold wobbling angles (α) and fourfold hopping 

angles (β) at different temperatures. (b). The model of C2D2 C4 hopping within UTSA-280. 

(C2D2 molecules are zoomed out for the clearer view of four sites) 
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were performed in this experiment. With the temperature increases from 173K to 333K, the 

wobbling angle value (α) slightly increases from 17(1)° to 23(1)°, which indicates that C2D2 

wobbles with a larger angle. In this case, a larger volume of space is occupied by C2D2 wobbling 

within the channel as more thermal energy is given, which is available to compete with the 

adsorptive interaction. As for the fourfold hopping angle value (β), with the various 

temperature, it is always determined as 10(1)°. The unchanged orientation of C2D2 molecules 

with respect to C4 rotational axis can also be explained by the limited space of channels within 

UTSA-280 and the extremely close cross-section area of channels and C2D2 molecules. 

4.3.9 In situ 13C VT SSNMR of UTSA-280 with 13CO2 

To obtain the detailed information on dynamics of CO2 adsorbed within UTSA-280, in situ 

13C VT SSNMR experiments at temperatures ranging from 373 to 173 K were performed. All 

experimental and analytically simulated spectra are illustrated in Figure 4-10a. Since the 99% 

isotopically labeled 13CO2 gas was used, all 13C resonances observed in spectra originate solely 

from the loaded 13CO2 rather than the framework.  

Three distinct resonances are featured in 13C SSNMR spectra at temperature from 373 K to 

313 K, as confirmed by the analytical simulations with WSolid package (Figure 4-10b). The 

sharp resonance (yellow) located at around 124 ppm results from the gaseous, mobile CO2. The 

broad, temperature-dependent powder patterns correspond to 13CO2 adsorbed within the 

UTSA-280. Due to the decreased CO2 mobility, the patterns are broadened under lower 

temperature with certain amount of chemical shift anisotropy (CSA). Similar changes on broad 

13C SSNMR powder patterns with temperature are also observed for CO2 adsorbed SDB-MOF 

in section 4 and other MOFs.19,20 

When temperature decreases below 293K, the gaseous CO2 associated sharp 13C resonance 

is no longer seen, which indicates that all loaded 13CO2 is adsorbed within UTSA-280. It can 

also be concluded that higher CO2 adsorption capacity is achieved in UTSA-280 at lower 

temperature. Other two broad powder patterns both slightly decreases in width as temperature 

decreases, which means the CO2 mobility is further restricted. 13C chemical shift parameters of 

resonances for adsorbed 13CO2 are listed in Table 4-3. For the 13C resonance at site 1, the span 

value (Ω) increases from 245(2) ppm at 373 K to 300(3) ppm at 173K. All span values are non-
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zero and but less than that of static CO2 (335 ppm),21 which indicates that CO2 adsorbed within 

UTSA-280 is not static but highly restricted on its mobility. Additionally, the span values are 

relatively large when comparing with that with other MOFs (such as SDB-MOFs in section 4). 

It is explained by the much stronger interaction between CO2 and framework, consistent with 

the fact that UTSA-280 has relatively smaller porous channels, whose cross-section area is just 

slight larger than that of CO2 molecule. As the temperature decreases, there is no obvious 

change on the skew value (κ), from 0.95(1) at 373 K to 0.92(1) at 173 K, which suggest the 

Figure 4-10 (a). The experimental (blue) and simulated (red) static 13C VT SSNMR spectra of 

UTSA-280 loaded with 13CO2. (b). The specific patterns for free (orange) and adsorbed (green 

and purple) 13CO2 at two different sites. (c). comparison of experimental and stacked simulated 

spectra of 13CO2. 

(a) (b) 

(c) 
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MOF-CO2 interaction strength is not altered a lot. For the 13C resonance at site 2, the chemical 

shift values have large deviation from the normal chemical shift value for CO2, which may 

result from the existence of different species. A likely assumption is the formation of -COOH. 

As determined that the resonance at site 2 does not originate from the adsorbed CO2, this 

resonance will not be discussed in CO2 dynamic section and further investigation can help to 

obtain a better information on this species.  

Table 4-3 The 13C chemical shift parameters of adsorbed 13CO2 in UTSA-280 at various 

temperature. 

Site Temperature (K) Intensity (%) δiso (ppm) Ω (ppm) κ 

1 373 58 129.0(5) 245(2) 0.95(1) 

 353 75 129.0(5) 255(2) 0.93(1) 

 333 73 129.0(5) 263(2) 0.92(1) 

 313 70 129.0(5) 270(2) 0.92(1) 

 293 71 129.0(5) 277(2) 0.91(1) 

 273 65 128.0(5) 285(3) 0.91(1) 

 253 67 127.0(5) 290(3) 0.91(1) 

 233 68 127.0(5) 295(3) 0.91(1) 

 203 73 127.5(5) 297(3) 0.92(1) 

 173 76 128.0(5) 300(3) 0.92(1) 

2 373 37 180.0(5) 147(2) -0.20(1) 

 353 22 178.0(5) 149(2) -0.20(1) 

 333 24 180.0(5) 156(2) -0.20(1) 

 313 28 180.0(5) 160(2) -0.20(1) 

 293 29 178.0(5) 168(2) -0.20(1) 

 273 35 177.0(5) 170(2) -0.17(1) 

 253 33 179.0(5) 171(2) -0.15(1) 

 233 32 180.0(5) 173(2) -0.13(1) 

 203 27 180.0(5) 172(2) -0.11(1) 
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To obtain deeper information on CO2 motion, the EXPRESS software package was used 

to simulate the resonances on site 1 as well. The CO2 motional data obtained from the 

EXPRESS simulation are listed in Table 4-4 and they fit analytical simulated spectra well 

(Figure 4-11). According to the motional data, CO2 undergoes two types of motion in UTSA-

280, localized rotation upon adsorption site (threefold (C3) wobbling) and fourfold (C4) non-

localized hopping symmetry-equivalent adsorption sites. The angle between the CO2 molecule 

and the C3 wobbling axis is defined as α, while the β denotes the equivalent rotation angle for 

C4 hopping. The C4 hopping sites are exhibited in Figure 4-12. It is worth mentioning that all 

wobbling rotations with more than 3 folds will result in the same powder pattern. 

Table 4-4 The CO2 motional data of adsorbed 13CO2 in UTSA-280 at various temperature. All 

motion rates are ≥ 107 Hz. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The motional rate of CO2 sits in the fast motion regime (≥ 107 Hz) at all temperature that 

performed in this experiment. With the temperature increases from 173K to 373K, the 

wobbling angle value (α) slightly increases from 17.5(5)° to 22.0(5)°, which indicates that CO2 

 173 24.0 185.0(5) 170(2) -0.10(1) 

Temperature (K) 
α (C3 wobbling 

 angle, °) 

β(C4 hopping 

 angle, °) 

373 22.0(5) 10(1) 

353 22.0(5) 10(1) 

333 21.0(5) 10(1) 

313 20.5(5) 10(1) 

293 20.0(5) 10(1) 

273 19.0(5) 10(1) 

253 18.0(5) 10(1) 

233 18.0(5) 10(1) 

203 18.0(5) 10(1) 

173 17.5(5) 10(1) 
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wobbles with a larger angle. In this case, a larger volume of space is occupied by CO2 wobbling 

within the channel as more thermal energy is given, which is available to compete with the 

adsorptive interaction. As for the fourfold hopping angle value (β), as the temperature varies, 

it is always determined as 10(1)°. The unchanged orientation of CO2 molecules with respect to 

C4 rotational axis can also be explained by the limited space of channels within UTSA-280 

and the extremely close cross-section area of channels and CO2 molecules.  

Figure 4-11 Analytical simulated and motional simulated static 13C SSNMR spectra of 13CO2 

loaded UTSA-280, including both threefold wobbling angles (α) and twofold hopping angles 

(β) at different temperatures. 

Figure 4-12 The model of CO2 C4 hopping within UTSA-280. (CO2 molecules are zoomed 

out for the clearer view of four sites) 
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4.4 Conclusion  

2H SSNMR experiments have been performed to understand the structure of UTSA-280 

and Zn(bipy)(C4O4)(H2O)2. The coordinated water molecules within UTSA-280 can easily 

exchange with solvent water molecule, and it is proved that there are two distinct H2O position 

in one unit cell in UTSA-280. More work is required to obtain the detailed information on the 

structure of Zn(bipy)(C4O4)(H2O)2 in future. However, the large channels of 

Zn(bipy)(C4O4)(H2O)2 were confirmed, as the various adsorbed D2O associated resonances 

shown in the 2H SSNMR powder patterns. As the hydrogen bonds play the significant roles 

molecules adsorption within Zn(bipy)(C4O4)(H2O)2, C2H2 and CO2 cannot be easily kept within 

the channels. A series of 2H SSNMR experiments have been performed to obtain the detailed 

information on C2H2 adsorption and dynamics in UTSA-280. C2H2 was found to undergo a 

combination of a localized rotation (C3 wobbling) and a non-localized motion (C4 hopping 

between symmetry-equivalent adsorption sites) with the π-interaction between four-member 

ring of C4O4 ligand and triple bond of C2H2. A series of 13C SSNMR experiments have been 

used to obtain the detailed information on CO2 adsorption and dynamics in the UTSA-280. 

Although UTSA-280 does not feature open metal sites or any functional groups, CO2 was found 

to undergo a combination of a localized rotation (C3 wobbling) and a non-localized motion (C4 

hopping) like the C2H2 behaviors in UTSA-280 with the π-interaction between four-member 

ring of C4O4 ligand and the double bond of CO2. With the help of single crystal x-ray diffraction 

experiments, the accurate CO2 adsorption site can be determined as the future study. An 

uncommon 13C resonance and an uncommon 2H resonance were also found in either 13CO2 or 

C2D2 loaded UTSA-280, which need the further investigation.  
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Chapter 5 

5. Overall conclusions 

5.1 Summary and critical analysis 

Six s-block metals-based MOFs with SDB ligands and two MOFs based on squarate ligands 

were synthesized and characterized in this thesis. CO2 dynamics (and C2H2 dynamic, which is 

only in UTSA-280) were also investigated within five porous MOFs with various temperature. 

Overall, the larger s-block metal give a higher coordination number within MOFs. Except 

Mg, all other five s-block metals show the similar coordination behavior with the same organic 

ligand. The reason that Mg gives the distinct structure when coordinating with SDB ligands 

may be: (1). Mg has the charge of 2+ when comparing with alkali metals (Li, Na and Cs). (2). 

Mg has the relatively smaller ionic radius when comparing with other two alkaline earth metals 

(Ca and Sr). The inversion center of unit cell in all MOFs (except as-made MgSDB) were not 

observed, which is inconsistent with the results obtained from X-ray diffraction. The 

inconsistency may result from the different technique. Since the X-ray diffraction is a simpler 

technique that focus on the position of atoms in the structure, but the surroundings of nuclei 

cannot be revealed. Instead, SSNMR provides deeper information on the nuclei, such as the 

alignment, involved interaction and coordination environment. Thus, XRD and SSNMR are 

complimentary to each other.  

Additionally, in MOFs based on s-block metals, there is no direct interaction between metal 

center and small guest molecules. The physical interaction between molecules and framework 

dominantly assists the gas adsorption in MOFs based on s-block metals.  

5.2 Future work 

Most of the structure of SDB MOFs that discussed in this thesis were characterized, and 

87Sr MAS NMR will be useful to further study the metal local environment in SrSDB with the 

possible restructured framework after activation. Additionally, more work is required to obtain 

the detailed information on the structure of Zn(bipy)(C4O4)(H2O)2 in future. 

The single crystal X-ray diffraction is needed to reveal the accurate locations of adsorbed 
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CO2, especially in CaSDB and SrSDB where two adsorption sites were observed.  

As the next step, s-block metals-based MOFs need to be further explored with other organic 

ligands, which can help to build the systematic study on the s-block metals-based MOFs. 

Especially, with the involvement of other organic ligands, comparing the Mg coordination 

behavior with other s-block metals is one of the most significant projects.   
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